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ABSTRACT

In reservolr simulation, the engineer needs
a et of permeability values estimated on grid
biock which are as representative as possible
of the trie value. However, the sample data is
limited 1o small scale measurement relative 1o
the scale of reservoir stmilation. Therefore, we
meed 1o upvcale the permeability date measure-
ment by averaging permeability on volumes.
Prior to obtain the appropriate averaging
method, an upscaling experiment was per-
farmed. The averaging method at the plug scale
can be specified from the probe data and the
Hassler cube data, by comparison.

L INTRODUCTION

Reservorr simulation 15 widely used in the oil mdus-
trv for planning and monitoning the development of ol
and gas fields. The main purpose of reservoir simalstion
is 1o predict the production rate which will comespond 1o
different methods of operation. A mathematical model
i run on & grid of block values. 1t is important o provide
the simwilation model o set of grids which ane as repre-
sentative as possible of the true values of the petro- physi-
cal parmmeter. It s meaningless to nun a very sophisti-
cated numerical model on grid models which are not rep-
resentative of the true values.

However, the sample information is limited toa small
scile measurement relistive 1o the scale of reservorr simu-
Intiom. Therefore, we necid 1o scale-up the petrophysical
measurement. Statstical and geological (echnigoes ane
used 1o exirapioksie the limited it sel over the remgiin-
g reservour value. The effectiveness of averaging and
extrapolation iechnigues depends on the sample supporn.
The sample support. or the data emploved i upscaling,
should be of an appropriate volume o provide local ho-

mogeneily and local statiomarity to satisfy the

goeostatistical enteria. These conditions are also impar-
tan Tor use in o fine difference simulsor, Averagimg or
upscaling should be performed over representutive duti
Permieability is an important factor in rock properties,
since it i related wo Dow and an intensive variable. Be-
cause of this character, permeability is a more difficult
peroperty b find  representative for upscaling and only a
few guidelines are aviilable,

Dependant on the scole of the stmulotor grd blocks,
it 18 very likely (in real rocks ) that heterogeneities occur
at o scale significantly smaller than gnid blocks (e, in
Faminated sediments over 1 cmoor less), Therefore, av-
erage of effective properties are required. In this case
the peologist must describe the scale lengihs and magm-
tude of the vanability (depositionally and/or dingeneti-
cally. ns required for the anabogue) with sufficient samples
ol an appropriste size and spacing, Understanding the
relationship of varmabality 1o permeability structune (eg.
Fumnaed or nodular will indicme the appropraie averg-
ing procedure. This can be achioved by the use of
stutistics if flow of a single Muid phase s required. Nu-
merical simulation is requined o denive the two-or more-
phase average propertics. In this paper, we demonstrabe
the method in guantifying the upscaling process and o
obiain the appropriste averaging method. The averaging
mithod at the plug scale can be specified from the probe
data and the Hassler cube dita, by companson.

1. SAMPLE SUPFPORT FROBLEM

In enginecring and geology. the microstructure (lami-
nation ) might be important and therefore needs o be
captured. The complex microstructure in sedimentary
rck might couse significant vanahility in measurement.
In the terminology of geostatistics, this is a classic prob-
lem of insufficient sample support. producing artificially
heightened vanonee over small spatial sciales as o resuli
of a sampling volume that is too small. Therefore, the
measurement should be taken at a scale large enough to
encompass o representative elementary volume (REV),

LEMIGAS STIENTIRC CONTRIBUTIONS MO 22002




e

Then the high variahility will be reduced that means ho-
muogencity and stationanty condition can be achieved,
and the sample support problem can be handled.

The support and stationarity conditions are also im-
ponant in a finite difference simulator where. o avoid
numerical problems, adjacent grid block values should
not have major contrasts, Averaging or spscaling should
also he performed from data ot representative volumes
The Representative Elementary Yolume (REY) 1s the
fundamental suppont volume for measurement, similis-

o, and av cragimg

A. Representative Elementary Volume

The Representative Elementary Volume should be
srmaller than the entire fow dormaan, bt it should be larger
than the size of single pores. since volumes much lerger
than it cell are regquired for the volume (o have repre-
senitative physical properties (Bear, 1972). The yolume
of REY is nol o necéssary constant within or between
reservoir rock. The volume will vary from place w place,
because of the vanobihity of grom suee, progressien ol
bedforms, and discontinuities in reservoir mck

When a porous medium is heterogencous with, for
example, permeability varying in space, the upper lumit
of the length dimension of the REY should be a chiric-
teristic length that mdicates the rate at which change in
permeability ke place. The lower limit 15 reluted 1o the
stze of the pores or the grams.

