National Library
of Canada -

i+l

Canadian Theses Service

Ottawa, Canada
- K1A ON4

<,

NOTI}:EA

et

AT

Bibliothéque natiopale

du Canada -

Service des thé'ses‘anadiennes

The quality of this fnicroform is heavily dependent upé‘n the .

quality of the originat thesis submitte

d for microfiiming.

Every effort has been made to ensure the highest quality of

reproduction possible:

B )

If pe;ges are missing, vc_o.nta‘ct the university Which granted

‘

the degrqe.'

Some page’ mayéha'\ie?indis'tinct print esp,ega‘rly if the
t

original pages wer

yped with a poor typewriter ribbonor -

Cif the/,uni\?érsityvse‘m' us an inferior pholocopy. -

, [
Previously copyrighted
lished tests, etc.) are no}j iimed.

aterials " (journal articles, pub-

» Reproduction infull or inpart of this microform s governed ¢
by the Q@gadian Copyright Act, R.S.C. 1970, ¢. C-30. '
. [N ' . L

. NL-339 (r. 88/04)

5

G

' E - AVIS .

La qualité de cette microforme dépend grandement de 1a
qualité de la thése soumise au microfilmage. Nous avons

~tout fait pour assurer une qualité supérieure de reproduc-

tion.

St .'marjq‘u\e\ des pages, veuillez communiquer avec
I'uMersne qui a conféré le grade.
: L <

La-qualité df_impre"ss'ion‘de' certaines pages peut laisser a
desirer, surput si les pages originales ont été dactylogra-
phiées a l'aide d'un ruban useé ou sil'université nous a fait

parvenir une photocopie de'quamé‘inierieure.-

Les documents qui font déja I'objet d'u?f/;lrom d'auteur

(articles de revue, tests publiés, etc.). ne -sont pas
microfilmés. :

La reproduction, méme partielle, de cette micrb?okme est -
soumise & la Loi canadienne sur le dreit d'auteur, SRC |
1970, c. C-30. - AR



-

THE UNIVERSITY OF ALBERFA -

- t
v 13

]

- - ' \

FOAM FLOW IN POROUS MEDIA

| BY |
\ . TERRI ANN MACDONALD .
“ ~ o
A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE
' OF MASTER OF SCIENCE ' -

IN - |
. >
PETROLEUM ENGINEERING

-

DEPARTMENT OF MINING, METALLURGICAL AND PETROLEUM
I . ¢ ENGINEERING F

~

- EDMONTON, ALBERTA
FALL, 1988. ’



~ »

Permission has. been granted
, to the National Library of
Canada to microfilm this

thesis and to 1lend. or Bell

copies of the film.

. The author - (copyright owner)

has reserved other
publication rights, and
neither _the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced - without his/her
written permission.
. - e

’

R

. du .

,autorisation écrite.

‘e

. " N

AN

L'autorisatjon a &t& accordée
& la Bibliothéque nationale
Canada . de microfi'lmer
Cette thése et de préter ou
de vendre des exemplaires du -
film.

‘L'auteur (titulaire du droit

d'auteur) 'se réserve 1les
autres droits de publication;

ni 1la hése ni de longs
extrait. de celle-ci ne
doivent/ &tre imprimés  ou

autrement reproduits sans son

x 4

'ISBN 0-315-45625-6



N ‘THE UNIVERSITY OF ALBERTA =~ .

'RELEASE FORM . [
NAME OF AUTHOR: : T Terti Ann MacDonald
’I‘I_TLE OF THESIS: . Foam Flow In Porous Media °
DEGREE: =~ , Master Of Science, Petroleum
| Engineering’ |
YEAR THIS DEGREE GRANTED: ' Fall, 1988

. ]

Permission is hereby granted to THE UNIVERSITY OF ‘
ALBERTA LIBRARY to reproduce single copies of this thesis and to
lend or sell such coples for prlvate scholarly, “or sc1ent1f1c: research
purposes only '

_The. author Teserves other ‘publication rlghts and neither the

the51s nor extensrve extracts: fyom it may be prmted .or otherwrse -

ST reproduced w1thout ‘the au(fhors wrltten permrssron

o ster, Alherta.
o R e 120
Date: August, B0, 1988 -

‘‘‘‘‘‘‘



T‘h‘e_ unders1gned certlfy that they have read arid,,
'recommend to the Faculty of Graduate Studles and Research for
acceptance, a thesis. entitled FOAM FLOW IN POROUS MEDIA
submitted by TERRI ANN MACDONALD in par{ fulflllment of the

Arequlrements for the degree of MASTER OF . SCIENCE ‘in
' PETROLEUM ENGINEERING

Dr. JM. Whiting

Dr. M.N.‘Ogugt_(;reli . NS

(External Examiner) B

DATED : August 30, 1988 i



To My Husband, ’Dérel{_ Morrison
For His Love and Support,

And Fo My Loving Parents,
Roderick and Ina MacDonald



-

. ‘ _ | ‘ Abstract

"p.ermeabtl‘llty.

This research was drrected toward the study of foam flow in
porous med1a and consisted of a series of exper1ments under a

vari y of conditions. -

A large portion of the work carried out 1n this study 1nvolved

the desr n and constructron of the a aratus his apparatus was
g PP pp

desrgned to examme foam flow at elevated ternperatures (up to

-
250° C) and htgh pressures (up to 500 - psr) whrle allow1ng visual’

observat1on of the foam at the core 1nle( and outlet

~

Several sets of experiments were carrred out to analyze the

reffect of surfactant concentratron gas/llqutd rates, temperature,

.

pressure ‘and permeabtllty It was observed. that the presence of an

oil saturatlon had an adverse effect on the formatron of foam. It was

found that there was an optrmal surfactant concentratron for foam

format1on however :thts optlmum varred ,w1th~ the .absolute

,r‘ 'y /r,
For the expenmental conditions, the mobthty of the gas phase

1n the presence of foam was found to increase w1th 1ncrea51ng

absolute permeability.  This observatlon is in contrast to. some of the' )

previous research .where it was suggested that foam would .

| preferennally block hrghly permeable’ channels

A



L 1 o |
“As this’ ‘was this first study of its kind at this un1vers1ty, che of

-

the . objectives was to analyze a broad range of parameters while .

'keepmg the type of surfactant constant. Future work on this proy:ct

should 1nvolve the use of other surfactants )

In the light of this research "foam flooding” with SD1000 doe\
not seem to bg a viable- secondary recovery’ method. If a surfactant |
that is not adversely affected by an 011 saturatlon were U[l]lZCd the

- results may - have been dlfferent
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F  Introduction =

FOam in the petroleum industry, | has been used successfully~
in- a number of areas, Wthh include drilling, cementipg “and ‘well
~workovers. The poss1b111ty of using- anm as a secondary recovery'
met’hod to lowe/r gas- phase mobility, and consequently improve the
mob111ty ratio, is examined 1n this study DTS . ‘3

'Foam ~tested outside the . porous medium exhibits non-
Newtonian behaviour; 'with a high apparent viscosity. ‘This has made
‘researchers investigate the p0381b111ty of 1n]ect1ng a foam, or creatmg}
one in-situ, as a secondary recovery process There have been a few,
f1eld tests, w1tl(very 11m1ted success -

Another use of foam ~rather than to use 1t to 1mprove mobrhty

ratio, is the possrblllty of usinp foam to preferenttally block htohly'

permeable channe]s ’ ‘ ) -

The emphasrs of thrs work was on the foam floodmg conducted,
with co- 1nJected surfactant solution and mtrogen " The purpose: of’
“this research was two- fold to analyze,to effect of surfactant; added
in _different ways‘to ‘a gas flood, and to analyze the effect on foam.
fO‘r‘mation,"‘ of surfactantv""concentration oil - saturatlon and -—absolute
permeability. In this way it was possrble to analyze the assumptton‘es

upon which foam simulators are based



II -Statement of .-the Problem

i r

/ .
/
¥ Y

The main ‘objectives of this research Ppr- . t were as follows:

1.

To designh and build experimental apparatus devel)oped te

»

analyze foam flow at elevated temperatures (up to 250° C) and .

pressure (500 psi). The design criteria for this experimental

equipment were:

®

i) #to develop a system whereby gas and surfactant injection

11)

iii)

rates can be controlled independently.

to develop experimental apparatus whereby s_ightglasses
are used to view foam at different points along the
system, at experimental conditions. )

to develop a samplm0 method for the effluent that would

not significantly chann,e the outlet condmons

“~

To conduct a series of experimental runs: to examine the effect

of changmg variables. These variables 1nclude:

‘i)

ii)

iii)-

liv)

V)

vi)

temperature
absolute permeability
surfactant concentration

surfactant type

. oil saturation

use of a foam generator.



3. To examine the results of the mathematical foam simulator that
was developed in this research and consequently used to

y examine the assumptions utilized in developing the simulator.



111 Literature Review

Foam is a gas-liquid dispersion formed by n‘liXing a gas and a
liquid. This hquld must contain a surt”ace actlve agent. The  surfacé
energy o’ gas-liquid foams naturally tends to dec{ease hence these

foams are thermodynamlcally unstable.

The use‘s of foam i the petroleum industry include drill'ing'
(and completion), cementing, workovers, and secondary recovery
The'C has been a suggestion that foams could be used to prevent gas
leakage from underground storage reservoirs.1,.2.3 ‘As a dr1111ng fluid,
foams have the advantage of low- water content, and therefore ;;a,reb'
suitable in undcrpressured or -water sensitive reserv01rsl34 For
cementing * work, foams offer the advantage of reduced cement
utilization and decreased cement weight. Foams are used in
secondﬁ; recov.ery because of their low mobility, and/or due to

their ability to act as temporary blocking agents.

!
3.1 Foam Characterization
i

Y

4

There are a number of criteria which must be looked ‘at when
' - . . ‘
‘attempting to characterize a foam:  quality, texture, stability, and

resiliency.



~=  Quality (I') is -the‘ ratio of gas volume to the total volume (the

volume of gas plus the liquid volume). Terms used to define quality

are: high, low, wet, and ‘dry>.

_ gas volume
total foam volume ' (D)

: AccordingrJ to Minssieux3, foam qtality can range from 50 to 99
per cent. Below a quality of 50 percent the foam mixture reésembles
suspended bubbles in a liquid and cannot be considered as a single

.,phase. F-iedmann and JensenS found that at a quality below 50 ?er
cent the "loose" foam broke down quickly. S

¢
!

Fried$ identified foams by their expansion factor:

E = total foam volume
liquid Volume (2)
SO,
r: 1 - 1— ,.1‘ > ‘
Py, o (3)

Due to the fact that the gas phase  within ‘a foam is

compressible, foam quality depends on pressure. The relation has

(

" been shown3.7.8 as:

(4)



a

Where T, is quality at atmospheric conditions, p, is atmospheric

pressure, and I and p refer to test conditions.

. . T
It is assumed that

Boyle's Law applies, and that gas solubility is negligible.

For this to be true we rriust also assume the liquid volume is

mcompresmble and V| =

énd

‘hence, T

'3

Via.  Therefore, PVy = PaVga where:

(5)

(6)

(7)

David and Marsden!4 determmed assuming that the

' compressxbxhty of the liquid phase is negligible, that: -

6



Cf=- .
which is equivalent to ’ , o
e Vi _l_al]
Therefore,
Cf =TI Cg , (10)
, ) |
\

where ¢y 1s the conpressiblity of the foam, Cg is the compressibilty of
the gas, V; is the total volume of the foam, and Vé is the volume of

the gas phase.

Clark?9.10 described quality in terms of specrflc surface area per -
unit volume (cmz/cc) - An optical transmlssmn method was - ~also
- developed to detex,mine texture: basedr on the fact that light is

reflected and scattered by randomly oriented 1nterfaces

Texture vrebfe'rs to the uniformity and size of bubbles. - Texture;
can be defined "in  terms of:' fide, coarse, hOmogeneous and
- nonhomogeneous. - Intuitively,, it would , seem dtha't finer textured
foamvs have more gas.-liQuid interfaces per unit volume hence a
lower quality M1n351eux3 found that the foam formed a structure";

"that be:omes more and more orderly as the proportlon of . gas

r



‘ | "‘/") \/

becomes higher - In other words the texture became more uniform

as the quality lncreased ' x

~ Stability and resiliency both refer to the lor‘iéev‘.ity_ and
- resistance to breakage of the foam. . Minssieux3 described two
mechanisms by which - foams decay. The first mechanism is the
drainage of liquid- and statistical ruptore of'fi‘l'ms. - When this is the
dominant mechanism stability increases as quality " increases. The
second mechanism is the diffusion of gas between adjacent bubbles
of dlfferer,}t sizes. ThlS 1s the dommant mechanism in the case where
the liquid phase is very viscous. In this case, stability increases as
quality decreases. Ross!! also dlscussed the importance of gelatinous
surface layers to reduce gravity drainage. It is important to stress
that 1noreasmg quality does not, by definition, necessarily imp‘ly“

increasing stability or more favourable mobility.

Minssieux3 found with respect ‘to resiliency, that foams can
undergo a number of compressions and decompressions due to. the
elasticity of 11qu1d films stabilized by surfactant molecules. It was
also noted that this was contingent'upon the amount of foam

degradation.

Ross1! descrlbed the thermodynamic instability of foam by the
- use of GlbbS function, for a one component system where surface

"en‘ergy is - significant.

dG = VdP - SdT + A O an



where“y~is_interfacial tension and, A is surface area per mole..

At constant p and T: L 1
BGJ
Y=|— |
, 9A Jp1 (12)
Therefore, _
AGz[‘yAA]p’T . (13)

Ti]e decrease in bubble area is caused by a decrease in Gibb's
) free energy, - therefore a foam composed of a pure liquid is
thermodynamically unstable. To ensure thermodyndmic stabilify,
the equation requires additional terms of opposite sign, such that the
sign for tv}-le whole’.AG expression is changed. This can be brought
about by a solute that is surface-active. The foam will continue to t;e
mechanically fragile unless the continuous phase is a solid as in the
case of foam insulation. |

Considering the stability of a "single vertical soap film, Lord
Rayleigh!2 found that the surface tension above and below the film
cannot be the same. The surfia‘ce'tension at the _top>of the film must
be greater than at the lower portions, otherwise the central portion

of the film would collapse. Ross!! found that the persistence of a



:
, Ilqurd film also depends on the presefce of a coherent surface layer
on each’ .side of the: film. Between these layers the excess 11qu1d can
- flow downward.

J

Another important factor concerning stability as described by

Ross!1. 13, is the Marangoni effect - This describes the effect, whereby'”

the movement of a surface layer from areas of low to areas of high

" surface tension is accompanied by the motion of relatively thick

10

layers of underlying fluid. This can amount to several microns in -

depth. This allows for the renewal of: lost liquid.

b A '
3.2 The Mechanism of Foam' Flow

 Theére has been much written about the mechanism of foam

flow. " The ‘simplest mechanism which has been accepted by several

investigators363 14" is that the foam components flow simultaneously

through pore channels. Khan® agreed, stating that the flow regime

was an 1nt1mate gas-hquid mixture.  This approach allowed the
application of Darcy's law as it pertains. to foam as a homogeneous

body, with gas and quu1d flowmg at the same *ate, with a high

apparent viscosity. = Albrecht and Marsden? felt that gas and liquid

flow with the same average veloclty The ut111ty of Darcy's law for

foam as a smgle ‘phase will be discussed in a subsequent section.

The ability of foam to flow as a single "homogeneous unit was

discussed by Dietz, Bruining, and Heijnal5. © They analyzed the-

minimum bubble size that can be formed within a ffoam, based upon



a minimum film thickness of 50 A. After an analysis of the pore, size
distribution within sandpacks they ascertained that the foam

bubbles are generally too large to flow within the pore structure. For

a foam of 95 per cent quality the absolute permeai)ility nécessary_
was 18 darcies. Therefore they postulvated that foam would not flow

- as a homogeneous body under normal reservoir conditions, so the -

term "foam-drive" is meaningless.

The exact mechanism of foam flow- has not been identified,
however, there has been a progression of ideas toward a common
theory. One early reference ,to flow mec;hariism wés ‘made by
Bernard, Holm, and Jacobsl6,  They reportéd that gas was the
.discontinuous phase and liquid was continuous.  Since the liquid
‘filmé contact each 'other;the liquid is conducted between ,thé films.
In this way the liquid flows relatively uninhibited by the gas.v{ The
velocity of the gas and liquid are not the same. Holm! later réported
that gas moved through the system by bredking and reforming
bu'bbles and tHe\; ‘liquid moved through the film netwéfk. Other
investigators!.17 suggested that a large portion of thé gas was
tra'pped in the system and a small fraction flowed according to

Darcy's law.

Mast!8 reported that some liquid—and gas were transported as

.

foam, the amount, however, was dependent upon foam stability. He

felt that a stable foam would be transported primarily as a foam,

although some breakage and foam regeneration would occur.



Owete and Brigham!9 described the behaviour of foam- as
observed in micromodels of dlffermg pore structure and dimensions.

They observed that the liquid flow was continuous through the

lamellae.  The orientation of the films separating air bubbles was

either diagonal to the direction of the flow between matrix grains or
horizontal, that is, perpendicular to the direction of flow.  The
horizontal films tend to collapse as the pressure in the system builds
up. The diagonal films, which form early, tend to retain the positions
and orrentauon. The d1agona1 films continually thm draining liquid
through the film network. The air moves through the system as long
bubbles, whose shapes are definéd by the matrix grains and diagonal

films.

The pore strdcture was found to influence greatly the flow
mechanism. In the homogeneous model the displacement of lamellae
was the domrnant mechamsm It was observed that, on occasion,
local pore pressure caused - the “air to dlsplace liquid in a direction
opposite to the general flow. These reverse flows can cause liquid or

gas to be trapped in some pore spaces

For the heterogeneous model the dominant. mechanism - was

“break and‘ reform". This mechanism is described as "snap off*.  In-

this instance the ' parent -bubble” recedes while the dislodged portion

propagates through the pore system.

From the previous discussion, it is unlikely that fyam flows

through the pore structure as a homogeneous unit: It app .rs that

12



13
the gas component flows by "breaking and reforming_:y'"and the liquid
propagates through the film network, as a free phase for
: o . : )

heterogeneous- models, and that flow occurs by the displacement of

lamellae for homogeneous models. : s

‘3.3 Mobility

One of the main problems encountered in secondary recovery
1s the problem of channelhng as a result of gravity override. In an
attempt- to ‘divert dlsplacmg flu1d to unswept zones the use of foam
has been proposed.. Foam, as the displacing fluid, is also usedvto
obtain a more favourable mobility ratio with the" displaced fluid.
Fried6 ‘generated foam externally and injeeted it into a porous:
medium, which had previously been subjected to a conventional gas
or water drive, and found that additional oil could be recovered. He -
“attributed the incremental recovery to an increased apparent
viscosity and decreased effective gas permeabi\klity.; While injecting
the foam, the pressure drep across the core increased significantly.
In some cases, for very stable foams, ' the flow was effectively
' "'plug‘g‘__cl off". Raza20 found the pressure drop occurs mainly across
foam-filled portlons of the medium. -

Bernard?2! reported increased{ﬁlisplacement_effi_ciency' by foams
generated in-situ. He accomplished this 'in two 'ways. ~In the first

~ .
case, the core was completely saturated -with fluids; oil or water,

containing the foaming agent and followed this with a gas drive. In



the second case, the "core was saturated w1th surfactant free ﬂurds a
surfactant-containing slug was injected, followed by a gas drive.
Albrecht and Marsden2 and Owete, Al-Khafaji Wang, Castanier,

Sanyal' ‘and Brlgham22 were some of the investigators who generated

foam. in-situ. Owete et .al.22 noted that in-situ foaming was

operatlonally and economically more attractlve than surface foaming.

Wlth in- 51tu foaming, Duerksen23 and Isaacs, McCarthy, and

' Maunder24 found constant regeneration is required for foam to be
P
effective. . ' &

\

Bernard and Holm25 found that gas permeablllty was much
lower in the presence of foam, at the ‘same gas saturation, than in its
absence. The ability of foam to impede gas flow in a_core saturated
with water is generally - agreed upon ‘by all investigators. There is
Some controversy, as discussed in the previous section, about the

mechanism and the virtue of labellng the process as "foam-flow",

q
».,,

.. Investigators have attempted to use Darcy's lav o analyze the
flow of foam ever since Bond and Holbrook26 patented the idea of

foam ﬂow as a recovery method in 1958

5 dx . | » _ (14)

The 11near flow rate, the pressure gradlent and the cross
sectlonal area can ea51ly be measured. The effective permeability .

and apparent viscosity, however, are difficult to determine.  This

14
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~ prompted Marsden and Khan to look at how mobility,'-whic‘h is the

effective permeability divided by apparent viscosity, changed with"

_quality. They- found that the mobility decreased almost linearly with

increasing quality. All of the data did not fall on a smgle line, rather

several straight lmes depending upon the permeability.

3.4 Gas Permeability
®

Foam is very effective in reducing ‘the effective gas

- permeability in porous ‘media. The permeability to water, though,

15

according to Bernard, Holm, ape#™ Jacob!6, did ot change whether .

foam was present or not., Therefore relative permeabilitv o a l;\gmd

.1s a single-valued function ' of 11qu1d saturatton regardless of foam

™~

presence. They felt that the decreasing permeability to water was a .

function of an increased trapped gas saturatlon Raza?0 found that
“the relatlve permeablllty to water at. constant water saturation - was
dependent upon the flow rate. He concluded that the relative gas
permeabilit);-satnra-’t/ion- relationship was  not ‘ap‘;lica'ble for».foam

flow.

3.5 ‘Rheology

4

In order to determine the apparent viScosity of foam it is

important to understand foam rheology Slb“ree7-7 reported that foam

has an apparen. vrsccuty greater than its consutuent phases He alsol

&
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a certain point at which it becomes constant. Viscosity was

7measured by a concentric cylinder v1scometer ,

Raza and Marsdenl4 studled the apparent viscosity of foam by
the use of capillary tubes of different diameters. They found that at
low shear rates foam flowed ‘as a Newtonian flurd ‘at higher “shear
rates foam flowed as a pseudoplastic fluid. At even\.higher shear
rates, corresponding' to turbulent flow they suggestedthatv foam
might pass into a third reglme and flow as a Newtonian fluid. -Grove,
-Wise, Marsh, and Gray28 found that the apparent viscosity of foam

was vconstant with 1ncreasmg shear rate. - Grove et al.28 analyzed

foam under condmons of turbulent flow:

Raza and Marsden14 characterized the type of behav1our the

a

foam exhlblted by the analytical method developed by Mooney29 |

o _ -
| S:K(du)
, dr

(15)

where S is the ‘shear stress,

;

du

..
=shearrate,
dr

¥

To el

found that the apparent viscosity decreased with increasing shear to
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K is the consistency index, U ig the averag;x?‘offrbulk velocity, and n is

the flow behavrour 1ndex

¢



From this it follows that

Ty AP _
2L

i/ (e

where AP is the pressure drop, L is the length q is the volumetric |

flow rate, and r; is- the 1nternal radius.

Raza and Marsden!4 describe that a logarithmic plot of

— vs. '
2L T | (17)

provided values fof K and n. For a Newtonian fluid n is unity and
exhibits a parabolic velocity distribution across the diameter of the
capillary tube. When the flow enters the second regime, where foum
behaves as a pseudoplastic, tlte value of n is less than unity’.. This
value of the behauiour index indicates a more piston;like flow.
Within the capillary tube most of the shear takes place at the tube

wall. The ma]orlty of the fluid flows as a slightly-sheared plug m the

>

-centre of* the tube.

The data was further analyzed to calculate the effect of surface

sllp A plot of



u 1
-—— Vs, ——
Ty i (18)
at selected' shear rates did not produce a straight line. ‘The

nonlmearlty suggested that there were other factors influencing the
: measurements that comp}etely overshadowed the effect of surface

slip.

Patton, ‘Holbrook, and Hsu30 also- attempted to use Mooney's
method to calculate the effect of surface .lip. | They determined that
a f1xed slip velocity could not be calculated, which shows that
bubbles both slip and flow simultaneously. This indicated that foam

does not behave as rigid particles.

Blauer, Mitchell, and Kohlhaas3! concluded that foam behaved

~as a Bingham plastic fluid.  Reidenbach, Harris, Lee, ‘and Lord32

described foam as a yield pseudopiastic fluid when the flow was

laminar.

Apparent v1scosny, as measured in capillary tubes, has been
studied by scveral mvesngators. .+ Fried® found that apparent
viscosity was proportional to the caplllary radius. Raza and

Marsden!4 found apparent viscosity increased proportxonally with

‘the fourth power of the caplllary radius. Hirasaki and Lawson33 |

found that apparent ~ viscosity increased proportlonally with' the

square of the caplllary radius for a ]arge tube radlus compared to

18

bubble size and increased to the power of 2.5 for a small radlus E

L=



compared to bubble size. . After performing their capillary tube

studies, theyl felt that texture was a key parameter in foam analysis.

The flow mechanism, lamellae per unit length, and the radius\vofv

" curvature at the gas liquid interface were all greatly effected by the
 foam texture. It should be noted here that Best, Tam, and.Isaacs34
felt that unless apparent viscosity of foam was studied in a vessel
several orders of magnitude larger than the foam  bubbles, wall

effects dominated its rheology.

Another c'onclusion draWn by these invé.tigator56,13-30v33 was
that the apparent viscosity increased w1th 1ncreasmg quality.
Marsden and Khan9 found that apparent v1scosny increased almost
linearly with increasing quality at a constant shear rate. Their
experiments were ccl):nducted in a viscometer whiéh was modified by
the addition of fins. It was felt that this hwould immobilize a layer of
foam, and allow ‘the shear within the foam itself to be obtained.
They also found that apparent viscbsity decreased with i .‘easing
shear. David and Marsden$ analyied ‘appa- nt vi‘Scosity data and
found, after correcting for slip, that apparent yiscosi%y was
independent of quality. | | |

%

v

There is a - problem associated with apparent v1sc051ty
determined externally and utilizing 1t for foam flow within porous

media. ~ The apparent ‘viscosity must be determined at the same

sheai ‘rdte, due to the fact that foams behave as non-Newtonian

fluids. - The significance of externally generated apparent viscosity
. ] i\ I3 - .
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data 1s in the trends that are observed as, shear rate or quality are

increased.

3.6 Foam Flow Analysis , °

To analyze foam, but avoid the problem of finding effective
permeability and apparent: viséosi}y,' Maini37 studied the mobility
reduction factor. He compared thq& mabjlity of a foam with a
standard, either steam or water. This enabled him to compare'

different types of foam.

Best et al.34 felt the mechamsm of foam flow was best modelled
by changes in gas phase permeability, which was best represented
by changes in effective permeablhty, not absolute viscosity of the
gas phase. They obtained effective permeability for each phase by
achieving steady state flow and appljin‘g Darcy's law to each phase.
The saturation was obtained by a careful mater1a1 balance. -
M1nsswux3 ana]yzed foam by Darcys law, as a smgle fluid. He

analyzed foams by

dp _ Hroam .
dx kA ' : (19)

in terms of mass,



w =q~v'Yf, . - - (20) :
inth
"Y.f=ll'+r'('Yg-l) , ' (21)

where yp 1S the spemfic gravity of*foam, 'yg is the specific’ gravity of gas,

w 1S the foam flow rate, and

v.dp &(1 +f(Yg-. 1)).

He = o |
7 dx  w (22)

Neglecting the weight of the gas phase,

dx ow R C(23)

By this relationship he determined fthat :apparent viscosity
decreased with increasing quality This contradicted the apparent

viscosity relafionship obtained in a v1scometer

Heller, Lien, and Kuntanmiukkula36 report that Minssieux
calculated apparent: foam viscosity from a standard viscometer and

N k - - - . ' [}
used these numbers to calculate a relative permeability using Darcy's

law. As can be seen from the previous discussion this was hot the -

procedure . he ‘used. Minssieux calcula._ted the apparen?%\\liscosity by

. . A .
the use of Darcy's law as outlined previously. This acc\?untls for

1t
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'Mlnsswuxs prescntatlon of two very different apparent viscosity-

quahty graphlcal correlatlons

3.7 Factors Influencing Foam Flow in Porous Media

3.7.1  Quality

M1n551eux3 found that the dr1ve efficiency, which corresponds’
to the most favourable mob111ty ratio, was higher at lower foam
quﬂhty The lower quahty foams showed more resistance to flow,
hence ihe moblllty ratio became more favourable with decreasing
quality. This is also consistent w1th his calculated apparent v1sc031ty .
versus quality relatlonshlp mentioned previously. Minssieux created
foam in-situ and dlsplaced a residual oil saturatation. He calcu]ated
the quality based on the 1nJect10n condltlons Holm! found a
decrease in mobility with decreasmg quahty, this* is in agreement
~ with Minsswux. Minssieux's quality-stabil.ity'relationship, presented
- earlier, was that fqarn stability decreased as quality increased ‘for a
viscous liquid phasev;v foam stability 'i‘néreased with quality

otherwise.

Marsden and Khan® found a decrease in mobility with
mcreasmg quality. Heller et al.36 agreed, fmdlng a sllght decrease in.
moblllty with 1ncreasmg ‘quality. ." These results are consistent with
the 1nvest1gators613 30,33 who found an increase in apparent

v1scos1ty with increasing quahty Whggf quality becomes very ihigh,



viscosity decreases rapidly. This was identified by Grove et al.28 and

later by Patton et al.30,

|

3.7.2 Absolute Permeabilit‘y

Bernard and Holm?25 reported that :the foam :‘was very effective'
in reducing the permeability to gas. They also report that the
greater the specific permeabllrty of the porous medla the greater
was the effectiveness of foam in reducing gas permeability. In 'fact,
they suggested that this effect would cause the selective glug_ging of
‘highly permeable channels. This is explained in two ways by Best et
al.34: the‘lower flux in a less permeable core causes a reduced shear
- rate, hence an increased apparent viscosity, and capillary resistance

becomes more. important once the viscous pressure drops.

L

t

Owete and Br1gham19 found that mobility ,reduction factors
Q
decreased to a constant value with absolute permeablhty but were

quick to point out the differences in the experimental procedure.

§.7.3 Surfactant Type and Concentration

The type of foaming agent is important because of the
adsorption on rock surfaces of sorﬁé surfactants | Minssieux found
that the z(momc surfactants generated a low quahty,,r,but relatively

stable, foam nonionic surfactants generated a hlgh quality, but

o s



unstable foam while the cationic surfactants exhxblted very high
adsorption on the rock surfaces. , |
S o o

The effect of surfactant concentration on foam stability and
quality was investigated by Raza20,  He found that the foam quality
increased with increasing concentration, .up to ‘a point at which
further addition of surfactant had no effect on the quality. He found
‘that the time to gas breakthroughl increased with 1ncreased
concentration initially but the addition of surfactant beyond this was
detrimental and the breakthrough time actually decreased. Raza

concluded that the addition of surfactant was beneficial up to the

24

critical micelle concentration (CMC). Above this concentration the

surfactant molecules grouped together and caused the foam fllms to

lose stab111ty and resrhency

Maini and Ma37 also observed the appearance of an optimum
s‘urfactant concentration, for stability and moblllty reduction factor.
They explained this phenomenon by looking at the surface. tension
gradient. When an iaterface  is stretched, the surfactant
concentration is locally reduced. This reducuon in surfactant causes
a surface tensxon gradient to be set up, which acts to eliminate
surface deformatlon. When surface concentration is high, surface-
active mOlecules are readily available in the immediate vic n1ty of
the locally\reduced concentration and will eliminate tthsurface
tension gradient. Therefore  a concentratron which is too hxghv (above
CMC) will reduce the ability of the system to resist surface

" deformations (which are believed to be the precursor of film



rupture). They also said that the optimum. concentration for stability
provided the most favourable mobility reduction factor, This
evidence is disputed by a number of other resdarchers who suggest

that there 1s no maximum.

Chiang, Sanyal, Castanier, Brigham_, and Su'fi3.8 found that the

average saturation behind the front was at the "optimum" surfactant

concentration (CMC). They performed stability experiments and
.claim that the most stable foam occurred at the CMC. Interestingly,
they justify/this by explaining that .the most stable foams have the
shortest foan'n helght ‘This implies that lower quality foams must be

the most stable. As has been noted in ‘previous sections, this is not

an accepted fact. Beyond this, analysis of their relative foam height-

VETsus concentration graph, which'demonstrates a number of time-
line curves, shows that the largest decrease 1n relative foam height
with time, occurred at the critical mlcelle concentratlon It shox&ld
also be noted that there is no definition stated in the article for
relative foam helght Chiang et al.38 also found that in-situ foaming

increased in their model up to" a’certain point; after that an increase

4-in surfactant had little effect on the performance of the process.

A similar effect has been found by many ‘other

25 e

researchers!9.24,39 where add1t10n of surfactant beyond the optlmum,'

*had no detrimental effect. Huh and Handy39 - found that the

conceniration for maxiyﬁn\a stability of foams was hlgher than the

'~ critical .inicelle concentration. They also stated that micelle formation

-enhanced lamellae stability. H‘uh, Cochrare, and Kovarik40 increased.



5

{

( surfadtant concentration far above the CMC. They found improved

oam generation and reduced mobility with increased surfactant
concentration up to 5%,. which was. the highest concentration that
they tested. .This was confirmed. by Lee and Heller*! who - found
decreasing mobility well aboveg the CMC. Huh et al.40 found that
there was no significant change in bubble size with increasing

surfactant concentration. They noted that the formatron of micelles

above the CMC accelerated the movement of surface actrve molecules ‘

to the interface, when the lamellae were  stretched or e.\perrenced

thinning.  Owete and Brigham!9 also found that surfactant -

concentration did not change. the basic flow mechanism for the
homogeneous model. - In the heterogeneous model the generation of

more bubbles caused . gas to flow through more pore channels, and

decreased gas mobility up to a peak concentration, where the ,

. /
beneficial effects of ‘increased saturation leveled off. - He said thaf

surfactant concentratjon probably 1nfluenced air mobility only to- the

extent that it affected the rate of thinning of the liquid fllms

3.7.4 Pressure
-

Ie

Grove et al.28 found that ah increase -in pressure caused. a

i - l. -
-decrease in v1sc051ty He reasoned that increased pressure reduced

the volume of air relative ‘to the volume of liquid. This is equrvalent‘

26
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to a foam of lower expansion factor, or one of lower quality. Thrs is

comsistent with his finding that viscosity decreased with increasing



foam density, stated in consistent terms, viscosity increased with

>

increasing quality.

The effect of pressure on foam quality was also exammed by
Wang‘*2 He found an increase in quality with increasing pressure
He also stated that increasing pressure promoted foam stabr]rty This
1mp11es that increasing quality yields increasing stability. Friedmann
and Jenser‘r5' found that low pressures were detrimental to foam

stability within porous media.

3.7.5 Te}mp'era\ture‘

.Wang42 found that an increase in temperature decreased both
the quality and stability of foam Maini and Ma37 found that foam
decayed faster and liquid drained more rapidly as temperature
in‘lcreas‘e'd. Robin43 found that the‘ eff'icierrcy of foams decreased
considerably with temperature. This is probably due to the fact that
the surfactant used decompesed AOr was. unable to cause foam at high
temperatures. Some surfactants are biodegradable; the “chemical
bond can be oxygenated lor hydrolyzed. These effects can b
catalyzed by reservoir roek -components and all are accelerated
1ncreased temperature accordmg to Elson and Marsden44. Novosad
Maini, - and Huang45 found that adsorption dccreased with an increase

in temperature
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In an attempt to determine the thermal stability of stff‘factants

several mvestlgators22 23,37,46,47 have developed screemné\\tests
These screemng tests generally include generating a foam at elevated

temperatures and analyzing its stability.

Elson and Marsden44 used screening ‘techniques, and in,. .cd
foaming solution followed by gas to test surfactant\s. They found that
anionic surfactant generallyvhad the greatest stability, while the
nonionic ones were generally the Ieast stable. Some foammg

¢
solutlons known to foam well at room temperature did not foam at

all at elevated temperatures. Thesé were generally nomomc They .

'~.were, however, able to generate foam at 100°C, within a - porous

medium with the more thermally resistant foaming solutlons Owete
et al.22 was also able to ‘generate foams in-situ under steam anCCtIOH
conditions. Isaacs et al.24 found that for steam foams it was very
-rimportant to have a non- -condensable gas phase CO-anCCted with

A
steam. , .

Drlgren et .al.48 studied thermal resistivity of foaming aoents
and obtamed good results with commercially available
dodecylbenzene sodium sulphates. . They also found fhat alpha olefin
sodium sulphonates yielded stronger foams than ths: alkylbenzene
sulphonates. -~ Maini and Ma37, ranked the sulphonate surfactants in
u ‘lterms of thermal stability, in order of - -descending stability as follows

alkylbenzene sulphonate, alpha'olefm sulphonate, petroleum

sulphonate. The results of the screening‘ tests ‘are difficult to relate

-
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to each other exbept to note that the sulphonates are widely used,

and show the- best thermal stability.-

3.7.6 Oil Saturation

Mar 1nvest1gatorsl316 have noted the detrlmental effect of 011
saturatlon on the ability of suffactants to form foam. Mm551eux3
equated this effect to a lack of stability. He noted that the use of a
stabilizing agent, particular}y one caoable of incre.asing the viscosity
of the aqueous phase, could alleviate this problem. Kuhlman49 noted

‘that the foamvabili‘ty of a surfactant was lowered by hydrocarbons

29
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Wthh have the same size as the hydrophobe of the surfactant.

