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Corlrig nNais oeer) With Us for 21 cariiLiry

(Holland 1908)

Credits : Pazipy-d, Flerie 1938

(+stationary inner barrel, USA 1925-26)
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Drillirie) rrviel corrtainirleiion):

neutral to waterwet reservoir chalk are completely
invaded by water-base mud:

Chemical Composition of Mud Filtrate and pore water, Nana-1X

Sample Depth| pH Cl SO4 HCO3 Na K Ca Mg Sr
m mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l
Mud filtrate 9.1 82855 1758 333 12496 65122 7.1 54 0.6

GEUS core 1 7.28 63953 1040 26214 19967 1074 472 144
GEUS core 4 69444 801 32075 19937 1484 309 205

Table 1.2 Utsira Sand water samples extracted from core plugs; results in mg/l.

m Chloride | Bromide | Sulfate [Sodium [Potassium [Calcium|Magnesium
I NN RN R I AR B
| % | c | Br | SO4 | Na | K | Ca | :

| 8200 | 36400 | 270 |

36400 270 390

| |
8200 | |
| A-23-2 | 41.9 | 41200 | 423 | 153 | 7500 | 36200 | 250 | 390
| A-23-3 | 40.71 | 46600 | 521 | 177 | 7700 | 50400 | 260 | 370
480

%



Well-site services
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Core geafrrnz aric censity log
» Used for lithological correlation and estimation of shale Vsh

- K is fixed in feldspar
and certain clay minerals

- This fixed in clay and
some heavy minerals

- U is fixed in organic
materials (coal, organic
shales)




Deasicrlifie) 2 core arlzlysis grocjrairire
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Deatarinzaiiorn of flijcl saiiraiiorn):




* Principle of determination:

wet weight — dry weight =
extracted oil + water

Water is collected and read
from the graduated tube, oil
Is then calculated from the
assumed density

If the volume of water + oll
Is less than the pore
volume, the excess must
be gas saturation



Errors 1 Dezir) Stari arelysis:

 Leaks in glass fittings or poor (lost) circulation of cooling water may
lead to an under estimation of water content (= false high oil saturation)

» Under humid conditions (summer in DK or in tropical places) water
may condense from ambient air and be detected in the cold finger of
the extractor (= false high water saturation)

* Unattended grain loss during the handling process of a sample is
calculated as an oil content (= false high oil saturation)

(fragile samples needs special treatment, determination of BV before
test and correction of weight data based on a volume correction factor)

* Oil gravity must be known or guessed

» Observe: The collected (destilled) water must be recalculated to a
volume of brine, which requires the water salinity or density be known




Dezif) Starl, accuracy (Tor -~Ekofisic crizll sarmnoles)




Clazainirie) aiicl crvire of olics




Claarlirig rriginocds aricl arrors:

A number of cleaning
liquids are used in core
analysis depending on
the complication of the
cleaning job, but miscible
cleaning using methanol
and toluene are widely
accepted




So et Exiraction




Drvirie) rretriocls airiel erfors:
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Wlzudirief trie flejft enolce:




Exarnole 1 Old cora rreiaria

XRD analysis showed the white
fines fraction to be non-crystalline,
ie not chalk fines




Porosity aricl greir clensity:




Porosity carl ga rrieasirac gy difierant tecrnic|les:




Porosity 0y cliffererit tecrric|les

Data after plug trim and brine saturation (Greensand

| 2223]  2223] 000 |
| 2138 2134|004 |
| 2023]  2029] 006 |
| 2082  2082] 000 |
| 2169  21.75]  -006 |




4 He (100 psi)

P2 (V2-Vg) + (P1 V1)

P3 (V1 +V2 - Vi)
PLOT Vg VERSUS P3, (CONST Py )
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Holilre core znzlysis:

Typical grain density values
g/cc
Sandstone / Quartz
Limestone / Calcite
Dolomite
K-feldspar
Halite (salt)

2.65
2.71
2.85-2.95
2.58
2.17

N
=

26-2.9
~ 2.60
2—-23

[llite / Mica
Kaolinite
Smectite
Gypsum
Anhydrite
Siderite
Pyrite
Barite

B1010(N|N
OO0 Ww




Edamole s Flusn elezinineg vs Saxdnlet clasinirg

GEUS Core Laboratory
performed SCAL test on 10

I Geensand (glauconite), Danish North Sea :

