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Practical Aspects of Simulation of Fractured Reservoirs

J. R. Gilman, iReservoir.com

This document accompanies a presentation given at the 2003 Internationa Forum on Reservoir
Simulation. It discusses practica aspects of large-scale numerica smulation of naturdly fractured
reservoirs (NFR) and highlights some experiences in forecasting performance of NFR. A mgor
premise of the presentation is that there is vaue in incorporating fractures separate from the matrix
rock in numerica Smulaors usng dua-continuum modes. The presentation will stress the mgjor
difficulties in full-fiedd modeing of NFR including 1) understanding and capturing relevant flow
processes, 2) turning fracture measurements into credible descriptions of the fracture network,
and 3) performing efficient smulation of the system. Many of the ideas presented here are aresult
of many years of interaction with Dr. Hossein Kazemi at the Colorado School of Mines and |
wish to acknowledge his dgnificant contributions to this fidd of sudy. Much of the materid
presented hereis a condensed verson of an “engineering” chapter to be provided by Dr. Kazemi
and mysdf in an upcoming AAPG Monograph on fractured reservoirs (edited by Dr. Amgad
Y ounes).

Simulation of NFR requires that a number of complex issues come together in a consistent
manner. In fact, fractures are often not incorporated explicitly in Smulaions because they are
difficult to describe and difficult to smulate. In NFR, the uniqueness problem is sgnificant and
forecasting uncertainty is greater than with conventiona reservoirs. The large uncertainty should
be addressed, yet because of numericd difficulties, we are often forced to a single redization for
history matching or even worse we are forced to ignore the influence of fractures (except for the
enhanced permeability agpects). This large uncertainty with a given redlization often leads to poor
forecasts which leads to further skepticism of the rdiability of the smulators.

Maor sepsin smulating NFR include:

1. Didribute matrix rock properties in 3D. This is the same problem as with conventiond
reservoirs, however, we normaly are only concerned with “pay” and therefore “ non pay”
rock acts amply as barriersto flow or isincluded as net-to-gross ratios.

2. Didribute fracture properties in 3D including intengty, transmissvity, directiondity, and
pore volume. In this case fractures may be present in both “pay” and “non-pay” possibly
creating complex connection between the matrix “pay” intervas. This leads to specid
consderations when building static 3D models.

3. Average (or upscae) matrix and fracture descriptions in order to reduce the problem to a
managesble st of smultaneous flow equations.

4. Chose gppropriate smulator assumptions and develop approximations for matrix-fracture

fluid exchange.



With al these issues, there may appear to be little hope of getting a unique answer. In fact, for a
model to precisaly predict the dl behaviors of a physica system, the model would need to be
more complex than the system itsdlf requiring a precise reservoir description. The question should
ingtead be “ can we estimate the range of uncertainty?’

When | think of making prediction of NFR performance, | think of a story given by Peter L.
Berngein in his book “ Against the Gods. The Remarkable Sory of Risk” (John Wiley and
Sons, 1996). He refers to World War 11 weather forecasters who asked to be relieved of duty
because they found that their forecasts of next month’'s weether were no better than numbers out
of the hat. The response was “The commanding generd is well aware that the forecasts are no
good. However, he needs them for planning purposes.”

The reservoir smulation industry has much more going for it than with early westher forecagting.
Based on seismic, geologic and petrophysical advances, we can get avery reasonable estimation
of the pore volume of most systems. Thus unlike the butterfly effect in weather forecasting where
amdl changes in initid conditions lead to large varigbility in results, we are condrained by
volumetric estimates and andogous reservoirs in regard to the upper and lower limits of
hydrocarbon recovery. Although issues like viscous fingering and injection fluid breskthrough
paths are very difficult to predict and perhaps suited to chaos theory, again the system is generdly
congrained and wel represented by empiricd relations like rdative permeability and Darcy’s
Law.

A continuous education process on a given field where flow tests, core measurements, logs, and
seigmic interpretations are caibrated to field response through smulaions is a vauable task. It
may not dways show what “is’ but it does show what “is not” possble. This reminds me of a
bumper gticker referring to the high cost of a college education “Y ou think education is expensive,
try ignorance’ (This gphorism is attributed to Derek Bok, a former President of Harvard). Thisis
often the case | see as a reservoir modeler. The cost and time of reservoir characterization and
samulation is often consdered to be of questionable vaue because of the uncertainty of the results.
The choice is often made to do very limited or smplified reservoir studies that ignore important
data €.g. fractures) in order to save codts. However, the wrong choices in regard to field
development can cogt orders of magnitude more than the sudy. Something as “smple’ as
ignoring the fractures can lead to spending millions of dollars in improper developments. A mode
that provides bounds on the potential behavior of the reservoir can be very vauable. Of course
there is the other extreme where the modeler gets bogged down in the details, defining fracture
variability that is not unique smply for the purpose of getting a history match.

The Nature of Fractured Reservoirs

Fractures can sgnificantly affect the mechaniam of oil and gas production from petroleum
reservoirs. We are dl aware of cases where fractures can become channeling paths for flow of
water or free gas, causng detrimental early water or gas breskthrough in production wells.



However, fracture flow could be used to one' s advantage as in gas-induced gravity drainage of
oil, where the gas-oil contact in fractures is pulled down to expose matrix blocks to gas and
induce oil gravity drainage. The goa of a reservoir engineer should be to understand how
fractures could be used to positively affect production (Nelson, 1985).

The same processes that are active in unfractured systems are important in fractured reservaoirs.
These include rock compaction, fluid expanson, viscous drive, gravity displacement, and
imbibition. However, the degree of importance may be quite different between the two systems.
For example, large viscous forces may be difficult to achieve in the matrix component of
extensvey fractured reservoirs, therefore, capillary and gravity forces may dominate. In such
systems, increasing fluid withdrawa rates may cause an increase in water and gas production
rates with a lesser effect on oil production rate. Alternatively, decreasing totd fluid withdrawal
rate may dlow little change in oil production rate a reduced water-oil and gas-ail ratios. It is
important that reservoir smulators capture and gpproximete these differences.

In dedling with conventiond reservoirs, reservoir engineers can generdly provide a reasonable
assessment of the reservoir performance by combining information about the reservoir’ s geologic
framework, the rock and fluid properties, and results from well logs, rock mechanic tests, and
formation evauaion tests. Furthermore, in the last severd years, reservoir-scae sasmic
information has greatly aided reservoir characterization. However, for fractured reservoirs,
obtaining the right data and forecasting the reservoir performance is much more difficult than for
conventiona reservoirs. To design an gppropriate plan of development, one needs a credible
reservoir description that includes mapping fractures in terms of size, connectivity, conductivity,
and frequency digribution and then turning this information into a relidble fracture network
characterization.

Reservoir description should rdy on information from many sources including drilling data, core
andyses, geologic interpretations, seismic surveys, petrophysica information, and ultimately well
tests, such as RFT, MDT, DST, and extended pressure trangent tests. In the later stages of
reservoir life, historical well performance and nor-routine field tests like tracer breakthrough can
provide the type of data that can be used to refine the reservoir description. All of the data sets
have to inter-relate closaly to produce an acceptable description of the reservoir for long-term
reservoir evauation and forecadting. In fact, history matching in various forms (i.e., the classicd
tank materia baance approach or the modern numerica smulation methodology) is the preferred
tool used to infer reservoir flow characteristics and to develop aworking picture of the reservoir.
The measured reservoir characteristics must show consistency with reservoir properties obtained
from flow measurements. Direct prediction of flow characterigtics from gtatic measurementsis il
very problemétic. So how do we scale the datic data to the field in the presence of numerous
property variations? Currently the experienced reservoir engineer gpplies a number of pragmatic
approaches. Hopefully, future development will bring a number of easy-to-use, broad-based
methods to up-scale measured data from dl sources for fluid flow gpplications.



A mgor modeling assumption is that in the macroscopic sense, the inter-connected open fractures
are assumed to form a continuum in dud- porosty modeling. Similarly, in the dud- porosity/dual-
permeability modding, both fracture and matrix components of the reservoir are consdered

separate continua in the macroscopic sense. This continuum view should be no more
disconcerting that in conventiona reservoirs where the microscopic pores are very tortuous and
the channd dimensions and flow properties vary dragticdly from point to point. In this case, the
continuum definition of the porous medium flow equations cannot be gopplied on the pore level

scae (Lake, 1989) but must be averaged over some representetive pore volume (REV). The
flow problem is therefore transformed from the microscopic level to a macroscopic REV scale.

