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SCREENING OF MIXED SURFACTANT SYSTEMS:

Phase Behavior Studies and CT Imaging of
Surfactant-Enhanced Oil Recovery Experiments

by t=eliciam_M. l.,lave, Bonnie L. Gall, Philip B. Lorenz, Idell M. Cook, and Larry J. Scott

ABSTRACT

A systematic chemical screening study was conducted on selected anionic-nonionic and

nonionic-nonionic systems. The objective of the study was to evaluate and determine

combinations of these surfactants that would exhibit t'aw)rable phase behavior and solubilization

capacity. The effects of different parameters including (a) salinity, (b) temperature, (c) alkane

cal'bL_nnunlber. (c) I-ILB of nonionic component, and (d) type of surt'actant on the behavior of the

overall chemical syslem were evaluated. The current work was conducted using a series of

elhoxylated nonionic surfactants in combinations of several anionic systems with various

h y d roc al'l-_o n s.

Efforts to correlate the behavior of these mixed systems led to the development of several

lm_dels for Ihe chemical systems tested. The models were used to compare the different systems

and provided some guidelines for formulating them to account for variations in salinity, oil

hydrocarbon number, and temperature. The models were also evaluated to determine conformance

with the results l'rom experimental nleasurements. The models provided good agreement with

experimental results.

The nonionic-nonionic mixtures generally yielded considerably higher optimal salinity levels

compared to those of the anionic-nonionic and anionic systems. The anionic-nonionic mixtures

also exhibited relatively higher salinity values than those of the anionic system alone. Mixing the

nonionic surfaclant with the anionic component contributed to a significant improvement in the

overall solutions' range of applicable optimal salinities. The effect of the addition of anionic

component on reduction in overall solution optimal salinity diminished with increasing alkane

carbon number (ACN) and hydrophilic/lipophilic balance (HLB) levels. The salinity reduction was

larger and more sensitive to HLB for the linear alkyl alcohol ethoxylates than for the dialkyl

phenols. For most systems tested, the sensitivity to HLB was much higher when the anionic

comp_nent was added. Thus, a nonionic-rich chemical blend was less dependent on accurate

adjustments o1"HLB to be effective than a nonionic-lean blend. However, this difference in

dependence decreased with increasing ACN or HLB values.

Temperature had a significant effect on these mixed surfactant systems. The nonionics were

observed to be more temperature sensitive than the anionic surfactants. The observed temperature

sensitivity was of the order: linear alkyl a!cohol ethoxylate > dialkyl phenol > petroleum



sulfonate/alcohol. The sensitivity of the chemical system to type of hydrocarbon present followed

the order: petroleum sulfonate/alcohol > linear alkyl alcohol ethoxylatc > dialkyl phenol. Based

on this hydrocarbon-sensitivity order, chemical systems fornaulated with linear alkyl alcohol

ethoxylates or petroleum sulfonate/alcohol for a particular oil would require more retkn:mulation

effort than the dialkyl phenol systems, in order to be optimized for application with another

hydrocarbon.

X-ray computed tomography (CT) was used to study fluid distributions during chemical

enhanced oil recovery experiments. CT-monitored corefloods were conducted to examine the

effect of changing surfactant slug size injection on oil bank formation and propagation. Reducing

surfactant slug size resulted in lower total oil production. Oil recovery results, however, did not

correlate with slug size for the low-concentration, alkaline, mixed surfactant system used in these

tests. The CT measurements showed that polymer mobility _.'ontroland core features also affected

the overall oil recovery results.

Corefloods were also conducted using re,,,erwgircore from the North Burbank Unit (NBU),

Osage County, Oklahoma, a Class 1 reservoir. Core heterogeneity and wettability had a significant

effect on fluid movement through this core. Only about 50% of the core was well swept by the

injected fluids.

INTRODUCTION

For many U.S. oil reservoirs, chemical flooding enhanced oil recovery (EOR) may be the

only viable means of extending their "productive lives". Most oi' the advances ilathis area resulted

from laboratory work, theory, computational procedures, and improved overall engineering

methodology. Several recent reviews of the slate of the art provide an overview of the direction of

the technology. 1-4 The potential of chemical flooding EOR is hindered by the qeed for a

comprehensive research and development program for efficient and economic npplicalion at present

and prqected oil prices. A workshop sponsored by the U.S. Department of Energy (DOE) was

also held recently to assemble industry experts on chemical flooding and identify the research

direction, potential prospects, and application of chemical flooding EOR technology. 5

The application of surfactant flooding EOR has been dictated by economics as seen in reports

on field projects. 6-7 Six field projects are currently active in the United States. l One test was

considered successful, four were promising, and one was too early to tell. New field projects

planned by ARCO in Newton County, Texas and by Marathon in Pecos Cc_unty, Texas were

scheduled for startup at the end of 1989. The ARCO project was canceled along with three other

projects that were recently terminated, including Texaco's promising Salem (Illinois) field project.

Most of the domestic field projects on surfactant flooding were perlormed in deltaic reserwfirs. An

analysis of 20 field projects conducted in these deltaic reservoirs 8 revealed that channeling,



compm'tmentalization, directional permeability trends, lbrmation parting, and formation salinity are

the conditions commonly encountered in these field tests contributing to the lower than expected oil

recovery. Applications of surfactant flooding technology in foreign oil reservoirs include the

Bothamsall project in the UK, the Hankensbuettel project in Germany, the T_)talpr_)jcct ill Handil,

Indonesia and the Chateaurenard project in France. The tests in France and Germany appeared to

be successful in recovering significant oil, while the lest in Bothamsall was discouraging.

Information about the Total project is limited. A more recent foreign implementation of chemical

flooding EOR was planned for the Romashkino field in Tatarstan, of the lk)rmcr Soviet Union, in

the summer of 1992.9 Information regarding the status of this lest is currently unavailable.

The major focus of current R&D efforts has been on (1) improving surlactant system

effectiveness; (2) maintaining chemical slug integrity; (3) application under limiting reservoir

conditions; and (4) improving economics by' using low-concentration surfactant Ik)rmulations. Key

research areas tinder these headings have included the effecls of surfactant structure and

formulation of surfactant slugs, temperature, and salinity on properties of stlrtactant formulations

such as interracial tension (lET), critical micelle concentration (CMC), and phase behavior, as well

as surfactant behavior with lespect to adsorption, chromatographic separation, precipitation, phase

trapping, and oil recovery. Most of the work conducted on surfact_.ln[ flooding FOR has been

focused on sulfonate-type surfactants. Petroleum sulfonates have been widely investigated based

on defined criteria of material cost, reservoir compatibility, and supporting results from laboratory

experiments. Petroleum sulfonate-based chemical floods have also been iI_lplcmenlcd in the field

with limited success, both technically and economically. Io Sensitivity to salinity has often been an

overriding factor affecting surfactant performance in the field. 11 Traditionally, cosurfactants or

cosolvents consisting of short-chain alcohols have been used to increase surl'actant salinity

tolerance. Unfortunately, mixtures of surfactant and alcohol are sub.ject to preferential partitioning

into the oil phase and also to chromatographic separation of slug components I_yreserw)ir rock.

Other potentially applicable sulfonate-type surfactants, such as alkyl-aryl sulfonates, may be more

expensive to manufacture, but their improved performance potential under adverse reservoir

conditions oftentimes offsets their higher costs. These latter-type sulfonates are t_, .'ctive and

thermally stable over a wide range of temperatures at relatively low salinity levels. One drawback

in the use of these surfactants is the formation of condensed phases and persistent emulsions in the

absence of relatively high alcohol cosolvent concentrations.

The DOE National Energy Strategy-Advanced Oil Recovery Program (NES-AORP) was

developed as a means of improving domestic oil production. The focus of this program is the

advancement of the best currently defined EOR technologies and utilization of these methods to

improve recovery from targeted reservoirs. In accordance with DOE's strategy, the goal of the

NIPER research program is to develop surfactant systems that are both cost-elTcctive and have



improved adaptability to variations in salinity, hardness, temperature, and dilution for recovery of

crude oils from selected fluvial-dominated deltaic reservoirs (designated as Class 1 in the NES-

AORP). Research under this program has been focused primarily on mixed surfactant systems that

have been shown to have potential advantages over conventional chemical flooding systems.

These surfactant systems can be designed to achieve improved tolerance to adverse conditions as

well as variability in reservoir conditions encountered by injected fluids. These systems can be

formulated with surfactant components that jointly have high oil recovery potential (i.e., high oil

solubilization and ultra low interfacial tension) and improv,_d adaptability to different ranges of

salinity, divalent ion concentrations, and temperature. The existence of a synergistic effect with

mixed compositions can be evaluated to develop a surfactant system or systems that will retain

relatively low interfacial tension (IFT) values over a range of target reservoir conditions, while

maintaining overall chemical effectiveness at an acceptable level. Factors influencing the economic

potential of the chemical system(s) have to be considered as well. A balance between cost and oil

recovery effectiveness has to be achieved in order to find the best surfactant systems for field

application.

The more recent research work conducted under this program has been focused primarily on

identifying mixed surfactant systems that can be formulated with chemical components that

synergistically yield high oil recovery potential and improved solution behavior and adaptability.

Several commercially available surfactants were tested as primary components in the chemical

systems and mixtures used in the study. 12-14 These surfactants were formulated with different

secondary as well as tertiary components, including other ethoxylated and no_-ethoxylated

sulfonates and sulfates. Improved salinity and hardness tolerance were achieved liar some of these

chemical systems. Oil displacement experiments in Berea sandstone cores showed considerable

improvement in oil recovery potential of these systems compared to the tests using chemical

systems containing individual surfactant components studied in prior work. Some of these

displacement experiments were conducted with the aid of advanced imaging tcchniques such as

NIPER's computer-aided tomography (CT) scanner to determine the progres.;ion of the

flood. 13,15-16 Both the effectiveness of the surfactant formulation and the mobility conlrol system

can be monitored using this technique. Studies were also conducted using tw<) cosurfactant

systems added to a primary surfactant component. The studies conducled were based on the

concept of balancing the effect of the secondary and lertiary surfactant components in maintaining

the oil and water affinity of the overall chemical system, similar to an hydrophilic-lipol_hilic balance

(HLB) gradient approach. 13-14 Results from these studies showed favorable If:T values as well as
/

phase behavior at the conditions tested.

Evaluation of the effectiveness of chemical systems to mobilize oil is a complex process.

The ability of the surfactant to solubilize oil depends on the chemical nature of the surfactant and



the oil and other experimental parameters such as brine salinity and temperature. Measurements of

solution properties such as interfacial tension, solubilization parameters, and phase behavior are

used to screen surfactant formulations to determine conditions under which lhey can elTectively

solubilize oil. Ultimately, however, the chemical formulation must be injected into rock samples to

test its ability to mobilize discontinuously distributed oil droplets, generate an oil bank, and keep

the oil bank mobilized to maximize oil production. In the past, oil production during laboratory

tests was nlonitored using pressure measurements along the core length and by collecting fluids

exiting fi'om the core. By watching pressure fluctuations as the fluid fronts adw_nce, average

advance of an oil bank can be observed. No information, however, can be obtained for

nonuniform fluid distributions during recovery experiments using these techniques. CT-imaging,

however, allows visualization of fluid movement during va_rious stages of an oil recovery

experiment. Observation of nonuniform saturation distributions that resull from core

heterogeneities (permeability streaks) or from problems in fluid mobilization (poor chemical

design) may help improve design or application criteria for chemical EOR technology.

The research for FY93 continues to focus on the use of mixed sllrt'_.lcl;.ultsystems on a

specific range of conditions. An experimental study was conducted on several mixed surfactant

systems containing different primary surfactant components with the addition of a series of

ethoxylated nonionic surfactants. This study was performed to evaluate and determine the eft'ect of

several experimental parameters of the overall surfactant solution behavior of these systems. These

experimental parameters include temperature, salinity, hydrocarbon chain length, and the HLB of

various proportions of nonionic surfactants. The particularly focus of the study was on anionic-

nonionic mixtures that rnay exhibit much improved phase behavior and solubilization capacities,

compared to the primary anionic formulation. One of the primary chemical anionic systems used

for this study was the TRS 10-410/IBA system. 17-18 This chemical system has been shown to

develop relatively low interfacial tensions (IFT) at low optimal salinity and low concentrations of

divalent ions. 17-18 Another primary surfactant system containing an alpha olel'in sulfonate (AOS)

was also evaluated for this study. Combinations of these anionic-nonionic surfactants were

studied to identify the conditions and chemlcai s_ :terns that result or exhibit favorable solution
behavior.

At NIPER, significant effort over the past several years has resulted in the development and

use of CT imaging techniques to characterize rock structure and fluid distributions within rock pore

space. Information concerning the development of techniques and principles of operation of CT

imaging can be found elsewhere. 19-22 Initial efforts to use CT imaging techniques to help

understand and evaluate fluid movement and oil production during surfactant/polymer enhanced oil

recovery experiments were reported previously. 1(_,23 The conclusions from this initial study

included the following observations. Formation and propagation of an oil bank could be observed



using CT-imaging techniques. Oil banks often propagated in a nonuniform manner. Variation in

permeability within the core affected the fluid frontal advance rate so that tn_tlathe effects of

injected chemical effectiveness and core heterogeneities could be observed. Use of a poor mobility

control agent was ve U detrimental to oil recovery. Use of a less effective surfactant eaystemwith

adequate mobility control could produce as much oil as the use of a good surfaclanl system with

inadequate mobility control. Additional studies using CT-imaging to monitor oil production during

EOR experiments were recommended.