Holm1 concluded the flow mechanism remamed Ihe same; the oil

saturathgl lowered the capability of foam to trap gas.
bt ’
4 ;

'Eo’“‘
id

cs et al.24 found that there was an optimﬁ"ﬁl surfactant
concentration beyond which the mobility could not be reduced. In

the presence of oil this optimum shifted to a higher ‘concentration In

a later study by Isaacs, Jian, Green McCarthy, and Maunder50‘

experiments were perf red within a porous medium up to 180°C.
They found that foan. uld not be formed at oil saturations above
0.15 pv‘(pore volume). This :s consistent with Fried's6 findings. He
attempt%d to displace fluids .in a core with 100 per cent liquid
saturatlon of which over 80 per cent was a high viscosity state oil.
This proved ‘unsuccessful. He reasoned that the apphcatlon of foam

“drives. would probably be restricted to secondary recovery.



Friedmann and JensenS found that a residual oil saturation greater
than 20 per cent was detrimental to foam generation. McPhee,
Tehrani, and Jolly5! found foam stability 'was lost at residual oil

saturations as low as nine per cent.

Maini35 conducted experiments in which combinations of oil

types and different surfactant, were tested. He found that the

presence of oil could sharply improve the mobility ré.duction_

. capabilities of foam, for the correct combination of oil and surfactant.

" For incompatible samples, the presence of oil could prove

by welght | | : ' o (/

detrimeatal. Robrn“\/,fpund some surfactants that were not affected

by. contact with a hydrocarbon phase.

AN

\\.\
\ -

3.7.7  Salinity)
¢ .

The effect of salt on foam formation is, not surprisingly, -

another-,point of contention for foam researchers Bernard and
Holm25 found that brine had little effect on foam effectlveness Brine
was very detrimental to the performance of the surfactants tested- by
Duerksen23. They tested the surfactants in a brine contarmng 500
ppm calé¢ium chlorlde and one per cent sodium chloride. - Al- -Khafaji,

Wang, Castanier, and Brigham46 found that calcium. ¢ oride caused

'surfactant degradatron at concentrations greater than 05 per cent by

welght while sodlum chlorlde caused surfal nt degr;

surfactant precrpltanon at concentra’’ons greater than two .p

LS
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Kanda and Schechter52 report that the addition of electrolyte -

would cause the CMC to be reduced. They tested surfactants at two
per cent by weight sodium chloride. It was found that the

breakthrough time increased but the permeability reduction was

¢
less.

In Isaacs et al.24 stability}_,qx‘perirﬁents, concentrations of 4 per-
cen:t by weight were used. At the temperature used (160° C) the
concentration of brine may actually be much’ higher.  The foam
stability was unaffected by the brine. Even a surfactant, known to
be intolerant: to Brine at ambient conditions, was unaffected by the
brine. Dilgren et al.48 experimented with brine conceniration on

steam foams.  They found the ‘pérvmeability reduction was more

31

; favourable with the add‘ition of sodium chloride, 'up to a '

concentration of one per cent by weight. The permeability reduction
factor ‘'was insensitive to sodium “chloride solutions of one to five per
cent by weight.  This led the researchers to claim that certain

surfactants required sodium chloride to be effective as a steam foam.

3.7.8 - Gas Velocity °

: r
Lee and Heller! studied the effect of velocity and found it was

only important at low surfactant concentrations. Friedmann tapd

-

Jensen3, however, conducted experiments where qﬁality and
surfactant concentration were held constant. They found trg bubble

R
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" size increased and stab111ty decreased as velocny decreased. If the .
flow was too slow, no foam would be produced. Flow rate had a
direct effect on foam texture. The higher flow rates produced
_‘s/'maller and more uniform foams Huh et al.40 determine® that an

J1rﬁ;;rt=:ased flow rate 1mproved sweep efflclency

Isaacs et al.24 suggested\ that for a given permeability ‘there
was a minimum critical velocrE\below which foam would not be
formed. He found’ that lowering the absolute permeability required
an mcrease n steam veloc1ty Critical velocxty was found to be
%ughly proportlonal to the inverse of absolute permeability. Best et
al. 34 stated that with' increasing velocny, the viscous forces appeared
to overcome the resistance of foam bubbles to flow. At very high
velocrtles, the effect of surfactant solution on the effective
permeability of gas would be small.

Hanssen53 studied gas blockmg ability as a functron of foam

generatron dlfferentlal pressure. - He determined that - the gas
bl?«ﬂg ab111ty was relatively “insensitive to foam generation
differential pressure. T - ‘ N

1 el g . o
3.7.9 . Spurface Viscosity and Interfacial Tension

/

Kanda and Sc(hechter52 found that dlsplacement efflclency and
.breakthrough tlme increased with” increasing surface viscosity of

surfactaano%utlon. ‘ They determined that displacement efficiency
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decreased and - breakthrough- time: increased ~with - 1ncreasrng surface’
tension.  Slattery54 found that dlsplacement efflcrency increased as
surface v15cosrty,'and surface tension 1n§reased Ho'wever given a
specific pressure gradrent there exists” a Cvrltlcal value of surface

R

tension above whrch foam cannot be dlsplaced .

4

”fC,l)»i}ete19 "discussed ‘mcreasing-surface \:'iscositylto increase foam
stabi]ity. High surface viscosity is known to reduce the rate of liquid
film. th1nn1ng, whrch would incease lamellae stability. "Therefore, ag -
high surface viscosity is desirable. ‘ .

»

In an earller experlment Owete et al.22 found that the surface
tension and” surfactant foamabrlrty ‘were  not - strongly related.
Kuhlman4? discussed the 1mportance of “the 1nterfactal tension. ‘:':*"I‘he
interplay between the gas, the surfactant solution, and the oil surface
~ free energy ~will determine the spontaneous spreading of the 011 orb
surfactant solutlon They determmed that water spreadlng was
likely when oil saturation was low, and the gas saturation was high.
'Orl spreading occurs when oil saturatlon is high and the gas-oil
interfacial tension is low. Spreadmg oil can be detrlmental to foam
stability near the optlmum salinity reglon " They felt that spreadlng

oil- could be beneficial under reservonr condltlons o <



0 Experimental Apparatus and Procledure

This chapter presents ‘a description of the equipment utrhzed.
and the experimental procedureé followed in the study The research
was conducted in two stages. The first stage consisted of a series of
preliminary exploratory runs. . These runs were performed of
necessity on a rrldre simplified version of the apparatus. The second
. stage of experiments employed the more cornplete and instrumented
version of the apparatus. vThe. main 'components of the apparatus in
the final form’ Were: a co-injection system, a foam generator, an oven,
and an effluent produet collection system. Detalls of the
experimental procedure, such as the packing and saturation of the

model, and effluent sample analysis are given below.

4.1 Preliminary Experiments

This research constitutes the first attempt to study-and
characterize the flow of foam in porous media. As a result, while
making use of the published literature,- considerable care was
exercised in the design of the apparatus, which was effected in
.response to the results of preliminary experiments. Then runs were
performed to identify potential problems in the experimental design

and also to jrovide a comparison of the surfactants available.

The apparatus used is illustrated in Figure 4.1. The equipment

consisted of a 2000 psi nitrogen tank with a regulator, a three-way

34
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valve, a packed c’oreholder, inlet and outlet pressure gauges and a
Singer® gas meter. .- The coreholder dimensions andf the packing
procedure used are described in the next section. The inlet pressure
was set as 6.4 psi using the pressuresresgulator and was not adjusted’
between runs for consisten’cy. A the three -way valve was 1nstalled

at the core inlet, Wthh could be posmoned to receive an injected

- surfactant slug or to flush the coreholder with fluids from the Ruska** |

pump The coreholder outlet pressure was atmospheric. As the run

'progressed the fluids moved through an enclosed contaxnment flask ;.

) the produced gas left the flask and was derCth through the gasb

meter after trial Juns at hlgher pressures

A pressure of. 6.4 p51 .was chosen after tnals run . at hrgher

.pressures The flow rat> generated by a higher pressure would have

| ~ been operatlonally dlfflCUlt to work with, The initial breal\throurvh‘

~time would have been too. short to- mcasure accurately It was
).d

36

A-de01ded that - the largest manageable 1n1et pressure would ‘be chosen -

to ensure that the gas velocity would be hrgh enough to generate a

» foam

Therefore 64 psi ‘was, chosen : The laroe manageable pressure..

drop - was chosen to ensure that there were no problems with too’

-small a - gas velocrty to" generate foam This was done to‘ensure;being, '

* Canadian Meter DlVlSlon of Slnger Company of Canada
9919 65 Ave. . -Edmonton, . Alta 434-8705

* Ruska Inc, 6121 Hlllcroft Houston, Texas 77036~

i



' e, . .
above critical foam veloc1ty, as waswdescribed in the Literature

Review.

It was decided that the most demonstratiVe way to test the

effect of foam was to perform a gas flood with and w1thout the
y

addltlon of a surfactant slug.  This' was the/purp%; of the
1

prellmlnary runs. The procedure used for tl;ese runs presented

below.

The packed coreholder was iniﬁally saturated 100 per cent
with water. The first step of the run was to assure that the inlet

pressure was regulated, which wasghecked on the inlet. pressure

gauge.” When this pressure was achieved, the coreholder outlet valve
was closed and the three-way valve was turned to inject nitrogen
from ifs initially glosed position. With the outlet valve closed the

system would "pressure up”. At this point the exit valve was opened

and the timing was started.

. When the first bubble of. 2as  was produced from the

coreholder, ' the outlet valve was closed. The time from starting

injection until the first bubble of gas -appeared and the volume

produced from the core were Tecorded.’ Following this, the outlet

valve was opened and the nitrogen' was allowed to flow through the

cOreholder The stop -watch was restarted and the flow was. allowed

37

to continue untll 60 seconds This was the second stage of the run.

E

In this way each core was flushed for a toialﬂof 60 seconds in the

initial tests. = During this second stage the pressure at the outlet end
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was examined on the outlet pressure gauge and (an outlet pressure
was estirnated Thes youtlet gauge readmg was\_subject "to large

varlatlons durmg the flrs\gastage@s slu s of 1 d exned the core.

_pre5§ure ‘was gene%’
g ) L ,‘5.., "~

During the second stage\fzof the” test

more nearly const‘ant.' g 4 . ,
The coreholder was. then flushed vertlcally with water, from
the bottom up. ' The volume of llWﬂ used to flush through the core '

was consistent at 500 ml.
The above procedure was then repeated;  this- was the first
resaturation test. " The surfactant run was performed on the second

resaturation.  This was done to - allow a direct comparison between

the first and second resaturation, both having a - residual gas

sasturafion. . The core was . injected with nitrogen until gas’
breakthrough. At this point ‘the time and the volume produced were
recox'ded. N1trogen was allowed to flow for the remainder of one
minute ‘The core was then saturated " with 500 ml of ‘water, while

-held in the vertical position.

At this point, the three-way valve was set to inject a surfactant
slug. - This was accompllshed with a syringe f1tted to” the plastic
tubing used. A 40 ml slug of surfactant solution was injected 1nto the
vcore. The excess fluid in the core was allowed to flow from the
outlet. The system was then closed at the outlet end, and the three-

way valve was set to accept the nitrogen from the regulator to enter

the coreholder. The outlet valve was then opened, and timing



EN

started.  Nitrogen was injected until the first bubble of gas appeared
at the outlet. - At this point, the outlet valve was closed. The time
until gas breakthrough and volume collected at breakthrough were

recorded.
t

4

Dep%\hding En ‘the time required for the initial breakthrough,

. L
39

nitrogen injection was continued for the remainder of a minute, or, if 4

the breakthrough time was greater than one minute the experlment

was terminated when gas breakthrough occurred.

el &

e

4.2 Coreholder Packing and Saturation

4.2.1 ‘Packing Procedure

‘The coreholder used for these runs was 60.75 cm in length and
4.95 cm in diameter. Three coreholders were built and alternately
used for. this project. The end-caps for the coreholder were changed
from ceramic to sintered screens so that the end- -caps would ]ess

srgmflcantly change the foam properties.

@

For the preliminary runs the coreholder was pécked in various
ways with Ottawa sand mesh size 70 to 140. The sandpac!’s were
packed dry and wet, and the packing v1brat10n technique“was zgﬁied

'_: to determme the best packing method based upor the

7~

reproducibility of the pack properties. The. pore volume was -

measured by evacuation and by  effluent analysis using the -

®



ey

-

T?refractome_ter. The use of the refractomai}er to determine pore
volume is discussed in Section 4.2.5, Alternate Pore Volum.e
Determination. The porosity and abso__lute pérmeability were
determined for each .“run. |

: .

The inlet end of the coreholder was fitted with an' extension
and an O-ring. The extension was. a trafsparent model of the
coreholder. When attached to the core it actéd to extend the core
length.  This allowed the packing to take place right up into tl;e
extension and maintain a more consistent packing throughout the

coreholder.

——

Two vibrators were used in this study. During the preliminary

runs the vibrators were alternated and the resulting porosity and

5
Rags

permeability were evaluated.

4.2.2 Packing Materials

The primary materials used to pack the coreholders ware
distilled water, sand and glass beads. The distilled water used had 'a
PH of approximately 7.5, Ottawa sand with a mesh size of 70-140, é‘s

opposed to the glass beads, was used in the pteliminary runs. F_.O'jr

the remaining runs glass beads were used. They were obtained from

'Sil - Silica* and Rotair** Industries. The number associated w1th the

%

* Sil Silica  8824-53 Ave.. "Eqmomon, Alta ”4;65-1608 |
** Rotair Industries 7722-9 Ave. -“Edmonton, Alta  440-2775

’

~hy



beads identifies the range of bead diameters. ‘The most common

bead size wsed was the #9 with ‘a ‘mesh size of 80 to 120. The #7 had.

41

a mesh size of 50 to 70 and #5 was 30 to 50 Sieve analysis of the -

glass beads revealed that the beads were con51stent1y sllghtly larger
than the specified dlameter range

3

The surfactants used in this study were C"hevf(\in .Chasertm
SD1000, Dow experlmental sulphonated surfactant Chevron Chasertm
XP100. The oil used in this study was Brooks Pan Canadian. The

v1scosuy as determlned ut111zlng the Brookfield viscometer with an

ultralow- adaptor was 52 cp.

h.3 Wet 'P_ack_ing

o

The wet- pécked sandpacks were " prepared by performinlol

i
calculations io assure that the water and sand were alternately

_ loaded in a specific manner, ’Fhe sand was loaded through a funnel
that had been mod1f1edeto a predetermined dlameter and contacted
~“a measux:ed volun;le of ‘water. ThlS was done {o consxstently allow the

sand to fall mio a five to ten cm layer of water. The tot+1 amount of

(3

sand loaded into the core was 2250 g. _ }

The coreholder was continuously v1brated while the sand ‘and
water were loaded. When -the D,coreholder was completely full it was

then vibrated for 8 hours. The extension was removed and the

S



upper end of the coreholder was levelled. The sand collected was

dried- and weighed and th% end- cap was placed on the jcore.

g

At this point heating tapes were placed around the core and
the water was evaporated out. This drying techmque was employed

. for three _days. The core ‘was then cooled for approxrmately 8 hours.

to a vacuum of 1 psi for 4 hours. Distilled water was then 1mb1bed
into the coreholder. - The "imbibed volume was taken to be the pére
volume.

VA

F‘A permeabrllty test was then performed on the core. This was

accomplls e

,*::whlle mamtarmng 100 per cent ‘water saturation. The

flow Tate was ‘measured and an absolute permeab111ty measurement

was obtalned
T @y —/

V& #

U;gl

4.2.4 GJ Dry Packing ..

’ The dry packmg method consisted . of Ioadmg 2250 gm of sand

(or glass beads) into the coreholder through the funnel, in the three
- ‘batches of 750 g.  This allowed an excess of approximately four
inches, to remain in the top extensron The coreholder was vibrated
~while the sand was loaded When full the coreholder was  vibrated
contlnuously for 8 hours The advantage of the dry packrng method

*is qulcker determmatlon of pore volume smce dryrng the core was

unnecessary.

In order to determine the pore volume, the coreholder was subjected

42



| density.

After vibration, the extension was -removed and the excess
glass beads were weighed. The coreholder was then evacuated WitH

a vacuum pressure of 1 psi. , The imbibed liquid was‘ assumed to be

the pore volume. -

4.2.5 Alternate Pore Volume Determination

The initial method for determining pore volume was the
imbibition of disti,L.led water into a dried and evacuated core>~ This
was compared to the value found by calculatmg the remaining glass

bead welght d1v1ded by the experlmentally determined. glass bead

Y

)

In order to verify this method of determining pore volume, a
plot of refractive. mdex, as'measured on the Erma- New Abbe

refractometer‘, versus the brine concentratlon was generated It

. ,showed a straight lme of refractive index versus brine concentration.

-

Such a plot is presented in Figure 4.2.

To find the pore volume a 2 per cent (by welght) solution of
NaCl in water was 1njected into a core (the pore volume, of a typical

core had been det,ermmed previously by 1mb1b1t10n) The éHuent

- from the core was collected and‘ weighed. The refractive index - was

. purchased through Fisher Scientific 10720-178 St.

Edmonton, Alta =~ 483-2123
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measured ThlS was plotted versus the cumulatlve, volume The .
SJ; A ad

Y

curve produced was analyzed using a digitizer to measure the area_

on both sides of the curve. The pore volume was . chqby?eh such that'a:
vertical line drawn through this pomt generated equal *areas on both
sides of the curve.

This method produced results very similar to those obtamed by ‘(
the 1mb1b1t10n method. Because of the relative ease of utilizing - the

1mb1b1[10n method and because the introduction of bryine, no matter
. ‘51 .

how well the 'core was “flushed, could 'adversel'y effect the rups,

imiiZition was chosen to be the standard pore volume determination.

me od.

T

» ) . 5 t

SNz

4.2.6 Consolidated Core - Preﬁaration

The consolidatedv cores used were 5 cm in. diameter and 60 cm
in length. . These dim‘ensions are very similar to the original
coreholder used. Larger dlameter coreholders with the ~original

flanges were used.

The cohsolida.fted,-;;.vcgr'es used were Berea sandstone cores. These
cores were fired _-at'-"7’5‘.Q_“°é to reduee the amount of swelling clays,
and increase the permeability. .The core ends were 'c0vered in
aluminium foil for. protection. The core surface was then painted

with an epoxy to render it impermeable.

e
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The sealed core was then placed'uin a coreholder. It was
centered and stabilized weithin the coreholder. A lead-nickel alloy,
"Cerrobend" (MP 70 °C) was poured around the sides of the core and

allowed to cool. .The excess alloy was removed by turmng the core

L.

‘faee in the machine shop. S : A

4.2.7 Oil Saturation of the Sandpacks
| ¢ ,‘,..\l -
In order to obtain a core with residual oil saturation, the core
‘was subjected to a series of floods. The core was initially 100 per
cent water saturated; the porosity and absolute permehbility were
M determined as outlined in the“previous section.
|
The core was flooded with 1000 cc of oil at a rate of 1 cc per
- mmute The amount of effluent water was, carefully monitored.  This
flood took place vertlcally from the top downward. The f]cv)odv
'progressed from the core inlet to the outlet. The inlet end of the
core had the sight glass_attached to it. This orientation, flooding from
the top down was chosen because the specific gravity of the oil was
less than that of the water,

< C . ' . e -

o

/Once the oil was flushed through the core, the coreholder was
fllpped upside-dowrt. = Water was then injected into the coreholder
from the bottom .up toward the outlet end of the coreholder. This

was dpne usmg a contmuous-dtsplacement pump at a rate of 3 cc per

v
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minute until there was no oil present in the effluent. The amount of

water used was often as high as 15,000 cc.

v f "o
\' - ’ "q : .
4.3\ ~ Pre-Foamed Temperature-Controlled Co-Injection Runs

Plate 1 shows the experimental equipment designed to co-
inject nitrogen and surfactant solution in order to generate foam and
examine its flow through a porous medium. The equ1pment was
designed for operation at elevated temperatures (max. 250° C) and
pressures. Equlpment design and trouble-shooting constituted a

large portion of this research, since this was the first study of this

type at this university. - The equipment was desrgned after careful '

consideration of the apparatus utilized by other rnvestlgators The
design was significantly modified by problems and procedures_

4

identified in the prellmlnary runs.

w
ny

@

A diagram of the srnOIe core appar.atus 1s presented 1n Flgures
4.3 and 4.4. ‘A diagram of the dual core ' apparatus is presented in
Figures 4.5 and 4.6. A descrxptxon of the apparatus and ‘the design
concerns are presented in the followmg sectlon ~ The equ1pment also
allowed experiments to be performed wrth dual coreholders tested  at
the same time. The coreholders used for these “runs werc of the

~

same dimensions as for the prelxmmary runs.

s
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The injection of the nitrogen was controlléd by' a pressure
regulator and a mass flow controller. The regulator was set such that
the system could not exceed the maximum: design pressure. The
- mass flow controller (MFC) was a Matheson* controller model 8240.
This controller was designed spemflcally for measuring mtrooen The
units of the system were cc per minute. The maximum allowable
rate was 1000 cc per minute. A totalizer \:vas attached to thé MFC
such that the cumulative nitrbgeri volume injected could be
determined instanﬂtane-ously. i‘hé value read on the MFC was at one
atmosphere and 60;’F.’ The value read on the totalizer was converted

to an appropriate volume when the pressure was higher than
atmospheric;

" A Ruska pump was employed to inject the liquid phase. The
pump had two 1000 cc -cylinders attached to the outlet end. ‘"i‘his
'effectively quadrljpled the pump volume, from 500 to 2000 cc. By

- changing the gear ratios the pump rate could be altered. The most

common rate used was 1 cc per minute.

| ﬁl‘he mass flow controller (MFC) and the Ruska pump both fed

into the same flex-line which attached to the inlet of the foam

* Matheson Gas Products Canada. Inc. 12143-68St.
Edmonton, Alta _ 471-4036
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generator. In this way the nitrogen and the liquid phase were co-

injected. By controlling the pump rate and adjusting ‘he MFC, the

injection ratio, and hence the approximate quality were 2gulated.

~

4.3.1.2 Oven Interior ' /

Q . L :
At this point the co-injection fluids entered the Napco*
thermostatically controlled oven. Plate 2 shows the interior of the -
oven. The foam generator, the sight-glasses and the coreholder were,

all located within the oven.

The oven was 23 by 37 inces wide. The maximum temperature

allowable within the oven was 250° C. One of the main features of

' this oven was that it is equipped’ with a fan to circulate the heat.
This oven was modified to include windows. Thesz windows allowed
the viewing of foam through the sight-glasses, at. elevated

temperatures. The oven was also modified to include ]1ghts

4.3.1.2 Foam Gene’rato.r

The co- 1njected nitrogen and surfactant solutlon first passed

through a' coil which led to the foam generator.  The purpose of the

b4

~

* pufchased through Sargent Welch Scientific of Canada 1,,.459-6246
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coil was to increase the temperature of the nitrogen-surfactant

mixture to oven conditions.

The foam generator consisted of ‘a coreholder that was packed
dry with #9 glass beads for con31stency To prepare the core 125 g
of "glass beads - were slowly poured into the vibrating coreholder The
small vibrator was used to prepare the foam generator. A schematic
of the foam generator is presented in Fig 4.6A.

—

A small coreholder of the necessary size was convement]y
available. The end- -caps - literally screwed onto the central core tube.
This made it very difficult to prevent the glass beads from getting in
the end-cap threads. If glass beads became imbedded in the end-

cap, or under the o-ring, the foam generator leaked.

. The end-caps for this coreholder were fitted with screens to
hold the glass beads in p]ace Two layers of screens were placed on
both end-caps. A fine screen was placed behind the more coarse one

in order to keep fines from flowing with the foam.

In order to Pack the foam generator a 'top'-ext_erision was
| designed to screw ontd sthe coreholder. When the core was ioadea
wi'ih~ glass beads and the vibratiQn completed, the extra glass beads
used were removed. This was accomplished by removing the rubber

stop;ﬁfs on the sides of the  top-extension. The stoppers were

removed one at a time. While attached to the core stand the

56
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coreholder\ ‘couid‘ be "tipped to unload- the extra sand. This excess was
collected and weighed. " |

\
The second end-cap was then placed on the coreholder. The air
“in the coreholder was evacuated by vacuuming for 2 hours. Next,
distilled water was imbibed into the coreholder. The permeability of
-thls coreholder was not determmed for each run. It was however,
determmed for three runs and found to be very consistent.

o
r

. : . f& -
4.3.1.3 Sightglass‘es

————

N

"
Y

A 51ghtglass was added to the outlet end of the foam generator.
bThrs permltted the v1ewmg of the foam immediately after formation.
A tube was added -to drrect the fluids to the transparent portion of
the sight-glass immediately after they exited the foaﬁr\% generator A
| 51ghtglass ‘was. also added to the inlet end of the main coreholder | 2
The srghtgldss was attachexdw,to the . coreholder and the foam generator
end- -caps. This positioning was'also usefu1 for pore volume
'determ_ination. When - the sightglas.s'were full of water, the
imbibition orocess was complete. It was also helpful in 1dent1fy1ng
bcoreholder end-cap- leak‘s.‘ When a leak occurred the sightglass did.
',n’ot fill completely. - . o

‘ ) | it

Between these s1ghthasses a sample cell was  added. The

srghtglasses were - designed to prov1de v1sua1 evidence of the foam

formatlon .and to suggest when the sample cell was full. -
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The sightglasses were posmoned such that 14’ an explosmn took
Place they would not blow toward the operator and therefo&e
“pointed down. Two small mirrors were attached to the apparatus to
Li\”enable the operator to observe the foam. nghts were situated in the
oven such that they would shine throuéh the sightglasses and make

this visual observation easier.-

\

* -

4.3.1.4 Dual Core Runs "

g

For the majority of the runs a single core was employed. For
selected runs, the system was mbdlfled 1ncorporate a second
coreholder For this the 1n_|ect10n system remained wunchanged. The

Loutlet was modlfled as discussed in the next section.

~ -

4.3.1.5  Outlet Systéem

At the outlet end of Yhe main coreholder a system ~was.

t

developed whereby the effluent couidibbe visualized and sa‘mpled

‘Sampling was problematic because it was important?” to view the
-'eff}v"nt under experlmentﬁl condmons -Plate 3 showsr the outlet ..

2

-system. o .

k-2 - v
A Jergoson gauge allows v1sua1 observ-atlon along the length cﬂ .
the cell ‘This® cell can handle fluids to 1000 psi at 100° F and 585 psr‘\ X

at 600° F. This cell was posmone(\] vertically such that the effluent

“
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Outlet System
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entered the bottom of the cell. At the inlet end of this cell a valve
was placed that could isolate the cell from the rest of the system. At
the base of the cell a® valve allowed the emptying of the cell to
atmosphenc conditions. A back pressure regulator was placed at the
tof of the cell so that it would ‘only "see” nitrogen. The accuracy of
the back pressure regulator "was significantly reduced by the

introduction of a second, or. third, phase.

Placed at the outlet -of the Jergoson cell, but before the back
pressure’ regulator, was a pressure line: This line was attached fo a

second nitrogen tank.

As Mmespitluent -exited the coreholder, it moved vertically up

"The pressure in the cell reg"ul‘ated the outlet «

g

conditions for the main coreholder When~the effluent reached the
50 ml mark, the cell was isolated from the coreholder by closing the

. . . . .’
aforementioned valve. , 5

2l
N

”

)

The eﬁfluent dramed ont of the cell when the sample valve was
open The’ samples were ycﬂollected in 50 n*h centrxfuge tubes to allow
quick volumetric' measurements The sample valve was ’then'closed.

. \ J
The second mtrogen tank .was then used to repres.sure the cell.-"‘

The bae‘k pressure regulator establrshed the proper pressure This

* was ver1f1ed by the posmomng of a pressure gauge that measured’

|
the cell pressure ThlS gauge was visible at the outlet. At this- pomt

the valve to the cell entrance was opened and the system agam
b

i
I
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\

r"e‘fmhed equilibrium. The sample procedure ‘generally took less than

15 seconds.

"~ The addition of a second coreholder necessitated a second
Jergoson cell. This cell was fitted w1th the same valves as the first
one. The outlet of both cores was regulated to 50 psi, so that there

wads only one drffercrmal pressure profile recorded

4.3.1.6 Sample Analysis
\;) N

The effluent was coIlected continuqusly ""throu‘ghout the

experiment. The volume of the sample was recorded To determine

. -

the surfactant concentration of the effluent, the reﬁractive index was

me__asured ‘While performing the experlments it was determmed

L

that the ultravrolet (UV) spectrophotometer reading was a more

accurate method of determmmg surfactant concentratron

A plot of refractive index versus. concentration was .generated"'. )
and found to.be a straight line. The plot was used to analyze the
effluent and - determine concentration. This plot is mcluded as Figure
{1.7. The gradatrorrs on . th1> ‘'scale are very large. Although ‘the
r'efrg;@trve 1ndex accurately ref]ected the surfactalnt breakthrough 1t

-did not glve an accurate plcture of the Sytfrfactant adsorp@on

el

“Fhe ’ultréyi_olet (UV) spectrophotometer was _them used to .

determine ' concentration. " This method was used by Huh and
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Handy3%. A comparison of concentration determined by refractive
1ndex and by spectrophotometer analysis is given in F]gure 48. The
ultraviolet spectrophometer determines surfactant concentration
based on the fundamental law of absorption which is that the rate of
decrease in radiant power with the length of the light path b, or with
the concentration of the absorblng material C, w1ll follow an

experimental progression:
= 10-A = 10-abc
where A is the absorbance and a is the absorbivity. Therefore

A = abc,

'
.
v

and a plot of A versus C yields a straight line with a slope of ab. This

~u

plot will pass through the origin. To use the spectrophotometer

various surfactant concentrat1ons were tested over the wavelength
range to determlne the loca‘tron of a characterlstlc peak At thls
pornt a calibration graph was generated to ‘test the accuracy of the .

spectrophometer. This graph is included- .as Figure 4.9

4.3.2' Expet‘imental Procedure for the Pre- Foa:fned

'Temperature Controlled Co 1nJect10n RUns K :

‘e

L

In order to perform an experiment a surfactant solution of the

]

'appropr1ate concentration was prepared. The surfactant was

B3
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weighed on a Mettler* balance to four decimal places. The solution @

was weighed on a digital scale to two A"de"cliinztl places. The. solutxon
was stirred and then poured into the Ruska pump cylinder.

The foam generator and ¢8reholder vvere position_e'd in the oven
and connected to the system with quick-fits. The‘i’nlet end of. the
system was closed and a surfactant slug was injected.  The outlet
pressure was carefully monitored until it reaeHed the appropriélte
back pressure. The Jergoson cell was then filled with nitrogen until
the back pressure'was matched. The outletl".valve was then opened
and the slng .'injection continued uﬂntil the desired slug lvolume was

reached.  The -back pressure regulator maintained a constant back

pressure.

The injection line was then‘.dis'co.nnected.’ The " mass flow
controller was set CBO the desired‘.ra'te. The injection line was
'constantl.y‘ depressured until the stabilized rate was achieved. The
Ruska pump co-injected the surfactant solution with nitrogen at a

preset rate. .
F

¥

The "s"ﬁrfaetant solutio’n' and the nitrogen both flowed into the .

‘injection line:. The mtrogen line was equtpped with a check valve to
prevent the surfactant solution’ from eéntering . the nitrogen line.
_ When “the 1n_]ect10n. line was re-connected, the totalizer .was set to

zero and the timer started._

*_ purchased through _ Fisher Scientific 10.7-178‘ St.
‘Edmonton, Alta = 483-2123

e
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The Jergoson- ce’ll. was graduated such that» when fifty
millimeters of solution had entered the cell it could be sampled. The
sampling procedure was outlined previously. When each sample was
collected, the time, pressnre, and totalizer reading‘s were recorded.
The sample volume was also recorded. The refractive 1ndex or the

spectrophotometer reading of the sample was then determined.

4.3.3 Operational Difficulties

- Due to the fact that it was necessary to de51gn and build the
equipment, there were several operational difficulties encountered in

the initial runs. /

The first problem encountered wasb developing a standard
technique in which the maximum information could be determined
w'ith".'the most consistent nrocedure The results of the runs first
performed were not included in the' study due to the fact that the

"';da'ta‘ wés collected 1nconsxstent1y ' Developmg a con51stent run
‘proced.ure, 1nvolved performmg the run several tlmgB 1n which the

procedure was varled This resulted in discarding several initial

runs.

Other problems encountered in the initial runs included: leaks

:i.‘n'-fk_coreholder end-caps and foam generator valve leaks and

problematlc Or non-existent sampllng

o
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The outlet end of the equipment was re-desrgned when the
initial runs were complete. It was initially designed simply to
meesure the effluent volume. To sample the efflueht in regular
intervals and analyze' the - concentration, a sample valve was added
The sample procedure involved shuttmg off the exit valve -while a,
sample wag ‘taken. It was felt that this did not significantly affect
_the experm‘;egtal results.  This is evidenced by the fact that the
differentival @ressure was- the same before and after the sampling
procedurc, . once the system had reached steady state.  Although the
. sampling method could ‘be improved (refer to Chapter 4) the
alternatives weye too costly and time;‘i?’consuming to be considered at

this time.

During the runs performed at high temperatures (125 - 130° ©)
there was a problem ‘sampling the:: effluent at atmospheric pressure.
A system was developed whereby flexible - plastic tubmg was wound
. around the. bolts of the Jergoson cell A pump circulated cold water
around the cell. Due toproblems with the circo'latory pump, bags of
icev were eventuallv u‘sed‘ to cool the flex-lines that led to the
Jergoson cell. At the highest temperatures osed in this study it was

not difficult to cool the effluent to the liquid phase at atmospherlc

conditions.

If the temperature was to be increased significantly a better
r 4

cooling system, such as the one described, would be necessary.

-~
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The original dual core experimental apparatus used two back

pressure regulators. It was determined that it was too difficult to

,adjust both back pressure regulators to precisely the same pressure,

,Because of -this, the flow could take place in the less permeable

coreholder. :
.

The outlet system was therefore re- de31gned to utilize only one-
back pressure - regulator To do this a different conflguratlon of

valves was developed to maintain the 1dent1ca1 back pressure in both

'Jergoson cells.

NS N
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™V Discussion

-

5.1 Introduction

Tffis .c‘hapter presents ;ﬁ‘he results and discussion of an
experimental. analysis. of foam flow within porous media.
Consrderable empha51s was placed on the de51gn and construction of
the experlmental apparatus utilized.© The runs conducted, along with

initial core and foam properties are. listed in Tables 5.1 and 52

4

&

""_;,: “This study s conducted to ‘analyze the flow of foam in porous
.Specifiﬁy, the research was performed td determine the
i .,‘e of foam as a secondary' recovery method.  To do. this,
perrmental runs were performed to evaluate foamability with
“.changmg varlables such as: absolute permeability, ‘“surfactant
concentration, surfactant type, temperature, resi'duél oil saturation

and quality of foam. Experiments were also performed to examine

the ability of foam to act as a blocking agent in _porous media.

-

-

This chapter oontains an introduction to. the  study, and
proceeds to a description of the experimedtal result presentatiorr.
The pwreliminary runs performed. and the nitrogen- surfactant co-
injected runs are examined 1nd1v1dually,-and in categorres to
examine the effect of changing variables. Finally, a discussion and
comparisorr of experimental and simulator results is presented Based-\

upon the numerical simulator that was developed and utilized.

\
T
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5.1.2 'Experimental Results

s

/ ( S

. The data for the preliminary runs is given in Table 5.3 to Tableu

5.12 and.‘Figu‘re 5.2 to Figure 5.19. The co-ifijected nit.rogen-'

surfactant run- data -i§ available in Table 5.13 to Table 5.112 and

- Figure 5.20 to Figure 5.112. .

PN

Experimental runs oéx several types were conducted.

Preliminary runs were performed to test the ability of* foam to

4
Teduce gas phase mobility, and to examine foam flow in its "simplest

form. It was generally determined that the addition of surfactant,

prior to gas injection, caused a delay in gas breakthrough time, and

2

an increase 1in produced volufne at bréa,kthrough. Various
sﬁrfacfants were compared during this analysis. These experiments
prbvided valuable insight into potentiél désign i)roblems associate\d
with foam flow experiments that proved helpful for the design of the

co-injection apparatus.

<

The ‘ne)s‘t series’ of runs invdlyed a comparison of produced"

volumes and differehtia-l‘p;essureé for two cores. One of these cores .

was initially saturated with water, ‘the other ojne"fwajsi completely

saturated with a surfagtant solution. These two runs; and the .

