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Abstract

Practically all x'ork on chemical flooding, both in rhe labora'

tory and in the f;etd. has bben focused on perroleum sulpho'

nates. Hox'ever, as soon as the concentrarion of electolyses,

especiall.v of divalent ions, exceeds a cridcal value, the we of

rhis class of anionic surfactants becomes troublesome- Some

of the difficulties may be avercome b;- the use of addidves,

preferablv ether sulphates or erher sulphonates. Hence, the

favouruble properties of nonionic substances, such as excel'

i.nt stabiiitl' to electrolvtes, have been combined with those of

at;ionic.s, und thus the so-called modified nonionics are avail'

able for chentical flooding. These products offer rhe possibil-

it1' of chemical adaption to the reservoir condirions [], 2]' are

very stnhle Rlrard electrolytes, and their solubility does not

depend on the temperature. The latter is a drawback of

nottion ic pnttlucts ( cloud poittt ).
The nndiiiad nonionics are essentiallt' anionics based on

erhene o.title derivatives of alcohols or alkylphenols, wirh

subsequent incorporation ol sulphate, sulphonate, carbox.vl

or phosphate groups [3]
On the basis of the ,rsgTvsir c(rnditions, crude oil propenies,

and resen'oir *'ater, t'arious processes have been screened for
enhanced oil ret'overy in ilrc V'clcbit resertoir. It u'as decided

to simultanernclv iniect ntodiJied nonionic su4actonts and

polvmers. In purt of the resen'oir, this process u'ill be rcsred in

rtrto srages in a linc' drivt tt'ith several injection w'ells and 7r't-
ducrioi *'ells. The nral area is about )0.000 m3' The Jirst
stase tnvolves watcr llooding of ubout huli rhe area' in order

to collctt ailitionul tlutu on the reservoir. During tlrc second

stagc, stmultaneous iniection of surfactanrs and polymers will

tuke place.
The resen'oir is describetl, and possible EOR processes, the

flooding concepl antl selection of chenicals are discussed.

Reservoir description

The resen'oir h:rs the form of a semicircle and is bordered by
a fault in thc \E direction. It is capped b1'a clal ' la1'er (Plio-
-'ene) and underlain by clav containing water-saturated
sand. The n()rtheastern part dips steepll (f igure l).
The planned pilot test area is located in the SW Part (f igure
2). Therc cxists a marked anlicl inal structure. *' i th toP at 739
m belou'the surface.633.-i m below sea level. The resen'oir
itself is subdivided into two layers. pay- zone 2 and the under-
l;-ing pa1'zone I (f igure 3).
Pay zone 2 consists of highly Porous sand with porosity a-
bout 30 per ccnt. The grain size distribution varies between
20 and 200 trm. The clav content is about I per cent: at some
locations the carbonate content is rather high, with as much
as 35 per cent. The average thickness is 12.5 m.
Pay zone I is also very porous. The grain size distribution
ranges from 100 to 500 pm. locallv up to 300 pm. The clay
content is bigher and sho*'s a greater variation (5 to 15 per
cent), \Ä'hereas that of carbonate is lower (5 to 15 Per cent).
The average thickness is 17 m.
The grain sizc distribution and core analysis indicate that the
permeability_ \'aries betwcen 0'2 and 6 pm:.
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Fig. l: \ 'elebit oil t ' ield - structure map

The reservoir temperature exhibits a gradient from 63 to

73' C. due to the infiltration of hot water from lower strata'
The salinity of the reservoir water is 12 kg/m3 for pay zone 2

and l0 kg/m3 for pav zone I . with a Ca* * concentration of 80
gmr. Ttri density of the oitis 917 kgmr at 20'C. and its vis-

cosity is 7.5 mPa ' s under reservoir conditions. The produc'

tion mechanism are water drive and gas cap drive. The oil-
water contact is located at 667 m and the gas-oil contact at

636 m below sea level.

Fig. 2: !'clebit oil 6cH - top Pliozcne,'pav zonc 2
(srrudurc map,
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Fig. 3: Vclcbir oil 6cld - cto.s section (SW-NE) (log corclation)

of chcmical tailoring to suit
thc rcservoir conditions.
To increase the sweep effi-
ciency of a surfactant solu-
tion in this highly perme-
able resen'oir. a simul-
taneous injection of the
surfactant and polymer is
suggested. Of course. the
latter requires an intensive
study of the polymer-sur-
faaant interaction-

Flmding concept

The limiting factors for
any flooding concept are
the active edge water drive
and the gas cap. It is im-
perative to avoid disturb-
ing the gas cap. To prevent
loss of chemicals into the
aquifer. such measures as
'back pressure wells" or
the injection of blocking
agents have to be taken.

