B e LI . P o v | —

g National Library Bibliothéque nationale

of Canada ¥ du Canada

e e B s A A VI,

0-3/5-0382¢

Canadian Theses Division ‘Division des thases canadiennes

QOttawa, Canada
K1A ON4

51473

LY

'PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

. P.ease print or type — Ecrire en lettrés; moulées ou dactylographier

Full Name of Author — Nom camplet de I'auteur

AG0)ICHUKWY Senidhy CHukmosEmBEKA [~ = £ IDEMBAH

Date of Birth — Date de naissance

;@b)’un“fj 4 /9[7L~.§—

Country of Birth — Lieu de naissance

NIGERIA

Permanent Address — Résndence fixe

c/o&t.\la,we,_;’ (/[Lurc/& N/‘?/\//(/?] VG /jtb‘bé_t L(;/{)

ﬂ/\/HMgQA) STATE , NIGER/A

AN
N

Title of Thesis — Titre de la thése

Srepay STATE RADIAL
MED /A A

‘ ¢

GAS Hoe TI/R0utGr %ojioas

University — Université

UNIVERSITY s %8&:‘2

‘Degree for which thesus was presented — Grade pour lequel cette these fut présentée

ﬁ M 5 (pcﬁ@_/eum Enjmee*nmﬁ)

Year this degree conferred — Année d'obtention delice grade

/751 ”

Name of Supervisor — Nom du directeur -e these '

Prof. D)) Jfrcm che /<

Permission is hereby granted to the NATIONAL LIBRARY OF
CANADA to microfilm this thesas and to lend or sell copies of
the film.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or other-
wise reproduced without the author's written permission.

L'autorisation est, par la présente, accordée a ia BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thése et de
préter ou de vendre des exemplaires du film. i

L'auteur se réserve les ayres droits de publication; ni la thése‘
ni de longs extraits de celle-ci ne doivent étre imprimés ou
autrement reproduits sans l'autorisation écrite de I'auteur. )

Date

&acl 5/ /9 O

Signature

NL-91 (4/77)




-~

. * National Library of Canada
Collections Development Branch

Canadian Theses on

Microfiche Service sur microfiche

NOTICE

The quality Of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

If pages are missing, contact the university which
granted the degree.

Some pages may have indistinct print especially

if the original pages were typed with a poor typewriter
rib~- ~if the university sent us a poor photocopy.

Pre.iously copyrighted materials (journal articles,
published tedts, etc.) are not filmed. : Y

/
Reproduction in full or in part of this film is gov-

erned by the Canadian Copyright Act, R.S.C. 1970,\\

c. C-30. Please read the authorization forms which

accompany this thesis.

‘THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

Ottawa, Canada

~ K1A ON4

Bibiiothéque nationale du Canada '
Direction du développement des collections

Servite des théses canadiennes

AVIS

La qualité de cette microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
avons tout fait pour assurer une qualité supérieure
de reproduction.

S’il manque des pages, veuillez cdmmuniqu‘er
avec I'université qui a conféré le grade.

La qualité d’impression de certaines pages peut
laisser & désirer, surtout si les pages originales ont été
dactylographiées & I'aide d’un ruban usé ou si I'univer-
sité nous a fait parvenir une photocopie de mauvaise
qualité. : . .

Les documents qui font déja I'objet d’un-droit

d'auteur (articles de revue, examens publiés; etc.) ne

sont pas microfilmés.
\ : )
La repkdduction, mé@me partielle, de ce microfilm
-est soumise a la Loi canadienne sur le:droit d‘auteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d‘autorisation qui accompagnent cette thése.

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

NL-339 {Rev. 8/80)

3
3
:
i
K

.y




THE UNIVERSITY OF ALBERTA

STFADY STATE RADIAL GAS FLOW THROUGH POROUS MEDIA

. by »
(:::>AGODICHUKWU S. C. EZEUDEMBAH ,

| A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
é\\ IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
' OF MASTER OF SCIENCE |
\ IN
PETROLEUM ENGINEERING

DEPARTMENT OF MINERAL ENGINEERING

EDMONTON, ALBERTA
Spring 1981



.THErUNIVERSITY OF ALBERTA
RELEASE FORM

.

NAME OF AUTHOR " AGODiCHUK)b S. C. EZEUDEMBAH
TITLE OF THESIS STEADY}STATE RADIAL GAS FLOW THROUGH
S POROUS MEDIA ) _
DEGREE FOR WHICH THESIS WAS PRESENTED - MASTER OF SCIENCE™
YEAR THIS DEGREE GRANTED Spring 1981 .
Permission‘ig hereby granted to THE UNIVERSITY OF
ALBERTA LIBRARY to reproduce single copies of this
thesis and to lend or sell such copies for private,
scholarly or scientific research burpoées only.
The author resérves other publication rigﬁts. and
’ neither the thesis nor exteﬁéive extrécts from it may
*be prinfed or oth;rwise reproduced without the authorfs

written permission.

(staNeD) MRS S bE S
PERMANENT ADDRESS: -
St. James’ Church,
N'A N KA, Via Aguata L.G.A.
Anambra State, N’ 1'G E R I A

DATED— October 30, 1980



THE UNIVERSITY OF ALBERTA
FACULTY OF GRADUATE STUDIES AND RESEARCH

The ﬁndérsighed éérfify that!fhéylhévé réad; and
recommendfto the quulty of Graanté Studies and Research}
for acceptancg, a thesis entitled STEADY.STATE RADIAL GAS
'FLOW THROUGH POROUS MEDIA submitted by AGDDICHUKWU»S. C.
EZEUDEMBAH in partial fulfilment of the requirements for the
degree of MASTER OF SCIENCE in PETRDLEUM ENGINEERING.

Dr.D.L.Flock
Dr.R.G.Bentsen

Dr.N.Rajaratnam

Date October 30, 1980



To the mémofy'of my father

Daniel Ogbonnaya f?EUDEMBAH

March 15, 1915 - December 27,'1979



Abstract
iThis‘work deals with the possible causes of anomalous
gas flow behavior which has been observed ot both
K]jnkenberg and visco-inértial plots‘at Higher flow rates
and pressures. In pursuance of this study, axbebim&nts were
carried out at higher flow rates and pressures, and at lower
flow rates and pressures, with fhe fdllowing objectives:A
1. evaluation and rée-arrangement of flow case studies for
use in thé experiments;‘ | '
2. re-evaluations of the existing viséo-inér{ial flow model
\equation'which uses Forchheimer’s quadratjc equation;
3. - consideration of Stress.and strain on the cﬁre during
the course of radial flow under uniaxial confinement;
4. a check on the possibility of hysteresis sffect .

- The ploi profiles, obtained by conductiny the
experimental rUn51aﬁ higher flow rates and presaures,
‘suggest a'deviation from expééteg'profiles which fit the
visco-inertial flow mdliel équat{gn. By énalysis. and mode!
fitting, these profiles ére found to fit Forchhaimer’s cubfc‘
vequatioﬁ.'The log-log plot of the friction faator against
thé-Reyno]ds_number.§uggési§/an_éxistence of [ome term
'beypnd the visco-inertial flow regime. The p]Qt‘proFilés;
obtained by conducting the Euns at lower flow rates and
préssureg, conform to the visco-inertial flow mOdell
equation. Similér anomalous flow behavior, in which the
apparent gas permeability increases forfincreasing flow
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=

'study of confining pressure effects on flow behav1or

rate, is found to be dependent on both the f low method and
the type of rad1a1 conf1nement used App11cat1on‘of

stress- stra1n analySIS has proved to be a vital tool 1n the
Hysteresis has been observed to be 51gn1f1cant in the ]
parameter estimated alues. -« ',

Both Forcheimer’'s quadratic and cubic equations have(
been derived by considering Navier-Stokes equatione and
dimensional analysis for the quadratic case, end Kinetic
energy equation of mean flow and dimensional analysis for
the cubic case. The cubic term is regarded as an extension
to the quadratic equ:jion at higher flow rates. The physical

existence of its mair paremeter, gamma, together with the

flow E;Q?E;f?;’;;ich it operates, is established by
cons1derat1on of the boundary layer theory to the flow
problem Properties of gamma, obta1ned from experiment,
agree with ‘Hose obtained from theory ' o
Similar runs were made under triaxial confinement,
using a triaxial overburden radie] cell. The results,

however, are not conclusive due to design problems:

vi
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1. INTRODUCTION

Considerable effort has been made to explain the
phenomenon of gas flow through porous media, using Darcy’'s -
law as a fundamental equation. Problems encountered }n
interpretation énd understanding of this pﬁenomenon brought
some necessary modifications to this law. These include a
correction for das slippage at lower flow rates} using
Klinkenberg’'s equation. For increasing inertia] effects due
to higher filow rafes, modification has been made by using
Forchheimer’s guadratic equation.

" This stUdy is an attempt to explain some of the
observations made by both Piplapure(1) and Senturk(2) on

Klinkenberg and visco-inertial plots at higher'flow rates

and pressures. They were of the general opinion that

inadequate confinement pressure could be cohtributive to

 some of the observed deviations. Senturk, in addition, felt

-

that these deviations are related to the broduction method -
of expéfimentation. The exiéting model. flow equation is due

to Piplépure‘Who pointed out that it is.a'simplified‘form of

~.a more comp]ete;equation;

It becomes, therefore, necessary that the fundamental
theory of steady state radial gas flow through porous media

be reviewed witK the following objectives.
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1.1 Objectives

The main objective is to attempt an explanation of the
" deviations observed on the Klinkenberg and-visco~inerti$l
plots. To effect this, experimentation is done

1. with different flow methods, | |

2. to span both lower and higher flow rates and pressures,
3. to study the significance of both the flow methods and

hysteresis on gas flow behavior.

Rt
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Secondly, the effect of confinement pressure is to be

studied by analysing the stress‘and strain on the core
sample as flow progresses;

Thirdly, there is need for reassessing the existing
visco-inertial f]ow.model equation and reviewing it for x
. higher, increasing flow rétes and pressures. In order to
- accompiish this, it may begﬁgg;ésaryvto study the
applicability of both Forch&eimer(s quadratic and}dubic

equations to the flow data.



2. LITERATURE REVIEW

2.1 Viscous. Flow Equations : ' ' }'

As quoted by Hubbert(3), Darcy(4) determined ithat when
water flows vertically downwards through a packed sand
filter, the volumetric flux denstty is found to be
proportional to the differential pressure grédient.\This
relationship, which subsequent ly became known as Darcy’s

law, is expressed by the following equation:

. /
qQ = - K"‘TT_" (2:1) «
where K is the constant coefficient whi depends bn

s attempts have been

made to tggg;gtlcaTTy’aﬂr195ﬂt;ts law us1ng variables with
more general phys1ca1 meaning. \\‘\\\"“;“‘—‘_“‘____’dﬁfﬂ/i//f
In 1956, Hall(5) derived the genefa] form of Darcy’s _'
law for non-isotropic porous media ffom Newton’s bas'c laws
of motion and yiscosity. Assuminéhﬁegligible forcés of
inertia in the system and cont ifous” 11qu1d fllms, he

obtained the fo]low1ng equation ‘ -
q ='-(%)K'(§7’p+ﬁgz) o M

by using a representative volume element. The
pérméability K, is considered to be a tensor. and gz is the

potential of “the gravitational force



Hubbert (6) used the Navier- -Stokes equations of motion
of viscous flu1ds to derive Darcy s law for macroscopically

homogeneous and 1sotroplc porous_medeELinﬂihe_ﬁorm’////
q = Nd2(p/u) [§-plgrad P] - (2.3)

This is preceded by his earlier work in 1940.(7)

Irmay(8), in 1958, used both a hydraulic mode 1 and
statistical methods on the Nav1er StoKes equat1ons of mot1on
to study a one- d1men51onal flow of an 1ncompress1ble fluid
through a homogeneous and isotropic medium. At low values of -

Reynolds number, he der1vod Darcy’'s law in the form of:
q =K ' (2.4)

where

g 33 ‘ /
kK = 1= < - “¢ t : | (2.5)
-¢ '

He further emphasized that Darcy fiow through porous media
is such that the tota] Kinetic energy'of flow, which is
proportional to the square of the flow rate, is minimum.
The book by Sche1degger(9) gives a deta1led review of
various theor1es models, and der1vations of Darcy’'s law.

This Taw 1? used extens1vely to descr1be the flow. of flu1ds
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2.1.1 Gas Slippage Phenomena

| Flowing gas through porous media, especially at‘lower
p:essures.'yields higher'permeabiltty values tnan thogg
values obtained by flowing liquid. From theory and through
extensive experimentation, Kl1nkenberg(10) 1n 1941 showed
this tb6 be due to gas slipoage which occurs at the
fluid- ;oltd interface. He observed that the" permeab1lity to
a gas N
a) is a function of the mean. free path of une gas
| molecules. | ‘ | o ‘\
b) depends on pressure, temperature and: the nature of the
‘gas. ‘
c) is both dependent on the property of the porous rock and
on the mean pressure at wh1ch the gas flows,
Darcy’s law, for hor1zonta] plane .radial flow, and
Klinkenberg’s equation are, respective]y:

ra ) . (2.6)

c

]
Q.
518

ka

k(1+ 2 : - (2.7)

where

b = S]ippége ooefficient: expressed as
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b = dAp P £ (2.8)

Combination of Equations 2.6 and 2.7 shows that both the
viscous and the slippage terms are active in Darcy gas flowt
The work df K1inkenberg opened up more investigations
to determine the validity and theory of gas slippage.
Accprding'to this equation, a plot of.Ka_versus 1/Pm,
usually called the Klinkenberg plot, should be linear with

intercept k ang sldpe bk.

Calhoun and Yuster(11) in 1946 validated Klinkenberg s

equation but pointed out that the relationship between the
apparent permeability, Ka, and the reciprocal of the mean
pressure is not exact]y linear They eoncluded that
permeability measurements-at different pressure : )
differentials, as stated by Klinkenberg, gave the same-value
of permeability as long as- the mean pressure is constant.
Yuster(12), made the following observations:
T. The plot of apparent gasfpermeabi]ity against the
reciprocal of the mean pressure is usually 11near, but
appreciable curvature at thh mean pressures may be

. noticeable. ,

<7 . { .
+2. Using several gases ongzone core for the Klinkenberg

plot, all the lines extrapolated to the same'point‘at
infinite pressure.

3. .Apparent gas permeabi]ity.increases with increase in



temperature, but its value at an infinite mean pressure

is»essentially independent of temperature. v
FUsing the basic concept of Kinetic theory of gases,T
,Rose(13) validated Klinkenberg's infebpretat{on‘of gas slfpf B
flow pheﬁomena. He expressed the mean free path of the

‘ flowing gas, measured at mean pressures, in terms of

temperature,T, gas constant,R, and molécular weight ,M, of

the gas with the following relation:

x o 2.13 gL‘/%} i ’ . (2.9)

By statistical averaging, Heid, McMahon, Nielsen, and
Yuster(14) obtained a relationship between the absolute gas

pefmeability,K, and the gas. s]ippage coefficient,b, as:
. : |

b = 0.777k-03s |  (2.10)

- where b is in atmospheres and k is in millidarcies. They
—observed that, at higher permeabilities, snﬁlj>errors in
permeability measurements can causg‘large errors in the
values ?f b obtained, and unusually. Tow porosity tends to
-give ierr than avérage;values.eﬁ~h.‘

" Dranchuk and Sadiq(iS) observed that permeability
obtained in a Klinkenbérg extrapolation technigque is invalid
if the data used aré not taken in the viscous flow region.
They noticed a depérture from lfnearity at high mean

pressures on a K1inkenberg'plot, Subsequently, they



;suggested that a back-pressure curve be plotted first on

log-log paper in order to delineate the viscous and the

visco-inertial flow regions. ' .
Jones(16): obtained the following relation for gas slip

] :
coefficient,b(in psi), in terms of permeability,k(in md):

b = 6.9k-036 (2.11)

r

Casse and Ramey,Jr.(17) observed that the slip coefficient

. ™~
varies linearly with temperature. ‘ﬁuﬂ
2.1.2 Real 'Gas -Pseudo-Pressure
The dependenbe of the gas compressibility factor and
viscosity on preséuré was studied by Al-Hussainy, Ramey and
Crawford(18). They. developed the real gas pseudo-pressure
as: |
. 3 7
- P > ’
b .
where Pb is the base pressure. Using this potential, they
proposed tﬁe following equation for steady state,
isothermal, radial gas flow in the viscous region:
akhT [m(P.) - m(P.)] - ~
q = —t ‘ S (2.13) g
TP an £ ‘ o
A

Mackett(19) considered the isothermal variation of. -

compréssibility factor and viscosity with pressure at their

K

~



reduced conditions with the following integral

L4

Pr Pr |
XKI = Vi dPr (2.14)
SN} Hp - : .

He then concluded that under the experimental conditions in
which he worked, the values obtained by using averagé fluid
properties do not differ very appreciably from the vé]ues'

obtained by using the above intégra].

2.2 Reynolds Number Criterion

.IncreaQing both flow rate ahd flowing pressure leads to
a deviation from Darcy’s law, and this leads, subsequently,
to departUre from laminar flow. Earlier B |
investigators(20,21,22) attributed this phenomenon to
turbulent flow. Recent reasoﬁjng, which has been facilitated
mainty by the study of Navfér-Stoke# equations of motion,
attribute it to inertial effects(23,24). | ._o
Wright(25) in 1968 explained that, as flow rate
increasés,,deviation ffom Darcy’s law is initially due fo
inertial effects and at higﬁer f low rates turbu]ent éffects
. may pé obsefved. He designated the flow regimes as: viscous,
‘'steady-inertial, transition to turbulence and full
turbu]ence.'Using.this explanation, the transition from
- purely laminar; Dércy~type flow to fully‘turbu]ent-fJow,
coveﬁs a wide rangeﬁof f1ow rates} |
' _For pipe flow, the Reynolds nuﬁber is used to‘determine

the onset of turbulence and the deﬁarture from ‘laminar fléw.
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Applying this concept to flow through porous media, -a need
‘arises for a suitable cut-off value of Reynolds number which
characterizes the departure from both Darcy’s law and
laminar flow. - | |

Hubbert (26), using anonso]idated porous -medium, came
to the following conclusions:

.1. For deviation from Darcy’$ 1aw, Reynolds number is

greatef than 1. \N

Darcy’s law fails when velocity gs great eangh‘to make

\\ the inertial force significant.

3; Incidence of turbulence in Darcy flow occurs at much
"higher velocities corresponding to very high Reynolds
numbers. B

Subgequent]y, he defined the Reynolds number as the ratio of

the inertia] forces to the visCoﬁs drdg forges.

Linquist(27) in 1933 concluded that Darcy’s law fs true
for Reynolds number up to 4 and, for Reyands number between

4 and 180, he postulated the equation L
fRe = 40Re + 2500 | - . (2.15)

On the basis of his results, thg(éB) in 1940 concluded that
Darcy’s law holds for Reynolds number up to 10. For Reynolds

number between 10 and 300, he postulated

f = 94/Re0-16 - ' ' (2.16)
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Collins(29) pointed out that, in sands and sandstones, the
tranéition;from laminar to turbulent flow occurs gradually
at Reynolds numbers between one and ten. He added that true
turbulence occurs only at higher Reynolds numbers.

Scheidegger(30) reviewed the correlations of Reynolds
anber and friction factors’with flow regimes. He noted that
there are two critical Reynolds'numbers at which'the‘flow
regjmé changes, even thBugh fhey may not be universally
defined. The first change'occurs when inertiai éffécis in
laminar flow become important. The second change signals
real turbulence. He further stated that correlations are
‘valid, and useful, only for application to part1cu1ar
‘sysfems. Caution must therefore be exercised‘iflthgy are to
be applied to otﬁer‘conditions fér which they were not

originally obtained.

2.3 Forchheimer’s Equations

Forchheimer(31), in 1801, suggested that Darcy’s law be
mod1f1ed for high flovﬁ rates by 1nc1ud1ng a second order
term in the flow rate as follows: '

- -q-F—’ = aq +

o (2.17)

bq?
\\q

where a and b are polynomial constants. The extra térm takes

care of the increasing inertial effect.

"By dimensional considerations, Green,Jr. and Duwez(32)

observed that for a low Reynolds number, corresponding to a

o s e



low velocity, the following relation is obtained: '

__QE = Const'u—v—. ) - : (2.18)

Identifying this equation as Darcy’s law, they obtained the

following relation for higher velocity:

@ Loev2 -
- Ix = Const 3 | | (2. 19)
They reasoned that TN

o ™
a). the losses due to thenertia of the fluid become

progressively more important with 1ncreas1ng velocity;
b) " the gradual transition from. Darcy flow reg1me is marked
by losses due to both the viscous shear in creeping
flow, and to 1nert1a1 effects.
Therefore, they comb1ned the two equations to obta1n a

Forchheimer-type of equation

o T omv teev? C (2.20)

Beta, in this equation, was previcusly Known as the
turbulence factor, but is now known as the inertial
resistance coefficient,Fb. Kolada(33) expressed it as:
8 | B -
7.56 x 10 . - (2.91)

. b7 e T

Senturk(34) concluded from his studies that this pabameter'
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is both a property of the flowing gas and offthe porous

medium. | |
Irmay(35) derived Forchheimer'é'equation"for a one

dimensional steady-state flow through a homogeneous

isotropic medium of average grain diameter'aé:
J = aq + bq? | (2.22)
where

p o= S =-9) | _1 | (2.23)
$* - gd2

He stated that while coefficient,a, depends on both
viscosity and temperature, coefficient,b, does not. For
Reynolds number greater than 100, the flow becomes
turbulent. ,

~Schiedegger (36), repo;ted that follbwfng furthér-
résearch, Fofcheimer added a third-order term thus: |

1%; = aq + bg® + cq? L (2.24)

where a, b, and c are_polynomia] csnstahts. He added théf
this equation fitted experimental data better for higher
flow rafes.l o | |

Basak aﬁd Soni(37), reviewing the £ Tow relations due‘to 
both Darcy and Foréhheimeb, observed that thle Darcy’s law

- - N - -
failed beyond Reynolds number one, the velocity gradient
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response is adequately represented by Forchheimer’s
relations. Analysing,high-velocity.gas flow through porous
media, Firoozabadi and Katz(38) noted that there are cases
where Forchheimer’s qugénatic equation failedlto correetly
fit the experimental data. They therefore suggested for such
cases the use ot Forchheiner’s cubic equation in the.
following form |

dP

" X ;."‘;‘Q+qu2+wzq>3 _ | (2.25)

2.4 Radia) Visco-lnertial Flow Equations

Elenbaas and Katz(39) developed a radial turbulent gas
flow equat1on, by assuming average values of gas v1scos1ty,v
temperature and compressibility factor For lam1nar and .
turbulent flow through unconsol1dated particles, they gave,

respectively, the follow1ng equations:

' ‘ . _ uZTW r.
PZ - P2 = 8,12 x.l04——-§ﬁ—§—ﬁ]—s——£n;3- . (2.26)
» . 2 ¢"Mhe T »
- W2T 7 _f | , :
P3-p3 = 202x70¢ 222 (11, (2.27)
: 4 Da¢;hZG 1. 72 . :

.
:Furthermore, they obServed that a back-pressure curve of

(Pe2 - sz) versus Q for a given gas well can be used to

des1gnate the different flow reglmes present Dev1at1on‘of‘
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the slope of the curve at higher flow rates from un1ty marks
‘the point of deviation -from Darcy’s law.

. Using the linear equat1on presented by Green and '
Duwez(40), Cornell and Katz(41) gave a correspondlng

equat1on for radial geometry cases:
auZTQ ' r2

P2 - P2 = 7.5 1071 —-—~E——-—gn

MQZT (1 1, (2.28)

+1.09 x 10713 20071
h Y'2 n

Tek, Coats and Katz(42) comb1ned both Forchhe1mer s
quadratic equat1on and the mod1f1ed ‘gas law to obta1n the
following radial steady state turbulent gas flow equation:
: 14244270, : ry - |
P2 - P2 = —-—~ﬁ———-—-£n
3.161 x’m."zseogzr T (2.29)

+ (= - —
h2 ('”1 r‘2) g

By using a force momentum balance on 4 capillary-orifice
mode 1, Crafton(43) obta1ned a quadrat1c equation similar to

that of Forchhe1mer
C, R oC. € | o
dP Le d t 2 .
T dr (’“——md)“v *(z“x“*m)" o (2.30)

‘where the Fb ferm'in Forchheimer’s equation is given as

e e e o bttt e o
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oC C 3 ,
L Yy t =
Fi ”.2“)'('"."' Py . ‘ | (2.31)

Fb = matrix term + “"radial controlled" fluid term

'Piplapure(44) obtained the folloking modifiea equation,

similar to Equation 2.29, which expreésses the parameters K,

[1424uzm \»e.\

b, Fb simultaneously:

(P2 - P2) + 2b(P_ - P, ) = -—-—W————zn;—
_1» FL6ZTQ_|Q | (2.32)
+ 3.1602 x 10 12—L’———--—Q—--il-(1—-1—):, :
. h2 "w Te

He identified them.as viSéous, slippage, and inertial terms
reépectiye]y. . '

In deriviné this equation, he transforméd the'meah
pressure term in K]inkenbeﬁg's equation into its
instantaneous pressure value. Subséquent]y; he assumed the

value

r 2 o .
v PmY == O[Q |
F ( 0 ), IRT" | J x B :
[b R/ m (27rh) P (2.33)

is sufficiently small so that it can be,neg1e¢ted.

E]



3. DEVELOPMENTS FROM PREVIOUS EXPERIMENTS

3.1 Klinkenberq and V{sco-Inertial Pﬁots

It is standard practice to study and Bredict gas flow
behavior in a porous medium under viscous and visco-inertial -
flow conditions by conducting a multiple-point flow_fest on .
a samele of the medium. jhe parameters } abseTute‘gas
permeabiljty,k, gas slippage factor,b, and inertial

resistance coefficient,Fb, - are evgﬂuated graphically or

numer1cally, by using the flow equations in data analys1s
Equation 2.7 yields the Klinkenberg plot for flow within the
viscous region where Darcy’'s law is valid. The absolute gas
permeability is tbe-extrapdléted value at infinite mean
pressure and the gas slippage coefficient,b, is obtained

from the slope. This plot departs from predicted linearity

and curves downwards at higher pressures %?F:eisf:d1ng to
higher flow rates, 5' :T - ’

3.1.1 Linear Geometry ' "‘“\\\

Equat1on 2 20 represents the more general dem‘oﬁ\Ihe
second-order Forchhe1mer equat1on (Equat1on 2.17). Cornell
and Katz(45) mod1fy1ng this equat1on for linear geometry

cases, presented it as:

(P§ - P3)Mg, G | |
. = atp= : - (3.1)
?LeGS'ZRTp :

In this form, a plot of the left hand side versus Gs/u

17
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'yields the visco-inertial plot. This is a linear plot with
the intercept as the reciprocal of the apparent |
permeability, Ka, and the slope as the»inertia] resistance
coefficient,Fb._DrancHuk and Sadiq(46) observed that this
plot departs frqm.linéarity with a characteristic doanard-
curve af lower #low rates. This, they explained, is due to
lgas slippage at the gas-solid intérface.

From the foregoing, two methods exist for the . |
determination of permeability of a porous mediuh. While the
resulting values from these two methods are expected fb be
equal, experiments(47,48) have shown them to be different.
The visco-inertial plot yields the higher value, ang
depénding on the gas slippagé‘coefficient, the difference
can be very large. Dranchuk and kolada(dg) inferred that
,onssibly some or all of the data may be-affected by gas
slippageﬂ They'therefore suggested that, fh order to account

"for gas slippage, Equation 3.1 be modified to:

2 4
(P2 - P2)Mg

. . G N ) ) ._\\
; 1_c . LIRS (3.2)
2 r | : |

RTuGS .

or

. b
(T + 5;9(?% - P%)Mgc

ZLQZRTuGS

(3.3)

\

Equation 3.3 suggests a linear plot beinen‘the’left

hand side term and (Gs/u)(1+b/Pm). The intercept yields the

reciprocal of the absolUté permeability while the slope



i

18

ytelds the inertial resistance coefficient. This plot, Known'
as théymodified Qisco-inertial plo?, requires that the gas f
) \

slippage coefficient be Known first. Dranchuk and Kolada

recommended that the value of b be obtained.through triat~

- and error. This is done by repeatedly plotting both the.

back-pressure and the K11nkenberg plots and checking the
values of b for good agreement. The final reliable value is
used in Equatlon 3.3 to construct a modified v1sco -inertial
plot for all the data points except those which ha&e been
found to be in the, v1scous region. ‘

By expressing the unKnown parameters, b, K, Fb, ‘
stmultaneously, as in Equat1on 3.3, some possible numerical
procedure for est1mat1ng these parameters may be found. |
Ko]ada, us1ng the Newton- Raphson approximation technique,
pointed out that this method requires an initial estimate of
the parameters and also quas111nearlzat1on in the Co.

dervvat1ves conta1n1ng the parameters He added that

‘ convergence is dependent on the goodness of ‘the 1n1t1a]

estimates, and on the algorithm used.

equat1ons e

3.1.2 Radial Geometry |
Piplapure(SO);replaced both the conventional '
visco-inertial equation (Equation 3.1) and the mod i fied

visco-inertial equation (Equation 3.3), w1th the followgng

v

~

e

¥
Wl
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2_ p2 . an — 2.2192x10 "°F,
) [(Pe Pw) + 2b(Pe ,Pw)]h : ' N b R .
1424uTZQO ko Y h (3.5)

Equation 3.5 is not str1ctly an ‘exact counterpart of

Equat1on 3.3 because, as P1p1apure pointed out, it is a

o s1mp?1f1ed form of the conplete equat1on Nevertheless, the
+ three parameters are s1multaneously represented and all the
treatments us1ng Equat1on 3.3 are assumed to. apply Dranchuk
and P1plapure(51) indicated that the v1scous reg1on can be

delineated on the bas1s of Reynolds number whlch can be

‘calculated only when k and Fb are Known

" 3.2 Anomalies

Some anoma lous behavior in both Klinkenberg and
visco-inertial'blots has been reponted. Kolada(S?).plotted
- Some reconstitutedbdata of Cornel1(53) and noticed tnat the
'apparent permeability, Ka. decreases w1th mean pressdre Pm,’
and flow rate,Qo, at lower flow rates. and lncreases w1th
them at hlgher flow rates P1p1apure(54) obta1ned a prof1le
with an upward curve on the K1inkenberg plot 1nstead of a
profile with the usual downward curve. The nature of these

plots, he reported, caused less effective prediction of. both

Aw

kN
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permeabitity and slippage coefficient to be made. Though the
runs produced pecu]iar Klinkenberg plots, he noticed that
the resu1t1ng visco-inertial plots appeared to be normal in
every respect. The runs were taken at constant upstream
pressures for varying downstream pressures.

In another set of runs, taken at both constant

: downstream and upstream pressures, and at higher flow rates,

&,

he again reported an upward curvé on the Klinkenberg plots.

This meant an inbrease in apparent permeability with

‘increasing mean pressure. He explained that graphical

parameter estimation was still possible, but both
visco-inertial plots and numerioal estimations yielded
negative values of the inertial resistance coefficient.
Despite this, he added, conventional visco-inertial plots
were smooth, and modified visco-inertia] plots yietded
expected linear plots. He remarked that these peculiarities
may be due to the effect of conf1n1ng pressure

Similar anoma11es on the K11nkenberg plots were
obsefved by Senturk(55) on runs taken at both constant
"downstream and constant upstream pressures anduat constant
predef1ned net conf1nemenﬁ~pressures He stressed that they
were found in runs on low permeab1l1ty cores, and at h1gher
mean f]oW1ng gas pressures These anomalies, he explained,
may be due to 1nadequate definition of the net rock

confinement pressure, ]ack_of radial confinement pressures,

or the manner in which the flow tests were-condutted.
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- 3.3 Effect of Confinement Pressure

Senturk investigated more closely the effect of
confinement pressure on the parameters. He defined the net
cpnfinement pressure in terms of both the hydrostatic rock
confinement pressure and mean flowing fluid pressure as:

Pnc = Phc - Pm (3.6)

Subsequently, he concluded that‘for fncreaSingrnet rock
confinement pressure, absolute permeability’decreaSed, and
both gas slippage and inertial resistance coeficients

increased.

3.4 Eva]uatind the Anomalies Using the Current Theory

By E&uation 2.8, gas slippage phenbmenon varies

inversely with the mean pressure. and can be expressed as
— b : .'
—_,——'= P— (3-7)

\where b, the proportionalify eonstant, is theugas s lippage
' coefficient} In conjunction with'Equation 2, 7 _gas s]fppage
var1es d1rect1y with apparent gas permeab1l1ty Ka. "By
standard exper1mental procedure and from the back- pressure
relationship, mean pressure 1ncreases as flow rate
increases. Therefore, both mean .pressure and floﬁ rate

increase for decreasing‘gas slippage and apparent
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g permeability.Ka. Similarly, from theory, both mean pressure
and flow rate increase with increasing inertial effeets.
These considerations are combined in the analysis of
three data cases from the literature. The trends of ka, gas
slippage, and inertial effects, are respectively followed
with reference to both the flow rate,Qo, and the mean
pressure,Pm.'Since Pm is an independent variable in the
K1inkenberg plot, and Qo is part of a depehdent variable in
the_yisco-inertia] plot, evaluation of these trends may be
made with respect to the viscous and the visco- inertial

regions of both plots.

Case 1 (Constant Pw, and Decreas1nq Pe):

In P1p1apure s data for Sample 2 Run 1,(56), Pw is held
constant at atmospher1c pressure while Pe is steadily.
'decreased at constadt confining pressure;CP, of 3447.4'KPa;
This results in decreasing (Pe2 - Pwi) decreasing Pm, and
decreas1ng flow rate, Qo With reference to Pm, 1/Pm
1ncreases, Ka 1ncreases, 1/Ka decreases, slip inereases, and
inertial effects decrease. W1th reference to Qo, wh1ch
decreases, ka increases, 1/ka decreases, slip increases, and
inertial effects decrease. The overall treqd in both regions
of flow of both plots is such that for decreasing Pm and Qo,
Ka increases, gas slippage increases, and inertial effecfs
decrease Both plots should yield a prof1le w1th a downward
curve and a positive s]ope Figures 3.1 and 3.2 show;

respectively, the.K1linkenberg and visco-inertial plots from

4
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| prlapufe’s data. The values of ka‘decrease initially, and
then increase for decreasing Pm and Qo. This giVes the
‘Klinkenberg plot a concave upward profile.while the -
visco-inertial plot gives a concave downward profile. Figure
3.3, which is the back-pressure plot, shoWs a decreasing
slope at higher flow rates instead »f i increasing'slope.

&
Case 2 (Constant Pw and Increasing Pe):

This is Senturk’s data for Sample SS-1-A, Run 2,(57) at
constant confining pressUre,CP, of 4136.9 kPa. The value of
Pw is held constant at atmoSpherickpressure’whi]e Pe is
steadily increased. This results in increasing (Pezs- PQi),I
increasjng Pm, and increasing Qo. With reference fo Pm, 1/Pm
decreases, Ka decreases, 1/Ka increases, sl1p decreases, and

inertial effects increase. W1th reference to. Qo, which -

1ncreases, ka decreases, 1/Ka 1ncreases slip decreases, and

-ineptial effects increase. Therefore, for increasing Pm and

Qo

at Ka decreases. gas slippage decreases, and 1nert1a]
effects increase. This acts in the oppos1te sense to the
expected trend in Case 1,deven though the profi]es shou 1d be
similar. Figure 3.4 gives a’trend similar to that of Figure
‘3.1'while Figure 3.5 gives a trend of’decreasing Ka with
increasing Qo as has been predicted. The back-pressure plot
in Figure 3.6 gives a lower s]opeiat higher f]ow rafes |

instead of the expected higher value.

the overall trend in both regions of both plots is such

5
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Case 3 (Increasing Pw and Constant Pe):

This is taken from Senturk’s data for Sample LS1, Run
5,(58) ‘at confining pressure,CP, of 5515.8 KPa. The external
.pressure,Pe, is held constant at 2068.43 kPa and Pw is
steadily increased. This results in decreasing (Pe? - sz)
decrea51ng Qo, and increasing Pm. With reference to Pm, 1/Pm
decreases, Ka decreases, 1/Ka increases, slip decreases, and

inertial effects increase.'With'reference to Qo, which

decreases, Ka increases, 1/Ka decreases slip increases, and

inertial effects decrease. Since the flow condition results\\

in increasing Pm, but decreasing Qo, the trends of Ka, gas
s]ippage, and inertial effects in both regions of both plots
are expected to be opposite. Depending on the magnitude of
the flbw rates and pressures, the produced profile may be
such that Ka decreases with decrea51ng Qo and Pm. Figure 3.7
shows a decreasing ka for decrea51ng Qo and Pm, while Figure
3.8 shows a decreasing ka for increa51ng Qo and Pm. Figure'
3 8 gives -a back -pressure plot With higher siope at higher
flow rate. o V |

If, in Case 3, Pw decreases instead of increasing, for
| constant Pe, (Pe2 - Ppw2) increases, Qo increases,fand Pm

decreases. This new case, designated as Case 4,‘sUggests

that the trends of ka, gas slippage and inertial effects in .

both regions of both plots are opp051te to those obtained- in
Case 3. Table 3.1 summarizes the effect of the low me thods
on flow.profiles for the cases considered;

The foregoing analysis shows that:

- ————— e n i
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TABLE 3-1: EFFECT OHRfLOW METHODS ON FLOW PkOFILES
PARAMETER| CASE 1 CASE 2 CASE 3 CASE 4
Flow | Pu = Const| Pw = Const| Pe = Comat| Pe = Comot

Me thod Pe = Dec Pe = Inc Pw = Inc Pw = Dec |

Pez - Put| Decrease | Increase | Deerense | Inoremcs.
;“Qo Decrease Increase Déérease Incregse
Pm Decrease Increaée Increase Decrease
1/Pm Increase Deéﬁease | Decrease | Increase

&;JBQ'&;JGQ Us ifig:Us ing | Using: Us ng | Using 05 ing

Pm Qo Pm Qo. Pm: Qo Pm : Qo

| - O .

