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ABSTRACT 

A s i m p l i f i e d  method t o  c a l c u l a t e  CaC03 s a t u r a -  
t i o n  i s  deve loped  u s i n g  o n l y  commonly measured f i e l d  
p a r a m e t e r s .  The c a l c u l a t e d  s a t u r a t i o n  i n d e x  ( S I )  
and pH v a l u e s  are  shown t o  b e  a c c u r a t e  a t  h i g h  t e m -  
p e r a t u r e s  and  p r e s s u r e s  i n  b r i n e s  and are compared 
t o  less  s o p h i s t i c a t e d  and  more complex c a l c u l a t i o n s .  

The S I  i s  d e f i n e d  as:  i a p  

SP 
S I  = log1 ~ O K  ' 

where i a p  i s  t h e  i o n  a c t i v i t y  p roduc t  of  Ca2+  and 
CO3-  and Ksp i s  t h e  s o l u b i l i t y  p roduc t  o f  c a l c i t e .  
The f i n a l  form of  t h e  S I  and  pH c a l c u l a t i o n s  a r e  
d e r i v e d  u s i n g  c o n d i t i o n a l  e q u i l i b r i u m  c o n s t a n t s  de- 
pendent  on t e m p e r a t u r e ,  p r e s s u r e ,  and  i o n i c  s t r e n g t h  
which e l i m i n a t e  t h e  need  f o r  a c t i v i t y  c o e f f i c i e n t s .  
The d e r i v e d  e q u a t i o n  f o r  t h e  pH c a l c u l a t i o n  (pH,) 
is  : X 

p, co, 
) + 8.6812 + 4.0539 x 10-)T L L  

pHc = - ( l o g  ___ Alk 
+ 0.4583 x 10-6T2 - 3.0673 x 10-5P 
- 0.477211/2 + 0.19301,  

where PT i s  t o t a l  p r e s s u r e  ( p s i ) ,  Xco2 i s  t h e  mole 
f r a c t i o n  of  C02 i n  t h e  g a s  phase  ( u n i t l e s s ) ,  Alk i s  
b i c a r b o n a t e  a l k a l i n i t y  ( m o l a r i t y ) ,  I is  i o n i c  
s t r e n g t h  ( m o l a r i t y ) ,  T i s  t e m p e r a t u r e  ( O F ) ,  and P 
i s  p r e s s u r e  ( p s i ) .  The S I  e q u a t i o n  is  p r e s e n t e d  i n  
forms  f o r  c a l c u l a t i o n  w i t h  known o r  d e r i v e d  pH and 
where  the pH o f  t h e  s o l u t i o n  i s  unknown. The gen- 
e r a l  form of  t h e  s a t u r a t i o n  i n d e x  e q u a t i o n  is:  

T _  Ask2 
+ 5.8946 + 15.4880 x 10-'T La 

S I  = l o g  
PT x c 0 2  

- 4.2596 x 10-6T2 - 7.4401 x 10-5P 
-2.5261I1I2 + 0.91971. 

A p p l i c a t i o n  o f  t h e  S I  i s  shown by c a l c u l a t i n g  t h e  
s c a l i n g  t endency  o f  g e o p r e s s u r e d  ene rgy  w e l l s  o f  
t h e  Gulf Coas t  r e g i o n .  

t i o n  h a s  l e d  t o  t h e  development o f  a f l o w  sys t em 
w i t h  h i g h  t e m p e r a t u r e  and p r e s s u r e  c a p a b i l i t y .  A 
h i g h  p r e s s u r e  (pe r fo rmance )  l i q u i d  chromatograph  
(HPLC) w a s  mod i f i ed  by t h e  a d d i t i o n  of  a backpres -  
s u r e  v a l v e  w h i l e  b y p a s s i n g  :he HPLC packed column. 
S o l u t i o n  mix ing  and t e m p e r a t u r e  are computer con- 
t r o l l e d  and  CaC03 p r e c i p i t a t i o n  is  mon i to red  by i n -  
l i n e  pH measurement.  S imula t ed  and  real  b r i n e  
samples  were u s e d  t o  e v a l u a t e  s c a l e  i n h i b i t o r s  and 
CaC03 p r e c i p i t a t i o n  w a s  r e l a t e d  t o  t h e  s a t u r a t i o n  
i n d e x  ( S I ) .  The i n h i b i t o r s  e v a l u a t e d  (In, ppm) and  
t h e  b r i n e  S I  w i t h  r e s p e c t  t o  CaC03 were: 

I n h i b i t o r  

The s t u d y  of  calcium c a r b o n a t e  scale i n h i b i -  

S I  I n  _ _ ~  
Hydroxyethylidenediphosphonic a c i d  (HEDP) 1 .87  0.20 
Polymale i c  a c i d  (PMA) 1 .87  0 .35  
P o l y a c r y l i c  a c i d  (PAA) 1 .87  0 .35  

INTRODUCTION 

Calcium c a r b o n a t e  p r e c i p i t a t i o n  h a s  been and 
c o n t i n u e s  t o  b e  a problem i n  aqueous  sys t ems .  Cal- 
cium c a r b o n a t e  s c a l e  i s  most p r e v a l e n t  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  CaC03 s o l u b i l i t y  dg .c reases  
w i t h  t h e  i n c r e a s i n g  t e m p e r a t u r e .  

s c a l i n g  t endency ,  such  a s  t h e  L a n g e l i e r  and S t i f f -  
Davis S a t u r a t i o n  I n d i c e s ,  have  b u i l t - i n  c o n s t r a i n t s  
when c o n s i d e r i n g  c l o s e d  aqueous  sys t ems  ( L a n g e l i e r ,  
1946 and  S t i f f  and Dav i s ,  1 9 5 2 ) .  With b o t h m e t h o d s ,  