Production historY

The oil field was put into production in 1968' and 82 wells

have been drilled since then.
The oil in place is estimated at 25 ' 106 m3- The cumulative oil

production prior 1980 was 3.6 ' 106 mr. which corresponds to

ä ,..ou..y of t-1.5 per cent. At an average G.OR of 26 m3/ml,

the cumuiative gai production is 94 ' 106 mr.

The water cut remained below 3 per cent unti l 1975. and sub-

sequently increased to a value of 8 per cent.
The reservoir Pressure has declined by only 2 bar from an in

itial value of 75 bar since the start of production. This can be

explained by the presence of an active edge water drive ' The

major production mechanism is water drive.

Prior ro 1972 oil production increased continuousl)'. and an

averase production of 260.000 tn'r73 was e xpected. Through

tne Orilting of additiona-l wells since 197'1. the production
*u, .ugränted to 400,000 m3/a. The peak production has

not yet been reached. but oil production is levell ing offat a-

boui +00.000 m3/a with a steep increase in water cut. In order

to maintain this level in the futüre' the application of EOR

methods must now be considered.
i

Possible EOR'processes

Despite the targe variation and high value of the carbonate
conient in this reservoir, the use of chemicals for e nhancing
the oil recovery aPPears promising.
Polymer or surfactant flooding, or a combination of both.

are possible approachcs. The restrvoir data are compiled in

table t. Because of the low viscosity of the crude oil under

reservoir conditions, the cost of polymer flooding is not ex'
pected to be high. The use ofpartially hydrolysed polyacryl-

ämides or polysaccharides'is feasible; the salinity may be a
problem for potyacrylamidcs. The high permeability ex'

cludes injectivity problems.
The salinity of the reservoir water (table 2) and the tempera-

ture are ideally suited for the application of surfactants,

especialty the modified nonionics, which offer the possibility
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The following procedure is suggested:
Flooding should be commenced to produce the oil in the
area between wells Ve l0 and Ve 9 in a line drive. For ihis
purpose two additional wells are to be drilled in line with

well Ve l0 and parallel to the edge water. Water injection
witl be applied becausc of the relatively low oil saturation in

this part of. the reservoir. as a result of the high water table,

and in order to study the flood performance and to adjust
thc resewoir simulation.
After completion of the water flood' the injection wells in
line with Ve l0 will be utilized as back pressure wells. and

the other two wells in line with Ve 109 will serve as injection
welts for the chemical solutions' (figure {). The back
pressure wells will be employed for supporting the water
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Trbl. I Rctcrvoir Brin. Anslyris Velrblt

Nao 6370 g/mr

NaHCOs 3700 9/m'
Na2COs 110 9/m!
Naiso. toHro 230 glmt

K Ct 220 gtm'

CaClz'2HlO 80 g/mr

Sr Cla . 6 HrO 10 g/mr

Ba cir. 2 x.o 20 glmt^

M9 cL . 6 Hro 1?c armr
NH.CI 90 g/mr

Tabls 2 Rerervolr Ottr Vcl"bil

Formation Thickness 35 m

Porosrty 30 %

Pemcability 0'3-6 Pm2
Oif Viscosity (under reservoir cond .l 7.5 m Pa ' s

Oil Densityiat 20" C) 917 kg/m3

Formation Temperatur€ 63-73'C

Sand {Modes ot Grain Size Distribulion) 0.1-2 mm

Cfay Content I v"

CarbonateContent 5-4O%

Salinityof8rine lO-12k9/m3



Fig. 1: Vclcbir oil ficld - top Pliozcncrpay zonc 3
(strucrure map)

drive of the aquifer and thus reduce the loss of chemicals in-
to areas where no additional oil may be recovered. The
flooding concept involves a l ine drive in two slages. It starts
*' ith a water f lood from the aquifer. and continues with
chemical f looding in the second line. with the use of the in-
jection wells of the water f lood as back pressure wells for
combined surfactant-polymer flooding (figure 5).

Fig. 5: Velcbit rcscwoir - qoas scction

Choice of chemicals

Surfaclants

Surfactants are used to overcome the capillary forces which
trap the snrde oil in the reservoir. The interfacial tension
between the aqueous and oil phases provides a measure of
these forces. Crude oil can be mobilized from the rescrvoirif
the interfacid tension can be decreased to a value less than
l0-3 mNlm.
The main objective is to investigate the parameters which in-
fluence the interfacial tension. Modified nonionics were
thereby used. Thesc substances comprise both ethene oxide
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Ratio anionic/nonionic rersr.rs [FT.
tor 3 ditterent surfactants at 'esenoir tempet'ature

t

Fig. 6: Ratio anioniiionic vcnus l- F. T. for :hrcc diffcrcnt surfacllnts

rcscn'oir tcmpcraturc

lnfluence of isopopyl addition to
the surfactant on l.F.T.