Ka Inc : Inc Dec : Dec Dec f Inc Inc : Dec

1/ka Dec : Dec Inc . Inc Inc'g Dec | Dec g Inc

Slip’ Inc g Inc | Dec E'Deé ‘Dec g Inc | Inc : Dec

Inertia Dec : Dec Inc‘; Inc Inc ; Dec Deg ;'Inc,
where: Inc = Increése. Dec = Decrease, Const = Coastant
o Slip = Gas Slippage, Inertia =‘Inertial Efféctgl

<
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the flow method and the direction of flow ﬁnfluence-the

flow beha

vior.

abnormal behavior at higher flow rates may be due to |

a. normal behavior which depends on the flow method as

depicted in Case 3.

b. lower (Pe2 - Pw?) at higher flow rates as in Cases 1

R
. -

plots.

and 2 and depicted especially in: the back-pressure

o e g L A
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The back-pressure flow relationship may be expressed

as:
(Pez - Pw2) = 2Pm(Pe - Pw) « Qo (3.8)

This means that the flow rate is a function of both the mean
pressure and the bressure drawdown. Keeping either 6f'them
constant, the.variation of the other with respect to the
flow rate can be analysed. Both pressure terms contribufé to
the magnitude of the flow réte, but the drawdown pressure,
in addition, gives both direction and the driving force. If
the drawdown presSure is greater than the mean pressure, . b

increased compaction of the sample may result. If this

condition continueé without change, this may possibly lead

to cracking or fracturing which in itself leads to
increasing vafues of Kka forfincbeasing mean pressures.

Therefore.,inv;stigation of thesg problems may be
cﬁknied out by -

1. obtaining expérimental data which cover bofh lower and
higher'flow rates and pressures, and by studying'the
éighificance of. flow method and hysteresis on gas flow
-behavior, |

2. réeva]uatingLthe.cbhffnement‘and fluid pressure
relatfonship in terms of the stress-strain relationship

Jenerated during the flowing proceduré under uniaxial

confinement,

3. reassessing fhe existing visco-inertial model flow

o
»
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higher fiow rates and pressures; it becomes necessary to

explore the possibilfty of using higher oraer equations.

- -,



el

4. STEADY STATE GAS FLOW MODEL AND PARAMETER ESTIMATION

The use of Forchheimer’s quadratic equation, as

discussed in the preceding pages, has facilitated the

~understanding of visco-inertial gas flow through porous

"

media. It has been derived in ‘Appendix A#from consideration
of both the Navier-Stokes equations of motion and
dimensional analysis for laminar flow with negligibie
Reynolds .stresses. For higher flow rates, the flow condition
changes,‘and local irregularities become increasingly
significant in the laminar mainstream such that Reynolds
stresses begin to form. . .

As an aid to understandlng the aspect of this study
which 1nvo]ve h1gher flow rates and pressures, it has become
necessary to der1ve the third order equation of -Forchheimer

as shown in Equation A-23 for t-dimensional linear,

horizontal, incompressible f1u1d flow under the cond1t1ons Per

of no-slip. The cub1c term in th1s equat1on is regarded as a
modification to Forchhe1mer $§ quadratic equation for data
obta1ned_at higher flow rates and pressures unagar the
conditions of no-slip. It has been derived invﬁppendix A by
cons1der1ng both the Kinetic energy equation of mean flow:

~and d1mens1onal analys1s

38
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4.1 Derivation of a General Radial Gaé Flow Equation

For 1-dimensional, Hdrizonta], steady state, plane

radial incompressfble fiow, Equafion A-2é‘is Written éé

&

- & = Eq* Fea? + yo2g3 | (4.1)

where the linear distance x is replaced by the radial

distance r. It is‘adapted to gas flow with the fo11owing

basic assumptions:

1.

2.

Flow is steady, compressible and horizontal such that -

a. gravitational‘fbrces are neglected, |

b. density is ndt consfant but dgpehds on temperature
and pressure as given by the equation of,state-fof

real gases

- PM_ 28.96GP (4.2)
P ZRT . T IRT - -
e \“-\
. \\
c. the mean momentum.of fluctuations is zero, \
f,\qﬁ,/kﬁnet1c energy equat1on of mean flow is valid. \

Slippage condition ex1sts and ‘the permeab111ty term in \\
Equation 4.1 is changed to 1ts apparent value, Ka.
Slippage -effects are corrected by using the Klinkenberg

- equation (Eduation 2.7). |
Continuity equation for steady state condition is gfven

as.
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pod, = 0@ = Constant A - (4.3)

Al flowsvare geometrically similar so thét'unique

'velocity and length scales can be obtained which satisfy -

them geometrically.,

a. The system is of plane radial geometrx w1th un1form

th1ckhess ’

b. For 1-dimen$ional hor1zonta1 cases, the flow rate
!

per cross-sectional area at any radial d1stance5r

from a source or sink, is given as:

SO I o

Porous medium is both homogeneous and 1sotrop1c

. ~Both ve]oc1ty and velocity fluctuation scales can be

represented. by a s1ngle unique velocity scale.

V1sc051ty, compreSsibility factor, and density are

- obtained at mean temperatures and pressures.

A single phase gas‘wjth constant composition saturates

and flows through the porous medium.

EQuatioh 4.1 can therefore be written as:

v

e
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(4.5)

which, when multiplied across with the density term, yields

- o = f- (00) + Fy(o)? + v(oa)? -

(4.8)

By combining Equations 4.2 and 4.4 according to the

continuity requirement of Equation 4.3, and substituting

them into Equation 4.6, the following expression,

further simplificatfon, is obtained:

- 96GP20277
1 dp2 uTZPOQ0 1 28.9GGPOQOZTFb

-E-r:—__*_‘_.?.*. -
. ) 2 22
anahT0 ‘ _ RTO(Znh) r

262p3 n37T
28.962G2P3 Q3ZTy
R2T3(2nh)3r3

+

Since Pm is inversely proportional to Ka;

after

(4.7)

and for any given

set of boundary cond1tLons Pm is Known, Ka is also Known and

can be regarded as being constant Hence,

1ntegrat1ngz

between- Pe and Pw, and re and rw, the following equation is

obtained: . - “23p A
Ny (P2 . p2) = 2% on IS .
e 'w r
| Tﬂ(ahTo W |
: 277
. . 28'966P%QOZTFb 1 J_Q
: . Y r. T r
RTS(Zw)hZ W e
2G2p3037T |
, 28.96262P 3037y SINET

RT3 (4n2)h3 "W T

Ao

" (4.8)

e A -
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By convention, flow is taken as positive in the direction of
1ncreas1ng radlus and negatiyevinlthe direction of
decreas1ng radius. For production, flow is in the direction
Qf decreasing radius such that (Pe? - Pw?) is always
positive. Since production i's being considered, it s
conven1ent to reverse the convention so that flow is taken

as positive. Therefore. Equation 4.8 becomes

. 2n2
p2_pz - MY | Te 28.96GPOQEITF oL
e W kAT Tw RT2(2n)h2 "'w e

: (4.9)
28 96262P3Q3yZT

* (= - 1)

R2T3(4n2)h3 T4 e

This conforms to the the convent1on commonly found in the
l1terature Equat1on 4.9 is val1d in cgs units where
‘Pe, Pw, Po are.in atmospheres pressure, -
Ka,u, are in darcy and cent1po1se respect1ve1y,
h,re,rw, are in cm,
Qo is in em3/sec. (at standard conditions),
A.To; T are in K,
~Fb is ih atm;secz}gm = ot
v is in etm.cmz.sec:’/gm2 = emsec/gm<bf1
R = Unfversal gas constant, in atm;cm5/gmmole K.

In SI units, it becomes

, , -3 TZQ re
Pe-Pw -=,_]2955X]0 —E——-—zn—;,

sZTqzF,
+2.9329 x 10']5-—~————-(1—-- 1y B
(4.10)
Z]G 7TQ3y '
+6.5946 x 107

1 _
h3 ( e)
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wheré
‘Pe,Pw,Po are in kPa, T, To are in ;K,
u‘is in‘uPa.s,. h K, Ka abe in um?,
h,re,rw are in m, ) Qo is in m3/day,
Y i§ in msec/kg; | Fb is in m-1,
R is in KPa.m3/kgmole ‘K.

~With the following relations

c. - 1.2955 x 1073 T
L = L

an — | - ('4.113)
h T | . |
; R~
. ¢10718 & (1 | | 4.11
C, 2.9229 x 10 " ('“w re) (..- b)

o - 10721 82 1 1 | : -
C3 = 6.5946 x 10 E;(E,-;é—) (4.11c)
Equation 4.10 is rewritten as . N
C1uTZQ - . | "y
2 .p2 = 0 2 3 (4:12)
Pe Pw : + CZZTQOFb + C3ZTQ07 , o
a

A\

Correcting for slippage by substituting for ka with the

relation in Equation 2.7, Equation 4.12 becomes

C e

(o
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) ) C1UTZQ0 _—
A e IR L8
C,2TQ, __ CaZT3
t (b-Fb) + Q3ZTQSY t =5 (b-vy) (4.13)
'm ) m '
For simplicity, let -
CC1 = CyuiZQo : (4.14a)
CC2 = C2ZTQo2 | (4.14b)
CC3 = C32TQ0% o (4.14c)
PEW = 2(Pe-Pw) ’ | (4.14d)
Pm = (Pe+Pw)/2 | | (4.14e)

Therefore Equations 4.12 and 4.13 become respectively.

' cCl ‘ :
2 _ p2 = . . £)
P2 - P2 E;“‘* CC2-F + CC3-y (47 15)
' ect e
2 - 2 = —— - ] . _— . L]
P2 - P2 o - bePEW + CC2F 4 P (beF,) |
+ CC3+y + _g_@}i.(Y.b) (4.16)
m

'Using the quadratic form, Equation 4.15 reduces‘to
: Ty
N

cCl -

P2 - P2 = L4 (C2°Fy S (4.17)
a

2

e W

This is the SI version of Equation 2.29 of Tek et al for
which slippage is not corrected. When corrected for

slippage, itvbecomes\
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: cc1 CC2
2 .p2 = MMl
Pe Pw K b-PEW + CC2: Fb + 5= m (b-Fb) (4.18)

If the flow rate is such that the flow condition obeys

Darcy’s law, Equation 4.15 further reduces to

e . , S
‘ fR§4 ;-, ' . s T (4.19)
Correcting ¥or-grT page using Equation 2.7, and rearranging,
fh;s equation becomés )
e LU b  (4.20)
PZ - P2 m '

4.2 Parameter Estimation

4.2.1 Graphica] Parameter Estimation

A lipear K]1nkenberg plot of ka versus 1/Pm can be

. obta1ned us1ng Equation 4.20. The 1n%ereept~at~1nf+n4te~meanm~vwn~»

"pressure yields the absolute gas permeability,K, while the
slope yields the gas s lippage coefficient,b, as a prqduct of
bk. | |

Equation 4.17 can be rearranged into

Pe " P 1 e ‘
e - ' o - o |
"'—Ea——- E—a- + T Fb = (4.21)

white Equation 4.18;can;ba¥hﬁitten in the form of

-
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(Pg‘- P@) + b-PEW cC2 b
cCl _ m : (4.22)

4

Both forms yield linear visco-inertial plots. The expressidn
for the ordinate in the viéco-inertié] plot, using Equation .//
4331. is ifs reciprocal for the Klinkenberg plot, using
Equation 4.20. The intercept on the first plot using*
Equation 4.21 gives the reciprocal of the apparent gas
_permeability,lka.'while the slope gives fhe inertial

.resistance coefficient,Fb. For the second plot, using
Equation 4.22, fhe intercept yields the reciprocal of the
abso]ute gas permeability,k, and the slope gives fhe
inertiél'resistance coefficient,Fb, provided the slippage.
coefficient,b, is known from the Klinkenberg plot. Equations
4.21 and 4.22 are, respectively; the radial SI version of
Equations 3.1 and 3.3, which are due to Kolada. The plots
obtained from them are known,'respectively, as the }., .
"conventional visco-inertial plot" and the "modified |
visco-inertial plof".‘

A back-pressure curve of (Pe? - Pw2) versus Q is
plotted on log-log paper to deliheate the plot points in the
viscous region. The points that lie on the 45 degree line
’arg‘téken’to be in the viscous region.«Théy are used in the
Kl{hkenberg plot to obtain both the gas permeability, k, and
the gas slippage coefficient, b. '

\ :
.The points-on .the linear profile of both the =

7

" i s, bt e e oe o=

TP S

L N




Klinkenberg and the visco-inertial plots are used to find
the best straight lines by the method of least squares. The
parameter values obtainéd are checked with those obtained by

graphical means.

4.2.2 Numerical Parameter Estimatioq

Numerical methbds.permit‘the use of Both the quadratic
and the cubic model flow equations in estimating the
paramefers simul}aneously. The mode]l eQuéfions are fitted to
the experimental data, and plotted to check for the best
fit. | L

(

4.2.3 Direct Multiple LiheatheqreSSiQn Me thod

e

Equation }4.15fjis linear in.itsaéoefficients even’
though it is itself noﬁTigear; I1f the combined vabfab]es jn.
Equation 4.16 can be represented\ﬁ;,éiﬁgle variables,
linearity in its cqefficients may be achieved. In these
forms, both equatioﬁs can be adapted to~a’mu1tip1e.1inear
regression technique for paraheter estimation. The same case -
exists if Equation 4.16 is further simplified by neglecting
the combined variables. '

Linearity in the coefficients can similarly be acﬁieved
for the qUadratic case when Equation 4.18 iansed. By

neglecting,its combined variable, this equation is further

simplified to thessl version of Equation 2.32 which is due

\

to Piplapure.
T,




4.2.4 Model Fitting

The cubic equation (Equatlon 4.15) can be rearranged in .

terms of ka, Fb, gamma, as

2 _ p2
pe Pw

] cc2 cC3 ‘ ‘
= = r + RT . Fb + m “ Y : - (4.23)
R |

or, in terms of its polynomial in Qo; as

1T | “ -
Pe- Pa vy AL (CZZTF ) 02 + (Cava) Q3 (4.24)

"For the qUadEatic case, Equation 4.24 reduces to

ARy N
P2- P2 = | —@— | - Qy+ (CRZTF,) - @3 .(4._:25)

a

' ',"‘ﬁwhile Equation 4.23 becomes Equation 4.21,

Fitted v1sco inertial plots are made by plott1ng both
the. fltteﬁ values of the left-hand side of Equat1ons 4.21
and 4.23, and exper1mental data, respect1vely on the Y
ordinate aga1nst €CC2/CC1 on the abscissa. The best fit,
cubic or quadrat1p, is sought for the exper1mental data
S1m11arly, fitted back- pressure plots on log- 109 paper are

‘made by Pplotting both the fitted values of the Seft-hand

' 51de of Equatlons 4.24 and 4. 25 ‘nd experimental data,

respectively on the ordinate agmsst Qo. The best fit, |

beyond the lgnear section which obeys Darcy’ sglaw, is

- M 4 ‘ /~~"_’./_*. - B
determined. - . : R

| The formal adéptation.of these model_edui&‘ons for 7 . ,f




computer application is\given in Appendix B.
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5. CONFINEMENT AND FLUID PRESSURE“CONSIDERATIONS

Following the discussions in Chapter 3, a need arises
for a re-evaluation of confinement and fluid pressure
considerations with'respect to the partial rniaxial
conf1n1ng pressure 1mposed on the core. The geometry of the
core 1s,oy11ﬂdrwcal therefore it sqbgests a th1ck walled

cy}indr1cat model If the core is assumed to possess elastic
A

l propenf?es’ ana]ys1s can be made using the theory of

L

L eJast1c1ty Th1s assumption, therefore furn1shes a good

J

54
method ‘for 1nvest1gat1ng the state of stress and strain
‘ (deformat1on) as gas floWs 1nto the well bore from the

¢ .
external boundary

‘5.1 Stress-StrainvAnalysis

. ’-.

By definitnn (59) pr1nc1pal stresses at’ any. po1nt
within a stressed body, are stresses which are normal to
three mutually perpendlcular/planes in wh1ch there are no

" shearing stresses. Hence, the state of stress.at any point
'w1th1n the core in the cell ﬁa% be expresSed respectively,
in terms of, the pr1nc1pal stresses - axial, Sz, radIaI,Sr,;
and tangent1alqs+ The sum of the radial and tangential ‘
stresses g1ves%?he hor120nta1 ‘stresses. Jhey can either be
bompress1ve or tensile. By oonvent1on, a negat1ve slgn
denotes compress1ve stress, and a pos1t1ve s1gn 1nd1cates

, tensile stress @

e

' ' e ’ - N AP,: ' '.
o .. 50
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Similarly, principal strains have no shearing strains
associated with them. Their extensions are in the directions

of the principal stresses with which they are related

according to the gencralized Hooke's law(60) 5};#
§ {%ﬁ
€7 T %'(fvsr S VSt S) . > 5. 1)
- o BN
. : : ‘ e
e, = f (S, =S, = vS,) (5.2). &=
G P NS B | "%(5_.3)‘3 o
o | o

. q . b
where E is the Young's modulus and the Poisson’s ratig is ¥ 9

given as

Lateral Stréin
Axial Strain ” (5.4)
Y

The strains are caused by uniaxial stréss'onﬁifadd-both the
lateral and axial Strains are bfdoppos§¥%“sign for uniaxial
sIress.'The ratio, which is aﬁ eiéstic constant} is usually
a pdsitive.numbef which varies for différent matékials, ‘
according to daeger(61), in the range of 0.10 and 0.50.
Assumihng¢isson’s relation, Jaeger established that this
ratio sﬁmplifées to 0.25. Also assuming a solid, '
incompressibfe'material,vhe established\fh§ ratio to be 0.5.
Furthermpre.fthe'rafio for sedimentary materials(62) is

B

ol
o 4
o
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found to lie between 0.115 and 0.300. Several
ihvestigators(63,64,65) have used 0.25, and for this‘work,
the value of 0.25 is chosen as an approximation to the tr:g7
value of the ratio. a o

For uniaXia]iconfinfhg stress, the principal axial
~strain is assumed to be zero énd Equation 5.1 reducés to

K Y »

S, = v(S.+ 5,) (5’.5)‘

5

Subst1tut1ng thls into Equations 5. 2 and 5.3, and: soﬂv:ng
for the radial and tangential stresses, the followﬁng

expressions are obtained:

¥ P
- _E ,
Sp = Ty LO-v)e + vey ] (5.6a)
- &-‘
.
(5.6b)-

. _E '
t 7 Ty [Ov)ey +ve ]

The strain-displacement relationships in cylindrical
co-ordinates due only ‘to the radial flow rate of

displacement U, are given by

du S
(U+'a'r';d¥') ] du

- . ,(5.7a)
dr ‘

<

et (Hulgg - Y‘Vdﬁ - % N (5-7b)



53.

E Since flow is assumed to be radia) in the direction of the
principal radigl stress, the additiohal portion of the
tangent1al stra1h due to incremental tangential dlsplacement
is neglected |

Equat1ons 5.7a and 5 b are substltuted into Equations t

5. 6a and 5.6b to obtain
’ S

L)

o E | du U : |
C St Ty [ &t v v ] (5.8a)

+v

- E U du T -
St = 775 [(1-v) _r‘__+ .va-);], | (5.8b)
‘ _ , oy <
If,an infinitesimal element in static equilibrium within the
core is considered, then by three dimensional -force baiance,
-the equatlon of equ1]1br1um in radial direction only is

given by

3T 3T o V -
' yrz 1 : - : _
36 | 3z +F(SF-S‘?)+R "0 59

By éssumption shear stresses are zero. For a plane

horlzontal radlal core grav1tatlona1 forces R are assumed

.

~Zéro, Therefore Equation 5.8 reduces to ~
* :("."» K P :
LR o L
. I et -
. rb Lo, _ (5.10a)
sl ar gr ?5(§r DSy s 9.
P , _.’._h - y o

R ! .
g 5, A

From 1nspect1on, Equatwon 5 10a suggests that the . rad1al

o ¥
stress 1s dependent only on°the radius r. Therefore, it can
> IR



be written- as

A,

g e ts -8 = 0 (5.10b)
Substituting Equations 5.8a and 5.8b into‘Equation-
5.10b and simplifying, yields the following second order

differential equation:

2u .1 U U ' '

-
-

By integrating this, the. following general equation is

Obtained:

a

. A2 . . i
U = Ar+— (5.12)

b
’.w .

Both the inner and the outer preﬁ%u?es are compressive on

the radial core at their respective radii. Therefore fhe_

s

boundary conditﬁéns for the core are

S N
; (5.13)

r = : = -
re\ R 'Sr Pe

Substituting Equation§$5.12 and 5.13 into Equation 5.8a, and

"solving'for,the constants of integration} yields

A s .(1+v)§1-2v)" I e | (5.14a)
P . cor2 - p2 ' '
L & € W

#
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. r2r2(p - p )
A, = U’E‘v). M v e (5.14b)
r -kw T : ~ -

These equations, together with Equation 5.12, are
substituted into Equations 5.8a and 5.8b to yield the

- general radial and tangential stresses in terms of thev

boundary conditions as follows:

- Pr2.py2 (P -P ) r2r2
) S, = W £e l W€ (5.15a)
. 2 _ g2 2 _up2) p2
2; ri-ra (re rw) r
i
| LA Pr2-pr2 (P - P ) r2r2 '
Lo S, = W W B euy LM We . (5.15b)
: : I S S 25 w2y 2 :
\ rs ﬁ% (r rw)r

From these equat1ons, which are originally due to Lame(66)
Hpth the radIal and the tangential stresses are compress1ve
fen cases wheneAPe is greater than or equal. to Pw.

With these equations, the stresses at any radial point

re easily evaluated. This suggests that the externally
ap lled stresses may be regarded as cont1nuat10ns of the
internal stresses For uniaxial conflnement pressure

condition, these equations are substituted intd*Equation 535

to gkt )
Pr2.-pyr2 -
S, = 2 MW ee (5.16)
- rZ - r2

\
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The result from Brant’'s investigation(67) suggests‘that \
only 85% of the internal fluid pressures within the pores.
react against the imposed confining pressure. Fatt(68),
.added that this percentage is pressure. dependent and does

éary from rock to rodk. Therefobe’with this correction,

Equation 5.16 yields the fo]lowihg equation:

P r2 - pr2

S, = l.v|-LX.__tee (5.17)
2 _ 2 .
re r.W . o

\
/

and using, for a limiting case, 0.25 as the value of the

Poisson’s ratio, Equation 5.17 becomes

Pr2_.pp2
S. = Q425 | YW ee (5.18)
4 . r2 - p2
"\ . e W

Ry |

4

)

A



6. EXPERIMENTAL EQUIPMENT AND PROCEDURE

6.1 Experimental Apparatus

The apparatus consists of a Boyles"law porosimeter
(ngure 6-1) and a flow-fest equipment (Figure 6-2). The
Boyles’ law porosimeter is used to measure the pofosity of
the core samples usually prior to starting the experimental
runs. It consists of a vaccum pump,'a constant volume bottle
connecfed,to a radial chamber, a gauge‘and a manometer. The
flow test equipment is used fo conduct the experimental
~runs. It consists of a radial Eelf, a hydraulic pump, a
monitoring console for pressure and flow rate readir s, and
a copper.constahtan_thermocoﬁple.

Two’raQial célls, designed to house the core sample,
are connected, respeétively, to the flow-test equipment for
uniaxial confinement (Figure 6-3), and for triaxial-
confinement (Figure 6.4)f The experimental set-up, which
contains-the radial cell for uniaxial cﬁnfinement,vis gy
similar %6wthe set-up that Senturk used(69). This radial
cel];'together with the hydraulic pump, provides uniaxial
ldadinggby confining the cﬁre in fhe.direction of its axial
height. Similarly, the triaxial o rbuéden radial cell,
together with the hydraulib pump, is'expected to provide a
uniform confining pressube in both the horizontal and the
normal directions. This radial cell is designed in such a
way #hat gas enférs into the core sample through a sintered

screen which ensures a uniform radial flow. The rubber ~

-

o

7
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the sintered screen, and both. the overbur

underburden plates. This is then enclosed'ithhe finement

. cylinder. When pressubized by using the hydraulic pump; a

uniform, all-sided (triaxial) confineMent is eipected on the ,

core sample However, the rubber overburden sleeve in th1s

cell is loose and to enFure a triaxial conftnement the _ r

sleeve was held tight with a wire. With either céll, varying .
confining pressures,CP, on the core can be provided as

desired .during thefcourse of the runs.

6.2_Porositv Determination .

Est1mat1on of effectlve poros1t1es can be.made with the
Boyles “law poroslmeter which is ~operated by the .gas
expansion method. With this method, the stabll1zed |

~ pressure P2, of the gas, whtch occuples the constant vo lume

bottle of volume V2, is measured. By al ‘owing the gas to '

expahd through a connector valve 1nto the rad1éd chamber of

'voluhe V3, which contains sol1d alum1n)um blanKs of volume

‘v Q"( "‘?

Vi, the new equal1z1ng pressure P3, fsarecorded Stnce both
volumes,V2 and V3, are constant the equal121ng pressure
varies with the volume of the sol1d blanks in the radial
chamber . Plotttng P3 aga1nst Vi, and® P2/P3"ga1nit
V1,(Figure 6-5), serves as a calibration for the
poros1meter ‘ : |

If the volume of the solid blanks represents the

i effective graln volume of a core: sample then, replacing the

X -

LI

K

o
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“blanks wwth a core: sample. and repeat1ng 'the experiment, its

effect1ve grain volume can be obtained from the plots/’;:oy "
 the: d1mens1ons @ﬁ the core samples. wh1ch were prevtously_ '

n
. measureq‘ e ‘bulk volume is Calculated and porosity is

e .determw}om the fgllow_mg definition: - -

s

* "'> .9" .' - \ . ,

o . 0 = (Pore volume/Bulk Volume) x=100 % (6.1) e

Cone (reverse’dtrect1on) E s

ja;r;y‘ - . .t

b . : . A":" . . ’l ) : N ‘
g N T Ay e )
v 6.3 Flow Test Methods _ s V“ﬁf}fa S W '

The four flowmpases cons1dered

i rearranged to g1ve - N S

[358 “N

- Fflow Me thod 1. where bothsPe and” Pw 1ﬁbreasp (forward

d1rect10n), or ‘both decrease (reverse d1@gpt1on)
. 'i)- ] g <
“ - Flow Method 2, where Pw vs tgpt constant wh1le Pe -

"liln{\' ‘ Co *ru

1ncreases (fOrward d1re9t 9
. 5 L NG

= . Flow Method 3 whére Pe 1s Kept constaq})whfle PJ‘ ,l

<. increases’ (forward dlrectlon), or wh1le Pw decreases

. (reverse d1rect1on) _ { ,

-~

- Keep1ng e1ther Pw or Pe constgpt wh1le the other is

var1ed results by Equatton 3.8, in: larger drawdown - R :

pressures which, 1nduce rad1al compact10n Also by o

¢

-1ncreas1ng or decreas1ng both Pw and Pe h1gher mean

_pressures and lower drawdown pressures result Therefore,

‘the expected d1fferences between Flow Met?;‘ 1 and Flow -
' Methods 2 and 3 may be g1ven as*\ -

Vo » - o . -
i . . : . . . ‘ *

-,l%‘ N

Al B btk
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: any exper1menta1 run For each run and for e@ch step wképﬂn -

-

»

a)

4

.

B )

.

65

The meantpressure is larger but the drawdown pressure is

muqh Lesﬁ 1n Fbow Method 1 than in Flow Methods 2 and 3.

b))

4

Depend1ng on, the magnitude oﬁ-Pw and Pe. (Pe2 - Pw2?) may

increase more rap1dly for 1ncreas1ng Qo in Flow Methods

2 and 3 than 1n Flow Method 1.

c)

by Equatlon 5 37 may lncrease more slowly in Flow

Method . 1 ,than in F‘ow Met‘pods 2 and 3.

As  flow progresses, the. generated conf1nement ﬁ#essuﬁ%

Conducting thé‘expertmenta] ;yns 1n both forwarq and revetse
. Aﬂ .

d1rect1ons serves to check

Oy

‘6.4 Exgg_Jmentation

W

ﬁ.

I

°?1ow*test equwpment 1s pressure tested tor leakschas 1s

passed 1nto %he&core samp]e several hours. prior to start1nga .‘

a run,

'as gas passes through the in

oonf1n1ng pregsures ep.

Us1ng the t1mer

the 1nlet pressure

L]

A

&. . - .
e. This is repeated for d1fferent pre- deflned

,0'

%J'.l:\‘,w

Pe

&y

. ' |
the flow rate is obta1ned as the Pat1o L

*

3

‘ .

T 4? The core sample is mounted rnto thg rad1al ce]] and the

-

,.1séfre selected and meaSUred

ine to the outer per1phery :

of one comp]ete revo]utﬁon of the wet-test meter d1a] to the
B .

is~¢onstant

the flow is assumed to be steady and al]

readings. are taken at th1s cond1t1on

P time it takes to;make a complete revolution.

These 1nc1ude

-'. the outlet pressure Pw, at the 1nner per1phery,

- the conf1n1ng pressure,CP,

When this t1me

e W
o T

A

'_w’
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4.

the ga'vanometer readings,Tce and Tcw, for\the inlet and

outlet temperaturé§ respectively,
the rlow temperature on top o?ﬂfbevwet-testvmetef,v

. _ o ,
th. ambient conditions o ) temperature gnd

-
harometric pressure.
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7. TREATMENT OF DATA

Readings and measurements are taken in English units.
They are converted into the current SI units with standard x
reference condition of temperature and pressure being

288.150 K and '101.325 kPa, respectively.
: »

- - ' g

Temperature Conversipn | co s -

The anticipated optiniim temperaturé range, between 15°C
and 30°C: for corresponding millivolt (mV) readings, is »
obtained from conversion charts and curve fitted. The

"I.f; ensu1ng linear re]at1on #ME the téhperature range is

o) e
” ﬁ_r\' - ﬁ R \.u
. B 'C{. = (mV+0 02145&1/0 040465 }

P | o .

B AR T
7.2 Phys1cal and Fluid Propert1es

» The phys1cal propert1es of the core samples are
L}fﬂ\"‘ﬁ" ) v 4 ) .»4_.

summar1zed in Table 7.
, = ¢ :
. Evaluatlon of the fNuid propert:es - compress1b111ty
. >
factor and gas v1scos1ty - is made at ar1thmet1c mean

tenperature and/presaure "using mtrogen The ,_\ 7

compress1b111ty factors for n1trogen at g1ven temperatures\

- éhd éssures are detefhnnaﬁ;*nom the curve f1tted data of;‘
e W ‘ o - |
H1]senrath et al(70) using a Lagranglan 1nterpolatlon ' - .‘l.

technrque The v150051ty of n1trogen 1s obta1ned from the

4
~.

4

. - L v
N . . 5 . o i
o . . - . 67 % s . . —~—
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Inner Radius,m

e e as Be e s e e e m e e em ke em em T e en M e TR M s e e tm e em e M TR e e e e e e e v e

0.00815

v + 0.612510

—~

o
-

0.00349 * , 0.00820 .
Outer Radius,m 0.15239  0.15256 8415225 . |
Height,m 0.02568 = 0.02600 0.02803 o
Porosity,fraction 0.10620 .. 0.22714 . 0.23432 " |
- - L, ¥
L T T N
' curve-fitted equation of Kestin and Wang(71): ~ ..
b =0 a0%(0.1778x3q 3F1+0,8958x1 0°3(p e 1)
T T er T LT tatm

(7.2)

T 024 o aiio T o .
(Patm ,1) #iﬁipzyfm (Patm" ” R

4 ;~-5' - Oy L b BN
© +-0.455%307°(T - [273.15 + 25])} U - Pars

——

Both treatments for the chpressibi]ity factor and Viscos?ty

‘q

are given in computer subroutine LAGINT.’ *
\' N
] EX «.\‘\/

s
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8. EXPERIMENTAL RESULTS AND DISCUSSION

4 113:

Flow Method 1 has been used on Core Samples 1C and 4A

for 24 exper1menta1 runs in both forward and reverse
. SE e :
d1rect10ns under un}ax1al conf1nehent “H1gh flow rates and -

6?essures were. reached’ for var1ous predefmned confining

pressures CP.. Puns 7 8. and 9,Lwere made- on ‘Core 4A° for K

e

‘;t. s o,

"

lower flow rates and/pressures,'using Flow Method 2. Core _"n;'

B9

Sample 2 was obta?medlafter the rad1a1 ce}] for un1ax1al

3

oh}Inement was; repiaced w1th the tr1hx1a1 overburden radial

N = ': B ym
‘cell. Hené%“runs on’ Core 2 oould not be made under un1ax1¢ks

conf1nement Instead four runs were made on it under

) -S.

trtax1al comf1nement and by us1ng both flow methods The

predef1ned conftnﬁng presSure CP on Core 2 ‘was kept

constant at 4136 .9 kPa . ;%JW0WN‘ P

S

!

8.1‘Plot-Profiles'with FloweMethod 1

. Figures 8-1, 8-2, and 8-3 show, respect1ve1y, the

-K]1ﬁkenberg, v1sco 1nert1al and back pressure plots, {,}

Core 1C, wRun 7, in the forward d1rect1on L1near1ty in the:
K]lnkenberg plot exists gﬁ\the lower ranges of flow rates
and’pressures after which deviation: star33,1n a downward

manner . The visco- 1nent1a1 pﬂot has-a surpr1s1ng proflle in

-which three stages are observed as (Pez - sz)/CC1. (which

is 1/ka), 1ncreases for increasing flow rate,Qo. After-the .

. ., . .
- J.hr."' : o ) . ’ ’
2 . - )
.69 .,

it
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f1nst stage, 1/Ka sharply increases w1th steeper slopes as
Qo further 1ncreases In the -third stage, the steepness of -
the slope reduces as 1/ka continues to increase for further.
increases in Qo. The bacK-pressure plot on log-log paper
shows three corresponding regions as (Pe2 - Pw2) increases
with increasing Qo. Its first region is linear with s lope
angle of 45° after which the slope 1ncreases in 1ts sécond
stage but decreases in the th1rd stage -The general proflle
for these plots, therefore, is such that fPez - Pw?2)
increases, while Kka decreases, w1th 1hb?basing Qo and Pﬁ._

From the model Equation 4.21 and ﬂig l1terature,.the

Visco- imertial plot is ex ected to sf)'w ;
»n n
rates and pressures and become l1near ?

W IR * Lo
pressures. increase. Accord1ngly, the back p essure plot is ¢

expected to be l1near w1th slope of- 45 - and 1ncrease in,

' s Tope foi h1gher Qo By Flow Method 1 for the»
‘dlrect1on both Pe and Pw increase for 1ncregs1ng Qo and, | )
. therefore,_(Pe2 - Pw2) 1ncreases with. 1ncreasyng Pm and
increasing Qo. Th1sils equ1valent to Case 2 of Table 3.1. .
W:th‘ana 51;\51m1lar to that used fgiétase 2 in Chapter 3,
Ka 15 expected to decrease for decreps1ng 1/Pm,'(Kl1nKenberg»
| plot) and 1/Ka is expected to 1ncrease w1th 1ncreas1ng Qo
(v1sco 1nert1al plot) These pred1cted p?of1les, ar1slh§m*fbf‘
from the ﬁlow method used agree Wth observedcexperlmental~
' plot prof1les S ‘
i A The anomal1es, obsenVed in the later stages, and wh1ch r"

N

1nvolve the var1atlon of (Pe2 - Pw2) and Ka w1th Qo, lead to'

§ .
(-
ce

B
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the following observations: _ o .
a) Linearity of Model Equation (4{214 is obtained only in .
the first region with moderate-flow rates and pressures.
Beyond this, (Pez :'szlt lncreases rapidly with |
increasing Qo, as can be seen from the steepness ofl.then
s lope. v |

1 b) In the‘thind region, Qo appears to increase faster than
| it should be for 1ncrea51ng (Pe2 - Pw2?),

The first’ observatlon suggests a h1gher order mode ¥ equat1on

whlle the second Poses -a problem s1m$lar to that observed

from Figures 3. 3 and 3.6, in whvch lower (Pe2 - Pw2) values '

¢ o

were obtained for 1ncrea51ng Qo ﬁaﬁ" w'lx .4«/'

o ¥ - . » - ’ ‘
‘ - ' ' - , BN S
8.2 Plot Profiles with Fldw Method 2 . = - S _\

Surpr1s1ng proflles haye been observed in Flgures 8.4.
‘to 8. 9, wh1ch correspond respectlvely. to the Kllnkenberg.\

\

the v1sco lnertlal and . the back - pressure plots of Runs 8 and

9 u51ng Core Sample 4A In both fhe Kllnkenberg and the':“iﬂxﬁe

Ch

v1sco-1nert1alkplots. Ka values are\observed to decrease" B
y

Tn1t1ally w1th 1ncreas1ng Pm and Oo, and then lncrease w1th

{

1ncreas1ng Pm and Qo. In the back préssure plots o

(Pe2 -'sz) 1ncreases with 1ncreas1ng Qo. The slopeeangPe is
1n1t1ally 45 o after whwch Tt decreases with 1ncreas1ng Qo.
C In thls later reglon. the plots 1nd1cate lower (Pe2 - sz)‘

‘for 1ncreacu|g Qo These prof1les are 51m1lar to .those of 5‘ 

\

F1gures 3. 1 to 3. 6 and, thereﬁore, they pose351mnlar

'problems.
¥
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( .

