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ABSTRACT 

Surfactants and certain inorqanic bases have been evaluated as 
possible chemical additives to improve performance of steamfloods. 
Special emphasis was given to chemicals which would reduce the residual 
oil saturation in regions flooded by hot water below the steam zone. 
Problems considered were the effect of prolonged exposure to steam 
temperature on the stability of petroleum sulfonates, the effect of 
temperature on surfactant adsorption and the effect of temperature 
on interfacial tensions. Methods were developed for measuring 
quantitatively the thermal stability of the aryl sulfonate class of 
surfactant. This class includes the petroleum sulfonates. The best 
of the surfactants evaluated in this,study had marginal stability 
for use with steamfloods. The surfaceants in combination with 
elevated temperatures do reduce residual oil saturations. Data are 
presented on the temperature effects on interfacial tensions and on 
adsorption. 

Certain inorganic chemicals which g ive  high pH are effective 
and inexpensive but hydroxyl ions react with silica in the reservoir. 
This reaction is accentuated at higher temperatures. Data show that 
the pH of the injected hot water with caustic decreases with contact 
time. The experiments did not permit determining if an equilibrium 
pH would be obtained which would be high enough to be effective in 
recovering oil. Core floods showed that pH's in excess of 12 would 
be required to reduce residual oil saturations if sodium hydroxide 
was the injected chemical. The addition of surfactants with- 
caustic or the use of sodium carbonate may permit recovery of oil 
at lower pH's. 

A reservoir simulator is being developed to predict performance 
of steamfloods with chemical additives. This has been completed 
for simple linear floods but is being extended to three dimensions 
and to more complicated Flooding operatiuns. All dr~dlylical solutioi~ 
has also been developed to predict the effect of concurrent heat 
and adsorbed chemical transport on flood performance. 
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INTRODUCTION 

The major o b j e c t i v e  of t h e  research  t o  be discussed i n  t h i s  

r e p o r t  was t o  eva lua te  var ious  chemical a d d i t i v e s  f o r  s teamfloods 

a s  t o  t h e i r  p o t e n t i a l  e i t h e r  t o  inc rease  o i l  recovery above t h a t  

obtained from steamflooding alone or  t o  recover t h e  o i l  a t  lower 

s t e a m - o i l  r a t i o s .  The p r i m a r y  emphas i s  was t o  f i n d  c h e m i c a l s  

which would reduce t h e  r e s i d u a l  o i l  s a t u r a t i o n  i n  t h e  r e s e r v o i r  

volumes which would be flooded by hot  water only. 

Our concept of t h e  physical  processes  which would occur i n  

t h e  r e s e r v o i r  c h a n g e d  a s  we p r o c e e d e d  w i t h  t h e  r e s e a r c h .  

Or ig ina l ly  we had a n t i c i p a t e d  t h a t  t h e  added chemical would e n t e r  

t h e  r e s e r v o i r  w i t h  t h e  h o t  w a t e r  from t h e  s t eam i n j e c t i o n  and 

t h a t  t h e  c h e m i c a l  and h e a t  from t h e  w a t e r  would be t r a n s p o r t e d  

through t h e  colder  r e se rvo i r  together .  The e f f e c t  of t h i s  i s  t o  

r a i s e  t h e  p o s s i b i l i t y  t h a t  t h e  c h e m i c a l  would o u t d i s t a n c e  t h e  

t e m p e r a t u r e  bank i n  t h e  r e s e r v o i r .  I n  which c a s e  t h e  c h e m i c a l  

would be o p e r a t i n g  a t  r e s e r v o i r  t e m p e r a t u r e .  Any s y n e r g i s t i c  

e f f e c t  we might have a n t i c i p a t e d  f o r  t h e  hea t  and chemical would 

n o t  be observed.  With t h e  v e r y  v l s c o u s  C a l i f o r n i a  c r u d e s ,  

however, t h e  only regions  i n  which s i g n i f i c a n t  flow of water and 

o i l  1s l i k e l y  t o  occur i s  t h e  region below t h e . o v e r r i d i n g  steam. 

Consequent ly ,  most of our  c u r r e n t  r e a s o n i n g  i s  based  on t h e  

a s s u m p t j a n  t h a t  t h e  , chemica l s  w i l l  be t r a n s p o r t e d  i n  a  n e a r -  

lsgtherma$ region gf t h e  reservoir heated by steam condensate. 

The chgmical  a d d i t i v e s  considered l n  the  research  included 

P p t h  organic s u r f a c t a n t s  apd inorganic . .2 b a s e s  whjch ~ e a ~ t  y l t h  

$ci$bs: p r u f l g ~  t o  gSve -( > .  low . jwt$rfeclal t ~ n e h r l s -  



The r e s u l t s  of t h e  r e s e a r c h  w i l l  be d i s c u s s e d  under t h e  

fo l lowing t o p i c a l  headings. 

I. Organic Addi t ives  f o r  Steamfloods 

A. Thermal  s t a b i l i t y  of v a r i o u s  s u r f a c t a n t s  which 

a p p e a r  ' economica l ly  f e a s i b l e  f o r  use  a s  s t eam 

a d d i t i v e s .  

B. P r e c i p i t a t i o n  and a d s o r p t i o n  of s u r f a c t a n t s  a s  

f u n c t i o n s  of temperature. 

C. E f f e c t  of t e m p e r a t u r e  on i n t e r f a c i a l  t e n s i o n  
. - 

between o i l  and water .wi th"  sur fac tants ' .  . 
- 

D. C o m p a r i s o n  o f  o i l  r e c o v e r i e s  r e s u l t i . n g  f r o m  

s u r f a c t a n t  a d d i t i v e s  t o  water a t  normal r e s e r v o i r  

tempera tures  w i t h  those a t  steam temperatures.  

11. Inorganic  Addit ives  f o r  Steamfloods 

. . Ad Caustic consumption by r e s e r v o i r  rock as r e l a t e d  t o  
, 

temperature.  

8 .  ~f f e c t  o f  tenlycratur'e and pH on waterf lood o i l  
. .  

recovery. 
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I. ORGANIC ADDITIVES FOR STEAMFLOODS 

Several  d i f f e r e n t  chemicals have been proposed f o r  use w i t h  

s teamfloods t o  enhance t h e  performance of the  floods.  The use of 

c a u s t i c  has been f i e l d - t e s t e d  wi thout  success1. Considerat ion i s  

b e i n g  g i v e n  t o  t h e  use  of foaming a g e n t s  t o  r educe  t h e  m o b i l i t y  

of t h e  s t eam and improve v o l u m e t r i c  sweep e f f  i c i e n c y 2 .  T h i s  

p o r t i o n  of our  i n v e s t i g a t i o n s  was r e s t r i c t e d  t o  e v a l u a t i n g  t h e  

b e n e f i c i a l  e f f e c t s  w h i c h  m i g h t  be  o b t a i n e d  f r o m  a d d i n g  

s u r f a c t a n t s  w i t h  t h e  steam t o  reduce t h e  r e s i d u a l  o i l  s a t u r a t i o n  

i n  t h a t  r e g i o n  i n  t h e  r e s e r v o i r  which i s  swep t  by h o t  w a t e r .  

Some e v i d e n c e  s u g g e s t s  t h a t  t h i s  may n o t  o n l y  i n c r e a s e  o i l  

recovery from t h a t  p a r t  of t h e  r e s e r v o i r  bu t  may even improve t h e  

volumetr ic  sweep e f f i c i e n c y  of t h e  steam i t s e l f .  Gopalakrishnan 

3 has repor ted  r e l a t e d  s t u d i e s  from IFP-IMF i n  Toulous, France . 
The proposed  mechanism by which s u r f a c t a n t s  cou ld  improve  

o i l  recovery from steam.floods is t h a t  t h e  s u r f a c t a n t  would t r a v e l  

i n  t h e  h o t  w a t e r  p o r t i o n  of t h e  f l o o d  and t h a t  a s  a  r e s u l t  of a  

s y n e r g i s t i c  e f f e c t  of t e m p e r a t u r e  and s u r f a c t a n t  s i g n i f i c a n t l y  

b e t t e r  r e s u l t s  could be obtained wi th  t h e  s u r f a c t a n t s  than  might 

be obtained a t  normal r e s e r v o i r  tempera ture  f o r  s u r f a c t a n t s  i n  a 

w a t e r f l o o d .  S e v e r a l  s u b s i d i a r y  p rob lems  have t o  be r e s o l v e d ,  

however, b e f o r e  t h i s  p r o c e s s  can be recommended f o r  t h e  f i e l d .  

F i i s t  among t h e s e  i s  t h a t  a  s u r f a c t a n t  m u s t  be found which can 

s u r v i v e  t h e  h o t  w a t e r  t e m p e r a t u r e s  long  enough t o  c o m p l e t e  t h e  

recovery process. Second, a  s u r f a c t a n t  i s  requi red  which w i l l  be 

e f f e c t i v e  i n  r e d u c i n g  t h e  r e s i d u a l  o i l  s a t u r a t i o n  a t  e l e v a t e d  

temperaturcc,  One of t h e  yoslrulates was that, poss ib ly ,  higher 



tempera tures  could l ead  t o  lower i n t e r f a c i a l  t ens ions  and g r e a t e r  

o i l  recovery e f f i c i ency .  T l l i r d ,  i f  a s y n e r g i s t i c  e f f e c t  is t o  he 

obtained between temperature and t h e  s u r f a c t a n t ,  t h e  s u r f a c t a n t  

m u s t  be t r a n s p o r t e d  i n  t h e  hot  water zone. 
. . 

A. Thermal S t a b U t v  of V a r i o u s  S u f a c L m U  

A l i m i t e d  number of s t u d i e s  have been r e p o r t e d  i n  t h e  

l i t e r a t u r e  on t h e  s t a b i l i t y  of s u r f a c t a n t s  s u i t a b l e  f o r  o i l f i e l d  

o p c r a t i o n s  a t  t e m p e r a t ~ ~ r e s  i n  excess  of 1 0 0 ' ~ .  Data have been 

repor ted  by o t h e r s  f o r  t h e  petroleum su l fona te ,  TRS 10-80, but no 

4 t e m p e r a t u r e s  were  s t a t e d  f o r  t h o s e  e x p e r i m e n t s  . Our r e s u l t s  

a r e  f o r  an ion ic  and nonionic su r f  ac tants .  The an ion ics  include 

sodium dodecylbenzene s u l f o n a t e ,  an a c i d i c  Dowfax s u l f o n a t e  and 

s e v e r a l  petroleum sul fonates .  The petroleum s u l f o n a t e s  include 

TRS 10-80 manufactured by Witco and Pe t ros tep  465 manufactured by 

Stepan Chemical Corporation. Dowfax 240 was from Uow Chemical 

Company. The n o n i o n i c  was  a n  a l k y l p h e n o x y p o l y e t h a n o l  

manufactured under: t h e  trademark uf Igepal  CO-sO50 by CAF. 

The s u r f a c t a n t s  were mixed a t  va r ious  concen t ra t ions  wi thout  

s a l t  and aged a t  e l e v a t e d  t e m p e r a t u r e s  i n  T e f l o n  c o n t a i n e r s  i n  

P a r r  A c i d  D i g e s t i o n  bombs. P a r t i c u l a r  c a r e  was t a k e n  t o  

e l i m i n a t e  a i r  f rom t h e  bombs. Long t e r m  a g i n g  t e s t s  were  

conducted i n  sea led  b o r o s i l i c a t e  g l a s s  v i a l s .  I n  comparing our 

work w i t h  t h a t  of o t h e r s ,  a  major  f a c t o r  i s  t h e  method used f o r  

chemical ly  analyzing f o r  t h e  a c t i v e  su r fac tan t .  The most common 

procedure is t h e  Epton t i t r a t i o n ,  which involves a dye t r a n s f e r  

between two phases. We found t h e  end po in t s  d i f f i c u l t  t o  d e t e c t  

i n  t h i s  p rocedure .  W e  used i n s t e a d  UV s p e c t r o p h o t o m e t r y .  The 



bond which ruptures during high temperature aging is the 

sulfur-aromatic ring bond. Disubstituted aromatic rings 

have characteristic absorption wavelengths at 220-240 nm and 

260-280 nm. when the sulfur-aromatic ring bond ruptures, the 

absorption at these characteristic wavelengths is decreased. The 

decrease in the concentration of the active surfactant can be 

measured quantitatively from the change in the peak heights. 

Concentrations were determined from a comparison of peak heights 

with those observed for solutions of known concentration. The 

a1 kylphenoxypolyethanols could also be analyzed by UV absorption 

because these compounds also have a disubstituted aromatic ring. 

A modification of the Epton titration has been proposed by 

Mukerjee which is reported to be more quantitative than the 

original method5. We have not tested that procedure. 

The decomposition reaction for the petroleum sulfonates is 

the following: 
- - 

ArS03 + 2H20 <=> ArH + SO4- + H ~ O +  

It would be possible, therefore, to monitor the reaction 

from a measurement of the pII. 

Representative data from our results are given on Figures 1 

and 2. The plot of the logarithm of concentration versus time 

was linear. PH versus time was also observed to be linear. The 

other anionic surfactants gave similar behavior. These results 

indicate that the decomposition reaction for the anionics is 

first order. The decomposition rate for a reaction following 

first order kinetics is 

- dC/dt = kc 



HEATING TIME (HRS) 
Figure  1 .  Concentrat ion o f  NaDDBS as f u n c t i o n  o f  heat ing  t ime a t  

1 3 0 ~ ~  and 1 8 0 ~ ~  
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F i  gure 2 .  Concen t ra t ion o f  TRS .1'0-80 as f u n c i ' i m  
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c = Coe - k t  o r  log  c = log  C, - 
2.303 

I n  t h e s e  e q u a t i o n s  C i s  c o n c e n t r a t i o n  i n  moles  p e r  l i t e r ;  Co i s  

t h e  i n i t i a l  c o n c e n t r a t i o n ;  t i s  t i m e  i n  days  and k i s  t h e  r a t e  

c o n s t a n t  i n  days-'. The r a t e  c o n s t a n t  is  d e t e r m i n e d  from t h e  

s l o p e  of  t h e  s e m i l o g  p l o t .  One can a l s o  show t h a t  when C / C o  = 

1 / 2 ,  t h e  e l a p s e d  t i m e  i s  e q u a l  t o  t h e  h a l f - l i f e  of t h e  

s u r f a c t a n t .  

If one has r a t e  cons tan t s  a t  s e v e r a l  d i f f e r e n t  temperatures ,  

one can determine t h e  a c t i v a t i o n  energy f o r  t h e  react ion.  With 

the' a c t i v a t i o n  energy one can determine r a t e  cons tan t s  and ha l f -  

l i f e s  a t  o t h e r  t e m p e r a t u r e s .  T h i s  i s  p a r t i c u l a r l y  u s e f u l  i n  

e s t i m a t i n g  t h e  s t a b i l i t y  of s u r f a c t a n t s  a t  lower temperatures  f o r  

which t h e  d e c o m p o s i t i o n  r a t e s  a r e  low and long  t i m e s  would be 

r e q u i r e d  t o  measure  t h e  h a l f - l i f e s .  F i g u r e  3  i s  a  p l o t  of t 'he  

l o g  of t h e  r a t e  c o n s t a n t  v e r s u s  t h e  r e c i p r o c a l  of t h e  a b s o l u t e  

t e m p e r a t u r e  f o r  TRS 10-80. T h i s  p l o t  i s  t y p i c a l  of t h o s e  

obtained f o r  t h e  s u r f a c t a n t s  which were t e s t ed .  In  t h e  equat ion 

l o g  k = -Ea + B 

Ea i s  t h e  a c t i v a t i o n  ene rgy  i n  c a l s / m o l e ;  R i s  1.987 c a l s  and T 

i s  t h e  a b s o l u t e  t e m p e r a t u r e  i n  OK. From t h e  s l o p e  of t h e  p l o t  

one can determine t h e  a c t i v a t i o n  energy. 