Sample|GEUS Por ([Other Por [GEUS Dens |Other Dens greensand plugs previously
ID % % g/ccm g/ccm analyzed for CCAL by
another lab. The plugs were
64 31.39 2090 2783 274 cold flush cleaned in core
67 31.76 31.2 2777 276 holders and re-analyzed for
75 34.12 33.0 2749 273 ;'e'p.orOSTiLy e BB
ensity. The avg. porosit
e ks D20 25 Zue was foB{Jnd to ingre%se 1.2’,/%
83 34.24 32.8 2.175 2.74 and grain densty +0.025 g/cc.
84 34.03 32.6 2.764 2.73
87 34.53 33.0 2.734 2.70
88 33.99 32.8 2.733 2.70 This difference is due to
101 33.95 32.6 2.726 2.70 improper Soxhlet cleaning. If
141 35.47 34.7 2.738 2.73 in doubt always check
against your porosity/density
log data.
Mean 33.8 32.5 2.755 2.73
SDEV 1.24 1.25 0.022 0.020 _
Conclusion: Soxhlet cleaning rests on diffusion that may G
take very long time for tight rocks; regular checks using P*H

dynamic (flush) cleaning should always be performed



=xarrole: Grair clensity

Conventional core analysis on a suite of chalk plugs from
Lower Cretaceous gave a mean grain density of 2.71 g/cc

Conclusion by "bright” petrophysicist: Nice chalk value,
every thing is OK - the rock is even white as the white
cliffs of Dover - -- | saw it with my own eyes - - - so lets
get on !

But things are not OK unfortunately ! A scatter diagram
shows:




=xarrole: Greain densiiy-insollugle rasicdue trarncd
for L, Cratzaicaols criali (Tlxer-sSolz Frf)
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= e ole: Porosity - grelr censity
(Lower aricl Ugoer Crataicegls crieli)

Minerals in ISR can be typed by XRD analysis :

Plug no. Porosity, % Grain dens.,g/cc ISR, wt-% Qz, %

38 28.5 2.708 53
10 23.1 2.707 62
17 37.9 2.818 35
21 29.3 2.709 40
28 31.9 2.568 46
30 23.7 2.513 69
32 14.3 2.760 45

30.8 2.685 29




Insoluble residue in chalk:




Parrrecgilfiy




Rate of Flow, cc/sec.

Pressure Differential, Atmospheres
Area, cm?

Fluid Viscosity, Centipoise

Lenght, cm

Permeability, Darcies




G5 garrnesoility:




(linkenvery slip gfigc

Gas Flow

Pore Channel
00

Liquid Flow

‘ Pore Channel ‘

Reduced liq. flow due to friction along channel walls

G EUS



(linenoery slip gifect

Gas Flow

Pore Channel
00

Liquid Flow

‘ Pore Channel ‘

Reduced lig. flow due to friction along channel walls

Klinkenberg slip effect:

K =k x| 1+

N |':|.-a-;-

b is Klinkenberg’s slip
factor

P, IS the mean
pressure :
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linienoery or ifie slip correcied gas gerrmeanility, i,

Klinkenberg regression, plug 1 (Maastrichtian chalk)
and uncorrected gas perm @ dP = 100-960 mbar

y=0,937x+ 0,667
R2=1,000

0,400 0,600
1/pmean [ bar-1]




Sitezaicly siziie oes garrraaisaiar -

Steady-state test

—o— Pressure buildup —m— Flow rate




Usl-sigzicly siziie cz1s garrmaalpsaiar

Pressure falloff test




GAS 1.5 P-M  KLINK  KLINK GRAIN WATER OIL GAS
SAMPLE DEPTH PLUG PERM PERM PERM  CORR. POROSITY DENS. SATUR. SATUR. SATUR.
NC. FEET  TYPE ju mw mD  COEF. % G/CCM % % % COMMENT

data 5x HOR 1.08  1.07  0.421 0.997  36.19 2.706

35 HOR  1.10 1.09 0.459 1.000 35.00 2.706 63 18 20
36 HOR 0.443 0.432 0.180 1.000 27.37 2.708 67 17 16
8v VERT  1.54 1.50 0.654 1.000 38.80 2.708
37 HOR  1.45 1.41 0.642 1.000 37.65 2.704 64 18 18
38 HOR Preserved
39 HOR  1.37 1.34 0.595 1.000 37.11  2.704 62 19 19
40 HOR  1.47 1.42 0.616 1.000 37.99 2.701 65 19 16
41 HOR 1.03 0.994 0.429 0.999 34.63 2.702 68 19 14
oV VERT 0.294 0.275 0.085 0.992 30.68 2.712
42 HOR  0.485 0.449 0.189 0.999 30.00 2.700 82 7 11
43 HOR  2.07 2.02 1.32 1.000 23.82 2.697 gl 22 8
6X HOR 0.245 0.182 0.080 0.991 23.95 2.709
44 HOR 0.678 0.649 0.290 1.000 30.11  2.705 64 22 14
45 HOR  0.205 20.46 2.707 70 5 26
ov VERT  0.050 20.83 2.719
46 HOR  0.206 22.39 2.683 82 1 17
47 HOR  0.179 23.54 2.702 72 17 11
48 HOR 0.808 0.795 ©0.321 1.000 34.00 2.704 59 19 22
49 HOR 0.644 0.637 0.255 1.000 31.76 2.705 64 22 14
50 HOR  1.00 0.989 0.426 1.000 35.57 2.701 58 32 1

Credits : GEUS Core Lab




Gas permeabillity, conclusion :

» The vast majority of the worlds gas permeabilities are conventional, ie.
steady state, uncorrected for slip and measured at 400 psi (2.8 MPa).

