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TABLE u  

End-Use Pat terns  of Selected Surfactants 

Commercial laundry .......... 
Cosmetics . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Formulated detergents ........ 
Household ........................... 

Lauudry  .......................... 
Dishwashing ................... 
Scouring powder ............ 

Intermediate ...................... 
Metal cutting ...................... 
Petroleum .......................... 
Textile ................................ 
M i s c e l l a n e o u s  . . . . . . . . . . . . . . . . . . . .  

�9 'g / .... I ~ i 
(85) / (80) [ (14) I 

64 j 65 I 14 I 
16 I 20 / .... ~ I 

5 .... a 5  i~" 

7 / 5 / 19 L "7 

a Combined as the uses are alternate. 

C o n c l u s i o n s  

This s tudy emphasizes the differences in properties 
required of surfaetants  for various application, the 
large and growing number of uses requir ing more 
than 500,000 pounds per year, and the constantly 
changing pat tern  of use, making most of the recent 
estimates of volume distribution obsolete. 

F o r  some time it has been customary to estimate 
the household market  as 75-80% of the total. This 
s tudy shows that  this estimate is certainly high as 
household use is now probably only 50-55% of the 
total. This fact  may be important  in releasing our 
energies for the creative development of markets in 
the industr ial  fields. There is a rich potential  market  
in such applications as ore flotation, agriculture, road 
building, and petroleum processing. 
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Evaluation of Surfactants for Oil Field Flooding 
C. E. JOHNSON JR., California Research Corporation, La Habra, California 

C 
RUDE OIL IN PETROLEUM RESERVOIRS Occurs as a liq- 

uid dis tr ibuted in the pore spaces of fine-grained 
sedimentary  rock�9 Wate r  is always present  in the 

pores as a second liquid phase. On the average the 
po res  are f rom 10 to 20 micrGns in diameter. 0 i l  
contained in an undeveloped field is usual ly sa tura ted  
wi th  hydrocarbon gas and is under  considerable pres- 
sure. The first product ion obtained f rom wells in a 
new field is therefore  the result  of the release and 
expansion of dissolved gas. When  this na tu ra l  source 
of energy is depleted, flow of oil into the producing 
wells declines to a low rate  or ceases altogether unt i l  
finally continued operation becomes uneconomical. 
At  this point  in m a n y  fields it is not  uncommon to 
find more than  two-thirds of the original oil content 
still remaining within  the pores of the reservoir  rock. 
Unless some external  source of energy is applied, 
this oil will remain  uncovered. 

One of the most common and most efficient external  
sources of energy used to supplement  the na tura l  
reservoir  energy and  prolong oil product ion is water  
under  pressure. Wate r  may  be injected into par t  of 
the existing wells, and the oil driven ahead of it may  
be collected in those remaining. The process of ap- 

plying energy from external sources to increase oil 
production is known as secondary recovery. When 
water under  pressure is the external source, the proc- 
ess is called water-flooding. Under  ideal conditions, 
water flooding can about double the volume of oil 
produced. Nevertheless about one-third of the origi- 
nal oil in place still remains within the reservoir, 
unrecoverable by presently practical  methods. I t  is 
estimated (1) that  there are 194 billion barrels of 
oil in U. S. reservoirs which is not now economically 
recoverable. This is about five times the known re- 
coverable reserves. 

S u r f a c t a n t  F l o o d i n g  

Aside f rom occasional gross iuhomogeneities in oil 
reservoir rocks, the fai lure of water flooding to dis- 
place a larger fract ion of the oil present can be 
blamed on capillary forces operating within the rock 
pores. These capil lary forces are generally described 
in t~rms of the energies of the phase boundaries 
present, e.g., the oil-water, rock-water, and rock-oil 
interfaces. The relationship between these energies 
controls such important  factors as the degree to which 
water tends to displace oil from the rock surface and 
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the ease with which small bubbles of oil surrounded 
by water  deform in passing f rom one pore to another.  

Al though the exact relat ionship between water-  
flood efficiency and capi l lary forces is not well un- 
derstood, their  importance in water  flooding has 
long been recognized. Thus it is not surpris ing tha t  
the possibility of improving water-flood efficiency by 
the addit ion of capil lary-active substances, i.e., surf-  
aetants,  to the injected water  was being discussed 
as ear ly as 1927 (2). The idea was s imply that,  
through their  profound effects on capil lary forces, 
sur fac tants  might  alter the capi l lary  balance within 
the reservoir  in such a way as to allow the water  to 
displace a greater  pa r t  of the oil present. 

