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permeablllty, the effect of 1ncreased net conflnlnghpﬁ}

pressure on absolute permeabllzt%, an& the comblned =

'u.fffhﬁ effect of elevéted temperature ”‘d. net conflnlng -

'3*21 pressure were experlmentally anestlgated u51ng three;l

‘. . -

dbfferent porous medla. -

oo USLng thermal expan51on prerrtles of. varlouspi‘

. o ' -
'*..mlnerals on-. a nucroscoplc scale, predrctlons were
. ‘

h made of the effect of 1ncreased temperature on the:.j'

Asshmlng constant net conﬁlnlig pressure,'glt was“"

postulated that heterogeneous reserv01r rocks W1ll
\

xperlence a- small 1ncrease 1n permeablllty' w1th7f

b

temperature, and homogeneous rocks w111 show 11ttlefih

or no effect - phﬁﬂ 'Ma’*'j_r}fﬂ__.ffV”'h“ T

L ,&L' Thef results -from testlng barried 'outkﬂon."
%5, . 2 ) . . .
‘x-fﬂ \arglllaceous dolomlte, clean llmestone hnd “Clean.

::;;§_ fr " _ . .

‘Fandstone ;at temperatures }uéjt' 325° | (u51ngpif

nltrogen gas as the flow1ng fluld)vagree w1th gpe}i
theoretlcal predlctlons. \Results p btalned ;by';”
prev10us researchers were rev1ewed as well and also::“
{’agree w1th the theoretlcal results .'fj': |

Matrlx strength. graln orlentatlpn, beddlngguh

S planeS and prev10us stress condltlons were

aoL
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“hi absolute 1 permeablllty ﬁgoff consplldated 'rocks.laﬁf
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U7 NOMENCLATURE AND. ABBREVIATIONS

)

Absolute Per(reablllti (K or K: ) The permeablllty of

a porous medlum when saturated v&th a srngle fluld

Umts are 1ength squared. Co f” e
fx—lasakenberg Plot' Recrprocal Mean Pressure vs Apparent

-f_": Pefmeabllrty, _for gas flow:mg through porous medla.',‘ The

. ‘.lammar flow reg:me appears as -a’ llnear°~portlon whn,ch ~.
ma'y be exférapolated to zero recugocal mean pressure to
.':fgdetermlne KE. f.ﬂi_fsf.“{;:-iﬁ?ig:; .

’ _‘Net Conflmng Pressure— (NCP)~ The dlfferenCe between

overburden (or conflnlng pressure). and mternal. pore

R
.

v_pressure. T A IR

Sl p Factor (TD) T Qorrectlon factor to- account for gas S

- '--;-_-.'sllppage when calculatmg absolute permeablllty where

'"qas ls the flowmg fluid. I AN

S T Dlagenesrs. The conVer51on of sedlment‘, to rock

. Mean Pressure (P ) o The average of the mlet ?a'fd .ou‘tlet

3 " ‘pressures of a fluld flE‘Jw:Lng through a sample, _

'Mean Free Path (A) The average path length of .a. gas .

B --molecule between collls:Lon§ Sllp factor J.S‘ dependent
C e W

:,‘o.n_man_free path. . . :__~-_¢* B S
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Hcmcxleneous Rock - Rocks composed essentlally of one '

m?neral such as quartz or lmestone._ ‘ e

’V.

tétrahedron,‘ Includes clavs, shales

Carbonates
- » B I'

LR

Calc:.um compou.nds,- prnmarlly dolomlte _

(CaMg(CDS)2 a.nd lamestone (CaC:O) L

Consolldated Rock - SOlld rock mass w1th grams eemented e

togethet

N

Isotroplc st}ess - 'gondltlon where stress alonq any axis

1

1.n a body J,s um.form, such as would be found in- a body; S

._'

-'subnergedma-fluld. ' | e

. .
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i 1 o . °

Anlsotroplc stress - condition. where ,streSS'_d;‘_ffers-

- u L.y b, . ‘. ‘»I L -
between axes. . o
R A . ey 'y
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Elastg:c modulus - ’T‘he : raqio of streSS to ;'c°or'~re'sponding

. . . S °

.stramm‘ B .
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partlcularly

Clay Swell:m : _; Some | Clays, -

mntmorlllOmte, w1ll take on water when in contact “and -.’._5 -

L]

. . e N ﬁ * -
can swell to many tJ.mes orlgmal size.”

Mlgratm“ of Fines - quuld flowmg thirpugh - .pores may

dlslodge clays from the pore walls, whlch in tyrn w1ll

vcauSe blockages to flow. :
; C . 1.

MJ.neral oDlsso'lut:Lon - As segmbﬁts ja.re burled j:he i

: mpreased temperature and pressure w1ll result . m scme

: .. - v
- el a
¢ e - ‘e ‘}.‘

e’

B T
. ew



. ;7,'_-5-“-‘:

i

Recrystallzatlon 5-‘The

‘etMacroscoglc - Consldered in terms of unlts Wthh can be
AU R R R _\v~-

'Elastlc

ffPlastls'

‘ 1n the rock pores.

- pore spaces o o . e

;Argillaceous - rocks containing clays'orfshales.

mlnerals .in'. solutlon,«; Usually 1n the "form§

— :
Alntergranular cement

’. n

r',

-DeformatiOh 2, § Deformatlon j'whiCh:ﬂ»”'s

'lnstantaneou51y reverSLble when the stress is released

Deformatlon ?

: ?when a materlal is stressed beyond its elastlc llmlt ’7’:

-

'f”Hxstere51s = Chanqe in propeflles at orlglnal condltlonsi

due to outside forces hav1ng acted on.a body rf ;”;9*-f‘

L

l;Pore Pressure - Pressure exerted by the fluld contalned"k

7Overburden Pressure - Pressure exerted on’ a rock by the

WElght of the overlylng.strata 3'il"

Rock.Matrlx - SOlld portlon of a rock surroundlng the

S

. . . o .

\
4

formatlon of new uunerals fnmn'“ o

o

Permanent deformatlon occurrlng -



1 INTRODUCTION

'. .‘J-o .

v, fL

Absolute permeablllty,.la ;ba51c paramefcr Uin;‘"-w

- t
: reservorr englneerlng, 1s tradlllonally measured at

RS

ffroom temperature aﬂd a low conflnlng pressure.“-As,ZQ”"

r

'jf»'ff»‘ga;jresult,3"the” same value iof pe*meablllty

ff{generally applled at all temperaturms and pressures";

{_from the tlme a reservomr 1s 1n1t1ally developed

-"rf":l funtal 1t -1s~ depleted Durlng thlS tlme rarge

ll“'pf‘ﬂf-Implementatuml of a\steamflomi og flreflood could

B T G
SR A result ‘in large temperature varlatlons -as well
N . : : o e
R Althéugh :substant}al research has already been
. RN
. '”,carrled out on both. the effects of 1ncreased net

‘”“conflnlng pressure and elevated(temperature on the
. 1 . . i

¥

al
0.
O
T

o~

4

Q:f Wlth carbonate rocks. -Altﬁgugh the effect of

\ﬂlncreased net conflnlnq pressure. on 'vertlcal

and horlzontal permeablllty has been compared

e :forf'sandstone samples, these"effects‘,haveﬁbbpﬁg
-_ '!rapparently vot# been f 1nvestlgated ,{,rorf767*7
'f “carbonates.' Research on“the effect af elevatéd
' ‘f_temperature ls’l;cklng for carbonates as.uell

sA Substantlal amount of_Albertals hydrooarbon
"V:fureserves are found 1n carbonate resetvoxrs._;tpfwf\
y ’ ;l: -

:labsolute permeablllty .off consbl)dated reserv01r13“

further research justlfled f.rf"therf’:

thtle of the work done 1n thls fleld has been ,f.

'“;changes <1n net conflnlng pressure could Qccur.lﬁ R

y

-y . following reasons-‘;ﬁs .v** | f;.-WVTﬁi~J: B P
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PR Many of the prev1ous researchers used llquldsf“V
HQQ*ﬂfl~fi g;'f'as the floWlng fluld 1n thelr 1nvest1gatlonsnf"‘
Reactlons between the flu1d and\.the rock matrlx:‘v::

tf~i;}ﬁw :%ﬂ'flsuch as Clay swelllng, mlnegal dlSSolution and'm” .

: N mlgratlon of flnes are all dependent on tlme ash; '
E'eﬁ_*p“fyf{?'}¢ well as temperature,Zand could have affected

ECE F,QVZL the resu1ts of any ~research whlch utlllzed

liqulds

o o . . - » . . _ ..

,l';'};f?ZQ;_ Ex1st1ng formulatlons, developed to predlcﬁ theﬁ@

3

determlned by further testlng (see Chapter 3

l;-fbf“q'¢ ‘i f Rev1ew of Ex1st1ng Correlatlons) A method of:l

T maklng reasonable qualltatlve , predlctlonsff

e

*g;f.~-ljff_;}'concernlng the} absolute permeablllty fijgff

N L ';y reservolr‘ and utlllzlng known geologlcal-.;
S propertles and history was felt to be lacklng g

[ 4

'?""ﬂ}" In thlS 1nvest1gatlon,_1t‘was hoped that 'byﬂ7f

R studyrhg the effects of net cohflnlng pressurei.-'

nd temperatureLon absolute permeablllty, and7.

e

by' correlatlng thé results_'t_] what37was'l

@

;ny;"-fnidffﬁﬁff phy51cally happenlng to the 1nd1v1dual gralns .

.

AR ' e
o in zgthe; rock matrlx, : loglcal and 51mple
. Lo € L - . ‘,

-_»-,'r_b;explanatlons for the results obtalned could be

cformulated—vgf'r

R A . A . . . o o \“ <

i effects 'Qqﬁg net~; conflnlng "pr:ssure ;ﬁd /"x

- fi temperaturee,.on' absolute permeabﬂ;ltyﬁg_?ailxﬁfrﬂﬂf



Flow tests were carried out. on a.variety 'of

s

- limeStonel'and'édolomite samples at isotropic. net

o conflnlng' ;pressures _‘up_ ‘to , 6000 psi and . at

rtemperatures ranglng frdm 75 F to 325°F, fﬁitrogen
'éas was used as the :flow;ng fluld to jellminate
the possrbilrty_ ofhrpactlons-ocCurrlm;fwithcthe*
'Tochvvmatrir;tias_’peli_;as ~to ;minimize partlcle_"
‘vmlgration,-v\fn‘vall ,casesl.conventlonal,‘Klinkenberg:u
'lPIots*‘Were'used,to:determine absolute”permeability.-'

and sllppage. e W

‘o 2 £

Net conflnlng preqsure 1s tradltlonally deflned,

as the overburden pres%ure minus. the pore pressure

e,

_For the purposes of thls study the mean flow1ng
‘;pressure through each sample was. assumed to be the

a pore,.pressure; ' typlcal reserv01rs ~-the net
-‘ = '- .‘ .’ \ i ! . or ) 4 »
~ confining pressure would'seldom exceed 6000 psi.

Since . nOrm cores are cu/rom a,reservolr

P

.fgw1th the longltudlnal ax1s' of the core hav1ng a

'fvvertlcaln orlentatlonh' the / ma orlty " of studles
{ ma3 . y

N .

) carried'out on. thefeffects éﬁ\:et.conflning'pressure)
~.on permeabllity measured lthe, effects on.‘vertical

'-permeablllty only In order to study the effects of

'net conflnlng pressure on horlzontal permeablllty,

31t was necessary to‘ cuts a small plug w1th “the

'longltudlnal ax1s orlented 90 to‘the lopgltudlnal
vax1s of the core from whlch lt is cut

See nomenclature

b -

v o



. . .

~“This type <off,sample will .be referred- to as 'a

"horizontal" = sample in this study. while _the

- donventional core’ Will'_be5_referred_ to as Ta

"vqrtical" sample.

In a typlcal reserv01r the longltudlnal axis
o

ofi the'»horizontally orlented sample would be -

24

'parallel to the bedding pla' 5. and be 51tuated atf

. 2

right angles to. the major pr1nc1pal stress,'whlle
’ the vertlcally orlented sample would cut across the".

'beddlng planes and would have 1ts longltudlnal ax1sy-

, parallel~ to. the major -prlnclpal stress. Studles'
‘At'u v . L . .
W 1ch 1nvest1gated the effects of .net conflnlng

‘o
o

pressure on horlzontal permeab;llty 1nd1cated that

the results dlffered somewhat from those found on .

is'the ‘gertlcally - oriented samples.' Although ,most
"hfluid fl0w in reié&voirs‘ is ~in the horizontal
'idlrectlon, both - types of permeability are of
'1nterest to the resErv01r englneer. y
‘.Both vertlcally\ and - horlzontally ;oriented
samples 'were~ tested to determlne i¥ “7ﬂg two
permeablllty types would react dlfferently due.to,
prev10us‘. reserVo1r ~ stress condltlons, graln
orlentatlon, or beddlng effects. Tests were also

s ‘ﬁ’ . .
conducted on both types of” samples to determlne 1f\3?»

”hystere51s effects on absolute permeablllty would &
result from hlgh net conflnlng pressures. o
/ a0

The temperature range chosen for thls study was

. ‘ _ S L. s
\ . . . s L. X . - . 4.
. . — , e o ; .

.‘ci

P ‘__".
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- intended to cover the range of temperatures which

would be experienced in a reservoir undergoing a-

]

. steamf1ood. In most steamfloods the reservoir would

eventually be invaded by the steam itself,,ﬁbwever.

the object of_this investigatioﬁ_was to determine

. the effects from elevated temperatureidnly.

One dblqmité'core was subjected~simuﬁtaneously

to  elevated net * confiningv.‘ pressures and

températures'to determine if ‘the combined effect on

_thélabsolute perﬁeability differed from the additive

effects of each variables«—

&

Y

¢




S 2. LITERATURE SEARCH

a)

\ B . . B .
Regardless " of the %luid saturating the core, the

Numerous laboratory'studies have been‘carried

out on the tOplC of the effects of net confining

pressure, and/or temperature on ,the + abscolute
N : .

: permeability of consolidated rock Much of the work

‘was conducted using oil or water as -the saturating

fluid, however some of the tests utilized gas.

’

results . are all of  interest to "vreservoir

engineering, since 0il, gas and water may all exist

in any.given reservoir. ' Y ra

Effects,of Net Confining Pressure. -
& As(a reservoir is depleted.the pore pressuge
decreases while ‘the overburden remains constant,
s q. : . .
resulting in an increase- in mthe net _confiniuq
pressure ou the rock matrix. “As net confining

pressure is inoreased it would be ekpected‘that»both

plastic and elastic| deformation - would occur, .

:resulting in decreased permeability as well as

porosity. Converseiy, it could be expected~ that
cores vremoved from reservoirs ; at reservoir
S : o :
conditions would undergo - some :expansion prior to
permeability measurements being#aken; in the
laboratory at low net confining pressures.

