
CHAPTER I
INVESTIGATION OF BARIUM SULFATE DEPOSITION 

BY CAPILLARY FLOW

1.1 Abstract

O ne o f  the m ost trou b lesom e and e x p e n s iv e  p ro b lem s found  in the oil 
prod u ction  p rocess  is sca le  c o m p o sed  o f  barium  su lfa te  (B a S 0 4 ), d u e to its rela tive  
lo w  so lu b ility  com p ared  w ith  other typ ica l sc a le  m in era ls. C o n seq u en tly , there is a 
need  to better understand the m ech an ism  o f  barium  su lfa te  d ep o s it io n . T h is research  
is fo cu sed  on d e v e lo p in g  a tech n iq u e for in v estig a tin g  barium  su lfate  d ep o sitio n  - in 
particular. เท th is research, cap illary  tech n iq u e has been  d e v e lo p ed  as a potentia l 
tech n iq u e for sc a le  d ep ositio n  exp erim en ts. S u b seq u en tly , th is tech n iq u e is u sed  to 
in v estig a te  the d ep o sitio n  m ech an ism  by the ch a n g e  in p ressu re drop. S am p le  o f  100  
m g/L  o f  brine so lu tio n s, B aC l2 and N a 2SC>4, w ere  pum ped  throu gh  the cap illary  and a 
sca le  w a s  d ep o sited  at the inner cap illary  w a ll. T h u s, a c h a n g e  in p ressure drop is 
d ep en d en t on the d ep o sitio n  rate. T h e m ass o f  the d ep osit form ed  w a s d eterm in ed  by 
d isso lu tio n  w ith  D T P A  (D ieth y len etr in itr ilop en ta  acetic  ac id ) w h ich  e f fe c t iv e ly  
d is so lv e  and form  c o m p le x  w ith  barium  ion s. T h e resu lts sh o w  that d ep o sit  has been  
form ed  a rough su rface  w h ere the su rface  th ick n ess  is sam e for entire cap illary  length  
during 6 hours op eration . A fter 6 hours, barium  su lfa te  w a s  rapidly d ep o sited  at the  
b eg in n in g  o f  the cap illary due to the e ffe c t  o f  barium  su lfa te  d ep o sit  w h ich  co v ered  
the cap illary inner w a ll. It in d icates that the d ep o sit  is n on -u n iform  and p referen tia lly  
located  near the b eg in n in g  o f  the cap illary.

1.2 Introduction

S ca le  form ation  is o n e  o f  the m ost im portant and ser io u s p rob lem s that 
d am a ges w ater in jection  sy stem  in o ilf ie ld . T h e in jection  sy stem  used  is to  inject 
seaw ater  into o il-b a rin g  reservo irs to  m aintain  reservo ir  p ressure and im p rove  
secon d ary  recovery  o il. U n fortu n ate ly , the seaw ater  in jection  cou ld  be the m ain
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ca u se  o f  sca le  form ation  w h en  it c h e m ic a lly  m ix e s  w ith  the form ation  w ater that 
naturally e x is ts  in reservoir. T h e d egree  o f  sca le  form ation  d ep en d s on  
con cen tra tion s o f  su lfate  io n s present in the in jected  sea  w ater as w e ll as barium , 
strontium  and/or ca lc iu m -d iv a len t ca tio n s  presen t in the form ation  w ater  (Jordan et 
a i ,  2 0 0 8 ) . C o n seq u en tly , th e  resu ltin g  p recip itation  o f  CaSC>4, BaSC>4 and SrSC>4 can  
d am age w e llb o re  and production  lin e s  b y fo u lin g  the eq u ip m en t and b lo ck in g  the  
f lo w  lin es. Furtherm ore, ev e n  e x p e n s iv e  rem ed ia l p roced u res m ay not be ab le to 
restore the orig ina l p rod u ctiv ity  o f  a w e ll that has been  d am aged  in this m anner  
(V etter , 1975 ).

