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Abgtract: In order to develop, maintain and deplete resesvaonomically around the globe, various measunésrage
needed with a high demand on natural core samphesnext stage in the life of every reservoir &#eondary or tertiary
method to enhance productivity. However, to tatloe available methods and technologies to the veseseveral
screening processes, feasibility studies and pitperiments are needed. As an aid to these, Igenaitivity analysis,
continuous measurements are set up to study flawg Ehemical reactions, additional recovery andimenore, but for
all of these, core samples are needed. The lackighdvalue of natural core samples yield thatdamand cannot be
satisfied from this source alone. The aim of thelgtwas to create an artificially consolidated stoare sample, a model
material, which can be suitable for being the suthpé these experiments, with additional benefitsnass production
and reservoir parameter-based quality controhiarticle the authors wish to present partialltef a big study, this
time with comparing the porosity, permeability, nate water and capillary pressure parameters afdteesamples used
with different after-cure techniques. The procdssompaction was the same, but the overburdenymessnd the effect
of CQ; rich curing were examined. For this, part of tamples was prone to high €énvironment for different timespans
during the after treatment of the samples. Theopéirsical parameters were then measured on déaroups, including
a control group and the G@ffected cores. The focus was on porosity, perifigalbonnate water saturation/wettability
and capillary pressure measurements and the corfentures and differences in the yielded pore sgesteucture are
summarized in this article.

core sections. As majority of the SCAL measuremargs
destroying the investigated samples during the
measurement in terms of reproducibility, the numdbker
possible conducted measurements is strictly fiditethe

life of a reservoir proceeds, the use of secondary
tertiary depletion methods becomes inevitable.rtiepto
tailor and screen these methods, and after sabedtio
along with the possibility of flow studies. Theseique orderto _monitorthe effect of chemicals and matetiised,
samples carry representative and useful informatlout @ Very high number of core samples would be neeafeti,
the underlaying geological formations, thus theifh€ir homogeneity is also a desired characteristic,
inspection is crucial. One part of the conductelncreasing the overall demand much higher than the
measurements is aimed to define the petrophysid¥®ssible supply. As an answer to the challenges, th
parameters of the reservoir. In order to estabiise Petroleum industry has developed and producedcsatiy
routine measurements, plugs are drilled from thelevh consolidated core samples, thus there are muitgrieus
cores, and to get these, the completeness of thiewhre Methods to generate suitable cores.

section is needed with unharmed surface and uredack Though having limited application, the generatidn o

1 Introduction

Natural rock core samples are pieces of rock nadesnt
from the reservoir in the wellbore with specialedrilling
devices. The cores are moved to the surface arméaisen
for sampling is to examine and identify the reserxack,
its quality, and to try to get as much informaté@possible
from the structure and characteristics of the paes,

interior structure. The common problems arising the
lack of these whole core samples, the insufficoprlity
of those existing, or often the interval cored @& the
representative section of the reservoir. The gtyaafithe
core samples is also insufficient. In practice, thain
cause of these problems, is cracked and incompietée

artificial core samples is cheaper and fastertlaese cores
often have even some benefits against natural core
samples, in terms of uniform petrophysical paransete
which can help easy monitoring of flooding chengcahe

way to the uniformity of the production is alsotatienge

and to achieve this the constant monitoring ofyileéded
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petrophysical parameters is needed throughout tpeocess well enough to be able to substitute therala
development stage. As the sample size for RCAL arshmples with artificial ones. As a step furthemparison
SCAL measurements is often given, that is anothatso should be made between those too, and tlieiatti
advantage in case of artificial consolidation thetsize of material should resemble the original one, thusided,

the generated sample can be very easily contrdsgite the production method is altered in order to getsame

the fact that natural core samples are seldom @immnd petrophysical property ranges.