Early work in this area concentrated on

determinind the effect of radial and/or axial stress



it4

~on the permeability.'and porosity cf"consolldated :

rock. _in\ 1952 Fatt and Davislg'made' one vof_vthe."

tirst advances in this area when they found that
' » T e e T -

permeability heasured lwithfnitrogeny,at confining

pressures of 15 000" p51 was" 25 to 60% lower than

that measured~at zero,conflnlng pressure. At net

-4

confining =~ pressures of _ 3,000 psi (20 ,MPa)"

(equivalent to ‘about 5,000 feet (1,500 .m) of.

7 R
v . A

'overburden' and hydrOStatic ~pore"priess'ure); they

,found decreases in permeablllty of lO to 40% in

sandstone core plugs. " Gray et al.z.contlnued thlSv‘

| work in 1963 and . determlned that unlform stress

resulted in the maximum decrease in permeability.
LTy . . . . . MR Ny

& . . R b -‘ h 8 . ! .
HoWever it was recognized ‘that‘fhorizonta

, . stress
o ~if

would only be approx1mately one- thzrd of v,rtlcaldﬂ

stress,:jnder normal reservoir condrtrons.» “They

carried.

sandstone samples and found that, accordingly; the

szhorizontal flow results were affected :to a much'

-,

lesser degree by 1sotrop1c net conflnlng pressure'-

than were tlie. vertlcal ‘results. AAs well

attributing their7results to the anisotropic stress
0 . [

condltlons in the reservorr, Fatt and Gray suggested;

- ’ ’

‘that beddlng effects and graln orlentatlon were . also

respon31ble for the dlfferent results they recorded

in the vertlcal and horlzontal samples tested

Y

out horizontal and vertical flokltests on
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ifhystere51s ef%ﬁ@
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N In _1969 Aflnogenov3' carrled out research on‘

sandstone rock samples us1ng transformer 011 as’ the

-flow1ng fluld; He observed permeablllty decreases

2.

up to 40% at l 500 p51 net conflnlng pressures, and

(dependent on the amount and. type of cement blndlng

the gralns

determlnlng p

‘

'utwhlch contalned two rock spec1f1c pa?ameters, both

"ik-of whlch had to be determlned experlmentally i,flf:

= Valrogs, 'Hearn,, Darelng and Rhoades4 carrled

out a study in LB7l whlch-_lncluded several;~

. o d .

carbonates. They observed at,. ;in generalff the

lower permeablllty cores were affected more by hlgh

&
het conflnlng pressures, regardless of the rock

type: They also found that the presence of shaleg"
‘v'streaks and halrllne fractures drastlcally 1ncreased_

a rock's degree of permeablllty reductlon due to.f
w ,

Y

only in {kmﬁhey'~,dasplayed more: _pronounced"

‘v\“.>

’v s

In 1975 Jone* found a significant..lossu-of‘

e

permeablllty in fracturedf'carbonates ‘with net

5. B
\ »

confining - Rressures of the magnitude'ffound’ in
depleted reservoirs 'deeper‘ than 2,000 feet . He
f‘developed a nomograph for predlctlng permeablllty,'

reductlon with lncreased net conflnlng pressure in

®»

ether »'He postulated a- formula for‘

>

viconcluded that the compre551b111ty of the rock is

eablllty under 1ncreased pressures;_*

'4',stress:- Dolomﬂﬁes tested dlffered from sandstones""



¢

fractured -de;se ;carbo/;les Rock' 'spécific
'parameters ‘were -not re uired- to use the nomograph
~and’ it _appeared ~to 'je accurate to . within 10%,
'howeVer it could only oe” usedsgforl fractured‘
reservoirs;; '
”.In ‘1978 Gangi’6 also\ studied' the effect »of

- overburden pressure on ‘fractured and.'uhfractured

porous rock. i‘fxi‘“cal equgtlons whlch he developed
characterlstlcs whlch had to be determlned througp
. testlng ' | -

.Low perneaballty sands were studled by Jones and
Owens7 in l98Qq to determlne othe effect of net
confininge'pressure” and ‘éés“ slippage on thelr

:zpermeabilityit Tests carried‘out%on-3/4“ (1.9 cmlr
horiaontal vplug ,samples‘ indicated"that generally,
lower‘permeabiriti;samplegtare affected to,a greater
degree 'by: strese’ than are "higher- permeability

'samples. Absolute permeablllty decreases as hlgh as

-3Q$ were measured ato 6 000 .pPSk net, conflnlng

\

- _pressare (NCP) When Jones 'and Owem'plotted the

-0 \ -
cube root of permeablllty agalnst the logarlthm of

the -NCP,_ a sﬁraqght line relatlonshlp was found
'with dlfferent .'samples "rhav1ng varylng ’-slopes

dependlng on thelr response to 1ncreased NCP.

b) Effects of Elevated Temperature

\

' The-jstudy of' the effect of -tehperature on

for each case '\requlred knowledge of '-rock S



-’absolute‘ permeability% started 1in 'thén'late 1960's

"when Greenberg et al.® carried out tests (with 'no

conclusivej results) on« artificially consolidated

g \ . S -

porous media.v Thelr work was followed by a number

of researchers . who neported @arlous results.

AfinodenOVB“ in. 1969 .ekamined» the etfects of

temperature on the permeablllty of sandstone r'ck,

samples and found a large decrease 1n permeabllltv'w

i)

to oil With 1ncreased temperatures up to 200 F.
In'1972, Welnbraﬁdt, Casse and Ramey studiedl;

the . effect of temperature on;absolute‘as well ‘as

e

relatlve permeablllty © of. sandstones.\»{_ At
I N
temperatures of 175 F they 'found” the absoiute

permeablllty to water decreased as much as 50% over'

PN
the absolute permeablllty at room terefature. They

’ 1N

~.also 'obserVed- that when' the temperature of the_
~sample was returned to room temperature the absolute:
perme&blllty ) 1ncreaSedw ‘to. the 1n1t1al value,”

'suggestlng llttle hystere51s effect.

10

Casse and Ramey10 carrled(out further testlng_"'

' at elevated temperatures with dlstllled “water;h
. ‘mineral oil, and nitrogen; and in 1979 reported,thatvf
they helieved the decrease-in permeabilitynfound in
sandstones previously was due to a temperature
dependentrreaction hetueen_the clay or ‘sandstone aha_‘~~

the dlstllled water. Tests‘carried‘out using o0il "

and gas resulte in a slight: lncrease and no change
1 % £ .
R d :

L . B

iy, b



‘temperatures up, to 300°?;‘
) ~12

: carried - out '.permeablllty ’-determlnatlons “for ..

..naturally consolldated SandstOnesf. at elevated 7

‘Aruna ll 1n 1976 and Aruna et al. _ in.l977;

. T

Cin permeablllty respectlgely, for a range;'qfﬁ;,“

emperatures. : Thelr testlng 'showedb little or no N

' temperature, dependence' when ‘white *miﬁeraf'fbil;”“'““'“

nltrogen and 2 octanol were used, ‘as the 'floWing'

)
flUldSh A reductlon in permeablllty to water w1th

increased,-stemperature was attrlbuted tb':-an 5 

interaction between  water and silica. A limestdne

sample;~ teSted;'with 'water, showed no temperature

tdependence of permeablllty
13

~ . - |
In 1978 Aktan and Farouq Ali~~. studied -thermal

@

stresses induced by hot water injection using. a

5

”mathehatidal :hodei. They assumed that . horizontal

.stress would be 60% 'of vertlcal stresk -in the

“-[reservilr, but théx_\to accurately digermlne the

‘ex1st1ng state of stress, the elastic moduli at_ the

‘prevalllng temperature had to be used . AS"well,

‘they concluded that thermally lnduced stresses would

dominate pore and mechanlcal stresses ‘at ™A1 igher

-tenperatures (up to 500°F) . Aktan and‘Farpuq Ali,

also predicted that \microfractures produced by

M

therﬁal stresses ¢caused by heating would increase”

permeabl lxty. .

4

After carfylng out exten51ve tests on Berea

»

>



:fresulted ln the perméablllty damage measured

- jc_:')'gv

PO

@ ' T A

sandstone cores in. 1980 Sydansk14 concluded{ as did 'Q';,

Casse and Raméylo that sahdstone dlstllled ‘water

permeablllty (measured 'at _a spec1f1c amount of

-

dlstllled water lnjected) decreases w1th 1ncreasrng

floodlng temperature. He found, however,athat the'
permeablllty us1ng 3% NaCl water was not a‘fecﬁed -

"51gan1cantly by 1nc.reased_ »floo% g t?(peratur.e. :

Sydansk also showed that a plug flrﬁat, ~100_0 C

dlsplayed less'permeablllty reductlon t did plugs .

“flred-at 450°C, and expLalned the result as belng

3

-

due to thé addltlonal clay stablllzatlon resultlng

b . .

;fromv -the- hlgber temperature. f He reasoned that

-

clay partlcle mlgratlon, as well as clayuswell;ng,

o

e

»
°

B

Summary of therature

Research carrled out on the effects .0f net

. [N

fvconflnlng pressure 'éﬁ f absolute permeablllty

4 o

' may be summarlred as follows-

.
[ 4

"l):‘ A decrease 1n absolute permeablllty occurs w1th

f}jflncreased net conflnlng pressure for all rock

types. Lower.permeabllltvlrocks seemed to be

. i v FY
-u]affected to a greater degree. | -
.

”“-;ZY;'[The'f effect ;on'. horizontal and vertical

"ﬁfpermeablllty from "increaSed net - confining

7 pressure . appears “to- differ somewhat - in
j.b sandstone ‘ rock B samples,‘* withA horlzontal
ﬁpipermeablllty belng affected to a lesser degree

‘-

|

12



1y »Thé selectlon of the row:;? fluid-used is“&ery’
'ﬁfﬁi -1mportant, as many 11qu1d appeared to react
Y
T w1th cIays contalned in the rock matrlx.
2). ‘Where reactlons w1th the flow1ng flUld were not
‘,evident,_ temperature effects appeared to be
very minimal,  although few tests were carried- -
‘out on carbonates.:
/_..‘
e d
' S ) Ca ,
- . ‘).
. ; “ .
' . o » .
. - e . (
! R i
T # - k4 » , ’ " & :
NG ._‘\' . o .?PI' £ \4!’1‘ RO &
- s ) ‘:’w ' f
L . . '
e R . '

L o : H ) ° . » ’3 .
et then vertlcal._ .
3). 'The presence of fractures Ln a sampke 1ncreased
,the degree of permeablllty reductlon due to
'"'Stress,l : f :,‘:2'”“ N

temperature _oh ' absolute fvpermeabll;ty

summarlzed as follows-”

'therature on the effects of elevab;;

N

\

Fin

':,13



i'fiwhlch may be used -‘f represent the' change_’in ﬂ:

"a:fconfining'prQSSure:;iif o
A ;1°'fxt*max 3;f~ L Gey
R KK/K ‘f_l VBPGE'FQ ) R (3-1)

Where:

? Y .
- a)
N\,
s

‘iaREVIEw OF EXISTING CORREL&%%ONS e - -
*Pressure Effects |

In . 1969 Aflnoqenov3treferredctodthe'following'

“-

~

'_permeahrllty- whieh .occurs w1th"changesi"in5}nett.

-.the% 3value dependent cn pore compre551b111ty and

«

Wpore space conf]guratlon,:determlned

fexperlmentally.‘ e

min,/ “max

f max1mum NCP,,and the NCP of 1nterest,.1n atm.vf[a

..

Mean ‘va £ o . -
e 1ues o °m1n and omax are taken to be

13 5 atm and. 1700 atm reSpectlvely

Afenogenov centindes"}te say that the' pore'

compre551b111ty 1s dependent on the amount and type"

'“emplrlcal formula,_derlved by prevrous researchers, L

;2? = 1compre551blllty of the pores at 16 20 atm,r.af
) unlts are. atm k. _’ '
- P Cohax .. omax . ey
) = o+ ISR 4 1434
Flo) . cmrn' (o/log m1n> {1 g_gmln_+ 434
o gmin - gmax
= omax *°9 onin * 4301
h'where,‘c F ;'o.r'; and o are the mlnlmum NCP

;
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. o
-»apparent that although thlS equatlon may be used to

';wfandfspb

; Sort that Jis carrled out

. v .o . . . . : o
‘pressurét“ f“ﬁa, S e R

of cement blhdld@ the mlneral gralns,-ahd may vary 'l;ff~h

from 1. 7 X lO¢ to 7 0 X 10 4ﬁatm l or more.; Iy 1s #f}{

s 4

predlct absolute permeablllty w1th some accuracy, 1t
\ . o A_).

&5,

2
would be necessary to flrst ascertaln the values of
\ . Hre

i,-whlch would requlre testlng of the same R

P
- .

,1n7:this 1nvesthatlon

v

. ¥

After results had been obtalned from testlng, use of;f‘iﬁl

.\,

the equatlon would no longer be necessary If these

. . °

'-rock 'spec1f1c pagpmeters could be stlmated for';”

. S -
varlous rock types W th some conSLStency,_however, .

- thlS : formula' WOuld be. useful ;in predlctlng'*

‘e

permeablllty lOSses w1th 1ncreased net conflnlng'7

’ . L . N Y
L]

Gaﬁgie.déuised_the:followind model;for-yhole:'

~

.porous rock:- ¢ T T

K/K . =

¢'{1-Cole+Pi)/P6l:.-} f :15 ;f | B _;a‘f3-2?v

finitial‘permeabil@thof“loose Qnain‘
‘packing - L v oo g

' E

¢ .= a constant (dpproximately =2) deperdent

én packing T B

A .

it

.<"equ1valent pressure dueftO»cementatiOn'
Jand permanent deformatlon of gralns

_'P"T;éﬁeffectlve elastlc modulus of gralnsb

..



'_tobtalnlng these parameters would be to carry outj:rﬂfﬂf
“,fpermeablllty tests (on samples from the reserv01r of

e 1nterest) at varlous ‘net conflnlng pressures,“ and'v_-”'3

b).

. empirical ﬁcl@a N

A(P/P) K e e .(3,3)p; uT;;

CUR/K =

K

gralns,i*and- 1 3was”~1ntroduced to. correct .. for:

;deV1atlons from thls. ,As 1nvKuatloﬁt3—l, howeverh,f_

"'.' T.ow T

it 1s Stlll necessaryvto:haVe"reaSOnably aCcurate’

Voo SR AN

ﬁvalues >£0rf‘CIT”‘Pfj ahdlgPé”Jbefpre_ meaningful

o' it

.restlmates of permeablllty atv'different‘fconfining

A

' pressures cap be made. Agaln the Smelest method of

.match tbe.equatlon_to theacurve.g

Temperature Effectslhge~

‘Somerton and Udell > suggested the general

ll‘

= (’I‘/T )

where: <

‘K=:. étjabsolute permeablllty at temperature T

| ;.:“' :and pressure P | -

,K :r_=:"apsolute permeapility'atvreference_‘
_téaperature:T;5audipfessure'Pb .

.

"WQ{Thispmedelf was aeriued assumlng sphericai-e



. A,bic, = constants whlch are. to be determlned

experlmentally for glven rocks.

