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Abstract

Foam can increase sweep efficiency within a poroedium, which is useful for oil-recovery procesdgsfhe flow of foam
in porous media is a complex process that depengsaperties like permeability, porosity and suefatiemistry, but also
temperature. Although the surface activity of sctdiats as a function of temperature is well desctisit the liquid/liquid or
liquid/ gas interface, data on the effect of terapge on foam stability is limited, especially iarpus media.

In this work, we tested a surfactant (AOS) at dédfé temperatures, from 20°C to 80°C, in a sand@spmrous medium with
co-injection of foam. The pressure gradient, oriegently the apparent viscosity, was measureddady-state experiments.
The core-flood experiments showed that the appavietosity of the foam decreased by 50% when tmepézature
increased to 80°C. This effect correlates withltveer surface tension at higher temperatures. Thesdts are compared to
bulk foam experiments, which show that at elevééesperatures foam decays and coalesces fasterefféis, however, can
be attributed to the faster drainage at high teatpes, as a response to the reduction in liquidogsy, and greater film
permeability leading to faster coarsening.

Our results using the STARS foam model show that eannot fit foam-model parameters to data at engérature and
apply the model at other temperatures, even if asmunts for the change in fluid properties (swftension and liquid
viscosity) with temperature. Experiments show aréase in gas mobility in the low-quality foam ragi with increasing
temperature that is inversely proportional to tleerdase in gas-water surface tension. In the higlity regime, results
suggest that the water saturation at which foatapsésmdryincreases anB. decreases with increasing temperature.

Introduction

Foam is a dispersion of gas bubbles in a continliquil medium where bubbles are separated byfilms called lamellae.
Foam for Enhanced Oil Recovery (EOR) aims at cdlimgpgas mobility and dealing with phenomena sashgas gravity
override, viscous fingering and preferential chdingedue to reservoir heterogeneity [2—4]. Despite fact that active
research on foam for EOR has been on the risatively few field or pilot applications have beeavdloped. In the field,
foam can be injected by co-injection of gas andastmnt or by surfactant-alternating-gas (SAG) dti. SAG injection
with large slugs of liquid and gas injected at ti@ximum allowable pressure is the preferred appréercfield injection to
minimize gravity override and time of injection [5]

Bulk foam experiments present foam which is natontact with the rock, and generally in a tubehaitgh there is no
consensus on the link between bulk and core-fldesits, bulk foam experiments can serve to evalioaie stability with
respect to oil and surfactant type and concentrdto/], gas composition [8] or temperature. Madhial. [9] showed that
the half-life for foam volume decay in a tube deeti dramatically with increasing temperature; swdfes were found to be
clearly superior, and in particular the relativefpemance of long-chain alpha olefin sulfonates liayed with increasing
temperature. In their study, Sharma et al. [10linfib that the surface tension and bubble size deedeas the temperature
increased. With increasing temperature, initialnioeolume increased whereas foam half-life (or faaability) decreased;
the difference was more pronounced in the rang® 20°C than between 40 and 80°C. The foam filmmeability, which
is a measure of foam stability, increases with éasmg temperature [11]. Foam behavior within aopsrmedium at
reservoir conditions can significantly vary fronethulk experiments, particularly under differergrinodynamic conditions
[12].

Laboratory core-floods represent a more realistedigtion tool for foam EOR and can serve to qugrftam-model
parameters [13]. SAG core-floods can be difficadtinterpret because of uncertainties they can doite: slow foam
dynamics in the laboratory due to slow foam gei@natan introduce significant bias in the resuiace local-equilibrium
conditions do not apply [14]. Moreover, averaginggsure gradients (or, equivalently, apparent gisgothroughout the
entire core length can introduce bias as sepaegmeants of the core exist at different states;rdraece region can exist
where foam never reaches its full strength, and alsapillary end effect can be present at the caotiet controlling liquid
saturation which, in turn, influences foam behayid].