Less  s o p h i s t i c a t e d  methods f o r  d e t e r m i n i n g  

T a b l e  1. A compar ison  of the s u p e r s a t u r a t i o n  i n d e x  
(SI) to t h e  S t i f f  and  Davis i n d e x  f o r  f o u r  o i l f i e l d  
b r i n e s  a$,&22'F and a t m o s p h e r i c  p r e s s u r e  ( d a t a  from 
Brad ley )  

t h e  s o l u t i o n  pH must b e  known t o  b e g i n  t h e  c a l c u l a -  
t i o n s .  A t  h i g h  t e m p e r a t u r e s  and p r e s s u r e s ,  no  t e c h -  
n i q u e  e x i s t s  f o r  r e l i a b l e  pH measurement.  N e i t h e r  
method can  accoun t  f o r  p r e s s u r e  changes  i n  t h e  sys -  
t e m  n o r  t h e  chang ing  s o l u b i l i t y  of  C02( ) w i t h  
t e m p e r a t u r e  and  p r e s s u r e .  The S t i f f  an! Davis 
(1952) c o n s t a n t  K is  n o t  known above 194°F(900C) 
(Cowan and  W e i n t r i t t ,  1972) .  The method p r e s e n t e d  
i n  t h i s  p a p e r  f o l l o w s  t h e  S t i f f  and Davis  method 
v e r y  c l o s e l y  a t  t e m p e r a t u r e s  i n  r ange  of  t h e  S t i f f  
and  Davis c a l c u l a t i o n  and  a t  known pH. T a b l e  1 i s  
a compar ison  of  t h e  s a t u r a t i o n  i n d e x  ( S I )  p r e s e n t e d  
h e r e  t o  t h e  S t i f f  and Davis  Index  f o r  f o u r  o i l f i e l d  
b r i n e s  (Brad ley ,  1972) .  The method w i l l  e n a b l e  cal-  
c u l a t i o n s  o f  pH, i f  n o t  known, and  c o n s i d e r s  t o t a l  
p r e s s u r e  as w e l l  as v a r y i n g  C O Z ( ~ )  p a r t i a l  p r e s s u r e s  
f rom commonly measured v a r i a b l e s  in t h e  f i e l d ,  i . e . ,  
t o t a l  ca l c ium,  b i c a r b o n a t e  a l k a l i n i t y ,  i o n i c  
s t r e n g t h ,  t e m p e r a t u r e ,  p r e s s u r e ,  and t h e  mole f r a c -  
t i o n  o f  C02 i n  t h e  g a s  phase .  

More complex computer codes  e x i s t  f o r  t h e  c a l -  
c u l a t i o n  of C a C 0 3  s c a l i n g  t e n d e n c i e s  i n  aqueous  s y s -  
t e m s  a t  h i g h  t e m p e r a t u r e s  and p r e s s u r e s ,  b u t  t h e s e  
are c o n s t r a i n e d  by t h e  need  f o r  mainframe compute r s ,  
complex codes ,  and  l a r g e  d a t a  b a s e s .  A s o p h i s t i -  
c a t e d  code ,  EQUILIB, deve loped  by Shannon e t  a l .  
(1977) a t  B a t t e l l - N o r t h w e s t  r e q u i r e s  computer f a c i -  
l i t i e s  and  does  t a k e  p r e s s u r e  i n t o  a c c o u n t .  T h i s  
o f f e r s  an o p p o r t u n i t y  t o  check  t h e  c a l c u l a t i o n s  

_ _  
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P R O C E S S  TECHNOLOGY 

presented herein. Shannon et al. (1977) present two 
examples of results, an unflashed and a flashed 
brine, in their paper. The results and a compari- 
son to the SI presented in this paper are presented 
in Table 2 and good agreement with the more complex 
calculations is demonstrated. 

_ _  

Calculation of the Saturation Index (SI) 

The calculaton of the SI in brines poses the 
problem of chanzi-ng chemical equilibria in solu- 
tions of interest with temperature, pressure, and 

Table 2 
Shannon &. code? 

A comparison of the SI to the more complex 

Shannon ual. T h l s  work  

PHC SCdLINC >H S i r r  

5.31 NO 5 . 2 6  - 1 . 1 0  Unflnrhed Brurs 

Flashed Brine 
*pHC - calculated pH 

* *  SI p o s i t i v e  indlcdtes sca11~rq. 

7.19 Yes 1 . 2 0  +0.31 

ionic strength. The changing equilibria I n  Lne 
solutions can be dealt with by allowing the equili- 
brium constantsin the governing chemical equations 
to vary with the changing conditions of the brines. 
The equilibrium constants then become conditional 
constants whose values depend on temperature, pres- 
sure, and ionic strength. Since the conditional 
equilibrium constants are adjusted for ionic 
strength, there is no need for complex activity 
coefficient calculations. Compressibility of the 
fluid due to pressure and thermal expansion due to 
temperatures were considered and found to be small 
and to essentially cancel one another. 

The solubility product (Ksp) for calcite is 
the ion activity product (iap) of the calcium ion 
concentration times the carbonate, or 

K s p  = (iap). . . . . . .(1) 
When the Ksp is exceeded by the iap of Ca2f and 
CO:-, the solution is supersaturated with respect 
to calcite and scaling is possible. Scaling may or 
may not occur for kinetic reasons, but these will 
not be discussed here. 