often the addition of some space filling matesaheeded. The aim of this study to introduce the basics & th
Furthermore, the fact of artificial production opemway production and to compare the effects on the same
to develop new measurement and control devicesusec composition but different confining pressure arifedent

a much wider variety of sample sizes are now abkgla after treatment methods of the artificial core ste®pThe
The petrophysical characteristics are now a functiba two parameters were the pressure of compactionthand
production process, being not prone to reservoireatment material, as some part of the cores prare to
heterogeneity, but in order to achieve this, sdvesst vapour only and the others to gfich environment. The
measurements needed to find out the correct gémeratcompared measurements are regarding porosity
process to the current demand. Evaluation of téim® permeability, capillary pressure and relative pexbiléy.

core analysis results is a must and the only wagilar the

e
compaction
core

borosilicate glass

SiCl,

Portland cement
homogenization

BINDER

quartz grains

Figure 1 Possible methods for artificial samples

2 Main types of artificial core samples The secondary component is the cementing material,
based on literature review which connects the particles and solidifies thecstre.

These components can vary based on the differéumtefu
consolidated rock samples in order to substituterah aPPlication areas of the samples. With the apptinadt

ones dates back for almost two decades [1]. As gredium silicaf[e or any alkglin_e_silicate, th_e_ réagl
manufacturing technology improved, new materiald arcement matenal_ and sample is rigid, thus h.avmgaqq\{v

methods were used on order to match the areaseoé#t. mechanical resistance [2,4,6,14,15]. Besides haitiig .
Based on technical literature, it is indeed possithat own advantages, one must conclude j[hat these alateri
using various methods (Figure 1), core samplesbean can easily  devitrification . [15] n wa_ter-_basec_:l
generated, and these can be tuned to have simipvironments,  thus  rendering their application in

petrophysical properties to hydrocarbon reservbiesng permeability rr]neagurementf] msuffl(r:]lent.h 'zs anb
suitable for conducting petroleum industry-base provement, the aim was the strengthen the (_)ryds
laboratory measurements 16], who added kaolinite-based additives to thraemrting

To start the process the primary materials shoeilthe material. As per rigidity, other materials can lsedi such

same type and purpose as in the reservoir roclksnidin ?St bor:?s[l(ljcatigglia:s?l [3217]th0r the sf[(rjonglyt tos[[t;]ca
materials are a matrix and a bond forming matesal, Etrachloride [18]. Following the same ideas, tersjthen

cement. To achieve a rock matrix, most of the nathse Eonds, dPortIar;)d’s dgement or ?th?r mdus’:r.lal (_:ez(ta)an
natural quartz particles [2-10], while some othese °€ USed as abonding material, aiso resultingrigia but

artificial glass beads [11], waste glass and mashekl suitable pore structure [.8’19’20'22]' The.usag_eeoie.nt_
[12], or waste rock mud [13] has another advantage in petroleum engineering;hwiki

that the resulting pore structure will be more efaer wet

The history of the first attempts on creating aiéfly
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system, thus mimicking the reservoir rock structmeare
efficiently. Still on the rigid side, heat treatmerclay van

compaction period. The curing was 14 days in bates
at 10 bars and 45 °C (113 °F).

also vyields porous artificial samples [23-25]. When The difference in the second set of experimentstiveas

applying epoxy resin as a bonding material in trapgles
[26-30], the resulting artificial core is more pgiasand
mechanically resistant, but, on the other handyfathese

curing process (Table 1). In the technical literatinere is
precedent of using the artificial samples to sty
injection EOR methods [40], but the effect of tkdd, to

cores exhibit moderate or strongly oil wet behariouthe resulting pore structure and permeability lgoiaper

which renders them inapplicable in measurements,
serious correction is needed in the evaluationge®¢30].