In Run 8, Pw -was Kept constant at»atmospheric pressure
while Pe was increased. Run 9 is in the reverse diréction as
Pe decreased instead of being increased. The conditions for'

these runs are similar to Cases 2 and 1, respectively, in

- Table 3.1 of Chapter 3. If a similar analytical procedure s

.followed'in both the Klinkenberg and the visco-inertial

plots, ka is €xpected to decrease for Run 8, and to increase ‘

_for Run 9, with respect to both Qo and Pm. Also, by using a

similar analysis for the béck-pressure plot, (Pe2 - Pw2)

- : L]
should increase with increasing'oghfor Run 8, and decrease

- with decreasing Qo for Run 9. Generall{}'the plot profiles

agree with predicteﬂ profiles at the ear]ier'Stage, but the

prediction fails at the ‘later stage where Ka increases with

Jncreasing Qo and Pm.

8.3 Fitted Visco-Inertial and;Back-Phgssuhe Plofs

In order to study further th%‘observat{Sns obtained
from the plot profiles, especially in phe Fegion of higher
flow rates-and pressures, fitted visco-inertial and
béck-pressqre plots are made on the_egperimental data by

usihg both cubic and quadratic model equations. The cubic

/"equation, bynhaving an additional term in gamma for -

increasing Qo. is regarded as a modification to the

quadratic equation,;
Both the model cubic equation (Equation 4.15) and the
#

model quadratic equation (Equation 4.17) are adapted,

respectfvely, to Equations 4.23 and 4.21, and are used to
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give fitted visco-inertial plots. Equations 4.23 and 4.21
are, respectively,’ uadratic\and linear, and expresswons on
the left of these equations, which are the same for both
equat1ons. are used to calculate the experimental y values.
F1tteH y vélues are calculated, respectively, from Equations §>
4.23 and 4.21 by using a multiple linear regression fit.
"Both experlmenta] and fitted y values are plotted on the
same graph against CC2/CC1. For the fwtted back-pressure
plots, experimental'data .are, similarly, treated with o
Equations 4.24 and 4, 25 which are, fespect1vely, cub1c and
quadrat1c in Qo. F1tted y values are calculated by using a
polynomial fit on cubic and quadratic model equations, and
both experimental and fitted y values are plotted on the
sahe-log:]og plot against Qo.

| Figure 8-10, shows the fitted visco-inertial plot, for
- Core 1€ Run 7 in the forward direction. Comparing the
éxperimental data.with the fitted plofs obtained with both
the cubic an.'the quadratic model flow equations, the
experimentaIQSSta have a closer fit with the cubic equation
than with the quadratic equation. Spec1f1ca]1y, the cub1c
fit is closer in the region of higher flow rates and a Wﬁ
pressures than 1? the region with lower fTow.rates and.%@
pressures, R : i &

The fftted back-pressure plots wer; generally poor.

Errat1c behavior was obtained on the fit with both model
equations in-the region of lower flow rates. Spec1f1ca11y.
the quadratic equation yielded unreliable fitteq values ip

ki k1Y
5 3
B

E4
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the lower region. This made plotting in this section

unreliable. Comparing the fits with the experimental data in

thé regioﬁlof higher flow rates where both fits are
reliable, the'c&bic equation gave a closer fit. Reésbns for

. the poor fit in the region of lower flow rates could be

attributed to the following: _ <

a) This is the viscous region where, by Darcy’s law,

(Pe? - Pw?) has a linear relationship with Qo. Therefore
\\us1ng higher order equations to fit this 11near sect1on
Should not be expected to produce good: results.

b) In the regression procedure, us1ng Equations 4.24 and
4.25, Known—xériable is Qo, while the rest of the
experimentally determined vaﬁiables, as well as the
parameters, ka, Fb, and gamma, which are yet to be
estimatéd, are all lumped as the unknown variable. By
ha,ipg large unknowns in a system that is’ not very
stable in its matrix formation, (problem of o
ill-conditioning, which is treated ih>Appendix B),
erratic behavior could be the case. This is reflected in
the determined values of the determinants, and the error
sum of squares. _

Figure 8.11, which is the fitted back-pressure plot blot for

Core 1C, Run 3 in the forward difection, shows the

experimental data and the fitted cubic equation. More plots

are shown in Appendix C.
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8.4 Effect of Stress and Flow Methods on Plot Prohﬂes

\JJ

In the preced1ng sections, lower (Pe? J\sz) va]ues
. : -

is attempted bg analys1ng fﬁe‘%ﬁtk prégﬁgre flow
relationship as: g3ven by Equatfbn 3 8. By*{hIS equat1on
(Pe2 - Pw2) ijs proport1onaf‘to Oo and is a product of Pm
and (Pe-Pw). While Pm provides magnitude, (Pe-Pw) provides
both magnitude and direction, and therefore, tﬁgke effects
manifest themselves according to the respective magnitudes
of Pe and Pw. .

By Flow Method 1, Pm increases at a faster rate than
(Pe-Pw), and by Flow Method 2, (Pé-Pw) increases at a faster
rate than Pm. With increasing pressures, which corresponds
to increasing Qo, the effect of Pm increases more for Flow
Method 1, while the effect of (Pe-Pw) increases more for.
Flow Mei‘od 2. Both effects lead to increased stresses on
the core material. The diréct effect of obtaining large
drawdown pressures may lead to radial compaction. For the-
same pressure condftions, such stress may‘be attained
faster, and possibly be more acdte, with F.low Method 2 than
with Flow Method 1. Depending on the strength of the core
samples, this streséed condition may generate cracks and
fractures which in turn create increased permeability with
resultanﬁ increases in Qo. Therefore, the ové:all effect is
to cause increases in ka for increasing Qo and lower

(Pe2 - Pw2?2). This predicted behavior is similar to what was
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observed at higher pressures white using Flow Method 1, and
at moderate pressures while using Flow Method 2.

The anomalous behav1or from these effects suggests a
probable confinement pressure problem Figure 8.12 of Core-
1C Run 3, shows, for Flow Method 1, the variation of ka with
generated confining préssure,CP, which was obtained from
Equation 5.18. The plot shows a decreasing-ka profile with
increasing CP, which is similar to the findings of Fatt(72)
and Senturk(73). Figure 8.13 shows, for Core 4A, Run 9, the

'variation of Ka with CP dting Flow Method 2. The value of Ka
decreases with generated CP after _which ka increases for
further increases in CP. |

After Run 9 on Core 4A, the radial celldwas dismantled
and a cracK was noticed on the core sample as shown in
Plates 1 and 2 . No crack was noticed on Core 1C, and on
Core 4A prior to making runs on it with Flow Method 2. It is
significant to note that both' the anomalous plot profile in
Figure 8.13 and the crack were observed with respect to the
use of Flow Method 2 in Run 9, Core 4A. It is, therefore,

probable that the use of Flow Method 2 could be responsible

for the crack.

8.5 Plot Profiles using a Tri-axjal Radial Cell

Runs 1 and 2 were made using Flow Method 1 in forward
and reverse directions, respectlvely Run 3 in the forward
direction, and Run 4 in the reverse d1rect10n were

similarly made using Flow Method 2. The plot profiles show
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Plate 8:1

Photographs of Core 44 showing Fracture




Plate 8:2

Photographs of Rubber
marks of fracturing of

Gaskets showing
Core 4A
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' d1st1nct differences between the flow methods used. Figures
8- 14 and 8-15 show, respect1vel§>~the Klinkenberg and the
visco- 1nert1al plot proftiles for Run 1 u51ng Flow Method 1.
They have anomalous behavior similar to th;t obtained
previously with Flow Methdd 2, when a uniaxta] radial cell
was used. The cause of thge is unknown, but it is suspected
that, possibly, the ]oose rubber overburden sleeve could not
give adequate confinement at higher pressures. Anomalous
behav1or started occurring between 2800.0 kPa and 2940.0
KPa. The predefined CP, which was kept constant at 4136.9
‘kPa, cdu]d possibly have been inadequate for complete
confinement at higher t]uid preseures, and as the fluid
preesures approached its predefined value.

Figures 8-16 and 8-17 show respective]y the Klinkenberg
and visco-inertia] plot profiles for Run 3, using Flow

Method 2. The plots have expected profiles.

8.6 Parameter Estimation Results

8.6.1 Graphical and Linear Fit Methods

A
Est1mated parameter values from both graphical and

lTinear f]t methods are summarized in Tables 8-1, 8-2, 8- §
8- 4 All runs are with Flow Method 1, except Run 7 on Core
4A, and Run 1SEN from Senturk’s data(74), which are bofh
with Flow Method 2.

The graphical method is limited in the cho1ce of the
best fit l1ne Proper de]1neat1on of viscous plot po1nts

from both K11nkenberg and back-pressure plots by v1sual

e e g
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TABLE 8-1: GRAPHICAL PARAMETER ESTIMATION FOR CORE 1C

FORWARD RUNS

Run CP K b Kabs Fb
NO KPa pm?2 KPa um?2 m-1
x1012
2 NILL 0.1200 164.06 0.2983 0.7390
3 2759.9 0.2205 82.831 0.4444 0.4688
4  3447.4 0.1761 116.93 0.4460 0.8391
-5  4136.9 0.2000 100.00 0.3729 0.3089
6 4826.3 0.1469 140.15 0.2798 0.4806
7 5515.8 0.1455 175.78 0.&522 0.7252

--------------------------------------------------------

3 2759.9 0.1546 87.500  0.2764 0.3791
4 3447.4 0.1172 216.18  0.3148 0.9349
5  4136.9 0.1846 141.24  0.5152 0.4001
6 4826.3 0.1739  141.23  0.4928 0.5751
7 5515.8 0.1247 117.93  0.2698 0.8991

97
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TABLE 8-2: GRAPHICAL PARAMETER ESTIMATION FOR CORE 4A

---------------------------------------------------------

Run CP K b kabs Fb
No KPa um?2 kPa um?2 m-?
x1012
1 NILL 0.1031 298. 30 0.6267 2.1693
2 2759.9 0.2455 81.250 0.4134 0.4222
3 3447.4 0.1525 235.36 0.5812 0.9806
4 4136.9 0.1478 79.942 0.2576 1.0294
5  4826.3 0.1334 180.69 10.4231 1.2672
6 5515.8 0.1841 161.29 0.5000 1.0181

------------------------------------------------------------

---------------------------------------------------------

1, NILL 0.1250 212.50 0.3626 0.9160
2 2759.9 0.1388 118.48 0.2471 0.8118
3 3447.4 0.1279 112.07 0.2491 1.2426
4 4136.9 0.1200 102.43 0.2394 1.4216
5 4826.3 0.1338 168.23 0.4681 1.7179
6 5515.8 0.1090 164.21 .0.2787 2.3077
7 5515.8 0.0002 233.71 0.0003 11117.5
1SEN 4826.3 0.0086 24.713 0.0078 28.581



e
\ | 99

-~

d

TABLE 8-3: PARAMETER ESTIMATION BY LINEAR FIT FOR CORE 1C
-{ Using Truncated Piot Points)

FORWARD RUNS

Run  CP K b Kcor  Kabs Fb

No KPa um?2 KPa um?2 um?2 m-!

' x1012
2 NILL 0.1027  217.28 0.1036 0.3797 1.0991
3 2759.9  0.2257 79.622 0.2256 0.4502 0.5202
4 3447.4 01717  123.44  0.1726 0.4532  0.8627
> 4136.9  0.1926  110.77  0.1929  0.4040 0.3787
6 4826.3  0.1422  149.67 0.1425 0.3302 0.6233
7 5515.8  0.1454 ~M76.94 0.1453 - 0.4537 0. 7262

REVERSE RUNS

...................... .‘
2 NILL 0.0253  704.06 0.0261 0.0505 1.8252
3 2759.8  0.1547 88.223  0.1548 0.2751 0.3680
4 3447.4  0.1150 224.85 0.1167 0.4790 1.2504
> 4136.9  0.1872  154.62  0.1871 0.5139  0.3880
6 4826.3  0.1726  150.45 0.1725 0.4841 0.5890
7 5515.8  0.1171  143.20  0.1190 0.2777 . 0.9337

---------------------------------------------------------
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TABLE 8-4: PARAMETER ESTIMATION BY LINEAR F1T FOR CORE 4A
. { Using Truncated Plot Points)

FORWARD RUNS N
Run Ccp K b kcor Kabs Fb
No kPa um?2 KPa um?2 um?2 m-!
’ x1012

----------------------------------------------------------

1 NILL 0.1052 288.59  0.1052 0.6302  2.1869
2 2759.9  0.2290 97.792 0.2288 0.4550  0.5452
3 3447.4  0.1506 ~240.44 .0.1548 0.6269 . .1.0731
4 4136.3  0.1457 81.112  0.1457 0.2610  1.0245
5 4826.3  0.1357 175.58  0.1356 0.4151 1.2334
6 555.8  0.1513 232.52 0.1504 0.7720 1.5253
REVERSE RUNS
1 NILL 0.1141 245.84 0.1120 0.5286 1.7325
2 2759.9  0.1338  131.23  0.1134 0.3232  1.4047
3 3447.4  0.1234 123.06 0.1235 0.3020 1.8584
4 4136.9  0.1191 102.87  0.1191 °0.2411  1.4206
5 4826.3  0.1288  180.93  0.1297  0.5011  1.7708
6 5515.8  0.1096 161.23 0.1100 0.3562 2.0734

---------------------------------------------------------

---------------------------------------------------------
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inspection may not always be quite accurate. By linear
fitting those points suspected to be in the v1scous region,
and checking for the value of the linear correlation
coeff1c1ent Raa, the best estimates of K and b, based on
the method of least squares, are obtained. Similar treatmeet
by linear fitting is carried out for the visco-inertial
case.

The choice of b for the modified visco-inertial plot
influences not only the value of the corrected K, kcor, but
also the value of the corrécted Fb. Poor values of b,
reflected in the Raa value being far from unity, gives poor
values of the corrected parameters.

Y]

8.6.2 Numerical Methods

Slmulggneeus parameter estimation has been undertaken

by using: . |
(a) the cubic equation (Equation 4.15), )
(b) the slippage corrected versions of the cubic end

quadratic equatfons (Equations 4.16 and 4. 18),
(c) Case(b) when their combined variables are neglected
They are summarized in Tables 8-5, 8-6, 8- 7, 8-8.
Application of these cases have been made on both complete
and truncated plot points. Complete‘plot points represent.
all the plot points; they span beth higher and lower flow
rates and pressures. Truncated plot boints are those plot
points which were used for the linear fit parameter

estimation. They represent plot points with lower flow rates

L]



TABLE 8-5: NUMERICAL PARAMETER ESTIMATI N FOR CORE 1C
' { Using Compiete Plot Points)

FORWARD RUNS

Run CP Ka Fb Gamma
No KPa um?2 m-! msec/Kg
x1012 x1016
................. SORETI R LR IR TP P L PRI
2 NILL 0.3070 6.9138 0.7701
3 2759.9 0.2055 2.8954 0.5431
4 3447.4 0.2082 5.8621 | 0.9165
5 4136.9 0.1268 6.6411 ' 1.1548
6 4826 .3 0.0615 9.9375 2.1428
7 5515.8 0.0734 10.609 2.1489

------------------------------------------------------

2 NILL 0.0600 3.1942 0.6476
3 2759.9 = 0.0100 4.8932 0.7332
4 34474 0.1086 5.5596 1.0283
5 4136.9 0.0954 7.4485 1.3169
6 4826.3 0.0643 11.038 2.2152
7 8 0.0626 11.984 | 2.5433
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TABLE 8-6: NUMERICAL PARAMETER ESTIMATION FORSCORE 44
{Using Complete Plot Point :

FORWARD RUNS ///

Run CpP ka Fb Gamma

No kPa um? m-1 msec/k
x1012 X1016

1 NILL 0.1046 17,890 6.5656

2 2759.9 0.1002 12.162 6.5956

3 3447 .4 0.0702 23.051 13.151 u

4 4186.9 0.0705 22.392 12.030

5 4826.3 0.0550 23.510 11.878

6 5515.8 0.0501 32.302 14.168

REVERSE RUNS

.................... /\

1 NILL 0.1116 15.605 7.3886

2 2759.9 0.0944 “11.700 - s 8921

3 3447 .4 0.0632 21.893 11.673

4 4136.9 0.0565 20.636 13.171

5 48263 0.950 18.744 9.7133

6 5515.8 0.0658 21.609 10.651

7 5515.8 0.00044 33240 76140

1SEN 48263 0.0101 52.290 4.3530
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TABLE 8-7: NUMERICAL PARAMETER ESTIMATION FOR CORE iC
(Using Truncated Plot Points])

FORWARD RUNS

----------------------------------------------------------

"Run CpP Kk b Kabs Fb Gamma
No kPa um?2 KPa um2 m-!  msec/kg
- : x1012 x101¢e

2 NILL 0.1108  140.51 0.2341 0.8016 0.3673
3 2758.9° 0.1956  104.67 0.3853 0.3513  0.2091
4 3447.4  0.1725  112.75  0.4529 0.4256  0.1782
5 4136.9  0.1673  114.43  0.3741 0 1881  0.0438
6 4826.3  0.1563  126.33  0.3984 0.1014 0.1168
7 5515.8  0.1420  128.33 o 4298 © 0.1929  0.3864
REVERSE RUNS
2 NILL 0.0356  307.95 0.0600 1.0936 0.6476
3 2759.9  0.0497 515.45  0.2478  0.1109 0.0502
4 3447.4  0.1382  176.49  0.9372  0.2850 0.0932
41388 0.1744  159.08  0.4273 '0.0471 0.0802
6 4826.3 0.1954 123.03 ° 0.4664 0.1023 o,bfg{
7 - 5515.8  0.1025  148.61 0. 0.4687 0.1212
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TABLE 8-8: NUMERICAL PARAMETER ESTIMATION FOR CORE 4A
- (Using Truncated Plot Points)

FORWARD RUNS

¢y
Run CP K b Kabs Fb Gamma
No KkPa um?2 KPa um?2 m- 1 msec/kg
x1012 x1016
I, NILL 0.1520  181.88  0.5350 0.8058 0.1127
2 2759.9 0.2014 134.03 0.4280 0.3183 N. 1965
3 3447 .4 0.1894 169.98 0.4334 0.3674 0.8987
4 4136.9 0.1469 106 58 0.2602 1.0016 1.8775
5 4826, 3 0.1156 214.78 0.3723 0.6997 0.3803
6 5515.8 0.1123 273.19 0.3729 0.7998 1.3308
REVERSE RUNS
1 NILL 0.0839 359.55 0:2400 3.0924 2.4012
2 2759.9 0.0994 183.96 0.2969 0.9571 0.8435
3 3447.4 0.1022 168.73 0,2335 0.6718 1.3693
4 .4136.9 0.1184 _ 1Q4 29 0.2308 1.0616 0.2516
5 4826.3 0.1490 101.96 0.4088 0.6830 J.3795
6 5515.8 o0 0.1849  1.0176  3.1086

----------------------------------------------------------
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and pressures.

. Case (c) has generally more stable matr1ces than case
(b), and parameters est1mated with it are closer to those
obtained by linear fit. It has slightly larger values of the
error sum of squares than Case (b). However, Case (b) shows
greater signs of ill-conditioning than Case (é)} and
therefore produces less reliable results. Non-linear effect
in the combined variables, inspite of the 1ineartzation of
the coefficients, could probably be the cause. The quadratic
case (Case (c)) is the same as Equation 2:32 due to
P1p]apure |

The numerical method, which depends mainly on the model
equation, and the number of data points used, appear to be
superior to the comblned graph1cal and l1near fit methods
becauser | | |
(a) parameters can be estimated simultaneously, ° 9
(b) interactions between parameters can be monitored

properly. |
However, the graphical/linear fit method gives fundamenta]
parameter estimations on which the va]1d1ty of the numer1ca1
me thods can be checKed -

Table 8-9 gives @ summary of the parameter est1mat10n
for Core 4A Runs 8 and 9, and for Core 2, Runs 1 to 4. It
is observed that values of the inertial resistance
coefficient,Fb, from both methods of parameter est1mation.

for Runs 8 and 89, are both large.and negative. Possible

causes for this could be attributed to similar causes of the

- . 1
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- TABLE 8-9: PARAMETER ESTIMATION

For Core 4a Ruhs 8 and 9 mCore‘2 Runs 1 to 4

‘Flow Run cP K b " Kcor Kabs Fb
Method No KPa um2 KkPa um2 uma?2 m-1
. x1012
2 8# 5515.8 ¢ 00023‘ 242.28 0.00019 0.00032 -7614.7
2 9% 4826.3 0 00200 218.25 0 00140° 0.00206 -111 80
1 * 4136.9 0 01680 269.86 0 01814 0.03536 10 237
1 2% 4136.9 0.01470 100.58 0 01489 0.01810 4.2042
2 3* 4136.9 0 00347 567.41 o 00390 0.b1600 46.969
2 4* 4136.9 0 00276 819.92 0.00280 0.01320 37.914
BY NUMERICAL METHOD
Flow Run CP K b Kabs Fb
Method No KPa pm?2 KPa um?2 m-1

0
0.00078  801.79  0.00265 -299 g7
0.01983 ‘215._254 0.15130 - 4,417
0.01500  94.666  0.02716 0. 710;
0.01220  55.407 0.01669 44,357
0.00304 733,16 ';0.01906 53.958

----------------------------------------------------------
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abnormal Klinkenberg and'visco—inertial plot profiles
obtained for'these runs. Genéral]y, there are noticeable
differencés betwéen parameters obtained by the numerical
method, and those obtained by the graph1ca1/]1near fit
method. Spec1f1cally for core 2, parameter values obtained
in the forward direction differ from those obtained'in the

reverse direction.

8.7 Analysis of the Estimated Parameters

Parameter values, Ka, b, Fb, and gamma, have been
estimated numerically from the truncated plot points, under
ugiaxial confinement pressure\ The values for K and b, which
are in the viscous region are close to those obta1ned by
both graphical and 11near f1t methods. The estimated Fb and
gamma values obtained with complete plot points are higher
- than those obtained with truncated ptot points. This
suggests the poéSibility of gamma becoming significant in
the lower region of flow as soon as the flow rate‘is large
enough to induce fluctuations. Hence, the magqjtude of the

inertial term increases with increasing flow-rates and

pressures, and both gamma and Fb values begin to increase.

8.7.1 Gas Permeability in the Higher Flow Regqime

It is observed from Table5-8-1 to 8-8, that the values
of the appareht éas pebmeabi]ity,Kd, obtained with the
thﬁncated plot points, are greater than those obtained with

the complete plot,poinis. In many cases, Ka values obtained
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by using the complete plot points, are smaller than the
absolute gas permeability,k, obtained from both graphical
and 11near fit methods with truncated plot points. It can be
1nferred from these observations that the apparent gas
permeability,ka, is higher at lower flow rates and \
pressures,'(Tower flow regime), and lower at h1gher f low
rates and pressures (higher flow regime). In other words,
since the flow regime depends on the magnitude of the flow
rate, the apparent gas permeability,ka, has an inverse
relationship with Qo. |
‘According to Equation 2.7, Ka is inversely proportional.
to the mean pressure,Pm, and it decreases for increasing
pressure towards its limiting value,k, at infinite mean
pressure. This also corresponds to an inverse reiattonship
of ka w1th Qo. Gas slippage decreases as ka decreases and
with 1ncreastng pressures. From theory, the gas properties
at htgher pressures, approximate those of a liquid, and,
therefore, the effect of gas slippage becomes minimal under

this flow cdnditton.

8.7.2 Observatiohs on Inertial Resistance Coefficient‘and

Gamma \
From Tables 8-1 to 8-8, the values of both gamma and
the inertial resistance coeff1c1ent Fb, obtained with the
complete plot points under un1ax1a1 conf1nement are higher
than those obtained with ‘the truncated plot points. Th1s

suggests that these parameters have higher values when
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higher flow regimes are traversed, and lower values when
lower flow regimes are travemsed. This may seem anomalous'at
first since Fb defined according to Equation A-22b, has a
d1mens1on of L', and therefore is characteristic.of the
length scale in the porous media. Gamma, on the cher hand,
is defined accordiné to Equation ‘A-22c, and has a dimension
of LTM-', which is the same as the reciprocal of v1scoswty

When Darcy’'s law is obeyed at low flow rates, the
inertial term is negligible. Wlth 1ncreas1ng flow rate,
deviation from Darcy’s law is obtained, and a quadratic term
is added to account for the increasing inertial term. As the
flow rate further'jncreases, with corresponding increases in
the fluid pressure, the need fqr the cubic term becomes
significant. It can then be inferred that generating both
inertial and cub1c terms beyond the flow reglme in which
~Darcy’s law is sat1sf1ed is dependent on the flow regimes
traversed as flow rates ‘increase.

Similar ebservations have been recorded by several
investigators. Irm;;?75) remarked'that.the values of a and‘b
in his Equatioh 2.22 differed as Re increased for higher
flow rates. Using different gases with different viscesity
values, Senturk(76) concluded that Fb ceutd be a function of
viscosity. Crafton’s observations(77) are condensed in

Equation 2.31"
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8.7.3 Friction Factor - Reynolds Number Evaluation

From Equation A-12a, the Reynolds number,Re, ‘is given

as the ratio of the inertial to the viscous forces, and is
given dimensionally as f

R, = o4 (8.1)

e

Friction factor,f, is given as the ratio of the dissipative
forces to the inertial forces(78). If Equations A-23 and

A-23a are each divided by thelinertial term, the following

expressions~are obtained:

dP . .
- (u/k)q

a; = + ] +. lﬂfﬂg. (8.2)
Fboq2 FbOQ’2 . ‘ ) Fbpq2 '

dP . . oL
- (u/k)q

dx = + 1 ‘ . (8.3)

Fyea?  Fopq?

Multiplying Equations 8.2 and 8.3 by 64 and simplifying, the

following equations are obtained:

dpP

6a(- 4y ‘ SR
& F54k +64+g4%33 (5.4)
Fbpqz qu » ‘\ b ) N
b —
dp : | oo
64(- 1) . o
dx’ | FS;F + 64 L . (8.5).
Fpoa? - [b° o -

H



112

For simplification, let

- (- & - Dissipative Forces (8.6a)
2 Inertial Forces -oa
Fbpq
- Fpeak = Inertial Forces : | (8.6b)
e p Viscous Forces T
= IP_q_ | I
Te 64 (Fb ) | | (8.5c)

- Also, let Tf be regarded as the -turbulence factor which
measures the inéreasing significance of the cubic term
beyond the inertial term. Therefbrevsubstituting Equations
8-6a, 8.6b, and_8.6c iﬁto Equations 8.4 and 8.5, the

follbwing expressions are obtained respectively as:

(o]

_ 64 | 8.
f = ‘ﬁ‘_+ 64 + Tf (8.7)
e _
£ B g | (8.8)
e

Equation 8 8 is s1m1lar to the friction factor expreSSIOn
.used by Mackett(79) for Forchhe1mer s quadratic equation. It
differs from Equatlon 8.7 by the term Tf which is zero or

negligible for the quadratic case, and a pbsitive quantity
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for the Forchheimer’'s cubic case.

A log-log plot of friction factor,f, against the
Reynolds number,Re, should give, from Equations 8.7.and 8.8:
al a linear viscous plot at low Re, represented- by

f = 64/Re,

b) a deviation from linear viscous region due té the
increasing inertial effects which corresponds to
increases in Re. This is represented by f = 64.

c) an indication of any possible flow effects due higher Re
beyond the inertial region. This is represented by
f = TE. |

Similarly, Equation 4.12 is divided by its inertial term, ~

(the quadratic term), and then multiplied through by 64 to

-get- the following expression:

2 . p2 |
64(Pe |pw) _ 64 64C3 ‘YQO .
iar | RUR, G tH g '8.9)
C,2TQ F bioka .2 2 b
o' b 202, *°
1 H C]

The product of the absolute gas pefﬁeébilify,k, and the
inertial resistance coefficient,fb, gives the length scale
for the Reynolds number.4Using the apparent gas
bermeability,ka. instead of the absolute gas permeabi]ity,K,_
gives a larger value of the length scale due to the gas
slippage effect. For the purposes of the Reynolds number
evaluafion. the absolute gas permeability,K, is_used.v

Therefore, Equation 8.9 is reduced to Equation 8m7, where
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2 _ p2
64(Pe Pw)

f= —0— i (8.9a)
C.2T0.F, _ |
F.Qk C : :
. _boa 2 .
R, = T (8.9b)
_ 64(:3 YQO
Te = " 'FE— (8.9c)

. Figure 8-18 shows the log-log blot of ffiction-
factor,f, against Reynolds number,Re, for Core Sample 1C,
Run 3, in which -f decreases initia]ly'with ihcreasing Re,
and later.increases with incfeasing Re. This is expected
from Equation 847 and therefore the plot of.f against Re
suggests an existence of some term beyond the visco-inertial

flow regime.

L ' _M\

N
8.8 Effect of Confining Pr;§sure and Hysteresis

The object of running the experiments in both.the

- forward and the reverse directioné\is to check for
hysteresis. The general plot profiles are the same for both
‘directions, but the estimated parameter values, as well as
their trend w1th confining pressures, are 519n1f1cant1y
d1fferent in many cases. ' ////

The first runs of Core .amples 4A and 1C in'both

directiohs, did not have any predefined CP. Their estimated
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-

parametérs are observed, -from Tables*8-1 to 8-8, to be RN
seemingly out of pﬁase yifh those of the other runs. Though
the parameter values are exbected to show a continuous trend
with increasing predefined CP, the parameter values of the .
first runs, in many cases, are larger tﬁan those'of the -
second runs. From this observation, confinement pressure
appears to exhibit a substantial effect on the flow
‘behavior. v.

The following points are gathered from Figures 8-19 to

R td‘w‘ -

8-22, and from Tables 8-1 to 8-8, for Coré 1C and Core 44,

-using Flow Method 1:

- 1. Permeability,k, decreases in forward direction, but
increasés in reverse direction, with increasing
confining pressure;CP. The values in the\forward
direction are higher than those obtained in the reverse
direction. ‘ | B

'2  Gas slippage»coefficient,b, increa;es in the forward

direction, but decreases in the reverse direction, with

r
}

~increasing CP. ' | o |
3. Inertial coefficient,Fb, increases in both forward and
reverse diréctions{with CP.
4. Gamma increases}fnvbdth forward and reverse directions
with CP. | |
From Table é~9, parameter values obtained in the forward

. L, . {
direction for Core 2, under triaxial confinement, are e

Significantlyfdifferent from those obtained in the reversé -}
~ \ ”‘
~direction. \
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THe foregoing obsérvations reflect a significant effect
of hysteresis on the flow behavior especially on both
permegbilfty and gas slippage coefficient. Since confinement
pressure affects compaction of fhe‘corelsample,
reorientation of the grains in the porous medium may take
place, and could cause changes in perméability and porosity.
Hence, condﬁctihg the floWing experiment in both forward and
reverse directions could cause this change\and, by deduction
for gas flow, the gas slippage coefficient could also be

affected.

8.9 Gamma Relationship with Other Parameters

From theory in Appendix.A, and the‘paramet}ic analysis
in Section 8.7, gamma appears to have some relationship With
the other parameters, and with viscosity. Hence, by |
dimensional. analysis, and from Equations A—é2c and A-22d,

gamma can be related by:

y . fn (u%4%Fb9) - | (8.10)
thch reduces to:

vy = fn (uc¢ede§d) | | “ | (3_14)
It is noticed that gas‘slippage'coefficient;b; QOes not

appear in Equation 8.11. This is not sunprising beEause

gamma manifests itself at higher flow rates and pressures,

NP e
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‘undér which condition gas properties appnoximaté to that of
liquid. |

Equation 8.11 can be represented in different forms, .
and used to fit the déta from Tables 8-5 and 8-6 for a

complete plot profile. The .following forms are possible:

y = aub(kFg)é - (8-‘2)
y - aubkcpg | , {8. 135
. - auskch¢e | | | | (8.14)
y = apb(kFg)cée | | o 4\ (8.15)

Table:(8-10) gives a summéry of the values of the oy
| coefficients,njheir accompanying error suﬁ Qf squares and

their standard déviations.,The be§t fit ig chosen therefrom.

Viscosity has been calculated at étandard condition of
pressure.and temperature in order to obtain a reference
viscos{}y va]qe. Only hitrogen has been used.

The fol]pwing observations are gathergd’from Table
(8-10): | | |
. Fit 3 gives the best ré]ationshfp of gémma with other

parameters.
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" IABLE 8-10: VARIATION OF GAMMA WITH OTHER PARAME TERS

= ‘

Fit] a | b c d

. —— -_j____ [ I

1-11/5089|-0.8961| 0.896
10-5 |

2 |1.8057[-1.6705|-0.46221.67¢5

“'x10-3

3 |4.7353|-0.6980]-0.0527|0.6980
x108 ;

4 |6.5743[-0.4257| 0.4257
x107

1.8014

1.7594

Stddev

A2. "The coefficient of the viscosity term,{which is

/ negative,

123

bears a consistent relationship with that of

the Fb term. This could depict a p0551b1e relationship

between Fb and viscosity.

\3. Porosity term exists and its coefficient is appreciable.

4. Gamma increases as Fb increases.

5. Both Fb and a constant quantity play a deminant role in

- the magnitude of gamma .

or identical

to the dimensionless shape factor CS

wh1ch was obtained in the derivation of gamma in

Appendix A.

6. Both apparent gas permeability and viscosity haye an

inverse dependence on gamma.

Hence gamma is given from Fit 3 as

This constantvcould be similar,
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F 0.6980 ,1.8014 ' '

a
At the flow condition under which gamma manifests itself, ka
approximates to K, for decreasing gas slip. Hence, by
replacing ka with k, Equation 8.16 becomes '

o Fp. 0-6980 ,1.8014 . (8.17).
y = 4.7353 x 10 (——0 0. 0527 | o

¢ 0-
The variation of gammé, and ' _ .itted gamma, wi th
apparent gas permeébi]ity, Ka, is shown in Figure 8-23 on a
log-log.plot. The profile shows an inversé.rglationship of
gamma with Ka. ‘ - | |
This analysis,‘together with "the relatiohship obtained
for gamma is limited in the sense that data for them came
from very limited number of cores’and for nitrogen only. The
déta used are comprised of both forward and reverse runs -
using Flow Method 1 and for d1fferent conf1n1ng pressures
While th1s may not be conclusive, this analys1s
1. shows an inverse relat1onsh1p of gamma with
permeab1]1ty ~
2. shows less dependenée of gamma on gas slippage
bcoeff{cient ‘
3. supplies a poss1b]e estimate of gamma in terms of the
other parameters and v1scos1ty T

4. shows some correspondence in the propeftjes of gamma
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between theory and experimental results.

Further investigation is needed to explain these'findings.

8.10 Nomenclature for Gamma

The foregoing treathenf has shown the possible
existence of gamma. This parameter has been 1dent1f1ed as .
be1ng within the cubic term, whlch is beyond the:
visco-inertial region. The cubjc term, as treated in this
work, is synonymous with the.turbulent term. Hence gamma
‘shéuld have the properties aSsociated-with thé turbulent
flow. Since gamma should be Known with a name that reflects
its characterics, it is suggested it be known as the

"turbulence resistance coefficient’ .



9. CONCLUSION and RECOMMENDATIONS

9.1 CONCLUSIONS

There has beeﬁ, generally, a good correspondence
between theory and experimental results, especially in the
properties of gamma - the flow parameter in the cubic term
of the general cubic flow equation. Anomalous flow behavior
was obtained when Flow Method 2 was used at lower pressures .
and on uniaxial radial confinement. Similar behavior was
observed at*considerabiy higher pressures when Flow Method 1
was used on triaxial radial confinement. It is believed that
this behavior is dependent on the type of confinement and on
‘the flow method used. |

The followino arc he conclusions:

9.1.1 Flow Phenomena

1. A general cubic flow equation has been developed from
consideration of Kinetic energy equation of mean flow
and dimensional relations. The physical basislof the:
cubic term in the model flow equation has been
.establiShed by uéing the boundary layer theory to
explain the flow phenomenon at higher fiow rates and
pressures through a porous path. |

2. Gamma, the main paraméter in this cubic term, is
a. related to a characteristic dimensionless shape

.factor which is significant at higher flow rates.

b. is inversely related to viscosity.

127
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The flow model equation

a. épans a wide range of flow rates,

b. 1is regarded as a hodification to Forchheimer’s
quadratic equation,

c. has been modified, and corrected, for gas slippage

effect. .

2 Experimental Evidence

In comparison with the quadratic equation, and under
uniaxial confinement, the cubic equation gave a better
fit on the experimental data.

Both Fb and gamma have been observed to depend on the
flow rate and the flow regime. |

Gamma has 1essadependencé on the slippage coeffient in
the highér f]ow begime.

Gamma has an inverse relationship with permeabilify and
viscosity. | ;

The log-log plot of the friéfion factor against the

Reyﬁolds number suggests an existence of some term

- beyond the visco-inertial flow regime.

Relationship between gamma and other parameters has been
obtained. Both Fb and a constant dimensionless quantity

have a considerable effect on the magnitude of gamma.

PR

~..

.3 The Flow Method

The flow method clearly has a very significant effect in

the type of results obtained. The flow regime reached is
_ .
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linked to the flow method used. |

Flow Method 1 appears to be better suited for higher
flow regimes, and Flow Methd 2 seems more appropriate
for lower regimes, especially for viscous and
visco-inertial flow regimes.