At the REV scde, the flow problems are expressed in terms of averages of the microscopic
properties (e.g., permesbility and porosty) taken over the REV. The size of the REV must be
larger than the microscopic heterogeneity size and much smaler than the macroscopic length scae
(Royer, et d., 2002).

There are a number of important flow characteristics of fractured reservoirs that are well
represented by the dual-continuum “idedization” such as

High apparent permeability compared to core measurements

Early breskthrough of injection fluids or early gas'water coning

Highly directiond flow behavior

Large variability in well productivities and recoveries

Potentia loss of productivity with time

Flow comes from avery smdl portion of the open interva

Hydrocarbon production rates are not directly proportional to drawdown

While these could dso be represented by discrete approximations of fractures, there are a
number of reasons that prevent the discrete gpproach from being widdy applied in full-fidd
modding.

There are a number of issues in regard to the nature of fractures that have sgnificant implications
on flud-flow modding. For example, whether fractures are a result of shear, extenson, or
tendon, the fact is that they exist generdly in vertica or sub-vertica forms. Also the mechanicad
properties of rocks can vary dgnificantly in various dratigraphic layers of the reservoir. The
variation of properties, such as Poisson ratio and shear modulus, would creete different horizonta
dressin reservoir layers, and different fracture lengths and aperturesif fracturing occurs. In many
cases, fractures may cluster (Gae, 2002).

Finaly, the morphology (form and structure of fractures) is an issue (Nelson, 1985). Fractures
may be open with attendant large permesbility, gouge filled with low permegbility dong and
perpendicular to fracture, dickensded with high permesbility dong the fracture and low
perpendicular to it, minerd-filled leading to partid or totd fracture closure as well as reduced
permesbility, and vuggy where vugs are imbedded in the fractures. Knowledge of morphology is



avery important piece of information in fluid flow moddling because models require estimates of
fracture spacing, effective permeability, porosty digtribution, and permesbility anisotropy.

Diagenesis can dter the permesbility and porosity of open fractures to the extent that they would
not behave like fractures, and fully mineralized fractures could, potentially, become baffles or
barriers to flow. Thus, the mere presence of fractures does not require dual-porosity/dua-
permesbility modding. Also, a reservoir need not be modeled only as a dua-porosity or single-
porosity system. Various parts of the reservoir may be characterized differently.

Quantifying Reservoir Data for NFR Simulation

For dual-porosity smulation, the fracture network is described as a continuum with properties
(e.g., permesbility and porosity) smilar to those defined for the matrix rock. We need to relate
rock properties, which are measured in cores or obtained from well tests, to those required for
reservoir smulation. For example, porosity and permeability are defined with respect to the bulk
volume of the core, not with respect to individua fractures. Combining fracture network flow with
characterization of the rock matrix storage alows optimization of recovery schemes, which
complement the fracture network. To date, most approaches for quantify the flow properties on
the fracture networks are based on empiricisms. In fact, as areservoir modder, | would generally
be “happy” with a quality assessment of the 3D digtribution of fracture network characterigtics,
such asrelative fracture intengity, directiond aspects, and whether the fractures are generdly open
or closed.
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In current 3D modeling approaches we need to address the issue of fracture distribution
throughout the reservoir volume, not just the “reservoir rock”. Fractures may allow significant
communication paths throughout the reservoir including “non-pay” intervals.

The empirical gpproaches use information such as Structura data, seismic time surfaces, images
logs, and field production performance to estimate the fracture network properties (e.g., Gauthier
et d., 2002). The gpproach is to build both deterministic and stochastic models with these data
and vdidate them by comparing to the fidld performance (e.9., water and gas breakthrough).



Non-gtandard dynamic field tests such as tracer tests can be very important for quantifying the
fracture heterogeneity. Inferences about fracture volumes and directional tendencies can be made
with such tracer tests (Kazemi and Shinta, 1993). Interference or pulse testing can also provide
the important information. Araujo et d. (1998) reported a number of practica issuesin regard to
such fidd tests. Interference testing can give directiond information to compare to FMS and
dress rlaions for cdibrating such gtatic measurements. Although such tests can often be difficult
to interpret, they can usudly provide an estimate of fracture volume from the very rapid pressure
response between wdlls.

Traditional methods of estimating fracture parameters have dso included single-well pressure
trandent testing to estimate fracture conductivity, and cores and image logs to estimate fracture
intengty. The theoretical dud-porosity sgnature of the pressure build-up curve (Warren and
Root, 1963) is often missing because of the presence of well bore storage effects. However,
comparing the pressure trangent permesbility to that estimated from matrix permesbility can give
an indication of the effectiveness of the fracture network.

In an ided setting, we should be able to estimate fracture network effective permesability from
gperture and porogty esimates using pardle plate idedizations (Kazemi and Gilman, 1993).
However, the effective fracture permeghility for a network of fractures will likely be much smdler
than caculated from such relations because fractures are tortuous, may be congricted by minera
deposition, may terminate abruptly, and are not ided pardld plates. Furthermore, the vertical
permegbility of an individud fracture could be quite high, however, if the fractures terminate in
shdelenses or are of limited height for some other reason, the effective vertical permesbility of the
network could be quite low. Therefore, permesability is best determined from field tests and not
from core-measured fracture widths and spacing. The Static data however can be used to derive
empirical scaling rdationsto distribute permegbility in 3D.

Permestiility in NFR can be highly directiond. Congdering this highly directiond nature, the need
for permesability tensors has been widdly discussed but not widdy applied in field-scde fluid-flow
modeling. When the principa permesbility directions are not digned with the standard xy grid
coordinates, the velocity in the x-direction has contributions from both the potentid gradient in the
x-direction and the ydirection. This smilarly applies to the veocity in the ydirection. Such
directiond permeability can be modded with a permesbility tensor (Scheidegger, 1960). The
directiond permesability vaues and the permesbility tensor components can be caculated by
knowing the principd permegbility vaues (e.g., from pressure interference testing) and the
direction angle rdaive to the xy coordinate system. Whether such atensor gpproach is required
is still debated because the actua data required to uniquely define the tensors are not available.
Also, the extra computation required means that additiona upscaling would be required, reducing
other detalls in the modd. Generdly digning the grid sysem with the directiond trends would
appear to be adequate for most field scde systems. Provided that grids are digned with the
maximum permesbility direction, the use of conventiona 5-point finite differences should provide
adequate resolution for fidd-scde flow models. Otherwise, higher order schemes may be
required (e.g., 9-point finite difference, Gilman and Kazemi, 1983).



Sngle-well flow tests, such as a pressure build-up test, cannot decipher permesbility anisotropy.
The mogt direct method to caculate permesbility tensor is from the interpretation of pressure
interference tests conducted in various parts of a fiedd. Haws and Hurley (1992) summarized
interference test results from a number of Big Horn Basin fractured reservoirs, where they
reported that the maximum to minimum permesbility ratio varied from 10 to 1000. These results
reflect the permegbility anisotropy mainly as related to the diffusve component of flow. On the
other hand, tracer tests can provide information on the well-to-wel, well-to-fracture as well as
the globa channdling trends as related to the convective component of flow. Tracer tedts,
compared to interference tests, could be more time consuming and expensive. However, atracer
test conducted in a naurdly fracture reservoir (Kazemi and Shinta, 1993) should provide
additiond ingght on permesbility anisotropy. Findly, the most common method used to assess the
directiona flow tendencies is based on fracture orientation studies of the borehole image logs,
oriented cores, outcrops and of course water or gas breakthrough tendencies. Seismic methods
are dso being investigated as a means to infer fracture anisotropy. These later methods however
are not quantitative and gtill must be calibrated to dynamic data.
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Fractured reservoir description can be significantly improved by
calibrating to non-standard field data such as tracer tests and
pressure interference data.