Steady state co-injection core-floods can be dividetwo main categories: (a) constant velocitynfioacans, which
obtain data at a fixed total superficial velocitkile varying gas and liquid superficial velocitid$,17], and (b) experiments
which scan the whole liquid velocity vs. gas vetpenap. In the latter case the aim is to identify tregimes. In the so-



called “low quality” regime the pressure drop ideépendent of liquid velocity, and in the “high qtiélregime the pressure
drop is independent of gas velocity. These exparimare time-consuming and relatively few in therfiture; examples of
the two regimes are found in the studies [18,1% Two regimes are reflected also in the constalueity foam scans
(option (a) above), which was the experimental metthosen for this study.

In modeling foam, Implicit Texture (IT) models amsed in most commercial simulators, e.g. STARS 12@0]. These
models represent the effects of bubble size intplithrough parameters that regulate gas mobiktyagunction of phase
saturations pressure gradient and other factores@models assume that local steady state is ettanstantaneously
everywhere in the porous medium. For the purposthisfwork only IT models are described and usdteyTmodel the
effect of foam on mobility by applying a mobilitgduction factor (MRF) to the gas relative permegbfbr equivalently by
increasing gas apparent viscosity). The MRF is adyet of different factors/functions which accodat the effect of
different processes that affect foam behavior, thg.presence of oil, surfactant concentration.ewagturation or non-
Newtonian shear effects (see Appendix A). Thesetfons include a number of parameters. The modeaimeghods of
Boeije and Rossen [21] and Ma et al. [16] have bdeveloped to derive values for some of such paensdy fitting
models to the constant velocity foam scan experialelatasets.

This paper investigates the effect of temperaturdoam in oil-free core-floods, as well as on btdlam. The testing
hypothesis is that as temperature changes, seféats can take place concurrently which can erite foam performance:
modification of interfacial rheology, gas-liquidrace tension, and changes in liquid viscosity expected to influence
foam behavior. For the systems studied, we cogdtstm behavior in the core-floods with bulk expental results.

Methods

The bulk foam experiments were carried out at fdifferent temperatures. The experiment was conduictea Foamscan
apparatus (Teclis instruments), a tube with 3 csid diameter with a double wall coupled with acglating bath

controlling the temperature in the column. The actdnt solution was Alpha Olefin Sulfonate (AOSpBierge 14-16C,
Stepan Chemical Co.) 14-16C at 1% active concéoirah a 1%w/w NaCl (Merck) solution. The foam weaeated by
sparging gas though a porous glass frit (3 mm tlésk with pores size in the range of 100 pm-160) jimg 50 ml of

surfactant solution which created foam in the tubaring foam generation the gas was injected atealfrate of 50 ml/min
(standard conditions) and stopped automaticallynathe foam volume reached 200 ml. Then the liqtadtfon in the foam
and the foam volume were monitored.

A pair of electrodes at the bottom of the colunminiersed in the liquid, measures the drained liqoidme below the
foam. The total volume (foam + liquid) was measunéith a camera and the volume of the foam at amg tivas calculated
by subtracting the liquid volume from the total wwle. Another pair of electrodes were located alibeeliquid level to
measure the liquid fraction in the foam. The elmd®s were calibrated with the surfactant solutionthe targeted
temperature. A temperature sensor inside the tilibbsed the measurement of the temperature there.

Surface tension measurements were performed usifitZePiplus tensiometer (Kibron Inc.) employing & Noly ring
with a microsize probe of 0.51 mm diameter. Theérument was connected to a circulating bath torobtihe temperature.
Once the instrument reached the targeted temperahe surfactant solution was maintained at taperature for 30 min
before starting the measurements. The surfaceotengas measured using the Du Nolly method with aasize probe of
0.51mm diameter.

The core-flood experimental setup is schematicgtigwn inFigure 1. Core-flood experiments were carried out using a
Bentheimer sandstone core (Kocurek Industries lofcgermeability K = 1700 mD, and porosipy 0.24. The core was 17
cm long with a diameter of 3.8 cm. The procedurasigollows. A confining pressure is applied te tore for the duration
of the experiment. Pressure taps allow pressune-areasurements in the middle 6.5 cm section otthe. This eliminates
entrance-region and capillary end effects. The PEBKe holder is placed in an oven (Memmert) whicaintains the
temperature constant at the desired value {@).1When temperature is changed between experingemtsnimum of
approximately 1h was allowed to let the core-holslgstem attain the new temperature. The heat-gamsiculations are
decribed in the report of Danelis[13]. A back-m@® regulator controlled the downstream pressur@ nearly constant
value of 20£0.3 bar.