O n e o f  the m ost trou b lesom e and e x p e n s iv e  p rob lem s found  in o il prod u ction  
p r o c e sse s  is sca le  c o m p o sed  o f  barium  su lfate  (B a S 04 ), du e to its re la tive ly  lo w  
so lu b ility  com p ared  w ith  other typ ica l sca le  m in era ls (R isth au s et a l ,  2 0 0 0 ). 
M o reov er , BaSC>4 is the lea st so lu b le  o f  the co m m o n  su lfate  sca le s  in w ater. It is hard 
to d is so lv e  and can n ot n orm ally  be rem ov ed  by ch em ica l m ean s (E zu ber, 2 0 0 9 ) .  
T hus, the best w a y  to avo id  th is e x p e n s iv e  prob lem  is through the p reven tion  o f  sca le  
form ation . N o rm a lly , stu d ies  o f  sca le  form ation  h av e  been  focu sed  on  precip itation  
in the bulk so lu tio n . H o w ev er , there is a lack o f  study o f  sca le  d ep o sitio n  w h ich  is 
very im portant in order to understand h o w  d ep o sit  has been  form ed  in the f lo w  line. 
T h u s, th e  m ech an ism  o f  sca le  d ep o sitio n  and th e  c o n d itio n s  w h ich  a ffe c t  its 
d ep o sitio n  m ust be k n ow n .

P recip itation  exp erim en ts  w ith  B a S 04  and SrSC>4 in stee l tu b es h ave b een  
d on e b y R o llh e im  et al. (1 9 9 3 )  in order to ob tain  k n o w le d g e  ab out the sca le  
form ation  m ech a n ism s o f  th ese  m ineral sca les . T h ey  co lle c te d  and m easu red  the  
barium  con cen tration  o f  e fflu en t at d ifferen t t im es  and lo ca tio n s  a lo n g  the tube. 
C o n seq u en tly , they  reported that a sca le  form ation  p rocess  is m ain ly  d eterm in ed  by a 
su rface  con tro lled  reaction . M oreover, there is a greater d egree o f  sca le  form ation  at 
the b e g in n in g  o f  the tube d u e to h igh  saturation. A n oth er  stu d y in v estig a tin g  barium  
su lfate  crystal grow th  on a sta in less  stee l substrate w a s  d on e by Q u dd u s e t al. (2 0 0 0 )  
S can n in g  E lectron  M icro sco p y  (S E M ) w a s u sed  to study the m o rp h o lo g y  o f  
d ep o sited  crysta ls . A fter  3 hours exp o su re  to  sca le -form a tio n  so lu tio n , the  
m icrograph  sh o w s the p resen ce  o f  a d en se  p op u la tion  o f  u n iform ly  d istributed  BaSC>4
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c r y sta ls  o n  th e  en tire  su r fa ce  o f  th e  su b strate . H o w e v e r , th e  m e c h a n ism  o f  B a S C >4 
d e p o s it io n  h a s n o t b e e n  e lu c id a te d , s o  that further in v e s t ig a t io n s  are w arran ted .

T h e  p u r p o se  o f  th is  resea rch  is  to  d e v e lo p  a ca p illa r y  f lo w  te c h n iq u e  to  
in v e s t ig a te  s c a le  d e p o s it io n  b y  m e a su r in g  th e p ressu re  d rop  a c r o ss  a  ca p illa ry . 
M o r e o v e r , th e  u n ifo r m ity  and  lo c a t io n  o f  B aSC >4 d e p o s it io n  are in v e s t ig a te d  to ob ta in  
b etter  u n d er sta n d in g  o f  th e  p r o c e ss .

1.3 Literature Review

1.3 .1  S c a le  F o rm a tio n
M in era l sc a le  fo r m a tio n  m a in ly  o c c u r s  a s  th e  resu lt  o f  f lu id  p ressu re  

r e d u ctio n  or m ix in g  o f  b r in es  w ith  d if fe r e n t  c o m p o s it io n s . In c a s e  o f  c a lc iu m  
b ica rb o n a te  s c a le , f lu id  p ressu re  r e d u c tio n  cause's, a  re d u c tio n  in  th e  so lu b ility  o f  
carb o n  d io x id e . O n c e  carb o n  d io x id e  is  e v o lv e d , c a lc iu m  ca rb o n a te  ca n  react w ith  
carb o n  d io x id e  an d  p rec ip ita te  in  th e  r e se r v o ir  or d e p o s it  so m e w h e r e  d o w n str e a m  b y  
th e  r ea c tio n  sh o w n  b e lo w :

C a C 0 3 + C 0 2 + H 20 — — » C a ( H C 0 3)2 (1 .1 )