Methods are being developed to estimate the effective fracture permegbility tensor for a REV
cube or a grid cdl using discrete fracture network (DFN) models based on measured fracture
aperture, surface area and the inclination angle normal to the fracture surface. Only the open
fractures that contribute to fracture flow should be included (Oda, 1985 and Dershowitz, et d.,
2000). This gpproach is one method for scaing DFN models, image logs and outcrops to
equivaent dud-porosity medium (Deshowitz, et. al., 2000).

If fractures close as reservoir pressure declines, then effective permesbility could decrease. A
number of researchers have derived the expressons for permesability, aperture, compressibility,
and porosity of smooth open fractures as functions of pore pressure and stress Sate in an adtic
porous media. However, fracture closure is very difficult to estimate because of the presence of



filler materid, or complex sress states d the reservoir. Also at large flow rates, the onset of
turbulent flow can creete additiond pressure drop causing an gpparent reduction in permesbility.
Step rate tests may be required to determineif turbulent flow isimportant.

Fracture porosity calculations require an estimate of fracture spacing and width, which can be
obtained from cores, image logs and outcrops. The loca porosty cdculated for an individud
fracture would essentially be 1.0; however, when calculated with respect to the bulk rock volume
in aREV, fracture bulk porosity is quite smal (<1.0%). In addition to cores and logs, one canin
theory use the effective permesbility and fracture spacing results from pressure buildup tests to
estimate fracture porosities (Kazemi and Gilman, 1993).

For reservoir characterization and flow modeling, fracture porosity needs to be estimated at dl
well locations and didtributed in the 3-D space. Typicdly, we do not have image logs or cores at
al wells, therefore, we need to estimate porosity from conventiond logs (e.g. Iwere, 2002) and
develop empirica relaions to rdate fracture porogity to other static information such as flexure,
lithology, and other intrinsic and extrinsgc rock mechanica characteristics. Researchers have aso
estimated fracture porogity (and permesbility) based on fracture-scaling fractals in terms of
fracture width and/or length (e.g. Hossain, et. al. 2002; Gale, 2002). Under these assumptions,
the fracture total permeability is dominated by the largest fracture permesbility.

In addition, to the conventiona reservoir parameters (porosity, permesbility, compressbility, etc.
for both fracture and matrix), an additionad parameter, the shape factor, is needed for fluid
transfer caculation between the matrix and fracture network. This parameter is often represented
by the symbol ‘s * inunitsof ft 2. Thisterm is best understood from the Warren and Root paper
(1963) in which they idedlized the system as a stack of “sugar-cubes’.

There has been much discussion about the physica meaning and the functiona form of the shape
factor. From a practica view, it is a second order, distance-related, geometric parameter that is
used to calculate the mass transfer coefficient between matrix blocks and surrounding fractures.
Shape factor is afunction of fracture spacing (or intendity), and is not inherently a time-dependent
parameter, but severd authors have attempted to treet it as such. Idedly, the shape factor could
be cdculated from pressure build-up data. Severa expressions describing the shape factor have
been presented in the literature and some are summarized here.

The pseudo-steady date, andyticaly derived expresson for the shape factor (Kazemi and
Gilman, 1993, Chang, 1993, Zimmerman, 1993, Lim, 1995) in terms of fracture spacing (L) in
thex, y, and z directionsis:

s =p’C—+—+——7 (1)



while the pseudo-steady state, numerically derived expression for shape factor (Kazemi, 1976,
Kazemi and Gilman, 1988) has a wefficient of 4 rather than p. A transent date, andyticaly
derived shape factor was given by Penuela, et d., 2002, but is not generaly used in fidd scde
smuldions.

A generdized shape factor based on water imbibition experiments (Kazemi, et d., 1992, Zhang,
et d., 1996) is:

s =\%aldﬁ ©

In the above equation, A designates the area of the exposed fracture surface i for the given
matrix block with avolume V, d. isthe distance from the center of the block to surface i, and |

is the number of exposed fracture surfaces. This equation is aso the most genera form for
upscaing from complex fracture patterns (e.g., DFN network models) to equivaent dud-porosity
mediafor both sngle- and multi- phase flow.

In practice, shape factor is often considered a history matching parameter, but it is best to sart
with the above equations usng the best estimate of the fracture spacing. The shape factor can
vary over the computationa grid and is only considered a congtant over the REV. Note that the
numerica models do not actudly require any discrete representation of matrix “sugar cubes’. The
idedlization of sugar cubesis just an artifact for discussion smilar to the bundle of capillary tubes
idedlization used for a angle-porosity media. The dud-porogity modds are “smply” two overlying
porous mediawith atransfer term directly proportiona to shape factor.

As pointed out by Kazemi and Gilman (2003), the power law fractd mode can eiminate the
need for measuring fracture spacing (Gae, 2002) because for a given fracture aperture w, the

average spacing is 1/ F (wf ) This method may be a good way to estimate the smalest dimengion
of the matrix blocksin afractured reservoir.

Idedlly, the shape factor could be calculated from pressure build-up curves for various wellsin the
fiedd under study. Theoretically, such curves develop two pardld graight-line segments, indicative
of dua-porosty behavior (Warren and Root, 1963). The build-up time a the inflection point, on
the trangtion segment between the early and late Straight line build-up segments, is related to
shape factor and depends on two dimensionless parameters, the torativity and the inter-porosity
flow, wand | , which are defined as:

(fc);
w= ©)]
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The inflection point on the trangtion between early and late straight-line flow periods depends on
the shape factor according to the following relation (timeis given in hours):

o < mm) e, -
0.0002637!1 k,

In the above equations, k., isthe effective permesbility of the fractured system as calculated from

the dope of the build-up curve. The vertica pressure separation (dp) between the two pardld
lines is related to w. Often the customary two draight-line segments do not appear on the
pressure build-up curve because of well bore storage or boundary effects; therefore, shape factor
cannot be calculated from the test. The time equation given above shows the short time frame for
trangtion to occur in systems with moderate compressibility. Also non-uniform fracturing
complicates the trangtion period. However, the magnitude of effective permeability compared to
only the matrix (core) permesbility gives an indication of the reative importance of fractures.
Fractures must be well connected to give effective permesbility much greater than matrix
permesability. If the dud-porosity response is not seen, shape factor will need to be inferred from
other information (e.g. image logs).

Continuum Representation of the NFR Flow Equations

Fluid flow modeling is a most important agpect of the process to decipher the role of natura
fractures in reservoir performance, and it is the primary method for optimizing hydrocarbon
recovery from the reservoir. For large-scade numericd smulation of petroleum reservoirs, dud-
porosity / dua-permeability modds are the most widely used idedization. These idedizations
have been found to reproduce the behavior of many systems and are a very practica method for
large-scale smulation. The industry has used dud-porosity and dual-permeshility modds to
history match numerous fractured reservoirs over many years of history and to predict future
performance. In these models, the fracture network is assumed to be well connected and is
treated as an equivdent porous medium described by its porosity, permesbility (often highly
directiond), relative permesbility, capillary pressure, etc. These properties can vary widdy
throughout the reservoir. However, this idedlization leads to a number of issues in regard to
representing the fracture-matrix exchange.

Gilman and Kazemi (1988) and other authors have presented severd fracture-matrix
arrangements for idedlizing dud- porosity flow in naturdly fractured reservoir. These idedizations
were devised with the god of developing computationdly efficient models and are thought to
preserve the salient petrophysica characteristics and the dominant fluid flow features of NFR.
These modds amplify the complexity of the red fracture network and its connection to the matrix,



but the end product is thought to represent flow in an actud reservoir if congstent mathematical
and petrophysica parameters are input into the models.