Two series of experiments were conducted during FY93, including: experiments (1) to

determine the effect of changing injected surfactant slug size 011oil movement and recovery and (2)

to determine the effect of changing surfactant slug salinity conditions on oil recovery. In addition,

a sur/'actant enhanced oil recovery experiment in reservoir rock from the N_)rlh Burbank Unit,

Osage County, Oklahoma was conducted.

This work is part of a DOE sponsored research project, Improvements in Surfactant

Flooding Methods (Project BE4A), to improve chemical EOR t'iooding t.llelht)ds. Overall

objectives of this project are (1) to apply adwmced EOR technology based on ll_ixed surfactant

systems to improve oil recovery fi'om Class 1 reservoirs: (2) to extend the use of s_lrfaclant EOR

to different salinity and temperature ranges by developing stlrl'actanI syslenls _ hich are more

adaptable to changes in chemical composition in selected reservoirs: (3) to develol_ cost-effective

chemical systems for selected field applications that nlay contain low conccntrati_,ns of synthetic

surfactant and alkaline additives.

This report is organized into two sections. Section I summarizes screening experiments

using mixed surfactant systems, and Section II summarizes coreflood experiments using

CT-imaging techniques to determine oil saturations during chemical injection. Additional l'igures

for the screening section are found in appendix A. Appendix B contains generalized

CT-corel'looding procedures and composite images of the core floods described in tills report.
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I. SCREENING OF MIXED SURFACTANT SYSTEMS

Materials and Experimental Procedures

Materials

A listing of the nonionic and anionic surfactants used in the study is presented in Tables 1

and 2. These chemicals were used without further purification, unless otherwise specified. Table

3 is a listing of the different surfactant systems fornmlated for the study. The system number listed

in Table 3 corresponds to the surfactant systems previously studied and reported. 14 These systems
were formulated with a series of nonionic surfactants in combination with an anionic surfactant

system. These chemical formulations were prepared using reagent grade salts, and the

concentrations are reported as weight of surfactant chemical to volume of solution (wtlvol).

TABLE 1 - List of anionic surfactants studied

Name Code .....Type Alkane Chain

AOS 14-16 AOS 14-16 Alpha olefin sulflmate 14-16

AOS 16-18 AOS 16-18 Alpha olefin sulfonate If_-18

TRS TRS 10-410 petroleum sul fonate

TABLE 2 - List of nonionic surfactants studied

Company, Name Code Type Alkane Chain EOI HLB 2

Hoechst Genapol 26L-3 alcohol ethoxylale 12-16 3 8.()

Hoechst Genapoi 26L-5 alcohol ethoxylate !2-16 5 10,6

Hoechst Genapol 26L-60 alcohol ethoxylate 12-16 7.3 i 2.4

Rhone-Poulenc Igepal DM-430 ethoxylated dialkyl phenol 9 7 9.4

Rhone-Poulenc Igepal DM-530 ethoxylated dialkyl phenol 9 9 10,6

Rhone-Poulenc Igepal DM-730 ethoxylated dialkyl phenol 9 15 15. I

Inumber of ethylene oxide groups

2hydrophilic/lipophilic balance



TABLE 3 - List of surfactant systems studied using PIT method

System No(s). Components and Concentration of Surfactant Systems HLB

3 1 wt% DM-530 and I wt% TRS 10-410/IBA 150:50] 10.6

44 I wt% DM-430/DM-530 [50:50] and 1 wt% TRS 10-410/IBA [50:50] 1().0

45(70) 1 wt% DM-530/DM-730 [91:9] and 1 wt% TRS 10-410/IBA [50:501 11.()

46(72) 1 wt% DM-530/DM-730 [80:20] and ! wt% TRS 10-410/IBA [50:50] !! ,5

47(74) 1 wt% DM-530/DM-730 [69:3111and 1 wt% TRS 10-410/IBA [50:50] 12,0

48 1 wt% DM-530/DM-730 [58:42] and 1 wt% TRS I()-410/IBA [50:501 12,5

50 1 wt% Genapol 26-L-3/26-L-5 [42:58] and I wt% TRS 10-410/IBA [50:50] 9,5

51(69) 1 wt% Genapol 26-L-5/26-L-3 [77:23] and 1 wt% TRS 10-410/IBA 150:501 It),0

52 I wt% Genapol 26-L-5 and 1 wt% TRS 10-410/IBA [50:50] 10,6

53(71) i wt% Genapol 26-L-5/26-L-60 [78:22] and I wt% TRS 10-410/IBA [50:50] II.0

54 l wt% Genapol 26-L-5/26-L-60 [47:53] and 1 wt% TRS 10-41()/IBA [5():5()1 11,55

55(73) I wt% Genapol 26-L-5/26-L-60 [22:78] and I wt% TRS 10-410/IBA [50:50] 12.0

57(38b) 2 wt% Genapol 26-L-3/26-L-5 [42:58] 9,5

58(40c) 2 wt% DM-430/DM 530 [83:17] 9.6

59(23) 2 wt% Igepal DM-430/DM-530 [50:50] ().()

60(26) 2 wt% Genapol 26-L-5/26-L-3 [77:23] 0.()

61(22) 2 wt% DM-530/DM-730 [91:9] 1.()

62(39a) 2 wt% Genapol 26-L-5/26-L-60 [78:22] 1.0

63(31 ) 2 wt% DM-530/DM-730 [69:31 ] 2,()

64(39c) 2 wt% Genapoi 26-L-5/26-L-60 122:78] 2.0

65(39b) 2 wt% Genapol 26-L-5/26-L-60 [47:53] 1.55

66(30) 2 wt% DM-530/DM-730 [80:20] 1.5

67(24) 2 wt% Genapol 26-L-5 0.6

68( 1) 2 wt% DM-530 (),6

Phase Inversion Temperature Measurements

Much of the surfactant system screening perl'omled fl)r this study was conducted with the aid

of a phase inversion temperature (PIT) measurement apparatus. The PITs of these chemical

systems studied were measured using a computer-controlled apparatus designed and constructed at

NIPER. 24 The PIT is the temperature condition at which a water-in-oil emulsion changes into an

oil-in-water emulsion or vice versa. This phase transition can be detected by measuring the

electrical conductivity of a well-stirred mixture as a function of the temperature. The PIT



experiment is routinely associated with measurement of the above phase transition for nonionic

surfactants, and the technique has been used extensively by other researchers to evaluate

surfactant-oil interaction. 25-26 A detailed description of the experimental procedure utilizing this

apparatus has been reported. 24

Phase Behavior Measurements-Salinity Scans

Phase behavior measurements were conducted on selected chemical systems to ewtluate and

quantify their respective oil/water solubilization capacities. The el'fects of several experimental

factors on the phase behavior of the overall chemical/hydrocarbon syslems were evaluated. From

these experiments, the oil/water solubilization capacities of these systems were determined. These

tests were conducted using chemical solutions that were made up at a fixed water-to-oil ratio

(volumewater : volumeoil = 1). These solutions were prepared in 10-mL glass pipets that were

sealed and equilibrated in approved safety ovens at the desired ten_perature levels. The relative

volumes of the different phases were read and recorded at set time interwds until conslant readings

were obtained. These constant phase volume readings were then used io calculate the

solubilization parameters of the oil (_o = Vo/Vs) and the brine (CYw= Vw/V<). Unusual phase

behavior such as the formation of gels, liquid crystalline phases, and precipitation was also

observed and recorded. Details regarding these calculations have been reported. 27

Interfacial Tension Measurements

The interracial tension (IFT) of the different chemical systems tested was measured using a

Model 300 Spinning Drop Interfacial Tensiometer, manufactured at University of Texas at Austin.

These measurements were conducted using several equilibrated and nonequilibrated systems and

different hydrocarbons at selected conditions. These measurements were taken after sufficient

equilibration time had been allowed at' the temperature conditions desired. Several measurements

were taken until reproducible IFF values were obtained. Other parameters needed in lhe calculation

of the corresponding IFT, such as densities and refractive indices, were also measured. The

procedure for measuring IFT and other experimental parameters have also been reported. 12

RESULTS AND DISCUSSION

Mixed Surfactant Screening

Experimental studies were conducted on selected series ot' ethoxylated nonionic surfactants in

combination with a primary anionic surfactant system. The objective of these sludies was to

evaluate and identify combinations of these surfactants, both anionic-nonic_nic and nonionic-



nonionic mixtures, that may exhibit improved phase behavior and oil/water solubilization capacity,

in comparison to that of the primary anionic fln'mulation. Results lroln earlier studies have shown

that these ethoxylated surfactants can be used in extending the range of application o1"lhe primary

sulfonate system. 17'-14 These nonionic surfactants were used in the study Ic_ evaluate the

combinations of chemical systems that may exhibit faw)rable and improved overall solution

behavior.

The primary anionic surfactant system used in this sludy wits the TRS I()-410/IBA system.

This surfactant system has been fairly well evaluated. 14.17-18As previously mentioned, the results

of prior screening tests showed that the addition of ethoxylated secondary surfactants can enhance

the salinity tolerance of the overall system. 13-14 This work wits conducted to extend the

experimental evaluation performed in the earlier work to much elevated tclnperatures and in

combinations with various n-alkanes. Much of the earlier work c_ncentrated on using n-decane,

with selected tests conducted using n-octane, with emphasis on operating at about 5()° C. The

current experimental work encompassed a temperature range up to 70° C and included various n-

alkanes such as n-heptane, n-octane, n-nonane, n-decane, n-dodecane, and n-tctradccane. These

experinaents were designed to help evaluate and determine the phase behavior of the overall

surfactant solution as a function of the amount and type of secondary surl'actants added. Particular

emphasis was given to determining the effect of the nonionic surfactant compoIletlt's hydmphilic-

lipophilic balance (HLB) values on overall solution behavior. Several experimczlta1111cthodswere

employed in determining optimum conditions for the surl'actant systems. These methods included

the PIT method, salinity scans, and IFT measurements tit various condititms.

Screening by Phase Inversion Temperature Method

The PIT method was utilized as a means of screening these surl'aclant c_llihillaticms for the

range of applicable salinity levels. This relatively fast screening illelhod was needed t{_effectively

ewtluate an exhaustive number of different combinations of ncmionic-n_ni_llic _nd anionic-

nonionic surfactant systems. The purpose of these tests was to deternline the range _l' optimal

salinity of several chemical systems based on the HLB paranleter of the noni_nic colnp_ment.

These experiments were conducted to find systems where a lav{nal_le balance between salinity

tolerance and oilsolubilization can be maintained. These studies includeda series_lll_mionic

surfactants of different HLBs as well as combinations of these surt'aclants yielding interlnediate

HLB values. Several nonionic surfactants were tested using the al-n)\'e-_l_cnti_ned Inethod

including a series of Genapol and lgepal surfactants of a wide range _I' 1II.17,\':llues. The

surfactant systems studied are listed in Table 3. These surfactanls were tested in c_)_lhit_ationwith

TRS 10-410/IBA [1:1] surfactant system at a l'ixed proportion _I 1:I, at a t_tal surfactant

I()



concentration of 2 wt%. The chemical proportions used in the present study were sinnilnr to those

used in the earlier study. 14

Example results of the surfactant screening utilizing the PIT inethud are presented in Figs. 1

through 18. The remainder of the results t'rom the study are presented in appendix A. t!tilizing the

PIT method, approximate optimal salinity conditions for these surfactant syst,'tlls were identified

and correlated with various experimental parameters such as HLB. n-alkanc and temperature.

Attempts to provide correlations for the observed optimal s;tlinity behavior will be discussed in a

later section. The results of these PIT studies were also used as means of detern_it_ing tile range of

conditions where conventional salinity scans can be conducted, rising the PIT rcsttlls as guides, a

series of salinity scans were conducted on selected chemical systems. These salinity scans in turn

provided information on the oil/water solubilization capacity of each ot" the systems tested. The

results from the PIT studies were compared to the results of salinity scan studies. These

comparisons are discussed in the next section.

Figures 1 through 4 are example summary plots of the optimum salinity (S":) of the dilTerent

mixtures versus the HLB of the nonionic components using different alkanes at 50 ° C. , •
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The results from these studies support the previous observations made in the earlier study 14

that the Genapol series of linear alkyl alcohol ethoxylates exhibited a very distinct behavior from

the lgepal series of dialkyl phenol surfactants, at similar HLB levels. The mixtures of lgepal

surfactants exhibited a more significant dependence on the HLB wdue than those of the Genapols.

The contrast in the behavior of these two types of surfactants was more pronounced at lower HLB

values and decreased at higher HLB values, The difference in overall behavior was also observed

with the mixtures containing the TRS 10-410/IBA surfactant system, The mixtures containing the

Genapol surfactants yielded much higher optimal salinity ranges compared to those of the mixtures

containing the lgepal surfactants, at comparable HLB values. The trends in the dependence of the

optimal salinity on HLB of the anionic-nonionic mixtures were similar to those exhibited by the

nonionic-nonionic systems, The difference lies in the overall level of optimal salinity ranges for

these different mixtures. The nonionic-nonionic mixtures generally exhibited considerably higher

optimal salinity levels compared to those of the mixtures containing the anionic COmlxment alone. 14

The mixtures containing the anionic-nonionic components also exhibited cc_nsiderably higher

overall optimal salinity values than that exhibited by the base case anionic system. 14 The addition

of the anionic component to the nonionic system contributed to a marked difference in the range of

13



applicable optimal salinity. The added nonionic component facilitated tile shift ill saliilit> tulerance
of the overall mixtures.

