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SUMMARY

Foam increases sweep efficiency during gas injection in enhanced oil recovery (EOR)
processes by reducing gas mobility. In fact, foam is the only EOR technology that is
able to fight against both gravity segregation and geological heterogeneity. Surfac-
tant Alternating Gas, or SAG, is the preferred method to place foam into the reservoir
for both operational and injectivity reasons. For example, this method of injection
avoids the difficulties of having foam in the injection lines. Injecting foam in this
manner also offers better injectivity than in foam-injection processes in which pre-
generated foam is injected into the reservoir.

Foam can divert flow from higher- to lower-permeability layers and thereby improve
vertical conformance in gas-injection enhanced oil recovery processes. Permeabil-
ity affects both the mobility reduction of wet foam in the "low-quality" foam regime
and the limiting capillary pressure at which foam collapses in the high-quality regime
(Kapetas et al., 2017). In Chapter 2 we upscale a SAG process to a hypothetical field
application using the foam properties measured by Kapetas et al. (2017) in cores from
four sandstone formations ranging in permeability from 6 to 1900 md with approxi-
mately the same porosity. We consider a hypothetical reservoir containing four non-
communicating layers with the properties of the formations in their study. These
properties are modeled using the parameters corresponding to their fit to their own
data. We examine the effects of the injection method on diversion in a dynamic foam
process using fractional-flow modeling.

We find that the effectiveness of diversion varies greatly with the injection method.
In a SAG process, diversion of the first slug of gas depends on foam behavior at very
high foam quality. Mobility in the foam bank during gas injection depends on the
nature of a shock front that bypasses most foam qualities usually studied in the lab-
oratory. The foam with the lowest mobility at fixed foam quality does not necessarily
give the lowest mobility in a SAG process. In particular, diversion in SAG depends
whether and how foam collapses at low water saturation; this property varies greatly
among the foams reported by Kapetas et al. (2017). Moreover, diversion depends on
the size of the surfactant slug received by each layer before gas injection. This, of
course, favors diversion away from high-permeability layers that receive a large sur-
factant slug, but there is an optimum surfactant slug size: too little surfactant and
the diversion from high-permeability layers is not effective; too much surfactant and
the mobility is reduced in low-permeability layers, too. For a SAG process, it is very
important to determine if the foam collapses completely at irreducible water satu-

xxi
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ration. In addition, we show the diversion expected in foam-injection processes as a
function of foam quality. The faster propagation of surfactant and foam in the higher-
permeability layers aids the diversion, as expected. This depends on the foam quality
and on non-Newtonian foam mobility and varies with time during the injection pro-
cess. Injectivity is extremely poor with the injection of preformed foam, but in some
effective SAG foam processes, it is not necessarily worse than injectivity in a water-
flood.

Laboratory data indicate that foam can be non-Newtonian at low water fractional
flow fw , and therefore during gas injection in a SAG process. We investigate in Chap-
ter 3 the implications of this finding for mobility control and injectivity by extend-
ing fractional-flow theory to gas injection in a non-Newtonian SAG process in radial
flow. Non-Newtonian behavior at low fw implies that the limiting water saturation
for foam stability varies as the superficial velocity decreases with radial distance from
the well. We discretize the flow domain radially and perform a Buckley-Leverett anal-
ysis on each small increment in radius. As the characteristics solution move outward,
they do not carry a fixed water saturation Sw but maintain a constant fw . We show
the implications of non-Newtonian behavior for mobility control at the displacement
front as well as for the injectivity. We base the foam-model parameters and the extent
of non-Newtonian behavior on laboratory data in the absence of oil. We compare
these results to values of the mobility and injectivity determined by conventional
finite-difference simulation, where the grid resolution is usually limited.

We find that, for shear-thinning foam, mobility control improves as the foam front
propagates from the well, but the injectivity declines somewhat with time. The change
of mobility ratio at the front can be considerable, given the huge velocity difference
between the wellbore and further into the reservoir. This change is not simply that
measured at steady state at fixed water fractional flow in the laboratory, however,
because the shock front in a non-Newtonian SAG process does not propagate at
fixed fw (though individual characteristics do). Moreover, the shock front is not
governed by the conventional condition of tangency of the shock to the fractional-
flow curve, though it continuously approaches this condition. The injectivity bene-
fits from the increased mobility of the shear-thinning foam near the well. The foam
front, which maintains a constant dimensionless velocity for Newtonian foam, de-
celerates somewhat with time for the shear-thinning foam. For shear-thickening
foam, mobility control deteriorates as the foam front advances, though the injectiv-
ity improves somewhat with time. Overall, however, the injectivity suffers from the
reduced foam mobility at high superficial velocity near the well. The shock front for a
shear-thinning foam accelerates somewhat with time. Overall, mobility and injectiv-
ity are complex results of changing saturation and varying superficial velocities with
distance from the well. Conventional simulators cannot adequately represent these
effects or estimate injectivity accurately in the absence of an extraordinarily fine grid
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resolution near the injection well.

Dynamic SAG corefloods are unreliable for direct scale-up to the field because of
core-scale artifacts. In Chapter 4 we scale-up local-equilibrium (LE) data measured
at very low fw measured in a Bentheimer core for different surfactant concentrations
and total superficial velocities. We fit LE data to an Implicit-Texture foam model for
scale-up to a dynamic foam process on the field scale using fractional-flow theory.
We apply two different parameter-fitting methods. The first method (Eftekhari and
Farajzadeh, 2017; Kapetas et al., 2017) relies on a least-squares fit to the entire foam-
quality scan. The second method (Rossen and Boeije, 2015) relies on visual inspec-
tion and therefore on the criterion used in performing the fit. We compare the result-
ing fits to our data and their predictions for scale-up. We also test the implications of
complete foam collapse at irreducible water saturation Swr for injectivity.

Each set of data predicts a shock front with sufficient mobility control at the leading
edge of the foam bank. Mobility control improves with increasing surfactant concen-
tration. For each case, scaled-up injectivity is much better than with co-injection of
gas and liquid. The results illustrate also how the foam model, without the constraint
of foam collapse at irreducible water saturation (Namdar Zanganeh et al., 2014), can
greatly underestimate the injectivity of strong foams. For the first time, we exam-
ine how the method of fitting the parameters to coreflood data affects the resulting
scale-up to field behavior. Since the method of Rossen and Boeije (2015) relies on the
criteria used in performing the fit, it does not give a unique parameter fit. However,
the predicted mobility at the foam front using different criteria is the same within
the experimental uncertainty. The predicted injectivity, however, does vary some-
what among the parameter fits. Gas injection in a SAG process depends especially
on the behavior at low injected water fraction and whether foam collapses at the ir-
reducible water saturation, which may not be apparent from a conventional scan of
foam mobility as a function of the gas fraction in the injected foam. In two of the five
cases examined this method of fitting the whole scan gives a poor fit for the shock in
gas injection in SAG. We have also tested the sensitivity of the scale-up to the kr w (Sw )
function assumed in the fit to data. For the two functions tested here, the predicted
injectivity is practically the same, whereas the mobility at the shock front is very dif-
ferent.

About half the published laboratory studies of foam fractional-flow curves report
non-monotonic behavior, where at some point the water saturation Sw increases
with decreasing liquid fractional flow fw . Rossen and Bruining (2007) warn that such
behavior would result in foam collapse during the injection of the first gas slug in
a SAG process at the field scale. In Chapter 5 we report and analyze a series of
steady-state and dynamic coreflood experiments to investigate the occurrence of
non-monotonic fractional-flow behavior. These corefloods differ in surfactant con-
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centration, injected gas fraction (foam quality) and total superficial velocity and are
supported by CT measurements of Sw . The CT data confirm that, in these cases,
as foam weakens with decreasing fw , liquid saturation Sw increases, confirming the
non-monotonic fw (Sw ) behavior.

In our results, every case of non-monotonic fractional-flow behavior begins with the
propagation of foam from the inlet, followed by an eruption of a much-stronger foam
at the outlet of the core and backwards propagation of the stronger foam state to the
inlet, similar to behavior reported by Apaydin and Kovscek (2001) and Simjoo and
Zitha (2015). This suggests that there may be more than one stable local-equilibrium
(LE) foam state. The initial creation of the stronger foam near the outlet is at least in
part due to the capillary end effect. It is thus not clear which LE foam state controls
the behavior in a SAG process in the field. In our experiments, the subsequent tran-
sition from a stronger- to a weaker-foam state, leading to the non-monotonic fw (Sw )
behavior, coincides with conditions for weaker foam (lower surfactant concentra-
tion, lower fw ) and less-vigorous foam generation (lower superficial velocity); this
agrees with the theory of foam propagation of Ashoori et al. (2012). It is at least plau-
sible that the coreflood data relevant to a SAG process in the field are those that are
unaffected by the capillary end effect. In our study, we could obtain data excluding
this effect either at low surfactant concentration or by using data from pre-generated
foam, propagating at apparent local equilibrium before foam breakthrough at the
core outlet.
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Schuim verbetert de ‘sweep’ efficiency van gas injectie om meer olie uit een reser-
voir te verkrijgen (Engels: Enhanced Oil Recovery (EOR)) door het verlagen van de
gas mobiliteit. Schuimstroming is de enige EOR methode die zwaartekracht effec-
ten en geologische heterogeniteit effecten overwint. Het afwisselend injecteren van
een zeepoplossing en gas (Engels: Surfactant Alternating Gas (SAG)) is de voorkeurs-
methode om schuim in een reservoir te injecteren vanwege operationele en injectie
redenen. Omdat bij deze methode schuim geproduceerd wordt in het reservoir, heeft
deze methode niet de moeilijkheden die optreden bij de aanwezigheid van schuim in
de injectieleidingen. Bovendien heeft het injecteren van schuim op deze manier een
betere injectiviteit dan schuim-injectie methoden waarbij voorgegenereerde schuim
wordt geïnjecteerd in het reservoir.

Schuim in een reservoir kan de stroming van vloeistoffen omleiden van hogere naar
lagere permeabiliteit gesteentelagen en daarmee de verticale conformiteit verbete-
ren bij gas EOR methoden. Permeabiliteit beïnvloedt de mobiliteit reductie van nat
schuim in het zogenaamde lage kwaliteit schuimregime en de limiterende capillaire
druk waarbij het schuim uiteenvalt in het hoge kwaliteit schuimregime (Kapetas e.a.,
2017). In Hoofdstuk 2 schalen wij een SAG proces op naar hypothetische veldom-
standigheden waarbij wij de schuimeigenschappen gebruiken die waren gemeten
door Kapetas e.a. (2017) in kernen van vier verschillende zandsteen formaties die
variëren in permeabiliteit van 6 tot 1900 mD met ongeveer dezelfde porositeit. Wij
beschouwen een hypothetisch reservoir dat vier niet-communicerende lagen bevat
met de eigenschappen van de formaties uit hun studie. Deze eigenschappen zijn
gemodelleerd met de parameters die overeenkomen met de fits van hun data. Wij
bestuderen de effecten van de injectiemethode op de omleiding van de stroming
van vloeistoffen in een dynamisch schuimstroming proces, waarbij wij gebruikma-
ken van fractionele-stroming modelering.

Wij vinden dat de effectiviteit van de omleiding in grote mate varieert met de injec-
tiemethode. In een SAG proces hangt de omleiding van het eerst geïnjecteerde vo-
lume aan gas af van het stromingsgedrag van het schuim in het in de hoge kwaliteit
schuimregime. Mobiliteit in de schuimlaag tijdens gasinjectie hangt af van de aard
van de schuimstromingsschok die de meeste schuimkwaliteit regimes overbrugt, het-
geen bestudeerd kan worden in een laboratorium. Schuimstroming met de laagste
mobiliteit bij een bepaalde schuimkwaliteit is niet persé hetzelfde als schuim dat de
laagste mobiliteit geeft in een SAG proces. In het bijzonder, hangt de omleiding van
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SAG af van hoe en of schuim uiteenvalt bij een lage watersaturatie; deze eigenschap
varieert in grote mate bij de schuimen gerapporteerd door Kapetas e.a. (2017). Bo-
vendien, hangt de omleiding van de grootte van het geïnjecteerde volume aan zee-
poplossing dat door elke formatie stroomt voorafgaand aan de gasinjectie. Dit leidt
natuurlijk tot een voorkeur voor omleiding van de hoge permeabiliteit lagen waar
een groot volume zeepoplossing instroomt, maar er is een optimale grootte voor het
geïnjecteerde volume van de zeepoplossing volume: bij te weinig geïnjecteerde zee-
poplossing is de omleiding van de hoge permeabiliteit lagen niet effectief; bij te veel
zeepoplossing wordt de mobiliteit ook verlaagd in de lage permeabiliteit lagen. Voor
een SAG proces is het belangrijk om te bepalen of een schuim volledig uiteenvalt
bij de kritische water saturatie. Bovendien tonen wij aan dat de omleiding in een
schuimstroming proces een functie is van de schuimkwaliteit. Zoals verwacht draagt
de snelle voortbeweging van zeepoplossing en schuim in de hogere-permeabiliteit
lagen bij aan de omleiding, zoals verwacht. Dit hangt af van de schuimkwaliteit en
de niet-Newtonse schuimmobiliteit en dit varieert met de injectietijd. De injectiviteit
is heel laag bij de injectie van voorgegenereerde schuim, maar in sommige effectieve
SAG processen is die niet noodzakelijk lager dan bij waterinjectie.

Laboratorium data geven aan dat schuimeen niet-Newtons gedrag kan vertonen bij
lage water fractionele-stroming fw , dus tijdens de gasinjectie van een SAG proces.
Wij onderzoeken in Hoofdstuk 3 de implicaties van onze bevindingen voor de mo-
biliteit controle en injectiviteit door fractionele-stroming theorie uit te bouwen naar
gasinjectie in een niet-Newtons SAG proces met radiale stroming.

Niet-Newtons gedrag bij lage fw impliceert dat de limiterende watersaturatie voor
de schuimstabiliteit varieert als de superficiële stromingssnelheid omlaag gaat met
de radiële afstand van de injectieput. Wij discretiseren het stromingsdomein in de
radiële richting en voeren een Buckley-Leverett analyse uit voor een zeer kleine toe-
name van de radius. Als de karakteristieke oplossingen naar buiten bewegen heeft
het schuim niet een vaste watersaturatie Sw maar blijft fw wel constant. Wij tonen
aan dat er implicaties zijn van het niet-Newtons gedrag op zowel de mobiliteitscon-
trole bij het verplaatsingsfront als op de injectiviteit. Wij baseren de modelparame-
ters van de schuimstroming en de mate van niet-Newtons gedrag op laboratorium
data, in de afwezigheid van olie. Wij vergelijken onze resultaten met de mobiliteit
en de injectiviteit zoals bepaald met een conventionele eindige differentiemethode
simulatie, waar de grid resolutie vaak gelimiteerd is.

Wij vinden dat voor afschuifverdunnend schuim de mobiliteitscontrole verbetert naar-
mate het schuimfront voortbeweegt vanaf de injectieput, maar de injectiviteit om-
laag gaat met de tijd. Het verschil in de mobiliteitsratio van het front kan significant
zijn, gegeven dat er een groot snelheidsverschil is in de schuimstroming in de injec-
tieput en verder in het reservoir. Dit verschil is niet gemakkelijk te meten in een sta-
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biele toestand bij een gecontroleerde water fractionele-stroming in een laboratorium
omdat het schokfront in een niet-Newtons SAG proces niet propageert bij een vaste
fractionele stroming (maar individuele karakteristieken doen dat wel). Bovendien
wordt het schokfront niet bepaald door de conventionele voorwaarde dat de schok
een raakpunt heeft op de fractionele stromingscurve, maar het komt wel steeds in
de buurt van deze conditie. Injectiviteit heeft baat bij de verhoogde mobiliteit van
afschuifverdunnend schuim bij de injectieput. Het schuimfront, dat een constant di-
mensieloze snelheid voor Newtons schuim heeft, vertraagt met tijd voor afschuifver-
dunnend schuim. Voor afschuifverdikkend schuim wordt mobiliteit controle slechter
met de voortbeweging van het schuimfront, maar de injectiviteit wordt wel beter met
de tijd. Het schuimfront voor een afschuifverdunnend schuim versnelt met de tijd.
Uiteindelijk zijn mobiliteit en injectiviteit het complexe resultaat van veranderende
saturatie en variërende superficiële stromingssnelheden als functie van de afstand
tot de injectieput. Conventionele simulatiemodellen deze niet op een adequate ma-
nier representeren en de injectiviteit nauwkeurig voorspellen in wanneer niet een
ontzettend fijn rekenrooster wordt gebruikt bij de injectieput.

Dynamische SAG kernstromingen zijn onbetrouwbaar om direct mee op te scha-
len naar veldomstandigheden vanwege kern gerelateerde artefacten. In Hoofdstuk 4
schalen wij lokaal evenwicht (Engels: local-equilibrium (LE)) data op voor heel lage
waarden van fw , zoals gemeten in een Bentheimer kern met verschillende concen-
traties van de surfactant en en van de totale superficiële stromingssnelheid. Wij fitten
LE data met een Implicit-Texture schuimmodel en schalen dit op tot een dynamisch
schuim bij veldomstandigheden, waarbij wij gebruikmaken van de fractionele stro-
mingstheorie. Wij passen twee verschillende parameter fitting methodes toe. De eer-
ste methode (Eftekhari en Farajzadeh, 2017; Kapetas e.a., 2017) maakt gebruikt van
een kleinste kwadratenmethode voor de gehele schuimkwaliteitsscan. De tweede
methode (Rossen en Boeije, 2015) maakt gebruik van een visuele inspectie en hangt
daarom af van het criterium dat gebruikt wordt voor de fit. Wij vergelijken de gefitte
meetdata met hun voorspellingen bij het opschalen. Wij testen ook de implicaties
voor het algehele uiteenvallen van het schuim bij de kritische watersaturatie, Swr ,
voor injectiviteit.

Elke dataset voorspelt een schokfront met een toereikende mobiliteitscontrole bij
de voorrand van de schuimlaag. De mobiliteitscontrole verbetert met toenemende
surfactant concentratie. Voor al de opgeschaalde gevallen is de injectiviteit beter met
co-injectie van gas en zeepoplossing. De resultaten illustreren ook hoe het schuim-
model, zonder de beperking dat schuim uiteenvalt bij de Swr (Namdar Zanganeh
e.a., 2014), er toe kan leiden dat de injectiviteit wordt onderschat bij een schuim.
Voor het eerst hebben wij onderzocht hoe de methode van fitten van de parameters
aan kernstromingsdata invloed heeft op het opgeschaalde stromingsgedrag bij veld-
omstandigheden. Aangezien de methode van Rossen en Boeije (2015) afhangt van
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het criterium dat gebruikt wordt bij het uitvoeren van de fit, resulteert het niet in een
unieke parameter fit. Echter, de voorspelde mobiliteit van het schuimfront, waarbij
verschillende criteria in acht worden genomen, is hetzelfde binnen de experimentele
onzekerheid. De voorspelde injectiviteit varieert wel met de parameter fits, maar gas-
injectie in een SAG proces hangt vooral af van het gedrag bij lage fw en of het schuim
uiteenvalt bij de kritische watersaturatie, hetgeen onduidelijk kan zijn bij de con-
ventionele kwaliteitsscan van de schuimmobiliteit als een functie van de gasfractie
in het geïnjecteerde schuim. In twee van de vijf gevallen die wij onderzochten geeft
deze methode om de gehele scan te fitten een slechte fit voor de schok bij de gas-
injectie in SAG. Wij onderzochten ook de gevoeligheid van het opgeschaalde model
voor de kr w (Sw ) functie waarbij wij uitgingen van de data fit. Voor de twee functies
die wij hier hebben getest, is de voorspelde injectiviteit praktisch hetzelfde, terwijl de
mobiliteit bij het schokfront zeer verschilt.

Ongeveer de helft de gepubliceerde laboratoriumstudies voor fractionele stromings-
curves van schuim rapporteert niet-monotonisch gedrag, waarbij bij een zeker punt
de water saturatie, Sw , hoger wordt met dalende fw . Rossen en Bruining (2007) waar-
schuwen dat dit soort schuimstromingsgedrag kan resulteren in het uiteenvallen van
het schuim tijdens het injecteren van het eerste volume aan gas in een SAG proces bij
veldomstandigheden. In Hoofdstuk 5 analyseren wij een reeks van statische en dy-
namische kernstroming experimenten om de aanwezigheid van niet-monotonisch
fractioneel stromingsgedrag te onderzoeken. Wij variëren daarbij de surfactant con-
centratie, de geïnjecteerde gasfractie (schuimkwaliteit) en de totale superficiële stro-
mingssnelheid en maken gebruik van Sw data bepaald aan de hand van CT metingen.
De CT data tonen dat in deze gevallen het schuim afzwakt met dalende fw en de Sw

stijgt, waarmee het niet-monotonisch fw (Sw ) gedrag wordt bevestigd.

In onze experimenten begint elk geval van niet-monotonisch fw (Sw ) gedrag met het
voortbewegen van schuim vanaf de ingang van de kern en dit wordt gevolgd door
een uitbarsting van een sterker schuim bij de uitgang van de kern. Het sterke schuim
beweegt zich voort naar de ingang van de kern, wat vergelijkbaar is met het gedrag
dat is gerapporteerd door Apaydin en Kovscek (2001) en Simjoo en Zitha (2015). Dit
suggereert dat het mogelijk is dat er meer dan één stabiele lokaal-evenwicht schuim-
toestand is. De initiële creatie van een sterker schuim bij de uitgang van de kern is
ten minste gedeeltelijk te verklaren met het capillair eindeffect. Het is daarom niet
duidelijk welke LE schuimtoestand zal plaatsvinden bij een SAG proces voor veld-
omstandigheden. In onze experimenten leidt, de opvolgende transitie van een ster-
kere naar een zwakkere schuimtoestand tot een niet-monotonisch fw (Sw ) gedrag,
wat overeenkomt met het gedrag voor een zwak schuim (lagere surfactant concentra-
tie, lagere fw ) en met een minder heftige schuimgeneratie (lagere superficiële stro-
mingssnelheid); dit komt overeen met de theorie van schuimvoortbeweging van As-
hoori e.a. (2012). Het is mogelijk dat de data voor de kernstroming relevant zijn voor



SAMENVATTING xxix

een SAG proces bij veldomstandigheden waarbij een capillair eindeffect geen invloed
heeft. In ons onderzoek hebben wij data verkregen in afwezigheid van dit effect bij
lage surfactant concentratie of door gebruik te maken van data van een voorgege-
neerd schuim, waarbij het schuim zich voortbeweegt bij een schijnbaar lokaal even-
wicht, althans tot het moment dat het schuim doorbreekt tot de uitgang van de kern.
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1
INTRODUCTION

T HE access of billions of people around the world to food, medicine and trans-
portation depends today on energy provided by oil. The demand for reliable en-

ergy will continue rising as the world’s population and the middle class in the devel-
oping economies grow. According to Birol (2019), by 2040 most of the energy demand
will come from China. Also, according to the presented predictions the economies of
Africa will demand about 1600 million tonnes of oil equivalent (Mtoe). This demand
will be for the first time similar to that of the European Union, as illustrated in Figure
1.1.

Figure 1.1: Energy demand in 2040 by country or region according to the International Energy Agency
(2019).

1



1

2 1. INTRODUCTION

New technologies to generate renewable energy are being developed and imple-
mented to mitigate the effects of global warming. It is accepted that global warming
is produced by the increasing concentration of CO2 in the atmosphere. Therefore, we
expect that political decisions will promote the use of renewable sources of energy.
However, according to accepted economic models (Birol et al., 2018), even in a sus-
tainable development scenario (SDS) there will be the need for oil in the foreseeable
future. This means that in the less-favourable scenario for oil, humankind would
need to replace the reserves of oil approximately at the same rate as they are being
consumed over the next two decades, as illustrated in Figure 1.2. In the same report,
the Energy Information Administration considers a scenario that is more politically
realistic, if less optimistic in terms of global warming (Figure 1.3), with limited new
policies that will be implemented around the world. In this scenario (NPS) the de-
mand for oil would actually increase in the coming decades.

Figure 1.2: Projected total primary energy demand (TPED) in the world in a sustainable development
scenario (SDS), according the world energy outlook (WEO) model.

There is a need to increase the oil reserves in already-producing reservoirs. In
fact, an average of only 1/3 of the initially residing oil in place can be produced with
current technologies (Lake et al., 2014). During “primary production” oil comes out
under its own pressure, followed by “secondary production,” where water or gas (e.g.,
CO2, N2) are injected into the reservoir to maintain pressure and displace the oil in
place. However, even after prolonged injection of water and gas, nearly 2/3 of the oil
initially in place cannot be recovered. This is due to two main factors: first, the nat-
ural heterogeneity of the reservoir causes the fluids to bypass the low-permeability
zones; and second, even where water contacts oil, it leaves much of it behind be-
cause oil is trapped by interfacial forces. In other words, “displacement efficiency” is
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Figure 1.3: Projected total primary energy demand (TPED) in the world in the new policies scenario (NPS),
according to the world energy outlook (WEO) model.

incomplete.

Even though gas’s displacement efficiency is better than water’s (approaching
100% in some cases) geological heterogeneity remains a problem. Furthermore, the
large density and viscosity contrasts between gas and oil give rise to new challenges.
For instance, the lower density of gas causes it to override to the top of the reservoir
and its lower viscosity causes early breakthrough, especially in heterogeneous reser-
voirs. Foam can be used to solve these problems (Bond and Holbrook, 1958; Rossen,
1996). For instance, foam offers greater resistance to flow in higher-permeability lay-
ers (Alvarez et al., 2001) and therefore reduces the effects of geological heterogeneity.
Even more, it can mitigate gravity override if it is injected as alternating slugs of sur-
factant solution and gas (Shan and Rossen, 2004).