S ea w a te r  in je c tio n  for  p ressu re  m a in te n a n c e  is  a n o th er  c a u se  o f  s c a le  fo rm a tio n . 
M ix in g  se a w a te r  w ith  fo rm a tio n  b rin e c a n  lea d  to  th e  fo r m a tio n  o f  su lfa te  s c a le s  in  
th e  w e ll  b o r e s  as sh o w n  in  F ig u re  1 .1 . T h e  r ea c tio n  can  b e  s e e n  b e lo w :

B a 2+ (o r  S r2+ or C a2+) +  S 0 42' ->  B a S 0 4 (or  S r S 0 4 or  C a S 0 4) ( 1 .2 )

H o w e v e r , th is  re a c tio n  d e p e n d s  o n  h a v in g  s u ff ic ie n t  c o n c e n tr a t io n s  o f  su lfa te  io n s  in  
th e  in jec ted  se a w a te r , an d  b ariu m , s tro n tiu m , an d /o r  c a lc iu m  d iv a le n t  c a t io n s  in  th e  
fo rm a tio n  w a ter . A d d it io n a lly , th e  f lo w  p a th s, p r e ssu r e s , and  tem p era tu res at v a r io u s  
lo c a t io n s  can  a ls o  b e  th e  d e p e n d e n t p a ra m eters  (V e tte r  e t a l ,  19 82 ; M a c k a y , 2 0 0 3 ) .

S o m e  o f  th e  fa c to r s  that a f fe c t  sc a le  p r e c ip ita tio n , d e p o s it io n  and cry sta l  
g r o w th  are su p ersa tu ra tion  ra tio , tem p era tu re , p ressu re , io n ic  stren g th , ev a p o r a tio n , 
c o n ta c t  t im e  and  p H .
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D o w n s t r e a m

F ig u re  1.1 S c h e m a tic  o f  m ix in g  o f  in jec ted  se a w a te r  and  fo r m a tio n  w a te r  in  a 
rese r v o ir  w h ic h  c a u s e s  p rec ip ita tio n  o f  barium  su lfa te  (B e d r ik o v e ts k y  e t a l ,  2 0 0 9 ) .

1 .3 .2  B ariu m  S u lfa te
B a riu m  su lfa te  is  o n e  o f  th e  m o st  tr o u b le so m e  an d  c o s t ly  s u lfa te  s c a le s  

that d e p o s it  in  d o w n -h o le  p u m p s, tu b in g , c a s t in g  f lo w  l in e s  an d  o th er  p r o d u ctio n  
e q u ip m e n t in  o i lf ie ld  p r o c e ss , as s h o w n  in  F ig u r e  1 .2 . A c c o r d in g  to  th e  e x tr e m e  
in s o lu b ility  o f  b arium  su lfa te , a h ig h ly  u n d e s ir a b le  s c a le  s o l id  h a s b e e n  e n c o u n te r e d  
in e n h a n c e d  o i l  r e c o v e r y  o p era tio n  b y  in je c tio n  o f  se a w a te r  ( S y m e o p o u lo s  e t a l ,  
1 9 9 2 ). In ord er to  a v o id  th is  p r o b le m , B aSC >4 s c a le  trea tm en t m u st fo c u s  m a in ly  on  
its p r e v e n tio n  th ro u gh  th e  u se  o f  s c a le  co n tro l c h e m ic a ls .

separator after 70 tons of 
scale had been removed

F ig u re  1 .2  B a riu m  su lfa te  sc a le  d e p o s ite d  o n  th e  p ip e  w a ll and  su r fa c e  fa c i l i t ie s  
(G rah am  et a l ,  2 0 0 2 ) .
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1 .3 .3  B a r iu m  S u lfa te  S c a lin g  T e n d e n c y
S c a lin g  te n d e n c y  is  g e n e r a lly  c o n s id e r e d  in  term  o f  th e  s o lu b ility  o f  

b arium  su lfa te  at g iv e n  c o n d it io n . A  th e r m o d y n a m ic  ap p ro ach  h a s  b e e n  c o m m o n ly  
u sed  for s c a le  p r e d ic t io n . M o r e o v e r , o n e  p ara m eter  that c o u ld  te ll p o s s ib i l i ty  o f  
b ariu m  s u lfa te  fo r m a tio n  is  th e  sa tu ra tion  in d e x  (S I ) , w h ic h  is  d e fin e d  a s  th e  
lo g a r ith m  o f  th e  sa tu ra tio n  ratio  (S R ), a s  sh o w n  b e lo w :

~ a Buu +  a รก]- l^ S P ( 1 .3 )

