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Preface

The Ph.D. study was started in July 2009 and several papers were reviewed on
different aspects of tight gas reservoirs. The objectives of this study were to review
and evaluate the factors in tight gas reservoirs that have significant influence on
formation damage and well productivity, based on field data analysis, laboratory
core analysis experiments, analytical approaches, and numerical simulation. In the
early stage of the study, typical tight gas data were gathered from the reviewed
papers, to build tight gas reservoirs simulation models at core scale, well scale and
reservoir scale. Then after gathering actual laboratory and field data, the simula-
tion models were updated to get more realistic results. The simulation models were
run using industry-standard softwares that have the advantage of a high degree of
validation in real-world situations. The core flooding experiments in this research
study were performed using the lab facilities of Petroleum Engineering
Department at Curtin University, which have been designed, developed and setup
by Dr. Ali Saeedi [1].

A summary of my research over the first two years of Ph.D. studies was pre-
sented in the 2011 SPE European Formation Damage Conference, and the pub-
lished paper went on the list of top 10 downloaded papers from the SPE e-library,
which showed interest of the industry in results of the tight gas damage and
productivity evaluation study. During the course of this research, several technical
papers were published in peer-reviewed journals, all of which were relevant to the
work carried out in this research. Every paper was peer-reviewed by at least two
expert reviewers and their comments were applied to improve this work. These
papers cover the main aspects of this research. Consequently, this Ph.D. thesis is
presented based on the published papers which are explained briefly in the body of
the thesis report and in more detailed in the journal papers published based on
outcomes of this research work. Some sections that have not been published as
journal papers, they are explained in more details in the thesis report.

Concerning the written thesis, Chap. 1 presents a brief introduction about the
problems associated with tight gas reservoirs and a review of past studies con-
ducted by other researchers. The objectives and significance of this research are
outlined. In Chap. 2, determination of the effective permeability of tight
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. Preface

formations is discussed and the new techniques are proposed. In Chap. 3, reservoir
simulation studies for different types of well and tight reservoirs are illustrated. In
Chap. 4, the tight gas field data are analyzed and the well productivity issues in this
field are made clear. Finally, a summary of this work is presented in Chap. 5,
followed by conclusions and recommendations.
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Chapter 1
Introduction to Tight Gas Reservoirs

1.1 Introduction

Tight gas reservoirs represent a significant portion of natural gas reservoirs
worldwide. Tight gas sand is generally characterized as a formation with effective
permeability less than 0.1 md [1]. Production at economical rates from tight gas
reservoirs in general is very challenging not only due to the very low intrinsic
permeability but also as a consequence of several different forms of formation
damage that can occur during drilling, completion, stimulation, and production
operations [2, 3]. Tight gas reservoirs generally do not flow gas to surface at
commercial rates, unless the well is efficiently completed and stimulated using
advanced technologies [4, 5].

1.2 Tight Gas Reservoirs Characteristics

Matrix permeability in tight sand formations may be very low due to the deposi-
tional processes, or because of the post-depositional diagenetic events [6]. If the
tight gas reservoir is naturally fractured, then the gas flow is mainly controlled by
the open undamaged natural fractures that are connected to the wellbore [7].

The rock matrix may primarily be composed of micro-pores where average
pore throat aperture is very small, causing tremendous amounts of potential cap-
illary pressure energy suction. In tight formations that are water-wet in nature, the
capillary forces cause liquid to be imbibed and held in the capillary pores. This
causes the critical water saturation and irreducible water saturation to be high in
the tight formations [8, 9]. Initial water saturation (Sy;) in tight gas reservoirs
might vary depending on the timing of gas migration. A tight gas reservoir may
have normal initial water saturation (Sy; ~ Sy.) Or in some cases sub-normal
(Swi < Sy¢) due to water phase vaporization into the gas phase as shown in
Fig. 1.1. A sub-normal Sy; provides relatively a higher effective permeability for
gas phase, close to absolute permeability. The initial water saturation might also be
more than critical water saturation if the hydrocarbon trap is created during or after

N. Bahrami, Evaluating Factors Controlling Damage and Productivity in Tight Gas 1
Reservoirs, Springer Theses, DOI: 10.1007/978-3-319-02481-3_1,
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2 1 Introduction to Tight Gas Reservoirs

Normal S; Sub-normal S;

M i

.I Water
|:| Gas

Fig. 1.1 Normal and sub-normal S; in tight gas reservoirs

Fig. 1.2 Typical sand lenses
in tight gas reservoirs

the gas migration time. In the case of high initial water saturation, relative per-
meability to gas may be very low [6, 10].

The reservoir geometry of tight gas reservoirs depends on their deposition
environment: they normally consist of numerous reservoir layers/lenses, which are
discontinuous both vertically and laterally in a thick complex sedimentary system,
and separated by non-reservoir shales. The stacks of isolated lenses of sand bodies
may vary in characteristics, shape and volume as shown in Fig. 1.2 [11]. The
recoverable gas in place in tight gas reservoirs is mainly controlled by the sand
lens width, and the effect of sand lens length is not very significant [12]. Horizontal
deviated well drilling can help intersecting as many of the sand lenses as possible,
and effectively increase lateral reservoir exposure to wellbore [2].

Tight gas reservoirs productivity may also be affected by in situ stresses as they
can control hydraulic fractures propagation, reservoir flow regimes, permeability
anisotropy, wellbore instability and long term production performance. Tight gas
sandstones are typically very stiff rocks capable of supporting high, or even
extreme deviatoric stresses.

Tight sand formations commonly have wellbore instability issues during dril-
ling, which causes large wellbore breakouts and washouts across the tight sand
intervals. The wellbore instability issues in tight formations can be reduced by
drilling the well in the minimum stress direction [13].

In tight sand reservoirs, understanding of the relative magnitude of in situ
stresses and their direction, and their relationship with permeability are essential
for tight gas development [14, 15]. Tight gas reservoirs are normally heteroge-
neous and anisotropic in nature, where permeability is a direction dependent
property. The permeability anisotropy may be further enhanced by the pattern of
earlier geological deformation and be amplified by in situ stresses [16].
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In cased-hole perforated wells completed in tight sand, well productivity may
significantly be controlled by perforation parameters. Perforation performance
depends on factors such as length of down-hole penetration, shot phasing, and shot
density. Deep penetration, at least 50 % beyond the damage thickness, is needed to
effectively connect wellbore to undamaged rock. Perforation efficiency in tight gas
reservoirs is affected by the high rock strength that makes penetration of perfo-
ration jet to be significantly reduced compared with equivalent sandstone of higher
porosity. Using deep penetrating perforation charges run with shock absorbers can
mitigate damage to perforation tunnels and reduce the skin factor [17].

1.3 Damage Mechanisms in Tight Gas Reservoirs

Tight gas reservoirs can be subject to different damage mechanisms during well
drilling, completion, stimulation and fracturing, such as mechanical damage to
formation rock, plugging of natural fractures by invasion of mud solid particles,
permeability reduction around wellbore mainly as a result of filtrate invasion, clay
swelling and liquid phase trapping [18]. Materials such as mud filtrate, cement slurry,
or clay particles may enter the open pores of the formation and reduce permeability
around the wellbore as well [14]. The solids may penetrate only a short distance into
the rock matrix and cause only a shallow mechanically damaged zone. However the
damage to natural fractures and open permeable conduits can be severe, as drilling
fluids invasion mostly occurs through the natural fractures [19, 20] .

Liquid invasion damage into the rock matrix is one of the major factors that
cause low productivity in tight gas reservoirs [21]. In the absence of external cake
protection, filtrate invasion into the tight formations is huge due to the tremendous
amount of capillary pressure suction that potentially imbibes and holds the invaded
water in the porous media [22]. The liquid phase trapping eventually reduces the
near wellbore permeability as shown in Fig. 1.3 as a result of the temporary or
permanent trapping of liquid inside the porous media [10]. In addition, liquid
invasion into the tight formations normally continues for a noticeably long period of
time as a result of weak mud cake development on wellbore wall. The weak mud
cake and strong capillary pressure suction may amplify the water invasion profile
and deteriorate severity of the phase trap damage to the tight formation. The greater
the difference between initial water saturation and critical water saturation in tight
formations, the more significant is the potential damage to gas permeability [23].

A typical tight gas reservoir may produce mainly dry gas, and contain very low
amounts of heavy components. Therefore, condensate banking may not be a major
issue in the tight gas wells, and the well can be allowed to flow at low flowing
bottom-hole pressure for higher gas production rate. In addition, producing gas at
low flowing bottom-hole pressure may reduce the water phase trapping damage
near the wellbore, since at lower pressure, water content of the gas phase increases
and water phase may partially be vaporized into the flowing gas phase in the
reduced pressure zone around the wellbore [24]. However in the cases that are not
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truly dry gas situation, producing with the large pressure drawdown may cause
condensate banking in the reservoir near the wellbore, if the flowing bottom-hole
pressure drops below the dew point pressure of the gas phase [25].

Oil based fluids may be considered in some situations for low permeability gas
reservoirs. In the case of oil-based drilling fluid invasion, there is no external water
being introduced into the formation and the fluid saturations and wettability
remain unchanged. However invasion of the oil filtrate into the tight formations
may result in introduction of an immiscible liquid hydrocarbon around wellbore,
causing entrapment of an additional third phase in the porous media. In the case of
oil-based fluids invasion into water wet gas reservoirs, the invaded oil may tend to
be trapped in the central portion of the pore space, rather than adhering tightly to
the matrix walls as the wetting phase. Although this central pore space occlusion
can cause substantial reductions in permeability, in some cases, the damaging
effect in overall is less than the case where water based system is used in the same
circumstances. Some types of oil may also dissolve in the gas and clean up after
some time. The relative permeability curves in Fig. 1.4 show the reduced effective
permeability due to the water invasion into the formation, compared with damage
to permeability caused by oil invasion [23, 26].