Our own experience, and tha t  of the others (3),  
indicates that  these early hopes were justified. Surf-  
aetants  in moderate  concentration can often increase 
water-flood efficiency by 50% or more under  condi- 
tions closely approaching those encountered in field 
practice. On the other hand, not all surfaetants  are 
effective, and no one sur fac tan t  seems to be effective 
in all water-rock-crude oil systems. The reasons for 
this high degree of specificity are not known in de- 
tail. In  fact, the mechanism of oil release by surf-  
actant  is itself still a subject of controversy. Despite 
this however the technical feasibili ty of increasing 
water-flood oil-recovery through the use of sur fae tants  
may  be regarded as an accomplished fact. The prob- 
lem which remains is that  of placing surfac tant  flood- 
ing on an economic basis. 

Surfactant Slug Flooding 
Until  1952 most of those engaged in s tudying the 

surfaetant-flooding problem taci t ly assumed that  it 
was necessary to add sur fac tan t  to all of the water  
injected. Their  results were general ly discouraging 
in te rms o~ the quantit ies of sur fac tan t  required per  
barre l  of addit ional oil recovered. This was caused 
pa r t l y  by the fact  tha t  ve ry  small concentrations 
were usually ineffective and pa r t l y  by the fact  tha t  
loss of sur fae tan t  through adsorption on the internal  
rock surfaces was excessively high. 

Iu  1952 Pres ton and Calhoun (4) suggested tha t  
perhaps  only par t  of the injected water  need be 
t reated with surfactant .  Their  idea was to establish 
a relat ively nar row zone of su r fac tan t  solution within 
the reservoir by inject ing a batch, or slug, of t reated 

w a t e r  and to move this zone of par t ia l ly  adsorbed 
sur fac tan t  through the reservoir  by  continued injec- 
tion of untreated water. I t  was ant icipated tha t  
such a process might  require substant ial ly less surf-  
actant  than previous thinking had indicated. They 
showed how DeVaul t ' s  (5) equations for  the chro- 
matographic  process could be applied to the problem 
and how these equations could be used to calculate 
the size of the sur fac tan t  slug required and its ra te  
of t ravel  through the reservoir. 

While it is reasonable to suppose that  a relat ively 
nar row zone of sur fae tan t  might  be established and 
moved through a reservoir, Pres ton and Calhoun 
presented no evidence to show that  such a zone could 
b r ing  about increases in recovery comparable with 
those obtained by continuous sur fac tan t  injection. 
Two assumptions are implicit  in the suggestion tha t  
a n a r r o w  zone of sur fac tan t  can pe r fo rm as well as 
the same sur fae tan t  continuously injected. The first 
is tha t  the time required for the oil release process 
is not longer than  the t ime i t  takes the zone to pass 

a given point within the reservoir. I f  it is, oil will 
be left  behind by  the moving zone and will not be 
released. The second is tha t  oil, once released, must  
be able to move ahead faster  than  the surfae tant  
zone. This is theoretically possible since the par t ia l ly  
adsorbed sur fae tan t  always moves more slowly than  
the water  which is eluting it. I f  the released oil 
moves at a velocity between that  of the surfac tant  
zone and  that  of the water,  this requirement  will be 
satisfied. I f  it does not, then oil will be left behind 
the moving zone and will revert  to its former  equi- 
l ibr ium state of immobility. 

Our  own laboratory  experiments, al though not re- 
ported here in detail, have shown that,  for  at  ]east 
two na tura l  rock-water-oil systems, these two require- 
ments are satisfied. They show tha t  almost all of the 
extra  oil obtained is produced ahead of the surfae tant  
zone. They also show that,  at rates of flow approxi-  
mat ing  those used in field practice, a sur fae tant  zone 
a few tenths of an inch thick is sufficient to complete 
the oil release process. Thus we believe that  the slug 
flooding method is technically feasible, that  for  prac- 
tical purposes the calculation of slug size can be based 
on the adsorptive propert ies  of the reservoir mate- 
rial, and that, f rom an economic point  of view, the 
slug method of applicat ion is the most promising yet 
conceived. 