Some relationship has been observed to exist between the
horizontal stresses prevailing bn the core material, and
the flow method used. More pressure drawdown could be’
generated by using Flow Method 2 than by using Flow

Method 1.

4 Confining Pressure and Hysteresis

The stress-strain analysis for uniaxial confining

_pressure has been used to describe the state of stress

and strain on the core during the flowing proce%s wifh
succese. -

There is a notieeable differenee betweenAthe parameter
values obtained by_imposipg a predefined confining

pressure,CP, and those obtained without any predefined

ACP.

- -

Both the ‘apparent and the absolute permeab111ty,vka and
K, are found to decrease with CP in the forward
direction. _ |

There is a noticeable increase of gamma end Fb with CP.

Gas slippage coefficient increases in the forward

Tdirection, but decreases in the reverse direction? with

increasing CP. Thjs may be due to c6mpa¢tion effect
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which involves grain reorientation within the core -

material.

.Hysteresis has been observed on the flowing experiments.

9.1.5 Plot Profiles and Parameter Estimation

.

5.

6.

The plot profiles seem to be comprised of points in the
lower flow rates and pressures and those.in the higher
flowqfates and pressures. |

A quadratic fit appears suitable for lower flow rates
and$bréssures,;while a cubic fit appears suitable for
all fhe plot' points, especially those which are obtainea
at higher flow rates and pressures.

The plot profiles obta1ned by using Flow Method 2 showed
some anoma lous behavior beyond the viscous region. This
is believed to be due to the combined effect of O
confinement and flow method. )

The estirated parameter values ‘from all the estimation
methods. are generally close for the truncated plot .

points. The numerical method seems superior to the

graphical and linear fit methods.

The choice of gas slippage coefficient,b, affects not
-i;ohly the corrected gas permeability value, on the

‘graphical method of parameter estimation, but also the

value of the corrected Fb so obtained. The use of the
linear correlation coefficient has increased the
accuracy of the estimated value of b. : .

P

Uhder¢1riaxial confinement, anomalous plot profiles were.
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noticed at considerably higher preséﬁres with Flow
Method 1. Normal behavior, for lower flow rates and
pressures, was obtained with Flow Method 2. It is
believed that the loose”rubber overburden sleeve could

not effect complete confinement at higher pressures.

~

-

"

8.2 RECOMMENDATIONS

The recommendations and suggestions for further
research are presented below:
1. More investigafion is needed on the flow phenoﬁehaA‘
= involving the higher flow rates and pressures so as to
a. check the concept of a fhird order term in the flow
equation, '
b. discretize the flow regimes encountered,
C. examine the properties of gamma, and its
relationsh%p with other parameters.
d. check the friction factor-Reynolds number criterion.
2. ‘There is need for more 1nvestlgat10n on the effect of
hysteres1s on flow behav1or
3. The flow methods™ have to be applied to more radial flow
'exper1ments to ascertain .their particular roles n{
a. the flow regimes,
b. eonfining pressure ef?ectg
C. poss1b1e hysteres1s effect
Excessxve drawdown pressures should not be’ used while
using flow Method 2.

Cowy

4. The Stress-strafh analysis should be:-made prior to usih&g’
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pressure. _ o ]

o

any type of radiai cell.“

’ ’ 132

Numerical methods involving itérative procedures should
be explored.in}addition to those with direct procedures.
The loose rubber overburaen sleeve, on the,rédial
friaxial overburden\cel], should be replaced»by one
which fits more closely.

Further investigation should be madé.with triaxial
overburden radial cell in order to study, and compare,
the observations obtained-with uniaxial confinement
radial cell.

The radial cell should be désigned so that runs,cah be
made using both uniaxial and triaxial COnfinément on the
same core. This is expected to aid comparisoq bgtween
the two methods of confinement. L

The use of the average pressures in radial sylstems

should be explored in preference to the use of the mean
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A APPENDIX A - DERIVATION OF SECOND AND THIRD ORDER
EQUATIONS OF FORCHHEIMER
The general Navier-sfokes equations of'mQtion of

viscous fluid for incompressible fluid is given in cartesian

tensor notation(79) as

au. ou, 32, '
_,_\1.-4- --..)l = - ap J -
PaT t Ay % T tou IX; BX; * oX; (A-1)

where Einstein summation convention is used for i,j = 1, 3,

AN

in horizontal and vertical directions respectively. 'The term,
X, represents body or grav1tat1onal fﬂrces Both density and
viscosity are: assumed to be- eonstant |

For steady- state, horlzontal flow Equations A-1 become

©auy sp 32U,
pu'i --.-\lax = - --——ax + M -————-41—-8 TX ’ (A’2)
i SR Xj 9%y '

These equations comprise of inertial term on the left, and
differential pressure grad1ent and viscous terms on the
right. For flow along a cap1]lary tube, and assuming a

no- s]1p cond1t1on at the fluid-solid 1nterface Newton s law

of v1sc051ty is g1ven by

- asrdd,
LR | ,
T = - u .é}._l w_.i“' . . (A-3)
: 1 i o

: ﬁﬁere tHe viscous momentum is in the direction of the

" -negative velogity gradient(80). .
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-Equatibné A-2 can be rearranged in the form of
au, 32&.“'“ ’
aP 3 J .
“ax T PUp gt tw (A-4)
axj i ax; 3X; X, .
Since the continuity equation for steady state,
incompreséible'flow is given as .
Ju, '
R Y 0 ¥ (A-4a)
IX. * .
] s
1) . =
~ the following expansion c¢an be made ’
éu.u' o T 3
U. u. u. . .
13 . —i 1 . -
- axj U 3X; * Yj X, ‘ tA-4b)
~, Subsequently Equations A-4 become
- AU C %y, . '
: ’gg"‘ = pjﬁ(—i*u-a—"—L (A-5)
. ) ‘, X5 Xi J ax.ox. -

£

A.1 Reynolds Equations

| As veloc1ty 1ncreases; local 1rregular1t1es in fTow
".streamlines beg1n to form and‘manlfest themselﬁes as
fluctuations. Within a critical veloc1ty ranqe which is
character1st1c of the medium throud} which the flu1d is
flowing, the produced fluctuatIO:i may be negligtble. With
h1gher velocities, these may no longer be neg}?gibTe and

Navier-Stokes equations are rewritten to refl; this new.

cond1t1on o L]
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Fluctuation may beNdefined(81,82) as the difference
between the measured field vah:es of the measurable quantity
and their timé-averaged ﬁalues Its preeence manifests
itself in an apparent 1ncrease m the viscosity of" the

fundamental flow. It can be related as:

"Observed Value =*Mean Value + Fluctuation
‘Specifically, fér ‘velocity components and preSsure. the
L relations are: '
- e J
. U o= utu 0 0 Po= Papr o | (VA,-6)v

T1me averaged or mean valuesaare taken at a fixed

pomt in space over an 1nterval of time such tha¥"steady
!

state cond1t1on ‘is achieved. By def1n1t1on, this is - at-‘
T ey
represented as . - - : L, L e
T to+T . o
T | g (A-Ba)
u; = %m i uidt; A : A-ba
o » to ) . F!.“ I

: | 2
: Lt R g A a,,r )
?ﬁé | ::i‘-‘n" : M - Lim % / oy -y )dt = "0 - N (A-eb)_

f/

s JFrom the Jaw of averages. {the produaf of both the mean value
| and 1ts generated fluctuatlons )S “Zero. Consequently. the

process of averagmg products is related by

LS
Y

Vo2 ) e o : . v
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ujus = (ui + ui)(uj + uJ.) = U+ u].'uj ' (A-So)
If u J“ 0 » velocity fluctuations are not correlated and

destruct1Ve combfnatIon takes place. This eventually brings
fluctuahons 'ﬂowQ »to : m1mmum If ™his term is non-zero,
4

they are sa1d io be correlated and'wtll combine

V"constrQ§%§yely to form an add1t1onal stress which acts

'agﬁinst the smdoth laminar flow of the ma1nstream It is

’negatﬂve in sign.

.
Y ds YO

App1y1ng the averqgﬁng operatxon on Nav1er -Stokes

L-

¢
Equat1ons A-1, yields the Reynolds equations:

U, U, - FYm ».
4+ 7 1 - 3P by + O (—pyryt A-7
Pax. T PY ax ax, M a%; 9 * pX ax; \- PUjY; ( )

i . j i L% i S
. A ’" = - ’ !
where T ] Rk |
= Reynolds stress tensor due to increased
fluctuations. It contains nine components
in 3 d1mens1onal cartes1an coordlnates as
j Ay © .
shown \ .f‘ B2
ao : '—-2 —_— .
. : ; ' . [
crxx Txy ) ;;sz _ otlxx puxu.y pu uy
wﬁ- ‘
v AA . , ‘ .
T o} T = A ulu'  pu'2 u
o Txy %y Ty Plyly euyy  ousu o
i ' (A-7a)
[} 1,1 12
xz  Tyz 9, PU b, puu,  pu 2
& N
T
6) .8, 3 N
A s
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The diagonal componer;ts are the normal stresses while the
off-diagonal components‘ are .the shear stresses-. | |
The addition of the Reynolds stresses on Reynolds
equahons differentiates them fr‘om‘lthe NaVI;er -Stokes W’

equahons For steady -~* homzontal flow they becomév ”\y’

oy

ap | BZU,J — E_u—:l a :
T axg - 3X, X ey 3%; ¥ a_fi—(pu1u3) , (A-8)
A.2 Kinetic Enerqy of Mean Flow
Since' the mean momentum of the fluctuat'ions, by . -
Equations A 65 is zero, the effect on mean flow of % .{

increasing velbcity may best be treated as its effects on - 9 :
’~A .

Kinetic and turbulent energy equat10ns(83)

Cross mu1t1p1y1ng the Reynolds equat1ons with the mean -

veolc1ty y1e]ds

et - ‘ ;__ B - Q},\ (A-9)-

where, from continuity equations (A-4a), the following

)(-A-Sa)

N relatidnsbjps-havg been obtained:

i
|

L (EEEN . () (R, i
aX. 2 Yiax \ T2 2 ) T Y\ 2

J
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o\ o, =
s 3 . = 2P j - 7 aP
X (puj> Y; X +P Xy Yj o (A-9b)

(i) _‘ G Gi) (486
where

(i)

which work is done by the mean p}essure;

(ii) Réte at which work is done by viscous forces;

= Work done on mean flow by mean vafcous stress,

" -

(i14) Rate at wh1ch work is done on meaq.‘]ow by
| . Reynolds stresses.

1f Equation A 7 is cross-multiplied by Equation A-6, an
equatiqp fqr—the totel Kinetic energy is obtained. The
difference between th{s eduatiOh and Equation A-9 gives the

turbulent Kineticienergy equation:

-TT T ’ — ‘ y 1 ‘ .
PUs U pUs U —— U : ’ Us Ug
3 [ PY - 3 iYj j 3 iYj
at < 2 )'+ Ui ax; ( 2 )'+ puluJ 3X; Fac v T2 N
i (A-11)
= 32UQ
8 Voo U5
aX; (Prut u )+ “uJ 3%, X

It is assumed that,for the case of the porous medium,

flow.-may not be high enbugh to necessitate the use of this

Rate of change of Kinetic enérgyv+ Rate at *iggiﬂ.f' 
R » ‘, R
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equation. Rather an increase in velocity increases the
chances of fluctuations becoming sigﬁificant and resulting
in large Kinetic energy losses. S1nce measurable flow
'propert1es are usually taken at the1r mean. values, thel
equation for the Kinetic energy of mean flow may log1ca]ly
be very appropr1ate to use.
1S gt o

A.3 D1men51ona1 Slm1lar1ty Criteria ‘

As defined by Schlich(ing(BS), two‘flows about
geometrically similar bodies are similar if the forces
acting en a fluid particle bear a fixed retio each time énd
at all geometr1cally similar po1nts r(Specnﬁca]ly for a
steady, 1ncompress1ble hor1zontal flow the conditioh of
51m1lar flow is satisfied iny if at a]l correspond1ng
po1nts a constant ratio of inertial to vg;cous forces
exists. This criterion has been used by *Hubbert(86) irfthis
definition of Reynolds number for porous media.

By Monin and Yagfom(87) flows are geometrically

- similar if the propertles of their boundaries are determined

“EIUn1quely by the same length scale and. by some typ1ca1 mean

;velocity Let L and U be some typical mean Iength and &

"-;yeloc1ty scales which respectively characterize such

ﬁgegﬁetr1cally~shmllar flows. Further let the length scale be

e‘?taken generally 3$ the d1stance a}ong which the velocity

Jé&ale U of the flow undengoes a. perceptible change.

Therefore the Reyncﬂ'd!" number is-given as

-

Oy
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Re = Ulp/u = Inertial term/viscous term

dimensionTess  -~ (A-12a)

Combining dimensionally both the viscosity coefficient
L and the density » with U and L, therefore, the following

relations are obtained:

AT 2 , 2 : -
P =L ~ B = Const - B < o (A-12)
i , o
BZU UU . U l’ : '
M 3;(—-‘337- ~ ['z- = Const - 'E"é- - (A‘13)
171 \ ‘ '
\
2 (LT ~ - eV . pu'2 -
3X; (p%uj) L L . -,_t(f(A74)‘
N 4
o i Y Y pU3 _ pU3 : -
'Bxi ( 5 ~ 5 = Const 5T (A-15)
aZu_ * o - .
pu. = Const - £ (A-16)
3 ax;ax; [2 5 L2

where U’ is dUé!to FfUCtuation. for i = j.

Usind these relations, Equations A-5, A-8, A-10 become for
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steady state, 1-dimensional, horizontal flow: ' 1

v
o Cul o Coal? -
"&x T T Y T (A-18)
| -t o
Conl CppU2  Cypli’2 | |
SE s o (A-19)
CCul2 Cgold Cepl'2U
- U -g—-z- = L2 + L + ~<—m—-——- (A-20)
&r ' e *
%

Equation A-19 is similar to Equation 2.30 which Crafton
obta1npd by using the force momentum ba]ance But Equation
A-20 under11nes the ugéhof k1net1c energy cons1derat1ons in
explaining the flow conditions. Botm equations conta1n the
Reynolds stresses and have the same closure problemx
£ Explanatlon of flow phenomena as ve1001ty 1ncréases may
not be very effective if the force momentum balance\for mean
~steady flow is used(87). By Equat1on A-6b, the mean of the
produced fluctuation is zero, therefore, its mean fokce
momentum is zero. Th1s poses a serious setback for Equat1on

w

NSTS
Two possible expressions may be obtained*ﬁhen EqUation
A-20 is divided by U. The first expression reverts to the

Reynolds equat1on and 1s 1dent1cal to Equation A-189. ﬂhe

second ds: '_;- . v \\
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dp CLQLIU' CspUZ CGQU.ZU
& T Tt Tt

(A-21)

there the first two terms on the right are 1dent1cal to the
first two terms on the right of Equat1ons A-18 and A-19.

Therefore their constant coefficients C1 and C4, and C2 and

T
-’

C5, are respectively equa]. The constant coefficient,CS,wof
Equation A-21, is different from C3 of Equafign A-19. The
coefficients of the terms on the right hand side of
Equations A-iB, A-19, and A-21 are constants since both
viscosfty, density and length are assumed constant,
Close resemblances are noticed between Equations A-18
and 2. 17 -and between Equations A- 21 and 2.24. This suggests
' that Equat1ons A-18 and A-21 are s1m1lar. respect1ve1y,~t
the second and third order equat1ops of Forchhejmer. he
velocity scales in the third term on the right of Equetion
A-21 have been obtained as a combination of ve]oeity
fluctuation. and mean velocity. Equation A-21 is made up of
- the d1fferent1al pressure gradient on the left, and the - .
viscous, the inertial, and the cubic term on the right.
If M, L, T!fare deneted as dimensions of mass, length
and time, ‘both the differentiel pressure gradient andl‘
.vvscos1ty are represented d1mens1ona11y as[ML 2T ]and
'[hL"T“q respect1ve1y The inertial resistance coefficient in
the inertial term has a dimension of [L-1). The permeability

expression in the-viscous term, has a dimension[L2, and can
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e e

be expressed as
K = Nd2 . g B ‘ (A-21a)

where N is a shape factor (88)
If these dimensional relations are applied on Equation A-21,

an equation of the form of:

dP

i ‘,‘g U+ BpU2 + yp2y'2y | (A-22)
is obtained where - | .
K = L2/C4 =[L?]by dimension , (A-22a)
B = C5/L = Fb =[L-] = by dimension ‘ (A-22b)
Y = C6/(ULp) = Gamma =[LTM-'] by dimension (A-22c)

14

ULp=[ML-*T-1] = dimension of viscosity

This implies that: o _ o ey
C6 = dimensionless. - |
Y = (CB*u)/(ULs) = CB/Re = dimensionless ~  (A-22d)

Comparing Equations A-21a and A-2éa, it follows that

1/C4 = N = a shape factor for K ' ‘
Similarly coefficients C5 and C6 could be shape factors foF
Fb, gnd}gamma reSpectively. -
- The foregoing relétioﬁs'imply the fol1owing perertf§§

- .
Q
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of gamma: ‘ -

1. It is related to turbulent viscosity or shear
resistance.

2. It acts in opposite sense to flow due to Reynolds
'stresses.

3. It is related to a diﬁensionless shape factor C6 which
is significant at higher flo%.rates;

4. It is a flow functional parameter.

By inspectibn of Equation A-22 and from Equation A-6,
both U’ "and U have the same order of magnitude\at higher
flow rates cqrrespondiﬁg to higher Reynolds numbers. Let
them be represented by the same velocity séale‘q such that q
is free to assume values of‘ve]ocitxpfor increasing flow
rates, and for different flow situafions. The scale q,‘
therefore, becomes a measurable quantity, and Equation A-22

can be written as:
ST St K
- = E”—Q- * Fpa? + yp2q3 : (A-23)

whi'le quadratic Equation Af18 can similarly be written as

- 'g-g = '—I:-q + Fbpq; (A-23a)

Equation A-23 is identical to the re]ationship given as

Equation 2.25 by Firoozabadi and Katz. } - P

T
o £ S~

%

1
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A.4 Significance of the Cubic Term

The forego1ng equatlons depict the dominance of the

| cubic term at higher flow rates when fluctuat1ons u’ comb1ne
with the mean velocity U in the ratio of 2:1. Gamma. has the
dimensions of LTM-' which is also the dimensions of the
reciprocal of viscosity. From theee dimensions, the inverse
dependence of gamma on the shear resistance to fiow,
(viscosity), is suggested. Hence from Equation A-23, the
d1fferent1al pressure gradlent 1ncreases for increasing

*¥low rates, and as shear resistance decreases for {npbeasing

values of gamma. These can be refated for each ijng

va lue onthe flow rate as: R

P 1 | 4
= =y .o . (A-24)

-Muskat(89) descr1bed th1s cond1t1on as being physically
unreasonable. - ‘ , |

Fro% boyndary layer theofy(QO), and\by the condition of
no slip at the beundary, fluid flow is chardcterfzed by very
high resistance to flow at the boundary. (no sl1p cond1t1on)
and-a much lesser res1stance at the centre (potentlal flow
cond1t1on) The boundary layer is closest to the flu1d-sol1d
1nterface and at the boundary, the flow rate is zero by

no- slip COhd]thn The nom1na1 boundary layer th1ckness d,

.l1s the normal d1stance from the fluid- solid interface -at

d

which the veloc1ty is 997 of the free stream velocity in the

rapprox1mately,potential fJowanggon
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For a small cross-sectional area avaflable to fjow, as
_in Figure A-1, the effective‘available cross-sectional area,
situated at the centre, is quite small. Resistance to flow
induces'a creeping flo& condition in the centre. With higher
flow rates, corresponding to a large differential pressure
gradient, the flow encounters more resistance as the
boundary layer is‘permeated. Subsequently, by overcoming
this resistance, the boundary layer thickness dec: cases and
“the cross-sectional area open to the fluw increases. The
viscosity value within the increased crc.s-sectional area,
open to flow, is lower than its original value before the
boundary layer was decreased. o
Therefore, with ihcreasing flow rates,
1. 4differential\pressure gradient increases,
boundary layer thickness_decreases,
cross-sectfonal area open to flow increases{

resistance to flow in the 1ncreased cross sectional ‘area -

decreases as the boundary layer growth is reduced in- the
»flow d1rect1on.

If A’ is this new cross-sectional area, these can jointly be

Jelated as j | !
dp 1 . _
EY‘x‘F < A ! 4 | | ;(A 25)

-Equations A-24 and A-25, whiCh are similar in
eXpPeSSIOH suggest that gamma is re]ated to A’ and that as

amma lncreases for . 1ncreas1n K1netlc ener of flow, both
Q S //f/x g ay
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where:
(1}..h =
LA =
{2)..h!=
LAY
Figure

initial boundary layer thickness at lower

flow rates. ‘
initial cross-sectional area open to flow at

\ "lower flow rates.

reduced boundary layer thickness.at higher
flow rates. . = ol /
increased cross-sectional area open_to flow
at higher flow rates.

2

A-1: Schematic Flow Through Porous Media’

o

ax, "
\“'I':f'

e
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the boundary layer th1ckness. and the reSIStance to flow. p

A

closest to the centre, decrease. For Tower flow rates with

negligible k1net1c energy of flow, the cubic term is. not

necessary. 3 _ . o,

By Schlict1ng, the ratio of the boundary layer

thickness to the length E:ale of the path varies 1nversely
e Reynolds number. Similarly,\the

total drag coefficient D, or the skin frictional

with the square root of

coeffvc1ent(91). var1es inversely with the sq&ére root of

the Reynolds number . Combining these relat1ons.‘resqlts in:

et

gyl T (aoe)
L R pU2 oL , Bt
. e ' ‘ . .
which'inirewritteﬁ\foﬁg can be expressed‘as: 3
2 - ow o C o RN i oo
4 D A R dimensionless el (A-27)

e N
. .'

A,
Equatﬁon A-27 is similar to Equatlon A ZZc and cqmb1n1ng

both equat1ons gﬂves - _ N -; n;}f
- .' '\‘{q_‘:'t_
Ce ' S . '
=" fﬁ? = R = D2 = djmensonless - ’ (A-28,_l,'
P :

From this express1on gamma depends d1rectly on the square
of the skin frictlonal coefficient, and inversely on both
v1§cos1ty and the Reynolds number . The dimensionless shape
factor C6 is related to the square of the skin frictional

. coeff1c1ent D. . o | ., .

.

~

L
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¥
These factors. including gamma, operéte\at higher flow - .

rates. and wiTh higher Reynolds number, w1th1n the boundary
layer. . L™
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ADAPTATION OF MODEL EQUATIONS TO“&QMP{%QT’ER APPLICATIONS
' o & dv-': . "f‘. k"iﬁ L ‘w ) o
5 : ; ) \ . Q“ G‘h ’ N
. - e o K ‘
I .5;:3. 'a s J L2 &5“&. -
. - i L. . ) - ) ’ "\‘" '.-”.' e .;’
. - ' ) o L§




.

v

B APPENDTX B - ADAPTATION OF MODEL EQUATIONS TO COMPUTER

B i &r !v .
S LT APPLICATION :

. .
s 'y

. , N q ) o
- B.1 Equations f"or Parameter Est'imation

Equat1on %.15 gwes a general cubic flow equatwn in

i )

&
terms of ka. Fb, and ganma In 1ts rearranged form ‘as in

Equation 4.23, it'is:

Lv.' . ' . »

A_Th1s equatmn&?’ws hnear m-,‘,;_: pcoe,,.Mments Des1gnatmg the

o

L

#&
*reqreSmon techmque for%stwatmg the pa.rameter>s *!:a

d&loped Subsequent}y, Equat1on€3-*1 1si$put in. the
Followmg form‘?h R P -

N 3 (ﬁ
v

- o 4 R “

. Y = wo @b.wl.x1 tlXp -

te w;'l'

“1/ka L B,
Eb

(Pe;:-' sz)/CCW Wo
cc2/cet W1
cea/cct w2

Equation 4.16, rearranged below,

x1‘
X2

ganma

P2 -p2 " .
Do %‘%%'b*'% P *“r‘—b—“’”

, 3 . CC3
YooYt @ x Py (Y b)

.can sxmﬂarly be treated if its. combmed parameters

]

B

(B-1)

are

l%

des1red ,parameters as coeff1c1ents. a mu&ppleu hnear/ -

nbe

(B-3)

T

-+

A
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‘représented by‘_single variables. In this condi tion, Equation
B-3 reduces to .
3 -~
Y = WO + wlxl + w2x2' :' e ‘ i“‘.‘. 'wsxs :"3 ‘ ;a; :p (8'4)
wher - : | e o ‘ -
Y = (PeZ - Pw2)/CC1  Wo = 1/k
X1 = -PEW/CC1 Wi = b
X2 = CC2/CCH W2 = Fb L
X3 = ~CC2/(CCJ*PmL W3 = b*fb . e
X4 = cca/ect . W4 = gama L e
X5 = CCS/(CC1*Pm) -ws/-_ mmasb . g
‘For the. quadrahc *case Equahons B:1. and B 3 re&ce to )
. 71 b ) “.'._ . ) - '.} .
p2 - p2 , 5 ST e r .
W W J_. _(.:1;_2_ 1 - A : fRog.
O Tk e wF o LABE)
. o o - ' -

. --Av.' . s . u,.'_:,-a . R

W PZ- P2 _PEW L Loce2 T e | :
oo B W =L U F 4o - (b} ) -
w e, ar e ooy (bF) . (BB
wh1ch are edeva@t to Equatvons 4 21 and 4, 22 By
s1m1larly ]meamzmg thew coefﬁments, the foﬂowmg
;orms are obtainet o ,
A 4 \ T S T 2 A
.7 - e N
8 . v = () ~ -~ v '
. o _ 9 ., ‘ .
Y = wo +w1x1 - . ¢ t\ i ! . . (B 7)

N
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Vo= W R F Ny WXy  (B-8)
. ”l'w.
Tﬁey fol)ow directly the form of Equations B-2 and B-4.
. ' 3 .
. '-“:‘- q .
© B.2 Ekguations for Model Fitting The Data
“Equation (4.22), rep'oduced below, ‘ - 4o
. ‘ \V ) ) %
Cll:fz - - | .
(P2 - P2) = ) %t (CRZTFL) 02 + (C32Ty)- Q3 (B-9) n
3-$H§» K ol ' '
= QH?1S a polynom1al in Qo ?hlfh can be expressed as ' o
A . _
ggaﬂr A S : _
‘fa_n., . - ' N S ’ . &" ’ 'ﬂ"‘#&w o A h
A I S Ty ot w;xggq- )
where . | - . N ;AV;,_ '{
Y = Pe? - Pw? , |
. o -
Wt = (Cﬂﬂi)/ka‘ _ X1 = Qo
G W2 = CoZTF, R T X2 = @z - e ,
W3 37 CZTy © . K3 = Qo3

For'the'quadrat1c case qupt1ons Br9 and B 10

'*respectlvely, reduce to . . N.= - !

» / --_‘A ‘ o . . . ’ A v
e p2 _ p2) CuTz . L -
a{PE - o= 4 P . -1 .
-.‘&,ﬁw«_.‘gggix w ; Py -4:‘ R ... _Ea‘ ‘} ‘ :p‘ﬁe -(s(-:v-zﬁz‘:r!:b) Q ? ' ‘ - ' ?B 1 1 ).. .
D . . vrA ' B ) B - - ‘ - . ‘ ]
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Yo=K+ X, s (Be12)

s

B.3 Multiple Linear Reqgression .

The foregoing equations have the follow“‘ng genera] form_

165

which 1s lmear in the coeff1c1en,ts: g
k4 ) . ) . ‘ J ' -
! A, > o . Y - e >
N V. N . g
A o A

W

Wy Wy W e e (aarg)
Y e Mo + WiXpy + N2X1 A ‘ (B',‘q,? );"

&

e s [ g.-:‘ 5 i

or, in. condensed .form:

N
L
. & '
; ) o |
“. SRl - s
for i = 1, N, J 21, n, and e 1s the error. e
4—"’

By method of least squar‘es(92 93), the sum of error

squares w1th respect to each of the parameters shculd be a

-~

minimum such that - '_ SR : - -

—~
a(z e?) S

Solut1on of this equatmn for the beSs.t estlmates of Wj. and}

' rearrangmg, results in normal equat1ons of order n: /

a

- . [ - - ©
@ q e -f::'-‘ R ; - b &;' ‘:\ Y g
B e .

[ . ; - : A . . - - .

A

3

,437‘}—— =0 - " S %8-14)}
D “ ~ '

,@id\
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s
e

. ', . N | . e . - nl, - - ‘ - . Ad . N
o o I = K-V F]BNX -XHX )}w] (B-15)

LU
: Al

Whenek = n’, and y, x,q are respectwely arithmetic means '

24

of Y and X. The va'lue of Wo 1s,p9term1@ed as

@ A P R e .oow o v o
If A matrix form: ... ..o .y Toes, '
**f'Dlraﬁi
= DT (Y, I)

Equatlon 5”15 becotnes 'td
9 o

&<

E(I) = Ytj,}bean , M' “.,' ,n; .,} v

X(k J) » Xmean(dQ e ;; ;‘;, -
‘D(I "” X(I K) 't«Xmean(&) =D transpdse  '::

ll

Y )

DT(J,1)% E(1) % DT(Y, 1)*D(1,d)%W(J) - L. (B-18)
| - ;)...:::\Wv : . o. 'ul“';‘h0~)» - v”’f}" 4 r. % . »;"5““’*.‘*” ' 1:‘.;"
g t

~ Fur thermore if B
BY] DT(d 1)*5(1) L
- A(d,J) = DT(J.I)*D(I,U) | -

ﬂ

-

"thel; . I ' b
. B(J? = A(J,d)*W(y) . - L T (Be1g) ‘%*“_ .
,and‘ R ' T '

o W(u) - B/ALG 0 — | © (B-20) _

BN oA

The value of Wo i¢ calculated from Equation B-16. -

e e el e

™



A el . o ' -

S » T ; - ——

> oY e s e

/

The foregoiq? proceedure is general for bothk paramg%Lr
estimation and myel fitting by polynomial fit.

“ -

B.3.1 The Problem of I11-Conditioned Matrices ;.

The solution of Equation B-19 is possiblé only if the
generated symmetrical matrix A(J;J) is non-singular and has
an fnverse' Il]-cohditioning Ts a common probleﬁ'encountered
in this type of generatgd matrix The. determinant is very
'small and, depend1ng pn the number of parameters to be
estimated, can be almost zero. Th1s is a character1st1c of
Hilbert matr1ces found genera]ly in phys1cal systems(95)
.Some,suggested techqﬁ‘ﬁes aimed at m1n1m1z1ng such f}fuﬁ,d&?i
i11-conditioning f?-;,‘ﬁﬁp.“ - )

1. Run the program A ?puble prec1s1on

2: %hsure that the equatlons‘of'D, and its transppse}hare
bcorrect - R S | | ‘

37 As much as- poss1b1e perform divisions last. Migimize
truncat1ons ,of s1gn1f1cant dec1ma1 f1gures

4, In matr1x 1nvers1on,iapplyﬁggyotal row 1nterchange

5. 'If poss1ble restr1ct“the numbe: of parameters to a

m1n1mum(96)

| It was-not1ced that neglect1ng the comb1ned var1ables‘
enhanced the stab1]1ty of the matr1x system in terms of

g

L41]] cond1t10n1ng

l.. ’ . . hs:: . |
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B.4 Linear Fit For Graphical Parameter Estimation
A linear fit is performed for the'plot.points,in-@he
linear sect1ons of both the Kllnkenberg and the
vi sco- 1nert1al plots, by the r%thod of least squares ‘The
degree of linear fit 1s measu\ed by the linear correlat1on ' ;

coeff1c1ent Raa: e
6 .

o NZX; Y - zX Ly, - o f 21)
R : : " -
3 [Nz - ():X )2]’5[~zv2 - (zv,)2F |

:}

This linear fit does. not require matrix formation.

‘}5,

4
s

i‘r .
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APPENDIX D
COMPUTER PROGRAM AND DATA LISTINGS

\ 2



L4

D. APPENDIX D - COMPUTER PROGRAM AND DATA LISTINGS

D.1 PROGRAM LISTINGS

~ LIN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

THIS PROGRAM PLOTS GRAPHS WITH A LINEAR LEAST SQUARE
FIT -

OOOO0OOO0O |

‘Uses Applot+xplotlib on Object File
Subrouﬁines:‘LAGINT, LINXY, GRAPH, BOX
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCeecee -

EM=MOLECULAR WEIGHT '

TR,PR,DR=REDUCED TEMPERATURE, PRESSURE AND DENSITY
RESPECTIVEL .
VIS=VISCOSLYY IN MICRO-PA.S
GG=GAS GRAVITY

IMPLICIT REAL*8(A-H,0-Z)
'REAL*4 DIRECT

REAL=*8 DLOG

OO0OO0O0O00OO0OO0

DIMENSION PE(60),PW(60), TE(60),TW(60),PM(60),W(60),
¢VIS(60),ZA(60),PB(60),CP(60),T (60),Q0(60),PEW(60),
¢CC1(60),CC2(60), CC3(60),PD(60),X(60),RD460),AX(60),
¢T 60),TCW(60), E(60,100),ER(60),Y(60),AY(60),

(60), BY(GO) CX(GO) CY(BO),DX(GO),DY(GO),EX(GO).
¢EY(60) FX(60),FY(60),V(60),2Z X(60),ZY(60),DIRECT(5),
¢EW(60),DMP(60)

DATA TC EM,PC,SIG/1.262D+02,2.8013D+01,3.35D+01

¢3.798D+00/ _

GG=EM/2.896D+01
PCA=PC*(1.01325D+02)
READ(5,1) NUM,NO,DIRECT, IFLAG
READ{5,30) RE,RW,H,POR
READ(5,3) NDJ

READ(5,4) R,BZ

IF(IFLAG.NE.(100)) GO TO 65
RE=RE*3.048D-01
RW=RW=*3,048D-01
H=H*3.048D-0 1
GO TO 65

65 WRITE(6,2) NUM,NO,DIRECT
WRITE(6,83) RE,RW,H,POR
Ci=((1.2954909D- 03)*DLOG(RE/RW) ) /H
C2=((2. 9228842D 15) *GG* (s /RW-1/RE) ) /H*H

181 >
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1 FORMAT (A4,A4,5A4,13) . ,
90 FORMAT (4F10. 7) ¢ -

3 FORMAT(213) s

2 FORMAT(/4X,' CORE SAMPLE NO ",A4,2X,"RUN ' ,A4,2X,5A4)
89 FORMAT(4X,'RE=",F10.7,2X, RW-’,F10.7.2X,’H=’,F10.7,

¢2%,’POROSITY=’.F10.7)

4 FORMAT(2F10.6)

IF(IFLAG.EQ.(100)) GO TO 67

READ(5,6) (PE(I),PW(I),CP(1),PB(I),TCE(I),TCW(I),
e¢TSs(1), I=1.NDd)
6 FDRMAT(7F11.4)

WRITE(6,7)
7 FORMAT(/14X,'PE’ ,12X,' PW' ,12X,’CP' ,12X,' PB’, 11X.

¢ TCE’ ,12X,' TCW' ,12X,'TS',/13X,’ (PSI)', 9X ’(PSI) ,9X,
¢’(PSI)’,9 X, (CMHG)' ,7X,’ (MVOLT)"' ,8X, ’(MVOLT)' )
¢’ (SEC)' /)

WRITE(G.B)(PE(I).PW(I),CP(I).PB(I).TCE(I).TCW(I).
¢1S(I),I=1,NDyJ) .
8 FORMAT(SA,7E14.5)

DO 8 I=1,NDU
PB(1)=PB(1)*1.33322D+00 :
PE(1)=PB(I)+PE(1)*6.8947570+00
PW(I)=PB(I1)+PW(I)*6.894757D+00
CP(1)=PB(I)+CP(1)+*6.894757D+00
¢TE;I)§é(TCE(I)+2 145588250D-02)/4.046470588D-02)
+273, 1
TW(I)=((TCW(1)+2.145588250D-02)/4.046470588D-02)
¢+273.15 {
WD) =(TE(L)+TW(I))/2.
Q0(1)=(6.116438868D+02)/TS(1) .
9 CONTINUE
GO TO 71 ’
67 READ(5,69) (PE(I),PW(I),w(I),QO(I),CP(1),I=1,NDU)
69 FORMAT(5F12.8)
DO 68 I=1,NDu
PE(1)=PE(1)*6.894757D+00
PW(I)=PW(I)*6.894757D+00
W(I)=((W(I)-3.2D+01)/1:8D+00)+2.7315D+02
Q0(I)=Q0(1)*2.86364D+01
. CP(1)=CP(1)*6.894757D+00
68 CONTINUE
71 DO 70 1=1,NDJ
PM(I)=(PE(I)+PW(I))/2.
P=PM(I)
PR=P/PCA
T=wW(I)
TR=T/TC

CALL LAGINT(P,T,TR,PR,Z,DR,VS)
ZA(1)=Z



70 CONT e
f BESTA’%»GAMA 1R
AC, GAMQQ

mm
._‘

18 FORMAT(
19 FORMAT

10 FORMAT
WRITE (
11 FORMAT

1' 8x,’CC2’,9x,/cc3’)
), CCZ(I) CC3(I) ‘I=1,NDJ)

“

)

' EVALUATING BACK PRESSURE PLOT VALUES’,
PE2-PW2)’ ,8X,’ X=(Q0)’ , 14X [ PM" 14X, PE- PW’,
y)/PM')

¢11X, ’(
(CY(}) LCX(1),PM(1), EW(I),DMP(1),I=1,NDJ)

P
WRITE(?