A summary of decomposition da ta  f o r  s e v e r a l  s u r f a c t a n t s  i s  

g i v e n  i n  T a b l e  1. A t  1 8 0 ' ~  P e t r o s t e p  4 6 5  i s  t h e  most s t a b l e  of 

t h e  s u r f a c t a n t s  we inves t iga ted .  Because of i t s  high a c t i v a t i o n  



F i g u r e  3 .  The r a t e  c o n s t a n t  (k )  as f u n c t i o n  o f  

1 - ( O K - ' )  f o r  TRS 10-80 
T 



nergy relative to the other surfactants, this surfactant would 

ave a half-life of about 16 years at 1 0 0 ~ ~ .    one of the 

urfactants have adequate stability for use at normal steam 

emperatures. These results would be expected to be 

epresentative for aryl sulfonates, but bett'er stabilities have 

een informally reported for al'kyl sulfonates. 

TABLE 1 

SUMMARY OF DECOMPOSITION DATA FOR SURFACTANTS 

iurfactant Mol. Wt.  ern^.'^ . t1,2 (days) Ea (kcals) 

NaDDBS 348.5 130 6.13 24.0 
180' .22 24.0 
150 13.6 26.0 
180 1.75 26.0 

TRS 10-80 41 5. 149 17.4 12.4 
204.5 3.0 12.4 
180 7.0 12.4 

Petrostep 465 130 444 25.2 
465 . '  157 ' 108 25.2 

180 11 25.2 

Igepal 
CO-850 

! . . B. Sreci~ltation and Adsor~$ion of Surfactants as F u w L i ~ u s  

Quantitative data' on the effect of temperature on the 

solubility of petroleum sulfonates have not been reported, but 

evidence has been cited by several authors that precipitation of 

the sulfonates occurs at the higher temperatures in natural 

sandstones4f687. This occurs not as a result of a direct 

temperature effect on the solubility of the surfactants but, 



a p p a r e n t l y ,  a s  a  r e s u l t  of an i n t e r a c t i o n  w i t h  m i n e r a l s  i n  t h e  

porous  media. Reed h a s  measured a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  

8  s o l u b i l i t y  of  r o c k  m i n e r a l s  a t  s t e a m  t e m p e r a t u r e s  . The 

petroleum s u l f o n a t e  ions  form p r e c i p i t a t e s  wi th  d i v a l e n t  ca t ions .  

These p r e c i p i t a t e s  a r e  l i k e l y  t o  d e c r e a s e  i n  s o l u b i l i t y  w i t h  

increas ing  temperature. In general ,  t h e  presence of s a l t  .in the  

s o l u t i o n s  decreases  t h e  s o l u b i l . i t y  of t h e  s u l f  onates. 

Ziegler  observed t u r b i d i t y  i n  t h e  produced f l u i d  from a  Berea 

sand pack when sodium dodecylbenzene  s u l f o n a t e  s o l u t i o n s  were  

i n j e c t e d  a t  a  concent ra t ion  of 1400 ,u m o l s / l i t e r .  However, da ta  

i n  Ficjure 4 show. t h a t  s u r f a c t a n t  p r e c i p i t a t e d  ou t  of a  0.2 molar 

s a l t  s o l u t i o n  cou ld  be r e d i s s o l v e d  when d i s t i l l e d  w a t e r  was 
..- 

i n j e c t e d  and when t h e  t e m ' p e r a t u r e .  w a s  i n c r e a s e d .  I n  t h i s  

e x p e r i m e n t  t h e  sand pack was f l u s h e d  w i t h  13741 m o l s / l i t e r  

s u r f a c t a n t  i n  0.2 M N.aC1. Then t h e  pack was f l u s h e d  w i t h  s a l t  

s o l u t i o n  only,  w i t h  d i s t i l l e d  water and, f i n a l l y ,  w i t h  d i s t i l l e d  

w a t e r  a t  1 8 0 ' ~ .  D i s t i l l e d  w a t e r  r e d i s s o l v e d  s u l f o n a t e  
. .. .: , . . ..., - . .-..>:-:. 

~ r e c i p i t a t e d  o u t . o f  b r i n e  and an . . inc rease  i n  temperature t o  1 8 0 ' ~  

d i d  r e d i s s o l . v e  s u l f o n a t e  s t i l l  a t  40°c a f t e r  t h e  

d i s t i l l e d  waterf lood. 

The s o l u b i l i t y  of nolsior~ic su'rf a c t a n t s  i s ,  not  a s  s e n s i t i v e  t o  
. . . -  , . . . . . . . . - 

s a l t  c o n c e n t r ' a t i o n  a s  t h a t - o f  f h e  a n i o n ' i c  s u r f a c t a n t s .  On t h e  

o ther  hand, t h e  s o l u b i l i t y  of t h e  a1 kylphenoxypolyethanols shows 

a  marked  s e n s i t i v i t y  t o  t e m p e r a t u r e s .  A t  v e r y  s p e c i f i c  

temperatures  c a l l e d  t h e  cloud poin ts ,  . t h e  ethoxy groups i n  t h e s e  

compounds l o s e  a s s o c i a t e d  w a t e r  and t h e  s o l u b i l i t y  d e c r e a s e s  

abrupt ly  t o  form p r e c i p i t a t e s .  The cloud poin t  i s  a  funct ion  of 



PORE VOLUMES INJECTED 

Figure 4. Desorpt ion curve f o r  NaDDBS 



t h e  m o l e c u l a r  w e i g h t  of t h e  s u r f a c t a n t ,  t h e  e l e c t r o l y t e  

c o m p o s i t i o n  and t h e  c o n c e n t r a t i o n  of t h e  s u r f a c t a n t .  Cloud 

p o i n t s  a s  a  funct ion  of concent ra t ion  f o r  Igepal CO-850 

a r e  shown i n  Table 2. 

TABLE 2 

SUMMARY OF PHYSICAL AND SORPTION PROPERTIES 

FOR IGEPAL CO-850 

Molecular Weight = 1,100 CMC = 100 f mol/L 

Cloud Po in t s  

Sorpt ion Proper t i e s  

Tem. f A 
3 kl HO ( O C )  ( d m v m o l )  (pmol/m2) (dmpmol -h )  

I f  low c o n c e n t r a t i o n  s u r f a c t a n t s  a r e  t o  be  u s e d  i n  

combina t ion  w i t h  s t e a m f l o o d i n g  o r  h o t  w a t e r f l o o d i n g  i n  a 

r e s e r v o i r ,  t h e  e f f e c t  o f , t e m p e r a t u r e  on a d s o r p t i o n  becomes a  

mat ter  of cons iderable  importance. Sur fac tan t  t r a n s p o r t  could be 

c o m b i n e d  w i t h  h e a t  t r a n s p o r t  t h r o u g h  t h e  r e s e r v o i r .  The 

s u r f a c t a n t  c o n c e n t r a t i o n  shock c o u l d  e i t h e r  l e a d  o r  t r a i l  t h e  

temperature shock. Data w i l l  be presented l a t e r  which shows t h a t  

i n t e r f a c i a l  t ens ions  a r e  reduced a t  higher temperatures.  I f  t h i s  

i s  t h e  c a s e ,  one would p r c f e r  t o  have t h e  s u r f a c t a n t  f r o n t  r emain  



i n  t h e  h e a t e d  p o r t i o n  of t h e  r e s e r v o i r .  I n  s t e a m f l o o d i n g ,  

however, i t  is we l l - e s t ab l i shed  t h a t  the  steam over r ides  t h e  o i l .  

The w a t e r  t r a n s p o r t i n g  t h e  s u r f a c t a n t  i s  l i k e l y  t o  be moving 

p r i m a r i l y  i n  a  h e a t e d  r e g i o n  i m m e d i a t e l y  below t h e  s t eam zone. 

I n  t h a t  c a s e  t h e  s u r f a c t a n t  w i ' l l  be moving i n  a  h o t  p o r t i o n  of 

t h e  r e s e r v o i r ,  ' under i so thermal  condi t ions.  Whichever mechanism 

p r e v a i l s  i n  t h e  r e s e r v o i r ,  adsorpt ion  i so therms w i l l  be requi red  

f o r  t h e  p r e v a i l i n g  temperature a t  which t h e  s u r f a c t a n t  i s  being 

t r a n s p o r t e d .  Consequent ly ,  we have made an i n i t i a l  e f f o r t  t o  

determine adsorp t ion  i so therms a s  a  func t ion  of temperature f o r  

an an ion ic  and a  nonionic su r fac tan t .  

An abundance of da ta  e x i s t s  i n  t h e  l i t e r a t u r e  f o r  adsorpt ion  

of  v a r i o u s  s u r f a c t a n t s  o n t o  d i f f e r e n t  s u b s t r a t e s  a t  room 

temperature.  These d a t a  were normally obtained by e q u i l i b r a t i n g  

t h e  s u r f a c t a n t  s o l u t i o n s  w i t h  t h e  s o l i d  s u r f a c e s .  Measuring 

a d s o r p t i o n  i s o t h e r m s  a t  s t eam t e m p e r a t u r e s  i s  a  much more 

d i f f i c u l t  probiem, 

Z i e g l e r  e t  a l .  o b t a i n e d  d a t a  u s i n g  a  d y n a m i c ,  

6 chromatographic t r a n s p o r t  procedure . The porous medium was a  

d i s a g g r e g a t e d ,  f i r e d  Berea s a n d s t o n e ,  packed i n  a  c o r e  holder .  

The core  was s a t u r a t e d  w i t h  b r ine  or d i s t i l l e d  water and placed 

i n  an oven t o  m a i n t a i n  t h e  t e m p e r a t u r e  a t  t h e  d e s i r e d  va lue .  

Sur fac tan t  s o l u t i o n  was i n j e c t e d ,  s t a r t i n g  a t  low concentrat ions.  

The p o r e  volumes  of s o l u t i o n  r e q u i r e d  t o  move t h e  s u r f a c t a n t  

through t h e  core were measured. From chromatographic t r a n s p o r t  

theory the  q u a n t i t y  of s u r f a c t a n t  adsorbed a t  t h i s  concent ra t ion  

could be ca lcu la ted .  



The s u r f a c t a n t  c o n c e n t r a t i o n  i n  t h e  i n j e c t e d  s o l u t i o n  was 

i n c r e a s e d  s t e p w i s e  and  t h e  v o l u m e s  r e q u i r e d  t o  move e a c h  

c o n c e n t r a t i o n  s t e p  through t h e  c o r e  was measured. The s u r f a c e  

a r e a  of t h e  sand had been measured by a  v a r i a t i o n  of t h e  B E T  

method.  From t h e s e  d a t a  t h e  a d s o r p t i o n  i s o t h e r m  c a n  be  

c a l c u l a t e d .  Adsorpton i s o t h e r m s  were  a l s o  measured by t h e  

conventional s t a t i c  method a t  2 5 ' ~  and 95'~. Dynamic and s t a t i c  

a d s o r p t i o n  d a t a  w e r e  o b t a i n e d  f o r  s o d i u m  d o d e c y l b e n z e n e  

s u l f o n a t e  (NaDDBS) and Igepal  CO-850. 

A s  d iscussed e a r l i e r ,  t h e  NaDDBS has a  low s o l u b i l i t y  i n  0.2 

m o l a r  NaCl a n d  a l s o  t e n d e d  t o  p r e c i p i t a t e  a t  t h e  h i g h e r  

t e m p e r a t u r e s  when i n  c o n t a c t  w i t h  t h e  B e r e a  s a n d s t o n e .  

Consequent ly ,  o n l y  a d s o r p t i o n  i s o t h e r m s  o b t a i n e d  by. t h e  s t a t i c  

method a r e  repor ted  f o r  NaDDBS. These d a t a  a r e  shown a t  2 5 ' ~  and 

9 5 ' ~  f o r  c o n c e n t r a t i o n s  up t o  70 /(( mol/L on F i g u r e  5. The 

r e s u l t s  show t h a t  a d s o r p t i o n  d e c r e a s e s  w i t h  i n c r e a s i n g  

temperature a s  one would expect. Data obtained i n  t h e  absence of 

s a l t  show l e s s  t e m p e r a t u r e  d e p e n d e n c e .  B e c a u s e  o f  t h e  

p r e c i p i t a t i o n  problem, no dynamic da ta  a r e  repor ted  f o r  NaDDBS. 

The r e s u l t s  of dccorpt ion exptrimenLs are sliuwn i n  Figure 4, but  

t h e  s l u g s  of s u r f a c t a n t  be ing  produced a f t e r  r e d u c i n g  t h e  s a l t  

c o n c e n t r a t i o n  o r  a f t e r  i n c r e a s i n g  t h e  t e m p e r a t u r e  had been 

e x p l a i n e d  e a r l i e r  a s  b e i n g  more  t h e  r e s u l t  of d i s s ~ l v i n g  

p r e c i p i t a t e d  s u r f a c t a n t  than desorpt ion  of adsorbed s u r f a c t a n t .  

The s lug  produced af t e r  increas ing  t h e  temperature,  however, may 

have r e s u l t e d  i n  p a r t  f rom d e c r e a s e d  a d s o r p t i o n .  a t  e l e v a t e d  

temperatures.  This would be c o n s i s t e n t  wi th  t h e  l i m i t e d  s t a t i c  





data  showing a  decrease i n  adsorpt ion wi th  temperature. 

The e x p e r i m e n t s  w i t h  I g e p a l  C.0-850 were c o m p l i c a t e d  by t h e  

c l o u d  p o i n t ,  w h i c h  i s  c h a r a c t e r i s t i c  of  t h i s  c l a s s  o f  

s u r f a c t a n t s ,  and by t h e  i n s t a b i l i t y  of t h i s  s u r f a c t a n t  a t  h i g h  

t e m p e r a t u r e s .  S t a t i c  r e s u l t s  a r e  g i v e n  i n  F i g u r e  6 .  

Equ i l ib ra t ion  t ime f o r  t h e  9 5 ' ~  curve was l i m i t e d  t o  t h r e e  hours. 

Degradation was a  s e r i o u s  problem if s i g n i f i c a n t l y  longer t imes  

were used. The r e s u l t s  show a  s l i g h t  t e m p e r a t u r e  dependence. 

Figure 7 i s  an example of r e s u l t s  obtained by t h e  dynamic method 

f o r  I g e p a l  CO-850. S u r f a c t a n t  was i n j e c t e d  a t  an i n i t i a l  

concent ra t ion  of 67pmols/L and a t  two incremental  concent ra t ions  

h i g h e r  t h a n  t h e  i n i t i a l .  C o n s i s t e n t  w i t h  a  Langmuir- type 

i s o t h e r m ,  t h e  p o r e  volumes of i n j e c t e d  s u r f a c t a n t  r e q u i r e d  t o  

produce t h e  i n c r e m e n t a l  s t e p  i n  c o n c e n t r a t i o n  d e c r e a s e d  w i t h  

i n c r e a s i n g  c o n c e n t r a t i o n .  Dynamic d a t a  were  o b t a i n e d  a t  4s0c, 

70°c and 95 '~ .  Data were n o t  . o b t a i n e d  a t  h i g h e r  t e m p e r a t u r e s  

b e c a u s e  of t h e  l i m i t  e s t a b l i s h e d  by t h e  c l o u d  p o i n t s .  