% . . .
- following runs, were pekformed on the modified equipment.

A

)

4 :‘:‘»' . ‘ . ? . : . A - '- ‘. - . N 1
- -The first series of co-injection runs peérformed was a

comparison of Maini's35 base cases where the water-nitrogen ratit..



]

P
—

wg«s/changed. - A ~water base case with effluent sampling: was later"-

erformed with which the surfactant runs could be compared.

v

e~___The, variables examined included: absolute permeability, .

surfactant concentratien, temperature, residual oil saturation, foam

v A
quality, apd’tf)\ residual “trapped gas saturation. USe of a foam

generator’ was carefully studied. ° Temperature,. surfactant.

concentration, and “residual oil saturation were also alteied. in

combination with each other. A flowchart of the runsk_p'erformed is.

presented in Figure ‘5.1. - k

In several runs, dual ‘cores were used. This was -done to test

the theory that foam will act as a. blocking agent, p‘referentiall'y

J

"blocking the high permeability channels.

Data analysis of the later runs included comparison tables and

plots of the -cumulative volume and differential pressure versus the

‘elapsed time, and the concentration, versus the number of pore

Lvolu nes of effluent collected:

.- The final stage of this research included the developmeént and
the use of a-\'two-phase foam sirn'ula'tg)r.. Compari_soris of the
experimental and simulla‘ted results -are presented.

v,

N

%

o
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5.2 Preliminary- Ru,'(sj

1

8

-

v

. . o , '\ .
The preliminary runs. were performed- to test the ability of 3

certain surfactants to form a foam at Toom temperature,\ and to
determine if there was a reduction in gas phase mobility in—the
presence of a foam. The equrpment used | for .these runs was

presented in Figure '4.1.- These runs were conducted ‘without thé use

“of a foam generator These runs -were perforrned ~with three

N

o —

surfac_tants: XPlOO SDlOOO and Dow surfactant. Two runs were‘.-

- performed, using the Dow surfactant, with the coreholder held

V‘ertrically.' The value of. the preliminary run data lies ‘more in the

trends ‘that were identified .than in the numerical values obtained.

At this point, a brief -Teiteration  of the -preliminary run

- procedure is presented. The water saturated “coreholder was initially -

flooded with nitrogen. I;"ollowing this, the volume produced at 'g'as

breakthrough »the time untll gas breakthrough and.the v"_o‘lume

_produced at 60 seconds were recorded The coreholder Was ,then.

oriented vertrcally,' and resaturated wuh water this was the first»

?resaturatlon ‘The gas ﬂpod was, repeated and “the same values were,

recorded The “second_ gas flood was performed to provide a base

‘case w1th residual gas saturatlon‘ Th1s was done 1n order to prov1de

a comparlson for the: second resaturatlon performed with an 1nJected

’

slug of surfactant (The procedure utrhzed. for the prehmmary .ru-ns:.

was outlined in ‘the previous chapter (Section 4.1 Prelim‘,ifnary
Experiments). S B

~



F'or each' run, a separate core was'paéked. The packing method
. . s .

79

was varied to examine the -effect of: dry or wet .packing, or changing

. the vi'brator size. As can Be. seen from Table 5.3, the dry packmg

Amethod with the large\ vrbrator produced a sandpack ‘with lower
-absolute. permeabilities and porosities.

-

i

5.2.1 Water Base Case - ’ \

The data for the water base case Run 1P, is given in Table 5.4,
and plotted in Figure 5.2.  From the graph it is evident that the
fpercent pore volume produced at ‘breakthrough and at sixty seconds,
-is greater for the initial flood than for either resaturation flood. The
percent pore volume produced at breakthrough is 22.6 for the 1mt1a1
flood compared to 18.3 for the first resaturation and 17.3 for the
-second ThlS dlfference is due to the residual gas saturation present
in: the coreholder following the initial gas flood, which acts to reduce
liquid pore volume.

!

- It is not?:worthy that the first and second resaturations yield

similar. results.  This suggests that the residual gas saturation is-

~unchanged by the second resaturatio'n This assumption was utilized

‘to determine the: prel1mmary run core flooding sequence In each -

: vf.;ease “the surf*c"ant run was the second resaturanon }and the
'numerlcal values were compared with the flrst resaturanon data

This was:‘done becau‘se’ the packing method was. not consistent, and

i

-~
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“Table 5.3 Comparison of Packing Methods
. ) . ¥ y ) ‘

Run Pack-  Vibrator Porosity Absolute

Type Size % -  Perm.

C ' darcies
#1P  Wet  Small 34,0 28.1
:#21) Wet > ‘Larg'e : 34.1 ' 32.5
#3P . I‘)ry Small | 32.8 28.1
#4P Wet Small 3-\4.2 27.8
#5P - Wet -Small 343 30.0
#6P  Dry . Small  31.9 26.5
#7P  Dry Small 3v2.2 | 26.9
#8P Dry  Large 31.5 25.8
40P Dry  Large 31.6 26.5

P = Preliminary
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: B
5.2.2 Surfactant SD 1000 _ ' r

the porosity and abs'olute permeability varied for each "packed

c‘:oreholder.

Rups 2P and 3P were performed. using surfactant SD1000. - The

* data for Run 2]; in which a 40 ml slug of 1 percent SD lOOO was

used, is given in Table 5.5: ThlS slug size was- approxlmately 10 -'

percent of the ‘coreholder pore volume The t1me to gas |

breakthrough increased from. 142 seconds in the first’ resaturat1bn to
33.7 seconds, once the surfactant slug was ‘added. } The percent po

volume produced increased. from 21. 3 to 36 3'at’ breakthroubh' _Fro”

- Figure 5.3 1t can be’ seen that the percent pore volume produced at

60 seconds is only slrghtly h1gher for the surfactant run than it is for

“the first resaturatron, 53.9 compared to 496 The outlet pressure,

&as lower in -the surfa"'ctant run, than in the water runs, 61 psr‘

compared to 143 psi, due to the blockmg actlon by the foam “The

small . surfactant slug of 1 percent solut1on was probably too “diluted

“and too small to show a large ‘effect on fluid productlon however the "\

” gas breakthrough t1me -was 51gn1f1cantly delayed

Run 3P ut1l1zed a 40 ml slug of 5~percent SDIOOO The data is
presented ‘in Table 5.6. The gas breakthrough t1me ~was exte il

from 102 seconds for the f1rst resaturauon to 180 seconds for e

surfactant Tun. - The percent pore volume produced at breakthroughv »

’1ncreased from 185 to 50.9. Thrs is deprcted in Frgure 54 There o

v

5
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was no  increase in outlet pressure ‘established, therefore the

differential pressure across the. core was increased, by the foam.

Frgure 55 is a graphrcal representa ion of" the results obtamed'

for surfactant SD1000 at breakthrough . ccoditiens. It is evident that -

breakthrough times and volumes. are'.increasedv by “the use of the

surfactant. From this graph, it would also seem . that a5 _percent

solution is superior to a 1 percerlt, SD1000 solution, as _fér us"_’flow
resistunce is ~concerned' Although this is possible, due to the nature
"~ of the prelrmmary runs, this result is ‘not conclusrve When the S
percent solutlon was 1njected into /[he porous medium it likely
became diluted. | Thls 1njected solutlon would be equwalent to a 1
percent solution of the five trmes- the slug volume. To determine the
vilue of increased 'surfa_ctam concentration u continu.oUsﬂsu-rfactént
i»njeefion, as was used for the c‘o—inje'cted runs, would be more

N

meaningful.

523 Surfactant XP100

i : ' ’ ‘ %
Runs 4P and 5P utilized the next surfactant tested, XP100.
. . . 2,

Table 5.7 provldes~the data for Run 4P, the 1 percent surfactant case.
The differential pressure-established across the coreholder during

"the surfactant flood was 5.43 psi. This is slightly larger, than the 4.86

psi established with water. The gas breakthrough time increased .

from 10.7 seconds for the first resaturation to 25 seconds with the

: N | -
“addition of surfactant. Figure 5.6 shows that the percent pore

“
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volfxme coduced _is greater, 22.5 at gas breakthrough for the

&

surfactant case, than for th/c first _resaturation, 15.8. y

The graph also shows that at 60 seconds the volume of
produced fluids is élighily less for the' surfactant case than.for the

first resaturaii'on. “This is an important result because it shows that,

- although the surfactant delayed gas breakthrough it did not resdlt in

increased fluid production. This is possibly because. a small amount

of foam was generated, fqllowing gas breakthrough. The effect of.

this was to lower the gas mobility after gas breakthrough.

The data for Run 5P is presented in Table 5.8. This run utilized |

can be seen in Figure 5.7, because the ‘surfactant run had a shorter
gas” Brg,a'k'through time and produced less fluid at gas breakthrough.
T'I}t is interesting that, rather than having no effect, vt}he 5 '~percent‘

' surfactant. solution was detrimental - to increased fluid production.

-+

Once . ga§ breakthrough occurred, it is interesting to mnote that the

fl'l;ix;i‘&"pfoduction increased by only 22 cc at 60 seconds. For the first

L o . : X
resaturation this amount was 130 cc. -The pressure drop established

across the corehdlder was 6.14 psi; for the 1 percegt XP100 run the

»p‘re‘ssure drop was 5.43 psi. This surfactant was very difficult to

dissolve in water at roqm‘ temperature, having been designed for use
at elevated temperatufgs. It is possible that large . surfactant

particles became plugged in” the pore spaces. This would account for

the low volume of pr’_oduced fluids and the high differential -pressure. -

Figure 5.8 shows a cofnpariéon of 1 and 5 percent. solutions of XPlQO

- <

92

- a 5 percent XP100 sOluti_on’.'bThe.results of this run are interesting, as- :
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at gas breakthrough conditions. If this dispiacement were repeated
at an elevated temperaturc the performance of this surfactan™would

be better, according to the specifications.

Ca . ) .

5.2.4 . Dow Surfactgnt

-
v

"Runs 6P-9P were condﬁcted using the Dow surfactant. The
data for Run 6P is given in Table 5.9. This run was conducted using a
1 percent bsurfactarklt solution. The gas breakthfough time was
‘significantly delayed from 12.9 seconds for the fifst resaturation to
128.5 seconds for fhe surfactant run. -As can be seen in Figure 5.9,
the percent pore volume produced at. breakthrough was "62.5 for .the
surfactant casé. compare\d to 12.9 for the ".rst resaturation. The
differential pressure increased to 6.1~4 psi from 4.71 psi, -due.to. the

. presence of the surfactant, which led to foam generationf

For Run 7P, a 5 percent Dow surfactant solution w‘as': used. The
run data is given in Table 5.10. The gas brgakthrough was again
delayed by the surfactant, from 10.2 seconds to.180 seconds. The
pefcent pofé volume increased to 75.3 at gas. breakthrough from -
10.8 for th§ first reéa}uration. This is graphically depiéted in Figure
5.10. The foam decreased gaé mobility such that the pressure at the
outlet end of the core was atmospheric. The ‘pressure differential
established across ‘t’h'e' corehoider was, therefore, the maximum
possible based upon the design criteria. " The results for the 1 and 5

percent dqtarat. gas breakthrough are presented in Figure 5.11. 'Ié‘he'

) : : -
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system shows a definite response®to the addition of a surfactant slug

prior to a gas flood.

\.

{

52.5 . Dow Surfactant - Coreholder Oriented Vertically

- The next several runs were ‘aiso performed using the Dow
surfactant, with core in the vertical position. The gas was injected
from the bottom of the system, upward.‘ It was found that the gas
breakthrough time for the first resatura\ion- was only 2 seconds for
the vertical pack. ‘For this reason the (Jurfactant flood was performed

on the first resaturation, rather than ‘the second, as was normally

done.

The data for Run 8P is given'in Table 5.11. The surfactant

caused the .gas breakthrough time to increase to 313 seconds. The®

percent pore volume produced was 65.5 at gas breakthrough. Figure_

5-12 provides a graphical illustration of the data. The time fto gaks
breakthrough was logger, and - the pércent, pore volume produced at
gas breakthrough was considerably larger, than was detérmined for

the initial gas flood values for this run. .

The data for thc‘ vertical 5 pf:(‘rcent Dow surfactant case, Run 9P,
is given in Table 5.12. The time to gas breakthrough was 1056
seconds. This" is a remarkable ihcrease, considering that the initial

flood bSreakthrough time was 115 seconds. The percent pore volume

[N

102



103

34079 paludLJUQ

ALLPOLI4BA JURIIRIUNS MO %L +d8 uUNY 404 Pleq [PIuswL4ddX] LL°G @1qel
o . .
00 o 0Zv 0°L8 0T¢
ysnolyiyepiq 125 6’69 |§:44 urmy  1ueldRING
00 ,
91 : , 09 ¢'79 0€T, . :
y3noiyiyesiq 811 €T 8 pooid [enmy
("159) _ 7 _
(1sd) . . (s) (%) - (Tuw) ‘
d4nssaayg awn], awnjop awnfop danpasody
121INQ aiog
suraydsowny :9unssalgd  ydeyg sowIep §Gy :Lypiqeawaag  anjosqy
1sd g9 :aunssatg  Jdjuj 22 Op ;021§ 8njg  juejdRjINg
32 §9¢ ;Pwnjop 3oy %1 IUO0IJBIJUIDUO)
%S 1¢ :£)1s040yg mo( “‘jueldejang:
- yoedpueg

‘ , I3 JueldejInS MOQ %]
, dg# uny 104 ejeq [ejudwpsadxy

s



104

mE.C .N> cmu:no&;mpmxmipf:s:u&m::m Nr.mw(_:mi

(spu0dads) AWLL

00y 0S¢ 00 = 04T 00¢ 061 001

99 $9¢ = ANATOA FAOd

" S2101Ep G IHEd "SAY
%1€ = ALISO¥Od

. 93 0y =37ZIS ON'1S
b TAOD TYIILIFA
INVIOVAINS MOd %1

d8# NNd

NNY INVIOVAdNS —e— 08

- 06

QOO TVLLINI

001

2
e

(et

- (ANNTOA AY0d %)
aadNA0Ud YALVM FALLVINAND



105

B . . | 8407 PajuU3LUQ

ALLBOLIUBA JURYDRIUNG MOQ %G id6 UNY 404 BIR(Q |eJUBWLIDdX] 2L°g alqe]
00 :w:oEEaDS 9501 8L 067 . uny jueideyng
) R - 09 . T'E9 14 X4
yanolyiyeaiq S'I1 v'81 89 poo[] [eltu]
("1s9) : :
(15d) (s) (%) (99)
dINSSAAg : awyg dwnjoA awnjoA | aianpadouq
j21InQ : . 9104
osoursydsouny 13unssalyg _xumm saldIep 697 (Ajiqeawadd  3njosqy
1sd ¢9 _ j9anssalg  1ajug 0 :9z1§  8n|g  juejdejang
.- 20 QLE . tdwinjop  dlog %¢ IUO0IJBIIUIIUO))
%9°1¢ . :£)1s010 mo(q . ‘juejdejing
* E : . yoedpueg

[B21113A  JuepdRyING MO %S -
do6# uny Joj ejeq jejudwriadxy



-

.produced at ‘gas breakthrough was 78.4 for the surfactant case. “This

data is graphically presented in Figure 5.13.

Figure 5.14 presents a .comparison of the gas breakthrough
conditions for varying Dow surfactant concentrations, with a

vertically -oriented core. It should} be reiterated- at this point that due

to. the small slug size.used, the irﬁproved results ' found for the

increased conce_ntraiion are not necessarily an.indication that the 5
. AV ..
percent surfactant concentration was superior to the 1 percent

solution at reducing gas mobility.

The value of the prelfminary runs lies more' 1n the trends
identified than in the “numericalkv'alués obtained. With this in mind
there "are ‘a few conclusions thlat can be derived from th':ese
experiments. The addition Qf a surfactant slug prior to a nitrogeh
flood delays gas breakthrough and increases the volume produced at
breakthrough. At room temperature the Dow surfactant. appears to
be superior to SD1000, which .is superior to XP100, as a foam
producer.‘ The more effective the surfactant is as a foém forming

agent the higher the pressure drop across the copre.

5.2.6 ComB‘arison of Gas Displacement Tests for Surfactant

Saturated and’_Water Saturated Cores

The next runs, 10P and 11P, were performed to compare a

water-saturated and surfactant-saturated cores. Both cores were

106
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~

~ packed with glass beads. The water saturated core had an absolute

ermeability of 3.5 darcies: the surfactant ‘saturated core had a
p y o

permeability of‘3.1 darcies.

(
Y

The surfactant-saturated core was originally,séaiurated with
water, and then flooded with 3000 cc of 1 percent SD1000. The
effluent, was analyzed with the spectrophotometer until it matched

the displacing=fluid.

Both runs involved nitrogen injection only, using the mass flow

controller.  These runs were performed on the modified equipment,

by-passing the foam generator. The nitrogen flow rate was 20

cc/minute at one atmosphere and 60° F. The results are presented in

Figure 5.15. The cumulative volume of displaced (produced) fluid is

- plotted versus the cumulative volume of nitrogen injected.

"The fluid production was much highebr for the surfactant case,

Run 11P, than the water case, Run 10P. Comparing the v01umev

produced at 70 minutes for both cores, it was observed- that 92

~percent of the surfactant saturated core was produced, and 50

. percent of the water saturated core:

Fvigure 5.16 is a plot of the volume of water produced per
minute divided ‘by‘ the volume of nitrogen injected per minute,
versus the cumulative volume of nitro;ge‘n injected. It clearly shows
the difference between the surfactant andv‘the'water run, with

respect to the gas bi'eakthrough. For the surfactant case Run 11P, 82

109
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percent of the pore volume was displaced at -gas breakthrough and
>28 percent for Run 10P. \From this plot the movement of the gas
front can be analyzed: - The surfactant causes a mofe piston-like flow
‘regime as described by Raza and Marsden!4. This is discussed in
Section 5 of the Literature Review. The gas front moved'[ as a narrow
finger through the water . saturated core. " |

\

The differential pressure established across the two cores is

plotted in Figure 5.17. The pressure across the core for Run 10P, the -

‘water case is 1.0 psi. For the surfactant case, Run 11P, a pressure
differential with a maximum at 12.9 psi, during the fluid production,
was established. The incr‘ease in the pressure drop caused by the

surfactant is large.

The surfactant-filled” core, followmg the 1nma1 experlment was

subJected to gas mJectlon and connected to the dlfferentral pressure

'recorder, for##6 hours. The Tesults are presented in Figure 5.18. The ~

pressure contmued increase to a maximum of - 14 psi.  The
- pressure was relatlvely stable around 11.2 psi, fo?\ 24 hours... This

suggests that the effect of the surfactant is not short term. It must

be remembered -that this core was completely saturated with

surfactant N , £
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5...7 Preliminary Water-Nitrogen Co-Injec-tion Test

The lerst'of the preliminary runs, Run 12P, was'performed in an "
attempr te repeat’ Maini's35 ‘base water ‘cases.  Maini's 'runsl were
performed on a 3.7 darcy unconsolidated sandpack. The corecholder
‘used for this study was packed with glass beads and had an _absolutes
permeablhty of 4.8 darcies. The main difference between the two
sets .of ruhs are the  back pressures used. Maini's back pressure was
2000 psi, while for his study 50 psi was used. The results are
presented in Figure 5.19 In both sets of runs the pressure drop

increased as the ratio of gas injected was increased. -

5.2.8 Ovérall Evaluation

For the initial nitr(;gen displacement tests (Runs' 1P-9P), there
are a number of conclusions that can be reached: The Dow surfactant
caused the lowest gas mobility, which was manifested in the longest
“time until breakthrough The surfactants rank Dow, SrglOOO then

XP100 in descendmg order in terms of ab111ty to reduce "gas mobility.

In slug injection, the 5 percent solutions of Dow surfactant and ,
SDlOOO delayed gas breakthro‘ugh more than the 1 percent solution.
For Dow s'urfact.ant,’ the runs performed in the vertical position show

very similar results to those performed horizontally.
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The preliminary runs established the need for an outlet system

in which the effluent could be .observed. The outlet system was‘.

desig‘ned such that sa‘mpiing took place from the bottom of the view
cell so that the liquid effluent would not destroy the foam exiting the

core.



O .
5.3 Nitrogen-Survfacta'nt Co-Injection Runs

~ These runs were performed to examine the effect of several
variables oh the total mobility, and therefore the gas phase mobility,
in the presen‘ce of a"pre-genérated foam. % variables include:
absolute permeability of the porous- medium, surfactant
~ concentration, surfactjnt type, temperature, residual oil saturation,

residual gas saturation and  quality.

For these runs, nitrogen and a surfactant solution were co-
injected»into. a foam generator. The effluent from the foam generator
entered the coreholder, to which a back pressure had been applied.
The effluent from the coreholder entered a visual sample cell, and
was tested for surfactant concentration using a refractometer and an

7

ultraviolet spectrophotometer. (

e
S

5(.3.1 ‘.Typical Nitrogen-Surfactant Co-Injection Run

118

‘In order to provide a clear understanding of the experimental -

results, and the pertinent calculations, Run 11 will be examined as an
example, and de_scribed in detail. The data for this run is given in
Table 5.13. <

Within the table, the glass bead pack characteristics such as:
porosity, absolute permeability and glass bead size are given, along

with surfactant type and concentration, rtesidual oil saturation,
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temperature, and. gas breakthrough time determined for the run.
;I‘he first column in the table represents thé time, f}om
commencement of co-injection,juntil the sample was collected. The
sample volume and cumulative sample volume are presented in the

N

next two columns.
-~ ‘
"The concentration of surfactant in the effluent is given in the
next column. The concentration is given in parts per million (ppm)
when' sampled by: the UV’b spect-rophotométer, or in percent of

injection fluid concentration, when sampled by the refractometer.

The next column gives the pressure drop across the core

’ <~
recorded at the sample times. For certain runs the next column gives
the simulated pressure drop. The last column‘ g‘ives the totalizer
reading. This is the cumulative volume of nitrogen injected into the

core at each sample time. To determine the cumulative gas injected,

at atmospheric conditions and 60° F,-the. totalizer reading must be

multiplied by 10.

The surfactant concentration was 1 percent SD1000 for run 11.
The glass bead pack had an absblute'p:crmeability of 12.2 darcieé.
This run was performed with a nitrogen-surfactant solution’ injection
ratio of 60:1 cc/mivn.’ The amount of nitrogen was regulated by the
mass flowvscontroller and read at one atmosphere and 60° F.
Theteforé, to determine the quality Qf the foam we must \c‘c/)‘rrect the
nitrogen volume for pressure and in some runs also for"iemperature.

The nitrogen volume was corrected using the ideal gas law.

£
v
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PV, P,V,
, T, T,

®

The pressure used in the calculation was:

LY

AP

Psystem ave. = +Pgp

where AP . is the differential pressure developed at steady state

conditions and Pgp is the back pressure.

- The foam quality, | ,
r-ve
Vga+ V),
where V, = volumé of gas phase, V, = volume of liquid phase, was

therefore -94..4 percent for this run. To determine this value it was
assumed that the liquid phase was incompressible and that the
surfactant solution and the’ nitrogen mixed completely to form a
foam. " -

The steady state differential pressure was determined by the
press_ufé uhistory. * For Run 11 this is presented in Figure 5.20. For
this run,.it is clear thé;t the differential pressure stabilized at 5 psi.

‘'The differential pressure stabilized ‘shor'tly before gas breakthrough.
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Frorp the <%tabilized differential pressure the total foam

" mobility can be calculated. Using the equation,

qrL
A AP

Kw_ Kg|_
TRAT

»
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where qr is the total flow rate. The total mobility for Run 11 is 2.75

darciés/cp. To determine- total relative mobility, total mdbil-ity is
divided by thé absolute permeability. Fpr Run 11 this value would
be 0.225 cpl. |

Relative mobility allows us to look at foam 'mobility 'with

dependence on one less variable. This is useful for a comparison of

o

foam runs with water base runs. To compare the foam iuns with one
another and to determine the effectiveness of the foam as a selective
blocking agent, total foam mobility provides a better understanding

<

of where\the flow would take place.

Maini35 compared runs by considering the mobility reduction -

factor. To determine this, he divided the total mobility for a given
test by the mobility for 'Aa single phase water base' case, performed
with co-injected gas and liquid phases, ‘at thé same ratio as the test
case. No other variable_s in the equation changed .for the test "case, SO
he was effectively di\;iding the pressure drop across the test core by

the pressure drop across the base case. For the present research, two

steady state water base pressure drops were determined, one at 4.8

darcies and the other one at 13.5 darcies. ‘The runs were compared

‘N‘

o -
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.with the base case, employing the nearest absolute \q’__,ermeability. For

Run 11 the mobility reduction factor was 4.

gl

—

The constant differential " pressure suggests that steady state
conditions were reached.  This {s)supported by Figure 5.21,. the
cumulative volume produced versuf time graph.  Gas - breakthrough

occurred at 32.7 minutes. The ‘cumulative volume produced at

breakthrough was 440 cc.

;_:'%:\

The slope of the cuimulative volume produced curve changes
drastically following gas breakthrough. The liquid production rate
becomes identically the same aé the liquid'inj(;ction rate. - When the
~injection rate is subtracted from the cumulative volume produced,
the result, 399 cc, _kis found to be a constant.

The fact that this 'number is a constant suggests that the
surfactant solution volume injeéted helps" to . maintair; Jlamellae -
thickness.  As discussed by Owet§35' in the absence of cominuoué
surfactant injection the lamallae are -thin, losing their stability and
resiliency. The constant liquid volume supporis the suggestion that
steady state conditions were reached for this run, which also enables.
the determination of residual liquid saturation within the core. The
. residual liquid saturation was determined by performing a liquid

volumetric balance on the system.
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‘The total fluids present in the core at any time are:
TF=TR+TP o !

Pl

s Tp=Vg +V + Ve +Vig+1; (1)

where: Vi, is ;He volume in the foam generator, V,is the volume fn
the lines and sight glasses, V. is the volume in the coreholder, Vi is
the v-()"iume.of injected slug, r; is the injection rate, t is the time
elapsed from the beginning' of the_l experiment, .TFﬁ is the total fluid in
the system, Tpis the total fluid produced, Ty is fhe total flhid

remaining in system. . I - NS

L

Tp 1s the cumulative volume produced. The remaining _volhme_\

in the system is not all located in the coreholder;

TR=Vrfg+Vrl+Vrch'r ‘
where ‘Vrfg is the volume remaining in the foam generator, V, is the
volume remaining in the lines and sightglasses, and V",ch‘is the
volume remaining in the corehofder.:

S LT

‘ (%) If’

then
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/

Sw fnc(t) = Tffn(.:(t.:) - Tp fnc(t) 7 Vrfg - Vrl

¢A e N

When we have reached steady state conditions, S, is no longer

a funcion of time and becomes -constant. | The residual liquid

saturation was 38.6 percent for Run 11.

Lo

During each. experiment, the following were déetermined: - Vig,

Ven Vis f, Tg, 1; and Tp. The liquid volume of the foam generator,

LY

Vg, was determined by evacuating the dry coreholder with a

vacuum pump, and_ was followed by 1mb1b1t10n of liquid into the .
pump q

foam generator. The value of the liquid volume remammg in the

foam generator, Vi tg, was determined by welghlng the foam

v ’ “

\generator glass beads following an. experimeut. The glass beads were
. ‘ ‘ v

dried and then weighed again.

The volume of the llqu1d in the lmes was determmed by filling
the empty lines, with 11qu1d from the- Ruska pump, and recording the

liquid volume. . The volume of the remammg liquid in the lines and

'sightgl_asses, V., was esti}ma‘ted following visual observation of the

sighl‘glasses and by draining the lines.

" Firure 5.22 sh( s a UV spectrophotometric analysis of Run 11.
_ : , 7
The surf -tant concentration measured is plotted versus the

corrected  umulative volume sin pore volumes The cumulatlve

»

volume was corrected for 60 cc of movable dead volume whlch wasg’

. L
/

,,,,,,,
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)

occupied by water. The mixing zone "for this run was 0.5 pore
volume. The maximum concentration obtained was 85 percent of the

surfactant injection.

5.3.2 Effect of Surfactént Concentration

Surfactant SD1000

In order to examine the effect of surfactant-concentration it is

logical to first analyze a water-nitrogen run for comparison. Run 21,

‘was performed on a 13.5 ldarcy‘glass bead pack.

Table 5.14 gives the experimental data. This run was
performed at room temperature without the use of the surfactant.
Nitrogen and water were co-injected into the glass bead pack in the
same manner as for the surfactant runs. A 100 cc water slug was
also used to inerease the pressure (back pressure of 50 psi) and to
m;li‘ntain';.Jeonsistency; The gas breakthrough occurred ‘at 12.17

minutes v, and the volume produced "'-at breakthrough was 185 cc.

From Frgure 5.23, the corrected cumulative volume produced curve
2

shows a rounded curvature after gas breakthrough; this is unlrke the.
‘rt.rend observed for ‘Run 11, in which the corrected cumulative

V:volume produced plot became a l.orizontal line, after changing slope

sharply at gas breakthrough .The sharply changing slope is due to

the fact that foam caused a more piston-like dlsplacement pattern -in

-~

the core. The mob111ty of the gas for the water case, Run 21, was

< -
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much higher than the mobility of water, which caused an inefficient

displacement.

The steady state residual water saturation in the glass bead
pack was 88.6 percent. The steady state remdual é,ater saturation

for Run 11 was: 38.6 percent, clearly mdlcatmg the superxonty of

foam as a displacing agent.

Figure 5.24 shows the differential pressure profile for Run 21.
The pressure dropped sharply near the point of gas breakthrough,
when the resistance to gas flow was decreased. The steady state
differential pressure across the core was 1.25 psi. ’i‘he total mobility
was 8.9623 darcic;é/cp for this run; the total relative lobility was
0.6639 cp-l. | |

Run 12P was al“so a water-nitrogen base case. This run was
performed ‘before the volumetric sampling procedﬁre was
establis.hed, From the data collected, the pressure drop across the
core was 2.0 psi. This\ is slightly higher thdn the pressure drbp of
1.25 psi found for Run "21. This is not dn unexpected result as the .
absolute permeability Waé 4.7 darcies for Run 12P and 13.5 darciés
for Run 21. The total mobility was 5.6 darcies/cp for ‘Run 12P; the

relative mobility was 1.187 cp-l.

The runs performed can be  grouped into dlstmct categorles

with respect to absolute permeability.  This grouping is ev1dent in

Ay

Table 5.2. The effect of surfaptant concentratlon will be descrlbed in
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absolute permeability categories initially and then correlated with

each other.

5.3.2.1 Core Absolut/e/’Permeability 3.5 to 8.1 darcies

To determine the effect of surfactant concentratio.; for this
_ permeability range, Runws‘ 1, 19 and 3 will be examined and compared
with the base case ‘12;P, w‘ith ar%%so-lute pe'rmcébility of 4.7 darcies.
Run 1 was performed with .a 1 percent concentration of SD1000 on a
6.2 darcy glass bead'pgck. Table 5.15 gives the data for Run 1. The
plot of cumulative vo]ufne produced versus time is presented as
- Figure 5.25. Frorﬁ this plot we see that the corrected cumulative
volume pro d became a constant, 422 cc, after gas breakthfough

which occurred at 40 minutes.

The cumulative volume produced .at gas breakthrough was 462
cc. The differential pressure profile, Figure 5.26, shows the pre‘:g,_‘lsure

becoming constant, at 11 psi, after gas breakthfough.-

The residual liquid saturation within the core was 32.5 percent.
The total mobility was Yeduced to 0.9526 darcies/cp from the water

basé case, Run 12P, with a total mobility of 5.580 darcies/cp.

Run 19 was performed on a 7.1 darcy glass bead pack with 2.5
percent SD1000. Table 5.16 presents the data for Run 19. The

corrected cumulative volume produced, shown in Figure 5.27 became
o y—

8]



135

000L0S %L L uny Jdoy eyeg™iejuswi sadx3 GL'G 31qey

« F

8evl .. 00°11 99 0 . 00p¥1
6611 00°11 [44’] gy 1 000T1
J 6£6 0011 6LS 0§ - | . 00v6
£v9 0011 0'6ZS S _ 07v9,
) S19 0011 - 0'vZS 91 0519
91§ ) 0011 0°80S §C 061§
99¢ 00°L1 0't8y 12 099¢ .
0ve _ 00°11 - 079 171 00+
—~ 9S1. = ] 0676 0'1ve 9¢ 0961
001 009 0°09¢ 4 0001
. 09 0Sv 0S¥yl Syl 009
.0 . 0 00 "0 0
,tx_..w.,.._vaom | (1sd) doaq (22) (223) (s).
- 43Z1jejO0 | dinssaagd | 'joA ‘wn) dwnjpop qwlty,
Al L9 @ 3ulpeay .Sw__ﬁoh 1sd g :Anssaag .xu«m
ydnoiyyyeasg sen YA :11sod0yg
B sdamjeaadway  saoiep 79 :AjiiqRauIIdg aInjosqy
fuonjeanies . 10 |enpisay % | juoleIjUddUO)
4G peag ssepn 0001 AS {juejdejang
- 6# 3715 peaq Sse|H (001 dS %I
o w» - I# uny uay ejeq |ejuwdwrsadxy




136"

( |
000L0S %L ‘uoryoalul-o;
1UR10R4UNS USDOUFLN ‘Bwl] *SA P3IdONPOUd SUN|OA aAtje(nuwN) | uny GZ"6 SanbL
o (spuodads) JILL
00061 00001 . 0006 A 0
N L i 1 i - 1 2 n [ 1 M N i

22001 =47ZIS OIS

9308 =3NTOA AVid

90 88¢ = AWNTOA FA04

"NIA/22 09:1 OLLYY NIOOYLIN'AINOIT
JINFIGNY = JANLY IIdNEL

sa11ep 7°9 = "WYdd "SHV

_%Tee = AlISON0d

0001 ds %!

. HNOY

NOILDINI AN 404 A4109dd400 N

e o Py

—

(?2) @ADNA0Ud ANNTOA FALLVINNAD



137

B (8 T

-

0ooLas %t

. @ ,
'uoL39alut-0) jueldesung Uabouy iy ‘awt] sp douQ aunssauyg iy uny

(Spu0d3s) QEEL )

92°G 9nbi 4

fx

i

00001 000¢ -0
N . . N i . 2 1 N N N . ] 0
. L
17 2 001 = 3ZIS ON1S - |
2308 = AWNTOA QVAQ i
20 88¢ £ AWNTOA THOd - C
"NIA/22 09:1 = OLLV Y NIOOULIN:AINOIT -
INFIFAY = TANLYHIdNEL - €
SOIOIEP 29 = WHAd 'SAV s
, %T €€ = ALISOYOd - v
0001 S %1 & .
TN L
q “. @
[ 4 g ”- N.
_ P
HONOYHINVAIL SVO L 6
// - 01
- - . . . L 11
. Al

(1sd) dOYa AANSSTAd



138

-

000L0S %G°¢ 6L uny 404 eieQ (ejudwi4adx] 91°G 9lqel
2 :
E8IT ! T8¢EvT 0'v8L 144 09917
€e6l ST11 99GET 0'IbL S5y 08061
1091 ST11 9y TET ] 0°S69 8¢ 0861
844! STl SeEver 0°LE9 0§ 00¢e?C1
- U6 SLII 9L677 0°L8S 4 0516
£ TE9 GL'T1 GLS8I 0°6¢es SL 0vc9
1€C SL01 LSE9 0°09%- £s 08¢
0T SL'6 - 161 0°LOY (4 010¢
L1 0S8 G 0°SSt £S ovLl
134 STL 3 0'70¢t 1474 oLv1
R4A! 059 tL 0°85¢C 0S 0gTl
86 0SS 69 01802 yS- 096
0L SL'E 61 0'pSt 0§ 069
Cy 4 44 0'v01 €S 0Sy
81 00°C - £l Y €S 081
guipeay (sd) doaq [wdd -duo) (29) EE)) (s)
lazijejo], aanssaad *04323dg | "[oA "wn) AWNJoA dwl
LEZ 19 @ u:%aom, J1az1[ejo ], ﬂ‘ 1sd og :auanssaag  yoeq,
(utw) 00:6€ ;y3noayiyearqg sed - BIEE :Ly11s0104
juarquy caanjesadwa y, wo_oéu I'L. :K11j1qeawaddd  3ynjosqy
ou 'jeS 1O 1enpisay %08°T iuorjeajuaduo)
OL# 19Z1§ -peag SSELD 0001 ds :jueldejang

~

01# 2zIS peaq SSEID 0001 as %S
61 uny dJog ejeq lejudwiradxy




139

e

000L0S %S¢ ‘uoridsfuL-o0)
JURIORJUNS UBBOUTLN ‘Bwl] *SA PIINPOUd BWNIOA IALIRLNWNY 36| uny
G "

(SpPu023s) JIL
00061 00001 000§

.
A A - A A A 1 L A A,

[2°§ my:mwm

L 4

2 (01 =3ZIS ONIS
08 = AWNT0A Avaa
o 93 £8€ = INNTOA TI0d
"NIW/3 091 = OLLV Y NEOOWLIN:QINDI 15 -
INFIENY = TYNLVIIINAL
sauep ', = "WYad "SIV
%1'€E = ALISO¥0d
0001 AS %S'T
" 6I#NNY

-

NOILLDAINI dINT Y04 LLOTYAOD:

’
*
L ]

v

-

-~

(99)- dd4DNA0Ud AINNTOA HALLVINIANND

s




« . —

a constant at 423 cc. The residual liquid saturation becomes 31.90
percent, compared to Run 1, the 1 percent case, which had a residual
1iqhid saturatioﬁ of 32.50 percent.

