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Data of experimental core study for a number of fields of Bashkirian dome is analyzed. Dependencies between parameters of
porosity, bulk density and permeability of rocks are established. A representative series of core samples of Visean sandstone are
divided into classes of tight formations (non-reservoirs), porous (granular) and super permeable reservoirs by linear
discriminant analysis. Application of rock density parameter as an additional criterion to predict permeability values is justified.

Each class of reservoirs was statistically analyzed. It is determined that permeability of tight formations (1* class) and super-
permeable reservoirs (3" class) is much less controlled by rock porosity and density than for porous reservoirs (2" class), that is
characterized by stable relationships between permeability coefficients with both porosity and density of rocks.

A suggested permeability prediction technique is implemented in construction of a fluid flow model of Visean formation at
one of Bashkirian dome deposits where for each reservoir class, multidimensional regression equations were constructed to
determine permeability based on integrated effect of porosity and density. A comparison of two calculations of fluid flow
models is given. During first calculation permeability is determined by a conventional method. Second calculation is
performed by a proposed method where permeability is a function of porosity and density of rocks.

Calculations showed a significant improvement in adaptation of a modified model in comparison with conventional
approach. Proposed permeability modeling technique is recommended as an initial step in permeability tuning and
adaptation of fluid flow model, which consider identified relationships between petrophysical characteristics of a formation.

BbInosiHeH aHanu3 JaHHBIX JIaDOPaTOPHBIX KCCIEAOBAHWI KepHA Uil psiIa MECTOPOXkICHHI Balkupckoro cBoja.
VCTaHOBIICHBI 3aBHCHMOCTH MEXJIy MapaMeTpaMy IIOPUCTOCTH, 0OBEMHOM IIIOTHOCTH M IIPOHULAEMOCTH TOPHBIX MOPOJL.
IpencraButensHass BoIOOpDKa OOpasloB KepHA IECYAHWKA BH3CHCKMX IUIACTOB MHPH  IIOMOIIM  JIMHEHHOTO
JIMCKPUMHMHAHTHOTO aHallM3a pasjelieHa Ha KIACChl IUIOTHBIX IIOPOJA (HEKOJUICKTOPOB), MOPOBBIX (IPaHYISIPHBIX)
KOJUIEKTOPOB M KOJIICKTOPOB € aHOMAJBHO BBICOKOH IPOHMLAEMOCTBIO. IIpe/cTaBieHo O0OOCHOBaHHE HCIOIb30BAHHUS
rapameTpa IUIOTHOCTH HOPO/Ibl B KAYECTBE JAOOJIHUTEILHOI0 KPUTEPHUsl IPOTHO3MPOBAHMUS 3HAYCHH I IIPOHULIAEMOCTH.

JInsi Kaoro  BBIJEJICHHOrO KJIacCa KOJUIEKTOPOB BBINOJIHEH CTAaTHCTHYCCKHH aHaiW3, B pe3yibTare KOTOPOTO
YCTaHOBJICHO, YTO JUISl IUIOTHBIX 10poJ (1-# KI1acc) M KOJUIEKTOPOB C aHOMAJIbHO BHICOKUMH KOJUIGKTOPCKMMHU CBOWCTBAMH
(3-# KJ1acc) MPOHMIIAEMOCTh B 3HAYUTEIIBHO MEHBIIEH CTENEHH KOHTPOIUPYETCS IIOPUCTOCTHIO M INIOTHOCTBIO HOPOJI, YeEM
JUIL TOPOBOTO KOJUIEKTOpa (2-  Kiacc), KOTOPBIH XapaKTepH3yeTCs YCTOHYMBBIMH CBS3SIMH  KOd(GQUIHECHTOB
MPOHUIIAEMOCTH HE TOJIBKO C TIOPUCTOCTHIO OPOJ, HO U C X INIOTHOCTBIO.