The Maximum Economic Slug Volume 
Because the slug method appears  a t t ract ive f rom a 

pract ical  standpoint ,  it is impor tan t  to obtain a elear 
formulat ion of the economies of the process. This 
should be stated in terms of variables whose values 
can be easily determined, either experimental ly  or 
through the use of readi ly  available information.  In  
developing such a formulation,  it is most convenient 
to s tar t  by  considering a su r fac tan t  flood in a field 
which has a l ready been water  flooded to the point 
where no more oil can be produced. I t  will be shown 
later  however tha t  the economics are more favorable 
when the sur fae tan t  is injected at the beginning of a 
conventional water-flood. 

The impor tan t  costs to be considered are the cost 
of sur fae tan t  required to make up the slug and the 
cost of continuing water  injection long enough to 
drive the snr fae tan t  zone through the reservoir. The 
first of these is given by  ], 

v C Dd (1) 

in which v is the volume of the surfae tant  slug in 
barrels, C is the concentration of sur fae tan t  in the 
slug in pounds per barrel, and D. is the cost of 
sur fac tan t  in dollars per  pound. The cost of con- 
t inuing water  injection is given by  2, 

nDw (2) 

in which n is the total  number  of barrels  of water  
required to drive the sur fac tan t  zone through the res- 
ervoir and D~ is the cost of continuing the injection 
and l i f t ing of water  with existing equipment, ex- 
pressed in dollars per  barrel. The value of D~ is 
sometimes difficult for  one not direct ly involved in 
water-flooding activities to estimate because so many  
subsidiary variables enter into its computation.  How- 
ever an upper  limit for  any  par t icu la r  water-flood 
location may  be assigned to it. For  example, wher- 
ever water  flooding is in progress there will be some 
max imum rat io of water  to oil which a well may  
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produce before its operation is considered unprofit- 
able and i t  is shut in. This figure can be obtained 
from the engineering staff and is usually of the order 
of 25 to 100 barrels of water per barrel  of oil. I f  
the sale price of the produced oil is known, then the 
upper  limit of D~ is given by Equat ion 3, 

Dw ~ Do/WORm (3) 

where Do is the sale price of the crude oil in dollars 
per barrel  and WORm is the maximum value of the 
producing water-oil ratio which will still allow an 
acceptable profit on the produced oil. Among the 
costs included in D,v as defined by Equat ion 3 are 
such items as royalty,  mineral and proper ty  tax, 
operating cost, overhead, depreciation oi1 plant  in- 
vestment, and income tax. Moreover Dw includes, in 
addition to the costs involved, a small amount which 
represents the minimum acceptable profit per barrel  
of injected water. 

The re turn  on the surfactant  flood is represented 
by Expression 4, 

fDo  (4) 
where f is the number of barrels of additional oil 
recovered ahead of a surfactant  zone at concentra- 
tion C. 

Equat ing total  costs and re tu rn  on the operation 
gives Equat ion 5, 

v C Dd -~- n Do/WORm ~--- f Do (5) 

which defines the conditions under  which a surf- 
actant-slug flood, in a previously water-flood depleted 
field, will result  in a minimum acceptable profit. The 
use of Equat ion 5 can be made more convenient by 
dividing through by Vp, the pore volume in barrels 
of the reservoir to be flooded. This yields Equution 6, 

V C Dd -~- N Do/WORm ~ F Do (6) 

in which V is the volume of the surfactant  slug ex- 
pressed in pore volumes (dimensionless), N is the 
number of pore volumes of water  required to drive 
the surfactant  zone through the reservoir, and F is 
the additional oil recovered, expressed as a fract ion 
of the pore volume of the reservoir being flooded. 
Since Do and WORm can be obtained from engineer- 
ing and field data in locations where surfactant  flood- 
ing might be contenlplated, Da is available f rom the 
surfactant  manufacturer ,  and C, N, and F can be 
determined by experimental  flooding of small rock 
samples in the laboratory, the ut i l i ty  of Equat ion 6 
lies in the fact tha t  it  can be used to find V in terms 
of the other variables. 

Obtained in this way, V represents the maximum 
volume which the surfactant  slug may possess if  a 
minimum acceptable profit is to be realized. Because 
of this special meaning which attaches to V when 
i t  is determined by the other variables, it  will here- 
af ter  be wri t ten with the subscript max. A eonven- 
lent expression for  Vm~x is obtained by rearrange- 
ment of Equat ion 6 to give Equat ion 7. 