The gas breakthrough time was 39 minutes: the cumulative
volume produced at this point was 460 cc. Th-sc values are very

similar to those for Run 1. From Figure 5.28, it is evident that the

. 140

pressure drop across .the coreholder “did’ not stabilize .at .gas’

breakthrough. It took Jonger for steady state conditions to -be
achieved. This was also observed for the corrected cumu{gtive

kY &
volume produced; steady state was achieved later in the run.

The totai mobility for this run was 0.9299 darcies/cp; ‘the
value for Run \'1 was 0.9526 darcies/cp. The total relative mobility
for this run was 0.1310 darcies/cp; for Run 1 the value was 0.1536
cpl. '

¢

Figure 5.29 shows the effluent surfactant éoncentration
detefmined by ul.‘travioléxtl spectrophotometer ahalysis. The
vccl)‘ncentration‘ ‘values seen in Table 5.16, in ppm, were coﬁverted into
percentage of the injected fluid concentration, viz. 25,000 ppm. “The

concentration never reached 100 percent for this run.

¥

The last run analyzed in this series is Run 3. This run was

performed with 5 percent SD1000 on a 5.2 darcy glass- bead pack.
The data is given in Table 5.17. The corrected cumulative volume

produced was steady at 400. cc as can be seen from Figure 5.30.

&
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- The jresidual liquid saturation was 0.3879, which is higher than
that for efjther Run 1 (0.3250) or Run 19 (0.3197). Gas breakthrough
occurred at 36.8 minutes for this run. The ges breakthrough time

was longer for both the Run 1, the 1 percent run, (39 fninutes) .and

Run 19, the 2.5 percent run, (40 minute's). The cumulative volumes

145

produced at gas’ breakthrough were 414 cc for this run, and 462 cc

and 460 cc for Runs 1 and 19,vrespectively. The steady state
pressure drop across the core was 9.0 psi. The pressure drop graph
is presented in Figure 5.31.

.

The total mobility for Run 3 waé 1.180 darcies/cp.. A
comparison of the total mobilitié%ﬁk}or Run IZP and Runs 1, 19 and 3
1s presented in {’Figure 5.32. This plot shows that the total mobilibty
:\yasAchh lowe{r\hft)r the surfactant runs than for the base water run.

This - plot also shows that - the -1 percent and 2;§'percent runs

performed slightly better than the 5 percent run. There was some
- degradatlon in foam performance at a concentration of 5 percent.
'+ Also presented on this plot is the total relative .mobility versus

cconcentration.  This plot, shows that the relative mobility was lowest

at 2.5 percent. The relative mobility at 1 percent was also very low.
_‘ o
Figure 5.33 shows the mo.bility reduction factor as a function of
the concentration of SD1000. From this plot it is seen that the 1 and
2.5 pefeent cases exhvibited virtually the same results. From the
previous discussion it would seem that the addition of surfactant

reduces the total mobility and therefore ‘the gas mobility.
Y, g ity
o \, -

\ .
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There is a sllght increase in gas phase moblhty at. 5 percent
- concentration.  The 2.5 percent SDlOOO run seems 1ncrementa11y

better at reducing gas p_hase mobility than the 1 percent run; this

149

increase is however, within the range of experimental error, hence -

no clear conclusion as to which concentration is superior, can be
drawn, but it is clear that the ab111ty to cause gas phase mob111ty
reductlon 'is not directly proportlonal to mcreased surfactant

concentration.

5.3.2.2_ Absolute Permeability Range 12.2 darcies to 17.5
darcies | |

Pl

To examine the effect of surfactant concentration on glass bead

packs in this permeability range, Runs 11, 7, 18 and 5 will be 4

compared with the base case, Run 21. Run 11 was exanmined in

Section .5.3.1, (Typical Run History). The total mobility for this run

was 2.18 darcies/cp.

Run 7. is baswally a repeat of thls run. Table 5.18 provides the
run data . The gas breakthrough for this run occurred at 25.3
_ mlnutes w1th 323 cc of liquid produced Flgure 5.34 shows that the

~corrected cumulative volume produced'curve has a pronounced

- curvature. This curvature occurs after the gas breakthrough, which

suggests that gas by-pass_ed the surfactant slug, causing low

- displacement efficiency. The residual water saturation for this core
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wds 51.9 percent; this can be compared to 38.8 percent for Run 11,

~ which also utilized 1 per¢ent SDI1000.

7

The differential pressure proflle for Run 7 1is presented in
Flgure 5.35. The pressure drop across the core stabilized at 2.5 psi.

The differential pressure established for Run 11 was 5 psi.

- e AN
’ \

S

The concéfitration graph f‘%:'- un 7 is’ presented in Figure 5.36.

It shows that the first 1ncrease in surfactant concentration, to 35
perceht, occurred at 0.79 corrected pore volumes. Gas brea}kthrough
»dccurred-at 0.67 corrected pore volume. The gas bepassed the
surfactant solution and maintained an increased mobility:  For Run
11, the 46 cc sample collected at gas breakthrough had a surfactant
concentration of 34 percent of the original concentration of the

displacing fluid. For this run, the nitro&n did not e,ntirely bypass

the surfactant solution as it did in Run-7.
N s

By analyzing the cumulative volume produced graph and the
surfactant concentration graph it appears that Run 7 did not behave
as,a typical surfactant run. The cumu]ative volume profile and the
gas breakthrough point are not mdlcatwe of the surfactant runs\ “The
mobility for thls run was 444 darcies/cp. * It would seem that
-something mterfered with the displacement efflclcncy It is possihle
that there was some residual oil or rust in the s1ghtg1ass that
. contaminated the systeml. Rust was noticed in the sightglasses when
the water saturated coreholder as packed a few days before use.

Following this run, the run procedure was altered to include back™ -
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’x ’
flushing. the coreholder with 1 pore volume of distilled water prior to

the expetiment.

0

Run 18 was performed with 2.5 percent SD1000, on a 15.2

darcy glass bead pack.  Table 5.19 gives the run data. The time until

155

gas ‘breakthrough was 37 ‘minutes, and the volume produced at this |

point ‘was 451 cc. The re51dual 11qu1d saturatlon within the core was

ave

0.335. *-The. cumulative volume produced versus time is graphlcally'

run production '~prof11e. 'The corrected volume produced shows a

sharp ch‘ange in slope at gas breakthrough.
The differential pressure profile is presented in Flgure 5.38,

which | shows an increase in dlfferentlal pressure following gas

.~ breakthrough. ThlS represents a longer stablhzatlon period. From

| presented in Figure 5.40.

,the concentration graph, Figure 5.39, we see that there was a wide

»Surfact_ant “mixing range within the core.c Th‘otal mobility fQiRun

18 was 143 darcies/cp. The ‘relative 'mobility‘, as ’0.0941,»cp‘1.

<

Run S was performed using a 5 percent solutlo? of 'SDI000 on a

17.5 darcy glass bead pack The data for this run is given in Table

5. 20 The time until gas breakthrough was 34 minutes for this run

.presented in Flgure 5.37. /,IhlS graph shows the expected surfactant -

with a cumulauve produced volume of 437F. 5 cc. A momparlson of gas. ..

breakthrough times and volumes_for Runs 21,_11, 7, 18 and 5

¥
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The longe"st breakthrough time is associated with. the 2.5
’percent concentratlon a_s s - the largest volume produced at gas
break;hrough. ‘_ From- -»_F_igure -5.41, the plot of cumulative volume
: produced, the correc.te'dgl_volume, ~produceﬁd. is 400 cc. ~ This curve

. exhibits"' the characteristics typieally 'associat’ed with the SD1000

surfactant runs. The residual water saturation for this run was 36.0

percent. The residual values were 33.5 percent for Run 18, the 25

percent run, 38.8 percent for Run 11, the 1 percent run, and 51.9
percent for Run 7, the second 1 perce’nt run. ‘The inconsistency of the
value for Run 7 with the other runs, in the grouping, is further proof
tlrat a contarﬁinating substance inhibited the formation of foam in
this run. The residual water saturation was 88.2 percent for Run 21,

the base case.

3

Figure 5.42 is the differential pressure plot for Run 5. The
prei#’suréh dropped slightly after gas breakthrough but stabilized at

162

45 p51 .From Figure 5.43, the effluent concentration graph, it 1sv

evicent that there was a large mixing zone because there was a delay
before ‘the erluent refractive index matched the  injection fluid. At

gas . breakthrough, fhe_effluent sample contained 50 percent

surfactant.
The mobility companson for \thls pe&‘meablhty Tange .1is

preaented in Figure 544 The total mobrllty for the 5 percent run

was. 43 .darcies/cp and 1he relatwe mobxhty was O 139 cpl.  From

Figure 5.44 1t can be seen that the greatest total mobility decrease

occurred at 2.5 percent SD1000. This concentration also produced
R . 'S !
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the lowest relative mobility.  For this permeability range the 5
vpercent concentratlon produced a Iowgr relative mobility than the 1
percent concentration. For thc"last’&permeabrllty range examined,
this was not the case. It is possiblé that the total relative mobility
versus concentration profile changes its shape for differerit absolute

permeability ranges.

The _mobility reductlon factor versus surfactant concentration
graph Figure 545 confirms that this concentration reduced.ga_s
mobl\llty to the greatest extent. The mobility reduction factor was
also—greater for Run 5, the 5 percent ‘ca"‘se (3.6), than for Ruh 11, the 1

_percent case (2).

~
\

5.3.2.3 Absolute Permeability Range 28.7 to 30 darcies

Only two Tuns were performed in this permeabi'.
«because the surfactant did not seem to Teduce th§
significantly. ‘Run 17 ‘was performied with 1 percent SDIO
darcy -core. The data for this run is given 1n Table 5.21.
breakthrough time for this run was 34.1 minutes and the volumv’.

produced at gas breakthrough was 450 cc.

Figure 5.46 shows that this run exhibits the typical cumulative
volume produced —wversus time trend. . The steady state corrected

cumulative volume was 411 cc, while the residual liquid saturation
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' "was 31.6- percent The re51dua1 11qu1d saturatlon for the Sectlon 5. 31

Typlcal Run History (Run 11) was 38.8 percent o

. The “diffe%l pressure established across the . core is
presen’ted in Figure 5. 47 The ~stabilized pressure drop‘was 2.25 psi.
The total moblhty for Run 17 was 494 darcies/cp. - The relative

'mobrllty was 0.165 cp1

v

171

The effluent surfactant concentration versus corrected ~pore"v

~ volume on the .graph is presented in Figure" 5.48. The surfa'ctant

'concentratlon of the sample collected at gas breakthrough suggests

that - the 8as did’ not bypass the surfactant slug.

“wThe large volume of effluent produced at gas "breakthrough and

the surfactant concentration at .gas breakthroligh suggests that the

surfactant had a positive effect on liquid. displacement However, the

“high totat moblhfy associated w1th thlS run suggests that the foam .

was less effective in the 30 darcy core. «

B
e
K

Run 6 was performed with a 5 percent solutlon of SD1000 on a

'287 darcy core. Table 5.22 glves thg run data. Gas breakthrough_

occurred at 33 minutes with 441 cc of effluent produced These

!

values : are very 51m11ar to those detel'mlned ,for Run 17 (34.2

mmutes 450 cc) The cumulatlve VOlurn‘aﬁproducegr\eknd corrected

‘volumes. found in Flgure 549 show the- typlcal surfactant rUn trcnd‘“;“;-.',v :

The resrdual 11qu1d saturatlon for this run Was 362

:compared w1th 31 6 percent for Run 17; . the 1 percent case:

Lo
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. The dlfferentlal pressure across the core, depicted 1n Figure

176

550 ‘was 05 psi. This is significantly lower than that for Run 17

(2.25 psi). . The total mobility for this run was 22\\5 darcies/cp

compared with 4.94 darcres/cp “or Run 17. The relative mobility

was 0.785. .cpl.  The 1 percent SD1000 solutron seems to be-

remarkabl;y better than 5 percent at reducing the gas phase mobility.
The concentration versus corrected 'volume produced is
graphrcally presented n Frgure 551. It shows a normal mixing zone
- in which the concentratlon was 20 percent at gas breakthrough
5.3.2.4 Absolute Permeability 0.65 darcies
- Consolidated Core
The 1ast run- to\be ‘examined in this _section is ‘Run 14, which

was performed usmg al porcent solutlon of SD1000 in a 0.65 darcy

consohdated core. The data for ths TuL 1s glve,n in Table 523

Gas breakth?ough occurred at| 221 ‘minutes w1th 238 cc of f1u1d |

produced. - The corrected cumulame volume Wthh can be seen in

Flgure 552 was 220 cc. The re31dua1 11qu1d 1n this core was 71 S

~ percent.



f

177

000L0S %S ‘u0L323fuL-09) quelde uns uabouqLy ‘awt) *sp doug w;:mmea ‘g uny “

00

\ -
(Spuod23s) HALL
0l 000§
" A 1 - A n
92 001 = 9ZIS ON'IS" -
%208 =JWNT0A Avad
22 06€ = TINNTOA TIOd v -

"NIW/% 09°T = OLLY ¥ NIDOULIN:GINDIT
- INFIENY = RANLYHTINAL

3

SOIOIEp 187 = ‘WYdd "SaY
BrEL = ALISOY0d
0001 As %S

9% NNA

R

sl n

+E0

-1°0

sS4}

rz

N

05°G 94nbL4

(1sd) JOUA AYNSSAAUd



. . 3 . ) - . X °

_ | e T 000L0S %5
‘uog3oefut-o0) pcmuumm;:m‘:mmoxp_z,.nwu:moga.mEa_o>hm>wpm~:E:u pP331234409

CSA mwmxﬁmcqagmpmsou01m0+pumaw AN xnﬁnm:fELmuma.cowum;ucmucouw mw,c:m, 1G°G 8unb1 4

L (HANTOA AHOL) .
- 44dNA0Ud ANN'TOA FALLYVINNND AALITAAOD

i

4 — I

e - R T e e 0

.\)~ ) K

. e - O

Ry ;
N !

) 0 ) - OF
F

. ‘ ST T L INGIGWY = SNALvNEaWaL L 09
B . Lﬁ o .« S 2 001 = JZIS ONTS T _
1 g S T T - 906¢ = IANTOA HIOd :
4 ] NDAY 091 = OLLYY NEDOULINGINDI N
L ,“ vmumnvhﬁ—u \\.wN = .Emm .mm< . ) R .
S %YeC=ALSONOd |08
- . oooras %s B

A 9# NNY | 06

5

 -XHONI AALLOVHAAY
A QANINYALAA (%) NOLLVILNAINOD



179

N/
~ . -
000LGS %t :pL uny 404 elEQ %pcwew,m_maxu €26 91qe}
€C1e 0601 0S°LT €186 0'eLS )% 0811¢
061 0501 08°LT L666 G'EES 49 08.81
G8¢SI 05701 STLT £666 0'18% 6 009861
LLT1 0601 §L°9T 949 . 4% 4 £S 009CT
916 0501 SU°ST 10T1 0'6LE . 143 SY06
- 68 0S°01 0S'vT. T 8Ll 0°'STE - v 0Z85
(443 0601 0S'vT 62¢ > 0082 A4 081¢
Y4 0S°01 0S¢ 6L1 0°'8¢€T 9% . 0eCl
66 0S°0! SLOC 148! 0°Z61: 54 SL6
0L 09°6 06°¢S1 0cC1 0Lyl 8P 069
534 0¢'8, 00°¢l 861 066 8V 0cy
. & 0L 001 vL1 01§ 0¢ 0¢
’ (1sd) doaq s .
w_:v.«om danssaag | (sd) douq | wdd -duo)y (29) (292) (s)
13zile3o0], | pajernwig | ‘auanssasg | -ou1dadg | oaA ‘wn) | awnjop awny,
. v,m~ Ll © guipeay REVAITIT R 1sd g 1aanssalyg yoeq .
(urw) 60:7z lysnoayjyearyg seon %0°81 ~ :Ly1s0d0g
o0 udiquy ) :aanjesadwa] S910IBp G9'Q) 1L)11qeawaag ajnjosqy ..
N\ ou:* Eo_,:iimm: 110 |enpisay %1 ruoijeIIUAdUO)

3

f

0001 @S

4

e \

L2107 pAEPNOSUO)  00GL (S %I

bI# ,,H_:_z 104 .

A,

i

eje [ejuaunrzadxy

jueldejyang



-

-~ 000sT-

0000¢

N

AN L 340) .wwﬁn:mm:ou 000L0S, %L
“0J jueldeyuns usbouy Ly ‘awr ,m>¢umu:no;a,mE:~o>,m>wngDE:u
+ (SPu0das) gL
| - 00001

PR S | L

.

v

‘U01323fuL

iyl uny

. 000§

200l =323 ONS

9208 =dNNTOA avaq -

o P0IT=AWNTOA 3304
NIW/ 09°1 = OILYY NIDOMLIN'AINDIT
. INHIENY = TANLYAFINAL

- 2¥0D AILVAITOSNOD
SOIIED €9°0 = "WyAd "SaV - S
- %0BI=ALISOMOd 4y piarver |
L ~ S 0001 aS %1 FI# N

NOLLOAINI 1N %04 aF10auH0D

1 4

e ————

o
®

009

i

ALLVININND

() a@dnaoud awn1oA

[4



~ Surfactant Concentration: and Absolute Perméabil‘_ity,

[

From Frgure 553 ‘the .con- °ntrat10n versus corrected effluent

produced plot. 1t 1S observed that the" concentratron d1d not 1ncrease

,untt] 125 pore volumes were produced This. may be 1ndlcat1ve of, :

hrgh surfact'ant adsorptron;m the - consolldated core. \ This was not

observed’ m thg uhconsohdated packs

- The diyfferentia'lrpressure across the “ucore 18 graphlcally

presented .in Frgure 5.54. The pressure drop was stablhzed at 27.5

‘ps’i.; The mobllrty assoaated w1th the ‘run was 0344 darcies/cp. - The

>
_relative moblllty was 0.529 cp1
4 ' o
. \.\ -
1 5.3.2.5 . Overall ‘Evaluation of the Interrelationship of '

~

E From the drscussmn for the lowest permeability range, (4.7 1o

N4

7.1 darcres) - it -was observed that the 1 percent and 2.5 percent

SDIOOO sohutlons Run 1 and Run 19 respectively, exhibited very

srmllar total and relatlve mobrlmes and mobllft\y reductron factors

. These concentratlons were . superior to ,ﬂre\wa‘t‘e‘?“ base case Run ]2P

and- sllghtly better than the 5 percent surfactant case Run 3 at -

4.

' reducmg gas mobrhty

From the drscussron of the 122 to 171 darcy permeabxllty'

range the 2.5° percent SDlOOO so]utlon was determmed to reduce_

\
-,_1otal and reIatlve mobrhty and 1ncrease ‘the- moblhty reductron factor

to the greatest extent F0r thlS permeabrhty range the 5 p(!xcent.

N ‘
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‘»'CO‘ncentratib’n “does not seem to have a detrimental effec‘t..on’ gas |
| mo,bility. - For the highest permeability range (28.7 to 30 darcies) the
relative mobility for the 5 percenit SD1000 case was 0.785 cp-l; the
refatlv& mobrhty was O 165 cp-1 for the 1 percent case " The higher
surfactant concentratron proved very* detnmental to gas moblllty

Analysrs of these permeability ranges suggests that there is an
optlmum concentration {for mobrllty reduction. 'l‘hls optlmum may\>_
vary with absolute permeablhty

Figure- 5.55 shows the relative mobility ?c}sus concentration
graph. The pomts assocrated w1th 1 and 2.5 percent SD1000 are very
similar to one another for the unconsol1dated packs This suggests
that the foam was equally effective at reducuzég gas mobility in these
cores. The relative mob111ty for Run 17, the 30 darcy, 1 percent
-SDlOOO run, is very 31mllar to the relative mob111t1es found for the
less permeable cores. This suggests that the foam flow mechanism
was the same as it was for the less permeable cores.

Recall that Dietz et al.!5 calculated that an 18 darcy core was
’requ1red to host bubbles for a 955 quality foam. The foam -quality
was “93 percent for Run 17 (p?frmeablllty 30 darcies). Therefore
even when the pore spaces are large enough to host a foam it does
not flow .as a homogeneous body Although relatlve mobility gives
an indication of how the foam was affectlng flow, total mobility

reflects the_actual” flow capacity.  Figure 5.56 presents the total

mobility for .the ‘runs discussed.
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The total moblllty is hrgher for the more pcrmeable runs. | For

)

Run 6 (the 5 ] -rcent, 286 darcy case), the total mobility was 22.5
darcies/cp "'and was not plotted on Frgure 5.56. This indicates that
F.‘;foam wouald not cause selectrve blockmg in the more permeable

Achannels This fmdmg is contradlctory to the fmdmgs of Bernard and
' Holm25 \Thrs result w1ll be further analyzed in the analysis of dual

\
core runs.

7.3.3 Effect of Temperature
. : , &
Runs. 13, 9, 16 and 15 were performed at elevated
temperatures With 1. percent SDlOOO These runs will be examined
4
1in thls section along with Run 23 and Run 27 which were performed

wrth Dow surfactant
&

«

5.3.3.1 Surfactant SD1000 ' S

Run 13 was performed at 54 C on a 12:k.darcy glass bead pack
The data for Run 13 is grven in Table 5.23.  The time u}ntrl gas
breakthrough was 33.75 minutes. and the volume produced at gas
breakthrough was 447 cc. . From Flgure 5.57, the stabilized corrected
volume produ'ced was 420 ‘cc._ The residual liquid saturation' was

30.9 percent.
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- The L’{Qrential pressure profile is presented' in Figure 5.58.
The pressure drop across the core continued to rise followmg gas
breakthrough until it reached 12.75 psi. Run 11, was a 1 percent
run in the same permeability range. The steady‘state pressure drop
for this run was 5.0 psi. The total mobility for Run 13 was 0.900
darcies/cp; the relatlve moblllty was 00744 cpl.  The mobility was

2 l8darc1es/cp for Run 11, and the re1at1ve mob111ty wal 0.179 cp-1,

4 The concentration graph is presented in Figure 5.59. The
sample taken at gas breakthrough had a concentratlon of 58.6

»~ percent, which suggests a very efflclent displacement.

Run 16 was performed at 90 Conalls darcy core. The data
for lhlS Tun is given in Table 5.25. The gas breakthrough time was
335 minutes; this is very similar to the 54° C case, Run 13, (33 7
!mmutes) The volume produced at gas breakthrough was 478 cc.
From Figure 5.60, the stabilized corrected volume produced was 470
‘cc. The resrdual liquid saturatlon was 20.1 percent.
. The d1fferent1a1 pressure profile is presented in Flgure 5.61.
The pressure drop contmued to 1ncrease followmg gas bre/akthrough'
as it d1d in Run 13. The pressure levelled off at 19.0 psi. T»rhe
mobllrty for this run ‘was 0.649 darcws/cp, the relative mob111ty was '

0. 0556 cp-l.
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The concentrauon graph presented in Figure 562 shows a
small mixing zone. The conce. ratlon of the sample collected at gas

breakthrough was 606 percer-

Run 9 was also performed at 90° C but with' a 7.8 darcy glass
bead pack. The data for . this run is given in Table 5.26. .The gas
‘breakthrough tim. was '28.9-mmutes. The volume _produced was 436

cc.  From Figure %.63, the cumulative volume produced versus time,

thh curves exhibit the normal surfactant run trend. The stabilized

- corrected volume 'produced was 321 cc. The re51dual liouid

saturation was 31.6 percent. The residual llqu1d saturat1on for Run
¢ " )

From F1gure 5.64, it was observed that the differential pressure

16 was 20.1 percent

proflle stab1hzes just prior to gas breakthrough This is not the same.

'trend that was observed for the other elevated temperature runs.
The pressure drop was 135 psi for this run. The total moblllty was

'calculated to be 0.932 darcies/cp; the relat1ve mob111ty was 0.120

cp-l

. The concentration graph’ is presented in Figure 5.65. The
concentration of the sample . collected at gas breakthrough was 34.0
’percent. Two methods ~of calculating concentratlon were utilized for
this’ run. Table 5.26 shows that -the two methods provide similar

results. o ‘
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The Iast 1 percent SD1000, elevated temperature run examined
was Run 15. This run was performed at 125° C, on a 13 darcy glass
bead pack. The data for this run is given in Table 5.27. The time
until gas breakthrough was 28.5 minutes. The gas breakthrough
times became shorter as the temperature. increased. This is due. to
the expansion of mtrogen at “elevated temperatures The volume of
hquld produced at gas breakthrough was 482 cc.. This volume

1ncreased with increasing temperature with the exception of Run 9.

~ ¥ The cumulative volume produced -versus time, for Run 15, is
presented as Figure 5.66. The”residual liquid saturation is 26.3
percent. The corrected volume curve shows some instability at later
" times; the last dast'a point suggests that the system was returning to
eouilibrium. The decrease in corrected volume corresponds to the
time at which the Ruska pump was turned off and the surfactant
cylinder was refilled. The refilling also accounts for the dip in ‘the

pressure d1fferent1al profile seen in Figure 5.67.

202

The differential pressure profile shows that steady state was-

not reached. The run was concluded when the differential pressure

reached 58 psi. " The pressure transducer plate used was desrgned for .

a maximum of 50 psi. The pressure profile for the elevated
temperature runs  is presented in Figure 5.68.

" There was a steady increase in surfactant pe'rformance _with
increased temperature. The total mobrllty for\Run 15 was less than

0.174 darcies/cp.  The exact value is not known because steady state
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was not achieved. This experiment was allowed to run 50 percent
longer than the typlcal run, in an attempt to achreve steady state.

S
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The concentration graph is presented in &Flgure 569 The .

- concentration at gas breakthrough was 59.9 percent. The

‘concentration never -exceeded 85 percent, which suggests that

increased temperatiire, caused an increased adsorption.

5.3.3.2 vDow Surfactant

Two runs will be compared in  this sectron both utilizing 1

_percent /Dow surfactant " Run 23 was performed' at ambient

condmons and Run 27 at 125° C.

The data for Run 23 is given in Table 5.27. This run was
performed on a 10.9 darcy glass bead pack. The gas breakthrou“‘gh

- time was 109.5 minutes. The volume produced at gas breakthrough

was 558 cc. The cumulative volume produced versus trme\rs

presented in Figure 5.70."  The corrected cumulative volume
produced shows an uncharacterlstrc'curvature prior to gas

breakthrough for a surfactant run.  This is due to the constantly

~increasing system pressure. The residual liquid saturation was ‘.25.10

~ percent. - . /

7

TlLe dlfferentlal pressure proflle 1s _presented in Flgure 5.71.

-

Although -the pressure did not reach steady state, ?e pressure did

/
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.level off around 105 psi. The total moblhty was less than 0.0671
darcres/cp, the relatlve mobility was 0.0062 cpl.

© The concentration graph is presented in Figure 5.72. The
- concentration .of the sample collected at gas breakthrough was 96.0

- percent. . This 1ndtcates a very high displacement efficiency. The

effluent concentration reached . 100 percent during the run.

Run 27 was performed, at"125° C on a 11.2 darcy glass bead
pack. The data for this run is given in Table 5.29.  The gas
breakthrough t1me for this run was 71 minutes. The volume

produced at this pornt was 581 cc. The cumulative volume produced

212

versus time graph is presented in Figure 5.73. The stabilized _

corrected volume produced was 554 cc. The residual liquid

saturation was 6.9 percent.

‘The differential pressure profile is presented in ‘Figure 5.74.
The pressure drop rose’ continuously throughout the run. There were
.no signs that the run was approaching steady - state. ‘The run was
dlscontlnued because the system was approaching the design
pressure.  The tota} mobrllty was less than 0.032 darcies/cp for this
run; this is even lower than that found for Run 23. . The increased

temperature caused a moblhty reductron [hlS was also observed for

SD1000. . ,
Q)\

The - concentration graph is presented in Frgure 575 vThe,

concentratron at gas breakthrough was 70.3 percent The: effluent
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concentration determined for this run did not exceed 85.5 percent.

This also suggests that surfactans adsorption increases with increased

temperature.

5.3.4 Effect of Oil Saturation

There were four runs performed to examine the effect of
residual oil saturation within the glass bead p'ack.’ These were Runs
2,4,8 and 22.- - ke

/’

Run 8 was performed with no- surfactant  on a 8.1 darcy glass
bead pack, w1th a residual oil saturatlon of 25.1 percent. The { data
‘for thlS run is given in Table 5.30. The gas breakthrough time for
this run was 17 minutes with 203 cc of 11qu1d produced at that point.
The cumulatlve volume is presented in Figure 5.76. “ The stabilized
corrected cumulative volume produced is 217 cc. There was no
resrdual oil produced during this run. The residual. water saturation

was 607 percent. | \

. The dlfferentral pressure profile is presented in Flgure 5.77.
The pressure rose prior to gas breakthrough to a maximum of 3. 75
psi, but fell off to 1.75 psi at steady state. The total mob111ty for thls

run was 6.378 darcres/cp, the re}‘atwe mobility was 0.7875 cp1

Run 2 was performed with 1 percent SDlOOO on| a 62 darcy‘

glass bead pack with a residual oil saturation of 20.4 percent The
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data .for this run is located in Table 5.‘31.'A The gas breakt_hrou‘gh time
for this run was 11.3 ‘minutes; the volume produced at this point
was 250.5 cc, with no oil production Table 5.31 shows _the oil
produced for this run took place following gas breakthrough The
cumulative volume . Rroduced Versus time is presented in Figure 5.78.
The stabilized corrected cumulative volume 1s 260 cc. . . total oi]
volume produced was 55 cc, or_,.6/9 percent of the residual oil
saturatro’n.z ‘The residual water saturation for thls core was 72.4
percent. | |
p

The differential pressure proflle is presented n Flgure 5.79.
The pressure drop increased until gas breakthrough at- which pomt it
became steady at 2.5 psi. The total mob111ty for this run was 4'.44-

darcies/cp. The relative mobility was 0.7164)cp'1.

Run 4 was performed with a 5 percent SDlOOO solution, on a
7.1 darcy glass bead pack with a. residual oil saturation of 217
percent. The data for this run is, given in Table 5.32. The gas
breakthrough time for this run was 22.8 minutes; the volume of
‘water produced at this point was 258 cc. There was no oil produced
~at this point. The cumulative water plus 011 volume produced is
presented in Figure 5.80. The total oil volumewproduced was 7 ec, or
_8.4:.percent of the residual oil saturation corrected cumulative
volume -produced stablllzed at 244 cc. Therefore the residual water

saturation was 76.1 percent.
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The drfferentlal pressure profile is presented in Figure 5.81.
The pressure drop mcreased prior to gas breakthrough to 3.75.
Followrng gas breakthrough the pressure stabilized at 3.0 psi.  The
total mobrlrty for this run was 3.68 darmes/cp The. relative mobility

was 0.5195 cp-!

The concentration graph for thrs run is presented in Frgure
5.82.  The effluent concentratlon at gas breakthrough was zero. This
suggests that the gas bypassed the surfactant and was produced

ahead of the surfactant slug.

Due to ‘the’ decreased gas mobility found at elevated
temperatures Run 22 was performed at 125° C, with 1 percent
SD1000 on a 13 2 ‘darcy glass bead pack with a residual oil saturation
of 25.6 percent. The data for this run are given in Table 5.33. The
gas breakthrough occurred at 13.6 minutes, the volume produced at
this point was 250 cc. The -cumulative volume of fluids produced

versus ‘time is presented in Figure 5.83. The corrected cumulative

volume produced continued to increase followmg gas breakthrough

228

The stabilized corrected volume produced was 322 cc. The total oil .

volume produced was 17 cc, or 17.6 percent of the residual oil

_saturation. The residual water saturation was 52.4 percent.

The differential.pressurig versus time is presented in Figure
5.84. The pressure drop across the core ‘decreased _following gas
breakthrough and then increased and stabilized at 2.25 psr "The

total mobility for this run was 6.59 darcres/cp -
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Relative mobility was 'used to determine the effectiveness of
the surfactant at reducing gas mo'bility This was done to analyze the
effect of surfactant and temperature {ndependent of the glass Fead
pack permeability. Run 22, which was conducted at an elevated
temperature of 125° C, with a 1 percent surfactant solution, .exhibited
_the Towest relative mobility. ~ A relatlve ‘mobility comparison is
presented in Figure 5.85 for Runs 2, 4, 8 and 22. A

The relative mobility in Run 11, the 1 percent surfactant run in
which no residual oil was present was O 154 Cp1 With the addmon'
of oil, the" relative mobility in the 1 percent SDIOOO run, Run 2, was
‘0.716 cp-l. This value is very . similar to the relatlve mobility of the
oil-saturated core run where no surfactant was ~used (Run 8) viz.
0.787 cp-1. The relative mobility in Run - 4, the 5 percent run was
0.5195 cp-l. This suggests that add1t10na1 surfactant is needed when
~oil is present. Isaacs et al.24 found that the optimum surfactant-
.c'oncentratron was shifted to a higher concentration in the presence

of oil.

'53.5  Effect of Surfactant Type ,

Two surfactants were used durlng the co- 1nJect10n series - of
runs, viz. Chevron Chaser SD1000. and Dow surfactants. The runs
examined to compare these surfactants “are: Run 11, R‘un 15,

(performed with, 1% SDlOOO) ‘Run 23 and Run 27, (performed with
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l%'Dowv Surfactant) All of these runs have been exammed in deta11

in the prevrous sqgtlons

For both runs performed at room temperature Run 11 and Run
23, a 1 percent surfactant ‘solution was used. "A comparlson of
pressure profiles for these runs is presented in, Figure 586 It is
apparent - that the Dow surfactant caused a much greater pressure
drop across- the core. Run 23 never reached a stablllzation point.
The experiment was terminated when the differential* pressure
eXceeded the transducer limit.  The gas phase mobility was much less
for the Dow surfactant; 0250 darc1es/cp compared with 2.18

darcres/cp {or the SD1000 case S N

The differential pressures for the two runs performed at 125° C

236

are compared in Figure 5.87. The differential pressure for Run 27

« .

‘;f r,;;,ached 200 psi.  The total moblllty was less than 0.0694 darc1es/Cp

e é?f:or the Dow surfactant. The total mobility was 0.176 darcies/cp for

wr -"z,#Run"IS the SDIOOO run.. The Dow -surfactant produced a lower total
? . mobility both at amblent condltro‘ns and at 125° C.

In order to v1sually examme the reactxon of the foams formed

by these surfactants: a bench test was performed One percent

> solutions of two surfactants ‘were agitated in closed contamers a

small amount of 011 ‘was 1ntroduced into each system. In the Dow

surfactant . solutlon ‘the oil mixed w1th the foam and caused very

small oil droplets to be mixed W1th the foam. In the SDIOOO so]utlon

the foam 1mmed1ate]y d15$1pated leavmg a small amount of oil

. *
Ce Y ) .

3
. e
s
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‘ S X1
floating .on the surface. = Therefore it" wog}@y”seem that the Dow

e

surfactant is more resistant to oil contamina't;_i.on than SD1000. .

. ¥ ’ Ay
P . i

/ 5.3.6 Effect of Residual Gas Saturation

Run 10 was performed with 4" residual gas saturatlon?of 19

percent in the core, This ‘run was performed with 1 percent SD1000" *

.. on a 3.5 darcy glass bead pack. The data fgr this run is given in |
b Table 5.34. . The gas -breakthrough t1me was 31.5 mln‘utes The
volume produced at this point was 383 cc. - The cumulative volume
produced versus time is presented n Iflgure 5.88. The stabilized
corrected cumulative volume was 340 cc. A'comparisonv of the'
cumulative volumes for.this run and Run{”"'/"*l _performed with ‘SD1000,
is presented in Figure 5.89. This plot shows the 51m11ar1ty of the

runs.  The residual gas saturatron decreased the amount of 11qu1d_

available for production. - The residual liquid saturatlon in the core l

was calculated to be 34.2 percent.

The differential profile presented in Figure 5.90 shows that then
pressure 1ncreased until gas breakthrough at which pomt it dropped
,sllghtly and stablhzed at 5:25 psi. A comparison of this pressure
drop wrth. 1hat 'mf Run 1, is presented in Figure 5.91. This graph
shows that the mcreasedv trapped gas saturation ‘did not _promote
foam development. The relatlve mobility in this Run was 0. 593 cp-!

compared with 0.154 cp-! for Run 1.