Other observations provided some infortnalion on cotnl_itlali¢_ns ¢_1"l'_rll_tllatioIlS and

conditions that may be applicable for certain reservoirs. Decreasing tl_ccnrbCmchain length _1"the

oil, from n-tetradecane to n-heptane, resulted in a reduction o1' the effective salinity range at a

specific calculated HLB value and temperature. The reduction in salinity was necessary to

rebalance the overall system clue to the shift in the oil affinity of the system, lVigurcs 5 and 6 show

sample plots of the log of the optimal salinity for selected systems as a function _1"alkane carbon

number at different HLB values. These plots better illustrate the dependence of optilnal salinity on

the carbon chain length of the oil at a specific HLB value and temperature. The t_ptimal salinity

increased proportionately with the increase in HI,B of the surf act;rot syslem. Tile _verali chemical

system was rendered more hydrophilic at the higher HL,B values. This ilicreascd hydrophiliciiy

was offset by the need for higher salinity to shift the surfactant lendency to he niore lipt_philic. The

dependence of optimal salinity versus HLB for surfactunt syslcms in well t/oculnczlled, Similar

observations were made for earlier studies. 14 The data scatter observed in these plots can be

attributed to the difficulty in deterrninirig the approxinlale PIT for lhcsc e_ll_idal systenls,

particularly for those that exhibited solution conductivity inversions l/mr were not very significanl,

Earlier attempts to evaluate the behavior of these surl'actants showed that the It_garithlnic term

for the optimal salinity provided more flexibility as n means to ct_rrclatc file I_ehavior of both

nonionic-nonionic and anionic-nonionic mixtures. 14 Figures 7 throttgh 10 are cxaulple ph_ts ¢_fthe

log of the optimal salinity for each of the chemical systems presenled in Figs. 1 through 4.

Correlation with _s ,'tre, pec to the log of the optimal salinity was possible l'_n'tll_)st_1'tile cases iested.
7), _,S -,A discussion on the correlation efforts is lie. cared in the Modeling thel_chavior of Mixed

Surfactant section of this report,

The dependence of the solution behavior on temperature is better illustratc_l in figs. 11 and

12. These figures show the plots of tt|e log of the optimal salinity versus tempcrattlrc at different

HLB levels using a specific alkane, in this case dodccanc. Several _bscrvalit_tlS CilllI-_eIlli.ldc fronl

these figures. At a fixed temperature, the optimal salinity increased with lilt 111,i:_. "l'llis was the
• _ ,),same trend discussed in an earlier section of the lcpc it. The increased _ptimal salinity requirement

balanced the higher hydrophilic tenclen_Jy(higher Itl,B)of the overall cl_c_ic,tl s\,st¢_. At a fixed

HLB level, the results also indicated that higher optimal salinitics were ncccssarx t_r inuch I_wcr

operating temperature levels. The aqueous phase solubility ;.t__dthe lip_philic tendency _:_1"Ihe

surfactant were drastically affected by changes in the salinity (eleclrt,lytc c_nccntrati_m)t_l" the

overall solution. As reported earlier, the increase in salinity rendered the cllc_nical systel_ n_ore

lipophilic. A reduction in ternperature was needed to n_aintain a new balance bcl\_cell tl_e _il and

14
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3.2 Optimum Salinity (PIT) vs. HLB of Mixtures at 50° C i._/°
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FIGURE 7.- Log of optimal salinity (PIT-method) vs. HLB of ntmitmic surl'actunt
component using Genapol mixtures at 50° C with different alkanes.
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3.3 i Optimal Salinity (PIT) vs. Temperature
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FIGURE 1I. - Log of optimal salinity (PIT-method) vs. temperature with different tlLB _t' nonionic
surfactant component using Genapol mixtures with n-dodecane.
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water affinity of the surfactant system, The system was rendered more hydr_philic as the

temperature decreased. This in turn offset the system's increased liI_ophilic tc_ldency due to the

salinity increase. An increase in temperature effectively shifted the relative affinity of the surf,'lctant

for the oil (increased affinity) and the water (decreased affinity). 2'_-29These results were similar to

those previously reported by other researchers.

Figures 13 and 14 show similar plots of the log of the optimal salinity versus temperature at

different HLB levels using n-dodecane in mixture containing the anionic surfaclant system. As

indicated in Figs. 1i and 12, much lower salinity ranges were also observed as the temperature of

the system increased, at a fixed HLB value. The increase in temperature eflbctivcly increased the

relative affinity of the surfactant for the oil while decreasing the relative water affinity. Much lower

optimal salinity levels were then necessary to rebalance the overall system. The distinct d itTerence

in trend between the systems containing the two types of nonionic surf;.tctants also seemed to

decrease with the rise in temperature level. As reported earlier,14 at HLB levels greater than 11,

the pattern of behavior of the two types of nonionics was observed to be similar, with and without

the presence of the primary anionic surfactant system. The difference in behavior was very much

evident at lower HLB values, but the difference seemed to be suppressed in the presence of the

anionic surfactant system. This difference in behavior in the presence of the anionic surfactant may

be attributed to the relative effect of temperature vttriation of the individual anionic and nonionic

surfactant components in the overall chemical system, The effect of temperature on nonionic and

anionic surfactants, in terms of affinity for oil and water phases, are very different. Nonionic

surfactants have a tendency to be more lipophilic at higher temperatures; while tl_e opposite has

been observed for anionic systems. 14,28-29The additions of the primary anionic surfact_.mt system

may have suppressed some of the dominant temperature effects on the overall anionic-nonionic

mixed system.

Preliminary experiments with other combinations of primary anionic and nonionic surfactants

were also conducted. The primary anionic surfactant used in the later studies was the alpha olet'in

sulfonate (AOS). The purpose of replacing the TRS/IBA system with the AOS surl'actant was

aimed at determining and confirming the distinct behavior exhibited by the syslelns containing the

Genapol and Igepal surfactants. The use of the AOS surfactant providing a lneans to deternline the

effect of each on the nonionic surfactants in improving solution behavior. These nonionics were

also utilized as substitutes for the relatively high short-chain alcohol requirements o1"the AOS

surfactant. 30-31

The alpha olefin sulfonates (AOS) have been studied by earlier researchers as potential

candidates for application in chemical flooding, 3°-31 These systems have relatively good salt

tolerance and yield favorable oil/water solubilization parameters and IFT's with selected oils.

However, substantial amounts of alcohol and elevated temperatures were found t_ h,_ ecessary to
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maintain favorable solubility in high salinity brines. Phase behavior studies _is well as IFT

measuremer|ts were conducted on selected samples of these anionic surfacltlnls.

Initial experimental efforts included establishing base inform_ttion on the tlegrec of oil/water

solubilization, ltaT, and optimal salinity wdues for several commerci_ll surfactants, i.e. CI4-1¢,AOS

and CI6.18 AOS. Results of the screcning study indicated relatively good agrcelllent with results

presented in the literature for a similar class of surfactants with different _tlkttnc cll_i,_ strttcture. 31

Figures 15 and 16 show plots of the solubilization parameters determined for selected systems

tested.

PIT experiments were then conducted on selected samples of these AOS systems, Ct4-1¢,

AOS and CI_,-j8 AOS, in combinations with Genapt)l and lgep_ll series o1"surfactants. The PIT

studies with the primary anionic surfactant system alone did not indicate any trend in solution

behavior of these systems over a selected range of salinities. However, tests with c_nhinations of

these AOS surfactants with selected nonionic surfactants at a fixed ct)llll_t_Jlcntproportion

(50%:50% by weight) indicated some trends in solution conductivity changcs that can 13eattributed

to relative proximity of optimal conditions for these anionic-nonionic mixtures. Additional tests

with these combinations indicated though that the trends with these mixtures were n_t as distinct

compared to earlier results with the mixtures of TRS/IBA and the different nonionic components.

Compared to earlier studies, the AOS-containing systems did not exhibit siNiilar orders of

magnitude change in solution conductivity upon reaching their respective phase inversion

temperatures, unlike the TRS 10-410/IBA-containing systems. These results indicated that the

AOS surfactant's solution behavior dominated the solution behavior _1"tile t)verall mixture.

Additional salinity scans and PIT tests were also conducted with mixttt,'cs c_t_tining higher

nonionic component proportions (e.g. greater than 50% nonionic component). The results using

systems with the higher nonionic component indicated very distinct phase invcrsi_n trends. These

systems exhibited a degree of change in solution conductivity that wits comparable to earlier studies

with the TRS 10-410/IBA system. One drawback ot' utilizing more of"tl_e nonionics (e.g. greater

than 50% nonionic surfactant) was that the nonionic's solution behavior tlppearcd to almost

completely dominate the overall solution behavior. No distinction in PIT bcla_tvior could be

detected among the different samples tested when the proportion of the n¢)nionic c¢)mponent in

these systems was greater than 55%. The solubilization capacities and optimal salinity determined

from these studies were also comparable to those from the studies using the n_mi¢_nics alone.

Additional investigation will be needed to provide a definitive evaluation c_fthis tmiCmic-nonionic

surfactant combination. Preliminary results seem to indicate that the prospects for utilizing these
combinations are limited.
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Comparison of Methods of Surfactant Systems Screening

The PIT method has been shown to be a relatively fast screening llwtll{_dl_wdctcr_nining tile

relative proximity of optimal conditions fl_rselected surt'actant systems. Altlumgll tlw inethod was

primarily tined for nonionic nurl'actantn screening, 25-2¢_earlier studies have sluv,vt_that thin znctla_d

can also be used for identifying possible combinations of anionic-noni_mic naixturcs, l ttilizing the

PIT method, it was possible to evaluate an exhaustive ntlmber _I' cond'_inatti_tis _1' different

surfactants within It relatively short time period. An mentioned in an catrlicr rcDnt, _mcdrawback

of this method in the lack of information in terms o1"the oil/water nolubilizlttitm capacity of each of

the chemical lbrmulationn. 14 The PIT method only provided ini'urmali_m tm tlae range t_l"_ptimal

salinity and temperature where selected chemical systems can be tttilizetl. "l'llcrc in still the ileed Io

perform the more time-consuming phase behavior evaluatitm by means of salinity scans in order to

quantify the solubilization parameters lbr these systems. The PIT meth_d was usct'ul in lmwiding

a narrower range of salinity conditions to be tested. Once these ranges were identified, salinity

scans were conducted on selected systems, Earlier comparisons matte I't'otlitile rcsttlls t_l'broth PIT

and salinity scans showed fairly good agreement in the range of optimal salinitics tletemained from

both methods. 14 Similar comparinons are being made in this study. The rcstllts _1 tlac present

comparisons also showed fairly good agreement between the salinity regimenstlcler_l_ined using

both methods. These results support the need to utilize the PIT Illctht_tl,whcncvcl' al_plicable, for

initially identifying the salinity regions of interest, to be followed by itddititmai studies including

salinity scans, IFT measurements, and oil displacement experiments t_ tlctcrlnine oil-recovery

potential.

The limited number of meanurementn made by the phase volume meth_d {salinity scan)gave

an overall average difference from the PIT method el'only 0.54%. This value is expressed an the

overall average of the percentage difference between the illeastlrelllellln using the phase volume

method and the PIT method divided by the value from the PIT measttrcl|mnt. This relatively low

percentage value disguises the scatter in average difference with respect to teznpcrtllule, an shown

in Table 4. This again reflects the sensitivity of meanurements on ct_lloidal systc_ns,

Table 5 shows the results of the salinity scans conducted on a select group _I"surfactant

TABLE 4. - Average difference in results clue to tenaperature effects

....... Temperature, °C Average difi_rencel %
40 -6.95

50 +2.87

60 +4,88
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mixtures, The table also shows a comparison of the results from both methods. As mentioned

earlier, these comparisons show very good agreement, within + 1,5 wt% NaCI of each other.

From the list in Table 5, only two of the systems tested reached solubiiization capacity

exceeding the value of l Ocm3/cm 3, namely plain Genapol with n-octane and plain Igepal with

n-decane. Table 6 is a summary of the results presented in Table 5. Figures 17 and 18 show plots

of the comparison of the solubilization parameters vs. HLB. The higher solubilization values

occurred at lower values of HLB 9, but there was no systematic trend with respect to HLB that

was indicated. On the other hand, there was a strong downward trend indicutcd with increasing

temperature and increasing ACN. Adding the TRS/IBA system generally had an adverse effect on

solubilization, igepal was slightly superior to Genapol on the average, although this effect is

strikingly reversed in Figs. 17 and 18.

TABLE 5.- Comparison of results from PIT method and salinity scans
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TABLE 6. - Stlmmary tbr salinity scan results at 4(Y"and 5()" ('

Average of Data at Conditions Value of Solubilization Par;tll_ctcr--- i ,,,i,,,

T= 40° C 6.95

T= 50° C 3.15

Using n-u,'tane 6.67

Using n-decane 4.77

Using n-dodecane 3.('14

HLB = 11.0 4.68

HLB = 14.0 4.9 (,)

Without TRS/IBA . 5.78

With TRS/IBA 4.29

Using Genapol 4.66

Using lgepal 5.6()
,,,, ,, , r-- JJ. ......