S l  =  \og{aBaU+ a s01. / K sp) (1 .4 )

and , a, =  r ,c , ( 1 .5 )

W h ere  a 1, y  1 ,an d  c 1 are th e  a c t iv ity , a c t iv ity  c o e f f ic ie n t  and  c o n c e n tr a tio n  o f  i-th

s p e c ie s  r e s p e c t iv e ly  an d  K Sp is  th e  s o lu b ility  p ro d u ct. I f  SI >  0 , th e  sc a le  fo rm a tio n  
is  p o s s ib le , fo r  SI <  0 , s c a l in g  is  im p o s s ib le ,  and  i f  SI =  0 , th e  s y s te m  is  in  c r it ica l  
so lu b ility . M o r e o v e r , th e  s c a lin g  te n d e n c y  is  a ls o  a fu n c t io n  o f  th e  m ix in g  ratio  o f  
tw o  in c o m p a tib le  w a te r  (C o l l in s  e t a i ,  2 0 0 5 ) .

1 .3 .4  B a r iu m  S u lfa te  D e p o s it io n /P r e c ip ita t io n
S c a le  d e p o s it io n  h a s b e e n  s tu d ied  b y  se v e r a l a u th o rs th ro u g h o u t th e  

y ea rs . H o w e v e r , th e  d e p o s it io n  m e c h a n ism  is  s till n o t  e lu c id a te d . B o th  h e te r o g e n e o u s  
and  h o m o g e n e o u s  n u c lé a t io n s  h a v e  b e e n  c o n c e r n e d . O n  th e  o th e r  h an d , B a S 04  m a y  
d e p o s it  d ir e c t ly  o n  th e  p ip e lin e  su r fa ce  or g r o w s  a s  p a r tic le s  in  th e  b u lk  o f  th e  
so lu t io n  and  th en  d e p o s it  o n  th e  p ip e lin e  su r fa ce  (R o l lh e im  et a i ,  1 9 9 3 ).

R o llh e im  e t a i  ( 1 9 9 3 )  s tu d ie d  B aSC>4 p r e c ip ita t io n  e x p e r im e n ts  in  s te e l  
tu b in g . T h e y  c o n d u c te d  e x p e r im e n ts  at a  tem p era tu re  o f  4 0  ° c ,  a f lo w  rate o f  4 - 6  
d m 3/m in , in n er  tu b e  d ia m e te r s  o f  8 -2 0  m m , and d u ra tion  o f  <  4  h ou rs. A d d it io n a lly , 
th e  c o n c e n tr a t io n  o f  B a 2+ and  SO42' s o lu t io n s  w e r e  e q u a l m o la r it ie s , at 3 0  t im e s  th e  
e q u ilib r iu m  c o n c e n tr a t io n . T h e y  fo u n d  that a b o u t 95 %  o f  p rec ip ita te d  B aS C >4 
d e p o s ite d  as s c a le  w h e n  p r e sc a le d  tu b e  w a s  u se d , w h i le  aro u n d  o n ly  75%  w e r e  
d e p o s ite d  w h e n  an in it ia lly  c le a n  tu b e  w a s  u se d . T h e s e  r e su lts  in d ic a te  that s c a le  
fo rm a tio n  o n  tu b in g  w a ll s  is  m a in ly  d e te r m in e d  b y  a su r fa c e  c o n tr o lle d  rea c tio n . 
U n fo r tu n a te ly , th e y  w e r e  n ot a b le  to  d is t in g u ish  b e tw e e n  h o m o g e n e o u s  and  
h e te r o g e n e o u s  n u c lé a t io n . S im ila r ly , a n o th er  w o rk  h a s s tu d ie d  th e  d e p o s it io n  o f
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a d d it io n a l s c a le  o n  a  p r e sc a le d  sp e c im e n  (Q u d d u s  e t a l ,  2 0 0 0 ) .  T h e y  rep orted  that 
o n c e  a  th in  la y e r  o f  sc a le  is  fo r m e d , th e  su b se q u e n t  s c a le  g r o w th  is  m u c h  faster . T h is  
a ls o  in d ic a te s  that su rfa ce  c o n tr o lle d  rea c tio n  is  a m a in  r e a c tio n  fo r  s c a le  d e p o s it io n .