.,’
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The concentration graph is presented in Figr-2 5.92.  The
surfactant concentration of the sample collected at gas breakthrough

was 36.0 percent. Thcrefore the run showed a typical surfactant run

displacement.

5.3.7 Effect of the Foam .Generator

- In all runs, except Run 12, a foam generator was used prior to
the inlet of the test core. Runs 11 and 12 are discussed here to
_eotatmine the effect of the foam generator on .the ‘displalcement
- behaviour. Run 12 was performed without the use of a foam
~generator. Instead, an equivalent volume of tubing was used. Thé
- data for this run is given in Table 5.35. 'The time uniil gas

Abreakthrough was 33.75 minutes; the volume produced at gas

: breakthrough was .459.5 cc. Fxgure 5.93 is a graphical representation

l~
of the cumulatlve volume produced versus tlme The stabilized
corrected produced volume was 425 cc. The residual - water

'saturatlon was 30.4 percent.

bm

i

'Fi'gurev 5.94 is a “comparison of the cumulative volume produced
versus time for Run 12 and Run 11, which utilized a foam generat
The produced volumes for these runs are’ very srmrlar

The dlfferentral pressure proflle is presented in Flgure 595
'The stabilized pressure drop” was 6.75 psi. A comparison of the'

drfferentlal pressures for Run 11 and Run .12 is presented in Flgure’
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5.96. From the graph the difference between these Tuns seems
significant,» however the difference is possibly within the range of
experimental error. Therefore it can be concluded that the lack of a
foam geuerator had no significant effect on the foam mobility. In
fact, a foam genetator may have disturbed the wstem and lowered o

the ability of the foam to reduce gas phase mobrlrty

The conc;gﬁ;ﬁ : aph, Figure 5.97, shows a typical mixing
zone for an ant run. The surfactaht concentration ofv
~me sample c breakthrough was 59.7 percent. For Run
11 the concentration of this samp]e was 34.2 percent.  (Refer to

- Figure 5.22) .

T3

538 Effect of Surfactanf-Nitrogen Ratio

" )
e
s
i
\

If the surfactant solution and nitrogen mJectlon _rat
determine foam quality, then the quality for this run was
percent. The data for this run is given in Table 536 R

performed with a 1 percent solution of SD1000 on a 15 darcy glass

‘bead pack. The surfactant -solutron, nrtrogen rati “was 4:50 cc per
minute. The lower gas rate was used to keep she total" injected flow
similar to that used, in the other runs. ¢ gas breakthrough time
was 34.5 .minutes, and the' volume produced ‘at breakthrough was
1 495.0 cc. The cumulatrv& volume produced versus time is presented
in Figure 5.98. The stablhzed corrected cumulative volume produced

was 352 cc. The residual liquid- saturation was 50.7 percent.
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The differential preSsure profile is ~presented in Figure 599
The stabilized pressure drop was 6.25 psi. Figure 5.100 is a

comparison of the pressure profiles for Run 11 and Run 20..

The stabilized differential pressure for Run 11 ‘was 5.0 psi. Tl(c//{
difference 1n stabilized pressures was very small. The' relative .
mob111ty for Run 20 was 0.139 cp’! and a 0.179 cpl for Run 11.

. Therefore it can- be concluded that decreasing foam quality. (723

~ percent to 93 percent) has a _small effect on reducing gas ‘mobility.
) -

i

The concentration graph for Run 20 s presented in Flgure
5.101.  The surfactant concentration of the sample collected at gas
breakthrough was 62.7 percent. - It can be .concluded that the gas did

" not bypass the surfactant.
ol o :

. . {
. 5.3.9 Effect of Nltrogen InJectton Wlthout Surfactant Co-

InJectlon

"y

]

Th1s run was performed to determme the - effect of 1nJect1n'z,
mtrogen only,, \w1thout surfactant co-injection. A slug of 100 cc 'tof_‘
,;‘surfactant solutron was . 1nJected ‘into the core prlor ‘to mtrogen o

v 1n3ect10n as was done for all co: 1n}i,)ctron runs V Q

Run 24 was performed with 1 percent Dow surfactant at’ 1250

C, ~on a 13.1 darcy glass bead pack. There was no surfactant co:

37
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’injec'ted dun’ng this- run. The data for thlS run is glven in Table 5.37.
The gas breakthrough time for this run was 32.5 mrnutes . The
volume produced at gas breakthrough was 513 cc. The: cumulatlve
volunte produced - versus time is presented in Figure 5.102. 1t is
1nterest1ng to compare' this curve with that of Run 27, in which there
was co- 1nJectlon - The curves; as ’ggen in Figure 5.103, show a similar
initial trend but d1verge at gas br@kthrough
R

The d1fferent1a1 pressure profile is presented jn Figure 5.104.

The pressure continued to increase followmg”"' gas breakthrough but

fell off drastically afterward, to 2 psi.  Figure 5.105 provides a

comparison with Run 27.  This compari ndicates that without

continuous surfactant injection, f‘oam‘s',\,,_;ﬂ--ve little  stability,

particularly at a high temperature.

Recall.that“ Run 11P mamtalned a pressure differential for 40

hours. The difference is probably due to two factors: the core /for

Run 11P was flushed  several times with the surfactant S

the effluent contamed 100 percent of the ipiected surfactant

‘concentration, and this run was performed at.]25°

h

.54 Dual Core Runs

-

Three runs were performed utilizing the dual core system

‘These runs were performed to examine the abrlrty of foam t6

selectively block'high permeability channels. For these runs a
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surfactant ‘slu.g.si'ze] of _lS(l‘cc was used. The co—injected 'fluids e)‘tited.
the "foa!rjn ge/nerator and were ‘allowed to floW'through each core. The
back . pressure was ‘the same for each core. Run 25 was performed
w1th al percent solution of SDlOOO on ‘two glassbead packs with
permeabllltles of 7.5 and 16 dar01es Table 5.38 gives the data for
" Run 25 ‘Core A, the 16 darcy core. Th’S\ corrected liquid volume'
produced from the core stablllzed at 403 cc. The gas breakthroughv
time ‘for this cote -waS'- 34 ‘minutes.  The volume produced at gas
: ;breakthrough was 453 cc.  From Flgure 5. 106 the concentratlon
’ L

'graph the m1x1ng zone seems to be very large ‘This was probably

F'(duez to the fact thap the larger slu?‘srze penetrated far into the more

— pcrmeable core.  This caused the: surfaejtant to rmx rnore with the

water saturatlng the core. |

v

T‘he data for Run 25, Lore C, is given in Table'5.39.‘ Thei .g'as
»:breakthroungh time for this core was 217 minutes. Th‘e' volume

'produced at this pomt was 206 cc. A comparlson of the cumulatwea,

volumes produced for Core A ar‘ld Core C. is presented in Fig ~107. -

-« It is evident that the majority of}the flow took place in the more
‘permeable core.‘-w'Thels"y anrn did “not ‘cause blocking of the mor#"*
2

permeable core. The d1fferent1al pressure ~plot is presented in Frgure.'

'5.108. - The maximum pressure establrshed was. 16 psr

. ; N -
Run 26 was perform:d at 1259 C with 1. percent SDIOOO on

 two glass bead packs. Core A had ‘an absolute permeabrllty of 53
darcies; Core B had an absolut'e permeability 17.1 darcies. There

was_a problem with the outlet system for this run, which caused the
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'surfactant slug to be prlmarlly produced through the less permeable |

"l core, Core A.

~ . . , )
v

’ ;,,.: T A',. i

The data for Core A ""giyen 1n Table 540 The’gas

breakthrough trme for run was 278 mmutes The volume producedf

gas breakthrough was 558 \cc_."v__'-’I"_he effluent surfactant
: concentratron at gas breakthrough was 880 percent of the injected

LA

. flurd eoncentratlon

s\"'

> jl‘able 541 glves the data for Ct)re B. The gas‘breakthrough
'.'tm'le for’ thls run was 122, 75 mmutes -The volume produced at gas
breakthrough was 346 cc. From Flgure 5. 109 it is evident that
'corrected cumulatrve produced is a constant. _ This suggests that the
mJected‘quuld was movmg almost exclusr.v:ely' through the more'. N
permeable 'c'ore Frgure 5.110 is a companson of Core A and Core B.
‘The curve for Core A shows the preferentlal mJectlon of the slug into
~ this  core. It should be noted that the less permeable core wrth-
’surfactant showed a srmrlar l1qu1d producfron rate as the more
‘permeable core after ‘the » more permeable core - experrenced gas
breakthrough The differential * preissure ;v,ersus ttme graph ‘

o>

-presented in Flgure 5 111

. The last 'dual ‘core run’ perfortned vvas a repeat of Run. 26 Run
28 - was performed at 1250 C on two glassbead packs with-

v

permeabrlrtles of 7.5 and 18.2 darcres for Core A and Core B,
respectlvely. The data for Core A is glven in Table 5. 42 The gas

A
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7 breakthrough time was 30 minutes.. The,volume_produc'ed,'at gas ., _.

breakthrough was 420 cc.

The data for Core B is presented in Table 5. 43.  The gas
breakthrough occurred at 64 minutes. . The cumulatrve volume
produced. for this core was 345 cc. Figure S. 112 is a comparison of
- the cumulatrve volume produced for both cores. The 'slope of the
curve for Core B is sllghtly less than that for Core A. This suggests
- that a shght blocking effect took place in the more permeable core,.
much" less however than oneAwou_ld e\xpeot.
The pressure drop across the core was 2.4 psr For Run 22,
whrch was, performed on a 13 darcy glass bead pack with 1 percent
: SDlOOO and at 125° “C,,-the steady state pressure drop across the core
‘was 12.25{psr. . The injection rate was the .same for this system, with
two cores, as it was for a s‘i’ngie core. It could be expected that the
pressure, like the ‘lrate eould be reduced by a factor of 2, however

6.12 psi was not achieved.’

It is possible that the low pressure drop developed across the
core is a result of increased gravity segregation due to the low

average flow . rate. : ' ‘ '
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| 7v5.‘5‘ Matghernatical: ‘Model of Foam. Flow in a Porous Medium

Statement of ‘the Problem and - Assumption

282

Simulation of a foam in a porous medium is somewhat .

problematlc because it must be based upon 'one 'of the several

hypothe51s regardmg the mechamsm of foam flow discussed in the

,_.’pre\_{lods sectlon In the present work a two phase 1sotherma1 foam

‘f10w modelv‘ was developed Wthh is consrdered to be a novel
’approach. o | E ) R B

. . . R : o .

Before proceeding with a discussion of_the model’ equations,- it

is instructive to outline the foam flow mechanisms and the previous

modelling effort. " Based upon experimental work, the foll"‘owing .

- mechanisms have .been postulated:

1. A large portlon of gas is trapped in the porous medium and a
small fraction flows as free gas, followmg D(cys law.
S A .

2. 4 The foam structure movEs as an entity; the rate of ga_s fl_ow is

the same as the rate of liquid flow

3. Gas flows as a distontinuous phase by breaking and re-forming
films. Liquid flows as a free phase.
\
4. Yoam ﬂf)lWS as a combination of 'liquid and gas in a foar‘n‘body

. and the liquid flow in a porous medium follows fixed channels,
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whether or not foam is present‘ these channels depend solely

on the lquId saturatlon S )

> . CR S

», /TS. - Foam" flows in a porous med1um with constantly changmg'

quallty and in certam reglons there, may be four different

phases. v - -

Recently, Marfoe et al.55 reported a- one- d1mens1ona1 f\oam flo/

AN .
mo. :I.  Even though this model accounts for some of the ‘features

-

T dCSCHDed above, it does not take 1nto account the changes due to

reservoir heterogenemes and gas veloc1ty " The present model,
considers two- phase flow of a three component syStem viz. water,
gas and surfactant It is assumed that surfactanty does not part txon

into the gas phase and that its adsorptlon can be descrlbed by a

7
Langmuir type - 1sotherm ~ The redyttion of gas moblhty due to the_‘

presence of surfactant is descr1bed by a mod1f1catlon of the equatxon
due to Marfoe et al.53, as follows

|3

el D Cud (Sy- Sud e M)+ op)]
P»fzm_z 2L A . z ] oo (l)

o

i

(1+ESO) - | .'l: | ‘
with S, = 0.

The constant D and the functions f. fk, 1, allow a large varlatron

in foam viscosity. - Also, this formulatlon allows the dependence of

'1
. .

)
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N

‘foam visccsity on absolute permeability of the 'poro_us"medium,*» as

well as surfactant concentration, pressure drép, and _oil saturation.

The implication. of“ the above relationship is that the foam

~viscosity will increase with increasing absolute, permeability of the

porous. medium until an optimum permeability is reached. Raza20 ‘

and Best et al.34 observed that the blocking action with foam:

improves. as the absolute permeability -increases. 'Khatib Hirasaki

*

and Falls56 observed . that theré exists an optrmum value tl2 darcres) |

" for whlch th,e gas mobility is the lowest. - This concept has been

’inco.rporated in the above formulation. The exact nature of the

‘functron fk s determmed by obtammg ,a‘ best match with

+

experrmental results Islam et al.57 observed .that the mobllrty of the

foam mcreased consrderably as the Ap mcreased For a grven .flow'

rate, lower absolute perme&brlrty leads to lower foam v1scosuy " This

phenomenon wrll 1ncrease foam mobrlrty ' However in the ab‘ove‘

- 'formulatron the ‘absolute permeabllrty is' decoupled from Ap in order

to altow. for a (;hfferent dependence on Ap. ~An e_quatron »srmrlar to the

»folléwmg may be used

However, due to lack of experimental data which may "support

_the above relationship, f, is set to zero for the present.study.



R‘:z:za20 reported that the longest delay in fo_am breakt'hrouglr
took place at a surfactant concentratlon of 1%. Islam et al57
observed _similar optithum concentratlon However this value was
-shrfted to 4% in ‘the presence of excess water 1n the bottom water
zone. Therefore,. a functional form wrth deﬂectron pomt at around 1
; percent surfactant concentration was chosen The exact nature of
‘this “function was obtained . by matching experimental data at
different surfactant concentrations. ' |

'Experimental data w_a'(s' used  to obtain the following

relationships for f. and f:

. o
e [
b

:: » N 4 2 " . .
_fc='\/ 250 Cpe- 1.56+10 Coy - for C,,<00155 (3)
f.=0.35 for 'C,;>0.0155 _ B (4)
N . 332 2
fk=’\/0.125k—‘3..91*10 k for k<30pm~ (5)
f,=0.5 for k>30um . o - (6)
5.5.1° -Mathemati'call‘. Foundations _

G{irve}o\',th:/ above assumptions, mass - -balances for water gas,
, ‘and- surfactant can be derlved ~which . are as, follows for a three-

dimensional: geometry:

285



Water: :
‘ . S
\% kkiy Vo, +qw=—(?—‘ ¢ w
Gas: - = "y o ’
\4 ——_S_kk Vo _————stkk”"vm +qg+q‘szw—i ¢R?WSW+¢S8)
- B, & B, o B B
J‘;v
Surfactan‘t:
v | Sw Kk, 9 [9Sw Cus A 0 ‘
- Brqu) qWCWS B 2w Zws) Pr 2 -a_t[(l -¢)CWS]

where A'= B C rp,'B: =k1/k2; arid A and B are ‘specfi‘c to a given surfactant

type' . " ) ’ ‘ -\

w«

An addition to the above relationship, effective permeabilities
1o gas and watdr are considered to be. unique function of each phase.

That is, -
* )
kr‘w;'krw(sw) o (10)

krg=keg(Sp "(11) |
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This way, the dependence of relative permeabilities on
surfactant concentration was eliminated. This simplified approach

~was found to be adequate.

Capillary pressure is given by:
Pegw (Sw) =Pg - Pw. R v (12)

-

The saturation const’féintu 1s:
Sy +S,=1 - . (13)

' The unknowns in the above. equatlons are: Py, Pg, Swr Sg, énd.
Cws, for a total of five. The equauons are: three mass balances, the
capillary pressure relationship and the saturation—constraint, for:a“‘
total of five. =Thus the problem is properly formulated.

Ther\bou'nda'ry conditions for the 'ohe-di.men'sional system
solved were that the flow rate at the inlet end of the porous medium
(sz)' is specifiéd and that “at the outlet (sz) the pressure is
specified. The 1n1t1a1 condmon was that the saturation and\ ressure
.bdlstrlbutlons at t=0 are known, and that the surfactant concentration

' concentration. at t=0 is 0.
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5.5.2 Solution'- Techniqué'”
The above equation were solved by’ the well-known Implicif
" Pressure :_ Explicit Saturation Method (IMPES), discussed by |
Peaceman33, and others. This method is based upon the reduction of
the five eqations (7), (8), (9), (12) and (1'3)' to a singlc'equatibn in
pw, through elimination of the other four variables. The resulting

single equation is solved for pw by a direct approach.

. . \ -
L d

The calculated pressures are then used to solve for the
- remaining  variables in an explicit manner. - This constitutes one
iteration within a time step, because the accumulation terms must be

\
iterated until convergence is obtained.

Equations (7), (8) and (9) were first discretized by finite

differences. '-For e;(ampie, for block i, Equatipn (7) takes the following

: fqrm:
Akk i d hel) Akk, " 1 1
. | n+ n+ [ n+ n+ *
: ~;;N_ ﬁm(-(bwm_ Wi ) - __k—l ‘ ((DW;W - Dy, o T Qws
ReBWAx i, 10 0 o “waA-xi%_, .
' | | “ n+l 'n
(Dlvbl SWi ) S“/l
S R At ' ‘n+»1 n .
' | o o Bw;- Bw; S (14)

whgré"‘q>w =Py ;pw ng, A b.\eirig‘ 'depth below a reference plane.. Where

A

© n+1'is the new time level, and n is the old time level, and Vpj = Aj

[
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Axl, bemg the bulk volume of block i. The accumulation term s

dlfferenced in the followmg manner: .

Sn+1 Sn' ) ’ )t
i P ' + +1 ‘
.M ! (Slvlvi - Sz\ + Sr\:/.('l_)(valv. 'pr\:i)
. n+l _n n+1l ! n-
w‘;.y Wi Wi BW- N -(1 5)
L1
S P n+l n.
1 _l_ e B{th . BW; 4 .‘

.B—n . v p . ‘ ‘ Bn' ( n+1. n)

where ¥l is the chord'slope ‘given by VW Pw; " Pwy

-‘where the n+1 terms refer to the prevrous 1terates of pressure -

Equatrons (8) and (9) were dlfferenced in the. same way

Equatron (12) was - used to ehmmate pg from ‘the - above
equ trons Fmally, the three difference ‘equations were multlphed by
sultable multrpllers and added such that the accumu]atron terms

permltted ,cancelhrzg Sw and Sg via Equatlon (13).

The fmal equatlon has “the form:

(m) .(m+1) (m) (m+1) (m) (m+1) i
m n+1 m n+1 m n+1 Am).,. ‘
. . + FE. + F. = . ) . .
i p, +E p’ Foop,” qi e
where (m‘+1) refers to the iteration - level ' The procedure forg

advancmg the solution to a new time step.is as fo]lows glven the
pressures “saturations, and surfactant concentration as the current

}1me step, all : of the coeff1c1ents Dj, Ej, Fi, and qj are calculated ThlS”

B



- N\ - . 290
‘permits writing Equation (16) for ‘the entire grid. The“resul'ting

system of algebraic equations is solved by Gaussian elimination for

1y - S }
n+l - ‘ n+l . .
wi , being the first iterate of pressure wi . This is now used to

solve for the other four variables. - For example, Equation (14) is used.

] (m+1)
) to solve for  ¥i , written as an explicit expression for Wi, as
/" follows: . . ' . -
: n [ (m+1) “(m+1)
| C (men AkKrw | g nel _ el
o (m+1) ) . B n+l At HWBWAX i+~1— Wisl Wi
S.r’i+1 = Qr 4 Wi . 2 ,
wio ' Wi . d.V.. n " (m+1) (m+1)
i bl _ Akkrw o) n+]} -® n+l *(m+1)
BBk fy LU v e ]
. 2
(tm)| (m+1l)
A 1 n
— [Po - P,
| . (17)

The' - new (m+1). level iterates are used to recalulate 'Dj, Ei, Fj, and

' I ' ' n+1
~. Equation (16) is again®solved to obtain new iterates of wi . The
iter»at'ionﬂ is contivri'ued until  the maximum absolute = pressure = |
difference is less than:0.01 psi.



5.6 Discussion of Numerical Simulator Results

A computer program was developed for . solving the above
equations. A listing of this program ’is glven in Appendix A. Flgure
5. 112A shows a flow diagrarh for the program. The program wa_s

used to simulate selected ru to determine how far the model .'could,
= match. experimental results,  without adjusting the foam,mo'bility.

e

characteristics.

&

"The results of the numerical simulator- are compared to the

291 .

experimental‘data in Fig. 5.113 to -Fig. 5.120. The inlet pressures
show similar trends but the values do not compare exactly. The
following points must be con51dered before analysis of the simulator

results:

- 5.6.1 Adsors)tion ‘

The adsorption™ data were taken from Novosad et al.45  This
 was done due to a lack of appropriate data.obtained during this
study. The type of surfactant was not the same .‘as 'was. used in this,
| study, _consequently,‘there may ‘be a divervgence-.in the adsorption
properties_. A different adsorptionl coefficient WOuld" lead to a”~
'different ’concentration which in tnrn' will effect foam viscosity. A |
moré rlgorous treatment would 1nvolve determlnlng the adsorptlon

independently.
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5.6.2 Relative Permeability

o The relatlve pe.rmeablhty data were obtained from Islam and .
Farouq 'Ali59. They obtained thlS data by hlstory matchmg one of
. their experlmental runs. Their. main . objective was to simulate foam
flow in the presence of oil and a bottom water zone. Thelr relattve
permeablhty data were adapted to a three-phase system for whlchf_
-they assumed that the relative. permeability to. each phase is a
unique function. of its own saturation. While this set -of relative -
,permeability‘ gave go'od' results,‘ the same set of relative permeability.
may not be appropr'iate for gas-water co-injection A more rigo"rous

treatment should- mclude measuring . gas water - relatlve permeabxhty"

1ndependently

Once e set of relanve permeabllxty data is . obtamed in the
absence of surfactant, thxs could be used for foam as well since the
(‘relati‘ve ‘permability to foam 18 assumed to be unaffected by
| ;s'urfacta_nt. The purpose of the numencal study was a. qualltatlve
COmparison therefore no. rela‘tlve .permeablllby.\ was 1ndependently

measured.

' 5.6.3 Effect of Absolute Permeability

Islam and Farouq A1159 argued that the foam vrscosny should

be a functlon of - absolute permeabrhty, among other variables.
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{

- However, they obtained a better agreement between experimental.

and numerical results, by assuming a function which shows a
maximum around 16 darcies. They showed therefore, that foam
mobility' increases if the absolute “pe;rmeabilit'y weére less than or
greater than 16 darcies.. The same function was used in the present
numerical simulation study for the sake of consistency. However,. the

study shows no presence of optimum behaviour as a function - of

absolute permeability. The mobility reduction was in  fact, ‘the

highe‘st for the lowest absolute permeability. The absolute
permeability function fepo-rted by Islam and Farouq Ali5?% , is
therefore not apblfcable in the presént study. In‘ fact, the present
study suggests that a function, opposite in nature to that proposéd by

Islam and Farouq Ali59 be used.

5.6.4 Comparison of Experimental and Numerical Simulator

Results

The comparison graph for Run 11 is located in Fig 5.113. Tuc.

steady state condition for the simulation data is 6.4 psi. For the

experimental tun the -steady state pressure differential was-5.0 psi.

- These curves show fair agreement between the two cases. The
simulator results give higher valués for the pfcssure differential.
This run was performed on a 12.2 d‘a_rcy glass bead ‘pack_';\' recalll that
the optimal permeability as specified in ,.th‘e simuJ]ator, was 12
- darcies. -

=
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Run 18 was performed on a 15.2 darcy glass bead pack with a

2.5 percent solution of SD1000. The differential pressure comparison °

18 préseﬁiéd in Fig 5.114. The differential pressure_established in

" and expetimental results.
Cox v ‘ :

the experimental run was 7.5 psi and in the simulated results it was

8:.0’psi.' Theré_‘is; therefore, good agreement between the simulated
e, .

: R

. Run 5 was performed on a 17.5 darcy glass bead pﬁck with 5
percent SDlOOO. The differential pressure comparison. is presented
in Fig ,'5.1"1\5. The éxperimental stabilized pressure was 4.5 psi. The

simulated results were 7.0 psi.

Run 14 was performed “on a- consolidated core with, an absolute

permeability of 0.651 darcies. The differential pressure comparison

gfaph for the experimental and simulated results is presented in F1g
5.116. This tun was performed with 1 percent SD1000.  The

simulated results sta_bilize' at 10.5 psi; the experimental results

stabilize at }'2‘7.5. This .discr‘epancy could have been removed by

v adjusting foam mobility versus permeability relationship,  However,

the - objective of this work was to examine the simulator results

without such adjustment.

N

& ‘ R_uh 17- was performed on a 30 darcy glass bead pack,

 with

1 pcrqent- SD1000. The differential comparison graph is

: pr‘gselzted in Flg 5.117 For this case, the simulated results are much

Ahighe.r _thaﬁ the experimental results. THi_s is the opposite of- the

‘phe mena found: in Run 14, however, it is due to the same
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assumption. It was not found in the expenmental portion of this
research that foam mobility decreases with increasing absolute.
permeability. The'opposite of this was suggested, that foam mobility

increases with decreasing absolute permeability.

Runs 13, 16 and 15 were performed at elevated temperatures,
with 1 percent SD1000. Rurr 13 was performed at 54° C. The
differential pressure comparison graph is located in Figure 5. 118

The stabilized expenmental pressure drop was found to be 12.75 psr

and the simulated pressure drop was 64 psi. The «discrepancy is due

‘to the elevated temperature. Because this is not a thermal simulator

' this effect could not be simulated. Run 16 was performed at 90° C.

The stabilized experimental - differential pressure was 18.75 psi. Thq

simulated result was 6.6 psi. The problem of not considering

\\elevated temperature had a more pronounced effect at the higher

temperature Run 15 was performed at 125° C. The comparison

- graph is Fig 5.119. No stabilized pressure was obtained for this

experiment. The differential pressure rose past the pressure
transducer capacity, and reached 59 psi before the run was
concluded. It .is evident from . this graph that the divergence due to

temperature, increases as the temperature increases.
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VI Conclusions

In this research, an experimental dpparatus was d'esigned and.
built for carrying out experiments of foam floodin»gv at temperatures
up to 250° C. The experimental design }tad several novel features
related to the generation and visual observation of the foam. Based'
upon the experlments carried out on this apparatus, the following
conclusions are drawn: |
1. In two-phase water-gas displacements, addition of a surfactant
to water decreases the gas phase mobility, if conditions are suitable
for the formation of a foam. 1If a foam does form dlsplacement
efficiency increases, resultmg in mcreased recovery of ‘water by gas

at. gas breakthrough.

2. _There is an optimum surfactant Concentration for reducing gas
phase mobility.  This optimum concentration seems to. vary with

absolute permeability of the porous medium.

P
o

3. - Allow moblhty foam can be generated by jecting a slug of an
appropriate’ surfactant, rather than continuous co-injection of. -

surfactant and gas.

.4. The total foam mobility was found to increase with 1ncreasmg

absolute permeablhty | o

305
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5. At room temperature, as well as at .el‘evated.t‘gmperatures, the
Dow surfactant-wés the most effecti'vé gas phase mobility reduction .
agent 'tested,‘f“ollowed by SD1000 and XPlQO. At eievated
temperétures, the two surfactants tested, viz.' SD1000 . z;n‘d Dow, both
showed ihcréases in their effectiveness as gas mobility reducing, or

foaming agents.

~ “Q
e
\
6. Presence of an oil saturation in thé porous medium was found
to be detrimental to foam formation A higher ”surfactant,

concentration was needed when oil - was \gresent than when water

<A
was the only liquid present. Similarly, the presence of a re51dua1 gas-.

b )

saturation had a detrimental effect®on gas phase mobility.

7. A computer mUdel was developed to 51mu1ate the basic” aspects
of the flow of a foam in a}@rous\medla under 1sotherma] condmons
~In a 'few cases, ‘the simulator was succ;:ssful 1n modellmo the
essentlal features  of the experlments employmg - minimal

e)?f)efimentally derived mformatlon
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Listing of Computer Program for Simulating Foam Flow
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0.- 2)

IMPLICIT REAL*B(A - , s
LOGICAL=1 FREE(1) /'#'/
COMMON /ADS/ A4, B4, CN, CwSI v
" COMMON /ADS1/ VB(10. 0,3), GWWT1(1O 10, 3) ww1(11,10,3),
1 : WS1(10,11,3), WN 1(10 11,3), WT1(10 10,4), wB1{10,10,4)
COMMON /ADS2/ NEI(11 10,3), ‘CVSN(10 10,3), Cws(10,10,3)

COMMON /FOAM/ DCONST, ECONST .

COMMON /GASSAT/ PBO, VSLOPE, BSLOPE, RSLOPE, PMAXT, RHOSCO,
1 RHOSCG, RHOSCW PBOT(10 10, 3)

COMMON /NPTS/ MSAT, MPOT MPWT, MPGI IREPRS -

COMMON /COEF/ AW(10 10, 3) AE(10 10, 3) AN(10,10,3), AS(10,10,3)

i AB(10,10,3), AT(10,10,3), E(10 10 3), B(10,10,3)

COMMON /PARRAY/ PN(10 10,3). SON(10,10,3), SWN(10,10,3),

1 SGN{10,10,3), .S01(10,10,3), SW1(1G,10,3), SG1(10,10,3),

2 A1(10.10.3). A2(10.10,3). A3(10,10,3), Sum(10,10,3),

3 GAM(10,10,3), RS(10,10,3) : '

COMMON /SBAND/ BMAT(300,300), QVEC(300), PVEC(300)

COMMON /SPARM/ PX(10710,3), PY(10,10,3}, PZ(10,10,3), EL(10,10,3},
1 TX(11,10,3), TY(10,11,3), TZ(10,10,4) :
COMMON /SPRS/ P(10,10,3), SO(10,10,3), SW(10,10,3), SGI( 0,10,3)
COMMON /SPVT/ SAT(25), PRMROT(25), PRMRWT(25), PRMRGT(25).

1 - PCOWT(25), PCGOT(25), POT(25), VSOT(25), BOT(25), BOPT(25),
2 RSOT(25), RSOPT(25), PWT(25), VSWT(25), BWT(25), BWPT(25), -w&
2 RS¥{£§?). RSWPT(25), PGT(25), VSGT(25), BGT(25), BGPT(25),

- CR :

COMMON /SRATE/ PIN{20,3), PWF(20,3), PWFC(20,3), KIP(20}, T
1 GMD(20,3), GMW(2O 3), GMG(20,3), WELLID(20), LAYER(20),

2 QVO(20) QVW(20). QVG(20), QVT(20), CUMD(20,3), CUMW(20,3),
3 CUMG(20,3) '

COMMON /SGAS/ BO(10,10,3), BW(10,10,3), BG(10,10,3), Qo(10,10,3),
1 Qw(10,10,3), QG(10,10,3), GOWT(10,10,3), GWWT(10,10,3),
2 GGWT(10,10,3), OW(11,10,3), OE(11,10,3), Ww(11,10,3},

3 WE(11,10,3), OS(10,11,3), ON(10,11,3), WS(10,11,3),

"4 WN(10,11,3), 0T(10,10,4), OB(10,10,4), WT(10,10,4),

5 wB(10,10,4), QOWG(10,10,3), VP(10,10,3), CT(10,10,3)
COMMON /SDELTA/ DX(10,10,3), DY(10,10,3), Dz(10,10,3), IQN1(20),

i IQN2(20), 1QN3(20)

COMMON. /POR/ PORVOL .

READ (20,FREE) B4, CN, CWSI, RHOR, RHOW, DCONST, ECONST
DO 101 = 1, 11

DO 10 J = 1, 10
DO 10 K = 1, 3
TX(1,J,K) = 0.D0 :
OW(I,d;K) = 0 o ‘ : g
OE(I,J,K) = 0.DO0 .
WW(I,J,K) = 0.DO
WE(I,J,K) = 0.D0
10 CONTINUE
D020 I = 1, 20
DO2D J =1, 3
CUMO(1,d) = 0.DO
CUMW(I,J) = 0.DO
~ CUMG(I,d) = 0.DO
20 CONTINUE
DO 30 I = 1, 10
DO 30 U = 1, t11
DO 30 K = 1,.3
TY(I,J,K) = 0.DO



30 CONTINU
DO 40 1 =
DO 40 u

0

TZ(1

40 CONTINUE
DO 50 I
DO 50

DO
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50 CONTINUE
DO 60 1

nwnoun

60 CONTINU
IM = 10
JM = 10

= 3

ACFGT = 0.D0
CALL SGRID(IM, II,

.CALL PARM(II, dJJ, KK, IM, UM)

PORVOL = 0.DO
DO 70 IKL = 1, II

cCoO0OOOCOOoO
o
o

W

OO0 O

0.D0

Jd, KK)

DO 70 UKL = 1, JuU

P12 = DZ{IKL,JKL,1) = DX{IKL,JKL,1)

1 JKL, 1)

e

* DY(IKL, UKL, 1) = VP(IKL,

)

¢



.

" PORVOL = PORVOL + P12

70 CONTINUE™

80

C

C**=x SOLUTION
C

80
100

1

110

120
130

- 140

;1150

DO 470 K =

‘“‘RESVOL”:?OHDO-

160

PORVOL 7 PORVOL * 2831%.84659D0
0Ip = 374.
CALL TRANI(II, uJ, KK, IM, JM)
CALL TABLE
DO BO I = 1, 11

DO 80 J =1, JJ

0 80 K= 1, KK

PBOT(I J,K) = PBO
CALL INIT L{KPI, 11, JJ, KK, PI,

BEW, CUMPG, BEG, SOI, SWI.
ETHOD, DEBUG PRINT,

I, dM ETO, CUMPO, BEO, CUMPW
SGI, WOC GOC

READ (20,FREE) NN, TMAX, WORMAX, GORMAX, PAMIN, PAMAX.
READ (20,FREE) TOL, TOL1, DSMAX, DPMAX
D288 = 1.D0 / 288.D0 R
NMAX = NN + 1
DO. 480 N = 1, NMAX , -
NLOOP = N Lo ;
. IF (FT .LT. F¥MAX) GO TO 120 g : .
. READ (20,FREE,END=530) IWLONG, ICHANG, IWLREP, ISUMRY
READ (20,FREE) DELT, PTMIN, DTMAX, FACT1..FACi2
FORMAT (1015) :
FORMAT (6F10.0)
IF (IWLONG .EQ. 0) GO TO 110
CALL WELLS(IM, oM, NWELL)
CONTINUE o ,
FTMAX = ETI + ICHANG *:DELT -
IF (N .EQ. 1) DELTO = DELT - ,
IF (N .EQ. 1) GD TO 140 Lo
IF (DSMC ..LT. DSMAX .AND. DPMC .LT. DPMAX) DELT = DELT * FACT1
'IF {DSMC .GT. DSMAX .OR..DPMC .GT. DPMAX) 'DELT = DELT = FACT2
~IF. (DELT .LT. DTMIN) DELT = DTMIN '
‘IF"(DELT .GT.:DTMAX) DELT = DTMAX .
IF LETL + DELT .GT. FTMAX) DELT =.FTNAX - EII

“FT = ETI'+.DELT
-"IF_(ETI % DELT*0.5D0 GE
CITFLAG = 0 .
CONTINUE 7.
DIVI = 1.D0 / DELT
IF (N /GT. 1 .OR.

= 0.D0 -
SCFQ = 0.D0.-
SCEG. = 0.DO
SCFG1 =-0.D0

-BVOL . =

,\.’;\-

: CDNTINUE o
CALL INTPVT(BPT
CALL -INTERP{PWT,

RSLORE.