3O

<
t'_ 20

°i[
10 t -. ....

t ''0 ....... . _
......• w,'oTRSIIBA

.......o,............................. ,::> wi fFIS,'IBA

t Surfaclant Genapol
0t................i..................,................................................ , .................. ,....
9,5 1OO 105 11.0 11 5 120

HLB OF NONIONIC COMPONENT

FIGURE 17. - St)lubilization parameter at optimal salinity vs, t11.1] ()f r)()ni()nlc c()l))l)(mcnt using
(;enapol with and witht)ut TRS/IBA ,,,,,ilian-t)ctanc at 4()' (;.
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FIGURE 18, - Solubilization parameter at optimal salinity vs, HI.B (fl"noniunic c(_lnl_oncnt using

IgepalwithandwithoutTRS/IBAwithn-decaneat4()"C.

Modeling the Behavior of Mixed Surfactants

As shown in Figs. 5 through 14, the data show clear trends with respect to selected

experimental parameters. It is the purpose of the present section tt) develop inotlcls that represent

the trends for all parameters in a comprehensive manner. The lnotlcls are used t() conlpare the

different surfactant systems and develop guidelines lbr design with vttriations in s_llinity, oil and

temperature. Because of the scatter in the data - to be expected for colloitlz_l sy,_tems - no model

will be a precise predictor of behavior. Trends that are displaycd by tt n!ajority of the data are

assumed to be real, and the scatter is smoothed in the models. Smoothing is linet_r in most cases,

but the trends that are consistently curved are modeled using qu_ldn_ticexpressions.

As previously cited 14the University of Texils models 29.32 were presented ;_s logarithmic in

salinity for anionic surfactants, and linear for nonionic surfactants. "Fo make cc)mparisons easier,

the logarithmic term of the salinity was used for all systems. For both type.,__f surfact_lnts, InS

either gave a better correlation or there was little choice.

The linear plots of InS vs. 7] presented in Figs. 11 through 14, wcrc t_c_nvcnicnt starting

place for the correlation attempt, because it was observed that the slopes of these plots were

invariant with respect to HLB. However, the slopes showed a trend with the t_lkane carbon
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number (ACN) of the oil. This is presented for lhe four series _)fsurt'actllllts itl i:igs. I_1lhr_tzgh

22. For three of the series, neither a linear nor a quadratic corrclali_)_l is ,,atJsl'actc_ry. Tw(_

smoothing strategies were explored'

1. A bilinear correlation is more faithful to the data.

2. A linear correlation excluding results with n-heplane is nl_,r¢salislacl_,rv liardeveloping

comparisons among the surt'actanls tested, for b_,lhlenlpcr;lltlrc Hlltl _,il_,l_ccicscfl_'cls,

After "standard" slopes had been established by either s|ratcgy, lwt_ al_proaches were

employed to obtained "standard" intercepts (InS at T=0':'CI:

1. Create a model tbr intercept values (adjusted to fit the /;t3' vs, T tl_ta l_cst with the

prescribed slope) as a function or HLB. The parameters _f' this tn_tl¢l then exhibit trellds

with respect to ACN that are modeled.

2. Reverse the roles of HLB and ACW.

The first approach was more satisfactory in three of the four series, and ,,_;_,,l;_tcrused for the

other system (Genapol) for uniformity of applicatic)n. Table 7 gives details _1'i!1¢c_rrclalion, _md

the steps in deriving the parameters are illustrated in Figs. 23 Ihrt)ugh 31.
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These operations lead to the development of three models:

Genapol without TRS/IBA:

In (S) = ao + al[ACN] + bo[HLB] + bI[ACN][HLB] + c(l[l-ll_.B]2 +

cl [ACN][HLB] 2 + doT + dI[ACN]T (1)

Genapol with TRS/IBA:

In (S) = aoo+ ao]+ alo[HLB] + al l[ACN][HLB] + bolT + bjIIACN]T (2)

Igepal with/and without TRSflBA:

In (S) = a + b[HLB] + c[HLB]2+ dooT+ doI[ACNIT (3)

Values of the coefficients for these equations are listed in Table 8.
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TABLE 7. - Method of obtaining model wdues for intercepts

Surfactant HLB Figure ACN Figure

_ _ system functionality Convexity No. smoothin_ No.

Genapol quadratic down 23 graphical 24
all parameters

Genapol + TRS linear 25 graphical 26
both I_aramelcrs

Igepal quadratic up 27 none needed

Igepal + TRS quadratic up 28 quadratic 29,30,31
one parameter
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FIGURE 23a. - Plot of intercepts of log of saliaity at T=0° C vs. HLB of nonionic component
using Genapol. (ACN: 7 and 8).
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FIGURE 23b. - Plot of intercepts of log of salinity at T=0° C vs. HLB of nonionic component
using Genapol. (ACN: 10, 12 and 14).
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FIGURE 24. - Plot of quadratic parameters vs. alkane carbon number using Genapol. l:(_rintercept
= a + b[HLBI + ciHI-,B12,

32



36[
3.2 -

3.0

2.8

5 2.6

2.4

....•-- ACN=7

2.2 --o-- ACN=8
--II ....ACN=9

....(/F--ACN=IO

2.0 ---_'---ACN=12

--_-- ACN=14
Surf +

9.0 9.5 10,0 10.5 11,0 11.5 12,0 12.;

HLB OF NONIONIC COMPONENT

FIGURE 25. - Plot of intercepts of log of salinity vs. HLB of nonionic component using Genapol
+ TRS/IBA with different n-alkanes.

O.5 0.00

*'* 0

m _
_ m
..j .... 1_ r"-

ntercept -0.50
> /_. • •" _ Bilinear Model -..

13... ,, e, ,'" Z

jO 9"'" "1"1
rJ} --o--Best-fitSIope ",. ,""_,,_,," --, O

Linear Model ww' / " . 3::1

o -'°°5
m

Z ,,

-- 0

'_F- 0.3I m_

LU • .150IT"
rr
O r"C:
r,j o rn

Surfactant: Genapol + TRS/IBA

0.2 .... I _ ..._._J___.l t .L l .L ,_ t.......... -2.00
6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 150 16,0

ALKANE CARBON NUMBER
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TABLE 8, - Values of coefl'icients in the ntodels

Genapol Systeffl
!,l,,,.,m,i , ,i !

...........a,0,, _. ,.....a].............. b0 - , .bl _ _co_ _ cL__
6,774 0.1 I00 -0.586 -0.0291 0.0318 ().O()163

do dl
All ACN -0,0351 (),()()133

ACN>7 only -0.0413 ().()(1183
u ,J , ,,,.., . ,, ,

Genapol + TRS/IBASystcm
J I& 7_1 I lilt ii I I

....... 9()!,) a()l al() all b_l h l

Bilinear
ACN (7- I0) -3.784 0,295 0.516 -0,0161 -0.0194 -().()0040
ACN (10-14) -2.456 0.162 0,516 -0.()161 -0,0469 (),()0235

Linear
ACN (8-14) 0.0349 ().()()1414

J!l L, U I IIIIII I II'IIIIII I Ii I II I I r lll III ll"lJ IIIIIIII .... --
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TABLE 8.-Valtlesol'coel'licicr!tsinthenl_,.Icl.,,-c_mtinucd

lgcpal System
illl ii z_J i i ii I i il_ [ .... -_ ifllfll " i ii i i IHI LLL - IL_ I I Z IlIIlll ......................

a b c ......._I_..............._11.........
_ ill ii,i i if ................ rll ..............

8.041 1,709 -0,()57

ACN (7-i2) -0.0358 ().()()164
ACN (12-14) -(),()197 1),()(11)3()

Linear
ACN (8-14) -().()233 11,1)()()567

--- i II I IIIII11 IllI I [ .__ llIIII " -: - 1fill [ It I],_ " " 111 - : I I1[II,I ii!i IIIlI[IIIII :" _--

Igepal + TRSIlBA System
i "_ iiiiiMf1! iiii[i i _ 11 I i ;]i rill : iiii " -- III [ IIIII: IIlllllI :[ IlIlIII =

_ a b c tI,_ ill
-- . i ] ]iiliiiiiii ii i]iii iiii ii J Ill _ i ,-....... : - ...... i : _& ------- 2jj[ i i i i _ ii

7 -26,58 4,274 -0,154
8 -20,06 3.246 -0, 113
9 -14,76 2,416 -0,080
10 -10.86 1.807 -0,056
12 -6,54 1.153 -0.031
14 -7,18 !,299 -0039

Bilinear
ACN (7-8) -(),0513 11.11(145
ACN (8-14) -().0237 (),()()I()5

Urnat
ACN (8-14) -0,0237 (),()()I()5

tl_,_: 22 ] i 12 I ],]1111_i,,, : i __ It/ iii i11,[, ,[ i ,1 i _ i ,,,,l 12L_ L ,,1 , __ ,, I,,|

Table 9 shows the conlbrmance o1"the models to lhe data. Devialio. ,!f shqn' means the

discrepancy between the dln(S)/dT for the model and the best-fit straight line (as in figures 11-14).

Deviation of position means the discrepancy between the htS Ibr the nmdel and lhc straight line at

the mid point of the data range, as a percent of the total range of InS. RMS scatter is a measure of

the deviations of the individual data points fi'onl the best-fit straight line, as a pcrccntagc of the total

range. The averages of the absolute values of the deviation of slope and de_'iati,, ff/'lmsition are

about the same as the scatter about the basic plot of inS vs T. but the smallcr averages _I"algebraic

values show that the results are not skewed.
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TABLE 9. - Conformance of the models t(_the data tk'rcent IX'viali_>_l

Average value of 0,6 -0,3 4.9 -i),3
deviation of slope

Average value of 9,4 9,2 9.1 12.i
absolutevalue of
deviation of slope

Average value of 0.8 0.7 -3,0 3,4
deviation of position

Average value of 6.1 2,9 It).5 1(),2
absolute value of

devmtmn of posflu_n

Average value of 4.5 2.4 , 5.6 3,3
RMS scatter

iiiii - ii __ iiil|ll .__. --- _ .... II ._Z ......... __ .... IIIILII --- -- __:E i] [11 it: _t -- _ ]_ ....... _ ----- _ tm

Table 10 compares the conffmnance of the model to phase voltttll¢ and PIT data t)ll the same

systems. The agreement is reasonably gratifying, The phase volulnc results arc cl_c t_ the model

lbr the Igepal + TRS/IBA system, which is the worst case (shown in Fig, 31).

TABLE I0, - Conlbrmance of the models to selected data ;it 50° C,I)crccnt RMS
Deviation from the Model

Surfactant System ACN PIT Data I Phase voltlll!e d_|la 2

Genapol 8 2.3 12.I

I0 0.6 l.h

12 (),l !.7

Genapol + TRS 8 2 4.7

I0 2 4 -1,,1

12 I 9 2,t)

Igepal 8 2 3 -1.o
I0 2 8 2,1

12 2 2 2.9

Igepal + TRS 8 4 9 5,,1

10 6 9 5.2

12 2.8 3.t,

A _ge _yen s ..6 3,5
- .... i _LI -- -- _. i i |111 --: --7 7 itll ± tlltll _ ......... 7: :z 77 : ...... ___ --- _k IIIW

ISaliriity values l'rcml best-['it lines of In(S) vs T of PIT experiments
2 Salinity values from Phase Volume data,
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The work d,,me by tile University of'Texas 32 was on Igcpal sv_tctll,,. 'l'llcir i_l_dcl v,as linear

in EON, which is proportional to [ItLB]/(I-[HI.I]]). and did iu;t Ila,.'c the cn,,_ tcr111in [ACN]'I'.

Using representative values at 40"C with n-dccane and the tlI.P, value ¢_I'I(), t11¢f'ivc terms in

Eq. 3 have the following values:

a=-8; bIHLBI = 17: cIHLBI 2 --..O; tlol_+l'= -I: tlt_tl,\('Nl'l' = (L2

such that the temperature effect on tl+ecoefficient fur IACNI is unilllpt;rtant, but tile ntmlincarity of

ins in HLB is significant,

The Texas group placed ernphasis on the linear relation between I,f+)Nanti A('N, I:igurcs 32

through 37 show the relations predicted from our models. The relations arc m,t rigidly linear, but

any linearity is empirical, not theoretical, In at least s¢;me cases (ecru)pare l:ig,,,, 32 anti 37) the

EON vs ACN plot is more linear than HLB vs, AC'N, The average sl_l'_Ct;f I';r)N vs ACN is

invariant in the Texas results, We observed the satlle thing for Gellapt)l systc_)s (l:igs, 32 arid 37)

but this was not true for lgepal systems, Numerical values l'¢;rthe sh)pcs t)blaillcd fronl Figs, 32

through 37 are presented in Table 1I, The w|lues of these sh)i'_csdr)nt)t appear l_)b¢ significantly

affected by temperature,

TABLE 11, - Numerical values of slopes ot' EON vs. A('N
" . IlIIIIII __S --- i- ___ - I Ifll IIII I II I I ..... __ -_ _ _ _ -- . 7- . _ = _: _ . 7_ I

Sl,,stern Temp., ° C InS dlFONI/tlIA('N I

Genapol 5() 3. I -().3 2

Genapol + TRS/IBA 5() 1.8 -1).35

lgepal 50 !.(_ -(1.!1)

lgepal + TRS/IBA 50 I.(_ -(). It)

Igepal + TRS/IBA 5() 3. I -(),28

Texas result,',- 28 3.1 -(1,15

Genapol 40 3, I -().29
....... _. IIIIII I _ _ I IIII _ II]1 ..... I -- _ _ __ _ .j j IIIII II -- .__.2 _
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Application of the Models

Tables 12 and 13 show the predicted qualitative effects of lhc various pararnclers on the

properties of the dirferent chemical systems. These are illustrated in Figs. 38 thn_ugll 45. Figures

38 and 39 show the bilinear models for the temperature coefficients, which arc clc_sesl Io the data.