» Most oil companies keep core data bases with input from a number of
different service companies having different gas permeameters operating
at different instrumental settings.

* If uncorrected gas permeabilities are kept in a single data base it is
necessary to normalize data to one common gas and mean gas pressure;
eg. N, and 1.5 bara (bar absolute).

* A groving number of gas permeabilities are now being measured by the
un-steady state method, a convenient way of obtaining both conventional
and slip corrected (Klinkenberg) gas permeabilities in a single pressure
fall-off test.




Extreme CCAL data:

Diatomites (moclay) may have
porosity ~70% (intra-particle
porosity) while fresh granites
and gneisses measure around
Y5-1%

Un-consolidated sand and
coarse sandstones have very
high permeabilities > 10 D,
while fresh granites, marbles
and shales may have
permeabilities in the nD range

7]
i
o
g
o]
=
b
Z
=
[}
Q
s
o
o

Limestone

rarystalli
Limestone and

Friable Sand

Porosity: Percent




North Sea chalks, petrophysical properties:
Porosity — Gas permeability trends

* Observe unimodal, left skewed Hg-injection pore size
distribution due to =+ silica, clay and small grains

* Tor (Maastrichtian) r,, ~ 0.6 pm

Ekofisk (Danian) r., ~0.4 um

5
L. Cretaceous o ~ 0.15 um @ 35 - 40% porosity chalk

Partly after: Jakobsen et al., 2003 and Andersen, 1995

Permeability (mD)

Ekofisk Fm.

_—
o
N
c
c
k]
5
£
-
2
©
=
-
.|
[
-4

i

.

L. Cretaceous

0.1 1.0
Pore radius [um]




Parreaollity considearatiorns:

Slaave gressife (400 gsi, 800 gs) or sogfleirlire) else)
Clay cleirizicie (licjLicl of cfzis)

Fracitjre

Elowy raiie

C)C - rlut g2y (0 crleclk garrneagiliny cleitzl 0y gifler reelrs,
core laigoreiory srodle rrezisire strclarcd refarance sieel
oluefs raguleirly gl regort clattel to Corrlozin)y




Coogy of deata [1siirg frorm mejor core arzlysis
COfIOEfY:

Gas Gas Porosity Porosity Sw
Permeability Permeability @ @ Grain (% of
Depth @ 400 psig @ 2768 psig Ambient 2768 Density  Pore
Sample  (ft.) Core (mD) (mD) (%)  psig (%) (g.cc) Volume) Comments

10656.05 2 . . . . . W hite Chlak, firm, tr
micpyr, tr dk mins, tr
micpyr, frac, hi calc.

10656.20 . . . . . . White Chalk, mod hrd,
Frac, tr microfossils,
cmted Frac, tr dk mins,
hi calc.

10657.20 . . . . . White Chalk, mod hrd, tr
calc conc, tr dk mins,
frac, hi calc.

10658.95 . . . . . White Chalk, mod hrd, tr
calc conc, tr dk mins,
cmted frac, hi calc.

10660.15 . . . . . W hite Chalk, mod hrd, tr
micpyr, frac, tr calc conc,
tr dk mins, styl, hi calc.

10661.90 . . . . . . W hite Chalk, firm-mod
hrd, cmted frac, Ig calc
conc, tr dk mins, hi calc.




Pairoonysiclst cslgolfi to selact sarroles for SCAL wWork
15 olzzlacd 0y ine 27638 osi corflnifeg orassure Usec i)
00rosity ziricl garrresollity rressirerarn

Srle corfozres Witk forsrzttion oressire etz cdallvarec) fropg)
Cornlgzelnly to tflg corfiraiciific] core cirlelysis corrl ozl

Totell overourcder P = 8800 g3
Hesarvolr gore P = 6400 g3
Net configireg P = 1900 gs|

wWrller rrezins ireit lelgareiiory nycrosiziic corlfinifc) ofessiire
sroule flot excaad 11150 gs) to aravert cogaiciior)

Sirie s row lookirig elsawrere to fird sarrnoles for SCAL worlke |
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How to get high quality porosity data




=arnole: Correcilorn of "rloi-snot gorosiiles (crzll

If the grain density of the formation can be safely assumed, a good estimate
of porosity can be obtained — ask the core laboratory to do the calculation:

From measured "Hot-shot" plug data &, BV
and M4 :

Mplug - Xc Xdc
GV - X,

Mg - 2.71XGV
d - 2.71

i * GD = Grain density
Porosﬂyco” GV = Grain volume
Mouy =._Plug cry weight
Sandstones (nottoo shaly)
e deneyerz o8 o




Case study: Porosity-permeability model for a North
Sea chalk field

Your chief petrophysicist asks you to
update an old poro-perm model for a
marginal field that is no longer as
marginal (presumably). This is the set
of data you get; what is the first thing
you should do ?