J1TFLAG .GT.~

POT..
o RSWT, MPWT, PP, .
- .~ _CALL INTPVT(BPT, BSLOPE, POT, BOT, MPOT, PP, BO(1, dik) )

TMAX) GO TO 530

0) 60 70 180

RSOT MPOT

PP}QRSD) '
“RSW) PO

PGOC, CUMIW, CUMIG)
AND TIME-STFP CONTROL PARAMETERS

) % DZ(1,4,K)

- 317



‘" 'ACFG1

180

, .‘/3
4

200

2100

© 2200

MPWT, PP
.. CALL INTERP(PGT,.BGT, MPGT, PP,
. FF1 =-50(1,d,K) 7 BO{I, J, K}~ '
FF2 = SW(1,d,K)-/ BW{I,U.K) -
. SEFO"=. SCEQ + VP{I,d K} = FF1
SCFW = SCFW-+ VP(I,J,K) = FF2
SCFG, =.SCFG *+ 'VR(I,d,K).* SG(1,4,
SCFG1 = SCFGT + -VP(I,'J,K) = (RSG*FF4. + RSW*
CALL-INTERP(POT, BOPT, "MPOT, PP, BODER)
CALL"INTERP(POT, -RSOPT, 'MPOT, 'PP, RSODER) :
- CALL INTERP(PWT, BWPT, MPWT, PP,  BWDER)
CALL INTERP(PWT, RSWPT, MPWT PP, _RSWDER) - .
©_ CALL INTERP(PGT, BGPT,” MPGT, PP, "BGDER)
“OIF. (PP GY PBOT (1, J,K}) BODER = BSLOPE
. IF {PP PBOT{1,J.K)) RSODER - RSLOPE - o
“oco =f-(BODER = BG(I,d,K) *RSODER) /- BOUL, diK) o
"~ CW = - (BWDER- -~BG(1.q.K *RSWDER) /. BW(I;Q,K)_T
'CG.= -BGDER /. BG(I,d,K) AR
CALL: INTERP(PGT CRT. MPGT, PP, CR)" '
CT(% Ui K) CR + co - S0 (1 u Ki o+ cw sw(l Ui K) + CG * se(x
“d K 4 , : e
CONTINUE - _ -.j, .ﬁ o S
USTBO = SCFpT s ) ST
©OSTBW- = SCEM 1t o T ot T
ACFG = SCFG. - . . . el s L
= SCFG1 - T BN
"STBOI. = STBO. B :
O STBWI® = STBW-. . 5 N
. -ACFGI. = ACFG + ACFG1T. v ST ‘ g
" TP {'ACFGI~ 1.D-7" AND "ACFGT: LE 1 D- 7; BEG =, 0.D0. :
;QIF (N JEQ, 1- .AND. ITFLAG .LE. 0) CALL SUMM(NLOOP‘ Kpl, Jd,
' KK, {M JM, - PAVGO,.PAVG, STBOL, STBWI,:ACFGI, COP. ch.
CWl; €GP, CGI.: BEO, BEW, BEG, OPR, WP. 'WPR, GP, GPR, WI,,
“WIR, GI, GIR, svao STBW ACFG, . ACFG1, WGR "GOR, DELTO, OP,
ACFGT ETI) o R o
:~CONT1NUE iy T
CUIF (N LEQ. NMAX) GO T0. 530 _~~"_; T e
. 'IF. (NWELL .EQ. 0) GO- TO 2@0 e -
“CALL RATES(NWELL) S RN L
CONTINUE - A R
','CALL SQLMAT(II dd KK IM dM DIV1 - D288, - NLOOP, NN)
. TF (NWELL - EQ..0) GO 10 210 . s
-CALL PRATEI(NWELL) : . <%
CONTINUE = R g DT
_ CALL BANDIN{ T, Uy, KK) 5 : SR
o (NWELL; LEQ.:70) GO 70,220 °* -
'.*CALL RATED(NWELL) - “ "
‘CONTINUE - ‘,ﬁ. : ‘
'SCFOy= 0. Do ! - :
0. : ,
3
‘RSLOPE, POT, RSOT, MPOT, PP, RSU)

CALL INTERP{PWT. BWT,

318
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230

240 -

250

CALL INTERP(PWT, RSWT, MPWT,
CALL INTERP(PGT, CRT, MPGT,
BPT = PBOT(I,J,K)

CALL INTPVT(BPT BSLOPE, POT,
CALL INTERP(PWT, BWT, MPWT
CALL INTERP(PGT, BGT, MPGT,
VPP .= VP(I,J,K) = (1. DO+CR*(
RESVOL = RESVOL + VPP

DP1 = 0.DO
DP2 = 0.DO
DP3 =" 0.DO0
DP4 = 0.DO
DP5 = 0.D0
DP6 = 0.D0 | ,
IF ((I - 1) .GT. 0) DP1 = P{
IF ((I + ) .LE. I1) DP2 = P
IF ((J - 1) .GT. 0) DP3 = p{
IF ((J + 1) .LE. JJ) DP4 = P
IF ((K - 1) .GT..0) DP5 = P{
IF ((K + 1] .LE. KK) DP6 = P
DAODP = OW(I1,J,K) ¢ DP1 + OF
DP3 + ON(I,J,K) *= DP4 + OT(I
DAWDP = WW(I,J,K) * DP1 + WE
DP3 + WN(I,J,K) * DP4 + WT(I
DAWDP1 = WW1(I,J,K) = DP1 +
* DP3 + WN1(I,J,K) = DP4 + W
DPE . -
SW(I,J,K) = ((DAWDP + GWWT(I
I,J,K)*SWN(I,J,K)/BW(I,d,K))
DENOMT = (1 + BA*CWSN(I,dJ, K)
CWSNN = (DAWDP1 + GWWT1(I.J,
VP(I,U,K) = SWN(I,J,K) * CWS
J,K) = (VB(I,d,K) - VP(I,d,K
DENOM 1 .
CWSN(1,J,K) = CWSNN / {VPP=S
VPP ) *RHOR*B4*CN/RHOW/ (1 + B4
CWSN(1,1,1) = CWSI
IF (CWSN(I,J,K) .LT. 0.00) C
SO(1,u,K) = ((DAODP + GOWT(I
1,J,K)*SON(1,J,K)/BO(I,d,K))
SG(I,d,K) = 1.D0-DABS(S0{1.J
IF (SG(1,u,K) .GT. 0.D0) GO
SG(I,d,K) = 0.D0
SO(1,J,K) = 1.DO-SW(I,d,K)
CONTINUE
VP(I,J,K) = VPP
BO(1,,K) = BBO
BW(I,J,K) = BBW
BG(I,d,K) = BBG -
FF1 = SO(F,J,K) / BO(I,J,K)
FF2 = SW(I,J,K) / BW(I,J.K)
SCFO = SCFO + VP(I,J,K) * FF
SCFW = SCFW + VP(I,J.K) * FF
SCFG = SCFG + VP(I,J.K) * SG
SCFG1 = SCFG1 + VP{I.U,K) =
CALL INTERP(POT, BOPT, MPOT,

CALL INTERP(POT, ESOPT MPOT
CALL INTERP(PWT, BWPT, MPWT,
CALL INTERP{PWT, RSWPT MPWT
CALL INTERP(PGT BGPT, MPGT,

-

¥

Ve

PP, RSW)
PPN, CR) /

BOT, MPOT, PP, BBO)
PP BBW) ;
PP, BBG)
P(I J,K) - PPN))

- 1,J,K). - PP
I+ 1,4,K) < pp
Jo- 1,K) - PP
I, + 1,K) - PP
UL Ko- 1) - ppe
1,J,K'+ 1) = pp _ )
1,J,K) = DP2 + 0S(I,J.K) =
J,K) = DP5 + 0OB(1,d,K) * DP§
1,J,K} *= DP2 + WSY{I,J.K) =
J,K) * DPS + WB(I,J,K} = DPS
E1(I1,U,K) = DP2 + WS1(l
1(I,J,K) * DP5 + wB1(I,
JLK) - ngl.de))rDELT + vp(‘
= BBW / VPP A
) = (1 + B4xCWSN(I,d,K)})
K) - QW{I,J,K)*CWSI) * DELT +'¥
N(I,J.K) / BW(I,d.K) + CWSN(1I,
)) = RHOR / RHOW * B4 = CN / -
WN(1,d,K)/BBW + (VB(I,J,K) -
*CWSN(I,d,K) )** 2)
WSN(1,J,K) = 0.D0
»J,K) = QO(I,d,K))*DELT + VP
= BBOD / VPP
K)) - DABS(sw(I.u.K)x
T0 240 . '
k',‘
1
2
(I,J,K) / BG(I,J,K)
(RSO*FF1 '+ RSWxFF2)
PP, BODER) :
PP, RSODER)
PP BWDER ).,
'RSWDER)
PP "BGDER)

319
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IF (PP .GT. PBOT(I,u K)) BODER =.BSLOPE
IF (PP .GT. PBOT(I,J,K)) RSODER = RSLOPE
CO = -(BODER - BG(I,J,K)*RSODER) / BOI(I,J,K)
. CW = -(BWDER - BG(I &), K)*RSWDER) / BW(I.J.K)
CG = -BGDER / BG(I,J,K) .
. CALL INTERP(PGT, .CRT, MPGT, PP, CR)
CT(I,J,K) = CR + CO *.SO (1,9, Ki + CW *» SW(I,J,K) + CG = ;
S SG(1,d.K)
260  CONTINUE
PPM = 0.DO
SOM = 0.DO - N
SWM = 0.D0 v :
SGM = 0.D0 A :
DO 300 K = 1, KK g
DO 300 J = 1; JJ
‘DD 300 I = 1, II
DPO = -P(I,J,K) - PN(I,d,K)
DSO = SO(1,J,K) - SON{I,J,K) R
DSW = SW(I,J,K) - SWN(I,J K)
DSG = SG(I1.J,KJ - SGN(I.J.K) ,
IF (DABS(DPO)} .LE. DABS(PPM)) GO TO 270
A . PPM = DPO , : _
270 ~IF (DABS(DSO) .LE. DABS(SOM)) GO TO 280 '
' ‘ SOM = DSO -
280 IF (DABS(DSW) .TE. DABS(SWM)) GO TO 290
" SWM = DSW -
230 'IF (DABS(DSG) .LE. DABS(SGM)) GO TO 300
‘ SGM = D5G .
300 ~ CONTINUE R
: DPMC = DABS(PPM)
o DSMC = DABS(SOM)
g : = DABS(SGM)
= DABS(SWM)

IF (DSMC .LT. DABS(SGM)) DSMC

IF *(DSMC .LT. DAR/S(SWM)} DSMC

IF (DSMC .LT. DEMAX .AND. DPMC .LT. DPMAX) GO TO 320

IF (DELT .LE. #TMIN .OR. FACT2 .GE. 1.D0) GO TO 320

ITFLAG = ITFLAG + 17 v b '

DELT = DELT * FACT2 , ,

IF (DELT. .LT. DTMIN) DELT = DTMIN .- : L L

FT = ETI + DELT . : F o
© IF {FT .GT. FTMAX) DELT = FTMAX - ETI . : o

‘DD 310 1 = . - o

* CONTINUE

.GO 7O 150
320  CONTINUE

DO 390 I =

" 'D0-390 J

DO 390 S
(P GO TO 390

{ )) GO _TO 390

IF
IF
IP.-
(]
JP
JM =

R —




. 330
- 340

+ 350
360
370
380
1330

820

430

+440-

© DELTO = DELT - . SR

321

s ~
KP = K + 1
KM = K - 1
IF (1P .GT. II) GO TO 330

1]

(1
IF (S GN(IP J K) .GY. 1.D-04) GO TO 390
- IF (IM .LT. 1, GO TO 340
. IE'(SGN(IM J,K) - .GT. 1.D-34) GO TO 390
IF (JP “Jd) GO 70 350
IF (SGN(I dP K) .GT. 1.D-04) GO T0 390
IF EdM 1) GO T0 360 s
(KP
(

P\

SGN(I JM K) .GT. 1.0-04) GO TO 390 ,
KP .GT. KK) GO TG 370 : S R .
.SGN(I.d KP) .GT. 1,D-04) GO TO 3380 B ) A
“IF (KM .LT. 1) GO TO 380" N . o L
IF (SGN(I JiKM} .GT. 1.D-04) GO TO 390 L . s
SG(1,d,K) = 0.D0 . S
SO(I,d,K) =-1.D0-SW(I,U,K)
CONTINUE : ‘ . !
IF (IREPRS .EQ. 1) GO TO 410

DO 400 I = 1, Il
DO 400 J.= 1, dJ ~ ‘
.D0 400 K = 1, KK.° .
IF (SG(I,J,K) ,.LE. 1.D-04) GO. TO 400
" PP = P(I,d,K)‘ o o C
< IF (P(I,J,K) .GT. PBOT(I,J.K]) PP = PBOT(I,J,K) . L e
CALL INTERP(POT, BOT, MPOT. PP, BBO) o S .
CALL INTERP(POT, RSOT, MPOT, PP, RSO)
. .. CALL INTERP(PGT, BGT, MPGT, PP, BBG)
CONTINUE v S
CONTINUE
.STBOI = STBD
STBWI = STBW
" ACFGI =~ACFGT .
.. 'STBO = SCFO .. . _
" -STBW = SCFW = - : A - )
ACFG = SCFG - - . s : I , o
CACFG1 = SCFG1 v R ‘ - -
.- ACFGT. = ACFG + ACFG1 - .
" CONTINUE - : o ‘ -
DO 440 U = 1, NWELL-, C o AR e
" 'GOR = 0.DO : S T : oo
-/ 'WOR =.0.DO0 .. . ;
.11 = IQN1{J)
~ 102 = IQN2(J) -
1Q3 = IQN3(y) @ d
1d =71d + 1 >
LAY =1Q3 + (LAYER(J) - 1) .
DD 440 K = 1Q3, LAY,
Q00 = QO(1Q1,1Q2,K)
QWW .= QW(1Q1,1Q2,K) o ,
QGG = QG(IQ1,I1Q2,K) S o
CUMO(J,K) = CUMO(dJ,K), + QOO'* T - L
. CUMWA{J,K) = CUMW,J;K) + QWW.* Do iT ,g oo
- CUMG{dJ,K) =-CUMG{J.K) + QGG * DELT
. IF (IWLREP .EQ. O) " TQ 440 - R
* IF (Q00 .EQ. 0.DO° T0 430 e
. .GOR = QGG / QOO L
“WOR = "QWW / QC"
_CQNTINUE -
CONTINUE
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CETI = ETI + DELT
CALL MATBAL(II, JJ, KK, IM, oM, STBD STBOI, STBW, STBWI, ACFG,

1 ACFGI, BEO, BEW, BEG, DELTO, RESVOL, OP, WP, GP, Wl. GI.
2 PAVGO, PAVG, NLOOP, OPR, WPR, GPR, w1R GIR, COP, CWP, CGP,
3 CWI, CGI, ACFGI, ACFGT, WOR, GOR) _ '
" IF (WOR .GT. WORMAX) GO TO 490
IF (GOR .GT. GORMAX) GO TO 500
IF (PAVG .LT. PAMIN) GO TO 510
‘IF (PAVG .GT. PAMAX) GO TO 520
If (ISUMRY .EQ. 0) GO TO 460
NLP. =N + 1 : .
CALL*SUMM(NLP, KPI, I, JJ, KK, IM, JM, PAVGO, PAVG, STBOI,
1 STBWI, ACFGI, COP, CWP, CWI, CGP, CGl, BEO, BEW, BEG, OFR,
2 . WP, WPR, GP, GPR, WI, WIR, GI, GIR, STBO, STBW, ACFG,
3 ACFG1, WOR, GOR, DELTO, OP, ACFGT, ETI)

450 CONTINUE.
460 CONTINUE

DD 470K = 1, KK
DO 470 J = 1, JdJ
DO 470 1 = 1, II
Q0(I,Jd,K) =.0.D0
QwW(I,Jd,K) = 0.D0 ‘
QG(I,d,K) = 0.D0
PN(I,J,K) = P(I,d,K) .
SON{1,J,K) = SO(I,J,K)_
SWN(I,J,K) =-SW(I,J,K)
SGN(I,J k¥ = SG(I,J,K)
- CWSN{I1,d,K) = CWS(I,J,K) o
470 CONTINUE - = o
480 CONTINUE v . N
C ‘ . ¢ \\‘
490 WRITE (1,540) S . \
' GO TO 530 - 4)
-500:WRITE (1,550)
. GO 7O 530
510 WRITE (1,560)
GO TO 530
520 WRITE (1,570) .
530 CONTINUE
540 FORMAT (/T15, ‘MAXIMUM WOR HAS BEEN EXCEEDED --- SIMULATION’
1 " I'S BEING TERMINATED' )
550 FORMAT (/T15, ‘MAXIMUM GOR HAS BEEN EXCEEDED - SIMULATION’
1 '" 1S BEING TERMINATED' )
560 FORMAT (/T15, ‘MINIMUM AVERAGE RESERVOIR PRESSURE WAS NOT',
1 *" ACHIEVED --- SIMULATION 1S BEING TERMINATED' ) -
570 FORMAT (/T15, ‘MAXIMUM AVERAGE RESERVOIR PRESSURE ™.
1. HAS BEEN EXCEEDED --- SIMULATION IS BEING TERMINATED') s
580 FORMAT (1X, 10E13.6)
590 FORMAT (UJX, 313, QE15.6) _
STOP i
END
SUBROUTINE BANDIN(NX, NY, NZ) . “D&°
IMPLICIT REAL*8(A - H,0 - Z) ‘ ¥
LOGICAL*1 FREE(1) /' ="/ o
COMMON /COEF/ AW(10,10,3), AE(10,10,3), AN(10,10,3), AS(10,10,3), 2
1 AB(10,10,3), AT(10,10,3), E(10,10,3), B(10,10,3) : .
COMMON /SPRS/ . P(10.10.3), so(10,10,3), Sw(10,10,3 % G(10,10,3)
“COMMON. /SBAND/ BMAT(300,300), QVEC(300), PVEC(30Q%

NROW = 300 ) . At ,
NMAX = NX = NY * NZ f///\' s o



S0

100

1C = 0

ICM = IC - 1
ICMM = IC - NZ
ICMMM = IC - NZ = NY
ICP = IC + 1
ICPP = IC + NZ.
ICPPP = IC + NY x NZ ,
IF (ICMMM .LT. 1) GO TO 20.
BMAT(IC, ICMMM). = AW(I,J,K)
~ IF (ICMM .LT. 1 .OR. NY .€Q. 1) GO T0 30
" BMAT(IC, ICMM) = AS(1,J,K) ‘
IF (ICM .LT. 1°.OR. NZ .EQ. 1) GO TO 40
BMAT(IC,ICM) = AT(I,d.K)
BMAT(IC,IC) = E(I,J.K) . :
IF (ICP .GT. NMAX .OR. NZ .EQ. 1) GO TO 50
BMAT{IC,ICP) = AB(I,u,K)
IF (ICPP .GT. NMAX .OR. NY .EQ. 1) GO TO 60
- BMAT(IC,ICPP) = AN(I,d,K)
IF (ICPPP .GT. NMAX) GO TO 70

BMAT(IC, ICPPP) {I,J,K)
QVEC(IC) = B(1, d K)
CONTINUE -

NBAND = 2 = NY = NZ + 1
CALL BAND(NROW, NMAX, NBAND, BMAT, QVEC, PVEC)

1C = 0
DO 100 1 = 1, NX
> DO 100 J = 1, NY
QDO 100 K = 1, NZ ,

IC = IC + 1 -

FORMAT (' STRANG’, .D11.4)
P{1,d,K) = PVEC(IC) = ™
RETURN . ’
END

SUBROUTINE BAND(NRDW “NMAX, NBKND BMAT, QVEC, PVEC)
IMPLICIT REAL*8{A"- H,0 - Z) :
LOGICAL*1 FREE(Lj /'='/

DIMENSION. BMATLNROW NMAX ) , QVEC(NMAX), PVEC(NMAX), GVEC(300)

NW = (NBAND. - a
NMAX

DO 60 I = 1
Lt = 1.
IF (L1 ?LW: 1) L1 = 1
DO 30 §=. L1, I
IF2(d EO 1) GO TO 30
ﬁM'é:d ‘ )
‘KDD& = o.no .
B0 10 K = L1, JM ,
# .IF (L1 .GT. JM) GO TO 20
.2 ADD = ADD + BMAT(I,K) * BMAT(K; J) T
20;F - BMAT(I,J) = BMAT(I,d) - ADD . NI SO
30 CONTINUE, :
IF (1 .EQ. NMAX) GO-TO 60
IP = [ + 1

IM=1 - f
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+Nw '

GT. NMAX) L2 = NMAX o " |
J = IP, L2 ' o .
= 0. .

Do
IF (I .EQ. 1) GO TO 50

IF (L3 5LT. 1) L3 = 1
DO 40 K = L3,

IF (L3 .GT. IM) GO T0 50
40 ADD = ADD + BMAT(I,K) * BMAT(K,J)
50  BMAT(I,J) = (BMAT(I,J) - ADD) / BMAT(I,I)
60 CONTINUE

LGVEC(1) = QVEC(1J/; BMAT(1,

n

s g

>

,DO 80 1 = 2, NMAX’ o ,
L1 =1- N§ - ’ : _ {
IF (L1 .LT..1) L1 =1~ - . . . ' S
IM=1-1 : g : : ,
ADD = 0.DO

DO 70. K = L1, IM
70 ADD = ADD + BMAT(I,K) = GVEC(K)
80 GVEC(I) = (QVEC(I) - ADD) / BMAT(I,I) .
¥ PVEC(NMAX) = GVEC(NMAX) : ‘ -
DO 100 I = 2, NMAX o '
INVI =7 (NMAX + 1) - 1
INVIP = INVI + 1
L2 = INVI + NW

IF (L2°.GT. NMAX) L2 = NMAX o RS
ADD -z 0.D0° ¥ R
DO 90 K = INVIP, L2

S0 ADD = ADD =+ BMAT (INVI,K) = PVEC(K)
100 PVEC(INVI) = GVEC(INVI) - ADD

RETURN
END S : ,
SUBROUTINE SGRID(IM, 1I, JU, KK) S
IMPLICIT REAL*8(A - H,0 - Z) : o
LOGICAL*1 FREE(1) /' =*'/ o ' :
COMMON /SPARM/ PX(10,10,3), PY(10,10,3), PZ(10,10,3), EL(10,10,3),
1 TX(11,10,3), TY{(10,11,3}, 7Z(10,10,4)
COMMON . /SDELTA/ DX(10,14,3), DY{10,10,3), DZ(10,10,3), IQN1(20),
1 1QN2(20), IQN3(20) ‘
DIMENSION SUM(10,10), VAR
I1,

EL{10,10)}, RDXL(10)}, RDYL(10), -RDZL(3)
READ (20,FREE) : v '
10 FORMAT (315) -
READ (20,FREE) KDX, KDY " KDZ
IF (KDX .GF. 0) GD TO 30

READ (20,FREE) DXC ! y
DO 20 K = 1, KK . : ' S -
DO 20 J = 1, J¢
, DO 20 1 = 1, Il .
20 DX(I,J,K) = DXC s
WRITE (1,410) DXC
GO 10 110 ‘

READ (20,FREE ~ (RDXL(1),I=1,11)
DO 40 K = 1, KK . :
DO 40 d J
DO 40

1
40 DR(1,J.K) =
A -
51

30 IF {(KDX GT.,?) GO0 TO 80
K
, Jd

D0 50 I
50 WRITE (1,

510) 1, RDXL(I) R | -



60
70

80

90

110

120

130

140
150
160

DO 170.1 =1, 11

170

180
150
200
210

220

~30

240

GO T0 110 -
WRITE (1,480) .
K = 1
WRITE (1,460) K
DO-70 J = 1, Jd
READ (20,FREE)
WRITE (1,400) (DX
CONTINUE

-
Mo

DX(I,J,K)

WRITE (1,400) DX(I
CONTINUE :
IF (KDY .GE. 0) GO TO 130
READ (20,FREE) DYG
DO 120 K = 1, KK

DO 120 Jy = 1, U4

DO 120 I = 1, 11

DY(1,d,K) = DYC
WRITE (1,430} DYC
GO T0 210
IF (KDY .GT. 0) GO TO 160

READ (20,FREE)" (RDYL(J),d=1,dd)}"

DO 140 K = 1, KK

DO 140U = 1, JU -
DO 140 1 = 1, Il

DY(I,d,K) = RDYL(Y)

DO 150 J = 1, Jd

WRITE (1,520) J, RDYL(J)

GO TO 210 -

WRITE (1,490)

K = 1

WRITE (1,460) K

'RE4D (20, FREE) (DY(I,J,K),d=1
WRITE (1, %) (DY{I,d,K),0=1,0d
DO 190 K = 2, KK

WRITE .(1),460) K

DO 190 ¢ = 1, JJ

DO 180 I = 1, II-
DY(1,d,K} = DY(I,J,1)
WRITE (1,400} (DY(I,J,K),I1=1,11}
CONTINUE
CONTINUE
IF (KDZ .GE. 0) GO TO 230
READ (20,FREE) DZC
DO 220 K = 1, KK

DO 220 J = 1, JdJ ;

. D0 220 1 = 1, II
DZ(1,d,K) = DZC
WRITE (1,440) DZC
GO 70 290
IF (KDZ .GT. 0) GO TO 260
READ (20,FREE) (RDZL(K), K=

DO 240 K =1, KK '
DO 240 J = 1, Jd

DO 240 I = 1, 11
DZ(I,J,K) = RDZL(K)

1,KK)

325



DO, 250

360

520 FORMAT

K= 1, KK

« 28 WRITE (1,530 K, RDZL(K)

J

¢

- G0 TO 290
zaﬁouWRlTE (1,500) "
D0 280 K = 1, KK 7
WRITE (1,460) K )
DO 27 = 1, Jd .
READRX 20,FREE) (DZ(1,d,K),I1=1,11)
270  WRITE (1,400) (DZ(I,d,K),1=1,11)
280 CONTINUE "
230 CONTINUE
READ (20,FREE) KEL
IF (KEL .EQ. 1} GD TO 320
READ (20,FREE) ELEV
300 FORMAT (8F10.0)
DO 310 J = 1, JJ ;-
DO 210 I = 1, II -
310 VAREL(1,d) & ELEV
320 IF (KEL .NE. 1) GO TO 340
DO 330 J = 1, JJ , o
READ (20,FREE) (VAREL{I,u),I1=1,I1)
330 CONTINUE .
340 CONTINUE
DO 350 1 = 1, II
DO 350 J = 1, JJ
350 SUM(I,d) = 0.DO
DO 360 K = 1, KK .
- DO 360U =1, JJ
DO 360 1 = 1, II .
DEL = SUM(I,J) + DZ(1,J,K) * 0.5D0
. EL(I,J,K) = VAREL(I,J) + DEL
SUM(1,d) = DZ(I,d,K), + SUM(L,J)"
WRITE (1,470) '
DO 370 K = 1, KK
WRITE (1,480) K
DO 370 Y = 1, Jd
WRITE (1,400) (EL(I,d,K),1=1,11)
370 CONTINUE
380 CONTINUE
390 FQRMAT (315, F10.0)
400 €OBMAT (1X, 20F6.0) .
410 P@RMmT (T15, 'GRID BLOCK LENGTH (DX) IS ', * SET AT', F10.4,
" FOR ALL BLOCKS'//)
420 FORMAT (15X, 315, 5X, F14,4)

430 FORMAT (T15. ‘GRID BLOCK WIDTH (DY) 1S ', ' SET AT, F10.4,
1 ‘" FOR ALL BLOCKS'//) .
440 FORMAT (T15, 'GRID BLOCK DEPTH (DZ) IS *, ' SET AT’, F10.4,

1 * FOR ALL BLOCKS'//) - : ! :
450 FORMAT (15) : !
460 FORMAT {/1X, 'K -, 12/)
470 FORMAT (//T15, '#xsxxxxxxx NODE MIDPOINT ELEVATIONS sk ssmxsns' /)
480 FO?TAT (//7T15, ' *xxxxx*xGRID BLOCK LENGTH {(DX) DISTRIBUTION****%xx
1%
430 FosTAT (//T15, ' =xx*x«xxxGRID BLOCK WIDTH (DY) DISTRIBUTION****xx
: 1= ,
500 FO??AT (//T15, "*=x%x*x+=xxxGRID BLOCK DEPTH (DZ) DISTRIBUTIgﬁ******* }\
1%
510 FORMAT (715, 'GRID SIZE (DX) IN COLUMN’, 15, ' 1S ', F8.%,
1 ' FOR ALL BLOCKS', /) . 2} v
(T15, “GRID, SIZE (DY) IN ROW ‘', 15, ' 1S ', F8.2!
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' FOR ALL BLOCKS', /) " ’ ' .

530 FORMAT (T15, 'GRID SIZE" (DZ) IN LAYER ", 15, ' IS INITIALLT SET AT

1", F8.2, ' FOR ALL BLOQKS’ /) . .

RETURN -

END TNy '

SUBROUTINE INTERP(X, Y N XO YD)

IMPLICIT REAL=*8(A - H, 0 - 2). ‘

LOGICAL=*t FREE(1) /' = ’/

DIMENSION x(25) Y(25) S

IF (XD .GE. (N)) YO = Y(N) B

IF (X0 .GE. X(N)} RETURN : :
DO 101 = 2, N
7

IF (X0 .GE. X{I)) GO TO 10
1 }0 = g;l = 1)+ (X0 - X({I = 1)) = (Y(I) - Y(I - 1)) / (X(I) - X(
- 1 <
RETURN'
10 CONTINUE
END )
SUBROUTINE INTPVT(BPT, RM X, Y, N, X0, Y0) ~
IMPLICIT REAL=*8(A - H, Z)

LOGICAL*1 FREE(1) A’*'/
DIMENSION X(25), Y{25)
IF (X0 .GT. BPT) GO TO 20
IF (X0 .GE. X(N)) YO = Y(N)
IF (X0 .GE. X(N)) RETURN , -
DO 10 I = 2, N }
CIF (X0 .GE. X(] )) GO TO. 10 N
YO = Tgl = 1) (X0 - X(D = 1)) % (YD) (L - 1))/ (X(1) - X(
1 - 1 ’ .
RETURN
10 CONTINUE - . !
20 CONTINUE :
- D030 =2, N
IF (BPT .GE. X(I)) GO TO 30
I
)

YO?P = Y; - 1)+ (BPT - X(1 - 1)) = (Y(I) - Y(I - 1)) / (x{1) -
1 X(I.- 1
YO = YOBP + RM * (X0 - BPT)
RETURN .
30 CONTINUE
END

SUBROUTINE MATBAL(II, JJ, KK, IM, JM, STBO, STBOI, STBW, STBWI,

1 o ACFG, ACFGI, BED BEW, BEG DELTO RESVOL DP WP, GP,
2 ) wWl, GI, PAVGO PAVG N OPR WPR, GPR, WIR GIR. COP,
3 CwP, CGP Cwl, CGI, ACFG1 ACFGT, WOR, GOR}

IMPLICIT REAL*B(A -~ H,0 - Z)
LOGICAL=1 FREE(1) /'='/
COMMON /PARRAY/ PN(10,10,3), SON(*0C *0,3), SWN(10,10,3),
1 SGN(10,10,3), S01(10,10,3}) ~.1(10,10,3), SG1(10,10
2 A1(10,10,3), A2(10,10,3), A3(10,10,3), SUM(10,10,3)
3 GAM(10,10,3), QS(10,10,3)
COMMON /SPRS/ P(10,10,3), S0(10,10,3), SwW(10,10,3),
7 COMMON /SGAS/ BO(10,10,3), BwW(10,10,3), BG(10,10,3),
1 Qw(10,10,3), QG(10,10,3), GOWT(10,10,3), GWWT
2 . GGWT(10,10,3), OW(11,10,3), OE(11,18,3), WW(1
3 WE(11,10,3), 0S{10,11,3), ON{10,11,3), WS(10,
4 WN(10,11,3), 0T(10,10,4), OB(10,10,4), WT(10,
5 wB(10,10,4), QOWG(10,10,3), VvP{10,10,3), CT(1
FACT = DELTO -
PAVGO = 0.DO

. PAVG = 0.D0



10

|  , R

0P = 0.D0
WP = 0.D0
- GP = 0.D0
Wl = 0.D0.
Gl = 0.D0 ‘
DO 10 K = 1, KK
DO 10 J = 1, JJ
DO 101 = 1, 11
PAVGO 2 PAVGO + PN(I J.K) = VP(T.K)
PAVG = PAVG + P(I,J,K) = VP(I,J,K)
OP = OP + QO(I,J, K) * FACT /
IF-(QW(I.d.K) "GT. 0.D0) WP = WP + QW(I ,%a%» FACT
IF (QW(I,J,K) .LT. 0.D0) WI = sé + QW(L,J,RK¥%x FACT
IF (QG(1.J.K) .GT. 0.00) GP = & + QG(I1,J,K)e* DELTO’
1F. (QG(I.dJ.K) .LT. 0.D0) GI = GI + QG(I,J,K) * DELTO
CONTINUE : :
COP = COP + OP o .8 , ;
CWP = CWP + WP
CGP = CGP +. GP °
CWI = CWI + WI
CGl = CGI + GI
DIV = 1.D0 / DELTO
OPR = OP = DIV
WPR = WP = DIV
GPR = GP = DIV
WIR = Wl = DIV
GIR = GI =* DIV

PAVG = PAVG / RESVOL

. PAVGD = PAVGO / RESVOL

20

30

DENOM1 = STBODIl - OP

IF (DENOM1 .LT. 1.D0-07) GO TO 20 ‘

BEQO = (STBO/(STBOI - OP) - 1.D0) * 100.DO
CONTINUE

DENOM2 = STBWI - WP - WI

IF (DENOM2 .LT. 1.D-07) GO TO 30

BEW = (STBW/(STBWI - WP - WI) - 1.D0) = 100 DO
CONTINUE

DENOM3 = ACFGI - GP - GI

IF (DENOM3 .LT. 1.D-07) GO TO 40

" BEG = (ACFGT/(ACFGI - GP - Gl) - 1.DO) = 100.00

40

50
60

CONTINUE
IF (0P .EQ. 0.D0O) GOR = 0.DO
IF (OP .EQ. 0.D0) WOR = 0.00

IF (OP .EQ. 0.DO) GO TO 50

WOR = WP/ OP :
CONTINUE . . o
CONTINUE

RETURN 1

END

_SUBROUTINE WELLS(IM, JM, NWELL)

IMPLICIT REAL=*8(A - H,0 - Z)

LOGICAL=1 FREE(1) /'=*"/

COMMON /PARRAY/ PN{10,10,3), SON(10,10,3), §WN(10,10,3),
SGN(10,10,3), SO1(10,10,3), SW1(10,10,3), SG1(10,10,3),
A1(10,10,3), A2{10,10,3}, A3(10,10,3), SUM(10,10.3),
GAM(10,10,3), Qs(10,10,3)

COMMON. /SPRS/ P(10,10,3), S0(10,10,3), Sw(10,10,3), SG(10,10,3)

OMMON /SRATE/ PIN{20,3), PWF(20,3), PWFC(20,3), KIP(20),
: GMO(20,3), GMW(20,3), GMG(20,3), WELLID(20), LAYER(20)},
0V0(20). QVW(20), QVG(20), QvT(20), cumo(20,3), Cumw(20,3),
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CUMG(20, 3) : : :
COMMON ELTA/ DX(10,10,3), DY(10,10,3), DZ(10,10,3), IQN1(20),
2(20), IQN3(20) N : , -
¥EA? é REE) SYELL o
NWELL REGSIRN % M
WRITE (1 a q;ﬁ é&%ﬁ o
WRITE (1,9 2 4 U A -
D040 J = # NWELL 7 , ”
o READ (20,10) WELLID(y} b e ry %{
t* READ (20.FREE) IONT(J), Io~2Ia>: TQN3 (e ;YER(u) KIPERY,
1 QvO(Jg, QVW(J). QUG (), QUT (¥, '
10 FORMAT (AS5° % 4F10.0) _
103 = 1QN3{J
LAY = 1Q3 + (LAYER(U) - 1)
DO 30 K = 1Q3, LAY
READ (20,FREE) PIN(J,K), PWF(J K) ,
20 FORMAT (2F10 0) :
WRITE (1,100) IoNIIuI "IQN2(J), K, QVO(J), QVWI(J), QVG(J),:
1 V(). Bur (J,K), PENIJ K) S D
30 CONTINUE
40 CONTINUE
DO 50 J = 1, NWELL
103 = IQN3(J)
LAY = 1Q3 + (LAYER(J) - 1) ©
DO 50 K = 1Q3, LAY ,
'IF (KIP(J) .EQ. 1) WRITE (1,120) IQN1(J), IQN2(J), K
g, IF (KIP(J) .EQ. 2) WRITE (1,130) IQN1(J). IQN2(J) K
R IF (KIP(J) [EQ. 3) WRITE (1 1a0] IQN1(J), IQN2{J). K
IF (KIP(J) .EQ, - 1) WRITE {1,150) IQN1(J), IQN2(J) K
IE (KIP(J) .EQ. - 2) WRITE (1,160) IQN1(J). 1QN2(J) K
- I (KIP(J) .EQ. - 3) WRITE (1.170) IQN1(dJ). 1QN2{y) K .
IF (KIP{u) .EQ. —~11) WRITE (1,180) IONT(u}, IQN2(d}, K .,
IF (KIP(J) .EQ. - 12) WRITE (1,130) IQN1(J). IQN2{J). K
IF (KIP(J) .EQ. - 13) WRITE (1,200) IQN1(J)." 1QNZ(d) K
50 CONTINUE - ‘
60 FORMAT (315, 6F10.0, I5)
70 FORMAT {4F10.0) ' '
80 FORMAT (//T15, 'RESERVOIR CONTAINS THE FOLLOWING RATE BLOCKS' /)
S0 FORMAT (12, ' BLOCK ', 3X, ' OIL(SCFD)’, 3X, 'WATER(SCFD)’
1 3X, ? S(SCFD)’, 3X, 'TOTAL(CFT)", 3X ’BHFP(PSIA)' 3X.,
2 Tpip’ : '
" 100 FORMAT (1X, 313 3X, F11.2, 4F13.2, F10.6)
110 FORMAT (9X, 314, F10.2, 3F5.1, 10X, F10.2, 3F5.1, F12.3)
120 FSRMA} (T15, “BLOCK *, 313, 'CONTAINS A RATE SPECIFIED" PRODUCING
IWELL"
130 FORMAT ?5, "BLOCK ', 313, * CONTAINS. A RATE SPECIFIED wATER INUE
1cT1oN werl A
140 FORMAT (T)5, "BLOCK *, 313, * CDNTAINS A RATE SPECIFIED GAS INdECTv
110N WELL’ ~
150 FORMAT (T15, *BLOCK ', 313, ' CONTAINS AN o
1 "EXPLICIT PRESSURE SPECIFIED PRODUCING WELL') - -
160 FORMAT (T15, *BLOCK ', 313, ' CONTAINS AN ' "EXPLICIT PRESSURE’SP
1ECIFIED WATER INJECTION WELL’) B "
170 FORMAT (15X, ’'BLOCK ', 313, ' CONTAINS AN ', 'EXPLICIT PRESSURE sp
1ECIFIED GAS INJECTION WELL®). _ _
1180 FORMAT (T15, 'BLOCK :‘, 313, ' CONTAINS AN ', 'IMPLICIT PRESSURE\SP
1ECIFIED PRODUCING WELL' ) - S
190 FORMAT (T15, "BLOCK ', 313, ' CONTAINS AN ' * IMPLICIT PRESSURE SP
1ECIFIED WATER INJECTION WELL') o 3
200 FORMAT (T15, BLOCK ', 313,

CONTAINS AN ‘" IMPLICIT PRESSURE. 'SP

LRI
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2 M
K . Fa
1ECIFIED GAS INJUECTION WELL')
RETURN
END _ o
. SUBROUTINE PARM{II, JJ, KK, IM, .UM)
IMPLICIT REAL*8(A - H,0 - Z)
LOGICAL=*1 FREE(1) /' ="/ )
DIMENSION RPHL(3), RPXL(3), RPYL(3),"
COMMON /SGAS/ BO(10,10,3), BW(10,10,3
1. Qw{10,10,3), QG(10,10,3), GOWT
2 GGWT(10,10,3), OW({11,10,3), OE
3 WE(11,10,3), £S(10,11,3), ON(1
4 WN(10,11,3), 0T(10,10,4), 0B{1
5 wB(10,10,4), QOWG(10,10,3), VP
< COMMON- /SPARM/ PX{10,10,3), PY(10,10,
3 TX{(11,10,3), TY(10,11,3), TZ(1
READ (20,FREE) KPH, KPX, KPY, KPZ
IF (KPH .GE. 0) GO TO 20
READ (20,FREE) PHIC
DO 10 K = 1, KK
DO 10 J = 1, ®J \‘
DO 101 = 1, II
10 VP(1,d,K) = PHIC
WRITE (1,350) PHIC >
GO 80 \ ;
- 20 IB{ (KPH .GT. 0) -GO TO 50 -
RE (20,FREE) (RPHLI(K),K=1,KK)
DO B0 K = 1, &KX 5
DO 30 J = 19pdd T
. DO 301 = 1, 11
30 vP(l,d, K) = RPHL(K) -
. Do 40 K 1, KK .
40 WRITE (1, 450) K, RPHL(K)
GO 10 80 4 o
50 WRITE (1, 400) ‘ -
.. DO 70 K = 1, KK
WRITE {1, 390) K
DO 60 J-= 1,,JU :
~READ (20,FREE) (VP(I ) 1=1,11)
+ 60 WRITE (1,340) (VPX v I=t,11) -
" . 70 CONTINUE
"+ B0 CONTINUE -- '
' IF. (KPX-.GE. 0) GD TO 100 -
. READ (20,FREE) PERMXE :
D0 90 K = 1, KK = . =«
o DD S0 J =1, dJ .
. DD 90 [=1, Il
80 .PX{1,U, K) = PERMXC
~ 'WRITE (1 360) PERMXC
GO0 10 150 .
100 IF (KPX .GI. Ok GO TO 130 e
- '1READ (20 FREE) (RPXL(K) K= 1 hK)
ug110
120
130 -
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360

140

150

160

f170‘

180

~ 0 190

‘.200
'*'210

" 220
230

.

