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INTRODUCTION _ ENHANCED OIL RECOVERY

About 457o of the world's energ-v consumption is supplied bv petroleum and l09o by natural gas.
The amount of reserves and the time these reserves may be used in the future have been appraised
dift-erently in the past. Thoueh the estirnated world-wide reser\.'es of hydrocarbons are more or less
a polit ical subject. one fact is that only about i0oc oi rhe rotal oil in a reservoir may be recovered
with conventional techniques. The improvement of oil recovery therefore may contribute to the
energy supply in the ruture.

18.1 OIL RECOVERY MECHANISMS

The tact that most oi the oil in a petroleum reservoir has to be leti in rhe ground is due to two
physical phenomena. the interfacial tension of the oil and its viscosity. In the tbllowing these are
described tbr the case of porous sand-stone resen'oirs. The same physical behavior in a slightly
ditferent way also applies to fissured reservoirs. which are often found in l imestone deposirs.
Figure I shorvs a SEM-picture of a pttrous sandstone.

In Tables I to -3, lvpisxl examples of the composition of the three cornponents - rock. water.
and oil - that tbrm a petroleum reservoir are glven.

18.1.1 lNrrnrecrer Trrusror. l

Petroleum, which is generated over millions of years from organic matter that is buried deep in
the earth, is usuallv trapped in underground structures formed by porous rocks. These rocks usually
are sandstone or fissured limestone. The petroleum, which is produced in deep-lying source rocks,
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FIGURE 1 SEM picture of a typical sandstone, which is often found as an oil-bearing formarion.

TABLE 1
Composition of Different Reservoir Rocks

Quartz
Formation (9b)

Dogger-p 87 3
Valanginian 8:
Wealden 95

Dolomite Mikroline K-Feldspar Kaolinite
("/") ("/", ("/") (%)

7
8

4 0.2

Muscovite/lllite Pyrite Chlorite
eh') ("/o) e/")

I
t 3

0.2 0.3

2

0.;

TABLE 2
Properties of Three Different Oils at Reservoir Conditions

lsothermal
Reservoirtemperature Densitv Viscositv,Cas/Oilrat io compressibi l i ty

Oil f ield ( 'C) (g/cm.) (mPa) (m:t(\ ,^)/mr) (10-: [3;r)

A 7 E
8 5 7
c 4 9

0.6'7) (1.;  I  l9i
0.860 8.8 7
0 .837 31  11

11.,5
8 .2
8 .0

migrates to these structures and is trapped there. if thesc structures are seal.'d ar the top. These
structures then forrr u'hat is called an oil f ield.

The production of a petroleum reservoir may be divided into different phases. The first. where
oil is flou'ing freely from tlre reservoir to the production well. is the best knou,n but in nrost cases
also the shortest. Very early in the l ife of a leservoir. encrgv must usually bc supplied to rhe porous
rnedium rvhich bears the crude oil so that it continues ro ffow to the producing u,ells. This energy
is brought into the reservoir by injection of u'ater or gas. With these secondary recovery methods,
about 30 to 40c/c of the oricinal oil in place nray be recovered, u,hile the rest utust be left in the
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TABLE 3
Analysis of Three Different Reservoir Waters

Cations
lmg/)

Anions
(mgll)

Na

75.800
3.{.100
1300

K

284
260
6 l

CaMg cl

l 26,800
58,700

2665

SO,

2U
6

n-4.

HCOr

n.a.

1 825
B

1070 ;1910 211 5
860 1990 28 2

5.-1 {8 n.a. n.a.

earth. In order to recoveruo*. of this oil as well, tertiary methods have been developed which are

still the subject of research.
The force hoiding back the oil in the porous body of the resen'oir rock is the interfacial tension

between the different phases of oil, water, and gas flowing in the reservoir and the viscosity of the

crude oil. In those cases where oil is being displaced by injecred water, the interfacial tension

berween the oil and water and the wenability of the rock play important roles. In Figure 1, the

pore space berween sand grains is shown. If the rock is water wet, the flood water is imbibed into

the rock and oil is displaced to producing weils. But, after a short dme the situation is such that

oil drops also have to displace water in order to allow the oil itself to rnove in the direction of the

producing wells. In these cases, the capillary pressur€ between the oil and water has to be overcome.