1.4 Hydraulic Fracturing in Tight Gas Reservoirs

Hydraulic fracturing is performed to bypass the damaged zone and create larger
contact area between the wellbore and the permeable conduits in the reservoir. The
importance of hydraulic fracturing in tight gas sandstone reservoirs is well docu-
mented and understanding the hydraulic fracture parameters is essential for eval-
uation of the well production performance [27]. Massive hydraulic fractures in
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Fig. 1.4 Damage caused by water and oil phase trapping [23]

particular, can enhance the effective permeability around wellbore and may connect
the wellbore to the adjacent sand lenses that are not penetrated by the well [28].

Propagation and direction of hydraulic fractures in tight formations are mainly
controlled by in situ stresses as shown in Fig. 1.5. Where there is high contrast
between minimum and maximum horizontal stresses, the stimulation creates a
narrow or linear fracture fairway, and where the stress contrast is low, wide or
complex fracture geometry are created during the treatment [29].

A common practice in unconventional gas reservoirs is to drill a horizontal
well, consider short perforation intervals, and then hydraulically fracture the for-
mation in multi-stages to create a treated zone around each hydraulic fracture [30].
Considering a horizontal well in a normal faulting stress regime, the hydraulic
fracture might be different as illustrated in Fig. 1.6. If the horizontal well is drilled
in the direction of maximum horizontal stress, the longitudinal hydraulic fractures
are likely to be initiated along the wellbore, and if the horizontal well is drilled in
the direction of minimum horizontal stress, then the transverse hydraulic fractures
are initiated perpendicular to the wellbore axis [31].

High stress
anisotropy

‘/\Gh. min

Oh‘ max

Low stress
anisotropy

Fig. 1.5 Effect of stress anisotropy on propagation of hydraulic fractures
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Fig. 1.6 Longitudinal and transverse hydraulic fractures in tight gas reservoirs

1.5 Damage Due to Hydraulic Fracturing

Hydraulic fracturing in some cases may not improve well productivity in tight gas
reservoirs, or the productivity may increase only temporarily. During the stimu-
lation and fracturing in tight gas reservoirs, fracturing liquids invade the reservoir
and may create a bank of fracturing agent around the hydraulic fracture wings,
which can develop negative effects on the long term production performance of the
well [32]. Low productivity of a hydraulically fractured well might be due to the
existence of damage mechanisms associated with liquid phase trapping in rock
pores next to the fractures [8]. The tight formations with sub-normal initial water
saturation are significantly more sensitive to damage caused by water phase
trapping, and therefore water blocking may plague the success of hydraulic frac-
turing in low permeability gas reservoirs with this characteristic. The injected fluid
during hydraulic fracturing should be compatible with formation to avoid clay
swelling [9]. In the case of naturally fractured reservoirs, the fracturing fluids may
transport the damaging solids through the natural fractures into deeper parts of the
reservoir and further reduce the well productivity [33].

Use of polymer gels with hydraulic fracturing fluid may control the invasion of
fracturing liquid and fluid loss into the tight formation, as the polymer is deposited
on fracture faces, and cause very short distance penetration of the unbroken
polymer gel into the reservoir rock. However this can make the fracturing fluid to
be highly viscous, which may result in plugging as well as damaging of the
hydraulic fractures face, dramatically lessen the effective length and width of the
hydraulic fractures, and restrict the return of fluids during clean-up and gas pro-
duction period [34]. The damage inside the fractures may also be due to proppant
crushing, embedding, or fracture plugging with chemicals and polymers. The
polymer may become a highly concentrated gel, and if it is left in the fractures, the
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gel damage can be the reason for ineffective clean-up and short effective fracture
length. The polymer plugging can be reduced if suitable breakers are used, but this
breaker must be able to be activated deep within the fractures [35].

In tight gas reservoirs that are sensitive to water invasion damage, hydraulic
fracturing may fail to produce gas at commercial rates as it causes excessive liquid
leak off into the tight formation. The preferred option in tight gas reservoirs might
be horizontal well drilling in underbalanced conditions [36].

In hydraulic fracturing, additional production difficulties may also be experi-
enced on the downstream side of the formation interface. These problems include
proppant back-production that causes erosion of surface facilities [37]. Also in the
case of significant liquid leak-off and fluid loss into the tight formation during
fracturing, the post-fracturing gas production and the well productivity may be
affected by loading of the fracturing liquid in wellbore that cannot be lifted to
surface by the natural gas flow [38].

1.6 Thermal fracturing

During hydraulic stimulation using conventional fracturing fluid in tight gas res-
ervoirs, water based fracturing fluid may eventually get trapped as liquid phase in
rock pores next to the fractures due to very low permeability in tight formation,
which can significantly damage near wellbore region in the form water blocking.
Hence, the goal in tight formation stimulation should be to find a treatment which
does not interact with the formation to avoid clay swelling, and minimize capillary
effects.

One of the promising treatments is thermal fracturing by injection of a cold
non-damaging liquid such as liquid form CO, into the tight gas reservoirs. The
injection of cold liquid leads to cooling and thermal shrinkage in the formation
around the injection well, which intern leads to occurrence of cracks (i.e. initiate
the fracturing of formations). As the liquid CO, enters the formation, it gradually
changes the state from liquid to gaseous, and therefore it does not cause any
damage due to relative permeability and capillary pressure.

Reservoir rock can be stimulated by thermally induced stresses and exposing
the hot formation rock to a cold fluid such as CO; in the liquid form. The sudden
significant temperature change in the reservoir rock can break down the formation,
create fractures, and result in improved well productivity. The thermal fracturing
can be considered as an alternative stimulation plan, where hydraulic fracturing is
not feasible. This process does not require high pump pressure as required in the
hydraulic fracturing, and it is environmentally friendly.

Injection of cold CO, below the critical temperature as liquid, it can break
down the brittle tight sand formation by thermally induced stresses. Injection of
liquid CO, as a fracturing fluid in tight reservoirs offers a viable method of
stimulation, and it can lead to creating several fractures due to the thermal stresses
which may increase the effective permeability around the tight gas well. In
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addition, shrinkage resulting in cracking moves forward as the cooling front
propagates far into the reservoir regions. Some field data where a cold liquid was
injected into deep hot reservoirs, they indicated a sharp increase in injectivity after
a certain time, almost as if the formation were fractured, while injecting pressure
was below the formation breakdown pressure [39].

This effect can be considered as an alternative fracture stimulation treatments,
especially where the conventional hydraulic fracture treatment job are found to be
ineffective in the development of unconventional reservoirs. The amount of CO,
required to achieve an optimum fracturing should be determined.

1.7 Mitigating Damage in Tight Gas Reservoirs

The damage mechanisms in tight gas reservoirs are controlled by pore system
geometry, interfacial tension between the invading trapped fluid and the produced
(or injected) reservoir fluid, capillary pressure, relative permeability, wettability,
fluid saturation levels, depth of invading fluid penetration, reservoir temperature,
reservoir pressure and well bottom-hole flowing pressure. With most of the phase
trapping problems, prevention is generally more effective than remediation from
an economic perspective. Removing damage is more common in the industry
although it may be more problematic and certainly more costly [22, 23].

The damage due to liquid invasion and clay swelling can be minimized by
properly choice of the base fluid for drilling and fracturing treatments, and
reducing overbalance pressure during drilling and completion. Improving drilling
or fracturing fluid rheology and filter cake building ability, which can provide an
effective cake that is later removable can help control the damaged zone depth and
reduce the damage due to liquid invasion. Reducing interfacial tension (IFT)
between the trapped injected fluid and the reservoir fluid using IFT reducing agents
such as methanol and liquid phase carbon dioxide can help more efficient recovery
of the trapped phase from the invaded zone. Adding methanol in the fracturing
fluid can reduce the water block as it helps faster clean-up and drying of water
from the invaded zone [40, 41].

Using hydrocarbon-based drilling fluid in designing a drilling fluid can result in
minimal phase trap potential, as it can avoid clay swelling. In addition, interfacial
tension that directly affects capillary pressure and retention, it is significantly less
between Diesel-Gas compared with Brine-Gas, and there using the oil-based
drilling or fracturing fluid can reduce phase trapping damage. In a tight formation
already damaged by water invasion, down-hole heating can be used to vaporize
water in the invaded zone and remove the aqueous phase traps as well as thermally
decomposing potentially reactive swelling clays. The water phase trapping may
also be removed by injection of the dehydrated dry gas into the formation to
initiate conduits of higher gas permeability through the damaged zone. Thermal
fracturing using cold liquid CO, is another method of improving well productivity
without causing damage to formation in tight gas reservoirs [23, 42].
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1.8 Summary

Based on this literature review, it is evident that there are many factors that can
influence the production performance of tight gas reservoirs. Understanding the
effects can be paramount for successful development and exploitation of tight gas
reservoir. This chapter reviewed the different factors that control damage mech-
anism and well productivity, and discussed the optimum strategies for developing
the tight gas reservoirs.
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Chapter 2
Tight Gas Reservoirs Characterisation
for Dynamic Parameters

Tight gas reservoirs might be very different in term of reservoir characteristics, and
it is challenging to adequately determine the reservoir dynamics parameters such
as the effective permeability of matrix and natural fractures, relative permeability,
skin factor, hydraulic fractures size and conductivity and fluid gradients in the
reservoir. Similar to the conventional gas reservoirs, the reservoir characterization
tools such as well testing, logging, core analysis and formation testing are com-
monly used and run in tight gas reservoirs. However due to the tight formations
complexity, heterogeneity and very low permeability, use of the acquired data to
obtain meaningful results may not be well understood in term of determining the
well and reservoir parameters and predicting the well production performance [13,
14]. This chapter presents the methods for determination of the effective
permeability of non-fractured, hydraulically fractured and naturally fractured tight
formations.