Ksp should be an indication of the scaling tendency 
of aqueous solutions with varying chemistries if 
the Ksp is adjusted for temperature, pressure, and 
ionic strength. The saturation ratio (SR) is de- 
fined as: 

The ratio of the iap of Ca2+ and CO2-  to the 

(2) K SR = 
SP 

A commonly measured parameter in the field is 
the alkalinity. In carbonate systems, the alkali- 
nity is often determined by the HC03 concentration 
in solution (Stumm and Morgan, 1970). This assump- 
tion can be verified by lowering the pH, driving 
off the carbonates as COZ(~) and back-titrating for 
alkalinity other than HCO? and is a valid assump- 
tion in geopressured wells. 
pressed as a function of the HCO? wlth the second 
equilibrium constant of carbonic acid (K2): 

The CO$- can be ex- 

(H') (CO;-) 
K =  , . . . . ( 3 )  

2 (HCO?) 

or (HCO~)K~ 
c0;- = * - ( 4 )  (H+) , - 

Substituting Eq. 4 into Eq. 2 and substituting the 
alkalinity (Alk) for the HCOI, the expression for 
the SR becomes: 

(Ca2+) (Alk)  K2 
SR = . . . . ( 5 )  

(H+) Ksp 

If the pH of the solution is known, this ex- 
pression is adequate for the equilibrium constants 
are made conditional. However, in most high tem- 
perature-pressure solutions the pH is unknown and 
cannot be practically measured. 
found from the alkalinity and the partial pressure 
of C02(g) (Pc02) by the combination of Henry's law 
constant (KH) and the first apparent equilibrium 
constant (K1) of carbonic acid. Henry's law con- 
stant has the form: 

The pH can be 

* 
H-CO- 

where H2C09 is the sum of the aqueous CO2 and the 
true carbonic acid, H2CO3. The first apparent 
equilibrium constant of carbonic acid is: 

Substituting Eq. 6 into Eq. 7 and rearranging, the 
following is obtained: 

+ 'C02 K1 KH 
(H ) = (HC03) . . . ( 8 )  

Substituting Eq. 8 into Eq. 5, the SR has a usable 
form in aqueous systems: 

Alk2 K2 
9 - ( 9 )  

TCa SR = 
pc02 K1 KH Ksp 

2+ where (Ca ) has been replaced by total calcium 
(TCa). The Pc02 is the mole fraction (Xco2) of 
C02(g) in the gas phase multiplied by the total 
pressure, PT: 

P = P  x (10) C02 T CO2 ' 

Substituting this into Eq. 9, the final SR equa- 
tion is derived: 

TCa Alk2 K2 

'T 'C02 K1 % Ksp 
SR = , . - (11) 

where Tca and Alk are i n  molar units. 
defined at this point as follows: 

The SI is 

SI = log SR . . . . . .(12) 
A positive SI defined in this manner indicates a 
solution capable of precipitating calcite; a nega- 
tive sign indicates a solution which can dissolve 
calcite. 

The equilibrium constants expressed in Eq. 11 
must now be made conditional and equations found to 
express each in term of temperature, pressure, and 
ionic strength. The authors realize more complex 
functional forms for equations have been suggested 
for the dependence of equilibrium constants on tem- 
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SCALE INHIBITORS 

p e r a t u r e  and i o n i c  s t r e n g t h  than  t h o s e  i n  t h e  f o l -  
lowing d i s c u s s i o n .  However, t h e  e q u a t i o n s  used 
a d e q u a t e l y  d e s c r i b e  t h e  d a t a ,  as w i l l  be  demonstra- 
t e d  i n  each case, and ma in ta in  t h e  d e s i r e d  s impl i -  
c i t y .  

The form of  t h e  polynomial  used t o  d e s c r i b e  
t h e  dependence of t h e  c o n d i t i o n a l  c o n s t a n t s  on t e m -  
e r a t u r e  is:  

2 pKi = a + bT + c T  . . . .  (13) 
where pKi = - log (Ki ) .  
pK i s  from Helgeson (1967) which c o r r e l a t e s  ve ry  w e l l  w i t h  t h a t  from Ryzhenko (1963).  The tempera- 
t u r e  dependence of ~ K H  can be  found a l s o  from d a t a  
by Helgeson (1967).  The t empera tu re  dependence of 
pKsp i s  found from d a t a  by E l l i s  (1963).  The coef-  
f i c i e n t s  f o r  Eq. 1 3  found by non- l inea r  r e g r e s s i o n  
are shown i n  Table  3 where R2 is  t h e  c o e f f i c i e n t  of  
d e t e r m i n a t i o n  and t empera tu re  i s  i n  O F .  

dence of  t h e  c o n d i t i o n a l  c o n s t a n t s  is:  

The d a t a  t o  d e s c r i b e  pKl and 

The f u n c t i o n a l  form f o r  t h e  p r e s s u r e  depen- 

p K = b + m P . .  . . .  (14) 

The p r e s s u r e  dependence of  pK is  found from Read 
(1975) ,  pK2 from Dis t eche  and D i s t e c h e  (1967),  and 
pKsp from MacDonald and North (1974).  The c o e f f i -  
c i e n t s  f o r  Eq. 14  found from l i n e a r  r e g r e s s i o n  are 
l i s t e d  i n  Table  4 i n  p s i  u n i t s .  

Data f o r  t h e  i o n i c  s t r e n g t h  dependence of 
pK1 and pK2 are t aken  from Dis t eche  and Di s t eche  
(1967) ,  f o r  pKsp from Hansson (1972).  The func-  
t i o n a l  form of  t h e  i o n i c  s t r e n g t h  dependence equa- 
t i o n  i s  t aken  from Mil ler0 (1979):  

pK = a + bI1/' + c I ,  . . .  (15) 

where I i s  t h e  i o n i c  s t r e n g t h  i n  molar u n i t s .  The 
c o e f f i c i e n t s  f o r  Eq. 1 5  found by non- l inea r  r eg res -  
s i o n  are  shown i n  Table  5. The i o n i c  s t r e n g t h  

Tab le  3 The c o e f f i c i e n t s  i n  Eq. 12 f o r  t h e  temp- 
e r a t u r e  dependence of t h e  c o n d i t i o n a l  c o n s t a n t s .  