IpeuioKeHHasE METOUKA NPOTHO3UPOBAHHS MPOHUIIAEMOCTH PEANM30BaHa IIPU MOCTPOCHUH (UIBTPALMOHHOH MOJIENIH
BH3EHCKOr0 00bEKTa Ha OJHOM M3 MECTOPOXKICHMH bBalikupckoro cBoja, e Ui KaXIOro Kiacca KOJUICKTOPOB
MOCTPOEHBI MHOTOMEPHbIC YPABHEHHUsI PErPecCUr IUIsl ONpPEIENCHUs IPOHUIIAEMOCTH Ha OCHOBE KOMIUICKCHOTO BIIMSHUSI
MoKasaTeleil MOPHCTOCTH U IUIOTHOCTH. IIPUBEICHO CpaBHEHHE JBYX pacyeTOB I€OJOr0-THAPOAMHAMHYECKHX
(pubTpalOHHBIX) MOZENICH: B MEPBOM pealv3allid MOJICIH MPOHUIAEMOCTh OIPEACICHa CTaHAAPTHBIM METOIOM, BO
BTOPO#1 — 10 NPEIOKEHHOI METO/IMKE PACCUMTaHa KaK (QYHKIHS OT IIOPUCTOCTH U IIIOTHOCTH MOPO/I.

Pe3ynbTaThl CpaBHEHHs PACUCTOB IIOKAa3bIBAIOT 3HAYMTEIBHOE YIYYIIEHUE aJaNTalud MOAM(PUIMPOBAHHON MOJEIH 110
CPaBHEHHMIO CO CTaHJAPTHBIM M0X00M. [Ipe/utoskeHHasi METOJKa MOJICIMPOBAHHS IPOHHUIIAEMOCTH PEKOMEH/IYeTCs KaK
HAYaJIbHBIA LIAr [PY HACTPOMKE MPOHHMIAEMOCTH M aJanTauud (DHIBTPALUOHHON MOJENH, IPU KOTOPOM KOMILIEKCHO
YYUTHIBAIOTCS BBISIBIICHHBIC CBSA3H MEXY METPOMHU3MISCKIMHU XapaKTEPUCTHKAMHK KCIUTYaTaAllHOHHOTO 00BEKTA.
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Introduction

Increase in the accuracy of determination of
reservoir properties and their distribution in space
between wells is an important task during building
geological and fluid flow models. Laboratory,
geophysical, hydrodynamic studies and their
aggregate allow determining main formation
characteristics. According to a number of
researchers, reliable evaluation of permeability
coefficient k£ is the main factor for good quality
history matching in fluid flow model [1-3].

Well test data or petrophysical functions of
porosity k = f(K,) are used during determination of
k. Both methods have their pros and cons. For
example, use of well test allows complete (in
comparison with other methods) modelling
reservoir operation regime, i.e. it takes into
account its vertical and horizontal heterogeneity.
But statistically representative and reliable results
of well test for all the wells are presented on the
object of study not always [4]. Weak correlation of
petrophysical functions k£ = f{K,,) is the main issue.
In general, when applying both approaches
convergence of comparison of actual and design
development indicators does not always
correspond to necessary requirements. One of
important directions of scientific research is
improvement of quality of modeling of reservoir
flow properties [5—8].

As it was mentioned above there are objective
issues arised often due to lack of tight link of
parameters when assessing permeability through
the petrophysical function k£ = f(K,). If the function
k = A(K,) is exponential, it is impossible to
substantiate various relationships between & and K,
at different ranges of K, values.

Analysis of representative series
of petrophysical data

In order to identify more significant links
between reservoir petrophysical characteristics an
analysis of laboratory data on 626 core samples of
Visean deposits, represented by sandstone, was
performed for a number of deposits in Perm
Region, dedicated to the same tectonic element
(Bashkir dome). At the same time, the effect of

both porosity and rock density p on permeability
was analyzed. Values of rock permeability, density
and porosity, determined from laboratory core
studies, are combined into a single statistical
sample to enable development of a methodology
necessary for description of k using integrated
application of laboratory studies in particular when
adding rock density to analysis.

Density of rocks depends on their mineral
composition, structural and texture features,
porosity, fracturing as well as on formation and
bedding conditions. Use of this parameter in
forecast of permeability will allow taking into
account additional features of void space structure
of rocks that belong to the same age.

Justification on separation of representative
series into classes of porosity

Correlation fields between studied indicators
are constructed based on an example of Visean
sandstones of one of Bashkir dome deposits
(Fig. 1, a-c). Practical application of a
methodology developed in the article will be
presented on this object.

Fig. 1 shows that correlation between K, and p
is inverse and fairly linear, while in a number of
cases there is a wide range of values. Unlike the
previous example, link between & and K, and p in
both cases is characterized by obvious
nonlinearity. There are three sections of various
parameter function are distinguished on the Fig. 1,
a. In case if K, < 10 %, porosity values have a
significant range and k takes extremely low values.
In case if 10 < K, < 20 % both K, and k vary
significantly and correlate with each other. In case
if K, > 20 %, the values of K, vary slightly,
whereas k£ has a very large change range. The
dependence of k on p is characterized by an almost
mirror image of the dependence of k on K,

In order to obtain more reliable analysis results
data from a number of deposits of Bashkir dome
was used.