The protocol before initiating the foam experimeotsmsisted of the following steps: (i) connectiomd deakage testing
under 20 bar with Helium, (ii) injection of sevenabre volumes (PV) of COto displace the air inside the core, (iii)
displacement of COwith 6 PV brine at 20 bar back-pressure and (ding with 5 PV of AOS solution to ensure that
adsorption of surfactant on the sandstone wasfisdti®ermeability was measured during the last teps and the foam
flooding was then initiated.

Foam quality was controlled by varying the relatrates of injection of Ngas and AOS solution, at a constant total
superficial velocity. Steady state was consideretd established at a new foam quality when therded pressure drop
reached a constant value and did not fluctuatdgti@ns less than = £0.2 bar in a period of 2 h)mAss balance at the
effluent location was used to confirm stable sdtonaonce steady state was attained. Pressurendeagurements allow the
calculation of the apparent viscosity: this is #aéue of the pressure gradient normalized with eesto the permeability and
the total flux of surfactant solution and gas [1&Jeported apparent viscosity values in this waekaalculated based on the
pressure drop in the middle section of the cores @locity was calculated from its nominal value dqyplying two
corrections: (i) with respect to the injection Ee® set on the Mass Flow Controller, (ii) withpest to the compressibility



factor due to deviation from ideal-gas behaviore Thlculation was performed by applying the Jacot&tewart equation of
state [22].

Once measurements were completed at a certain tetape the temperature was raised to the nextatksialue. A
control experiment was carried out with an surfacsolution aged at 8G. No precipitation was observed and the aged
solution was used for a foam scan &t@0Aging did not influence the results; hence thidastant is deemed stable and non-
degradable up to 80.

Relative permeability for Ngas and (surfactant free) brine solution was nredswith the unsteady displacement
method [23] which allowed the estimation of the €oparameters, water saturation at residual gadittmms §,, and
connate water saturation, SValues are reported ihable 1.
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Figure 1. Core-flooding experimental setup: Element s include valves, injection points, core in oven, b ack-pressure regulator, and
effluent collection and weighing.

Parameter Value
S 0.25
Syr 0.20
Ny, 2.86
Ny 0.70
Kew 0.39
Keg’ 0.59

Table 1. Relative permeability (Corey) parameters.

Mobility reduction factor (MRF) is the reduction gas mobility caused by foam, relative to gas nigbdt the same water
saturation in the absence of foam. Foam apparsobsity is related to MRF by equation 1:
1

ku(S) , k(S
M,  MRFx,

/'[app(sw) =

In the presence of surfactant and absence of ®BIARS foam model [20] in turn relates MRF (itgdrse called FM in
STARS) to two functions of water saturation andiltay number:

8 e N e 717 ) /0 G (2)

wherefmmobis the reference mobility factor; Is a function of water saturation and describedeszence, and; ks a shear-
thinning function. Appendix A provides a more dktdidescription of the model functions &d k and the parameters in

those functions. The capillary numbk,, which represents the balance of viscous forcesnagsurface tension is defined
in equation 3:



whereo,q is the surface tension between the liquid andgh® andu is the total superficial velocity within the posou
medium. The calculation of the capillary humberddterent temperatures serves to normalize theevalithe apparent
viscosity with respect to surface tension and vigjoc

Fitting of the experimental foam scan data wasiearout using a constrained non-linear least-sgquarmimization
approach in MATLAB, which simultaneously computdssfoam parameters. For this, an initial guesd an allowed range
is required for each parameter. Equal weights wesigned to all experimental data during fitting.

