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AsSTRACT

As early as 1954 a study into the eff iciency
of nonionic detergents to displace crude oi l  frorn
sandstone reservoirs was published by Dunnlng. In
rhls study dlf ferent exethylated alkylphenols were
investigated and i t  was concluded that this calss
of surfactants lras anong the most promising, provided
t.he solubl l i ty in the injected waters at reservoir
lenperatures is suff icient. Since then hardly any
investigation lnto these chernicals were carr ied out.
Practical ly al l  work on chemical f looding, both in
the laboratory and ln the f ield has been focussed
on petroleum sulfonates. l lhy this investigatlon
into nodlf ied nonionics? The nain reason is the
excel lent. stabi l lEy agaj.nst electrolytes, a feature
petroleuo sulfonates do not have.

By conbining the favourable propert ies of both
the nonioaics and anionics the so caLled urodif ied
nonionics vere incroduced for chemical f looding.
Ti roducEs show an excel lent stabi l i ty againsE
elecErolytes, especial ly diva).ent lons, and no tempera-
lure dependence of their solubi l i ty.

.  I l lusrrated by a practical example: sandstone
reservoir,  average sal inity and uredium lenperaEure,
the development of a f looding recipe based on roodif ied
nonionics r. i i l l  be discussed.

Attention wil l  be focussed on the laboratory
investigal ion and the optioization of the f looding
recipe, I t  has been shosr that a 502 pv slug contain-
ing abouc 0.52 surfactant wi l l  give about 352 incre-
aenta l  o i l .

IIiTRODUCTI

As early as 1954 a study into the eff iciency
of nonlonic surfactants to disfJ.ace crude oi l  fron
sandslone reservoirs was published by Dunning (1).
In rhis study dif feren! oxyelhylared alkylphenols
were invesEigated and i t  uas concluded that this
class of surfactants was among Che most pronosing,
Providing rhe solubi l i ry in che injected water under
sur face  and reservo i r  cond i t ions  is  su f f i c ien ! .  For

Aererences and i l lusErations at, end of paper.

a mancinum displacenent efficiency the roole ratio
of ethyl"ene oxide varled between 4 and 12, dependent
on crude oi1, reservoir water and reservoir condit i .ons.
This result was conflrmed by lJade et a1 (2), who
applying the EACN concept found nininum lnterfacial
lension between crude oi l  and solurions of oxyethylated
alkylphenols and alcohols in reservoir rrater at
a  mole  ra t io  be lween 3 .5  and 12 .

Gogarty (3) gives an extenslve overview of
the research in cheurical f looding over the last
years. Several types of chenicals are discussed
but attention is focussed on petrol.euo sulfonates.
Petroleum sulfonates have been tested since about
1960 in  f ie ld t r ia ls ,  demonst ra t ion  pro jec ts  e tc .
showing their potential to increase lhe recovery
fac tor .

'  
PetroLeum sulfonates are l lni ted in their appl i-

cation. With increasing sal inity 9f the reservoir
ra.ter, espei ial ly the divalent (Can) ions the solu-
b i l i t y  decreases .  When a  c r l t i ca l  va lue  in  sa l in i ty
and divalent ions is regghed, this value is roughly
1Z sa l in i ty ,  100 ppur  Ca" ,  pe t ro leum su l fonates
precipitate leading to possib1e plugging (Tab1e
1). Several nethods have been proposed aod tr ied
out to overcome this probLen, f .1. pref lustr lng of
a highly sal ine reservoir vi th sweet nacer, addit lon
of other chemicals to the petroleura sulfonate soluEion,
tai lor ing rhe pecroler.n sulfonate with respect to
its equivalent weight. The sal inlty gradient concep!
is an i l lustrat lon of this (4).

Nonionic surfactants are leaction products
of an alkylene oxide f. i .  ethylene oxide, and nole-
cules containing an acidi.c H-acom l lke alcohols
or alkyl.phenols. Nonionic surfactants contain hydro-
phobic and hydrophll lc parts, the rat io is expressed
as the Hydrophil ic-Lt lophi l ic Balance (5). Ltren
a nonionic surfactant dissolved in sater is heaced
phase separation, observed as a haze, wi l l  occur
ac a certain ternperature. This temperaE,ure j .s cal led
the cloudpoint. Below the cloudpoint the ethylene
oxide groups of the molecule are hydrated and hence
che nolecule is soluble in vater. Above the cloudooi.nt
the water molecules are spl i t  of f  and phase separa-
t i on  occu rs .  Add i t l on  o f  e l ec t r o l y t es  t o  t he  non -
ionic surfactan!  soluEion- decreases lhe c loudpoint .
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As long as the cloudpolnt is not reached the solublllty
of the nooionlc surfactant is excellent in all klnds
of eleccrolyle conlaini.ng warer.