- -  C D~ F (WORm) (7) 

It should be noted that if N is greater than F (WORm), 
a negative value will be obtained fo~ Vma~. This means 
simply that the cost of injecting enough water to 
drive the surfactant zone through the reservoir is it- 
self too large to allow attainment of a minimum ac- 
ceptable profit, regardless of how little surfaetant  
may be required. 

The economics of surfactant  flooding can be im- 
proved by injecting the surfactant  slug at the begin- 
ning of the conventional water-flood operation ra ther  
than waiting unti l  it has reached its economic limit. 
The advantage gained is not because of any increase 
in recovery efficiency but  because of the fact that  the 
water  injected in the conventional flood can be used 
to move the surfaetant  zone at least par t  way through 
the reservoir. As a rule of thumb, the total  water 
injected over the life of a conventional flood is about 
two and one-half pore volumes. The cost of these first 
two and one-half pore volumes should not be regarded 
as one of the expenses of surfactant  flooding, if surf- 
actant  is injected at  the beginning of a flood which 
would otherwise have been carried out in a conven- 
tional manner. Using the rule of thumb stated above, 
Equat ion 7 can be modified to apply  to injection of 
surfaetant  at the beginning of a normal flood. This 
is done by substi tuting ( N -  2.5) for  N to yield 
Equat ion 8. 

V .... __ F Do 1 (8) 
C O,~ F (WORm) 

The Minimum Effective Slug-Volume 
In order to measure the degree to which a surf- 

actant  satisfies the requirements for  economic appli- 
cation, the minimum slug volume, Vmi,, which will 
be ful ly  effective must  be determined. I f  this is less 
than Vm~x, the largest volume which can be injected 
profitably, then use of the snrfactant  is practical. 
I f  Vm~, is greater than V . . . .  then the difference be- 
tween them can be regarded as a measure of the de- 
gree by which the surfactant  fails to meet minimum 
requirements for profitable water-flood application. 

As already mentioned, experimental  indications are 
that  Vm~. is dictated by the adsorptive characteristics 
of the reservoir material. I f  this is so, its calculation 
can be based on the theories developed by DeVault  
(5) to explain the movement of part ia l ly  adsorbed 
solute through porous adsorbents in chromatographic 
columns. The equations describing zone movement 
are, in turn,  based on a description of the adsorptive 
characteristics of the reservoir material  in terms of 
an adsorption isotherm, f (C ) .  Here  C is the concen- 
t ra t ion of dissolved surfactant  in equilibrium with 
surfaetant  adsorbed on the surface. The function 
f (C)  is usually defined by Equat ion 9. 

f (C)  = Q/M (9) 

There Q is the total mass of surfactant  adsorbed and 
M the total mass of adsorbent. F o r  the purpose of 
this discussion, however, it  is more convenient to 
define f (C)  by means of Equat ion 10. 

f (C )  = Q / %  (10) 

There Q is the total mass of surfactant  adsorbed and 
V,  is the total pore volume of the system. I t  is 
possible to use this definition because the pore vol- 
ume per unit  mass is a characteristic p roper ty  of 
each reservoir rock. I f  Q is in pounds and Vp in 
barrels, then f (C)  will be the weight of surfaetant  
adsorbed in pounds per  barrel  of pore space. These 
units will be used in subsequent discussion. A typi-  
cal surfaetant-adsorpt ion isotherm plotted in these 
units is shown in F igure  1. Near ly  all sarfactant-  
adsorption isotherms are concave toward the con- 
centrat ion axis as is that  of F igure  1. 

A moving zone of surfaetant,  whose adsorption 
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isotherm is concave toward the concentration axis, 
will exhibit a concentration profile of the general 
shape shown in Figure 2 (4). The zone consists of 
two parts separated by the point X 2. The one to the 
right of X~ is of constant concentration equal to the 
concentration at which it was injected. The one to 
the left of X2 is of variable concentration. As the 
whole zone is moved to the right by continued injec- 
tion of untreated water, the point X~ moves ahead 
more slowly than X~. This causes the zone of vari- 
able concentration, the trailing edge, to lengthen. 
At the same time the point X2 moves ahead more 
rapidly than X3, the sharp leading edge. This results 
in a gradual narrowing of the zone of constant con- 
centration. For any given volume of surfaetant so- 
lution, a volume of injected water will eventually be 
reached at which X2 overtakes X 3. When X2 equals 
X 8 and X 3 is the total length of the system, then 
the volume of the surfaetant slug is the minimum 
necessary to maintain the injection concentration 
through a complete traverse of the system. This we 
regard as the minimum effective slug volume, V~n. 
DeVault's (5) equations show that Vm~n at any par- 
ticular surfactant concentration, Co, will be given 
by Equation 11. 