Results

Effect of temperature on properties of the surfactant solution. The surface tension and viscosity of the surfactahition
varied remarkably with temperature. As expected, [@% surface tension and viscosity decrease wimaperature increases
(Figure 2). It is noted that the surface tension measuresngate not performed at the exact temperaturettieatore-flood
was conducted. Thus, when used later in this sgectie surface tension values are interpolatedexiépolated from the
curve fitted to data in Figure 2.
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Figure 2. Effect of temperature on the viscosity (I  eft) and the surface tension (right) of the surfact  ant solution. The size of the
markers is larger than the measurement accuracy.

Effect of temperature on bulk foam. The foamability, drainage and stability of the foawere tested using the same
surfactant solution and procedure for each tempegat

Foamability. The foamability is the ability to create foam. Tleam was created by injecting gas until it reacheslume
Vmax (200 ml) corresponding to a timg.4 The foamability is represented by the FoamingingFl), where Fl is the ratio of
foam volume to injected gas volume. The injectesl giaived in the experimental tube at room tempeeaand was warmed
up when it came into contact with the surfactadtitien. The injected gas volume was corrected ik ideal gas law,
accounting for the temperature difference. Witls ttorrection, the FI was not influenced by the terafure Figure 3a).

Foam stability. The foam stability is represented by the foam vauiv) normalized by the maximum volume of the foam
column (Mnay (Figure 4). The foam volume does not depend on temperatuteeebeginning of the experiments, for times
smaller than 200 seconds. After 200 seconds, tm feolume decreases strongly for higher temperstditee two curves at
53° C are similar at the beginning of the experimertdiffer after some time. In one of the two experits, foam collapses
abruptly before the other one. The collapse istduecascade of bubbles bursting. In general,damfvolume drops slowly
with time at the beginning and dramatically dropisaacertain time. The time of the sudden drop tlaté from one
experiment to the other. Despite that foam collaigsaot a smooth process, our experiments showsfdaan collapse
increases with increasing temperature (schematishlbwn by the arrow in Figure 4). Previous wdnkse shown that the
foam stability is influenced by the coupling of esening and drainage [25] and also by surfaceieiysi26].

Drainage. The foam becomes dryer faster when drainage rateases, thus destabilizing the foam more rapidig effect

of the drainage is illustrated by the normalizeanfoliquid fraction inFigure 3b. It appears that drainage rate hardly depends
on temperature at the beginning of the experimdotstimes below 200 sec. After 200 seconds, trarfdiquid fraction
dries out faster with increasing temperature, iatithg that the drainage rate increases with tenperarhe liquid fractiorn

is a power law function of time=~t’ [27]. The exponent usually has a value around (-3) to ({)with an exponeng=-2 is
represented in Figure 3b for comparison with theeeiments. Previous work showed that the drainage increases with
decreasing viscosity of the liquid [27]. In our WpiFigure 2a shows that the viscosity of the suéfaicdecreases with
increasing temperature. The increase of the draimate can be explained by the decrease of vigcosithe surfactant
solution.

Coarsening. Coarsening is due to the pressure differences leetilee bubbles which results in increasing the ageer
bubbles size. Coarsening increases the drainag¢2@t The coarsening can be quantified by thiceticoarsening time+
LoZ[2Def(g5)] where Qg is the effective film permeability (in our caseli§7.10), Lyis the bubble edge length (0.02cm in
our experiments) andef)=(1-1.52,>°)? is the function of the liquid fractiogy (typically 20%) which is discussed in detail in



[28]. The critical coarsening time,, tquantifies the importance of coarsening by regmésg the time above which the
coarsening effect is significant. The calculatedugaof t in our experiment is 118 sec. This value ofuggests that
coarsening is limited during the foaming time besatiis of the same order as the foaming time, aboQts&@onds. Thus,
the effect of the coarsening is expected to beifsignt after 200 seconds. This is observed in FégwBb and 4, where the
effect of temperature is significant after 200 s@iso Furthermore, coarsening is expected to belaated at higher
temperatures because the foam films' permeabititygds, measured by the film permeability constamireases with
increasing temperature [11]. In others words, temtpee increases the films permeability which imntincreases the
coarsening of the foam.

