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ABSTRACT

A binary type permeability distribution with
spatial autocorrelatic: is introduced to model the
transition between shales and sand in a reservoir.
The contrast between the two modal permeabiliiy
values can be made realistically high, and the auto-
correlation ranges can be made realistically large
and anisotropic. A steady state, single phase flow
simulation is run over a network whose block grids
are informed from the previous permeability distri-
bution. The resulting network effective permeabili-
ties are plotted vs. the shale proportion and show
that a power averaging process would yield a good
estimate much more accurate than either the arith-
metic average {power 1) or geometric average (power
0) traditionally used. Connections with percolation
theory results are indicated.

INTRODUCTION

One of the most pervasive problems in the de-
scription of an heterogeneous medium is the problem
of averaging from one scale to another. A medium
property is observed at one scale on a particular
support (volume) of measurement, but the value of
that property "averaged" over a different volume
size at a different location is needed.

By "average" it is meant the unique value of the
latter volume that could replace the set of all
smaller measurements that could be obtained and pro-
cessed within it, were there no limitations of reso-
lution, money, and/or CPU time.

For example, actual measurements can be per-
formed on a small support such as permeabilities on
core plugs and the effective permeability of a simu-
lation block is required.

If the averaging process of the particular vare-
iable under study were known the problem would be

much alleviated. For example, the average porositiy
of a volume is simply the arithmetic average of the
porosities of all the samples tha: constitute it.
The same arithmetic averaging process holds true for
additive variables such a3 saturations and more gen-
erally grades or volume/weight percentages of vari-
ous phases.

Unfortunately, many other medium characteristics
are not additive, i.e. the corresponding averaging
process is not a mere arithmetic average and, worse,’
most often it is unknown. For .example, the average
or effective permeability of a block remains unknown
even if all the thousands of core plugs that consti-
tute it were accessible for analysis: it is neither
the arithmetic average nor the geometric average of
these core permeabilities, although in many situa-
tions practice has adopted the second averaging pro-
cess,

Compounding the problem is the fact that not all
plugs (or supports) constituting the block are
available for measurements. This second problem
calls for interpolation of the unknown plug values
from neighboring known values. Unfortunately,
interpolating values before knowing how they average
is like putting the cart before the horse and it
does not matter how fancy the cart 1is, whether
called kriging or splines. The key problem is the
averaging process not the choice of the interpola-
tion process.

Another word of caution should be addressed to
the people in charge of data gathering, geologlsts
and geophysicists. The goals of planning and moni-
toring production are in many ways fundasentally
different from those of exploration. Qualitative
and causal description in geologl.al jargon of the
various scales of heterogeneities o: ' amedium is of
little help to the simulation engine2:r: he 1is more
interested in the consequences of the geological
processes than in their origins. &’ he needs num-
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bers (at present deter.inistic) at actval locat.cns
and at the scale relevant to his monitoring tools.
One should not be surprised if petroleum engineers
tend to generate their oun data through well-testing
and history matiching, if the information they get
from upstream are geological arguments about what
happened millions of years ago, and high-tech well
logs that go into the r“osmic structure of the well
walls with no indication how that information may
affect the megascopic froperties of a simulation
block.

If traditional geologists are not all aware of
the key importance of quantification when dealing
with scales of heterogeneities and their averaging,
mathematicians tend to overlook the actual media
conditions when setting working hypotheses.
Typically, numerical approaches to effective medium
properties rely on such hypotheses as:

- Small spatial variability with no spatial
dependence

- Unbounded, statistically isotiopic medium

~ Specific, continuous and normal-related dis-
tributions such as the lognormal distribu-
tion for permeability

- Whenever spatial correlation is considered,
the corresponding range is wunique and
finite; most often the range is considered
very small with regard to the averaging
dimensions which essentially amounts to a
no~-correlation hypothesis

- Random spherical inclusions in a uniform
matrix

etc,

\-\.

Notwiﬂgstanding the importance of these re-
searches and their outstanding feature of teing
quantitative, they have yet failed to produce usable
results, at least in the oil industry zad more par-
ticularly for effective permeability. This should
not come as a surprise: permeability fields are
known to be

- Highly variant: core plugs permeability can
vary by several order of magnitudes from im-
permeable shales to open fractures

- Highly anisotropic: shales intrusions are

not spherical

- Highly spatially correlated with nested
ranges of correlation covering wmultiple
scales of variability; more likely the pro-
cess has no finite range without necessarily
being fractal, i.e. self-repetitive at all
scales,

etc,

Actual use of geological information in reser-
voir description and monitoring requires an under-
standing and numerical modelling of the scale prob-
lem and related averaging processes. The model(s)
should  feature pragficality rather than mathematical
tractability and thus may require such engineering
tools as simulations rather than analytical perturb-
ation-type developments. '

]

Rather than trying to analytically derive the
averaging process, we will observe it through re-
peated flow simulations performed on realizations of
permeability fields., Thus forward modelling, common
to petroleum engineering practice, allows considera-
ti.a of any permeab...ty field, not resiricted by
such hypothesis a3 continuity or small variance.