WRITE (1 390) K
DO 140 v = 1, yJ

"READ (20,FREE) 'PX(1,J,K),I=1,11)
WRITE (1, 330) (PX(1,d,K),I=1,11}
CONTINUE :
CONTINUE -
IF (KPY " 0) 60 70 180
- READ (20, FREE) PERMYC .
DO 70K = 1, KK .
©-. DD 170 ¢ -*1 go :
000 170:1 =1, 11 ‘ .
PY(I,J,K) = PERMYC - . C)
WRITE" (71, 370) PERMYC -
GO 10 240 ¥ o
IF (KPY "0} 60 T0°210 " -
READ.. (20, FREE) (RPYL(K) k=1, KK)
“DO 190 K" = -1, KK e
DO°180 ¢ ="1, g .
D0 1901 =1, II
PY(I,d,K) = RPYL(K)
DO 200 K =1, KK - .
WRITE (1 '70) K, RPYL(K)
GO 10.240 '
WRITE (1, 430)
DO 230 K= 1, KK
" WRITE (1,380) K= .
DO 220 U =1, gJ - - , -
READ (20,FREE) (PY(] JoK) L LE )
MWRITE (1, 330) (PY(L,uK), I=1,11)
CONT INUE ; -
CONT INUE-

240

D0 250 K'= 1, KK .
D0 250 J =1,

LIE

260

270 =
. DO 280 K= 1, KK

280

500"
310 -

© 320,
330,

340
350.

FORMAT’ (T15 " POROSITY (PHI) 1S ', F8l4
FORMAT {115, 'PERMEABILITY (PX) 15’

" IF (KPZ .GE. 0).GO-TO 260

READ (20,FREE) PERMZC

DO 250 1 = 1, 1.
PZLI U .K) = PERMZC :
WRITE (1, 380} PERMZC

‘G0 TO 320

IF (KPZ .GT. 0) GO TO 290

. READ (20, FREE) (RPZL(KI K=1,KK)
D0 270 K'= 1, KK

WRITE (1,480]. K, szL(pi

. .60-TO'320 . S
- 290." -

WRITE - (1, '330)

NT INUE
CONT INUE
FORMAT -( 1X, . 20F6. 2%

FORMAT (.1X, 20F6.4)

e

SET AT’

_© FOR AL,
f1o,

.BLQCKS'//Y

331
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.
1 ‘ FOR ALL BLOCKS'//) -
370 FORMAT (T15, 'PERMEABILITY (PY) IS *, ' SET AT', F10.4, oo
! FOR ALL BLOCKS'//) . ) o N .
380 FORMAT (T15, 'PERMEABILITY (PZ) IS °, ' SET AT, F10.4, ) .o
1 . ! FOR ALL BLOCKS' //) o ) : :
390 FORMAT (/1X, ‘K =, 12/) i
. 400 FORMAT }{/T15 ’**********POROSITY DISTRIBUTION FOLLOWS**********’
1 )
410 FORMAT (//T15, R — NODE MIDPOINT ELEVATIONS macokkokaoknkn’ [ )
420 FORMAT (//715, ’**********PERMEABILITY {PX) DISTRIBUTION#®®®mxmumnx
1/ ‘
430 FORMAT (//T715, ’**********PERMEABILITY (PY) DISTRIBUTION**********
1 7)
440 FORMAT {//715, '**********PERMEABILITY (PZ) DISTRIBUTION**********
: 1./} 3
450 FORMAT {//7T15, " POROSITY IN‘LAYER’. 15, ' IS ', F8.5,

' FOR ALL BLOCKS', /). _ : : .
460 FORMAT (T15, ‘PERMEABILITY-(PX) IN LAYER', .15, ' 1S !, F8.2, g
' 'FOR ALL BLOCKS', 7) ‘ ‘ o
470 FORMAT (T15, ' PERMEABILITY (PY) IN LAYER', I5, ' 1S ', F8.2,
* "FOR- ALL BLOCKS', /) ; L
480 FdRMAT (T15, 'PERMEABILITY (PZ) IN LAYER', 15, ' IS.', F8.2,

1 * FOR ALL BLOCKS', /) s CL
RETURN , . : o o
END ° oo S P
SUBROUTINE SUMM(NLOOP, KPI, 11, Jd, KK, IN, JM, PAVGO,-PAVG, S
1 STBOI, STBWI, ACFGI, COP, CWP, CWI, CGP, CGI, BED; BEw -
2 : BEG, OPR, WP, WPR, GP, GPR, Wi, WIR, GI, GIR, STBO;:
3 STBW, ACFG, ACFG1, WOR, GOR, DELTO, OP, ACFGT, ETI) :
IMPLICIT REAL*8(A = H,0 - Z) | - o S
LOGICAL=1 FREE(1) /' =/ .o R S

COMMON /ADS/ A4, B4, CN, CWSI A oo

_* COMMON /ADS1/ VB(10,10,3), GWWT1(10,10,3), Wwi(11,10,3), ~ " .- -,
1 WS1(10,11,3), WN1{10,11,3), WT1(10,10,4), WB1(10,10,4)¢ .. 7

" COMMON /ADS2/ WE1(11,10,3), CWSN(10,10,3), CWS(10,10,3) v - . ei” .
4. COMMON /GASSAT/ PBO, VSLOPE, BSLOPE, RSLOPE, PMA%T RHOSECO, . - - C
. 1 RHOSCG, RHOSCW, PBOT(10,10,3) = L RERE %
'~ - COMMON /NPTS/ MSAT, MPOT, MPWT, MPGT, IREPRS. L a~.3

COMMON ./PARRAY/ PN{10,10.3), SON(10,10,3), SWH(10, 10 3) '

{ .» SGN(10,10,3), S01(10,10,3), sw1(10,10,3), $6%(#0340,3),:

<35 A1(10,10,3), A2(10,10,3), A3(10, 10.3). sum(1o 10, a)...

ik

5 k. GAM(10,10,3]), 05(10 10, q& : O
“COMMON /SPRS/ P(10,10,3), 0( 0,10,3), SW(10 10 3) SG(10 10 3) :
o COMMON /POR/ PORVOL™ - B - e SRTCA -
PPM = 0.DO s : o gif ’ "Hf % Sl
SOM = 0.D0 e _ P A
“SWM = 0.D0 IV ' B T AR ’
SGM = 0.D0"- O R Pt
IF (NLOOP EQ 1) GO T0 70 T A A
DO 40 K z KK - . TN S S ST T S
~ DD 40 1 =1, 11 R
." CWS(I,d,K) = CWSN( - .
DPO = P{1,J,K) - P _ . ; :
DSO = SO(I,J,K) - L S
DSW = SW(I,J,K) -. ’ L
DSG = SG(!,J,K) - s s
IF (DABS{DPO) .LE.
PPM = DPO




PN
- KPM
10 . . IF (DA
‘ *, SOM
- I0M
. JON = .
o KOM = N
20 ‘:éF (DABS(DSW) - DABS(SWM)) GO TO 30

I 1 . A L

, JwM = ro o Ya
L KuM
30 IR
T SGM 2

\' P L0 IGM
N '_» '. . JGM

40 CONTINUE
NLM = "NLOOP
» COPNW = CppP
CWPNW. =. CWp
" GGPNW, = €GP
OPRNW' = OPR
.GPRNW = GPR
. WPRNW = WPR-
" GLRNW, = GIR
- WIRNW. —WIR
A _GORNW .
.. % PVPROD = (COPNW + CWPNW) .
i IF (WPRNW [GT. 0.p0) GLR = GPRNW / (GPRNW '+ WPRNW) * 100.p0. :
e R UOPNEWSS P(101,1) < P(11,1,%) o

.

(050) . DABS(SOM)) Go TO 20

U)U)

Hnn U " l)‘

13c$<c7m:é

qn Hoan

K . ,
ABS(DSG) .LE. DABS(SGMY) GO TO 40
DSG " , '
L‘:. I . : .
g . o g

"ouon w

1 i
28317.D6 - o
28317.00 - . - , i
128347, oo« : _ o , L
:28317.00 / 240 .- . - o o
28317.D0 / 34.p0 T ,
'28317.D0°7/ 24.D0 - ‘ 4 ' SR
28317.D0 / 24.p0. . A ' ‘ e
28317.D0 /. 24.00 " - . . SRR R

3 i; * ¥ **I*u

4

ﬁ,;WRI U, 80) PVPROD, PNEW GLR SG(II,1,1) - - S ‘ R
SOV 805 CONTTINUE - o y - R :
f) 60" soRMAT { vg%- . 015 4y DEL p- , D8.2, GLR='., D8.2, * sg=', .
B -D8 : Lo B
70 CONTINUE = Co . :
 RETURN-. - : N , RO -
“END: F N .
R O T N RATES R e e s e RATES
5. SUBROUTINE RATES(NWEkL) o
o INPLICIT REAL*8(A - 'H O - Z). _
g T LOGICAL#Y FREECY) fr'/f :
B COMMON /ADS/ A4,°B4, CN, cws1 e L. : -
. COMMON 7ADS1/ VB(10110,3) . GWWT1(10 10,3), Wwi(11,10,3), - -
St ety WSTU10,91,3) ) wNT (10, 11, 3) T1(:10,10,4), WB1{10]10,4)
‘ " -COMMON /ADS2/ " WE1(11,10 3), CWSN(10.1Q,3), CWS(10,10,3) "
. COMMON- /GASSAT/ PBO, Vsl opk | BSLOPE, RSLOPE, PMAXT, RHOSCO, -
P - RHOSCG; .RHOSCW, - PBOT{ 10, 10. 3} I
. COMMON /NPTS/ ' MSAT - MPOT, MPWT® MPGT, IREPRS L _
COMMON /COEF/ AW(10, 10,37, AE(10,10,3), AN(10,10,3), AS(10,10,3);
1 AB(10,10,3), #7(10,10,3), E(10,10,3), B(10,10,3) : ‘
COMMQN /PARRAY/' PN(10 10 3), 'SON(10,10,3), SWN(10,10Q,3), N
) . -S6NL10,10,3), SO1(10.10,3), SW1(10,10,3), SG1{10, 10,3},
L2 . A1(10; 10, 3) ;. A2f10310;3); A3(10,10,3), sum(10,103). '
SR ' GAM(10, 10,3)[”05(10,10.3)‘ o e -
‘ COMMON /'SPARM/- pX ,O;w%.3),iPY(10;10,3}3"PZ(10,10.3)J EL(10,10,3)
Lo : 3 110,11:3),.12(10, 10,4) - : §
A COMMDN 1 .SH.'-_110.10,3)..SW(10:10,3), se(10,1o,3)
" TOMMON: T(25F,~ T{25), PRMRWT (25] ~ PRMRGT (25) |
to . POTE25), VsoT(25], BOT(25), BOPT (25,

)
TR
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e

{
'

«  RSOT(25)7RSOPT

2 (25), PWT(25), VSWT(25), BWT(25), BWPT(2 ').
g B §§WT( ) . RSWPT(ZS).-PGT(ZS) ”VSGT(25l. BGT{25), BGPT( ).
tOMM "SRATE/ PIN(20 3), PWF(20.3). PWFC(20,3), KIP(20) LT

GMo(20,3), GMW(20 3), GMG(20,3), WELLID(ZO) LAYER(ZO)
QVO(20) QVW(ZO),‘QVG(20).VQVT(%07 €UMD(20,3), CUMW(20,3),

w
O
c
=
[
N
O
(A)

: COMMON /SGAS/ BDO(10,10,3), BW(10,10,3}, BG(JO}IO,B). Qo(10,10,3),
o N -QW(10,10,3), QG(10,10,3), GOWT{10,10,3}, GWWT(10,10,3),
2 . GGWT(10,10,3), OwW(11,10,3), OE(11,10,3), ww(11,10,3), -
3 WE(11,10,3), 0S(10,11,3), ON(10,11,3), WS{10,11,3), - y
4 WN(10,11,3), OT{(10,10,4), -0B(10,10,4), WT(10,10.4),
-5 wWB(10,10,4), QOWG(10,10,3), VP(10,10,3), CT(10,10,3)
COMMON. /SDELTA/ DX{10,10,3); DY.{10,10,3), DZ(10,10,3), IQN1(20), )
o , IQN2(-20),"'IQN3(20) ‘ A . : .
G : ) ’ 1~
DO 130 J = 1, NWELL Lo
1Q1 = IQN1(J)
1Q2 = IQN2(J)
1Q3 = IQN3(Y)
¥ oo LAY = 1Q3 + (L AYER(d) - 1)
co DO 10K = 1Q3, LAY .- .
PWFC{dJ,K) = .-1.D0

PP = P(1Q1,1Q2,K)

BPT. = PBOT{1Q1,1Q2,K) "= . -

_CALL INTPVT(BPT, VSLOPE, POBT, VSOT, MPGT, PP, VSO)
CALL INTERP(PWT, VSWT, MPWT,-PP. VSW)

SSO = SO(IQ1,IQ2;K)
SSW. = SW(IQ1,1Q2,K)
.~ §SG = SG(IQ1,IQ2,K)

S CALy AMU?(PGT, VSGT, MPGT, PP, VSG, -CWSI, PX(IQ1,I1Q2,K), SSW,
1 S0 S o

CALL INTERP(SAT, PRMRWT, MSAT, SSW, PRMRW) . - .

CALL "INTERP(SAT: PRMROT. MSAT. S50, PRMRO) -

CALL INTERP(SAT. PRMRGT. MSAT. SSG. PRMRG)

GMW(JK) = PRMRW./ VSW
GMO(J.K) = PRMRO"/ VSO
_ GMG(J.K) = PRMRG / VSG AT
10 CONTINUE S ,
©IF (KIP(v)- .LT. 0) GO TO 130 : 3 .
IF (KIP{J) .NE. 1) GO TO 70 -~ - S JL
ITERQ =/ O : S ‘ . : C - ’
"QDENOM = 0.DO0
ALPHAQ = 0.DO
ALPHAW = 0.D0
ALPHAG = 0.D0
LAY =°1Q3 + (LAYER(J} - 1)

720 " ITERQ.= ITERQ -+ t
.- DO BO.K = IGQ3, LAY .
L PP # P(IQ1,1Q2,K) " - ST e
ST e U BRT'm PBOT(IQ1,1Q2.K) o o
" CALL:INTPVT(BPT, BSLOPE, POT,. E%T MPOT ‘PP, BBO) o :
Lt CALL  INTERP(PWT, BWT, MPWT,. PP, BBW) o . . ) S
- .~ CALL INTERP(PGT, BGT, MPGT, PP, BBG)..- IR : - .
g . ~CALL INTPVT(BPT, RSLOPE, POT, RSOT, MPOT, PP, RSO) . - ‘ -
CALL INTERP(PWT, RSWT, MPWT, PP, RSW) . . .
UIF (1TERQ .NE. 1) 60 10 30 .
QDENOM QDENOM + PIN(J,K) # GMO(J,K) / BBO
\ o GMT GMO(J K) + GMW(J,K) + GMG(U.K)
) T ALPHAD = GMO(J, K} / GMT + ALPHAQ :
: . . . . . ! ‘o h



MT. +. ALPHAW
MT '+ ALPHAG

GO TO 40

- 7 ALPHAW = J
. "ALPHAG =¢GMG('
S GO 1060 ’
. 30 IF (QVT(J) EQ 0 ) ,
.+ QW(IQ1,1Q2,K) = QVI(J) = ALPHAW- / (ALPHAO + ALPHAW + ALPHAG)
QG(1Q1,102,K) = QVI(J) = ALPHAG / (ALPHAD. + ALPHAG + ALPHAW)
gO(IQ1SIQ2 K) = QVI{J) = . ALPHAD / (ALPHAW + ALPHAO + ALPHAG)

.40 TOTOR = ovo(d> T S
50 - CONTINUE - Vo .
60  CONTINUE
© o, IF (ITERQ . EQ.. 1) GO To20

, GO TO 130 , C : . S
70. . CONZINUE R

LAY = 103 + (LAYER(J) o
, ITERQ = 0 . s
. QDENOM = 0.D0O - Lo
80" ITERQ 2 ITERQ + 1 o .y
. DO 120 K = 1Q3, LAY ‘
IF (ITERO NE. 1) 60 TO 90
QDENOM. = QDENOM + PIN(J,K) * (GMO(J K] + GMW(d K} + GMG(J,K))

.. P
.

. GO TO 120°
90 IF-(KIP(y) 2) G010 100
c o QW(IQT,1Q2, K) QVW(J) = PIN(U,K) * (GMD{J,K) + GMW(J,K) +
1 GMG(J, K)) / QDENO . -
. GO 70’12 .
100 CONTINUE . o S .
IF (KIP(J) .NE. 3) GO 7O 110
- ‘QW(IQ1,1Q02,K) = QUW(U) * -PIN(u K) = (GMO(J,K) + GMW(J,K) +
T GMG{J,K)) / QDENGM : .-
110 CDNTIN . ‘
. QG(1Q1, IQ K) = Qua(y) = PIN(d KD (GMO(J.K¢ +. GMW(J,K) +
1 GMG(d K)J- /" QDENOM -
120 CONTINUE R .

IF-(ITERQ .EQ. 1) GO TO 80

ION
IQN
. 103" = IQN
IF (KIP{J) LT. 0) 60 To 150
LAY = JQ3 + (LAYER(J) - 1)
DO 140 K = 1Q3, LAY
PWFC(J,K)-= 0.p0 o
IF (PIN(d,K) .LE. 1. D-04) GO TO 140
PP = P(1Q1,1Q2,K)
BPT = PBOT(IQ1:1Q2,K) -
CALL INTPVT(BPT, BSLOPE, POT, BOT, MPOT, PP, BBO)

+ CALL INTERP(PWT, "BWT, MPWT, PP, BBW)
CALL INTERP(PGY¥, BGT, MPGT, PP, BBG)
CALL INTPVT(BPT, RSLOPE, POT, RSOT, MPOT, pP, RSO)
CALL INTERP(-PWT, RSWT, MPWT, PP, RSW) 3 :

FAC = PIN(J,K)
-GMTB = GMO(J,K) /" BBO + GMW(J.K) / BeW + GMG(J.K) / BBG
SOLN = RSO * QO(1Q1,1Q2,K) + RSW * QW(1Q1.102 K|
QT = qo(1Qr, f92.K) + QWLIQ1,1Q2,K) + QG(141,102,K)
j PWFC(J,K) = {
140 CONTINUE
150 CONTINUE : ' o
DD 130 J = 1, NWELL L .

QT.- SOLN} /™ (FAC*GHMTB) . L

335

130 CONTINUE : - oo o P : , .
DO 150 J = 1, . NWELL o ' . -~ y
IQ1 = IQN1(y) R . - :
IQ2 = 2(J) N S . ' v
: ?(d) - :



KIP(J) .GE. 0) GO TO 200 ol -
1Q1 = IQN1(d) . ‘ L, L
1Q2 = IQN2({J) R IS
1Q3 = IQN3(y) 0 Y
. LAY = 1Q3 + (LAYER(J) = 1) A
DO 190 K = .1Q3, LAY X , St o
PPN = PN(1Q1,1Q2,K). s CoerT
BPT = PBOT(IQ1,102,K) ' T

CAaLL lNTPVT(BPT. BSLOPE, POT, BOT, MPOT, PPN, BBO)
" CALL INTERP(PWT, BWT, MPWT, PPN, BBW)
CALL INTERP(PGT, BGT, MPGT, PPN, BBG)

. ' CALL INTPVT(BPT, RSLOPE, PQT, RSOT, MPOT, PPN, RSO)
SR CALL INTERP(PWT, RSWT, MPWT, PPN, RSW) %
- : IF (KIP(J) .NE. -"1) GO TO 160 :°
Q0(I1Q1,1Q2,K) N(J,K) = GMO(d,K

= , * (PPN - PWF(J,K)
IF (PPN .LE. PWF T)) Qo(1Q1, 02
; (J !

)

K} = 0.D0
QW(IQ1,1Q2,K) K] = GMW(J
QG(1Q1,1Q2,K) JK) * GMG(J,K)

GO TO 180
160 IF (KIP(4J)
Qw(1Q1,1Q2,K
1 (PPN - PWF(J,K
IF (PPN .GE. P
GO TO 180
170 IF (KIP(J)
QG(IQ1,IQ2,K
1 {PPN - PWF(uJ,K
IF (PPN .GE. P
180 CONTINUE
190 CONTINUE
200 CONTINUE
RETURN
" ENTRY PRATEI(NWELL)
DO 220 J = 1, NWELL
IF (KIP{J) .GE. - 10) GD 7O 220
I IQN1(J : '
1Q2 IQN2(d
1Q3 IQN3 (4
LAY 103
DC 210 K =

) /
x (PPN - PWF(J,K)) / BBW
* (PPN~ PWF(J,K)) /

K
K BBG

~Z
m

LK) = (GMO(dJ, K} + GMW(J,K),+ GMG(J,K)) =
QW(1Q1,1Q2,K) = 0.D0

GO TO 180 ‘% ' ‘
K) = (GMO(J,K' + GMW(J,K) + GMG(J,K)) =

0.D0

—Z
m

+

QG(IQ1,1Q2,K)

(
(
(
+

oo

LAYER(J) - 1) '

I LAY ’

P56 PIN{J, K)

PPN = PN(IQ1,IQ2,K)

BPT PBOT(IQ1,I1Q2,K) ;

CALL INTPVT(BPT BSLOPE, POT, BOT, MPOT, PPN, BBO)
CALL INTPVT(BPT, RSLOPE, POT, RSOT, MPOT, PPN, RSO):
CALEINTERP(PWT, BWT, MPWT, PPN, BBW)
CALL INTERP(PGT, BGT, MPGT, PPN, BBG)

. .CALL INTERP(PWT, RSWT, MPWT, PPN, RSW)

x-

)
)
)
(L
Q3
J
Q
{

imun

P10 = GMO(J,K} = P56 = (BBO - BBG*RSO) / BBO
‘ CPIW = GMW{J,K) = P56 = (BBW - BBG*RSW) / BBW
CPIG = GMG(J,K) =.P56 o

“CPI = CPI0O + CPIW + €PIG, ’
B(1Q1,1Q2,K) = B(IQ1,1Q2,K) - CPI * .PWF(J,K}.
<E(1Q1,1Q2,K) = E(IQ1,1Q2,K). - CPI
210  CONTINUE , '
220 CONTINUE
RETURN
ENTRY RATEO(NWELL)
DO 250 J.= 1, NWELL
IF (KIP(J) .GE. - 10) GO TO 250

Ny



230
240

1

1
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1Q1 = IQN1(y)

1Q2 = IQN2(J) - ,

1Q3 = IQN3(u) R AR T

LAY = 1Q3 + (LAYER(J) - 1) . . - S

DO 240 K = 1Q3, LAY ' .
PP = P(1Q1,1Q2,K) o AT S
PPN- = PN(1Q1,1Q2,K) : . S &
BPT = PBOT(1Q1,1Q2,Kls R ‘ Lo

caLL INTPVT(BPT RSLOPE, POT, RSOT, MPOT, PPN, RSDN) -

- CALL INTPVT(BPT, RSLOPE, POT, RSOT, MPOT, PP, RSO)

CALL INTERP(PWT, RSWT, MPWT., PPN, RSWN)

CALL INTERP(PWT, RSWT, MPWT, PP, RSW)

RSOAV = 0.5D0 * (RSO + RSON)

RSWAV = 0.5D0 * (RSW + RSWN)

FACTOR(= PIN(y, K) = PP - PWF(J, K)) / .

IF (KIP(J) .EQ. -7i3)°GD 71O 230 ~ . -

QW(IQi,1Q2,K) = GMW({J,K) / BW(IQ1,1Q2,K) = FACTOR -
= (GMO(J,K) + GMW(d K)

IF (KIP(J) .EQ. - 12) QW(IQ1,1Q2,K)

GMG(J,K)) ./ BW(1Q1,1Q2,K) = FACTOR » o

IF (KIP{J) .EQ. - 12) GO TO 240 , .

Q0(1Q1.,1Q2,K) = 0.DO _ -

QG(1Q1,102,K) = GMG(J,K) / BG(1Q1,102,K) = FACTOR + RSOAV » '** .

Q0(IQ1,1Q2,K) + RSWAV * QW(1Q1,1Q2,K) . . :

GO O 240 _ N

QG(1Q1,102,K) = (GMO(J,K) + GMW(J,K) + GMG(J,K)) / BG(IQT,1Q2, ;

K) = FACTOR ’ : ~ ¥
CONT INUE K .

250 CONTINUE
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SUBROUTINE SOLMAT(II, JJ, KK, IM, oM, DIVI, D288, K, NN)

COMMON /N#TS/’ MSAT, MPOT MPWT, MPGT._IREPRS

RITURN - : - L L

IMPLICIT REAL*8(A - H 0 - Z)

LOGICAL*1 FREE(1) /'='/

COMMON /ADS/ A4, B4, CN, CWSI ' . .
COMMON /ADS1/ VB(10,10,3), GWWT1(1O 1 , ). WW1(11,10,3),

ws1{(10,11,3}, WN1(10 11,3), 1(10,10,4), WB1(10 1@, 4)
COMMON /ADS2/ WE1(11,10,3), CWSN(10\ AT CW5(10 10,3)
COMMON /FOAM/ DCONST, ECONST

COMMON /GASSAT/ PBO, VSLOPE, BSLOPE, SLOPE,; PMAXT, RHOSCO, :?4

RHOSCG, RHOSCW, PBOT(1O 10, 3

COMMON “#COEF / AW(10 10, 3). AE(10,10.3). AN(10,10,3), AS(10 10,3)

1 AB(10,1Q,3), AT(10,1 3), E(10,10,3);,°8(10,10,3) ; .

COMMON /PARRAY/ PN(1O 10,3}, SON(10,10,3), SWN{10,10,3), \

1 SGN(10,10,3), 501(10,10,3 , SW1(10,10,3), SG1(10,10,3), |

2 A1(10, 10 ,3). A2(10,10,3), A3(10,10,3), SUM(10,10p3).. ’
3 GAM(10,10,3), QS(10,.10,3) :

COMMON /SPARM/ PX(10,10,3), FY{10,10,3), P2{10,10,3),. EL(10 10, 3)

1 TX(11,10,3), TY(10,11,3), TZ(10,10,4)

COMMON /SPRS/ P(10,10,3), S0(10,10,3), Sw(10,10,3), SG(10.10,3)

COMMON /SPVT/ SAT(25), PRMROT(25), PRMRWT(25), PRMRGT(25) . -

1 PCOWT (25}, PCGOT(25), POT(25)., VSOT(25), BOT(25), BOPT(25),

2 RSOT(25), RSGPT{25), PWT(25), VSWT(25)., BWT(25}), BWPT(25),
3 RSW{;%?), RSWPT(ZS)[ PGT(25), VSGT(25),* BGT(25), BGPT(25},
4 CRT - o »

COMMON /SGAS/ BO(10,10,3), BW(10,10,3), BG(10,10,3), Qo(10,10,3),
Qw(10,10,3), QG(10,10,3), GOWT(10,10,3),~GWWT(10,10,3),
GGWT(10,10,3), OW(11,10,3), OE(11,10,3), WW(11,10,3),
WE(11,10,3), 0S{10,11,3), ON(10,11,3), wWs(10,11,3), .

0,11,3), 07(10,10,4), 0B(10,10,4), WT(10,10,4),
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.. DATA RSW1,

DATA-RSOT,
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,'CALL INTPV
- CALL INTER

"$50
SSW

CALL
- CALL”

RO
RW

SSG -

wsm

wenon

CALL

338 |

& S . o ' : :
“ak 4 'h - . SRR ) : o M
. : - .

10,4}, OOWG(10 10, 3) VP{10,10,3), CT(10,10,3)
502, RSO3 ‘RS04, RSOS . RSDB /6%0.D0/
‘RSW2, RSWS RSWA, RSWS, RSWE /6%0.D0/

.DO - ' ) I" '/-/

K)o R ‘
i, RSGORE, POT, RSOT.-WPOT, PP 350) EEAE I
T, "VSLOPE, 'POT, VSOT, MPOT, PP, ¥SO) T
T, RSWT, MPWT, PP, RSW) ~ .. -~ ... . =
} VSWT, MPWT, PP, VSW} .~

).
)

Y Qe - = -u'u-n—c—x"-

VSGT MPGT, ‘ VSG CWSNII u K) RXKI?J,KIW

INTERP (SAT- PCOWT, MSAT, SSW, PCOW)
INTERP (SAT. PCGQT. MSAT, SSG. PCGD)"

et

“(RHOSCO + RSOXRHO5CG) / BO{I,d,K)

(RHOSC® + RSWRHOSCG) / BW(I,d, K}



o . - . P B o e T . . ek
. -/ . ‘v.. . . LRI ‘ ‘ . . . . . h Ce . L . . .

»
" RG = RHOSCG ’
IF (1 1) ;
Pi = P(I - 1,0, .
_ BRT = PBOT(I - . : ‘ De e
.. CALL INTPVT(BPT RSLOPEr POT, RSOT MPOT P1, RSO1)
oo . CALLS INTPVT(BPT " VSLOPE | POT, VSDT MPOT _1._vso1)
© .. ... CALL.INTERP.{PWT, RSWT, MPWT, RSW1) L U
A “.70 CALL . INTERP(PWT VSWT, MPWT, P1;-vsw1)
S ‘ 152 SO =" 1,J.K) R
i 15" ; SW(I - 1.4, K) _ .
- SIS S6(1 - 1 uK) L 0 S
@ ,GALL AMUG(PGT VSGT, MPGT,. P, VsG1, CCWSNLL .- 1,4,K), PX(I -
e U 1, d,K), SW1S, S01S) | SRR R
v 'CALL INTERP(SAT, PCOWT, MSAT, SW1S; PCOW1)
o . CALL :INTERP(SAT,  PCGOT, MSAT, se1s PCGO1)
e " 'RO1 = '(RHOSCO +- RSO1*RHOSCG) '/ 7BO(I - 1,d,K) _
.- . RW! = {RHOSCW + RSW1*RHDSCG) / Bw(l - 1,4.K)
. o = »RG! = RHOSCG /OBGUL - TidK) e _ :
'C O SR ,'
EACT = -D2887x (EU(I - 1,d,K) - EL(I,d, K)ﬁg
-i;;Gow1.=‘(Ro1 + RO) = FACT . . =« R
GWWI1 = (RWI.+ RW) -* FACT + PCOW'~ PCOWT"
- GGW1 = (RGY + RG) # "FACT +PCGOT - PCGO
P11 2Pt - PP ‘ e A T .
“HD1 = P11 4 GOWI -- . o S _ R
CHWT = P11+ GWWT . o S S :
HG1 P11+ GGW1.

il TIR (0T GE, 0.00) CALL “INTERP (SAT, PRMROT, MSAT, $01§,
©o T s Uty o S T :
¢ 0¥ IR (HOT LT, 0.D0)- GALL INTERP(SAT, PRMROT, MSAT, S50, . =~ =" .

ST B PRMRO1) e v S
o 4 Hw1 w ) 0. DO) cALL JNTERP(QAT PRMRWT, MSAT, "SWis,
A PRMR 1. N - o ‘ . R
e U GIF fHWT LT, o;oo) CALL< INTERP(SAT PRMRWT.,.MSAT; "SSW, " .