a ~ ~ 1 0 3  c x l ~ - 6  a2 

PK? 6 . 4 0 9 3  - 1 . 5 9 3 6  8 . 5 1 5 7  0 . 9 9 4 3 5 2  

?KZ 10.6059 -4.9700 13.3380 0.996936 

7 . 8 1 9 2  6 . 4 6 4 1  8 , 5 9 0 1  0 . 3 9 9 5 0 8  P K  

P K H  2 . 2 i 2 0  5 . 6 4 7 5  - 8 . 0 5 7 4  0 . 9 8 7 8 2 3  

SP 

Tab le  4 The c o e f f i c i e n t s  i n  Eq. 13  f o r  t h e  p r e s s u r e  
dependence of t h e  c o n d i t i o n a l  c o n s t a n t s .  

b M 1 ~ 5  

?K 1 6 . 0 0  - 3 . 0 6 7 3  0 . 3 9 9 8 7 5  

pK 2 9 .50  - 2 . 6 2 3 9  0 , 9 9 9 7 5 0  

PKsp 8.40 - 6 . 9 9 6 7  0 . 9 3 8 5 3 4  

Tab le  5 The c o e f f i c i e n t s  i n  Eq. 14 f o r  t h e  
i o n i c  s t r e n g t h  dependence of t h e  c o n d i t i o n a l  
c o n s t a n t s .  

a 5 c 32 

?K1 6 , 3 0 6 7  - 0 . 4 1 7 2  0 . 1 1 0 0  5 . 9 8 3 6 7  

1 0 . 3 1 8 3  - 1 , 1 6 6 0  0 .  3 4 6 6  0 . 5 9 1 7 6  

a . 2 8 2 1  - 3 . 2 1 4 9  1 . 0 7 1 3  0 . 9 R 3 2 2  

dependence of ~ K H  i s  found e m p i r i c a l l y  as 0.075 
t i m e s  t h e  i o n i c  s t r e n g t h  added t o  PKH: 

I = O  
~ K H  = ~ H H  + 0.0751, . .  . ( 16 )  

from d a t a  by E l l i s  and Golding (1963).  
The t e r m s  f o r  t h e  t empera tu re ,  p r e s s u r e , a n d  

i o n i c  s t r e n g t h  dependence of  t h e  c o n d i t i o n a l  con- 
s t a n t s  may now be  assembled i n t o  one e q u a t i o n .  The 
t empera tu re  dependence of pK1 i s  g iven  by: 

pKT = 6.4092 - 1,5936 x 10-3T 

+ 8.5157 x 10-6T2, . . . .  (17) 

s u b s t i t u t i n g  Eq. 1 7  i n t o  t h e  p r e s s u r e  c o r r e c t e d  
e q u a t i o n  y i e l d s  pKIP,T as a f u n c t i o n  of  p r e s s u r e  and 
t empera tu re ,  o r :  

S u b s t i t u t i n g  Eq.  1 8  i n t o  t h e  i o n i c  s t r e n g t h  depen- 
dence e q u a t i o n  y i e l d s :  

1/2 

+ 0.11801 . . . . . .  (19) 

The f i n a l  e q u a t i o n  f o r  pK1 is  then:  

$1 = 6.4092 - 1.5936 x 10-3T + 8.5157 x 10-6T2 

- 3.0673 x 10-5P - 0.477211/2 + 0.11801 . 
. . . . . . . . . . . . . . . . .  .(20) 

S i m i l a r  t r e a t m e n t  of  t h e  o t h e r  c o n d i t i o n a l  c o n s t a n t s  
r e s u l t s  i n  t h e  fo l lowing :  

pK2 = 10.6059 - 4.9700 x l f 3 T  + 1 . 090 x 10-6T2 

- 2.6239 x 10-5P - l.16601'/2 + 0.34661. . 
. . . . . . . . . . . . . . . . . .  (21) 

pKs, = 7.8192 + 6.4641 x 10-3T + 8.5901 x 10-6T2 

- 6.9967 x 10-5P - 3.214911/2 + 1.07331.(22) 

pKH = 2.2720 + 5.6475 x 10-3T - 8.0574 x 10-6T2 

+ 0.0751 . . . . . . . . . . . . . .  (23) 
Assuming t h a t  t h e  dependence e q u a t i o n s  of one v a r i -  
a b l e  ( e . g . ,  t empera tu re )  a r e  n o t  f u n c t i o n s  o f  t h e  
o t e r h  two v a r i a b l e s  (e .g . ,  p r e s s u r e  and i o n i c  
s t r e n g t h )  is  n o t  r i g o r o u s l y  c o r r e c t ,  b u t  i n  p r a c t i c e  
causes  l i t t l e  e r r o r  when c a l c u l a t e d  v a l u e s  are  com-  
pared t o  measured ones.  

The pH of t h e  s o l u t i o n  of i n t e r e s t  may now be  
found by s u b s t i t u t i n g  t h e  t o t a l  p r e s s u r e  (PT) and 
t h e  mole f r a c t i o n  of  C02 i n  t h e  gas  phase (Xco2) f o r  
Pco2 and Alk f o r  H C O j  i n t o  Eq. 8 :  

and by s u b s t i t u t i n g  t h e  e x p r e s s i o n s  f o r  t h e  condi- 
t i o n a l  c o n s t a n t s  i n t o  Eq. 24: 

pT xCO2 
PHC = - ( l o g  ~ l k  ) + 8.6812 + 4.0539 x 10-3T 

+ 0.4583 x 10-6T2 - 3.0673 x 10-5P 

- 0.477211/2 + 0.19301, . . . . . .  (25) 
where p r e s s u r e s  are i n  p s i ,  t empera tu res  i n " F ,  ion- 
i c  s t r e n g t h  and c o n c e n t r a t i o n s  i n  molar u n i t s  and 
pHc deno tes  c a l c u l a t e d  pH. The S I  can be  determin-  
ed wi thou t  i n i t i a l l y  de t e rmin ing  pH by s u b s t i t u t i n g  
t h e  e x p r e s s i o n s  f o r  c o n d i t i o n a l  c o n s t a n t s  i n t o  Eqs. 
11 and 12: 
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Tea Alk2 
+5.8946 + 15.4880 x 10-3T 