Different confining pressures have
been used, 400 psi and 800 psi during
gas perm measurement; what to do
about it ?

and next ?




Case study: Porosity-permeability model for a North
Sea chalk field

You find that the data set you got .
: : _ : Maastrichtian gas perm trend (raw)
contain Danian and Maastrichtian Salt dome province

samples in the same file; you decide to o 1390
split data and go on with the
Maastrichtian samples. Are you (and

your chief petrophysicist) happy with
the model ?
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e What to do about it ?

0.2 0.3
Porosity [fract]




Case study: Porosity-permeability model for a North
Sea chalk field

Maastrichtian gas perm trend (filtered) Maastrichtian gas perm trend (filtered)
Salt dome province Salt dome province

o n=282 ¢ n=282
e— P otens (n=282) = Eksponentiel.

(n=282)

0.2 0.3 . . . 0.2 0.3
Porosity [fract] Porosity [fract]




SPECIAL CORE ANALYSIS
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analysis

UNPRESERVED

ROUTINE CORE ANALYSIS

Porosity
Compressibility
Brine Permeability
Electrical Properties

Saturated J Resitivity Air /
core Index n Mercury

Qil/Brine
Capillary (Porous
Pressure VFITYe

Overburden Electrical
Measure- Measure-

ments ments :
Centrifuge

Dry Formation Air / Brine
core 1 Factor m/a

Porosity
Gas
Permeability

JAL CORE ANAL (SIS

(2
<
11
(

Formation

phase ™  Damage

Water  Unsteady
|
Floods state

Unsteady
Glass __  state/
Floods Steady
state
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Scraanline samoles for SCAL Wori




Scraarine samoles for SCAL work 1 Graer) selfcl
fror trie Sirl eres, Darllsr Norin Seel




Scraanline samoles for SCAL wWori @ Criali frorr
e Dayp zre Solin Arre arez Danisn Norin Sas




Scraanlineg samoles for SCAL work @ linzge arzlysis
usirie clecicaiad software




Overburden measurements:




Corflozction Vs gurlell:
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Porasity ractcas eurire) ourizl;
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i ey nyelroceirgarn iglds:
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Ketzin 200/ 201
Pressure [bar]

0 25 50 75 100 125 150 175 200
0

The net loading on a volume of rock in a
certain depth depends on the total weight of
the overlying column of bulk rock and the
weight of the hydrostatic column of pore fluid
(the effective stress concept by Terzaghi,
1943).

Oet = Op — PPy

— bulk stress [Pa] from density log,
but usually ~ 1 [psi/foot], 0.23 [bar/m]

— fluid pore pressure [Pa] from
chemical analysis or conductivity,but
usually ~ 0.5 [psi/foot], 0.11 [bar/m]

— Biot factor [< 1], ~1 for un-
consolidated rock and <1 for chalk

—¢— Pore Pressure —}— Total vertical stress
— A— 85% safety limit




RESERVOIR

Vertical movements
results in no lateral movement.
Strain is entirely vertical.

HYDRAULIC LOADING
Axial and lateral stress
are equal.

wlinig pricy differ frorm reservalr

BIAXIAL LOADING
Lateral stress is adjusted so
that no lateral deformation
takes place.

|

No Lateral
Strain

Stress is entirely
vertical in the reservoir,
but hydrostatic loading
in lab testing affects
both length and
diameter of the sample
under test; this causes
excessive deformation
that must be correced
for.

Uniaxial compressibility
IS ~ 62% of the figure
measured in the lab
under hydrostatic
loading conditions

T 3 1] My
e | )



Teeuyw's cofrectiorn for nydrosizaiic siress logzcdirg):




Teeuyw's correctiorn for nydrosizaiic sirass lozdirg),
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dacliietlon Wiin Oveargllrelern Prassire

Porosity Reduction with Permeability Reduction with
Overburden Pressure Overburden Pressure
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Permeability: Fraction of Original

2000 4000 6000 8000 10000 2000 4000 6000 ~ 8000 10000
Net Overburden Pressure: PSI Net Overburden Pressure: PSI
Well Cemented 3x10°