Values of & —'0-'.00'4'1’ b =1, ¢ = -1.5 were felt by . :

~ N~ e

the authors to be representatlve numbers for"anff'i"

-y outcrop sandstone.” R i']]ﬁf mc{- '-ﬂ'v_-l“

'wt 1s'1nterest1ng to note that thls formula

'#-;COntalnnga- pressure'-term,n whlch suggests;'that;f

changes v»inp permeablllty ' With temperature :;are~"'

L. b
’ . -

'd¢p»

dependent on: stress condltlons as well : Inclms&on,‘“

,’( ,,’5

of thlS term 1s also mlsleadlng, as 1t may glve the:

false 1mpressmon that the formula could be used for
predlctlng changes 1n permeablllty w1th changes in
presgure as well As can be seen,.at T Td;gther

T/T term is equal to one., Slnce one ralsed to anytk

power 1s one, 1t is obv1ous the equatlon 1s lnvallde?,

RS v S . o

'5_for - predlctlng 'gchanges,,:ln- permeablllty W1th."
- . E NN . v ; i .
pressure.»' o

Somerton and Udell have_ furtherl_stqted ~that

research has- shown that Asandstones under stress_

'experlenCe decreased permeabillty w1th 1ncreased__iﬁ:y

<

temperature.~ ThlS has not always been found o be"

. true, fasﬂ,lndlcated by Casse and Ramey lo;i 'Byf
settlng the constant "A" equal to a negatlve value,'

'pthe"authors-jare: 1nsur1ng that , decrease vinf"

L

permeablllty w1ll .alway5'}5e predlcted f rf'and'

1ncrease 1n temperature.. F;nally, 1t was not felt

’
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that such complex reactlons such _as clay partic?e

- mlgratlon, quartz dlssolutlon, ‘and thermal expan51on

° -

-can be accountgd for in.a simple. formula,~as these

.

autho:s were4suggest1ng. .
. [ ® -,‘
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Proposed Theory

Pressure Effects

1)

‘Rev;ew

wp - . N
In a burfed reservoir, the weight of the

overlying'rock acts to compress the pore space.

\J

B The effect of ‘this overburden is pdrtially'

he pressure of the fluld in the pore
space,.however@ The dlfference between these

pressures ls referred to as the net conflnlng

- (or ,net confrn&ng pressure) 'is ‘defined by

~where

e

°

; for 1ow por051ty- sampleg, such o wquld g
. ; e =';!§ﬁ&d&&&&ﬁ, b

.

‘Skemptonls'u51ng the formula:

ar- e
: t!l - h
"\

.p!

I
)
)
-
|
O
n
~
0
o

(1e1).

P

v ~
. . .
N . A

. . 0 .
.p'= effecriveﬁstress or net confining

. pressure

\

’ 4.
‘P = conflnlng stress -

P = pore pressure
C =‘compre551b111ty of SOlld rock matrlx'

C ='compre551b111ty of porous rock

<

1 ’ ‘

For consolldated rocks - the value of pCc/C

2

pressure or effectlve stress. ffectlve stress

9

typlcally falls between =~ 0.1 and\ 0 5 o This -

’» “ 3&_ \N I

fractlon is somewhat dependent on. porosrty, and.V-

Coeew

Py




- well as porosity. ,Conversely,

found in colomite, Qbuld \probabiy be quite

small. ‘Where pore"pfeSsure is significantly

less than confining pressuré, and for -low

values of CS/C, net confining pressure may be

approximated by the equation:

p' =p - P : | L (4-2)

 ThiS forﬁula is Quite widely used in the

petroleum industry, and since an exact

determination of net-confining pressure was not

critical for evaluating the results - of this

'study, ~ this approximation for net confining
pressure. was used for -the purpose of plottﬁng
results.

, ©

It has long been known that increasing net

confining pressure causes " compaction which

'rggﬁlts ip'decreasedvabsolute permeability as

cores - removed

a
o oo e

from the reservoir 'will expand brior‘ to
permeability . measurements being made in the

laboratdry.' It has also been shown that the

“loss of permeability expériedcéd with increased -

net confining pressure varies with rock type,

as well ds with the rock's ‘stress history.

Rock specifip parameters suéﬁ as clay content,

LRV g
ot : ¢

‘cement composition, ciystal'st&udtqre,'grain‘
. ° RS . "' . . 8

"

20



N | 2

'size and_Qrientgtign, pore‘space distribution.
_and the prebencev of fractnres. could ‘all be
expected to affect a reservoir rock s, reeponse
to increased net confining pressure as well.
The primary concerns of this inveetigation

relating to ‘the " effects of--net‘ confining

Ipressure changes (for a specific reservoir)
were to determine: |

R How close . to. in sith l reeeryoir'u
| permeabilities -+ are the'. permeabilities
‘established irn tne laboratory (i.e. how much
'will the permeabi®ity change with a large‘:
'dec;ease‘in net confining pressure and;

—

2, Will there e a 51gnif1cant [éecrease in

horiz tal permeability as the riserVOir is
depleted, or as pressure 1is _drawn down
around the wellbore. : . o -

" 1i) Stress Model

1o

develop an understanding of what is\
happening in a reser&oir on 75 macroscopic
scaie,.aimicrOSCOpic modellshOWing individual
‘grains will be considered iFiguree;pA.and 1B) .
For simplification, 'grains are assumed to be
'tablet' shaped with the long axfg\h{iented in
the horizontal %irection, as' ~a. normally
“deposited particle.ijl'a sedimentary sequence

N . . . e N .
J,wo l1d lie. In’ carbonate  reservoirs this
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its elastlc range however,'would llkely _expand -

‘ﬁmore w1th. the, same ,change. 1n net conflnlng;

vy

conflguratlon could result from dlstortlon due
itg overburden stress’ ’or; recrystallzatlonf
(dolomltlzatlon). Sinceiit_is commonly;accepted
that 'the. effectlve‘ horizontai.,stress“”in“a;:
reserv01r 1s.approx1mately 60% of ‘the. effectlvef

Vertical vstress, fdependlng on thef elastlc

modu11 of the reserv01r rock,- it is"probabie

'fthat some plastlc deformatlon of the 1nd1v1dual;'

'gralns (or crystals) would ~have: occurred
resultlng rn a larger load bearlng surfacealngz*
"the vertical direction,. as deplcted 1n flguresls
iA and‘IB' oo _“ '£§%u -
Upon removal of net conflnlng pressure (as
would .occur‘ when brlnglng ‘ core'ftoejthe.lld.
surfacef, 'it:'isi"reasonahle ;to“'assudeA,soﬁe.]f;\:
~expansion of;thesrock;matrrk>wouldfoccuriin alijjg;
three dimens{ons.Z'Thedaﬁounteof}expansionfin_pri
each dlmen510n would undoubtedly depend on thei{“

_rbck type and its’ stress hlstory A rock whlchfﬁ

had . experlenced hlgh net conflnlng pressure o

'\ande fhadpl undergone stress f fallure f'and/or'

‘ ¢

recrystalleatlon would expand 1n51gn1frcantly

, A rock sample whlch had deformed prlmarlly in

pressure

The hypotheSLS could therefore be made thatw:



iii)

\

cores"from'deep reservoirs‘would*glkely:ekhibit"

,relatively smaller" cﬁanges‘”_in " absolute

‘permeablllty w1th changes " i . net confining

pressure.: Conversely, cores from shallow -

3

reservoirs would exhibit relatively larger.

changes in permeability tor a comparable‘drop

in net confining, preSSure. In général, -the’

geologlc hlstory of the formatlon w111 play a;

¢
large role in determlnlng a sample’ s reactlon

“to changes 1n stress.-_ Formatlons whlch had

/

"prev1ously undergone deep burial and subsequent

er051on and upllft fot example,' would show

llttle change in permeablllty w1th changes in

net conflnlng pressures. :

»

In thls study, hystereSLS effects, as well

25

as chanqes ‘in permeablllty w1th decreas1ng net

conflnlng : preSSure, were: 1nvestlgated to.
evaluate the relatlonshlp between. permeablllty

‘measured in commerc1al laboratorles it low net

[y

conflnlng pressures and permeabllltles found at -

grﬁpter net conflnlng pressure§ °uch as’ would‘

occur under reserv01r condltlons.

Horlzontal vs;Vertlcal'Effects

As previously . stated _tne "effectivé
horizontal stress. (P ) would be apprOX1mately-_i-ai

60% of ‘the: effectlve vertlcal stress (P fl in a



typlcal reservoir;'_ SinCe, porous materials"

experlence a decrease 1n compre551b111ty with

Al °

'lncreased stress, it 1s reasonable .to .assume

that the compre551b111ty along the horlzontal
axis (Ch) would be significantty larqer than
. the compressibility along 'the:nvertlcal axis

(C,). . Considering ~ that  some plastic

deformation ~  had occurred, . these-

‘compressibilities would differ atb varying

stress levels as well

By relatlng these . observatlons to changlnq

stresf condltlons “in reserv01r, 1t may be'

theorized how - vertical and °  horizontal -

permeablllty will be affected
: Inltlally, assuming typical reservoir
conditions:

r_* | .,u.

Qverburdeh or Vertical

" Confining Pressure (P_,) = 5000 psi
LPore‘Pressufe : (Pp) = ZOOngsi
and -
]
/
c./C. = 0.50
s’ Vv o
, c /ey, =0.35

AN,

26
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. o "’V‘ : ._‘ ".‘.’
N Effective : S :

< S R S

]

" Vertical Stress (P'.!)
D - , v cv

@t ’ ’ i .

15000 - (1-.5)2000 v

]

Rl

i

4000 -psi |

g

LA

Effective Horizontal .

Stress S ; (Phi): Q.ﬁﬁ(?v )

A .

0.6 44000y 7

[
L4
i

' = 2400 psi

é;;, by equating ;i’if ‘ ' .'.
h - Pch —’}1TCS/¢pr?'
. %ur . » - ',

the horizontal confining preSSqre_(P‘j)_may.be ;

»/"

|

L.
9
I

solved for (since in the;reséryoir it will_no{v :
equa . L i T ' .

, qual Pcv) o S ' Lo o :
. ‘ . o . ; . ) - . -:. ,‘ B
a . ‘ 'S ‘ - ! ' " ' o A' Lo !

, _Pch.f-fl"?5’ 2000,

2400 .psi-

Pen 7

‘3?00,9519‘

. ..
[ s e : 4
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-

ch

- Now, assumingﬁP ov and P 'remain'conStant and.'

: decrea51ng reser{@l

new values for‘Pv' and P

= 5000 ¢

o
i

b S RS

4500 psi

(an increasefof~500=pSi) "_< 11”'

- and _ ‘ . . ' : - SN ' - e

.3700-(1-.35) 1000

o
|

3050 psi

(an increase of 650 ‘psi)

RS
As thls would result “in a locallzed stress

‘anomaly in the area where the pore pressure was

¢

'reduced, it may notvbe an exact determrnatlon,

'however{'it apoears that  the stress alongrthe>

3

"horizontal axis would tend. to -increase at a

greater - rate ' than along . the hyertical' axis.

Sinoe 'the"compressibilityt factor is aiso}f

-

greater along the horlzontal ax1s, these " two .

' 9 > o .
factors. would both ‘work ’ toward deéreasing
'vert;cal permeabllltq/va% a faséer rate. tﬁun

horlzontdl permeablllty w0uld decréase 'w1th

»

vdecllnlng pore-%or reserv01r) pressure.

°

In the determlnatlons carrled out in thlS

'study, the congﬁnlng'pressure-was_lsotroplc in
‘ N Rt ‘ N

‘o

r pore pressune to 1000 p51,




'fgln_stress along.

" calculated. = - = L - sﬂ ':'fJF.QfQJ/17

. . - ~ N . N . L . S B :
IR VR - e c -
. o, ° : R
SI%e P K ; o

;
.-“

‘;.jnature and was’ he1d£ constant To . determinelﬁ"

o- 4y [

S B B
' dhow horlzonQé& and vertlcal permeablllgg=wouldv”

g be affected under these condltlons, the changes.

Ty

,the prlnCLpal axes may agaln be
- u.uf

. _“'

;-{P¢Vy=}?¢h'_ 4000 p51

TP &000 si
P?‘ p »

and assuming, as before.

i
o
TR

VGG

.35

o -

,jFQChf

P i.=f4ooq-(1 0. 5)1000

_':éd3500 pSl?f

@

~ap“i.;_4ooo—(1 0., 35)1000

'I%Ef?i3 fe'zdf%H3350 p51

./ Jow; increasing. cbnfining pressure to 5000 psi,

D

-l|

'Sboo;;7i1§o’5).1050" |
4500 p51 o

'-lncrease of 1000 p51)




i,h . ‘and el,v'f” o N A L
. \ " X éh' =-SOQ‘K_ .(1;‘0;‘35) ]_000
o = d3s0psi |
(an 1ncreasé‘ui‘1000 p51)
. . - . o :_ : . 'Q

.Under these condltlons 1t 1s apparentathat ‘the

’effectlve stress. 1s 1ncrea51ng the same amount
AR '

r

along : all ) pr1nc1pal -axes;‘,=although A'therd i
fpercentagevlncrease along the horlzgntal axes;
lS sllghtly larger. Taklng lnto accgunt the -
,ﬂ dlfferences'»in compre551blllty between _the.‘
"akes;» héwévér, ‘a larger decrease 1n ‘vertlcal
v-permeablllty would Stlll be expected at low
- stress levels. At hlgher'effectlve_stresses 1t7'
vis probable ‘that the compressibility _faCtorsi
would equallze resultlng ‘in srmllar responses
_ for vertlcal and horlzontal permeablllty

b)‘Tenperature Effects

il ReVlew
Most substances eXpand when heated).Whether ;n

they ;are‘ SOlld llquld | or léaseous.' Tests
' carrléd out on the major components of rock N

matrlxes, (quartz, carbonates, and 5111cates) Ny

' *

haVe shown that they all expand when heated;,;i
.(see Table. l) It is. 1nterest1ng'to note ‘that

sandstone and llmestone have coefficients of:




e
"\g;;if-rjfﬁ,'fV',TABLE L e
e COEFFI@LENTS OF THERMAL EprNsrouﬂﬂ:“'?T ok

"EXPERIMENTALLY DETERMINED-:-f’

7 9 x 10 / F (1 43 X 10 5/ )?5’
6

..Sandstong
’piméstoﬁé‘e 7. 6 X 10 / (1.3 x 10 / C)'

 "J

075/5¢)

fDdléﬁité¥  -
L s SR N

2 2 - 6 3 ‘X 10 / F ( 39 =1, 14 X 10

Cpirty) .