= logpT xCo2 

- 4.2596 x 10-6T2 - 7.4401 x l f 5 P  

- 2.52611"' f 0.91971 . . . . . . . (26) 
I f  t h e  pH i s  known o r  c a l c u l a t e d ,  t h e e x p r e s -  

s i o n s  f o r  c o n d i t i o n a l  c o n s t a n t s  can  be  s u b s t i t u t e d  
i n t o  Eq. 5 ,  and t h e  r e s u l t i n g  e q u a t i o n  i s :  

SI = log(TCa Alk)  5 pH - 2.7867 + 11.4341 x l r 3 T  

- 2.O489I1I2 + 0.72671, . . . . . . . . ( 2 7 )  

where i o n i c  s t r e n g t h  and c o n c e n t r a t i o n s  are i n  mola r  
u n i t s ,  t e m p e r a t u r e  i n  O F ,  and p r e s s u r e  i n  p s i .  I f  
t o t a l  c a l c i u m  and a l k a l i n i t y  a r e  known i n  ppm r a t h e r  
t h a n  m o l a r i t y ,  m u l t i p l y  Tca by Alk and d i v i d e  t h e  
p r o d u c t  ( i n  ppm) by 2 .44  x 109 t o  c o r r e c t  t o  m o l a r i -  
t y  and  s u b s t i t u t e  t h e  r e s u l t  i n t o  t h e  r e s p e c t i v e  
e q u a t i o n  f o r  (Tea A l k ) .  

I f  t h e  s i g n  of  t h e  S I  is  p o s i t i v e ,  t h e  s o l u t i o n  h a s  
a s c a l i n g  p o t e n t i a l ;  a n e g a t i v e  s i g n  i n d i c a t e s  t h e  
b r i n e  w i l l  d i s s o l v e  CaC0-j. The c a l c u l a t i o n  does  n o t  
r e q u i r e  s e p a r a t e  t a b l e s  o r  l a r g e  computer f a c i l i t l t s  
and  re l ies  o n l y  on p a r a m e t e r s  t y p i c a l l y  measured i n  
t h e  f i e l d .  R e s u l t s  w i l l  b e  d i s c u s s e d  f u r t h e r  i n  t h e  
f o l l o w i n g  s e c t i o n .  

f o r  s i g n i f i c a n t  f l a s h i n g  o f  t h e  water .  However, by 
a d j u s t i n g  t h e  TCa and  Alk terms f o r  i n c r e a s e d  con- 
c e n t r a t i o n  i n  t h e  aqueous  phase  due  t o  f l a s h i n g  
c h a r a c t e r .  For  example,  i f  20% of t h e  b r i n e  h a s  
f l a s h e d ,  i n c r e a s e  t h e  TC2. and Alk c o n c e n t r a t i o n s  by 
20% as shown i n  t h e  compar ison  o f  t h e  d a t a  of 
Shannon e t  a l .  i n  Tab le  2 .  

- 4.7179 x 10-6T' - 4.3728 x lO-5P 

The S I  i s  a measure  of  t h e  s c a l i n g  t endency .  

T h e  c a l c u l a t i o n s  as p r e s e n t e d  do n o t  accoun t  

_ -  
P r a c t i c a l  A p p l i c a t i o n  o f  t h e  S I  Equa t ion  

Geopressured  ene rgy  w e l l s  o f  t h e  Gulf Coas t  
o f f e r  a n  o p p o r t u n i t y  t o  t a k e  p r a c t i c a l  advan tage  
of  t h e  S I  p r e s e n t e d  i n  t h i s  p a p e r .  

The d e c r e a s e  i n  p r e s s u r e  f ron ,  t h e  p roduc ing  
a q u i f e r  t o  t h e  s u r f a c e  c a u s e s  C02(g) t o  e v o l v e  o u t  
of  s o l u t i o n ,  i n c r e a s i n g  t h e  pH of  t h e  b r i n e  and 
t h e  t endency  f o r  CaC03 p r e c i p i t a t i o n .  
t a n t  t o  n o t e  t h a t  t h e s e  pH changes  do n o t  a f f e c t  
t o t a l  a l k a l i n i t y  and  any  a l k a l i n i t y  measurement 
t a k e n  i n  t h e  sys t em can  b e  p r o j e c t e d  t o  o t h e r  p o i n t s  
i n  t h e  s y s t e m  as l o n g  as  no  a c t u a l  s c a l i n g  t a k e s  
p l a c e .  I n  o t h e r  words ,  t h e  e v o l u t i o n  of  C02(g) 
does  n o t  change  t o t a l  a l k a l i n i t y .  I f  t h e  b r i n e  i s  
c o o l e d  b e c a u s e  of c a l c i t e  b e i n g  more s o l u b l e  a t  
lower  t e m p e r a t u r e ,  t h e  s c a l i n g  t endency  can  a c t u a l l y  
b e  demin i shed ,  b u t  a t  economic f l o w  rates ( e s t i m a t e d  
a t  40 ,000  B / D  [6359 m3/d]) t h e  t e m p e r a t u r e  w i t h  
r e s p e c t  t o  downhole i s  e s s e n t i a l l y  c o n s t a n t  w i t h o u t  
t h e  a d d i t i o n  o f  c o o l i n g  equipment  o r  h e a t  ex- 
change r s .  

T a b l e  6 l i s t s  t h e  c a l c u l a t e d  pH(pHC), t h e  SR, 
and  S I  f o r  t h e  f i v e  g e o p r e s s u r e d  w e l l s .  N o t i c e  
t h a t  t h e  S I  i s  w i t h i n  0 . 4 3  o f  0 .0  ( t h e  s a t u r a t i o n  
v a l u e )  when t h e  c a l c u l a t i o n s  are p r o j e c t e d  downhole, 
i n d i c a t i n g  n o t  a l l  s o l u t i o n s  are s a t u r a t e d  w i t h  
r e s p e c t  t o  ca l c i t e  downhole.  T h i s  is  i n  e x c e l l e n t  
agreement  w i t h  t h e  p r e d i c t e d  v a l u e s  c o n s i d e r e d  
e r r o r s  i n  chemica l  a n a l y s e s ,  p r e s s u r e  and tempera- 
t u r e  measurements ,  a n t  i n  t h e  c a l c u l a t i o n s  which 
are a l l  r e f l e c t e d  i n  t h e  f i n a l  S I  c a l c u l a t i o n .  