Bewr { 1968 ) defined the REY based on 4 continuurm
approgch. The REV can be illustrated in Figure 1. Let P
be o muthemstical point imside the domaim ocoupied by
the porous medium. Consider a volume DU thaving the
shape of o sphere) much larger than o single pore or
grain, for which P is the centrind. Below a certan valoe
of DU, depending on the distance of P from boundiries
of heterogeneity, these changes or fluctuation tend to
decay,

[l. THE UPSCALING EXPERIMENT

The upscaling expenment was performed (o invest
gate the method of upscaling permeability. In this ex-
perument, the results from probe permeametfer experi-
ments are compared with results from Hassler-sleeve
cube experiments 1o check internal consistency within
the permeibility data st different scales. The methid of
permeshility measurement is discussed in Appendix A

Different sumples from those described above were
usedd for a set of upscaling experiments, The samples
were different because of practical issues associated
with the sample prepamtion -size and competency of

the samples. The samples wiere first cut into rectangular
Blocks, then the probe permeameter ex periment wis cau
ried ouit oan ench side of the hlock (using twao tips — the
small and the large ). The blocks were cut orthogonal 1o
bediding, where bedding could be detected. After the
probe experiment, the sample blocks were cut inti cubes
with 1.9 x 1.9 x 1.9 ¢m dimensions (see Figure 2 ). The
permeability of cubes thorizontal and vertical) was med
sured by the Hassler-sleeve sieady stule permen-meleT
The following samples were used for the epscaling
experiments
Sample A: an owtcrop sample, the sample can be de-
seribed as gray, tight, wackestone or packestone with
small vugs. Allochems include ooids and bioclasts

T rurge off WY

Figure 1
The represantative alementary volume concapl

Prabe
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Dolomite replaced the micrite matrix,
then dissolution of bioclasts yielded
moldic porosity, Further dissolution of
moldic porosity in both wackestone and
packestone created the isolated vuggy pores.
Sample B: generally, the sample s de
seribed s massive, light coloured, fine
and rounded grainstone, with small vugs
and fractures. Thin section analyses in-
dicate intergranular snd intraparncle po-
mosity within foraminifers
Sample C: the sample is described as
fine-mediwm graimnstone, brown colour,
dolomatised, stratified with small vugs,
Sample D: the sample can be desenbed

as a very fine groined, well sorted.
rounded,
homogeneous snd isotropic sandstone,

IV. THE EXPERIMENT RESLULTS

The results of the upscaling experiment
for all the samples are displaved in Figures
1- 6, Where the probe experiment indicates
appropriate sample support (Le., where the
different support volumes give the same per-
meability ), the Hassler-sleeve cube 15 gen-
erally consistent with averaged probe data

In homogeneous and isoiropic rock such
us sample D with a coefficient of vanation
iCv) of less than 0.5, it is not difficult w
ohtain good sample support. Figure 3 shows
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Figure 3
The upscaling experiment for sampla 0. The permeability

display shows the profiles from the trimmed rectangie
of sample prior to the cutting of a cube (refer to Figure 4).
The cube dats are superimposed at the location of the
centre of the cube. The probe data for each of tho fouwr
sides (diamands-small tip; open squares-inrge tip) and
plug data (sclid squares-plotted at the location centre of
the cube, A) are comparablae. This rather characterless
resull for the homogeneous sample should be compared
with that seen in the more heterogensous experiments

that the probe datn overlay and the single

cube dutn matches. Measurement with dif-

ferent sample suppont gives very similar values. These
permeability data can be for various modelling applica-
tons

In heterogencous rock (Cv about [0} one cannot
rely on a single measurement value. In such mocks a mul-
tiple volume suppon was applied to check the consis-
tency of permeibility data. Sample B and sample C -
dicate approprinte sample supporn, so these data can also
be used (Figure 4 and Figure 5 ). In the very heteroge-
neous rock (Cv > 1.5), such as sumple A (see Figure b,
the probe permeability data cannot be used 10 estimite

the upscaled {cube measurement) with any degree of

confidence

The arithmetic, harmonic, and geomeinc average
discussed in Appendix B were calculiated from the probe