2.1 Welltest Analysis in Tight Gas Reservoirs

The conventional method of pressure build-up test data analysis is to plot the
transient pressure (P) and its derivative (P":—d[AP]/d[Log((t, + At)/At)]) versus
time on Log—-Log scales to identify the radial flow regime and determine the
reservoir permeability (KAPPA engineering 2011). Diagnosis of the radial flow
regime is critical in quantitative welltest interpretation, since reliable values for
reservoir permeability and skin factor can be estimated when radial flow regime is
established in the reservoir [3, 9].

A pressure transient test breaks into several flow regimes, each seeing deeper in
the reservoir than the last [9]. Depending on well completion type, completion
configuration, reservoir geological and geometric attributes, different flow regime
might be revealed on diagnostic plots of pressure transient data analysis in vertical,
horizontal or multi-fractured wells [5]. In pressure transient tests, the pressure
derivative curve can indicate the different flow regimes: the slope of +1 shows
wellbore storage effect, the slopes of —0.5, +0.5, +0.25 and +0.36 indicate

N. Bahrami, Evaluating Factors Controlling Damage and Productivity in Tight Gas 13
Reservoirs, Springer Theses, DOI: 10.1007/978-3-319-02481-3_2,
© Springer International Publishing Switzerland 2013
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spherical, linear, bi-linear and elliptical flow regimes respectively, and the slope of
zero indicates radial flow regime.

In multi-fractured tight gas wells, the main reservoir flow regimes are the early
time linear flow regime (slope of +1/2 on pressure derivative) perpendicular to the
hydraulic fractures inside Stimulated Reservoir Volume (SRV), followed by the
early-time elliptical flow regime towards the drainage area of the linear flow (slope
of +1/3 on pressure derivative), and then the early-time boundary dominated flow
when drainage area around the hydraulic fractures is depleted. After depletion of
SRV, gas flow is provided by the untreated rock surrounding SRV, which acts as
boundary. The early time boundary dominated flow effect is then followed by the
late-time linear flow regime and then late-time elliptical flow regime inside the
untreated reservoir rock towards the SRV around the multi-fractured well. Finally
at very late-time when pressure disturbance propagates deep enough into the
reservoir, a pseudo radial flow regime is established with slope of zero on pressure
derivative [4]. The linear and elliptical flow regimes may be the dominant flow
regimes in tight gas wells with significantly long time duration and the radial flow
regime may not be reached, due to the very low reservoir permeability, hetero-
geneity, hydraulic fractures, natural fractures, permeability anisotropy, and res-
ervoir geometry [18, 2].

The early portion of welltest data during pressure build-up tests is normally
affected by wellbore storage and skin factor. In tight gas reservoirs, the low per-
meability slows down the reservoir response to the pressure disturbance during
transient testing, which causes the wellbore storage effect to be significantly long
[12]. As a result, tight gas reservoirs typically require a relatively long pressure
build-up testing time to reach the late time pseudo radial flow regime, which is
often not practical. In addition, the need for hydraulic fracturing to obtain com-
mercial flow rates in tight gas reservoirs adds to the complexity of the problem and
makes analysis of the pressure transient data more difficult. Therefore, welltest
analysis using the conventional techniques may fail to provide reliable results.

2.2 Permeability Estimation in Hydraulically Fractured
Tight Gas Wells

The main challenge with welltest analysis of the tight gas wells is that the testing
time cannot be long enough to reach radial flow regime. However for a multi-stage
fractured horizontal tight gas well, if both of the linear flow and elliptical flow
regimes are detected on the Log—Log diagnostic plot, they can be used in welltest
analysis to estimate reservoir characteristics.

Welltest analysis of hydraulically fractured tight gas wells requires plotting of
the pressure transient data and the derivatives on the Log—Log diagnostic plot:
d(p)/d(t”z) is defined as the linear flow derivative, d(p)/d(tm) is defined as the
elliptical flow derivative, and d(p)/d(In[t]) is defined as the radial flow derivative.
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Then the pressure derivative values for linear flow, elliptical flow and radial flow
regimes can be determined as shown in Fig. 2.1: m; g from zero slope line on linear
derivative, mgy from zero slope line on elliptical derivative and mgg from zero
slope line on radial derivative [15, 10].

The linear flow and elliptical flow regimes are both controlled by K and X;. The
solution of the diffusivity equation for infinite acting elliptical flow has been
proposed for non-fractured horizontal oil and gas wells [15]. Modifying and re-
deriving the elliptical flow equation for a hydraulically fractured horizontal gas
well, and integrating that with the linear flow equation can provide the hydraulic
fracture size and reservoir permeability as follows:

573 ( qT )”9 o

X =
T ko (puC)*® \h * n * mg,

40.99gT 2
K = 0-9% (2.2)
h x n * Xf * MLF qo,uC,

Solving the two non-linear equations simultaneously can provide the two
unknowns K and X;. In the above equations, P is pressure (psia), t is time (hrs), q is
gas flow rate (MSCFD), B is formation volume factor, h is reservoir thickness (ft),
W is viscosity (cp), ¢ is porosity (fraction), C, is total compressibility, T is reservoir
temperature (R), K is reservoir permeability (md), and n is number of fractures.

On the pressure build-up diagnostic plots for a multi-stage fractured horizontal
tight gas well, if only the linear flow regime is detected and the testing time is not
long enough to reach elliptical and radial flow regimes, then alternative methods
such as using the second derivative of transient pressure should be used to proceed
with welltest analysis and predict a theoretical radial flow regime. The theoretical
radial flow should be predicted to estimate mggr value, assuming an infinite

Pressure

Fig. 2.1 Welltest analysis using the pressure derivatives
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stimulated reservoir volume [4]. Using value of the linear flow derivative, my g,
and the value of mgg from the theoretical radial flow prediction, the reservoir
permeability and hydraulic fracture half-length size can be estimated as follows:

1637 % Qg x T
23 s« mgp x h x n

40- T 1
x, = 20990 (2.4)
h x mp * n KouC,

Permeability estimation using the method may have significant uncertainties,
due to some assumptions in predicting the theoretical radial flow regime.

K (2.3)

2.3 Estimating Permeability of the Natural Fractures

Natural fractures may contribute the most to total gas production from tight gas
reservoirs, and therefore identification of their characteristics is essential for well
production performance evaluation.

The basic dynamic characteristics of the natural fractures are fracture storativity
and interporosity flow coefficient, which can be estimated from welltest analysis.
Then using the parameters, natural fractures permeability can be estimated as
follows [22]:

Kf =6 % ? (2.5)
o = 4(1)dk + 1/d} + 1/dd) (2.6)

where K, is matrix permeability, K¢ is fracture permeability, r,, is wellbore
radius, J is shape factor, and A is interporosity flow coefficient. a,, a, and a, are
matrix block size respectively in X, y and z directions. In the case of Kazemi model
(a, > a, and a, > a,), the shape factor, ¢, is considered to be 4/a§. The shape
factor can be estimated from image log fracture spacing (a,); matrix permeability
can be estimated from core analysis; and the interporosity flow coefficient can be
estimated from welltest analysis if dual-porosity, dual-permeability response is
clearly observed on pressure build-up diagnostic plots [7].

However in tight gas reservoirs, due to the long wellbore storage effect and also
the tightness and heterogeneity of the reservoir rock, pressure build-up diagnostic
plots may not be able to show the dual porosity dual permeability response. Hence,
estimating the interporosity flow coefficient and fracture permeability from such
welltest data might not be feasible, and the conventional approaches might fail to
characterize the fracture parameters in tight gas reservoirs.

Permeability of natural fractures for tight gas reservoirs can be estimated based
on Kazemi model that assumes parallel layers of matrix and fracture in a uniform
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fracture network model [23] and averaging the reservoir permeability based on
thickness of matrix and fracture layers [7, 9]:

m=l...n f=l..n
K'hAveruge = Z (Km * a) + Z (Kf * b) (27)
Matrix fracture
h=(nxa) + (n*b) (2.8)

where Ky is permeability of a natural fracture, b is average fracture aperture, a is
average matrix block thickness, K is welltest permeability, K, is average per-
meability of the matrix blocks, h is reservoir thickness, n is number of fractures
intersecting the wellbore across the reservoir, ¢f is fracture porosity (fraction),
n * a is cumulative matrix block thickness, and n * b is cumulative fracture
aperture. By combining Eqs. 2.6 and 2.7 using the assumption of a > b,
Kt > Kyenest and K¢ > K|, for tight gas reservoirs, following simplified equation
can be written:

Kf = Kwellrest * (29)

a
b

Since Eq. 2.8 is based on simplified models and assumptions, using some
correction factors might provide more realistic relationship between fracture
dynamic parameters. Considering the correction factors, average permeability of
natural fractures (Kfaverage) can be expressed in the following generalized form:

C

Kﬂ average — C1 * Kyeltrest * (Z_;) (210>
Where Kyenese 1S Welltest permeability, by is average fracture aperture, a; is
average fracture spacing, and C; and C, are the correction factors. For a tight gas
reservoir, average permeability can be estimated from welltest analysis, fracture
spacing and fracture aperture can be approximated from image log processing, and
the constants C; and C, can be determined from sensitivity analysis using reservoir

simulation models, or as matching parameter during field history matching.