For the entire series of data, a graph of change
in pair correlation coefficient » was built for each
parameter pair over the whole range of porosity
values (from the minimum to the maximum set
value of K;,) (Fig. 2).
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Fig. 1. Correlation fields: @ — K, and k; b — p and k;
¢ — p and K, for one of the fields of Bashkir dome

Analysis of this functions alows to say that
values of r vary significantly depending on
considered range of variation of K. That indicates
a selective influence of the parameters on each
other.

For a complex estimation of influence of values
of K, and p on £, according to visual analysis of
correlation fields series was devided into three
classes. The first class includes cores samples with
low reservoir properties that are below
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Fig. 2. Change in values of the pair correlation
coefficient » between K, and k; p and k; p and K,
for a number of fields of Bashkir dome

boundary values of flow (non-reservoir). The
second class includes those values within
correlation fields, where there is a significant
connection between K, and k, p and k. In this class
values of K, p and k are significantly higher than
in the first class. That reflects pore reservoir. The
third class includes reservoirs with abnormally
high values of reservoir properties ("super
reservoirs").

Quantitative boundaries of distinguished
classes are determined using linear discriminant
analysis (LDA) [9-16]. The possibility of using
LDA for solving similar problems is given in
[17]. With help of visually selected areas linear
discriminant  functions  are  sequentially
calculated, along which recognition is
determined until the entire series is completely
divided into classes. Discriminant analysis
allows finding transformations of several
variables into a single discriminant number. To
solve this challenge two discriminant functions
have been constructed, according to which the
values of Z; and Z, are calculated. A ratio of Z;
and Z, is shown in Fig. 3.

Class 1 differs from class 2 by values of Z,.
Class 2 differs from class 3 by values of Z;. Thus,
multidirectional values of K, and p influence &
(determined in laboratory) all the time and by
different ways over the whole range of values.

According to results of classification,
35 definitions are assigned to the first class, 460
are assigned to the second class and 131 are
assigned to the third. Average values of parameters
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in the allocated classes differ significantly from
each other (Table 1).

-10
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Z
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oClass 1 <Class 3

Fig. 3. Ratio of Z, and Z,

Table 1

Statistical characteristics of values of k, K, p by
classes (average values of indicators + )

Indicator Class 1 Class 2 Class 3
k, mD 0.97+1.05 646 +316.6 1026.8 £ 770.8
K,, % 4.1+2.03 17+432 212+2.4
p, glenm’ 255+0.12 | 223+£0.19 2.15+0.2
Table 2 shows correlation coefficients r
between parameters for selected classes.
Table 2
Correlation matrix for selected classes
Indicator k, mD Ky, % P, g/cm3
1.00 0.13 -0.08
k, mD 1.00 0.52 -0.52
1.00 -0.01 0.06
1.00 —0.41
Ky, % 1.00 ~0.55
1.00 —0.66
1.00
p. g/em’ 1.00
1.00

Remarks: top line — class 1; middle line — class 2;
bottom line — class 3.

Analysis of values of correlation coefficients
shows that maximum influence of K, and p on
values of k is provided by data for class 2. Low
values of r prove that there is minimal influence of
K, and p on k for classes 1 and 3.

Building of multidimensional
models for Visean object for one
of Bashkir dome field

For complex prediction of permeability
estimation multiple regression method [18-26] was
applied. Possibilities of a method for solving
similar problems are considered in [27].

Multidimensional regression equations are
constructed to predict permeability of each class:

class 1: k=13.9 + 4.3K,—9.34p; R = 0.287,

class 2: k=-493.4 +48.9K, —42.2p; R = 0.685,

class 3: k=1350.2 + 38.6K, — 52.2p; R = 0.121.

It is clear that for the class of dense rocks due to
the absence of oil reserves in them, construction of
prediction dependence of permeability estimation for
tasks assigned is not so relevant. Evaluation of
reservoir properties in terms of wells with
anomalously high permeability is extremely
important in describing such processes as premature
watering, water breakthroughs or extremely high
fluid and oil flow rates in single wells [28]. However,
for the study area their fraction, according to [29], for
pore-type reservoirs does not exceed 3 %. During
three-dimensional modeling the type of a pore
reservoir is  predominant.  Identification of
relationships between parameters for that type is
most significant in terms of development of a method
for tuning a model in the space between wells.
Development of reliable permeability estimation for
pore-type reservoirs for majority of wells will
significantly improve efficiency of geological and
hydrodynamic modeling.