Three gpproaches are commonly used to modd fidd-scde fluid flow in naturdly fractured
petroleum reservoirs. The first gpproach is a dua-porosty (DP) idedization of the reservair,
where atypica representative dementary volume (REV) of reservoir rock is idealized to contain
a large number of equa sze matrix blocks separated by interconnected fracture planes. This
mode is often referred to as the sugar-cube modd, where the sugar cubes represent the matrix
blocks and the spaces between the sugar cubes represent the fractures. In the numerica
amulation d flow, an individual sugar cube is not trested as a discrete grid cell. Ingteed, for a
given grid cdl or REV, the st of al interconnected fractures are lumped into one continuum
cdled fracture while the collection of al matrix blocks is lumped into another continuum called
matrix. In dud-porosity modeling, the fractures are interconnected as a continuum and form a
flow network connected to the well bore. The matrix blocks, on the other hand, are presumed not
to interconnect; therefore, there is no metrix-to-matrix flow, but there is matrix-to-fracture flow.
The dua-porosity models generdly ignore any viscous displacement from the matrix, but methods
have been developed (Gilman and Kazemi, 1988) to account for this digplacement mechanism.
Also gravity effects are generdly gpproximated by a segregated fluid assumption smilar to the
vertica equilibrium option provided in many single-porosity smulators.

The second approach is a dua-porosity/dua-
permesbility (DP/DK) idedization of the reservoir,
where, contrary to the dua-porosity case, the
matrix blocks dso communicate with each other;
therefore, there is matrix-to-matrix flow in addition
to matrix-to-fracture flow. A very pragmatic
gpproach to fluid flow modding of fractured
reservoirs is to assume tha the resarvoir is
composed of a st of verticad columns of matrix
blocks surrounded by interconnected vertica
fracture planes. These fractures, in the map view,
form a two-dimensiona network. This gpproach is
a sub-set of the classca dud-porosty/dud- :
pemestiy o Vecd o apvenicd | [ Ren
pairs) are created in reservoirs as a result of earth stresses. Also, the digenetic changes in the
fractures pore space, such as mineral depostion, creates vertical connection between matrix
blocks that could lead to film flow of oil between matrix blocks. In the case of multi-phase flow,
the fluid dengty differences create sgnificant gravity forces in the vertical direction, which induce
gravity drainage in the matrix. The capillary pressure forces, interact with the gravity force to
enhance or oppose matrix drainage.




The third approach, the discrete fracture network (DFN) flow modeling, is the most recent
method, which relies on three-dimensord spatiad mapping of fracture planes to congdruct an
interconnected network of fracture surfaces. Any three-dimensiona reservoir rock volume,
bounded by fracture planes, is, therefore, a matrix block. Contrary to the dua-porosty/dud
permesbility flow modeling, the DFN approach requires very precise description of fracture
network in terms of geometry, conductivity, and connectivity. However, the models have been
largely applied in sngle-phase systems (e.g., aquifers) because of the large computationa effort
required. Recently, however, emphasis has been placed on the use of the DFN modds for
upscaling geologic information to the dua-porogty fluid-flow smulation (Bourbiaux, et d., 1999;
Dershowitz, et d., 2000). DFN-based models are currently impracticd for field-scade smulations
of petroleum reservoirs for the following reasons:
- Thetota number of fracture dementsis too excessive for modeing flow in each individua

fracture.

The flow network, congigting of discrete fracture e ementsin the three-dimensiond space,

Is very difficult to describe rdliably, and

The inter-porosity flow between the matrix and fracture adds much additiona complexity

because it requires extensive computation that has not been adequately developed for

multi-phase, large scale modding.

For fidd-scde smulation, dud-porosity/dud-permesbility gpproaches mean tha we must
average flow behavior over alarge volume. This crestes specid limitations in representing the flow
in the fractures and from matrix-to-fractures. The following discusson addresses that averaging
by presenting the basic equations for some important recovery process in NFR. The finite
difference form is for that of fracture-meatrix fluid transfer which is often the congtraining condition
in regard to efficient recovery in NFR. These equations approximate the proper physics, and so
the issue is finding the correct average properties to input into the large-scale modds. The most
pragmatic approach is to use some sort of datic averaging (upscaing) © represent the static
variables like shape factor and absolute permesbility. These are variables, which in theory, do not
depend on the recovery process. Relative permesabilities and capillary pressures are then the
parameters that can be used to upscale and approximate the recovery process dependent flow
behavior.

In purdy sngle-phase depletion, the dominant recovery mechanism isfluid expansion. In practice,
this occurs normaly as the first stage of reservoir operaions, and fluid recoveries are typicdly
quite low (except for gas sysems). In single-phase depletion, oil or gas recovery rate can be
much greater in NFR compared to unfractured reservoirs because the high permesbility fracture
network undergoes rapid depletion and provides large surface areas for reservair fluid in the low-
permegbility matrix to expand into the fractures. In multi- phase depletion, fracture flow can lead
to free gas flow in the fractures, which, in turn, could invoke gravity drainage of oil from the
matrix—leading to very hgh oil recoveries if the gas-ail gravity drainage process is managed
properly.



The equations for a Sngle-phase, dual-permeability modd is presented below. The first equation
represents the flow in the fractures in addition to aterm for flow contribution from the matrix. The
second equation represents flow in the matrix. The first term is dropped from this second equation
for dual-porosty flow.
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These equations are commonly discretized in finite-difference form and solved for fracture and
matrix pressures at dl grid blocks and a given time sep (e.g., Kazemi and Gilman, 1993). A
one-dimendond, sngle-phase ail fluid-expangon finite difference form for fracture-matrix transfer
is

t, = 0.001127%(% - Py) ®

0

From these equations one can see that the important parameters that affect the rate of matrix-
fracture fluid transfer during depletion to be shape factor, s, matrix fluid mohbility, (.e. k k., /m

for ail), and fracture-matrix pressure difference, (pm - Py )

Solution of these single-phase equations for low compressibility flow showsthat in an ided closed
radia reservoir, producing under constant bottom-hole pressure depletion, a double exponentia
flow rate decline can develop. Chen, et al., (1986) showed the exponentia decline characteristics
of a number of Austin Chak wells. A plot of In(q) versus time should give a sraight line during
exponentid decline. A plot of flow rate versus cumuletive recovery dso gives agraght line during
exponentid decline.

Saman (1985) derived equations for the initid flow rate and for the dope of the exponentia
recovery lines as a function of the inter-porosity parameter, | . Because of the smdl volume of
fluid in the fractures, the initid period may be very short and therefore impractica to measure. For
large! (> 16 rW2/re2) only asingle draight line will develop because of the nearly instantaneous
pressure equdization between the fracture and matrix. The reservoir then responds like an
unfractured reservoir with a permesbility equal to k, and porosity-compressibility equd to thet of

the total system. For highly fractured systems with moderate to good metrix permeability (s k, >
0.1 md-ft®), only one straight line will develop.

In theory, Satman’'s equations could be used with decline curve andys's to determine reservoir
properties for the fracture-matrix sysem (Chen, et al. 1986). In practice this is very difficult



because of variations in bottom-hole pressures, multiphase-flow, offset well interference effects
and the long production times required to obtain both exponentid decline periods. Also,
numerical Smulation has shown that the fird line is very short lived and the dope is affected by
matrix-fracture flow. Therefore, fracture properties are very difficult to determine from decline
curve andyss. However, long-term rate and pressure decline can be used with conventiona

reservoir depletion andysis to determine the effective permeability and total pore-volume of the
system (fracture and matrix). The magnitude of effective permesability compared to only the matrix
(core) permesbility gives an indication of the reaive importance of fractures. The above
equations show how high fracture intendity (large s) can lead to efficient depletion of fractured
systems with low matrix permesbility.

Water imbibition has proven to be an effective recovery mechanism in some NFR. Imbibition in
reservoir rock is the process in which water is drawn into a reservoir rock by the action of the
capillary forces. This is smilar to water risng in a capillary tube when one end of the tube is
immersed in atray of water. The following quas-linear partid differentid equation represents the
one-dimengiona imbibition processes. Here viscous and gravity flow terms are neglected.
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D, the capillary "diffusion” coefficient, has units of lengthf/time and is given by
D = Xk TP (10)
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Mattax and Kyte (1962), through experimentd investigations, found that recovery in such systems
could be scaed through the following dimensonless time:
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This equation shows that recovery is inversely proportiond to the matrix block size squared, L.
Capillary pressure is indirectly incorporated in the above equation through the interfacia tenson, g
, permeability and porogity terms. The above equation can be rewritten in terms of shape factor,
s, by replacing 1/ L*with s as shown in Kazemi, et al. (1992) and Zhang, et al. (1996).