{refer 1o Flgures 4-6)

datn for the cubes and then compared with the Hassler
sleeve cube data (Figure ), In very homogeneous rock
(e.g.. sample D), all of the averaging miethods vield simi-
lar results 1o the cube permeability, In a completely homo-
geneous field, the vanous avernges should be exactly
the same. In sample B, the best averaging method was
obtuined from the harmonic average, It seems that the
best averaging method for a disconbinuous system of
pores is the harmonic average, because in this system,
the permeahility will be dominated by the low matrix
permeability,

Sample C indicates stratification, and the Hassler
sleeve cube measurernent shows anisotropy, In the strati-
fication system, where low is parallel to layers, the best
averaging method might be closed (o the anthmetsc av-
eriage. The horizontal cube permeability is close to the

e
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Figure 4
The upscaling experiment result for sample B.
The probe data tor sach of the four sides
(diamonds-small tip, open squares-iarge tip) and
plug data (horizontal solid circles, vertical
trinngles-plotted at the locatlon centre of the
cubes, B and C) are very simliiar for sample B. For
cube C the permeability is less than measured by
the probe dais- possibly dus to local heterogenaity.
The profiles on each of the sides are similar. Note
that the cubes are laolropic and that the values are
ditferant for the two plugs

anithmetic average, and, whilst the vertical cube perme-
ability is not matched by any average. the hurmonic av-
erage 15 the closest, This resuli is consistent with aver-
aging in & hivered system.

V. CONCLUSHONS

There are some poinis that should be considered in
upscaling:
= Dot emploved in upscaling should be of an appro-
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Figure 5
The upscaling expariment result for sample C.
The probe data for each of the four sides

{diamonds-small tip; open squares-large tip) and
plug dain (horizontnl solid circles, vertical
triangles-plotied at the location centro of the
cubes, D and E) show differences. Tha profiles
on esch of the sides are similar suggesting
layering. Note that the cubes are anisoiroplc and
ihe values similar for the two plugs. The cubas
match the arithmetic average of the large probe
danta - the vertical permeabiiity maasured in the
cubes is lpss than delected by probe, suggesting
the presence of thin low-permeabliity layers not
datecied by ihe probes

printe volume o provide local homogeneity and local
stufonarny 10 satisfy the geostatistical entena. In the
permeiability dssessment, these conditions occur when
iwa o more mvdually pdjacent, locally homogencous
volumes yield similar value of permenbility or vary
wynbermatically

Based vn REY theory. the permeability must be mea.
sured at a scale large enough (o encompiss a repre-
sentative elemeniary volume { REY ) which s related
with the pare type and fabric. At some scale. each
actjacent sumphe thit attains an REY will display similar
values of permeability as we can see in inlergranu

lar pore type.

The best average for unconnecied vugey carbopate
with randiam system s closer o the hirmionic aver
age than the geometric average, whilst the best aver-
aging methid for laterally extensively layvering sys-
tem i% the arithmetic nvernge
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The upscaling experiment result for sample A.
The probe data for each of the four sides
{diamonds - small lip; open sguares - large tip)
and plug data (horizontal solid circles, vertical
irlangles — plotted at the location centre of the
cubes, F, G, and Hj are all very different.

In addition, the profiles on each of the sides are
different. Mote that the values are different for the
thres cubes
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APPENDIX A
PERMEABILITY MEASUREMENT METHOD

The twir most widely encountered method for small

scile permeahility measurement i ol industry are; the
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Hassler cell ivpe measurement amd the probe
permeameter. The former has a long established histors
and documented procedure. The later, hus only recently
become accepted as a method for permeabiliny. me
suTEmen

Hassler Cell Permeameter

The samples were cut into cube Torm for core analy
sis and then cleaned, During the messurement, the
samples are encased in o compliant sleeve within a steel
cvlinder which is called core bolder.  Pressure on the
shiseve ensiires thiil the sample s sealed on Taces piral-
kel tor the Aow direction, Nitrogen is mjpected mio the up-
strewm end of the sumple, flows gquas-linearly through
the plug. and vents (o the atmwsphere. The permeability
is determined by Darcy’™s law from the measurement of
stable flow rate (), presuure drop (P, area (A ond
length (L) of the sample.

The relatioship between permeabibty and flow mate
iy penerally linear s described by Darey’s Law. In re
i of high Mow rate or low permeability, hioeyver, non-
linear effects are apparent. At high thow mtes, nog-lin-
cr Aow reésults from inertin and, ot very high rales, e
bulence, These eifects can be corrected ( Forcheimer.
900 ), bur. where possible (1.e., unless the permeahilny
s very highi these flow regimes should be avoided by
maintaiming as low o pressune drop as practical on the
saumiple.