Their plasticity alone is also a big difference gamred to

conventional reservoir rocks.

documentation, thus becoming the aim of these
measurements. The main parameters of the sampid®ca
found in Table 2. There were 4 groups, part ofgt@ips
was prone to Cgxich environment, whereas the other parts

As a third, rather independent method, microbialvere prone only to water vapour rich environment.

carbonate emission can also be used to generdieiart
porous material [31-33]. First the construction usidy
applications were studied [31-37], then it was aed@s a
trial to generate petroleum industry core samptes,
[9,10,38].

If the components are finalised, a recipe is crkat
Once that part is ready, the next step is some cfort
consolidation, solidification etc. As a start a riiugh
homogenisation is done, and the resulting matisratock
pulp/mud/dollop, which is put into a sample hold€o.

Table 1 The curing and types of the groups withénsamples

2 weeks of CQ Group 1 Sample 1-6
1-1 week C@and Group 2 Sample 7-12
vapou
1-1 week vapour
andCG, Group 3 Sample 13-18
2 weeks of vapouf Group 4 Sample 19-4

achieve sufficient density and consistence, several afier the core samples were ready and stable, ¢ke n
different devices can be used, which are basedhen t;iep was the design of the measurements of coroparis

vibration and compaction principles

[2,6,12,13] A5 for the natural core samples, the idea wasdeate a

According to the different methodologies, then thii’ypical RCAL routine, starting with porosity andeftive

mixture is often put under certain pressure anghéFature
conditions in order to finalise the bond, structarel any
reaction present within the sample. Pressure itsalfjood
analogue to the generation of sedimentary resergoks,
thus is a very important parameter to set up ctiyrec
When a natural core is taken from the wellbore nethe
pressure release is the same type compared teldase
of the samples from the machine [5].

3 Design process, experiment plan

Based on our recent studies, there is possibiisiter
the porosity and permeability values of the samf383
based on the methodology, across a quite wide rdiraye
reservoir engineering point of view). Based on ahigin
of the matrix material, there are two main souroés
artificial core samples. One source is regardedasisral,
which is the crushed shells of real whole core tamts) or
any residue but from the given reservoir rock. Triging
and riverbank sand sources are regarded as norahdtut
yet these are the preferred ones, as the représem&zxipe
can be much more easily generated, and there arerous

cheap sources, which are having the same paranaters

the typical Hungarian sedimentary reservoirs. Tdrtiges
creating the matrix were between 110-150 microrsétre
size. As a bonding material, industrial cement Bageing
material was used.

In the first part of the experimental study, thetnma
cement ratio and the composition were the samd of a
the samples. The parameters varying were the addieal
(12,1-13,19 g) and the pressure used during thbop4-

and absolute permeability measurements. To idettidy
wettability and to categorise the resemblance toirah
core samples, connate water saturation, capillergspre
curve and relative permeability were also examimethe
artificial samples. In order to physically fit intthe
CoreTest URC-628 rock centrifuge, these sample® wer
intentionally made shorter than the normal plugsist
already exhibiting on of the benefits of the prac@bat
one can easily choose the output size and form).

Table 2 Composition characteristics of the artdlgamples

Sand (9) 178,8(
Cement (g) 30,0(
Water (g) 12,1(
Sand: (Cement + Water) ratio 4,2t
Cement-Water ratio 2,4¢
Sand-Cement ratio 5,9¢
110um - 150um 100,0%
Applied pressure (bar) 40C
Duration under pressure (hr) | 24:00:0¢
Temperature°C) ~2%
Number of strikes (Marshall) 6x
Curing period (hi ~336:0(

In order to prevent anomalies caused by end eféexts
to be in accordance with normal lab routine, theeot
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groups size was set with removing material fromtthe
ends of the samples. If the ends are not remowescoon
previous experience, the structures can be deneatthe
end zones, which are affecting the results of kbeding-
based experiments.