Foam is made of gas bubbles separated by liquid films. The films are stabilized
by surfactant solution. In porous media, foam is continuously generated in the for-
mation. It can segregate during flow and it collapses if it dries out to a limiting water
saturation, S∗

w . Therefore, the capillary pressure Pc affects foam texture in several
ways. In other words, as one increases gas saturation, and by implication reduces
water saturation, in a porous medium, Pc rises until it reaches a limiting capillary
pressure, P∗

c , where the films start to break and the foam texture becomes coarser.
The stability and texture of foam depends, then, on this limiting capillary pressure,
which varies with the type of surfactant, its concentration, the salinity and other fac-
tors like the temperature and the porous medium. The limiting capillary pressure
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also depends on gas velocity.

At local equilibrium it is possible to distinguish two foam-flow regimes at dif-
ferent foam qualities (Alvarez et al., 2001; Osterloh and Jante, 1992). The quality of a
foam is defined as its gas fractional flow, fg . In the high-quality (dry) regime, pres-
sure gradient is independent of the gas superficial velocity; the low-quality regime,
pressure gradient is independent of the surfactant-solution superficial velocity. In
the high-quality regime bubble size is controlled by the limiting capillary pressure,
whereas in the low-quality regime the bubble size is fixed. The rheology of foam
in the low-quality regime is consistently shear-thinning, whereas in the high-quality
regime it can be Newtonian, shear-thinning, or shear-thickening.

Assuming that the presence of foam alters only gas mobility and not the capillary-
pressure function Pc (Sw ), it is possible to state that the limiting capillary pressure
corresponds to a specific water saturation, S∗

w . This last result is important because
it allows one to identify S∗

w from the fractional-flow curve (Figure 1.4). The nearly
vertical part of the curve, where gas mobility changes abruptly near a single water
saturation, occurs at S∗

w .

Figure 1.4: Schematic fractional-flow curves for gas and water with foam and no foam. For the foam curve,
S∗

w corresponds to the nearly vertical portion of the curve, reflecting an abrupt transition in gas mobility.
(Rossen and Zhou, 1995).

The mobility of the foamed gas is very great at very high qualities, whereas at
larger water fractional flows it is very low. This variation in mobility is key when se-
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lecting the best method to place foam in the reservoir. In this thesis we discuss two
methods to place foam into the reservoir: the first is co-injection of surfactant solu-
tion and gas at a fixed foam quality, and the second is SAG (Surfactant-Alternating-
Gas) injection, in which alternating injection of slugs of surfactant solution and gas
takes place. This last method relies on foam generation in the reservoir. SAG is pre-
ferred over co-injection because it offers greater injectivity. Also, it offers greater
sweep efficiency because it reduces gravity override (Shan and Rossen, 2004). The
main objective of this thesis is to study the injection of the first gas slug during a SAG,
just after the injection of the first surfactant slug. In particular, we are focus in up-
scaling laboratory data to the field scale.

There are other two methods to place foam into the reservoir that are worthy to
be mentioned but will not be discussed further in the remainder of this thesis. The
first is the dissolution of surfactant into the injected gas, usually CO2 (Le et al., 2008;
Xing et al., 2012). Using this technique one aims to form foam in the formation as
the dissolved surfactant meets the water in place. The second method is another co-
injection method, in which surfactant solution and gas are injected into the reservoir
from different well intervals (Rossen et al., 2010; Stone, 2004). In this method, gas is
usually injected from the deeper interval and foam is created in the reservoir where
gas and surfactant solution meet.

The injection of the first gas slug following a slug of surfactant solution can be
modelled using fractional-flow theory. Fractional-flow theory is able to estimate in-
jectivity and mobility control for the injection of the first gas slug during a SAG pro-
cess as long as enough experimental data near the point of tangency are available
(Boeije and Rossen, 2018). On the left of Figure 1.5, the initial condition (100% sur-
factant saturation) and the injection condition (residual water saturation) for the gas-
injection process are represented by the letters I and J , respectively. Both boundary
conditions lie on the same fractional-flow curve. The path connecting I and J does
not have monotonically increasing slopes; therefore a portion of the trajectory has
to be replaced by a discontinuity, or shock. In a SAG process a shock, connecting I
to the point of tangency, is always present. The data suggests that a spreading wave
forms behind the shock. The spreading wave is made of characteristics that travel
with fixed saturation. On the right of Figure 1.5, we present a typical dimensionless
time-distance diagram corresponding to the injection of the first gas slug. From the
diagram, we can immediately identify the mobility control achieved during gas in-
jection when using the given formulation. The mobility behind the shock is equal
to that at the leading edge of the foam front in the diagram. Also, one can calculate
the injectivity by integrating the mobilities of the shock and the characteristics de-
picted in the diagram. At a fixed dimensionless time, along the spreading wave, the
mobility of each characteristic continuously increases as one approaches the injec-
tion well. This is beneficial to injectivity. If foam does collapse at irreducible water
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saturation Swr the injectivity increases significantly (Namdar Zanganeh et al., 2014).

Figure 1.5: Fractional-flow analysis of a the injection of the first gas slug following the injection of a surfac-
tant slug during a SAG process. On the left, fractional-flow curve. On the right, the resulting dimensionless
time-distance diagram. In this example the range of data fitted to the model include the data relevant to a
SAG process (adapted from Boeije and Rossen (2018)).

As can be observed from Figure 1.5, collecting data at the driest (high fg ) con-
ditions is critical in order to correctly model a SAG process for a given surfactant
formulation in a given porous medium. Unfortunately, data in this region is not easy
to obtain and there are very few such studies published. One might think that in
such a case one could rely on the pressure-gradient data recorded during a dynamic
SAG coreflood, where gas is injected into a surfactant-saturated core. However, at
the field scale it is assumed that local equilibrium (LE) applies; that is, the processes
of creation and destruction of foam films are at equilibrium at each location. There-
fore a coreflood experiment could be misleading when it is performed at laboratory
dimensions (hours and centimetres) if the main goal is to predict the behaviour in
the field. In other words, laboratory-scale corefloods can be distorted by lack of LE
and also by the capillary end-effect and dispersion. That is why, in one part of our
study, we focus on fitting steady-state data to LE foam models. To do so, we use the
parameters of the STARS foam model (Cheng et al., 2000), as did Kapetas et al. (2017)
and Boeije and Rossen (2015a).

Another complication in laboratory foam corefloods is the capillary end effect
at the core outlet, where foam generation occurs because of a higher water satura-
tion there (Ransohoff and Radke, 1988). Experimental studies (Apaydin and Kovscek,
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2001; Nguyen et al., 2003; Simjoo and Zitha, 2015) have reported a secondary desatu-
ration wave that propagates upstream into the core slightly after foam breakthrough,
as illustrated in Figure 1.7. Apaydin and Kovscek (2001) observed this behaviour at
relatively high surfactant concentrations. They claim it is initiated by the capillary
end-effect, and upstream propagation of the foam front reflects greater gas trapping
just upstream of the foam. However, the mechanism for this increased trapping is not
specified. Moreover, estimation of gas trapping in coreflood experiments (Nguyen et
al., 2009) is difficult. Thus, there is still no complete explanation for the upstream
propagation of this stronger foam state. Nevertheless, it is clear that the eruption of
a much stronger foam depends on behaviour near the core outlet. Therefore, its rel-
evance to a foam process in a homogenous reservoir at the field scale is dubious, and
its relevance to heterogeneous reservoirs is unclear.

Kibodeaux and Rossen (1997) found that Sw does not decrease monotonically
as fw decreases, such a case is illustrated in Figure 1.6. In fact, about half of the
published fractional-flow curve for foam SAG are non-monotonic in this sense. Ex-
perimental and theoretical studies suggest that the fractional-flow function for foam
can, then, be either multivalued or comprise more than one fractional-flow curve
representing two or even more foam states. The dynamics between curves could in-
clude jumps governed by limiting conditions. If that is the case, the fractional-flow
analysis of Rossen and Bruining (2007) suggests that the corresponding SAG process
would not be successful at the field scale. The shock is to a weakened or collapsed
foam an very low fw , as illustrated in Figure 1.6. However, the mechanisms behind a
non-monotonic fractional-flow curve have not been explored.

Figure 1.6: Portion of a fractional-flow curve with a shock to a weaker foam predicted to occur upon gas
injection following the injection of a surfactant slug in a SAG process (Boeije and Rossen, 2018).
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Figure 1.7: On the top, water saturation in a coreflood where foam is injected at the bottom. Slightly
after foam (in blue) breaks through the outlet, a secondary desaturation wave (in green) emerges and
propagates upstream. The surfactant concentration was 1.0% AOS and the permeability of the Bentheimer
sandstone core was 2.5×10−12 m2. The length of the core was 38.1 cm. The core was placed horizontally.
On the bottom, pressure difference across 11 intervals of equal length along the core, as a function of
number of pore volumes injected (adapted from Simjoo and Zitha (2015)). The secondary desaturation
wave corresponds to a marked increase in pressure gradient.
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1.1. RESEARCH OBJECTIVES AND THESIS OUTLINE

1.1.1. CHAPTER 2: FOAM DIVERSION IN HETEROGENEOUS RESERVOIRS:
EFFECT OF PERMEABILITY AND INJECTION METHOD

When injecting foam into a heterogeneous reservoir one is mainly interested in achiev-
ing diversion of foam from the high-permeability layers into the low-permeability
layers and at the same time obtaining a good injectivity. In Chapter 2, using fractional-
flow theory, we aim to help answering the question: which method for placing foam
(co-injection or a SAG) into a heterogeneous reservoir is better (in terms of injectivity
and diversion)? To that end, we implement the method of characteristics to a set of
foam displacements in a hypothetical four-layered reservoir. To feed our model we
use the foam parameters measured by Kapetas et al. (2017) for four sandstones with
different permeability but similar pore volume. The results of our calculation can
also be found in Al Ayesh et al. (2017).

1.1.2. CHAPTER 3: FRACTIONAL-FLOW THEORY FOR NON-NEWTONIAN

SURFACTANT-ALTERNATING-GAS FOAM PROCESSES

Foam rheology in the high-quality regime can be either Newtonian (Chapter 4), shear-
thinning (Osterloh and Jante, 1992) or shear thickening (Alvarez et al., 2001). In
Chapter 3 we explore how a non-Newtonian rheology (either shear-thinning or shear-
thickening in the high-quality regime) would impact a SAG if this behavior were main-
tained at the field scale. In particular, we study the impacts of non-Newtonian foam
on injectivity and mobility control during the injection of the first gas slug following
the injection of a surfactant slug during a SAG. To that end, we develop, and imple-
ment in Matlab, a methodology using fractional-flow theory to map and track the
effects of a given non-Newtonian rheology on the shock and the characteristics. This
chapter is mainly based on the theses of three bachelor students (Bos, 2017; Ponners,
2017; Ter Haar, 2018).

1.1.3. CHAPTER 4: SCALE-UP OF LABORATORY DATA FOR SURFACTANT-
ALTERNATING-GAS FOAM EOR

In this chapter, we focus in measuring local- equilibrium data in a Bentheimer sand-
stone core and upscaling the results to the field scale. In our experiments, we vary
surfactant concentration and the total superficial velocity. We study the impact of ve-
locity and surfactant concentration on the field-scale behavior (mobility control and
injectivity). We also perform a sensitivity analysis of the role of the fitting method and
the criteria different individuals might use in fitting the data using visual inspection
on the calculated mobility control and injectivity at the field scale. Finally, we test
the impact of the Namdar Zanganeh et al. (2014) correction, which forces complete
foam collapse at irreducible water saturation, Swr , on the obtained foam parameters
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and more importantly on the field- scale behavior.

1.1.4. CHAPTER 5: COREFLOOD STUDY OF NON-MONOTONIC FRACTIONAL-
FLOW BEHAVIOR WITH FOAM: IMPLICATIONS FOR SURFACTANT-
ALTERNATING-GAS FOAM EOR

In this chapter we explore the connection between the occurrence of non-monotonic
fractional-flow curves and the capillary end effect for high surfactant concentrations.
To that end, we perform a series of foam scans at different surfactant concentra-
tions and different total superficial velocities in a Bentheimer core. In one of the
foam scans we measured water saturation using a CT scanner to confirm the non-
monotonic trend. Finally, we conduct a transient experiment to explore the role of
the capillary end- effect on foam generation in the transition from a ‘strong’ foam
to a ‘stronger’ foam. The results of this work leads to two possible implications of
the occurrence of non-monotonic fractional-flow curves. The first one is that the
capillary end effect at high surfactant concentrations and high total superficial ve-
locities introduces an experimental artifact that must be avoided in order to obtain
local equilibrium mobility data for homogenous porous media. The second one is
that foam in porous media exhibits two stable local- equilibrium states. The impli-
cations on a SAG of this second possibility require further study.



2
FOAM DIVERSION IN

HETEROGENEOUS RESERVOIRS:
EFFECT OF PERMEABILITY AND

INJECTION METHOD

Foam can divert flow from higher- to lower-permeability layers and thereby improve
vertical conformance in gas-injection enhanced oil recovery. Recently, Kapetas et al.
(2017) measured foam properties in cores from four sandstone formations ranging in
permeability from 6 to 1900 md, and presented parameter values for foam model fit
to those data. Permeability affects both the mobility reduction of wet foam in the
"low-quality" foam regime and the limiting capillary pressure at which foam collapses.
Kapetas et al. showed how foam would divert injection between layers of these forma-
tions if all layers were full of foam injected at a given quality (gas fractional flow). Here
we examine the effects of injection method on diversion in a dynamic foam process
using fractional-flow modeling and the model parameters derived by Kapetas et al.
(2017). Like them, we consider a hypothetical reservoir containing non-communicating
layers with the properties of the four formations in their study.

The effectiveness of diversion varies greatly with injection method. In a SAG (surfactant-
alternating-gas) process, diversion of the first slug of gas depends on foam behavior at
very high foam quality. Mobility in the foam bank during gas injection depends on the
nature of a shock front that bypasses most foam qualities usually studied in the lab-
oratory. The foam with the lowest mobility at fixed foam quality does not necessarily
give the lowest mobility in a SAG process. In particular, diversion in SAG depends on

11
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2. FOAM DIVERSION IN HETEROGENEOUS RESERVOIRS:

EFFECT OF PERMEABILITY AND INJECTION METHOD

how and whether foam collapses at low water saturation; this property varies greatly
among the foams reported by Kapetas et al. (2017). Moreover, diversion depends on
the size of the surfactant slug received by each layer before gas injection. This of course
favors diversion away from high-permeability layers that receive a large surfactant
slug, but there is an optimum surfactant slug size: too little surfactant and diversion
from high-permeability layers is not effective; too much and mobility is reduced in
low-permeability layers, too. For a SAG process, it is very important to determine if
foam collapses completely at irreducible water saturation.

In addition, we show the diversion expected in a foam-injection process as a func-
tion of foam quality. The faster propagation of surfactant and foam in the higher-
permeability layers aids in diversion, as expected. This depends on foam quality and
non-Newtonian foam mobility and varies with time of injection. Injectivity is ex-
tremely poor with foam injection, but in some effective SAG foam processes it is not
necessarily worse than injectivity in a waterflood.

2.1. INTRODUCTION
Gas injection can have excellent displacement efficiency in enhanced oil recovery
(EOR), but suffers from poor sweep efficiency because of reservoir heterogeneity,
gravity override, and viscous instability (Lake et al., 2014). Foam can overcome these
problems and thereby improve sweep efficiency in gas-injection EOR (Rossen, 1996;
Schramm, 1994).

In the absence of oil, foam exists in two flow regimes, depending on foam quality
(gas fractional flow) and other factors (Alvarez et al., 2001; Osterloh and Jante, 1992).
In the "low-quality regime," bubble size is thought to be relatively unchanging, and
gas mobility is controlled by viscous drag on bubbles and bubble trapping and mo-
bilization. Foam is strongly shear-thinning in this regime; that is, apparent viscosity
decreases with increasing superficial velocity. In the "high-quality regime," foam ex-
ists near the limit of stability of the thin films, or lamellae, that separate bubbles (Et-
tinger and Radke, 1992; Khatib et al., 1988; Rossen and Zhou, 1995). As a result, water
saturation is nearly constant in this regime (Persoff et al., 1991). Apparent viscosity
can be shear-thinning (apparent viscosity increasing with decreasing superficial ve-
locity), shear-thickening, or Newtonian in this regime (Alvarez et al., 2001).

There are two approaches to modeling foam for EOR. Population-balance (PB) mod-
els (Falls et al., 1988; Friedmann et al., 1991; Kam et al., 2007; Kovscek and Radke,
1994; Kovscek et al., 2010) attempt to represent the mechanisms of creation and de-
struction of lamellae, along with the mechanisms of gas mobility as a function of
bubble size and other factors. Implicit-texture (IT) models (Cheng et al., 2000; Fisher
et al., 1990; Islam and Farouq-Ali, 1990; Kular et al., 1989; Law et al., 1992; Lotfol-
lahi et al., 2016; Mohammadi and Coombe, 1992; Patzek and Myhill, 1989) represent
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the effect of foam on gas mobility through a factor that reduces gas mobility accord-
ing to water and oil saturations, surfactant concentration, superficial velocities, and
other factors. All IT models assume local equilibrium between the various processes
creating and destroying lamellae. Current application of PB models (Ashoori et al.,
2011a,b; Kam et al., 2007; Kovscek et al., 2010; Rossen et al., 1999) also predict rapid
attainment of LE even on the laboratory scale, which suggests that this assumption
is sufficiently accurate for field-scale application of foam. There are situations that
can be represented only by PB models: the rapid changes in foam properties very
near the injection face and at shock fronts, situations where foam generation is in
doubt, and cases like fractured reservoirs where foam may not achieve local equilib-
rium. IT models fit steady-state mobility data for foam in the two flow regimes, such
as those of Kapetas et al., as well as PB models (Lotfollahi et al., 2016). We employ an
IT foam model, the STARS foam model (CMG, 2015) in this study. Relevant details of
the STARS foam model can be found in Appendix A.

2.1.1. STUDY OF KAPETAS ET AL. (2017)
Kapetas et al. (2017) conducted room-temperature steady-state foam corefloods with-
out oil in cores from four sandstone formations: Bentheimer, Berea, Sister Berea,
and Bandera Gray. These formations differ greatly in permeability (see Figure 2.2 be-
low). Like many laboratory studies, this study found large pressure gradients with
foam, too large for practical field application (Norris et al., 2014; Skauge et al., 2002).
Kapetas et al. (2017) also measured the relative-permeability curves for gas and wa-
ter for cores from the same formations. Table 2.1 gives the relative-permeability pa-
rameters of the cores. In foam corefloods, Kapetas et al. (2017) measured pressure
gradient, or, equivalently, apparent foam viscosity, in a scan of foam quality (injected
gas volume fraction fg ) at a fixed total superficial velocity. From this plot they de-
rived foam parameters for the STARS foam model (Chen and Mohanty, 2014; CMG,
2015; see also Appendix A), which would allow one to predict foam mobility at other
superficial velocities and foam qualities in the same formation under the same con-
ditions. The foam parameters they fit to these data are listed in Table 2.2. Though
limited in scope (e.g., absence of oil, at room temperature) this study represents one
of the most complete studies available of foam behavior for a single foam formula-
tion in formations of different permeability. In particular, it correlates the behavior of
foam in both the low-quality and high-quality foam regimes and estimates the effect
of non-Newtonian behavior in the low-quality regime. A separate study by Moradi-
Araghi et al. (1997) (see also Farajzadeh et al. (2015)) shows that foams exhibit higher
resistance factor in higher permeability zones as well as shear-thinning behavior.

Kapetas et al. (2017) found that foam was stronger (had lower relative mobility)
in the higher-permeability formations. They also found strongly shear-thinning be-
havior (represented by a large, positive value of epcap) in some of the formations,
especially in the Sister Berea formation. They illustrated their findings for diversion
in plots of superficial velocities predicted for three of the formations at three pres-
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Figure 2.1: Predicted total superficial velocity of foam in three sandstone formations as function of foam
quality fg at pressure gradient (A) 400 bar/m, (B) 40 bar/m, (C) 4 bar/m; based on model fit to coreflood
data (Table 2.2). Corrected from Kapetas et al., 2017.
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Figure 2.2: Schematic of hypothetical four-layer reservoir: Layer 1, Bentheimer, 2 Berea, 3 Sister Berea,
4 Bandera Gray. The heights hi are adjusted to that the pore volume of each layer is equal. Layers are
isolated by shale breaks.

Layer kr w0 nw kr g 0 ng Swr Sg r

1. Bentheimer 0.39 2.86 0.59 0.70 0.25 0.20
2. Berea 0.39 4.09 0.99 1.97 0.23 0.12
3. Sister Berea 0.14 5.25 0.47 1.22 0.25 0.25
4. Bandera Gray 1.00 3.56 0.73 2.43 0.46 0

Table 2.1: Corey Relative-Permeability Parameters for Four Formations from Kapetas et al. (2017).

sure gradients. An error was subsequently found in the plots in the paper; the cor-
rected version is reproduced here in Figure 2.1 (Kapetas et al. (2017) excluded the Sis-
ter Berea formation from this plot because its behavior was so non-Newtonian, and
therefore very sensitive to pressure gradient.) This calculation assumes that foam
completely fills all three formations, and that pressure gradient is the same in each.
As they noted, foam causes partial diversion away from the highest-permeability
Bentheimer formation. For instance, at a foam quality of 90% and a pressure gradi-
ent of 4 bar/m, the ratio of superficial velocities in Bentheimer and Berea or Bandera
Gray sandstones, respectively, are 7 and 86, while the permeability ratios are 21 and
317. The extent of diversion varies strongly with foam quality and also with pressure
gradient. Diversion is not as great at lower foam quality and larger pressure gradient.

In this study we extend the analysis of Figure 2.1 to both foam injection (where
foam advances in all layers with time) and gas injection in a surfactant-alternating-
gas (SAG) flood. We include the Sister Berea layer, to illustrate the effect that strongly
shear-thinning foam rheology can have on diversion.
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Layer f mmob epdr y f mdr y epcap f mcap
1. Bentheimer 47700 400 0.271 0.01 9.35x10−6

2. Berea 869000 19600 0.336 0.923 9.87x10−6

3. Sister Berea 30700 8890 0.396 4.39 9.97x10−5

4. Bandera Gray 68200 152 0.549 0.442 1.57x10−6

Table 2.2: Foam Parameters Fit to Coreflood Data for Four Formations from Kapetas et al. (2017).

2.2. METHOD OF SOLUTION
We assume a cylindrical region with an open outer boundary of radius re = 100 m,
with an injection well of radius rw = 10 cm (Figure 2.2). The four formations, each
assumed to be uniform in properties, are isolated by shale breaks. We ignore possible
gravity segregation in each layer and focus on vertical conformance at the injection
well. Each of the four formations has an equal pore volume; because of modest dif-
ferences in porosity between layers, this makes them slightly different in thickness;
see Al Ayesh (2016) for details. This reservoir has a Lorentz coefficient of 0.67 and a
Dykstra-Parsons coefficient of 0.87 (cf. Lake et al. (2014)).

The method of solution proceeds first by determining the positions and mobilities
of banks in each individual layer as a function of volume of gas or foam injected into
that layer. Then these solutions are combined to determine injection rates into the
various layers, positions of the banks in each layer, and overall injectivity over time.
The effect of oil on foam is complex (Farajzadeh et al., 2012). For simplicity we as-
sume here that oil saturation is zero within the region of interest, in part because
we have no data on the effect of oil on foam for our surfactant formulation in the
formations examined here.

2.2.1. SOLUTION FOR ONE LAYER: GAS INJECTION IN SAG FLOOD

The fractional-flow solutions for foam injection and gas injection in a SAG process
are described elsewhere (Lake et al. (2014), Shan and Rossen (2004), and Zhou and
Rossen (1994)). Briefly, one constructs the fractional-flow curve for gas-water flow
with and without surfactant (i.e., with or without foam). In a displacement, each
water saturation Sw between the initial saturation I and the injected saturation J
moves with a dimensionless velocity equal to the slope of the fractional-flow func-
tion (d fw /dSw ) at that value of Sw . Dimensionless time tD is pore volumes of fluid
injected into the layer. Dimensionless position xD is defined as

xD = r 2 − r 2
w

r 2
e − r 2

w
(2.1)

where r is radial position.
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Figure 2.3: Solution for gas injection into surfactant bank (blue curve, green shock) or water-saturated
reservoir (red curve, light-blue shock), with foam properties of the Bentheimer formation.

Figure 2.4: Characteristics on dimensionless time-distance diagram for gas injection into surfactant bank
in the Bentheimer formation. Legend gives total relative mobility λr t in (Pas)−1 for each water satura-
tion corresponding to the characteristics, listed from the shock water saturation of 0.266 (i.e., the steepest
characteristic) to Swr = 0.250.

If (d fw /dSw ) is not monotonically increasing from J to I on the fractional-flow
curve, there is a discontinuous jump in Sw , i.e. a shock. This shock travels with
dimensionless velocity (∆ fw /∆Sw ), where ∆ indicates the differences in fw or Sw

across the jump. For our cases, there is a shock at the leading edge of the displace-
ment, from a point of tangency to the fractional-flow curve to the initial condition I
at Sw = 1; see Figure 2.3. Each characteristic, corresponding to a fixed value of Sw

and fixed total relative mobility λr t , travels from the injection point with a fixed ve-
locity (Figure 2.4).

For gas injection with no prior surfactant injection, this construction suffices until
some values of Sw have passed beyond re ; at that point they are excluded from the
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displacement. For gas injection in a SAG process, this construction suffices until gas
breaks through the furthest extent of surfactant penetration into the given layer; we
call this position r f .