Friable 15 x10®
Unconsolidated 40 x10°
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Plug no : 1 Conventional
Depth [m] : 1880 Kg [mD] : 371
Formation : Frigg He-@ [%] : 34,2
hydrostatic | uniaxial * | KI [mD] % of initial | He-@ [%] % of initial [bar?]
43,5 323 100 33,60 98,3 4,83E-04 9,05
129,0 244 76 33,31 97,5 2,29E-04 9,29
182,3 196 61 33,12 96,9 1,65E-04 9,35
225,8 136 42 32,99 96,5 1,68E-04 9,40
285,5 92 28 32,86 96,1 2,57E-04 9,49
* corrected according to Teeuw (1971)
| |
Plug 1, Poro-perm vs. stress trend
Effective stress [bar]
0 75 150 225 300
100 —a— Liquid permeability
90 VS. SII_’eSS
—@— Porosity vs. stress
E‘ 80
= 70
“— X PVx Cp Cp XE-6
bar cc vol/vol/bar  |vol/vol/psi
93 18.79 3.82E-04 26.3
123 18.59 3.02E-04 20.8
153 18.45 2.20E-04 15.2
184 18.35 1.34E-04 9.2
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SPE ot collrse: adareisa in nat overgllrelan ealetlztion




Wettzioility rrieasirarenis:




WATERWET

o Oil - glass

o Oil — Water

Woater

o Water - glass

Glass Slide




Vwettalr

J

ollity Caricauis

OILWET © Oil — Water

o Oil - glass

© Water - glass

Glass Slide




Arnlott's wettzlglliy tesi

arlcl tre nysieresis loogd




USBM Wettability Method

<—— OIL DRIVE

BRINE DRIVE —>

BRINE SATURATION —»

USBM Wettability States

-
o

WATER WET LOG
A\ A1/A2 = 0.79

OIL WET LOG
A1/A2 = 0.51

e
z
:

CAPILLARY PRESSURE, PS|
)

-10
0 100
AVERAGE WATER SATURATION, PERCENT AVERAGE WATER SATURATION,

1
-
(=]

(=]

-

NEUTRAL LOG
A1/A2 = 0.00




Exarnole: Proolerms I wettaolllty rreasirarernt -
S erlel 1nveasior).

Amott

Initial ste Brine imbibition Oil imbibition ]
iti p ine imbibiti imbibiti calculations

Swi | go. | Sw | Se |So S | Sw

pct pct | pct | pct pct | pct
19 | o5 | 64 | 68 | 32

18 ) 61 62 38
27 , 56 56 44
40
28

lo

62 24 , 0,00

2452 35 , 60 60
3571 5 : a4 72 0,00
134 | 2457 . 21 ) 54 54 46 , ) 0,00
153 | 1822 44 | o 62 62 | 38

Table 1
Chemical Composition of Mud Filtrate and pore water, Nana-1X

Sample Depth pH Cl S04 HCO3 Na K
m mg/I mg/I mg/I mg/I mg/I

Mud filtrate . 82855 1758 333 12496 65122
GEUS core 1 63953 1040 26214 19967
GEUS core 4 69444 801 32075 19937




Target Sy; * | Obtained S,
Sp. brine imb. % %
——Plug 2
——Plug 19
~ ——Plug 48
E Plug 64
= Plug 78
5 Plug 92 _
E = =5
£ T
0.1 1.0 10.0 100.0 1000.0 10000.0 ‘

Time (hours) &
Credits . GEUS Core Lab G EUS




Wettability measurement

Remember estimation of Swi for fresh samples

Take a plug trim and determine fluid saturations > Sw for the test
plugs

Estimate Swi from resistivity logs and/or saturation-height models

Flood/spin the test plugs down to the predicted Swi figure before
installing them in the imbibiometer.




Wetiagllity 0gservailons:

Very few overburden and extremely few reservoir condition
experiments have been done

The "classic” room condition tests also supply endpoint
permeabilities, but require entensive handling of samples and
material balance calculation and grain loss correction is
essential for obtaining precision data

In theory the USBM - centrifuge technique allows true reservoir
condition tests and at the same time circumvents the frequent
handling normally associated with Amott’s test. This makes the
centrifuge the most promising tool in wettability testing, but
uncertainty still prevail about the effect of the uneven saturation
distribution generated during spinning.

l_\\



Caolllaeiry oressire




Caolllaeiry oressire




Caolllary oressure @ Useaiul gararnatars cdarivac
frorn caolllary oressire catea




Capillziry of
wWitrelr e Urllic

Free - Water

S
7

S
9

S
Il

Ur
[f]

Initizl Distrloutiorn of Flulcs
f

=8
Sielficl Rasarvolr:

Initial Gas - Qil
Transition Zone

Initial Water - Qil
Transition Zone

Initial
Water - Qil
Contact

Saturation %




I Mereury injeciion ig esiaglls
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gofe size disirigution:

Lucite window|U|]

Lucite window

0-200 psi pressure gauge

? ? 0-2,000 psi pressure
* gauge

i *Regulating valve
To *

| atmosphere

v | g

Cylinder

U-tube manometer

—
D

From Purcell, 1949




Cap oressure 0y rlg-injeciion: Flow s it carrigd gt

- Hg-injection is performed unconfined on small chips (~4-7 cc) or on
plug size samples (1” or even 1v¥2” diameter).