4 Porosity and permeability measurements
The porosity values of the artificial core samplese
measure with Helium porosimeter and are displayed
Figure 2. The permeability values vs. the porositults
are displayed on Figure 3. The results of the nreasents
are presented in Table 3 The application of diffeveater
guantities did not create any major change in pahitiey,
but the trend is that less water during productiaids
higher permeability. This phenomenon is much steony
the artificial core samples which were created uinigh
pressure values of 300-400 bars. On the pore-phatthe
distinctiveness of the different pressures carelséyeseen.

In terms of the created porespace, more than 1&eper
decrease can be yielded with increasing the corgfini

pressure from 200 to 400 bars. In these scenaties,
permeability values can also be varied utilisinffedent
pressures.

In the described particle size,

pressures. The previous values are for the wabsitsgty
analysis.

10000

1000

o

Absolut permeability [mD]

150 200 250 300 350

Applied pressure [bar]

400 450

©12,1;200 ©12,1;300 ©12,1;400 ©13,19;200 ©13,19;300 @ 13,19;400

Figure 2 Absolute permeability values vs appliegsgure of the
110-150 pum particle size artificial core samples

the minimun
permeability values were around 170 mD, while th
maximum values scaled at around 1412 mD. Accortting
the porosity measurements the minimum was 20,02%
400 bars of confining pressure and 32,82% at low

of porosity. (All of the results are summarizedieble 3)
The average porosity in the group which had 14 ddys
CO;, exposure was 26,68% with the deviation of 1,73%.
For the group which was cured with €fr 7 days then
with vapour for the second 7 days, the averagesitgraas
25,64% with a deviation of only 0,5%. In this grotge
reproductivity is the highest, from the 6 samplesxBibit
differences in porosity only in the magnitude 001,
®,02%, and only one of the sets yielded a poragityve
26%. The third group (vapour curing for one wedlent
CQ; curing for one week) three samples are the sapee ty
in terms of result such as in the previous growgrall
porosity decreased a little bit to 25,99%, with dlegiation

of 1,47%. The last/control group (14 days of curing
vapour only) yielded a decrease in porosity, ahegrage
of 24,44%. From the total of 24 samples, the 3 rdesse
are all in this group, porosity is below 24% fdraflthose
ones.

10000

1000 o A a

Absolut permeability [mD]
b
4
»

100

18 22 24 26

Porosity [%]

28 30 32 34

A 110-150; 200 110-150; 300 110-150; 400

Figure 3 Porosity values vs absolute permeabilitjpes of the
110-150 pum particle size artificial core samples

The next parameter to measure and compare was
absolute permeability, which was measured withdgigén
gas. For the two weeks of G@uring group, the values
ranged between 15 and 89 mD. One sample is anomalou
amongst these six, but the rest exhibit uniformalvedur.

For the one-week Cne week vapour curing group, the
range of permeability is more or less the saméreifd
needs to be stated, it is increasing in terms ohpability

by a small amount. For group 3, treated with vagdost
then CQ, there is a significant increase in absolute
permeability, with an average of 221 mD. For the tw
weeks of CQ only group this behaviour was the same,
resulting in permeability values with the average o
205 mD.

In the second part of the experiments, the diffegen
was in the curing process. There were 4 groups as
mentioned, one with 2 weeks in vapour only, oné it
weeks of CQ only and two groups of 1 week in
environment 1 and the other week of curing in esninent
2, respectively, in accordance with Table 1. Taifgla
within group 1 was the difference in added watdy,cas
a sub-experiment. As the samples were createdaviidtal
developed method, the first part was also the detation
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Table 3 Results of the porosity and permeabilitpsneements
in the groups of samples with different curing

Number | Porosity p:izﬁlwp;ﬂrig:ﬁm

of sample (%) (mD) (mD)