One can estimate r f from the volume of the previous surfactant slug, vs , as follows.
The volume of surfactant solution injected is equal to the volume of surfactant so-
lution in the foam bank at the moment of gas breakthrough. In the STARS model,
during gas injection in a SAG process, almost the entire foam bank is at a water sat-
uration close to f mdr y (cf. Figures 2.3 and 2.4), the water saturation around which
foam collapses; most of the change in slope (d fw /dSw ) occurs near this saturation
and therefore most of the characteristics have water saturation close to this. There-
fore the radius of the foam bank at the moment of gas breakthrough is approximately
given by

π(r 2
f − r 2

w ) ·h ·φ · f mdr y ≈ vs (2.2)

where h is formation thickness and φ the porosity. We have neglected adsorption
here for simplicity; we have no data on adsorption for these formations. Adsorption
would represent a second fate of injected surfactant, also proportional to pore vol-
ume, and reduce the estimate of r 2

f by a separate factor for each layer. Water satura-

tion within the foam bank would decline very slowly with time as the characteristics
advance (Figure 2.4), which would lead to a slight increase in r f over time. For sim-
plicity we neglect that change here.

After gas breaks through the edge of the surfactant bank, a gas flood without sur-
factant is initiated beyond this region. Water fractional flow beyond the foam bank
is nearly zero, and the radius of the foam region remains unchanged. Thus this gas
breakthrough represents a gas flood beyond the foam bank. The analysis is identical
to that for a gas flood without surfactant described above, except that dimensionless
radius is rescaled to the region beyond the foam bank

xD =
r 2 − r 2

f

r 2
e − r 2

f

(2.3)

and dimensionless time is reset so that time zero is the moment gas breaks through
the edge of the surfactant bank. More details are in Al Ayesh (2016).

We derive pressure difference between the injection well and the outer radius re as
follows. At each dimensionless time we monitor the positions of 200 values of Sw

(i.e., 200 characteristics) between I and the value of Sw at the shock for the foam
bank and/or gas bank, depending on the process. We integrate for pressure differ-
ence between the positions of each consecutive pair of Sw values from Darcy’s law
and sum up the pressure difference between the injection well and the shock at the
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leading edge of the gas bank. If there is a water bank remaining ahead of the gas, its
total relative mobility λr t is uniform at (1/µw ), where µw is the viscosity of water. If
the process modeled is gas injection in a SAG displacement, we carry out the inte-
gration first for gas within the foam bank and then for gas ahead of the foam bank
after gas breakthrough has occurred. Then we add the pressure difference for all the
banks. Finally, to non-dimensionalize the result, we divide by the pressure difference
for injecting water at the same volumetric injection rate into the same formation fully
saturated with water (for which, as noted, λr t is uniform at (1/µw )). More details are
in Al Ayesh (2016). This result is PD , the dimensionless pressure rise at the injection
well for a given pore volume of gas injected. Similarly, (1/PD ) is the dimensionless
injectivity into the formation, normalized by the injectivity of water into the same
formation fully saturated with water.

The procedure described applies to a process with Newtonian mobilities, unaffected
by superficial velocity or pressure gradient. During gas injection in a SAG process the
shock (Figure 2.2) is to a very low value of water fractional flow in the high-quality
regime. While non-Newtonian behavior is sometimes reported in the high-quality
regime (Alvarez et al., 2001; Osterloh and Jante, 1992), the version of the STARS model
used here and in the study of Kapetas et al. (2017) does not represent it. Therefore,
in this study we use the STARS parameters f mmob, f mdr y , and epdr y in Table
2.1 without modification for shear-thinning rheology (i.e., without the factor F5 de-
scribed in Appendix A).

2.2.2. SOLUTION FOR ONE LAYER: FOAM INJECTION

In this case there are up to three banks with uniform water saturation and mobil-
ity, illustrated in Figure 2.5: the foam bank at the injected foam quality, a gas bank
ahead of it, and a water bank representing the initial state of the reservoir. As illus-
trated in Figure 2.5, for low values of injected water fraction (high foam quality), the
propagation of foam is limited by surfactant, and there is a gas bank GB ahead of the
foam. (Close examination of Figure 2.5 shows that there is a narrow spreading wave
before the shock from GB to I . This spreading wave has high mobility and makes
little difference to overall injectivity, so we neglect it, drawing the shock directly from
GB to I .) For low foam qualities (high injected water fractional flow) the propagation
of foam is limited by gas. There is a surfactant bank SB ahead of the foam with the
same mobility as the water bank ahead of it. The water and gas banks each disappear
when their trailing shocks reach the outer radius re .

Again, in the absence of data for surfactant adsorption for the given surfactant
and sandstones, we exclude adsorption from our analysis. Adsorption slows the prop-
agation of surfactant more for higher foam qualities (because there is less surfactant
solution per volume of injected foam), which would alter the comparison of diver-
sion over time as a function of foam quality given below. Propagation of foam would
be much slower at very high foam quality (low fw ) (Zhou and Rossen (1994)).
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Figure 2.5: Construction of displacement for foam injection on fractional-flow curve (in this case, for Ban-
dera Gray, using foam parameters corresponding to 4 bar/m). J1 represents injection of a foam with for-
mation of a gas bank ahead of it (drawn in black), and J2 injection of a foam with no gas bank ahead (drawn
in orange). In this case, with no surfactant adsorption, a diagonal line from the origin to I separates the
two cases.

Shear-thinning rheology is important for foam in the low-quality regime. Account-
ing for shear-thinning with the STARS model would be complex, requiring iterative
estimation of mobilities and saturations at each time at each position. Moreover, the
whole construction of the solution, with banks of uniform saturations, would not ap-
ply if mobility depends on position and time as well as saturation. If one represents
non-Newtonian foam behavior as a function of superficial velocity rather than pres-
sure gradient (Chen and Mohanty (2014)), then one can construct fractional-flow so-
lutions for foam in a single layer in cylindrical flow (Rossen et al. (2011)). In this case
mobility depends on water saturation and radial position (because total superficial
velocity depends on radial position). In considering diversion between four layers
here, however, this solution again becomes ungainly: injection rates into the four
layers varies with time, and mobilities in the layers depend on injection rates which
in turn depends on mobilities in all the layers: the fractional-flow solution is much
more complex.

Therefore, for a simple illustration of the effects of non-Newtonian rheology in foam
injection, we use the foam parameters for the three pressure gradients in Figure 2.1:
4, 40 and 400 bar/m, without accounting for varying pressure gradient radially within
each layer or with time as injection rate shifts between layers. Even the lower value is
greater than expected field pressure gradients, except close to an injection well. We
choose not to extrapolate too far from the range of the pressure gradients in the ex-
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periments, however. With the given range we illustrate the effects of non-Newtonian
rheology on diversion in a simple, though not comprehensive or predictive, way.

2.2.3. DIVERSION BETWEEN LAYERS
The analysis above gives dimensionless injectivity (1/PD ) for each of the four forma-
tions as a function of pore volumes injected into each layer. It remains to combine
these results into a representation of diversion between the four layers over time. All
the properties of a given layer i , including dimensionless time tD and injectivity as a
function of time PD (tD ), now carry an additional subscript i to represent the value for
the given layer. Also, we distinguish between dimensionless injectivity into a particu-
lar layer, (1/PDi ), and total injectivity (1/PDt ); both are normalized by the injectivity
of water into the given layer or the four-layer reservoir with water completely satu-
rating the layer or reservoir. Also, we distinguish between dimensionless time for a
layer, tDi , i.e. layer pore volumes injected into that layer, and total dimensionless
time, tDt , the reservoir pore volumes injected into the reservoir.

The fraction of an individual layer i ′s pore volume to the total reservoir pore volume
is

π(r 2
e − r 2

w )hiφi∑4
j=1π(r 2

e − r 2
w )h jφ j

= hiφi∑4
j=1 h jφ j

= 1

4
(2.4)

according to our choice of interval thicknesses to give equal pore volume to all lay-
ers. Because of this difference, a reservoir pore volume comprises four layer pore
volumes. If all the injected fluid entered one layer i , a given increment in dimension-
less time ∆tDt for the reservoir would have no effect on the other three layers, while
the dimensionless time in layer i would advance by ∆tDi = (4∆tDt ).

We integrate forward by finite difference in time. At the start (t = 0), the fraction
of fluid Ri injected into a given layer i simply reflects layer thicknesses and perme-
abilities:

Ri (t = 0) = ki hi∑4
j=1 k j h j

(2.5)

this ratio determines the size of the surfactant slug injected into each layer before gas
injection in a SAG process. Later, as injectivity into the various layers is affected by
gas injection or foam,

Ri = ki hi /PDi∑4
j=1 k j h j /PD j

(2.6)

In figures below, Ri is labelled "injectivity ratio.". During an increment in reser-
voir dimensionless time, ∆tDt , the increment in layer dimensionless time for layer i ,
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Figure 2.6: Cumulative layer pore volumes injected tDi as function of total pore volumes injected tDt for
gas injection without foam.

∆tDt , is

∆tDi = ki hi /PDi∑4
j=1 k j h j /PD j

4∆tDt (2.7)

Because foam is so strong, in radial flow large changes in injectivity occur rapidly
at the start. However, after the near-well region is filled with foam, injectivity changes
more slowly. Therefore, we used 10000 time steps ∆tDt , starting with 10−12 PV, and
increase logarithmically in time up to 10 PV. At each time step we evaluate PDi for
each layer, determine the fraction of fluid injected into each layer in the next time
step, and then increment dimensionless time in that layer according to the fluid in-
jected into that layer.

As noted, overall injectivity (1/PDt ) is normalized by injectivity of water at time
zero (when PDi = 1 in all layers):

PDt =
∑4

i=1 ki hi∑4
j=1 k j h j /PD j

(2.8)

2.3. RESULTS
We consider first gas injection with no foam. Then we examine foam injection, and
finally SAG injection as a function of surfactant slug size, using both the STARS model
and the modification proposed by Namdar Zanganeh et al. (2014) (Appendix A).

2.3.1. GAS INJECTION WITHOUT FOAM
Because high-mobility gas quickly sweeps the Bentheimer layer, making the injectiv-
ity contrast worse, vertical conformance is worse than indicated by the permeability
ratios. Figure 2.6 shows the pore volumes injected into each layer over the first three
reservoir pore volumes injected.
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Figure 2.7: Dimensionless injection pressure PDt as function of total pore volumes injected tDt for gas
injection without foam.

Injectivity, meanwhile, quickly increases. Figure 2.7 shows the evolution of total
injectivity over time (on a logarithmic time scale). Mostly this reflects the injectivity
rise in the Bentheimer layer, and in particular the sweep of the near-wellbore region
of that layer early in the process. In this and figures to follow, we plot dimensionless
injection pressure PDt , i.e. the inverse of total injectivity.

2.3.2. FOAM INJECTION

In all four formations tested by Kapetas et al. (2017), foam reduced gas mobility
greatly (Table 2.2). One expects an advantage of foam injection over the diversion
shown in Figure 2.1, where foam fills all layers, because foam enters first and par-
tially blocks the layers with the highest permeability. One also expects large declines
in injectivity because foam is so strong in all layers. We show results for foam quali-
ties of 0.5, 0.7, 0.9 and 0.99 ( fw = 0.5, 0.3, 0.1 and 0.01), using fixed foam parameters
corresponding to pressure gradients of 4, 40 and 400 bar/m to illustrate the effect of
shear-thinning on diversion with this foam.

Injectivity is indeed extremely poor (Table 2.3). Injectivity is somewhat better,
and slower to decrease during injection, at the highest foam quality. Foam propaga-
tion is slower at low water fractions because foam propagation rate is limited by the
small injected liquid fraction; as noted, adsorption, if included in the model, would
further slow foam propagation at low water fraction. Injectivity decreases rapidly in
all cases, however. Figure 2.8 shows dimensionless injection pressure PDt for the
case with the greatest injectivity, i.e., fw = 0.01, and foam parameters corresponding
to 400 bar/m.

Diversion into two of the layers is effective for the highest foam quality with foam
parameters corresponding to 400 bar/m (Figure 2.9). In none of the cases is diver-
sion effective into the lowest-permeability Bandera Gray layer, however. Figure 2.10
shows vertical conformance with the same foam parameters (i.e., for 400 bar/m) with
fw = 0.3.
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PDt at 1 PV injected
fw 4 bar/m 40 bar/m 400 bar/m

0.01 300* 250* 145*
0.1 1200 1050 450*
0.3 1150 1050 450
0.5 900 850 370

Table 2.3: Dimensionless injection pressure PDt at one reservoir pore volume injected for foam injection
at various foam qualities and foam parameters corresponding to various pressure gradients.

Figure 2.8: Dimensionless injection pressure PDt as function of reservoir pore volumes injected tDt for
foam injection with fw = 0.01 and foam parameters corresponding to 400 bar/m

For comparison, Figures 2.11 and 2.12 show diversion for fw = 0.01 using foam
parameters corresponding to 40 and 4 bar/m, respectively. Clearly the effect of shear-
thinning on foam parameters affects diversion in this case. In particular, foam in the
Sister Berea layer, and to a lesser extent in the Berea layer, is more viscous at lower
pressure gradient and this harms diversion into those layers.

Despite effective diversion attainable at the highest foam quality, extremely poor
injectivity (Table 2.3) would make direct foam injection impractical in this hypothet-
ical field application.

2.4. SAG INJECTION
As noted, during gas injection in a SAG process the entire foam bank exists at low
water fractional flow, i.e. in the high-quality regime. Therefore we neglect the F5

factor that accounts for non-Newtonian behavior in the STARS foam model for SAG
injection (i.e., assume F5 = 1). Within the foam bank, total relative mobility varies
between its value at the shock and at Swr (Fig. 2.4). Foam mobility at Swr domi-
nates the near-well region and is crucial to injectivity and diversion. Therefore, it is
extremely important whether foam completely collapses as foam dries out to Swr .
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Figure 2.9: Layer pore volumes injected tDi as function of total pore volumes injected tDt for 99 %-quality
( fw = 0.01) foam injection with foam parameters corresponding to 400 bar/m.

Figure 2.10: Layer pore volumes injected tDi as function of total pore volumes injected tDt for 70%-quality
( fw = 0.3) foam injection with foam parameters corresponding to 400 bar/m.

Figure 2.11: Dimensionless injection pressure PDt as function of reservoir pore volumes injected tDt for
foam injection with fw = 0.01 and foam parameters corresponding to 40 bar/m
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Figure 2.12: Dimensionless injection pressure PDt as function of reservoir pore volumes injected tDt for
foam injection with fw = 0.01 and foam parameters corresponding to 4 bar/m

Layer Sw,shock ( d fw
dSw

)Sw,shock (λr t )Sw,shock Swr (λr t )Swr

Bentheimer 0.266 1.36 4.10 0.25 16.4
Berea 0.328 1.48 20.0 0.23 369.0

Sister Berea 0.393 1.64 43.4 0.25 2760
Bandera Gray 0.507 1.99 8.77 0.46 22.8

Table 2.4: Properties of Foam Predicted for Gas Injection in SAG in Each Layer for Parameters Fit to STARS
Foam Model. Total relative mobilities λr t are given in (Pas)−1.

For this reason, we consider two cases, the model fit of Kapetas et al. (2017) using
the STARS foam model, and the same model parameters applied in the modification
proposed by Namdar Zanganeh et al. (2014), in which foam collapses completely at
Swr (see Appendix A). Tables 2.4 and 2.5 show total relative mobility with foam just
behind the shock (i.e., at the leading edge of the foam bank) and at Swr for the four
layers, for both the original STARS model fit and for the Namdar Zanganeh model.
The Namdar Zanganeh adjustment to the model makes little difference to the mobil-
ity or velocity of the shock, but an enormous difference to mobility near the injection
well.

Layer Sw,shock ( d fw
dSw

)Sw,shock (λr t )Sw,shock Swr (λr t )Swr

Bentheimer 0.266 1.36 5.10 0.25 29500
Berea 0.328 1.48 21.3 0.23 49500

Sister Berea 0.393 1.64 44.3 0.25 23500
Bandera Gray 0.511 2.01 13.5 0.46 36500

Table 2.5: Properties of Foam Predicted for Gas Injection in SAG in Each Layer for Parameters Used in
Namdar Zanganeh Model. Total relative mobilities λr t are given in (Pas)−1.
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Figure 2.13: Relative gas injection rate Ri (Eq. 2.6) into the four layers as a function of total pore volumes
injected tDt for gas injection in SAG with surfactant initially saturating all layers; STARS foam model.

We examine three cases: a) all four layers fully saturated with surfactant. b) finite
surfactant slug preceding gas injection. The surfactant slug enters the various layers
according to the layer heights and permeabilities. c) finite surfactant slugs pumped
into the Bentheimer, Berea and Sister Berea layers, with no surfactant injection into
the Bandera Gray layer. Gas is then injected into all four layers.

2.4.1. SURFACTANT FILLING ALL LAYERS
Figs. 2.13 and 2.14 show gas injection rate and cumulative gas injection into the four
layers over time using the STARS model fit, on a logarithmic and linear time scale,
respectively. The small value for epdr y for the Bentheimer layer means mobility re-
mains low near the well there even after a long period of gas injection (Table 2.4, Fig.
2.4). In contrast, the larger value of epdr y for the Sister Berea layer means foam
weakens near the well and injectivity rises over time. Therefore, early in gas injection
(less than 10−4 PV injection) injection into the Sister Berea layer surpasses that into
the Bentheimer layer. Fig. 2.15 shows overall injectivity over time. It is much better
than for foam injection (Table 2.3), but still poor.

With the Namdar-Zanganeh modification of the STARS model, mobility increases
in the Bentheimer layer as well as the near-well region dries out. More flow passes
into that layer (Fig. 2.16) and dimensionless injection pressure PDt (not shown)
peaks at about 17 instead of 26.

2.4.2. FINITE SURFACTANT SLUGS
By far most of the surfactant slug enters the Bentheimer layer, and hence the foam
bank is much larger in that layer; the fractions of total surfactant injection into the
Bentheimer, Berea, Sister Berea and Bandera Gray layers are 0.864, 0.049, 0.083 and
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Figure 2.14: Cumulative gas injection into the four layers tDi as a function of total pore volumes injected
tDt for gas injection in SAG with surfactant initially saturating all layers; STARS foam model.

Figure 2.15: Dimensionless injection pressure PDt as function of total pore volumes injected tDt for gas
injection in SAG with surfactant initially saturating all layers; STARS foam model.

Figure 2.16: Cumulative gas injection into the four layers tDi as a function of total pore volumes injected
tDt for gas injection in SAG with surfactant initially saturating all layers; Namdar Zanganeh model.
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Figure 2.17: Fraction of gas injected into the four layers Ri over time for a SAG process with a 10−8 PV
surfactant slug; STARS foam model.

0.003, respectively. However, in radial flow the effect of this difference decreases if
enough surfactant is injected to place a foam bank around the injection well in all
layers. Because the foams studied by Kapetas et al. (2017) were strong in all the lay-
ers, small slugs of surfactant suffice to divert flow.

STARS model

Figs. 2.17, 2.18 and 2.19 show the fraction of total gas injection into each of the four
layers over time for surfactant slugs of 10−8, 10−7 and 10−6 PV. Time is shown on a
logarithmic scale to emphasize dynamics at early times. On such a scale, the injec-
tion ratios at times near 100 (1 PV injection) represent most of the gas injection. The
optimal surfactant slug size for diversion is about 10−7 PV, which would put a foam
bank a few cm deep around the 10-cm injection wellbore in the Bentheimer layer;
less in the other layers. Fig. 2.20 shows cumulative gas injection over time into all
layers for a surfactant slug of 10−7 PV. For larger surfactant slugs, injection into both
the Bentheimer and Berea layers suffers at the expense of the Sister Berea layer, as is
already evident with a 10−6 PV surfactant slug.

Fig. 2.21 shows dimensionless injection pressure PDt over time for a range of
surfactant slug sizes. For a surfactant slug of 10−7 PV, the red curve indicated by the
arrow, PDt briefly rises but then drops to a value less than 1. It takes less time to inject
1 PV gas in this SAG process than to inject 1 PV water into a water-saturated reservoir.

Namdar Zanganeh model

In the Namdar Zanganeh et al. (2014) modification of the STARS foam model, mo-
bility near the injection well increases with time in even the Bentheimer layer after
long gas injection (Table 2.5). Therefore larger surfactant slugs are required for effec-
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Figure 2.18: Fraction of gas injected into the four layers Ri over time for a SAG process with a 10−7 PV
surfactant slug; STARS foam model.

Figure 2.19: Fraction of gas injected into the four layers Ri over time for a SAG process with a 10−6 PV
surfactant slug; STARS foam model.

Figure 2.20: Cumulative gas injection into the four layers tDi over time for a SAG process with a 10−7 PV
surfactant slug; STARS foam model.
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Figure 2.21: Dimensionless injection pressure PDt vs. time for SAG process with various surfactant slug
sizes; STARS foam model. Arrow indicates 10−7 PV surfactant slug.

Figure 2.22: Fraction of gas injected into the four layers Ri over time for a SAG process with a 10−6 PV
surfactant slug; Namdar Zanganeh foam model.

tive diversion. Figs. 2.22, 2.23, 2.24 and 2.25 show the fraction of total gas injection
Ri (Eq. 2.6) into each of the four layers over time for surfactant slugs of 10−6, 10−4,
10−2 and 1 PV. For a 10−4 PV surfactant slug, diversion into the Sister Berea layer, and
to a lesser extent the Berea layer, is effective. For a 10−2 PV slug the Sister Berea layer
takes most of the gas, while for a 1 PV slug the Bentheimer and Sister Berea layers
share most of the injected gas.

Injectivity considerations (Fig. 2.26) favor the smaller (10−4 PV) surfactant slug.
With this slug, it is possible to inject a pore volume of gas more easily than injecting a
pore volume of water into a water-saturated reservoir. This surfactant slug size gives
roughly equal injection into the Bentheimer and Sister Berea layers, and some diver-
sion into the Berea layer, though no diversion into the Bandera Gray layer (Fig. 2.27).

We focus on vertical conformance at the well in this study and neglect gravity
override within the layers. If gravity override were an issue, larger surfactant slugs
would be needed. Once gas breaks through the surfactant bank in each layer it would
rapidly segregate to the top of that layer. Single-slug SAG processes like those exam-
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Figure 2.23: Fraction of gas injected into the four layers Ri over time for a SAG process with a 10−4 PV
surfactant slug; Namdar Zanganeh foam model.

Figure 2.24: Fraction of gas injected into the four layers Ri over time for a SAG process with a 10−2 PV
surfactant slug; Namdar Zanganeh foam model.

Figure 2.25: Fraction of gas injected into the four layers Ri over time for a SAG process with a 1 PV surfac-
tant slug; Namdar Zanganeh foam model.
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Figure 2.26: Dimensionless injection pressure PDt vs. time for SAG process with various surfactant slug
sizes; Namdar Zanganeh model. Arrow indicates 10−4 PV surfactant slug.

Figure 2.27: Cumulative gas injection into the four layers over time for a SAG process with a 10−4 PV
surfactant slug; Namdar Zanganeh model.

ined here can be very effective at controlling gravity override as long as surfactant
stays ahead of the front of the gas bank (Grassia et al., 2014; Shan and Rossen, 2004).

No foam in the lowest-permeability layer

None of the injection strategies described above diverts flow effectively into the Ban-
dera Gray layer. We consider therefore a design where surfactant is injected into the
other three layers, but not into the Bandera Gray layer. As above, we consider cases
with surfactant completely filling all layers and finite surfactant slugs, and use the
STARS model fit and the Namdar Zanganeh model modification.

With surfactant solution completely filling the other three layers, and using the
STARS model, the greatest flow goes into the Bandera Gray layer (Fig. 2.28), despite
the large permeability contrast. Mobility increases in the Bandera Gray layer upon
gas injection, even as foam reduces mobility in the other layers. Injectivity is poor,
however; it takes 12 times as long to inject a pore volume of gas in this process as to
inject a pore volume of water into a water-saturated reservoir. With the Namdar Zan-
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Figure 2.28: Cumulative gas injection into the four layers tDi over time for a SAG process with surfactant
filling all layers except the Bander Gray layer; STARS foam model.

Figure 2.29: Cumulative gas injection into the four layers tDi over time for a SAG process with surfactant
filling all layers except the Bander Gray layer; Namdar Zanganeh model.

ganeh model (Fig. 2.29), the Bentheimer, Sister Berea and Bandera Gray layers take
roughly equal gas flow, with less than 10% entering the Berea layer. Injecting 1 PV of
gas takes roughly 10 times as long as injecting 1 PV of water into a water-saturated
reservoir.

With finite surfactant slugs, large slugs are needed to equalize flow between the
Bentheimer, Sister Berea and Bandera Gray layers, while the Berea layer receives less
gas. Using the STARS model, for surfactant slugs between 10−6 and 0.1 PV, the Sister
Berea layer gets most of the flow (Fig. 2.30). For a 1 PV surfactant slug, the Bandera
Gray and Sister Berea layers share most of the flow. Fig. 2.31 shows gas injectivity
over time for various sizes of surfactant slugs. With a 1 PV surfactant slug injected
before gas, the Bentheimer layer receives over 3 PV of surfactant because of the ini-
tial permeability contrast. Furthermore, with a 1 PV surfactant slug, it would take
about 8 times as long to inject 1 PV gas as to inject the same volume of water into a
water-saturated reservoir.

With the Namdar Zanganeh model, the Bentheimer layer takes most gas flow for
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surfactant slug sizes of 10−8 and 10−7 PV, and the Sister Berea layer for slug sizes from
10−3 to 0.1 PV. For a 1 PV surfactant slug, there is roughly equal gas injection into the
Bandera Gray, Bentheimer and Sister Berea layers, with less than 10% of the gas en-
tering the Berea layer (Fig. 2.32). With a 1 PV surfactant slug, it would take about six
times as long to inject 1 PV of gas compared to injecting water into a water-saturated
reservoir.