V m ~  f ( C o ) / C o - -  f '(Co) (11) 

Here f(Co) is simply the weight of surfactant ad- 
sorbed in pounds per barrel of pore space when the 
equilibrium concentration of surfactant in the water 
is Co. The quantity f'(Co) is the concentration de- 
rivative of f (C)  evaluated at concentration Co. 
Thus Vm~n can be calculated at any concentration for 
comparison with Vm~ if f (C) ,  the adsorption iso- 

IC 

o 

XI X2 
DISTANCE 

x3 

FIG. 2. General ized concen t ra t ion-d i s t ance  profile fo r  a mov- 
i ng  zone of  s u r f a c t a n t  whose adso rp t ion  i so the rm is  concave 
toward  the  concen t ra t ion  axis.  

therm, is known. Equation 11 is valid for solutes 
composed of a single molecular species. While most 
commercial surfactants are mixtures of isomers, their 
adsorption on sand surfaces often resembles that of 
a single compound. The equation applies to both 
radial and linear flow. How well it predicts behavior 
in some of the other geometric patterns used in water 
flooding has not been tested. 

Experimental Measurements 
It  is necessary to determine three quantities experi- 

mentally in order to calculate Vmax and Vmi,. These 
are f (C) ,  N, and F. All three should be evaluated 
over a reasonable range of surfaetant concentration. 
If  N is known, f (C)  can be calculated, using Equa- 
tion 12. 

f (C)  ~ ( N -  1) C (12) 

N is most easily measured on a sample of reservoir 
rock by injecting surfactant at a given concentration 
and measuring the number of pore volumes (N) in- 
jected before the sharp surfactant front emerges 
from the outflow face of the sample. This procedure 
should be repeated at a sufficient number of differ- 
ent concentrations so that a reasonable plot of N 
versus C can be constructed. The smoothed data 
from this plot can then be used to find f (C) .  This 
method of frontal analysis is valid as long as the 
adsorption is rapid and reversible. The results could 
be checked by injecting water after the surfactant 
front has emerged and analyzing for surfaetant as 
the diffuse trailing edge appears. In principle this 
procedure could give Vm~n directly. In practice how- 
ever inhomogeneity of the small rock samples avail- 
able makes determination of the trailing edge more 
uncertain than location of the front. In addition, 
the low rates of flow used make analysis of the 
trailing edge a time-consuming procedure. Usually 
surfaetant adsorption is assumed to be rapid and 
reversible, and both f(C) and V,,I~, are calculated, 
using Equations 12 and 11. 

The surfactant oil recovery, F, may be measured 
by saturating a sample of reservoir rock with water 
and oil, flooding it with water until no more oil is 
produced, and then flooding with surfactant solution. 
The effluent from the surfactant flood is sampled 
regularly, and both the oil cut, that is the fraction 
of total effluent which is oil, and the surfactant con- 
centration are measured. F is the total oil produced 
by the surfactant front. It  is expressed as a fraction 
of the total pore volume. 

Our experience has shown that the presence of oil 
in the reservoir rock tends to reduce the N values 
somewhat. For this reason measurement of the N 
values while oil recovery is taking place is probably 
the best procedure. If  this practice is followed, N 
can be obtained from the same experiments in which 
F is measured. To illustrate, Figure 3 shows a typi- 
cal set of experimental results. Estimates of N at 
the three different concentrations are indicated on 
the figure. F is given in pore volumes by the area 
uuder the oil cut curve, bounded on the right by the 
N value. Values for C, N, and F obtained from Fig- 
ure 3 are listed in Table I. Figure 4 shows these N 
values plotted versus surfactant concentration. The 
adsorption isotherm of Figure 1, presented earlier, 
was constructed, using these N values and Equation 
12. Finally Figure 5 shows F plotted versus surf- 
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b e  o b t a i n e d .  A .  S u r f a c t a n t  i n j e c t e d  a t  a c o n c e n t r a t i o n  o f  1 .05 
l b . / b b l .  B .  A t  0 .525  l b . / b b l .  C. A t  0 .175  l b . / b b l .  