Degradation of Igepal  i s  not  a  problem i n  t h e  dynamic procedure 

because t h e  s u r f a c t a n t  i s  a t  an e l eva ted  temperature only whi le  

moving through t h e  core. 

The dynamic a d s o r p t i o n  i s o t h e r m s  f o r  I g e p a l  a r e  g i v e n  on 

F i g u r e  8. A t  low c o n c e n t r a t i o n s  a d s o r p t i o n  d e c r e a s e s  w i t h  

t e m p e r a t u r e ,  b u t  a d s o r p t i o n  i n c r e a s e s  w i t h  t e m p e r a t u r e  f o r  

c o n c e n t r a t i o n s  i n  e x c e s s  of a b o u t  2 0 0 p o l s / L .  T h i s  e f f e c t  i s  

a l s o  a s s o c i a t e d  w i t h  t h e  c loud  p o i n t .  A s  t h e  e t h o x i d e  g roups  

l o s e  t h e i r  a s soc ia ted  water,  t h e  s u r f a c t a n t  becomes l e s s  s o l u b l e  

and wo,uld ,b,e ex.p,ected t o  s e p a r a t e  o u t  o n t o  t h e  s o l i d  phase  more 
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r ead i ly .  The Langmuir cons tan t s  f o r  Igepal  a r e  given i n  Table 2.  

The r e s u l t s  of the  dynamic method wi th  Igepal  i n d i c a t e  t h a t  

t h e  method i s  s u i t a b l e  f o r  d e t e r m i n i n g  a d s o r p t i o n  i s o t h e r m s  a t  

e l e v a t e d  t e m p e r a t u r e s ,  b u t  t h e  s u r f a c t a n t s ,  I g e p a l  and NaDDBS, 

were  n o t  s u i t a b l e  f o r  t e s t i n g  t h e  p r o c e d u r e  a t  t e m p e r a t u r e s  i n  

excess  of 1 0 0 ~ ~  because of s o l u b i l i t y  problems. 

C. E f f e c t t u r e  on I n m f a c i a l  Tensions 

Few r e s u l t s  have been repor ted  giving i n t e r f a c i a l  t ens ions  of 

o i l - s u r f a c t a n t  s o l u t i o n s  a s  f u n c t i o n s  of t e m p e r a t u r e  3,9,10 . 
These d a t a  a r e  r e q u i r e d  f o r  any p r o c e s s  u s i n g  s u r f a c t a n t s  i n  

r e s e r v o i r s  b u t ,  p a r t i c u l a r l y ,  f o r  t h e  h i g h  t e m p e r a t u r e s  

a s s o c i a t e d  w i t h  s t e a m f l o o d i n g .  We have used two methods f o r  

measuring i n t e r f a c i a l  t ens ions  a s  func t ions  of temperature and 

p r e s s u r e .  These a r e  t h e  pendent  d r o p  and t h e  s p i n n i n g  d r o p  

methods. The minimum i n t e r f a c i a l  t ens ion  t h a t  can be measured on 

t h e  pendent  d r o p  equipment  i s  a b o u t  0.1 m N / m  and t h a t  i s  w i t h  low 

p r e c i s i o n .  The s p i n n i n g  d r o p  r e p o r t e d l y  g ives '  d a t a  below 0.001 

m N / m .  I f  t ime i s  an important  f a c t o r  i n  e s t a b l i s h i n g  equi l ibr ium 

between t h e  s u r f a c t a n t  s o l u t i o n  and t h e  o i l ,  t h e  pendent  d r o p  

p r o c e d u r e  i s  a l s o  l e s s  s u i t a b l e  t h a n  t h e  s p i n n i n g  drop. I n  t h e  

pendent drop method a  drop can be suspended a t  t h e  most f o r  one- 

h a l f  hour .  O n  t h e  o t h e r  hand ,  a  d r o p  c a n  b e  m a i n t a i n e d  

i n d e f i n i t e l y  i n  a  spinning drop appar'atus. Normally, equi l ibr ium 

t imes  f o r  s u r f a c t a n t  s o l u t i o n s  and r e f i n e d  o i l s  a r e  small .  The 

problem a r i s e s  w i t h  c a u s t i c  s o l u t i o n s  and c r u d e  o i l s .  Some 

r e p o r t s  h a v e , i n d i c a t e d  t h a t  equi l ibr ium f o r  these  systems has not  

been e s t a b l i s h e d  even i n  m a t t e r  of days.  Although t h e  s p i n n i n g  
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d r o p  would a p p e a r  t o  be t h e  p r e f e r r e d  method, we have o b t a i n e d  

d a t a  by both procedures. 

We have m o d i f i e d  t h e  s p i n n i n g  d r o p  equipment  of Gash and 

P a r r i s h  f o r  u s e  a t  t e m p e r a t u r e s  t o  2 0 0 ' ~  and p r e s s u r e s  t o  30 

bars1'. The d e s i g n  of t h e  s p i n n i n g  d r o p  equipment  i s  such t h a t  

i t  i s  a  s i m p l e  m a t t e r  t o  c o n s t r u c t  an a i r  b a t h  around t h e  

c a p i l l a r y  t u b e s  which c o n t a i n  t h e  s p i n n i n g  drop.' No b e a r i n g s  

need t o  opera te  a t  r h e r m o s ~ a t  temperatures.  AII epuxy was: 1~~1i t . l  

t h a t  was e f f e c t i v e  i n  s e a l i n g  t h e  c a p i l l a r y  t u b e s  a t  t h e  above 

tempera tures  and pressures .  The epoxy can be e a s i l y  d r i l l e d  ou t  

of t h e  t u b e s  t o  p e r m i t  u s i n g  them again .  Our equipment  i s  easy  

and inexpensive t o  bui ld ,  but i t  does not  have t h e  v e r s a t i l i t y  of 

t h a t  developed a t  t h e  Technical Universi ty  of c1aus tha l l2 .  Their 

a p p a r a t u s  o p e r a t e s  a t -  h i g h e r  p r e s s u r e s  and t e m p e r a t u r e s  and 

permi ts '  t h e  exchange of f l u i d s  i n  t h e  r o t a t i n g  c a p i l l a r y  during 

t h e  experiments. 

An  i m p o r t a n t  f a c t o r  i n  measur ing  i n t e r f a c i a l  t e n s i o n s  by 

e i t h e r  t h e  penden t  d r o p  o r  t h e '  s p i n n i n g  d r o p  me.thod i s  t h e  

dens i ty  d i f f e r e n c e  between t h e  water and t h e  o i l .  This becomes 

p a r t i c u l a r l y  c r i t i c a l  when measur ing  i n t e r £ a c i a l  t e n s i o n s  a t  

e l e v a t e d  t e m p e r a t u r e s .  The d e n s i t y  of w a t e r  d e c r e a s e s  more 

r a p i d l y  w i t h  t e m p e r a t u r e  t h a n  t h a t  f o r  o i l .  Consequent ly ,  t h e  

dens i ty  d i f f e r e n c e  between water and o i l  can become q u i t e  smal l  

a t  h i g h e r  t e m p e r a t u r e s .  A s m a l l  e r r o r  i n  e s t i m . a t i n g  t h e s e  

d e n s i t i e s  can have a  s i g n i f i c a n t  e f f e c t  on t h e  c a l c u l a t e d  

i n t e r f a c i a l  tensions.  T h i s  problem becomes p a r t i c u l a r l y  a c u t e  

when t h e  o i l  phase  i s  a  c r u d e  o i l .  For some c r u d e s  t h e  d e n s i t y  



of t h e  o i l  may, i n  f a c t ,  become g r e a t e r  than t h a t  of the  water. 

The s p i n n i n g  d r o p  e q u i p m e n t  c a n n o t  be  u s e d  u n d e r  t h o s e  

circumstances.  Density da ta  a r e  r e a d i l y  a v a i l a b l e  f o r  water and 

can be g e n e r a t e d  e a s i l y  f o r  t h e  s u r f a c t a n t  and b r i n e  s o l u t i o n s .  

Dens i t i e s  f o r  r e f ined  o i l s  and pure hydrocarbons were determined 

u s i n g  da ta  from "Petroleum Refinery ~ n g i n e e r i n ~ " ' ~ .  To c o r r e c t  

c r u d e  o i l  d e n s i t i e s  f o r  t e m p e r a t u r e ,  t h e  volume c o r r e c t i o n  

f a c t o r s  from ASTM D-206-36, Group 1, were used. Density d a t a  f o r  

w a t e r  and t h r e e  c r u d e  o i l s  t a k e n . f r o m  El -Gass ie r  e t  a l e  l 4  a r e  

shown on Figure 9. 

Representa t ive  da ta  obtained by t h e  spinning drop method a r e  

14 shown on Figure 1 0  . I n t e r f a c i a l  t e n s i o n s  were measured between 

m i n e r a l  o i l  No. 9  and TRS 10.-80 i n  v a r i o u s  c o n c e n t r a t i o n s  of 

s a l t .  The c o n c e n t r a t i o n  of ,TRS 10-80 was k e p t  c o n s t a n t  a t  0.5 

g/L. The i n t e r f  a c i a l  t e n s i o n s  showed l i t t l e  dependence on 

temperature up t o  180°c, but  they a r e  a f f e c t e d  s u b s t a n t i a l l y  by 

t h e  s a l t  c o n c e n t r a t i o n .  The l o w e s t  i n t e r f  a c i a l  t e n s i o n s  were  

observed a t  s a l t  concent ra t ions  of 5.0 g/L. The lower curves on 

t h i s  f i g u r e  a r e  d u p l i c a t e  r u n s . a n d  show r e a s o n a b l e  agreement .  

I n t e r f a c i a l  t ens ions  f o r  TRS 1.0-80 a g a i n s t  a  r e p r e s e n t a t i v e  crude 

o i l  a l s o  showed l i t t l e  e f f e c t  of temperature. 

The i n t e r f a c i a l  t e n s i o n  between t h e  n o n i o n i c  s u r f a c t a n t ,  

I g e p a l  DM-730 and a  15.9' A P I  C a l i f o r n i a  c r u d e  o i l  showed a  

marked m i n i m u m  when p l o t t e d  versus  temperature a s  shown on Figure 

11. No s a l t  was p r e s e n t  i n  t h i s  example b u t  s i m i l a r  d a t a  were 

o b t a i n e d  w i t h  t h e  s u r f a c t a n t  i n  p r e s e n c e  of  s a l t .  The 

i n t e r f a c i a l  tens ion  minima f o r  t h e  nonionics  coincided wi th  the  
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cloud poin t  f o r  t h e  p a r t i c u l a r  s u r f a c t a n t  concentrat ion.  Since 

t h e  c l o u d  p o i n t  i n d i c a t e s  a  d e c r e a s e  i n  t h e  s u r f a c t a n t  

s o l u b i l i t y ,  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  i n t e r f a c i a l  t e n s i o n  

decreases  a t  t h i s  temperature- The decrease i n  t ransparency of 

t h e  aqueous phase  a t  t h e  c l o u d  p o i n t  was a  l i m i t i n g  f a c t o r  i n  

measur ing  i n t e r f a c i a l  t e n s i o n s  of n o n i o n i c s  a s  a  f u n c t i o n  of 

t e m p e r a t u r e  by e i t h e r  t h e  s p i n n i n g  d r o p  o r  t h e  pendent  d r o p  

method. 

A d d i t i o n a l  d a t a  have been o b t a i n e d  u s i n g  a m i x t u r e  of 

s u r f a c t a n t s  a g a i n s t  p u r e  hydroca rbons  and m i n e r a l  o i l s .  The 

e q u i v a l e n t  a l k a n e  ca rbon  number, EACN, f o r  t h e  s u r f a c t a n t  

mixtures  was c a l c u l a t e d  a s  recommended by Jacobson e t  al.15- A s  

shown i n  F i g u r e  12 ,  t h e s e  m i x t u r e s  show an  a b r u p t  d e c r e a s e  i n  

i n t e r f a c i a l  t e n s i o n  a t  t e m p e r a t u r e s  i n  e x c e s s  of 1 2 0 ' ~ .  The 

e x p e r i m e n t s  a r e  b e i n g  ex tended  t o  o b t a i n  d a t a  f o r  s e v e r a l  

hydroca rbons  and, t h e r e b y ,  e v a l u a t e  t h e  r e l a t i o n  between t h e  

change i n  i n t e r f a c i a l  t e n s i o n s  w i t h  t e m p e r a t u r e  and t h e  EACN 

. : 
D- G Q m D a r i s o n o f  . . ~ K Q  m 

i t i v e s  t o  Water a t  Normal Reservoir  T ~ e r a t . ~ ~  w i t h  
T h o s e a t u r e s  

A major o b j e c t i v e  of t h i s  research  was t o  s tudy t h e  poss ib le  

b e n e f i t s  i n  a d d i t i o n a l  o i l  recovery which might be obtained from 

s y n e r g i s t i c  e f f e c t s  ' r e s u l t i n g  from combined high temperatures  and 

low i n t e r f a c i a l  t e n s i o n s  o b t a i n e d  by add ing  s u r f a c t a n t - s  t o  t h e  

i n j e c t e d  s team. S i n c e  we were  i n t e r e s t e d ,  p r i m a r i l y ,  i n  t h e  

e f f e c t  of s u r f a c t . a n t s  on o i l  r e c o v e r y l . i n  t h a t  p o r t i o n  of t h e  

r e s e r v o i r  which was f l o o d e d  w i t h  h o t  w a t e r ,  t h e  l a b o r a t o r y  
. . 

' ?  . .  
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F i g u r e  12. I n t e r f a c i a l  t ens i ons  a s  f u n c t i o n s  o f  temperature and 
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e x p e r i m e n t s  were  w a t e r f  l o o d s  a t  v a r i o u s  t e m p e r a t u r e s  w i t h  and 

wi thout  s u r f a c t a n t s  added. The experiments and d a t a  repor ted  a r e  

t h o s e  of Amabeoku and a r e  d i s c u s s e d  i n  d e t a i l  i n  h i s  d o c t o r a l  

thes i s16 .  

The o i l s  used i n  t h e s e  f l o o d s  were  r e f i n e d  o i l s ,  b l ended  t o  

g ive '  s u i t a b l e  v i s c o s i t i e s .  Polybutenes manufactured by Chevron 

Chemical Company were mixed wi th  a  No. 9 whi te  o i l  marketed under 

t h e  t r a d e  name of Kaydol. S e v e r a l  o i l s  were  p r e p a r e d  and t h e i r  

v i s c o s i t i e s  were  d e t e r m i n e d  a s  f u n c t i o n s  of t e m p e r a t u r e  and 

p l o t t e d  on Figure 13. 'The v i s c o s i t i e s  ranged from a  h i g h ' o f  1443 

c p  a t  2 5 ' ~  t o  a  low of 1 . 4  cp  a t  1 7 8 ' ~ .  The porous  medium was a  

f i r e d  Berea sandstone w i t h  t he  dimensions of about 5 cm diameter 

and 30 cm l e n g t h .  The c o r e s  were  mounted i n  a  H a s s l e r  s l e e v e  

a r rangement  i n  an  oven t o  c o n t r o l  t e m p e r a t u r e .  F l u i d s  were  

i n j e c t e d  a t  cons tant  ra te .  
L 

The s u r f a c t a n t s  used i n  t h i s  s t u d y  were  P e t r o n a t e  TRS 10-80 

and P e t r o s t e p  465. Both a r e  p e t r o l e u m  s u l f o n a t e s  and were  

p u r i f i e d  t o  1 0 0  p e r c e n t  a c t i v e  c o m p o n e n t  by l i q u i d  

chromatography.  I n t e r f a c i a l  t e n s i o n s  be tween t h e  i n j e c t e d  

s u r f a c t a n t  s o l u t i o n s  and t h e  r e f i n e d  o i l s  were  measured a s  - - -- - - - - -  - 
func t ions  of temperature using t h e  method descr ibed b F j ~ l - ~ a s s i e r  

.- - -- - 
e t  a1.14. R e s u l t s  of t h e s e  measurements  f o r  ~ e t r o s - t & ~ - 4 - 6 5  -.: a t  a  

- - -  . 

c o n c e n t r a t i o n  of 2.5 g / l  i n  a  b r i n e  c o n t a i n i n g  10.0 g/l NaCl a r e  

shown on Figure 1 4 .  