2.5. DISCUSSION
This study makes a number of simplifying assumptions. We neglect gravity effects,
both between layers and leading to override within layers, and the effects of oil and
oil displacement on foam. We assume each layer is homogeneous within itself, and
we assume foam comes to local equilibrium (LE) instantaneously. Especially in cases
where the foam bank is only cm deep around a well, the "entrance effect" (foam com-
ing to local equilibrium over a distance of cm (Ransohoff and Radke, 1988) would be
important. Slow approach to local equilibrium is especially problematic for initial
gas injection in SAG processes (Kapetas et al., 2014). Population balance models can
in principle account for this effect (Ashoori et al., 2011a,b; Kam et al., 2007; Kovscek
and Radke, 1994; Kovscek et al., 2010), but most current applications of population-
balance models predict that foam comes rapidly to LE. Ignoring capillary-pressure
gradients and dispersion and treating the shock as a discontinuity in saturation could
be problematic if the entire foam bank is only cm deep around the well. We also ex-
clude the effects of compressibility on gas superficial velocity. Compressibility affects
gas superficial velocity, which is relatively unimportant in the high-quality regime
crucial to gas injection in a SAG process (Alvarez et al., 2001). Compression or expan-
sion of gas would affect the size of the gas or foam bank, but this effect become less
important as gas moves beyond the near-well region. In addition, for carbon dioxide
foam applications, the gas solubility effect could be significant.

A numerical simulation could incorporate all these effects, but numerical simu-
lations, which do not represent the shock front in a SAG process accurately, cannot
represent the injectivity of a SAG process as well as fractional-flow methods. without
extraordinary grid refinement around the injection well (Leeftink et al., 2015).

To illustrate the effects of foam model parameters on predicted diversion, we ex-
trapolate data taken at ideal conditions (low temperature, no oil, low salinity, etc.) to
a hypothetical field case. We also extrapolate to pressure gradients in the field likely
to be very different from those measured in the laboratory. This is seen directly in
the effect of pressure gradient on diversion; but, more fundamentally, any model fit
extrapolated to pressure gradients so different from those in the laboratory would be
uncertain. The approach used here could be applied to data for field application of
foam under more realistic conditions as such data become available.
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Figure 2.30: Fraction of gas injected into the four layers Ri over time for a SAG process with finite surfactant
slug injected into layers excluding the Bandera Gray layer; STARS foam model. From top to bottom, 10−8,
10−6, 10−4, 10−2 and 1 PV surfactant slugs.
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Figure 2.31: Dimensionless injection pressure PDt vs. time for SAG process with various surfactant slug
sizes injected into all layers except the Bandera Gray layer; STARS foam model.

This study illustrates the difficulty in assigning a ranking of foam strength based
on individual foam-model parameters. Based on f mmob, the reference gas-mobility
reduction in the low-quality regime, the strongest foam by far (by over a factor of
10) is in the Berea formation (Table 2.2). Comparisons of f mmob where the non-
Newtonian factor F5 is included must refer to the product of F5 and f mmob at a
particular pressure gradient or superficial velocity. More fundamentally, the value of
f mmob is a reference value at the reference capillary number (in essence, a refer-
ence pressure gradient) f mcap; its value can be altered by an adjustment of f mcap
without altering the fit to the data. This casts further doubt on comparisons based
on f mmob alone. Table 2.6 shows values of the product (F5 f mmob) at pressure
gradients 400 bar/m, 40 bar/m (in the range of the experimental data), and 4 bar/m.
At 40 bar/m by far the strongest foam in the low-quality regime is in the Sister Berea
layer, while foam is stronger in the Bandera Gray formation than the Bentheimer for-
mation. Extrapolated to 4 bar/m, foam virtually plugs the Sister Berea formation, is
extremely strong in the Berea formation, and is again stronger in the Bandera Gray
formation than in Bentheimer. Extrapolated to 400 bar/m, foam is much weaker in
the Sister Berea formation than any of the others, and foam is weaker in the Bandera
Gray formation than in Bentheimer.

In radial flow, the effect of shear-thinning foam mobility is more complex than
represented here. Cheng et al. (2000) note that if one represents gas as a shear-
thinning power-law fluid, the power-law exponent n is roughly (1/(1+epcap)). Thus
a value of epcap = 4.39 in the Sister Berea (Table 2.2) layer corresponds to a power-
law exponent (Bird et al., 2006) of n ≈ 0.23. In our model total superficial velocity
varies by a factor of 1000 from the 0.1-m wellbore radius to the outer radius of 100 m.
For Newtonian fluids, this would mean that pressure gradient is 1000 times larger at
the wellbore than at the outer radius. For n = 0.23, however, this ratio is only 4.8. The
effect of radial flow on pressure gradient and diversion is much different for fluids
showing such strong shear-thinning behavior.
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Figure 2.32: Fraction of gas injected into the four layers Ri over time for a SAG process with finite surfactant
slug injected into layers excluding the Bandera Gray layer; Namdar Zanganeh foam model. From top to
bottom, 10−8, 10−6, 10−4, 10−2 and 1 PV surfactant slugs.
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For foam injection at a fixed quality in the high-quality regime, total relative mo-
bility depends on f mdr y (Boeije and Rossen, 2015a). Direct comparison based on
values of f mdr y is complicated by the different values of Swr and relative-permeability
functions between the formations, however. For foam of a fixed quality, total relative
mobility in the high-quality regime is proportional to water relative permeability at
the limiting water saturation ( f mdr y in the STARS model):

λr t ≈ kr w ( f mdr y)

µw fw
(2.9)

This equation is exact in the limit epdr y −→ ∞. Thus at fixed quality in the high-
quality regime, foam is 48, 7 and 7.4 times as strong in the Bentheimer, Berea and Sis-
ter Berea formations as in Bandera Gray (Table 2.6). The "limiting capillary pressure"
concept leads one to expect this result: stronger foam in higher-permeability for-
mations in the high-quality foam regime (Alvarez et al., 2001; Apaydin and Kovscek,
2001; Khatib et al., 1988; Rossen and Zhou, 1995). This effect suffices to compensate
partially, but not fully, for the permeability contrast between the layers here.

For a SAG process, mobility at the foam front reflects an interplay of f mdr y ,
epdr y and f mmob, which together determine the point of tangency at the shock
(Fig. 2.3) and mobility behind the shock (Tables 2.4 and 2.5). Injectivity and diver-
sion depend also on mobility at Swr , i.e. mobility at the well; this depends especially
on epdr y (as well as f mmob) in the STARS model. A model fit to data over a wide
range of foam qualities may misrepresent the behavior of foam during gas injection
in a SAG process; the difference between the STARS and Namdar Zanganeh models
here illustrate the importance of data at very high foam quality (cf. Rossen and Boeije
(2015)). Evaporation of water into injected gas (Pickup et al., 2012) could also weaken
or destroy foam near the well.

Based on mobility at the shock, the foam studied here is strongest in the Ben-
theimer formation, followed by Bandera Gray. Ironically, the Bandera Gray formation
has the weakest foam at fixed foam quality in the high-quality regime (kr w ( f mdr y)
- Table 2.6). In the STARS model a ranking based on mobility at Swr (Table 2.4) is
in the same order as one based on relative mobility at the shock, but the contrast is
by one to more than two orders of magnitude rather than a factor of five to ten at
the shock (Table 2.4). If foam collapses completely at Swr , as in the Namdar Zan-
ganeh model (Table 2.5), then total relative mobility is nearly the same among the
layers close to the well. Field data on long-term gas injection in a single-slug SAG
process in the Cusiana field in Colombia (which involved a much-weaker foam than
that represented here) suggests that foam does approach complete foam collapse at
Swr , though perhaps not as rapidly as in the Namdar Zanganeh model (Rossen et al.,
2017).
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Layer f mmobF5 f mmobF5 f mmobF5 f mdr y kr w ( f mdr y)
4 bar/m 40 bar/m 400 bar/m

Bentheimer 47200 46200 45100 0.271 3.43×10−5

Berea 6.07×106 726000 86700 0.336 2.34×10−4

Sister Berea 4.14×1011 1.68×107 684 0.396 2.18×10−4

Bandera Gray 250000 90700 33000 0.549 1.63×10−3

Table 2.6: Properties of Foam Predicted for Gas Injection in SAG in Each Layer for Parameters Used in
Namdar Zanganeh Model. Total relative mobilities λr t are given in (Pas)−1.

2.6. SUMMARY AND CONCLUSIONS
This is the first study to apply foam model parameters fit to the two foam flow regimes
for the same surfactant formulation over this wide range of permeabilities, in a com-
parison of vertical conformance with different injection strategies with foam. The
foam parameters of Kapetas et al. (2017) represent ideal conditions (low salinity, low
temperature, and absence of oil). They measured very low mobilities, lower than
would be practical to apply in the field. Nevertheless, we believe the following con-
clusions apply more broadly.

The only process that gave effective diversion into the lowest-permeability layer
(300 times lower permeability than the highest-permeability layer) was a SAG pro-
cess that isolated the lowest-permeability layer from receiving surfactant injection.
One of the other layers (Berea) still failed to get an equal share of gas in that process.

Single-slug SAG processes have much better injectivity than foam injection, espe-
cially if foam collapses at residual water saturation Swr (as in the Namdar Zanganeh
model). In some SAG processes examined here, with successful diversion of foam
into two of the three lower-permeability layers, injectivity is better with foam than
injecting water into a water-saturated reservoir.

Single-slug SAG processes have the additional advantage that most surfactant is
injected into the highest-permeability layer, giving the largest foam bank there. With
the extremely strong foams modeled here, very small surfactant slugs suffice for ef-
fective diversion. The advantage remains during subsequent gas injection in SAG,
unlike diversion in direct foam injection, in which foam eventually fills the near-
wellbore region of all layers.

It is extremely important whether foam collapses at Swr , both for diversion and
injectivity in SAG processes. This is reflected here in the different results for the
STARS model and the Namdar Zanganeh modification of that model. A process of
direct foam injection performs better than in the plots of Kapetas et al. (Fig. 2.1)
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because more foam is placed over time in the layers taking most of the flow. This ad-
vantage declines with time as foam fills more of all the layers.

Diversion between layers reflects an interplay between various foam parame-
ters. For foam injection, in the low-quality regime, total relative mobility depends
on f mmob, the mobility reduction in the low-quality regime, and epcap, which
rescales f mmob with pressure gradient (i.e., introduces non-Newtonian behavior);
see Table 2.6. In the high-quality regime, if epdr y is large, mobility depends most of
all on f mdr y , the water saturation at which foam collapses. We have only illustrated
the effects of non-Newtonian behavior in the low-quality regime here, for simplicity,
but that effect is significant, as illustrated in Figs. 2.9, 2.10, 2.11 and 2.12. For SAG in-
jection, diversion depends on mobility at the shock, which depends on several foam
parameters, and on whether foam collapses completely at irreducible water satura-
tion.
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FRACTIONAL-FLOW THEORY FOR

NON-NEWTONIAN

SURFACTANT-ALTERNATING-GAS

FOAM PROCESSES

Foam can improve sweep efficiency in gas-injection enhanced oil recovery. Surfactant-
alternating-gas (SAG) is a favored method of foam injection due to injectivity and op-
erational considerations. Laboratory data indicate that foam can be non-Newtonian
at low water fractional flow fw , and therefore during gas injection in a SAG process.
We investigate the implications of this finding for mobility control and injectivity, by
extending fractional-flow theory to gas injection in a non-Newtonian SAG process in
radial flow.
Non-Newtonian behavior at low fw implies that the limiting water saturation for
foam stability varies as superficial velocity decreases with radial distance from the
well. We discretize the domain radially and perform Buckley-Leverett analysis on each
narrow increment in radius. As solution characteristics move outward, they maintain
constant fw . For the first time, we show the implications of this behavior for mobility
control at the displacement front as well as for injectivity. We base the foam-model pa-
rameters and the extent of non-Newtonian behavior on laboratory data in the absence
of oil. We compare results to mobility and injectivity determined by conventional sim-
ulation, where grid resolution is usually limited.
For shear-thinning foam, mobility control improves as the foam front propagates from
the well, but injectivity declines somewhat with time. The change of mobility ratio
at the front can be considerable, given the huge velocity difference between the well-
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bore and further out. This change is not simply that measured at steady state at fixed
water fractional flow in the laboratory, however, because the shock front in a non-
Newtonian SAG process does not propagate at fixed fractional flow (though individ-
ual characteristics do). Moreover, the shock front is not governed by the conventional
condition of tangency of the shock to the fractional-flow curve, though it continually
approaches this condition. Injectivity benefits from the increased mobility of shear-
thinning foam near the well. The foam front, which maintains a constant dimension-
less velocity for Newtonian foam, decelerates somewhat with time for shear-thinning
foam. For shear-thickening foam, mobility control deteriorates as the foam front ad-
vances, though injectivity improves somewhat with time. Overall, however, injectivity
suffers from reduced foam mobility at high superficial velocity near the well. The foam
front accelerates somewhat with time. Overall, mobility and injectivity are complex
results of changing saturations and varying superficial velocities with distance from
the well. Conventional simulators cannot adequately represent these effects, or esti-
mate injectivity accurately, in the absence of extraordinarily fine grid resolution near
the injection well.

3.1. INTRODUCTION

3.1.1. FRACTIONAL-FLOW THEORY
Fractional-flow theory, or the method of characteristics, has proved useful for un-
derstanding foam displacements in porous media (Al Ayesh et al., 2017; Ashoori et
al., 2010; Boeije and Rossen, 2015b; Lake et al., 2014; Namdar-Zanganeh et al., 2011;
Rossen et al., 2011; Rossen et al., 1999; Zhou and Rossen, 1994). Its predictions are
not rigorous because of the number of simplifying assumptions made, but they pro-
vide valuable insights, even if the assumptions are not strictly satisfied. This theory
applies to Newtonian displacements directly and it has been extended to model a
collection of non-Newtonian foam cases (Rossen et al., 2011). In this paper we make
the usual assumptions of fractional flow theory (Rossen et al., 2011), namely:

1. One-dimensional (radial or linear) flow.

2. Two mobile and incompressible phases.

3. Instantaneous equilibrium adsorption of surfactant on rock. In this study, for
simplicity we assume adsorption was satisfied during injection of the preced-
ing liquid slug.

4. No dispersive processes, including fingering, capillary diffusion or dispersion.

5. Instantaneous attainment of local steady-state mobilities, which depend on
local saturations. In this study, mobilities depend on total superficial velocity
as well.

6. No chemical or biological reactions.
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In addition, in this study of non-Newtonian flow, we make an additional assump-
tion:

7. Fixed total volumetric flow rate Q.

The isothermal flow of two immiscible and incompressible fluids through a per-
meable medium is governed by the following equation (Lake et al., 2014):

δSw

δtD
+ fw

xD
= 0 (3.1)

where tD and xD denote dimensionless time and position, respectively, and Sw and
fw denote liquid saturation and liquid fractional flow, respectively. The dependence
of tD and xD on the geometry of a cylindrical reservoir with wellbore radius rw and
open outer boundary radius re is described by the following equations:

xD = r 2 − r 2
w

r 2
e − r 2

w
(3.2)

tD = Qt

π(r 2
e − r 2

w )hφ
≈ Qt

πr 2
e hφ

(3.3)

where φ and h denote porosity and the thickness of the reservoir , respectively.

The superficial velocity of an incompressible fluid injected at a fixed rate Q into
a cylindrical reservoir decreases continuously from the wellbore radius to the outer
radius. This implies that a non-Newtonian fluid experiences not only a different su-
perficial velocity, but a different rheology, as a function of radial position. Mathemat-
ically this means that fw is a function of Sw and xD . The fractional-flow analysis with
this additional constraint results in characteristics that in general do not have a fixed
dimensionless velocity (Rossen et al., 2011; Wu et al., 1993). Liquid fractional flow is
fixed for each characteristic as it travels through the porous medium, although liquid
saturation is not.

3.1.2. FOAM IN POROUS MEDIA
Foam increases sweep efficiency during gas injection in enhanced-oil-recovery ap-
plications (Blaker et al., 2002; Lake et al., 2014). It is also used in aquifer reme-
diation projects and in acid diversion in well-stimulation treatments (Cheng et al.,
2002; Hirasaki et al., 1997). Foam flow in porous media exhibits two flow regimes:
a low-quality (large fw ) regime and a high-quality (small fw ) regime (Alvarez et al.,
2001; Osterloh and Jante, 1992). The low-quality regime is characterized by a gas-
mobility reduction and a pressure gradient independent of liquid superficial velocity,
whereas the high-quality regime is characterized by a limiting capillary pressure P∗

c
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and a pressure gradient independent of gas superficial velocity. Foam can be non-
Newtonian in both regimes. The rheology in the low-quality regime is found to be
consistently shear-thinning with respect to total superficial velocity at fixed fw , but
it can be either shear-thickening or shear-thinning in the high-quality regime. Figure
3.1 shows two examples. On the left, foam is shear-thinning with respect to liquid su-
perficial velocity, or with respect to total superficial velocity at fixed fw . An increase
in velocity produces a less-than-proportional increase in pressure gradient. On the
right, foam is shear-thickening with respect to liquid superficial velocity.

“Implicit Texture” models, here referred to as “IT’ models for simplicity, are reg-
ularly used in combination with fractional-flow theory to describe foam displace-
ments (Al Ayesh et al., 2017; Rossen et al., 2011). Unlike “Population Balance” models,
they assume local equilibrium in the dynamics of bubble creation and destruction
and represent the effects of foam on gas mobility through a mobility-reduction fac-
tor (Chen and Mohanty, 2014). “Population Balance” models can also be constrained
to conditions of local equilibrium between foam-generation and -destruction pro-
cesses (Kam et al., 2007; Kovscek et al., 2010). In the present study we use an IT
model because it requires fewer parameters and avoids some of the numerical chal-
lenges that are present in “Population Balance” models (Ashoori et al., 2012).

Most IT models allow for non-Newtonian behavior in the low-quality regime (Cheng
et al., 2000; CMG, 2015) but not in the high-quality regime. In the high-quality regime
bubble size is controlled by a limiting capillary pressure (Khatib et al., 1988). This
limiting capillary pressure corresponds to a limiting water saturation S∗

w . Since foam
does not alter the liquid relative-permeability function, a stronger foam corresponds
to lower limiting liquid saturation, S∗

w (Zhou and Rossen, 1995). Thus, non-Newtonian
behavior in the high-quality regime requires that S∗

w be a function of water superfi-
cial velocity. If it depended on gas superficial velocity, the pressure-gradient contours
in Fig. 3.1 would not be vertical. In this study, however, for simplicity we assume that
S∗

w is a function of total superficial velocity.

Surfactant-alternating-gas, or SAG, is the preferred method to inject foam into a
reservoir for both operational and sweep-efficiency reasons (Blaker et al., 2002; Shan
and Rossen, 2004). This method of injection offers, among other advantages, better
injectivity than direct foam injection and a low-mobility shock front that displaces
the fluids ahead of it while it propagates downstream. The shock is to a state a very
low fw , and thus is governed by the high-quality regime (Figure 3.2). Here for sim-
plicity we focus on injection of the first gas slug. For the first gas slug, the initial
condition I is 100% saturation of surfactant solution, and the injection condition J is
at residual water saturation, Swr . The path connecting I and J along the fractional
flow-curve fw (Sw ) does not have monotonically increasing slope d fw /dSw ; there-
fore a portion of the trajectory is replaced by a discontinuity, or shock, from I to a
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Figure 3.1: The two steady-state foam regimes. On the left, pressure difference across a 2-ft sandpack as
a function of superficial velocities of water (Uw ) and gas (Ug ). In this case foam is shear-thinning in the
high-quality (upper left) regime (Osterloh and Jante, 1992). On the right, pressure gradient as a function
of superficial velocities in a coreflood study (Alvarez et al., 2001). This case is shear-thickening.

point of tangency to the fw (Sw ) curve. Because of the abrupt foam collapse as a func-
tion of Sw near Sw∗ (Khatib et al., 1988) the fw (Sw ) curve is steep near S∗

w (Rossen
and Zhou, 1995). This means the point of tangency is at low fw , in the high-quality
regime. An example is depicted in Figure 3.2.

A spreading wave forms behind the shock. The spreading wave is made of char-
acteristics that travel with fixed saturation and velocity (for a Newtonian process).
Figure 3.3 shows the dimensionless time-distance diagram of one SAG process. The
shock (solid line) mobility has a fixed value, Behind it, the spreading wave contains
many characteristics, with a continuous range of (fixed) mobilities. Figure 3.3 illus-
trates this for four characteristics (dotted lines).

The methodology described above has been shown to be more accurate than nu-
merical simulation as long as the assumptions of fractional-flow theory apply (Rossen,
2013). In particular, the abrupt transition imposed by the limiting capillary pres-
sure is difficult to model correctly using finite-difference methods without using an
extremely refined grid near the wellbore Leeftink et al. (2015). Boeije and Rossen
(2015b) use the theory to derive an analytical formula to estimate the injectivity of
the first gas slug in a SAG process. The formula predicts that, soon after injection be-
gins, the pressure gradient across the foam bank is nearly constant as it advances.

A previous work on non-Newtonian foam displacements (Rossen et al., 2011) was
limited to foam injection or gas injection in a SAG process behind the shock front,
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Figure 3.2: On the left, a fractional-flow curve adapted from Boeije and Rossen (2018). Black diamonds
are coreflood data used to construct the fractional-flow curve. Red dots denote the initial (I ) and injection
(J ) conditions. On the right, an expanded view of the same curve near the point of tangency defining the
shock.

Figure 3.3: A dimensionless time-distance diagram (Rossen and Boeije, 2015). The mobilities of the shock
and of a few of the characteristics are included.
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and included only shear-thinning behavior. The SAG analysis showed the effect of
changing gas saturation and non-Newtonian behavior in the near-well region after
the shock passes out of this region. The study showed that shear-thinning behavior
affects mobility near the well; this implies that the injectivity is better than that pre-
dicted by a Newtonian model.

In this study, we extend the previous work to include both shear-thinning and
shear-thickening behavior, as observed in the laboratory (Figure 3.1). Equally impor-
tant, we provide a methodology to solve issues that arise, e.g., when new characteris-
tics emerge from the shock or when a characteristic and the shock collide. Finally, we
show the consequences of non-Newtonian behavior for overall injectivity and mobil-
ity control at the leading edge of the foam bank.

3.2. FRACTIONAL-FLOW SOLUTIONS FOR GAS INJECTION IN

NON-NEWTONIAN SAG PROCESSES
Consider a homogenous cylindrical reservoir that is initially fully saturated with sur-
factant solution. Starting at time zero, gas is injected at a fixed volumetric rate Q
into the reservoir. In this situation the gas-injection process is governed by the high-
quality regime, where foam strength depends on the limiting water saturation, S∗

w ,
named f mdr y in the foam model described in Appendix A. Under these assump-
tions (including incompressible fluids), total superficial velocity ut is a function of
radial distance from the well.

In Figure 3.1, total mobility of foam is a power-law function of water superficial
velocity, not total superficial velocity ut . Here for simplicity, we assume that it is
a power-law function of ut . In the high-quality regime, Sw ≈ S∗

w , i.e. f mdr y in our
model. For the purpose of deriving model parameters, consider injection of a foam at
fixed water fractional flow but decreasing superficial velocity as foam moves further
from the well. From the power-law equation (Bird et al., 2006),

∇p =Cun
t (3.4)

Applying Darcy’s law to the water phase, with water saturation fixed at f mdr y ,

∇p = kkr w (Sw = f mdr y)

µw
fw ut (3.5)

where n, C , ∇p, k, kr w (Sw ) and µw denote, respectively, the power-law exponent,
a constant, pressure gradient, permeability, liquid relative permeability and liquid
viscosity. Combining these equations, one can show that the ratio kr w (Sw )/un−1

t is
a constant, which in cylindrical flow can be rewritten as kr w (Sw )/r 1−n . As next step,
we apply this ratio to the outer radius re and at any other radius r . Finally, using a
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Figure 3.4: Fractional-flow curves for different radii for a shear-thinning foam with a power-law exponent
of n=0.33. The parameter f mdr y varies from 0.356 at the wellbore radius (rw =0.1 m) (blue curve) to 0.312
at r = 1.0 m (red), 0.286 at r = 10 m (yellow), and 0.271 at the outer radius (re )=100 m (purple).

Corey-Brooke model for kr w (see Appendix A), we derive an expression for f mdr y
as a function of r :

f mdr y(r ) = Swr +
(

f mdr ye −Swr
)( r

re

) n−1
nw

(3.6)

where f mdr y(r ) denotes the water saturation at which foam collapses at a given
radial position, Swr is the irreducible water saturation, r radius, and nw the Corey-
Brooke exponent for kr w (Sw ). The subscript e denotes a reference value, in our study
taken at the outer radius. Equation 3.6 indicates that for a shear-thinning foam the
fractional-flow curve shifts to the left (smaller Sw ) as the radius increases, while for
a shear-thickening foam it shifts to the right. Figures 3.4 and 3.5 illustrate this phe-
nomenon for a shear-thinning foam with a power-law exponent of n = 0.33 and for
a shear-thickening foam with an exponent n = 1.34, respectively. Figures 3.4 and
3.5 reflect only non-Newtonian behavior in the high-quality regime, not in the low-
quality regime, since it is the high-quality regime that dominates behavior during gas
injection in a SAG process (Figure 3.2).

We discretize the reservoir domain in increments along xD . Within each incre-
ment foam properties are assumed to be constant, i.e. Newtonian. Therefore, within
each increment, the characteristics and the shock are straight lines. However, as each
characteristic crosses to the next increment, its velocity changes. This continuous
variation of velocity makes the characteristics curve on a large scale; Figure 3.6 shows
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Figure 3.5: Fractional-flow curves for different radii for a shear-thickening foam (n=1.34), where f mdr y
varies from 0.259 at rw =0.1 m (blue curve) to 0.262 at r = 1 m (red), 0.266 at r =10 m (yellow), and 0.271 at
the outer radius re = 100 m (purple).

an example. Figure 3.6 uses for illustration very large increments in ∆xD = 0.1; in
our calculation the increments are much smaller. The approximation to continuous
variation in properties becomes exact in the limit as the increment in xD approaches
zero.