An Empirical Approach

Before getting into more sophisticated recovery
processes with multiphases Ilcw, we will consider a
single phase, steady state, 1'low equation solved ty
finite difference methods at each grid block, see
Desbarats (1986). Be-ause of hardware limitations,
the system was limited to a maximum of 500 grid
blocks. Constant pressure boundaries were imposed
in the direction of flow, and no-flow bound: ries
were specified in the two other directions pe! pen-
dicular to flow. The effective permeability, de-
ncted X _, of the n2twork :s obtained by dividing the
total vélumetric flux across a section perpendicular
to flow by the imposed pressure gradient. This flow
simulation was repeated for each realization of the
grid block permeability field, yielding each time un
effective X . The relations of K  with the charac-
teristics Sf the input (grid block) permeability
field are observed.

The Input Permeability Field

Experience and previous simulation works in
shaly reservoirs have shown that the reccviry, hence
the flow conditions do not depend on the fine de-
tails of the permeability spatial distribution, but
rather on the spatial connectivity of the extreme
permeability values, either low such as impervious
shale barriers, or high such as open fractures, ref.
Haldorsen and Chang (1985).

In other words, and in first approximation for
recovery purposes in single phase steady state flow
conditions, the permeability field can be approxi-
mated by its two extreme modes, Kgnale for the
essentially impervious phase and Kgapnq for the much
coarser grained rock. Thus, the permeability dis-
tribution considered hereafter is binary and charac-
terized by the 3 parameters:

Ksh << Kas

pe [0,1]: volumetric proportion (1
of shales.

However, these two modes are not distributed at
random in the space. Rather their spatial distribu-
tion obeys the following bivariate distribution:

Prob { x € shale, x + h € shale } = $(n), (2)

S(h) being a given function of the 3-dimensional
interdistance vector h.

REMARKS

The function S(h) fully characterizes the bi-
variate spatial distribution of the binary permeabi-
lity field, in particular:

Prob { x € sand, x + h € sand } =1 - 2p+ s(h)

Prob { x € sand, x + h € shale }=p-58h) (3

330
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The random function permeability K(x) is sta-

tionary with moments:

E{kix)}= Kgp + (1 = P) Ky

2

[Keg - Kgpn 1% * 1 = p)
Correlation between K(x), K(x + h) is:

[sth) - p?] pCa-p).

However, the function S{(h) does not inform high

order connectivity characteristi~s such as the tri-
variate probability:

var { K(x) :

p(h) =

Prob { X € shale, x « h € shale,
X + 2h € shale }.
Several techniques exist to generate reali.a-

tions of a binary random field with a given univari-
ate and bivariate spatial distribution, ec.f. rela-
tions (1) and (2). The technique used here is that
of indicator simulation, described in Journel and
Isaaks (1984), whereby an appropriate threshold is
applied on an appropriate zaur-ian field generating
two spatially correlated phases called sand (above
threshold) and shale (below threshold).

If 500 grid blocks were retained for the flow
simulation, 500 binary-type permeability values were
generated for each simulation.

The study consists in varying the input statis-
ties: p, S(h) and the contrast Kaslxsh' and

observe the resulting network effective permeabili-
ties Ke.

- A dispersion of shale and sandstone permea-
bility values can easily be generated around
their mode values Ks and Kss , thus

generating a continuous bimodal distribu-
tion. However, the binary distribution
allows studying the impact of the sole tran-
sition shale-sandstone, 1lou-high, independ-
ently of other and minor sources of variabi-
lity.

This binary model, although still 1limited and
provisional, goes a long way beyond the limitations
of previously used stochastic models, such as small
contrasts and no spatial correlation. In the pre-
sent study contrasts Kss/Ks up to 10 and corre-

lation ranges from nought to several times the net-
work dimensions were considered.

SOME RESULTS

In the following, an exponential model with a
vertical to horizontal anisotropy 1/15 has been con-
sidered for the correlation function p (h):

o [ 2]

with: h' = d hxz + h

P (h) =

(4)

2 F)
(15hz)

¥ +

h, hy’ hy being the 3 rectangular coordinates

x

of vector h.