T A B L E  I 

(C, N, and  F Values Taken from Figure  3) 

C, ppb N, pore  vols. F,  pore  vols. 

1.05 4.0 0.I00 
0,525 5.B 0.099 
0,175 7.0 0.075 

actant concentration. The dotted portion of the curve 
is an extrapolation, which illustrates typical behavior 
of F at low concentrations. 

A Sample  Calculation 

Having experimentally obtained f (C) ,  N1 and F 
as functions of concentration, curves showing Vma~ 
and Vml. as functions of concentration can be con- 
structed, using Equations 7, 8, and 11. The slope of 
the adsorption isotherm, f ' (C) ,  which is required in 
Equation 11, may be obtained graphically. I f  the 
isotherm is one of the common types, such as the 
Langmuir, the appropriate constants can be calcu- 
lated and f ' (C) determined numerically. Figure 6 
is a plot of Vmia, and V m a x  for two possible situa- 
ations. To complete the construction of Figure 6 we 
have assumed the limiting produced water-oil ratio 
(WORm) to be 100 barrels of water per barrel of 

12 

II 

I0 

g 9  
g 

z 6 

5 

o,o o.2 a4 o.6 o.s ,.o 
C (LB/BBL) 

FIG. 4.  P l o t  o f  N v e r s u s  C b a s e d  o n  d a t a  f r o m  F i g u r e  3 
( T a b l e  I). C i r c l e s  r e p r e s e n t  t h e  m e a s u r e d  v a l u e s .  

oil, the sale price of the oil (Do) to be $2.50 per 
barrel, and the cost of surfactant (Dd) to be 25r 
per lb. Figure 6 shows that, under these conditions, 
when surfactant is injected after depletion by con- 
ventional water-flooding, Vmax is never greater than 
Vmin. This process falls short of economic feasibility. 
If  surfactant is injected at the beginning of water 
flooding, Vmax is greater than Vr~,, at concentrations 
ranging between about 0.15 and 0.40 pound per bar- 
rel. If  the concentration of the surfactant slug is 
within this range, additional oil should be recovered 
profitably. I t  is also obvious that an optimum slug 
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FIG. 5. P l o t  o f  F v e r s u s  C b a s e d  o n  d a t a  f r o m  F i g u r e  3 
( T a b l e  I ) .  C i r c l e s  r e p r e s e n t  t h e  m e a s u r e d  v a l u e s .  

concentration lies somewhere between 0.2 and 0.3 
pound per barrel. 

The method used in making these predictions is 
based upon well established chromatographic theory 
and upon experimental laboratory measurements on 
appropriate small samples of reservoir materials. A 
certain degre e of confidence in the results is there- 
fore justified. I t  must be admitted however that such 
predictions have not yet been tested in actual oil 
field practice. 

Economic  Limitations on Adsorption 

Some idea of the nature and extent of adsorption 
which a surfactant may exhibit without exceeding 
economic limitations can be gained by considering 
average values for the important variables and the 
approximate ranges of values encountered in prac- 
tice. Table II  lists approximate ranges and averages 
for some of the variables. I f  the average values are 
substituted in Equation 8, it is seen that if N is 
higher than 7.5, the cost of injecting enough water 
to drive the surfactant zone through the reservoir 

TABLE II 

Est imated  R a n g e s  and Average Values of Some Variab les  
Involved in Su r f ae t an t  Flooding  

Var iab le  R a n g e  A x e r a g e  V a l u e  

F ........................................................ 0 .05-0 .20  0.10 pore  vo lumes  
C ........................................................ 0 .20-1 .00  0.35 lb./bbl.  
WORm ............................................... 2 5 - 1 0 0  50 dimens ion less  
D ....................................................... 2 .00-4 .00  3.00 $/bbl .  
Dd ...................................................... 0.20--0.50 0,30 S/ lb.  
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will be prohibitive. An N value of 4.5 would allow 
injection of 1.7 pore volumes of sur fae tan t  solution 
(Vmax). Now in order tha t  Vmi, be equal to or less 
than 1.7, the adsorption isotherm must  be such that  
f [ C ) / C - - f ' ( C )  is equal to or less than  1.7, where 
C is 0.35 pound per barrel.  Rear rangement  of Equa-  
tion 12 shows tha t  f ( C ) / C  is equal to (N - -  1) or 3.5. 
The slope of the isotherm must  therefore  be at least 
1.8 where the concentration is 0.35 pound per  barrel. 