" ! t  s  a
läbr, tt r'r

Fig. ?: lnflucncc of isoprop;-l alcohol addirion to thc surfaclant on I. F, T.

and anionic groups. which allow modification for optimal
adaptation to the reservoir conditions [1, 2]. The general
formula is given in table 3.
Original crude oil and waterfrom the Velebit field. together
with original resen'oir rock. were used for all investigations.
The cnrde oil was dehydrated by heating and subsequent
centrifugation at 1600 min-r and 2(f C. The residual water
content of the crude oil was determined analytically by the
Karl Fischer titration and ivas found to be 0.(X per cent.

Thermostability

The thärmostability of the optimal suriactant was investigat-
ed under reservoir conditions. Orieinal crude oil and forma-
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R - ( o c H p H r ) i - 0 - x
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R-(ocH2cH2)r-x

@ r M
Wth R: Ftrdtophottc Ren Lik! Alcohots or Alkly'Ph€tEls

N: Numbar ot Alryenaxide Gtoupo
X: Anionic Group such as Sullale

Sutlonato
PhosDhale
Phosghonate
Caöoxytate

frür 3 Chcmlcrl Fonnule of Iodtficd l{onionlc Surfrtrntr

tion water were thereby uscd. Ground reservoir rock was

taken as rePresentative.
ft. fotto*ing was sealed into high pressure glass tubes (2'00

cm OD.28 cm in lenght) under l iquid nitrogen:

13.6 g reservoir waier with 5 Per cent dissolved surfactant'

25.0 g ground reseryoir rock, and
t 1.1 g crude oil.

The filied vessels are then placed in a test cabinet at 63'C

.nJ io,"t.o perpendicularli' ro their axes at 3O min-r' The

samples o'erl tiirared (Hellsten method) to determine the

conientrations of the comPonents at different times (table

4)- It can safely be concluded that no deEadation of the

chemicals will occur in the reservoir for the duration of the

test  ( la) .

faOn I nermost.bility
Analytical Determinatlon ot Activc Contant

Fig. E: lnflucnce of tempcraturc on l' F' T'

I. no alcohol lddition
Il. alcohol addcd (s. a. s. alcohol 3:l)

Theoretical Observed

o.o22 Exposure 3 weel$ 0.0?2
6 weeks 0.021
9 weelcs 0.022

10 weeks 0.021
40 weeks 0.021

Concentratbn of srrtactant rersus l.FT.

at reservoir temperature

lnterlacial tension

The interfacial tension between crude oil and surfactant so-

t,r,ion, was measured by using a spinning drop interfacial

tensiometer according to Wade' The rotational speed of the

glass capillat-1' (2.00 mm ID) was varied between'1000 and

öaXl -in-tl tire final measurements *'ere cailed out at 7000

-in-t . Tt . temperature rlas varied between f5 and 75' C'

Th. .on..n,rati'on of the surfactants varieä between 100 g/

m3 and 100 kglm3. The influence of alcohol was studied too'

The interfaciäl tension was calculated by means of the Von-

negut apProximation: 
1 = aQro i

4C

whereby Y denotes the interfacial tension.
Ag denotes the densitY difference.
or denotes the angularvelocity. and

C is a tabulated value.

The cnrde oil and surfactant solütion were mutually equili'

brated prior to each measurement'
With relpect to temPerature (50 to 65'C) (frgure 8) and con--

centration (2 to 30 kg/ml) (figure 9). the surfactant exhibits a

certain range of applicability, in which the interfacial ten'

sion remainl below the value of l0-l mN/m' Its location can

be shifted by the addition of isopropyl alcohol' This is im-

portant. becäuse a slight decrease of the formation temPera'

iur. o."u.t during injection, and the surfactant concentra'
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Fig.9: Conccntration ofsurfactant versus I ' F' T' al rc$cn'olr lcmpcralürc

tion may alter during flooding. Ir{oreover' a temPerature

gradieni can develop because of infiltration of hot water

from underlying strata.