Thus, the practical range, i.e.
which spatial correlation vanishes

the distance beyond
is a in the

horizontal p.iane, and
tion.

a/15 in the vertical direc-

Figure
in the

1 gives the results for horizontal flow
x-direction ‘n a network of dimensions (Lx,

L) such that: Ly/a = 1.7, L/a = .8,
1§Lz/a =3, i.e. of dJdimensions 1.7, .8 and 3

times the respective correlation ranges. The
network 1is discretized into n = 12, n,6 = 6,
= 6, i.e. a total of 432 grid blocks. Each grid
b{ock was assigned a permeability (diagonal
isotropic tensor) equal to K. = 1072 pmd. or
Kyg = 19" md. ; the contrast is thus
- . 106
c = Kss/Ksh = 10%,

The figure graphs the network effective parmea-
bility (in the x-direction) vs. the proportion p of
shales. Since the geuneration of the permeability
field is stochastic in nature, an average of 30 to
50 realizations (with each 432 permeability values)
were retained for each preassigned shale proportion
p ; the f! w simulation was run for each such reali-
zation to derive the corresponding effective permea-
bility K ; tinally, it is the arithmetic average of

these 30 to 50 realizations of K which is plotted
vs., p on Figure ).

1 are the
averages of

Also plotted as references on Figure
arithmetic, geometric and harmonic
Kshale and Kgand » respectively:

= PRy + (1 - PIKg,

ka

k_ s.t.
g s Lnk

4
k_ s.t. — o E

= plnK,, + (1 - p)L“qu

(1-p)

h
kh Ksh K

with: ky <k <k , forallp ¢ [o0,1] .

From Figure 1 it appears that the effective per-
meability K is always greater than the geometric
average k_., a limit towards which it tends for
very large proportion of shales. The curve Ke vs.
p features a dramatic drop (percolation behavior)
for p around .84. This percolation limit proportion
was found to be around .69 when the correlation
range is made nought, a value consistent with the
results of percolation theory, c¢.f. Hammersley and
Welsh (1980), and Desbarats (1986).

A power-average, with power w = .57 1s shown
to provide an excellent fit to the curve VS, p
for proportion of shales below the criticaf limit
p1 .84, Recall the power w-average is k" such

that:
(kwl W szhw

Next, vertical flow (in the z-direction) was
simulated over a network of dimensions (L ’ L » L)

such that: Lx/a = L/a =1 , 15 L /z =z 3 2¥
Recall that the verticai range of correlation is
a’15.

+ (1 - p)Kssw (6)

The network is discretized into n_, = n_ = 6,

“z = 12 , i.e. a total of M32 grid blocks. Thus,
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the vertical distance btetween two grid blocks is
3.25/12 = .27 times the vertical range.

The corresponding r2sults are given on Figure 2.
The results for high proportion of shales p > .6
show extreme fluctuations from one realization of
the permeability field to another and cannot be con-
sidered yet as significant (more runs are needed).

Again, the average effective permeability K
appears as significantly greater than the geometrig
average k_ . The percolation behavior seems to

start around p = .6 , .7, a critical 1limit much
lower than that (p1 = .84) found for horizontal
flow with a range of correlation 15 times larger. A
power-average with a low power w = .12 provides a
2asonable fit for the range of p ¢ [0, .5] .

In preliminar:;
it appears that:

conclusions of Figures 1 and 2,

-~ For practical values of the shale proportion
p ¢ .5 , a power w-average provides a good
fit to the curve Ke vs. p.

- The averaging power w increases with the
correlation range in the direction of flow,
with for upper bound w = 1 corresponding
to arithmetic averaging for perfection cor-
relation and laminar flow.

Thus, the practice consisting
arithmetic average ka for horizontal flow and the

geometric average for k_ for vertical flow is sound

but could be consideragﬁy improved with appropriate
power w-averaging.

in wusing the

The next problem is,
of that averaging power w.

of course, the estimations

ON-GOING RESEARCHES

Sensitivity of the "effective" averaging power w
to parameters characterizing the geometry of shale
intrusions (low K, small proportion p) in a sand
matrix is being investigated. The descriptive para-
meters retained are purposely chosen simple so that
they could be inferred in practice from available
well-logs and geophysical information, such as:

- Volumetric proportion p
- Average aspect ratio

- Correlation range(s) of the indicator of
shale presence which 1s linked to both the
shale size distribution and the correlation
range of shale centers.

Other parameters influencing the averaging power
Ww are the dimensions of the block whose effective
permeability is requested. It appears already that
the relative dimension - with regard to the indica-
tor correlation range - in the direction of flow
will be most important.

Another field of research will consist in inves-
tigating the case of large proportions p beyond
the percolation 1limits, i.e. the case of sand intru-
sions in a matrix of shale, or in more practiical

terms the case of high permeability streaks in a
sand-shale matrix.

Last, the results obtained from a binary model
for the permeabiiity distribution will have to be
extended to cortinuous, although clearly multimodal
distributions. Generation of such distributions can
easily be done by adding a random component to
previously generated and spatially correlated mode
values.
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EFFECTIVE PERMEABILITY VS SHALE PROP@RTION (HBRZ)
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Fig. 1—Effective permeability vs. shale proportion (horizontal flow).
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EFFECTIVE PERMEABILITY VS SHALE PROPOARTIBN (VERT)
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Fig. 2—Effective permeability vs. shale proportion (vertical flow).
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