51 FORMAT 5G18

- -t O~ D¢

PY(I)*PW(I))/CC1(I)
I

53 CONTINUE
57 CALL LINXY(X,Y,NDdJ,A,BETA, SIGMAA, SIGBET,RAA, VAR )

IF(ICOUNT-2) 58,59,60
58 EK=1.0/A \
WRITE(6,54). ’ '
54 FORMAT(/BX,’ EVALUATING VISCO-INERTIAL PLOT VALUES',
¢//11X," Y= (PE2~ =PW2)/CC1' ,6X,’ X=CC2/CC1") .
WRITE(6,55) (Y(I), X(I),I=1,NDy)
WRITE(6,52) EK, BETA SIGMAA, SIGBET, VAR, RAA
52 FORMAT(/BX KABS=" G12 5,5X, BETA-- G12.5, /6X,
¢’ SIGMAK=',G12.5,2X .’ STGMABE A= ,E12.5,/6X,' VARIANCE =’
¢,G12.5,1X," LIN.CORR.=' ,G12.5) ~
55 FORMAT(6X . 2G18 5) '
DO 101 I=1,NDJ-
_ AX(I)= X(I) ' -
AY(I)=Y(I) 4
101 CONTINUE



C

OO0OO

56
74

59

62

M 184
\

‘

DJ '
{§?E(I)*PE(I)-PWLI)*PW(I))

A -
[an R LI [ BN e )]
2—2Z

DO 56 I=1,
Y(1)=CcC1(1
X(1)=1.0/P
CONTINU < N .
1COUNT = ICOUNT™ 1 n
GO TO 57

EK=A C |

BK=BETA

B=BETA/A \

WRITE(6,62) o
FORMAT (//8X,' EVALUATING KLINKENBERG PLOT VALUES'

MO —an

/

. ¢//11X,’Y=CC1/(PE2-PW2)’.7X.'X=1/PM’L

61
63
10Q

73

60
12

14
13

LQZ

114
115

WRITE(6,63) (Y(I),X(I),I=1,NDd)

WRITE(6,61) EK,B,SIGMAA,SIGBET, VAR, RAA
FORMAT(/GX,'K=’.G12.5,10X,’B=’.G12.5./6X,’SIGMAK=’,
¢G12.5.4X.'SIGMAB*K=’.G12.5./6X.’VARIANCE=’.G12.5.
¢1X,"LIN.CORR.=',G12.5)

FORMAT (6X,2G18.5)

(1)+B)
1.0+B/PM(1))

‘EK=1.0/A

WRITE(6,12)

FORMAT (/8X,’ EVALUATING MODJIFIED VISCO-INERTIAL PLOT
¢VALUES'.//11X,’Y=(PEW/CC1)*(PM+B)’.6Xp’X=(CC2/CC1)*
¢(1+B/PM)’ ) ' {

WRITE(6,13) (Y(I),X(1),I=1,NDJ) -

WRITE(6, 14) EK . BETA,SIGMAA,SIGBET, VAR, RAA,B

FORMAT (/6X ’KCOR=’,GI2.5,5X,’BETA=’,G12.5,/5X,
¢'SIGMAK=’,612.5.2X,'SIGMABETA=’,EJQ.S./SX,w
¢’VARIANCE=’,G12.5,1X,’LIN.CURR.=’,G12.5;/6X,'B=’,
¢G12.5) ‘ ‘

FORMAT (6X,2G18.5)-.

DO 102 I=;,NDU

)

Py(l)*RW*RW-PE(I)*RE*RE)/(RE*RE-RW*RW)
I o .

EFFEGT OF CP ON HORIZONTAL STRESSES',

.



OO0

185

ED’,BX,'X HOR.STRESSES’ ,6X,’ V=RATIO' )
I

¢//11X,' Y=CP APPL =
(I),EX(I),V(1),1=1,NDJ) .

WRITE(6,33) (EY
33 FORMAT(6X,3G18.5

* DO 202 I=1,NDu o
. FX(I1)=0, 25*EX(I) o
FY(I)=BY{I) - & = oo o e e
202 CONTINUE U
WRITE(6,113) ~
113 FORMAT(/SX.’EVALUA NG CP AND Kabs PLOT VALUES' )
¢//14X,' Y=Kabs' ,8X,’ X=GENERATED CP’ ) o
WRITE(6,116) (FY(I),FX(1),T=1, NDd) ' s
116 FORMAT(BX 2G18.5) .

 WRITE(6,38)
WRITE(6,36)
36 FORMAT(/14X "PE’',12X,'PW ,12X,’RD" Llﬂxﬂ VlSwTJQX
¢ T ,13X, ZA’ 13X, rQU’ /1 3X ’(KPA)’ 9x,’ (KPA) ", 19X
¢’ (MICRO-PA. S)' 5X " (DEG K)' 20X, (CU M/D)' /)
WRITE (S, 37)(PE(I) PW(I) RD(I) VIS(I) W(I) ZA(I) QO(I)
¢.1=1,NDJ)
WRITE(B 38) '

I
I
)

© 37 FORMAT(GX'7E14 5).

CALL GRAPH(AX, AY, BX BY,CX,CY,DX,DY,EX, EY FX,FY,NDJ,
¢IFLAG,DIRECT)

38 FORMAT(///) . : o
STOP oA
END ™ - _ ) : y

SUBROUTINE GRAPH(AX,AY, BX BY?ICX,CY,DX,DY, EX EY,FX,FY,
¢NDJ, IFLAG,DIRECT )

CIMPLICIT REAL*B(A -H,0-Z)
REAL*4 X,Y,ALPHA, XLEG YLEG,CPHOR1,CPHOR2,DIRECT, CPTYPE

DIMENSION X(50),Y(60). ALPHA(20), AX(60),AY(60),BX(60),
¢BY(60),CX(60),CY(60).DX(60),DY(60),EX(60), EY(60),
¢FX(60),FY(80),ZX(60),2Y(60),CPTIT(2),DIRECT(5)",

> ¢XLEG(7) YLEG(?) CPHOR1(12) CPHOR2(12$ TYPE(2),

GCPTYPE (5) S
XSIZE=8.0 ° ~ 7 | LT
YSIZE=4.75 ' \
READ(5,4) CPTIT

91 READ(5,4) TYPE
READ(5,31) CPTYPE
WRITE(6,4) TYPE
WRITE(6,31) CPTYPE |
31 FORMAT(5A4) Tl

X0=-1.5



Y1=Y048,5 .

333

. 40
50

81

EEYAIY

21

83

. 82

- 58

56
53 |

S

Y0=-2.25 | | o
X1=X0+ 1.0 Lo

1coun7=1 - .

KC=1 ot

ND= °
DO 1=1
X{I)=AaX(1)
Y(I)=AY(1)
CONTINUE

READ(7,50) HA, HB VA, VB, PAGE
FORMAT{4E20.4. A47 - .
READ(7,1) ALPHA

FORMAT (20A4) v
IF(ICOUNW4) 21,81,21
READ(7,2) CPHOR1

READ(7,2) CPHOR2 e -
READ(7,3) XLEG .. § \
READ(7,3) YLEG o . :
FORMAT{ 12A4) : k

FORMAT(7A4)

FORMAT (2A8)

o
NF=1

- CALL CGPEP1(7.0,7. 0)

KAzt K o |
- KBet. Y

CALL CGPL(X,Y, X,ND,NF,KA, KB, KC 0 HA, HB, 8 0,va, VB

¢4.75 JALPHA, +6)
"CALL 'CGPEPS (-

PLOT (8.
PLOT (8.
PLOT (0.

CAaLL
CALL
CALL

CALL
CALL
calL
CALL
IF (ICOUNT -
CALL PSYM
CALL PSYM
CALL PSYM
CALL PSYM
CALL BRX(
1F ( ICOUNT -
IF (ICOUNT -
IF(ICOUNT

,3)
2)
3)

fejele

- . -

.75

15, TYPE, 0. o 16
155CPT4T,0.0

15 IRECT 0.0,
15,CPTYPE, 0.0,

\)
-U'u.noo---
1O - MhphWWw Ohn

-)(_;

0. )
0. 6)
0. 16)
0. 16)
) 8
0

|
‘82
5,0
0.
.2

15,XLEG,0.0,28)
5, YLEG, 90.0,28)
"CPHOR1,0.0, 48)
5,CPHOR2, 0.0
AGE)

5
0
.15
0
3
.5

SRR

7
5
0
.6
.9
1
4
-8
0.
9

0.1
15
1
1,P

xAAAA
<o
NO--

3‘3

o0~

0.
57
60
59

.0,-0. 35 DIRECT 8 0.15,0.0)

,48)

. v,
:
) i‘ L4 e LA

o
4

oV
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103 CONTINUE
41 ICOUNT=ICOUNT+1
GO TO 40

54 DG 104

104 CONTINUE g 3
" KA=2 -
-~ KB=2 -
GO TO 41 - .

(6]
(8]
Qo
o
ammdh
o
(8]

" KA=t
KB=1
GO TO 41

1}

OO0OOO0O0OO0OO0
o
(84}
O
o
=z
—
—
<
c

(64]
(e}
<
o

115 CONTI

60 DO 116

116" CONTINU :
KA=1 - | . | :
KB= 1 . T
"GO TO 4t

. |
57 NF=0 -
L CALL CGPL(X,Y, X‘ND NF KA ,KB, KC 0 HA HB 8.0,vA, VB
" ¢4.75,ALPHA, +5)

RETURN : o a

_END L -

OO0

¢ SUBdeTTNE BOX |
CALL PLOT (X0, Y
CALL.PLOT (X0,
CALL PLOT (X1
CALL PLOT(X1,
CALL PLOT(XQ
CALL PSYM(8.

.20 RETURN

END

YO,X1,Yi,PAGE)

! OO—A—AOA

Y
Y
Y
Y(

9,-0.85, 0.15.PAGEJ270.Q,4)Q7*£

)
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SUBROUT INE L&NXY(X,YWNDd,A,BETA.SIGMAA,SIGBET,RAA,VAR)
IMPLICIT REAL*8(A-H,0-2)

DIMENSION X(160),Y(160)

SUM=0.0 -; L

CSUMX=0.0 . [ ﬁ

. SUMY=0.0 =

SUMX2=0.0" -
SUMXY=0.0 -
SUMY2=0.0

DO 50 I=1,NDJ

50

WET=1.0 .
SUM=SUM+WET -
SUMX=SUMX+WET=*X (1)
SUMY=SUMY+WET*Y (1)
SUMX2=SUMX2+WET*X (
SUMXY=SUMXY+WET*X (
SUMY2=SUMY2+WET*Y (
CONTINUE

DELTA=SUM*SUMX2 - SUMX*SUMX

A= (SUMX2*SUMY - SUMX*SUMXY ) /DELTA

BETA= ( SUMXY*SUM-SUMX*SUMY ) /DELTA
CJ=NDu-2 :
S1=SUMY2+A*A*SUM+BETA*BE TA*SUMX2
S2=A*SUMY+BETA*SUMXY -A*BETA*SUMX
VAR=(S1-2%S2)/CJ .

SIGMAA=DSQRT (VAR*SUMX2/DELTA)
SIGBET=DSQRT (VAR*SUM/DELTA) . :
DEN=DSQRT(DELTA*(SUM*SUMYZ-SUMY*SUMﬂ))

I)*X(I) "
I)*Y(I)
1)*Y(1)

’RAA=(SUM*SUMXY-SUMX*SUMY)/DEN

RETURN
END

i
SUBROUTINE LAGINT(P,T,TR,PR,Z,DR,VS) o

This subroutine performs Lagrangian Interpolation
within a set of (TF,ZF) pairs to give the Z value
corresponding to any TF. The degree of the |
interpolating polynomial is one less than the number .
of points supplied. -

TF = Temperatures in deg. Kelvin

T = Desired Temperature in deg. Kelvin

ZF = Compressibility factor, dimensionless

Z = Desired Compressibility factor,

PA = Desired Pressure in Atmospheric Pressure
P = Desired Pressure in KkPa :

DR = Reduced density

VS = Viscosity in micro-Pascal.seconds
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IMPLICIT REAL*8(A-H,0-2))

‘DIMENSION TF(3), ZFLS) "

DATA -TF/2.90D+09. 3.1000+02,3.70D0+02/

--2€=0.290 . .

N=3

PA=P/1.01325D+02

ZF(1¥=0.99999064D+00-0. 2687570 1D - 03%PA+0. 203887460 05

¢xPAxPA+0.50842660D-08*PA*PAxPA
ZF(2)=1.00000000D0+00-0. 183725810 - 03*PA+O 21148108D- 05
¢*xPA*PA+0. 26213210D-08*PA*PA*PA
ZF(3)=0.99999132D+00-0.10218783D- 03*PA+0.18772473D-05
¢*xPA*xPA+0.25452826D- OB*PA*PA*PA

Z2=0.0

0 TO 10
(T-TF(J))/(TF(I)- TF(d))

*CD

CONTINUE

Z=Z+ZF(1)

CONTINUE

VS=1.0D+05%(0.1778D-03% (1. +0.8958D-03*(PA-1.)
¢+0.612D-06%{PA-1.)*(PA-1.)+0.3997D- 07*(PA-1.)*(PA-1.)
¢x(PA-1.))+0.455D- OG*(T (273. 16+25)))

DR=ZC*PR/(Z*TR) - :

RETURN

END
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\
RENO : -

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

THIS PROGRAM PERFORMS A MULTIPLE LINEAR REGRESSION

- FIT USING LEAST SQUARES FOR NUMERICAL PARAMETER \

ESTIMATION .

THE MODEL EQUATIONS ARE TRUNCATED, FOR THIS PRDGRAM
-BY MEGLECTING THEIR COMBINED VARIABLES.

Subrgutines: LAGINT, MFIT, MTILV

TR,PR,DR=REDUCED TEMPERATURE PRESSURE AND DENSITY
¢RESPECTIVE , . :
VIS=VISCOSNY IN MICRO PA.S

GG=GAS GRAVITY : : g
IMPLICIT REAL*8(A-H,0-Z) :

REAL =4 DIRECT

REAL =8 DLOG,DABS .

DIMENSION PE(60),PW(60),TE(60),TW(60),PM(60),W(60),
¢VIS(60).ZA(BO),PB(SO).CP(GO),TS(GO).QO(GO),PEW(SOT,
¢YF(60),CC1(60),CC2(60),CC3(60),XMEAN(60),X(68,5),C(5),
¢TCE(60),TCW(60),E(60),A(5,5),B(5),ER(60),DIRECT(5),
¢ERR(60),DP(60),CC4(60),CC5(60),REY(60),RD(60),Y(60)

DATA TC,EM;PC, SIG/1 262D+02,2.8013D+01,3.35D+01,

¢3.798D+00/

GG=EM/2.896D+01 .
PCA=PC*(1.01325D+02)
READ(5,1) NUM,NO,DIRECT,IFLAG
READ(5,90) RE,RW,H,POR
READ(5,3) NDJ

READ(5,4) R

IF(IFLAG.NE.(100)) GO TO 81
RE=RE*3.048D-01 . -. . .-
RW=RW+*3.048D-01
H=H*3,048D-01 3 |
GO TO 81 - . ,

WRITE(6,2) NUM,NO,DIRECT o
WRITE(6,88) RE,RW,H,POR
WRITE(6,5) R . ’
C1=((1.2954909D-03)*DLOG(RE/RW) ) /H
C2=((2.9228842D-15)*GG*( 1/RW-1/RE) ) /H*H
C3=(6.5946061D-21) *GG*GG* ( 1/ (RW*RW) -1/ (RE*RE) ) /H*H*H
FORMAT (A4,A4,5A4,13)

FORMAT (4F10.7) - , | - -

FORMAT (12). ‘

FDRMAT(/4X CORE SAMPLE NO ! A4,2X;'RUN ' A4,2X,5A4)



(@]

([@Xe

89 FORMAT(4X,'RE=',F

4 FORMAT(F10.6)
5 FORMAT(4X,’R=’,F;

191

0.7,2X,"RW=' ,F10.7,2X,'H=' ,F10.7,
¢2X,’ POROSITY=' F1 )
- IF(IFLAG.EQ. (100 O TO 67

READ(5,6) (PE(1), PU(I), CP(1),PBII),TCE(L), TCW(1),TS(1) .
¢,1=1,NDJ)

6 FORMAT(7F11 4)

WRITE(6,7)

7 FORMAT(' 1’ ,14X,'PE' ; 12X, PW' ,12X,'CP’, 12X ‘PB’, 11X

¢ TCE’ , 12X, fTew , 12X,' 78", /13X, (PSI)' ,9X, '(PSI)’
¢’(PSI)’ 9X ’(CMHG)' 7X “(MVOLT)’ ,8X, ’(MVDLT)'

¢’ (SEC)’./) o

WRITE(6,8) (PE(1),PW(I),CP(1),PB(I), TCE(I),TCW(I),TS(I)
¢,I=1,NDJ) _

8 FORMAT(GX 7E14 4)

67
86

68
82

DO 9 I=1,NDy
PB(I)=PB(1)*1.33322D+00

PE(I)=PB(1)+PE(I)*6.894757D+00
PW(I)=PB(1)+PW(})*6.894757D+00 |
CP(1)=PB(I)+CP(1)*6.894757D+00
JE(1)=1(TCE(1)+2.1455882500-02) /4. 0464705880 02)°
¢+273. 15

TW(I)={(TCW(I)+2. 1455882500 -02)74. 046470588D-02)
¢+273.15

W(L)=(TE(I)+TW(1))/2.

Q0(1)=(6.116438868D+02) /TS(1)

CONTINUE

GO TO 82 |
READ(S,86) (PE(1),PW(I} W(1), QO( J,CP(1),1=1,NDy)
FORMAT (5F12.8)

DO 68.1=1,NDJ

PE(I)=PE(I)*6.894757D+00
PW(I)=PW(I)*6.894757D+00
W(1)=((W(I)-3.2D0+01)/1.8D+00)+2.7315D+02
QO(1)=Q0(I)*2.86364D+01

CP(I)=CP(I)*6.894757D+00

CONTINUE

DO 84 \I=1,NDJ
PM(I)=\PE( I)+PW(I))/

~P=PM(I)

PR=P/PCA
Lr=w{I)
‘TR=T/TC

 C LL LAGINT(P,T,TR,PR, Z DR VsS)

ZA(1)=Z
RD(1)=DR .
VIS(I)=VS | -

[N
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192

PEW(I)=2 *(PE(1)-PW(I))
CC1(I)=C1*ZA(I)*VIS(I)*T*QO(I)
CC2(1)=C2*ZA(I)*T*Q0(1)=Q0(1)

CC3(I)=Ccc2(1)/PM(1) .
CCA(I)=C3*+ZA{1)*T=QO(I )*QO(I)*QO(I)
CC5(I)=CCa(1)/PM(I) "

CONTI?gE :

WRITE(5,38)

ICOUNT 1

WRITE(6,43)

43

FORMAT (/6X, Y’ , 13X, X1" 145 IX20 11X,/ X3 )
DO 52 I=1,NDJ

}%;*PW(I))/(CC1(I))
) | Y

1,BE1,BETA1,GAMA
?.BETAC;GAMAC
) :

mOA
O
N
bt
~

CALL MFIT(X,Y,NDJ,N,CO,C,A, DET.YF,XSQR)

. WRITE(6,151) DET, (C(J), d 1 N}

151

73
65

59

c
6

71

C
- 85

FORMAT (6E20. 5)

IF(ICOUNT-3) 73,985,095

IF(ICOUNT-2) 65,66,95 ‘
EK=1.0/C0 | - .
BE=C(1) , ' . '

BETA=C(2)

WRITE(6,59) EK,BE, BETA XSQR ' : :
FDRMAT(/BX,'K-‘ G12 5, 9X BE=' ,G13.5,8X,'BETA='
¢G12.5,10X%,’ XSQR=",G12.5) ,

GO TO 70 I ’

EKA=1.0/C0\

' BETA=C(1)

GAMA=C(2) .
yRITE(G ,71) EKA,BETA, GAMA, XSQR ) |

ORMAT (/9X,’KABS=' ,G12.5,6X,’ BETA=' ,G13.5,8X,’ GAMA='
€G12.5,/6X,’ XSQR=" ,G12.5) S,
GO TO 70 A ‘

EK=1/C0

BE=C(1)
BETA=C(2)
GAMA=C(3)
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WRITE(6.96) EK,BE,BETA, GAMA, XSQR \
. 96 FORMAT(/11X,’'K:',G612.5. 18X”BE-’ ,G12.5, 12x 'BETA=" ,
¢612.5, /8X,’ GAMA-‘ ,G12. 5414x XSQR \ G12.5)
70 WRITE(6,54) N P T
‘54 FORMAT(/16X,’LIN. CORR COEF’) " \ N
DO 58 J=1,N , '
58 WRITE(6,55) (A(J,Jd), dds= 1 N ‘ \
55 FORMAT(4X,5E 14, 5 | - A
?OR/((I*?6657QOD+06) (DABS(EK)**( 1.12) ) /BETA) %
¢(1./1.67 aE '

WRITE(6,40) DET,PROR ,
40 FORMAT(12X DETERM}NANT- +E14.5/4X,' FRACTIONAL

¢POROSITY- E14.5)

4

41 FORMAT(/

42 FORMAT
$=(55Q/ (NDJ=N) } 0.5
WRITE(6,85) SSQ,S

85 FORMAT(/4X,"SSQ+7 ,E11.4,9X,” STD.DEV.=' £11.4/)
IF (ICOUNT-2) 60,94 64 -

60 N
D

I
(
Q
63 CONTINU
i
? ,YF(I) ERR(I) 1—1 NDd)

?ERVED’ ,6X,"Y CALC’ ,8X, 'REL. ERR’)
)

(I)*PW(I))/CC1(I)

62

M
w

GO TO 6
84 N=3 7

LS & B

-

§I)*PW(I))/CC1(I) «

TCH 8 0
mnv‘

99"
ICOUNT=1CO0N + 1
GO TO 63
i Iz}

.- WRTTE(6
64 WRITE(6

, 38
, 36
36 FORMAT(/14

)
) - - _
X,'PE’ 12X, PW’ , 12X,"RD", 10X, VIS’ , 12X,

.
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67 CONTIN

' I
20 CONTIN

194

¢ T',13X,/ ZA~, 13X, Q0’ , /13X, ’(KPA)’ X, (KPA)' , 19X,

¢’ (MICRO- PA.S)', X " (DEG K)', 20X, ’(CU M/D)’ /)

¢W?IIE(S 37)(PE(1) PW(I), RD(I) VIS(I) W(I),ZA(1),Q0(1)
= J

WRITE(6,38)

37 FORMAT(6X,7E14. 4)
38 FORMAT(///)
. STOP :

END \

SUBROUT INE, MFIT(X,Y,NDJ,N,CO,C,A,DET,YF, XSQR)
IMPLICIT REAL*B(A 0-Z}

.REAL*8 DLOG,DABS
DIMENSION A(5 5),

E(
¢X(60,5),Y(60),YF(60

FNDJ=NDJ
SUM=FNDJ
YMEAN=0..0
DO 28 y=1, N
XMEAN(J)=0 S

28 CONTINUE .

ACCUMULATE SUMS

DO 50 I=1,NDJ
YMEAN=YMEAN+Y (1)
DO 44 y=1,N
44 XMEAN(U)= XMEAN(J)+X(I d)
50 CONTINUE
YMEAN= YMEAN/SUM
DO 53 dy=1,N
53 XMEAN(J)=XMEAN(J)/SUM

ACCUMULATE MATRICES B AND A

Y,
-H,0
60),D(6 0 5),DT(5,60
), XMEAN(60), 5 B(

-—

nXcC—c
PHnNoouwnmun
- b

)+DT(J, I)*D(I K)

B | I I




(@)

EeXelole)

aOO0O0

OOOOO0OO0 OO0

22

91

101

17

104

108

113
150

21

24

B(J)=B(J)+DT(J,1)*E(1)
CONTINUE

INVERT SYMMETRIC MATRIX
4‘.)
CALL MTINV(A,N,DET)

IF(DET) 101,91, 101
C0=0.0

XSQR=0.0
GO TO 150

CALCULATE COEFFICIENTS
CO=YMEAN

XSQ=0.0

DO 17 I=1,NDJ:
YF(1)=0.0

DO 108 J=1,N

C(J)=0.0

DO 104 K=1,N
C(J}r=C{U)+A(J,K)*B(K)
CO0=CO0-C(J)*XMEAN(J)

DO 108 I=1,NDJ
YF(I)=YF(I)+X(I,d)*C(J)
FREEN=NDJ-N- 1 -
DO 113 I=1,NDJ R
YF(I)=YF(I1)+CO
XSQ=XSQ+(Y(I)-YF(I))*(V(I)-YF{
XSQR=XSQ/FREEN -

RETURN

RETURN

END.

SUBROUTINE MTINV(
IMPLICIT REAL*8(A

A
DIMENSION A(5,5),1

’Nl
H,O
K(5

This subroutine inverts asymmetric matrix and
calculates its determinant.

DET=1.0
DO 91 K=1,N

1))

DABS(A(I,J))) 24,24,30

195



196

30 CONTINUE
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POLY

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC .

THIS PROGRAM PERFORMS A MULTIPLE LINEAR REGRESSION
CURVE FIT USING LEAST SQUARES, TO DETERMINE THE BEST
FIT. o

Ay
"Uses : Applot+*Plotlib on object file
Subroutines: LAGINT, MFIT, XPLOT, BOX, MTINV

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCpCCCCCCCCCCCCCCCCCC

“EM=MOLECULAR WEIGHT

TR,PR,DR=REDUCED TEMPERATURE ,PRESSURE, AND DENSITY
RESPECTIVELY '
VIS=VISCOSITY IN MICRO-PA.S
GG=GAS GRAVITY :
IMPLICIT REAL*8(A-H,0-2Z)
REAL *4 DIRECT

REAL *8 DLOG,DABS

DIMENSION PE(GO).PW(BO),TE(SO),TW(SO).PM(BO),W(60),
¢VIS(BO)LZA(60).PB(SO).CP(GQ),TS(60),QO(60),PEW(60)}
¢YF(60).CC1(60)}CC2(60).CC3(60)LXMEAN(SO),X(SO,S). ,
¢TCE(60),TCW(60).E(GO).A(S,S),B(S),ER(SO).HY(SO).
¢ERR(80).DP(BO),CC4(60),CC5(60).AX(60).AY(GO),BY(SO).
¢CX(60),DY(GO),EY(SO),GY(BO).FRC(SO).RET(GO),FRCM(BO),

FRTM(SO).SFT(SO),SFC(GO),DIRECT(S),RD(BO),Y(GO),C(S)

62D0+02,2.8013D+01,3.35D+01, Lo

DATA TC,EM,PC,SIG/1.
¢3.798D+00/ .
GG=EM/2.896D+01
PCA=PCx*(1.01325D+02)
READ(5,1) NUM,NO,DIRECT,IFLAG
READ(5,90) RE,RW,H,POR

READ(5,3) NDU
READ(5,4) R

IF(IFLAG.NE.(100); GO TO 81
RE=RE*3.048D-01 "

f

- RW=RW=3.048D-01 T.

81

1
90
3
2,
89

H=H*3,048D-01

GO TO 81

WRITE(6,2) NUM,NO,DIRECT
WRITE(6,89) RE,RW,H,POR
WRITE(6,5) R)
C1=((1.2954909D-03)*DLOG(RE/RW) ) /H
C2=((2.9228842D-15)*GG*( 1/RW-1/RE) ) /H*H
C3=(6.5946061D-21)*GG*GG*(1/(RW*RW)-1/(RE*RE))/H*H*H@
FORMAT (A4,A4,5A4,13) :

FORMAT (4F10.7)

FORMAT(13) _ ‘
FORMAT(/4X,’' CORE SAMPLE NO ‘,A4,2X.’RUN ",A4,2X,5A4)
FORMAT(4X{‘RE=’,F10.7,2X,’RW='.F10.7,2X,'H=’.F10.7,

NSNSV
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¢2X.’POROSITY=’,F10f;?

4 FORMAT(F10.6) ’

5 FORMAT (4X,’R=' ,F10.6)
IF(IFLAG.EQ.(100)) GO TO 67

READ(S.S)(PE(I),PW(I),CP(I),PB(I),TCE(I),TCW(I),TS(I)
¢,I=1,NDJ) .
6 FORMAT(7F11.4)

WRITE(6,7) :
7 FORMAT(’1',14X.’PE’,12X,’PW’,12X,'CP’.12X,’PB’L11X.
¢'TCE’,12X.’TCW’,12X.'TS’,/13X,'(PSI)',9X,'(PSI)’,9X,
¢’(PSI)’,QXJ(CMHG)’,7X,’(MVOLT)’,8X,’(MVDLT)’,8X,

¢’ (SEC)’ /) . ,
WRITE(6,8) (PE(T),PW(I),CP(I),PB(1),TCE(I),TCW(I),TS(I)
¢,1=1,NDJ)
8 FORMAT(6X,7E14.4) | o
DO 9 I=1,NDJ - g
PB(I)=PB(I)*1.323280+00
PE(1)=PB(I)+PE(I)+*6894757D+00
PW(1)=PB(1)+PW(I)*6-884757D+00
CP(1)=PB(I)+CP(I)*6.894757D+00 ’
¢TE(I)=é(TCE(I)+2.1455882500-02)/4.0464705880702)
+273.15 | . .
TW(l)=((TCW(I)+2.145588250D-02)/4.046470588D-02)
¢+273.15 . . ‘
W(I)=(TE(I)+TW(1))/2.
Q0(I)=(6.116438868D+02)/TS(1)
9 CONTINUE
GO TO 82 |
67 READ(5,86) (PE(I),PW(I),W(I),Q0(1),CP(1),1=1,NDy)
86 FORMAT(5F12.
DO 68 I=1,NDJ .
PE(I)=PE(I)*6.894757D+00
PW(I)=PW(I)*6.894757D+00
& W(I)=((W(1)-3.2D+01)/1.8D+00)+2.7315D0+02
- QO(I)=QD(1)*2.86364D+01 . |
CP(1)=CP(1)*6.894757D+00
68 CONTINUE
82.D0 84 I=1,NDJ
COPM(I)=(PE(I)+PW(I))/2.
P=PM(1)
PR=P/PCA
T=W(1)
TR=T/TC .
CALL LAGINT(P,T.,TR,PR,Z,DR,VS)
ZA(1)=2 |
RD(I)=DR
VIS(I)=Vs

psw(l)Qb.*(PE(I?-PW(I))

4
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CCI1(I)=C1*ZA(1)*VIS(I)*T*Q0(1)
CC2(I)=C2*ZA(1)*T+QO(1)*QO(I)
CC4(1)=cca(1)/PM(1)
CC3(1)=C3*ZA(1)*T*QD(1)*QO(1)*Q0(1)
- CC5(I)=CcC3(1)/PM(1) , ,
CONTINUE
WRITE (6, 38)
READ(5, 18) EK1,BE1,BETA1,GAMAT

127

52
63

66

15°

111

97

* 10

¢G12.5,10

READ(5, 19) EKC, BETAC GAMAC
FORMAT (4E20. 5)
FORMAT(3E20.5)

ICOUNT=1 "

Eonel L [ IO | e = =)

HOOOMDN
OO000—~~
— e — i -

L ——

CALL MFIT(X,Y,NDJ,N,CO,C,A,DET,YF,XSQR)

WRITE(6,151) DET (C(J),d=1,N)
FORMAT (6E20. 5) .

1F (ICOUNT-2) 66,97, 105

]

C(3),XSQR,DET

res
WRITE( (2},
,G12.5, QX 'C(2)="
G12.

CONTINUE \ o .

sure Cubic Fit’')

,G13. 5.8X,’C(3)—'
5, 4X DETERMINANT

)

!

,G12.5)

A998

N



C

00000066

" 69 CONTI
- 46 FORMAT

WRITE(6,71) E

71 FORMAT(/9X,' KABS=',G12.5,6X,’ BETA=",G13.5,8X,’ GAMA=" .. -

s 200

K,BETA,GAMA, XSQR, DET

¢G12.5./6X.'XSQR='WG12.5,4X,'DETERMINANT=’,GJ275L

GO TO 70

105 EK=1.0/C0
BETA=C(1)

HY-(I)=YF (1)
106 CONTINUE
WRITE (6, 104)

- « )
* . X ~

DO 106 I=1,NDy | | ///

104 FORMAT(/4X.’Visco-Inertia$BQuadraticlFit’)
ET

WRITE(6,107)

EK,BETA, XSQR;

107 FORMAT(/QX,’KABS='.G12.5.6X.’BETA=’.G13.5,8X,“XSQR=”;
¢G12.5.4X,’DETERMINANT=’,G12.5) ' :

70 WRITE(6,54)
54 FORMAT(/16X,"
DO 58 u=1,N
58 WRITE(6,55) (
55 FORMAT (4X,5E 1

EVALUATION OF

complete plot
)*EKC*BETAC)/CC1(1

)*EK1*BETA1)/CC1(1

)*GAMAC) /(CC2(1)*BETAC
)*GAMA1)/(CC2(1)*BETA1
PE(I)*PE(I)-PW{I)*PW(I
PE(I)*®E(I)-PW(I)*PW(I
1.0/REC(I)+1,04SFC(I))
1.0/RET(I)+1.0+SFT(I})

TN S s s ot pomd et bt

46)
6X,’ P
¢FACTOR' )
WRITE(6,44) E

WRITE(

. 44 FORMAT(4X,'K=

WRITE(6,41)
41 FORMAT(/9X,’ X
¢’ REL.ERR' , 9X,
- WRITE(6,42) {
 ¢,1=1,NDJ)

.

LIN.CORR.COEF' )

A(J,Jdd),dd=1,N) .
4.5) | -

O

I)_) : K3
REYNOLDS NUMBERS AND FRICTION FACTORS

EK1, BETA1, GAMA1 are parameters obtained with the

truncated plot points. S
EKC, BETAC, GAMAC are parameters obtained with the

points. .
(1)

()9

* )

* ) 3 »
))/(CC2(1)=BETAC))
})/(CC2(1)*BETA1))"

e

ARAMETERS FOR REYNOLDS NO AND FRICTION

K1,BE1,BETA1 g o -
"+E11.4,5X,"B=" ,E11:4,5X,"BETA=' ,E11.4)"

(I,1)’,6X,’Y OBSERVED’ ,6X,’Y_CALC' ,8X,
"REY’ ,6X,’ FR.FACTOR' ) |
X(I, 1}, ¥(I),YF(I),ERR(I),REB(1),FRB(I)

&

dietoo

v
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C

eYeXs

00 000

000

FORMAT (6X,6E14.5)

201

42
S=(SSQ/(NDJU-N))*%0.5
WRITE(6,85) SSQ,S ~
85 FORMAT(/4X $5Q=" E11.4,9X,"STD.DEV.=' ,E11.4/)
IF (ICOUNT-2) 64 102, 23 ‘
64 N=2
DO 62 I=1,NDJ
Y(I)=(PE(I)*PE(I)-PW(I)*PW(I))/CC1(I)
X(I,1)=cc2(1)/CcCc1(1)
X(I,2)=CcC3(1)/CC1(1)
62 CONTINUE
-, ICOUNT= ICOUNT+1 .
GO TO 63
102 N=1 -
- DO 103 I=1,NDy
Y (I =(PE(I)*PE(I)-PW(I)*PW(I))/CC1(
X(I,1)=CC2(1)/CcC1(I)
103 CONTINUE
ICOUNT=ICOUNT+1 .
GO 70 63 7 ‘
: N
23 WRITE(6.414)
414 FORMAT(/2X,’REC’,3X,’FRT' ,5X,’RET’ ,7X,' FRT' ,6X,
¢’ FRCM' ,6X, ’FRTM’ 4X,' SFC' ,4X, SFT')
WRITE(6,424) (REC(1) . FRC(I) RET(I) FRT(I), FRCM(I)
@FRTM(I),SFC(I),SFT(1),1=1,NDJ)
424 FORMAI(FB 3,F7.2,F8.3, 3F10.2,2F7.3)
"V WRITE(6,38)
WRITE(®Y, 36) : ‘
36-FORMAT(/14X,'PE';12X,’PW’,12X,'RD’,10X,’VIS',12X,
¢’ T' 13X, ZA" 13X,/ Q0',/13X,' (KPA)’ , 89X, ’(KPA)’.JQX,
¢’ (MICRO-PA. S}’ ,5X,' (DEG K)',20X,” (CU M/D)' /) '~
WRITE (S, 37)(PE(I) PW(I) RD(I), VIs(I), W(I) ZA(I),Q0(1)
¢,121,NDJ) '
WRITE(S 38) _
37 FDRMAT(BX 7E14.4)
38 FORMAT(///)
CALL XPLOT(AX, AY,BY,CX,DY,EY,GY, HY REC,FRC,RET,FRT,
¢NDJ, IFLAG, DIRECT FRCM FRTM)
STOP
END

SUBROUTINE XPLOT(AX, AY, BY CX,DY,EY,GY,HY,REC, FRC RET
@FRT ,NDJ, IFLAG, DIRECT FRCM ERTM)

IMPLICIT REAL*B(A H,O

0-2)



C

REAL*4 X,Y,ALPHA,DIRECT,CPTYPE .