The S I  may now be  a p p l i e d  t o  t h e  s u r f a c e  e- 
quipment t o  d e t e r m i n e  s c a l i n g  t e n d e n c i e s  through-  

It is  impor- 

Tab le  6 pHc and SSR downhole f o r  t h e  i n d i c a t e d  w e l l s  

INDICATED iZLiS 

Si p ~ =  sa Well Sam. 

HaLnoCO- 
G i r o u a r d  5 . 0 8  0 . 5 4  - 0 . 2 7  

Bayoil NO. 2 4.10 0.99 -0.01 
Pleasant 

R i d d l a S a l d a n a  5 . 0 0  0 . 7 '  -0.11 

Beulah SUO" 1.47 0.38 -0.43 
?ralZLe Canal 4 . 1 2  0 . 3 8  -0.(2 

.Average - 0 . 2 5  2 
0 . 2 4  

o u t  t h e  sys t em.  Tab le  7 l i s ts  t h e  f l o w  p a r a m e t e r s  
of  t h e  P l e a s a n t  Bayou No. 2 w e l l .  The S I  is  p o s i -  
t i v e  a t  t h e  t r ee ,  b u t  i n c r e a s e s  d r a m a t i c a l l y  a f t e r  
t h e  choke .  Upon comple t ion  of  t h e  t e s t ,  scale w a s  
found th roughou t  t h e  s y s t e m  and s c a l e  i n h i b i t o r s  
were used  and are p lanned  f o r  f u t u r e  tests a t  t h i s  
l o c a t i o n .  

To p r e v e n t  c a l c i u m  c a r b o n a t e  s c a l e  f o r m a t i o n ,  
e i t h e r  t h e  thermodynamic d r i v i n g  f o r c e  must be  

T a b l e  7 .  Flow p a r a m e t e r s  and S I ' S  i n  t h e  
P leas r in t  Bayou No. 2 w e l l  sys tem.  

T ( ' F I  PT ?HC 51 L D C I f l D n  

novnho1a 306 10114 4.30 -0.01 
6127 1.50 0 . 3 2  C.1I1s - s  Tree 2 8 3  

Attar Choke 283  910 5 . 5 8  1 . 5 4  

d e l a y e d  by v a r i o u s  t y p e s  of  i n h i b i t o r s  ( f o r  a l i t -  
e r a t u r e  r ev iew of  s c a l e  p r e v e n t i o n  (Cowan and Wein- 
t r i t t ,  1 9 7 6 ) .  Because o f  t h e  volume of  b r i n e  pro-  
duced p e r  s c f  ( s t d  m3) of  n a t u r a l  g a s  r e c o v e r e d  
(-30 s c f / b b l  (0.85 s t d  m3), i t  i s  i m p o r t a n t  t o  mini -  
mize  i n h i b i t o r  d o s e  w h i l e  m a i n t a i n i n g  e f f e c t i v e n e s s .  

To s t u d y  t h e  problem of  c a l c i u m  c a r b o n a t e  scale 
i n h i b i t i o n  i n  geopres su red  ene rgy  w e l l s ,  t h e  pa ra -  
meters of  b r i n e  f l o w ,  t e m p e r a t u r e ,  and p r e s s u r e  
shou ld  b e  d u p l i c a t e d  i n  t h e  expe r imen t  t o  produce  
a similar s c a l i n g  reg ime.  Open b e a k e r  expe r imen t s  
w e r e  n o t  c o n s i d e r e d  a p p l i c a b l e  because  C02(g) c o u l d  
n o t  b e  m a i n t a i n e d  i n  s o l u t i o n ,  t e m p e r a t u r e s  were 
l i m i t e d  t o  less t h a n  212"F(10OoC), and p r e s s u r e s  
were l i m i t e d  t o  a t m o s p h e r i c .  

open b e a k e r s  have  been  developed  t o  c o n s i d e r  t h e  
problem of  c a l c i u m  c a r b o n a t e  scale.  Vetter (1970) 
d e s i g n e d  a T e f l o n  bomb which c o n t a i n e d  two sample  
ce l l s  which  w e r e  combined a t  h i g h  t e m p e r a t u r e  t o  
produce  s c a l e .  The p r e c i p i t a t e d  s c a l e  and  t h e  
s o l u t i o n  were t h e n  a n a l y z e d  t o  d e t e r m i n e  t h e  amount 
of  s c a l e  formed. T h i s  a p p a r a t u s  d i d  n o t ,  however,  
m e e t  t h e  r e q u i r e m e n t s  of  a f l o w  sys t em n o r  d i d  i t  
a l l o w  f o r  chang ing  p r e s s u r e  r e g u l a t i o n .  Beas l ey  
and  McKinney (1973) and Jones  (1961) have  d e s c r i b e d  
p r o c e d u r e s  t o  d e t e r m i n e  s c a l i n g  t endency  and  i n h i -  
b i t o r  e f f e c t i v e n e s s ,  b u t  n e i t h e ;  cou ld  r e a c h  tem- 
p e r a t u r e s  of  i n t e r e s t  i n  geopres su red  w e l l  s t u d i e s .  
Sone e t  a l .  (1964) d e s i g n e d  a f low sys t em w i t h  
t e m p e r a t u r e  and p r e s s u r e  r e g u l a t i o n ,  b u t  were l i m -  
i t e d  t o  35OoF(176.5"C) and 1000 p s i  (69 b a r s ) .  I n  
a d d i t i o n ,  t h e  s c a l e  w a s  d e t e c t e d  on a coupon re- 
q u i r i n g  s o l u t i o n s  which w e r e  u n r e a l i s t i c a l l y  supe r -  
s a t u r a t e d  t o  produce  measu rab le  s c a l e  i n  a r eason-  
a b l e  t i m e  (Cowan and W e i n t r i t t ,  1976) .  