However, we used the linear models that represent results fairly well lkn n-oclanc I_ n-tetradecane,

and provide a more straight-forward comparison of the four surfactanl systclllS witl_ respect to their

temperature sensitivity and the e,lect of ACN.

The relative effect of the different parameters on the model is presented as: +, -, 0, <1, and

>1. The plus, minus and zero representation indicates either an increase, a decrease, t_r a little or

no effect on the predicted model values as a function of the different paralneters. The greater than

and less than representation corresponds to the ralio of the values obtained for the Genapol-

con|aining systems cornpared to those obtained for the systems using lgepal.

Table 14 shows the temperature effects quantitatively. Figure 42 is a 131_1of the ACN

coefficient for the Genapol systems. This coefficient for the Igepal svslc_ls depends on

temperature only (=dolT). At 50 ° C, it is 0.0283 for plain Igepal and 0.(}525 for Igepal +

TRS/IBA.

TABLE 12.- Effect of parameters on coefficients

Parameter IdlnS/dTI dinS/d[ ACN] dlnS/d IItLBi

T 0 + 0

ACN - 0 + (Gcn); ()(lg)

HLB 0 + + (Gen);-(lg)

Genapol/lgepal > 1 >1 <1

TABLE 13.- Effect of parameters on ratio (with/without TRS/IBA)

Parameters Opt, salinity IdlnS/dTI dlnS/d[ACN] dlnS/dlHl_,B]

TRS Et'l)ct - - + + lk:_rlow ACN

> higher

T 0 0 + (small) ()

ACN + - 0 -

HLB + 0 - --

Genapol/igepal >1 > 1 >1 at low HLI3 variable

<1 at high HLB

+ increase
-d_rea.se
() little or no effects
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TABLE 14, - Effect of addition of TRS/IBA on temperature coefficients

Linear model values of dln(S)/dT from ACN = 8 to 14
I II1,1 _ III I I I II II I -_- i II iiiii iii I - _

Surfactant ACN ACN ACN ACN

_ system 8 10 12 14

Genapol -0.0266 -0,0230 -0.0193 -().t)157

Genapol + TRS -0.0236 -0.0208 -0.0179 -().()151

Igepal -0.0188 -0,0176 -0.0165 -0.0154

Igepal + TRS 0.0153 -0.0132 -0.0111 -(),()()9()

Ratio of Temperature Coefficients with/without TRS/IBA Added

Surfactant ACN ACN ACN ACN
system 8 10 12 14

Genapol 0.964 0,951 0,936 (I.915

Igepal 0.815 0,749 0,673 0,586

Some conclusions from this study are as follows:

1. The reduction in optimal salinity by TRS/IBA is smaller at high ACN zlflclhigh

HLB. The reduction is larger (and more sensitive to HLB) for Genapol than tbr

lgepal. Since only Genapol at low ACN and low ttLB achieved solubilization

high enough to be of interest, this is an example of how the ln_st effective

systems are the most sensitive to changes in the conditions.

2. It is well known that the nonionics are more temperature sensitive. In c_tttresults,

the temperature sensitivity is in the order:

Genapol > lgepal > TRS/IBA

3. The sensitivity to oil type is in the order:

TRS/IBA > Genapol > lgcpal

A Genapol or TRS/IBA system developcd lbr a particulzlr oil \v_)uld reCltlirc iI_ore

re-tailoring than Igepal when applied to another oil.

4. For most systems within the range of our experinaents, the sensitivity t_ ttLB is

much higher when TRS/IBA is added. Conversely, a nonionic-rich blend shc_uld
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be lessdependenton accurateadjustments_I"ttLB to be ¢l'fcclivc than a n_mi_mic-

lean blend. However, the difference decreases as eitherA(J'N _r !I!.11gct_ larger,

and changes sign at high wdues.

Summary and Conclusions of Mixed Surf arrant System Studies

Selected surfactant systems containing a series of etht_xylated nt)ni_nic surfactants in

combination with an anionic surfactant system have been studied to evaluate alertitlcnlil}' mixtures

of these surfactants, both anionic-nonionic and nonionic-noni_mic, that may exhibit improved

phase behavior and oil/water solubilization capacity, in comparison tt_ that _1' the anionic

formulation. The effects of different parameters including (a) salinity, (b) tcznpcrattlrc, (c) alkane

carbon number, (c) HLB of nonionic component, and (d) type of surl'aclallt _11the I_chavior o1"the

overall chemical system were evaluated. Several anionic surfactant systenls wcrc used in this

study, namely; the TRS 10-4!0/IBA and two varieties of an alpha olefin sulftmatc (AOS). Both

surfactant types have been fairly well ewduated. Most of the experimental work, I'IT and phase

volume measurements, was conducted using the TRS 10-410/IBA system. The current

experimental work encompassed a ternperature range up to 70°C and inclt_ctcd vari_tls n-alkanes

such as n-heptane, n-octane, n-nonane, n-decane, n-dodecane, and n-tctractccanc.

The results from the present study provided significant suppurt tt_the ub.,,crvations made in

the earlier study that the Genapol series of linear alkyl alcohol ethoxylatcs exhibited atvery distinct

behavior from that of the lgepal series of dialkyl phenol surfactants, at silnilar III.B levels. The

lgepal surfactants exhibited a more significant dependence on the t lI_B value than tilt, litlcar alcohol

ethoxylates. The difference in the behaviol of these typcs of systems was _bscrvcd to be more

pronounced at lower HLB values, with and without the addition of the anionic c_mponent. In

general, the mixtures containing the Genapols exhibited considerably higher salinitics c_mlpared to

those containing the Igepals, at similar'HLBs. The dependence of the optimal salinity _n ttLB was

similar for both anionic-nonionic and nonionic-nonionic nlixturcs. The nt_ni_nic-nonionic

mixtures generally yielded considerably higher optimal salinity levels colllparcd I_ those of the

anionic-nonionic and anionic systems. The anionic-nonionic mixture.,; als_ exhibited relatively

higher salinity values than the anionic system alone. Mixing the nuniunic surl'actant with the

anionic component contributed to a significant improvemcnt in the overall s_lutiuns' range of

applicable optimal salinities.

The effect of the oil on overall solution behavior was also significant. Svstematically

decreasing the alkane carbon number of the oil used in the experiments, l'r_n_ n-tclradecane to

n-heptane, resulted in a reduction of the effective salinity range, at fixed IlI.B and temperature

conditions. Replacing the oil phase with different alkanes resulted in atshift in tl_c_)ilaffinity of the
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+,:henlical.sy.,.+tenl.A reducedsalinityrequirement;vasncce_snrvtot_flncttlli,-,,,l_iII.l_icreasingthe

HLB ofthesurfactanIsystem,renderingthesvsten1mt_rehydrt_pIlilic,ulst_r¢,,ultc_Il_unincrease

inoptimalsalinity.The highersalinityrequirement',,,'asnecdctlI_sIiiI'tthe,,t_rf,tctullttcn+..lencyto

be tn_r_uIipophiIic.Changesinoperatingterni+eralureaI.,,t_had a ,,,i_} +. ,,nilic',_tlt cl+l'cclt_n st+bltItiOll

behavior, Optirnal salinity values were observed It+he inversely l_i't+0pt_rtit_I+alIL_Iernperatul'c

variations. At a fixed HLB level, higher _ptimal salinities ;,,+ereneeded ltu Illtu.:l_lily, or t_perating

temperatures. The aqueous phase solubility and the lipt_pltilic tendency t_f tile xtlrl¢l_.'l+.|lltwere

drastically affected varying the salinity o1"the overall st>lutit+n. Incrca,,ing the suliw_itxrcnttered the

chemical system more lipophilic, such that a much lower temperature was i+cvdc_lIt+maint,',in a

new balance between the :ystcrn s oil and water affinities, l+t_wering tile tc**+l+_.'r+ttt,rurendered the

systen't more hydrophilic, which in turn balanced the increased liptq_ltilic te,_l_..,_,:vdue to the

salinity increase.

Itwas alsoobservedthatthetemperaturehailan effectt_ndin_ini_l+ingtl_c_liflZ,rencein

behavior between the two nonJonic surfactant systems, it] the presence _1"tl+cani_mic ctm+lmnenl.

The distinct ditTerence in trend between these systems _cemed tt_ decrc',_,,v v,itl_ increasing

temperature. As previously reported, I'l at HLB levels greater than 11, tile puttcr_ ,_I I_el+aviorof

these nonionics was observed to converge, with and with_tti the _tl+i_ic .,,t_rl_ct_t_tc_mponent.

The contrast in behavior was very much evident at lower III+B value,,,,,but the tlillcrct_cu seemed to

be suppressed in the presence of the anionic system. 'l'l_is dil'l'erc_tce in Iwlm', i_ ',',Iic_ the anitmic

surfactant was added may be attributed It)the relative effect t>ften+perattur¢tm cucl+tel tl_echemical

components in the rnixture. Temperature has different effect tm the t_il/v,utcr ',lfl+illil\ tel' n¢>nionic

ttnd ani(mic stlrfactants. The nonionic surfactanls ;.ireinore lip(q_hili_:at I_i,,l_cre.tcllll_cFa_ture."while

the opposite effect has been exhibited hy anionic systems ! +_:presence _I tl+e,llli¢+lliCsurfuctant

may have suppressed some of the dt>n+inant temperature eff¢ctn exl_ibitu_l _,1 tl_c n¢>nit>r_ic

component in the rnixed system.

Experiments with other combinations of ani()nic-nt)nit)nic SUl'ftlCli,_llts \yore ,il,.,t) ctmducted.

The anionic surfactant used in these stutties was the alpha ()lclin sulf¢)nutc (,,\(iN). l'l+,..._cplucernent

of the TRS/IBA system with the AOS cor_l_onent was ain_ed at c¢)_l'ir)_lin_ tl_c dillurent trends

observed with the systems containing the Genapol:, and Igepals. 'l'l_usc nt))_i()l_ic,,were also

evaluated as possible substilutes for the relatively l_igh sht)rt-cl_uin alct)l_¢)lrU_lt_ir,:_ut_tsuf the

anionic surfactant. Phase x'olunm anti IFT Illeastllelllellls \VCI'C c_)lldtlclcd _)1_su'lcclc_l ,.,a_ml_le.,,,of

these anionic surfactants. Experimental ir_f_rrn;.ttiontm the _il/wutcr ,.,_lt_l_ili;,_ti_t_U,_l+_cities,IFI',

and optimal salinity values for several conltnercial A()S surfuctants were t>htaincd. Rcla_tivclygood

agreement was obtained from these results cotnparetl to results i)rc,,.,entcditt ttlc literature. I:'IT

experiments were also conducted on selected samples of these anit_nics, in c¢_lll_ill,ttit,]lSwith the

nonionic surfttctants. Tests v¢ith the anionic-noni¢_nic sv,.,tc_,,, indicnlcd '.,t_llic t]v.'iltls ill their
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solution conductivity changes that can he atlribuled t¢_the relative lq'_xisllitx ¢_1_,l_ln11_,_lc_ulditiculs.

Further tests showed that nluch higher ll_._llJOllJC COlllpOilellt pr¢_l'_¢u'li¢_u,,v,crc 11_.._.'_.',,,,,__ ill _,)l'dcr l()

obtain distinct trends ill solution condm.,livily changes. Tlw,,e results indic_Llc_llll,_t the AOS

surfactant's solution behavior dominated the solution l'u.'havi_r ¢_f tll¢ ¢_,,cl;_llt_lixture, at

proportions contairling less than 50 v,'tt)_ncmionic. The rest, It,, tssittg ,,,,,,l,.'_, _ a_l_the Iligher

nonionic component indicated very distinct phase iJlversitm Ir¢lltls. 'ltwse ,,x,,tc,_., _'xhibited a

degree of change in solution conductivity 111atwas comp;u'ahlc l¢_earlier sludi_.',,v,i_l_IIw TRS I()-

410/IBA system. One drawback of utilizing more ¢_I'the n{_ni¢_nicswas lllifl i11¢ I_¢}l_i_,_llc',.,soiuli{m

behavior appeared to almost completely dominate the {werall s¢}luli¢u_I_el_,.i¢,r N¢__l_,,lincti{min

behavior could be detected between the samples containing gr¢ilter ill;lie55 x',+l' i _t,_i_,uics. The

soiubilization parameters and optimal salinities determined frt_m these stuilies v.clu ,,ivllilltrtl_tht_se

when using the nonionics alone. The preliminary results l'rt>_nthe study _1 tl_c,,c ;_+i,,_c+nonicmi¢

systems seem to indicate limited prospects for application.