To summarize, the bulk foam tests show that thepezature rise increases the drainage rate andbilesa the foam.
These effects can be explained as the effectagdeeature on the surfactant viscosity and foamsmang. The temperature
effect on the surface rheology has not been inyat&d.
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Figure 3. (a) Foaming Index Fl as a function of tem  perature; each point represents one experiment. (b ) Liquid fraction in foam as a
function of time for different temperatures. The da  shed line represents a power law of time, t %, for comparison.
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Effect of temperature on foam in porous media.

Figure 5 shows results for a scan of foam apparent visgaditconstant nominal superficial velocity at fadifferent
temperatures (fitted models are discussed latérisnsection). The foam strength is representet thié apparent viscosity



(in cP) in order to compare the experiments. FamgXde, pressure drops range from 0.3 to 0.5 MPahrcoreflood of
Bentheimer rock at 2C. In general the viscosity increase first withrfoguality and then decrease sharphyis is because,
under steady-state conditions, foam exhibits two flow regimes depending on gas fractional flow (i.e. foam quality) [19]. In
the so-called low-quality regime (low gas fraction), the pressure gradient increases as the gas saturation rises because the
foam volume increases. As the quality increases, the capillary pressure increases [29]. Foam collapses at the transition
between regimes (at the maximum of apparent viscosity occurs because the capillary pressure exceeds the critical capillary
pressure Pc*. Transition happens at the critical water saturation Sw* (the water saturation corresponding to Pc*). In the
high quality regime (high gas fraction), the capillary pressure exceeds Pc* which destabilize the foam, decreasing the
apparent viscosity. For the low-quality regime (portion of data to leftmaximum), it is noted that as temperature iases
from 20 to 86C the measured apparent viscosity of the foam deese The size of the decrease, between the exasim

carried out at 20 and 80, is of the order of 50%. It is possible that limering of the surface tension (Figure dimble 2)
allows a less-restricted flow of the foam.
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Figure 5. Measured apparent viscosity against foam quality for constant-velocity foam scans at differe nt temperatures (data-points).
Lines represent models fitted using the least-squar es minimization method (a) by adjusting all foam pa  rameters, (b) by keeping their
values constant and equal to their optimized value for the experiment at 20 °C, among all temperatures and (c) by treating only ~ fmcap
as an adjustable parameter; all other foam paramete  rs were kept constant and equal to their optimized value for the experiment at
20°C (see text for the model parameterization approach ).

Parm/T 20°C 40°C 60°C 80°C
u (ft/day) 3.92E+00 4.16E+00 4.29E+00 4.58E+00
uw (MPas) 1.08E+00 7.30E-01 5.80E-01 5.70E-01

o (MNt/m) 2.80E+01 2.53E+01 2.19E+01 1.78E+01
Table 2. Mean velocity values at the middle section of the core (for all the different foam qualities, see Figure 6), surface tension and
liquid viscosity for each temperature used as measu red input parameters to the STARS foam model using the least-squares
minimization method.

The transition foam quality (i.e., quality at thegk in apparent viscosity)g*;c is approxirpately the same for all
temperatures, i.e. 0.93+0.03. The decreasing sibpiee curves as foam quality increases towaydefiects shear thinning
behavior of foam in the low-quality regime. Incregspressure gradient allows gas to flow more gdsilpores already
opened to flow [30] and in additional pores opeteedlow by the higher pressure gradient [31]. Tlapparent mobility is
shear-thinning with respect to gas flow rate batie do increasing pore pathways available for flevpeessure gradient
increases and the shear-thinning rheology along pathway [32].

Gas compressibility caused actual gas superficidboity to deviate from intended values, especiallythe largest
pressure drops (largest apparent viscosities),hasrs in Figure 6. The largest pressure drops along the core in our
experiments as about 1.3 MPa , though the presm@én the cenral section in which pressure-déffeies were measured
was less. The deviations were less at higher testyress. Mean velocity values for the middle sectbmhe core for each
temperature are reported in Table 2, with a maxindiffierence of 17% between experiments at 20 arf€ .8¥Wiscosity
values reported (Figure 5) where computed basedhenvelocity (accounting for gas compression) otgdi at each
individual foam quality and temperature. For a stthanning foam, a velocity decrease can lead tanarease in viscosity.
Thus, since a shear-thinning behavior is obsemvexir experiments we expect that it partially ciimires to the reduction of
apparent viscosity in the higher-temperature expents.