It should also be noted that where there is significant in situ stress anisotropy,
permeability of the natural fractures would be different in different directions [6].
The natural fractures that are aligned with maximum horizontal stress (perpen-
dicular to the minimum stress direction) may have larger aperture and therefore
greater permeability, compared with the natural fractures perpendicular to the
maximum stress direction. As function of in situ stresses, the maximum perme-
ability and horizontal permeability can be estimated as follows [5]:

Omax

O o/2
Kf,max = Kf‘avemge * ( mln) (211)
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o/2
Kf,min = Kf, average * <O-max) (212)
Omin
where K yverage 18 average permeability of natural fractures, K¢ i, is permeability
of the natural fractures that are perpendicular to the maximum stress direction,
K max 1S permeability of the natural fractures that are perpendicular to the mini-
mum stress direction, g,,;, iS minimum Stress, o,,x 1S maximum stress, and o is a
constant number that can be estimated from core analysis experiments and plotting
permeability versus normal stress. For a typical tight gas reservoir in Western
Australia, the value of o was estimated as —1.28 [5].

2.4 Relative Permeability Curves in Tight Gas Reservoirs

The major damage mechanisms in tight gas reservoirs such as phase trapping are
found to be associated with relative permeability and capillary pressure curves. The
damaging effects are reflected on gas and water relative permeability curves [8].

The relative permeability data for tight gas sands are extremely difficult to
obtain by the conventional steady state flow analysis technique as it requires
impractically very long stabilization time and flow rates are usually small [16].
However, an unsteady state technique can be applied in a core flooding experi-
ment, in which the tight core samples are fully saturated with water (initial water
saturation of 100 % for primary drainage), and then gas is flooded at constant
volumetric flow rate to reach irreducible water saturation. During the core flooding
experiment, the pressure differential across the core sample and volume of the
produced water are recorded. Then the experimental core flood data can be input
into a commercial core flooding data analysis software, in order to generate rel-
ative permeability curves by matching the core flood data for brine production and
pressure differential [19].

For oil-gas system, relative permeability curve can be generated similarly.
However if determination of gas-oil relative permeability may not be possible due
to some limitations in the laboratory facilities when oil is used as liquid phase,
then typical published oil-gas relative permeability data have to be considered in
the reservoir simulation studies related to oil-gas system [17].

2.5 Pressure Measurement in Tight Gas Reservoirs

In order to measure the pressure of a formation, pressure gradient, and gas water
contact, formation testing is used. To measure pressure of reservoir at each depth,
the tool inserts to a probe into the borehole wall to perform a mini pressure
drawdown and build-up by withdrawing a small amount of formation fluid, and then
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waiting for the pressure to build up to the formation pore pressure at that depth.
Formation testers measure the pressure of the continuous phase in the invaded
region, which is the pressure of the drilling fluid filtrate. Using the pressure mea-
surements at different depths, gradient of pressure in the reservoir is determined,
which can indicate reservoir fluid type and water-hydrocarbon contact [20].

In tight gas reservoirs, formation testing is challenging due to tightness of the
reservoir rock, weak mud cake across the wellbore, and presence of large wellbore
breakouts across the tight sand intervals. Although using advanced formation
testing tools may help improve reservoir characterization of tight gas reservoirs
[21], formation testing results in tight formations may still have some uncertain-
ties. In good permeability zones, formation tests are effective and normal. How-
ever in the case of low reservoir permeability, the mud cake is often ineffective in
preventing filtrate invasion, thus causing the measured pressure to be affected by
wellbore pressure that might be higher than the actual formation pressure
(supercharging effect). In testing of a very tight formation, even a large pressure
drawdown may result in no flow from the reservoir (dry test). Tight gas reservoirs
are often associated with bad-hole conditions (large wellbore breakouts) causing
lost seals around the tool packer and failure during testing of the formation [20].
The formation testing measurements may also be influenced by the effects of
capillary pressure in the case of liquid invasion into a gas bearing zone. As a result,
the measured pressure might be different to the true formation pressure [1, 11].

2.6 Summary

The tight gas reservoirs dynamic parameters such as relative permeability, reser-
voir average permeability, and natural fractures permeability are the key factors
that control production performance of tight gas wells. This section presented a
new method of welltest analysis for more reliable estimation of the average res-
ervoir permeability and a new correlation for estimating the permeability of nat-
ural fractures in tight formations.
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Chapter 3
Tight Gas Reservoir Simulation

Analytical and numerical simulation studies are performed to have a qualitative
understanding of damage mechanisms associated with production from non-frac-
tured and hydraulically fractured tight gas reservoirs; and evaluate its potential
impact on well productivity.

In building tight gas reservoirs simulation model, it is important to use a
consistent set of field data in order to get meaningful simulation outputs. Based on
a West Australian tight gas field data, the simulation models are built at reservoir
scale and core scale. In this chapter, reservoir simulation studies for different types
of well and tight reservoirs are presented.

3.1 Effect of Damage Mechanisms on Well Productivity

Reservoir simulation is used to understand how damage mechanisms are con-
trolled by the well and reservoir parameters such as reservoir permeability, per-
meability of the damaged zone, radius of the damaged zone, drilling fluid type,
capillary pressure and relative permeability curves.

In this section, the effects of different parameters on damage and skin factor are
studied using the reservoir simulation models. To evaluate the damage effects, the
term flow efficiency (FE) is used in some of the cases, which is defined as the ratio
of the pressure drop across the model in the case of zero skin virgin homogeneous
rock; to the pressure drop in the case of perforated and/or damaged rock (FE
equals to 1 in the case that there is no damage introduced to a non-perforated
model).

3.1.1 Damaged Zone Permeability and Radius

The simulation model is run for conventional and tight cores, with damaged zone
permeability of K4 and damaged zone radius of rq. The model results are shown in

N. Bahrami, Evaluating Factors Controlling Damage and Productivity in Tight Gas 21
Reservoirs, Springer Theses, DOI: 10.1007/978-3-319-02481-3_3,
© Springer International Publishing Switzerland 2013
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Fig. 3.1. According to the results, the effect of damaged zone permeability and
damaged zone radius on flow efficiency is more significant in tight gas reservoirs
compared with conventional cores, indicating the importance of damage control in
tight gas reservoirs.

3.1.2 Phase Trapping Damage Caused by Water Invasion

The effect of water invasion in the reservoir model is evaluated by injecting water
at the well location, followed by gas production. The water saturation in the
reservoir model at initial conditions (top view) is shown in Fig. 3.2 (Sy,; = 0.6).

First, water is injected at the well location, which increases water saturation
around the wellbore. Water saturation at the end of the injection period is shown in

Fig. 3.2 Water saturation
in the model before water
invasion
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Fig. 3.3 Water saturation
in the model at the end of
water injection period

0.80

060

Fig. 3.3 (equivalent radius of water invaded zone: 9 ft). Afterwards, the model is
put on gas production to clean-up the invading water, and reduce water saturation
around the wellbore. Water saturation at the end of the gas production period is
shown in Fig. 3.4 (equivalent radius of water invaded zone: 12 ft). The results
indicate during the gas production phase, not only water from the near wellbore
was not cleaned up by gas production, water invasion was continued into the
reservoir due to the strong capillary pressure suction effects, and damaged zone
radius (water invaded radius) increased with passage of time.

Fig. 3.4 Water saturation in
the model at the end of gas
production period
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Fig. 3.5 Effect of phase trap damage on skin factor

3.1.3 Effect of Phase-Trap Damage on Skin Factor

The reservoir model is also run to understand the effect of phase trapping damage
on skin factor for four different cases. Case A considers no leak-off of liquid into
formation (no damage). Cases B, C and D, consider, respectively approximately
215, 770 and 1400 barrels of water leaks off into the formation. In each run, the
water leak-off is followed by gas production during clean-up.

In each of the models after the liquid leak-off, the well is put on gas production
followed by a pressure build-up test. The pressure transient data are generated to
calculate the skin factor caused by phase trapping. The cumulative injected volume
of water during leak-off (W;) and the simulated results for cumulative produced
water (Wp) during clean-up and gas production are integrated with welltest results
as shown in Fig. 3.5. In the case of no liquid leak-off into the tight formation (case
A), the water blocking skin is zero. In the case of significant water leak-off into the
formation, skin is found to be positive. The results highlight the fact that phase trap
related damage due to water leak-off into the tight gas reservoir causes positive
skin factor, and significant reduction in gas production rate and gas recovery.

3.1.4 Overbalanced and Underbalanced Drilling

The model is run at core scale, to understand the effect of wellbore pressure on
water invasion during overbalanced, balanced and underbalanced drilling. The
model is run for the following cases.

o 500 psia overbalanced pressure resulted in 0.5” liquid invasion into matrix
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Fig. 3.6 Effect of wellbore pressure during drilling on phase trap damage

e Balanced pressure conditions resulted in 0.4" liquid invasion into matrix

e 400 psia underbalanced resulted in 0.3” liquid invasion into matrix

e 1000 psia underbalanced resulted in 0.3” liquid invasion into matrix.