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

@ 
An e x p e r i m e n t a l  sys t em f o r  scale and c o r r o s i o n  
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i n h i b i t o r  t e s t i n g  d e s c r i b e d  be low overcomes most 
of  t h e  d i s a d v a n t a g e s  of  t h e  above s t a t i c  t e s t i n g  
p r o c e d u r e s .  Tempera tu res ,  p r e s s u r e s ,  f l ow rates 
and  f l u i d  c h e m i s t r y  t y p i c a l  of  geopres su red  s u r f a c e  
equipment  have  been  s i m u l a t e d  i n  t h i s  i n s t r u m e n t .  
R e s u l t s  f rom t h e s e  l a b o r a t o r y  expe r imen t s  are b e i n g  
used  t o  g u i d e  i n h i b i t o r  a p p l i c a t i o n s  i n  t h e  f i e l d .  

EXPERIMENTAL 

The h i g h  t e m p e r a t u r e - p r e s s u r e  f l o w  sys t em h a s  
been  s i m u l a t e d  w i t h  a mod i f i ed  h i g h  p r e s s u r e  ( p e r -  
formance) l i q u i d  chromatograph  (HPLC). The HPLC 
used  i n  t h e s e  e x p e r i m e n t s  w a s  a Spec t r a -Phys ic s  SP 
8000. 
t o  a p r o p o r t i o n i n g  v a l v e  which  a l l o w s  f o r  compu- 
t e r i z e d  mix ing  of t h e  s o l u t i o n s  i n  any p r o p o r t i o n .  
The s o l u t i o n  t h e n  p a s s e s  th rough  t h e  p r o p o r t i o n i n g  
v a l v e ,  c o n t i n u e s  th rough  two mixers, and f i n a l l y  
i n t o  t h e  h i g h  p r e s s u r e  pump. The p r e s s u r i z e d  b r i n e  
t h e n  p a s s e s  th rough  c o i l e d  s t a i n l e s s  s t e e l  t u b i n g  
i n  t h e  i n s t r u m e n t  oven and c o n t i n u e s  t o  a water 
b a t h  fo l lowed  by a b a c k p r e s s u r e  v a l v e .  The so lu -  
t i o n  t h e n  p a s s e s  t o  a n  i n - l i n e  pH e l e c t r o d e  b e f o r e  
b e i n g  d i s c h a r g e d .  To mon i to r  s o l u t i o n  o p t i c a l  
d e n s i t y  an  i n - l i n e  s p e c t r o p h o t o m e t e r  h a s  been  i n -  
s e r t e d  a t  v a r i o u s  t i m e s  be tween t h e  b a c k p r e s s u r e  
v a l v e  and  t h e  pH e l e c t o d e .  T h i r t y - f i v e  f t  (10 .67  
m) of  a 50 f t  (15 .24  m) l e n g t h  o f  t u b i n g  w a s  c o i l e d  
i n  t h e  oven t o  i n s u r e  good h e a t  t r a n s f e r .  The 
w a t e r  b a t h  w a s  found t o  b e  n e c e s s a r y  t o  e l i m i n a t e  
t e m p e r a t u r e  e f f e c t s  on t h e  pH e l e c t r o d e .  F l o w r a t e ,  
t e m p e r a t u r e ,  and  p r e s s u r e  are computer c o n t r o l l e d  by 
u s e  of  t h e  HPLC e l e c t r o n i c s .  Tempera ture  i n  t h e  
oven can  b e  r a i s e d  t o  266°F (130°C) and  p r e s s u r e  can  
b e  m a i n t a i n e d  a t  8000 p s i  (552 b a r s )  w i t h  s l i g h t  
a d j u s t m e n t  o f  t h e  HPLC c i r c u i t r y .  

The t u b i n g  s i z e  w a s  chosen  t o  m a i n t a i n  s i m i l i -  
t u d e  w i t h  r e s p e c t  t o  E u l e r ' s  number a t  f low r a t e s  
p r a c t i c a l  w i t h  t h e  machine (1 t o  30 ml/min.)(Daugh- 
e r t y  and  F r a n z i n i ,  1977) .  A l l  expe r imen t s  w e r e  r u n  
a t  lOml/min f l o w  ra te .  
(15.24 m) of  e i t h e r  1 / 1 6  i n  OD x 1 / 3 2  i n .  I D  (0 .16  
c m  x 0 . 0 8  cm) 304 o r  1 / 1 6  i n .  OD x 1 / 3 2  i n .  I D  
(0 .16  cm x 0 .08  cm) 316 s t a i n l e s s  s t e e l .  The resi- 
dence t i m e  o f  the s o l u t i o n  i n  t h e  t u b i n g  f rom the 
pump t o  t h e  pH e l e c t r o d e  w a s  c a l c u l a t e d  t o  b e  one  
m i n u t e .  

L a b o r a t o r y  s o l u t i o n s  w e r e  p r e p a r e d  which had  
t h e  same s a t u r a t i o n  i n d e x  ( S I )  o r  thermodynamic 
tendency  t o  p r e c i p i t a t e  as t h e  f i e l d  b r i n e s .  Simu- 
l a t e d  b r i n e  c o m p o s i t i o n s  used  i n  t h e  i n h i b i t o r  
e v a l u a t i o n  expe r imen t s  are shown i n  Tab le  8 .  The 
s o l u t i o n  w a s  p r e p a r e d  t o  b e  comparable  i n  composi- 

Tubing  from t h r e e  1 dm3 s t o r a g e  b o t t l e s  l e a d s  

The t u b i n g  used  w a s  50 f t  

T a b l e  8 
i n h t b i t o r  e v a l u a t i o n  expe r imen t s .  