" DOCUMENTED: -

|+' B

f'tsandstone AS £l 10 /5F7-**+-'2'x*10*5/90)*

4;4f

*leestone

'H:

2 x 10 6/ F G 8 ;4§£;10f5/°c5:5
Dolomlte ;Dth-documented o
“#silicafes (Avg ) 2 8 x 10 6/ ,(5 ;§;xviof /ecy

A RN

.*As documen{ed in GSA Memo‘\. 97 edited _byf,sidﬁéy P.
7 LT T

-~ Clark

.." .o
v -

s
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'expansion ‘aP?roximately_ »double_:\that' of
.V‘silicates. L | o
For 51mp11flcatlon of the temperature model
it was assumed that. since both pore pressure
and overburden pressure rema;ned constant,.the o

net confining pressure would remain constant in

: p
' : gy . o
_[a» reservoir. Although reservoir conditions
o PR : _—
will differ somewhat - from laboratory

. . . ( o 3 ) - .
conditions, it was gelt that the difference in
o _ i -

stress conditions would only'affect the results

Al
s

N te, . a * small | degree. Thls ' effect' W
lnvestlgated by Aﬁéan and Farouq A1113;A'whoi

| obseerd that expan51dﬂgdn(the horlzontal plane

.would " be 1nh1b1ted: to -some extent by {Hei

surrounding rock mass.: “)'
: ’ )

Once again,” the . rock matrix can be

investigated on microscopic scale to

‘determine- how it ig
‘ D . ' & ' . .
Since silicates’ .have’'  lower  expansion

'ohanging'with'temperature.

Lol [V : . . . : .
coefficients, . rocks. containing significant

amounts“wrllvhavé\de'be\examined separately.

-, Henceforth 'they_ Will A'be_ 'referredb to as
{ 4 s ’ o o ) :

"heterogeneout™” rocks. . Reservoir - rocks

containing primarﬁlyj_iimeStone, dolomite, or
sandstone will be referred to as. "homogeneous".

e _‘ ‘
Yo 8 ' a



dlscussed It 1$ therefore

_particles.Which will be:'

or

ill) Homogeneous Matrlx

For 51mp1101ty oﬁ calculatlods and as.shown'
fln 'Flgure -2, spherlcally shaped “gra;ns -are
assumed for the temperatureimodel aneyagainsii
: the effectlve- stress W1ll be as defined in
_ equatlon 4f1,,{1£ dail of the -gralns ;in._this ;

' matrif ~ expand equally;v the packlng pattern

(tetrahedra{’ ,Should remain the same‘ and

’,-therefore the por051ty w1ll remain constant.'
Slnce the 0verburden pressure and pore pressure

gw1L1"rema1n. constant; Qhe effectlve stress:

d

should remain relativ ly constant «w1th | the

\

-fects, as prev1ously

RN

exceptlon of boundan%

v

shown in Flgure 2, the cros

)

pore spaces WLll!;ncrease proportlonately w1th

the expanS1on ‘\experlenced' by :‘the ~ rock

RS

AT = rlCSTz-Tl) ('.'. ; h : p(443).

Ar = r,CAT - AR v

r = radius of rock grain
C = coeffioient bﬁ'thermal5ekpansion

i,“T2ﬁ= initialland'final_temperature~

. section of the

33

"xpected that, aS""



Figure 2

TEMPERATURE EFFECTS - HOMOGENEOUS MATRIX/‘f

‘s

Matrix at ambient
temperature, Tl

Average radius of

- grains = ry

<?

*a

,

'Hati}x aﬁ elevated

temperature Tz

i AJ

Avetége radius of

drains, r, = r;+ ar



et . L L3S
Now, finally'the change in peqmeability can
be determined.’ Using Poiseuilles Equation:»

Kigc r2'(s}nce radius of'pbres_ig proportional
to grain radius) and, I o PEP

B -

= a0y ﬁ%%?y

- i Kz/Klj\r3/rl ~ o
> B ' . S ST

= (r, +r 'CAT)Q/rlz = (1 + CAT)2ﬁ 

ey

i I - X
B ‘. . . . Y : _

g

Ky,K, = initial and‘final‘abéol@té

o

pefmeability,'resp@bfive;y4

St

For a relativeg} large  change in

v

temperaturk, say 140°C, a typical incregse in

. R ' A : ) - ‘ ' . _‘.‘,

absolute® permeability can be estimated:
N .

G

““For sandstone:

' stHerefore . . - R o
; T S 2 .. v ‘ -5 4 : . 2
o K,/Ky=(2 + CaT)” = (1. + 1 x 10 $ 140°C)
v 2 l . ’ : L e B

v G
v
EEA S

<1002
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iii)

. and

" hgrdly measurable.
d N y . - - .

- X w

’ ik o
Likewise for limestone: “é . @

c=8x 10 %°c
”

/ _C{‘. 8 10'6'
Kp/Kg=(l+ 8 x 10

% 140)2 = 1.002

In both cases this calculation results in a

0.2% increase in permeability,'which would be

however, Ehat “the increase ' in permeabilfty

predicted is & function of the change in

tempéréture squared. Furthersjincfeases in
teméefatufe. @should; the:ef6£e ,.reSulﬁi in
proportionately _  larger.“ increaées inv
permeability.- f

Heterogeneous Matrix

.4y

>

matrix 1is +
(Figures 3A, 3B, and 3C). . As the matrix is

Y

heated, the different materials wi%l expand at"

~different rates. As canbe seen in Figures 3B

and -3C, there ‘are - two, possible outcomesi'

depehding on whether silicates,are.the imbedded .. -

L3

material or form the matrix. A decrease: in

permeability woui@ be expected if the matrix

~was silica and the imbedded particles were
iy .

composed of spherical particles

Initially .it will be assumed again that the

It is interesting to note,

36
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L . PIGURE 43"

“TEMPERATURE EFFECTS-HETEROGENEOUS MATRIX

>

N ) 3
%\ IMBEDDED MATERIAL - (COEFFTCIENT
\ ¢ . OF THERMAL

EXPANSION = Cz)

EXPANSION = Cl)"

i S
IF C42 Cp |
- A DECREASE IN @, K, AROUND

‘ ':"4-,'3.‘-' &

IF C2<&,;' ot

AN INCREASE IN @, K, AROUN®
IMBEDDED MATERIAL -OCCURS -

FIGURE 3C : : ' , T

et



erpanslonh,of',thef 1mbedded partlclesfhwohldj
result in decreased por051ty._ Conversely, if .
' the' lmbedded gartlcles were 5111cates (whlchjf
:‘would ‘be more' common, such :aslbin‘ ‘ dirty
dolomlte ‘or sandstone) an. lncrease 1n por051ty,
b’as well as permeablllty, would be expected

| ‘In the case of a resefu01r rock composed of'F
':sandstone w1th embedded 5111cates, what change

in K would be expected to happen when 1t was d

_heated'> Referring~totF1gures.3A and'3C,.the

change in. the cross sectlonal area of the pore I

space 'can be determlned for‘ an 1ncrease in

’temperatureﬂ L Slnce permeablllty : is

proportional 'to -the:p cross-sectlonal_,Vafeaﬁ
_avarlable “for 'flow'; this should ”give"“an

_1nd1catlon of the change in permeablllty whlché

may be exPectéd S ) e

‘ Referrlng to Flgure 3A the‘initial'cross—

: Qsectronal area of pore space can be determlned

'{by subtractlng the area covered bv sand gra1ns°‘
from' the -tQtal-_area. ',The- area 'of a. hexagon
'(Ah) is given by the equation,

A= 30V (4-s)

Where X is'the length of each»side.cgsinpe the,



'd39_.

length of each 51de of the hexagon 1s equal to :

B

tw1ce the radlus of the sandstone gralns (p/d)’i

2.

o~ I
|

C RS SO
R AR LEIY .
e3n 2 L Lume)

P | S

o . . .
: The area covered by gralns (where radius of
o the 5111ca gralnsxifféif_may be determlned by
*”-;summlng the area§ of the sandstone and 5111ca1j

g'r.a‘:‘f.% . :

PR

3'QA§_=_ASd;+,ASi 1:._ﬂ1f5j£A;dg;; e
S =tV /3 i?3i"f-“f (4 7>.7

3nr12 (where rl 15 the 1n1t1al

snﬂ

tll N

: average graln radlus and

Now,} subtractlng the gfatn. cross sectlonal
area from the total area:»the 1n1t1a1.crossjifhhf
sectlonal area of the pore spaces (A ) can bel{,h'
determlnedadih;tdadf“*ff;d_fh“tﬁftﬁff ﬂ;"if{'

A

ﬁoi B fﬂ?gﬁL-V:' R T O
6 (3%) r2 '- 3 ]_gr":'f o (4-8) .

LosesEet Lo
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a

pon heatlng by 140 C, the particles w1ll

- expand_as_shqu in: Flgure 3C _ -’5

r‘”xl+c

K
It

. IS (1+C 1.

Where C d’and C l;are the coeff1c1ents;of

- thermal expan51on for sandstone and 5111ca

[ .
s

NSUbS?%tut}ég~Csd

- (1+8%10 °x140) x,

W
0

I

(100112 %y
‘and fﬁff'firjf'*' '

(l+SXl& Xl40)r

II

ll

jk;§7' 1. 00070 rl
Loh

. | -e..,ié;fqﬁjgfﬂj oo
Now. the area 1n51de the hexagon 1ﬁgFlgure ac
Yo / ,, ,_: J :.‘:'~ : ] . ] 959 éa’ T ’

il
‘m
b\J

'frﬁ;ﬂ6k3*) (1. 00112)

10, 41560 riz,“
e . - e

RN
T
R

And he area covereq by gralns- can be

< . " ';‘l/ . o
etermlned by addlngfthe cross- sectlonal areas
e S e :

U .



;f#i:‘;”*w4ff

g

A e o AT
sl e B e

I
= 6lprgg) T TEs

i

- O T N LN T PO

27(1.00112 r )%+ #(1.00070Qr)) g%
o= T T LR

1.:- -f,i' f f. '

 9.44326,r

o - S e
, 'Th¢féf¢re - the Cfoss45éé£ibhé? ‘érea.'égf'tﬁg*ff

pore space may be caleulafed: 4

. s,

TN R ARy
. . P . v10F41560{rizi_‘9.443

10.97234 ?i?','

o

ZGﬁfizA-
Tt

1

o~

“If we assume, as before, that permeability %
) Y ) i

is proportional to the cross-sectional ‘area ‘of .
the  pore space, the theoretical change in-. - ¢
- : S e L

" N

permeability'may.befaséertained A‘»

A e

Apoi.' R }l’_;

/

-

'vKZ/Kl -'APQZ |
S 10.97239 r,%/0.96753 ;% v

1+

- 1.005
L r
O &A
For this extreme case, where',the'_sahpléf
 contained 25%' silicates, a _0.5%7 increa§e,_Lnf
permeability would. therefore be: expected. .
. N . . . &

: o - ‘ Ly
Although = this  is  greater than in ph%j '



o temperature range studled in thlS 1nvest1gatlon,ithe

"
'u

" . homogeheous modeL,yitQis'still not significant.

. ¥
: e %
. ,, : T
oo . . .
i
‘
v

Comblned Effects of Fncreased Temperature and

. \

‘Net Conflnlng Pressure.,; _ ST L

:Due to ﬁthe more  or less ~uniform (and

rj,; ot : v 5
. L . . 7

vrh51gn1f1cant5 expan51on of mos mlnerals over the.

f*’/ t"

change 1n Jthe mlcrostress state W1th1n a typltal o

’ (4

‘reseg;blr 'roqk would bea relatrvely small f_At’x

. 4

elevaned temperatures 1t would therefore be expected'"‘

oy

]

normal temperatures, the effects of 1ncreased netj

*

pressures on a: “rocks. permeablllty would not dfffer

,f51gn1f1cantly from those experlenced at normal {or -

L amblent) temperatures.' Dependlng on the rock type_

however, 1t is p0551ble that a change in the elastlc'

"

modull of the.’ rock matr w1th temperature could

result in a small change in behav1or.

Slmllarlly, at hlgh net conflnlng pressures, it

' permeability' from 'increasing ‘temperature would!

differ; from the effects -measured at:- low net’

N

conflnlng pressures. Thls is thought to be the case

partlcularly since the expan51on due to temperature'

has been shown to be relatlvefy 1ndependent of the
ex1st1ng stFess condltlons,. prov1d1ng bthe'vnet

conflnlng pressure remalns constant 7

that, 51nce the stress state would be 51m11ar to'

.,

‘,21'_2

.~W°'U1d- not be anticipated that the effects on .
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“fpall flowﬁiests"a three 1nch cell ﬁor the vertlcal;f-;“

‘5Experiméntal“Apparatﬁeift%::

‘Cell Assemblles w

Two hlgh pressure cells were used to carry out.
.Jl !

'acores, and a one- 1ngh cell for the horlzontal plugs.kh

ff;constructed from a cyllnder of stalnless steel nlne'

'?{;thlck and capable of w1thstand1ng over 7000 psl
-nghe entrance to the chamber was threaded to a depth

ffof approx1mately three» 1nches to, accomodat f“

:1nches 1n dlameter and 1ncorporated walls two 1nches

ZS1x 1nch dlameter cell cap A three lnch dla””'

DRPEREE

The three—lnch cell (shown 1n Flgure 4A).was_ '

l'iplaten (flgure 4B) was fastened to the bottom of the‘;a”.u

H'f}cell cap to dls&rlbute gas evenly over the end off'e

'5l51tuated at the bottom of the core and*geld ln place'wtt'

A

‘;platens 1ncorporated two ports--one for fluld tlow,h-:

PR

.t he core samples A second platen {ngure 4C) was:"'
'}fby‘means ol ‘a’ holdlng plate.f Both top and bottomﬁj77~

7{and one for pressurefmgasurement.~ Slntered steelﬁ-@f‘

]bplates were de51gned to separate the core from thejplfV

DR g,-

.Vecaps and further enhance fluld dlstrlbutlon over theg;.'

'core ends.} A two part membrane c0nsmst1ng of a heatfmj'f

’iﬂ?'shrlnkable teflon sleeve %gd a tthk 3111cohe sleeve;;f

e

'j_lsolated the core sample from the overburden fluldffdﬁ

';571n the celd chambe;ﬁe.g}‘

1,

.fiikﬁg_w.y

:\tﬁﬂd'w-Jffff;#fﬂh;'fﬂf*;&iﬁéff?fjlfrﬁ3;§f
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- of a temperature controller whlch received .rnput

"readout attached to the thermocouple was used -t0-

S S . . . .
. . e g e

.- TWQ stainless - steel coiledh'tubesv provided

: communicatiOn'Ef thevbottom:platen'rhrough}holes in .

the VCell caps

il
[3

‘flrerods 1nserted in holes w1tth the cell walls(j

The‘oneflnch cell assembly used,for'test;ng ‘the.

plugs (Figure Sl'was Similar'in design to theithree

»

1nch cell assembly,,except that 1t was’ smaller, and
the cell cap was flanged rather than threaded The _”

-top and bottomLplaten were not grooved (due to thelr

smallert

in place) as. the one-inch samples were much llghter
: i )

than three-inch sampl

d 874 L4
) .

Control System . )//

< The apparatusi used to ‘control - and measure
fldwrates, as--well as to control conditibns in the

cell, is deplcted in Flgure 6

Temperature in the cell was controlled by means -

7

'fronl a thermocouple nserted lnto the cell fluld

throrgh .an dpenlng 1n ‘the cell cap A temperature -

fepsure that an.accurate and constant temperature was
g , 4 ceata , - LemE _ ,

R
vk
5

Mattained o u”Q;J,, S L ‘.