Three f loods  were performed wi th  TRS 10-80 a t  temperatures  of 

25'C, 8 2 . 2 ' ~  and 1 7 7 ' ~ .  I n  t h e s e  f l o o d s  t h e  s u r f a c t a n t  was 

i n j e c t e d  a f t e r  waterf looding t h e  core  t o  r e s i d u a l  o i l  s a t u r a t i o n  



Figure 13. Oil viscosity of Kaydol mi-xtures as functions 

o f  temperature 



Figure 14. Interfacial tension measurements for 

surfactant/oil systems 



a t  p roduc ing  w a t e r - o i l  r a t i o s  i n  e x c e s s  of 100. The producing  

wa te r -o i l  r a t i o s  a s  func t ions  of o i l  produced i n  pore volumes a r e  

shown on F i g u r e  15. A t  2 5 ' ~  t h e  w a t e r f l o o d  r e c o v e r y  was 33 

pe rcen t '  of t h e  i n i t i a l  oi l - in-place.  The pos t  su r f  a c t a n t  f lood 

r e c o v e r y  was  10.6 p e r c e n t  a n d  r e p r e s e n t e d  a  32 p e r c e n t  

i n c r e m e n t a l  r e c o v e r y  above t h a t  o b t a i n e d  by w a t e r f l o o d .  4.55 

pore volumes of s u r f a c t a n t  were requi red  t o  ob ta in  t h i s  recovery. 

W a t e r f l o o d  r e c o v e r y  a t  1 7 7 ' ~  was 77.2 p e r c e n t  p o r e  volumes and 

t h a t  a f t e r  s u r i a c t a n t  f looding  wds 92.8 percent i  a n  incremental  

i n c r e a s e  of 20 p e r c e n t .  3.39 p o r e  volumes of s u r f a c t a n t  were  

r e q u i r e d  i n  t h e  l a t t e r  f lood .  Because our c h e m i c a l  s t a b i l i t y  

t e s t s  had i n d i c a t e d  t h a t  P e t r o s t e p  465 was more s t a b l e  a t  

e l e v a t e d  t e m p e r a t u r e s  t h a n  TRS 10-80, we d i d  a  more e x t e n s i v e  

t e s t i n g  of t h i s  s u r f a c t a n t .  O i l  r ecover ie s  a s  func t ions  of f l u i d  

i n j e c t e d  a r e  shown f o r  t h r e e  t e m p e r a t u r e s  on F i g u r e  16 .  

Producing wa te r -o i l  r a t i o s  a r e  shown on Figure 17. Excel len t  o i l  

r e c o v e r i e s  w e r e  o b t a i n e d  w i t h  t h e  P e t r o s t e p  a t  t h e  h i g h  

t e m p e r a t u r e .  However, t h e  o i l  v i s c o s i t i e s  ranged o n l y  from a  

h igh  of 22 c p  a t  2 5 ' ~  t o  1.38 c p  a t  1 7 7 ' ~ .  A more s e v e r e  t e s t  of 

t h e  combined e f f e c t  of t e m p e r a t u r e  and i n t e r f a c i a l  t e n s i o n  

r e d u c t i o n  was made u s i n g  an o i l  w i t h  a v i s c o s i t y  of 5 0 4  c p  a t  

2 5 ' ~  and 2.15 c p  a t  1 7 7 ' ~ .  R e s u l t s  a r e  shown on F i g u r e  18. 

W a t e r f l o o d i n g  was n o t  p o s s i b l e  a t  2 5 ' ~  b u t  a  compar ison  can be 

made a t  8 2 . 2 ' ~  and 177 '~ .  The majo r  f a c t o r  i n  t h e s e  f l o o d s  was 

t h e  reduct ion of t h e  o i l  v i s c o s i t y  w i t h  increas ing  temperature.  

N e v e r t h e l e s s ,  t h e  s u r f a c t a n t  d i d  i m p r o v e  o i l  r e c o v e r y  

s i g n i f i c a n t l y  a t  177'~. 



CO a2 0.4 Q6 
G l t  PRODUCED, FORE VOLUME 

Figure 15. Water-oil ratios for surfactant floods following 

waterfloods, TRS 10-80 
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FWID INJECTED, POIRE' VOLUME 

Figure  16. O i l  d isplacement as f u n c t i c n  o f  f l u i d  i n j e c t e d  f o r  

s u r f a c t a n t  f o l l o w i n q  w a t e r f l c ~ o d ,  P e t r o s t e ~  465 



F i g u r e  17. Producing w a t e r - o i l  r a t i o s  f o r  s u r f a c t a n t  

f l o o d s  P e t r o s t e p  465 
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FLUID INJECTED, PORE WWME 

F igu re  18,. O i l  d isplacement c f  h igh  v i s c o s i t y  o i l  us i ng  Pe t ros tep  465 



C o n c l u s i o n s  f rom t h e s e  and o t h e r  r e l a t e d  e x p e r i m e n t s  a r e  a  

f o l l o w s .  B o t h  P e t r o s t e p  465 a n d  TRS 10-80 g a v e  a d d i t i o n a l  o i  

r e c o v e r i e s  b e y o n d  t h o s e  o b t a i n e d  by  w a t e r f l o o d i n g  a t  a 1  

t e m p e r a t u r e s .  T o t a l  o i l  r e c o v e r i e s  o f  o r i g i n a l  o i l - i n - p l a c  

v a r i e d  b e t w e e n  44 p e r c e n t  a t  2 5 ' ~  a n d  93 p e r c e n t  a t  1 7 7 ' ~  f o  

W i t c o  TRS 10-80 a n d  b e t w e e n  5 5  p e r c e n t  a n d  98  p e r c e n t  f o  

P e t r o s t e p  465  over  t h e  same t e m p e r a t u r e  range. The c o m b i n a t i o  

of  i n t e r f a c i a l  t e n s i o n  r e d u c t i o n  by s u r f a c t a n t  and o i l  v i s c o s i t  

r e d u c t i o n  a t  e l e v a t e d  t e m p e r a t u r e s  r e s u l t e d  i n  s i g n i f  i c a n  

improvement i n  o i l  recovery .  S u r f a c t a n t  a d s o r p t i o n  i n  t h e  w a t e r .  

s o l i d  i n t e r f  a c e  and, p o s s i b l y ,  i n  t h e  w a t e r - o i l  i n t e r f a c e  delayec 

t h e  a r r i v a l  of t h e  s u r f a c t a n t  and i n c r e a s e d  t h e  w a t e r - o i l  r a t i o :  

d u r i n g  t h e  p e r i o d  o f  t i m e  o v e r  w h i c h  t h e  a d d i t i o n a l  o i l  was 

r e c o v e r e d .  However,  s i n c e  t h e  s u r f  a c t a n t  w o u l d  b e  i n j e c t e c  

d u r i n g  a n  ongoing s t e a m f l o o d ,  t h e  most  i m p o r t a n t  e f f e c t s  would b~ 

t h e  i n c r e a s e  i n  t o t a l  o i l  r e c o v e r y  a n d  t h e  d e c r e a s e  i n  t h e  s t e a m -  
I 

o i l  r a t i o  d u r i n g  t h e  f lood .  

11, INORGANIC ADDITIVES FOR STEAMFLOODS 

A number o f  o r g a n i c  c h e m i c a l s  h a v e  b e e n  e v a l u a t e d  a s  

p o s s i b l e  a d d i t i v e s  f o r  w a t e r f l o o d s  t o  i m p r o v e  o i l  r e c o v e r y .  

T h e s e  a l l  r e s u l t  i n  pH's o n  t h e  b a s i c  s i d e .  The m e c h a n i s m s  by 

which c a u s t i c  s o l u t i o n s  may r e c o v e r  o i l  f rom r e s e r v o i r .  c o n t a i n i n g  

a c i d i c  c r u d e s  a r e  r ev iewed  by ~ o h n s o n l ~ .  A p r i n c i p a l  a d v r n t a g e  

i n  u s i n g  c a u s t i c  w i t h  s t e a m f l o o d s  is t h a t  many of  t h e  heavy oils 

f o r  which s t eam is c u r r e n t l y  b e i n g  used t o  i n c r e a s e  o i l  r ecovery  

a r e ' a l s o  a c i d i c  c r u d e s  and a r e ,  t h e r e f o r e ,  s u i t a b l e  f o r  f l o o d i n g  

w i t h  h i g h  p ~  s o l u t i o n s .  A d i s a d v a n t a g e ,  h o w e v e r ,  i s  t h a t  t h e  



r e s e r v o i r  rock r e a c t s  i t s e l f  w i t h  hydroxyl ions  and t h i s  r eac t ion  

w i l l  i nc rease  w i t h  increas ing  temperature. The major o b j e c t i v e s  

of t h e  research  w i t h  c a u s t i c  was t o  eva lua te  t h e  e f f e c t  of pH on 

o i l  recovery, e s p e c i a l l y  a t  temperatures  a s soc ia ted  wi th  steam 

i n j e c t o n .  A c o n c u r r e n t  o b j e c t i v e  was t o  q u a n t i f y  c a u s t i c  

consumption a s  f u n c t i o n s  of temperature and rock composition. In  

p a r t i c u l a r  one  m u s t  d e t e r m i n e  i f  i t  i s  p o s s i b l e  t o  p r o p a g a t e  

through a  s i l i c e o u s  r e s e r v o i r  rock a t  steam temperature a  pH high 

enough t o  be e f f e c t i v e  i n  r e c o v e r i n g  o i l .  In  t h i s  connection t h e  

p o s s i b i l i t y  has  been proposed t h a t  c e r t a i n  high pH s o l u t i o n s  may 

be l e s s  r e a c t i v e  than o thers .  In  p a r t i c u l a r ,  s i l i c a t e  s o l u t i o n s  

may have a l ready e s t a b l i s h e d  an equi l ibr ium concent ra t ion  wi th  

t h e  r e s e r v o i r  rock. 

A.Caustic Consumption by Reservoir Rock as R e u e d  
TamPeraturg 

Of p r i m a r y  i m p o r t a n c e  was t h e  q u e s t i o n  whe the r  a  h igh  pH 

c o u l d  be p r o p a g a t e d  th rough  t h e  r e s e r v o i r .  F i r s t  emphas i s  was 

giv'en t o  i n v e s t i g a t i n g  t h i s  problem. The r e s u l t s  of t h i s  work 

a r e  summarized i n  d e t a i l  i n  a  t h e s i s  by ~ e h ~ h a n i ' ~  and i n  a  paper  

by ~ e h g h a n i  e t  al .19.  Both of t h e s e  have b e e n  p u b l i s h e d  s i n c e  

t h e  conclusion of t h e  o r i g i n a l  w'ork on steamflood a d d i t i v e s  and 

inc lude  r e s u l t s  obtained both a s  a  p a r t  of t h e  contra ,ct  and a s  a  

p a r t  of more recen t  con t rac t s .  The c u r r e n t  s t a t u s  of t h e  work is 

being reported.  

Two e f f e c t s  need t o  be c o n s i d e r e d  i n  d e t e r m i n i n g  c a u s t i c  

l o s s .  These a r e  i o n  exchange and c h e m i c a l  r e a c t i o n .  Ion 

exchange i n c r e a s e s  t h e  volume of c a u s t i c  which m u s t  be i n j e c t e d  



before  high pH i s  produced a t  t h e  production wells .  The pH wo-uld 

eventua l ly  a r r i v e  a t  i t s  i n j e c t i o n  concentrat ion,  however, i f  i t  

were n o t  f o r  c h e m i c a l  r e a c t i o n  i n  t h e  r e g i o n  of t h e  r e s e r v o i r  

c o n t a i n i n g  h igh  pH s o l u t i o n .  P r e d i c t i o n  of t h e  consumpt ion  

r e q u i r e s  a  good k n o w l e d g e  of  t h e  r e s e r v o i r  r o c k  a n d  t h e  

mechanisms by which t h e  rock r e a c t s  wi th  t h e  c a u s t i c  20,21,22,23 

Bunge and ~ a d k e ~ ~  have a t t r i b u t e d  t h e  c a u s t i c  l o s s  t o  t h r e e  types  

of react ion.  

1. surf  ace exchange and hydrolys is .  

2. congruent and incongruent d i s s o l u t i o n .  - 

3. inso lub le  hydroxide formation by reac t ion  wi th  hardness 

i o n s  i n  t h e  r e s e r v o i r  b r i n e  and from t h e  rock su r face .  

The e f f e c t s  of these  mechanisms were evaluated i n  our study 

by two t y p e s  of e x p e r i m e n t s :  b a t c h  o r  s t a t i c  e x p e r i m e n t s  and 

dynamic or  flow experiments. In  a l l  cases  t h e  rock m a t e r i a l  was 

e i t h e r  an unf i red  or  f i r e d  Berea sandstone. Dynamic experiments 

were  c a r r i e d  o u t  a t  t e m p e r a t u r e s  up t o  180°c, which i s  a t  t h e  

lower  end of t h e  t e m p e r a t u r e  s c a l e  f o r  s t e a m f l o o d s .  Flow 

experimcntc were used t o  f i t ~ d  bvth t h e  ion  exchange isotherms and 

d i s s o l u t i o n  ra tes .  For measurement of t h e  amount of ion  exchange 

between t h e  rock and t h e  c a u s t i c  s o l u t i o n ,  con tac t  t ime m u s t  be 

s h o r t  enough t o  min imize  t h e  e f f e c t  of d i s s o l ~ t i o n ~ ~ .  Batch  

e x p e r i m e n t s  c a n n o t  be used due t o  e x p e r i m e n t a l  l i m i t a t i o n s  

imposed by t h e  e l eva ted  temperatures. High flow r a t e  experiments 

were  used t o  a v o i d  t h e  e f f e c t  of d i s s o l u t i o n  on t h e a m o u n t  of i o n  

exchange measured. Batch e x p e r i m e n t s  were  used t o  measure  t h e  

amount of d i s s o l u t i o n  a t  l o n g e r  p e r i o d s  of c a u s t i c  and rock 



c o n t a c t .  

High f l o w  r a t e  e x p e r i m e n t s  w i t h  d i f f e r e n t  c a u s t i c  i n j e c t i o n  

c o n c e n t r a t i o n s  w e r e  c o n d u c t e d  a t  f o u r  d i f f e r e n t  t e m p e r a t u r e s  of 

80°, l o o 0 ,  150°,  a n d  1 8 0 ~ ~ .  An e f f l u e n t  h y d r o x i d e  c o n c e n t r a t i o n  

v e r s u s  t i m e  c u r v e  was g e n e r a t e d  f o r  e a c h  e x p e r i m e n t .  The amount  

o f  i o n  e x c h a n g e  w a s  c a l c u l a t e d  by  i n t e g r a t i n g  t h i s  c u r v e .  