By conbining the propertles of the Donionics
$lth petrofeun sulfonates, chehlcal ly and not as
a El.xture, the so cal led oodif ied nonionic surfaclants
(table 2) were introduced into the application for
enhanced o11 recovery. Of course we should realize

are st i1l deal ing with anlonic surfactants. The
chero.ical and physical properties are those of anionics.

The conversion of lhe nonionic molecule to an
aaionic molecule can be varled by adjusting the process
variables, result ing in principle j-n uixtures of
nonionic and anionic compounds. All these variables
nake l t  possible to adapt ehenical ly the surfactant
molecule to the reservoir condit ions' rather then
rhe opposlce as is lhe case wirh petroleum sulfonates
( 6 ) .

The effect of sone of the variables on physical
propercies ir lportant for e.o.r.  appl icat ion has been
reported by Balzer (7) who studied the inf luence
of the number of ethylene oxide groups and the conver-
sion factor on the Phase Inversion Temperature (PIT)
for carboxylaces. l , I l th increasing ethylene oxide
content and increasing conversion.the PIT increases
for a giverr carboxylate In a given reservoir systetr.
In this paper the influence of the number of ethylene
oxi.de groups and conversion faitor for sulfates on
I.F.T. and adsorption ts presented. With increasing
nuuber of ethylene oxide groups the I.F.T. incleases,
the adsorpl ion decreases (f ig. i ,  2) The inf luence
of the conversion factor is more complex (f ig. 3).
The 1.F.T. decreases with the conversion factor t i l l
a mj.nj.mun is reached, after shich a increase is ob-
served.

For a sandstone reservoir of average sal inity
and uredir:rn temperature a flooding recipe based on
nodifted nonionic surfactants has been developed.
This recipe wil l  be applied in a f ieldtr ial  in part
of this reservoir.

Reservoir descript ion

The reservoir (Veleblt oi l f ield, Yugoslavia)
extends as a half circle, bordered by a fault  in
N.E.  d i recc ion .  I t  i s  capped by  a  c lay  layer  (p l iocene
and underlain by clay containing erater saturated
sands.  The N.E.  par t  i s  s teep ly  d ipp ing .  ( f ig .  4 ) .

The pi lot area is in the S.W. part of the f ield.
re exists an art icl inal structure, top at 739

belou surface, 633.5 m sub sea level. The reservoir
is dlvided lnto two layers, payzone 1 and payzone
2 .  ( f i g .  5 ,  6 ) .

Payzone 2 consists of a very porous sand wlth porosity
about 302. The urodes of the grain size dis-
tr ibution of the sands range between 20 - 200 un.
Clay content j-s about lZ. ln sone places there is
rather high carbonate content up to 352. Average
chickness 12.5 n.

Payzone 1 ls also very porous, the same as payzone 2,
the modes of the grain size distr ibution of the
sand, range fron 100 - 500 un, in sooe places up
to 2000 pn. Clay content is higher and shows a
greater variat ion (52 - l5l),  the carbonate con-

it"$.i. lower, between 57"-15'1. Average thickness
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Based on gräln slze dlstr ibution and cote-analy-
sis the perneabtLity varles between 0.2 - 6 un".

The reservoir temPerature sholrs a gradient
frorn 63"C - 73"C, due to the inf i l t raElon of hot
vrate!. The sal inlt ;  of the reservoir uater {s for
payzgSe 2: L2 kg/a' and"payzone I:  10 kg,/n- wlth
a ca" conrqnc of 80 g/n-. (Table 4) 0i1 denslty
ls 917 kg/n' at 20"C. Oil  viscoslty under reservoLr
condlt ions 7.5 nPa.s. (Table 3) The production mech-
anisos are.rrater drlve and gascap drlve. Oil-wacer
contact is at 667 n below sea level, and gas-ol l
conlact ac 663 m below sea leve1.

Productlon hl"story

The ol l f leld was laken into productlon Ln 1968
and since then 82 wells have been dri l Ied.