This means that oil has to drain water from the reservoir before it can move. As the pressure

gradient in a reservoir often is smaller than the capillary pressure, lhese zones are bypassed by the

displacing water.
As can be seen in Figure l, the nonwetting phase (oil) has to pass small throats betbre it can

leave the pore space. It is the diameter of these pore throats that determines the capillar,v pressure

rhat has to be overcome to displace the nonwetting phase by the wetting phase.

The cepil lary pressure is

2 o . c o s 0
P r = _ ;

where o = intertacial tension, 0 = wetting angle, r = pore radius. If the diameter of the pores were

uniform, capillar.v pressure differences would be zero. as is shown in Figure 2. In the case of an

oil drop that is driven by water through a pore niurowing, the diff'erence in capillary pressure is

( t  r )
Lp,- -2o 'cos0l  - - -  |  (2)

\ t i  r t )  
.

If we look at Figure i, it is obvious rhat capillary pressure counteracts oil recovery. This means

that the arnount of oil that may be recovered is proportional to the pressure drop applied to the

porous medium and inverse proportional to capillary pressure.

This may be expressed as:

t c
\  -  Jo ,  -

L p r

l o

where S,. is the remaining oil or residual oil saturation, and r is the radius of the pore narrowlng.

If we want to express Equation 3 in terms of permeability and porosity. it becomes:

l - { "  =

, 1 1

t 8
?

0 )

(4)L p k
: i _

/ o  \ e
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FIGURE 2 Porous medium with oil and u'ater mo'ing through a perroleum resen,orr

FIGURE 3 Oil reeovery and capil lary pressure.

u,here ,t = perrneabilitl'. arrd e - porosity.
l ' :r lrer (1968) investicated tlre influencc of pressure drop and interlacial tension o1 residual oil

saturl l ion in laboratory cxperintents. He founcl that the oil recoverv fronr a core of reservoir rock
is proPortional to the pressure drop across the core and ca;l i l lary pi"rrur.. Sonre ofhis resllts are
shoil 'rt in Figurc 4 together with results fiom our orvn experirnents. Both experiments show the

(+-*lAp" = 2<r cos @
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FICURE 4 Pressure gradient reduced by o and r vs. oil recovery'

above-described dependence of oil recovery on pressure drop. Taber's experiments were performed

on a 420-mD Berea-sandstone. our own experiments on a 2000-mD sandpack. Though both series

of experiments were performed on different materials and in difterent ways, they show similar

results. As the pressure drop in an oil reservoir cannot be raised much more than is being done

today, an alternative is to reduce interfacial tension in order to recover more oil by a method called

surfactant flooding.

18.1.2 Vtscosnv

.\nother force that holds peuoleum back in the pore space is viscosity. Viscosity of crude oil in a

reservoir may valv between rbout 0.1 and 100.000 mPa.s. whereas the viscosity of water lies

berween 0.5 and i. l mPt.s. depending on remperature and salinity. Figure 5 shows the dependence

of oil recovery on the viscositv ratio between oil and water. It is obvious that in the case of a high-

viscosir,"- oil rhe tentlency- of the warer to bypass oil-lilled zones is higher, the higher the viscosity

of the oil is. In order to recover more oil tiom e reservoir, the viscosity of the oil must be reduced

or tire viscosity oi the flood water increased.

Rerjuction of oil viscosiry may be achieved by increasing temperature. This can be done by

the injection of hot water or iream into the reservoir. This recovery method is usually applied in

the case of heavv oiis. tor which primary and secondary oil recovery are very low (<107c). The

viscosity of these oils is above 100 mPa's and may reach values of several thousands and more.

By steum injection. the vrscosity of these oils may be brought to values of about 10 to 50 mPa's'

as shorvn in Figure 6.
' Anorher method ro increase recovery trom a reservoir is to increase the viscosity of the flood

warer insread of decreasing the oil viscosity. This is done by a method cailed polymer flooding'

which will be described below.