2  I f  o n e  a s s u m e s  a n  a v e r a g e  s u r f a c e  a r e a  o f  0 .93  m / g  f o r  

c o n s o l i d a t e d  B e r e a  s a n d s t o n e ,  o n e  c a n  p l o t  F i g u r e  1 9  w h i c h  shows 

i o n  e x c h a n g e  i s o t h e r m s  f o r  t e s t e d  t e m p e r a t u r e s .  The s h a p e  of  t h e  

c u r v e  s u g g e s ' t s  L a n g m u i r  t y p e  i s o t h e r m s .  An i n c r e a s e  i n  

t e m p e r a t u r e  c a u s e s  a n  i n c r e a s e  i n  t h e  a m o u n t  o f  i o n  e x c h a n g e .  

The c a u s t i c  s o l u t i o n s  u s e d  t o  g e n e r a t e  t h e  d a t a  p o i n t s  i n  F i g u r e  

1 9  were  a l l  p r e p a r e d  w i t h  d i s t i l l e d  wa te r .  T h e  c o r e  w a s  

s a t u r a t e d  w i t h  2 p e r c e n t  b r i n e  b e f o r e  t h e  s t a r t  o f  c a u s t i c  

i n j e c t i o n .  

T h e  e f f e c t  o f  s a l t  c o n c e n t r a t i o n  o n  i o n  e x c h a n g e  w a s  

i n v e s t i g a t e d  a t  t h e  h i g h e r  t e m p e r a t u r e  ( 1 8 0 ~ ~ )  by i n j e c t i n g  i n t o  

t h e  c o r e  c a u s t i c  s o l u t i o n s  made  w i t h  t h r e e  d i f f e r e n t  b r i n e  

s o l u t i o n s  a t  c o n c e n t r a t i o n s  o f  5000, 10,000 a n d  20,000 ppm. The 

c o r e  s a m p l e  was  s a t u r a t e d  w i t h  b r i n e  o f  t h e  s ame  c o n c e n t r a t i o n  a s  

w a s  u s e d  t o  p r e p a r e  t h e  c a u s t i c  s o l u t i o n .  F i g u r e  20 s h o w s  t h e  

i o n  e x c h a n g e  i s o t h e r m s  f o r  t h r e e  s a l t  c o n c e n t r a t i o n s  a t  1 8 0 ~ ~ .  

The r e s u l t s  i n d i c a t e  d e c r e a s i n g  i o n  exchange  w i t h  i n c r e a s i n g  s a l t  

c o n c e n t r a t i o n .  

F i g u r e  2 1  s h o w s  a  p l o t  o f  l o g  K e  v e r s u s  1 /T .  T h e  s l o p e  o f  

t h i s  p l o t  g i v e s  t h e  h e a t  o f  t h e  i o n  exchange  r e a c t i o n .  S i n c e  t h e  

p l o t  i s  a  s t r a i g h t  l i n e  t h e  h e a t  of  t h e  i o n  exchange  r e a c t i o n  is 



Concentration, Moles/Liter 
Figure  19. Ion exchange isotherms f o r  c a u s t i c  and Berea sandstone a t  d i f f e r e n t  

temperatures 



Concmtration, Moles / Li ter 
F i g ~ r e  20. E f f e c t  o f  s a l t  c o n c e n t r a t i o n  on i o n  exchange o f  c a u s t i c  and Eerea 

send s tone a: ' 1 8 1 1 ~ ~  





c o n s t a n t  i n  t h e  r ange  of t e m p e r a t u r e  t e s t e d .  E q u i l i b r i u m  

c o n s t a n t s  c a n  b e  c a l c u l a t e d  f o r  o t h e r  t e m p e r a t u r e s  by 

e x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e  p lo t .  

Two t r e n d s  a r e  a l w a y s  s e e n  i n  f l o w  e x p e r i m e n t s .  F ' i r s t ,  

h y d r o x i d e  i o n  exchange b r e a k t h r o u g h  i s  d e l a y e d  due t o  i o n  

exchange and second, t h e  hydroxide ion concent ra t ion  l e v e l s  off  

a t  a  l e v e l  l o w e r  t h a n  t h e  i n j e c t i o n  c o n c e n t r a t i o n .  The 

d i f f e r e n c e  between t h e  e f f l u e n t  f i n a l  hydroxide concent ra t ion  and 

t h e  i n j e c t i o n  c o n c e n t r a t i o n  i s  c a u s e d  by t h e  d i s s o l u t i o n  

r e a c t i o n .  

Flow e x p e r i m e n t s  have been conduc ted  f o r  t h r e e  i n j e c t i o n  

concent ra t ions .  For every i n j e c t i o n  concent ra t ion  t h e  e f f e c t s  of 

t e m p e r a t u r e ,  f l o w  r a t e  and p r e s e n c e  of c l a y  m i n e r a l s  have been 

examined. The t e rm " f low r a t e "  t h r o u g h o u t  t h i s  work means 

vcr1l.lm~t.ri.c flow r a t e  per u n i t  area. 

F i g u r e  2 2  shows t h e  e f f e c t  of t e m p e r a t u r e  o n  t h e  f i n a l  

p l a t e a u  va lue  i n  t h e  case of a n  i n j e c t i o n  concent ra t ion  6f 0.1 N 

( p ~ = 1 3 )  and a f low r a t e  of 1 f t / d a y  f o r  a  f i r e d  Berea  s a n d s t o n e  

core. For a tempera ture  of 150°c, t h e  f i n a l  pH p la teau  is  12.65. 

An i n c r e a s e  of t h e  t e m p e r a t u r e  t o  180°C caused a s h i f t  of t h c  

f i n a l  p H  p l a t e a u  t o  12.00. - l ' h i s  s h o w s  t h a L  increase o f  

t e m p e r a t u r e  c a u s e s  more  d i s s o l u t i o n ,  I n  a l l  t h e  . f l o w  

e x p e r i m e n t s ,  t h e  c o r e  was s a t u r a t e d  and f l o o d e d  w i t h  2 p e r c e n t  

b r i n e  p r i o r  t o  s t a r t  of c a u s t i c  i n j e c t i o n ,  

The e f f e c t  of f l o w  r a t e  h a s  been e v a l u a t e d  by c o n d u c t i n g  

experiments  w i t h  t h r e e  r a t e s  of 5, 1 and 0.5 f t / d a y  f o r  1 8 0 ' ~  and 

an  i n j e c t i o n  c o n c e n t r a t i o n  of 0.1 N (pH=13). The r e s u l t s  a r e  
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F igu re  22. E f f l u e n t  pH as a  f u n c t i o n  o f  pore volumes o f  0.1 N hydrox ide i n j e c t e d  i n  f i r e d  Berea a t  

150° and 180' w i t h  a r a t e  o f  1 f t / d a y  



shown on F i g u r e  23. A d e c r e a s e  i n  t h e  r a t e  from 5 t o  1 f t / d a y  

s h i f t s  t h e  p l a t e a u  from a  v a l u e  of 12.69 down t o  12.25 anii, 

f i n a l l y ,  a t  a  r a t e  of 0.5 f t / d a y  t h e  f i n a l  pH p l a t e a u  i s  12.00. 

The r e s u l t s  show t h a t  when t h e  r a t e  i s  d e c r e a s e d ,  t h e  c a u s t i c  h a s  

more t i m e  t o  d i s s o l v e  t h e  rock. S i m i l a r  r e s u l t s  on t h e  e f f e c t  of 

r a t e ,  t e m p e r a t u r e  and i n j e c t i o n  pH a r e  shown on F i g u r e s  24 and 

25. A l l  of t h e s e  r e s u l t s  a r e  b e s t  summarized i n  a  p l o t  of 

hydroxide - concen t ra t ion  a s  a  func t ion  of res idence  t ime a s  shown 

f o r  1 8 0 " ~  on F i g u r e  26. The e f f e c t  of t e m p e r a t u r e  t o r  a g i v e n  

i n j e c t i o n  concen t ra t ion  is shown on Figure 27. Such p l o t s  could 

be used t o  p r e d i c t  pH a t  r e s e r v o i r  r a t e s ,  temperatLifes  and  

l e n g t h s .  Both F i g u r e s  26 and 27 show a  f l a t t e n i n g  of pH e i t h e r  

w i t h  d e c r e a s i n g  i n j e c t i o n  pH o r  d e c r e a s i n g  t e m p e r a t u r e .  Batch 

e x p e r i m e n t s  w i t h  f i x e d  amounts  of sand  and c a u s t i c  a l s o  show a  

s t a b i l i z i t i o n  of t h e  pH s u g g e s t i n g  e q u i l i b r i u m  may have been 

o b t a i n e d  a s  s h o w n ' o n  F i g u r e  28. The r e s u l t s  a r e  n o t  y e t  

c o n c l u s i v e  and f u r t h e r  e x p e r i m e n t a l  and t h e o r e t i c a l  work a r e  

r e q u i r e d  t o  p e r m i t  a  more  p r e c i s e  p r e d i c t i o n  o f  pH w i t h  

throughput of c a u s t i c  a t  e l eva ted  temperatures.  

B. Effect- 

Another s i g n i f i c a n t  a spec t  of t h e  use of inorganic  a d d i t i v e s  

w i t h  steam was t h e  e f f e c t  of temperature and pH of t h e  i n j e c t i o n  

water  on crude o i l  recovery. Experiments were performed i n  which 

b o t h  t e m p e r a t u r e  and pH were  v a r i e d  f o r  t h e  f l o o d  w a t e r  and t h e  

e f f e c t s  noted on o i l  recovery f o r  Berea sandstone cores  s a t u r a t e d  

w i t h  b r i n e  and an a c i d i c  Long Beach crude o i l .  
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F igu re  23. E f f l u e n t  pH as a  f u n c t i o n  o f  pore volumes o f  0.1 N hydrox ide  i n j e c t e d  i n  f i r e d  

Berea sample w i t h  t h ree  d i f f e r e n t  r a t e s  o f  i n j e c t i o n  5, 1 ,  0 .5 f t / d a y  a t  1 3 0 ~ ~  
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Figure  24. E f f luent  pH as a  f u n c t i o n  of  pore volumes o f  0.0316 N hydroxide i n j e c t e d  i n  f i r e d  

Berea sample w i t h  three d i f f e r e n t  ra tes  o f  i n j e c t i o n  5, 1 ,  0.5 f t / d a y  a t  1 8 0 ~ ~  
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F igure  25. E f f l uen t  pH as a  f u n c t i o n  o f  pore volumes o f  0.01 N hydrox ide i n j e c t e d  i n  f i r e d  
I 

Berea sample w i t h  t h ree  d i f f e r e n t  r a t e s  o f  5 ,  1 ,  0.5 f t / d a y  a t  1 3 0 ~ ~  



t#~ L / u  RESIDENCE TIME, DAYS 

Figure  26. Log o f  f r a c t i o n  o f  hydroxide concent ra t ion  versus 

residence t ime f o r  th ree  d i f f e r e n t  i n i t i a l  c a u s t i c  

concent ra t ions :  0.01, 0.0316, and U . 1  N a t  180 '~  fur 

f i r e d  Berea samples 



+L/u RESIDENCE TIME 

~ i g u r . e  27. ~o~ o f  f r a c t i o n  o f  hydrox ide  concen t ra t i on  versus 

resi-dence t imc  f o r  0 .1  N i n i t i a l  c a u s t i c  c o n c e n t r a t i o n  /_ .  . . 

a t  ' four temperatures:  80°, loo0,  150° and 1 3 0 ~ ~  f o r  

.f i red Berea samples 
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F i g u r e  28. Consumption sf hyd rox i de  w i t h  con tae t  t ime  

f o r  crushed f i r e d  Berea sample w i t h  i n i t i a l  

r ' >  

. . 
c o n c e n t r a t i o n  o f  0.01 N and a temperature 

. . 
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o f  1 8 0 ~ ~  
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E f f e c L o f T e m ~ ~ a -  Four r u n s  i n  t w o .  c o r e s  were  

conducted  t o  e v a l u a t e  r e s i d u a l  o i l  r e c o v e r y  w i t h  c a u s t i c  a f t e r  

waterf loods.  The f lood tempera tures  were 1 2 5 ' ~  and 1 5 0 ' ~  a t .  a  

t e r t i a r y  f l o o d  r a t e  of 5  f t / d a y  f p r  t h e  f i r s t  two f l o o d s .  The 

f l o o d  t e m p e r a t u r e s  were 1 5 0 ' ~  and 1 8 0 ' ~  a t  a  t e r t i a r y  r a t e  of 7  

f t / d a y  f o r  t h e  t h i r d  and f o u r t h  runs.  The i n j e c t e d  c a u s t i c  had 

pH = 13 and no s a l t  was added. The f i r s t  two runs' recovered 13.1 

percent  and 22.8 percent  of t h e  r e s i d u a l  o i l ,  whi le  t h e  next  two 

runs recovered 2.7.3 percent  and 28.6 percent  of t h e  r e s i d u a l  o i l ,  

respect ive ly .  No pressure  bui ldup was observed a c r o s s  t h e  cores. 

Recovery a s  f r a c t i o n  of o i l - in-p lace  and e f f l u e n t  pH a r e  p l o t t e d  

v e r s u s  t o t a l  p o r e  volumes i n j e c t e d  on F i g u r e s  2 9  t h r o u g h  3 1  f o r  

these  runs. 

B f f e ~ L - ~ f , S a l L -  The e f f e c t  of  s a l t  c o n c e n t r a t i o n  a t  

cons tant  temperature and pH a r e  evaluated i n  t h e  f i f t h  and s i x t h  

exper imen t s .  Tempera tu re  was s e t  a t  1 8 0 ' ~  and pH a t  13. The 

s a l t  c o n t e n t  of t h e  c a u s t i c  s o l u t i o n  was v a r i e d  fom z e r o  t.o 

20,000 ppm. I n  t h e  c a s e  of 20,000 ppm s a l t ,  32.3 p e r c e n t  of t h e  

r e s i d u a l  was recovered .  I n  t h e  c a s e  of 10,000 ppm s a l t ,  2 6  

p e r c e n t  of t h e  r e s i d u a l  was recovered .  No p r e s s u r e  b u i l d u p  

a c r o s s  t h e  c o r e  was observed.  Recovery a s  f r a c t i o n  of o i l - i n -  

p l a c e  and e f f l u e n t  pH a r e  p l o t t e d  v e r s u s  t o t a l  p o r e  volumes 

i n j e c t e d  f o r  t h e  f i r s t  of these  experiments on Figure 32. 

B f - i e ~ L ~ f  ~ ~ ~ - E . I . Q Q ~ ~ z & ~ -  The e f f e c t s  o f '  t e r ' t i a r y  

f l o o d  r a t e  were  e v a l u a t e d  a t  1 8 0 ~ ~ .  T e r t i a r y  f l o o d  r a t e  was 2 

f t /day  a s  compared t o  7  f t /day  f o r  t h e  e a r l y  runs. NO a d d i t i o n a l  

o i l  was r e c o v e r e d  w i t h  a  c a u s t i c  s o l u t i o n  a t  pH of 1 3  (no s a l t )  
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Figure 32 .  E f f e c t  o f  s a l t  on t e r t i a r y  recovery o f  

a c i d i c  o i  1 



i n j e c t e d  a t  a  r a t e  of 2  f t / d a y .  B u t  t h e  p r e s s u r e  d r o p  s t a r t e d  

bu i ld ing  up a c r o s s  t h e  core  a s  more c a u s t i c  was in jec ted .  On the  

o t h e r  hand, a  run which contained 20,000 ppm s a l t  i n  t h e  c a u s t i c  

s o l u t i o n  w i t h  a  pH of 1 3  r e c o v e r e d  a b o u t  18.5 p e r c e n t  of t h e  

r e s i d u a l  o i l .  A s m a l l  p r e s s u r e  b u i l d u p  was obse rved  b u t  i t  

decreased  a s  o i l  s t a r t e d  being produced. Recovery a s  f r a c t i o n  of 

o i l - i n - p l a c e  and e f f l u e n t  pH a r e  p l o t t e d  v e r s u s  t o t a l  p o r e  

volumes i n j e c t e d  on Figure 33.  