Increasing temperature induced a reduction in sarfansion, which in turn affects the capillary foem N, of the
displacementfigure 7a presents the experimental results of Figure 5eims$ of N.,. Notably, the product of apparent
viscosity and\, collapses onto a single curve, which suggestsaiydrent viscosity is proportional to surface itamén our
experiments, once results are normalized for videis by definition done in the capillary numbatotlation). The effect
of the surface tension on the apparent viscositydcbe explained by the variation of film elastjcivhich is related to
surface tension as proposed in previous works [7138 apparent viscosity observed in the corefloodld also be related
to the force required to stretch the foam film kgadlsurface elasticity). The apparent viscositythie coreflood would
increase as the elasticity increases. In our exyaei, the elasticity was not measured but we cepétulate the elasticity
varies like surface tension [4figure 7b presents this relationship between apparent vigcaisd measured surface tension
(at the experimental temperature values) for a &4 quality: the monotonic relationship is clear.
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Modelling. The foam-model equations, as presented in Se2timmd Appendix A, are used to provide an interpiata
of the effect of temperature on foam mobility. Mepecifically, we aim to establish the effect ohperature on foam-model
parameters. Three different approaches were follawdit the experimental data:

(1) All foam-model parameters were treated as adjustaiiieir optimal values are shown in Table 3 ardtgdl in the
figure 8. The results obtained were robust: thigaihguess and range values provided did not infteethe parameter values,
suggesting a global optimum solution. The liquidcasity and the surface tension were adjusteddiv #xperimentally
measured values (Table 2). The former is useddrtéculation of the water relative permeabilitgl dne latter is used in the
calculation ofN., within functionFs. Figure 5a presents the model fits. The modelsigeoa good fit to all datasets under
this fitting approach. The change of apparent \@ggan the high-quality regime (to the right ofettmaximum) can be
effectively represented by a single straight lihnetigh {; = 1, zap, = 0) for all temperatures (cf. [21]). The trendfitfed
parameters with temperature is shown in Figure 88ameterfmdry (the water saturation around which foam collapses)
decreases slightly (from 0.277 to 0.267), but thesdees are close to irreducible water saturatiteible 1); therefore this
decrease is enough to make a difference of almfasttar of 4 in water relative permeability in thigh-quality regime.

The modeling results of Figure 5a are in close egent with the results obtained using the methoBagije and
Rossen [21] (see Appendix B). Their method requirdarge value oépdry. The least-squares minimization method used
here is able to fit data with smaller valuesepfdry, allowing a smoother transition between the lowd digh-quality
regimes. Like the method of Boeije and Rossenntbéhod can accommodate shear-thinning behavitirerhigh-quality
regime.

(2) To investigate the ability of the model to predice effect of surface tension alone on the appariscbsity, a
second fitting exercise was conducted as followls fdam model parameters were kept constant betveeg@eriments at
different temperatures, equal to the values obthime fitting the model to the 2Q data in Table 3. Surface tension and
liquid viscosity were adjusted for the effect ofmfgerature using Figure 2. Figure 5b shows thatmbdels at 40, 60 and
80°C do not provide good fits. In the low-quality rengi, apparent viscosity is overestimated. Moredwethe high-quality
regime, the model deviates from the data; holdindry fixed does not account for the nearly fourfold rodpa ink;, in this



Fmdry[-]

Fmcap[-]

regime as temperature increases. One cannot Betfeam model parameters at one temperature arg tggn with
confidence to other temperatures, even if one atsdor the effect of temperature on surface tamaiud liquid viscosity.