18.2 SURFACTANT FLOODING

Surfactant flooding means that surface-active agents are added to the oiVwater system to reduce

rhe intertacial tension. OiVwater interfacial tension may be reduced by these surf'actants from 20
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FlcuRE 5 Influence of viscositl rario on oil recoven.process according to Tunn (1974)
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FlcuRE 6 Viscositv of a hea'y oil ns a function of tenrperarure.

to 10-{-10-5 InN/rn. This seerns to be a very easy nrethod to recover more oil from petroleum
reserloirs. There are manl' chelnicals that reduce inter{acial tension between oil and water, and
tlrese clremicals can be produced in significant amounrs a( relatively low prices. But there are some
adt'erse ct-rnditions that prevcnt this tcchnique frorn beinc successful in practice. ' lhe 

cnvironment
irl an oil rescrvoir is often such tlrat surfactants cannot develop a reduction in interfacial tension
as simply as clcscribed above.

'':::::.
,,:l.ifr,
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TABTE 4
Surfactants Used in Enhanced Oil Recovery
HldroJrhohic Part  Interrnr :d iate Hydrophi l ic  Part  Counter- ions

695

Isooctylphenolic

Dodecylphenolic

Dinonylphe n,r l ie

Naphten acid

Fany acid

Ethyleneoxide

Propylenoxide

Ethy lene- propyle nox itle

Carboxylatc

Sulfate

Sulibnate

Alcaline

Amine

Quartz

One aspect is that temperatures in oil reservoirs are relatively high (70 to 130'C), and the water

in these resen'oirs is very salty - salinit ies up to the solubil it,v l imit are often encountered. Also,

reservoirs usually contain. besides quartz sand. significant amounts of clay minerals (Figute 1). As

the nante of these substances indicltes. they are surface active, which nteans that they strongiy

adsorb at the rock surface.

18.2.1 Sunrecunrs Pnoposto FoR ENHANcED OIL Recovrnv

In order to reduce interfacial tension between water and oil, surfactants of various compositions

have been tested, and additional surfactants have been developed. [n Table 4 various surlactants

are listed. Depending on the oil properties, the salinity of the reservoir brine. and the temperature,

the surfacnnts are tayk:r-made using components as listed in Table 4.

18.2.2 Appt-rc,rrton oF SuRFAcrANrs

Many surfactants have been tested. and numerous laboratory experiments have been performed.

The main reason why this recovery method is not applied at the moment is, besides some technical

difficulties. the economics of the process. The amount of substance that has to be applied is quite

high, as shown in Figure 7. [n order to recover about 507c of the residual oil - i.e.. 0.25 m3 of

oil - about 35 ro 50 kg of surtactants are needed. This means that about 100 to 200 kg of chemica.ls

are needed to recover I m3 of oil. In oil field units, this means that at ieast 16 kg of chemicals are

needed ro recover I bbl oi oil. If I kg of surl'actant wouid cost about 53 (U.S.), the chemical cost

for I bbl of oil would be $32. which is twice as much es today's oil price.

In a situation when oil prices are very low, no efforts rre made to recover more oil from the

resources. though rechnically it would be possible. So. about 707o of the oil wil l not be recovered

and will probably be lost tbr the future.

18.3 POLYMER FLOODINC

Flooding petroleum reservoirs with water-soluble polymers may be regarded as the most economic

terriary chemical oil recovery method. but this method also is hardly economic considering the

currenr oil price situation. The polyrners used and the main recovery mechanism of polymer flooding

is descnbed brielly in the followins.

18.3.1 Potvmrns FoR ENHANCED OIL Rrcovtnv

Polymers tbr enhanced oil recovery should be water soluble. should develop high viscosity. and

should not plug the reservoir during injection. Further, they should not be degraded by temperature

or bacteria and should not precipitate in high-salinity reservoir waters. The water-soluble polyacry-

lamide can only be used in freshwater systems, whereas polysaccharides such as hydroxyethyl-

cellulose or xanthan develop enough viscosity in high-saiinity brines'
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FICURE 7 Anrount of surfactant required for additional oil recovery'. determined in various laboratory' flood
expenments.

The main problems of using these chemicals in enhanced oil recover)' are the srabilit;' in the

reservoir and the adsorption of the polymers on the reservoir rock. This means that the polymers

should develop the desired viscosity' throughout the entire ffood process.