The experimentd data generated by Mattax and Kyte can be described by an exponentid time
function that indicates fractiond oil recovery is inversely proportiond to the square of the matrix
block sze. Kazemi, et al. (1992) provide an andyticd solution for one-dimensonal flow ina
fractured systems using such exponentia relations. These relations can provide a quick screening
tool for scaing laboratory resultsto field performance.



The important parameters affecting oil recovery from water imbibition are shape factor, capillary
pressure and oil mobility, kk../m. Specificdly, ail rate is greater as permesability increases and
matrix block size decreases (fracture intensity and shape factor increases). Recovery rate adso
increases as oil reative permeability increases making it easier for water to imbibe and ail to flow
out. Higher capillary pressure increases rate of oil recovery through increased imbibition force.
NFR that have undergone waterflood or strong aquifer drive include the Fahud Fidd (O’ Nelll,
1988), Ekofisk Field (Halenbeck et d., 1991), Midde Fied (Beiveau, et d., 1993) Ezzaouia
Fied (Gilman et d., 1996), and Ghawar Field (Phelps and Strauss, 2002). The more than 30%
recovery from the Ezzaouia Field is a case that illudrates the effectiveness of water imbibition
dominated recovery in some NFR.

Thefinite difference form for imbibition in asingle grid block without gravity reducesto:
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which again gpproximates the partid differentia equations.

In some highly fractured reservoirs, the gravity drainage rate in a gas-oil sysem can be
approximated as a one-dimendond solution. In one-dimensond gravity drainage in a porous
media, the time rate of change in eevation of a congant saturation oil “shock” front (thet is, the
gas-ail frontd velocity in ft / day ) is given by the following equation (Dykstra, 1978; Richardson,

1989):

fz| _ 7.83x10°kDr, k.
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Solution of this equation for a Smple 1D homogeneous system shows that the assumption of
vertica equilibrium in the matrix rock is overly optimigtic. Therefore the methods used to caculate
the gravity term in dud- porosity models should be used with caution.

For the above eguation, the fronta velocity can be

converted to gas-induced gravity drainage oil rate by Gas — B
multiplying it by the cross-sectiond area perpendicular <

to the flow direction. The important parameters affecting § j "°

gravity drainage rate are vertica permesbility, dengty w o

difference, and oil mohility. Fractured systems in which LZ[

gas filled verticd fractures surround a veticaly <+ Pc=0 ~—Pc=0
continuous matrix can be represented by this equation. lllustration of saturation profile for
The above eguation ignores capillary pressure. Capillary gas-oil gravity drainage with and
pressure has minimal effect on early rates, but can cause [ Without vertical barriers




hold-up of oil above barriers or torizonta fractures. Permesbility variations can affect early
drainage rate, but a harmonic average permeability can give a reasonable gpproximation to the
drainage behavior over alimited permesability range. Smulation shows that for matrix block radii
of 10's of ft, there is no difference in recovery, showing the insengtivity of this system to fracture
spacing. Because the flow is verticd, the aredl spacing of the fractures should not be expected to
have any effect. (Fracture intensity will however, sgnificantly affect the rates and coning tendency
of producing wells with regard to the fracture network). Adding vertical barriers across a matrix
column would appear to initidly increase drainage rate, because each isolated region can feed into
the fractures rather than just flowing verticaly through the entire matrix column. However, in
actudity, oil will resaturate the lower matrix as drainage occurs, and thus the system with barriers
actudly drains more dowly. Also, for a case with large capillary pressure and vertical barriers,
capillary holdup above the barriers causes long-term recovery to be reduced.

A commonly used finite-difference gpproximation to caculate the gravity drainage rate, in STB/D,
for the dud-porogty idedization and negligible capillary pressure is based on the concept of
vertica equilibrium as given by:
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Where h,, isthe multiplication product of the mobile oil saturation in a given matrix grid cell and
the matrix block height, L,. Smilarly, h,, is obtained by multiplying the mobile ol saturation in the
given frecture cell and L, . The shape factor for gas-ail gravity drainage, s 4, needs to reflect the
fact that the process of drainageis primarily vertical. It can be given by the following equation:

Sep="7% (15)

Because the oil height terms are proportiona to L, and s 4 isinversdy proportiond to L,?, the
drainage rate becomes inversdy proportional to L,. Here L, could be greater than the grid

block height and would effectively be the distance between mgor flow bariers. This form
generdly over estimates the rate of gravity drainage as previoudy mentioned.

A more redidic dterndive to conventional dud-porosity, pseudo-gravity amulaion isto usefine
grids and dua-permesability smulation only in the vertical direction and dud-porosity in the other
directions. This will provide for a more accurate smulation of the gravity drainage process. Dua-
permegbility in the vertica direction means tha dl matrix blocks are dlowed to be continuous in
the vertica direction. Thiswill then dlow ail to drain verticdly in the matrix aswell aslaterdly into
the fractures. Of course, there is added computational expense because of the dud-permeshility
gpproach and the requirement of additiond layers.



A common method of assessing effectiveness of gravity drainage is through laboratory centrifuge
experiments, which can be directly upscaed to field behavior. Centrifuge experiments are fadt,
inexpensive, and highly scaable to field behavior both in time and spatid dimensions (Mattax and
Kyte, 1962) and can ke readily maiched usng a conventiond field-scale reservoir smulator.
Predicting the gas-ail gravity drainage behavior is very difficult without proper |aboratory data

In gravity-dominated recovery from NFR, fractures are used as gas flow conduits to nvoke
gravity drainage from the matrix by controllably lowering the gas-oil contact in the fractures. This
procedure is the basis for the concept of “ contact management” in fractured reservoirs, which can
lead to one of the most effective improved-ail-recovery techniques for fractured reservoirs
(Rothkopf and Wadleigh, 1994). NFR that have undergone gas-ail gravity drainage include the
Fahud Fidd (O'Neill, 1988), the Y ates Field (Rothkopf and Wadleigh, 1994), the Haft Kel Field
(Saidi, 1996), and the Cantarell Fidld (Arevalo, et d., 1996). In the Haft Kdl Fidd (Saidi, 1996),
the calculated water displacement efficiency, supported by field measurements was only about
17%, whereas the calculated gas displacement efficiency, at areservoir pressure of 1512 psi, was
about 32%.

In three-phase systems, consisting of gas, ail, and water, different portions of a given reservoir
could undergo different displacement processes leading to complex flow behavior. This usudly
happens because of the differences in fiedld operations schemes (.e., water-flooding vs. gas
injection) and rock characteristics such as wettability, fracture intendty, permesbility variations,
layering, structura peculiarities, capillary pressure and relative permesbility hysteress. The ail

recovery mechanisms associated with the field characteristics as well as the production schemes
in the fidd are best studied by laboratory experiments and fine-grid numerica smulaion. The
approximations made by the smulators for coarse-grid full-fidd models must be verified by these
fine-grid Sudies.

The multi-phase flow equations require the use of relative permeability in both the matrix and
fracture. Relative permeshility in the matrix is the same as obtained for conventional sngle-
porosity cores (athough there is an upscding issue here because the flow rates are a function of
the average saturation in a grid block). On the other hand, fracture relative permeability could be
quite different. It is often assumed that fracture relaive permesbilites are linear functions of phase
saturations. Laboratory experiments have shown this to be true for large fracture sizes (> 50 mm).
However, for smdler fractures it has been demongrated (Maoney, et a., 1997) that reative
permesabilities in fractures are non-linear and depend on the fracture flow veocity, direction of

flow, and densty difference. Other fracture relative permesbility concepts have aso been
presented by a number of authors (e.g. MacDonad, et al., 1991; Kazemi and Gilman, 1993).
There have aso been a number of different methods proposed to handle the effect reative
permesbility for matrix-fracture flow, athough the most generd method is to use conventiond

“upstream weighting’”.

The above discussions refer to water imbibition and gravity drainage, two of the most common
methods for enhancing recovery in NFR; however, tertiary recovery, or enhanced oil recovery



(EOR), are processes that produce further additional oil economically over that which can be
produced from primary and secondary recovery methods. In NFR, EOR can be viewed as the
methods that accelerate oil recovery by dtering reservoir fluid and rock propertiesto better utilize
the reservoir's natura energy. The most promising EOR techniques in NFR (Chrigtiansen, et al.,
1989) include CO, (Bdiveau and Payne, 1993; Mdik and Idam, 2000), heat (Reis and Miller,
1995), surfactants (Chen, et al., 2001), and polymers (Sydansk and Moore, 1992).