From this simulation results as shown in Fig. 3.6, it is obvious that the wellbore
liquid invades deeper in overbalanced conditions. However for underbalanced
conditions, although the wellbore pressure is less than the reservoir pressure, water
still invades the matrix rock due to the strong capillary suction and causes an
increase in water saturation around the wellbore. Thus, damage caused by water
blocking might still be significant even in the case of underbalanced drilling in
tight formations, owing to the ability of high and negative capillary pressure (water
suction) to compensate for relatively low mud pressure in the common case where
the tight gas formation is strongly water wet.
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3.1.5 Phase Trapping Caused by Oil Based and Water Based
Drilling Fluids

The simulation model is run to evaluate the effect of water and oil invasion
damage on well productivity. To evaluate phase-trap damage, the model is run for
the cases of no liquid invasion prior to gas production (no damage), injection of
water into the model, followed by gas production (water damage), and injection of
oil into the model, followed by gas production (oil damage).

The simulation results for cumulative gas production rate are shown in Fig. 3.7,
which indicate that the well productivity is reduced in both oil and water invasion
cases due to the liquid phase trapping that can not be removed by gas production.
However, the well productivity is more sensitive to water invasion damage than
invasion of oil, and in the case of oil invasion, the damaging effect is significantly
less than water invasion.

3.1.6 Water Blocking Damage in Hydraulically
Fractured Wells

Hydraulic fractures are introduced to the reservoir scale simulation model by
defining high permeability planes perpendicular to the wellbore. The fractured
model is run for several cases as detailed in Table 3.1. The models Al to A6 refer
to hydraulic fractured models with no water invasion damage, and models B1 to
B6 refer to hydraulic fractured models with no water invasion damage. The models
are run to understand the effect of initial water saturation and water invasion
damage on gas production rate in non-fractured and hydraulically fractured wells.

The simulation results for the effect of initial water saturation are shown in
Fig. 3.8, which indicate significant effect of S,,; on well productivity. For all the
cases, sub-normal Sy; provided significantly higher gas production rate.

Fig. 3.7 Effect of water and 1600
oil invasion damage on gas 1400
recovery
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Table 3.1 Simulation results for injected water and recovered water

Simulation results for Scenarios Cumulative Cumulative
water production/injection Injected Water Produced Water
(bbl) (bbl)

Al, normal Swi, no frac No water invasion prior - -
A2, normal Swi, 1 frac to gas production
A3, normal Swi, 5 fracs
B1, sub-normal Swi,
no frac
B2, sub-normal Swi, 1 frac
B3, sub-normal Swi,

5 fracs

A4, normal Swi, no frac 2000 bbl/d water injection 1829 829

A5, normal Swi, 1 frac prior to gas production 1872 911

A6, normal Swi, 5 fracs 2046 1164

B4, sub-normal Swi, 4443 134
no frac

BS5, sub-normal Swi, 1 frac 4472 146

B6, sub-normal Swi, 4600 192
5 fracs

Qg vs time (No hydraulic Qg vs time (1 hydraulic Qg vs time (5 hydraulic
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Fig. 3.8 Effect of initial water saturation on gas production rate

The simulation results in Fig. 3.9 show the effect of water blocking damage in
tight formations with normal Sy;. In the case of non-fractured well, water blocking
damage causes significant drop in gas production rate, and in the case of a frac-
tured well, the hydraulic fractures could improve well productivity. With 5
hydraulic fractures, the stabilized gas production rate at late time is almost similar
in the cases of damaged and non-damaged wells (A3 and A6), which indicates that
the dominant effect of large hydraulic fractures compared with formation damage
effect.

The summary of simulated results for cuamulative injected water during leak-off,
and cumulative produced water during clean-up and gas production are reported in
Table 3.1, which indicate that in the reservoirs with sub-normal S,,;, most of the
injected water during hydraulic fracturing is held inside the reservoir rock by
capillary imbibition.
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Fig. 3.9 Effect of water invasion damage on gas production rate

Compared with the normal S,;, the sub-normal S,,; models have larger leak-off
of liquid into the formation, and significantly smaller volume of cumulative water
produced back. In other words, water phase trapping damage is more significant in
tight gas reservoirs that have sub-normal initial water saturation.

The simulation results in Fig. 3.10 show the significance of damage control for
well productivity improvement are shown. In the case of normal Sy;, cumulative
produced gas from the well with a single hydraulic fracture that is damaged by
water invasion (A—5) is not significantly different as compared with the well with
no hydraulic fractures and no damage (A—1). In other words, in the case of single
hydraulic fracturing, the well productivity may not be improved noticeably if
water blocking damage is significant. For both damaged and non-damaged for-
mation, the models with five hydraulic fractures provided significantly better
productivity.
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3.1.7 Damage to Natural Fractures

The reservoir scale simulation model is run in the cases where the well intersects
no natural fractures, the well intersects open natural fractures, and the well
intersects the natural fractures that have been plugged at the well location. The
simulation results for gas production are shown in Fig. 3.11, which indicate a
significant reduction in cumulative gas production in the case that the natural
fractures are damaged (well productivity close to a non-fractured reservoir).

3.2 Effect of Wellbore Related Parameters
on Well Productivity

The simulation models are built based on the available field data from the West
Australian tight gas reservoir to understand how different parameters affect well
productivity in tight gas reservoirs.

3.2.1 Hydraulic Fractures

Hydraulic fractures may propagate differently in tight formations depending on
wellbore direction and stress anisotropy [1, 2]. In a reservoir with normal stress,
depending on wellbore direction and in situ stresses, the hydraulic fractures might
be parallel to the wellbore (longitudinal), or perpendicular to the wellbore
(transverse).

Simulation models are built for the cases of a non-fractured and a multi-fractured
well, as open-hole (or a fully-perforated cased hole), considering all the hydraulic
fractures have similar size (75 ft half length size and 100 md ft conductivity). The
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Fig. 3.12 Productivity of hydraulic fractures: transverse versus longitudinal

following cases are run in order to understand the effect of wellbore direction on
productivity of hydraulically fractured horizontal well: No hydraulic fractures (No
HF), one longitudinal hydraulic fracture along wellbore (1 LHF), one transverse
hydraulic fracture perpendicular to wellbore (1 THF), five transverse hydraulic
fractures perpendicular to wellbore (5 THFs), and nine transverse hydraulic
fractures perpendicular to wellbore (9 THFs).

The simulation results are shown in Fig. 3.12, which indicate that the longi-
tudinal hydraulic fracture provides significantly higher gas production rate com-
pared with the single, 5 or 9 transverse hydraulic fractures. Although each single
transverse hydraulic fracture has similar size (volume) compared with the longi-
tudinal hydraulic fracture, since a hydraulic fracture along wellbore has larger
direct contact area to the wellbore, it provides higher gas rate compared with the
transverse hydraulic fractures perpendicular to wellbore.

3.2.2 Drilling Direction and Permeability Anisotropy

A reservoir simulation model is used to understand how the direction of horizontal
drilling can affect well productivity in tight gas reservoirs that have significant
horizontal permeability anisotropy [1, 2]. The horizontal well length is 1250 ftin a
tight formation with significant horizontal permeability anisotropy of 5 (Kj max/
Ki.min = 5). This level of anisotropy could be produced, for example, by oriented
sand bodies or channels. First, the wellbore direction is considered to be per-
pendicular to the direction where permeability is larger. Then the model is run
considering the wellbore direction perpendicular to the direction where perme-
ability is the minimum.

The results for gas production rate from the model are shown in Fig. 3.13 [1, 2].
The horizontal wells drilled in the direction perpendicular to the direction of
maximum permeability (drilling in the direction of minimum horizontal stress, if
permeability anisotropy is caused by stress anisotropy) may provide noticeably
higher gas production rate compared to the wells that are drilled perpendicular to
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the direction of minimum permeability (drilling in the direction of maximum
horizontal stress, if permeability anisotropy is caused by stress anisotropy).

3.2.3 Wellbore Breakouts

In order to understand the effect of wellbore break out on well productivity, the
horizontal well model is run for a zero skin cased-hole perforated horizontal well
(wellbore diameter of 8 inches), and zero skin open-hole horizontal well with
enlarged wellbore (wellbore diameter of 20 inches).

The production predictions from the models as shown in Fig. 3.14, they indi-
cate that open-hole completion in the gas wells with large wellbore breakouts can
provide significantly higher initial gas production rate compared with cased-hole
completion system. In use of open-hole completion, the enlarged wellbore due to
break outs can result in higher effective wellbore radius, and therefore a lower skin
factor and higher productivity [3].
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3.2.4 Perforation Parameters

Perforation parameters can control skin factor and well productivity. To under-
stand the effects, a model was built and run for damaged and non-damaged per-
forated cores in the cases of tight and conventional reservoirs. The simulation
results show that the perforation tunnel provides improvement in core flow effi-
ciency, which is more noticeable in tight sand cores compared to conventional
cores as shown in Fig. 3.15.

The simulation model is also run for the case of an open-hole perforated
damaged tight gas reservoir. The results as shown in Fig. 3.16 indicate that if the
damaged zone is not fully bypassed by the perforations, the flow efficiency is still
significantly reduced. The flow efficiency is sensitive to perforation parameters and
highlights the importance of passing damaged zone radius, especially in tight gas
reservoirs. According to the simulation results, even for open-hole wells in tight
formations, improved productivity (flow efficiency greater than 1) may be
achieved by creating deep, clean perforation tunnels that can bypass the
mechanical damaged zone.