- The test run starts from high vacuum and pressure is then continous
or stepwise increased to 2000 psi or 30-60,000 psi in the auto-pore
meters, ie. the smallest pore throats invaded by Hg is 4-2 nm by radius

- Most tests are performed under constant injection rate conditions; this
IS a fast and cost effective service, but with some limitations.

- Hg-injection is available for plug size samples under confining P (in
core holder); this can run as constant injection rate or constant pressure

- Constant pressure has the advantage of giving a usable imbibition
curve, but at a high cost.

- The test is destructive, the sample must be discarded after test. c



Porous Plaie drairzge (cre irmnololion) cag. cury

(P
()

» Performed in multi sample pressure pot or in single sample cells,
initial 100 % S, plugs are drained by non-wetting gas or oil through
a waterwet ceramic plate or micro-pore filter.

Air or Qil
‘ Air or Oil

Sample Sample Sample

Contact Medium

v B

Water Out Water Out iy




Water /N2 cap. press., psi
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Water /N2 cap. press., psi
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Water /N2 cap. press., psi
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Cag oressire 9y gorous glaie: Flow s it carrigd gl

- This is the classical technique to measure capillary pressure in core
analysis, it uses real fluids (water/brine, oil and gas) and can even work at
reservoir conditions.

- Plug size samples are required, but the method works for weakly
consolidated (jacketed) samples as well. Un-confined and overburden
measurements are possible as required.

- The test is carried out under constant, but stepwise increasing pressure, but
Is limited to lower pressures than both Hg-injection and centrifuge tests; 5-8
pressure steps are normally recorded.

- Porous plate measurements takes a long time for equilibration, especially
for low permeable materials (chalk), and are therefore expensive.

- The test is non-destructive, the sample may be re-used for other tests.

-Grain loss can cause errors in water saturation determination in multi sample
pressure pot experiments. The effect is false low S, figures \

- The final S, should be checked against a Dean Stark fluid saturation

determination G BIU S
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aollleiry orgssiure 9y cafjir]

Isirloution of two lrrmisc

g

FLUID DISTRIBUTION
CENTRIFUGED SAMPLE.

CENTRE OF ROTATION

LOW PERM’

PLUG AXIS

TYPICAL
SATURATION
PROFILES

100 Sw

DOWNSTREAM END




Caig gressiure 0y ceniriiugation: Flow s it carrigd oui

(P

- 4-8 plugs are placed in the rotor and the centrifuge spun to high rpm’s; the
capillary pressure in this system is proportional to \ rpm and 6-8 data points
are normally recorded using a stroboscope technique.

-The centrifuge is the only technique able to record the full capillary pressure
curve — both the positive and negative part.

- Plug size samples are required, but the method works for weakly
consolidated (jacketed) samples as well. The test runs un-confined, very few
instruments are available for overburden measurements.

- The test is non-destructive, the sample may be re-used for other tests; some
fragile samples may not stand high rpm’s

- The test is affected by capillary end effects and data reduction is
complicated.

- Spinning time alotted for the experiment may be inadequate to reach _
equlibrium (cost of the experiment) c
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OLtgLt frorm rFlej-lrjectior tesit

Maastrichtian chalk, Russia
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Height ab free water level [m]

Air / Water Capillary Pressure [bar]

Mercury Saturation (fraction)
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Water Saturation [fraction]
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Pore Throat Radius (microns)




Case gilcy: Merclry consiart injection ar)cl
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Casea sicy: Norin Sea chzll caoillary oressire curye

Plug 13, Capillary pressure (O/B system)

He-porosity = 36.5 %

¢ Pc (porous plate O/B
system)

B Pc (Hg-injo/B
system)

—— Potens (Pc (porous
plate O/B system))

Igor, Danian chalk

Capillary pressure curves
measured by different
techniques on nearby plugs
having identical He-porosity:

1. Porous plate oil-brine
system in single core holder

@ 800 psi conf. P;
exp. time =% year

2. Hg-injection in single core
holder @ 800 psi conf. P,
recalculated to an oil-brine

system
exp. time = 3-4 days

Credits : GEUS Core Lab + ResLab N




Case gicy: Norin Seea greensaric caoillary oressiure
CUAVE

North Sea greensand - Plug: A9
Air/water Drainage Curves Paleocene greensand

—‘—Hg-data
—o—A/B data | Capillary pressure curves
measured by different
techniques on identical plug

and trim;:

1. Porous plate air-brine
system in multiple sample

pressure pot unconfined
exp. time = ~ 5 months

®
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2. Hg-injection in auto pore
instrument unconfined,
recalculated to an air-brine
system