Addressing Issues of Scale

Fracture characterization often dedls with discrete fracture information such as tranamissvity, Sze,
orientation, location, and spacing;, while for large-scale smulation we need average fracture
network properties such as conductivity, intengty, anisotropy, and storage capacity. Although this
talk does not directly address the reservoir characterization issue, a brief discussion of upscaing
and averaging is warranted. Methods for determining the average data are a mgjor issue. The
main question is whether we can determine this average data from rock measurements done (i.e.,
without history matching past performance).

Because heterogeneity characterigtics are generdly measured a small scales (centimeters), as in
core plugs, there is a need to upscae such measurements to the scale of computation, i.e., the
grid dimenson in geologic models (meters) or reservoir models (decimeters). In fact, in the
continuum gpproach of fluid mechanics (Royer, et d., 2002), the flow problem is transformed
from the microscopic level to macroscopic scale a which the problem is expressed in terms of
averages of the microscopic quantities. The need to know the exact locd characteridtics of the
whole domain is circumvented by the use of these average quantities, which are taken over a
representative eementary pore volume (REV). The Sze of the REV mug be larger then the
heterogeneity size and much smaller than the macroscopic length scde (e.g., well spacing).

What properties should be used in a grid block of severa thousand cubic feet in volume? If we
could describe the fractures in detail, then fracture porosity could be directly described. But the
fracture digtribution may be fractd in nature, with the smallest fractures approaching the size of
matrix pores. In a dua-porosty modd it is likely that some of these smdler fractures should be
grouped into what we cal "matrix". Fracture network permesbility is again a composte of dl the
fractures making up the network. Because we could never hope to measure the apertures,

roughness, and connections, fracture permesability is best determined by direct measurements
(e.g., pressure testing) and then correlated to static data that can be distributed in 3D. Fracture
network permeability is often assumed to be the permeahility in excess of the matrix contribution.

Reservoir flow properties, such as permeability, caculated from pressure trandent well tests in
heterogeneous porous media are generaly non-unique lumped averages (Herweijer, 1997). The
reason for this is that pressure trandent tests are based on diffusive character o flow. On the
other hand, the flow tests that rely on the convective character of flow (e.g., tracer tests) could
lead to the delineation of reservoir heterogeneity in a somewhat broader sense.



Scaling issues have been studied for laboratory meatrix-fracture fluid transfer experiments (eg.
Kyte, 1970; Zhang, et d., 1996) in homogeneous rocks and have resulted in severd viable
scding rules. For heterogeneous rocks much of the research has evolved from a geologic
perspective (Pickup and Hern, 2002), where measurements are usualy conducted on cores and
outcrops and complemented by information from pressure transent tests, well logs and seismic
data. The big question is how to scale these data to the reservoir modd grid dimensions to creste
aviable forecasting tool.

One of the most important parameters in dua-porosity models is the apparent matrix block size.
Agan if we know the fracture distribution, we could determine this as the fracture-matrix area
divided by distance from the fractures to the center of the matrix as shown earlier. However, in
dud-porosty idedizations, the fractures which are to be included in this calculation should only be
those which are well connected for the given flow process. The fractures are anastomosing on a
large scde, but afew primary pathways may dominate flow. Damage to these pathways through
drilling, completion, stimulation or pressure depletion can be permanent and severdly reduce the
conductivity of the system. Also, the gpparent connectivity can depend on the well placement and
the flow process. For example, the effective block sze may be different for depletion versus
water flood. Under depletion, al the fractures can be quickly depleted of pressure causing matrix
fluid to flow through the entire fracture-matrix surface area. Under water flood, water can imbibe
only through the matrix surface that is contacted by water. Fractures that are not part of the water
flow path will not be flooded by injection water.

Some Generalizations from Field Studies

Long-term performance and modding of fields with very long hitories (> 70 years) has taught us
much about the nature of the fractured network, fluid transfer mechanisms and indications of how
the effective network properties may relate to more directly measurable properties like image and
production logs and pressure transent and tracer tests. However, the characterization and
modeling processis ill very uncertain and requires extensive cdibration with dynamic data NFR
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Dual-porosity models can be effective in matching long-term historical
production but the process often requires extensive calibration




amulation, therefore, ill relies very much on empiricism and tuning to historicd data. This is
especidly true of the fracture network descriptions because fractures may be enhanced or
degraded by diagenesis and other effects.

Initid geologic modds are highly quditative and subjective. The properties that can be directly
measured may not hold up a the reservoir scae. Therefore, some degree of uncertainty will

aways be present. Field production tests (pressure transient, tracers, production tests, etc.) are
required in order to vaidate our idedizations that come from static data. Therefore we will aways
be limited in our &bility to accurately predict behavior without previous higtory. We need to use
knowledge and learning from other studies to bracket the possbilities. The parameters, which
affect fluid flow in NFR, ae extremdy difficult to quantify. NFR in generd ae very
heterogeneous and thus vary widdly in behavior (Nelson, 2002). Generaizations for one reservoir
do not necessarily apply to another. In fact dl reservoirs are heterogeneous. A Texas A&M

Study showed that infill drilling for use in secondary water flood resulted in essentialy as much oil
as from the primary water flood which used a large well spacing (Wu, 1989). The authors own
experience has included studies of primary depletion with and without aquifers, water floods, gas-
oil gravity drainage, steam pilots, COo huff and puff, dilute surfactant, and polymer floods.

Making generdizations about any subject as complex as NFR is probably not a wise thing to do.
However, this seems to have wide interest, so afew thoughts will be briefly highlighted here,

Firg of al, the author's experience has shown that the effective fracture intensity and degree of
connection is difficult to predict. This may be because fractures are often well connected on a
large scale, but afew primary pathways may dominate flow. Also, the gpparent connectivity can
depend on the well placement and the recovery process. Coarse-grid, dud-porosity models for
multi-phase flow have historically been too well connected.

Secondly, the fracture network appears much more heterogeneous than first estimated. For
example in severd studies, the effective fracture spacing appeared to be different for depletion
versus waterflood. Under depletion, a near-by producer can deplete many of the fractures,
causng marix fluid to expand through a large fracture-matrix surface area. However, under
waterflood, water can imbibe only through the matrix surface that is contacted by water.
Fractures that are not continuous aong the water flow path will not be flooded by injection water
even if they are open and permeable. Recent industry activity has been directed a using discrete
stochastic digtributions of fractures based on datistical and determinigtic information gathered
from logs, cores and outcrops to improve understanding of the fracture connectivity. These
stochadtic redizations may be a means to estimate effective fracture network properties for
upscaing into conventiona dud-porosity models.

From many smulations, we aso often see that the fracture spacing required to match higory is
larger than egtimated from core or outcrop studies. This observation could be caused by
inaccuracy of matrix data. For example in the Augtin Chak, matrix permesbility may range from
0.01 to 0.0001 (3 orders of magnitude!!!). However, it is more likely because of large scade



averaging of data and associated numerica error or the fact that many of the fractures we see do
not inter-connect on alarge scale.

However, as opposed to the effective spacing, the apparent fracture volume appears greater than
esimated from image logs. This is because many smadl-scale fractures and vugs can contribute to
apparent fracture network volume.
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Displacement processes can appear to have different fracture connectivity from
depletion processes because of the complex fracture connectivity.

History matching would also suggest thet relative permeshility in the fractures is not a linear
function of phase saturations. This may be because the relative permeability for a fracture network
is not the same as for an individud fracture. Also, the large grid sizes we are required to use leads
to averaging problems. For example, the fluids may tend to quickly segregate in the fractures over
the scale of the grid system, but this is often difficult to gpproximate in the smulators. Think of a
grid typica of today’s models - severd hundred feet in aredl dimension by only a few feet thick.
Only a smdl amount of gas can lead to a large GOR, because we generdly assume dispersed
flow and fully penetrating wellsin the center of the grid block.