In j eCUon  W- The efLecL of pH wac evaluated a t  

pH = 1 2  and s a l t  concen t ra t ion  of 10,000 ppm. The f i r s t  run was 

a t  1 8 0 ' ~  a n d  t h e  s e c o n d  r u n  a t  1 5 0 ~ ~ .  A t  t h i s  low pH no 

a d d i t i o n a l  o i l  r e c o v e r y  was o b t a i n e d  f o r  a t e r t i a r y  f l o o d  a t  a  

r a t e  of 7 f t /day.  Ef f luen t  pH a f t e r  four  pore volumes of c a u s t i c  

i n j e c t i o n  was 9.0 f o r  t h e  higher temperature. 

EffecL-~f-Qil-SdiuraLi~n. The e f f e c t  of  i n i t i a l  o i l  

s a t u r a t i o n  was e v a l u a t e d  a t  r a t e s  of 7 and 2 f t / d a y .  These two 

displacement  runs were performed on s e p a r a t e  cores  w i t h  110 p r i o r  

waterf looding.  I n j e c t e d  so lu t ion '  had a pH of 13 wi th  10,000 ppm 

s a l t .  Flood r a t e s  were  7 f t / d a y  and 2 f t / d a y .  The u l t i m a t e  

r e c o v e r i e s  were  comparab le  t o  t h o s e  o b t a i n e d  f o r  t h e  t e r t i a r y  

f loods.  Recovery a s  a  f r a c t i o n  o f . o i l - i n - p l a c e  versus  t o t a l  pore 

volumes i n j e c t e d  f o r  t h e s e  runs i s  shown on ~ i ~ u r e  34. 

E L k s L o f  surf acLan i .  k i n ' a l l y ,  t h e  e f f e c t  sf adding  a 

s u r f a c t a n t  t o  t h e  c a u s t i c  was evaluated and r e s u l t s  a r e  repor ted  

f o r  f o u r  f l o o d s .  Tempera tu re  was s e t  a t  1 8 0 ~ ~ .  The f o u r  

displacement  experiments  were performed on four  d i f f e r e n t  cores. 

One run was conduc ted  i n  t h e  absence. of o i l  t o  s t u d y  s u r f a c t a n t  
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a d s o p t i o n .  The o t h e r  t h r e e  r u n s  w e r e  p e r f o r m e d  on  c o r e s  

s a t u r a t e d  w i h  crude o i l .  

I n  t h e  run w i t h o u t  o i l  t h e  s o l u t i o n  was c a u s t i c  (pH = 13)  

w i t h  10,000 pprn s a l t .  500 pprn P e t r o s t e p  465 was added t o  t h e  

s o l u t i o n  and was i n j e c t e d  i n t o  t h e  c o r e  a t  7 f t / d a y .  E f f l u e n t s  

were  a n a l y z e d  f o r  pH and s u r f a c t a n t  c o n c e n t r a t i o n .  pH v a l u e s  

were determined by a  pH meter and s u r f a c t a n t  concent ra t ions  were 

measured by UV spectrophotometer. The e f f l u e n t  pH and s u r f a c t a n t  

c o n c e n t r a t i o n  a s  C / C o  a r e  p l o t t e d  v e r s u s  t o t a l  p o r e  volumes 

i n j e c t e d  on Figure 35. The s u r f a c t a n t  and hydroxyl ion  a r e  seen 

t o  be produced w i t h  about t h e  same f l u i d  throughput. 

Two f loods  were performed w i t h  an i n j e c t i o n  concentraion of 

500 pprn P e t r o s t e p  465 and 10,000 pprn s a l t .  The t e r t i a r y  f l o o d  

r a t e  was 7 f t / d a y .  ' In t h e  f i r s t  of t h e s e  t h e  pH was 12. 

7.2 percent  of t h e  r e s idua l  o i l  was recovered. I n  t h e  second t h e  

pH was 13. The o i l  r e c o v e r y  was 40 p e r c e n t  of t h e  r e s i d u a l  o i l .  

Recovery a s  f r a c t , i o n  of o i l - i n - p l a c e  f o r  t h e  two r u n s  and 

e f f l u e n t  pH f o r  t h e  h igh  pH run  a r e  p l o t t e d  v e r s u s  t o t a l  p o r e  

volumes i n j e c t e d  on Figure 36. 

I n  t h e  f i n a l  run, s u r f a c t a n t  concent ra t ion  was increased  t o  

1500 pprn i n  a  c a u s t i c  s o l u t i o n  of pH = 1 3  w i t h  10,000 pprn s a l t .  

A l l  o ther  f a c t o r s  remained constant.  48 percent  of t h e  r e s i d u a l  

o i l  a f t e r  water f lood was recovered. Recovery a s  f r a c t i o n  of o i l -  

i n - p l a c e ,  e f f l u e n t  pH and s u r f a c t a n t  c o n c e n t r a t i o n  a s  C / C o  a r e  

p l o t t e d  versus  t o t a l  pore volumes i n j e c t e d  on Figure 37. 

I n  summary t h e  c a u s t i c  and s u r f a c . t a n t  f l o o d s  t n  d a t e  have 

shown: 
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Figure  35. ~ a u s t  i c  consumption and. s u r f a c t a n t  adso rp t i on  i n  absence o f  

crude ~i 1 
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F igu re  36. Comparison between recovery  performance curves f o r  pH 12 and 13 

a t  same s a l t  and s u r f a c t a n t  concen t ra t i on  
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adso rp t i on  f o r  combined s u r f a c t a n t  and c a u s t i c  s o l u t i o i  



For c a u s t i c  f l o o d s  a t  e l e v a t e d  t e m p e r a t u r e s ,  t e r t i a r y  

recovery of a c i d i c  crude o i l :  

a. Increases  w i t h  increas ing  temperature.  This  has  been 

a t t r i b u t e d  t o  d e c r e a s i n g  I F T  w i t h  i n c r e a s i n g  

temperature and t o  b e t t e r  emulsion mobi l i ty  a s  a  

r e s u l t  of decreasing f l u i d  v i s c o s i t i e s .  

b. I n c r e a s e s  w i t h  i n c r e a s i n g  f l o o d  r a t e  because  of a  

higher c a p i l l a r y  number and/or shear  ra te .  

c. I n c r e a s e s  i f  s a l t  i s  added t o  t h e  i n j e c t e d  c a u s t i c .  

S a l t  d e c r e a s e s  t h e  I F T  and, p o s s i b l y ,  i n c r e a s e s  t h e  

i a t e  of emulsion coalescence. 

d. I n c r e a s e s  when s u r f a c t a n t  i s  added t o  t h e  i n j e c t e d  

c a u s t i c  a s  a  r e s u l t  of a  lower  1 F T  b u t  many f a c t o r s  

not  y e t  s tud ied  may a f f e c t  observations.  

e. I n c r e a s e s  w i t h  i n c r e a s i n g  pH, a g a i n  a s  a  r e s u l t  of 

lower I F T  

Caus t ic  consumption i n  t h e  presence of o i l  i nc reases  w i t h  

temperature and decreases  w i t h  r a t e  f o r  core  f loods  i n  a  

given length  core. 

3 .  S u r f a c t a n t  a d s o r p t i o n  i s  r e l a t i v e l y  s m a l l  f o r  t h e  ,! '.,;/ 
. .:;: 

" :..:. ,:>;: 
s u r f a c t a n t  u s e d  i n  t h e  f l o o d s .  The p r o d u c e d  .,::.:,::.3;:: 

, . ,~ %. . . . \ . '  ' 
',, ;!,::' , ' 

c o n c e n t r a t i o n s  a p p r o a c h e d  t h e  i n j e c t i o n ,  ,.:' 2, 
..;, . .  \ . . .  ,, I . . .  

. . . > >  . . ' 7 .  ..\, \ . - . . , . ,  
c o n c e n t r a t i o n s  a f t e r  a b o u t  1.5 p o r e .  v o l u m e s  of .... '<.:..., ';. ... 

. , . A  . .  . . ,  . . . .. i n j e c t i o n .  T h i s  can be a t t r i b u t e d  t o  t h e  h igh  pH and ' ' , : .  .. . .. . 

temperature. 

4 .  No s i g n i f i c a n t  o i l  bank was formed ahead of t h e  i n j e c t e d  

chemicals  e i t h e r  c a u s t i c  or  su r f  ac tant .  The a d d i t i o n a l  



o i l  recovery was produced along wi th  t h e  chemicals. 

5. Surf  a c t a n t  i n c r e a s e s  t h e  e f f e c t i v e n e s s  of t h e  c a u s t i c .  

A t  pH 1 2  o i l  was r e c o v e r e d  w i t h  s u r f a c t a n t  b u t  n o t  

without  s u r f a c t a n t .  

111. P R E D I C T I N G  F I E L D  PERFORMANCE O F  STEAM FLOODING W I T H  
CHEMICAL ADDITIVES 

A. R g s e r v o i r . 0 ~  . . f o r  P r e d k U r u a F i e e  Perform i u u x ~ ? t  
a 1  Adat- 

After  .making va r ious  explora tory  c a l c u l a t i o n s  using s impler  

displac'ement p r e d i c t i o n  techniques,  i t  was decided t o  develop a  

g e n e r a l  purpose  s t e a m f l o o d  s i m u l a t o r  i n c o r p o r a t i n g  c h e m i c a l  

add i t ives .  Although i t  was recognized t h a t  such a  development i s  

a  major undertaking, we concluded t h a t  t h e  f l e x i b l e  and powerful 

a n a l y t i c a l  c a p a b i l i t y  which would be gained thereby warranted t h e  

e f f o r t  required.  

To t h i s  e n d  we f i r s t  f o r m u l a t e d  t h e  g o v e r n i n g  s e t  of 

e q u a t i o n s  d e s c r i b i n g  t h e  model of t h e  process we e l e c t e d  Lo 

consider.  This  model cons i s t ed  of 1 4  va r i ab les :  

1-6 Pressure  and s a t u r a t i o n  of o i l ,  gas and water phases, 

7-8 Mole f r a c t i o n  of o i l  component 1 and 2  i n  t h e  o i l  

p h a ~ e i  

9-11 Mole f r s c t i o n  of o i l  component 1 a n d  2 and w ~ t ~ r  i n  

t h e  vapor phase, and 

12-1 3 Compos i t ion  of c h e m i c a l  a d d i t i v e  i n  t h e  w a t e r  phase  

and on t h e  rock su r face .  

1 4  Temperature 

The 1 4  equat ions  r e l a t i n g  t h e s e  v a r i a b l e s  a re :  

1 - 4  Mass b a l a n c e s  f o r  c o m p o n e n t  1 and  2 ,  w a t e r  a n d  



chemical a d d i t i v e ,  

5 Energy balance,  

6-7 C a p i l l a r y  p r e s s u r e  c u r v e s  f o r  o i l / g a s  and o i l / w a t e r  

i n t e r f a c e s ,  

8 Phase s a t u r a t i o n  sum t o  uni ty ,  

9 Mole f r a c t i o n s  of component 1 and 2 i n  o i l  phase  s u m  

t o  ' u n i t y ,  

1 0  Mole f r a c t i o n s  of component 1 and 2 and w a t e r  i n  t h e  

vapor phase s u m  t o  uni ty,  

1 1 - 1 2  Equilibrium r a t i o  of mole f r a c t i o n s  i n  t h e  l i q u i d  and 

vapor phase f o r  componen't 1 and 2 ,  

13 P a r t i a l  pressure  of water vapor equals  vapor pressure  

' of water ,  and 

1 4' E q u i l i b r i u m  b e t w e e n  c o n c e n t r a t i o n s  o f .  c h e m i c a l  

a d d i t i v e  on rock s u r f a c e  and i n  t h e  water phase. 

I n  t h e  s o l u t i o n  p r o c e s s  e q u a t i o n s  1 - 5  a n d  1 0  a r e  s o l v e d  

s i m u l t a n e o u s l y  f o r  o i ' l  p r e s s u r e ,  o i l  and w a t e r  s a t u r a t i o n ,  

t e m p e r a t u r e ,  c o n c e n t r a t i o n  of component 1 i n ' t h e  o i l  phase  and 

doncen t i a t ion  o f i  t h e  chemical  a d d i t i v e  i n  t h e  wafer phase. Given 

t h e ' v a l u e s  o r  t h e s e  6 v a r i a b l e s ,  t h e  va l 'ues  b f  t h e  r e m a i n i n g  

var iable ' s  a r e  computed. d i r e c t l y  from t h e  remaining e$uations. 

Equations 1-5 a r e  nonl inear  p a r t i a l  d i ' f f ; ieh t ia l  equations. 

: T O  s o l v e  t h e s e  s . i m u l t a n e o u s l y  t h e y  mist be c o n v e r t e d  t o  i i n i t e  

d i f f e r e n c e  'equations; s i n c e  t h e  l a t t e r  a're a l s o  noni inear  t h e i r  

s i m u l t a n e o u s  s o l u t i o n  a l o n g  w i t h   quat ti on 10  r e q u i r e s  a  t r i a l -  
. . 

andierr 'or" ( i t e r a t i o n )  ' process .  ' 'when 'computei program f o r  
, . . . .  . 

c i r i y i n b  out; this s o l u t i o n  have beexi jiobkhded i n  a  system 



of computer  r o u t i n e s  f o r  i n p u t i n g  d a t a  and m a n i p u l a t i n g  i t  i n  

r equ i red  ways, f o r  s t o r i n g  va lues  of s o l u t i o n  v a r i a b l e s  a s  they 

a r e  c a l c u l a t e d  through s imula ted  t ime, and f o r  p r i n t i n g  var ious  

o u t p u t  r e p o r t s ,  a  t h e r m a l / c h e m i c a l  s i m u l a t o r  h a s  been c r e a t e d .  

Once c r e a t e d ,  of c o u r s e ,  t h e  s i m u l a t o r  can  be used t o  p r e d i c t  

recovery w i t h  v a r i o u s  thermal/chemical i n j e c t i o n  schemes and t o  

d e r i v e  v i a  a  s e r i e s  of such p r e d i c t i o n s  an improved understanding 

of t h e  behavior of such processes  under va r ious  condi t ions .  

In  a d d i t i o n  t o  t h e  Conventional a s s u ~ ~ l p l i u n s  ri~ade t o  d e a c r i b c  

t h r e e  phase  f l u i d  f low i n  a  porous  media s u b j e c t e d  t o  t h e r m a l  

g r a d i e n t s  t h e  f o l l o w i n g  a s s u m p t i o n s  r e l a t i v e  t o  mass t r a n s f e r  

between phases a r e  imposed: 

a )  One of t h e  o i l  components  i s  i n v o l a t i l e ;  t h e  c o e x i s t i n g  

c o m p o s i t i o n s  of t h e  o t h e r  a t  e v e r y  p o i n t  i n  t h e  o i l  and 

gas phases w i t h i n  t h e  porous media a r e  i n  thermodynamic 

equi l ibr ium. 

b) The c o m p o s i t i o n  of b o t h  o i l  phase  components i n  t h e  

water phase is  zero.  

c )  The chemical a d d i t i v e  i s  inso lub le  i n  t h e  o i l  phase; t h e  

coex i s t ing  equi l ibr ium concen t ra t ions  i n  t h e  water and on 

t h e  rock  s a t i s f y  a  Langmuir- type e q u a t i o n  a t  each  p o i n t  

wi th in  t h e  porous media. 

d )  The i n t e r f a c i a l  t ens ion  between t h e  o i l  and water phases 

i s  a  n o n l i n e a r  f u n c t i o n  of t h e  c o n c e n t r a t i o n  of t h e  

chemical i n  t h e  water phase. 

e l  Reduct- ions i n  o i l / w a t e r  i n t e r f a c i a l  t e n s i o n  r e s u l t  i n  

l owered  r e s i d u a l  o i l  and w a t e r  s a t u r a t i o n s  and i n  an 



improvement i n  t h e  r e l a t i v e  permeabi l i ty  of both o i l  and 

w a t e r .  A t  e a c h  p o i n t  i n  t h e  p o r o u s  m e d i a  t h e s e  

r e d u c t i o n s  a r e  c h a r a c t e r i z e d  by t h e  c a p i l l a r y  number, 

which measures t h e  r a t i o  of v iscous  t o  c a p i l l a r y '  forces .  