(o]
o
I

Credits : GEUS Core Lab

40 60

Water Saturation (Sw - %)




Porols olate gltfalls: loss of caolllary coriacs
aricl crain loss fror weeadly consoliczataec olugs
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North Sea greensand - Plug: A2

Air/water Drainage Curves

Water Saturation (Sw - %)

—@— Hg-data
—0—A/B data
A grain loss

Simultaneous measurement
of porous plate and Hg-
injection data on plug and
plug trim could form a very
good check on data quality




Capillery orassure conclusions :

Good results can be obtained with the porous plate and centrifuge method
if adequate time is allowed to reach equilibrium at each pressure step

Grain loss and loss of capillary contact may be a problem in the muilti
sample pressure pot method

Some reservation exist in the litterature against using air-mercury capillary
pressure curves to define saturation-height models

Experience from the North Sea chalk and geeensand reservoirs show that
air-mercury injection data can be used with confidence in setting up
saturation-height models

This is an important observation because mercury injection data can be
obtained at low cost and in a short time, ie. a large database of capillary
pressure data can be established for these reservoirs quickly.



Elecirical retnods: Forrzaiiorn Hesisiivity Facior =,
Hesisilvity Incex R Arcrile rr) aricl f):




Foretion Heslsilvity Facior, B

- F is defined as the ratio between the resistivity R, of the fully brine saturated
rock and the resistivity R, of the saturating brine

- R, Is proportional to R, , to the rock tortuosity L /L and inverse proportional
I to the porosity @ (the total brine content):

- F is therefore a function of porosity and pore geometry of the rock. 'm’ is called
the cementation exponent (slope of the regression line), and the constant 'a’
(intercept) often assumed or measured to be close ~1

-IIIIIIII-‘IIIIIIII
I A N

Capillary Model Conductor
a

0="x

A

Formation Factor

Parosity (Fraction)




RESTSUNIWAIEEYSR]

- Rl is defined as the ratio between the true resistivity R, of a rock partially
saturated with non conducting oil or gas and the resistivity R, of the fully
brine saturated rock

- Rl is then a function of water saturation (hydrocarbon saturation), but is also
a function of pore geometry of the rock. 'n’ is called the saturation exponent
(slope of the regression line)

North Sea Chalk, Por. 34%
Porous plate long ferm exp.

100 Saturation exponent n=1.71

Resistivity Index

Sw (Fraction)




Elecirical retnocs: Archiie FRE dizigrarr for @ correlatior
Arcrie 21 cdizcjrarr for Sw correlzation

x
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=
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Danish North Sea , Ekofisk Fm.
Porosity: 40 %, injection rate 0.1 ml/h @ Sw>0.7
Saturation exponent n = 2.04

0.1

Sw (Fraction)




HP LCZ-meter

2-electrode cell

Wlezistrarnant of Arcrile gelfzfeters:




Hesistivity measiraments: oosarvations |




Denllsh Norirr Sea el figlds: Elkafisic Fr (Denizrn criell)
‘srot-gun’ distrigution of ‘' aric ‘)’ clate




QosarVeatlons 2 : This unforilnzie sizie of ziffzirs zre
cue to lacking care ir) )l stages of lagoretory rasistivity
easirerant, [t nas rnot geer gerarally recogrnized

When is Archie’s eq. for m and n valid ?

e When is the core saturation uniform ?
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Sansiiivity of ine resistlvity ircex to forn-uUniformr seiuretior]
cdisirioutions: Mocel calculations srowiric effect orl
rmeastrec gullc B valle

(based on Lyle & Mills, 1989) SCA 2003-38

S, distribution

Subinterval
ex. 1 ex. 2 ex. 3

0.25 0.19 0.10
0.25 0.21 0.15
0.25 0.23 0.20
0.25 0.25 0.30
0.25 0.37 0.50




Elacirical metnods i core analysis, ogsarvetions 4
Eciuiliorivrr crainzige using 2 goroLs glaie:
fop ~ 3 Yeers,

A uniform saturation distribution may be a hypothetical phenomenon in chalk plugs.

Pc (bar) 2.0 2.5 35
Bulk Swprop 0.890 0.543 0.266
Mean SW,IMAGE 0.929 0.507 0.211

Fig. 2.13. Quantitative water distribution in sample M16H during porous plate experiment
determined by CSI NMR. Grey tone scale indicates water saturation: white: Sy, = 1.0, black:
Sw =0.0. The porous plate is situated at the top of the sample, but is not visible in the figure.
In the upper fifth of the sample the porous plate destroys the NMR signal, resulting in an
elongate area with spurious data values. Field of view is 4.7 x 7.0 cm.

GEUS Core Lab.




Oil saturation
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Case story: Static displacement at overburden conditions in an oil-water system
using 15 bar porous plate: Disequilibrium even after 6 months drainage.
Measurements at low capillary pressures (high water saturations) may be skipped.