In low permeability media, a second non-linear phe-
nomena occurs. Gas slippage is the term given 1o the
mcreased Jow of sas pelative o that expected Trom o
ligquidd. The sample has an effective higher permeability
to s because: a) gas molecules are boosely honded and
cum trmvel easily before encountering neighbours amd bi
there is o rero-velocily boundary laver (as found with
liquids), increasing the elfective dismeter ol the pores.
The effect of slippage con be corrected
{ Klmkenberg_ 19411, and the equivalent Togud permeahbil-
iy wan be determined

Probe Permeameter

The Probe pemmieamiter is becoming incresisingly
imporant in reservoir charmctensation, because it his
advaniages in petrophysical onalysis which are o non-
destructive. cheap, fast mensurement amd a capability o
assess high density dato messurement. Therefore, the
probe: has ability 10 charsctenize the permeability vana-
thon and distnbotion, and particularly to closely relate 1o
the variation in geology.

Thé probe permeameter used in this expetiment wis
an unstéady stare probe or pressure decay device

{ PEYPR-2000, The mstrument messures the tme mate of
pressure. decay s nitrogen Tow (o sample throwgh the
np's probe. Based on the Darey™s Law, permeahility is
caleulated ax the ratio of gas (low rute 1o the pressume
Funeiionm andd the geometne Lctor,

29392 uPIQi

Ao =

Caril P = P )

whidre,

Cin  ; Clodmin peometng [ugtor

P ¢ Ambient atmosphenc pressure, psi

" Pressure in the probe; psi

i} the valumetric gas low rate ot this pressure. cm'/
Lo

i inhermod ppesedl radivs, em

i s VIRCERILY, Op

In the operating condibon, the mjection pressure
should not be oo high o order (o ovodd the orbulenee
effect which influenced the medsurement resull of per-
meahility. Moreover, the injection pressure should be
outside the region of shippage and the pas permeability
will b el ton ligund permeabilities,

ATPENINN B
AVERAGIMNG PERMEARILITY

Stahistical analysis hos been used o espmuiie the
elfective permeability. however, permeahility 1= reluted
pin Tl ] that meesins an intensive varbble, The Dow
transmitted by any given region depends upon the
prermeubilities of surmounding regions. For example, con-
sidder s highly permeable region of o reservorr encasdd
in shale ie.g., lenticulor bedding ), No matter how per-
micuble 15 the centre; the outer shell of low permeabiliny
material prevents flow, The total permeability of o re-
o wstally depends upon the precise flow geometry.
Unlike permeability. porosity i an additive propeny, for
exmmple, the pore vislume of Muids inoa lens conmbutes
b thie tostad anmorint of il in @ region without regand 1o
whether the ued can move or not.

In the case of hnear Oow parable] oo stratilied -
diam, typical of a shallow marine sheet sands: of 1 Tay
ers, the aggreeate pemmcability (kU of ithe region s the
expected value of the laver permeahilities: In this cose.
permeabiliny s additive

Y kihi
ki = = E{k)

5 i
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When linear Tlow ix athogonal 10 the loyers, perme-
ability 15 no longer additive. lts inverse, however, i iddi-
tive. The ageregite resistance o flow, ki' , 15 given by
the expected value of the layer resistances to flow (Fig-
ure B-2

 Shilki
= = = E(k—1)
K N

The ageregate permeahility for linear fow paraliel
0 laver i=Eik)) 1= often called the anthmetic sverage
and the aggregate permeahility for linear low normal 10
layer (E(k 1) is the harmonic average of the permeabil-
ity rundoin variable. k. when the layers are of equal thick-

ne'ss

In geological systems, while contining some degree
of ordered permeability variation, they don’t meet the
layered situations described above, Matheron (1967)
proposed the aggregate permeability for those system
When IniKj=Nim, 57, & is small, and the flow is 2-D.
[nikti=Eilnik)). the geometric average is approprigte
Variows stmulation studies (¢.g. Warren and Price, 1961)
have extended this resull t lesy restrictive situations with
some success. This result does not require that the sys-
tem be totally disordered. As long as the scale of the
ordered or structured element is small compared o the
region for which ki is sought, the geometric average will
apply, given that k is log normally distributed and exhibiis

only modernte variation
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