'-Inltlally mlneral 0il was used as a cell fluld
?\'

to transmlt overburden pressure to .the"samples.

: Water was later substltuted for overburden fluld as

\

1t greatly 51mpllf1ed cleanlng the core sample 1f a

‘The cell' Was heated by means o!'}

1ze) and 1t was not necessarv to clampgahem‘

47
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with double adjustable r%&ul-

ZOutlet pressure was set by means of a flne meterlng

leak 1in the membrane-occurred.- Overburden pfessure

was supplied by a. posltlve dLsplacement Haskel Pump,

&

which was in turn | drrven - by compressed gas.

a

< Overburden pressure was  recerded by means of a

-

\“ySCQaevitz'preSSure'trans&ucer connected to a Fluke

'Datalogger., A ‘Heise pressure gauge was used-*to

monltor overburden pressure, as well as callbrate

" the pressure transducer at any tlme. .A’bleed.off‘

-vvalve_ on the cell was used for decrea51ng the

overburden p sure.

Nitrogen as was utlllzeﬁ 5.asflowing fluid to

av01d reactlons with the sample matf& \well as to

';mlnlmlze any partlcle mlgratlon w1th1n the cores. A

" 2500 p51 cyllnder OLIcompressed nltrogen equlpped

ors was used as a
< R ‘:}' S p : N

'source.- Gas was. channelled through starnless steel

: Wt
tublng 1nto the 1nlet port onftﬁg;cell dap.ﬁrThe gas

o l

: : Qi\
as 'then passed through ¢01led stainless vSteel

<

v_tuBing (where 1t’was brought to system temperatureh

ifito the”bottom end platen and through the- SampleJ

f s

“

Jmeasured at the sample face by means ot@ Valrﬁyne

l"

‘transducers ' Precallbrated Helse gauges were used

‘8

“'ﬁw1th the transducers as a means of callbratron, as

SR

well as forrgulck v1sual readout of 1nletw@hd'outlet

flow. nrecanrpc -

; wAa
y.needle valve Both inlet and outlet pressures werqﬁf

50
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: o R ‘ G
vatmospherlq pressure) using . a Matheson ‘Mass -

"-leako occurred in the membrane surrounding &Ehe core. o

and the mass flowmeter was monltored by the Fluke

‘_Callbratlon of each of the 1nputs was carrled out

;.

Instantaneous flow rates  were - measured

downstream 'cf the needle valve :(at 'essentially

Flowmeter (Flgure 6). A precalibrated preciSLOn wet

-test meter was utlllzed to calibratelthe flowmeter,

A

as well as to measure . very low flow rates

nencountered'aﬁﬂéle ‘testing' the one-inch horizontal

1

‘plugs. Cleanlng and recallbratlon of the mass flow

N

meter was perlodlcally necessary, as 1t became

_contaminated with overburden' fluld‘IWhenever -a

K]

Output from the Valldyne pressure transducers
* p

‘Datalcgger, ‘which'incorporated a visual LED readout

and prov1ded a prlnted ‘summary ,of',all-'readings.

£
i

using a callbratlon'factor (for example, a readout

‘of 0 to lO mv from the transducer translated to a

- o . - e
Jpressure change- of fO to 1000 psxg, *with .a

c)

callbratlon factor of 100) The'Fluke Datalogger‘
allowed for both resetting of the callbratlon factor
fcr greater precision. and for substltutlon of .
pressurevtransducers with different ﬁangesl h .;’\

Sample Preparation

~Most - of the tests in. this investigation :%re

carried Qut‘on_samples of vquy dolcmite‘reserVoig\



.

i

R

b

rock*taken;from the“Grosmont»forMation;in Northern

lberﬁa

‘

. The three lnch cores Were cut 1nto lengths of”“

approxlmately 4. 25 1nches and cleaned of re51dualo'

<y
3

ll and other flleS with a dlstlllatlon apparatus

utlllzing b0111ng toluene., ‘The . ends‘of the cores'

thermoset resin. to flll any vugs.- The ‘core sample .

was then fltted between the SLntered plates and cell\Q

caps and an lmpermeagﬂe _ heat shrlnkable teflon

sleeve was shrunk OV@r the sample. and”™ caps. A

. were sandblasted to open any plugged pores and the_v

c1rcumferen e was. coated w1th a: thln laver\ orb‘

Yy

thiCk SlllCOne sleeve was fltted over the teflon'

sleeve and clamped rn place w1th hose clampf for

~ -

added protectlon_lagalnst leakage of overburden

flu1d ‘The c01led tublng was:‘attached' and the.

bottom plate was clamped to the top cell cap ‘vUpon.

inserting _thel sample into the” cell body: and

e

:fastening'the top cell cap in place, the apparatus

_r-l

was reﬁdy‘for‘aftest:run to be carried out.
_ v :

.'Them procedure ifor preparﬂng 1the “one—inch-

~

hbrlzontal plugs was essentlally ‘the ‘same as for thep.‘

A-three—lnch cores. : The_ length of the horlzontal

" from which ‘they were taken, .whrch 1n thlS ‘case

resnlted _in :approximately_ 2.4 .inch-long samples;-

-

plugs were determlned by the dlameter of the coresn

‘The heat—shrinkable'teflon_sleeves were deletedwfromh

-~



LN

'i‘ . .»’;,v. o~

'ftheﬁAlnstallatlon, of the' bheeineh >pldgs"as_qae

'“leak proof seal 'around the platens--could not be.

rfobtalned : (The larger platens 1ncorporated a rubbef&

o\ «'v

0- rlng; the smaller ones dld not ) As the 51llconeA

f_sleeves were fouhd to be 1mpe§Feable to water, water -

‘ .
. s

”was used as an overburden fluld from thlS p01nt on;

<

{}and teflon sleeves were no longer requlred L e

[N o PR .

L
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vf“ °é a)'%ﬁeory'— Evaluation of Absolute Permeabllltz

‘For each permeablllty determlnatlon at a.

e
RS v . v:" . .
Procedure _ P -'/ L

54

spe01f1c temperature and net conflnlng pressure it o

. \
,was necessary to construct -5 Kllnkenberg18 Plot

»

'(Figure_‘?) since permeablllty values determlned\v7

uSing ga53 as  a flowing fluid are affectedufby a
phenomenon known as- sllppage : a L
. ' ) Y

Gas sllppage can best be understood by studylng

.1flu1d flow 1n a small cap;llary If a IAthd is

flowrng in’ the caplllary the molecules touchlng the”ifJﬂ

capllhary walls w1ll have zero, '5‘ almost zerot,;

f,veloc1ty* whlle the molecules “in the Centre of the‘

e

‘caplllary w1ll have the max1mum ve1001ty : When

‘igas 1s flOW1ng Ln the caplllary (w1th a mean free"u

zmolecular path equlvalent to or greater than thetfgjf*

‘;rfgcmolecules wlll be the same If the mean free pathp.'"

of the molecules 1s decreased to less than half the-tr

“.Jdcaplllary dlameter),p the‘ veloc1ty of ail cher.ﬂf

“?dlameter doflifghe.f caplllary (due lt@: 1ncreased~1'a‘

thpressure) the - molecules neari,the‘-wallsAcoﬁ;ltheiﬁﬂﬁf5i

fejinflnlte pressure the gas w111 theoretlcally behave‘

57.11ke a lquld ’ Thls dlfference in behav1or 1s known_'-

ﬁ .

B

'f;zcaplllaﬂi;dylll slow down due 5to'“friction;]lQAt';~”fl

‘_;as sllppage, and the correctlon_factor 1s known asTV.N

o the Kllnkenberg Sllp Factor (b) Anythlng whlchf .

~.“affects elther the mean free path of the gas~

A | .
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EURES

'result in a change in thls sllp factor, 51nce 1t is .

] o T < a/a
s

-mean pressure (at the Y-1ntercept) to obtain  an

'molecules or the dlameter of the caplhﬂﬁry will -

.‘I.'l )

dlrectly proportlonal to A and lnversly prOportlonal'

to d, i.e.,

» = mean free  path-of,gas

molecule

N

o d = diameter of pore throat
N g -

As can be seen inLFigure 7, a Klinkenberg,K Plot

is'constrUCted‘by'c0rrelating a number of apparent

permeabllltles (K ) (measured over a rangewgf mean

flowing pressures), agalnst the 1nverse'of .mean
L&

‘(

.‘floWing pressures'(l/P') - The fﬂnear PQrtiu ffhe

resultlng plot may then be extrapolated‘ton

A

equivalent ‘liquid permeability (K1)° This

N

:permeabilityiis dﬁiquefto each sample andlrepresents

the fluid independent absoMite permeability~of the
, Pe , = 3 )

‘sample. Units of permeability are'iength squared,

usually expressed in . um2 oraﬂarc1es.

"o

The .straight line portlon of the Kllnkenberg

pressures the effects of vesco- 1nert1al flow are

~

‘manifested by the Furveg_i portipn of the plot.

The equation for dpe linéar portion is known as- -
. . - \ - )

lPlot lndlcates 1am1nar flow whlle at Kfcher flow1ngv

. 5‘6



' fp1Wr1t1ng the Kllnkenberg Equatlon ln the form of .a

" ‘the Kllnkenbergquuatlon,vE_“'

"stralght 11ne equatlon (y M X + b),.

‘and}

(1+b§¥ ) (6 1)

o ;} k

. f'

~

._ﬁ

Ka =.‘bi- ,’_.(U;P-m.)-f * Ky

‘the slope of the llne (M) can be equated to K b and the

Sllp factor (b) may be solved for, 1 e, "

. o ey

Both the slope M and the: y-intercept -gxéi' are

ea51ly obtalnable from the graph

_ In addltlon to the sllppage effect, the tortuous

be related to the velocity of the gas, a number of'

flow tests using varlous pressure »dropsf were

‘\

_lnvestlgated ‘as follows. S Sy

FARL

1. The 51mplest method of conductlng the flow

tests would have been to et the upstream EE

a [

pressure at a constant level and lower.the‘



fupstream‘pressure was con

'dlscounted

" relatively constant. Thls method resulted in.

"this‘investigation. :9 .

outlet pressure, ~thereby--obtaining -appanent:.

’ permeabllltles over a range ‘of meqp flow1ng

pressures. - ThlS procedure resulted 1n ;large pl
~ o »

e

' increases in Vflowrates,‘ as - well as gas. .. -

' veloc1t1es, which in turn resulted in an early“-Vl'ﬂ

c1dence of v1sco lnertlal flow condltlons.'
Conversely, holdlng ' downstream pressureu
constant at atmosphere pressure and 1ncreasrng

v

red,r Agaln,\ his‘;-

L .
R X B, -
procedure: results in lar [suncreases En%;gas;
flow rate and velocities'during the'coursepof a

3

test run.  Due to ensulng changes fn'inértiapf*'

‘effects ~and _usllppage-‘ this - - method ':Waslﬂ

a8 i
e

By varylng upstream and downstream pressure

EAN]
R

whlle malntalnlng a constant pressure drop, he

[

veloc1ty of the gas flow1ng through the .core is

”held‘ essentially- constant, and 1nert1a and

slippage effects_ should ' therefore ‘réemain

2 A )

'the;best range of petmeabilities inythe,laminar

flow regime (straight 1ine portlon.‘of',the'_

Kllnkenberg Plot), therefore it was adopted for

[ R

To further investigate if &isco~inertial

'effects were present,’ data’ from the %gnear

hportlon of a Kllnkenberg plot was graphed u51ng



'pr*

N

qua5111nearlzatlon approach' suggested by -

: Casse and Rameylo. A llnear plot could not be

A{"'obtalned by thls method howeverrvand lt'was

‘:fabandoned A Reynolds number determlnatlon was
2
e S v

:carrled out as well u51ng a m@thod outllned 1n

Deneverslg, and ’ist 1noluded. in’ Append;x A4.
2~The Reynoldstnumber oﬁ.ained usinq'thispnethod“
.wis unreallstlca fy‘ low, “houeberi possibly'
. bebau§8g the partlcle &1ameter;'aeterminationef
%tbod ?sed may not haVE ‘béen appllcable toj
pgrous ?edra~such as dolomlte.pﬂr‘ h '
rMethod:- -:g> ;v ' _',if' J%f o 5; ‘;,. !

J , I3

Fdr each test run- carrled out to obtaln a"‘

Kllnkenberg Plot the net conf;nlng pressure (NCP).

z;r, * Lo e . P

was~ma1nta1ned ﬁat a constant %evel%. Slnce net]

IR el

COnfinfng pressure (NCP) deefinedAaas ‘ the,
overburden préssure mlnus thefprreA;pressure,'fthe,

'Eoverburden presSure applled to the core had to be

, . I

,-' 3

vamled, w1th.&the me;g. floWJng pressure (pore

T L v

_ pressure) 1n drder to malntaln ‘the' predetermlned

level of NCP,‘ ‘p’.':';dig “{“3;;3:;5? j:ifkj*-*,nrfl
Essehtiali;h,the 'teSts' carrred‘:out'fon ;the pr
-samples could be categorlzed 1nto flve -dlfferent‘
;groups as foIlows;f'f ;fp-}‘ jj3i31§; L ?hihf{?iﬂiit
GrouP 1 :%Pressure Effects,:‘;*" H ' >

. _,“',r .

Flow tests“darried'out at room temperature over a'7-"

V
v

bsétt



.

‘range of NCP's ranging.frOm'seyeralﬁhundred psi'to}

16000 psi.

pGroup'2 - gistere51sbLosses‘- Pressure Effects {i {tﬁf_;
Flow tests carrled out at room temperature startlﬂgf
at a low NCP and worklng stepw1se up to an NCP of:
6000 p51,'then decrea51ng stepw1se to the 1n1t1al;'

'low NCP.b

' Group i Température Effects “_’ ,Q f C SRR

Flow tests carrled out at a constant NCP startlng at_;

room‘ ?ture, and progr3531ng 'éh, hlgher

temperatures’ a%ter each ;flow_»test,,Ato.,at max;mum‘
R N

temperature of 320°F. o : S '

'Group 4 j Hystere51s Losses - Temp#rature Effects-f

FI.
L

o

After carrylng ‘out the temperature tests,'the samplé e
was(cooled to room temperature and a pmrmeablllty
determlnatlon was ‘conducted to determine 1f 49‘,<f
permanent deformation had_occurred‘due to heatrng;

¢ S L

Group 5 - Combined - Temperature & Pressure Effects ..

: . o B L . N » ]
. Flow tests carried out over range of NCP's wup" to
, _ S
-6000,psr at room temperature.j Thevtemperature‘was_

»

then 1ngzeased in_ stepw1se fashlongup to '320°F and

flow_tests repeated over range of NCP s after each

'temperature lncrease.

Extensive'tests were run on three-inch'lndiana
Yimestone cores as~well as on the Grosmont carbonate

and an- unidentified sandstone. A summary  of  the

T



: A T - : T
.'suecessﬂul tests which were carried o R shown in
) . ) . . » . . . [§ R - . ‘..7 T .
‘Table 2 T ],'““_'_ R 8 i o
: i ’ o e N

Cores were: welghed pefore and after’ each run. tot
.‘determlne 1f any overburden fluld hadﬁlnvaded If
any welght galn was experlenced the results of the

test runs were dlscarded.