. . s.., +., Iwlhod forThe PIT method has been used in this study as ,_ relatively i+;J,,l _l,,.cl'lll_ I

determining the relative proximity of optimal conditions for selected st_ifacta_+1,,y,,lu_li,,. tttilizing

this method, it was possible to evaluate an exhaustive nun_i+_r_1'surfact;mt sv,,Ic_+,,in a timely

manner. The results frorn the PIT screening, were useful in prt_vidi_g a _l;_rn_v,cr r_v_,,_.c_t"salinity

conditions to be tested using the more time-consuming phase volul11¢ mc;_surellleNL,,, C'_nparisons

of results of the two experimental methods are very i'av¢_rable. Tl_e rest_lls _t II_e present

comparisons showed fairly good agreement between the salinity regit_ns delcr_uillc,I using both

methods. These results support the need to utilize the PIT x_wtl_¢_d,,,,cl_cncvcr:_l,l,licahle, for

initially identifying the salinity regions of interesl. This pr¢_cedure I1_¢_is l'¢_ll¢_x_ctlI_xadditional

studies including salinity scans, IFI" measurements, ;rod oil displacevnent exl_criv_c_s _ determine

oil-recovery potential. As mentioned earlier, these comparis¢_ns sh¢_,,vvery _,¢_d ;_c,:_nent, with

an average difference of 0.3%. From the phase volume measurcn|ex_t '.,Itldi_.,'.,. _,lll'_ l_,_,'t) t,)l' the

systems tested reached solubilization capacity exceeding the value t_l"I() cll_/c_ll _. I t_,.'scsystems

were Genapoi with n-octane and Igepal with n-dec;me, both ,.vith¢_uttile ani¢mic c¢,V_l,,,_entadded.

The higher solubilization values occurred at relatively l¢_u,'crvalues ¢_fI!1.1:t. Al_l_¢,t_gl_there was

no systematic trend with respect to HLB observed l'rolll the results, 111¢1¢v,.';|sa sinful? dOWllward

trend indicated with respect to increasing temperalure and increasitlg ,\¢'N. 'lilt _l,lili_m _I"the

anionic system was observed to have had an adverse effect _m s_lubiliz;_i_v_ c;_l_;_city. The

development of a mathematical model for values of the solubilizalion parameter,, xs_,, _¢_tattenlpled

because there was no striking pattern observed from the experimental result,,.

Et'foils to correlate the behavior of these anionic-nonionic and n¢mi¢_ic-l_¢_n_i,_icsystems

have led to the formulation of several models for each of the systems tested. "llw _tlels were

used to compare the different surfactant systems and provide s¢maeguidelines l¢_rdc,,ig_ing them



to account for variations in salinity, oil and tetllperature. A lineal' .',tllL_lllin_ I t_l_cti_m was

applicable in niost cases tented, bill the Irend,_ that were cllnsistcllliy ctlrved were IIl,,_l¢led using

quadratic expressions. Earlier ret'_rences to the model devel_lped by tlze I!Niv_,i,,Itv _I' Texas

group 14,24_,32were presented as hlgarithnlic in ,salinity l'¢lr anilmi¢ stlrl'ticl_lllt_,, ;llltl linear lbr

nonionic stlrfactiillts. To make ctmiparistms easier, lhe l¢lgarithN_icIcrtll L_ftlw ,,_iillar,, wlts used

for all systems tested, Several ,_tlloothirlg slrategies were eillphiyed, lt¢_Ill Iiiwdl ,_Ild bilinear

_'orre]/Jtioll,_ were evaltlated, and corresponding p_lr_nleler c_el'licienl4 ,d,elt, _l_l,_ined, An

evaluation of the model was then made tt_determine c¢ml'¢_rnllince,,villi the rc,,ulls I i,_il b¢lth PIT

and phase v¢flume measurements. The model prlwided g¢_¢_tl_lgt'eeillcnt _.vilhltle rest_ll,, I'r_ml both

experimental studies,

Several observations were als¢_ made w.ith l'egards I_lthe re,,ull,, i'rl_lll lhe illtltit'lill_! el'f_rt and

the experimental work. It was observed Itlat the effect _t' Ihe _itltlililm _I" Itllilltltt c_ii|i'}llllCllt on

reduction in overall soluti_m optimal salinity tliniinislicd _,vilh illt'l'¢;,Isill l'_ A('N ,llltl I I1.11 levels.

The salinity reduction wits larger iilld IllOre sensitive to II1,1] liar tile (;cil_tl_l s)41cl_l,, Illi.l|l i'{H'the

lgepals. F¢)r most systems tested, the sensitivity tt_ I.II,13 v,'_,, lllucll lii_,lwr _ lib.it ilie _ini_mic

¢oillponent wiis added. Conversely, a nonit)nic-rich blend _v_uld tllell be it',,,, tl_.l_eiltlelll l}ll

accurate at!justmcnts of HLB to bc effective than a ntlnitmic-lean blend. I It_ evei, Ill_' difference

in dependence decreased wilh increasing ACN _ir tlLB values. ,,%stllenti_lwd e_iilicl, ietnt_erature

had a significant effect on mmitmic surl'actanls. The n_)nii_nics lentletl It)13t' Illtl/t' _'_lperature

sensitive than the anionic surfactants did. In our results. Ihe _d'_,,,ervetttellll_Cl'_ilurt, ,,_'_,,iiivity was

in the order: Genap_il > lgepal > TRS/IBA. The sen,,itivit3 _t' Iitc cllelllit'_tl ,,x ,,it.ill it_ _lil type

was observed to be of the li_ll_lwirlg order: TRS/II]A > (;en_tp{_l > Igcp;ll. It_,_.,1 _Ii this oil

sensitivity order, cheinical sysienls _F (]enap_fl l_l""I'RS/JI)A Ill,it tl_lvc bt,t,ii li>llliitlilletl l'_r I1

particular oil wlltild tend Io require iililrc "l'c-tliil_lriil_"/"rc-I't_rllitil;i!i_ii" eff_rl ilillii lhc 17epals

would in lll'dcr to be llptinlized lbr al_plicatitln with another l_il'_t'l tlil
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II. CT-IMAGIN(; OF CHEMICAl, EOR C()REFi,()()DIN(; EXPERIMENTS

Materials and Experintental Procedures

c'r_lmal_lng Techniques

The CT equipment and general operating procedures at NII:ff_Rhave been dc_eloped and

described previously, It'_.22The use of the equipment and techniques lbr surfactant enhanced oil

recovery experiments have also been described, !6.23 Figure 46 shows a rcpresemation of a core

that has been scanned using the CT equipment, The saturalions within the core are calculated and

slices are combined using programs written by the NIPER Imaging Group, 22 A commercial

software package, trademark SPYGLASS, developed by the National ('enter for Supercompuler

Applications, University of Illinois, is then used for data display ,'rodanalysis, Any 3D object can

be rotated and sliced tot viewing along any of the XY, XZ, and YZ planes through the object.

Figure 46 shows a vertical view down the length of the core and four ot' the individual slices that

were combined to form the reconstructed image, This image represents initial stages of a chemical

tlood. Injection of the surfactant is nonuniform even within a t;_wcentimeters of the core face,

Slice 5 Slice 11

-'__Sl Ice 7 SIIce 18

011Saturatlon
o% 55%

FI(itlRE 46,- Composite CT image t,f surfactant-enhanced chemical cor¢l]uod
after injection of the surfactant slug, X-ray images arc obtained
along the cure length, The slices are then merged into one data
tile, and cross sections ot"tluid distribution along any axis can be
reconstructed,
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Materials

Commercial chemicals used in this study are identified in Table 15.

Two oils, both fi'om Class I reservoirs, have been used for ("l'-corelll_otling experiments.

Their properties differed significantly from each _ther, as sh¢_wn in Table Its; however, to

visualize oil saturation using the CT, the oils were tagged with I('_to 20U_iododecanc. Addition of

iododecane reduced the viscosity of I-lepler oil to alq_roximately 35 t¢_4()cP but did not affect the

viscosity of NBU oil, All viscosity values reported wcrc measured at ambient temperature,

Cores were initially saturated with either the brine used to make surfactant solutions or with

simulated reservoir brine ik)r Hepler or North Burbank fields, The composition of simulated

Hepler brine is 1,02% NaCI, 0.39% CaCI2, and 0.33¢:4 MgCI2, and the conaposition of NBU

brine is 6.65% NaCI, 1.54% CaCI2, and 0.24% MgCI2. (Ctmccntrations are reported as weight

to weight,)

Corefloodlng

Coreflooding procedures used for these tests have been described previously, i3,t¢' A

general outline of the steps involved iraconducting corellood experiments with CT irnaging is

provided in appendix B.

TABLE 15. - Commercial chemicals used for CT-nl_mitored coretloods

.... ? I r 7 IUIIIII ----- I __ II i iflll ....... Ilrlllll_l .21 IIII " JLL_t -- t I I 11 : - - :- 7:7_77

Chemical type ........ Col!lpal!y 'l'rade!i_.Lllli2 ............. : Activity, wt%
I,,,,, ,tr,,, _ !lJl II

Mixed anionic
surfactant Stepan B- 105 51.4

alkyl aryl
sullbnate Stepan B-I I0 48.3

_troleum
sulfonate Witco TRS 10-41() 62.O

Xanthan gum,
biopolymer Pfizer 48()(K' 13 t_ 16

....... --- ..... .[: ....... __ 7 I ...... ............. _s l.__ IIIIIII I J II II

TABLE 16,- Oil,,,u,,cd in C'l'-nl_mitorcd c_n'ell_ods

........ -- I[1[ III L II I _ I II I _-- i II !l][fltl __ ._ I Illflllllll I _- _1 II]_III II r

Field ..... VisC_)sity,cP Viscosity ot
(oil name) State Gravity, °API 23° C tagged oil, cP

m_.. ..... II II I _ I = I . I ._ I _ 7 _ II IP IIII _J .: Illlmll U II

Hepler Kansas 26. I 76 38

N. Burbank Unit Oklahoma 39,5 8,6 8
Ill _ __ I I I III L I _ I IWIII ........ i ..... ___

54



RESULTS AND DISCUSSION

Effect of Surfactant Slug Size on Oil Production

CT-imaging of oil saturation distributions was used to monitor oil movement and recovery

for a low-concentration alkaline sLlrfactantpolymer system thathas been studied extensively with

Hepler oii. 13,1_,23,33Table 17 shows a summary of fluid compositions and core permcabilities for

the CT tests discussed in this report. All corefloods except NBLI-2 were conducted in Bcrea

sandstone core at ambient temperature. Test NBU-2 was conducted at 50 ° C.

Oil Production

Reducing the amount of surfactant injected during low-concentration alkaline-surfactant-

polymer flooding resulted in lower oil production and higher remaining oil saturations for tests CT-

CF 7, 8, and 9, as compared to CT-CF 1 and 3, which injected approximately 0.8 PV of

low.concentration surfactant. The amount of oil recovered, however, was not directly proportional

to the amount of injected surfactant. Other factors appear to int'ltlence the amount of oil produced

in addition to reduction in the amount of surfactant injected. These filctors include mobility control

polymer concentration and high permeability streaks in the core,

Figures 47 through 49 show the oil production curves for tests CT-CF 1,7, and 8. In each

test, the amount of injected surfactant has been reduced by approximately 50%. Less oil was

produced as the amount of injected surfactant was reduced, However, the test using the least

amount of surfi_ctant (CT-CF8) was more successful than the test using an intermediate volume of

surfactant (CT-CF 7). Several problems encountered while conducting CT-CF 7 may account for

the reduced oil production. The alkaline preflush tbr this test had been flushed from the core

before surfactant was injected. An alkaline preflush is effective in reducing surfactant loss caused

by adsorption and precipitation in the core. Previous studies 34 with high-permeability Berea

sandstone cores showed that till recovery with this chemical system was reduced to approximately

75-80 % OOIP from approximately 95% OOIP when no prellush was used. Total _il production

for CT-CT 7 was in this range.

In addition, the polymer used for mobility control was initially injected at a lower

concentration level (500 ppm rather than 3500 ppm), resulting in an unfavorable mobility ratio with

the oil. The problem was corrected, and the viscosity of the mobility slug was increased. The

effect this had on oil production, however, is difficult to assess, Previous studies have shown that

reduction of polymer concentration significantly reduced oil recovery efficiency for this

system.13, 33 Figure 50 shows the oil production curves for test CT-CF 3 which used a lower
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concentration polymer slug after surlkictant injection. Significantly less oil was produced when

lower viscosii.v polymer was used.

An additional coreflood (CT-CF 9) was conducted to repeat tile conditions of CT-CF 7.

Oil production curves of('T-CF 9 are shown in Fig. 51. Although the final oil saturation after the

chemical flood was lower than that for CT-CF 7 (11% versus 18%), oil production was delayed

relative to any of the other tests. Oil production did not start until after injection of more than 2 PV

of chemical injection, In most cases with this chemical system, major oil production started after

approximately 1 pore volume (PV) of chemicals had been injected. Oil produced before injection

of at least 1 pore volume occurred only for cores with oil saturations greater than 30% after the

waterflood, 13,34 Delayed production, as seen for CT-CF 9, has not been observed in previous

tests,

100 ....