DIMENSION AX(60),BY(60),AY(60),ALPHA(20), X (
,EY(60),GY(60),REB(60),FRB(60)

¢RET(60).FRT(60),REG(BO).FRG(SO).CPTIT(Z).DI

¢CX(60),DY(60)

¢TYPE(2),CPTYPE(5)
REAL *8 TITLE(9)/'EXPTAL

GO 71O

‘,"CUBIC FN’,’QUAD. FN’,

N

¢'EXPTAL ' ,’CUBIC FN',’EXPTAL . EQN. 8.7' .
¢, EXPTAL ', EQN. 8.7/ .
XSIZE=8.0 A
YSIZE=4.75
ND=NDJ
KAz 1
KB= 1
KC=1,
READ(5,4) CPTIT
WRIZE{6,4) CPTIT
READ(5,4). TYPE
WRITE(6,4) TYPE
READ(5.31) CPTYPE
WRITE(6,31) CPTYPE
4 FORMAT(2A8)
31 FORMAT(5A4)
555 FORMAT(I3)
80 X0=-1.5
Y0=-2.25
X1=X0+11.0
Y1=Y0+8.5
DO 19 I=1,NDJ 1
X(I)=AX(I) 4
19 Y(1)=AY(1)
- N=1:7~ -
67 READ(7,21) HA,HB,VA,VB,PAGE
21 FORMAT(4E20.4. A4}
READ(7,20) ALPHA
20 FORMAT(20A4
NF = 1 _
CALL CGPEP1(7.0,7.0)
17 CALL CGPL(X,Y,X,ND,NF,KA,KB,KC,0,HA HB,8.0, ... VB,
"¢4.75,ALPHA, +6] | , 1
IF(N.EQ.6.0R.N.EQ.7.0R.N.EQ.8.0R.N.EQ.9)
GO TO 122 \ |
122 CALL CGPEP5(*2.00,-2.00,TITLE(N),8,0.15,0.0)
GO TO 177 / . o
121 CALL CGPEP5(-7.50,-2.00,TITLE(N),8,0.15,0.0)
177 CALL PLOT(8.0,4.75,3)
CALL PLOT(8.0,4.5,2)
CALL PLOT(0.0,0.0.3)

- 98 CALL PSYM(5.70,0.95,0.15,CPTIT,0.0,16) “

GO TO 121

1

_IF(N.EQ;3.0R.N.EQ.5.0R.N.EQ.7.0R.N.EQ.9) GO TO 98



203

u

CALL PSYM(5.70,0.70,0.15,TYPE, 0.0, 16
CALL PSYM(5.20,0.45,0.15,DIRECT,0.0,
CALL PSYM(5.20,0.25,0.15,CPTYPE,O.'O.
CALL BOX({X0,Y0,X1,Y1,PAGE)

)
20)
20)

11

30

10

16

8) 45,139,6

IF (N-

IF(N-7) 42,115,139
IF(N-6) 41,8,115
IF(N-5) 411,5,8
IF(N-4) 23,95
IF(N-3)-22,10,9
IF(N-2) 12,1110
NF=3

KC=1 :

DO 18 I=1,NDy
X(1)=AX(I)
Y(I)=BY(I)

N=N+1

IF(N.EQ,4) GO TO 67
IF(N.EQ.6) "GO TO 67
IF(N.EQ.8) GO TO 67
GO TO 17 :
NF=130

KC=1 |
DO 30 I=1,NDJ
X(I)=AX(I)
Y(I)=HY(I)

GO TO 15

KA=2

KB=2

DO 16 I=1,NDJ
X(1)=CX(1I]
Y(I)=DY(I)

GO TO 15

DO 14 I=1,NDJ
X(1)=CX(1)
Y(1)=DABS(EY(I))
NF=3

KC=1 -

GO TO 15

DO 44 1=1,NDJ
X(I)=RET(I)
Y(1)=FRT(I)

GO TO 15

DO 13 1=1,NDy
X(1)=RET(1)
Y(1)=FRTM(I)

NF=15
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115 DO 144
144 Y(1)=FR

!

139 DO 138 I=1,NDJ
X(1)=REC(I]

138 Y(I)=FRCM(I)
NF=3 | -
KC=5 o
GO TO 15

6 NF=0 '
CALL CGPL(X.Y,X,ND.NF,KA,KB,KC,O,HAJHB,B.O.VA;VB,
¢4.75,ALPHA,+6) . B »

RETURN

END
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D.2 EXPERIMENTAL DATA LISTINGS _ _

CORE SAMPLE NO 1C RUN 2 FORWARD DIRECTION
RE=0.15239 RW=0.00319 H=0.02568 POROSITY=0.10620

PE PW cP PB TCE TCW, - TS

(PSI) (PSI) (PSI)  (CMHG)  (MV) (mvi  (SEC)
12.000 3.2000 3.00 69.350 0.8650 0.8660 139.82
16.000  5.3000 5.00 69.350 0.8690 0.8700 107.90
20.000  9.1000 9.00 69.350 0.8760 0.8760 98.050
26.000 12.400 12.50 69.350 0.8870 0.8850 .72.150
40.400  25.000 25.00 69.350 0.8900 0.8910 51.400
60.400 - 45.100 45.00 69.350 0.9000 0.8970 40.470
80.000 . 64.700 64.00 69.350 0.8990 0.9010 36.130
98.000  83.000 83.00 69.350 0.9000 0.8980 34.800
132,40 115.20 115.00 69.330 0.9060. 0.9040 30.000
160. 00 143.20 143.00 69.320. 0.9090 0.9070 29.600
194. 40 176.80 176.00 69.320 0.9140 0.9120 28.300
240.00  222.40 222.00 69.320 0.3150 0.9110 27.560
280.40  262.80 263.00 69.290- 0.9080 0.9100. 26.210
310.40  293.20 ' 293.00 69.290 0.8200 0.9200 25.780

34400 325.20 325.00 69.290 0.9230 0.9220 24.470
376.40  356.80 356.00 69.290 0.9250 0.9200 23,140
404.00  '380.00 380.00 69.290 0.9250 0.9230 20.890
4980.00  462.00 462.00 69.290 0.8290 0.9300 18.000
572.00  544.00 544.00 69.290 0.9230 0.9200 16.560

Pt  pw RD ' VIS T ZA Q0

(KPA) (KPA) (U-PAS) (DEG K) (M3/D)
175.20 114.52  0.005 17.646 ©295.07 0.9997 4.375
202.77  129.00  0.006 17.654 295.17 0.9398 5. 669
230.35  155.20  0.007 17.666 295.33 0.9996 §&.238

271.72 177.95  0.008 17.682 295.58 0.9995 8.477
371.01  264.83  0.012 17.702 295.89 0.9993 11.90
508.90 - 403.41 0.017 17.732 295.88.. 0.9991 15.11 .
644.04 538,55  0.022 17.756 295.92 0.9988 16.93
768.14 - 664.72 ¢ 0.026 17.774 295.90° 0.9986 17.58
1005.3 °  886.71 0.035 17.818 296.05 0.9982 20.39
1195.6.  1079.7  0.042 17.852 296.12 0.9378 20.86
1432.8 1311.4  0.050 17.896 296.24 0.9975 21.61
1747.92 1625.8  0.062 17.947 296.24 0.9970 - 22.19
2025.7 1804.3  0.072 17.990 296.16 0.9966 23.34
2232.5  2113.9  0.079 18.037 296.42 0.9964 23.73
2464.2  2334.6  0.088 18.079 296.48 0.9962 25.00
2687.6  2552.4  0.096 18.117 296.48 0.9960 26.43
2877.9  2712.4  0.102 18.150 296.51 0.9958 '29.28
'3470.8  3277.8  0.123 18.261 296.65 0.8954 33.98
4036.2 3843, 1 0.144 18.360 296.45 0.9951 36.94



" CORE SAMPLE NO 1C
RE=0.15239 RY=0.00319 H=0.0256

- PE
(PSI)
. 525,00

T 470.00

406.00
312.00
228.00
139.20

PW -
" (PSt)

500.
448.
386.
.40
208.

122.

291

PW

60

50

10

60
80

(KPA)

- 3543.9

3184.7
2754.5
2101.5

-1530.6
. 939.

07

: OOOO-OO

"~ RUN 2

CP
(PSI
500.
446.
383.
289.
204,

" 115,

RD
. 133

00
00
00
00
00
00

119,

103

.079
.058
.036

: "TCE
(CMHG)  (MV)
qg.aog 0.9210

- $9.300 0.9230

9.300 0.9170

9.300 0.9190

69\ 300 0.9190

69.300 0.9200

- VIS T

(U-PAS) (DEG K)
18.302 296.49
18.232  296.48
-.18.148 296.38
18.039 296.45
17.941 296.43
17.845 296.47

coococoo

- REVERSE DIRECTION
8 PORDSITY=0.01620

- TCW

(MV)

.9250
.9230
.9200
. 9240
.9220
.9240

OOOCO

oo

ZA

9952
.9954
.9958
.9964
. 9972
.9981

206

TS e
(SEC)

18. 110
21.450
25.730
30.000
40.420
64.100

Q0
(M3/D)
33.77
28.51
23.77
20.39 -
15.13
9.395



(

8.

- 12,
- 16,
20.

27

36.
44,
54.
66.
84.

96
10
12
13
15
16
19
21
24
27
31
35

382.80

43

CORE SAMPLE NO 1C

RUN 3

'FORWARD DIRECTION
POROSITY=0. 10620

RE=0.15239 RW=0.00319 H=0.02568

PE

PSI)
0000
000
000
000
.800
000
000
000
400
000
.800
8.00
0.40

6.00

0.40
9.40
6.40
9.20

8.00

8,00
6.80
3.20

8.00

p
(P

2.3

4.5
7.8
11
19,
27
35.
45,
56,
73.
86.

96

107

123.
136.
154.
180.
200.
228.
257.
296.

331

358.
416.

W
SI)
000
000
000

.400 *
200
.900

900
600
900
900
000
600
.60
00
00
20
70
40
00
00
80
.20
80
00

CP

(PS

400.
400.
400.
400.
400.
400.

400

400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
. 400,

416

I)
00
00
00
00
00
00
.00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
.00

PB
(CMHG )

70.
70.
70.
70.
70.
70.
70.
70.

- 70.
*70.

70.

70.

70.
70.
70.
70.
70.
70.
70.
70.
70.
70.
70.
70.

280
280
280
280
280
280
280
280
400
400

400

400

400 .
400

400
400
400
400
400

400 .

540

540
540
540.

V OOOOOOOOOOOOOOOOOOOOOOOO

TCE
(MV)
.8540
.8550
.8570
.8570
.8560

.8540
.8510
.8410
.8400
.8400

.8380
.8350
.8370
.8380
.8350
.8350
. 8350
.8350
.8450
.8400
.8400
..8360

. 8550

.8400

OOOOOOOOOOOOOOQOOOOOOOOO

TCW
(MV)
.8540
.8600
.8600
.8650
.8640
.8640
.8630
.8640
.8540
.8510
.8560
.8590
.8570
.8550
.8550
.8550
.8560
.8550
.8550
.8550

.8570
. 8580

.8550

.8560

TS

207

(SEC)
167.70
115.10

93.
82.
69.
62.
56.
49,
40.
36.
32.
30.
27.
25.
24.
.200
.300

23
22

21,
19.
19.
18.
17.
16.

-800

15

150
300
300
600
200 .
500
500
810
700 .
280
500
700
220

100
900
080
850
640
2380



PE

(KP
148.
176.
204,
231
285.
341
397
466.
551
673.
761

A)
86
44
01

.59

37

.91

07
02

02

.27

OhWWHONOLOW

67

Ve

T TN A et e e e e Yo L L L.

PW

(KP
109.
124.
146.
172.
226.
286.
341
408.
486.
603.
686 .
759.
835
941

A)
56
73
10
30
08
06

22

10
17
38
81

89 =
.73

1.91
1031.
- 1157.
1339.
1475,
1665,
1865.
2140.
2377.
2567.
2962.

OOOOOOOOOOOOOOOOOOOOOOOO

LWOODdDOMOIO WM

RD

.005
.006
.006
.007
.009
.011
.014
.0186
.019
.023
.027
.029
.032
.036
.040
. 044
.051
. 057
.064
.071
. 081
. 080
.097
L1120

1
1
1
1
1
1
1
1
1
1
1

17.

17

17.
18.
18.
18.

-

(U-
17.
17
17.
17
17
17

7
7
7
7
7
7
7.
7
v
7
7
17

VIS T
PAS)

.732 294

.794 294
.823 294
.847

.8913 294

631 294,
.638 294,
643 294,
.650 294.
.657( 294,
666\ 294,
.674 \294,
.683 294,
.68% 204,
.702 294,
.718 294,
.67
742 294,
757 294,
.773 294,
.60
.57
294,
879 294,
.56
964 294.
005 - 294.
040 294,
106 294.

(DEG K)

78
87
90
96
93
92

80 -

87
62
57
64

62
56
59

56
56

69
65
66
59

c>c>c>c>c:c:c:c:cbcnc:c:c:c:c:c:cjcnczcacaczépcp‘

ZA

.9997
.9997
79996
.9996
. 9994
.9983
.9992
.9991
.9989
.9986
.9985
.9983
.9982
.9980
.9978
.9976
.9973
.9970
.9967
.8964
.996 1
.9957
.9955
.9951




CORE SAMPLE NO 1C

R

UN 3

REVERSE DIRECTION
POROSITY=0.10620

RE=0.15239 RW=0.00319 H= 0. 02568

PE

(PSI)
438.00
412.00
382.00
350.00
280.40
*260.00

220.00
180.00

140.00
104.00
76.400
58.000
38.000
20.000

PE

(KPA)
3113.9
2934.7
2728.1
2507.5
2027.4
1886.7
1610.9
1335.1
1059.3
811.13
620.83
493.97
356.07

231.97

PW
(PSI)

416.00
391.70
362.50
332.00
263.10
245.10
205.20
166.40
126.60
89.800
61.000
41.000
20.000
6.4000

PW
(KPA)
2962.

2794,

3
;
2593.6
2383. 3
1908. 1
1784.0
1508.8
1247. 3
966.95
713.22
514.65
376.76
231.97
138.20

OOOOOOOOOOO_OQO

CP
(PSI
416
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.

RD

112
. 105
.098
.090
.072
.067
.057
.047
.037
.028
.021
.016
011
.007

)

0G

(u-

18

18.
17.
17.
17,
17.

17

17.

NN NN

PB-
(CMHG)
70.540
70.540
70.720
70.720
70.580
70.540
70.540
70.540
70.560
70.560
70.560
70.560
70.560
70.560

VIS
PAS)
.-106
073
877
943
911
888
.843
797
751
710
.684
.659
.633
.622

-OOOOOOOOOOOOOO

T

TCE
(MV)

.8360
.8340
.7860
.7880
.8330
.8320
.8330
.8300
.8310
.8300
.8340
.8300
.8250
.8350

(DEG K)

294.
294.
293.
293.
.40
294,
294.
294,
294,
294.
294.
294,
294,
294.

294

59
55
24
31

40
41
38
34
33
43
35
25
39

O'OOOOOOOOOOOOO

TCW

(MV) .
.8560
.8550
. 7970
.8010
. 8440
.8450

.8450
.°41O

.E 50
. 8430

OOOOOOOOOOOOOO

.8410

.995 {
.9953
.9952
.9855
.9963
.9965
.9970
.8974
.9979
.9984
.9988
.9990
.9993
.9996

. 8450

.84(0 -

(M

38.
36.
35.
33.

31

29.

7.

TS
(SE
15.
16.
17
18.
19.
20
21
22.
25.
26.
29.
R2.
42,
78.

QU

S e v

209 -

c)
900
700

.400

300
400

.600
.200
470
300 -

200
100
300
000
200

3/D:

47
63
15
42
.53
59

.85,

.22
.18
.35
.02
.84

822

.56



CORE SAMPLE NO 1C

PE
(PSI)
8.0000
12.000
18.000

- 24.000 .

30.000
40.000
60.000
78.000
88.600
128.00
160..00
190.00
229.40
260.40
296.00
334.40
360.20
397.00
445 .00
456.00
462.00

PE
(KPA)
148.
175.
217.
258.
299.
368.
506.
630.
779.
975.
1196.
1402.
1674.
1888.
- 2133.
2398.
2576.
2830.
3161,
3236.
3278,

WO MO
NOA~D

oaum
N WO

(o] M3
< o] (O\-b

£
VOO OWEONDD—W

PW
(PS
2.10
4.60
9.40
15.4
21.4
30.6
51.0
68.9
90.5
118.
148.
177.
217.
247.
280.
319.

343.

378.
423.

431.

436.

PW
(‘KP
107.
124,
157.
199,
240.
303.
444,
567.
716.

907.
1116,
1317.
1589.
1798.
2026.
2292,
2459,
2699.
3009.
.3064.
£ 3099.

1)
00
00
00
00
00
00
00
00
00
20

A)

. COWOWUODOIDW
wbwo—-m—-mmwoom\lmwoowoo—a—oo
- -

RUN

CP
(PSI)
500.00
500.00

500.00

500.00
500.00
500.00
500.00
500.00

4

500.00-

500.00

- 500.00

OOOOOOOOOOOOOOOOOOOOO

500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

- 500.00

500.00 -

RD.

.005
.005
.007
.008
.010
012
.017
.022
.027
.034
.042 .
.050
.060
.067
.076
. 086

[ Y
—_— e O
~SJO1L —

FORWARD DIRECTION
RE=0.15233 RW=0.00319 H=0.02568 POROSITY=0.10620

PB
(CMHG)
69.680
69.680
69.680
69.680
69.680
69.680
69.680
69.680
69.680
69.680
69.680
69.600
69.600
69.600
69.600
69.600
69.600
69.600
69.600
69.600

69.860

VIS

TCE
(MV)
.9100
.91Q0

.8100
.9100
.8100
.9080
.9080
.9080
.9050
.9080
.9080
.9080
.8070
.8070
.9050
.9050
.8040
.8030
.8610

OOOOOOOOOOOOOOOOOOOOO

T

(U-PAS) (DEG K)

.694
.699
.706
714
719
.729
.752
772
.795
.827
.860
.893
.937
.973
014
.060
.088
131
.188

. 200

. 153

296.24

" 296.22
295,03

296. 17
296.21
296.23
296.27
296.23 -
296.23
296.24
296.26

296.27
296.23
296.23
296.21
296,24
296.726
296.27
296.23
296.23

286.21

.9100,
.8120

ei=lelelelolofolol oo Yoo R o Yo o R ot a R e e ey

P

.9997
.9997
.9996
.9995
.8994
.9993
.9990
.9988
. 9985
. 9882
.9978
.9975
.9971
.9968
. 9965
. 9962
.9960
.9958
. 9955
.9954
.9851

TCW'

(MV)
0.9100

.9130
9150
.9160
.9150
.9150
.9160
.9190
.9180
.9200
.9200
.9170
.9150
.9180
.9200
.9210
.9200
.9200
.9200
.9200
.8670

o0

OOOOOOOOOOOOOOOOO‘,OO

ZA

TS
(SEC)
178.40
129.80
98.200
87.300
77.450
62.000
52.000
46.200
41,250
36.300
31.450
29.300
28.600
27.530
25.100



CORE SAMPLE NO 1C

RE=0. 15238 RW=0.00319 H=0.0256

PE
(PSI)
536.00

498.00

469.00
446.00
408.00
307.00
290.00
259.00
218.00
168.00
130.00
98.000
76.200
55.000
40.000
25.000
16.000
12.000

PE

(KPA)
3788.
3526.
3326.
. 3168.

2906 .

2092.
1878.
1596.
- 1251,
989.47
- 768.84
618.53
472.43
369.01
265.58
203.53
175.96

7
7
8
2
2
2208.8-
6
9
2
5

PW
(PSI)

511.00

477.00

451.00 -

433.60
397.30
286.00
281.00
250.50
209.60
158.80

120.60

88.300
65.800
44,500
30.000
14.500
6.3000

3.8000

PW

(KPA)
3616.3
3381.9
3202.6
3082.7
2832.4
2134.0
2030.6
1820.3
1538.3
1188.0

92466
701.96

547 .52

400.04

300.06

193,19
136.66 -
120,11

. : #
OOOQAOOOOOOOOOOOOOO

RUN 4

cP
(PSI
513,
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.

500.

500.
500.
500.
500.
500.

RD
. 136

. 127
.120

)

115

. 105
.080
.076
.068
.057
.045
.035

.027

.021

P

A o et g

REVERSE DIRECTION

B

(CMHG)

69.
69.
69.
69.
69
69.
69.
69.
69.
69.

9.
69.
69.
69.
69.
69.
63.
69

840
840
840
840

.840
840

850
850

860 -

870
870
870
870
820
820

920

920
920

VIS -

(U-PA
18.25
18.21
18.17
18.15
18.10
17.98
17.96
17.92
17.87
17.82
17.78

17.74

016

.012
.008
.006
.005

17.71
17.69
17.68
17.66
17.65
17.65

S)
8
0
8
7
7
4
6
S
9
3
O.
5
9
8
1
5
8.
5

OOOOOOOOOOO'OOOOOOO

T

TCE
(MV)

.8688h

.8660
.8690
.8730
.8710
.8670
.8660
.8650
.8640
.8660
.8630
.8650
.8640
.8660
.8650
.8650
.8670
.8700

(DEG K)

295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295.
295,
295,

Oococoopoococoocococoocooo

8 POROSITY=0.0

TCW
(MV)
0.8750
.8760
.8780
.8820
.8780
.8790
.8810
.8800
.8750
-8750
.8760

.8740
.8750
.8750
.8760
.8780
.8760

OOOOOOOOOOOOOOOOO

ZA-

.9948
.9950
.995 1
.§952
.9955
.9962
.9964
. 9966
.9970
.9976
.9981
.9985
.9988 .-
.9991
.9993
.9995 -
.9996
.9997

.8760

(SE

102
129.

(M3/D
35.98
33.24
31.05
28.72
27 .31
26.03
23.89

122.36

211

C)

.000
.400
700
.300
.400
.500
.600
. 350
.700
.900
. 100
.300
.900
.600
.400

.300
50
80

)

20.59

19.17
16.94
14.46
13.04
11.00
8.688
7.432
5.967
4.712



.16

CORE SAMPLE NO 1C

RUN 5

FORWARD DIRECTION

RE=0.15239 Rw=0.003}9 H=0.02568 POROSITY=0.10620

(P
7.0
10.

21
29
40.
60.
80.
99

1327
160.
187 .
210.
240.
270.
299
350.
402
455 .
508 .
542 .
584 .
600,
632.

N
P

E
SI)
000
000

.000
.900
.600

400 -

000

000

800

00
00
80

PW
(PSI) .

2.0000
3.3000

- 7.6000

10.500
16.000
27.500
47.800

- 68.000

80.100

123.
.80

151

179.
.60

201

231.
260.
288.
338.
.00

380

441,
492,
524.
563

578

609.

60
80

00
40
20
30

00
00
00

o8

00

CP

(PST)

600.
600.
600.
600.
600,
600.
600.
600.
600.
600.
600.
600.
600.
600.
. 600.
- 600.
600.
600.
600.
600.
600.
600.
600.
610.

00

00

00
00
00
00
00
00
00
00
00
00
00
00
00
00

PB
(CMHG)
70.330
70.330
70.330
70.330
70.330
70.330
70.330
70.330
70.330
70.330
70.280
70.280

70.280

70.280

-70.280

70.280
70.280
70.280
‘“\70 . 280

70.280

70.280
70.280
70.280
70.280

OOOOOOOOOOOOO'OOOOOOOOOOO

“TCE

(MV)

. 8840
. 8880
. 8880
.8800
.8930
.8950
.8950

.8030
.9040
.9050
.9070
.8070
.9100
.9100
.9080
.8950
. 83960
. 8880

.8950
.8960
.8840

.9000

.8000.

.9000

TCW
(MV)
.8840
.8860
.8880
.8930
.8950
.8990
.9000
.9Q30

.9090
.9100
.9080
9100
.9140
.9130
.9080
.9100
.9100
.9100
.9100
.9100
.9070
.9080

OOOOOOOOOOOOOOOOOOOOOOOO

y;

.9030 -
. 9040

- TS
(SEC)

212

L

188.70
140.80

97.
64.
.400
40.
33.
.000

47

31

30.
29.
28.
27.
26.
25.
24,
23.
22.
21.
20.
9.
.760
.320
.800
.250

400
700

950
000

500
900
980
600
300
140
100
150
200
300
400
400



-+ 3230.

Rt - S VWV

- PE
(KPA)
142.03
162.71
204.08

244,76

297.85
372.31
507.45
- 645.35

1 781.86

1003.
1196.
~1388.
1544,
1748.
1955.
2159.
2506.
2865.

3596.
3830.
4120.
4230.
4451,

© . PW
(KP
107.
116.
146.
166.
204.
283.
423,
569.
714,
945

1140
1333.
1483.
1686
1889.
2080.
2426.
2782.
3134,
3485.
3706.
3975,
4078.
4292.

A)

. WOUTWWDO - =T
ouon,ouowvwmab\:bwmmowummﬂmw

OOOOOOOOOOOOOOOOOOOOOOOO

RD:

. 005
. 005
. 006
.007
.009
012
.017
.022
.027
.036
.043
. 050
. 055
.063
.070
.077
.090
.103
.116
. 130
. 138
. 148
. 152
. 160

17

R A et e it e .

VIS-

(U-
17

17
17
17.

17
17.

PAS)

.664
.670
.676

679

.695
.710

733

. 760.
.784
.821
.856
.889
.913
-949
.986
.017
.067
131
. 197
. 265
. 305
. 360
. 3789
.426

1

296

(DEG K)
295.
295.
295.
295.
295.
. 295.
295,
295,
296.
296.
296.
296.
296.
296.
296.
296.
295,
296.
296.
296.
295.
296.
295.

.02

53
60
63
59
77
85
86
96
00
02

08

13
11
17

22

18
96
00

02

05
98
00
93

OOOOOOOOOOOOOOOOOOOOOOOO

ZA

.9997
.9997
.9996
.9996
.9995
.9993
.9990
.9988
.9985
.9981
.9978
-9975
.9972
.9970
.9967
.9964
.9960
.9957
.995
.9952 .
.9950
.9949
.9949
.9948

Q0
(M3/D)

3.063
4.344
6.280
9.454

12,
.94
18.
19.
' 20.
20,
21,
22,
23.
24,
25.
26.
27.
28.
29..
31.53
32.
35.
36.
37.

14

31

90

53
73
05
46
11
16
26
33
38
42

55-

72
98

60
31
41

64

213



CORE SAMPLE NO 1C _
RW=0.00319 H=0.02568

I)
00
00
00

.00
00

00
60

00 -
60
00 .

00
00
00
00
00

" RE=0.1523%F
PE PW
(PSI) (PS
632.00 603.
617.00 597,
594.00 575.
-547.00 531
487.00 474,
408.00 396.
327.00 316.
219.00 210.
144,00 13%5.
58.000 45.2
43.200 29.6
28.800 13.7
20.000 7.20
12.:000 3.70
8.0000 2.00
PE - PW
(KPA) (KP
44512 4292
4348.2 4210
4189.7 4058
3865.6 3755
3451.9 3362
2907.3 2824
2348.8 2277
1604.2 1542,
1087. 1 1029
494,11 405,
392.07 298.
292.79 188.
232.11 143,
176.96 119.
149.38 108

OOOOOOOOOOOOObO

"RUN 5

(PsT
610.0

600.
600.
600..

600.

600.
600.
600.
600.
600.
600..
600.
600.
600.
600

RD

. 160
. 157
- 151
. 140
.125
. 105
.085
.058
.039
.016
.013

.009

. Q07
. 005
.005

)

00

00
00
00
00
00
00
00
00
00

00°

00
00
00

(U-
18.
18.
18.
18.
18.
18.

NNNNuaag

L.

(o c]

PB
(CMHG)
70.280
70.630
70.630
70.650
70.650
70.650
70.650
70.670
70.670
70.670
70.670
70.670
70.670
70.670
70.670

VIS
PAS)
426
389
345
279
198
101
.002
.879
.794
.695
.683
668
.659
653
.648

295,22
295,19

TCE
(MV)
0.8000
0.8920

0.8700

0.8630
0.8600
1 0.8600
0.8600
0.8620

0,8610 -

108600
0.8650

0.8680 -

0.8660
0-.8690
0.8670

:
(DEG K)
296.02
295.61
295. 32
295.22
295.13
295.17
295.12
295. 16
295. 13
295.09
295.19 .

295.21
285.17

Coooooooocoooooo

.1’.7

REVERSE DIRECTION-
POROSITY=0. 1Q620

S TCW
(MV)
0.9080
0.8830
0.8810

- 0.8800

018760
/8790
.8750
.8760
.8750
.8730
.8760
.8750
.8750
.8730
.8720

(4

fbooooodooo

A

.9948
.9947 ',
.9947

.9948
.9950
.9954
.9960
.9970
.9979
.9990.
19993
.9995
.9996
.9997
.9997

o

214

TS
(SEC)
16.250
17.200
17.700
18.600.
19.800
20.500
21.700
23.500
25.600
31.000
35.780
40.200 -
55..000
95.200
142.10 -

Q0

(M3/D)

“37.
35.

34

32.
30.
29.

28

- %6.
23
19.
17
15,
11,
. 6.425
4,

6

64
56
.56
88
89
84
19
03
.89 .

09
22
12

304 o«

73

[V



P
(P
- 8.0
14,
20.
25.
32.

© 40.

48.
60.
72.
' 84.
96

110.
124,
140.
160.
180.
198.
220.
244,
266 .
290.
320.
360.
390.
440.
469.
524.
573.
636.
680.
711.
756.

CORE SAMPLE NO 1C

E.

SI)
000
000
000
000

200

200
600
000
000
000

p
(P
2.2
6.3

10.

15.
22.
28.
36.
48,
60.
72.
84.
99

113.
128.
150.
169.
188.
210.
234.
254,
277.
307.
347.
375.
423.
450.
504.
552.
616.
659.
688.
732.

W
SI)

000

000
600
300
100
800
900
000
600
000

.RUN 6
RE=0. 15239 RW=0.00319 H=0.02568

CP

(PSI)

700.
700.
700.
700.
700.
700.
700.
700.
700.

700.
700.
700 .
700.
700.
700.
700.

700.
700.
700.
700.

. 700.

700.

700.

700.

700.

700.

- 700.

700.

700.

700

700.

733.

00

FORWARD DIRECTION

PB

(CMHG)

70.

380 -
. 380
. 380
. 380
. 380
. 380
. 380
. 380
. 380
.380°
.380
. 380
. 380
. 380
. 380
.380 -
. 380
.380
. 380
. 380
. 380
. 380
. 380
. 380
.480
.480
. 480
.480
.480
.580
. 580«
. 580

POROSITY=0.10620

TCE
{(MV)
0.8130
0.8210
0.8250
0.8270
0.8310
0.8330
0.8350
.8360
.8390
. 8400
.8390
.8350
.8380
.8350
.8340

.8340 -

0
0
0
0
0
0
0
0
0
0.8320
0.8340
0.8330
0.8330
0.8340
0.8300
0.8300
0.8330
0.8490
0.8460
0.8480
0.8450
0.8450
0.8450
0.8450
0.8500

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

TCW
(MV)
.8070
.8100
.8160
.8200

.8300
.8310
.8350
.8350
.8350

.8350

.8360
.8370
.8360
.8390
.83:0
.8380
.8380
.8400
.8400
. 8400
.8550
.8530
.8540
.8550
.8550
. 8580
. 8580
. 8560

.8230 -
.8250°

.8350 -
.8350 -

TS

215

(SEC)
193.80
130.60

96.
85.
72.
57.
49,
42.
39.
33.
.500

32

31.
30.
28.
27.
26.
26.
25.
25.
23.
23.
23.
22.
.900
.300 -
.900
20.
18.
~18.
18.
18.
.400

21
21
20

17

300
200
800
400
500
700
150
730

200
700
030
500
550
200
600
050
700
350
100
600

380
900
550
100
150



216

PE PW RD VIS - T ZA - Q0
(KPA) (KP) (U-PAS) (DEG K) (M3/D)
- 148,99 109. .9 0.005 17.581 293.70 0.9897 3.156
-190.36 137.27 0.006 17.593 293.83 0.9986 4.683
231.73 166.92 0.007 17.604 293.96 0.9985 6.351
266..20 198. 32 0.009 17.613 294.03 0.9995 7.1789
315.84 246.21 0.010 17.624 294.12 50.99394 8.390
371.00 , 293.09 0.012 17.635 294.17 0.9983 10.66
428.92 348.25 0.014 17.648 294.25 0.9991 12.36
507.52 424.78 0.017 17.661 294.28 0.9990 14.32
580.25 511.65 0.020 17.678 294.36 0.9988 '15.62
672.99 590.25 0.023 17.692 294.38 0.9986 18.13
755.73 676.44 0.026 - 17.705 294.36-0.9985 18.82
855.01 780.21 0.030 17.718 294.35 “0.9983 19.60
948.78 877.08 0.034 17.735 294.35 '0.9981. 19.82
1059.1  987.39 0.038 17.751 294.32 0.9979 21.82
1197.0 1128.0 0.043 17.774 294.32 0.9976 22.24
1334.9 1263.2 0.048 17.797 294.33 0.9974 23.04
1461.8 1391.4 0.052 17.816 284.29 ' 0.9972 23.35
1613.4 1541.7 0.058 -17.843 294.35 0.9969 23.89
1776.2 1707.9 0.064 17.870 294.34 0.9967 24.42
1927.8 " 1847.9 0.069  17.894 294.33 0.9964 25.81.

- 2093.3 2007 .1 0.075 17.822 294.34 0.9962 26.18
2302.9 2210.5 0.083 17.956 294.32 0.9959 26.48
2575.8 2486.3 0.093 * 18.003 284.32 '0.9956 27.06
2782.8 2679.4 0.101 18.040 .294.35 0.9954 27.93
3127.7 3010.4 0.113 18.118 294.74. 0.9951  28.72

+ 3327.6 3196.6 0.120 18.150 2984.67 0.9950- 29.27
3706.8 - 3568.9 0.134 18.222 294.71 '0.9947 30.01
4044.7 .3900.6 0.146 18.286 294.69 0.9945 30.74
4479.0 4342.5 0.162 18.374 294.69 0.9944 31.29
4782.5 4641.9  0.173 16.438 294.72 0.9943 32.02

- 4996.3 4837.7 0.181 18.481 294.72 0.9943 33.70
- 5306.5 1 - 0.192 18.550 284.76 0.9944 35.15

- 5141,



CORE SAMPLE NO 1C

PE

(PS
756.
707.
665.
633.
587.
492,
455,
396.
354.
275.
257.
232.
201.
158.

111,
80.4
60.4
48.2
20.4
8.00

I)
00

00
00
00
00

00

PW

(PSIf

732.00
684.00
643.00
613.00
570.00
477.00
441,00

.382.00

341.00
261.40
245.00
221.00
182.00
150.00
101.00
70.200
49.730
36.400
9.5000

2.0000

PW
(KPA)

5141.
4810.
4527,
4320.
4024.
3382.
3133.
2727.

1895.
1782.
1617.
1417.
1127,
788.62
577.26
436.54
344,12

158.65
106.94

1
1
4
6
1
1
8
0
2444 4
5
5
0
0
5

cP’ P
(PSI)  (CMHG)
733.00 70.580
700.00 70.580
700.00 70.580
700.00 70.580
700.00 70.580
700.00 70.000
700.00 70.000
700.00 69.840
700.00 69:940
700.00 69.940
700.00 69.940
700.00 69.940
700.00 69.940
700.00 69.940

700.00 69.940
700.00 63.940
700.00 69.940
700.00 69.870
700.00 63.870
700.00 -69.870

RD VIS

(U-PAS)

.192  18.550
.180 - 18.472
169  18.408
.162  18.362
150  18.302
126 18.183
117 18.136
102 18.059
.092  18.007
071 17.911
.067 17.889
.061 17.858
.053  17.821
043 17.774
030 17.722
.022 ' 17.685
017 17.661
014" 17.645
;007 17.614

607

ooooodooooooodoooooo

RUN 6
RE=0.15239 RW=0.00319 H=0. 02568

.0057 17.

)

REVERSE DIRECTION
POROSITY=0. 10620

294 .69

TCE

(Mv) -

.8500
.8430
.8390
.8380
.8390
.8490
.8490
.8430
. 8440
.8400
.8400
. 8380
.8340
.8340
.8350
.8310
.8290
. 8260
.8280
.8310

OOOOOOOOOOOOOOOOOOOO

T
(DEG K)
294.76
294 .65
294.57
284.53
294 .55
294.69

294.60
294,56
294.50
294,45
294 .39
294.34
294,33
29436
294.29
294,25
294.22
294,19
294.27

ooooooOboooooooooooo

TCW

(My)

. 8560
.8540
.8520
.8490
.8500
.8510
.8510
.8500
. 8460

.8380
.8380
.8370
.8390
.8370
.8360
.8360
.8320
.8350

OOO/OOOOOOOOOOOOOOOOO

.9944
.9943
.9943
.9943
.9944
.8948 "
9950
.9954
.9957
.9964
.9966
.9968
.9971
.9976
.9983
.9987
.9990
.9991
.9996
.9997

217

TS
(SEC)

17.400
18.250
18.850
19.400
20.000

'21.250

.8450.
.8410..

21.800
22.550
23.100
23.800
24.400
25.300
26.500
27.300
29.100
33.650
38.320
40.700

69.400

(M

35.
33.
32.
31.°
30.
28.
28.
27.
26.
25.
25.
24,
23.
22.
21.
- 18.
15.

15,
8.
3.