A f t e r  f o r m u l a t i n g  t h e  e q u a t i o n s  and w r i t i n g  t h e  computer  

r o u t i n e s  requi red  t o  ca r ry  out  thermal/chemical s imula t ions ,  i t  

became a p p a r e n t  t h a t  t o  r e n d e r  t h e  s i m u l a t o r  o p e r a t i o n a l  would 

r e q u i r e  much more t i m e  t h a n  i s  r e a s o n a b l e  f o r  a  d o c t o r a l  

d i s s e r t a t i o n .  T h e r e f o r e ,  t h e  g o a l  was changed t o  c o m p l e t e  an 

i so thermal  model t o  s imula te  t h e  e f f e c t  of a  chemical a d d i t i v e  i n  
/ 

a waterflood. 

T h i s  g o a l  was a c h i e v e d  a s  r e p o r t e d  e l s e w h e r e  2 5 , 2 6 .  The 

i so thermal  chemical s imula to r  cons iders  6 v a r i a b l e s :  

1 - 4  Pressure  and s a t u r a t i o n  of o i l  and water phases, and 

5-6 Composi t ion  of c h e m i c a l  a d d i t i v e  i n  t h e  w a t e r  phase  

and on t h e  rock surface.  

The 6 equat ions  r e l a t i n g  t h e s e  v a r i a b l e s  a re :  

1-2 Mass balances f o r  o i l ,  water and chemical, 

4 Capi l la ry  pressure  curve f o r  o i l /wa te r  i n t e r f a c e ,  

5 Phase s a t u r a t i o n s  sum t o  u n i t y ,  and 

6 E q u i l i b r i u m  b e t w e e n  c o n c e n t r a t i o n s  of c h e m i c a l  

a d d i t i v e s  on t h e  rock su r face  and i n  t h e  water phase. 

I n  t h e  i s o t h e r n ~ a l  c h e m i c a l  s i m u l a t o r  E q u a t i o n s  1-3 a r e  s o l v e d  

s imultaneously f o r  o i l  pressure ,  water s a t u r a t i o n  and composition 

of chemica l  i n  t h e  w a t e r  phase.  To t h i s  end t h e s e  n o n l i n e a r  

p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  a r e  c o n v e r t e d  t o  a  s e t  of 

simultaneous nonl inear  a l g e b r a i c  equat ions giving t h e  va lues  of 



Po, Sw and C a t  t h e  end of a  t i m e  s t e p  i n  t e r m s  of t h e  known 

v a l u e s  a t  t h e  b e g i n n i n g  of a  t i m e  s t e p .  S o l u t i o n s  a r e  o b t a i n e d  

v i a  an i t e r a t i o n  p rocess .  Given t h e  v a l u e s  of Po, S, and C a t  

t h e  end of t h e  t i m e  s t e p ,  t h e  c o r r e s p o n d i n g  v a l u e s  of t h e  o t h e r  

v a r i a b l e s  a r e  computed d i r e c t l y  from t h e  remaining equations.  

A f t e r  debugging (which was a  t i m e  consuming and t e d i o u s  

p r o c e s s )  t h e  i s o t h e r m a l  c h e m i c a l  s i m u l a t o r  was used t o  p r e d i c t  

recovery i n  a  v e r t i c a l  c ross  s e c t i o n  r e s u l t i n g  from t h e  i n j e c t i o n  

o t  v a r i o u s  s l z e  s l u g s  c o n t a i n i n g  d i t i e r e n t  c o n c e n t r a t i o n s  o i  

c h e m i c a l  a d d i t i v e .  A s  i s  shown i n  F i g u r e  3 8  from R e f e r e n c e s  2 5  

and 26  f o r  t h e  c h e m i c a l  sys tem c o n s i d e r e d ,  i n t e r f a c i a l  t e n s i o n  

passed through a  m i n i m u m  a s  s u r f a c t a n t  concent ra t ion  increased. 

I n  a l l  c a s e s  s i m u l a t e d  o i l  was assumed t o  be i n i t i a l l y  a t  

r e s i d u a l  s a t u r a t i o n  f o r  a  non-chemical  w a t e r f l o o d ,  s o  t h a t  any 

o i l  recovered r e s u l t s  from a  reduct jon i n  r e s i d u a l  o i l  s a t u r a t i o n  

by t h e  chemlca l  additive. T h i s  r e d u c t i o n  i s  d e p i c t e d  a s  a  

f u n c t i o n  of c a p i l l a r y  number on F i g u r e  3 9  from Refe rence  27.  

O the r  f i g u r e s  i n  R e f e r e n c e  2 6  p r e s e n t  r ecovery  c u r v e s  f o r  t h e  

va r ious  s i t u a t i o n s  simulated.  

From these  r e s u l t s  we concluded t h a t  g r a v i t a t i o n a l  f o r c e s  and 

o i l  v i s c o s i t y  can  have a  s i g n i f i c a n t  impac t  on r e c o v e r y  i n  a  

c h e m i c a l  f l o o d .  For a  sys tem such a s  we c o n s i d e r e d  which has  a  

c r i t i c a l  m i d d l e  c o n c e n t r a t i o n  ( m i n i m u m  of A vs. C )  i n j e c t i o n  

concent ra t ion  and s l u g  s i z e  g r e a t l y  a f f e c t  predic ted  recovery. 

A second major  accompl ishment  whose e f f e c t i v e n e s s  was 

demonstrated by t h e  i so thermal  s imula tor  was t h e  development of a  

new f i n i t e  d i f f e r e n c i n g  schesr,e f o r  c o n c e n t r a t i o n  cf c h e m i c a l  



SURFACTANT CONCENTRATION, C ( g l l )  

F i g u r e  38. Typ i ca l  i n t e r f a c i a l  t e n s i o n  as f u n c t i o n  o f  

s u r f a c t a n t  c o n c e n t r a t i o n  



F i g u r a  39. T y p i c a l  o i l  and wa te r  r e s i d u a l  s a t u r a t i ~ n s  as f ~ n c t i o n  o f  

c a p i l l a r y  number 
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a d d i t i v e  i n  t h e  water phase, C. T h i s  technique e l i m i n a t e s  almost  

e n t i r e l y  t h e  n u m e r i c a l  d i s p e r s i o n  of t h e  moving c o n c e n t r a t i o n  

p r o f i l e .  In  t h e  absence of absorpt ion t h i s  new method reproduces 

n e a r l y  e x a c t l y  i n  a  f i n i t e  d i f f e r e n c e  model t h e  c o n c . e n t r a t i o n  

p r o f i l e  computed t h e o r e t i c a l l y  f o r  a  moving concent ra t ion  slug. 

T h i s  technique which can be r e a d i l y  adapted t o  any q u a n t i t y  being 

t r a n s p o r t e d  by c o n v e c t i o n ,  overcomes one of t h e  mast s e r i o u s  

problems which h a s  t r o u b l e d  and s lowed t h e  development  of 

a c c u r a t e  s i m u l a t o r s  of complex o i l  r ecovery  p r o c e s s e s  f o r  2 5  

yea r s ,  

A f u r t h e r  improvement i n  n u m e r i c a l  t e c h n i q u e s  was t h e  

development  of a new method f o r  f i t t i n g  f u n c t i o n s  t o  t a b l e s  of 

d a t a .  The f i t t e d  f u n c t i o n s . a r e  smooth and c o n t i n u o u s  and have 

continuous f i r s t  d e r i v a t i v e s  everywhere l i n e a r  programming is  

used t o  f i t  these  s p l i n e - l i k e  func t ions  t o  tab les '  of data .  

Based upon what was l e a r n e d  i n  t h e  i s o t h e r m a l  e f f o r t ,  a 

completely revised  system of f i n i t e  d i f f e r e n c e  equat ions  f o r  t h e  

t h e r m s l / c h e m i c a l  s i m u l a t o r  was developed.  The new t r a n s p o r t  

d i f f e r e n c i n g  scheme  w h i c h  worked s o  w e l l  f o r  c h e m i c a l  

c a n c e l l t r a t i o n  was a p p l i e d  t o  a l l  t r a n s p o r t e d  v a r i a b l e s .  Given 

t h e  r e v i s i o n s  i t  was d e c i d e d  t h a t  o n l y  minor p o r t i o n s  of t h e  

p r e v i o u s  F O R T R A N  p r o g r a m s  c o u l d  be u s e d  w i t h  t h i s  new 

f o r m u l a t i o n .  T h u s , '  coding  of an e n t i r e l y  new s e t  of FORTRAN 

r o u t i n e s  was i n i t i a t e d .  

Conclusions and R~cornrnendakions, Resu l t s  t o  d a t e  have given 

g r e a t e r  u n d e r s t a n d i n g  of t h e  b e h a v i o r  of t h e  chemica l  f l o o d  

p r o c e s s  a n d  h a v e  d e m o n s t r a t e d  t h e  e f f i c i e n c y  of  t h e  new 



t e c h n i q u e s  deve loped  t o  e f f e c t  t h i s  complex s i m u l a t i o n .  The 

development of t h e  thermal/chemical s imula to r  needs t o  be c a r r i e d  

t o  completion. Following t h i s  an ex tens ive  s e r i e s  of parameter 

and process  s t u d i e s  should be conducted and t h e  thermal/chemical 

s imula to r  thorougly documented t o  al low widespread d i s t r i b u t i o n  

of t h e  program t o  o the r  researchers .  

B. m a l v s i s  of t h e  D i s ~ l w m t  of V i s w s  O i l  bv thg . . e c t i o n  of Hot Water and Ch-al A d a t i v s  

The p r i m a r y  o b j e c t i v e .  i n  t h e  c h e m i c a l  a s s i s t e d  t h e r m a l  

r ecovery  p r o c e s s e s  d e s c r i b e d  a b o v e .  i s  t h e  ach ievement  of a  

n o t a b l e  improvement  i n  t h e  r e c o v e r y  pe r fo rmance  over  t h e  

unass i s t ed  cases ,  obtained by t h e  combined a c t i o n  of temperature 

and i n t e r f a c i a l  tens ion  e f f e c t s .  The ,m.ain func t ion  of chemical 

a d d i t i v e s  i n  i so thermal  enhanced recovery processes  is t o  a l t e r  

t h e  rnobi l i  t y  c h a r a c t e r i s t i c s  of t h e  £.lowing p h a s e s  by r e d u c i n g  

t h e  i n t e r f a c i a l  t e n s i o n  between.  aqueous and o l e i c  .phases ,  t h u s  

decreasing r e s i d u a l  o i l  s a t u r a t i o n s  and inc reas ing  t h e  r e l a t i v e  

p e r m e a b i l i t y  of o i l  t o  f low28.  T h i s  e f f e c t ,  i f  a c t i n g  i n  a 

syne . rg i s t i c  way wi th  t h e  increased  o i l  .mobi l i ty  achieved a t  high 

temperatures ,  . . is expected t o  considerably enhance t h e  microsc'opic 

recovery e f f i c i e n c y  of s tandard  thermal recovery processes. 

C l e a r l y ,  t h e  v i a b i l i t y  of su.ch combined i n j e c t i o n  schemes 

r e s t s  on t h e  hypothesis  t h a t  t h e  i n j e c t e d  chemical a d d i t i v e  has 

i t s  s y n e r g i s t i c  e f f e c t  on t h e  heated region of t h e  r e s e r v o i r ,  and 

p a r t i c u l a r l y  .on t h e  h o t  1i .qu.id.  r e g i o n  p r e c e d i n g  advanciiig 

condensation f r o n t s  (e.g., i n  steam i n j e c t i o n ) .  Therefore,  i t  i s  

, of c r i t i c a l  . im,portance.  f o r  t h , e  s u c c e s s f u l  i m p l e m e n t a t i o n  of an 
, . .  

a s s i s t e d ,  p r o c e s s  t o  d e t e r m i n e  t h e  r e g i o n  of r e s i d e n c e  of  t h e  . . 



injected additives, with the ultimate objective of designing 

optimal injection schemes that maximize displacement efficiency. 

In an attempt to address this complex subject, we elected to 

study the simpler case of an adiabatic hot waterflood assisted by 

the simultaneous injection of a chemical additve. Such a study, 

besides it own importance for combined hot water and chemical 

injection processes, will enable us to gain considerable insight 

on the rates of propagation of chemical and temperature fronts in 

the liquid zone preceding steam fronts in the combined steam 

injection process. - 
We consider the combined injection of hot water and chemical 

additive in one-dimensional reservoir geometries. For simplicity 

the study was restricted to high injection rates such that 

effects of dispersion, heat conduction, capillarity, and lateral 

heat losses are negligible. The chemical was allowed to 

partition in the aqueous phase and to be adsorbed on the rock 

surface following equilibrium adsorption. The effects of 

temperature on fluid viscosities and adsorption isotherms, and of 

interfacial tension on residual oil saturation and relative 

permeabilities were incorporated in a standard fashion 6 r 2 9 .  The 

ensuing mathematical formulation of the process was cast into a 

system of hyperbolic, partial-differentia1 equations, the 

solution of which was obtained analytically by method of 

generalized simple waves3' (c~herence)~'. Temperature, 

concentration, saturation profiles and recovery efficiencies were 

derived for both continuous and chemical slug injection. 