>: 8O _ Cr-CF 1
rr + _ _ B-105/B-11037.5/62.5
uJ E _ 3500ppmbiopolymer>
8 60 _ _ Hepleroil

rrl'u _ _ 10/']¢ L permeability=56040 [ _ _ _ Residualoilsaturation

I[IWOII01N44N__1 k "_ ---..o---0il recovery %S f

Oilcut row
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0 1 2 3 4
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FIGLIRE47.- (.)il recovery, oil cut, and residual oil saturation for CT-CF !. Injection of
0.77 PV of low-concentration alkaline/surfactant chemical system produced
most of the oil from the core,

100 ,h

_: _ CT-CF 7

80 "_ _ _5 B-105/B-11037.5/62.5
rr 7" + E ._, 3500ppmbiopolymer
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FIGURE 48.- Oil recovery,,oil cut, and residual oil saturation for CT-CF 7.
Alkaline/surfactant chemical slug size was reduced to 0.43 PV.
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FIGUI:LE49.- Oil recovery, oil cut, and residual oil saturation for CT-CF 8.
Alkaline/surfactant chemical slug size was reduced to 0.2 PV.
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FIGURE50.- Oil recovery, oil cut, and residual oil saturation for CT-CF 3.
Alkaline/surfactant chemical slug size was the same as CT-CF I.
Mobility control polymer concentration was reduced, however. Oil
recovery was reduced.
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FIGURE 51.- Oil recovery, oil cut, and residual oil saturation for CT-CF 9. This was a
repeat of CT-CF 7. Oil production after injected more than 2 PV of
chemicals suggest channeling of fluids and slow propagation of the oil
through the core.
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Examination of CT images of CT-CF 9 suggest that the oil saturation distribution alier the

waterflood was not uniforna. The outer edge of the core was, on the average, at least 10% lower in

saturation than other areas of the core. Waterflood oil production after water breakthrougla

continued in small amounts for each increment in water injection. Figure 52 shows one CT slice in

the middle of the core that shows the ring of lower oil saturation around the core edge (image a).

Previous CT-monitored corefloods have not exhibited this type of saturation distribution after

waterflooding. After injection of 1.8 PV of chemicals, the same slice (Fig. 52, image b) shows the

edges even lower in oil saturation and an increase in saturation in the middle of the core. These

pictures suggest that only a fl'action of the injected fluids passed through the main section of the

core and that a greater proportion of the chemicals have bypassed the oil, Continued injection of

polymer results in slower movement of oil through the central part of the core. An additional

injection of 2 PV of polymer results in a relatively low oil saturation throughout the core. Oil

production, however, is inefficient under these conditions.

Table 18 summarizes average oil saturations after waterflood and after chemical flood from

volumetric measurements. Production declined as the amount of surfactant injected declined, in

agreement with previous studies using Hepler oil and low-concentration alkaline-surfactant

systems, ll Production also declined with a reduction in polymer concentration. Reducing the

amount of surfactant, however, was less detrimental to overall production than reducing polymer

. . " &i{a);", ......

......._"_:_'{_i_a_"_ :e_:i'_¢_: : .....gg"....

(a) After waterflood (b) 1.8 PV after start of chemical flood

15% 35%

Oil saturation

FIGURE 52.- CT image of a slice from CT-CF 9 16.5 cm from the core inlet. The
outer edges of the core are very well swept of oil, A higher proportion of
injected fluids may have flowed through this area. Higher saturation in
the middle of the core after 1.8 PV injected indicates that oil is
propagating slowly through the entire core, however.
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TABLE 18.- Residual oil saturations after waterflood and chemical flood for CT-
monitored chemical flooding experiments

Coreflood
identification Srowf,%PV Srocf, %PV Comment

0.79 PV surfactant and-
CT-CF 1 36 6 good mobility control.

0.77 PV surfactant and
CT-CF 3 35 22

poor mobility control.
0.43 PV surfactant, no

CT-CF 7 28 18 preflush and ? mobility
control problems.

CT-CF 8 32 11 0.2 PV surfactant.
0.43 PV surfactant and

CT-CF 9 28 13 chemical bypass of oil.

effectiveness. From these studies, cost savings by reducing surfactant use may be a reasonable

strategy. However, mobility control design may be critical to determining the cost effectiveness of

the chemical EOR project. These studies were conducted in high permeability rock. Loss of

surfactant from precipitation or adsorption would modify these conclusions.

Oil Saturation Distribution

Composite CT images of each core during various stages of the EOR experiment are

compiled in Appendix C. The views represent oil saturation distributions in a vertical plane

transecting the middle of the core from inlet to outlet. For CT-CF 7, because of the length of the

core, approximately 5 cm at the core exit was not scanned. For CT-CF 8, the core inlet was

shielded for the first several centimeters, which blocked the view of the initial oil bank formation.

All other tests showed oil saturations for the entire core length.

Average oil saturations for each 8 mm core section were calculated, and results for tests

CT-CF 7-9 are plotted in figures 53 through 55. Plots of this type for CT-CF 1 and 3 can be

found in reference 8. Comparison of these figures illustrate once again that movement and

production of oil does not depend directly on the amount of surfactant injected. With the larger

injected pore volume (0.77 PV, CT-CF 1), more oil is produced with less total fluid injected. With

less surfactant injected, oil appeared to move more slowly through the core. Oil banks did form

with oil saturations 10-15 % greater than oil saturations after waterflood. They appeared to spread

out, however, as the chemical fi'ont advanced. Oil was then produced via a stripping action.
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FIGURE 53.- Average oil saturations along the length of the core as a function of injected pore
volume for CT-CF 7. Each point represents an average distance of 8 nun. The
core was longer than the CT scanned length.
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FIGURE 54.- Average oil saturations along the length of the core as a function of injected pore
volume for CT-CF 8. The inlet section of the core was not scanned. It appears,
however, that saturations in this area should be very lov,' after the oil front had
move through. The oil front can be seen alter 0.44 PV injected.
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FIGURE 55.- Average oil saturations along the length of the core as a function of injected

pore volume for CT-CF 9. The 0.43 PV curve compares with CT-CF 7, but
movement of oil appears to be retarded as,injection r,_ntinues. After 1.93
PV, the oil saturations have not been reduced very far into the core compared
to both CT-CF 7 and 8.

These observations suggest that instead of decreasing surfactant slug size, increasing the

volume of low-concentration surfactant might help oil production and reduce the required amount

of polymer to maximize production potential. Depending on relative surfactant and polymer costs,

the econotnics of the chemical flood might not be greatly affected by this strategy.

In summary, a reduction in surfactant slug size for an alkaline/surfactant/polymer chemical

system reduced overall oil production and extended the required time to reduce the oil saturation.

CT imaging techniques were especially helpful in keeping track of the chemical flood progress and

determining if further injection of chemicals would continue to produce additional increments of

oil. CT imaging also helped to point out well swept areas of the core (CT-CF 9) after the

waterflood that probably influenced the rate of oil movement through the core. Reducing low-

concentration surfactant slug size may not be the best method to reduce chemical costs. Savings

achieved by reducing the amount of surfactant will be offset by increased requirements for mobility

control polymer injection.

Oil Movement in the Core Under Shut In Conditions

Laboratory chemical EOR coreflood tests are time-consuming. Fluids may have to stay in

the core under static conditions while waiting for available equipment such as a CT scanner.

Therefore, an experiment was conducted to determine if static conditions had an effect on oil

saturation distributions during intermediate stages of the coreflood.

Coreflood CT-CF 5 was conducted using NBU oil and a chemical system designed for an

optimal salinity of approximately 1% NaCI at ambient temperature. Table 17 summarizes the

conditions of the coreflood. CT images of the core were taken immediately after injection of the

surfactant. The core was shut in for 1 week and then rescanned. Figure 56 shows a comparison
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FIGURE 56,- Average oil saturation along the core length fur CT-CF 5 after surfactant injection
and after shut in for I week, Redistribution of oil in the region of the oil front
can be observed.

of the average oil saturations along the core length for the two cases, A comparison of the CT

composite images is shown in Fig. 57.

The oil front sharpened during the 1-week shut in. The change in saturation, however,

only occurred in areas of increased saturation caused by the surfactant injection. Oil saturations did

not change around the inlet where oil saturation has been greatly reduced or in the core not yet

contacted by the chemical flood.

Changes in oil saturation within the core can occur during periods of static flow, ]'he effect

this phenomenon may have on oil propagation and production has not been fully evaluated,

however. Further investigations including observations of the dynamics of oil movement under

gravitational or other forces can be monitored using CT-imaging techniques.

CT.imaging of Oil Production for Different IFT Conditions

Surfactants have the potential of producing significant amounts of incremental oil because

they reduce the interfacial forces between oil and water and allow the fluids to overcome capillary

forces trapping oil in the rock pore spaces, Reconnection of isolated oil droplets (formation of an

oil bank) also helps to sweep oil from injector to producer. Maximum oil recovery is usually

obtained for the lowest IFF systems.

An experiment was conducted to determine oil production and saturation distributions from

CT-imaging as the IFT of the surfactant system changed. Experiments (CT-CF 4 and CT-CF 5)

conducted up to this time using the petroleum sulfonate chemical system (TRS 10-410 and IBA)

were optimized with NBU oil to obtain a very low IFT (<.001 raN/m). Changing the salinity of
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FIGURE 57,- Composite CT images of CT-CF 5 after surfactant injection showing
the change in oil saturation distribution befbre and alter I week of shut
in time.

the brine and chemical slug would change the interfacial tension between the oil and aqueous

phases. For this experiment (CT-CF 10), the aqueous phase composition was 0.5% NaC1 and

0.02% CaCI2. The IFT for this under optimum surfactant system was 0.02 mN/m. Coreflood

details are given in Table 17.

Changing the IFT of the injected fluids with NBU oil, in this experiment, however, had

little effect on oil production, propagation, and average saturation distributions for tests CT-CF 4

and CT-CF 10. Figure 58 shows the oil production curves for the two tests.

After completion of the chemical flood, final oil saturation for CT-CF 10 was only slightly

higher than for CT-CF 4, 0.9% and 0.6%, respectively. Figures 59 and 60 show average oil

saturations along the core length alter injection of O.15 to 0.2 PV chemicals (immediately after

injection of surfactant) and after completion of the tests, Average saturations are very similar in
both cases.

Therefore, for these tests, the change in IFT was insufficient to greatly affect oil

mobilization. Additional studies are suggested where either greater capillary forces must be

overcome (lower permeability core) or fluids are used that have IFT values of greater contrast to

those investigated in this study.
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FIGURE 58,- Oil cut production of tests CT-CF 4 and CT-CF 10. The IFI" between oil and
surfactant for CT-CF 4 was ().001 mN/m and 0,()2 mN/m for CT-CF 10.
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FIGURE 59,- Average oil saturations from CT measurements after injection of surfactant slug
for tests CT-CF 4 and 10. Distance along the core is normalized to take into
account different core lengths.
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FIGURE 60.- Average oil saturations from CT measurements after completion of chemical
flood for tests CT-CF 4 and 10. Distance along the core is normalized to take
into account different core lengths.
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CT.Imaging of Corefloods in Reservoir Rock

CT-imaging of corefloods conducted in reservoir rock samples is particularly helpful in
scrv__rcoreinterpreting oil movement and production efficiency for chemical EOR studies. Rc _" _'

may contain permeability streaks that can have a significant ctTect on t_il recovery whcn small core

s_unples are used to evaluate a chemical system oil recovery eflicicncy.

Reservoir core fron| North Burbank Unit (NBtl), Osage County, Oklahoma was

characterized using CT tracer tests and minipermeamcter measurements prior to use in c_:_rcflooding

experiments, The NBU reservoir is a (?lass I reserw_ir that is oil-wet because of a coating of

chamosite, an iron-rich mineral, on the pore surl'aces. 18 Tracer tests (tracer=lO% Nal) were

conducted on two cores, designated NBU-1 and NBU-2. Each core shows a significant variation

in permeability within the 1.5-in diameter core that extends through the core sample. Figure 61

shows a tracer profile of the two tests. NBU-I shows a higher permeability area in the lower hall'

of the core. Very little tracer passes through the upper section of the core, For NBU-2, a lower

permeability area extends through the middle of the core in a slightly rising plane from inlet to

outlet of the core.

Prior to conducting the tracer test, NBU-2 was cleaned with toluene and methanol. After

cleaning, dark colored stains appeared on a portion of the previously unmarked core surface, A

permeability distribution was obtained on the core faces using a minit_ermeameter, which measures

NBU-!

Flow Direction

NBU,2

Tracer = 1

FIGURE 61.- CT composite images of tracer injection in twt_ ochre salnplcs from
North Burbank Reservoir, Osage County, Oklahonm. The dark
c¢flor is tracer (1(.1%NaI). A larger slug size was injected for
NBU-2 than for NBU-1.
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permeability to N2 gas for a small area ot'the core surface, The minipermeanleter indicated that the

stained areas were lower in permeability than the adjacent are,'lsot" the core, Figure 62 shmvs the

permeability variation observed along the core faces. The low permeability area extends through

the core, affecting the llow of lluids as shown by the tracer test in Fig, 6 I,

An oil recovery experiment was conducted using NBt!-1. The coretlood was conducted at

reservoir temperature (50 °C) using simulated reserw_ir water (6.65% Na('I, 1.549_, CaCI2, and

0.24% MgCI2) and NBU oil that wits tagged with 18_ , iododecane to provide greater CT density

contrast between the aqueous and hydrocarbon fluids in the core The surfactant system was used

previously with NBU oil at this temperature and salinity tbr oil recovery experiments in water-wet

Berea sandstone cores, t3,1¢' The surfactants were Stepan B-105, a mixed anionic surfactant (alkyl

aryl sulfonate and ethoxylated sulfate), and Stepan B-110 (alkyl aryl sulfonate) in a 7 to I ratio.