3.2.5 Liquid Loading in Wellbore

Well stimulation and fracturing operations in tight formations cause significant
liquid leak-off into the reservoir rock. The invaded liquids when produced, they
may be loaded in wellbore during post-fracturing clean-up period, since natural
gas flow rate may not be high enough to lift the wellbore liquids to surface. A
series of simulation runs are carried out to model the wellbore phenomena for a
horizontal deviated wellbore. The results as shown in Fig. 3.17 indicated water
loading problem in wellbore at 4 MMSCFD gas production rate. The problem
becomes more serious when gas flow rate is reduced to 1 MMSCFD. Based on the
simulation results, liquid loading can be one of the main causes of low well
productivity in tight gas wells.
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Fig. 3.17 Simulation of liquid loading in wellbore (effect of gas production rate)

The well production performance modelling results also showed that use of oil
based mud instead of water based mud can help reducing liquid loading, since oil
has less density than water, and therefore gas can better lift the liquid to surface.
Therefore, underbalanced drilling using non-aqueous liquid can reduce the issues
related to liquid loading in wellbore during clean-up. Tight gas well productivity
can also be further improved by gas lift and optimizing the producing liner and
tubing size.

3.3 Effect of Natural Fractures Parameters
on Welltest Response

A tight gas reservoir model is built as a dual-porosity dual-permeability medium
using the Kazemi model with parallel layers of low permeability tight matrix and
high permeability fractures. The model generates transient pressure data for gas
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Fig. 3.18 Relationship between fracture parameters and welltest permeability

production and pressure build-up periods to show the relationship between welltest
permeability and natural fractures parameters.

The model is run for different values of fracture aperture, fracture permeability,
matrix permeability, matrix compressibility, fracture compressibility, matrix
porosity, fracture porosity and fracture spacing. The simulation results for sensi-
tivity of welltest permeability indicated that among the parameters examined, only
the fracture aperture, fracture permeability and fracture spacing have significant
impact on welltest permeability (k), and the other parameters can be disregarded.
According to the simulation outputs as shown in Fig. 3.18, welltest permeability,
k, is directly proportional to fracture aperture, by, and fracture permeability, k¢ (the
power exponent of +1 approximately), and has inverse relationship with fracture
spacing, a¢ (the power exponent of —1 approximately). The observations are in
good agreement with the derived Eqgs. 2.8 and 2.9 regarding how the parameters
control fracture permeability, which confirms the reliability of the proposed
equation.

The curve fitting functions and multi-variable regression on the data resulted in
the following correlation in field units for fracture permeability estimation in the
tight gas reservoir:

1.04
Ky = 0.795 % Kyyetiest * (Z—f) (3.1)
f

3.4 Pressure Measurement in Tight Gas Reservoirs

Measurement of formation pressure in tight gas reservoirs using formation testers
may be affected by the drilling fluids invasion into the formation, and to under-
stand the effect, the reservoir simulation model is run for formation testing at
different depths using 20 cc/min production of reservoir fluid, followed by pres-
sure build-up.
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Fig. 3.19 Formation testing response in the case of no water invasion

The simulation model is first run for a non-damaged rock (no liquid invasion).
The results as shown in Fig. 3.19, they indicate that in the case of very low
permeability of 0.001 md, pressure around the tested interval drops to zero (the
tight rock cannot provide the flow rate), resulting in a dry test. In the case of higher
permeability, the test is normal. For the normal tested points, the plot of pressure
difference (P—Pgaum) versus depth resulted in gas gradient (dp/dh of 0.078 psi/ft).
It can be concluded that for a gas bearing zone drilled with air (similarly, for a
water bearing zone in a water-wet formation drilled with water-based mud), the
tool measures the true formation pressure and provides a reliable pressure gradient,
since there is no capillary pressure effect between the invading fluid and the
formation fluid.

In the case of water invasion from wellbore into the reservoir, the presence of
water filtrate in the invaded radius of a gas zone may affect pressure measurement
during formation testing. The simulation outputs for pressure versus depth are
shown in Fig. 3.20. The results indicate that in the good permeability zone (0.1
md), the invasion of water does not have significant impact on the pressure
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gradient measured by the formation testing tool (0.082 psi/ft). However in tighter
sections (permeability of 0.01 md), the water invasion effect causes increase of
pressure gradient to 0.1 psi/ft.

In a gas bearing zone drilled with water-based mud (or oil-based mud), the
pressure measurements in the gas zone are influenced by liquid invasion effect.
The formation tester measures the pressure of filtrate in the invaded zone, which is
less than the pressure of the reservoir fluid (gas) by the amount of the capillary
pressure, P. [4], thus the tool under-estimates the value of the true formation
pressure (Preasured < Pactual)- In addition, presence of water in the gas zone causes
over-estimation of pressure gradient measured by the tool (pressure gradient
higher than the actual gradient), according to the simulation results. These effects
(under-estimated reservoir pressure and over-estimated pressure gradient) overall
may cause the gas—water contact depth that is based on uncorrected field mea-
surements to be different than the actual gas—water contact depth. A reliable
estimation of formation pressure, gradient of pressure and gas—water contact depth
for a tight gas reservoir requires that we understand these processes, and take into
account the capillary pressure and liquid invasion effects.

3.5 Summary

In this section, the effect of various well and reservoir parameters on well produc-
tivity was studied using reservoir simulation models based on the tight gas field data:
phase trapping damage in non-fractured and hydraulically wells, in under-balanced
and over-balanced drilling, and in the case of invasion of different fluids into the tight
formation (water and oil). The effects of permeability anisotropy, wellbore break-
outs, perforation parameters, liquid loading in wellbore, different hydraulic fractures
systems and natural fractures on well productivity are presented, and it was also
shown how formation testing pressure measurements and gas water contact deter-
mination may be influenced by liquid invasion into tight gas reservoirs.
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Chapter 4

Tight Gas Field Example: Effect
of Damage Mechanims on Well
Productivity

Whicher Range (WR) field, located in the Southern Perth Basin, is a large, low
permeability and very heterogeneous gas reservoir. It consists of stacked and
isolated lenses of sand separated by shale layers. There are five wells in WR gas
field, which are drilled mainly as vertical well using water based mud in over-
balanced conditions, and completed as cased-hole perforated. Figure 4.1 shows
location of the WR wells. Some faults in this field have divided the reservoir into
different compartments. The wells WR 1, 2, 4 and 5 are drilled in the west
reservoir compartment, and WR 3 was drilled in the east reservoir compartment.
Total gas in place estimations range from 1.5 to 5 TCF for the field [1].

Hydraulic fracturing was performed in WR-1, WR-3 and WR-4 using water
based fracturing fluid. None of the wells produced at viable rates despite various
attempts to stimulate the formation [1].

There is a long history of various DST and production tests performed in this
field. Despite well stimulation and other well intervention operations, gas pro-
duction rates are found to be low and did not meet the expectations. In this chapter,
various categories of data in WR field are reviewed and analysed in order to obtain
a better understanding of the reservoir, to evaluates possible mechanisms that
might have contributed to the low productivity and assess the feasibility of
achieving commercial production rates.

4.1 Wellbore Instability

The wells drilled in the tight sand formation had severe wellbore instability issues
during drilling, which caused enlargement of wellbore up to 20-25 inches (2-3
times bigger than the bit size) across majority of the tight sand intervals, as shown
in Fig. 4.2.

N. Bahrami, Evaluating Factors Controlling Damage and Productivity in Tight Gas 37
Reservoirs, Springer Theses, DOI: 10.1007/978-3-319-02481-3_4,
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Fig. 4.2 Wellbore instability in WR tight sand zones [2, 3]
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4.2 Perforation Data

Perforation jobs in these wells are mainly performed using 2 1/8” EJ guns (API
RP19B standard penetration of 23”"). According to the well data, the casing has 7"
internal diameter and the borehole may have 10" diameter in the direction of
maximum stress where the borehole is stable, and 20" in the direction of minimum
stress due to the wellbore breakouts. Damaged zone radius is also assumed as 5”.

Schlumberger perforation analysis software (SPAN 7.02) is run for the tight
formation to analyse the perforation data in different directions. The results for
perforation jet penetration and skin factor as presented in Table 4.1 and Fig. 4.3,
they indicate a positive skin factor for the tunnels, since penetration is not deep
enough to efficiently connect the wellbore to the formation virgin zone. In fact, the
perforation is less efficient in the direction of g,,;, due to the large cement volume
behind the casing in the intervals with enlarged wellbore.

Because of the reservoir rock tightness and also presence of the large wellbore
breakouts behind casing filled by cement, the perforation penetration is signifi-
cantly reduced. The perforation jet penetration into the tight formation is not deep
enough, and therefore the wellbore may not have effectively been connected to the
undamaged reservoir rock. The poor perforation efficiency might be the primary
reason of the low productivity in the cased-hole perforated well.