Sampke 1] 27,41 89 22

S [sampe? 2836 35 21

2 |[samped 26,60 37 20

& [samped 26,44 18 12

2 [Samped 24,95 15 7

Sample 6§ 26,30 17 9

, © |Sampe7 2511 82 64

© © [Samped 2614 36 28

Q x gsampey 2572 57 38

o |8 ¢ gsampe 10 2571 38 32

g 2 3 [Sampe1]l 2573 12 9
= Sample 12 25,42 13 10
S|, olSampel$ 2565 196 99
O|8 _ Olsampe 14 26,67 258 148
z S ¢[sampe 15 26,25 275 167

8 S =[Sampe 16 2452 89 70

2 ~'|sample 17 25,97 252 66
Sample 18 26,86 257 226

> [Sampe 19 26,47 231 98
& [sampe20 2575 188 105

2 [Sampe2i 22,73 162 77
$ [Sampe2p 2312 190 167

¢ [sampe23 2373 217 88
~  [Sample 24 2481 239 122

The third measurement in the study was the effecti
permeability measurement. using synthetical poreema
the composition of that is described in Table 4e Sheed
of the flood was 50ml/hour, and the key concept twas
displace at least ten porespace equivalent wateugh
each and every sample, and then take the aver
permeability of each measurement. For Group 1 &hees
are within a narrow range, with an average of 15 @
Group 2, despite having roughly 1 percent less $ity0
this value was increased, with an average of 30 Rub.
Group 3 there was a significant change in termsrof
increase, the average effective permeability valvee at
around 129 mD. As per Group 4 the average wasaimil
being at around 110 mD, though the porosity valuese
the lowest in this group.

Table 4 Composition of the artificial pore water

Componer Quantity
(g/l)
NaCl 0,t
NaHCG; 2,6
CH3COON: 1,€
Total 4,1

3

As a secondary result of the experiments using
flooding, it can be conducted that after furthealastion
of the expelled fluids, there were no solid contenany
residue washed out from the sample, thus rendeheg
artificial core samples stable enough for the presly
stated expectations.

5 Capillary pressure and relative

permeability measurements

In the last chapter of presenting the resultsatitbors
wish to evaluate the results of the RCAL measurésnen
regarding capillary pressure, relative permeabibiyd
connate water saturation. The measurements were
conducted in every group of artificial cores witGareTest
URC-628 rock centrifuge. After screening the
characteristics for porosity and permeability, d@ding
good results, the next step is to monitor theieidifcores
as a hydrodynamic system, when wettability is presed
when two phases exist together, to find out itdieglpility
in flooding experiments. On the other hand, if any
difference is present compared to natural core knghat
still does not make any problem if a correlatioridand
and the values can be corrected.

During the RCAL measurements it was found that the
cores are suitable for substitution, but the nabfithe pore
structures yielded a challenge to solve through the
evaluation process. The problem was that the rock
centrifuge gave reliable values on connate wateragon
and capillary pressure, but the relative permeglalirves
were shifted to the right, to higher saturationtsisican be
caused by spontaneous imbibition and microfractures
Jhe samples. The idea is that if microfracturespaesent,
the water is expelled from the samples at much dowe
rotational speeds, thus much lower pressure, anditfn-
speed camera can detect the change, but arrartgethét
wrong saturation, as the software thinks the sasnate
ill almost fully saturated in the first stagerofation. The
obile saturation range, however can be extracted the
capillary pressure curves, and using a normalisatioe
relative permeability curves can be transformedhis
range.

In terms of results, the 1 week one environmemiegk
other environment cores (Group 2,3) exhibited same
behaviour, and the values scaled in between theekswof
CO; and 2 weeks of pure vapour cured groups (Group 1-
4). Thus, only the two “extremums” are shown insthi
article, groups 1 and 4, through one-one repreteata
examples. In all of the groups, one common fac¢hes, all
of the artificial cores generated exhibit water wet
behaviour, which is desired, if the aim is to mimmres
from sandstone reservoirs. The magnitude is a Ihit
higher than in average reservoir conditions, bthig fact
is known during the evaluation of the planned
measurements using these samples, no problem
generated. One must state, that compared to ey r
artificial samples, these scenarios are much more

is
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favourable, as correlation is easy, compared to the For the sample cured with GQor two weeks, the
unreliability of the oil wet artificial cores. mobile saturation range is between 42 and 65 pertha
pure vapour cured sample exhibit same behaviotinget
the mobile saturation between 41 and 76 percent.