The orP is  esr imared ar  25 .10613 ( tso . to6  lu l ) ^
The cumulative oi l  production t i t l  1980 ls 3.6 10onr,
which equali  a2recovery of. L4.5'1. At an average
GoR of 26 n' ln" the cunulat ive gasproduction is
9 4 . 1 0 o n r

The reservoir pressure decl lned about 2 bars
since the start of production fron the inlt lal  value
of 75 bars. Tbe oi l  water conEact rose abouc 90
cB. There is an active edge vater drive, the Dajor
natural production mechanism.

0i1 production increased continuously t i l l
I t72 and an average yearly produccion of 250.000
n' was expected. By drt l l ing addit lonal wells slnce
1174 the productlon could be increased to 400.000
m"/year. The peak producl ion is st i l l  not reached,
bqt oi l  production is level l ing of at about 400.000
n- with a steep increase in vater cut.

To maintain production at the same 1evel in
the forthcoraing years EOR rnethods are discussed.

Poss ib le  E .0 .R.  p rocesses

As f looding processes, pol lnrer f looding' surfactanl
f looding or a corabination of both are posslbi l l t ies. I
Due to the los viscoslty of the crude oi1 under I
reservoir condlt ions the expected cost for pol lmer I
f looding w111 be 1ow. Both part ial ly hydrolysed I
polyacrylanides and polysaccharides could be use,
the sal inity nay be a problero for polyacrylamides.
The high permeabil i t ies exclude inject ivl ty problems.

To increase the sweep eff iciency of a surfactan!
solut ion in this high perrneable reservoir a simultan-
eous inject ion of the surfactant and polyoer is
suggested. 0f course the latter leads to an intensive
study of polyoer surfactant interaction.

Flooding concept

The l ini t ing faclors for any f looding coocept to
be discussed are:

Active edge vater drive and the gascap. I t
is inperative to avoid all kind of troubles that
the gascap is.noE diseurbed. To prevent loss of
chesicals in the aqui.fer Deasures like "backplessure

wells" or inject j .on of blocking agents have to be
!aken.
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The fol losing.procedure ls suggested:

Fl-oodlng shoul'd be cotnenced to produce

he area betrreen wells Ve 10 and Ve 109 ln a

ive. For this PurPose nro additlonal wells

dri l led in a. l lne rr i th well  Ve 10 paral lel

rhe edge vater.. This area vill be flooded by

inject i .on for several reasons:

one is the reletively 1ow oil saturaEion in

chis part of the reservoir '  because of the high rater

rable, aoother is to study the f lood perforaance

and !o adjust lhe reservoir simulat ion'

.After cooplet lon of the vater f lood the lnjecrlon

lls in llne r'ith Ve 10 wilt be used as backpressure

Ils, and tlto other wells in l-ine with Ve 109 vil1

used as i ,nject ion wel1s for ihe chemical solut ions'

backpressure wells wi l l  be used to suPPort the

Eer drive of the aquifer and thus reduce the loss

:hernicals inEo areas, where no addigional oil

be recovered. This fLooding concePt ls a l ine

drive in tlto slages. It will stalE with a ltate!

flood frorn the aquifer and continue wlth cheroical

f looding in the second l ine' using the inject ion

l1s of the wate! f lobd as back pressure wel1s for

the combined surfactant/Polyner f lood. (Fig. 5) The

specif ics wil l  be reported later after f lnal izing

a reservoir sinulat ion.

Choice of the chemicals

A.  Sur fac tan ts .

Fol lowing investigations Ltere carr led out:

- interfaclal tension measuremen!

adsorption studies

conParibi l l ty

rherl [ostabi l i tY

the oll in
line
vilL
EO
uater

_  . : r fac ia l  Tens ion

Interfacial tension measurenent between crude
oil  and surfaccant solut ions in reservolr vtater l lere

carried out using a spinning drop lnterfacial tensio-
neter (8). The inf luence of isopropyl ic alcohol
was also studied. The results are shopn in f igs.
7  r o  9 .

As can be seen from the resulEs there is a cerlain
apptication windos for the surfactant, in shich che
interfacial tension always remains below che value
of lO-J nN/n. This window exists with respect to
teoperaEure (50-65'C) (f ig. 7) and can be shif ted
by addit lon of lsopropylalcohol (f ig. 8) and wich
resDect to concentracion (f ig. 9) (between 2- 30
tg/r j) .  This is ioportant because during injectton
a sl ighE decrease of the fornation lenperature wil- l
occur and subsequent f looding wil l  di lute lhe'surfac-
tan t .

Due to inf l l t rat ion of hoc vater from underlying
layer a teDPerature gradient can develop.