Total surfactant injected wits 0,3 PV of a 1% active weight solution. Mobility control was

provided by 1500 ppm Xanthan polymer solution, All injected chemicals were prepared in

simulated NBU water. No alkaline chemicals (NaHCO3 and Na2CO3) were used during this flood

because high calcium ion concentration in NBU brine would react with the carbonates and form

precipitates,

Volumetric measurements of oil recovery indicated that approximately 80% of the residual

oil after waterflood was produced by this chemical system. This compares with approximately

40% of Smwf produced from a water-wet core (all other conditions remaining the same), This may

represent optimistic recovery conditions, however, because the initial oil saturation was lower for

the oil-wet core than for the water-wet core, injection of oil under higher pressure conditions may

be required to increase the initial oil saturation in the oil-wet core. if higher saturations could be

achieved, the incremental oil may or may not be produced as easily by the chemical system. CT

.....L, ,L_

48 !0 1o 65
Permeability, Permeability,

mD mD

FIGURE 62.- Drawing of core NBU-2 showing discolored areas that
could be seen after cleaning. The minipenneameter values
for measurements taken along the core face indicated that a
4- to 6-fold change in permeability existed across the
discoloration. Figure 61 shows the effect on fluid flow
through the core.
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pictures showed that the higher permeability z_mes in the c_)rc were well swept by chemicals, A
smaller fraction of both oil and chemicals contacted the r'est _1' the c()re, Further c(_ret'l_()ds are

planned using reservoir rock t_ investigate the et'tk'cts _1' rock structure on chemical flood

efficiency.

Summary and Conclusions for CT.Monitored Corefloods

Chenlical EOR coreflot_d experiments were conducted in conjunction with CT-imaging

techniques to investigate the effects on oil recovery of changing chemical in.jettison size and

chemical interracial tension with oil. Reducing the amt_unt of surfactant injected during low-

concentration alkaline-surfactant-polymer flooding resulted in lower oil production and higher linal

oil saturations, The amount of oil recovered, ht_wever, was n(_tdirectly proportional to tile amount

of injected surfactant. A number of factors appear to influence the amount ot' oil produced in

addition to reduction in the amount of injected surfactant. These factors include mobility control,

polymer concentration, and higher permeability streaks in the core.

Reducing the amount of surfactant was less detrimental to overall oil production than

reducing polymer effectiveness, From these studies, cost savings by reducing surfactant use may

be reasonable. However, mobility control design may be critical to determining the cost

effectiveness of the chemical EOR project.

The CT-images, however, suggested that reduction in the amount of injected surfactant

allowed the oil bank to spread out, Oil was then produced in smaller amounts or over a longer

period of time, more like a stripping action rather than the advance of a well defined oil bank, This

suggests that low-concentration surfactant should continue to be injected, This strategy may allow

tbr a reduction in the amount of polymer required to produce the oil, providing cost savings in this

area.

CT imaging techniques were especially helpful in keeping track of the chemical flood

progress, and determining if further injection of chemicals would continue to produce additional

increments of oil. CT imaging also helped to point out well swept areas of the core after the

waterflood that probably influenced the rate of oil movement through the core.

Oil saturation within a core after surfactant injection could change under static flow

conditions. The effect this phenomenon may have on oil propagation and production has not been

fully evaluated, however. Further investigations including observations ()1"the dynanlics of oil

movement under gravitational or other forces can be monitored using CT-imaging techniques.

Coreflood oil saturation distributions and production were compared for chemical systems

at and below optimal salinity. For the system below optimal salinity, interfacial tension between

oil and aqueous phases was approximately 20 times greater than tk._rthe optimized system, Little

difference was observed, however, for both oil saturation distribution after surfactant injection and
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at the completion c_l"the experiment, Oil saturaticmalier thechenfieal ll_od wassimilar, fi¢/_tbr the

()ptimized sy,_tem and 9% for the under optimum systenl, The c_rell_d was ct)ntlucted in a high

permeability Berea sandstone core. The increase in IFT may n_t have been detrinlcntal t_ ¢_il

mobilization in this case. Experiments in Ira,vet permeability ct_re ;are i'ec_mlwlendett,

Corelloods in reservoir rock frt_lllNorth Burbank t!nit (a Class 1 rescrw_irl wcrc initiated.

The rock is t_il-wet and contains significantly retire permeability heterc:_geneities than the Ben'ca

sandstt_ne used for previous CT-monitored corcl'loc_ds. The core flow prt_pcrtics were

characterized using CT tracer tests and nlinipernleamelcr measurements, M_'_stof the t_il saturating

the core was produced by waterllood ;and chemical llood using a chemical system designed tbr the

high salinity NBU brine, ltowever, saturating condititms probably did nc_tlbrcc oil into the

smaller pores, and the introduced oil could be produced relatively easily, The use of CT imaging

was helpful in interpretation of these results. Additional studies using reservoir rock are

recommended.

CT-imaging is a valuable tool to aid in evaluation of laboratory chemical EOR coretqood

experiments.
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APPENDIX A - Graphic results of PIT data for nonionic and
anionic surfactants

Appendix A shows plots of the results of the phase inversion temperature (PIT)

measurements conducted on combinations of nonionic-nonionic and anionic-nonionic surfactants.

The results for each surfactant combination, at a given set of conditions (i.e. salinity, temperature

or HLB values) are presented as plots of: (1) log of optimal salinity vs. HI_,B of nonionic surfactant

component with a specific hydrocarbon at different temperatures; (2) log of optimal salinity vs.

temperature with a specific hydrocarbon at different HLB values; and (3) phase inversion

temperature vs. HLB of nonionic surfactant component with a specific hydrocarbon at different

salinities. The plots are arranged in the following order of surfactant series: (1) Genapol; (2)

Igepal; (3) Genapol + TRS/IBA; and (4) Igepal + TRS/IBA. Each surfactant series is also

presented in the following order of i,ydrocarbons tested: (1) n-heptane; (2) n-octane; (3) n-

nonanel ; (4) n-decane; (5) n-dodecane; and (6) n-tetradecane.

3'2 t Optimal Salinity (PIT) vs. HLB : !
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FIGUREA1.- Log of' optimal salinity vs. HLB of nonionic surfactant component using
Genapolwith n-Heptaneatdifferenttemperatures.

lonly the mixtures with TRS/IBA were tested with n-nonane.
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FIGURE A3. - Phase inversion temperature vs. HLB of nonionic surfactant component using
Genapol with n-Heptane at different salinities.
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FIGURE A4, - Log of" optimal salinity vs, HLB of nonionic surfactant component using Genapol
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FIGURE A50. - Log of optimal salinity vs. temperature using Igepal + TRS/IBA with n-Heptane
at different ItLB values.
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FIGURE A51.- Phase inversion temperature vs. HLB of nonionic surfactant component using
Igepal + TRS/IBA with n-Heptane at different salinities.
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FIGURE A52. - Log of optimal salinity vs. HLB of nonionic surfactant component using lgepal +
TRS/IBA with n-Octane at different temperatures.
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FIGURE A54.- Phase inversion temperature vs. HLB of nonionic surfactant component using
Igepal + TRS/IBA with n-Octane at different salinities,
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FIGURE A55. - Log of optimal salinity vs, HLB of nonionic surfactant component using Igepal +
TRS/IBA with n-Nonane at different temperatures.
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FIGURE A57.- Phase inversion temperature vs. HLB of nonionic surfactant component using
Igepal + TRS/IBA with n-Nonane at different salinities.
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FIGURE A58. - Log of optimal salinity vs. HLB of nonionic surfactant component using lgepal +
TRS/IBA with n-Decane at different temperatures.
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FIGURE A60.- Phase inversion temperature vs, HLB of nonionic surfactant component using
Igepal + TRS/IBA with n-Decane at difl'erent salinities.
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FIGURE A63. - Phase inversion temperature vs. HLB of nonionic surfactant component using
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APPENDIX B

Summary of CT coreflood operations

Ex_en_ ................................. '"'
operation Measurement Calculation CT scan

i ill i m, ...lll l , i i ir li,l.ll -_ : ,rH , ii ...... ,,,,. ,,............... _, ......................

Select, trim, clean Measure core dimensions
(as required) Save trimmed ends, mark
and dry core orientation and send pieces

for thin section and/or
XRD

Encase core in Measure dry weight Scan dry core
epoxy with endpieces

Pressurize with CO2
and test for leaks

(about 30 psi) or load in
an aluminum coreholder

Evacuate, saturate with Measure saturated Calculate pore volume Scan saturated core
CO2 (2 cycles), saturate weight
withdegassed brine

Conduct tracer test Scan with time as

with 10% NaI brine tracer moves through
core

Flow tagged oil to Measure brine out Calculate oil saturation Scan oil
residual brine at residual water sat. saturated core
saturation

Waterflood to residual oil Measure oil out Calculate residual oil Scan waterflood_d
saturation saturation core

Inject chemicals Measure oil and Calculate: Pore volume, Scan several times as
preflush brine production oil cut, changes in residual needed to monitor oil
surfactant oil. accumulated oil production, advance
polymer etc.
etc., as needed

Analytical measurements Calculate values from
on effluent samples, as measurements
needed: viscosity, pH, Calculate CT oil
surfactant concentration, saturation distributions
etc.
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APPENDIX C - Selected CT-composite images of chemical
coreflooding experiments

Flow direction CT-CF I

18 23

Porosity, %

PV injected after start of
surfactant slug

0,8 PV
0 55

Oil Saturation, %

Oil Bank

0 : _*_:_:- 50

Oil Saturation, %

FIGURE C I - Porosity and oil saturation distributions for CT-CF 1,
Chemical formulations are given in Table 17.
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Flow direction CT-CF 3

17 23

Porosity, °h,

Oil flood
50 75

Oil Saturation, %

Water flood

Oil Saturation, %

PV injected after start of
surfactant slug

0,78 PV

0 5

,_ Oil Saturation, %
:i

l:l(;t.fRl'_ C2 - Port_sity and t_il saturati_m distributions lbr CT-CF 3.

Chemical formulations are given in Table 17.
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Flow direction CT-CF 4

17 22

Porosity, %

Oil flood Oil CT-density value was too high to see
saturation differences

Waterflood
() 55

Oil Saturation, %

PV injected after start of
surfactant slug

. 0.15 PV
0 55

Oil Saturation, %

0.3 PV

0 _:_ _ 50

Oil Saturation, %

Tracer =

FIGURE C3 - Porosity and oil saturation distributions tbr CT-CF 4,
Chemical formulations are given in Table 17.
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Flow direction CT-CF 5

18 23

Porosity, %

Oil tqood

Oil Saturation, %

' Waterflood

0 55

Oil Saturation, %

PV injected after start of
surfactant slug

0,17 PV

53

Oil Saturation, %

O.17 PV after 1 week shut in
0 70

53

Oil Saturation, %

FIGURE C4 - Porosity and oil saturation distributions for ("I'-Ci: 5,

Chemical formulations are given in Table 17.
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CT-CF 7

Flow direction

Oil flood

50 _'_" _ 80

Oil Saturation, %

Waterflood

0 _ : 50
32

Oil Saturation, %

PV iniected after start of
surfactant slug

0.47 PV

32

Oil Saturation, %

1.2 PV
0 _.. _. _: 50

15 32
Oil Saturation, %

............................ _ 3.4 PV

• _ O[ _: '_ 50Oil Saturation, %

FIGURE C5 - Porosity and oil saturation distributions for CT-CF 7.

Chemical formulations are given in Table 17.
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Flow direction CT-CF 8
.......... _.._ .,.._ :_._........ . ............_:.....:,,_..... _ ....... _.....

i

_" Porosity, %

Oil flood

50 __ _ ' 80

Oil Saturation, %

Waterflood

Oil Saturation, %

PV injected after start of
surfactant slug

0.44 PV
0 50

Oil Saturation, %

10 32

Oil Saturation, %

2.14 PV

_% 0t [] _ 50
%. . []

l0 32

Oil Saturation, %

Tracer

FIGURE C6 - Porosity and oil saturation distributions for CT-CF 8
Chemical formulations are given in Table 17.
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' _ Flow direction CT-CF 9

20 25

Porosity, %

Oil flood

Oil Saturation, %

Waterflood

Oil Saturation, %

PV injected after start of
, surfactant slug

_>_' 0.43 PV

37,5

Oil Saturation, %

0.74 PV
0 _:_* 55

37.5

Oil Saturation, %

1.93 PV
0 _ " _ 55

15 29 37.5

Oil Saturation, %

g i !i 3.2Pv

....._::::::":_:>_g" 0 iI Saturat io n, %

FIGURE C7 - Porosity and oil saturation distributions for CT-CF 9

Chemical formulations are given in Table 17,
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Flow direction CT-CF 10

20 24

Porosity, %

Oil flood

Oil Saturation, %

Waterflood
0 ....._, ' 55

Oil Saturation, %

PV injected after start of
surfactant slug

_l, m 0,28 PV
_' 0 _'_ " 5

Oil Saturation, %

,, ..,..,

•_:.--. .. . Oil Saturation, %

FIGURE C8 - Porosity and oil saturation distributions for CT-CF 10.

Chemical formulations are given in Table 17,
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