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Abstract

The dependencies between macroscopic tight sancegas/oir parameters and microscopic fluid
flow dynamics are investigated by identifying thaimtransport mechanisms at the pore scale that
should affect fluids flow at the reservoir scale. chitical review of commercial reservoir
simulators used to predict tight sand gas resereviealed that many are deficient when used to
model fluid flow through tight reservoirs, giverathcertain phenomena are ignored altogether or
modeled incorrectly. Phenomena such as, Knudsduositih, electro-kinetic effects, ordinary
diffusion mechanisms and water vaporization areadeijuately captured in the transport equation
of these simulators. We developed a 2-D numeriocallator based on equations that capture the
above mentioned phenomena among others. Dynamidicatipns of new equations are
comprehensively discussed in this paper and thkitive contribution to the flow rate is evaluated
for different Knudsen numbers (going from continutortransition flow regime). Our proposed
formulation may have impacts beyond that of natgesd flow in tight sands. Other areas that
could benefit from a more comprehensive understandf the gas transport through tight porous
systems are: heterogeneous catalysis and adsoppbblems associated with in-situ remediation
techniques for removal of Volatile Organic CompoyM®DCs) and Non-Aqueous Phase Liquid
(NAPLs) as well as predicting gas transport intoraunding media at hazardous waste sites,
among others.
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1. Introduction

The forecast of U.S. natural gas demand indicatm@ease of around 17 percent by 2025 (U.S.
Energy Information Administration, 2005). Most dfet needed additional supply of domestic
natural gas production will come from low-permeipiteservoirs, such as tight sand, coal-bed
methane and shale gas reservoirs. Recent assesswofembarginal resources indicate that
thousands of Tcf of gas exists in-place in domestighore low permeability reservoirs, but only a
small portion of this vast potential resource isremmically recoverable using current exploration
and production technologies. The understandingoof permeability gas systems needs to be
improved to enable a more accurate appraisal, dsteaf production and further development of
these potential resources.



Production forecasts have traditionaly been basekgervoir simulations studies. The main goal
of a reservoir simulator is to predict future penfiance of the reservoir and to allow the study of
alternatives to increases the final recovery (Murkal Papay, 2001). However, comercial
reservoir simulators could be inapropiated toolpredict low permeability reservoir behaviors,
because the transport equations on which they asedy do not consider properly some rock-
fluids interactions, which may be dominating thewfl dynamics in these low permeability
reservoirs. Previous works on this topic indichta imore reliable modeling is requig&lung and
Ertekin, 1986; Ertekin et al., 1986; Chawathe gtl#196; Jalal et al., 2004).

We preformed a critical review in order to evaludite predictive capability of commercial
reservoir simulations when used for tight sand rgagrvoir studies. The in-situ permeability of
tight sands reservoirs is less than 1 mD (Nati&®ioleum Council, 1980). From our review we
detected misinterpretations of the commonly terrddéidkenberg effect, which leads to large
errors of fluid flow predictions through tight sameservoirs. We developed a 2-D numerical
simulation model to quantify the importance of eifnt phenomena at pore-scale, such as
Knudsen diffusion, electro-kinetic effects, ordpaliffusion mechanisms, etc on the predictions
of fluid flow at reservoir scale. In this preserdgper we summarize our main observations to
conventional approaches while we discuss the altisan formulation on which our simulator is
based.

2. Objectives

The main goal of this work is to identify microstodlow mechanisms that may affect the
macroscopic dynamics of tight sands reservoirs.péféormed a critical preliminary analysis of
the reservoir simulators utilized to predict bebasi of gas and water flow in tight sands
reservoirs. In this paper we offer an alternatieeniulation that incorporates the relevant
mechanisms in order to achieve a proper modelinesf dynamics.

3. Methodologies

The critical review of reservoirs simulators ugiz to predict gas tight-sands fields production
was divided in three major areas:

1. Reservoirs characterization: Permebilities, pities, capillary pressure and relative
permeability, pores sizes and morphology, spatistridution, clays content, water
properties, pore volume compressibility, gas slggeaffect, sensitivity of permeability to
overburden pressure, etc

2. Relevant field experiences: Water productiomgtiowing wells decline curves analysis,
role of natural and artificial fractures, infill \Weetc.

3. Reservoir modeling and simulation: Multiphasangport equations, closure relations,
physicals and numerical assumptions, etc.

A careful analysis of these aspects confirmed disdrepancies between the assumptions behind
conventional reservoir simulators utilized to poedight sands reservoir’'s performance and fluid-
rock characteristics in tight sands could be resijtda of unexpected behaviors of some fields.