Application of the proposed method
to build a fluid flow model of a field

Practical use of this technique was performed
during building of geological and fluid flow
models of the TI-Bb object of one of the Bashkir
dome fields.

During building a three-dimensional flow
model of an object two calculations are performed
which are as follow: the first case with the initial
permeability cube, according to a standardized
formula Ln(k) = 0.712K,, — 9.2516 [30], the second
case with a modified permeability cube from
obtained regression equations for selected classes.
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Study of statistical relationships of permeability
of a TI-Bb reservoir of one of the fields has been
performed on 152 definitions of core values (K-core),
according to well logging (k-WL), according to the
developed methodology (k-K,, p). A comparison of
average permeability values determined by different
methods is presented in Table 3.

Table 3

Comparison of mean values of £ determined
in different ways

. Statistical characteristics of
Average value of indicators o
indicators
t between t between
k-core, | k-WL, kKo, k-WL and k-K,, | k-core and k-K,,
mD mD p, mD 0 . 0 .
4769+ | 605.7+ | 4629+ 2.62 0.15
+239.1 | £556.9 | £196.4 0.009 0.539

Comparison of average values of k-core and &-
K,, p showed that they are statistically
indistinguishable. The correlation coefficient
between k-core and k-WL is 0.41, correlation
coefficient between k-core and k-K,, p 15 0.75.

During modeling of rock density in three-
dimensional space of a geological and fluid flow
model a high correlation coefficient between
K, and p for the field under study is taken into
account. Density is determined as a function
of K, and calculated for each cell of fluid flow
model: p=2.616 — 0.0247 K,,, R* = 0.907.

Parameter £ was calculated based on regression
equations for each porosity class in a three-
dimensional fluid flow model of a TI-Bb object of a
studied field. When & was distributed according to
the proposed procedure (k-K,, p) there was the best
convergence obtained in a fluid flow model between
calculated and actual data on oil production (Fig. 4)
with respect to calculation with £, determined by well
logging (k-WL). Permeability distribution was
performed as the initial step of history matching
without additional tuning of each well configuration.

Comparison of k&~-WL with k-Kj,, p shows that
there is a smaller spread of values of the parameter
obtained by the presented method (Fig. 4). This
allowed not to set high permeability values in a
fluid flow model and to exclude unjustified
inhomogeneity in the distribution of the parameter
in space between wells.
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Fig. 5. Comparison of permeability by wells
according to well logging (k-WL) and calculated
by the proposed method (k-K, p)

There are calculations of annual oil
production for a number of high production
wells below operating at the initial period of
development of a Visean object of the studied
field (Fig. 6).

It should be noted that the best convergence of
calculated and real oil production rates by the
proposed method was obtained at the initial
moment of field development (see Fig. 4, 6).
Ususally this period is characterized by no water in
well production. So, there is a flow of one fluid.
That flow tells about the absolute permeability of a
rock (the one that is directly determined by
petrophysical studies). During further development
of the field two-phase fluid flow is described and
controled by phase permeability. The most
adequate value of k£ in the late stages of field
development is determined by results of well test,
but this definition of permeability can rather be
attributed to dynamic characterization of a
reservoir, since this value can change over time as
a result of ongoing geological and technical
measures and a change in state of a bottomhole
formation zone.
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Fig. 6. Comparison of real and estimated annual oil production by wells n—#¢

Sometimes determination of k& by well test is
not enought for a correct distribution of k over an
area and section of a field. During building of a
three-dimensional fluid flow model of a field it is
most important to determine absolute permeability
of a reservoir (static parameter).

Conclusion

The paper shows that in a number of porous
reservoirs permeability largely depends on density
of rock among other things. As a result, the
methodology for taking into account rock density

with a permeability prediction was proposed for
the first time. It significantly increases reliability
of permeability evaluation in comparison with a
logarithmic function on porosity. Influence of rock
density in determination of permeability was not
taken into account previously.

The proposed approach of predicting
permeability has a much better convergence of a
fluid flow model with development history,
especially at initial period of time. First, this makes
a geological and fluid flow model more reliable.
Secondly, it can significantly reduce time of
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permeability tuning when adapting a fluid flow
model. So, there is no need of manual permeability

adjustment that is always subjective and has no
geological justification.
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