Adsorotloo

dynanically. At a concetrtratlon of 50 rqlq3 it:
iireverslble adsorptl.on is very lon. (<I0 - 

Elg).

The aalalltlon of polymer to the surfactT:rt solutlon

decrases the adsorptlon even further (< 10 
- g/g) '

With residual reservolr uater and oil present l'n

the adsorbetrt the adsorptlon ls also very soall'

Data are llnlted by the accuracy ofrthe analytlcal

nethod used, at least they are <10 - 
4).

Coropaclbillty

Cornpattbl l i ty of the used chen{cals r l i th the

reservolr fluids ls very iDPortant to avoid plugging

of the reservoir.

Solutl.ons of surfactant ln reservolr itater

were observed vlsual ly for preclpltates or occurrance

of a haze. In al l  concentrat lons, nelther the Pro-
posed surfactant shovs precipitat ion Dor in combination

wlth the proposed PolYner.

Thermostabl l i ty

The thernostabillty of the nodifLed nonionLc

surfactant r 'as lnvestigated under reservoir condlt ion'

Surfact.ant soluclon ln reservoir rtater '  grounded

reservoir rock and crude oi1 r las Put ln high pressure

glass bonbs. After dif ferent exPosure t imes the

"or,tuot. were checked analyt ical ly (table 5) '  No

degradacion of the chemical was found.

B. Polyners

Conrnercial ly avaiJ-able pol;rmers' Part lal ly
hydrolyzed polyacrylanides and polysaccharldes were

investigated. Attention sas focussed on interactlon

studies in aqueous solut lons. Precipltat ion, incom-

patibi l i ty were studled visual ly in aqueous solurlons

ät reservoir teuPeralure. Viscoslty studies were

done as functlon of tenperature and race of shear'

Conpatibi l l ry

Equal volqmes of surfactant solut lons (concen-

trat. io; 5 tg/nr) and polyrner solut ions, conc' 0'5

kg/mJ were nixed together. The solut ions l tere thenno-

s ia t ted  a t  d i f fe ren t  temPera tures  ( -5"C,  4"C,  20"C

and 63"C) f.or 24 hours. After chis the solut ions

were visual ly observed.

A stock solut ion of che polyners was prepared

by nlxing the polyners in a well  defined freqh vater
(surface water) at a concentrat ion of 5 kg/n- '  Thls

solution was diluted l-n a reservoir brlne cgntalnlng

the surfactant at a concentrat ion of 5 kg/n"

Results

Most partially hydrolyzed polyacrylanlde types

showed preclpitation or phase seParation. iri conblna-

cion vith the surfactant solut lon in reservolr eater '

A polysaccharide and a Part lal ly hydrolyzed polyacryla-

rnlde which showed good conpatiblllty' were used
for further studies.

Viscosity neasurernent

The viscosity of dif ferent pol lmer solut ions

in reservoir water and of dlf ferent polyroer surfac-

tant solurions rtas l 'nvesl igated with a BrookfieldAdsorption losses.-were roeasured staclcal ly and
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Table 3: Reservoir Bata Velebit

Formation Tlrickness

Porosity

Permeabi l i ty

Oil Viscosity (under reservoir cond.)

O i l  Dens i t y  (a t  2O 'C)

Format ion Temperature

Sand (Modes of Grain Size Distribution)

Clay Content

Carbonate Content

Salinity of Brine

3 5 m

3 0 %

03-6 prm2

7.5 m Pa.s

917 kszni

63-73 'C

O.1 -2 mm

1 %

5 - 4 0  %

1O'12 k9 /ni

N a  C l

N a  H C O ,

Na ,  CO,

Na,  SOo lO H2 O

K C t

Ca  C fz  . 2H2O

S r  C l r . 6 H 2 O

Ba cr, 
lrro

M g  C b  ' 6 H 2 O

N H I C l

6 3 7 0

7 0 0

1 1 0

230

220

80

t o

2 0

1 2 0

90

g /m3



Taste TneRmosTRBI LITY

Anl tyr rcAL DETERT' l tNATtoN oF Acr lve Corut rHt

THEoner I CALLY OBSERVED

o,oit EXPOSURE 3 wEers 0,022

6 wEErs 0,021

9 we ers  0.022

10 wEErs 0.021

40 wEers 0.021
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Fig, 8-lnterlacial tension, influence of lemperature

Fig. 9-lnlertacial lension, inlluence of conc€ntration
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