(additional examples in Sprunt et al., 1991 and Maas et al., 2000) Springer et al. in SCA 2003-38

North Sea Chalk, Por. 34% North Sea Chalk, Por. 34%
Porous plate short term exp. Porous plate long term exp.
. Tangentn =2.4 i Saturation exponent n=1.71

Resistivity Index
Resistivity Index

0.1 0.1

Sw (Fraction) Sw (Fraction)




Nortrn Sea criall figlds: Trnea elecirical facigs coricagi
for ine Saliclorme grovirice (chell is slecirczl Homogansans
aricl sirnole on e regionzl scale, inline with girflgr 0gserveaitiorns).

Archie's cementation exponent for Archie's cementation exponent for

Ekofisk Fm, m =2.04 Tor Fm,m=1.88
number of samples: 23 number of samples: 37
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North Sea chalks, petrophysical properties:
Upper Cretaceous Chalk is an Archie rock

SCA 2003-38

* Observe unimodal, left skewed Hg-injection pore size
distribution due to = silica, clay and small grains

* Tor (Maastrichtian) r,, ~ 0.6 um
Ekofisk (Danian) r.,~ 0.4 um
L. Cretaceous e, ~ 0.15 um @ 35 - 40% porosity chalk

Partly after: Jakobsen et al., 2003 and Andersen, 1995

Permeability (mD)
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Elactrical metriods i core anealysis: Doeas i
frlelttar to care 2oLt elecirical gararnaiars 7

Sensitivity of calculated water saturation to saturation exponent "n”




Formation Facior Vs Porosity for e rerige of i
arferieio] tor
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Formation Factor Varies
from 25 to 95

For F = 45
(p Varies From 10 % to 21 %
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C20r0CK r8322C1):

Oyservetions relatirig to ife sezlifcg orogeries of cao rocks
(ref, Dewnurst, (arce & Aolin 1999);

“Mucsiane garmeagility very oy L0 grdars of grecjniiticle, sl
0V B orcars of e niitcle g 2 sinelle gorosiny”

Mter of tne raricje (In gerreagllity) et e civer 0orgsity carl ge
axolzinacd 9y difierencas in ofrelin size cnc cormoziction”

Yo inare are axirarnely faw relizigle gerengility e for well-
crlairaictarizeacd udsionas (nost guolisnec etz zire ealeilziac
irop dne different rmoclels).




The majority of caprocks are shales

Mudstone porosity

(After Magara, 1968 — Compaction of Neogene mudstones)




Cagrock sezl rtagrety

CGelg, ligjuld ar 56C0) ey Invede e sazline) cagroci
OV cliffarant reeins:

=xcaadirie) trie cagillary eniry orassire
Fraicirirc) ife roci
Diffusiorn ig trie lieuic orieise ailanef ozl goLiricleiries

(not irezisd neare)

Non-wetting fluid raising below the seal




SACS Results: Seismic Monitoring Works !

After three vyears of injection

Simulated picture of CO, after three years.

Largest bubble 800 m wide and the total 200 m high.
Ref: SINTEF Petroleum 2001




C2l0 fOCcK 0rooerijes

=xoerinerniel cate graferrac for 2 caorocic szl
celgalcity test

Minigralacficzl corrlgosiilor (c|Lizipfiftaiiiye )

Grellf) size [ gore size disifigitior

Soecific sirfaica afgel [ CEC [ TOC
Porosity airicl ogrrneziollity (relaive o2,
Corozcilon - effgcilya sifass

Cagllleiry ziniel iniresridlel oregsiire gl io €O,




Grzllfl slze aric soecific surface zifesal

Important data for characterization of caprocks
Fast and inexpensive to obtain

May replace the conventional caprock test, that is difficult,
slow and expensive ?

Fig.21 Well:15/9-A-11: Grain size distibution Clay fraction Noger Spec surface
<2um [wt-%] area [m?/g]

88 | 2 |
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Tagilrig caorock sezl grogerijes:

A liquid or gas pressure is applied — must
to the upstream end of the come out !
sample, and pressures as well as

Injected and produced liquid is
monitored.

Diffucult due to creep (slow
adjustment to effective confining
pressure caused by very low
permeability)

Takes long time

Requires leak tight precision
equipment and temperature control.

Using CO, is demanding due to I

corrosion problems and high mobility

h
of CO,

G EUS




Ecjuloment Useed for caogroci igsiirlg);

Reservoir condition rig for measuring liquid permeability and
threshold pressure of caprocks, down to ~ | nD ~ 102! m?

max. P ~ 700 bar, min. dV ~ Inl




Sleipner cap-rock, sample C#3

a' =0.0053

creep = 0.0003

Permeability calculation 1

y =0.0059x - 13.488

y =0.0056x - 13.377
R?=0.9996
y =0.0053x - 14.728
RP=1
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