In  addition, the best informat ion available shows 
that  the surface areas of porous sandstone reservoir 
rocks general ly lie between 1 and 40 square meters  
per cubic centimeter of pore volume (6). However  
the surface areas available for adsorption of larger  
molecules like stearic acid (7) and methylene blue 
(8) are usual ly six or seven times smaller. An aver- 
age value for  the area available for sur fac tan t  adsorp- 
tion might  be close to 2 square meters  per  cubic 
centimeter of pore volume. Equat ion 12 gives 1.225 
pounds for  f ( C ) ,  the weight of sur fac tan t  adsorbed 
per barrel  of pore space. I f  the sur fac tan t  molecular 
weight is 350 and N cannot be greater  than  4.5, then 
adsorption on the average rock surface cannot be 
greater  than  one molecule per  117 square Angst rom 
units  of surface area. This amounts  to less than  com- 
plete monolayer  coverage for  sur fae tants  of this 
molecular weight. This raises a question as to the 
mechanism of oil release by  surfactant .  The process 
may  well involve adsorption of sur fae tan t  in order 
to alter the wet t ing propert ies  of the rock surface. 

2 - - - - - -  ~'VMi N 
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FIG. 6. C o m p a r i s o n  of  m a x i m u m  economic  s l u g  v o l u m e s  w i t h  
t he  m i n l m u u l  e f f ec t i ve  s l u g  vo lume ,  each  s h o w n  as  a f u n c t i o n  
of  s u r f a e t a n t  e o n e e n t r a t i o n .  ( A )  F o r  s u r f a e t a n t  i n j e c t e d  a t  
t he  b e g i n n i n g  of  w a t e r  f lood ing .  ( B )  F o r  s u r f a e t a n t  i n j e c t e d  
a f t e r  p r i o r  d e p l e t i o n  b y  c o n v e n t i o n a l  w a t e r  f lood ing .  

I f  so, can the sur fac tan t  do its work at coverages 
substant ial ly less than  a complete monolayer?  In  
place of a direct answer, two facts  can be mentioned. 
First ,  evidence is available showing that  as little as 
40% coverage is sufficient to cause large changes in 

the wett ing proper t ies  of some metal  surfaces (9). 
Second, D e B r u y n  (10) has shown that  only 5% of a 
monolayer  of dodecylammonium acetate is sufficient 
fu l ly  to float quar tz  powder. Fur the rmore  it  should 
be kept in mind  that  the numbers  used here for 
i l lustration are averages. A lower than  average spe- 
cific surface area, or a higher than  average F or 
WORm, would all result in less s t r ingent  restrictions 
on adsorption. 

Summary 
The problem of placing sur fae tan t  flooding on an 

economic basis should be of interest  to both the oil 
producer  and the surfae tant  manufacturer .  To oil 
producers  it could mean an increase of as much as 
6 billion barre ls  in the recoverable reserves of the 
United States alone. This figure is based on appli- 
cation in areas where conventional water  flooding is 
at present  economically feasible (1). To sur fae tan t  
manufac ture rs  it could mean a marke t  for  as much 
as 20 billion pounds which amounts  to 10 years of 
sales at current  rates (11). I f  the process were de: 
veloped to the point  that  it could make water  flood- 
ing at t ract ive in areas where it  is now technically, 
but not economically feasible, another  20 billion bar- 
re]s of oil might  be recovered and perhaps  30 billion 
pounds of su r fac tan t  utilized. 

I t  is hoped tha t  others interested in the problem of 
sur fac tan t  flooding will find the analysis and calcu- 
lations presented here helpful. Adsorpt ion has been 
emphasized because it is p robably  the most difficult 
of the m a n y  subsidiary problems involved. Those 
who have studied sur fae tan t  adsorption in relation 
to oil field flooding have consistently reported un- 
favorable results (4). Unfor tuna te ly  not much is 
known about s t ructura l  changes in surfac tant  mole- 
cules which might  be used to control adsorption onto 
mineral  surfaces. Neither is there much information 
available on the effective surface-areas of reservoir 
rocks with respect  to adsorption of surfaetant-size 
molecules. Both of these subjects require intensive 
s tudy  if sur fae tan ts  are to be used successfully in 
water  flooding. 
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