Table 4.1 Model predictions for perforation jet penetration and skin

Casing Gun type Perforation tunnel Formation penetration, Perforation
direction inches skin
7" 2 1/8" gun omax 6.0 23
omin 4.2 11.5
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Fig. 4.3 Effect of wellbore breakouts on perforation performance (2 1/8" EJ)
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Table 4.2 Model predictions for perforation jet penetration and skin

Casing Gun type Perforation tunnel Formation penetration, Perforation
direction inches skin
7" 4 1/2" gun Max 13.3 —0.6
Min 11.5 0.1
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Fig. 4.4 Effect of wellbore breakouts on perforation performance (4.5 HSD PJO)

In order to have an improved well productivity for a cased-hole perforated well
completion system, the optimum option as shown in Table 4.2 and Fig. 4.4, might
be to use deep penetrating perforation charges (such as 4 2" Power-Jet Omega
HSD guns, with API RP19B standard penetration of 60’’) oriented towards max-
imum stress direction i.e., 180 degree phasing, in the direction where the wellbore
is stable and has no considerable breakouts [4].

4.3 Reservoir Fluid

Whicher Range tight gas reservoir produces mainly dry gas and contains low
amounts of heavy components based on production data and analysis of the PVT
fluid samples as shown in Fig. 4.5 (GOR of 200,000 SCF/STB estimated the Dew
Point pressure of 2600 psia using Peng Robinson equation of state). Therefore,
condensate banking and partial blockage of open pores by the condensate drop outs
in the formation near the wellbore would not be a major issue in WR wells.
However at very low flowing bottom-hole pressure (very large pressure drawdown),
condensate may drop out of the gas phase in the formation and reduce the well
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Fig. 4.5 Composition (%) of reservoir fluid components in WR field

productivity due to the condensate phase trapping damage. Different fluid samples
taken from different zones of WR-1 and WR-4 showed almost similar fluid com-
positions, indicating that the wells are in the same reservoir compartment.

4.4 Initial Water Saturation

Estimation of water saturation using petrophysical log data in WR wells have high
uncertainties due to the formation tightness and significantly large wellbore
breakouts across majority of the sand intervals. As shown in Fig. 4.6, there is no
agreement between the petrophysical evaluation results of the two different data
service companies that worked on the log data to estimate water saturation.
Therefore by using the log data, it is not feasible to comment confidently on initial
water saturation or have evaluations regarding depth of water invasion into the
formation during drilling. Even porosity estimation from log data may have
uncertainties and overburden core porosity data may be more reliable to be used in
the reservoir studies. Overall, petrophysical evaluations in this field indicate rel-
atively high initial water saturation, Sy, average Of around 60 % (low initial gas
saturation) in the reservoir. Also, the irreducible water saturation is believed to be
high due to extensively developed micro-porosity.
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Fig. 4.6 Water saturation variations along wellbore in the tight sand formation in Perth Basin
(Total net thickness of the porous sand intervals: 370 ft)

4.5 Relative Permeability and Capillary Pressure

There are limited core data available in the field, and they are studied to evaluate
production performance of the tight gas reservoir. Overburden core porosity and
core permeability for the core samples that have core analysis tests data available
are shown in Fig. 4.7. Among the tested core samples, the good quality core
sample was used to have reliable core flood experiment data measured. The core
sample was taken from the zone Z3 shown in Fig. 4.3, and it has overburden
permeability and porosity of 0.035 md and 9.6 % respectively.

The core flooding experiment was performed under the conditions of 80°C,
confining pressure of 5000 psia, constant outlet pressure, and constant injection
rate of 5 cc/hr. The core sample was first fully saturated with water (salinity of
20000 ppm), and then gas (Methane) was injected into the core sample. The
pressure drop across the core sample and water production rate were measured
during core flooding (first drainage), until the irreducible water saturation and
stabilized conditions reached. The core flood experiment showed the end point gas
relative permeability of 0.35. After that, brine was injected into the core sample
until the critical gas saturation and stabilized conditions reached. Then gas was
injected into the water-saturated core sample again (secondary drainage), that
resulted in the end point gas relative permeability of 0.25. The relative
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Fig. 4.7 Corrected permeability and porosity for the core samples of the tight sand formation,
which have core analysis tests available

permeability in the second drainage is lower compared to the first drainage,
indicating damage to the core permeability caused by brine injection.

The core flooding data were analysed using Sendra core flooding simulation
program, the test history data were history matched, and the relative permeabilities
were calculated accordingly. Figure 4.8 shows the lab facilities of Petroleum
Engineering Department at Curtin University, the core flooding data for pressure
drop and water production rate in the first drainage, the match of test history, and
the calculated relative permeability curves. The results indicate that the relative
permeability to water is sig-nificantly lower compared with the relative perme-
ability to gas (typical behaviourin water sensitive formations). The core flooding
experiment also indicated the irreducible water saturation of 60 %. For the core
sample, air-mercury capillary pressure data are also analysed and using some
conversion factors, the gas—water capillary pressure data could be determined.

4.6 Hydraulic Fracturing

Hydraulic fracturing in the tight gas wells had 3—4 fracturing stages, with average
maximum pumping pressure of 10,000 psia, average pump rate of 20 bbl/min,
average total proppant per stage of 35,000 lbs, and average total liquid injected per
stage of 2,500 bbls. The fracturing models predicted 100-150 ft fracture half
length size, and fracture conductivity of 700-2100 md.ft for the fractures.
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Fig. 4.8 The relative permeability curves for the tight sand core sample

After the hydraulic fracturing operations and then cleaning up the well from the
fracturing liquids by gas production, only 10-60 % of the injected fracturing liquid
could be recovered (40-90 % of fracturing liquid being trapped in the reservoir),
which may have caused significant damage to near wellbore formation.

4.7 Welltest Analysis

Pressure build-up test data in one of the hydraulically fractured vertical wells in
this field (with longitudinal fractures) are analysed in order to estimate reservoir
permeability, hydraulic fracture size, and evaluate the well productivity. As shown
in Fig. 4.9a, the test duration was not long enough to reach radial flow regime, and
analysis of the welltest data have uncertainties using conventional methods.
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Using the diagnostic plot, linear and elliptical flow regimes are both detected,
and therefore the new proposed method of welltest analysis was used based on
Linear Flow (LF) derivative and Elliptical Flow (EF) derivative to analyse the
data. By integrating the diffusivity equation solution for the two reservoir flow
regimes, the two unknowns K and X; can be calculated (Egs. 2.1 and 2.2): res-
ervoir permeability of 0.002 mD and hydraulic fracture half-length of 160 ft based
on the total sand thickness of 800ft (Fig. 4.9b). The results are in good agreement
with the expected hydraulic fracture size based on the fracturing job design
(100-150 ft).
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4.8 Formation Sensitivity to Water Invasion Damage

The core samples in the tight gas field that are tested and analyzed using X-Ray
diffraction, they detected smectite, meaning that the tight formation can have
medium to strong sensitivity to fresh or sodium chloride waters (indicating a water
sensitive tight formation). With such minerals present, clay swelling may be
reduced by using relatively high concentrations of KCI, sometimes accompanied
by CaCl, in the drilling and stimulation fluids.

4.9 Well Production History (Pre-Frac and Post-Frac)

The well after completion and perforation did not produce at economical rates, and
it was later hydraulically fractured in multi-stages using KCl based fracturing fluid
in order to improve well productivity. The post fracturing production rates are
shown in Fig. 4.10, that indicates the stabilized gas production rate of 1.1
MMSCEFD after the well clean-up. The results does not show significant produc-
tion improvement compared to pre-fracturing flow rate. In the fracturing job,
approximately 60 % of the fluids were recovered during post fracturing production
test, and significant amounts of water based treating fluids was trapped in the
water-sensitive tight formation (we believe that this trapped in the reservoir,
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causing significant damage to reservoir permeability). Therefore it could be con-
cluded that the leak-off of water into the tight sand gas reservoir during fracturing
might be the reason for the low well productivity after stimulation.

In term of hydraulic fractures performance, the fracturing job was not suc-
cessful. The well may produce gas at a commercial rate using massive hydraulic
fracturing and creating large treated zone volume, which might be achieved by use
of non-damaging fracturing liquid, increasing numbers of fracturing stages (For
instance 10-20 fracturing stages instead of 3—4), higher pumping rates of frac-
turing fluid (For instance 60-80 bbl/min instead of 20 bbl/min) and larger volumes
of liquid and proppant injection per stage.

4.10 Formation Damage Caused by Water and Oil
Invasion

Laboratory experiments on the West Australian core samples are performed using
the core flooding facilities in Petroleum Engineering Department at Curtin Uni-
versity, in order to compare damage to the core permeability, caused by water
invasion versus oil invasion.

Absolute permeability of each core sample is measured at 100 % gas saturation.
The characteristics of the core samples tested for damage evaluation are reported
in Table 4.3. The test conditions are 5,800 psia pore pressure and 109 °C
temperature.

4.10.1 Damage Caused by Water Invasion

For water damage evaluation, the core samples are saturated with water, followed
by flooding of gas into the core samples until water saturation is reduced to the
minimum of residual water saturation, and then core effective permeability to gas
is measured (K, @ S,,,). From the core experiments as reported in Table 4.4,
water invasion causes the relative permeability of gas to be reduced to 0.22-0.35,
indicating around 70 % reduction in effective permeability.

Table 4.3 Details. of the core o sample Core porosity (%) Core absolute
samples characteristics permeability, md
Sample Al 6.7 0.003
Sample A2 9.6 0.034
Sample A3 11.4 0.026
Sample Bl 4.6 0.034

Sample B2 54 0.032
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Table 4.4 Core flooding experiment results for water invasion damage

Core sample flooded with water, cleaned up with gas
End point methane K, @ S,  Sample Al: 0.224  Sample A2: 0.353  Sample A3: 0.219

Table 4.5 Core flooding experiment results for oil invasion damage

Core is flooded with oil, cleaned up with gas
End point methane K, @ S, Sample B1: 0.507 Sample B2: 0.413

4.10.2 Damage Caused by Oil Invasion

For oil invasion damage evaluation, the core samples are saturated with oil, then
gas is flooded into the core samples until oil saturation is reduced to minimum of
residual oil saturation in order to measure core effective permeability to gas
(K @ S,,). From core experiments as reported in Table 4.5, the effective per-
meability is reduced by 55 % due to oil invasion.