¥

Sandstone,»llmestoneﬁ -and dolOmitefcore,samples

were measured and heated to 320 F, “then remeasuredf

1 . 4’
i S : Y SRS . .
to determlne the amount ,of-;thermal expansion

u'experienqed_by each rock type,

-~ : . .
. . ‘ .
- e
P
By <
..
.
4 .
’
.
B
N S )
K4
B "\ o . - - v - : ' I -~
. ., ‘. » » ) Il
. . . . - s
: . N . hd -
. " vb T . "
Lo . -~
- e : . . 1
.. .
. .
. L : -« .
pe . .
. ) . . ) :
o R : ;
. : .
.
p .
.
.
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Cbre #

1L

.3L _v'

4L

90

92 _

133A°.

6L

25

*93B

*133A

*%] 333

Y

** Vertical Plug -

* ‘Horizontal Plug -

‘TABLE 2.'f

lll

°

| SUMMARY OF SUCCESSEUL
PROPERTIES . SIZE
Limestone 2;55>md 3" x
Limeétone 1:855md 3"y
. Limestone 2.00.md_ 3" X
, . a |
Dolomite 3.2; md . 3" x
Dol@mite M8 md ‘3" 'x
Dolomite 59 N md 3"yx
. Limestone 3.18 md '3“_x
i '
Sandstone 218 md. 3oy
Dolomite 23.8 md 1" x
Dolomite 452.5 md 1" x
Dolomite'5.9 ma X

.

TESTS‘ |
~ TESTS RUN
4%5..J.G;oup l;
4" 3;¢f6u§ 5
s Growp 1,
| Gfoup:é
4%" Grdup 2,
.Grogp'B
4% l.Group é,
‘Grdﬁb 4
45" Group 2,
' Gro&b 3

: LT
Group12,=

Group-

Group
'Grdup
Group

Group

Group

© Group

‘Group

_3:;
3

2,

(8

2,

3

extracted from 3" coré sample at =

right angles to the longitudinal

S

r

AN

axis Qf'the>source %ample.

‘extracted from 3" cdre sample at same

‘orientation as the. source sample.




'c) Précessing of Data

<

'As previously stated, a number of flow:' tests

conducted over a range of mean flowing pressures
- were [required to determine an adequate range of
' . . , “

apparent permeabllltles in' order" to COnstruct - a

Kllnkenberg Plot which could: be used o obtaln an

b.(

<
accurate K“ (or'liquid absolute‘permeability). "Each™

set of flow tests was referred to as a"run' and

¢

resu}ted in one. Value of absolute permeablllty for
the core at a specrflc temperature and net conflnlng
Pressure.t ‘ B

In.general, a 'run‘nconsistedvof approximately

725 flow tests w1th the flrst flow test carrled out

‘at an inlet pressure- of eight ér nine hundred psig.

consecutive tests were carried cut at'progressively‘

lower inlet pressures,: whlle malntalnlng a constant
o . T .. . ga;
pressure drop across the.sample. ‘The lower limit of

flowing pressure was . reached .when the outlet

Y

,pressure' approached atmOSpheric pressure. (See

2

Appendlx B for flow test data for all cores)

After each flow test had been - allowed to

‘stabilize,' a prlntout of inlet -pressure,‘ outlet
pressure, flow rate and overburden pressure (all in
mllllvolts) ‘was - recorded with the Fluke Datalogger

Upon. completlon of each run this raw data was
'entered‘intoda FOrtranldata file. The data was in

turn interpreted by mMeans of a Fortran program

63




(Appendix Al), which read the data and converted the .

A

transducer readings = into .pounds per square - inch

absolute ahd the mass flow meter readings into

mllllllters per second ‘The calibratioh factors

requ1red for these conver51ons were'lnput into the-

program each time as requlred, along w1th the sample
temperature; : ' S - a ~!_35'

Values for permeab;llty for each flow test were

“.calculated u51ng the Darcy Flow Equatlon for steady

state, isothermal, laminar  flow '(Appendlx. az2).

Nitrogen - v1sc051ty was 'calculated u51ng " the-
correlation by Kestin and Wang l. Output from the.'

'program in tabular form included: 1nput»pressure,”

outlet pressure, mean flowing pressure, overburden

pressure, and net confining pressure (all in psia);

2

"as well as the flow rate at atmospheric'pressure,

the flow rate at mean floWing pressure,'and'values

for the inverse mean pressure and permeability (see
: . . . _.‘ v L N

Appendix B for tables of all runsif;: Values for |

“‘inverse pressure and apgirent permeability were also

output to a data'file which wasvusedfto_create kthe

.Kllnkenberg Plots w1th a plotting program A sample

calculation of an apparent permeablllty is lncluded
in Appendix A3. ) -

Usihg the extrapolated permeabilities from the
resulting .Klinkenberg Plots, graphs were constructed

~
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R g : '
K/K 75 g versus temperature, and Sllp factor versus

temperature for each core. (Flgures 8 l@‘and 22 area

i)

a,examples whlch w1ll be discu :sed later)

d) - Error Ana1y51s

Extrapolatlng the linear portion .of .the
Klinkenberg plots " to the ordinate to obtain the

absolute liquidvpermeability'(Ki{'at infinite mean
. ] i : R M T g

pressure required some“‘personal judgﬁ:

1ntroduced the” possmblllty of some error\
1nvest1gatlon.i By plottlng a. group of c-fﬁ

runs for one sample on the same Kllnkenberg Plot (as

shown . in Eégure , it 'was_ felt that some

consistency between extrapolated val es of K would -

o

bewmalntalned, dlmlnlshlng‘the inheYent experlmental
error. = Im, addition  to 'maintaining censistency
between runs,b it was felt that ,this'"method was»
superlor to using a least- squares functlon on the

computor,l‘ 51n§g it‘:.allowed for disregarding

extraneous data  points as well ‘as an individual

"examination of e€ach rup to determine  at what

. pressure visco-inertial effects became apparent.

Other considerations regarding experimental

error  involved limitations  pf the experimental'

»

~apparatus. s Theg mass flow meter was precise to

.
- . . i

within 1/100 of a fl/sec and very accurate within®

its designed ‘flow range. Below,lQ ml/séc and above

2 Al - ¢ an N

Yt
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RV N

“For tests where Lne flowf" 'ra‘te_ _ .d‘r,'é?bped" below 10 -

*‘wet test flow meter measured the total S/ola're',o.f'gas_-

flowed dur g 4 oflOW perlod more accurate«.fl-ow_

¥ ! .o foe-

pe'riods'; P e R R R

¢

. 'v‘aﬁ

NS s

Ry I

.
Y s

-

) \ a . - 5 .' . .4,

'f\, s:ane the orlmary concern was the difference between,'_».

-y ‘o

e

N

.-\

¥

S . . - '
Y . Lo

T

'I‘he Fluk{ Datalogger utlllzed a four dlglt

9, 999 When used 1n conjunctlon w1th a: 1000 p‘51
J N
transducer, prescure readlngs could be obtalned to a
. '. d :

. # o ; :
Accuracy over the_ )nge . qf thé .pressure

T’carrled out"and the condltn.o 0}: the transducer.‘

fthls represents a srgn,lflcant amount of i error lt,

- any ‘Qne sample at ‘some‘ spec,lflc set of condltlons. :

]

_’ The' transducers used were generally» accurate tof,., 2

w1th1n{»l or 2 p ‘over the range used : Although". oo
was- not fe@t to - be too detrlrﬂental ‘to. th% sts,

o absolute permeabllltles determlned t varlousf;'v, S

cGndltlons, rather than the spec1f1c permeabllltv of".--.':.

".'_--'.therefore be neglécted for the 1nvest1gatlon as a

; 'thrqughout, the effect~ of - experlmental error could-'__

7,;'_ readout and therefore could cover a range from O to

'ml/\sec the wet test flow meterg was used "S‘ince'-, the -

transducers depended on how well the callbratlon was. e

LA I

: rates_ ' could be obtalned by ‘ utlllzlng longer flow__f'f"'r'___f’._‘_“‘

If the proce'd‘hre used was COnslstent :Ln each flow{"j;_‘ff- S
tes::, a comparatlve analys1s could be made between 5oL

- -'j',Serles%f f10w tests.- - If con51s}1ency #as malntalned‘ R,



]

.,range transducers ‘were used._._The errorf'in <théf

.t therefore l mllllamp 25 psm_“r

‘f;sihce,A'?

';5error of only 0 2% was calculated

. 4 , ce S -ﬁ'-fv?V‘J:fi“ o
prec151on of one tenth of a p51. (For example.< afar

readlng of 5331 on the datalogger would correlate toqf,g

'a pressure of 533 l psr)

.

'Durlng runs whlch requ1red small pressure drops

gs ps1) the prec151on of data readlngs became ahft'

sagnlflcant consrderatlon.‘ For these runs 250 p51a

»

presSure drop due to prec151on was calculatedw asvh;A

follows.

s _g‘ 1 'a:, ST Ay

| Range 0 250 p51

ﬁﬂeado.tb

Prec151on to l/1000 mllllamps h[fjfﬂlf{ﬂsfif,7fafﬂh41“

‘ --":_ :':Qorf‘t:‘.o’ 25 'x..___l'/lOOO.' 025 psl . A '

.'p1-pz, @rror = 025 L ozs'= 05 ps;\.
L A T
fSk"AQ?Q; 5 psi, 'ﬁ‘rYor”— . 251 x,lOO%'- l 0%

It was therefore necessary to v '

. . L)
.‘.-" AL TR —-.k

?_vwhen determlnbng absolute permeab&llty of a sampleﬁdx*

s . 4.

.'ffbr whlch a. 5 p51 pressure drop had been used ;'i:

L)

'Varlatlons in readlngs as\hlgh as t% ex1sted dﬂﬂ\to‘fd:

'”.L_data prec1510n. Most of the cores tested utlllzed.ﬂ_

o ,presgure drops of 100 psr however, for whlch an



.~ &

7. Results o
*S;.pafﬂfvSuccessfui flowfntests were' carriedf;outﬁ-on

e R e
essentlally B four dlﬁfereﬂt;w typeS»:~of'~_cores,g»i
- N . :
~jvert1cally orlente

'lomlte, horlzontally orlentedff

dolomlte,_ homogen oL llmestone,:_and homogeneous”}f

Sandstone (see core summary, Table 2} , The resultsg'hw .

“\for each type of core were grouped togethei forfé' o
jCOﬁP;rlson,- as- cores‘ of the sameu.type,.generglﬂxvf:yf

- displayed 51m11ar resultsf' ..A.~h _'» l-7t."it"tl

" ST L el T s

a) - Vertlcal Dolom;te Gores . o L TR

S e
-

o 7_ - Three three lnch d;ameter dolomlte cores w1th a ‘.

o w1de range of vertlcal permeablllty were studled tog;”1Q;;;
PRI T T ey R
1nvestlgate the effects of net conflnlng pressurep'F'

(NCP) and temperature on. absolute permeablblty 'sgjx:

n . .
L4

Complete results~ for thesep three samples _are fi“ffty?!h

@

‘,a : Appendicee Bl B2 %Sd~B3: .

Slnce two of the cores,icore #133 A and corei”f}-"h

s o [N

e

#90 had »een ‘subjected to hlgh NCP »1n DreV1ous}ayii""

. e o oA

tests, a comparlsqn Betwgen“the effects of NCP on. §g<-:

permeablllty prlor to;hystefésrs effects could not = “;¢~

(gf?\hzbe made.]f”wf";“':”'Y'f. o 'fvi“f e 7~,rmf}fi;tﬂi;j

o

R T o , N . o . S - e g PR . . ‘ .
Lo el . ! ) e ‘ B ‘ '< oLk
el Flgure 8 represents.=the ”relatlveJVChanges,ln
- =‘~ : e ;;

N, absolute permeablllty (K ) w1th NCP by correlatlng

“:~\K/Katm (Kg at any pressure over Kz at a low NCP) ;ff
"' ..; o

J:‘Versus NCP for the three samples after hystere51s:_l
3 v

losses.; It may be‘ observed that for i}l three

ﬂsamples a decrease 1n permeablllty w1th 1ncreased
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>

5o»NCP occurs, the greatest change belng observed for'g:pt;gg

'w"ff; the hlghest permeablllty sample

Y HjsteIESlS effects are 1llustrated in Flgure %
e : . e .
for core #92 whlch had nbt been preV1ously stresse

~ o -

‘To determ1ne»~the effect of NCP on permeabllltyj

'before and..aftero'hyster51s -1osses,» permeabllltyf

determlnatlons were-»carrled out at progre551vely,"
: S W

hlgher NCP, then at progress1vely lower NCP "P‘

to hystere51s 1osses core 92 1n1t1ally dlsplay

15% 1055 in permeabllity. at 6000 psi NCP, ‘whlle

!r -
ot r

o after hystere51s ﬁosses only a 4% dlfference Wan';

L apparent. g ; » s
Lo - ;Aé shown Tin-‘ Flgure 10, lncrea51ng : thepf;~\"

' S

: -*,"*.tempe;ature of the dolomlte cpres (ﬁhlle keeplng the

?;-3f.'_NCP'"constant) ~h all cases -caused au apparent
-, r. - . < \ s ’

- ~1ncrease 1n absolute permeablllty Agaln the effect ﬂi,
~;]fjl[;,§%sf the greatest 'core #133A,> whlch had the {fV;
i Qi‘ojhlghe;t permeablllty, and ~the least lnl-co;e #92 -;q
ﬁj ’:fwhlch had the lowest permeabrl;ty #\run carried-ﬁhf:'
» ’ ‘ N ST I VIR SR e
" \out ‘on core;# 92 after 1t.haé cooled}off (run,#lS) :.
fJL5?-showed the absolute permeabllltyato he“the Eame asl';;
'lit: *55, p{lo!‘ to belng heatedv:;lnﬁlcatlng n 2a“.‘h
i 'J:ph§stere5153feffects _ashlﬁfjres%lt“ of temperatureigi°'

s

- DN

. chanqe., t;if:7'r_“fs;L?.f'fli"Fz'V”fAru e

In Flgure ll,hK/K75 was plotted for varlous net'::

L AN I

conflnlng pressu?%} whlle in Flgure l2 K/Katm was':;f

aplotted at varlous tempgratures.: As can be seen 1nﬁ

| 70
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*Q

'Vj.temperatures (as 1Qd1cated by the 1ncreaseq slope of,”

":_*channels belng opened up at hlgher temperatures,:f_iuﬁ

'athe same at all temperatures.;'

i;resultlng 'ih,

Jﬂ;factor.