A characteristic no longer carries its water-saturation value as it crosses between
increments, but its water fractional-flow value instead (Rossen et al., 2011; Wu et al.,
1993). The individual characteristics within the spreading wave do not collide with
each other, because, at any value of xD , velocity d fw /dSw decreases monotonically
with Sw . Thus individual characteristics spread further apart as they move down-
stream. Interactions with the shock are possible however.

We use the approach of Lake et al. (2003) to resolve the complications raised by
the collision between a characteristic and a shock or by an accelerating shock that
sheds additional characteristics.

Figure 3.7 illustrates this approach for a shear-thinning foam using, for illustra-
tion, a very large increment in xD . Within the first increment (Figure 3.7a), starting
at the wellbore, the fractional-flow curve is fixed and the Buckley-Leverett solution is
the same as for a Newtonian SAG, i.e., a shock followed by a spreading wave. As the
shock (point A) leaves the first increment and enters the second increment, conserv-
ing its value fw (Figure 3.7b), it slows down as it displaces initial condition I . As the
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Figure 3.6: On the left, an augmented view of the dimensionless position (xD ) vs dimensionless time (tD )
diagram for a shear-thinning foam. The characteristics are straight lines within each increment in xD . On
the right, larger scale plot of the same diagram, showing how the characteristics curve.

characteristics behind the shock cross the boundary to the second increment their
velocities increase. An example is that at characteristic B (denoted B ′ in the second
increment), which accelerates greatly and rapidly intersects the shock. This collision
imposes a new Buckley-Leverett problem with initial condition ( fw = 1) and injec-
tion condition B ′. The solution is a new shock from fw = 1 to B ′; see Figure 3.7 c.
This new shock does not necessarily satisfy the tangency condition, though, if it does
not, other characteristics behind it approach as well; further collisions are possible.
Whenever this occurs we solve locally the arising Buckley-Leverett problem using
the same methodology. Figure 3.8 illustrate the collision of a characteristic and the
shock in a dimensionless time-distance diagram. In our discrete approximation to
the continuous variation in properties, the shock velocity is recalculated as it enters
each new increment. When a collision occurs within an increment the characteris-
tic that was the shock is eliminated, replaced by the characteristic that collides with
(Ponners, 2017; Ter Haar, 2018).

We construct the fractional-flow solution for a shear-thickening foam by con-
sidering, again, two increments in xD starting at the injection face. For a shear-
thickening foam the first increment corresponds to a weaker foam, represented by
the red fractional-flow curve in Figure 3.9. Within first increment, the solution is a
shock from a point of tangency to point I at fw = 1, followed by a spreading wave
as in a Newtonian SAG; see Figure 3.9a. As the shock enters the next increment in
xD (Figure 3.9b) it imposes a new Buckley-Leverett problem with initial condition
fw = 1 and injection condition A′. The solution is a spreading wave from A′ to a
new point of tangency and an accelerated shock. The state previously immediately
upstream of the shock is now a characteristic within the spreading wave; see Fig-
ure 3.9c. As the shock enters each new increment, additional characteristic(s) split
off from it. Figure 3.10 summarizes the fractional-flow solution on a dimensionless
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Figure 3.7: Schematic of fractional-flow solution for a shear-thinning foam. The dashed lines represent
the shock and the dotted lines represent a characteristic. a) Shock and a characteristic for the first in-
crement in xD , at the wellbore. b) The shock and the characteristic in the second increment. Note that
the shock velocity decreases while the velocity of the characteristic behind it increases with respect to the
first increment. c) The collision between the characteristic and the shock results in a new shock and the
disappearance of the characteristic that had formerly been the shock.

Figure 3.8: Dimensionless time-distance diagram illustrating collision of characteristic and shock in a
shear-thinning foam; cf. Figure 3.7.
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Figure 3.9: Fractional-flow solution for a shear-thickening foam. The dashed line represent the shock and
the dotted line represents a new characteristic. a) A shock forms in the first increment. b) As the shock
enters the next increment, it imposes a new fractional-flow problem in the second increment with initial
condition, I , and with injection condition, A′. c) Solution of the fractional-flow problem in the second
increment including an accelerated shock and a new characteristic.

time-distance diagram. Note that while collisions occur within increments for shear-
thinning foam, additional characteristics are created at the boundaries between in-
crements for shear-thickening foam (Ponners, 2017; Ter Haar, 2018).

We carry out the calculations as follows. We discretize xD into 1000 increments,
spaced so that total superficial velocity increases by 0.7% between consecutive incre-
ments. Thus increments are smaller near the wellbore, where total superficial veloc-
ity changes rapidly. For shear-thinning foam, we calculate velocities for 300 charac-
teristics in the first increment. In each new increment moving outward, we calculate
the intersection point between the shock and the characteristic immediately behind
it. If the intersection is within the increment, we recalculate the new shock velocity
and eliminate the characteristic from that point forward. We then check whether the
next characteristic would then intersect the new shock trajectory within the incre-
ment; if so, we update shock velocity and eliminate the next characteristic, and so
forth.

For shear-thickening foam, we calculate velocities for 300 characteristics in the
outer increment. We carry out calculations moving inward; in essence working from
Figure 3.9c to 3.9a at each new increment moving inward. At each new increment, we
calculate the shock velocity using the tangency condition. Any characteristics with
larger velocities are eliminated. In the example shown below, there are 169 charac-
teristics left at the inner increment, so resolution is good throughout the domain of
interest. For both shear-thinning and shear-thickening cases, results were substan-
tially unchanged whether we started with 200 or 300 characteristics, or whether they
were initially spaced equally in Sw or in fw .

In the end, we have a table of dimensionless times at which each characteristic
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Figure 3.10: Dimensionless time-distance diagram corresponding to a shear-thickening
foam.Dimensionless time-distance diagram corresponding to a shear-thickening foam.

passes the outer boundary of each increment in xD , along with the values of fw and
Sw for that characteristic. From Sw the total mobility corresponding to that charac-
teristic in that increment can be determined.

We compute the pressure difference between the wellbore and the outer radius by
integrating ∇p(r ) between rw and re (Al Ayesh, 2016; Ponners, 2017; Ter Haar, 2018).
We define dimensionless pressure rise at the well PD by dividing by the pressure dif-
ference needed to inject water into a fully liquid-saturated reservoir at the same rate
Q. Assuming a water viscosity of 0.001 Pas,

PD =
Q

2πkh

∫ re
rw

1
λr t (Sw ) dr

Q
2πkhλw

ln
(

re
rw

) =
∫ re

rw

1
λr t (Sw ) dr

1
1000 l n

(
re
rw

) (3.7)

Computing PD requires converting the table of dimensionless times when char-
acteristics and shocks pass boundaries between increments into a table of positions
of characteristics within the various increments at a fixed time. We use linear in-
terpolation to calculate the dimensionless positions of the shock and characteristics
within the increments. Within each increment, between each pair of characteris-
tics, we take the average of the mobilities of the two characteristics to determine the
difference in pressure between the two. Then, the total relative mobility (λr t ) as a
function of xD at a fixed tD can be used to numerically solve the integral in Equation
3.7 by summing up the increments between characteristics. In our final results we
distinguish ∆P f , the pressure difference across the foam bank, from ∆Pw , the pres-
sure difference across the water-saturated region ahead of foam (region I in Figures
3.8 and 3.10). For a Newtonian foam, the pressure difference across the foam bank
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Viscosities
µw = 1×10−3 Pa s µg = 2×10−5 Pa s
Corey-Brooke Relative-Permeability Parameters

Swr = 0.25 Sg r = 0.20
k0

wr = 0.39 k0
g r = 0.59

nw = 2.86 ng = 0.7
Foam Parameters at the outer raidus re

f mdr y = 0.271
f mmob = 47700

epdr y = 400

Table 3.1: Summary of the input parameters used in this study Kapetas et al. (2017).

approaches a constant value soon after injection begins (Boeije and Rossen, 2015b).

3.3. APPLICATION
We apply the methodology described above to a homogeneous cylindrical reservoir
with wellbore and open-outer-boundary radii of 0.1 m and 100 m, respectively. The
superficial velocity varies by a factor of 1000 from the outer radius to the wellbore ra-
dius. Experimental data on the non-Newtonian behavior of foam in the high-quality
regime extend over ranges very much smaller than this (cf. Figure 3.1); thus our re-
sults illustrate the implications if these trends continue over a much-wider range of
velocities. We describe the computer programs used in this study in Appendix E.

The STARS foam model is able to reproduce an abrupt, though not complete,
foam collapse at a water-saturation value f mdr y(S∗

w ) (Cheng et al., 2000; CMG,
2015). However, this version of the dry-out function can underestimate the injectivity
observed in the field during gas injection in a SAG (Rossen et al., 2017). Therefore, in
this study we use the Namdar-Zanganeh modification of this model, which assumes
complete foam collapse at residual water saturation Swr (Namdar Zanganeh et al.,
2014; Rossen et al., 2017). See Appendix A for a description of the foam model used
in this study.

With the exception of f mdr y , all rheological and petrophysical properties are
constant (Table 3.1). As the base case, we use the f mdr y value determined by Kapetas
et al. (2017) for Bentheimer sandstone and apply it to the outer radius (re = 100 m).
At other radial positions, f mdr y is given by Equation 3.6. The experimental data of
Kapetas reflect a very strong foam, with very low mobility.

We apply the power-law exponents reported by Alvarez et al. (2001) (n = 1.34)
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and by Osterloh and Jante (1992) (n = 0.33) to the entire range of velocities. As noted,
these trends were determined experimentally over a much-narrower range of veloc-
ities than assumed here. Our results illustrate the implications if those trends con-
tinue over the entire range of velocities around an injection well.

3.4. RESULTS

3.4.1. SHEAR-THINNING FOAM (N=0.33)
For the shear-thinning case we use the exponent n = 0.33 from the data of Oster-
loh and Jante (1992). Figure 3.11 depicts the resulting dimensionless time-distance
diagram using our methodology. The characteristics accelerate with increasing di-
mensionless distance, while the shock slows down.

Figure 3.12 plots total relative mobility as a function of dimensionless position
for tD = 0.5. As expected, there is an abrupt transition in mobility at the shock. This
drop in mobility offers good mobility control at the leading edge of the foam bank.
Moving back toward the well, mobility increases, which helps gas injectivity. These
advantages are also observed with a Newtonian foam.

Figure 3.13 plots water saturation behind the shock as a function of f mdr y , as
the shock advances from the wellbore to the outer radius. Also plotted is the wa-
ter saturation satisfying the conventional tangency condition for the same values of
f mdr y . At the wellbore, the initial shock is determined by the tangency condition,
but the two deviate as the shock advances. In addition, the mobility at the shock
need not match exactly the power-law function observed for fixed-quality (fixed- fw )
injection in Figure 3.1, used to construct our model parameters (Equation 3.6). The
mobility at fixed fw in the high-quality regime depends primarily on f mdr y , but the
tangency condition in a SAG process is sensitive to other factors as well. Figure 3.14
shows total relative mobility at the shock as a function of dimensionless position.
Also plotted is the mobility that would be computed from the tangency condition at
each position. The mobility at the shock decreases as the shock advances, but not in
exact agreement with the tangency condition.

Figure 3.15 shows total dimensionless pressure rise at the well (PD ) during injec-
tion of the first pore volume of gas for this shear-thinning foam. The magnitude of
pressure rise is very large, which reflects the extremely strong foam found by Kapetas
at al. in their corefloods. We believe the trends here would also be reflected in weaker
foams applied in the field. Total dimensionless pressure increases up to foam break-
through, in contrast to a Newtonian SAG process. For comparison, Figure 3.15 shows
also PD for two Newtonian foams, applying properties at the outer and wellbore radii,
i.e. f mdr y = 0.356 and 0.271, throughout the displacement, The injectivity of the



3.4. RESULTS

3

57

Figure 3.11: Dimensionless time-distance diagram for the shear-thinning foam with a power-law exponent
n = 0.33. Note that some characteristics collide with the shock. For illustration purposes we plot only 50
characteristics.

shear-thinning foam lies between the injectivity corresponding to the two limiting
(Newtonian) cases .

These results illustrate two general trends for gas injection in SAG with shear-
thinning foam: mobility control at the foam front improves as foam advances from
the well, but injectivity declines. The mobility at the shock is consistently less than
that estimated from the tangency condition for the fw (Sw ) function starting at a ra-
dius, r = 0.13 m. Mobility at the shock decreases by about a factor of 0.03, instead of
(1000)−0.77 ≈ 0.01 suggested by the power law.

3.4.2. SHEAR-THICKENING FOAM (N=1.34)
Figure 3.16 presents the dimensionless time-distance diagram for a shear-thickening
foam with power-law exponent of 1.34; this is one of the estimates reported by Al-
varez et al. (2001) based on coreflood data. The characteristics slow down as they
advance, and new characteristics appear at the shock, which accelerates. Figure 3.17
shows total relative mobility at the shock as it advances; in this case it everywhere
satisfies the tangency condition. The increase in mobility at the shock, however, is
much less than suggested by the power-law exponent at fixed fw . Mobility increase
by about a factor of 3.3, instead of (1000)0.34 ≈ 10.5 suggested by the power law. This
discrepancy is explained by the fact that the shock satisfies the tangency condition at
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Figure 3.12: Total relative mobility (λr t ) as a function of dimensionless position (xD ) at a fixed dimension-
less time (tD = 0.5) for a non-Newtonian foam with power-law exponent n equal to 0.33.

Figure 3.13: Water saturation behind the shock plotted as a function of f mdr y , as both change with radial
position, for shear-thinning foam with power-law exponent n equal to 0.33. The blue curve shows the
water saturation behind the shock for the shear-thinning foam and the green curve shows the saturation
for the shock calculated with the tangency condition for a fractional-flow curve at the same dimensionless
position.
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Figure 3.14: Total relative mobility behind the shock (blue curve) as a function of dimensionless position
for a shear-thinning foam with power-law exponent n equal to 0.33. The green curve shows total relative
mobility for the corresponding positions calculated from the tangency condition.

Figure 3.15: Dimensionless pressure rise (PD ) as a function of dimensionless time (tD ) for a shear-thinning
foam with power law exponent n equal to 0.33.
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Figure 3.16: Dimensionless time-distance diagram for a shear-thickening foam with a power-law exponent
(n) of 1.34. For illustration purposes we plot only 50 characteristics.

each increment and therefore no longer carries a unique fw value.

Figure 3.17 plots dimensionless pressure rise at the well (PD ) as a function of di-
mensionless time. The maximum dimensionless pressure occurs near the start of gas
injection, with value of PD approximately equal to 48. As gas injection progresses, the
dimensionless pressure drops to 34.7 before the shock breaks through. Thereafter, it
decreases at an even faster rate. As the dimensionless pressure declines far from the
injection well, the mobility control offered by the foam bank suffers. As in shear-
thinning SAG, the shear-thickening case lies between the two non-Newtonian limit-
ing cases (based on mobility at rw and at re ). However, in contrast to a shear-thinning
foam, the strongest foam, with f mdr y = 0.259, is located in the near-wellbore re-
gion.

We also modeled a shear-thickening foam with n = 1.67, another value reported
by Alvarez et al. (2001). As seen in Figure 3.17, for n = 1.34 f mdr y approaches
Swr near the wellbore. For n = 1.67, and assuming a strong foam at re , f mdr y
approaches so close to Swr near the wellbore that the adjustment of Namdar Zan-
ganeh, which requires foam collapse at Swr , gives shear-thinning behavior very near
the well. Therefore we do not show that case. Details are in Ter Haar (2018).

3.4.3. FINITE-DIFFERENCE SIMULATION

In this chapter we present the evolution of total dimensionless pressure for non-
Newtonian SAG processes during gas injection, calculated using a finite-difference
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Figure 3.17: Total relative mobility at shock as function of dimensionless position for a shear-thickening
foam with power-law exponent n = 1.34.

Figure 3.18: Total dimensionless pressure (PD ) as a function of dimensionless time (tD ) for the Newtonian
foams that apply at the wellbore radius (on the left, f mdr y = 0.259) and at the outer radius (on the right,
f mdr y = 0.271).



3

62
3. FRACTIONAL-FLOW THEORY FOR NON-NEWTONIAN

SURFACTANT-ALTERNATING-GAS FOAM PROCESSES

Figure 3.19: Effect of grid-block resolution on calculated injectivity using finite-difference simulation. In
blue, the dimensionless pressure evolution calculated using 100 grid blocks, for a foam with power-law
exponent n = 1.34. In green, using 500 grid blocks, for the same foam parameters; in red fractional-flow
calculation.

simulator. A description of the discretization scheme used in the simulator is in-
cluded in Appendix B; see also Bos (2017). The input parameters correspond to the
petrophysical and foam parameters listed in Table 3.1.

Figure 3.19 shows total dimensionless pressure calculated using 100 and 500 grid
blocks in radial geometry, linearly spaced in r , for shear-thickening foam with n =
1.34. With 500 grid blocks, the first block extends from the wellbore at 10 cm to
30 cm. The fluctuations in Figure 3.19 reflect the movement of the shock through
consecutive grid blocks (Rossen, 2013). Qualitatively, the behavior resembles the
fractional-flow results: injection pressure increases until foam breaks through. How-
ever, even with this extraordinary grid resolution, the injectivity calculated by the
finite-difference simulator is in significant error.

3.5. CONCLUSIONS
We present a method of solution for initial gas injection in a non-Newtonian SAG
process that includes the interactions between the shock and the characteristics. The
methodology can be applied to both shear-thinning and shear-thickening behavior.

For a shear-thinning foam, we find that mobility control improves as the foam
front propagates from the well, but injectivity declines somewhat with time. How-
ever, the injectivity is still more favorable than for a Newtonian foam with the same
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mobility at the outer radius. In case of a foam with marginal mobility control, there
could be problems with viscous fingering as foam initially advances from the near-
well region. For a shear-thinning foam, the shock does not necessarily satisfy the
conventional tangency condition that applies to Newtonian foam, though it does
continually approach it. In addition, the mobility at the front need not fit the power-
law behavior seen at fixed gas fraction in the laboratory.

For a shear-thickening foam, mobility control deteriorates as the foam front ad-
vances, though injectivity improves somewhat with dimensionless time. However,
injectivity is less favorable than for a Newtonian foam with the same mobility far
from the well. In case of marginal mobility control, the foam could have problems
with viscous fingering far from injection well.

Overall, injectivity is a complex result of changing saturations and varying su-
perficial velocities in the direct vecinity of the well. Conventional simulators cannot
adequately represent these effects, or estimate injectivity accurately, in the absence
of exceptional grid resolution near the injection well.



4
SCALE-UP OF LABORATORY DATA

FOR SINGLE-SLUG

SURFACTANT-ALTERNATING-GAS

FOAM FOR

ENHANCED-OIL-RECOVERY

Foam increases sweep efficiency during gas injection in enhanced oil recovery (EOR)
processes. Surfactant Alternating Gas, or SAG, is the preferred method to inject foam
for both operational and injectivity reasons. Dynamic SAG corefloods are unreliable
for direct scale-up to the field because of core-scale artifacts. In this study we scale-up
local-equilibrium (LE) data measured at very low injected liquid fractions in a Ben-
theimer core for different surfactant concentrations and total superficial velocities.

We fit LE data to an Implicit-Texture foam model for scale-up to a dynamic foam pro-
cess on the field scale using fractional-flow theory. We apply different parameter-fitting
methods (least-squares fit to entire foam-quality scan and the method of Rossen and
Boeije (2015)) and compare their fits to data and predictions for scale-up. We also test
the implications of complete foam collapse at irreducible water saturation for injec-
tivity.

Each set of data predicts a shock front with sufficient mobility control at the leading
edge of the foam bank. Mobility control improves with increasing surfactant concen-
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tration. In every case scaled-up injectivity is much better than with co-injection of
gas and liquid. The results illustrate also how the foam model without the constraint
of foam collapse at irreducible water saturation (Namdar Zanganeh et al., 2014) can
greatly underestimate injectivity for strong foams.

For the first time we examine how the method of fitting the parameters to coreflood
data affects the resulting scale-up to field behaviour. The method of Rossen and Boeije
(2015) does not give a unique parameter fit, but the predicted mobility at the foam
front is roughly the same in all cases. Predicted injectivity does vary somewhat among
the parameter fits, however. Gas injection in a SAG process depends especially on be-
havior at low injected water fraction and whether foam collapses at the irreducible
water saturation, which may not be apparent from a conventional scan of foam mo-
bility as a function of gas fraction in the injected foam. In two of the five of cases exam-
ined this method of fitting the whole scan gives a poor fit for the shock in gas injection
in SAG. We also test the sensitivity of the scale-up to the kr w (Sw ) function assumed in
the fit to data.

4.1. INTRODUCTION
After primary production of oil, gas may be injected into the reservoir. Under ideal
conditions, gas is able to displace virtually all of the remaining oil, as long as the
injected gas contacts the residing oil (Lake et al., 2014). However, geological hetero-
geneity and gravity segregation cause gas to migrate to high-permeability layers and
to the top of the reservoir. Low gas viscosity compounds these effects. Foam is able
to divert flow from high-permeability layers to low-permeability layers (Rossen, 1996;
Schramm, 1994). Foam is able to reduce gravity segregation by reducing gas mobility.
These combined properties increase gas’s sweep efficiency and result in an attractive
enhanced-oil-recovery method.

For operational and sweep-efficiency reasons, the best method of injection of
foam is usually a Surfactant-Alternating-Gas process, or SAG (also called FAWAG)
(Heller, 1994; Matthews, 1989; Shan and Rossen, 2004). During a SAG process foam
is formed away from the injection well, thus offering better injectivity than a co-
injection process (Al Ayesh et al., 2017). Also, SAG is uniquely suited to overcoming
gravity override (Boeije and Rossen, 2015b; Kloet et al., 2009; Velde Harsenhorst et al.,
2014).

Scaling-up laboratory results to the field scale remains a challenge (Rossen and
Boeije, 2015). One approach involves dynamic coreflood experiments, where gas is
injected into a fully surfactant-saturated core. These experiments often do not reach
local equilibrium (LE) during the injection of the first pore volume of gas (Kapetas
et al., 2014). This failure to reach LE on the laboratory scale can greatly distort the
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Figure 4.1: On the left, a fractional-flow curve adapted from Boeije and Rossen (2018). The red dots denote
the initial (I ) and injection (J ) conditions for injection of the first gas slug. On the right, the dimensionless
time-distance diagram for the corresponding gas-injection process. The mobilities of the shock, solid line,
and four of the characteristics, represented as dotted lines, are included.

interpretation of the data in terms of LE foam models. Other effects, such as the en-
trance region and dispersion, could also distort laboratory-scale experiments.

At the field scale, foam models generally assume that local equilibrium applies.
Therefore, steady-state corefloods are a feasible alternative approach to dynamic ex-
periments. According to fractional-flow theory, during gas injection in SAG, the mo-
bility of the foam bank depends on the fractional-flow curve fw (Sw ) at extremely low
liquid fraction fw (Shan and Rossen, 2004; Zhou and Rossen, 1995). In consequence,
some studies have aimed to upscale a gas-injection process during a SAG by focusing
on steady-state experiments in this region of the fw (Sw ) curve (Boeije and Rossen,
2018; Kibodeaux and Rossen, 1997; Xu and Rossen, 2004).

Figure 4.1 depicts a gas-injection process, specifically injection of the first gas
slug into a surfactant-saturated reservoir. The initial, I , and injection, J , conditions
correspond to water saturation Sw = 1 and water fractional flow fw = 0, respec-
tively. Note that the abrupt increase in foam mobility at a distinctive water satura-
tion, S∗

w , imposed by the limiting capillary pressure (Khatib et al., 1988), results in a
steep fractional-flow curve fw (Sw ) near S∗

w Zhou and Rossen (1995). The resulting
fractional-flow curve does not have a path from I to J with monotonically increasing
slope d fw /dSw . Therefore, the portion of the path connecting I to a point of tan-
gency must be replaced by a shock or discontinuity. After the shock a spreading wave
connects the point of tangency and J .



4.1. INTRODUCTION

4

67

The dimensionless time-distance diagram for the injection of the first gas slug in
SAG is illustrated on the right of Figure 4.1. The mobilities of the shock and of the
characteristics continuously increase as one approaches the injection well at dimen-
sionless position xD = 0, at any given dimensionless time, tD . The mobility at the
shock is crucial to maintaining viscous stability during the foam displacement. Only
relatively low mobility behind the shock can provide a stable front.

Another complication in laboratory foam corefloods is the capillary end effect
at the core outlet, where foam generation occurs because of a higher water satura-
tion there (Ransohoff and Radke, 1988). Experimental studies (Apaydin and Kovscek,
2001; Nguyen et al., 2003; Simjoo and Zitha, 2015) have reported an eruption of a
much stronger foam at the core outlet and subsequent, slow upstream propagation
of a stronger foam state. Apaydin and Kovscek (2001) observed this behaviour at rela-
tively high surfactant concentrations. They claim it is initiated by the capillary end ef-
fect, and upstream propagation of the foam front reflects greater gas trapping just up-
stream of the foam. However, the mechanism for this increased trapping is not spec-
ified. Moreover, estimation of gas trapping in coreflood experiments (Nguyen et al.,
2009) is difficult. Thus, there is still no complete explanation for the upstream prop-
agation of this stronger foam state. Nevertheless, the eruption of a much stronger
foam depends on behaviour near the core outlet; its relevance to a foam process in a
homogenous reservoir at the field scale is unclear, and its implications to heteroge-
neous reservoirs are not yet stablished.