Following a dual-mechanistic flow approach, a syst& four macroscopic transport equations
that model two-phase (gas-water) flow through tighihds was developed. The porous medium



was modeled using a dual-porosity and dual-perrntigabpproach. The mass balance of methane
molecules contained in the gas and the liquid plasdwo equations, one for the porous matrix
and other for the fractured regions that can beesged both as:
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Analogously, the mass balance of water moleculdbénliquid phase and evaporated in the gas
phase is { =M, F ; see table 1):
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are the “absolute” permeability to gas and to ligu@spectively.

The source/sink term i3; = ¢, /V . This is the injected/extracted flow ragein a cell of total

volumeV. In our case (double porosity rock), the masssfieanfrom the porous matrix into the
fractures was considered (Evans, 1981):
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The meanings of parameters involved in the aboveat&ns are specified in the Table 1.

Table 1: Nomenclature.

Symboal M eaning Symboal M eaning
@ | j-system porosity o) i-phase density
ri j-system tortuosity g Gravity
t time b Klinkenberg’'s parameter.
S i-phase Saturation z Gas compressibility factor
B, | i-phase’s Formation Volume Factor D, Knudsen diffusion coefficient
R, | Solution gas-water ratio Kn Knudsen number
I Vaporized liquid-gas ratio Subscript:
Kij {;)r/]s;:én “absolute” permeability to g Gas Phase
KJ | Absolute permeability | Liquid phase
Ki; i-phase relative permeability D Dispersive

\VAS k-component flow in théphase by

the N-mechanism c Convective

Dispersion coeff. ok- component in

| i-phase through thesystem PC Pure Convective (without Knudsen)

Dk | Diffusion coeff. ofk-component in Kn Knudsen

i-phase.

q; Caudal ofi-phase injected. Super script

” . - -

X Mole fraction ofk-component in W Water
phase

I fracture spacing m Methane

yzt i-phase viscosity M Matrix

P i-phase pressure F Fracture

Notice that the contribution of Knudsen diffusianimntroduced in the “convective” term through
the parameteb. It is useful for our study to consider the Knuasi#fusion contribution separated
from the pure convective term. Thus we express:
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At this point a simple procedure is proposed tduate the potential relevance of our formulation
in comparison with a Black-oil conventional simalatin this sense, and using equations from (3)

to (7) and equations (9), we evaluated the ra{iqﬁg +V5 )/(\/Ckg +V¢ )and \7,§nij/\7p'fcij for a



representative range of pressures and Klinkenbermemabilities of tight sands reservoirs. It is
assumed that the change in pressure is due to icigathg total number of moles in the system by
keeping volume, temperature and the proportion whimer of moles of water and methane
constant.

The PVT parameters were estimated by correlatibhs.real gas equation of state (EOS) is used
to calculateB, and thez factor involved is estimated from the Starling nficdtion of Benedict-

Webb-Rubin EOS (p. 131, Danesh, 1998). The watssitlecorrelation from Batzle M, Wang Z
(1992) is used fdB, estimationRsis computed from the Henry law (p. 114, Danesl®8)vith

the Henry constant for Methane at normal pressuteaaed from a semi-empirical correlation
(Harvey, 1996) and a salinity correction from tharelation of McKetta-Wehe (p. 91, Danesh,
1998). The Lee correlation (p. 83, Danesh, 1998) the Kestin correlation (Kestin et al, 1981)

were used to estimatg, and 4 respectively. The water content in gas phasge, is calculated
from Raoult's Law (p. 87, Danesh, 1998).

The dispersion coefficients are being consideredde Peclet number (Pe < 0.3). In this case
they are given by (Sahimi, 1993):
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The diffusivities coefficients were considered tomply the Onsager relation, through which
pr=py and pr=p". The self-diffusion of methane (Lee and Thodos83)9is used to
computep™ and the aqueous diffusion coefficient of methareyfiuk and Laudie, 1974) was
used to estimate™.

Rock-fluids interactions phenomena such as thdrelinetic effect and Knudsen diffusion are
captured in our formulations through correlatiofise electro-kinetic effects, for the liquid phase,
are introduced by considering the klinkenberg peinilgy elevated by the exponent 1.33 (Jones
and Owen, 1980) in the equation (7). The Knudséfugion effect is captured from its relation
with the Klinkenberg parametdsr as obtained from the Dusty Gas Model (Thorstenaond
Pollock, 1989)

D =2 K (11)
K ,U. 0 *

We plotted data from many experiments (Chowdial8819ones and Owen, 1880; Randolph and
Soeder, 1984; Soeder and Chowdiah, 1990) and #tebe/e centered in this data was:

D, =185525K 2704, (12)

with both, D, and K, expressed in Sl of units. Then, equations (11) @), considering the
point (b,K, ) = (6 00 P a, 237x10" mz) (Li et al. 2004), are used to obtain:
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The relative pemeabilities have been considerek ass; andk, =S . More realistic curves do

not necessarily introduce accuracy in the predistipresented in this work, because the two-
phase effective dispersive coefficients are alswittered proportional to the phase saturation.