The relative permeability curves are also presefaed
Group 1 and 4. These were the curves which needed
transformation based on the mobile saturation r&nge
shown by the capillary pressure curves. Figuresligplay

3,5

3 | — Pc Drainage == Pc Imbibition |
2,5 :
2

i

éoo — the transformed relative permeability curves foe th
~os R groups. The shape and form of the curves is razalist
o 3 having great resemblance to the natural sandstore c
, \ materials. Equilibrium saturation and endpoint sstan
25 values are normal.
N 0 0,1 0,2 0,3 0.4 0,5 0,6 0,7 0,8 0,9 1 1
s,

Figure 4 Capillary pressure curves of Sample 4 nafkem the
COz cured group

3 |[—PcDramage == Pcimbivition | E 2 E
i) s
2,5 c 05 s
4 o
2| oo ] | £, |3
1,5 H g
- 1 03 v
3
2 05 02
o 0 T
A~ o5 . is.024 0,1 S. 024
\:
-15 02 03 04 05 0,6 0,7 038 09
2 s
-2,5 W
3 Figure 7 Relative permeability curves of Sampldek@n from
0 0,1 0,2 03 0,4 0,5 0,6 0,7 0,8 0,9 1 the vapour Cured group

Sw
Figure 5 Capillary Pressure curves of Sample-2@taktom the

vapour cured group 6 Conclusions

The aim of the study was to present a possible

On Figures 4-5, the Capillary pressure curves affoduction method for artificially generated sam_iet
presented for Group 1 and 4. The connate wateragimm  '0Ck core samples, and to study the effects oeufit
of the samples ranged between 30-45%, being raiona Ccuring techniques applied to the yielded samplesr F
sandstone rock samples, and being in the expeategey 9roups were declared among the samples. Group 1 had
as even the bonding material type predicts water weuringin CQ rich environment only, for two weeks. Group

behaviour. The residual oil saturations ranged betw25- 2 had one week in GCand one week in water vapour.
35%, being also in an expected and suitable range. ~ Group 3 had one week in water vapour and then @ekw

in CQ, rich environment. Group 4 had two weeks of pure
water vapour curing, and in this group two typesashiples
were made, having difference in the added watehéo
cement material.

The differences in porosity and permeabilities were
evaluated. According to added water, the smallevwann
yielded higher permeability values. Based on cyrthg
vapour cured samples exhibited higher permeabitity,
relatively lower porosity values.

As for special core analysis, every group exhibited
02 , appropriate behaviour, in terms of connate wateratibn,
capillary pressure and relative permeability, whickans
S 042 S 0.35 that these samples can be suitable for substitutiad)

02 03 04 & 0,6 07 08 natural core samples in high sample demand momgori
Figure 6 Relative permeabilit;curves of Samplaien from type petroleum industry measqrements. .
Plans for the future include geomechanically

the COz cured grou . . ”
group measurements, and further experimentation on additt
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the bonding stage. The cores were stated to bebfriitor Tectonophysigsvol. 370, No. 1-4, pp. 105-120, 2003.
substituting real cores in EOR measurements, andaw doi:10.1016/S0040-1951(03)00180-X
used in one such project, but this was not intredun this  [9] RONG, H., QIAN, C.X., LI, L.Z.: Influence of mding
article due to corporate secrecy. Another compay i process on mechanical properties of sandstone
already having request for production of these typk cemented by microbe cement. Construction and
cores to utilise them at their RCAL laboratory. Building Materials Volume 28, Issue 1, March 2012,
Pages 238-243,
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The research was carried out in the framework ef th 2012.
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