In water floods in ail-wet fractured reservoirs, modeling and laboratory work would suggest that
viscous displacement from the matrix blocks may be contributing some recovery which is often
not accounted for in standard dual- porosity models.

Most emphasis today is being placed on improvements in characterization of the fracture
network, however, reservoir flow behavior is very dependent on the effectiveness of matrix-
fracture transfer mechanisms. A common method to quantify matrix-fracture transfer for such
systems is through history matching. However, matches will be non-unique. Also, for systems
where there is no history to match, we have no way to determine the input data. Therefore
|aboratory experimentation is till very important, but is becoming a“logt art”.

It is extremdy difficult to predict productivity of individua wells as well as early gas or water
breakthrough during injection or under coning. Nelson (2000) has pointed out that NFR have the
characterigtic of a wide digtribution of well recoveries or rates. The author's own experiences



have shown the near impossbility of predicting (not matching) individua wel weater-cut and
GOR'’s in complex NFR. The smulators thus need to be viewed as a reservoir management tool
and not o much as a means to predict short-term individua well performance. Alternative
methods of performing history matches thus need to be considered (Campanélla, et. a., 2000). In
Campandlas sudy, a mgor difficulty was modding of individud well GOR's and weater-cuts
over a 70-year higtory for over a 1000 wells. This problem was dleviated by independently
controlling historical gas, ail, and water rates in the smulator. The time-dependent fluid-contacts
and saturation profiles were used to vdidate the history match rather than individua well weter
and gas cuts.

Their study dso showed that vertical dud-permesbility can be avery effective method for gravity
dranage smulation in sysems with vertica continuity. One difficulty was properly handling
hysteresis in gravity drainage behavior in aress of the field where water had invaded the oil
column and was subsequently displaced. Laboratory centrifuge experiments showed the excellent
response that was possible for gas-oil gravity drainage in these previoudy water-invaded aress,
however, incorporating the necessary hyseress was not draightforward with  current
methodology. This again points to the smple physics in current dud-porosity smulators and the
need to tune models to laboratory data. These laboratory data were matched by fine-grid
smulations and scded to large block modds. Numerous authors have shown that for gravity
drainage, centrifuge experiments can be directly modeled and used for fiedd scde smulation,
provided they are properly calibrated to the assumptions inherent in the Smulators. For example,
capillary pressure is often incorporated into the centrifuge derived rdative permeability and thus
should not be usad in the gravity drainage modedls. This discusson is intended to stress the fact
that |aboratory datais a necessary part of understanding field behavior.

Although there have been a number of notable fallures, waterflooding can be very effective in
NFR. This of course depends highly on wettability and the ability to maintain ared and vertical
conformance. Field tests of water and/or gas breakthrough and tracer can be used to characterize
the system by identifying water or gas flow paths. Tracers are very effective in identifying
directiona tendencies and to a lesser extent to estimate fracture volumes. A mgor problem here
Isthat rate changes during the test can complicate the interpretation.

Early water breskthrough in NFR is very problematic and has been discussed widdy. For
example Weber (2001) discussed one field example where is was stated that "Complex
interaction between fractures, matrix and the highly permeable siresk caused a surprising pattern
of water breakthrough, which can be explained by a geomechanica mode for the heterogeneous
natura fracture network." It was explained how the fracture networks were upscaled to a dual-
permesbility smulator for fidd-scale multi- phase reservoir smulation and showed how integrating
seiamic, borehole, well test and production data were used "to constrain and vaidate such afield-
wide modd". Thisis just one of many papers that shows the success of dua-porosity or dua-
permegbility idedizations to mode field performance. The difficulty of course is determining what
are the important controls regarding the ared and vertica distribution of the fractures. The authors
indicate that the process of integration of dl datais very important.



The timing and amount of breakthrough depends on many factors including fracture pore volume,
permesbility anisotropy, fracture intengty, matrix wettability and pore volume. In gas-water
systems, the absolute vaue of fracture intengty is often not the main varidble in early water
breakthrough - it is matrix pore volume and wettability, fracture pore volume and the aredl and
verticd variability of fracturing throughout the reservoir. For example, consider the complexity of
the field described by Weber (2001). "The fidld conssted of three communicating, carbonate
reservoirs that were heterogeneoudy fractured with each reservoir conssting of a dolomite
package, sandwiched between two calcite layers. A highly permeable streak sits between the top
cacite and dolomite in only one part of the reservoir. According to the authors, water advanced
through the stregk, but fell out into the fractures below before reaching the wells. Only after some
years of production did this fractured matrix become s0 saturated that water findly entered the
well perforations. The timing of water breskthrough in these wells depended on the volume of
fractured rock below the stregk. Elsawhere in the reservoir, the highly permeable stresk is absent,
and water breakthrough occurs via coning of bottom water, if it occurs a al." The authors stated,
"Knowledge of the fracture digribution and their flow properties was essentid for fied

development”.

As a generd recommendation for NFR smulation, is it important to identify intringc (eg.
lithologic) and extringc (eg. sructurd) controls on fracture didribution and intensty and relate
these to wdl peformance (eg. productivity and water breskthrough) in order to develop
agorithms for digtributing the fracture network properties in a 3D datic geomodd. Accurate
digribution of matrix propertiesis aso important. The Smulation mode must honor the varigbility
and not be an overly smplified modd. We dill rely very much on empiriciam and tuning to
historical data. NFR models are not very predictive based on static data aone.

Addressing Numerical Instabilities

Because of the highly nonlinear nature of the fluid flow equations, numerica smulators can
experience gability problems. Simulation of fractured reservoirs is especidly difficult because of
the high flow rates occurring through smal pore volume nodes, high transmissibility and extreme
heterogeneity. Methods to avoid some numerica problems need to be further addressed in the
numerical smulators. The “work” required to smulate a NFR can be well over an order of
magnitude greater than an equivadent single-porosty system. It is not just a result of the doubling
of the number of computationd cdls - sgnificant non-linearity leads to much smdler time-steps
and more work per time-step.

Although most experienced modelers have methods to identify and minimize gability problemsin
such systems, hereisa partid ligt of itemsthat can create potentia stability problems when solving
the finite difference equaions:

Large shape factor,



Low fracture porosty,

High fracture permesghility,

High well productivity,

Severe rate changes,

High flow rates,

Wellbore crossflow,

Extrapolation of input deta tables,

Step derivatives (dopes) in input data tables (including hysteresis),
High fluid mohbility, and

Input data discontinuities.

Obvioudy dl the above items cannot be diminated and Hill represent the physcd system.

However, there may be certain reasonable limits of data beyond which smulation results become
insengtive to data changes. For example, modern 3-D geomodding generdly rdies on
correlations and datistics to relate satic data to dynamic flow properties. The methodologies
aoplied can create extreme vaues, which cause many numerica difficulties in the flow modes.
These extremes could be truncated in many cases without loss of accuracy. The following items
address the gtability problems caused by the items listed above and discuss how some problems
may be avoided.

1

Fluid transfer between matrix and fracture depends on the matrix shape factor as
discussed previoudy. However, above a certain limit, pressure equilibration between
fracture and matrix will occur in a time frame much sorter than the finite difference time-
gep. Thus increasing the shape factor beyond this vaue will have no impact on the
amulaion results. In fact if the shape factor is made too large then the fluid transfer rate
becomes sengitive to rumerica roundoff. In other words, fluid transfer rates are large for
even very smdl pressure differences. In moderate mobility sysems (> 10 md-ft/cp), the
sdmulation will normally become insengtive to shape factor above a vaue of 0.1 ft2 A
ample way to evduate this is to perform a fine-grid matrix block smulation to see if
equilibrium occursin atime lessthan a"typicd” time-step (e.g. 10 days).

Low fracture porosity can cause stability problems, because very high flow rates through
smal pore volumes will lead to rgpid saturaion changes. Theoreticaly, fully implicit
smulators should be able to handle such systems. However, in many causes the Newton
Raphson scheme, which is used to solve the non-linear equations, may converge very
dowly or may actudly diverge. The remedy is to make fracture porogty as large as
possble without affecting the answers sgnificantly. If the mgority of the oil comes from
the matrix, then “excess’ fracture porogty is only sgnificant a early times. Increasing
minimum fracture pore volume to 23% of totd pore volume, should not sgnificantly
affect results. Another method to improve stability would be to use dightly higher fracture
porogty near wells and use the correct value throughout the rest of the reservoir.