3) A third modeling approach investigates the effddiemperature on specific parameters. In this,dase¢he model
fitting of the experimental data at 40, 60,°8) values for all the parameters were kept constadtequal to the optimized
parameters obtained at°@0(Table 3), except fdmcap(the only fitted parameter). This is equivaleniattjustingfmmol
since only the product of these two paramebtenmobxk matters in Eq. AL. The model fits are shown in Fégbc. The
rationale for treatingmcapas an adjustable parameter is to identify if @aiicorrelation between temperature and a foam
parameter exists. In this cafecapis predicted to decrease with increasing tempezatith values of 2.53x1%) 2.44x1¢,
2.15x10% and 1.82x19 for the 20, 40, 60, 8C experiments respectively. The model fits are@sdgas in Figure 5a in the
low-quality regime. Because of the equivalencedyfistingfmcapandfmmobin this model, in effect, these results suggest
that fmmobis inversely proportional to gas-water surfacesiem. In the high-quality regime, they deviate frohe data
because they do not account for the decreasedrny and water relative permeability.

In the STARS foam model, paramefendry is related to the collapse of foam at the limiticapillary pressurd®.*
[29,34]. In the limit of largeepdry, fmdry is the water saturation &*. In our model fitsfmdry decreases slightly with
increasing temperature, but its value is closerreducible water saturation. A constant valudroflry, together with the
decrease in surface tension (Figure 2) would ingphgduction inP.;* by about a 25% from 20°C to 80°C; in other words,
foam is less stable at higher temperature. Howeverdon't know how sensitive capillary pressurtoisvater saturation so
close to irreducible water saturation, so the trefidP.;* with temperature cannot be determined from thesta @vith
confidence. One can conclude tHatdry, the parameter needed to represent foam flow ttiyedoes decrease with
increasing temperature in these data; the potw flte high-quality regimes in Figures 2b and 2&enthis clear.

Parm/T 26C 40C 60°C 80°C

fmmob 1.14E+05 2.01E+05 1.04E+05 1.70E+05
epdry 2.36E+03 2.42E+04 9.78E+04 7.43E+03
fmdry 2.77E-01 2.71E-01 2.67E-01 2.68E-01
fmcap 2.53E-04 1.65E-04 2.12E-04 2.05E-04

epcap 1.33E+00 1.51E+00 1.34E+00 2.04E+00

Table 3. Optimal values for all foam parameters as calculated by fitting the experimental data with th e least-squares minimization
method. Model fits presented in Figure 5a.

2.80E-01 1.20E+04
2.78E-01 1.00E+04

8.00E+03
2.76E-01
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6.00E+03
2.74E-01
4.00E+03

272801 2.00E+03

2.70E-01 Temperature[° C] 0.00E+00 Temperature[° C]
0 20 40 60 80 0 20 40 60 80

2.50E+00
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1.00E+00

3.00E-05

2.00E-05 5.00E-01

1.00E-05
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Figure 8. Changes in the five foam parameters with respect to temperature changes for Bentheimer sandstone
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Conclusions and Implications

This study presents a combination of bulk and ¢lo®d experimental methods to investigate the e¢féeddemperature on
the foaming ability and mobility of foam for a sffexsurfactant. The bulk foam experiments showt fllam decays faster
and drainage increases as temperature increassscarhbe attributed to reduced liquid viscosigdiag to faster drainage
rates of the surfactant solution and the incredisedpermeability leading to an increase of coamsgnThe relation between
drainage from bulk foam, over a distance of cmyatriby gravity, to drainage from foam films in posomedia, over a
distance of 100'gm, driven by capillary pressure, is not simple, boer.

The results in this work indicate that it is criti¢hat laboratory core-floods be at conditionsahh@pproximate the
physical conditions of the reservoir under studpedfically, the behavior of foam was shown to Ibdluenced by
temperature changes. In our study the change m fughavior with temperature could not be predisieaply from changes
in liquid viscosity and surface tension, holdingpext foam parameters constant. Although large teatper differences are
not expected within a single reservoir, cautionuthde taken in extrapolating foam parameters noperatures different
from those studied in the laboratory. Understanding effect of temperature on foam and incorpogatihis effect
mechanistically in reservoir simulations will reguifurther experimental research.
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Nomenclature
Sl units are assumed for all parameters used auiegions.