. -1 “ PRMRW1) N . . RO . : -
o : y IFYTHG1 GE).O.DO) CcALL INTERP(SAT PRMRGT - MSAT, SG1S, . . v
“ v 1 " 7T PRMRG1T) ¢ o i
<+ " IF (HG1:.LT. 0.D0)-CALL INTERP(SAT, PRMRGT MSAT SSG;
1. ... PRMRG1) - . e
o VISU})= 4.D0 = PRMRO1 /. L(BO(] -+ 1 J, K) + BO(I, J, K))*(VSOJ *
1. VSO . : , e
. VISW;)-”4 DO . PRMRW1 / (BN(T -1, d K} + Bw(l d K))*(VSW1 +va Cooe
1 . O VSW)) . .o
C VISG1 = 4.D0-*x PRMRG1 / ((BG(I -1 d KN+ BG(I J, K))*(VSG1 +

* (CWS(I J, K) + CWS(I - 1,d,K})
* ViSO

10 AGW ‘
L « VISW1

IR (1 LEQe II) ge
4 P2=.=P(1 + 1vde) . A A

Cooel T UBPT = PBOTHL 41, J,K)

e T CALL" INTRVT{BRT /" RSLOPE, PDT, RSDT MPOT P2, RSD2)
Lo el Tl e CALL- INJPVT(BPT, VSLOPE, POT, VSOT, MPOT P2,7 VS02)
©S T CALL INTERP(PWT, ‘RSWT), -MPWT, . P2~ RSW2).- S
Lhdo T GALL INTERP(PWT, VSWT, MPWT P2, VSWZ) . , ’
.,," S02.=°80(1" #1;J,K)" - , _ S R . )
swz,- SW(I + 1 d K) “;1 - .g';‘ t?: o . _




T HW2

SG2 = SG(I + '1,4,K) . L S

CALL AMUG(PGT, VSGT, MPGT, P2, VSG2, CWSN(I + 1,d,K), PX(I +

: 1, 03K), SW2, $02) , o : -
CALL INTERP(SAT, PCOWT, MSAT, SW2, PCOW2)

. CALL ‘INTERP(SAT, BCGOT, MSAT, SG2 PCGD2)

RO2 = (RHOSCO + Rsozzgsoscc) BO{I' + 1,d,K) -

RWZ = (RHOSCW + RSW2+@RDSCG) / BW(I +'1,9,K) .~

"RG2 = RHOSCG / BG(I ™+ 1,d,K) - T

C FACT = -D28B * (EL(I + 1,U,K). - EL(I,J,KF) ,
GOW2,= (RO2 + RO) * FACT o

GWW2 = (RW2 + RW) * FACT + PCOW.- PCOW2 ,
+ GGW2 = (RG2 + RG) = FACT + PCGO2 - PCGO 8/
'P22 .= P2 - PP S
HO2 = P22 + GOW2
= P22+ GWW2 _
HG2 = P22 + GGW2 / _
IF (HO2 .GE. 0.DO) CALL ‘INTERP(SAT, PRMROT, MSAT, S02,
: PRMRO2 ) . ' . R
IF-(HD2 .LT. .0.DO) CALL INTERP(SAT, PRMROT, MSAT, SO, ,
. PRMRD2) . . ' e
IF (HW2 .GE. 0.D0) CALL INTERP(SAT, PRMRWT; MSAT, Sw2, .
PRMRW2) e - ‘
~IF (HW2 ..LT. 0.D0) CALL INTERP (SAT, “PRMRWT,,- MSAT, SSW,
PRMsz)»‘ . AR
. IF (HG2. GE)vO.DO)»CALL INTERP(SAT{”gRMRGT MSAT,. SG2,
PRMRG2) - - n ‘
IF (HG2 .LT,. 0.D0) CALL" TNTERP(SAT PRMRGF MSAT sss,* |

PRMRG2Y

VIS02 = 4.D0 = PRMR02 / ((BO(I +.1, Ui K) + BG(I d K))*(VSUZ +

vso)) . e
VISW2“§.4.DD‘f PRMRW2 / ((BW(I +1,4, K) + BW(I J, K))*(VSWZ +

- VISG2 é’4LDQ‘¥.PRMRGQ /- ((BG(I S+ 1 J, K) + BG(I N K))*(VSG2 +

5

CTEMP2 = 0,500 * {CWS(I + 1,4, K) 4 cw5(1 J, K))
= TR +01,0,K) = vIseR L o
AWE. = TX(I #+ 1.J.K) = VISW2
AWET =5 AWE * CTEMP2 .- ,
AGE = TX(I + '1,J,K). * VISG2
IfF "(d .EQ. 1) GO TO 30 :
P3 = P(l,d - 1,K)
BPT = PBOT(I,J - 1,K) - . - o 5
CCALL INTPVT(BPT, RSLOPE, POT, RSOT, MPOT, P3, RS03)
CALL INTPVT(BRT,* VSLOPE,. POT . VSOT, MPOT, P3, VS03) <~ .
CALL INTERP(PWT, RSWT, MPWT, B3, RSW3) - e D
CALL INTERP(PWT, ¥SWT. MPWT. P3. VSW3) SRR
S03 = SO(L,J7- 1K) - o e T
SW3.-3SW(I Y - s,K) SR L S
$G3-= SG(I,d - 1K) ' S
CALL AMUG(PGT, VSGT, MRGI, P3; vsea CWSN(I Joo KT
L PX(I,J - 1,K), SW3, $03) RS

“CALL INTE;S(SAT PCOWT, MSAT, SW3, PCOW3)
CALL ,INTERP(SAT, PCGODT, MSAT, S$G3, PCGO3)

RO3 = (RHOSCO + RSO3*RHOSCG) A BO(I J - 1,K) .
RW3 = (RHOSCW + RSW3xRHOSCG) / BW(I}J - J.K)'
RG3 5 RHOSCG /7 BG(I,J - 1,K) :

FACT = -D288 * (EL(I,J - 1,K) - EL(I,d.K)) o
GOW3 = (RD3 + RD) * FACT
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= ¢
GWW3 = (RW3 + RW) * FACT + PCOW - PCOW3
GGW3 = (RG3 + RG) = FACT + PCGO3 - PCGO
P33 = P3 - PP
HO3 = P33 + GOW3
HW3 = P33 + GWW3 o N
HG3 = P33 + GGW3 R
IF (Hgg .ggj 0.D0) CALL INTERP(SAT, PRMROT, MSAT, SO3,
1 ) MR o ST
“IF (HD3 .LT. 0.D0) CALL INTERP(SAT, PRMROT, ‘MSAT., S50,
1 PRMRO3) . A
IF (HW3..GE. 0.D0) CALL INTERP (SAT :-PRMRWT, MSAT,JSW3
1 PRMRW3) ' R 'y
IF (HU3 LT, 0.D0) CALL INTERP(SAT, PRMRWT,.MSAT, ssw 2
1 PRMRW3) ' ' S @y R
IF (HG3 .GE. 0.DO) CALL INTERP(SAT, PRMRGT, MSATY ses R :
.y PRMRG3) : . R e
<< IF (HG3 .LT. 0.D0) CALL INTERP(SAT, PRMRGT, MSAT, sse
1 PRMRG3) - » R
VISO?)= 4.D0 * PRMRO3 / ((BO(I,J - 1,K) + BO(I,d,K))*(VSO3 +
1 VSO . : . :
vIsw?)= 4.D0 * PRMRW3 / ((BW(I,J - 1,K) + BW(I,JU,K))*(VSW3 +
1 VSW . . . '
VISG?)= 4.D0 * PRMRG3 / ((BG(I,d - 1,K) ¢ BG(1,4, K) ) (VSG3 +
i VSG S
CTEMP3 = 0.5D0 = (CWS(I,J - 1 K) + CWS(T,J,K) ]
30 ADS = TY(1,d,K) * VISO3
TY(1,d,K) * VISW3
=f AWS * CTEMP3 > :
&Y(l,u,x) x VISG3
%Q. uy) 60 To 40 .
P(I,J + 1,K)
PBOT(I,J + 1,K) _ :
INTPVI(BPT, RSLOPE, POT, RSOT, MPOT, P4, RSO4)

NTPVT(BPT, VSLOPE, POT, VSOT, MPOT, P4, VS04)
NTERP(PWT, RSWT, MPWT, P4, RSW4) :
NTERP(PWT, VSWT, MPWT, P4, VSw4)

CALL INTERP(S T

SO(I,J + 1,K)
SW(I.d + 1.K) -,
, SG(I,d + 1,K) o
 CALL AMUG(PGT, VSGT, MPGT, P4, VSG4, CWSN(I,J + 1,K),
{ . PX(I,J + 1,K), SW4, 504) '

PCOWT, MSAT,. SW4, PCOW4)
CALL INTERP(SAT, PCGOT, MSAT. SG4. PCGO4)

RO4 = (RHOSCO + RSO4*RSOSCG) / BO(I,d + 1,K) y
RW4 = (RHOSCW + RSWA*RHQSCG) / BW(I.J-+ 1.K) .
RG4 = RHOSCG / BG(I,y + 1,K)
c
_FACT = -D288 * (EL(1,J + 1,K) - ELI(I,$, K))-
GOW4 = (RO4 + RO) * FACT
GWW4 = (RW4 + RW) = FACT + PCOW - PCOW4
GGW4 = (RG4 + RG) = FACT + PCGO4 - PCGO
c
P44 = P4 - PP
HO4 = P44 + GOW4
HW4 = P44 + GWW4
HG4 .= P44 + GGW4
IF (HO4 .GE. 0.DO) CALL INTERP{SAT, PRMROT, MSAT, S04,
1 . PRMRO4) ‘

IF (HD4 .LT. 0.D0) CALL INTERP(SAT, PRMROT, MSAT, SS0,

bl
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" AON

PRMROA4)

IF (HW4 .GE. 0.D0) CALL INTERP(SAT, PRMRWT, MSAT, Sw4,
PRMRW4) o

IF (HW4 ,LT. 0.D0) CALL INTERP(SAT, PRMRWT, MSAT, SSW,
PRMRW4) _

IF (HG4 .GE. 0.D0O) CALL INTERP(SAT, PRMRGT, MSAT, SG4,
PRMRG4) .

IF (HG4 .LT. 0.DO0) CALL INTERP(SAT, PRMRGT, MSAT, SSG,
PRMRG4)

VISO?)= 4.D0 = PRMRO4 / ((BO(I,J + 1,K) + BO(1,J,K))*=(VSD4 +

. VSO i '

VISW4)= 4.D0 » PRMRW4 / ((BW(I,J + 1,K) + BW(I,J,K)}I*={VSW4 +

VSW)) : :
VISG?)= 4.D0 * PRMRG4 / ((BG(I,Jy + 1,K) + BG(I,J,K))*={VSG4 +
VSG
74 CTEMPA = 0.5D0 * (CWS(I,J + 1,K) + CWS(I,d,K))

: Y

, = TY(I,d + 1,K) = VISD4

AWN = TY(I,J + 1,K) * VISwWA

AWN1 = AWN = CTEMP4

CALL INTPVT(BPT, RSLOPE, POT, MPOT, P5, RSO5)
CALL INTPVT(BPT, VSLOPE, POT, VSOT, MPOT, P5, VSO5)
CALL INTERP(PWT, RSWT, MPWT, P5, RSW5) . sy
CALL INTERP(PWT, VSWT, MPWT, P5, VSW5)

S05 = SO{I,d,K - 1)

SW5 = SW(I,J,K - 1)

SG5 = SG(I,J,K - 1)

CALL AMUG(PGT, VSGT, MPGT, P5, VSG5, CWSN(I,J,K - 1),
PX(1,d,K - 1), SW5, S05)

CALL 'INTERP(SAT, PCOWT, MSAT, SW5, PCOWS5)

CALL INTERP(SAT, PCGOT, MSAT, SG5, PCGQGS5)

RO5 = {RHOSCO '+ RSO5%RHOSCG) / BO(1,d,K - 1)

RW5 =-(RHOSCW + RSWS5*RHOSCG) / BW(I,d,K - 1)

RG5 = RHOSCG / BG{I,J,K - 1) : -

C“FACT-= -D288 * (EL(I,J.K - 1) - EL(1,J,K))

~ GOW5 = (RO5 + ROD) * FACT
GWW5 = (RW5 + RW) *= FACT + PCOW - PCOWS
GGW5 = (RG5:+ RG) * FACT + PCGO5 - PCGO
P55 =.P5 - PP
HO5 = P55 + GOWS
_HW5 = P55 + GWW5 .
HGS = P55 + GGW5S ; :
IF (HO5 .GE, 0.DO) GALL INTERP(SAT, PRMROT, MSAT, SO5,
PRMRDS) ~ . g -
IF {(HOS -.LT. o.oo? CALL INTERP(SAT, PRMROT, MSAT, SSO,
. PRMRO5) . ,
“1F (HWS .655‘0.391 CALL INTERP(SAT, PRMRWT, MSAT, SW5,
.~ PRMRWS) - X ..
IF. (HW3 ,LT. 0.D0) CALL INTERP(SAT, PRMRWT, MSAT, SSW,
/" PRMRWS) : : »
IF (HG5. .GE. 0.D0O) CALL INTERP(SAT, PRMRGT, MSAT, SG5,
PRMRG5) : '
MSAT,

AGN = TY(I,J + 1,K} = VISG4

IF (K .EQ. 1) GO 70 50
P5 = P(I,J,K - 1)

BPT = PBOT(I,d,K - 1) '
RSOT,

IF (HG5 .LT.

0.D0) CALL

L@ﬂﬁRP(SAT.
. \‘\ '

.,

PRMRGT,

SSG,



<

PRMRGS)

VISO5 = 4.D0* PRMROS / ((BO(I o K1) BO(I Js K))*(VSOS

Vso))

VISWS = 4.D0 = PRMRWS / ((BW(I d K - 1) + BW(I d K))*(VSWS

VSW))

VISGS = 4.D0 = PRMRGS / ((BG(I J,K " J) + BG(I d, K))*(VSGS
1) + CWS(I d~K))

VSG))

CTEMPS = 0. SDO * (CWS(I d K -

AOT = TZ(1,d,K) = VISOS5

AWT =.TZ(I1,J,K) * VISW5

AWT1 = AWT = CTEMPS

AGT = TZ(I,d,K) = VISGS5

IF (K .EQ.-KK) GO TO 60

= P(I,d,K + 1)

BT - PBOT(I,J,K + 1)

CALL" INTPVT(BPT, RSLOPE, POT,

CALL INTPVT(BPT, VSLOPE, POT.

CALL INTERP(PWT, RSWT, MPWT

CALL INTERP{PWT, VST,

S06 = SO(I,J,K + 1) ;

SW6 = SWITI UK + 1)

SG6 = SA(I,J,K + 1)

CALL AJUG(PGT, VSGT, MPGT, Ps,
el K + 1), SWE, S06)

CALL INTERP(SAT, PCOWT, MSAT,

CALL INTERP(SAT, PCGOT, MSAT,

RSOT,
VSOT,
;. P6, RSW6)

MPWT, P6, VSWe) .~

MPOT,
MPOT,

P6, RSO6)

P6, VS06)

VSGE,” CWSN(1,J,K + 1),

SW6,

SG6,

PCOWE)
PCGO6)

- EL(I,J,K))

VISO6 = 4.0D0 = PRMROS / ((BO(I,d,K
-+ VSO
VISWE = 4.0D0 = PRMRWS / ((BW(I,u, K
T+ VSW

V1SG6

))
))

= 4.0D0 * PRMRG6 / ((BG(I,d,K

PRMROT,

PRMROT

PRMRWT,
PRMRWT,
PRMRGT,
PRMRGT,

- ROB = (RHOSCO + RSO6*RHOSCG) / BO{I,d K +
RWE = (RHOSCW + RSWE*RHOSCG) / BW(I.J.K +
RGE = RHOSCG / BG(1,u.K + 1)

FACT = -D288 » (EL(I,J,K + 1)

GOW6 = (RO6 + RO) * FACT .

GWWE = (RWE.+ RW) * FACT + PCOW - PCOWS

GGW6 = (RG6 + RG) » FACT + PCGOB - PCGO

P66 = P6 - PP

HO6 = P66 + GOW6

HW6 = PBB + GWW6

HG6 = PBB + GGWE ,

IF (HOB .GE. 0.D®) CALL INTERP(SAT,
PRMROG) - 3

IF (HOB .LT. 0.D0) CALL INTERPISAT,

. PRMROS)

IF (HW6 .GE. 0.D0) CALL INTERP (SAT,
PRMRWS) .

IF (HWE .LT. 0.D0) CALL INTERP(SAT,

: ~ PRMRW6)

IF (HG6 .GE. 0.DO) CALL INTERP({SAT,
PRMRG6) -
- IF (HGE .LT. 0.D0) CALL INTERP(SAT,
- PRMRGB )

1)
1),

J MSAT,

MSAT,

MSAT,
MSAT,
MSAT,
MSAT,

{

506,
5SSO0,
Swe,

SSW,

SG6,
SSG,

+ #

_

+ 1) + BO(1,d,K))*(Vso6

+ 1) + BW(I,d,K))*(VSH6
+ 1) + BG(I,y,K))*(VsG6

- '..3.'4.3
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[

Tx VISOB.
* VISWE

~+ RSO)

RSO)..

‘RS0O) .

RSO} -

RSQ)

RSO)

RSW)

RSW)

RSW) v
RSW)" o
RSW) .

RSW) °

.5D0.

. 5D0

.5D0

.5D0

.5D0

.5D0

.5D0

.5D0

.5D0 =*

.5D0 * (RSW6

* GOW1

* GOW2

GOW3

Gow4

GOWS

GOWG

GWW 1

GWW2

GWW3 (

GWW4

GWW5

AWB * GWW6

= AWW1 = GWW1

AW2A = AWED = GWW2
= GWW3

GWw4

GWW5

GWWS

RSOBA =

000000

L I 2 B B R R R K N
X
wn
=)

3 .

R E E R

el
w
=
(s3]
>
>I>n
oo
mx

>
=
[T U T I TR TR T O TR TR TR T
: > 1
x
=
% R R R ¥ X X X

> >
E X

3

>
n 1
> > >
EEE
w—=Z
E R 2R I

AQ1 + AQ2 + AD3 + AD4 + ADS5 + AQ6

‘ AW1 + AW2 + AW3 + AW4 + AWS + AWG

J,K) = AWIA + AW2A + AW3A + AW4A + AWSA + AWBA

v J,K) = AGW = GGW1 + AGE * GGW2 + AGS * GGW3 + AGN =

GGW4 + AGT = GGW5 + . AGB *» GGWE + RSO1A = AO1 + RSO2A = AD2 + &
RSO3A = AD3 + RSO4A = AD4 + RSOS5A =* A0S + RSOBA *= AQ6 + .
RSW1A = AW1 + RSW2A = AW2 + RSW3A = AW3 + RSW4A =* AWA +

RSW5A = AWS + RSWBA = AWS

- - -
[ =8

e

won

DWW -

) = (BO(I, u K) - BG(I,J.K)*RSO) * < -GOWT(I,d,K} +
w(l - BG(I,J,K)*RSW) * (-GWWT(I,J,K) +
{1 K) * (-GGWT(I,J,K) + QG(I,d,K))

J,K) + 0.5D0*BG{I,d,K)*(RSO1 - RSO)) =
0.5D0*BG(I,d,K)*(RS W1 - RSW)) * AwWW + BG{

N —
0
=
—t

[ Y ]

+ -

Ny —
—
-
.

,J,K) + 0.5D0%BG(I,J,K)*{RSO2 ~ RSO}) =
+ 0.5D0*BG(I,d,K)*(RSW2 - RSW)) = AWE + BG

O X0 X0 oOw

RO —
—
—_—c.m

(I,d,K) + O.SDO*BG(I,J,K)*(RSOB'f RSO}) =



OOOO0O0

—

1 AOS + (BWI(I,U,K) + 0.5D0*BG(1,U,K)=(RSW3 - RSW)) * AWS + BG|
2 I,J,K) * AGS
' AN(I,J,K) = (BO(1,U,K) + 0.5D0*BG(I,. K)*(RSO4 - RSQ)) =
1 AON + (Bw(I,d,K) 2 0.5D0+BG(I,J,K)x(R:44 - RSW)) * AWN + BG|
2 . 1,d4,K) = AGN
AT(1,U,K) = (BO(I,d,K) + 0,5D0+BG(I,q ¢)*(RSOS5 - RsD)) »
1 AOT + (BW(I,J;K) + 0.8D0*BG(I,u,K)*(R 'S - RSW)) = AWT + BG(
2 1,J,K) » AGT el
AB(I,d,K) = (BO(1,J,K) + 0.5D0=BG(I,. . *(RSO6 - RSO)) =
1 AOB .+ (BW(1,d,K) + 0.5D0*BG(I1,d,K)*(kR. - RSW)) *. AWB + BG
2 IvJ,K) = AGB '
OW(I,J,K) = AOW
OE(I,d,K) = ADE
05(1,d,K) = ADS
ON(I,J,K) = AON
OT(I,J.K) = AOT
- 0B(I,J,K) = AOB :
WW(I,J.K) = AwW .
WE(I,J,K) = AWE
WS({I,J,K) = AWS
- WN(I,J,K) = AWN ..
WT(I,J,K) = AWT .
WB(I,J,K) = AWB
WWI(I,0,K) = AWWT
WET(I,J,K) = AWE{
WST(I,J,K) = AWS1
WNT(I,U.K) = AWNT ‘ :
WT1(I,J.K) = AWT1 VL
WB1(I,J,K) = AWB1 : L
70 CONTINUE o N
DO B0 K = 1, KK e '\\;;> e
DO 80 J = 1, Uy LT
DO 80 I ='1, II
- SUM{I,J,K) = AW(I,J.K) + AE(1, LK)+ AS(I, 4, K) * AN(I q K)
1 ATAL. U K] + ABIIU K) .
GAM(I,JyK) = VPI,J,K) = CT(I,J,K) * DIV1
E(I,J,K) = -SUM(I,d.K) - GAM(1,J,K)
BI1,U,K) = QOWG(I,J K] - GAM(I,J.K) = P{I, u K)

80 CONTINUE
RETURN
RETURN
END -
SUBROUTINE TABLE
IMPLICIT REAL*8(A - H,0 - Z)

LOGICAL*1 FREE(1) /' =’/ S e T
COMMON /GASSAT/ PBO, VSLOPE,. BSLDPE "RSLOPE, PMAXIF»RHOSCQ.

1 RHOSCG, RHOSCW, PBOT(10, 10,3} - o s
COMMON /NPTS/ MSAT, MPOT, MPWT, MPGT, "IREPRS Y -
COMMON /SPVT/ SAT(25}, PRMROT (25) , PRMRWT(25) pRMﬁGT(25)" -

1 PCOWT(25), PCGOT(25) POT(25) VSOT(25), - BOT.(25) &, BDPT(25
2 RSOT(25), RSOPT(25), PWT.{25) vswr(zg) ethﬁsy -BWPT{25)
3 RSWT(25) | RSWPT(257, PGT<25) vseT(2 ).LBGTtZS BGPT(QSY
4 CRT(25) - o

’C?Ju - )
w»x%x RELATIVE PERMEABILITY & CAPILLARY PRessuRE TABLE v .

READ (20, FREE) IPERM :
IF (IPERM -EQ. 1) GO TO 20

)v'f'

mt

345



.’[1 et
WRITE (1, 150) SAT(I) PRMRDT(I) PRMRWT{I) PRMRGT(I) PCOWT(I)

DO 10 I = 1,

- READ (20, FREE) SAT(1); PRMRUTYI) PRMRWT(I} PRMRGT(I)
PCOWT(I) PCGOT\I)

S PCGDT (1}

UIF (SAT(I)- 100) 60" To~4o

M ¥0:
i 20,
"'LVQO
C.
C**x#
-C
40"

CONTINUE™ 3 o E
8010 3G I
_CONTINWE ".‘ﬁ e ke TR e
CONTINUE ST e o

BUBBLE PDlNT & MAXIMUM PRESSURES {; FE

WeaT =1 L TR R R S
READ_ (20, FREE)_PBD,“VSLOBE | :BSLOPE, RSLOPE, PMAXT, IREPRS.

™

’WRTTE (1 1803 PBO VSLOPE, ‘BSLOPE RS#QPE PMAXT IREPRS

PG50 I,z 25 -
‘READ" (20 FREE).POT(L), *VSOT(1], BOT(I), RSOT(I)

- WRITE *(1,160) POT(I), vsaT(I), BOT(I) RSOT(I)

Lo 90
: 80

.90
100

2110,

" 120

.~ RSOT().= 0,47809D0 * RSOT(1)

IF (POT(I) :GE. PMAXT) GO TO 60 Y

:CONTINUE PR PMAIRER T0.00
MPOT = 1 T e -
DO 701 =4, 25

"READ (20, FREE) PWT(17, vsz(1
“WRITE {1,160) PWT(I), VSWT(I).
CRSWT(1) =0.17809D0 * RSWT(1)
IR (PWT(T) . .GE. PMAXT) 60 T 80

). ewrtiik RSWT(1) =
L BWT(1Y, RSWT(I) ¥

- 'CONTINUE
MPWT- = I . . _, - o :
DO G0 I'= 15 899 - o o ;
" READ (20 FREE) PGT(LY, VSGT(L), BGT(I), CRT(I). . »
WRITE (1r 170)-PGT{1J, VSGT{}), BGT(I}, CRT.(1) 5
IF (PGT(I) .GE. PMAXT) GO T0:100- - . i~
CONTINUE .*° &« .- = " : ,
MPGT = L = _ -
CCONTINUE '+ ¢
""READ (20, FREE )" RHOSCO, RHOSCW RHOSCG
{WRTTE '(11,140) ‘RHOSCO, RHOSCW," RHOSCG |
©D0:110.1 = 2,°MPOT
DIV.£ 1.0D0 ./ (POT(I) - POT(T - 1))
"BOPT(1) = (BOT(1J - BOT(I - 1)} = DIV -
RSOPT(1) = (RSOT(I) - RSOT{I - 1)) = DIV
CONTINUE .~ . o ' S
WRITE {1,190)
D0°120 1'% 2, MPWT. -
© DIV = 1.0D0 /: (PWT(I) - PWT(T - oy
BWPT(1) = (BWT(I).- BWT(Ll - 1)) .* DIV .« A
RSWPT(1) = (RSWT(I) --RSWT(I - A DIV e
CONTINUE - ° . . S
DO 130 1 = 2, MPGT: -

130
140
150

180"

170
. 180
190

SR

CONTINUE s .

FORMAT (2X,8F 10 4) . .

FORMAT {1X, 4Fi0.4, 2F10 2) o S
, 1X, F8.4, 2x; F8.4, 2X, F8. 2)

BGPT(I) = (BGT(I) - BGT(I oy (PGT(1). = PGT(I = 1))

FORMAT (3X, F10.1,

FORMAT (3X, F10. 1; 1x F8.4, D10.4, D10. 3{ . - .
FORMAT (F10.2, D10.3, 1X,-D10.3, 2£10,2, L S
FORMAT g'P' 125, 'BW(; 133, ' DBW/DP' | 147, 'st' -185, !DRSW/DP' /. -

e



20 CONTINUE
30 CONTINUE :
- IF (JU.JEQ. 1) GO TO 50
DO 40 K = 1, KK
DO 40 U= 2, yy . -
D040 I =1, II -

IF (PY(I,d - 1,K) .LE, 1.Ds 0F AAND. PY(I y, K) - . D- 04)
R 60 7040 ; .
. TY(I J.K) = 1.2656D-3 = A2(1,4 - 1,K) = a2(], J, K) 7 oYL g
1 1,K1*A2(1,9, K)+ DYy K)*AZ(I - ¥K)) o
40, CONTINUE -
50 CONTINUE = , o
If (KK .EQ. 1) 6O TO 70 PR
DO BO K = 2, KK - * K
DO 60 J =1, yy . &
DO B0 I =1, II.. -
©UIF (PZ(1,JK - 1. LE. 1. 0- 04 LAND. PZ(I J, K) E. f. D 04)
1 GO TO 60 ‘
CTZ{174,K)" = 1.265 sD 2% A3(1, 40K - 1) * A3(1,0, K) /. (DZ(I J,
1)*A3(1,4d,K) + 0Z(1,d, K)*AB(I Uk = 1)),

i K
» 60 CONTINUE

(I,d,K) + QX(I,J)K)*AI(I -

s
P
- )
;2. P .

. ~*‘

B 2

RETURN b . :
£ S L L
.‘Ly? .................................... A D ol s e JTRANT
SUBROUTINE TRANI(II. J0,. KK IM dM) e .
IMPLICIT-REAL*8(A - H;0 -
LOGICAL *1 FREE(1) /'~'/ .
COMMON /PARRAY/ PN(10 10,3). SON(10,10,3), SWN(10,10,3],
1 SGN(10, 10,3V, SO1(10,10,3}, Swi(10,10,3), SGI(IO 10, 3)
2 At{10, 10.3), A2(10,10,3},  A3(10,10.3) | sum(1o 10,3),. -
3 . GAM(10,10:3), QS(10,10.3). "
CDMMDN /SPARM/ PX(10,10,3), PY(10,10,3), PZ(10, 10 381, EL(1O 10, 3)
~ oo TX(11,10,3), TY(10,11,3), Tz(10,10,4) .
COMMON /SDELTA/ Dx{10,10,3), DY(10,10,3), DZ(10,10,3), 10N1(20),
. '1QN2(20),  IQN3(20) - . I =
D010 K = 1, KK v e
~ DD 10 U 21, JJ
*7p0 10 Ii="1, 11
<" FACX = 1,0D0 .
. FACY = 1.0D0 . R Co
FACZ = 1.0D0" L :
- IF D LGT. 1 LAND. I..LT: I1) FAcx;. 4.D0. . DX(I J, K) / (2
10 L DX(IL,J,K) + DX(I + 1,J.K) + DX(I - 1.d,K))
T CUIF (U L6T. 1 LAND. W oLT. JU) "FACY = 4.D0 = DY(I Jd K) /(2.
BRI DY(I,u,K) + DY(I,J + 1.Kj + DY(IVd = 1,K))
- IF (K .GT. 1 .AND. K -LT.-KK) FACZ = 4.D0 = DZ(I J K) /(2
1 DZ(I,v,K) + DZ{I,J,K + 1) + DZ(I,d,K - 1))
g AT(I,U,K) = FACX = PX(I,J.K) = DY(I,d,K) *'DZ(I,J.K)
A2(1,4,K) = FACY = PY(I,J K) = DX(I,d,K) * BDZ{I,d,K)
AS(I,U,K) = FACZ » PZ(I,U,K) * DX(1:d'K) DY (1 ,.d,K)
10 CONTINUE o o '
IF (II .EQ. 1) GO.TO 30. o e .
DO 20 K = 1, KK. 3 e » :
DO 20 J = 1, JJ . - = L RS
DO-20 1 = 2, 11 _ " :
CIFAPX(1 = 1,¢,K)' .LE. 1.D-04 .AND.- 1 d k LE. 1D 04)
1 . GO TO 20 q\}5 S .
TX(I,J,K) = 1.2B56D-2 « A1(] = 1,4, K) * AT(17Y, K) / (DX(I -
e 1,J,K)=At 1,4, K)) . -

Cwt



70

BO

LAY

CONTINUE © SR : av,f.',iv,- T
RETURN . e e S
END : :
SUBRDUTINE INITL(KPI, ‘11,  Ju? KK, P1, IN, M, ETO, CUMPD, BED,

'CUMPW, BEW; CUMPG, BEG 501 Swr, sel_”woc Goc, Pcoc;

2 i CUMIW, CUMIG)
TMPLICIT REAL*81A - H,0 - z) - , :
LOGICAL*1 FREE(1) /' */7 T
COMMON */GASSAT/ . PBO, 'VSLOPE . BSLOPE, RSLOPE, PMAXT, RHOSCO,

1 RHOSCG, RHOSCW,- PBOT(10,10,3} . L e i
 COMMON /NPTS/’MSAT, MPOT, MPWT, MPGT, IREPRS :

N\

l: COMMON /PARRAY/ PN(10 10,3) % SON(1O 10 3)., SWN(10 10,31,

1 'SGN(10,10,3); S01{10,10
2 A1(10,10,3), A2(10,10,3], A3(10 10,3), suM(1o 10 31
3 ~GAM(10,10,3), QS(10,10,3] -
COMMON /SPARM/. PX(10,10,3), PY(10,98,3), PZ(10, 10 31, EL(10 10 3)
1 TX(11,10,3), 7Y{(10,11;3), TZ(10,10,4)
COMMON /SPRS/ P{10,10,3),-50({10;10,3), SW(10.10 3) SG(10 10 3)
COMMON /SPVT/ SAT{25), PAMROT(25), PRMRWT(25], PRMRGT(25),
. PCOWT(25), -PCGOT(25); -POT(25), VSOT(25), -BOT(25), BOPT(25)
) (25), PWT(25), VSWT(25), BWT(25), BWRT(25),.
a (25), PGT(25), VSGT(257, BGTGQS), BGPT(25)
ET0 ="0.
CUMPO. =
CUMPW = +g :
CUMPG .= ¢ :
CUMIW = - ‘
CUMIG = e
BED = 0.D0 -

" BEW'= 0.D0 , : o SR L
BEG = 0.D0: : o : A
READ (20, FREE) KPL, KSI - ‘ Dol s
If (KPI:.NE. 0) GO TO 40 T TR T
READ (20, FREE). P1; PGpC, woc ; GOC .

D0 30 K = 1, KK
DO 300 = 1, JJ . oo ,
D0 30,1 = 1, 11 - , SR AT SRR P
IF (EL{I,J,K) .LT. GOC) GO T0-20 S e e
1F - (EL(1,d,K) .GT. WOC): GO. Q10 \v-, S e
BPT = PBOT(I,d,K) ¥ 2
-CALL INTPVT(BPT, RSLOPE.-POT, BOT, MPOT, PI, BBO)
- CALL "INTPVT(BPT, RSLOPE, POT, RSOT, MPOT. P, RSO)
. RHOD = (RHOSCO + RSO*RHOSGG) / BBQ -
CPN(IL,J,K) =P+ RHOO * (EL(1,J,K) - woc) / 144 DO
GO TO 30 =

120

30~

40

50
60

370, sw1(1o 10.3), SG1(10 10,3),

".CALL INTERP(PWT, BWT, MPWT, p1 BBW) . - ;
" CALL - INTERP{PWT, RSWT, MPWT, PI, RSW)

.- . RHOW .= (RHOSCW + RSW*RHOSCG) A BBW

T OPN(I,JK) = PI + RHOW-* (EL(1,J,K) - WOC) / 144 DO
GO 030 _
-CALL-INTERP{PGT, BGT, MPGT, PGOC, BBG) =

: 'RHOG-= RHOSCG / BBG. ..

PN(T,4.K) = PGOC + RHOG . (EL(I Sy K) - GOC) / 142, DO‘

CONTINUE . | . . ,

GO T0.:70

DO 60 K = 1, 'Kk' o e s ,d-,fﬁ".g'i ) ”gﬂj ;;}"fga'fﬁ'

DO 50°d .= 1, - E S
READ. (20,FRE (PN(I ¥, K) =11
CONTINUE . S

348
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70 CONTINUE

‘D080 1'= 4, II
DO 80 ¢ = 1, Jd
DO 80 K.= 1, KK
80 P(1,d,K) =/ PN{I,u,K)
- IF (KSI'"'.NE. 0) GO TO 110
"READ (20,FREE) SOI, SWI, SGI .
DO 90 K = 1, KK . o
DO 90 J = 1, ¥¢
DOY0 I =1, 11 ' .
SON(I,d,K) = soI L
* SWN(IJJU,K) = SWI
_ SGI = 1.D0-SDI ** SWI+
@gggNLI.d.K) = SGI
(I,J,K) = SO
SW(I,d,K) ='5SWI _
. SG(I,d,K) = SGI . ‘ _
P IF (SG(I,J,K) .LT. 0.DO)"SG(I,J,K) = 0.DO : -
“*.90 CONTINUE o . L ‘ .
100 . RETURN . :
110 Db 130 K = 1, KK .
DD 120 J = 1, JdJ. Lo ne
120 READ (20,FREE) (SO(I,d,K),I1=1,11) -~ . o

130 ONTINUE
VO 150 K = 1, KK
DO 140 J = 1, JJ

140+ READ (20,FREE) (SW(1,u,K),1=1,11) : N .
150 CONTINUE = R S ,
DO 160 K =%1, KK L 5
DD 160 J = 1, Ju : v S
DO 160 I = 1, II : 0
. SG(I,d,K) = 1.D0-SO(I,d,K) - SW(I,d,K) ./
IF, #SG(I,J,K) .LT. 0.D0) SG(I,J,K) =.0.B0" . R -
SW’ d’vK\) =(SO(11J1K) . . . . ' o
v SWNEF LK) = Sow(1,0,K) . . .
" SGN(1,J,K) = SG(I;d,K), : . -
160 CONTINUE s : ‘ L, : .
RETURN - o o : :
- END : _

SUBROUTINE AMUG(X; Y, N, X0, YO, CCS, PPX, SW, SO)
IMPLICIT REAL*8(A - H,0 - Z) :

. COMMON /FOAM/ DCONST, ECONST ~. . . b .
LOGLCAL*1 FREE(1) /'*'/ = « . o C DR .-

. DIMENSION:X(25), Y(25) . SRR - . S
PX = PPX / 1000.00 S o T . o |

. €S = CCS ' ' - s o

IF. TX0 +GE. X(N)) YO, = Y(N).
IF (X0°.GE. X(N)).G0' TO 30,
DO 20°1 = 2, N,

IF -(X0..GE. X{I)). G TO 20 -

10 FORMAT (4E12.4) S
- Yo 1{§1 = s (ko X1 - D) (Y1) - Y- o) FX(L). - xe LT
11 - K S AL
GO T0 30 o : - B F R ’
20 CONTINUE -~ . - Coh o B .
30 CONTINUE T e T L L
IF (CS .LE. 0.DO) RETURN - - TR
If (CS .LE. 0.0155D0) FC = DSQRT(250.D0*CS = 1.56D04%CS*CS)
IF (CS .GT. 0.0155D0) FC = 0.3500 [ S .

IF (PX .GT. DO1) FK = 0. 5D0

s



A R R
IF (PX .LE. 3:D01) FK = DSQRT(0.125D0*PX - 3.91D-03*PX®PX) :
YD = Y0 * {1.DO+DCONST=FC*(SW - .1DO)*FK) / (1.DO+ECONST*SO%S0) _
RETURN B s EA T e
. END : - : . ) Lo > . . . B i+