High vaues of fracture permesbility (e.g. > 25,000 md) can lead to stability problemsin
some cases because smal changes in pressure lead to large changes in rate. The small
changes in pressure might only be due to numerical error. In many Stuations, fracture
permesability can be reduced to a vaue that provides ability, but has minima effect on
the smulation results High vertica permesbility is an especidly difficult problem. The
large surface area leads to extremely high verticd transmissibility. A gable limit for
horizontal fracture permesbility might be 50,000 md, but it might only be 5000 md for
vertica permesahility. The sengtivity of permeability should be studied for each specific
problem. The idea here is not to globally reduce fracture permegbility or transmissbility,
but to limit the extreme values.

High wdl productivity (injectivity) can be a problem for the same reasons as outlined
above. How rates from individud layers can change dragtically for only smal changes in
pressure. From a practica point, smulation results will be little affected if pressure drop a
the well is 1 ps or 0.001 ps. However, the smulator may have many convergence
problems if pressure drop is negligible. Reducing well productivity to a vaue that givesa
measurable pressure drop can greatly improve smulator performance.

Large rate changes (eg. when anew wel is brought on line or an existing well is shut in)
can cause problems with some smulators. Obvioudy the fluid withdrawa and injection
must be honored in order to represent the system. However, some smoothing of the rate
profile may help the smulaion run time and may not affect the results. For example,
averaging rates over 90 day periods rather than monthly periods early in the life o the
reservoir may not significantly affect results at later time. Alternatively, rates could be
incressed gradudly in the smulation modd or time steps could be reduced when rates

change sgnificantly.

When running smulations, the rate of one phase (e.g. ail) is often specified and the other
phases are uncondrained. This can lead to very unredistic rates for the unconstrained
phases and thus numerica difficulty. Users should congrain the rates of al phases and
adso condrain the bottom-hole-pressure to avoid these problems. In fact, for certain
Stuations, the smulator may be much more gable if totd liquid rate or tota reservoir
voidage is specified rather than oil rate. There can be sgnificant differences in modd
behavior for the two methods of well control. Especidly before a history match is
obtained.

Crossflow can be a difficult problem in NFR because pressure drop between the well

and grid block can be very smal. Small differences between the pressure gradient in the
wellbore and reservoir can lead to Sgnificant crossflow in the wellbore. If crossflow is not
important to the solution (i.e. when verticd permesbility dlows sgnificant vertica flow in
the reservoir), then minimizing crossflow can dlow the modds to run much better. There
are saverd ways to reduce crossflow in the smulators such as ensuring that zero rate
wells are "isolated" from the formation, reducing well productivity so that pressure drop
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between the well and grid blocks is larger, changing the method of dendty caculation in
the wellbore, or choosng a smulator option to prevent crossflow. Although in some
cases, use of such options can be detrimentd to stability. For example an on/off switch
for crossflow can cause a layer to oscillate be on/off over each iteration. This on/off
switch is highly non-linear, leading to dow convergence of the iterative solution scheme.

Some smulators will extrgpolate fluid properties and other input data tables outside the
range of input data if required. This extrgpolation can lead to unredigtic estimates of data
and cause severe stability problems. The best way to avoid thisis to provide limitsin the
smulation. For example, maximum injection pressure could be congtrained to not exceed
the maximum vaue of pressure in the PVT tables. Economic limits could be set to ensure
that vertica flow performance tables are not extrapolated outside the range of input rates,
watercuts and gas-ail-ratios.

Very seep derivatives of data (e.g. capillary pressure and relative permesbility) can lead
to highly nortlinear relations and thus cause stability problems. Hysteresis is especidly
difficult because of the frequent flow “reversds’ common in NFR smulations. In most
cases, answers are affected very little by some smoothing of the data. For example, the
imbibition rate is proportiond to the rate of change of capillary pressure with respect to
water saturation. Near irreducible water saturation, measured capillary pressures can be
very seep causing imbibition to be nearly instantaneous over a small saturation range.
From a finite difference gpproximation where time-step sizes are on the order of days,
dowing the imbibition rate by reducing the dope of the capillary pressure curve will not
ggnificantly affect the smulation results. This is especidly difficult in modding capillary
pressure hysteresis and improved methods for handling thisin Smulators are required.

High fluid mobility can cause problems for the same reasons discussed with high
permesbility (item #3). Gas is especidly sendtive because of its viscosty. For example
gas-ail ratio might increase from solution gasto 10's of MSCH/STB over avery smdl gas
sauration range. The smulation results again may be little affected by reducing ges
relative permesbility near critical saturations. Problems can be especidly severe in
fractured systems where there is a tendency to set phase reative permesbility equa to
phase saturation. A more gradud increase in gas relaive permesbility near critica gas
saturation can reduce dability problems and in fact provide more physcaly redidic
results. Depletion problems can be especialy severe because as free gas evolves it has a
tendency to move up structure a extremely high velocities.

Convex ges rddive permesbility curves often result when critical gas saturdion is
increased for the purpose of matching fidd historical performance and the remaining
portion of the curve is not changed. This can lead to non-monotonic derivatives near the
critical gas saturation causing convergence problems.



Even with the changes outlined above, dua-porosity/dud-permesbility problems are difficult to
solve and many of the numerica solution tolerances that have been established for single- porosity
problems may need to be dtered. For example, tighter tolerances for the linear solvers can
improve gtability by providing more accurate pressures for the non-linear iterations improving
overal convergence rates.

Summary

In spite of the inherent uncertainties involved and numericd limitations, NFR smulation can be a
very effective tool to aid in optimization of hydrocarbon recovery. We gtill have much work to do
in undergtanding the fluid flow processin NFR and in learning how to efficiently smulate it. As Dr.
Kazemi has dated, “characterization and flow modeling of fracture networks is a pragmatic
process that relies heavily on experience and empiricism and very little (to date) on systematic
approaches’. Pilot testing of secondary and tertiary recovery processes in NFR is often required
to access the fracture network behavior and the process effectiveness. Reservoir description
should rely on information from many sources including static data (well logs, cores, petrophysics,
geology, and seismic), and ultimately on dynamic data (formation evauation well tests, long-term
pressure trandent tests, tracer tests and longer term reservoir performance).

Maximizing economic recovery from NFR requires a thorough understanding of matrix flow
characteridics, fracture network connectivity and fracture-matrix interaction. In primary
production, highly permeable fractures reduce pressure gradient in the well bore vicinity, enhance
production rate from wells, and, in the absence of gas and water coning, can lead to efficient
reservoir depletion. In secondary recovery, management of gas-oil and water-oil contacts and
prevention of early water or gas breakthrough are often the key factors for success. For example,
when gas-ail contact in fractures is controllably lowered, this can lead to enhanced drainage of oil
from the matrix. In fact, this kind of gas-induced gravity drainage is one of the most efficient
improved-ail-recovery techniques for NFR. In tertiary oil recovery, injection of steam, surfactant
or CO, may provide long-term improvements in the ultimate oil recovery from NFR.

Nomenclature

ares, ft2

formation volume factor (FVF), RB/STB
compressibility, psa1

distance, ft

capillary diffusion coefficient, ft2/day;
depth, ft;

height or thickness, ft

permegbility, md

metrix block dimension, ft;

pressure, psa
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flow rate, STB/D

radius, ft

skin factor, dimengonless
saturation, fraction

time, days

volume, ft3

width, mm

distancein x-direction, ft
distancein y-direction, ft
disancein zdirection, ft
difference or change in values
porosity, fraction

dengty gradient, psi/ft
interporogity flow parameter, dimensionless
mohility, md/cp

viscosity, ¢p

i, congtant

density, Ib/ft3

shape factor, ft-2
fracture-matrix flow rate, STB/D
dorativity ratio, dimensonless
partid derivaive

gradient operator

divergence operator for a vector
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Subscripts

c capillary
D dimensionless
e effective

f fracture

g ges

ij.K index

m matrix

0 ail

r rdative

t total

th threshold
\Y; vertica

w water

X x-direction
y y-direction



z z-direction
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