18.3.2 MrcnnNts,ra oF PoLyMER Floootttc

As shown in Figure 5. in a linear displacement experiment the oil recovery depends on the viscosity
rario between the displaced and the displacing phase. This is due to capillary pressure, as described
above. because the pressure drtrp during ffou' is proportional to viscosity.

In addition. it u'as found that in a heterogeneous medium, such as sandstone. the sweep
efficiencl', which represents the ponion of the reservoir that is really influenced by the displacing
ffuid. depends on the viscosity ratio. too. According to Dyes, Caudle, and Ericson (1954). the
mobilitv ratio:

M  = k ^  
l \ '  ( 5 )

k , , l \ , .

(u,here /<,,, is the effective permeabilitl, to u'ater and oil, respcctively. and q, , is the viscositl' of
water and oil, respectir,ely) influences the areal su'eep efficiencl, as shown in Figure 9.

Apart frt'rnr these two effects, the venical sweep efficiency determines the perforrtranc:e of a
ffood. Betbre the mechanisrr that improles tlre venical sweep efficiency during poll'mer flooding
is discussed. some introductor! ' remarks on the rheology of pseudo-plastic l iquids are necessarv.

For u'ater and oil. the viscositv is. in nr<lst" cases. a constant r,alue. For polyrncr solutions, this
is nrore or less not the case; the viscosity is a function of the rate of shear strain. Figure 10 shows
flow curves of aqueous 1x'rlvner solutions conrmonlv employed in polymer ffooding. The viscosity
(or. more exactly. apparcnt viscosity) mav varv as a function of shear strain within a u,ide ranse.
T'his t.tchalior in a rvcll-dctcnnined range nrlv be described bv a Prr11,s1 13p'.

In regard to viscous l lorv of a l iquid. the rl lc- of shear strain is a fulrctit,rr o1'f irrt l i  l iorv geometry
lnd {lorv velocity. For flurv in porous rnedia, this nreans that in nlrrow pores the rate of shear strain
is higher than in larger porcs, or, in tenns of petroleulu rcscrroir engineerin-a. that at the sartre
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FICURE B Molecular srructure of wirter-soluble polymer used tbr enhanced oil recovery (polyacrylamide'

hydro ryethyl-cel lulose. xanthan).
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FlcuRE 10 T1'pical f lou curves of aqueous polvmer solurions applieci in poll 'mer flooding.
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FICURE 11 Improvenrenl of vertical sweep efficiencv :rccordinc ro Sandiford (lg1i).

Darcy velocities the shear rate in less perrneabl. ' zorres is higher than in zones having good
penneabil it ies. Hence, for example. for a Darcy velocity of 0.2 m/da1, in a sandstone witlr a porosity
of 25Vo and a pernteabil ity of 2000 nrD. tlLe rale of shear strain is 8.6 sec-l for a polymer solutiorr
tt ' i th H = 40 lnPan (n = 0.6). For the slrne polynrer solution at rlre samc l)arcy velociry in sandstone
with a ptrrosity of 20Vo and a permeahil ity of 200 nrD. rhe rate of shear strain is 30 scc r. This
nleans that the viscosity of the l lorvirrg polymer solurion is hi-gher in tl ie sandstone with rhe high
penneabil ity (19.9 mPa.s) than in the sandstone wirh the low permeabil irv (10.2 nrpa.s).
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Usutrl ly, highly permeable zones aro prei'erentially invatlctl by the flood water during secondary

operations or natural water drive, ancl lorv pernlclble zoncs are not flooded so that oil is left in

thcse parts of it tcscrvoir. During pulyrrrer t lot' 'cl ing, a pot)r verticrl sweep efficiency may be

improved because tne polyme*ojuiinr., ' l  course, t lrst follorvs tle paths prep;rred by *ater ancl

thcn, because of its high u;iscosit.r-, tetl( lr io bl.ck tltese parts of t lte reservoir' so th't oil that wxs

prcviousiy irnrnobilc starts fl owing'

The pressure graehent in the reservoir and especially in those zones wherc oil wlrs inrmobile

becomes higher in a polymer flootl than it wirs during the water drive' Figure I I shows the results

of flood experiments by Sanditord (1911).ln a system of tu'o parallel flooded cores of different

permeabilities, the oil *.ou"ry due to polyrner flooding is significantly higher than during a flood

in on. .or. of uniform permeability'
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