Several previous studies have found fractional-flow curves fw (Sw ) that are non-
monotonic in Sw . Figure 4.2 illustrates how in these cases the fractional-flow curve,
fw (Sw ), shifts to higher Sw as fw decreases. Then Sw decreases again upon further
decrease in fw . In fact, about half of the published examples from laboratory LE
studies are not monotonic (Boeije and Rossen, 2018; Kibodeaux and Rossen, 1997;
Wassmuth et al., 2001; Xu and Rossen, 2004). Rossen and Bruining (2007) show that
this behaviour, scaled-up to the field, indicates a shock to complete foam collapse
and therefore failure of mobility control at the leading edge of the foam bank, as il-
lustrated in Figure 4.2.

In this paper we present a variety of data sets that follow the monotonic pat-
tern, as in Figure 4.1. Each data set consists of a foam scan, i.e. foam mobility as
a function of fractional flow, fw . From foam mobility we estimate water saturation
assuming a water relative-permeability function kr w (Sw ). We examine the effects of
surfactant concentration and total superficial velocity on the fractional-flow curve
fw (Sw ). We fit the data to foam-model parameters using the conventional method
of a least-squares fit to the entire foam scan (Eftekhari and Farajzadeh, 2017; Kapetas
et al., 2017) and the method of Rossen and Boeije (2015) for a SAG, which focuses
in fitting the data in the low range of fw . We do the scale-up with the parameters
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Figure 4.2: Shock construction for the injection of the first gas slug in a SAG for a multivalued fractional-
flow curve (Boeije and Rossen, 2018)

determined from the model fits and calculate the mobility at the shock for a hypo-
thetical field application. The method of Rossen and Boeije (2015) does not guar-
antee a unique parameter fit. We present a range of possible reasonable fits to the
data using this method and indicate the corresponding range of differences in the
scale-up. We compare the mobilities at the shock predicted by both fitting methods
and illustrate how the injection strategy impacts the most suitable fitting method.
We test the impact of complete foam collapse at the residual water saturation on the
obtained parameters and on the injectivity by incorporating the Namdar Zanganeh
et al. (2014). Finally, we test the sensitivity of the fit to the kr w (Sw ) function assumed
on the upscaled behavior for one of our experiments.

In Chapter 5 we examine cases where we see non-monotonic behavior, as de-
picted in Figure 4.2. In that chapter we discuss what characterizes those cases and
whether they reflect a laboratory artifact or would scale up to failure in the field. In
this study we do not address liquid injectivity in SAG, except as it may be affected by
foam collapse during injection of gas. Gong et al. (2019b) discuss the effect of gas
injection on subsequent liquid injectivity.

4.2. EXPERIMENTAL APPARATUS
We conducted coreflood experiments in two setups, A and B . Apparatus A, depicted
in Figure 4.3, is able to co-inject gas (N2) and surfactant solution over a range of to-
tal superficial velocities between 0.82 and 16 ft/day. We injected the liquid phase
using a Vindum pump model VP1, which is able to deliver a minimum flow rate ac-
curately as low as 1×10−4 mL/min. To inject the gas phase we used a Bronkhorst gas
mass-flow controller Model F-033CI which, in combination with a Coriolis flow me-
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Figure 4.3: Experimental apparatus A, with controlled temperature. Apparatus B is substantially similar,
with changes noted in the text.

ter, is able to deliver a flow rate between 1.2 and 60 g/h. A glued core is placed into a
PEEK (polyether ether ketone) core holder with a narrow liquid-filled gap in between,
pressurized to the injection pressure. We placed the core holder vertically and we in-
jected the fluids from bottom to top. To help achieve steady-state, in some cases we
used a foam generator upstream of the core inlet: a PEEK three-way-connector with
a built-in micrometric filter. In order to reduce gas expansion along the core, a back-
pressure regulator fixed at either 40 or 80 bar was placed at the outlet of the core.
Seven absolute- pressure transducers and six differential-pressure transducers were
connected using lines filled with liquid, connected to the core, to monitor gas expan-
sion and foam mobility along the core. The setup was placed inside an oven main-
tained at 30◦C . Apparatus B is an adaptation of apparatus A to fit in a CT-scanner
in order to monitor water saturation during corefloods. The core holder was placed
horizontally in the CT-scanner. PEEK lines replaced the metal lines connected to the
core holder to reduce the X-ray attenuation. In both setups we digitally recorded the
pressure and temperature data every 1.7 s using a program coded in Labview.
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4.3. MATERIALS

During the coreflood experiments we co-injected nitrogen and surfactant solution
to generate foam. The nitrogen was supplied by a 200-bar cylinder with a purity of
99.98%. We prepared surfactant solutions that consisted of a synthetic brine pre-
pared with demineralized water, 1.0 wt.% sodium chloride, and anionic AOS surfac-
tant (Stepan BIO-TERGE AS-40). We prepared four formulations with surfactant con-
centrations, CS , of 0.037 wt.%, 0.1 wt.%, 0.5 wt.% and 1.0 wt.%, respectively. To clean
the core between experiments we used a solution of 50 vol.% tap water and 50 vol.%
isopropyl alcohol. The alcohol purity was 99.7%. We used two cylindrical Bentheimer
cores cut from the same outcrop. The length of the cores was 38 cm and diameter 3.8
cm. The measured average permeabilities were 2300 md and 2100 md, respectively.
We measured an average porosity of 0.226 for the second core using the CT-scanner.

4.4. EXPERIMENTAL PROCEDURE

Before each experiment we injected 10 PV of CO2 to displace any gas inside the core.
Next we injected at least 10 PV of brine at elevated pressure (80 bars) to dissolve any
CO2 that remained in the core. Then we measured the liquid permeability of the core.
Finally, we injected 10 PV of surfactant solution to satisfy adsorption.

During each experiment we performed several foam-quality scans. Foam quality
is gas fractional flow, i.e. (1− fw ). A foam scan is a series of steady-state measure-
ments at different values of fw and fixed total superficial velocity, ut . Since our goal
is to upscale a gas-injection process in SAG, we focus on data at low fw . In most
experiments we infer water saturation Sw from measured mobility using an esti-
mated water-relative-permeability function kr w (Sw ) for Bentheimer sandstone, as
discussed below. In one foam scan we monitored Sw using a medical CT-scanner.

At the end of each foam scan we cleaned the core as follows, following a pro-
cedure similar to that used by Eftekhari and Farajzadeh (2017) and Kahrobaei et al.
(2017) on shorter cores. First, we injected 10 PV of a 50/50 water/isopropyl alcohol
solution at elevated pressure (80 bar) to kill foam. Second, we injected 10 PV of water
initially at elevated (80 bar) back-pressure, and we reduced pressure slowly to atmo-
spheric in order to allow the expansion of trapped gas. Third, we injected 10 PV of
CO2 followed by an additional 10 PV of water at atmospheric pressure. Fourth, we
flushed the core again with 20 PV of water while gradually raising the back-pressure
until its value reached 80 bar. Then we gradually reduced pressure to atmospheric.
Fifth, we vacuum-cleaned the core, followed by the injection of at least 10 PV of CO2.
Finally, we performed the preparation procedure described above and verified that
the core had been restored to its initial permeability.
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In our experiments we obtained monotonic fractional-flow curves fw (Sw ) in two
cases. First, we measured steady-state behavior when a second front of a much
stronger foam did not erupt at the core outlet and subsequently propagate upstream.
Second, in cases where such an eruption occurred, we used a foam generator and
measured foam mobility in the core behind the foam front before gas breakthrough
and eruption of the stronger foam state. In these cases we verified that foam behind
the first foam front was at local equilibrium by comparing pressure data from multi-
ple segments along the core. In agreement with Apaydin and Kovscek (2001), we did
not observe this eruption of stronger foam at the outlet in experiments with a rela-
tively low surfactant concentration (0.037 wt.%). To avoid hysteresis, during a foam
scan we varyied foam quality randomly while maintaining a fixed total superficial ve-
locity.

4.5. FOAM MODEL

Foam rheology in porous media can be represented using either “Implicit Texture”
(IT) or “Population Balance” (PB) models. PB models represent foam texture explic-
itly by dynamic simulation of bubble size (Kam et al., 2007; Kovscek et al., 2010). Gas
mobility is then calculated as a function of bubble size. This approach is essential
in cases where a foam-generation process is in question or is the object of study.
IT models represent foam rheology using a mobility-reduction factor (Cheng et al.,
2000). Both models represent local equilibrium in a SAG accurately. However, there
have been only a few attempts to represent SAG processes with a PB model (Kovscek
et al., 1995). Therefore, in this study we chose the STARS foam model (CMG, 2015),
a widely used IT model (see description in Appendix A). This models predicts rela-
tively strong foam even at irreducible water saturation, Swr . However, a strong foam
at irreducible water saturation might not represent long-term foam behavior at the
field scale (Gong et al., 2019b; Rossen et al., 2017). Therefore in this study we also
apply the modification of Namdar Zanganeh et al. (2014) that gives complete foam
collapse at Swr .

During gas injection in a SAG our interest is to describe foam behavior at low fw .
Therefore, we focus on the function(s) that describe foam collapse at low fw : in this
case, the dry-out function in the STARS foam model. However, there are cases where
the data range includes experimental data at higher fw , i.e. in both the low-quality
and high-quality foam regimes (Alvarez et al., 2001). In order to obtain a correct fit at
low fw in these cases one must include functions that describe non-Newtonian be-
haviour in the low-quality regime. The details about these functions are in Appendix
A.
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4.6. MODEL-FITTING

We start by assuming that a single kr w (Sw ) function applies in a given core even in
the presence of foam. Eftekhari and Farajzadeh (2017) found that the effect of foam
on the kr w (Sw ) function for relatively high capillary numbers is not pronounced and
can be ignored. They obtained a single kr w (Sw ) fit for a set of data with measure-
ments of pressure gradient and water saturation, in the absence and in the presence
of foam. We describe the parameters of this kr w (Sw ) function in detail in Appendix
A. They used a Bentheimer core with a permeability of 2410 mD, which is similar to
that measured in our own experiments. They employed two different surfactants and
varied the value of CS for one of these surfactants (AOS). They varied CS in a similar
manner as we do in this study.

We test if this function correctly estimates Sw data measured with the CT scanner
in our own experiments. To that end, we performed a foam scan while measuring wa-
ter saturation using a CT-Scanner. We performed this foam scan at a total superficial
velocity of 4.25 ft/day (1.47×10−5 m/s) with CS = 0.5 wt.%. The blue curves in Figure
4.4 illustrate the fractional-flow data as a function of water saturation fw (Sw ) in two
sections of the core at steady state. In this case, we report the measured water satu-
ration with the CT scanner. The red curves in Figure 4.4 illustrate fw (Sw ) data for the
same foam scan. In this case we inferred water saturation using the kr w (Sw ) function
for a Bentheimer core reported by Eftekhari and Farajzadeh (2017). The green curves
in Figure 4 report fw (Sw ) data where Sw was inferred using the kr w (Sw ) function re-
ported by Kapetas et al. (2017), which was measured only in the absence of foam.
Both kr w functions correctly predict the trend in which Sw increases with decreas-
ing fw seen in the CT data. We discuss the details of the non-monotonic trend in
fw (Sw ) in Chapter 5. From our own data it is clear that the kr w function reported by
Eftekhari and Farajzadeh (2017) better reflects the water saturations measured with
the CT scanner in our own experiments. Moreover, since the function was measured
by Eftekhari and Farajzadeh (2017) over a wide range of surfactant concentrations CS

we assume it is suitable for analysing our foam scans performed at different values of
CS . Eftekhari and Farajzadeh (2017) also obtained separate fits for individual kr w (Sw )
functions at a single values of CS for relatively low capillary numbers. For the sake of
simplicity, in this study, we analyse our experimental data using a single kr w (Sw )
function, the one that is fitted over a wide range of surfactant concentrations. Never-
theless, for our sensitivity analysis, as we explain below, we use the kr w (Sw ) function
reported by Kapetas et al. (2017). We include the parameters of this function also in
Appendix A.

We fit the fw (Sw ) data using two methods. The first method (Eftekhari and Fara-
jzadeh, 2017; Kapetas et al., 2017) is a least-squares optimization routine which fits
the model parameters to apparent viscosity over a wide scan of foam qualities. This
method assigns equal weight to all the experimental points in a foam scan, including
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Figure 4.4: Fractional-flow function fw (Sw ) for a foam scan performed at a total superficial velocity of
4.21 ft/day (1.48 × 10−5 m/s) with CS = 0.5 wt.%. In the blue curves, Sw was measured directly using
a CT scanner. In the red curves, Sw is inferred using the kr w (Sw ) function presented by Eftekhari and
Farajzadeh (2017). In the green curves, Sw is inferred using the kr w (Sw ) function reported by Kapetas
et al. (2017) with no foam present.

those in the low-quality regime. The second method focuses on experimental data
in the high-quality regime (Rossen and Boeije, 2015), specifically near the point of
tangency (cf. Figure 4.1). This method involves visual comparison of the data and
the model fit. Therefore, the obtained parameters might not be unique. We illustrate
the sensitivity to how this fit is done by making three different fits to the mobility
data of one of the foam scans using the criteria of three different people. We describe
the parameters used in both methods in Appendix A. With the model parameters ob-
tained we scale up to a hypothetical field application. We describe the calculations
in Appendix C. The parameter corresponding to the water saturation at which foam
abruptly weakens, S∗

w , or f mdr y in the STARS foam model, is fixed in all our fits in
which we used the method of Rossen and Boeije (2015). In addition, we fit the fw (Sw )
data using a least-squares fit to the entire foam scan (Eftekhari and Farajzadeh, 2017;
Kapetas et al., 2017), using a first guess based on the method of Boeije and Rossen
(2015a). Therefore, for each foam scan, we obtain four parameter sets, where two
were obtained with the method of Rossen and Boeije (2015) for a SAG and two using
the fit to the entire foam scan (Eftekhari and Farajzadeh, 2017; Kapetas et al., 2017).
Finally, we perform the fits again using the correction of Namdar Zanganeh et al.
(2014), here denoted as NZ. This modification gives complete foam collapse at Swr ,
which is expected if foam stability depends on capillary pressure (Khatib et al., 1988).
We show the sensitivity of the up-scaled injectivity and mobility control at the shock
at the field scale to the method of fitting the parameters and in the presence and in
the absence of the correction of NZ.
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Sometimes a suitable kr w (Sw ) function is not available in the literature for a par-
ticular core sample. Therefore we illustrate the sensitivity of predicted field perfor-
mance to the liquid-relative-permeability function, kr w (Sw ), and the gas-relative-
permeability function, kr g (Sw ), by doing again the model fit using the functions re-
ported by Kapetas et al. (2017). Then, we compare the mobility at the shock and
injectivity predicted by these new parameter sets against our previous results.

4.7. RESULTS
As mentioned above, for a relatively low CS (0.037 wt.%) there was no eruption of
stronger foam at the core outlet, and we use steady-state data. For greater con-
centrations (0.1, 0.5 and 1.0 wt.%) we employed a foam generator. In these cases,
where a stronger foam erupts at the core outlet at foam breakthrough, we report
local-equilibrium mobility in the foam bank before foam breakthrough. Appendix
D shows examples with evidence that foam is at local equilibrium in both cases. In
all the experiments in the high-quality regime reported here, we found consistently
uniform pressure gradient in the intermediate sections of the core (excluding the en-
trance and exit regions), in spite of increasing gas superficial velocity downstream
due to modest effects of gas expansion. This is expected for foam in the high-quality
regime (Alvarez et al., 2001).

Figure 4.5 shows the experimental data corresponding to the five foam scans per-
formed in this study. This figure shows apparent foam viscosity, µapp , as function of
foam quality, fg = (1− fw ). We define apparent viscosity as µapp = k∆P/(Lut ), where
k and L denote rock permeability and the length of the core section used and ∆P is
the pressure difference across that section, respectively. Figure 4.5 also shows the
model fit to the whole foam scan using the least-squares approach used by Eftekhari
and Farajzadeh (2017) and Kapetas et al. (2017).

Figure 4.6 illustrates the experimental data around the point of tangency for each
of the five foam scans performed in this study. We plot the fw (Sw ) data in the colour
of the corresponding foam scan in Figure 4.5. In all of these plots, we inferred Sw

using the foam-scan data in combination with the kr w (Sw ) function reported by
Eftekhari and Farajzadeh (2017); see Appendix A for a complete description of the
kr w (Sw ) functions used in this study. On the left of Figure 4.6, we plot the fw (Sw )
curves corresponding to the parameters obtained with the least-squares optimiza-
tion of the whole foam scan. On the right, we plot the fw (Sw ) curves corresponding
to the parameters obtained using the method of Rossen and Boeije (2015) for a SAG.
The complete set of parameters obtained with the least-squares optimization and
the method of Rossen and Boeije (2015) are summarized in Table 4.1 and Table 4.2,
respectively. We provide a complete description of the foam parameters used in this
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Figure 4.5: Experimental data for the five foam scans performed in this study. The black dots denote the
experimental data for the foam scan performed with ut = 2.94×10−6 m/s and CS = 0.037 wt.%; the red
dots data for ut = 7.35× 10−6 m/s and CS = 0.037 wt.%; the pink dots data with ut = 1.47× 10−5 m/s
and CS = 0.1 wt.%; the blue dots data with ut = 1.47×10−5 m/s and CS = 0.5 wt.%; the yellow dots with
ut = 7.35x10−6 m/s and CS = 1.0 wt.% AOS. The dashed lines denote the model fit to the whole foam scan
in each case.
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study in Appendix A. The shocks for a gas-injection process are represented in Figure
4.6 by solid black lines. The mobilities just behind these shocks in [Pa s]−1 predicted
by the corresponding model fit are listed in Table 4.1 and Table 4.2. We calculate
these mobilities using the equation λr t = kr w (Sw )/( fwµw ), where µw denotes the
water viscosity, here equal to 1.0 m Pa s. This viscosity corresponds to a mobility of
λw = 1.0× 103 [Pa s]−1. Every set of data predicts excellent mobility control at the
leading edge of the foam bank.

We calculate the inverse of injectivity using a dimensionless pressure, PD , which
measures how the scaled-up pressure at the injection well compares to that expected
when injecting water into the same reservoir at the same volumetric rate. For in-
stance, this means that a PD = 5 for foam injection corresponds to five times the rise
in pressure at the wellbore when injecting water into the reservoir at the same volu-
metric injection rate. For this upscaling, we assume a cylindrical and homogenous
reservoir; we explain our approach in detail in Appendix C. For the strong foams re-
ported here the dimensionless pressure rises abruptly at the very beginning of gas
injection and stays nearly constant until foam breaks through, as illustrated in Fig-
ure C.1 (cf. Boeije and Rossen (2015b)). Therefore, we report in Table 4.1 and Table
reft.4.2 the maximum dimensionless pressure (here denoted as M axPD ) during a
gas-injection process.

In this study, we focus on capturing correctly the point of tangency for all of our
experiments. Although the model fits use different methodologies and obtain differ-
ent sets of parameters, both give nearly the same mobility at the shock and injectivity
for experiments 1, 2 and 3, as we summarize in Table 4.1 and Table 4.2. However, we
found that the least-squares model fit to the whole foam scan for experiments 4 and
5 fails to capture the trend followed by the experimental points near the point of tan-
gency. For example, in Figure 4.6e the model fit deviates from the trend of the data
below fw = 0.005. This failure produces an underestimation of the mobility con-
trol behind the shock front: the least-squares fit to the whole quality scan predicts a
mobility of 15.25 [Pa s]−1 behind the shock, while the method of Rossen and Boeije
(2015), based on closer fit to data in this range, gives an estimate of 5.36 [Pa s]−1. In
this case the method of Rossen and Boeije (2015) for a SAG gives a better estimation
of the mobility behind the shock. However, the method of Rossen and Boeije (2015)
does not always give a good fit at lower foam qualities (greater fw ), as is evident at
the top part of Figure 4.6c’.

We next test the sensitivity of the resulting foam parameters to the modification
of Namdar Zanganeh et al. (2014) (NZ). For the model fit to the whole foam scan, the
NZ modification does not affect the parameters obtained, as we summarize in Ta-
ble 4.1. For the model fit using the method of Rossen and Boeije (2015) for a SAG,
the parameters f mmob and/or epdr y do differ when using the NZ correction, as
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Figure 4.6: Experimental data around the point of tangency corresponding to the foam scans presented in
Figure 4.5. On the left, fw (Sw ) curves predicted by the model fit performed using the whole foam scan.
On the right, fw (Sw ) curves obtained using the method of Rossen and Boeije (2015) for a SAG (middle
estimate; see sensitivity analysis below). The solid lines correspond to the predicted shocks during a gas-
injection process.
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Foam Parameters Optimized to the Entire Foam Scan (EFS)

Experiment 1 2 3 4 5
CS [w t .%] 0.037 0.037 0.1 0.5 1.0
ut [m/s] 2.94×10−6 7.35×10−6 1.47×10−5 1.47×10−5 7.35×10−6

ut [ft./day] 0.83 2.12 4.25 4.25 2.12
STARS Foam Model

kr w (Sw ) Eftekhari and Farajzadeh (2017)
f mdr y 0.202 0.214 0.234 0.175 0.161
f mmob 2.98×105 9.33×105 9.47×108 5.47×106 8.71×104

epdr y 812 2294 1766 1654 3446
f mcap 5.00×10−6 2.00×10−5 1.00×10−5 5.00×10−5 1.00×10−5

epcap 0.09 1.00 3.00 4.26 0
f mmobS AG 2.67×105 5.93×105 1.23×106 2.23×105 8.71×104

M axPD 44.1 32.8 63.0 30.8 13.1
λr t [Pa s]−1 6.6 8.7 6.0 7.2 13.0

NZ Correction
kr w (Sw ) Eftekhari and Farajzadeh (2017)
f mdr y −N Z 0.202 0.214 0.234 0.175 0.161
f mmob −N Z 2.98×105 9.33×105 9.47×108 5.47×106 8.71×104

epdr y −N Z 812 2294 1766 1654 3449
f mcap −N Z 5.00×10−6 2.00×10−5 1.00×10−5 5.00×10−5 1.00×10−5

epcap −N Z 0.09 1.00 3.00 4.26 0
f mmobS AG −N Z 2.67×105 5.93×105 1.23×106 2.23×105 8.71×104

M axPD 22.9 17.3 25.3 20.3 10.9
λr t [Pa s]−1 7.6 10.0 7.6 7.8 13.5

Table 4.1: Foam parameters obtained by the least-squares routine used by Eftekhari and Farajzadeh (2017)
and by Kapetas et al. (2017) . We include the predicted total relative mobility, λr t , behind the shock front
in [Pa s]−1 and the maximum dimensionless pressure, PD , reached during gas injection
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Foam Parameters Optimized to the Point of Tangency (R&B)

Experiment 1 2 3 4 5
CS [w t .%] 0.037 0.037 0.1 0.5 1.0
ut [m/s] 2.94×10−6 7.35×10−6 1.47×10−5 1.47×10−5 7.35×10−6

ut [ft./day] 0.83 2.12 4.25 4.25 2.12
STARS Foam Model

kr w (Sw ) Eftekhari and Farajzadeh (2017)
f mdr y 0.204 0.22 0.25 0.18 0.167
f mmob 5.00×105 5.00×105 4.00×105 2.5×104 6.5×104

epdr y 1300 1600 600 75 300
M axPD 49.0 36.1 54.5 55.5 47.9
λr t [Pa s]−1 6.2 8.4 7.2 4.8 4.9

NZ Correction
kr w (Sw ) Eftekhari and Farajzadeh (2017)
f mdr y −N Z 0.204 0.22 0.25 0.18 0.167
f mmob −N Z 5.00×105 4.00×105 4.00×105 2.5×104 6.5×104

epdr y −N Z 1000 1100 480 50 220
M axPD 28.6 19.7 24.3 38.0 35.7
λr t [Pa s]−1 6.3 9.1 8.2 4.6 4.6

Table 4.2: Foam parameters resulting from yhe method of Rossen and Boeije (2015) for SAG . We include
the predicted total relative mobility, λr t , behind the shock front in [Pa s]−1 and the maximum dimension-
less pressure, PD , reached during gas injection
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Figure 4.7: Four model fits for the data of Experiment 5. We performed two model fits using the method of
Rossen and Boeije (2015) for a SAG; one without the NZ correction (here label as R&B STARS) and one with
the NZ correction (here labelled R&B NZ). We performed the other two model fits using the method of
Eftekhari and Farajzadeh (2017) to the entire foam scan; with and without the NZ correction, here labelled
EFS STARS and EFS NZ, respectively. On the bottom, we present an expanded view near the tangency
point.
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Figure 4.8: Model fits from the sensitivity test of the method of Rossen and Boeije (2015) using different
criterion. See description in the text.

we present in Table 4.2. Ideally, this variation is not expected because the correction
was designed to affect foam mobility at a single water saturation, specifically at Swr .
The resulting total relative mobilities, λr t , however, are practically the same, as we
present in Table 4.2 and illustrate in Figure 4.7. In addition, the consistent reduction
of the maximum dimensionless pressure, M axPD , in the presence of the NZ correc-
tion, as depicted in Table 4.1 and Table 4.2, illustrates the improvement in injectivity
if foam collapses completely at Swr .

We also test the variability in the resulting parameters for the method of Rossen
and Boeije (2015) for a SAG, which relies on visual inspection. To that end, we per-
form a second fit and a third fit for the data of Experiment 4. In our first fit, presented
in Table 4.2, we imagine a criterion (criterion 1) that focuses on obtaining a best mid-
dle estimate for all the experimental data. In the second fit, a criterion 2 that focuses
on fitting data at relatively high fw but accepts a poor fit around the point of tangency
at fw = 0.01 and 0.005. Finally, a criterion 3 focuses on fitting the tangency condition
as closely as possible, but disregards data at fw well above the point of tangency. We
present the resulting fits in Figure 4.8 and we summarize the foam parameters and
the up-scaled values in Table 4.3 . On one hand, the criterion 2 does not capture the
point of tangency well and the upscaling underestimates mobility control at the lead-
ing edge of the foam bank. Criteria 1 and 3 give similar estimates for mobility control
at the leading edge and injectivity.