4. Reaults

The literature widely reports very small charadtiei size for the flow path openings in tight
sands. Bossier sands, for instance, have effeptivesities that vary from 1 % to 17 %, while
permeability ranges from 0.001 to 1 mD. When theepgize is so small that its dimension is
comparable to the mean free path of molecules,gtherning equations of fluid motion are
different than those that govern flow in convenéibporous media. In this scenario, commercial
reservoir simulators may have important limitati®@asmodel fluid flow in tight reservoirs given
that certain phenomena are ignored altogetheram exwrse, modeled incorrectly.

Two decades ago a “dual” mechanisms of productiaa proposed for the tight sand reservoirs
(Ertekin et al.,, 1986). This dual mechanism corgathe dispersive and the convective
contribution to the flow. Even though the idea isusible, different considerations in the
approach followed presented several limitationsyrgrwhich are:

» The micro-pores were considered accessible onfyagy whereas the water primarily resides
in the macro-pores. However, the distribution afd$ is highly different in tight sands since
water should be the wetting phase.

» ltis said that when a pressure gradient is impogedthermodynamic equilibrium is distorted
between the gas that is in solution in the watek thie gas that is present in the micro-pores,
creating local concentration gradients. Following kine of thought, gas should be driven into
the macro-pores by diffusion. However, if watetthe wetting phase, with gas in the small
pores and water in the large pores, the systenotismthermodynamic equilibrium, even
before of the imposed pressure gradient, sincdlagppressure would favor the flow of the
gas towards the large pores.

* The equations are supposed to capture the slipptget through a dispersive term that
explicitly appears in the equation. However, a hogsunderstanding of the contribution of
ordinary diffusion and Knudsen diffusion is evidedowhen the Klinkenberg parameteis
obtained as a function of the ordinary diffusiorffizient.

Thus, what in principle seemed an adequate apprbachme in a really confusing effort. We
retake the original idea by formulating a dual mratdbm of flow (see previous section) in order to
evaluate the need of this approach for reliabledasts of tight sands gas reservoir. Potential
relevance of the dispersive terms introduced informulation on the flow predictions is shown

through maps of the iso-lines {VD"Q +Vy )/b/é‘g +V(§) values, obtained by equations (3) to (7)
and Vge V& by equations (9), in 4K,,,P) coordinates space. Given that the pore radius in

general satisfies the relati®il/K_ with the permeability, the coordinate space usext lis

00

also representative of (®, P) Knudsen space.

Figure la reveals that the dispersive transpornethane in gas phase can not be neglected in
general when the flow is occurring through a pormedia of permeability in the range from

10 t0102 mD for typical temperatures of these reservoirs. libves that for a given
permeability, when pressure increases from 1 tol&#00Qthe dispersive term contribution to flow



decreases. In principle dispersive contributionalEnthan 0.1 times the “convective” input can
be ignored.

Notice that in Figure 1, for temperatures of 2&0and 400°F the iso-lines are observed only for
pressures above the saturation pressures, whici.@aBebar and 17.0 bar, respectively. This
occurs because below these pressures, there isgaslyphase and our assumption of constant
moles number ratio of water and methane impliemnte fraction gradients and consequently the
dispersive contribution vanishes. In the actualemesirs dynamic however, we may have
concentration gradients in the gas phase.

In addition, it is not obvious how to identify tiedéfect of time and distance from the well on the
balance between these two terms. Pressure depanthe alistance from the well in such a way
that it decreases when this distance also decremsésit also vary with production time.
Therefore, further evaluation of the dispersivemterontribution should be performed in the
context of a dynamic reservoir simulation.
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Figure 1: Iso-lines of b/Dkg +Vy )/b/é‘g +Vé). (a) Methane (k =m) and (b) Water (k=w).
Continuous linefor 70 °F, dot-dashed linefor 240 °F and dotted line for 400 °F.

From Figure 1b can be seen that the dispersiveibation to the flow of water is also relevant in
general. In this case for permeabilities largent@@®1 mD the dispersive contribution to the water
flow seems not to be significant to the flow folygaressure and temperature value. The analysis
arose above which turn out the conclusion that meeuaderestimating the dispersive input is valid
also in this case.