155.10

QO
3/D)
15

813
944



CORE SAMPLE NO 1C

RUN 7

FORWARD DIRECTION

"RE=0.15233 RW=0.00319 H=0.02568

PE
(PSI)

- 8.0000

14.000
22.000
30.000
40.400
60.200

PW
(PSI)
2.0000
5.0000

11.800"

17.300
28.000
49,000
69.200
90.000
122.50
150.80

- 180.80

229.80
267.80
286.20

- 333.00

403.00
455.00

. 475.00

535.00
590.00
652.00
687.00

728.00

CP
(PSI)
800.00
800.00
800.00
800.00
800.00
800.00
800.00
800.00

800.00

800.00
800.00
800.00
800.00
800.00
-800.00
800.00
800.00

-800.00

800.00
800.00
800.00
800.00
800.00

7
7
7
6

PB
(CMHG)
71.280
71.280
71.280
71.280
71.280
71.280
71.280
71.280
71.280
71.280
71.280
1

1

1

.280

.280
9.850
69.800
69.800
69.800
69.800

- 69.800

69.800

69.800

69.800

.280"

POROSITY=0.10620

TCE

(MV)

1710
.7780
.7800
.7830
. 7860
.7870
.7900
. 7900

. 7980
. 7980
.8000
.8000
.8000
.7800
. 7850
.7890

. 7950
.8000
.8050
.8050
.8090

.7950 -

.7830

TCW
(MV)
L7740
.7810
.7840
.7850
.7880
.7870

.7950
.7950
.7850
.7960
.7950
.7950
.7800
. 7850
. 7860
. 7800
. 7940
. 7960
.7980
. 79890
.8010

L7870
.7900

“218

s
(SEC)

165. 30
101.00
77.600
55.850
48.550
41.900
36.500
33.370
30.680
29'.630
28.250
27.300
25.750
24.700

-23.800

22.750
21.650

21.100

20.250
18.750

.18.870

18.300
17.600



PE

(KP
150.
191.
246 .-
301.
373.
510.
646.
784.

1005.
1196,
1474
1752
2028.
2166.
2492
2988.
3361.
35086..
3933.
4312.
4747,
. 4995,
5291,

A)

PW

(KP
108.
129
176.
214
288.
432 .
572.
715.
939.

1134,
1410.
1679.
1941,
2068.
2389.
2871.
3230.
3368.
3781.
4161,
4588.
4829,
5112,

A)

ooooooooobooooodooboboo

POPODAND—wWhSD®

RD

.005
.006
.008
.010

012
.017
.022
.028
.036
.043
.053
.063
.073
.078
.090
.108
122
127
.143
157
173
. 182
.192

d-—‘-‘dﬂﬂdddddvdA
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

’ e STt S PO
00 0000 0000 00 00 00~ ~3 =3

VIS

U-PAS).

.539
.552
.563
.572
. 587
.609
.633
.657
.698
731

776

.823
.867
.890
.926
.017
.087
.118
.201
.280
.373
.425
.491

I

(DEG K)
292,
.94

292

293,
293,
293,
293,
293.
293.
293,
293.
293.
293.
293.
293.
292 .
293.
293.
293.
293,
293.
293,
293,
293.

77

01
06

13,

13
17
20

33

36
36
40

39°
39

96
08
14
24
31
40
50
50
57

ZA

.9997
.9996
.9995
.9994
.9992
.9989
.9986
.9983
.9979
. 9975
.9970
.9966
.996 1
.9959
.9954
9948
.9945
.9844
.9941
.9939
.9938
.9938
.9939

219

Q0 .
(M3/D)

3.700
6.056

7.882

10.95 -

12.60

14.60

16.76
18.33
19.94
20.64
21.65
22.40
23.75
24.76
25.70
26.89
28.25
28.99
30.20
30.97

32.41

33.42
34,75



220

CORE SAMPLE NO 1C RUN 7 REVERSE DIRECTION
RE=0.15239 RW=0.00319 H=0.02568 POROSITY=0.10620

PE W CP " PB  TCE TCW TS

(PSI) (PSI) (PSI)  (CMHG) (MV)  (MV) (SEC)
789.00 772.50 . 800.00 69.880 0.8310 0.8270 17.000
776.00 752.50 800.00 69.980 0.8350 0.8270 18.000
745.00 727.00 800.00 69.980 0.8380 0.8320 19.450
694.00. 678.50 800.00 69.98~ 0.8400 0.8350 20.400
604.00 590.00 ~ 800.00 70 000 0.8420 0.8350 ' 21.400
526.00 514.00 800.0C 70.000 0.87°n 0.8350 22.500
464.00 453.00 800.00 70 000 0.8« 0.8350 23.300
396.00 386.00  800.00 69.910 0.£200 0.8200 24.100
339.00 330.00 800.00 69.810 ".8220 0.8200 25.100
245.00 - 235.00 800.00 69.910 0.8250 0.8240 26.400
228.00 218.00  800.00 69.910 0.8270 0.8240 27.700 -
206.00 196.00- = 800.00 69.910 0.8300 0.8250 .28.700
165.00 154.50 800.00 69.930 0.8330 0.8250 30.700
140.00 130.00 800.00 69.930. 0.8330 0.8230 '34.800
94.800 83.800 - 800.00 69.930 0.8350 0.8210 40.600
54.400 42.000 "~ 800.00 69.930 0.8320 0.8210. 52.000
32.400 20.400 - 800.00 69.930 0.8350 0.8230 75.700
19.000 9.7000°  800.00 69.930 0.8350 0.8250 123.00
14.000 ~ 5.2000 800.00 69.930 0.8340 0.8260 145.20

PW RD VIS T - ZA. QO
) (KPA) (U-PAS). (DEG.K - (M3/D)
2 5419.5 . 0.203 18.588 294.17 0.9942 35.98
.6 5281.6 0.198 18.556 - 294.22 0.9942 33.98
.9  5105.8 0.180 18.518 294.32 0.8842 31.45
3 - 4771.4 "0.178 18.446 294.38 0.9942 29,98
4257.8 4161.2 °~ 0.155 18.320 294.40 0.9943 28.58
3720.0 3637.2 0.135 18.217 294.41 0.9946 27.18
3292.5 3216.7 0.120 18.138 294.43 0.9949 26.25
- 2823.5 2754.6  0.103 18.032 293.%4 0.9952 25.38
2430.5 2368.5 0.088 17.964° 293.97--0.9957 . 24,37
1782.4 1713.5 0.064 17.858 294.06 0.9866 23.17
1665.2 ©1596.3 0.060 .17.840 2394.08 0.9958 22.08 -
1513.5 . 1444.6 0.054 17.817 294.13 0.997t 21.31°
1230.9 1158.5 . 0.044 17.772 294.17 0.9976 19.92
. 1058.5 989.55 0.038 17.744 294.14 0.9979- 17.58 .
'746.86 - 671.01 0.026 - 17.683. 294.14 0.9985* 15.07
468.31 - 382.81 0.016 17.647 284.11 0.8991 11.76
-+ 316.62 233.89 0.010 17.626 294.17 0.9984 8.080 -
224.23 160.11 .. 0.007 17.614 284.18 0.9996 4.973
08 0.006 17 0

1 189.76 - 129, .609 294.19 .9996 4.212



CORE SAMPLE NO 4A

RE=0.15256 . RW=0.00820 H=0. 0260

PE
- (PS
- 8.00
16.0
24.0
30.0
44 .2
60.0
80.0
100.
150.
166.
192.
232.
260.
296.
346.
410,
458,
-508.
562.
609.

PE
(KP
148,
203.
259
300.
1398
507.
645.
783.

1129,
1238.
1417,
- 1694,
2134,
2473,
2920,
3251.
-3596.
3968.
4292,

1)
00
00
00
00
00
00
00
00
20

00

00
20
00
00
00

00 -

00

00
00 .
00°

A)

- 1165,

.2403.

'3175.
3503.
" 3874,
. 4189,

hhdwhAAwadd

pw

(PSI)
2.0000
7.8000
15.000
20.000
33.500
49.700
70.400
90.400
140.80
155.40
182.00
222.60

248,40
- 286.00
- 335.00
400.00

447.00

494,50
548.40
594.00

PW
(KPA)
107.34
147.33
196.97

231.45

324.53
436.22

. 578.94
716.84

1064.

1348.
1628,
1813.
2065.

2851.

 omomeb~onw

RUN

CP
(PSI)
4.00
8.00
15.00
21.00
33.00
50.00

71.00
80.00

- 138.00

155.00
182.00
223/(00
250.00

~ 287.00

335.00
400.00

~446.00

495.00
547.00
593-00

RD

Ooooooooodcooooocoono

.005
.006
.008
010
.013
017
.023
.028
.04 1
. 044
.051
.06 1
068
.078
.090
.107
119
132
.145
157

B GG
\1\’\1\1

'_L_;_A._L._A_g_.g_;_g

—
~

1

2N

FORWARD DIRECTION .

PB..
(CMHG)
70,170
70.170
70.170
70.170
70.170
70.170
70.170
70.170

+70.160

U-

NN NN NN

00’00 00 00 3

70.160
70.160
70.160
77160

"0

. oU
70.1860
70.160
70.160
70.160
70.160

VIS
PAS)
509

.522
.533
.542
.558
.579
.603
627
.688
.706
.735
.783
.816
.858
:901
.984
. 046
Lk
.183
. 250 -

292.54
292.66

. 292.76

292.52
292.57

292.865

TCE

(MV)

. 7460
7510
. 7550
.7570
. 7580
.7600
.7630
. 7650
.7700
L7700
.7700

L7720
7730
7610
. 7660
. 7670
. 7690
.7700

OOOOO"WOOOOOOOOOOO_OOO

T
(DEG K) |
292,10
292.23
292.29
292,36
292.38
29245
292.50

292.68
252.67
282.72
282.75
292.41
282.63

292.72

L7710

7730 .

<booooooooooooooooooo

TCW

V)

. 7450
.7500
.7510
. 7550
. 7550
. 7590
.7600

.7680
. 7670
.7700
L7720
L7700
.7550
. 7580

. 7650
. 7680

ZA

.9997.
. 9996
.9994
.9991
.9989.
.9986
9983
.9976
.9974
.9970
.9966
.9962
.9959
.8953
.9948
.9944
.9941
.9939 °
.9937

7610
.7660".

.7620
. 7650,

0 POROSITY=0.22714

TS
(SEC)
129.60
82.700
67.450
56.830
45,450
40.100
37.930
35.480
30.600
28.700

27.400
26.200
/25.000
24.300
23.430
22.950
21.600
20.400
19.820
18.600

Q0
(M3/D)
4.719
7.396
9.068
10.76
13.46
15,25
16.13
17.24

19.88

21.31
22.32
23.35
24.47

25.17

26.11.
26.65-
28.32

129.98

30-.86.
32.88



CORE SAMPLE NO' 4A
RE= 0 15256 RW=0.00820 H=0. 0260

PE
(PSI)
609.00
552.00
496.00

442.00

380.00
352.00
'312.00
264.00

+200.00

152.00
98.000
58.200
32,600

14,200 .
- 8.0000. -

PE
- (KPA)
42924
3899.4
3513.3
3140.5
2713.0
2519.9
2244 .2
1913.2
1471.9

1141.0

768.64
1494.20
317.69
190.83
148.08

PW
_(PSI)

- 594.00

537.00
481.70
429,00
368.00
342.30
303.30
255.00

181.00 .

143.00

© 88.400
46.400

19.000
6.2000

2..3000

PW

0
3796.0
3414.7
3050.8
2637.2
2453, 1
2184.2
1851 1
1409.9
1078.9
702.45

412,84
223.93

135.867

© 108.78

(KPA)
- 4189,

RUN 1

cp
(PSI
583.0
535.

473,

423.
364.
336.
296

249.

oc:oc:oc:oc:ocJOCDOc:ox

184 .
130.
88.
43,
17,

9.

7.

- RD

. 157
. 143
. 128
. 115
.098
.092
.082
.070

.041
.027

)

00
00
00
00
00

.00

00
00
00
00
00

REVERSE DIRECTION

PB

(CMHG)

70.160
70.160

- 70.160
' 69.750

00 .

00
00

(U-
-18.
18.

.053 "

017
.010.
. 006
.005.

69.750
69.750
69.750

69.720

69.720
69.720
69.720
69.700
69.700

69.700.

69.700

VIS
PAS)
250
170
. 096
032
.954
.921
.874
.820
.742
687
.629
.585
.556
.539
.533

292.66

1292 .66

TCE
(MV)
0.7730
0.7700
0.7700
0.7710
0.7680
0.7670
0.7670
0.7700
0.7650
0.7660
0.7670
0.7660
0
0
0.

. 7660

. 7650
7650

T
(DEG K)
282.72
282.67

292.73
292.68
292.67
292.67 -
292.73
282.62
292.58
292.65
292.66

292.65
292.865

Oo000co0oocOO0ocOocoo

.9939
.9942
.9946
.9950
.9953
.9957.
.9962
.9969
.9976
.9983
.9983
.9994
.9996 -
. 9997

0 POROSITY 0.0

TCW
(MV)
. 7680
. 7670
. 7660

L7700
. 7700
.7700
L7720
. 7680
. 7640
. 7680
.7700
.7700
.7700
L7700

o N
[{e] >

“

L7710.

222

TS
(SEC)
18.600

20.340 -
21.400
23.000

25.400
26.000.
27.600
29.100

31.800.

(M

31
30.
28.
26.

25

- 24

2
21

19.
15.

6.

4,

35.020
40.400°
83.100
136.60

QO
3/D)
.88
.68
07
58
29
.59
.08

.52

.16
.02
23
47
14
865
478




& ' - 223

CORE SAMPLE NO 4A RUN 2 FORWARD DIRECTION
- RE=0.15256 RW=0,00820 ' H=0.02600 . POROSITY=0.22600

PE PW cp "PB TCE TCW TS

(PSI) - (PSI) (PSI) (CMHG) (MV) (MV) (SEC)
8.0000 . 2.0000 400.00 70.270 0.7950 0.7920 131.45
12.000 4.7000 400.00 70.280° 0.7950 0.7950 96.750
18.000 8.7000 400.00 70.280 0.7960 0.7390 66.330
24,000 13.100 400.00 70.280 0.7960 - 0.8010 50.120
30.000 17.800 ° 400.00 70.280 0.7960 0.8020 39.870
40.200 28.400 400.00 70.280 0.7960 0.8050 34.500.
54.200 ~ 43.800 .  400.00 70:280 0.7940 0.8050 32.000
70.000 60.400 400.00 70.280 0.7940 0.8060 30.640
90.000 81.000 -+ 400.00 70.280 0.7940 0.8060 29.700
108.20 89.300 400.00 70.280 . 0.7930 0.8050 28.350
138.20 129.40 - 400.00 70.260 0.7940 0.8050 27.200
160.00 151.00 400.00 70.280 0.7910 0.8040 26.260
186.60 176.40  400.00 70.280 0.7820 .0.8040 25.100
210.80 189.40 ~400.00 70.280 0.7800 0.8040 24,300
238.00 226.70  400.00 70.280 0.7900 0.8050 23.700

~ 265.00 251.00 400.00 70.470 0.7520 0.7520 22.300
298.00 1282.00 400.00 70.470 0.7570 0.7570 ©21.200
325.00 307.00 ~ 400.00 70.470 0.7600 0.7600 2. 130
372.00 353.00 400.00 70.470 0.7600 0.7630 1S .00
406.00 385.40 400.00 70.470 0.7630 0.7650 © 110
435.00 413.00 413.00 70.470 0.7660 0.7660 17.130

PE Pw RD  ~ VIS T - ZA Q0

(KPA) - (KPA) v (U-PAS) (DEG K) . (m3/D)
148.84 107.47 - 0.005 17.563. 288.23 0.9997 4.653
17644 126.10 - 0.006 17.568 293.33 0.9996 6.3292
217.80  153.68 " 0.007 17.576. 293.39 0.9996 9.221
259.17 184.02 0.008 17.583 283.41 0.9995 12.20
300.54 216.43 -0.010 17.5@9 283.43 0.9994 15.34
370.87 - 289.51 0.012° 17.602 233.46 0.9992 17.73
467.39 . 395.69. 0.016 17.817 293.44 0.9990 ° 19.11
'576.33 " 510.14  0.020 17.635 293.45 0.9988 19.96
714.23 . 652.17 0.025 17.658: 283.45 0.9985 20.59
839.71 778.35 0.030 17.677 293.43 0.99.2 21.57
1046.5 885.85 0.037 17.710 293.44 0.9978 22.40¢
1196.9 1134.8 ° 0.043 17.732 293.39 0 7975 3.29

- 13803 130979 '0.050 17.762 293.40 0 .72 24.37
1547 . 1 1468.5 ° .0.056 17.787 293.38 0.-369 25.17
1734.7 =  1656.7 0.063 17.819 283.39 0.9366 25.81
1821. 1 1824.5 0.069 17.797 292.26 0.9961 27.43

-~ 2148.6 . 2038.3 0.078 17.840 292.39 0.9958 28.85

- 2334.7 2210.6 0.084 “17.874 282.46 0.9955 30.38
2658.8 2527.8 0.096 17.931 292.50 0:9951 31.86
2893.2 2751.2 0.105° 17.975 282.56 0.9948 33.77

2 2841.5° 0.112 18 0.9946 35.71

3093. 012 292.61



224

CORE SAMPLE NO 44  RUN ? REVERSE DIRECTION
RE=0.15256 RW=0.00820 H=0.02600 POROSITY=0.0

PE . _PW cP PB TCE TCW TS

(PSI) (PSI) (PSI) " (CMHG) (MV) (MV).  (SEC)
435.00 413.00 413.00 70.470 0.7660 0.7660 17.130
400.00 379.30 400.00 70.470 0.7650 0.7670 18.200
386.00 ° 367.40 400.00 70.470 0.7650 0.7700 19.000

- 350.00 333.80 400.00. 70.470 .0.7650 0.7710 20.200
'320.00 308.40 . 400.00 70.540 0.7660 0.7710 21.750
291.00 281.60 400.00 70.540 0.7670 - .7720 23.330
260.00 251.60 400.00 70.540 0.7680 0.7730 .24.700
'237.00 229.00 400.00 '70.540 0.7700 0.7730 25.300
180.00  171.40 400.00" 70.520 0.7690 0.7750 27100
168.00 159.50 400.00 70.520 0.7700 0.7750 28.350
146.00 137.90 400.00 70.520 0.7720 0.7760 30.400
125.00 117.00 . 400.00 70.520 0.7720 0.7760 32.250

- 105.60 87.300 400.00 ,70.770 0.7400 0.7400 33.320
96..000 87.500 400.00 70.770° 0.7530 0.7560 .34.400-
70.800 60.800 400.00 70.770 0.7560 0.7560 35.700
46.000 34.400 400.00 70.770 0.7600 0.7610 41.700

- 30.200 21.100 400.00 70.770 0.7610 0.7640 67.200
10.800- 3.2000 400.00 70.770 0.7680 0.7670 119,80

PE PW FD VIS, T ZA Q0

(KPA) (KPA® (U-PAS) (DEG K) : (M3/D)
3093.2 2941.5 112 18.012 292.61 0.9946 35.71
2851.9 2709.1 G 53 17.969 292.61 0.9943 33.61
2755.3 2627 .1 0.°50 17.955 292.65 0.9950 32.19 -« R
2507.1  2395.4 0.091 . 17.914 292.66 0.9953 30.28
2300.4  2220.4 0.084 17.881 '292.67 0.9956 28.12
2100.4  2035.6 0.076 17.850 . 292.70 0.9959 26.2%2
1886.7 1828.8 - 0.069 17.818 292.72 0.9962 024.76
1728.1 1672.9 " 0.063 17.791 282.75 0.9965 24.18
1335.1 +  1275.8 0.048 17.726 292.76 0.9972 22.57
1252.3 1183.7 0.045 17.713 292.77 '0.9974 21.57
1100.7 1044.8 0.040 17.691 292.81 0.9976 20.12
955.86 800.71 0.034 17.668 292.81 0.9979 18.97
822.44 765.21 0.028 17.608 291.97 0.9982 18.36
756.25 + 697.64 0.027 17.613 292.33 0.9983 17.78
582.50  513.55 - 0.020 17.587 292.36 0.9987 17.13
411.51 331.53 0.014-°17.564 292.47 0.9991 14.67
302.57 239.83 0.010 17,550 292.52 0.9993 9.102

- 0.005 17.536 292.65 0.9997 5.106

168.82  116.42

N A Y Y At e e WS 4 s et . o Y 15



CORE SAMPLE ND 4A

RUN 3

RE=0.15256 RW=0.00820 H=0.02600 POROSITY=0.0

PE

(PSI)
8.0000
14,000
22.000
28.000
38.200
- 50.000
64.000
80.000
98.000
120.00
140.00
169.20
194.20
224.40

NH_WN —
W W U1 w
SOOI o
ObbO~NWN®
OIS

~J

o))

©
COWN
(o> I I B

N

N

-~

N
OOOUIONOVOONLO

1976.

PW
(PSI)
2.0000
4.6000
9.5000
14.400

24,800

38.400
53.500
70.500
89.000
111.60
130.90
160.00
185.40
215.40
248.70
273.00
306.00
350.00
400.00

~441.00
- 489.50

518.00

Py -
(KPA)
107.47

125.40

159.19
182.97
264.68

. 358.44
- 462.55

579.77
707. 32
86%3. 14
996,21
1196.
1372.
1578.
1808.

2203.
2506.
2851.
3134.
3468.
3672.

N3O0 UGIHD - ©

-500.

CP

(PSI1) ..
500 .00

500.
500.
500.
500.
500.

- 500.

500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.
500.

517.

RD
.005

00
00
00

00.

00
00

00
00

00
00
00
00
00
00

" (U-PAS).

.006

.007
.009
.011
.015
.018

PB

(CMHG)
70.270
70.270
70.270
70.270
i70.270
70.270
70.270

70.270
70.270
70.270
70.340

70.340

70.340
70.340
70.340
70.340
70.340
70.380
70.380
70.380
*70.380

VIS

17.563
17.577
17.587
17.597
17.610
17.625

17.644

.023

.027
.033
.038
.045

.052

.059
.068
.074
. 083
.094
. 107
117
. 130
. 138

.663
.683
.705
.123 -
. 754
.780
.812
. 848
.875
914
. 967
. 037
.090
.154
. 191

ecfe ke 1l ESENENEN PRRREN U par}

70.270

1293.58

TCE

(MV)

. 71950
.8040
.8050
.8100
.8100
.8110
.8140
.8140
.8130
.8100
.8080
.8050

.8000
. 7980
. 7950
. 7950
.7980
.8100
8110
.8150

CO000O0O00O000ODOOOCOOOoOO

T

(DEG K)

293.29
293.50-
293.57
293.66
283.70
293.72
283.80
293.82
293.81
293.75 "
293.67 .
293.64

283.54
293.51
293.46
2983.46
293.49
293.66
293.66
293.71
293,66

.8010"

8110

OO0 0OO0DOOVOOOODDDOO

TCW
(MV)
.7920
.8000
.8050
.8070
.8100
.8110
.8140
.8160
.8160
.8140
.8100
.8100
.8100
.8070
.8070
.8060
.8060
.8050
.8070
.8060
.8060
.8060

COO0OO0O0O0COTCOOOOOODODOOOOO

. 9997
.9996
.9995
.§894
.9993
.9991
. 9989
. 9986
.9984
.9981 .
. 9978
.8974
.89971
.9968
.9964
.9961
.9958
. 9954
.9950 .
.9947
. 9945
.8943

FORWARD DIRECTION

-

225

TS
(SEC)
155.60°
88.500
57.500
48.300
41.300
40.300
39.270
38.000
37.350
36.800
35.000
34.000.
33.530
32.650
31.500
30.800
29.530
28.600
27.230
25.700
24.450
23.550



- e et et et s+ e o e g a o e — T e 1t 81 v v v et e, St e emt

226

CORE SAMPLE NO 4A RUN 3- REVERSE DIRECTION
RE=0.15256 RW=0. 00820 H=0. 02600 POROSITY=0.0

1

PE PW CP PB TCE TCW TS
(PSI) (PSI) (PSI) (CMHG) (Mv) -~ (mv) (SEC)
534.00 519.00 517.00 70.380 0.8110 0.8060 23.550
488.00 472.90 500. 00 69.950 0.8440 0.8330 24.400
427.00 412.50 500.00 69.950 0.8530 0.8400 25.600
372.00 357.40 500.00 69.950 0.8600 0.8550 26.400
315.00 299.90 500.00 69.950 0.8570 0.8570 27.300
263.00 249.10 500.00 69.950 0.8570 0.8600 28.200
236.00 222.30 500.00 69.800 0.8590 0.8600° 29.000
188.00 176.80 500.00 69.800 0,8600 0.8600 30.500
138.00 - 129.00 500.00 69.800 0.8600 0.8600 32.900
104.00 95.800 500.00 69.800 0.8600 0.8620 39.100
61.600 52.000 500.00 69.800 0.8600 0.8630 44.730
40.000 28.700 500.00 69.800° 0.8600 0.8640 52.200
24.200 14.200 500.00 69.800 0.8610 0.8610 78.650
10.000  3.2000 500.00 £€9.800 0.8630 0.8630 154. 05
PE PW RD VIS T ZA QO

(KPA) (KPA) : (U-PAS) (DEG K) - (M3/D)
3775.6 3672.2 0.138 18.191 293.66 0.9943 25.97
3457.9 3353.8 0.125 18.165 294.40 0.9948 25.07
3037.3 2937.3 0.110 18.097 294.60 0.9952 23.89

2658. 1 2557 .4 0.096 18.042 294.87 0.9956 23.17
.2265.1  2161.0 0.081 17.973 294.86. 0.9961 22.40
1906.6 1810.7  0.068 17.315 284.80 0.9966 21.69
1720.2 - 1625.8 0.061 17.885 294.92 0.9969 21.09
1389.3 1312.1 0.050 17.833 294.93 0.9974 20:05
1044.5 882.48 0.037 17.778 ' 294,93 0.9979 18.59
810. 11 753.58 0.029 17.742 294.96 0.9984 15.64
- 517.78 451.59 0.018 17.695 294.97 0.9990 13.67
368.85 290.94 0.012 17.671 294.98 0.9983 11.72
259.91 . 190.96 0.008 17.654 294.96 8.9995 7.777

0

162.01 115.12 -005 17.842 295.01 -8997 3.870-



CORE SAMPLE NO 4A

P
(P
10.
16.
24.
30.
36.
50.
64
80

121

140.
160.
180.
200.
. 230.

260

290.
320.
352.
367.
383.
432.
457.
528.
562.
602.
645.

100.

E .
SI)

000

000
000
000
000
200

.000

000
20
.40
60
00

00
00
.40
00
60
00
60
80

20

00

PW -
SI)

(P
2.7
7.6
13.
18.
22.
39.
54.
71
82

113.
133.
152.
172.
- 192,
222,
. 253.
282.
312.
343.
356.
371.
419,
442,
512.
544.
584,
627.

000
000
200
100
600
300
500

.400

000
60
30
60

"on o

CP

(PSI)

600.
600.
600.
600.
600.
-00
600.
600.
600.
600.
- 600.
600.
600"
600.
600.
600.
600.
600.
600.
.00
600.
600.
600.
600.
600.
600.
627.

600

600

00
00
00
00
00

00
00

00 .

00
00
00
00
00
00
00
00
00

: FORWARD DIRECTION
RE=0.15256 RW=0.00820 H=0.02600 POROSITY=0.0

PB

(CMHG)

70.
70.
70.

70

70.
70.
69.
69.
69.
69.
70.
70.
70.
70.
70.
70.2
.250
-70.
70.
70.
70.
- 70,
70.
70.
70.
70.
71,

70

000
000
000

.000

000
000
940
940
940
940
140
170
170
200
200
250

300
300
300
300

300 .

300
300
300

300

100

TCE
(MV)
L7770
.7780

.7750
L7740

L7740
.7750
.7740
.7740
.7600
.7630
.7640
.7640
. 7660
.7650
. 7650
. 7550

.7570
. 7600
. 7570
.7600
.7600
.7700
. 7500

OOOOOOOOOOOOOOOOOOOOOOOOOOO

.7780 -

L7740

. 7550 -
.7520

TCW
(MV)
L7770
.7780
.7790
L7760
.7760
.7760
.7760
.7760
.7760
.7760
.7670
L7700
.7730
.7750
.7750
.7800
L7750
.7560
.7610
.7570
.7630
.7650
.7650
.7650
.7660
.7740
.7560

227

TS.

(SEC)
143.00
105.75
69.980
56.300
45.270
43.000
41.380
39.020
36.900
35.250
34.800
34.100
33.300
32,190
31.300
30.400
29.700
28.300
27.400
26.500
25.400
24,500
23.450

22.400
.21.300
20

19.900 .



PE

(KP.

162.
203.
258.
300.
341,
439
534,
644,
784,
930

1062 .
1196 .
1336.
1472 .
1679.
1889.
.20093.
2304,
- 2520.
2628.
2739.
3072.
3244.
3734.
3958.
4244
4541,

- T AR A AR e

. - Pw
A) (KPA)
27 111.94
64 145,73
80 184,34
17 218.12
54 249,15
44 364.29
51 469.01
83 58553
10 727.56
27, B76.49
1012

@-&G)MO?O)(DM\JM—‘—-#-WO‘J@
N
o
(84}
w

cowsuooo\;—ncvwbow—w\xm

ooooooooooooooooo’oooooooooo

RD.

.005
.006
.008
.010
.011
.015
.018
.023
.028
.033
.038
.043
.048
.053
.061
.069
.076
.084
.092
. 0896
. 100
1127
. 118
. 136
. 145
. 155
. 166

VIS

17.545
17.553
17.560

17.563

17.568
17.585
17.601
17.619
17.641
17.665
17.673
17.698
17.723
17.746
17.782
17.819
17.850

17.869

17.909
17.923
17.948
18.010
18.038
18.131
18,176
18.240

18.279

T

P

(U-PAS) (DEG K)
292,
292,
282.
292,
292,
292,
292,
.292.
292,
292,
292,
292.
292,
292.
292
292.
292.
292.
292,
292.
292,
292,
292.
. 292.
292,
292,
292,

. 9897

.9951
.9950 | 24.08
.9946 | 24.97
.9944 | 26.08
.9940 | 27.31
.9938 | 28.72
0.9937"

.9934

z4 | Q0
| (M3/D

10.86

14.22
14.78
15.68

58
.35
17.58

18.37

8969 | 19.00

.8966 /] 19.54
.9962 120.12
.9959 | 20.59
.4855."1.21.61
.9952 [ 22.32 -

23.08

29.98

228

0 4.277.
0.9996 |5.784 .
0.9995 |8.%40
0.9994. |
0.9993 [13.51
0.9991
0.9988
0.9986
0.9983 '| 16
0.9980 '/
0.9977
0.9974
0.4972
0.

0

0

0

0

0

0

0

0

0

0

0

0

0

17.94 .

30.74

N -t



\

CORE SAMPLE NO 4A

RE=0.15256 RW=0.00820

CPE

(PSI)
645.00

597.00 .

557.00
518.00

453.00.

414.00
338.00
256joo

80
218.00
170.00

140.00

110..00
79.800
59.600
39.800

120.000

12.000

PE
(KPA)
4541.9

[00)
[$))
w
H
P =Y

- N W
~NwWw o
~NIN W
~NWh
D =W

XY
oS
)
133
Wat = DNOD D WWN

[e))
i Y
(8]
OB -
GIN

PW
. (PSI)
627.00
579.20

'540.00
- 505.10

. 440.00
403.00

326.30.

287.00
247.00

© 208.00

160.20
130.22

100.20

68.400
47.300
27.000
8.0000

4J1000 '

@ -

PW
(KPA
4417.

 4088.

. 3818.
- 3577.

~2873.

2344,

2073.
1798,

1529,

1199.6

' 992,85

785 .87

566.62 |

421.14
281.18
150..18

123129

)
8
2
0
5.
3128.6
6
8
8
0
1

e

CP

(PST) -

627.00
600.00
600.00
600,00
600.00
600.00

- 600.00

600.00

600.00
600.00

Vo

RUN 4
H 0.

600.00 -
600.00
600.00

600.00
600.00

. 600.00
600.00

A\

‘OOQOOOOOOOOOOOOOOO“

600.00
RD
. 166
. 154
144
. 134
117
.108
.088
.078
.068 .
.058 -
.045
.038"
.030
022
017
012

.007 -
.006

NN NN NN NN

(U-

18

18.
18.
18.
18.

18

—
~3

REVERSE DIRECTION

02600

VIS
PAS)
.278
218 .
165
134
053
047
.925
.877
.830
:786
.733
.699
.668
.634
612
.590
.568
.561

TCE
(MV)

. 7590
7720
. 7750
.7860
. 7860
.7850
.7850
.7860

. 7880
.7880
.7880
.7880
. 7880
. 7890

;
(DEG K/
292.28
292 .42
292.45
292.82
292.89
293. 15
293. 15
293.14
293. 14
293,15
293. 15
293.15
293.20
293.20
293.22
293.22
293.18 .
293,18

.7500.
.7570 -

. 7880

.7890-

.9934
.9936
.9938
.994 1
.9945
.9949
.9955 @8.
.9959
.9963
.9968
.8974
.9978
9982
.9986 .
.9989
.9992
.9995
.9996

POROSITY=0.0

.TCW.

(MV)

. 7560
. 7600
.7600
L7770
. 7800
.7900
.7800
. 7900
. 7900
.7900
. 7880
. 7880
.7920
. 7920
.7930
. 7920
. 7890
. 7890

COO0OO0OO0COOCOOODOOOOOOOO

229

(SEC)
19,900
20.600
21.400 -
22.700
23.920

24.980°¢

25.800
26.900
27.900
28.450
29.780
31.400

"33.9830 ¢

(M
30.
29.
28,
26.
25.
24.

22,
21.
21

20

19.
18.
16.
15

12.
7.
4.

36.150
40.280
50.900
78.900
139.70

Q0
3/D)
74
69
58
a4
57 -
49
71
74
92
.50
54
48
03
92
.18
02
752
378



CORE SAMPLE NOD 4A

RUN 5

FORWARD DIRECTION
POROSITY=0.22714

. RE=0.15256 RW=0.00820 “H=0. 02800

PE

(PSI)

8.0000
12.000
19.400
26.000
32.400
-40.000
54.000
70.000
80.000
108.00

488.00
522.00
571.00
604.00

£662. 00
- 770.00
745.00

PW

(PSI)
2.2000
4.2000
8.6000
14.400
20.200
28.320
43.500
60.000
81.000
99.000
117.80
133.40

150.60.

170.60
189.20

214,20

236.20
257.80

284.00

319.00

371.50.

418.40
473.30
507.30
556.50
5859.00

- 647.00
694.10

728.00

cP
(PSI)
1700.00
700.00
700.00
700.00
700.00
700.00
70000
700.00
700.00
700.00
700.00
700.00
1700.00
700.00
700. 00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
728.00

PB
(CMHG)
70.800
70.800
70.800

- 70.840

70.840
70.840
70.840
70.840
70.840
70.880
70.910
70.8
70.9
70.9
70.9
70.850
70.950
70.850
70.950

69.640 -

69.640
69.640
69.640
69.5380
69.580
69.590
69.590
69.570

69.600

TCE
(MV)
.7700

OO

.7890
. 7840
.7830
. 7850
. 7850
. 7850
. 7850
. 7850
. 7840
. 7820
. 7830
. 7840
L1740
. 7800
7780
.7780
.7760
L7720
7720
.7750
.7700
. 7690
. 7690
. 7660

7740
.7780

.7800

L7750

TCW

(MV)

. 7680
7770
. 7890
.7840
.7870
. 7850
.7860
. 7890
. 7880
. 7830
.7880
. 7850
. 7890
.7800
. 7800
. 7850
. 7850
. 7850
. 7850
. 7800
. 7800
.7800
L7760
. 7750
7750
L7770
. 7850
.7850
.7870

O

OOOOOOOOOOOOOOOOOOOOOOOOOOOO

230

TS
(SEC)
138.20
96.330
67.330
51.500
44,230
41.900
38.150
34.180
31.900
29.700
28.000
27.200
26.430
26.000
25.400
24.900
24,050
23.700
22.900
¥2.620
22.200
21.700
21.230
20.880
20.500
20.100
19.500
18.800
18.270



PE
(KP
149,
177.
228.
273.
317.
370.
466.
577.
714,
839.
966

1073.
1187,
1335.
1470.
164.1.
1818.
1870"
21863.
2399.
2755,
3078.
3457.
3691.
4028.
4257
4657.
4988,
5229.

A)

. O -
-IEO—-AY\J\I(DU'I(AJCDCDOO(QCD\IO)\]O')J:-Q)

PW
(KP
109.
123.
160.
193.
233.
289.
394.
508.
652.
777.
806

1014,
1132,
1270.
13989.
1571.
1723.
1872.
2052.
2292,
2654,
2977.
3356.
3590.
3929.
4153,
4553,
.4878.
5112,

A)

1w w
oUTo;

~N 9
ONw

NO W= Ww
f\J-b\)(D\lUT—LO)I\J(;)\]-—A—A-bOCD(OCO-bCOMQ)\I

RD

.005
.006
.007
.009
.010
012
016
.020
025 -
.030-
.035
;038
.043
.048
.053
. 059
. 065
071
.078
. 087
. 100
112
. 126
.135
147
. 156
171
. 183
. 191

VIS

(U-PAS)

17.535
17.549
17.568.

17.569

17.576
17.585
17.601
17.621
17.643
17.663
17.682
17.697
17.718
17.743
17.753
17.787
17.813
17.839
17.869
17.905

17.967

18.027
18.091
18.134

-18.200

18.244
18.335
18.404
18.459

293.08

292.99

'283.02

s et o o e s+,

(DEG K)
292.68
292.92
293.18
293.06
283.08

(X Yes

293.09
293.13
293.12
293.13
283.10
293.04
293.10
293.13
292 .88
293.02
292.99

292.97
292.86
292,86
292.89
292.78
292.76
282.76
292.75
292.96
292.94

OOOOOOOOOOOOOOOOOOOOOOOOOO

ZA

.9997
.9996
. 8995
.9994
.9994
.9992
.9990
.9988
.9985"°
.9982
.9979
.8977
.9975
.9972
.9970
.8967
.9964

.9962
.9859
.9955
. 9950
.9947
.9943
.9941
9839
.8937
.8937"
.9936 -
.9936

e s——

231



P
(P

745.
- 703.
.00

667

632.
612.
551.
506.
464 .
423.
368.
342.
289.
250.