In the absence of liquid-saturation data, we could have used a different kr w (Sw )
function available in the literature. Therefore, we also test the role of the choice of
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Figure 4.9: Two fits using different kr w (Sw ) functions for the data of Experiment 4 using the method of
Rossen and Boeije (2015). We summarize the resulting foam parameters in Table 4.4.

Fitting Criterion 1 2 3
Experiment 4 4 4

STARS Foam Model
kr w (Sw ) Eftekhari and Farajzadeh (2017)
f mdr y 0.18 0.18 0.18
f mmob 2.5×104 1×105 1.4×104

epdr y 75 700 40
M axPD 55.5 29.9 56.2
λr t [Pa s]−1 4.8 7.6 4.9

Table 4.3: Foam parameters resulting from the sensitivity test performed on Experimen 4 for the method of
Rossen and Boeije (2015) for SAG . We include the predicted total relative mobility, λr t , behind the shock
front in [Pa s]−1 and the maximum dimensionless pressure, PD , reached during gas injection
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Fitting Criterion 1 1
Experiment 4 4

STARS Foam Model
kr w (Sw ) Eftekhari and Farajzadeh (2017) Kapetas et al. (2017)
f mdr y 0.18 0.285
f mmob 2.5×104 4×104

epdr y 75 280
M axPD 55.5 55.5
λr t [Pa s]−1 4.8 7.3

Table 4.4: Foam parameters fit using the method of Rossen and Boeije (2015). We use two different
kr w (Sw ) functions. We include the maximum dimensionless pressure, M axPD , and the total relative
mobility, λr t , behind the shock front during gas injection in [Pa s]−1

a particular kr w (Sw ) function on the predicted λr t behind the shock and in the in-
jectivity during gas injection. This is important because sometimes a directly veri-
fied kr w (Sw ) is not available for a particular porous medium. We start our analysis
considering the kr w (Sw ) parameters published by Kapetas et al. (2017); we present
a complete description of this function in Appendix A. This function was not able
to reproduce the water-saturation measurements from our CT scans, as illustrated
in Figure 4.4. Nevertheless, for illustration purposes we use the function to calcu-
late the corresponding water saturations for each experimental point. Thereafter, we
carry out the model fit using the method of Rossen and Boeije (2015). Figure 4.9 illus-
trates the model fit and Table 4.4 summarizes the parameters obtained, together with
M axPD and λr t . The mobility behind the shock increases to 7.31 [Pa s]−1, while the
calculated injectivity remains practically the same. Although the water saturations
are very different (Figure 4.4), this function can be used to obtain a reasonable esti-
mate for injectivity, and the mobility at the shock is not very different from that with
the other kr w (Sw ) function. This could be explained by the fact that we use the same
pressure data from the foam scan of Experiment 4 to infer both curves. This could of
course fail if the kr w (Sw ) function completely failed to represent true behavior.

4.8. DISCUSSION AND CONCLUSIONS
For gas injection in a SAG application the most suitable fitting method is the method
of Rossen and Boeije (2015). The method is able to estimate the tangency conditions
in all of our experiments. The method of Eftekhari and Farajzadeh (2017) to the en-
tire foam scan may produce a poor estimation of mobility control at the shock. The
method of Rossen and Boeije can give a poorer fit at higher values of fw that apply
where gas and liquid slugs mix away from the well, however.

The method of Rossen and Boeije (2015) might seem limited by relying on visual
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inspection and by the criteria used by the person performing the fit. However, for
the cases examined here the impact of these factors is modest given the uncertainty
in other factors. For instance, in the worst-case scenario of our sensitivity analysis
the difference between our best and worst estimates for mobility control is 2.8 [Pa
s]−1 (about a 50% difference in mobility), which is not significantly bigger than the
difference of 2.5 [Pa s]−1 arising from an incorrect selection of the liquid-relative per-
meability function.

We also find that injectivity can be estimated reasonably well using a different
liquid-relative-permeability function. This could of course fail if the kr w (Sw ) func-
tion completely failed to represent true behavior.

If foam collapses at Swr , the Namdar Zaganeh correction is key in better repro-
ducing the injectivity observed at the field scale. For the fits presented here the cor-
rection slightly affects the fit to data in the range measured. Therefore, the optimized
foam parameters change slightly. The predicted mobility control at the leading edge
of the foam bank with and without the correction are nearly the same.

None of the two methods is able in all of our experiments to capture the trends
of the experimental points in both the low-quality and in the high-quality regimes
using the same list of parameters or fit. We suggest to keep this compromise in mind
when performing a model fit using any of the methods discussed here.

Our limited data suggest that increasing the surfactant concentration improves
mobility control. Also, it suggests that the effect of total superficial velocity is limited.
In other words, for the two velocities studied here at the same surfactant concentra-
tion the corresponding foams behave to a good agreement with a Newtonian rheol-
ogy in the high-quality regime.



5
COREFLOOD STUDY OF

NON-MONOTONIC BEHAVIOR

WITH FOAM:
IMPLICATIONS FOR

SURFACTANT-ALTERNATING-GAS

FOAM EOR

Foam is able to increase gas’s sweep efficiency in Enhanced-Oil-Recovery applications.
A surfactant-alternating-gas, or SAG, process is usually preferred for placing foam in
the reservoir. During a SAG process, foam is generated away from the wellbore, offering
both good injectivity and good mobility control at the leading edge of the foam bank.

Scale-up of laboratory data for SAG to field applications remains a challenge. Direct
scale-up of dynamic SAG coreflood results is unreliable because of the dominance of
core-scale artifacts. Steady-state coreflood data can be scaled up using fractional-flow
theory (Boeije and Rossen, 2018; Kibodeaux and Rossen, 1997; Xu and Rossen, 2004).
However, about half the published laboratory studies of foam fractional-flow curves
report non-monotonic behavior, where at some point liquid saturation Sw increases
with decreasing liquid fractional flow fw . Rossen and Bruining (2007) warn that such
behavior would result in foam collapse during injection of the gas slug in a SAG pro-
cess at the field scale. Here we report and analyse a series of steady-state and dynamic
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coreflood experiments to investigate the occurrence of non-monotonic fractional-flow
behavior. These corefloods vary surfactant concentration, injected gas fraction (foam
quality) and total superficial velocity and are supported by CT measurements. The CT
data confirm that in these cases, as foam weakens with decreasing fw , liquid satura-
tion increases, confirming the non-monotonic fw (Sw ) behaviour.

In our results, every case of non-monotonic fractional-flow behavior begins with prop-
agation of foam from the inlet, followed by eruption of a much-stronger foam at the
outlet of the core and backwards propagation of the stronger foam state to the inlet,
similar to behavior reported by Apaydin and Kovscek (2001) and Simjoo and Zitha
(2015). This suggests that there may be more than one stable local-equilibrium (LE)
foam state. The initial creation of the stronger foam near the outlet is at least in part
due to the capillary end effect. It is thus not clear which LE foam state controls be-
haviour of a SAG process in the field. There is the possibility that the stronger foam
state may continue to depend on the end effect at later times. This issue requires fur-
ther investigation.

In our results, the subsequent transition from a stronger- to a weaker-foam state, lead-
ing to non-monotonic fw (Sw ) behavior, coincides with conditions for weaker foam
(lower surfactant concentration, lower fw ) and less-vigorous foam generation (lower
superficial velocity); this agrees with the theory of foam propagation of Ashoori et al.
(2012). We discuss the implications of these findings, if confirmed to apply generally,
for design of SAG foam processes.

5.1. INTRODUCTION
Foam can improve sweep efficiency in gas-injection enhanced-oil-recovery (EOR)
processes (Rossen, 1996; Schramm, 1994). Surfactant-alternating-gas (SAG) injec-
tion is the preferred method of placing foam in the reservoir, both for operational
and injectivity reasons (Heller, 1994; Matthews, 1989).

Scale-up of laboratory SAG coreflood data is challenging, because foam may not
reach local equilibrium rapidly enough at core-scale dimensions, i.e., lengths and
time, to scale-up behaviour directly to the field (Kapetas et al., 2014).

Assuming that local equilibrium applies on the field scale, it is possible to scale-
up steady-state laboratory coreflood data to field scale using fractional-flow theory
(Boeije and Rossen, 2018; Shan and Rossen, 2004; Zhou and Rossen, 1994). Fractional-
flow theory teaches that upon injection of a gas slug in SAG there is a shock to a
condition of very low water fractional flow fw . Thus behaviour at low fw is crucial
to foam performance. Figure 5.1 shows schematically the solution for the displace-
ment as the first gas slug is injected into a reservoir saturated with surfactant solution
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Figure 5.1: Construction of displacement by the first gas slug in a SAG process on fractional-flow curve:
monotonic fw (Sw ) function. Modified from Boeije and Rossen (2018)

on a diagram of fw plotted as a function of water saturation Sw . J represents the in-
jected fluid ( fw = 0) and I the initial state (Sw = 1). For simplicity we assume here that
there is no mobile oil in the near-well region where the displacement takes place. All
saturations in the displacement lie at fractional-flow values below the point of tan-
gency representing the shock. Each saturation propagates with dimensionless veloc-
ity equal to the slope (d fw /dSw ) of the fractional-flow function at that saturation.
The monotonic decrease in this slope and as fw decreases represents the gradual
transition between the low-mobility shock and dry conditions, with very high mobil-
ity, at the well. This high mobility helps injectivity (Al Ayesh et al., 2017). Fingering of
drier, higher-mobility gas through the lower-mobility gas ahead of it within the foam
bank can complicate behaviour (Farajzadeh et al., 2016; van der Meer et al., 2018);
this issue is outside the scope of this thesis. The mobility at the shock (point of tan-
gency in Fig. 5.1) is crucial. If mobility control is not maintained across the shock
(between the point of tangency and I ), viscous instability results and, in addition
gravity, segregation of gas worsens.

Measuring steady-state mobilities at such low values of fw is challenging. In ad-
dition, about half of the studies of the fw (Sw ) function for foam processes find, not
a monotonic decrease in Sw as fw decreases, as in Fig. 5.1, but an increase in Sw

over some range of fw , and then a reversion to decreasing Sw , as illustrated in Fig.
5.2. Rossen and Bruining (2007) show that this behaviour then predicts a shock to
fully collapsed foam on the bottom branch of the fw (Sw ) curve, as shown in Fig. 5.2.
Mobility control would in such a process would be much less favourable than in a
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Figure 5.2: Non-monotonic fw (Sw ) function and construction of displacement by the first gas slug in a
SAG process. From Boeije and Rossen (2018)

.

process like that in Fig. 5.1.

In this chapter we report on the case with non-monotonic behaviour. In this
study, in every case where non-monotonic behaviour was observed, that behaviour
started with a laboratory artefact related to the capillary-end effect. In addition, the
weakening of foam (increase in Sw and large increase in mobility) with decreasing fw

correlates with factors related either to reduced foam generation or reduced lamella
stability. This suggests that the transition to weaker foam can be related either to a
failure of foam generation or reduced foam stability. As seen in other studies (Ashoori
et al., 2012; Yu et al., 2019a,b), transitions to weaker or stronger foam states depend
on factors related to both foam generation and foam stability. We discuss the impli-
cations of these results for scale-up and design of SAG processes to field application.

5.2. EXPERIMENTAL PROCEDURE

We use the experimental apparatus described Section 4.2 and the materials pre-
sented in Section 4.3. Below we describe our experimental procedure. The experi-
mental procedure is different from the experimental procedure described in Section
4.4 but some steps are repeated.

At the start of each experiment we injected 10 pore volumes (PV) of CO2 to dis-
place any gas inside the core. Next, we injected at least 10 PV of brine at elevated
pressure (80 bars) to dissolve any CO2 that remained in the core. Then, we measured
the liquid permeability of the core. Finally, we injected 10 PV of surfactant solution
to satisfy adsorption.
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During each experiment we performed one or more foam-quality scans. Foam
quality is gas fractional flow, i.e. (1− fw ). A foam scan is a series of steady-state mea-
surements at different fw and fixed total superficial velocity, ut . Since our goal is to
upscale a gas-injection process in SAG, we focus on data at low fw . In order to assure
that our results are independent of the initial state of the core, we performed steady-
state measurements alternating between high and low foam qualities. Between ex-
periments we injected at least 10 PV of gas.

As in some other experimental studies (Apaydin and Kovscek, 2001; Simjoo and
Zitha, 2015), we observed the eruption of a much stronger foam at the end of the
core and subsequent slow upstream propagation of the stronger foam state. In this
paper we report the data after gas breakthrough and allowed for sufficient time for
the stronger foam state to propagate through the core. In such cases we report the
data from sections 4 and 5 after the entire core has settled into steady-state.

In most experiments we inferred water saturation, Sw , from measured mobil-
ity using a estimated water relative-permeability function kr w (Sw ) for Bentheimer
sandstone (Eftekhari and Farajzadeh, 2017; Kapetas et al., 2017). In one foam scan
we monitored Sw using a medical CT scanner. We scanned the core horizontally in
slices of 0.2 mm. Details of this procedure can be found, for example, in Eftekhari
and Farajzadeh (2017). From the CT response, we calculated the liquid saturation in
each voxel and from that the average in various cross-sections.

At the end of each experiment we cleaned the core as follows, following a pro-
cedure similar to that used by Eftekhari and Farajzadeh (2017) and Kahrobaei et al.
(2017) on shorter cores. First, we injected 10 PV of a 50/50 water/isopropyl alcohol
solution at elevated pressure (80 bar) to kill foam. Second, we injected 10 PV of water
initially at elevated (80 bar) back-pressure, and we reduced pressure slowly to atmo-
spheric in order to allow the expansion of trapped gas. Third, we injected 10 PV of
CO2 followed by an additional 10 PV of water at atmospheric pressure. Fourth, we
flushed the core again with 20 PV of water while gradually raising the back-pressure
until its value reached 80 bar. Then we gradually reduced pressure to atmospheric.
Fifth, we vacuum-cleaned the core, followed by the injection of at least 10 PV of CO2.
Finally, we performed the preparation procedure described above and verified that
the core had been restored to its initial permeability.

5.3. RESULTS
In this paper, we analyze steady-state data collected after the eruption of stronger
foam at the core outlet and the subsequent propagation of this stronger foam state
upstream of the core. The plot on the left of Figure 5.3 depicts the propagation of
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Figure 5.3: Sectional differential pressures in bars in foam coreflood as function of pore volumes injected.
Since all sections have the same length, these values are directly proportional to pressure gradient in each
section. On the left, before foam breakthrough. On the right, steady-state pressure difference long after
foam breakthrough. The nominal foam quality and total superficial velocity and the surfactant concen-
tration of this experiment are 95%, 4.25 ft/day and 0.5 wt%, respectively.

pre-generated foam downstream through the core, during a foam scan. The nomi-
nal foam quality (at back-pressure), nominal total superficial velocity and surfactant
concentration are 95%, 4.25 ft/day and 0.5 wt%, respectively. This foam propagates
with nearly uniform pressure gradient ∇p in all sections except the entrance and exit
sections. At steady state, foam quality and total superficial velocity varies with gas
expansion in the core, but liquid superficial velocity is uniform. At high foam quality,
∇p depends on liquid superficial velocity (Alvarez et al., 2001); thus ∇p in this ad-
vancing foam bank agrees with expected local-equilibrium behaviour.

As soon as the flowing foam breaks through to the outlet face of the core at about
1 PV injection, the eruption of a stronger foam starts at the core outlet and propa-
gates upstream; this has just begun in Fig. 5.3, left. After a longer period of time, the
system attains steady-state, illustrated in Figure 5.3, right. The foam present after
breakthrough is considerably less mobile than the foam before foam breakthrough.
Also, ∇p is different in all sections in this final configuration: it increases along the
core. This behaviour would not be expected in the high-quality regime.

In contrast, we did not observe the eruption of stronger foam in a similar ex-
periment under the same experimental conditions but with a higher foam quality
(98%). Foam mobility before and after foam breakthrough were practically the same.
Steady-state foam is considerably weaker in this case, as depicted in Figure 5.4.

A foam scan focused on the high-quality regime performed at a total superficial
velocity of 4.25 ft/day (1.47×10−5 m/s) with CS = 0.5 wt% is summarized in Figure
5.5. The mobilities measured during the foam scan reveal that foam weakened in an
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Figure 5.4: Sectional differential pressures in bars as function of pore volumes injected. The nominal
foam quality and total superficial velocity and the surfactant concentration of this experiment are 98%,
4.25 ft/day and 0.5 wt%, respectively. Breakthrough has no effect on the mobility of foam upstream of the
core.

Figure 5.5: Fractional-flow function fw (Sw ) for a foam scan performed at a total superficial velocity of
4.25 ft/day (1.48×10−5 m/s) with CS = 0.5 wt.%. The blue curves show Sw as measured directly using a
CT scanner. The red curves show Sw as inferred using the kr w (Sw ) function reported by Eftekhari and
Farajzadeh (2017). The green curves show Sw as inferred using the kr w (Sw ) function reported by Kapetas
et al. (2017) based on data with no foam present.
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unexpected manner as fw decreased. During this foam scan, we used a CT scanner
to monitor water saturation Sw . Our Sw measurements confirm that Sw indeed in-
creased at some point as fw decreased. This trend can be deduced from pressure-
gradient data even using an approximate kr w (Sw ) function. The green curves in
Figure 5.5 show Sw calculated from ∇p in two sections using the kr w (Sw ) function
measured by Kapetas et al. (2017) at low capillary number in the absence of foam.
The estimated values of Sw are consistently greater than those measured with the CT
scanner, but the trend of Sw with decreasing fw is consistent with the CT data. The
larger absolute values of Sw reflects the large value of irreducible water saturation
Swr that Kapetas et al. inferred from their fit of data in the absence of foam. Using
the kr w (Sw ) function measured by Eftekhari and Farajzadeh (2017) in the presence of
foam (red curve in Figure 5.5) gives a better fit. Though not a quantitatively accurate
fit to the CT results, it also fits the trend in the data. Thus, either of this two functions
could have been be used to deduce the non-monotonic trend of Sw upon decreasing
fw from ∇p data.

Our experiments suggest that the non-monontonic fw (Sw ) behaviour is due to
the eruption of stronger foam state at the core outlet. This eruption has been re-
ported by others, especially at relatively high surfactant concentration (Apaydin and
Kovscek, 2001; Simjoo and Zitha, 2015). In our results, the stronger foam does not
appear in displacements at higher foam qualities. Figure 5.6 illustrates this effect. At
the start of the experiment, foam is at steady state with a foam quality of 99%. Liq-
uid saturation is uniform along the core except at the inlet and outlet sections. After
foam quality is reduced to 96%, holding the same total superficial velocity, a stronger
foam forms near the core outlet and slowly propagates upstream, as illustrated in the
Sw profiles at 4.3 and 6.1 pore volumes injected. Finally, steady state is achieved after
35 pore volumes injected. Sw in the final steady-state foam, with fg = 96%, is lower
than the initial Sw of the steady-state foam with fg = 99%, especially near the outlet
of the core, reflecting the stronger foam state.

In every non-monotonic case, with different Cs and ut , there had been an erup-
tion of stronger foam at the core outlet at mid ranges of fw but not at the driest con-
ditions. In our experiments, the non-monotonic behaviour is independent of the ini-
tial condition. If the initial condition lies at lower water fractional-flow than that at
which transition from strong foam to weak foam occurs (i.e., the point where Sw in-
creases as fw decreases), 0.02 < fw < 0.05 in Figure 5.8, and next injection condition
is at greater fw , we see this eruption again. Let the water fractional flow at which Sw

begins to increase with decreasing fw (between 0.02 and 0.05 in Fig. 5.5) be denoted
the transition water fraction, fw t . When we took consecutive data at water fractional
flow greater than fw t , we did not observe a new eruption of a stronger foam state, but
that stronger state had erupted earlier and filled the core during an earlier first dis-
placement with fw > fw t . As a result, attaining steady state was faster when starting
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Figure 5.6: Average cross-section water-saturation Sw along the core during displacements at two foam
qualities. The direction of the flow is from left to right. The decline in Sw with time at 96% foam quality
shows a slow upstream propagation of stronger foam.

from a ‘wet’ initial condition, fw = 0.9 >> fw t . because the slow upstream propa-
gation of the stronger foam was not needed during the given displacement. This is
confirmed by both Sw and pressure-gradient measurements. Figure 5.7 shows that
the final steady-state sectional pressure drops are achieved considerably faster when
the displacement by foam with fw = 0.05 > fw t is started with an initial state with fw

= 0.9 rather than fw = 0.01.

Figure 5.8 depicts a non-monotonic fractional-flow curve. For illustration pur-
poses, we upscale these data using fractional-flow theory. To that end, we construct
the shock for the effective fractional-flow. We define apparent viscosity as µapp =
k∆P/(Lut ), where k and L denote rock permeability and the length of the core sec-
tion, respectively. The apparent viscosity predicted for the shock is approximately
equal of 0.06 (Pas) (60 cp) which corresponds to a mobility ofλr t = 16.6[Pas]−1. This
mobility ratio is still favourable for displacing water (viscosity 1.0 cp under these con-
ditions) at 100% saturation, but mobility is much greater than if the shock had been
to a point of tangency at larger fw , as shown schematically in Fig. 5.1. Moreover,
our experiments were conducted under conditions nearly ideal for foam stability: a
clean, high-permeability core, relatively low salinity, relatively low temperature, no
oil present, etc. Obtaining successful mobility control under more demanding con-
ditions in the field would be more challenging.

Table 5.1 summarizes our results. At the lowest CS and ut we did not see the erup-
tion of a stronger foam state at the core outlet. Increasing CS is linked in our experi-
ments to an extension of the stronger state to lower fw . (i.e., a reduction in transition
water fraction fw t ). Increasing CS , even far above the CMC, increases lamella stabil-
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Figure 5.7: Sectional differential pressures in bars as function of time in two coreflood experiments with
identical injection conditions but different initial conditions. The nominal foam quality and total super-
ficial velocity and the surfactant concentration of this experiment are 95%, 4.25 ft/day and 0.5 wt%, re-
spectively. On the left, steady state is achieved after 8 hours when the experiment is started from a ‘wet’
initial condition, fw = 0.9. In contrast, steady state is achieved only after 55 hours when starting from a
‘dry’ initial condition, fw = 0.01, right.

Figure 5.8: Fractional flow as function of water saturation for one non-monotonic set of data. ut and CS
are equal to 1.5x10−5 m/s and 0.5 wt% AOS, respectively. We plot the shock as a dashed line according to
the solution method of Rossen and Bruining (2007). fw t denotes the fractional flow at which Sw starts to
increase with decreasing fw , which is between 0.05 and 0.02 in this experiment.
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CS (wt.%) ut (m/s,ft/day) Monotonic at Transition
steady state? water fraction ( fw t )

0.037 2.94×10−6, 0.83 Yes N/A
0.037 1.50×10−5, 4.25 No 0.17

0.1 1.50×10−5, 4.25 No 0.17
0.1 3.00×10−5, 8.50 No 0.14
0.5 1.50×10−5, 4.25 No 0.05
1.0 1.50×10−5, 4.25 No 0.03

Table 5.1: Summary of Experimental Findings, fw t denotes the fractional flow at which Sw starts to in-
crease with decreasing fw .

ity in porous media (Apaydin and Kovscek, 2001; Eftekhari and Farajzadeh, 2017). In
the same way, our results indicate that increasing superficial velocity also reduces the
value of fw t . Increasing superficial velocity promotes lamella creation (Gauglitz et al.,
2002; Kam and Rossen, 2003). These results suggest that the stronger state depends
on a shifting balance between lamella stability and lamella creation (cf. Ashoori et al.
(2012) and Yu et al. (2019a,b)).

5.4. DISCUSSION
The experiments examined here are limited to a single surfactant and core type,
though surfactant concentration, superficial velocity and foam quality do vary. Demon-
strating the generality of the results requires further study. Previous studies (Boeije
and Rossen, 2018; Kibodeaux and Rossen, 1997; Wassmuth et al., 2001; Xu and Rossen,
2004) did not specifically address possible origins of non-monotonic fw (Sw ) behaviour.
Close examination of those studies is needed to see if their results are consistent with
our findings.

In this study, every example of a non-monotonic fractional-flow curve began with
the eruption of a strong foam state at the core outlet - at least arguably, an experimen-
tal artefact of the capillary end effect in a laboratory-scale coreflood (Apaydin and
Kovscek, 2001). In addition, when this occurred, the resulting stronger-foam state
did not show the invariance of ∇p with gas expansion along the core (cf. Fig. 5.3 left
and right and Fig. 5.4) expected in the high-quality regime (Alvarez et al., 2001). It
is possible that the stronger foam that erupts is in the low-quality regime, or that it
is some state not consistent with either regime. However the increase in steady-state
∇p as one approaches the core outlet (Fig. 5.3, right) suggests the possibility that this
lower-mobility state within the core remains, even at steady state, dependent on the
capillary end effect at the end of the core. Moreover, the relevance of the capillary
end effect to field application of foam is uncertain, although similar effects can oc-
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cur at reservoir heterogeneities (Falls et al., 1988; Shah et al., 2019a,b; Tanzil et al.,
2002). It is at least plausible that the coreflood data relevant to a SAG process in the
field are those unaffected by the capillary end effect. In our study, we could obtain
data excluding this effect either at low surfactant concentration or by using data from
pre-generated foam, propagating at apparent local equilibrium (Fig. 5.3 left) before
foam breakthrough at the core outlet.