. The results of the mathematical analysis for the case of 



c o n t i n u o u s  i n j e c t i o n  r e v e a l  t h a t ,  a s  a n t i c i p a t e d ,  a d s o r p t i o n  

p l a y s  a  major r o l e  i n  determining t h e  region of res idence  of t h e  

chemical. S p e c i f i c a l l y ,  i t  was found by an exact  ana lys i s ;  t h a t  

t h e r e  e x i s t s  a  c r i t i c a l  v a l u e  of  t h e  c h e m i c a l  a d d i t i v e  

concent ra t ion ,  1 ,,, such t h a t  when t h e  i n j e c t i o n  concent ra t ion  ? i  

e x c e e d s  t h i s  v a l u e ,  q i >I C r ,  t h e  c h e m i c a l  t r a v e l s  ahead of t h e  

t e m p e r a t u r e  f r o n t ,  w h i l e  when t h e  i n j e c t i o n  c o n c e n t r a t i o n  i s  

l o w e r  t h a n  t h e  c r i t i c a l  v a l u e ,  7 i < q C r ,  t h e  c h e m i c a l  . r e s i d e s  

e n t i r e l y  i n  t h e  h e a t e d  r e g i o n  of t h e  r e s e r v o i r ,  An a p p r o x i m a t e  

e s t i m a t e  of c r  v a l i d  i n  a  s u b s t a n t i a l l y  l a r g e  range of t y p i c a l  

p a r a m e t e r  v a l u e s ,  when t e m p e r a t u r e  e f f e c t s  on a d s o r p t i o n  a r e  

n e g l i g i b l e ,  i s  provided by t h e  expression (Figure 40) 

where g l  is t h e  adsorpt ion  parameter i n  t h e  Langmuir isotherm 

Equation (1) f u r t h e r  impl ie s  t h a t  a t  t h e  c r i t i c a l  concent ra t ion  

t h e  a d s o r p t i o n  i s o t h e r m  h a s  r eached  i t s  p l a t e a u  v a l u e .  T h i s  

r e s u l t  i s  a  consequence  of t h e  l a r g e  d i f f e r e n c e  be tween t h e  

vo lumet r i c  hea t  c a p a c i t i e s  of rock and o i l ,  and t h e  assumed l a r g e  

s l o p e  of t h e  a d s o r p t i o n  i s o t h e r m  a t  t h e  o r i g i n .  S i m i l a r  

e x p r e s s i o n s  h o l d  f o r  a d s o r p t i o n  i s o t h e r m s  o t h e r  t h a n  Langmuir 

The reduct ion i n  t h e  r e s i d u a l  o i l  s a t u r a t i o n  a t t a i n e d  a t  t h e  

c r i t i c a l  v a l u e  w a s  e v a l u a t e d  by e m p l o y i n g  t h e  s i m p l e  

r e p r e s e n t a t i o n s  

76 
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F igu re  40 .  C r i t i c a l  concen t ra t i on  f o r  va r i ous  va lues o f  g /a and temperature ' 
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and normalizing concent ra t ion  by t h e  r a t e  of r e s i d u a l  s a t u r a t i o n .  

reduct ion  

Equation (1) then becomes 

w h i c h  s h o w s  t h a t . f o r  low v a l u e s  o f  t h e  r a t i o  g l / a 3  ( h i g h  

adsorpt ion  p la teau  va lues  and/or high r a t e s  of reduct ion of t h e  

r e s i d u a l  o i l  s a t u r a t i o n )  t h e  r e s idua l  s a t u r a t i o n  a t  t h e  c r i t i c a l  

c o n c e n t r a t i o n  h a s  r eached  i t s  i r r e d u c i b l e  v a l u e  a l ,  w h i l e  f o r  

h i g h  v a l u e s  of t h e  r a t i o  g1/a3 t h e  r e d u c t i o n  i n  t h e  r e s i d u a l  

s a t u r a t i o n  a t  t h e  c r i t i c a l  v a l u e  i s  minimal .  Thus, i t  i s  

apparent  t h a t ,  al though b e n e f i c i a l  f o r  a  simultaneous reduct ion 

of r e s i d u a l  s a t u r a t i o n  and o i l  v i s c o s i t y ,  designing a  continuous 

i n j e c t i o n  p r o c e s s  such  t h a t  t h e  c h e m i c a l '  r e s i d e s  i n  t h e  h e a t e d  

r e g i o n  may n o t  p r o v e  e f f e c t i v e ,  i n  some c a s e s ,  f u r  t l ie  

-- mobi l iza t ion  of a  s i g n i f i c a n t  amount of trapped o i l  (F igure  4 1 ) .  

The above conclusions,  v a l i d  f o r  continuous i n j e c t i o n ,  do not  , 

f u r n i s h  an a c c u r a t e  t e s t  of t h e  v a l i d i t y  of t h e  h y p o t h e s i s  t h a t  

opt imal  performance i s  obtained when t h e  chemical r e s i d e s  i n  t h e  

h e a t e d  r e g i o n  of t h e  r e s e r v o i r .  A p r o p e r  a s s e s s m e n t  of t h i s  

c l a i m  i s  o n l y  p r o v i d e d  from t h e  s i m u l a t i o n  of t h e  r ecovery  

performance during s l u g  in jec t ion .  Using t h e  a n a l y t i c a l  method 

d e s c r i b e d  above, t h e  r ecovery  pe r fo rmance  of t h e  a s s i s t e d  h o t  

w a t e r f l o o d  i n  a  t e r t i a r y  r ecovery  p r o c e s s  was c a l c u l a t e d .  By 

p r o p e r l y  maximiz ing  t h e  r e c o v e r y  pe r fo rmance ,  an  optimum s l u g  



HW: Hot Waterflood 

IC 100: lsotherma.1 Chemical Flood at 100'~ 

IC. 200: Isothermal Chemical Flood at 200'~ 

Al, A4, A10: Combined Injection at C = 1, 4, 10 

AGO: Combined Injection, no adsorption 
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Figure 41. Recovery curves for continuous injection, secondary flooding 
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s i z e  toP(li) was d e t e r m i n e d  a s  a  f u n c t i o n  of t h e  i n j e c t i o n  

concent ra t ion .  The cor respond ing  maximum r e c o v e r y  pe r fo rmance  

index 

I ( q i )  max 

t~ 

w a s  t h e n  e v a l u a t e d  a t  d i f f e r e n t  v a l u e s  of  t h e  i n j e c t i o n  

c o n c e n t r a t i o n  3 i. F i g u r e s  4 2 ,  43 show p l o t s  of I v e r s u s  C f o r  

d i f f e r e n t  v a l u e s  of A P I  d e n s i t y  and t h e  r a t i o  gl/a3. I t  i s  

o b s e r v e d  that i n  t h e  r ange  examined t h e  c u r v e  e x h i b i t s  n s h a r p  

maximum a t  c o n c e n t r a t i o n  v a l u e s  which a r e  a l w a y s  l e s s  t h a n  o r  

e q u a l  t o  t h e  c r i t i c a l  v a l u e s  (Equa t ion  5). For example,  f o r  an 

o i l  of d e n s i t y  20' A P I ,  t h e  maximum o c c u r s  nea r  C = l ,  w h i l e  f o r  an 

o i l  of  d e n s i t y  30' A P I ,  t h e  maximum v a l u e  o c c u r s  a t  a  

concen t ra t ion  which apppears t o  be p ropor t iona l ly  r e l a t e d  t o  t h e  

c r i t i c a l  concentrat ion.  In both cases,  t h e  performance index I 

and t h e  s h a r p n e s s  OX t h e  c u r v e  i n c r e a s e  w i t h  an i n c r e a s e  i n  g l  

( d e c r e a s e  i n  t h e  a d s o r p t i o n  p l a t e a u ) ,  a s  expec ted .  T h u s ,  the 

r e c o v e r y  p e r f o r m a n c e  a p p e a r s  t o  b e  more  s e n s i t i v e  t o  t h e  

i n j e c t i o n  concen t ra t ion  a s  t h e  'adsorpt ion l e v e l  decreases.  

These r e s u l t s  l e n d  s u p p o r t  t o  t h e  h y p o t h e s i s  t h a t  optimum 

r e c o v e r y  p e r f o r m a n c e s  a r e  o b t a i n e d  when t h e  i n j e c t e d  c h e m i c a l  

s l u g  r e s i d e s  e n t i r e l y  i n  t h e  heated region of t h e  reservoi r .  For 

f i x e d  v a l u e s  o t  t h e  p a r a m e t e r  r a t i o  g l / a 3 ,  t h e  i n j e c t . i o n  

c o n c e n t r a t i o n  and c h e m i c a l  s l u g  s i z e  t h a t  maximize t e r t i a r y  

recovery g e r f ~ r m a n c e  can be es t ima ted  from t h e  above analys is .  

I n  summary, i t  was shown t h a t  i n  t h e  combined h o t  w a t e r ,  

c h e m i c a l  a d d i t i v e  i n j e c t i o n  p r o c e s s ,  a  c r i t i c a l  v a l u e  9 c r  

e x i s t s ,  such t h a t  when t h e  i n j e c t e d  concent ra t ion  l i e s  above t h i s  



F i g u r e  4 2 .  Recovery performance index f o r  v a r i o u s  

va lues  o f  g /a  (20° A P I )  
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F i g u r e  43.  Recovery performance index f o r  v a r i o u s  va lues  o f  

g,/a3 (30° A P I )  



v a l u e  t h e  c h e m i c a l  t r a v e l s  ahead of t e m p e r a t u r e  f r o n t s .  A 

s i g n i f i c a n t  por t ion  of t h e  i n j e c t e d  chemical s l u g  r e s i d e s  i n  t h e  

unheated region of t h e  r e s e r v o i r  i n  t h i s  case. By c o n t r a s t ,  when 

t h e  i n j e c t e d  concent ra t ion  l i e s  below 3 cr,  t h e  chemical r e s i d e s  

e n t i r e l y  i n  t h e  h e a t e d  r e g i o n ,  r e s u l t i n g  i n  more e f f i c i e n t  

displacement. A s  a n a l y s i s  of t h e  recovery e f f i c i e n c y  f o r  t y p i c a l  

c o n d i t i o n s  i n d i c a t e s  t h a t  t h e  a s s i s t e d  i n j e c t i o n  i s  a  v i a b l e  

enhanced recovery  p rocess .  I n  p a r t i c u l a r ,  i t  i s  shown t h a t  t h e  

recovery performance i n  a  t e r t i a r y  recovery process  is  maximized 

when t h e  i n j e c t e d  c o n c e n t r a t i o n  l i e s  below t h e  c r i t i c a l  va lue .  
. . 

Further  s t u d i e s  on t h e  a s s i s t e d  hot  water i n j e c t i o n  w i t h  chemical 
. . 

p a r t i t i o n i n g  i n  t h e  o l e i c p h a s e ,  a s  w e l l  a s  on t h e  a s s i s t e d  s t eam 

i n j e c t i o n  process  a r e  , cu r ren t ly  under inves t iga t ion .  



CONCLUSIONS AND RECOMMENDATIONS 

The thermal  s t a b i l i t y  of a  number of petroleum s u l f o n a t e s  has  

been evaluated.  The genera l  conclusion from t h e  da ta  obtained is 

t h a t  those s u r f a c t a n t s  which conta in  an aromat ic  s u l f o n a t e  bond 

( t h i s  inc ludes  petroleum s u l f o n a t e s )  w i l l  have marginal thermal 

s t a b i l i t y  f o r  t h e  long  t i m e  t h e s e  s u r f a c t a n t s  would be a t  

e l e v a t e d  t e m p e r a t u r e s  d u r i n g  a  s t e a m f l o o d .  R e d u c t i o n  of  

i n t e r f a c i a l  t e n s i o n  along w i t h  reduced o i l  v i s c o s i t i e s  a t  steam 

t e m p e r a t u r e s  d o e s  r e s u l t  i n  d e c r e a s e d  r e s i d u a l  o i l  s a t u r a t i o n .  

Another c l a s s  of c a t i o n i c  s u r f a c t a n t s ,  t h e  a l k y l  s u l f o n a t e s ,  is 

r e p o r t e d  t o  have much b e t t e r  t h e r m a l  s t a b i l i t y  t h a n  t h e  a r y l  

s u l f o n a t e s .  The a l k y l  s u l f o n a t e s  a r e  b e i n g  used a s  foaming 

a g e n t s  and a l s o  a p p e a r  t o  have p o t e n t i a l  f o r  r e d u c i n g  r e s i d u a l  

o i l  s a t u r a t i o n s .  These s u r f a c t a n t s  were  n o t  e v a l u a t e d  i n  t h i s  

r e p o r t  b u t  f u r t h e r  s t u d y  of  t h i s  t y p e  of  s u r f a c t a n t s  i s  

warranted. 

The l ow c o s t  o f  s o d i u m  h y d r o x i d c  makco t h i ~  o h c m i a s l  

a t t r a c t i v e  a s  a  s t e a m f l o o d  a d d i t i v e  b u t  t h e  q u e s t i o n  a b o u t  t h e  

e x t e n t  of  i t s  l o s s  i n  r e a c t i o n s  w i t h  r e s e r v o i r  s i l i c a  i s  y e t  t o  

be r e s o l v e d .  I f  t h e  c a u s t i c  m a i n t a i n s  i t s  h i g h  pH, c o r e  f l o o d s  

i n d i c a t e  t h a t  i t  can be v e r y  e f f e c t i v e  i n  r e d u c i n g  r e s i d u a l  o i l  

s a t u r a t i o n .  P o s s i b l y  a p p r o p r i a t e  s i l i c a t e  s o l u t i o n s  can be 

i n j e c t e d  which a r e  a t  e q u i l i b r i u m  w i t h  t h e  r e s e r v o i r  rock and 

w i l l ,  t he re fo re ,  main ta in  t h e i r  pH. The use of s i l i c a t e s  a t  high 

t e m p e r a t u r e s  needs  f u r t h e r  i n v e s t i g a t i o n .  A t h e o r e t i c a l  s t u d y  

should be made using known equillbqiurg! cons tgn t s  f ~ r  phe caus t i c -  

s i l i c a t e  s y s t e m s  t o  p r e d i c t  t )e  f a t e  of i n j e ~ t e d  seur$ic i n  a 



s a n d s t o n e  r e s e r v o i r  and t o  d e t e r m i n e  t h e  pH l e v e l  one i s  l i k e l y  

t o  be a b l e  t o  m a i n t a i n  a t  s team t e m p e r a t u r e s .  The e f f e c t  of 

t e m p e r a t u r e  on t h e  i n t e r a c t i o n  of c a u s t i c  and r e s e r v o i r  c l a y  

m a t e r i a l s  has  y e t  t o  be evaluated.  

Subsfantia.1 progress  has been made i n  t h e  development of the  

t h e r m a l / c h e m i c a l  s i m u l a t o r  b u t  much r e m a i n s  t o  .be done. Of 

p a r t i c u l a r  i n t e r e s t ,  beyond what i s  a l r e a d y  proposed ,  i s  t h e  

a p p l i c a t i o n  of t h e  s i m u l a t o r  i n  p r e d i c t i n g  pe r fo rmance  of a 

foaming agent  when added t o  steam t o  improve mobi l i ty  r a t i o s  and 

sweep e f f i c i e n c i e s .  The s o l u t i o n  t o  t h i s  problem w i l l  i n v o l v e  

much of t h e  d a t a  developed i n  t h i s  r e p o r t  b u t  w i l l  r e q u i r e  an 

e x t e n s i o n  of t h e  s t u d i e s  on a d s o r p t i o n  and c h e m i c a l  s t a b i l i t y .  

F u r t h e r  work i s  r e q u i r e d  on t h e  mechanisms by which foaming 

agents  reduce steam mobi l i ty  and on procedures f o r  incorpora t ing  

t h i s  knowledge a s  developed i n t o  t h e  s imulator .  

The r e s u l t s  t o  d a t e  s u g g e s t  t h a t  c h e m i c a l  a d d i t i v e s  have a  

good p o s s i b i l i t y  of be ing  b e n e f i c i a l  i n  s t e a m f l o o d i n g  b u t  a  

number of problems remain which r e q u i r e  f u r t h e r  inves t iga t ion .  

T h e s e  i n c l u d e  a n  e v a l u a t i o n  of  a  much w i d e r  s e l e c t i o n  of  

s u r f a c t a n t s  and development  of s c r e e n i n g  methods t o  make t h e s e  

e v a l u a t i o n s  s y s t e m a t i c a l l y .  Much y e t  needs  t o  be done i n  
. . 

improving  v o l u m e t r i c  s w e e p s e f f i c i e n c y  f o r  s t e a m f l o o d s  and i n  
, , 

. -. 
-&derstanding t h e  phys ica l  processes  by which t h i s  may be done. 

The use  of i n o r g a n i c  a d d i t i v e s  s t i l l  h a s  a  s t r o n g  a p p e a l  b u t  
. . 

a g a i n  a  more d i v e r s i f i e d  . . i n v e s t i g a t i o n  i s  r e q u i r e d  t o  s e l e c t  
. . . . 

s u i t a b l e  .chemicals which w i l l  hold up i n  t h e  r e s e r v o i r  and have 

t h e  des i red  e f f e c t s  i n  reducing r e s i d u a l  o i l  s a tu ra t ions .  
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