) ’ iy I ! "4\>v Yo s
> &N " :
' . A . ‘.“-

YLt e . ) N UURER T A

{ B : RS . LAy

i

.
pA)

As. dlscussed in. ‘the theory sectioh. of the

L procedure, the sllp factor‘(b)-isfproportional'toe
fx/d, and 1s therefore 1nd1cat1ve of the 51ze of flow

- channels open to flow.(d) and '51nce the mean free

’ R

-;fsllp factor 1s calculated by leldlng the slope ofy

~ -

of'.sllppage occurrlng durlng each run. . ThlS .qs;

thought to be _so;' 51nce, although the 'degree ofayk

s e

).,.__ i

g

relatlve increasef in ~absolute'

'pressures.V In Flgure 12 the relatlve decrease ihyﬁ'

*absolute permeablllty w1th 1ncreased NCP was alsoff

RS

'fpath of the gas nmlecules (X)'Wlll 1ncrease w1th-u
ﬂtemperature, the sllp factor is"- also 1ndlcatxve ofy

t.the temperature of the flow1ng gas.n Aitﬁpudh the'i
'h,ithe Kllnkenberg Plot by K the slope of the plot;hE'

.?ultself 1s probab%? moré representat1Ve of the degreth,7:

¢Ws&1ppage may be 1ncreaslng due to the grea:e}\meaﬁgglcf

,v:free,. path _<'the;f:gasﬁ- molecules ;'at:‘ hlgherf’c

. permeab111ty~ w1th . elevated L temperatur fwas_u
'apprOX1mately _th» Same ~7atﬁi a11»:»nét conflnlng'_jf* o

,vythe Kllnkenbe Plot),.the absolute permeablllty of N

‘m[the sample may be 1ncrea51ng faster due to new- flowAﬁ %y:”

decreaseJ 1n‘ the calculated sllplf.-f*:
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e

€92:.'(Append1xt _B3)’;_1ncreased: jw;th- ;anrea51ng

- as expected,' since the ‘mean free path of the gasf,‘

ThlS appeared to be the case for the dolomlte

samples, where sllp factors calculated for cores 90»d

and 133A (Appendlces' Bl and B2) decreased wlth}whh

1ncreased temperature whlle the sllp factor for\corev

temperature.' The-‘ ldpe ‘of ‘the Klinkenberg.'Plots

~

1ncreased or remalned COnstant with increasing‘

temperature for all three dolomlte samples tested

a

'molecules was 1ncrea51ng w1th temperature

:T;‘b) Horlzontal Dolomlte Plugi

‘:'1n Flgufb l& ‘wherqj%he horlzontal plugs dlsplayed

“ihprrzOntal cores' dlsplayed decrease_glnh}élip7;

oo

- Flgure 13 deplcts results from flow“ tests

pergfrmed on ,two one-lnch ‘diameter  horizontal

dolomlte plugs (#938"‘andv’#l33A$; gfc123'_and =463'h

ig%ﬁﬁ%ﬂldarCles o permeablllty, ‘ reSpectively} B As

y

¥ -

e

c \

N' "“.}‘;)t N /_‘(

\’ .
The effects ofklncreased temperatures are’ shown],

.',,absolute permeabllltyugaiﬁs near 20% at 320 F .Ks]p

:W1th the' twn vertlcal corés (#90 and #133A), :the;h:f

&nqles from conventlonal vertlcally orlented:"

@g@b6v10ﬁ51y mentloned, these.plugs Were removed at;,g,.g
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factor,' w1th the -slope .

cremalnlng approx1mately he@ same w1th 1ncrea51nq

- temperature. Complete test results for plugs' #93B

c).

' pressures uP tO 5000 psi.’ Slnce the 1n1t1al testsf4'§f“'

:gfor cores lL 3L and 4L were carrled out at 6000

‘-:Jthesev cores@r¢:As[_shown _1n Flgure _18 nysteresxs e

flosses f'in : core_';ﬁL 7‘werev: determlned tc be

and #133A are documentedcxn appendlces B4 and BS

Due to the unusual results obtalned with the"

’Lone—lnch horlzontal dolom*te plu&s, testsv were’

carrled out on a one -inch vertlcalagdolomlte- plug

gfrom core 133A to determlne 1f sample size .was ea’“

Limestone Cores . .

‘The .foﬁr'_threeeinch3'limeStdne* cores‘ Uested'

..,
1)

KFignref LT)"exPeriencear d reases%'ln 1absolute SRR

'permeablllty ranglng from 7% ‘to- 99 at net conflnlng'

’

;p51, hystereSLS effects could not be determlned for’

A

o

approx1mately 7% ‘,:24‘__j:,~;i_-'.7’v“_-.'

04\

. v.“ o . . v' ! . - . - ) . T ) . : T ) -

£ the Kllnkenberg Plots‘,""

.

v -
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- Temperature runs for core 3L were: not consrdered asf

.'—rA1957% core 4L s absolute/ permeablllt) > rema;ned-

1 ~""'J‘\.

'constant up to 250 F then 1ncreased by abput-’% at'

L325 F Core‘ 6L experlenced a contlnuous gaxh in -

- absolute permeablllty w1th a total 1ntrease of about'

[
-

) Durlng the elevated temperature runs (?iqure‘f\”.

4% at 325 F As expected Sllp factors calculated:”v

. w
for~- both ~'cores ' 1ncreased w1th temperature

v 3

‘a sudden drop 1n permeablllty for all runs at 325 F..

i_suggested 'that the*ioverburdén fluid (011) had

J stalnlng of the core was.. evident upOn removal from'

La) .

f»temperature occurred Fluctuatlons ln Kabs recorded-

of 2‘18 7 md at, 75°F (Appendix- Bll.)v.

B
\ . P

'1nvaded the core throuﬁh the membrane. _some

b .o

the cell N ".y'v . a °

% .

Sandstone Core R o

® S

q
v

carried out for: comparison on -a, vertlcal, clean

y !
LR

homogeneous sandstone core:(ZS) w1th a permeablllty'

l . ) M . day’ 9

N z ‘(41.

a2

L e

. constant> increase in}'sllp factor w1th lncréaéed

¥

at lower temperatures may have been due tQ the error

in readlng the low pressure drop across the core
N
(only §bp51), as discussed under "Error Analy51s in

‘the Procedure_Sectlon.

-

One “set of temperature runs’ (Flguie 20) _was.

An 1nct 2ase in’

.K of around 2% at 285 F was <recorded- rwhlle‘ a’

- .

PO

N
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Discfissian : , ' _ .
2 S - !”' . - ’
Effedts of Changes in Net Confining Pressure

Ve . . '

The effects of,increased net.conﬁLning pressure

(NCP) on - the carbonate samples found in this

Y .‘ " .
investigation conformed quite well *to expectatiOns
l

Jbased on ex1st1ng llterature and on proposed thFory

;f The most 51gn1f1cGnt results of this study were:

.= .\~ samples tested.

1. large hysteresrs effects were qulte evident
in almost all samples tested; and,

'+~ 2. the effect of increésed NGCP on horizontal

P AAS

permeability was considerabiy_léss than on

vertical =~ permeability in = the dolomite

iHystere51s Effects

Rev1ew1nq“ the hystere51s effects, ‘it was

'Fobserved that the largest decreases in permeabllltv.-

{around 15%) were found in the prev1ously unstressed
' ' X :
vertically oriented dolomite and limestone cores
(Figures 9 and 18). Previously stressed vertical

dolomlte cores  experienced decreases in absolute

f,permeablllty on the’ order of three to seven percent

while the prev1ously _stressed vertical llmestone

.cores varied from seven to nine percent losses &t

net conflnlng pressures of 6000 psi.
The presence of hystere51s losses indicates
that both plastic and elastic deformation are

occurring, since some of the losses were reversible,

37 R
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while some . were not.f;'To further analyze the

e -~

”défq;mation bc?ufrf%giﬁi: is.heééssaﬁfftb considﬁf;
the. stress histo;yi;éf the .rgck‘ samples ,ﬁeéted_iv
Because the saﬁples‘ﬁesteA-wére removed,ffém shallow
formations, it ma§ be .assuméd tﬁey 'had not  been
ﬁreviously- subjected tév more éhan 1000_ psi ' net
confining' pressure.' At thisi preésﬁré :£hg :bck»

'sampié would have uhdergone sé%e elasgic deformation .
as Weli as someVplasticfaeformatiéﬁ; Wﬁeﬁ ;emovcdﬁ
from the formation.;only; the eléStic: deformétidn
' &oﬁld'_ have rebégnded‘\'aﬁd, . accofdingly,- When»
re;treéséd in$1thé%%prgssure' ceill »only elastic
deformation wépid occur; be low :the. ma§imum Stré§s
lével_Awhich 'éﬁgkﬁsémple ,hadw previously venaured;V.
Beyond ﬁhat  léQel both _plastic - ahd'  é;astic

.‘deformation woula occug.» : .

* Relating these  results to ~ a reservoir

situatioh,v it . is obvious .that - the magnitudei of

permeability change with net cohfining pressure is -~

dépéndent on the previous ,étress history of the
'réservoir.v Aé was theofﬁiéa, a.resngOir which hés
undergoned high stresses would - show .relati§el?
smaller -changes in pefmeqbiliky with changes in neﬁj
confinihg pfessurés, and vice versé. A.sgmpreicore

being removed from a - Peservoir will expand

?

eIaniCallX oblyl with thé>degree‘bf expansion being
partialLy_r0ck—depéhdentp.as well as related to the
previous stress history. A formation undergoing

N o . >

88
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Co.

pressure ‘depletion. wildk =~ ke compressed  both .

A}

elastlcally and plastically, ‘asﬁumihg -uplift-'ahd'

eros@on have not pfeV1ous y occurred Once again,

4

_the 1h1t1al NCP. anﬁ the_ rock spec1f1c» parameters

11 control ‘the amount of: deformatlon occurrr}g
'%tiCal'versus Horizontal Permeability Eftects

3 Although vertical permeablllty is of 1nterest

to the reserv01r engineer, horlzontal permeability

is the prlmary .factor ~in determining a

»

versus NCP for a vertlcally orlented three inch

dolomite‘core T#lBBA) and ‘a one inch horrzontal}y

-

orlented plug removed from the subject core: (Flgure

21)- shows a srgnlflcant dlfference n the effects of

L] ~

™

. the 1ncreased NCP on the permeabllltles of the two

' samples. o dﬁé\s

L}
LY

At a NCP of 6000 p51 “the horlzontal sample had

AeXperiehcedjbetween 1 and 2%,permeab111ty loss while

{ . S .
the 'vertical samples absolute permeability had

decreased arouhd'7%. Since both the core and- the

plug removed from it he: rhe'same stress history,

hystere51s was not a factor xn the comparlsonr
¢
‘These results agree qu;te well w1th the

;jsandstone results found by Gray and Fatt?, as well

as with 'the proposed .theory. It is probable

‘therefore, that differences in compre551b111ty in

A i

the horizontal .and vertical directidns were preSent o

’.

2

reserv01r s product1v1ty A ‘Comparison _of] K/Katm o

«
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~in - the ‘do;gmité samples_¢tfste and could- -be . / A

"expected, in pther ‘dolomite / reservoirs. .. . As

oL

' previoustly ‘stated, this _COﬁ 1t C : .
L . . . . « ‘ g . : "l
result of distortion due to the® greater Vértigal o <

‘stresses ' experienced. in :the reservoir;  the

c orientation of sediments déébsited" ig © the

cérbona@;é, or from dissolution_and récrystaliZation

.E‘Jr at higher t;;hg;atﬁres and pressures.
' ’ A second& observation may-be maaéfE}Om Figgte'2l'
with regards to ﬁhe--éha?e'of the two curv s. A
1owbne£ confining pressurés vefy iiétle_ch 3ge in__“.
horiéontal‘perﬁeability ié'occurring,iwhil‘ at the
same preééurés"vlarge(  cbaﬁges ‘in--'véfti¢al

_— & . . ; .
.- . permeability are taking place. Conversely, .as net

. » B t

4

<

Ce - ° ’ . \ Te T ) ‘o 3
conflnlng pressure was increased . losses in

" horizontal @_pefmeabiiity "became greater, while
corresponding . lossés .in vertical == permeability

eased. ~ These effects are in .agreement. with

propoééd'theory,'sincevit was postulated that_ﬁndér

decr

"isotropic stress conditions-,the compressibility of

e - 'in the rock samples would be initially‘areatervin

4o o - ' Co D7 .

) ‘the horizontal direction due to previous conditions
L ° T o ’ { ’

a

. “';a .

. . : - {
in the reservoir., as “~stated. Furthermore, as
deformation -©f the rock grains occurs, it would be

;'@; exbected that = the cOmpressibilities _woulgi move
@%étoward equilibrium, as evidenced by the shape'of'the
3 , » ha,;s- . . ) . ) :
-l two curves.':-:

~



\5) Effects of Elevated Temperature
P

- N . 9

‘The ,etgeCt' of elevated femperatupe on - the

L

“absolute permeabllltv WE- the‘ s_amples teet‘ecl

'conformeé“ to proposed €heory tor thd /nos; part,

however the magnltude o? theéchahgeb{recoided was

v

- N {

: con51derably gpeater thdh’was e3pected Ab-shoﬁnnln

x

Figures 10,14, 16 and 19 thﬁf ‘homaganeous samplgs

experienced increases ve ying,6 from 2J;ton'4%' with

-

-

. o A
expeérienced 1ncreases &5 hlgh as 50%. Generally thé

.. # . - ’ v .
. three-inch heterogeneous samples experlenced(;@aller

‘incredses (up to lg%)"while the one inch ;plugémy

o - . | e
displayed much greatet gains.

. . . . . & A ..
From e results obtained, two observations.
» . i ES . S
S a7 : :
weére made:
. 1. As/ predicted, the. increase 1in ebsoluge'

. . ) ¢
v

permeability.with_increased temperature was

- greater for the”he%erogeheous samples and,

2. The effect of increased temge:ature appeared

increaseSﬁof 250°F, while ;he heterogeneo&s sampleb_

_to be dependent on the siif of the sample.

tested;ﬂae,both'the‘vert}cal_and horizontal’

blu@s displayed far greater gains than’ any
.«  of. the full-size cores. | o
: N SRR N . ~

>
3

Althdugh the magnitude of the permeabiijty
.1ncreases far exceeded the predlctJons made, it is”

v \/
belleved that all 1ncreases 1n permeablllty re<ordcd

.

[}

b
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‘The

P 4

g “t - of elevated temperature on - the

H\.’

L

solute permeabllltv WE- the‘ s_amplés test‘ecl ® .

nformed“ to proposed €heory tor thd /nos; part

wever ' the magnltude o? theéchahgeb{recoided was .
N i T
n51derably gpeater thdh’was e3pected Ab-ShOJn“ln‘ . oo
o . A M’,

gures 10,14, l6 and 19 th@ homngneou§ sampleb, L gﬁ

perienced .increases’ va ylng from 2J.ton'4%' w;th
xcreaseSﬁof 250°F, while ;he heterogeneo&s sampleb S

- %

. o A
:périenced 1ncreases &5 hlgh as 50%. Generally thé
\Tee-inch heterogeneous samples experiencedi;@aller NS

icredses (up to lg%)"while the one 1inch ;plugém
.splayed much greater gains. A a §¥
~ . R : T . K

. . . . . & A ..
results obtained, two observations.
. -~ s . S

4 . : Loy

From e
»
ire made:

. . o .- . '- -G
1. As/ predicted, the . increase in absoluge B ’

. . ) ¢

permeability.with_increaséd temperature was »

greater for the”he%erogeheous samplos‘qnd, Y

2. The effect of increased temge:ature appeared
_to be dependent on the siif of the sample.

tested, as both the vertical and horizohtari
blu@s displayed far greater gains than’ any ~
. % of the full-size cores. o T Y
: P SN o - .