Adsorption

The loss of surfactant due to adsorption is a very imPortant

characteristic. since a minimal concentration musr be main'

tained during the entire Process'
The adsorption was measured on l0 g of ground reservoir

rock immersed in 150 cm3 of resen'oir *'ater with dissolved

surfactant. The ground rock is clasdified according to sieve

"i"tytit. lt has a-specific surface area of 2100-cmlg' The sur-

factant conc€ntration t"tiit U",*".n 5 y'm! una-SO kg/m3:

The vessels are shaken for 16 h in order to obtain maximal

adsorption at room temPerature. The fluid is then separated

by centrifugation. and the surfactant.concentration is derer-

mined anat-yt;cally. The amount adsorbed' calculated from

hfluerce ot tenperature cfi l.F.T.

I: no alcotPl aditbn

i 1 2
z€
r r
C

I

I
I
a

tG-F,'C

tr: alcohot added ( s.a.s- alcohol 3 :1 )
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the difference betwcen the initial and final concentrations, is
plotted in mg/g.
For the concentration suggested for application. the irre-
versible adsorption of the surfactant is very slight (< l0-3
g'g). The addition of polymer to rhe surfactant solution sup
presse; the adsorption even funher (< l0-'g/g). Wlth resid-
ual rcscryoir s'ater and oil present in the adsorbent. the ad-
sorprion is also very slight. Although the data are limited by
the accuras;- of the analytical method applied. they indicate
< lo-'ü9.

Compatibility with reservoir brine

Compatibilig' of the chemicals used with the resewoir fluids
is rital for avoiding plugging of the porous medium. Al-
though this danger is almost negligible because of the high
permeability, the small capillaries where most of the oil is
trapped are sritical. Solutions of surfactant in reservoir wa-
ter *'cre observed visually for the occurrence of precipitates
or of a haze. At all concentrations. the proposed surfactant
did not form a precipitate or haze. either alone or in combi-
narion with the proposed polymer (table 5).

Teblc 5 Compsttbility ot Ch.micsb wiltr Bcsrrvoir Brin.

+++ Clearsoluble I Haza
r+ Slight haze

Polymers

- - Slight ptecipitation
--- Precipitation

Commerciallv available polymers. partially hydrolysed pol-
ycrylamides and polysaccharides, were investi-qated. Atten-
tion was focused on interactions in aqueous solutions: pre'
cipitation and incompatibility were studied visuallv at reser-
voir temperature. The viscosity was measured as a function
of the temperature and shear rate.

Compatibility with surfactant and reservoir brine i

Equal volumes of surfactant solution (concentration 5 kg/
m) and polymer solution (0.5 kgm3) were mixed and ther-
mostated at different temperatures (-5.4.20. and 63" C) for
2{ h. The results of visual observations are compiled in
table 5.
A stock solution of the polymers was prepared by dissolving
them in well-defined fresh water (surface water) at a concen-
tration of 5 kg/ml. This solution was subsequently diluted in
synrhetic reseryoir b-rine containing the surfactant at a con-
centration of 5 kg/m'.
Most t)?cs of partially hydrolysed polyacrylamides showed
precipitation or phase separation in combination with the
surfactant in reservoir water. A polysaccharide and a par-
tiallj hydrolysed polyacrylamide which exhibited good com-
patibility were used for further studies. .
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Viscosity measurements i.
The viscosity of different polymer and polymer-surfactant
solutions in reservoir brine was investigated at different
rempcratures (20 and 63' C) and different shear rates (0.4 to
70 s-r. at 0.3 to 60 min-r), with a Brookfield LVTviscosime-
ter. Hardly any influence was exerted by the surfacrant on
the poll'men with good compatibilit)-. A certain s1'nergistic
effecr may be deduced from the results. Flow cunes for the
polymers in fresh water. in rcservoir brine, and together
*ith the surfactant. at 20 and 63o C, are plotted in figures l0
and l l .
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Fig. l0: Flow cuwes for poll'ac4'lamidc.160 ppm.63'C

Fig. I I : Flow orrvcs for xanlhanc gum 600 ppm. 63' C

Injectivity

The polymer-surfactant solutions were screened for their in'
jectivity by flooding in sand packs. The permeability was in
the same range as in the reservoir. The Pressure gradient
was recorded as a function of the injected volume.
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C.orrcen-
rauon

Petrr
laum
Sul-
fonate

Modilied
Noflionic
Surlac-
liants
(MNrs)

Poly-
acryl-
amicle
(P^^)

Polysac-
c8ride
(Ps)

MNIS +
500 g/m:
PAA

MNIS +
5O0 9/m
PS

50 g/mr + + + + + +

rm g/m' + + + + +

5{)o grlm3 + + +

t kg/m3 + + +

5 kg/m3 +

1O kg/mr t

5O kg/m'
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