S imula t ed  b r i n e  c o m p o s i t i o n s  u s e d  i n  

Ca2* - 0.25 !I 

HCO; - 1.251 X 10" 

Tiico; I 1.340 x lo-' 

sac1 - 2 .0  rl 

I - 1 . S O  H 

aH I 7 . 0 0 0  

SI c 7 7 . F I 2 5 ' C )  * 0.10 e 1000 p s i  

SI Q 2 s 7 ~ F - l 1 2 s ' C l  - 1 . 8 7  

t i o n  t o  t h e  Department o f  Energy P l e a s a n t  Bayou No. 
2 Des ign  w e l l .  

The expe r imen t s  w e r e  conducted  by f l o w i n g  10  
ml/min of  s o l u t i o n  a t  77°F (25°C) th rough  t h e  HPLC 
a t  1000 p s i  (69 b a r s )  t o  s i m u l a t e  s e p a r a t o r  p r e s -  
s u r e s .  The t e m p e r a t u r e  w a s  t h e n  r a i s e d  th rough  a 
t e m p e r a t u r e  g r a d i e n t  t o  257°F (125°C).  The pH of  
t h e  b r i n e  was c o n t i n u a l l y  mon i to red  on t h e  c h a r t  
r e c o r d e r  and t h e  t e m p e r a t u r e  a t  t h e  i n i t i a t i o n  
of n u c l e a t i o n  w a s  n o t e d .  The pH d e c r e a s e d  upon t h e  
i n i t i a t i o n  o f  CaCO3 n u c l e a t i o n  a c c o r d i n g  t o  t h e  
e q u a t i o n :  

+ Ca2+  + H C O ~  = C a C O 3  + H 

The pH o f  t h e  s o l u t i o n  d e c r e a s e d  a t  223"F(106'C) due  
t o  CaC03 p r e c i p i t a t i o n .  The d e c r e a s e  w a s  f rom 7.00 
t o  6 . 0 8  f o r  a s o l u t i o n  w i t h  no i n h i b i t o r  added .  
Between r u n s  t h e  machine w a s  f l u s h e d  w i t h  0 .5  M H C 1  
s o l u t i o n  f o r  approx ima te ly  one  minu te ,  o r  u n t i l  t h e  
pH had  d e c r e a s e d  t o  one  o r  less. The machine w a s  
t h e n  f l u s h e d  w i t h  t h e  p r e p a r e d  w a t e r .  A t  t h e b e g i n -  
n i n g  of t h e  n e x t  r u n ,  t h e  pH of t h e  e f f l u e n t  was 
a l lowed  t o  r e t u r n  t o  7.00 b e f o r e  t h e  t e m p e r a t u r e  
g r a d i e n t  w a s  begun.  Var ious  amounts o f  i n h i b i t o r  
were t h e n  added t o  t h e  s o l u t i o n  t o  e v a l u a t e  t h e  e f -  
f e c t i v e n e s s  o f  each  r e s p e c t i v e  i n h i b i t o r .  The i n -  
h i b i t o r s  e v a l u a t e d  were hydroxethylidenediphospho- 
n i c  a c i d  (HEDP), po lymale i c  a c i d  (PMA), and poly-  
a c r y l i c  (PAA). The HEDP w a s  a Deques t  2010 i n h i -  
b i t o r  from Monsanto and t h e  PAA w a s  f rom Arco, I n c . ,  
and t h e  PMA from Ciba-Geigy. 

RESULTS 

R e s u l t s  of b r i n e  pH v s .  b r i n e  t e m p e r a t u r e  
expe r imen t s  w e r e  r e c o r d e d  as t h e  t e m p e r a t u r e  when 
p r e c i p i t a t i o n  w a s  i n i t i a t e d ,  i f  i t  o c c u r r e d .  The 
r e s u l t s  of  t h e  t e c h n i q u e  f o r  HEDP, PMA, and  PAA 
e v a l u a t i o n s  are shown i n  Tab le  9 .  

N o t i c e  t h a t  p r e c i p i t a t i o n  w a s  t o t a l l y  i n h i -  
b i t e d  a t  0 .20  ppm HEDP i n  t h e  b r i n e  a t  257PF(125"C). 
The c a l c u l a t e d  S I  a t  t h i s  t e m p e r a t u r e  and p r e s s u r e  
i n  a b r i n e  o f  t h i s  compos i t ion  i s  1 .87 .  With no 
i n h i b i t o r  t h e  b r i n e  w i l l  n u c l e a t e  a t  223°F(1060C) 
and p r e c i p i t a t i o n  w i l l  c o n t i n u e  t o  257'F(125'F) 
where an e q u i l i b r i u m  pH of  6 .08 is reached. The S I  
a t  a t e m p e r a t u r e  of  257"F(125'C) and 1000 D s i  (69 

T a b l e  9 
f o r  t h r e e  i n h i b i t o r s .  

The r e s u l t s  of  e x p e r i m e n t a l  t e c h n i q u e  

I n h i b i t i n g  
c0ocaorr.r 100s 

SI ( P P d  
HED? 1.87 0.20 

PWL 1.87 0.15 

0.35 P M  1.87 

b a r s )  i n  t h i s  b r i n e  i s  -0.07, o r  o n l y  0 .03  d i f -  
f e r e n c e  f rom t h e  t h e o r e t i c a l  v a l u e  of 0 .0 ,  which  i n -  
d i c a t e s  t h e  c a l c u l a t i o n s  are q u i t e  c l o s e .  Note t h a t  
PMA i s  less e f f e c t i v e  t h a n  HEDP i n  i n h i b i t i n g  C a C 0 3  
p r e c i p i t a t i o n  i n  t h e  b r i n e .  PAA a l s o  does  n o t  com- 
p l e t e l y  i n h i b i t  p r e c i p i t a t i o n  u n t i l  t h e  concen t r a -  
t i o n  is 0.35 ppm. 
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