>
3

N

Althdugh the magnitude of the permeabiijty

ncreases far exceeded the predlctJons made, it is”
v .o \/
)elleved that all 1ncreases 1n permeablllty re<ordcd
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o N . / M . ’ ‘\ : ]
~the Darcy FlowVquption is valid “only for

lamlnar flow

~

Hav1ng establlshed that the rock sdinples tested
underwent .substantial - changeb in .absolutel

permeability with temperature changes, the reasons

why this occurred may be investigated furthe;.\

Slncc permeablllty galns were far in excess of- thosn

predicted, prEVlOUﬁly unaccounted fo; phenomena nust

~

have- took place as the samples were heated. =~ TwoO

reasons.postufatEdfare | |

V 1. The rock samplee;tested'contaihed minerals
~with coefficients.cffexg@féion_cbnsiderably‘

different than those documentcd; or

2. The expansion of the matrix, opened new
. - S

channels for gas flowvwﬁicﬁ*had previousdy

not existed.

Slnce the measured Yvalues for matrlx expansion’

of séveral samples_(Table l), were reasonably close
to the-documented~values, matrix expanSiqn'dreater
than predicted was unlikely. Mechanism two is more

probabbe; and as dlscussed below,, slip factor data

B’

obtained from flow tests appears to support this -

thecry.
As detailed in the/ results and ’procedure

sections, the +two primary_, conditions affentlnq

® glippage . are.the Sizé‘bﬁ’*the £low passage and the

96 -
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b N . . . . : - " . N : .
- C . ’ . ‘ . C ‘
v R ' e R

a

mean free pathjof;the gas .molecules. In the.course

. of temperature runs ‘cdrried . out - in  this
. r a . ‘ . . ik
LI - \

‘ihvestigation- it ~was apparent that both the mean

~

free molecular path of = the f;gas - and the-

~

cCross- SeCthAdL area open to fiow were atfected

For core 133Aa (Flgure 22)° 1t was ev1dent from

the slope of the plots that slippaée _effectsv

2 —_

remained ‘relatively constant witﬁﬂ higher"'

AR
:temperaturts, while. absolute permeablllty 1ncreased

- -

Resultiug ~1ip factors (Flgure 24) decreased with

.1ncreaseu cowperature. It wouia appcar then, that

~

three p0551ble effects were occurrlng as temperature

wastlucreased:
&

- 1. fhe meauafree path 0futhe gas molecules Qas
» ihcreasiug with.temgfrature. | .
\

f2; Pbre_ ﬂthro&t ‘size was . incre sing'".with

Lemperature,' . resultiny P
.

lncreased peémeablllty | S

7
-

» 3. New passageways were openinq,i causing . a,

!

further °~ increase “in permeability - and

subsequently, a decrease in the.calculated.

\

|
L.

S slip tactor. N

8

relatively

I
. : |
tonstant . sllppage eltects as. well .as’
‘ .

97
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In the case of llmestone core 6L (Figure 25)

'1ncrea51ng slip factors were calculated indicating

a larger 1nfluence from the 1ncreased mean' free gas

!
)

'molecule patlr. Since the dolomlte core. experlenced.

relatively larger gains 'in absolute permeablllty

Y

(18% vs 4% for core 6L), this. result seems,logiCal.

Results from temperature runs on the smdll one-

e

"lnch plugs (Flgures 14 and 16) were expected to be

c)

similar to results .from the larger cores of the same

sample. Srnce both ther vertlcal and horlzontalw'

3

plugs experlenced greater géﬁns in permeablllty than.

«s

the larger vertlcal cores, it may »be concluded that

-sample size was a factor in the results foupd on the _

plugs. It is thought ' that perhaps small
discontinuities in the .samples, would have

relatively larger effects on ~the much smaller

samples('but_this'theory could not be verified. The‘

formation of microfractures with heating, as

postulated by Aktan® and Faroug A1113, deld seem to

be a more pldu51ble explanation. As the small plugs

»probably have less- overall lntegrlty than the larger

samples they may have been more severely affect%d by’

r.

'the mlcrofratturlng

Combined Temperature and Pressure Effects

S

As was seen in Elgures 11 and <12 in the results

[y

section, the dolomite. core = tested . reacted to

-

temperature increases exactly the same at all net

. . . - o .
. . . 3
o . . .

99:
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101
confining pressures, = and conversely, reacted the
'same’ to changes 1in net confining pressure at. all

‘temperatures. Apparently.fthe dhange "in. effective
R _ . .

stress caused by the increased temperature was -not
‘ o - . . o .
significant, as a variation in the initial state of ‘

stress in a sample would be expected to result in a

change in characteristics wgen the sample was g

subjeﬂbéd to increased net confining pressure.

D ¢

s
»




 CONCLUSIONS

Based upon experiments carriled out to determine

the effects of ‘net . confining pressurc = «and

temperatﬁre on the absolute. *permeability of
. s . J

consolidatzd 'carbonate - rocks, - the following

conclusions can be made relating :tb 1the samples
which were tested: e
1) JADolomite corés.bsﬁbjected to  net confiai.g
pressures  up to 6000 psi will undeigo
_insignificant changes‘ in horizental abéoidteV
‘pérmeabiliﬁy.
2) Horizontal permeabilitieg méasuredwaf low net '
confining p#essures (which is normal for mésf
commercial laboratories) willbbe representat%&e

y . Cy s ' Lo
of horizontal permeabilities neasured n yrder
B | . M

ey

conditions ot high net confining pressurecg

, : , 11T A

. . . A "V
3) = -Stress history, matrix strength and® grain
orientation are probably the most ;ﬁﬁpértant_ 3

factors to consider when estimating gifie effects

~ . . i
' of .increased net confinings. & .Vkes on the
absolute pe;ﬁeability of & Sy e formation.
4)" Caébonate reservoir rqcké_'% ‘wéxperience a
slight increase in absoluté* éf&eability Qhen
heated. ~ i |
5) ?eterdgeneous cargonate& wiIi be more likeﬁﬁ to

experience- increases ' in permeability with
‘temperature than will homogeneous carponates.

v . -
'
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JWRITE (6,201 N B ’ - o

REAL’ DAYQI-DATA“nbAIAK.OVFRDNvLENGYH-‘INvFDUTvFHEGNy
INFH-DELTA‘vOFLvﬂFLH'CDN“11vUISF AFERHvthA]AJ.
FH,NCF.nlufn;nriEhn.nrn.IhEAH'TQTH

WRITE (492000

FORMAT (154, CORE 3L

FORMAT (154 "RUN #1727
WRITE (69202
FORMAT (T47v’TEHF£ﬁéTUkE = 163 C (325 Fy o

WURITE (6,203

#ORMAT (T37, CONSTANT NET CONFINING FRESSURE = 2000 rs217)

WRITE (6,204). ' :
FORMAT (T49, FIN- POUT = 100 Fs1°) _/’q\\\-j//
URLTE 1652052 ' : '

L6205 .
FORMAT (/4" F]N(st rlefPOU1(P51)';Jx-’G\ml/s)‘vIXv Y
‘Qruiml/s)d "y » FMEA (PS))C-?Xr'OVFRHN(PS)i’vZXr'NCP(551)’12Xv

‘1/PmCatm- 1)

2Xr ‘R{md) X-’l/Fm(hFa 1) 22X N lumXXI) 0 /)

READ (5,100) - LENGTH
FORMAT (Fa.1)

KEAD (5,103) W ' - o )
FORHAT (F5.3) . . .
:ﬁ;gp (S+104+1END=50) DATAL, DATAD, DATAZ, LATA4
CFORMAT (FS5.3, 0%/ FS 392X sF7.30F6.3)

S TATH=734440 -
THEAN=325+460)

FINS200XDATAL+ 14,696 . D
FOUT=200%IRTAZT +14.696 .
" DVEBRON=DATA4X34Y, 122 . S !

FM=(FIN+FPOUT)Y/(2.0) . )
FMEAN F'M/14.,696 . - .
INFp=1/FHEAN A . / _ ) )
NCF=0VEBRDN-FH .

MINFM=1/(FME6.89476)

_DE;TQP:(PIN-POUT)/14.696 ' e

IF(W.LT.1) GO TO 11

. ) T . N
QFL=4000%DATA3/60 -
GFLM=(QFLXTHEAN) / (FHEANXTATH)

60 TO 12 ,

OFL=DATAZ - : ' R

QFLH= DATAJIU/FHEAN ) % : ) '° :
CONST1=LENGTHX4.0%1.0E-2/(3,141%7.50%%2. 0> " /.
VISCE1778.0%(1.0+8 . 9SBE -04K (FHEAN-1.0) 4 S

6 1"05 —O7X (FHEAN-1,0)X%243,997E~0B% (FHEAN-1. 0)::?)'_~v
+4.550%(163-25) . oe

. Y 1
AFERM=(OFLH*V1SCRCONST1) /DEL TAF . .
MRFERHM=, “ERM/1013.25 : PR o

WKITE (6+206)FIN+FOUT,QFL,OFLA.FMs OURKINSNCF « IREM,
RFERM s MINFM e BRFERM 4 ) .

FORMAT (T2+F6.10T119F6.19T200F6.2sT28sFa.2¢T39 Fa, 10
TS2iF6 1, T6arF6. 1eT750F 6.4, TBSF6. 41 T944ES. 3,T106v£9.3)
G0 TO 10 I .
STOF ' : : :
END : - e
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Y Fiow pousmios -~ .

Qm

‘,AP 

";hf :

correlation developed by Kestin and Wang 2°

B

Qr -

ML . P, T N
E) "',;
-
Qr W - L - P - T  Qn - | - L
A - AP - P, T, A AP

.

The viscosi

flow ra’tﬁt a mean pressure (tc/sec)
C . 4 . . L
flow rat@™8t room pressure (cc/sec),

pressure drop across core (atm)
‘mean pore pressure (atm)

room pressure (atm)

'

cross-sectional core area (cm?)

Léore 1éngth {cm)

S 3 .
core temperature (°K)

hhréémitempefature (°K)

permeability (darcies)

viscosity of nitrogen (cp)

~

+ 6.120 x 1077 (P - 1)2

. . B K b
1778 x 107> {1 + 8,958 x 1074 (Py = 1)

Lo
i

v b

+3.997 x 1078 (Py - 1)3 + 4.55 (T - 25)]

ty of nitrogen is determined using the
, . 1

109
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o
Q0 .
Core 32, Run #9 .
"% Pinler = 899.4 psig + 14.7 = 914.1 psia
 Poutlet = 800.0 psig + 14.7 = 814.7 psia
| _ (899.4 = 800.0)psi _ -
- AP B 14.7 psi/atm =. 6.76 atm
_(914.1 - 814.T)psia _ .o oo
Pr_nean = - 2(14.7) = 57.82 atm
Taem = 24°C + 273° = 297°K
Tmean = 52°C + 273° = 325°K
’ .
Qatm = 133.67 ml/sec
- T P ‘ .
Qmean = Qatm mear _2t"  (From Boyles Law)
Pmean Tatm _ o
Substituting:
. . {133.67 ml/sec) (325°K) (1 atm)
Qmean = (57.82"atm) (297°K) -
= 2.53 ml/sec

.From Appendix A2:

1778.0 x 1075 [1 + 8.958 x 1074(57.82 - 1)

+ 6.120 x 10~7 (57.82 - 1)2

+ 3,997 x1078(57.82 - 1)3 + 4.55(52

= 2007.8 x 1075 cp

u:

Tt D2
A = 4
1, =

¢

, D = 7.5 cm,

10,78tcm

A =

- 2571

.e

44 .2 cm¢

111
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'Now, substituting:

- - AP - A

2;53'ml/§ec

2007.8 x 10-5 cp

ks,
g

= 00183 dar

.
e
rE
3
N
. ) )
e . .
N S . N
RY

6.76 atm - 44.2-cme

cies

o

10.78 cm
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2

To determine Réynolds number for a porous medium®

' Dp 'V . - |
R = *Jl+JLE— 6.72 x lO’AFlbm/ft-sec-cp

;. },1(1\\9)

If R < 250 flow is con51dered to be lamlnar

Dp o= particle diameter (ft)
Vs " = superficial velocity (ft/sec) -
p = density (lbm/ft3) ' e
18 = wviscosity (cp)a¢.
4 U\(U.‘l
' l‘_)"drd

. w3
Using data from Core 92, RUn 43

!

K = 0.729 md, @ = 11.1%,

Particle diameter is determined using Poiseuilles Equation:

7y

K = 20 x 10% @ Dp?

.Where K is in daroles, g is por051ty and Dp is- in inches.

5 ‘
Solv1ng for Dpr

o - 1J K___ - “%J 0000729
P= N20 x 106 ¢ 20 x 106(0.111)

-

. . - . 9
= "1.81 x 1073 in "
=1 1.51 x 1076 ft

Séperficial Velocity (Vg) is defined by the equation: -

* from Denevers 8. v

n



. e :ﬁ,;
' v T ,?‘- .3‘: ]
" Om . & b i
Vs = =X .o " -
A P S
» » 19‘.
where:

v Qm

. . . ce a. ¢ . ;».4"-‘. : .’} . .
flow rate at mean flOWlngﬁE%éS%ure
3 . - - ',:.;f ""3"1'.4,'.-' .

3 -

s
]

total cross-sectional ‘area ogwhgdlgm
e T Ry

Using data from Core #92, Run #3, -

1/Pmean = 0.1 atm_l : oL S -. _‘)
- . L S ’ «
L3 . N . . T . \ .): { ) y ,
A = 0.049 ft2~ , T
. . . » i G . RN
Pp = 10 atm = 147 psi - :

o .
Tm = 24°C = 535°R ¥
TR 0.01793 cp (using Kestin and Wahg_cdrrelafibns

in Appendix A3)

The density of nitrogen may be determined:

MP 28 (1b/1bmol) (10 atm) :
= = = 0.7 3
RT 0.730 (atm-£t3/1bmol °R)535°R _ 0% lbm/ft
Qatm = 24.2 ml/sec (from data)
. N,
P 24.2 ‘
Qmean = Qatm ° Patm = 10 = 2.42 ml/sec
. mean ) .

therefore: -

- 2.42 ml/sec

v -
8 1 0.048 ft2

x 35.14 £t3/m3 x 1 x 10-9 m3/ml

= 1.77 x 1076 ft/sec

i

And substituting, Re may now be determined

o, - 1.51 x 1076 ft x-1.77 x 1076 ft/sec x 0.72 1lbm/ft3
€ 0.01793 cp (1'-:0.111) 6.72 x 10-% (lbm/ft-sec-cp)

= 1.8 x 10-7
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