CORE SAMPLE NO 4A

E

SI)
00
00

00

PW
(PSI)
728.00
687.40
652.00
618.00
598.70
537.00
492.90
. 451.60
410.60
. 355.00
329.80

276.60

238.80
218.30
170.20
143.40

111.40 .

83.000
57.400
38.300

25.500°
15.500

~5.9000

2.6000

!,

RUN 5

CP
(PSI)
728.00

- 700.00

700.00
700.00
700.00
700.00
700.00
700.00
700.00
700.00
700. 00
700.00
700.00
700.00
700.00
700. Q0
700. 00
700.00
700.00
700.00
700.00
700.00
700.00
70000

REVERSE DIRECTION
RE=0.15256 RW=0.00820 H=0.02600 POROSITY=0.22714

PB
(CMHG)
69.600
69.500
69.500
69.500
69.500
69.500
69.500
69.730
69.730
69.760

169.800
69.800
69.850

69.850

69.850.
69.910 -

69.910
69.910
69.910
70.000
70.000
70.000

- 70.000’

70.000

CO0O0OO00OO00OOOoCODOoOooo

TCE
C(MV)
.7780

.7790
.7750
.7750
.7720
.7720

.71790
.7810
.7820
.7850
. 7870
. 7860

. 7860

.7890
7900
.7900
.7900
.7900
.7920
.7930

. 7800

.7780

. 7850
L7870 -

OOO‘OOOOOOOOOOOOOOOOOOOOO

{

TCW -
(MV)

.7870
.7850
.7850
.7850
.7850
L7810
.7820
.7850
.7860
.7870
.7900
.7900
.7940
.7930
.7920
.7950
.7940
.7950
.7950

.7950

.7950

.7950-
.7950

.7950

232

TS
(SEC)
18.270
19.500
20.200
21.000
21.600
22.000
22.950
23.800
24.300

. 25,100

25.950
26.500
27.370
28.500
29.250

©30.600 °

32,000
33.900
36.150
38.930
49.900
57.700
73.630

109.85

-~



3
-

233

_PE _ PW ... RD . viIs T . ~ ZA QO
(KPA) (KPA) ' (U-PAS) (DEG K) (M3/D)
5229.4 5112.2 0.191 18.459 293.02 0.9936 33.48°
4939.7 4832 .1 0.181  18.397 2983.02 0.9936 31.37
4691.5 4588.0 0.172 18.345 293.01 0.9937 30.28
4450. 1 4353.6 0.163 18.283 292.96 0.9937 29.13
4312.3 4220.5 0.158 18.266 292.96 0.9938 28.32
3891.7  3795.1 0.142 18.178 292.87 0.9940 27.80
3581.4 3491.1 0.131 18.120 292.88 0.9942 26.65
3292. 1 3206.6 0.120 18.072 292.99 0.9945 25.70
3009.4 2924 .0 0.110 18.021 293.02 0.9948 25.17
2630.3 2540.6 0.086 17.955 .293.06 0.9952 24,37
2451. 1 2366.9 0.089 17.927 293.10 0.8955 '23.57
2085.6 2000.1 0.075 17.866 283.14 0.9960 23.08
'1816.8 1739.6 0.066 17.825 293.22 0.9964 22.35
1665. 1 1598.3 0.060 17.799 293.19 0.9967 21.46
1334.2 1266.6 0.048 17.744 283.17 0.9973 20.91
1141.2 1081.9 0.041 17.716 293.22 0,9976 19.99
920.58 861.28 0.033 17.680 283.22 0.9980 19.11
726.14 665.47 0.026 17.651 283.25 0.9984 18.04
-.559.28 488.96 0.019 17.624 283.27 0.9988  16.92
436.68 357.39 0.015 17.604° 293.27 0.9991 15.71
341.54 269.14 0.01 17.589 293.27 0.9993 .12.26
273.97 200.18 0.009 - .579 283.27 ,0.9994 10.60
203.64 134.00 0.006 .569 2983.29° 0.9996 8.307
162.27 0.005

111.25 .565 293.30 0.8997 5.568



p

(P
8.5
5.
20
. 26.
33,
43,
52
62.
74,
90

100.
120.
140,
170.
200.
230.
260.
289.1
329,
364.
416.
- 464.
520.
569.
615.
669.
725.
767.
807.
836.

CORE SAMPLE NO 4A

E
SI)
000
000
000
000
000
000

P
(P
2.0
5.4
9.2
14.
21
30.
40.

- 50.

63.
80.
90.
111

130.
160.
- 190.
- 220.
- 250.
278.
318.
~352.

402

450.

507

555.

601

654.
711.

752
792

819.

W -
SI)
000
000
000
800

.400

800
500
800
600
000

000

.00
00
70
50
30
00
90
00
10
.80
80
.50

.40
70
10
.00
.00
00

20

RUN 6

P
(PSI)
800.0
800.
800.
800.
800.
800.
800.
800.
800.
800.
800.
800.
800.
800.
800

800

800.
- 800.
800.
800.
800.
800.
800.
800.
800.
.00
800.
800.
-800
820.

800

0

00

00
00
00

00 .

00
00
00
00

00 -

00
00
00

.00
.00

00
00
00
00
00
00

00,

00
00

00
00

.00

00

\1\)\1\1\1\1’\)\1\1\1\1\1\1\]\]\1

O s

e i e i DU Rt R TR R L S
OO0 OOd®ooOooo

T Ta

s e e ey

FORWARD DIRECTION
RE=0.15256 RW=0.00820 . H=0.02600. POROSITY=0.22714

PB
(CMHG)
.050
.050
.050
. 050
.050
. 050
.050
.050
.050

.050
.050
.050
.050
.050
.980
.940
.840
.940
.840

.940
.940
. 480
. 480
. 440

.430
.430
.430

.050 -

. 840

.430

- 'TCE
(MV)
L1770
. 7800
. 7850
. 7860
. 7860

.7870
. 7900
. 7950
. 7940
. 7950
. 7960
. 7950
. 7950
.7930
.8000
.8000
.8010

.8000
.7980
.8000
.8000
.8150
.8150
.8150
.8100

.8100
.8140

. 7870

.8010 .

.8100 -

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

TCW

(Mv)
.7730

7770
.7800
.7840
.7840
.7840
.7890
.7900

. 7840
.7950
. 7960
. 7990
. 7990
.7990
.8000

.8050
.8030
.8050
.8050
.8050
.8030
8200
.8200
.8190
.8200
.8200
.8200
.8210

.7930.

.8000 -

234 -

TS
(SEC)
150, 15

90.
70.
59.
50.
.700
38.
35.
34.
33.
32.
31
29.
28"
27.
26.
26.
25.
25.
24.
23.
23.
22.
22.
750

.200

800 .

41

21
21

20.
20.
19.
18.

400
100
300
200

600
300
800
400
150

.000

200
650
770
800
200
600
000.
400
700
300
900
200

100
750
800



PE
(KP
153.
198.
232.
273.
322.
391.
453.
.522.
606.
715.
784.
924

1060.
1266.
1473,
~1680.
1887
©2091.
2367.
2609.
2962
3293,
3679.
4017,
4334,
 4706.
5092.
5382.
5658 .
5857

A)

— W
[S2 ROV

NN WLWNNNNDNOD

158.

196,
'307.

373.
444,
533.

646,

715,
860.
891

- 1202.
1408.
1613.
1818.
2017.
- 2287.
2522,
2871.
.3202.
35983.
3821.
4240.
- 4607..
4936.
5278.
5554,
5740.

. OONWNOWOWONIaOWU!
\lmoooocomco\:\:oom—nmwmm\)hhm—*wooovo:)\J\:ovc)a :

N - 4 . ’ :
c>c>c>cn:c3c>c>c>c>cu3c3c:c>c>cu:c:c:c:cu:c:c:c:cna’

o

.005
.006
.007

.010
.013
.015

.018 .
021

.025
.028
.033
.038
. 045
.053
.061
.068
.076
. 086
.085
. 108
. 120

. 134

. 146
. 158
172
. 186
. 187

8.207
6}.214

VIS
(U-PAS) (DEG

2092,
292.
293,
293.
293,
293.
293.
293.
293.
293.
293.
293.
293.
293,
.293.
293,
293.
293,
293.
293.
293.
293.
293.
293.
293.
293.
293,
.82
293,
.88

17
17

- 17
.009 .

17
17
17
17
17
17
17

17

7.
17

—
~ ]

00 00 00 00 00 00 (0 00 Q0 00 ~J ~3 ~J ~J

.542
.552
561
.570
577
.588
.601
.615
.633
651
17.
.687

663
709

.743
.775
.814.
.848
.885
.931 .
.973
.034
.095
167
.249
.312
. 388
. 468
531
.584
.642

T

293
293

K)
83
92
02
08
08
09
15
20
30
30
33
35
38
38
35

45 .

45
52
50
31
50
51
49
88
88
87
82

82

én:c:c:c:éu:c);:c:c:c:cn:c:c:cnc:cn:c:&3c>cu:<:c>c>c>c>

-~ ZA

.9997
.9996
.9995
.9994
.9993
.9992
.9990
. 9989
.9987
. 9985
.9983
.9980
.9978
.9974
.9970
.9967
. 9964
.996 1
.9957
.9954
.9950
.89486
.9943
:9942
.994 1
19940
.9839
.9940
.9940
.994 1

235

QO

(M3/D)

4.074
6.766
8.725
10.31
12.18
14.67
15.85
17.04
17.58
18.31
19.02
19.73"
20.95
21.35

22.03

22.74
23.35
23.89
24.47
25.07

25.81 .

26.25
26.71
27.55
28.12
28..85
29.41
30.43

. 30.97

32,53.



- CORE SAMPLE~NO 4A

PE
(PS
836,
814.
786"
747,
694.
652.

1)

00 .

00

00

00

50

- 606.00

557.
514.
454,
402.
346.
313.
273.
222,
174,
138.
100.

60.0
32.0
20.0
12.0

PE
(KP

5857.
- 5706.
5513.
5244,
4878.
4589.
4272,
'3934.

3637

3223,
2864.
2478.
2253.
1979.
1627.
1295.

- 1054.
783.
507.
314,
231

176

00

00.

00

00

A)
9
2
2
3
9
3
1
3

.8
1
6
5
7
2
6
3
2

54
57

.83
.68

682

28

“PW
(PS
819.
798.
773.
734.

640.
595.
546.
504.

444 .

394.
338.
306.
266.
215.
167
132.

91.4

48.1
17.0
7.10
4.40

I)
00
20
00
30

.00

50
20
10
00
40

00 - -
50,5

30
50
20

.30

00
00
00

00
00

00

.800

c:c3c>c>cu:;:c:cnjcbczcnacac:cn:cjc>cn3

RUN 6
RE=0.15256 RW=0.00820 H=0.02600

CP
(PSI
820.
800.
800.
800.
800.
800.
800.
800.
800.
800

800.

)

00
00
00
00
00
00
00
00
00

.00
.00

00

80000
00

800.
800.
800.
800.
800.
800.
800.
800.
800.

RD

214
.2089
.202

. 168
. 156
. 144
. 133
.118
. 105

.082
.072

.047

.028
.017
.010
.007

.080

.059
.038.

.006

00
00
00
00
00
00
00

00

.192°
179

—h —h ek A d b —d eh A d eh

P

REVERSE DIRECTION
POROSITY=0.22714

5 -

(CMHG)

70.
70.
70.
70.
70.
70.
70.
70.
70.
69.
69.
69.
69.
69.

VIS
(U-PAS)

18.
18.
18.
18.

18.

\rQ~q\a\rq~q~4\v4~dh)

60
56
49
.42
.35
.29
.22
.17
09
.02
.95
.91
.87
.81
.76
.68
.63
.59
.56
.55
.54

4300

440
440
440
440
440
440
440
440
700

700

700
670
620

620
620
.360
.360
.400
.460
.460
.460

642

5
1
7
0
8
3
9
1
0
4
8
9
1
3
1
4
9
3.
2
4
g

293.64

282,81

TCE

(MV)

. 8140
.8110
.8090
.8050
.8090
.8070
.8060.

.8100 ..

0

0

0

0

0

0

0

0
0.8080
0.8020
0.8020
0.8040
0.8040
0.8040
0.8040.
0.8050
0.7730
0
0
0
0
0

L7710

L7700
.7720
.7750
L7770

T "
(DEG K)
293.88
293.82
293.80
293.70 -
293.75
293.71
293.70
293.76
293.72
293.64
293.60
293.62
283.62
293.58
283.60

292.82
292.80 -
282.78

292.89
292.91

c>cn:c>c>c>cn:c3c>c>cn3<3c:c>éﬂ3c:c>cn3

TCW

(MV)

8210
.81390
.8190
.8150
.8150
.8140
.8140
.8150 "
.8140
.8130
8100
.8100
.8100
.8070
.8080
.8100
L7760
L7760
.7760
.7760
.7800
L7780

(M

.9941 32,
.9941 371
.9940 29.
.9939 29,
.9939 - 28.
.9940 27.
.9941 26,
.9942 26
.9944 25,
.9947 24,
.9951 22,
.9955 21
.9958 20.
.9962 19.
.9968 19.
.9974 17,
.9977 16.
.9983  15.
.9989 15
.9994 12,
.9996 8.
.9996 4.

236

TS
(SEC)
18.800

. 18.400

20.500
20.900
21.500
22.000
22.680 -
23.000
23.850
25.000
26.800
28.000
29.200
30.700
31.900
34.450
36.800
38.600
40.600
47.400
68.000

127.20

" QO
3/D)
53
.53
84
27
45
80
a7
.59
65
47
82
.84
95
92
17
75
62
85
.07
80
995
809



CORE SAMPLE NO 4A

" PE
(PSI)
© $0.000
37.000

414,000

46,000
49.700
56.000
65.000
78.000

 89.000
100. 30
108.50
124.00

.-140.00
159.00

179.00
201.00
225.00

PE
(KPA)
299.37
347.63
375.21
409.75
435..19
478.63
540.74

. 630.45
. 706.29
784.20
841.05
947.93

1058.2

1188.2
1327.1
1478.8
1644.3 -

e

- 93.058

-93.806

- 95.731

PW
(PSI)
.25500E-01
.31600E-01

.47900E-01

.51900E-01
.59100E-01

RUN 7
RE=0.15256 RW=0.00820 H=0.02600

CpP
(PSI
800.
800.
800.
800.
800.

.77200E-01 800.

.97400E-01 800

. 14680

. 16640

. 17280.
.22000
.26000 -
.30350
40110
.51670
.68890
.85780

PW

(KPA)
'82.701

92.743
82.856
82.950
92.933

93.250
93.671

93.850
94,482
94,758
95.058

96.528
97.715
98.880

CHD;lOC)O(DCHDCDOCDOCDOC)O

800.
800.
800.
800.
800.
800.
800.
800.
800.
800.

)

00
00
00
00
00
00

00
00
00
00
00
00
00
00
00
00

FORWARD DIRECTiON
POROSITY=0.22714

PB
(CMHG )
69.400

1 69.400

.00

69.400

69.450
69.400.

69.400
69.440
69.500
69.500
69.500
69.730
69.730

. 69.730

i e T Gr O
NN

17

69.730
69.730
69.730

638.730

VIS
.564
.568
.573
.575
.572
.580
.584
.593
.599
.605
.565
.568

.578.

.587
.598
610
624

TCE
(MV)
.7870

. 7890
. 7895
. 7780
.7890
. 7860
.7890
. 7880
.7900

;7440
.7410
L7410
.7410
. 7450

OOOOOOO_OOOOOOOOOO

I

U-PAS) (DEG K)

2983.09
293.09
293.15
293. 14
293.02
283.13
293, 10
293. 14
293. 14,
293. 15
292.17
292.05
292.08
292.04
292.04
292,03
292,04

.7860

. 7460
L7410

COooooooocooooocaoo

. 9991
.9990
. 9989
.9988
. 9986
.9985
.9983
. 9982
.-8980 0.8757

TCW

e e e e et e+ . e oo

237

1B

(MV) - (SEC)

. 7840
. 7850
.7870
. 7850

. 7850
. 7860
.7860
. 7860

.7500
. 74860
. 7450
. 7450
. 7450
. 7440
.7410

ZA -

e

.7860

.7860.

- 13002,
9860.
8588.
7398.
6678.
5665.
4602.
3585.
2958.
24865,
2166.
1748.
1446 .
1188.
988.92
834.00
698.50

O('JO(A)CDOO(ﬂOOU'ICOO

QO
(M3/D)

9985 0.4704E-01
9995 0.6203E-01
.9994 0.7121E-01
.8894 -0.8267E-01
9884 0.915€E-01
.9983 0.:°10

.9983
.9992

1329
1706

.2068
.2481
.2823
. 3499 -

,4229
15149

.6185

7334



\,
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CORE SAMPLE NO 4A RUN 8 ~  FORWARD DIRECTION’
RE=0.15256 RW=0.00820 H=0.02600 POROSITY=O.2271A

!

PE PW - cP PB TCE TCW TS

(PSI) - (PSI) (PST) (CMHG) (MV) (MV) (SEC)
20.000 .17500E-01 800.00 691400 0.7880 0.7840 15258.
26.000 .21600E-01 800.00 69,400 0.7860 0.7840 11590.
34.000 .20160 -~ 800.00 69:400 0.7860 0.7850 8868.0
42.000 . 11000E-01 800.00 69.400 0.7890 0.7860 7133.0
48.000 .18000E-01. 800.00 69.400 0.7830 0.7850 6144.0
56.000 .. .77400E-01 800.00 69.440 0.7860 0.7860 5333.5
66.000 .16200E-01 800.00 69.440 0.7900 0.7900 4498.0
76.000  .50400E-01 800.00 69.500 0.7910 0.7860 33994.0
84.000 .10080 - 800.00 69:500 0.7830  0.7860 3584.0
92.000 .10440 - 800.00 69.500 0.7890 0.7860 3188.0
100.00 .82800E-01 800.00 (69.500 0.7900 0.7860 12898.8.
110.00 , .20600 800.00 69.730 0.7460 '0.7500 2597.3
124.00 .20600 g00.00 68.730 0.7410 0.7460 2230.0 -
140.00 .30350 - 800.00 69.730 0.7440 0.7450 1795.3
160.00 = .40110 800.00 - 69.730 0.7410 0.7450 1375.0
180.00 51670 - 800.00 69.730 0.7410 0.7450 967.92
200.00 - .75890 800.00 69.730 0.7410 0.7440 654.00
226.00 .95760 800.00 69.730 0.7450 0.7410 363.50
230.00 .98770 800.00 69.730 0.7400 0.7410 218.50

PE PW RD VIS T ZA Q0 .

(KPA) (KPA) (U-PAS) (DEG K) _ (M3/D)
230.42  92.646 . 0.006 17.558 293,10 0.9996 0.4009E-01"
271.78 92.674 0.007- 17.562 293.08 0.9996 0.5277E-01
326.85 93.915 0.008 17.567 293.08 0.9995 0.6897E-01
382. 11 92.601 0.008 17.573 293.14 0.9994 0.8575E-01
423.47 92.650 . 0.009 17.576 293.13 0.9994 0.9855E-01
478.69 .983.112 0.011 17.579 2983.10 0.9883 0.1147 §%
547.63 - 92.690 0.012 17.589 293.20 0.9993 0.1360 '
616.66 - 93.006 0.013 17.593 293.17 0.9982 0.1531
671.82 - 93.354 -0.014 17.596 293.14 0.99%1 0.1707
726.98 -~ 83.379 0.015 17.600 293.14 0.9991 0.1913
782.13 93.230 0.016- 17.605 293.15 0.9890 0.2110
851.39 94.386 0.017 *17.566 292.17 0.9989 0.2355
947.92 84 .386 0.018 17.568 292.05 0.9988 0.2743
1058.2 95.058 0.021 17.578 282.08 0.9986 0.3407
1196. 1 95.731 0.024 17.588 292.04 0.9985 0.4448
1334.0 - 96.528 0.026 17.599 292.04 0.9983 0.6319"
1471.9 98.198 0.028 17.609 292.03 0.9982 0.9352"
1651.2  93.568 0.032 17.624 292.04 0.9980 1.683

0 17.624 291.98 0

1678.8 99.775

.033 .9979 2.799

-V



239

lCORE SAMPLE NO 4A  RUN 9 REVERSE DIRECTION
RE=0.15256 RW=0.00820 H=0. 02600 POROSITY=0.22714

PE PW - cp _ PB TCE TCW TS
(PSI) (PS1) (PSI) (CMHG) (MV) (MV)  (SEC)
2382.00 .43100E-01 700.00 69.780 0.8630 0.8600 23.500
286.00 .49100E-01 700.00 69.780 0.8630 0.8500 25.400
280.00 -49100E-01 700.00 69.780 . 0.8630 0.8600 28.100
274.00 . .982008:01 700.00 69.780 0.8630 .0.8580 33.500
264. 00~ ;- o AR .00 69.780 0.8620 0.8580 417400 -
252:00 - 00" 69.780 0.8600 0.8580 671.100
. 240.00 1. .9 .00 69.780 0.8600 0.8580 80.600
224.00 %, .00 6B.780 0.8600 0.8550 107.18
212 ~00.. .00 69.780 0.8590 0.8550 122.35
200" 00 . Q0 70.120 0.8150 0.8140 137.15
180,00 &1 70080 * 70.140 0.8340 0.8340 159.50
_ 180.00 .9820ﬂ 700.00 70.140 0.8400 0.8430 189.20
140.00 ..49106 -01-700.00 70.140 0.8470 0.8450 221.30
120.00 .98200E-01 700.00 70.140 0.8530 0.8530 268.10
100.00 .73700E-01 700.00 70.140 0.8530 0.8500 330.10
80.000 -49100E-01 700.00 70 140 .0.8560 ' 0.8530 424.60
© 60..000 .98200E-01 700.00 70.140 0.8590 0.8590 _576.90
40.000 .49100E-01 700.00 " 70.140 0.8800 0.8570 884.00
20.000 .49100E-01 700.00 70.140 0.8500 0.8560 1830.5
PE- PW RD, VIS T ZA Q0
(KPA)Y .~ (KPA) . (U-PAS) (DEG K) ~ (M3/D)

2106.3 93.271 0.040 17.794 294.97 0,9978 26.03
2064.9 93.371 0.040 17.790 294.97 0.8978 24.08
2023.6 93.371 0.039 17.787 294.97 0.9979 21.77
1982.2 93.709 0.038 "17.782 294.35 0.9979 18.26
1913.2 93.371  0.037 17.776 294.93 0.9980 14.77

~1830.5 94.217 0.035 17.769 294,91 0.9980 . 10.01
1747.8 ~ 93.709  0.034 '17.762 294791 0.9981 7.589
1637.5 33.709 0.032 17.751 294.87 0.9982 5.707
1554 .7 83.371 0.030. 17.744 294.86 0.9983 4.999
1472 .4 85.179 . 0.029 17.690 293.81 0.8983 4.460
1334.6 94.528 0.026 .17.701 294.29 0.9985 3.835
1196.7 94. 188 0.024 17.698 294.48 0.9986 3.233
1058.8 83.851 0.021 17.692 294.59 (.9988 2.764
920.88  94.189 0.019 17.689 .294.76 0.9989 2.281
782.99 94.020  0.016 17.877 294.72 0.9990 .1.853
645.09 = 93.851  0.014 17.669 294.80 0.9992 1.441
507.20 94,189 0.011 17.663 294.91 0.9993 1.060
369. 30 93.851 0.008 17.652 294.90 0.99395 0.6919
281.41 93.851 0.006 17.841 284.88 0.9996 0.3341



CORE SAMPLE NO 2 :
RW=0.00815 H=0.02803

4346.

b n o e v L e

[

RE=0.15225
PE PW
(PSI) (PSI)
10.000  .30000
20.000  5.4000
30.000  6.2000
40.000  13.000
60.000  38.900
80.000  60.800
110.00 - 91.800
145.00 - 127.60
179.00  159.00
208:00  186.80
252.00  231.20
297.00  276.30
348.00  327.50
368.00  $42.50
393.00  367.00
413.00  386.00
456.00  430.00
511.00  487.00
551.00  528.00
592.00  570.00
617.00° - 596.00
. PE PW
(KPA) (KPA)
162.18  95.301
231.13  130.46
300.07  135.98
0 369.02  182.86
506.92  361.44
644.81  512.43
851.66  726.17
1092.9  972.96
13274 1189,
1527.3  1381.
1830.7  1687.
2140.9  1998.
- 2492.6 2351,
2629.9 = 2454.
. 2802.8  2623.
' 2940.2  2754.
3236.7  3057.
3615.9 - 3450
3891.7  3733.
4174.4  4022.
7 4201.

OB PBROUI—-NINIW = O

RUN 1

CP
(PSI
600.
600.
600.
600.
600.
600

- 600.

600.
600.
600
600.
600.
600.
600.
600.
600.
600.
600.
600.
600.
€04.

RD

.005
.007
.008
.010
.0186
.021

)

00
00
08
00
00

.00

00
00
00

.00

00
00

00

00
00

00

00
00
00
00
00

.029

.038
. 046

065"
.076
.089 -

.094
. 100
. 105
116

130 -

0
0
0
0
0
0
0
0
0
0.053
0
0
0
0
0
0
0
0
0
0

. 140
151

0357

17.

o st et 8t e L i i e b s s e

PB

(CMHG)

69.
69.
69.
69.
69.
69.
69.
69.
69,
69.
69.
' 69.
69.
69.
69,
69.
69.
69.
69.
69.
59.

930
930
930
930
930
930
830
300
800
900

900

800

800

500
880
500

500,

500

500 -

500
500

VIS .
(U-PAS) (DEG K)

600
611
.618

.632
.659
.684
.718

761
. 800

.834
.885
.939
.999
.002
.052
.061
119
.193
.247.
.303
.337

1 294.18
294 .23

294.50

240

" FORWARD DIRECTION

POROSITY=0.23432

TCE
(MV)
.8150

.8180
.8190
.8220
.8250

.8310
.8350
.8370
. 8380
.8440

.8230
. 8460
. 8260
.8260
.8300
.8330
.8360
. €360

COO0OO0OoOO0O0DDOoO0CODOoOdoocooo e

T
294 .12

294.30
284.34
294 .40
294 .41

294 .55
294 .53
294 .60
294 .65
294 .65
294 .24
29470
294.36
294 .45
294 .50
294.51
294.51
294.49

.8140

.8260

.8440

CooooocooDO0O0000OO0o

TCW
(MV)
.8390
.8450
.8450

.8500
.8520

.8540
.8550
.8550
.8530
.8530
.8410
.8550
.8480
.8550
.8550
.8530
.8500
.8480

OOOOOOOOOOOOOOOOOOOOO

.9997
.9996
.9995
.9994
.9990
.9987
.9983
.9979
.9975
.9972
.9967
.9962
.9958
. 9956
.9955 -
.9952
.9950
.9947
.9945
.9944
.9943

.8500
.8520:
.8540.

TS

(SEC)

539.00
285.10
154,50
114,37
100.65
80.000
77.530
67.600
56.300
50.400
46.500
43.000
39.800
34.20Q
32.450
29.730
26.750
23.660
22.230
20.000
17.730

30.58
34.50



e AT A i 4 g n e

CORE SAMPLE NO 2

PE
(PSI)
631.00
609.00
557.00
516.00

477,00

435,00
393.00
340.00
300.00
270.00
235.00
200.00

176.50 =
147.00
113.00 -+

80.400
63.600

- 45.800

25.800

PE
(KPA)
4443,
4292.
3933.

3650.8

3381,
3092,

2437

- 2161

1955,
1713.

- 1472,
-1310.

7
0
5
8
8
3
2803.0
5
8
0
7
5
4
1

PW
(PSI)
608.00
583.00
528.00
486.00
448.00

405.00

361.60
306.00
263.70
234.40
201.00

171.00
147,00

115.00
80.200
56.000

. 32.000

5.4800
1.3000

PW
(KPA)
4285.
4112.
3733.
3444
3182.
2885.

2203.
1911,
1709.
1478,
1272.
1107.
886.42
846.50

1
8
5
0
0
S
- 2586.5
.
5
6
3
S
0

- 478.65
314.26

131.56

“»ﬁgagg4

C = age

OOOOOOOOOOOOOOOOOOO

~ RUN

CP
(PSI)
605.00
600.00
600.00
600.00
600.00
600.00
600.00

- 600.00

600.00
600.00
600.00
600.00
600.00
600.00
600.00
600.00

 600.00

600+ 00
600.00

RD

. 162
. 156 .
.142
131
121
111
.100
.086
.075
.068
.058
.051-
.045-
.037
.028
.022
.016
.010
.007

2

REVERSE DIRECTION
RE=0.15225 RW=0.00815 H=0.02803 POROSITY=0.23432

PB
(CMHG)
69.840
69.840
63.840

69.840

69.840

(U-
18.
18.

18
18

18.
18.
17,
17.
17.
17.
17.
17,

69.840
70.000
70.000
70.000
70.080
70.080
70.140
70. 140
70.150
70.160
70.160
70.230
70.340
70.340

0

VIS

PAS)
280
246
176
. 122
075
022
870
905
858
821
780
743

1F-112

17.

17
17

17.

17
17

677
.638
612
586
.557
.5486

\

.292.87

1292.93

292.76

TCE
(MV)
. 7860
.7870

. 7890
.7800
.7900
.7900
.7900
.7910
.7900
.7910
.7910
.7910

.7900
.7910
L7870
.7860

: c:c:c:cu:c>c:cn3i>c:c>c:cn:c:c:cu:

T
(DEG K)
292 .84
292 .80

292.88
292.93
292.96
292.96
292.96
292.99

292.88
292.88
292.80
282.78

292.75
292.77
292.68
292.72

.7850-
.7890

.7910.

b;:cn:c:cnsczoc:cn:c:cu:c:oc:o

TCW
(MV)
. 7650
. 7600
. 7680
. 7650

L7700
.7700
L7700
.7730
. 7670
. 7640
.7630
. 7560

. 7530
. 7530
. 7540
. 7510
. 7550

OOOOOOOOOOOOOOOOOOO

ZA

.9937
.9937
.9940
.9942
.9944
.9947
. 9951
.9956
. 9960
.9963
.9967
.9971
.9974
.9978
.9983
.9986
.9930
.9994
.9995

241

TS
(SEC)
16.820

18.200 = -

20.240

21.780

7690

. 7550 -

(M

36..
33.
30.
.28,
25.
23.
22.
271,
20.
18.
- 16.
12.
11,

10.
8.
7.
5.
4,
1

24,360
25.600
26.950
28.280
28.680
32.600
37.300
48.030
52.400
56.500
69.220
81.150
118.88
141.80.
313.60

QO
3/D)

836
537
145
313

.850



- CORE SAMPLE NO 2 ,
RE=0.15225 RW=0.00815 H=0.02803 POROSITY=0.23432

PE
(PSI)
.000
.000
.000
.000
.000
.000
000
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

7163,

PE
(KP

232.
301.
384.
467
549,
660Q.
784 .
922.

1060.
1197.
1335.
1473,
1611.
1749.
1887.
2025.
2163.

A)

66,

61
55

29 v
03

77
08
19
08

“NWUTPR NP OO

- PW

(PSI)-

.25000E-01
.25000E-01
.44000E-01
. 12300
.37000E-01
-61000E-01
. 10000

. 74000E-01
. 12000
.43000E-01
.25000E-01
.25000E-01
.25000E-01
.25000E-01
.25000E-01
.25000E-01
.25000
.54000

AL

PW

(KPA)

- 94,
94,
95,
95,
94,
95.
, 985,
95.
95.
"85,
g4,
94,
94.
84.
- 884

94

94.
96.
98.

884
884
015
560
967
133
401
202
539
050

884
884

884
436
435

884
884

RUN 3

CcP
(PSI
600.
600.
600.
600.
600.
600.
600.
600.
600.
600,
600.
600.
600.
600.
600.
600.
600.

600.

‘cuaq:c:c:cn:c:c:cn:c:cubt:c:cn:

)

00
00
00
00
00
00
00

00 .

00
00

00

00
00
00
00
00
00

00

RD

.006
.007
.009
.010
012
014
016
.019
.021
.024
.026

.032
.034

.039
.042

.099°

VIS

" (U-PAS)

.005

.037.

LV QR0 (A R U D S QY

—t —h
NN

17.
17.

17
17
17

.533
.540
.547
.552
.559
. 565
.568
.583
.592
.601
.614.
.625
.632
.643
.656

.
By
ol

—_
~3

NN N NN NN N

8

TCE

- (MV)
.7630

lofel=toloT==1=1=1=1= === T e Tt e

T
(DE

292.
292,

292.
292.
292.

292

292.
292.
292
292.
292.
292,

292

292.
292.
292.

292
292

. 7650
. 7650
. 7650
.7670

.7670

. 7660
. 7660
. 7660
. 7660
.7660
7660
. 7660

. 7660 _

.7650
.7650

. 7650
.7640

G K)
63
66
71
66
68
.66
54
66
61
57
61
62 .
.52
52
57
49
.47
.46

(ol olofolololololalalolefofolfe oY= =)

.9978

T
(

ZA

79
976

.8975

v

N}

v

~ FORWARD DIRECTION °

242 -

TS

(SE
141
617
370
243
175
136
103
80.
63.
53.
45.

39.

34.
31.
28.

-25.
- 23.

21

Q0

c)
9.1
.90,
.40
.10
.20
.25
.30
550
600
400
300
530
530
000
300
880
820

. 860

(M3/D)

.9997 0.4310
.9996 0.9899.
. 9995
.8994
.9993
.9992
L9991
.9990
.9988
.9987
.9985
.9984 1
.9982 .

.g981

.651
.516
.491
.489
.921
.583"
617
.45 -

.50
.47
.71
.13
.61
.63
.68
.98



.

3 Y
L A

[
o oM
LEE ) ;

»,

-80.

. 9%,

- 508.
-370.

. ""

¢

CORE SAMPLE NO 2

RE=0.15225 RW=0.00815 H=0.02803

PE
(PSI)
300.
280.
260.
240,
220.
200
180.
160.
140.
120.
100.

60.
40.
30.
20.
10.

PE
(KPA)

2162,
- 2025.

1887.
1749,

1473.
1335.
1197.
1059.

783.
645.

301.
232
163.

8

0

1

9.2

1611.3
4 .

5

6

7

- 94,

., 94.

. g5,

i

RUN 4

005

)

00
00
00
00

P
(CM

- 70.

70.
70.
70.

+70.

00

00
00

00

00
00
00
00
00
00
00
oe

“PW
(PSI) (PSI
.22000 °  600.0
-12000 600.
.74000E-01 600
.74000E-01 600.
.61000E-01 600.
.49000E-0 14600 .
.48000E-01 600,
.27000 '600.
.43000E-01 600.
.4@000E-01 600,
- 19600 600.
.43000E-01 600 .
.25000E-01 600°
.25000E-01 600,
.25000E-01 600.
.25000E-01 600.
.98000E-01 600
PW - RD
C(KPA) . -
95.935 . 0.042
-95:246  .0.039
94.929  '0.037
94.929  0.034
94.839  0.032
756. 0.029
94.743"  0.026
96.267  0.024-
94.743  0.021
743 0.019
"85.757  .0.016
94.743  0.014
94.578 ' 0.011
. 94.578  0.009
94.578  0.007
94.578 = 0.006
081 0

70.
70.
70.

-70.

70.
70.
70.
70.
70.
70.
70
70.

REVERSE DIRECTION

B
HG)

820 -
820

820 -
820
820 °

00 00 OO 00 O o o O o
1 CH3C5CHDCDCHDCD

VIS
-PAS
.681
.670
.662
.652
.641
.629
.631

1 7_\:36 2 4

1761
*603-

17
17

613
.592

.585-

.575
.564

.560 .
.559,
%556&

T
2(DEG K)
292,
282,
292,
292,
292,
92 .
292.
292
292,
.86

292

299
592!
292.96
Iggf*

292
292

293.
293.

. -

P le)
~ g

- TCE
(MV)
0.7530
0.7540
0.7556,
0.7560-
0.7600
0.7600
0.7710
0.774Q

0.

0
0
0
0
0
0
0.
0.

7740

L7770
L1770
.7800
. 7800
. 7840
.7840

7870 °

7890 :

39
40
47
49
50
47
76
83
84

86
94
96

09" .
14 0.

' c>c>cn3c:c:c:c:cn:c:c:c:c:c:cn:

TCW
(MV) -
7610, 19,
L7610 27,
.7660 % 24.
.7660 7.
. 7630
.7610
.7730
L7760
7770
.7750
L7750
.7790
.7800
.7760
.7790
. 7840
.7860

POROSITY=0.23432

(SE

50,
35.
a1.
48
58.
71
88.
113.
1€

124

#9255
=360.
555.

c:cxgu:c:cacnacacacncn3c>c>

A Zh

Jozs
.9976
.9978
.9979
.9981
.9982
.9984
.9985 -
.9987 *-
.9988
.9990
.9991
9993

. 9994
.9995
8996

9997 0.

Q0
" (M3/D)
31.37

28.41

243

TS

C)

500
530
350
250
600
340
170

.830

370

.930

670
30
80,
20
28
20
0.8

25.12.

22845
19,99%

1731

14,86 . -

“12.53

10.48

-8.503

6.898
5.398

"3.780
2.397

1.698

1.102

4929
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