Moreover, notice that in equation (9) the disparsioefficient is being considered for Pe < 0.3
(Peclet number), which actually means that we arlg oonsidering the diffusive effect. The

dependence of dispersion with Pe (Sahimi, 1993)ldvamply that, depending on the fluids

velocity, the dispersive terms could be up to alfout orders of magnitude larger than those
estimated in this work. Consequently, when the ddpmece with Pe is introduced in the
estimations we would see that dispersion is agtuddiminating the fluid flow dynamic through

the whole range tight sands permeabilities.

On the other hand, the “convective” term plottedFigure 1 contains the contribution of the
Knudsen diffusion (see equation (9)) through thimikdnberg parametdy. Figure 2 allow to see
how much of the “convective” contribution is duetl®e Knudsen diffusion input. It is observed
that more than 50 % of the “convective” term cdnition is dominated by the Knudsen diffusive
transport. The increasing direction of Knudsen bem(Kn) is represented in this graph in order
to give an idea of its effect.



In this work we have been considering the Klinkegbearameteb independent of pressure as
conventionally assumed. However many experimeritaeovations have demonstrated that this
parameter is not constant when the mean pore peesBange (Klinkenberg, 1941; Li et al. 2004).
This fact that has been ignored in this preliminamaluation could produce an increase of the
relevance of the flow regimes captured in the Kdimlerg parametdy. Previous efforts (Ertekin

et al., 1986) to clarify the pressure dependende ae unacceptable because of several physical
inconsistencies, such as eq. 16 of Ertekin ettathbws a misunderstanding of the advection
diffusion equation where the pressure dependenparaineteb is explained to be a consequence
of considering a real gas. In addition, the phyismeaning of the diffusion coefficierd? was
unclear and it was arbitrarily assumed as a cohstgmal to 0.215 cffs. Moreover, gas
properties, such as viscosity and gas compreggitfilir different pressure and temperature values
were calculated from correlations validated for togdirbon gases (Carr et al., 1954; Hall and
Yarborough, 1973), but not for air which was the gsed in the Klinkenberg experiments the
author intended to reproduce. Ignoring the mispritation of the advection diffusion equation
mentioned above, the use of valid correlationsdior(Perry and Green, 1997), makes that the

increasing behavior with the pressure IB€ 4/ quantity does not reproduce in any way the
increasing behavior with pressure of the Klinkegbexperiment studied by Ertekin.
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Figure2: Iso-linesof theratio VK”,‘]I/ be, = b/ P, (from equation 9) in a (P,K.,) space.

Figure 3a is useful to observe that most of wdtaw foccurs while the water is in gas phase for
typical reservoir conditions. Figure 3b shows th8or between dispersive and convective terms
presented in the numerator of the ratio plottedhi@ Figure 3a. According to this figure the
dispersive mechanism is non-negligible in genekghin, here our estimations of this mechanism
of flow are under-estimated for the reasons alrehsiyussed before.
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Figure 3: Iso-lines of theratio (a) Q/DVZ +VCVZ )/(\/DVIV +VCVIV) and (b) VDVZ /ch: . Continuousline
for 70 °F, dot-dashed line for 240 °F and dotted line for 400 °F.



5. Conclusions

A new formulation that considers a multi-mechanifittw approach is proposed and evaluated for
modeling the tight-sands gas reservoirs performahiee flow of methane in both phases, gas and
liquid, was found impacted by the dispersive med@rancontribution in a non negligible
magnitude in general. In particular, this mechaniflow was observed as dominating the
dynamic for the lower range of pressure and Klifderg permeabilities evaluated. Moreover,
when the input of the Knudsen Diffusion procesghe “convective” term was evaluated the
actual contribution of the pure convective termnadt on even smaller. The estimations that
originated our results took place under the moghvarable conditions for dispersion mechanism
predominance (Pe<0.3). This imply that the contrdyu of dispersive mechanism of transport
guantified here could be larger various orders afjnitude.

The vaporized water flow contribution is dominatithg water transport, for typical temperatures
of tight sands reservoirs, in almost the whole eanf pressures and permeabilites evaluated.
Similar to methane gas flow, the water vapor floasvobtained from partially to totally controlled
by the dispersive mechanism of transport.

6. Recommendations

A new generation of reservoir simulator able topemty capture the dispersive contribution to the
flow through tight sands gas reservoir need tonyglémented. The dependence of Klinkenberg
parameteb with pressure need to be carefully studied in otdéntroduce it in the predictions.
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