Our finding of a transition from this stronger foam to a weaker foam state as fw

decreases agrees with research on foam generation (Yu et al., 2019a), propagation
(Ashoori et al., 2012; Yu et al., 2019b) and collapse (Kam et al., 2007; Yu et al., 2019b).
Specifically, maintenance and propagation of a strong-foam state depends on both
lamella-creation mechanisms (affected in this case by superficial velocity and pres-
sure gradient) and lamella stability (affected in this case by fw and surfactant concen-
tration). However, much current modelling of foam is based on the idea of a single
strong-foam state that is regulated by pore size and the limiting capillary pressure
P∗

c (Alvarez et al., 2001; Khatib et al., 1988; Rossen and Zhou, 1995). If there are two
steady states of strong foam, this raises the question: which is regulated by P∗

c ? What
regulates the other state?

Modelling (Kam and Rossen, 2003) and experimental (Gauglitz et al., 2002) stud-
ies that now accommodate multiple foam steady states predict an abrupt transition
from a strong-foam state with decreasing superficial velocity to a state of nearly com-
plete foam collapse. The model of Lotfollahi et al. (2017) allows for multiple strong-
foam states in that a stronger foam state may be locked in as velocity is reduced. Our
laboratory data suggest a gradual transition, over a range of fw , to a state of distinctly
weaker strong foam. We are unaware of a model that predicts this behaviour.

Our data indicate monotonic fw (Sw ) behaviour at the lowest surfactant concen-
trations. These concentrations are below those usually proposed for field applica-
tion. However our laboratory conditions (low temperature, mild salinity, clean, water-
wet rock, absence of oil) are ideal for strong foam. Under more challenging condi-
tions in many field applications, the behaviour at higher surfactant concentrations
may be closer to those we see at low concentration (and hence reduced foam stabil-
ity in porous media).

5.5. CONCLUSIONS
In this study, every case of non-monotonic fw (Sw ) data began with eruption of a
much-stronger foam state at the time of foam breakthrough at the core outlet, an ap-
parent result of the capillary end effect.

The importance and generality of this finding requires further study with a wider
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range of surfactant formulations and experimental conditions and a close examina-
tion of previous work, especially behaviour before attainment of steady state. At this
point, the relevance of laboratory data taken subsequent to this event is uncertain. In
this study, if foam eruption at breakthrough occurred at the core outlet, we were able
to obtain monotonic fw (Sw ) data by injecting pregenerated foam and taking data
before foam breakthrough. No such precaution was needed at the lowest surfactant
concentrations tested.

The transition from a stronger to a weaker foam state with decreasing superfi-
cial velocity and lower foam quality is consistent with modelling of foam generation,
propagation and collapse. It does raise the questions of which steady state is most
relevant to field application, and how both steady states can be consistent with the
concept of a single limiting capillary pressure at a given surfactant concentration and
superficial velocity.

Non-monotonicity in fw (Sw ) was correctly inferred from pressure-gradient data
using the water-relative-permeability function, even in cases where that function did
not predict the absolute value of water saturation correctly.



6
CONCLUSIONS AND

RECOMMENDATIONS

In this thesis we shed some light on several aspects regarding the injection of the first
gas slug following the first surfactant slug during a SAG foam EOR process. Using
fractional-flow theory we compare directly a co-injection process and a SAG process
in a simple heterogeneous reservoir model. We extend fractional-flow theory to ex-
plore the implications of a non-Newtonian rheology during the injection of the first
gas slug in a homogeneous reservoir. We measure and report mobility data relevant
to modeling a gas-injection process during a SAG. We upscale the data to a hypothet-
ical field application at different surfactant concentrations and different total super-
ficial velocities. We perform a sensitivity analysis on the foam parameters obtained
from these data. Finally, the analysis of our experimental data suggests that the capil-
lary end effect, observed at high surfactant concentrations and high total superficial
velocities, which triggers the generation of a stronger foam at the core outlet, is cor-
related to a non-monotonic trend in the fw (Sw ) curve. This is true, at least, for our
experiments. Below, we describe in detail our findings and give recommendations
for future work. In the following sections we list the conclusions of each chapter.

6.1. CONCLUSIONS

6.1.1. CHAPTER 2: "FOAM DIVERSION IN HETEROGENEOUS RESERVOIRS:
EFFECT OF PERMEABILITY AND INJECTION METHOD"

This is the first study to apply foam-model parameters fit to the two foam flow regimes
for the same surfactant formulation over this wide a range of permeabilities, in a
comparison of vertical conformance with different injection strategies with foam.
The foam parameters of Kapetas et al. (2017) represent ideal conditions (low salin-
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ity, low temperature, and absence of oil). They measured very low mobilities, lower
than would be practical to apply in the field. Nevertheless, we believe the following
conclusions apply more broadly.

• The only process that gave effective diversion into the lowest-permeability layer
(300 times lower permeability than the highest-permeability layer) was a SAG
process that isolated this layer from receiving surfactant injection. One of the
other layers (Berea) still failed to get an equal share of gas in the process.

• Single-slug SAG processes have much better injectivity than the co-injection of
gas and surfactant solution, especially if foam collapses at residual water satu-
ration Swr (as shown in the Namdar Zanganeh model). In some SAG processes
examined here, with successful diversion of foam into two of the three lower-
permeability layers, injectivity is better with foam than injecting water into a
water-saturated reservoir.

• Single-slug SAG processes have an additional advantage when most surfactant
is injected into the highest-permeability layer, giving the largest foam bank
there. With the extremely strong foams modeled here, very small surfactant
slugs suffice for effective diversion. The advantage remains during subsequent
gas injection in SAG, unlike diversion in direct foam injection, in which foam
eventually fills the near-wellbore region of all layers.

• It is extremely important whether foam collapses at Swr , both for diversion and
injectivity in SAG processes. This is reflected here in the different results for the
STARS model compared to the Namdar Zanganeh modification of that model.

• A process of direct foam injection performs better than in the plots of Kapetas
et al. (2017) (Fig. 2.1 ) because more foam is placed over time in the layers
taking most of the flow. This advantage declines with time as foam fills more of
all the layers.

• Diversion between layers reflects an interplay between various foam parame-
ters. For foam injection, in the low-quality regime, total relative mobility de-
pends on model parameter f mmob, the mobility reduction in the low-quality
regime, and epcap, which rescales f mmob with pressure gradient (i.e., in-
troduces non-Newtonian behavior). In the high-quality regime, if epdr y is
large, mobility depends most of all on f mdr y , the water saturation at which
foam collapses. We have only illustrated the effects of non-Newtonian behav-
ior in the low-quality regime here, for simplicity, but that effect is significant,
(Chapter 3 provides further discussion of non-Newtonian behavior in SAG pro-
cesses.) For SAG injection, diversion depends on mobility at the shock, which
depends on several foam parameters, and on whether foam collapses com-
pletely at irreducible water saturation.
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6.1.2. CHAPTER 3 : "FRACTIONAL-FLOW THEORY FOR NON-NEWTONIAN

SURFACTANT-ALTERNATING-GAS FOAM PROCESSES"
In this chapter we present a method of solution for behavior during initial gas in-
jection in a non-Newtonian SAG process that includes the interactions between the
shock and the characteristics. The methodology can be applied to both shear-thinning
and shear-thickening behavior.

• For a shear-thinning foam, we find that mobility control improves as the foam
front propagates from the well, but injectivity declines somewhat with time.
However, injectivity is still more favorable than for a Newtonian foam with
the same mobility at the outer radius. In the case of a foam with marginal
mobility control, there could be problems with viscous fingering as foam ini-
tially advances from the near-well region. For a shear-thinning foam, the shock
does not necessarily satisfy the conventional tangency condition that applies
to Newtonian foam, though it does continually approach it. In addition, the
mobility at the front need not fit the power-law behavior seen at fixed gas frac-
tion in the laboratory.

• For a shear-thickening foam, mobility control deteriorates as the foam front
advances, though injectivity improves somewhat with dimensionless time. How-
ever, injectivity is less favorable than for a Newtonian foam with the same mo-
bility far from the well. In a case of marginal mobility control, the foam could
have problems with viscous fingering far from injection well.

• Overall, injectivity is a complex result of changing saturations and varying su-
perficial velocities very near the well. Conventional simulators cannot ade-
quately represent these effects, or estimate injectivity accurately, in the ab-
sence of exceptional grid resolution near the injection well.

• Finally, we recommend this study to be considered as illustrative and not as
predictive. The main reason behind this recommendation is the fact that foam
rheology can be far more complex than what we considered here. For example,
recent experimental results (Kahrobaei et al., 2017) indicate that a single foam
can be shear-thinning within a given range of total superficial velocities and
shear-thickening within a different range.

6.1.3. CHAPTER 4: "SCALE-UP OF LABORATORY DATA FOR SINGLE-SLUG

SURFACTANT-ALTERNATING-GAS FOAM EOR"
• For gas injection in a SAG application the most suitable fitting method is the

method of Rossen and Boeije (2015). The method is able to capture the tan-
gency conditions in all of our experiments. The method of Eftekhari and Fara-
jzadeh (2017) to the entire foam scan may produce a poor estimation of mobil-
ity control at the shock. The method of Rossen and Boeije can give a poorer fit
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at higher values of fw that apply where gas and liquid slugs mix away from the
well, however.

• The method of Rossen and Boeije (2015) might seem limited by relying on vi-
sual inspection and is subject to the criteria used by the person performing
the fit. However, for the cases examined here the impact of these factors is
modest given the uncertainty in other factors. For instance, in the worst-case
scenario of our sensitivity analysis the difference between our best and worst
estimates for mobility control is 2.8 [Pa s]−1, which is not significantly larger
than the difference of 2.5 [Pa s]−1 coming from an incorrect selection of the
liquid-relative-permeability function.

• We also find that injectivity can be estimated reasonably well using a different
liquid-relative-permeability function. This could of course fail if the kr w (Sw )
function completely failes to represent true behavior.

• If foam collapses at irreducible water saturation Swr , the Namdar Zaganeh cor-
rection is key in better reproducing the injectivity observed at the field scale.
For the fits presented here the correction slightly affects the fit to data in the
range measured. Therefore, the optimized foam parameters change slightly.
The predicted mobility control at the leading edge of the foam bank with and
without the correction are practically the same.

• None of the two fitting methods is able in every one of our experiments to cap-
ture the trends of the experimental data in both the low-quality and in the high-
quality regimes using the same list of parameters or fit. We suggest to keep this
compromise in mind when performing a model fit using any of the methods
discussed here.

• Our limited data suggest that increasing the surfactant concentration improves
mobility control. Also, it suggests that the effect of total superficial velocity is
limited. In other words, for the two velocities studied here at the same surfac-
tant concentration the corresponding foams behave with a good agreement to
a Newtonian rheology in the high-quality regime.

6.1.4. CHAPTER 5: "COREFLOOD STUDY OF NON-MONOTONIC BEHAV-
IOR WITH FOAM: IMPLICATIONS FOR SURFACTANT-ALTERNATING-
GAS FOAM EOR"

• In this study, every case of non-monotonic fw (Sw ) data began with eruption
of a much-stronger foam state at the time of foam breakthrough at the core
outlet, an apparent result of the capillary end effect.

• The importance and generality of this finding requires further study with a
wider range of surfactant formulations and experimental conditions and a close
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examination of previous work, especially behavior before attainment of steady
state. At this point, the relevance of laboratory data taken subsequent to this
event is uncertain. In this study, if foam eruption at breakthrough occurred
at the core outlet, we were able to obtain monotonic fw (Sw ) data by injecting
pre-generated foam and taking data before foam breakthrough. No such pre-
caution was needed at the lowest surfactant concentrations tested.

• The transition from a stronger to a weaker foam state with decreasing super-
ficial velocity and higher foam quality is consistent with modelling of foam
generation, propagation and collapse (Kam et al., 2007). However, no current
model can incorporate the existence of two strong steady-states in the absence
of oil. The model of Lotfollahi et al. (2016) allows for multiple strong-foam
states in that a stronger foam state may be locked in as velocity is reduced
—this is a separate issue to that found here. The co-existence of these two
strong steady states in our study does raise the question which steady state is
most relevant to field applications, and how both steady states can be consis-
tent with the concept of a single limiting capillary pressure at a given surfactant
concentration and superficial velocity.

• Non-monotonicity in fw (Sw ) was correctly inferred from pressure-gradient data
using the water-relative-permeability function, even in cases where that func-
tion did not predict the absolute value of water saturation correctly.

6.2. RECOMMENDATIONS
The model developed in Chapter 2 offers a good starting point for validating other
models that rely on solving the flow equations using a numerical scheme. Once such
a model is validated, it can represent cross-flow between layers and gravity segre-
gation, which are not represented in our model. We recommend to put emphasis
on the correct reproduction of near-well behavior controlling injectivity and of the
shock. The corect reproduction of near-well behavior depends on sufficient grid re-
finement in this region of the flow domain. The correct reproduction of the shock
requires one to implement an adaptive grid that travels with this discontinuity

The methodology that we developed in Chapter 3 could be implemented to model
the more complex scenario found by Kahrobaei et al. (2017) and noted above. How-
ever, for complex problems the simplicity of using an analytical method could be lost.

The results of Chapter 4 still need to be validated against a dynamic SAG experiment
in a sufficiently long core. This validation would constitute a direct and final test for
the success of the injection of the first gas slug during a SAG. Also, the role of multiple
gas and surfactant slugs needs to be studied. In this case, the challenges encountered
in this thesis to achieve local equilibrium might not be relevant if after the injection
of multiple pore volumes local equilibrium is more rapidly achieved upon injection
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of each new slug (Gong et al., 2019a).

In Chapter 5 we find a correlation between the capillary end effect for high surfactant
concentrations and the occurrence of non-monotonic fractional-flow curves. How-
ever, this does not exclude the possibility of the existence of other mechanisms cor-
related to the occurrence of multivalued fractional-flow curves. We think that the
physics of this phenomenon is far more complex than we discussed here. Again, ex-
periments in a sufficiently long core would be a more reliable test of our hypothesis.
We suggest to use a range of different surfactant concentrations to study the phe-
nomenon in detail. Also, we suggest to pay special attention to possible experimental
artifacts that could be responsible for non-monotonic behavior.



A
COREY-BROOKS

RELATIVE-PERMEABILITY MODEL

AND FOAM MODEL

According to the Corey-Brooks relative-permeability model the water and gas relative-
permeabilities are defined as

kr w = k0
r w Snw (A.1)

kr g = k0
r g (1−S)ng (A.2)

S = Sw −Swr

1−Swr −Sg r
(A.3)

where kr w , kr g , k0
r w , k0

r g , nw , ng , S, Sw , Swr and Sg r denote, respectively, liquid
and gas relative permeabilities, the end-point water and gas relative permeabilities,
the water and gas Corey-Brooks exponents, normalized water saturation, and the
residual water and gas saturations. Table A.1 summarizes the two sets of Corey-
Brooks parameters used in this study. Kapetas et al. (2017) obtained their set of
parameters in the absence of foam and at relatively small pressure gradient, while
Eftekhari and Farajzadeh (2017) performed a fit on a data set containing both data
from core-flood experiments in the presence of foam at different surfactant concen-
trations (0.03 wt.%; AOS, 0.1 wt.% AOS; 0.5 wt.% AOS and 0.5 wt.% Amphosol) and
data from the literature in the absence of foam at large pressure gradient. We use
the parameters of Eftekhari and Farajzadeh (2017) to infer the water-saturation data
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Corey-Brooks Parameters
Kapetas et al. (2017) Eftekhari and Farajzadeh (2017)

No surfactant and at low pressure
gradients.

Range of Cs = [0.03 wt.%; AOS, 0.1
wt.% AOS; 0.5 wt.% AOS and 0.5
wt.% Amphosol]

Swr = 0.25 Sg r = 0.2 Swr = 0.05 Sg r = 0.03
k0

r w = 0.39 k0
r g = 0.59 k0

r w = 0.72 k0
r g = 0.59

nw = 2.86 ng = 0.7 nw = 4.42 ng = 0.94

Table A.1: Corey-Brooks parameters used in Chapter 4

reported here and to perform the corresponding fits and calculations. We use the
Corey-Brooks parameters of Kapetas et al. (2017) to study the impact of using a func-
tion that does not reproduce liquid-saturation measurements and in our study of
Chapter 2.

In the presence of foam, the STARS model (Chen and Mohanty, 2014; CMG, 2015)
represents the effect of foam by altering only the gas relative permeability. To model
this effect it incorporates a mobility-reduction factor, FM, in the gas phase as follows,

ut fg =−
kk f

r g

µg
∇P =−kkr g F M

µg
∇P (A.4)

where ut , fg , k, kr g , k f
r g , µg and ∇P denote, respectively, total superficial velocity,

quality (gas fractional flow), permeability, gas relative permeability in the absence
and presence of foam, respectively, gas viscosity and pressure gradient.

The mobility-reduction factor, F M , models the effects of surfactant concentration,
water saturation, oil saturation, gas velocity, capillary number and the critical cap-
illary number, respectively, on gas mobility. Here we focus on the dependence on
water saturation (and, by implication, on capillary pressure) through the function
F2, which controls behavior in the high-quality regime. For a fit to an entire foam
scan, including the low-quality regime, it is essential to include also the dependence
on capillary number through the function F5, which is important in that regime. Oth-
erwise, to fit data in this regime, the model distorts the value of epdr y , which is im-
portant in the high-quality regime as well (cf. Farajzadeh et al. (2015)). In that case
the mobility-reduction factor becomes

F M = 1

1+ f mmobF2F5
(A.5)

where the parameter f mmob is the reference gas-mobility-reduction factor for wet
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foams.

F2, also known as the dry-out function, models the abrupt collapse of foam produced
by the limiting capillary pressure at a characteristic water saturation value ( f mdr y ,
in the STARS) with the following expression, where epdr y controls the abruptness
of the transition. The above model does not incorporate foam collapse at irreducible
water saturation, Swr . If we further assume complete foam collapse at Swr , we add
the NZ modification (Namdar Zanganeh et al. (2014)). In this case the expression for
F2 is,

F2 =
[

0.5+ ar ct an(epdr y(Sw − f mdr y))

π

]
−

[
0.5+ ar ct an(epdr y(Swr − f mdr y))

π

]
(A.6)

where the second term forces a complete foam collapse making F2 = 0 at Swr .

The F5 function models shear-thinning rheology in the low-quality regime through
the parameters epcap and fmcap as follows,

F5 =
{(

f mcap
Nca

)epcap
i f Nca > f mcap

1 any other case
(A.7)

where the parameter f mcap acts as a reference capillary number and the parameter
epcap is related to the power law exponent, n, by n ≈ 1/(1+epcap). Here, the capil-
lary number for foam is defined as Nca = (k∇P )/σw g ; where σw g denotes the surface
tension between the aqueous and gas phases.

In the high-quality regime that dominates SAG processes, the shear-thinning be-
haviour of the low-quality regime is not important. Since in the model F5 is bounded
at 1 for Nca < f mcap, one must set fmcap to a value at least as small as the smallest
value of Nca expected to be encountered in a given simulation (Boeije and Rossen
(2015a)). This in turn alters the value of f mmob in the fit. To correct for this alter-
ation in the value of f mmob while excluding F5 in the scale-up for SAG, we replace
the value of f mmob from the model fit with the product of the fitted value of f mmob
and the value of F5 that applies in the range of the pressure gradient of the laboratory
data, particularly at the tangency condition which governs the gas injection process
of the first slug. Let this value of F5 that applies approximatley in the vicinity of the
point of tangency be F5′ (a constant). We denote this new f mmob as f mmobS AG ,

f mmobS AG = F5′ f mmob (A.8)

For the scale-up of SAG data in Chapter 4, we drop the F5 factor from equation A.4
and we replace f mmob with f mmobS AG .



B
DISCRETIZATION SCHEME IN OUR

FINITE-DIFFERENCE SIMULATOR

Equation 3.1 is discretized as follows,

Sw t (t +∆t ) = Sw t (t )+∆t

(
fw (Swi−1(t ))− fw (Swi (t ))

∆x

)
(B.1)

where Swi , Swi−1, fw , t , ∆t and ∆x denote the saturation of the given grid block, the
saturation of the grid block upstream of this block, water fractional flow, time, time
increment and dimensionless grid block length, respectively.

The pressure evolution is calculated using Darcy’s Law. In our discretization scheme
Darcy’s Law takes the form,

Pi−1 = Pi +
(

Q

4πhk

)(
1

λr t (ri ,Swi )
+ 1

λr t (ri−1,Swi )

)
ln

(
ri

ri−1

)
(B.2)

where Pi−1, Pi , ri , ri−1, Swi , λr t , Q, h and k denote the pressures and radii at the
inner and outer boundaries of the grid block, the saturation in the grid block, total
relative mobility, total volumetric injection rate, thickness of the reservoir and per-
meability, respectively.

107



C
DIMENSIONLESS PRESSURE AS

FUNCTION OF DIMENSIONLESS

TIME

Figure C.1: Injectivity for different fits for the data of Experiment 4. We use the foam scan data correspond-
ing to Experiment 4. The corresponding foam parameters and mobilities behind the shock are listed in
Table 4.1, Table 4.3 and Table 4.4.

We upscale our parameters to a hypothetical field application, assuming that the
reservoir is cylindrical and homogenous with inner radius rw = 0.1 m and outer
radius re = 100 m, where the outer boundary is open. We define the dimension-
less pressure, PD , as the ratio of the pressure rise needed to inject gas into a fully
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surfactant-saturated reservoir to the pressure needed to inject water into the same
fully liquid-saturated reservoir at the same volumetric injection rate Q. We calcu-
late the pressure difference between the wellbore and the outer radius by integrating
∇p(r ) between rw and re (Al Ayesh et al., 2017; Ponners, 2017; Ter Haar, 2018). As-
suming a water viscosity of 0.001 Pas the expression for PD is,

PD ==
∫ re

rw

1
λr t (Sw ) dr

1
1000 ln

(
re
rw

) (C.1)

where λr t (Sw ) denotes the total relative mobility of each characteristic. We com-
pute the integral numerically using 300 characteristics equally spaced in saturation
from the point of tangency to Swr . Figure C.1 illustrates the evolution of PD during
the injection of the first gas slug in a surfactant-saturated reservoir for the foam of
Experiment 4 for the different fits explored here. In all cases PD increases abruptly
and remains nearly constant until foam breaks through the outer radius (Boeije and
Rossen, 2015b).



D
STEADY-STATE FOAM DATA

In Chapter 4 we focus on data relevant to modelling foam mobility in homogenous
porous media. Therefore we recorded local equilibrium data either in the absence of
an eruption of a much stronger foam at the core outlet or before this foam eruption
started. We did not observe this foam eruption at all in our foam scan with the low-
est surfactant concentration (0.037 wt.%) and at the lowest total superficial velocity
used in our experiments. Figure D.1 shows experimental data at one foam quality
of this foam scan, where a stronger foam did not erupt at the core outlet even after
a prolonged injection period. In this experiment the pressure gradient is nearly in-
dependent of gas expansion along the core, as expected in the high-quality regime
(Alvarez et al., 2001).

For higher surfactant concentrations and total superficial velocities, we observed
eruption of stronger foam at the end of the core at foam breakthrough and subse-
quent upstream propagation of the stronger foam state, as reported by others (Apay-
din and Kovscek, 2001; Nguyen et al., 2003; Simjoo and Zitha, 2015). In these cases we
used a foam generator to help achieve local equilibrium before foam breakthrough,
as confirmed by the following observations. First, the pressure difference in the first
section suggest that foam achieves local equilibrium in the core within the first 8 cm,
as illustrated in Figure D.2. The pressure gradient is independent of gas superficial
velocity (which is altered by gas expansion) along most of the core, as we expect in
the high-quality regime. In this paper we report only data before the eruption of a
much stronger foam at the core outlet occurred. We discuss steady-state behavior
after foam breakthrough in Chapter 5.
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Figure D.1: Experimental data of Experiment 1 at fixed foam quality of 80%.

Figure D.2: Experimental data for Experiment 4 at a fixed foam quality of 95%. A stronger foam erupts at
the core outlet (Section 6) at about 1.2 PV. Before this, the pressure gradient is nearly uniform along the
core, as expected at local equilibrium in the high-quality regime Alvarez et al. (2001).



E
DESCRIPTION OF COMPUTER

PROGRAMS FOR

NON-NEWTONIAN SAG
PROCESSES

We coded in Matlab both the fractional-flow solution and the finite-difference sim-
ulator programs. We describe the structure of these programs in the flow diagrams
presented in Figure E.1 and in Figure E.2. The codes can be found in Bos and Salazar-
Castillo (2019) and in Salazar-Castillo (2019). More details and previous versions of
the codes can also be found in Bos (2017), Ponners (2017) and Ter Haar (2018).

We tested the convergence of both programs. For the fractional-flow theory pro-
gram, we increased the number of characteristics from 200 to 300 and the number of
rings (increments in xD ) from 1000 to 1100. The solutions converged at these resolu-
tions. For the finite-difference simulator, we increased the number of grid blocks. We
matched the fractional-flow solution for the Newtonian case using 2500 grid blocks
and running the simulation up to a dimensionless time tD = 0.01. Running a simu-
lation with a longer tD using this grid-block resolution was not possible because of
RAM memory limitations. The computation time for the fractional-flow solution was
below 1 hour for the cases examined here using a personal computer with 16 GB of
RAM and an Intel i7 processor. Whereas for the finite-difference simulator, the com-
putation time increased exponentially as we increased the number of grid blocks Bos
(2017). In order to be able to run the program in a reasonable amount of time (below
2 hours), we had to adjust the length of the simulation by reducing tD .
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Figure E.1: Flow diagram corresponding to the algorithm for the fractional-flow solution.
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Figure E.2: Flow diagram corresponding to the finite-difference simulator.
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