epcap Foam parameter controlling shear thinning
epdry Foam parameter controlling abruptness of foam pe#a
fmcap Foam parameter assumed equal to smallest expeagpéiy number
fmmob Reference mobility reduction factor
fmdry Critical water saturation at which foam collapses
Fl Foaming Index
MRF Mobility Reduction Factor
kg Relative permeability of gaseous phase in absehizam
k$g End-point relative permeability of gaseous phase
Ky Relative permeability of aqueous phase
kS, End-point relative permeability of aqueous phase
Nea Capillary number
ng Exponent irk,, curve
Ny, Exponent irk,., curve
Sgr Residual gas saturation
Sw Water saturation
Swe Connate water saturation
t Time (s)
u Darcy velocity (ft/day)
\% Volume (mL)
e Liquid fraction
) Porosity
Uy Viscosity of gas (cP)
Uy Viscosity of water (cP)
Happ Average apparent foam viscosity for middle cordieadqcP)
Owg Surface tension (mN/m)
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Appendix A.

The Local Equilibrium STARS model used in this stisl described by [20,21,34]. The STARS model idtrees the MRF
function (inverse of mobility factdfM in STARS) which describes the reduction in gas ititglby foam (Eqg. 1). The full
version of the MRF function is given by

MRF =1+ fmmobF § E F E E

The parametefmmobis the reference gas mobility-reduction factor fieet foams. This parameter corresponds to the
maximum attainable mobility reduction. The funcBdn-F, are constrained to values less than or equal o that each
function can only reduce the gas mobility-reductfantor, i.e. increase gas mobility. The functionedel the effect of
surfactant concentrationFy(), effect of water saturation on foam properti€s),( oil saturation ¥;), gas velocity K,),
capillary number K;) and the critical capillary numbeFy). In the present work, andFs; are considered and defined with
equations A2 and A3 respectively:

. arctan(epdry( §, - fmdry)
T (A2)

e Y (A3)

Nca

F,=0.5

Thus the foam model we use contains five parameataraelyfmmob, epdry, fmdry, fmcap and epcap
» epdrycontrols the abruptness of the foam collapse ametibn of water saturation. Small values give adgel transition
between the two regimes, while larger values yeettharper, albeit still continuous, transition.

« If the transition between regimes is abrupt, theapeterfmdry is equal toS;,, the water saturation at the limiting
capillary pressurecP, i.e. the water saturation at which foam collapfs5].

» fmcaprepresents the lowest capillary number expectdtdrsimulation and below this value shear thinrbebavior is
not expected. Thuencapis not considered a foam parameter per se. Pagagptapcontrols the significance of shear
thinning; the larger it is, the stronger the shegthinning behavior becomes.

Appendix B.

A comparison between the model fitting results fed teast-squares minimization method and the metfid8oeije and
Rossen [21] is provided in more detail in this sectThe latter method assumes an abrupt collapteeecritical capillary
pressure condition. We model the experimental déttaboth methods and proceed to a comparisoneptrameter values.
Figure B1 shows that the two model fits are in good agree¢mith each other and with the experimental data®ee same
conclusion is reached for the experimental datthathigher temperatures (results not shown).frAsapis not a foam
parameteper se its value is fixed between the two methods (equés adjusted value from the least-squares mkation
method, sed able B1). The value ofmdryis predicted to be the same by the two methods.vEfues ofmmobandepcap
are in close agreement, which is also suggestethdoynodel fits; the former mostly controls the miagpge of the model
apparent viscosity in the low-quality regime and titter the shear thinning behaviepdryis not calculated with the model
of Boeije and Rossen [21]; rather it is assumelnettarge enough to lead to an abrupt foam colldpsi&g regime transition
as mentioned above. Its value optimized using ¢astisquares minimization method suggests theitianss relatively
abrupt.
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Figure B1. Comparison between the model fits of Boe  ije and Rossen [21] and least-squares minimization to the experimental data of
the foam scan conducted at 20 °C.

Parm Boeije and Rossen Least-squares
fmmob 1.03E+05 1.14E+05
epdry high 2.36E+03
fmdry 2.77E-01 2.77E-01
fmcap 2.53E-04 2.53E-04
epcap 1.21E+00 1.33E+00

Table B1. Comparison between optimized foam paramet  ers obtained with the methods of Boeije and Rossen [21] and least-squares
minimization, fitted to the data of Figure B1.