4.10.3 Comparison of Damage Caused by Water and Oil

The experiments highlight the fact that tight gas reservoirs are subjected to
invasion damage in both cases of oil filtrate invasion (from OBM) or water filtrate
invasion (from WBM). In other words, even when oil-based fluids are used instead
of water-based fluid for drilling or fracturing, the reservoir rock is damaged.
However severity of the damage is less in the case of damage caused by oil based
fluid as compared to the damage caused by water invasion.

4.11 Well Productivity Evaluation in WR Tight Gas Field

The wells in the tight gas reservoir are drilled overbalanced using water based
mud, and completed as cased-hole perforated wells. Analysis of the field and lab
data showed that there are various possible explanations or combination of cir-
cumstances that may have contributed to the wells’ poor productivities:

e Vertical wells in low permeability gas reservoirs may not provide economical
rates due to the very limited formation surface area that is open to the wellbore.

e The core data analysis (X-Ray diffraction) detected smectite which shows the
reservoir rock is sensitive to water based fluids. Drilling the wells overbalanced
using water based mud, may have caused significant damage and low
productivity.
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e In addition, perforation efficiency was low due to the reservoir rock tightness
and also presence of the large wellbore breakouts behind casing filled by
cement.

In the wells that are hydraulically fractured, the fracturing operations did not
result in any improvement of productivity which might be due to:

e Job reports indicate that about 40 % of the water based treating fluids is not
recovered. The formation is sensitive to water damage and the large leak-off of
water into formation during fracturing might be one of the main factors that
cause low productivity.

e Well production and test data also indicated that hydraulic fracture size is
significantly smaller than the expectations. The limited size hydraulic fractures
may have caused the hydraulic fractures productivity to be low.

4.12 Tight Gas Development Strategy for Optimized
Productivity

Gas recovery might be low if drainage area of a well is limited to a few sand lenses
(which might be the case in vertical wells drilling). The optimum strategy for the
tight gas field might be to drill long highly deviated horizontal/deviated wells in
underbalanced conditions using non-aqueous drilling fluid to intersect as many as
possible of the sand lenses, increase the lateral reservoir exposure to wellbore, and
minimize damage to formation. Drilling direction should be designed based on
sand lenses width and length. Completing the well as open-hole (and running a
slotted liner to control wellbore collapse) can further improve the well productivity
as it provides using the advantage of enlarged wellbore and the reduced skin factor
due to presence of the wellbore breakouts. Also perforating using deep perforation
shots through the slotted liner and penetrating into the formation can help better
bypassing the possible mechanically damaged zone in the tight formations. As
perforation strategy, shooting the perforation jets aligned with the maximum stress
direction (oriented perforation with 180 degrees phasing) might help improve
perforation efficiency in the cased-hole perforated tight gas wells.

Improving drilling or fracturing fluid rheology and filter cake building ability,
which should provide an effective cake that is later removable, it can help control
the damaged zone radius and reduce the damage due to liquid invasion. Also in the
high-temperature deep Whicher Range wells, thermal fracturing using cold liquid
CO, is another method of improving the well productivity, without causing
damage to the tight formation.

In the cases of significant liquid leak-off into formation, use down-hole pumps,
gas lift system in the early stage (especially during cleaning the wells) and/or
optimum tubing size, to unload the well from drilling or fracturing liquids, to allow
the well to produce at higher gas rates.
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Chapter 5
Conclusions

The objectives of this study are to review, understand and evaluate the factors that
have significant influence on formation damage and well productivity in tight gas
sand reservoirs. Various tight gas field completion, production and reservoir
engineering data are studied, laboratory experiments are performed, and reservoir
simulation models are run. Based on the study results, the following conclusions
can be drawn:

Liquid phase trapping damage is one of the main factors that can significantly
affect well productivity in tight gas reservoirs. The damage mechanism is
mainly controlled by capillary pressure and its resulting relative permeability
curves.

Core flooding experiments using unsteady state technique integrated with
numerical simulation approach, provided the relative permeability curves for a
typical West Australian tight gas reservoir.

Damage caused by water blocking is considered to be one of the main causes of
low well productivity in water sensitive tight gas reservoirs (i.e. sandstones
containing clays, especially smectite).

In tight reservoir rocks that are sensitive to water, exposure of formation to
water during drilling may cause severe damage to near-wellbore formation
permeability.

Core flooding experiments using core samples taken from the typical West
Australian tight gas reservoir showed that the damage to formation might be
reduced by use of oil based mud drilling fluid, instead of water based mud.
The field study and reservoir simulation highlighted that hydraulic fracturing
may be inefficient in tight gas formations that are sensitive to liquid invasion
damage. In some cases, hydraulic fracturing may even reduce well productivity.
Underbalanced drilling is considered as a method to reduce damage to tight
formations. However the study highlighted that even in the case of underbal-
anced drilling, mud filtrate (water or oil) may still invade the rock matrix around
the wellbore due to the strong capillary pressure suction.
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After the liquid leak-off into formation is stopped, during clean-up period when
gas is produced from the tight reservoir, water still continues invading more area
of the reservoir due to the very strong capillary pressure suction effect.

Liquid loading in wellbore may significantly affect well productivity in tight
formations, since the initial gas production rates are normally not high enough to
lift the wellbore liquid to surface.

In the case of damage to natural fractures, well productivity is reduced signif-
icantly. Well productivity of a damaged naturally fractured reservoir may not be
very different than well productivity in a non-fractured reservoir until the res-
ervoir contact area is very great.

Field observations indicated that wellbore instability can cause large wellbore
breakouts and washouts across the tight sand intervals.

Cased-hole perforated completion may not be the optimum option in tight gas
reservoirs. In cased-hole completed wells, the large wellbore breakouts filled by
cement may reduce accessibility to the formation via perforation tunnels, as they
may fail to penetrate deep enough into the formation. In addition, perforation jet
penetration depths are significantly reduced by the tightness of the formation.

Open-hole completion in tight gas reservoirs, provides using the advantage of
enlarged wellbore (reduced skin factor) caused by large wellbore breakouts.
Open-hole perforating using deep penetrating perforation charges may further
improve the well productivity.

In the case of perforation, the optimum option might be to use deep penetrating
perforation charges oriented towards maximum stress direction i.e., 180°
phasing (the direction where wellbore is stable and has no considerable
breakouts).

Use of the second derivative of transient pressure in welltest analysis can pro-
vide more reliable determination of reservoir permeability, skin factor and
hydraulic fracture parameters in tight gas reservoirs.

Integrating the diffusivity equation solution for linear and elliptical flow regimes
in fractured tight gas wells can provide reliable estimation of reservoir perme-
ability and hydraulic fracture size.

In tight reservoirs with significant permeability anisotropy, drilling perpendic-
ular to the maximum permeability provides higher productivity.

If stress anisotropy is the main cause of permeability anisotropy, drilling long
deviated/horizontal wells perpendicular to the maximum horizontal stress
direction can result in achieving higher gas production rates, by intersecting the
higher permeability conduits.

Drill directional wells perpendicular to the maximum horizontal stress azimuth
to improve wellbore stability, and intersecting higher permeability conduits,
especially for the reservoir with normal faulting stress regime condition.

In the case of fully perforated horizontal well, a longitudinal hydraulic fracture
provides noticeably a higher productivity than a transverse hydraulic fracture.

Welltest permeability and image log fracture aperture and fracture spacing can
provide approximation of natural fractures permeability in naturally fractured
tight gas reservoir, and result in more reliable evaluation of well productivity.
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e Liquid invasion into tight formations may affect the formation pressure mea-
surements and result in under-estimating reservoir pressure and over-estimating
pressure gradient.

This thesis demonstrates how different well and reservoir parameters control
well productivity and damage mechanisms in tight gas reservoirs. I have quanti-
tatively shown the effect of phase trapping damage, well parameters and reservoir
characteristics on tight gas sand reservoirs productivity for different types of wells
and reservoirs such as non-fractured and hydraulically fractured wells, in under-
balanced and over-balanced drilling, and in the case of invasion of different fluids
into the tight formations. Reservoir simulation model for a typical tight gas res-
ervoir is built and run, and analytical and numerical simulation approaches are
integrated with core flooding experiments and field data analysis in order to
characterize the key reservoir parameters and understand the effects of different
parameters on well productivity. I determined the relative permeability curves for
Whicher Range tight gas reservoir using core flooding experiments data analysis. I
have quantitatively shown how the phase trapping damage can be reduced by use
of oil based drilling fluid instead of water based fluid. I have introduced new
techniques of well test analysis for tight gas reservoirs that can reduce uncer-
tainties in estimation of average reservoir permeability, and also developed a new
correlation that can determine permeability of the natural fractures in tight for-
mations. | studied and analysed the different well completion, production and
reservoir data from Whicher Range tight gas field in order to identify why pro-
duction rates are significantly lower than expectations, and investigate possible
remedial strategies to achieve viable gas production rates. Based on the study
outcomes, I have proposed the optimum tight gas development strategies to
achieve an improved productivity.
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