M o r e o v e r , recen t w o rk  (B in M e r d h a h  e t a l ,  2 0 1 0 )  h a s  b e e n  d o n e  in  
ord er to  s tu d y  th e  p e r m e a b ility  r e d u ctio n  w h ic h  is  c a u se d  b y  b ar iu m  su lfa te  
d e p o s it io n  in  sa n d sto n e  c o r e s  fro m  m ix in g  o f  in je c te d  se a  w a ter  and  fo r m a tio n  w ater . 
T h e  resu lt s h o w s  that p e r m e a b ility  d e c lin e  c a u se d  b y  B aS C >4 s c a le  fo r m a tio n  in  th e  
p o r o u s  m e d ia  ran g ed  fro m  5 -1 9 %  o f  the in itia l p e r m e a b ility . M o r e o v e r , th e y  rep orted  
that se v era l fa c to rs  in f lu e n c in g  sc a le  fo r m a tio n , in c r e a s in g  ' tem p era tu re , b rin e  
c o n c e n tr a t io n , and  d iffe r e n tia l p ressu re , h ad  an  e f fe c t  o n  th e  p e r m e a b ility  red u ctio n  
an d  rea c tio n  rate c o n sta n t. A s  tem p era tu re  in c r e a se s , th e  p e r m e a b ility  d e c lin e  is  le s s  
rap id  s in c e  th e  s o lu b ility  B aSC >4 in c r e a se s  w ith  tem p era tu re .

1 .3 .5  T e c h n iq u e  fo r  In v e s t ig a tin g  S c a le  D e p o s it io n
S c a le  d e p o s it io n  h a s  b e e n  in v e s t ig a te d  b y  a  v a r ie ty  o f  te c h n iq u e s  

th ro u g h o u t th e  y ea rs. D e p o s it io n  h a s  b e e n  c o n d u c te d  w ith  s te e l tu b in g  (R o l lh e im  e t 
a l ,  1 9 9 3 ; Q u d d u s et a l ,  2 0 0 0 ) ,  an e le c tr o c h e m ic a lly  a c t iv e  ro ta tin g  d isk  e le c tr o d e  
(R D E ) w h ic h  fo c u s e s  o n  sc a le  d e p o s it s  fo r m e d  o n  th e su r fa c e  o f  m e ta ls  (C h e n  e t a l ,  
2 0 0 4 ;  M o r iz o t  e t a l ,  2 0 0 0 ) ,  and  a  co re  s y s te m  (M erd h a h  e t a l ,  2 0 0 7 ) .  H o w e v e r , a 
te c h n iq u e  w h ic h  h a s n o t b e e n  s tu d ied  in  s c a le  d e p o s it io n  is  ca p illa r y  te c h n iq u e  b y  
m ea su r a b le  p ressu re  d rop  a c r o ss  th e  ca p illa ry . T h is  te c h n iq u e  h a s  r e c e n tly  b e e n  u sed  
to  s tu d y  a sp h a lte n e  d e p o s it io n  (H o e p fn e r , 2 0 0 9 ;  M a q b o o l e t a l ,  2 0 0 6 ) .

In th is  s tu d y , th e  c a p illa r y  te c h n iq u e  w i l l  b e  a p p lied  to  in v e s t ig a te  th e  
m e c h a n ism  o f  sc a le  d e p o s it io n . In ord er  to  in v e s t ig a te , tw o  in c o m p a tib le  b rin e  
s o lu t io n s  w il l  b e  in jec ted  th ro u gh  a c a p illa r y  at a co n sta n t f lo w  rate and th e  p ressu re  
d rop  ( A P ) a c r o ss  a ca p illa r y  w i l l  b e  m ea su red . A n  in c r e a se  in AP in d ic a te s  that th e  

s c a le  h as started  to  d e p o s it . T h e  in c r e a se d  A P ca n  b e  u se d  to  c a lc u la te  h o w  m u ch  a 
u n ifo r m  d e p o s it  h a s  b e e n  fo rm ed  in  th e  c a p illa r y  b y  u s in g  E q u a tio n  1 .6 , as s h o w  
b e lo w . T h e  p r essu re  d rop  a ssu m e d  a u n ifo rm  d e p o s it  for  la m in ar  f lo w  is  g iv e n  b y  th e  
H a g e n -P o is e u i l le  e q u a tio n , a s  w r itten  in  E q u a tio n  1.6.
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ร ุ-  (1.6)

W here
p is the v isc o s ity  (P a *s)
L is the length o f  cap illary (m )
Q is the vo lu m etr ic  f lo w  rate ( m V )  
r is the radius o f  cap illary  (m )

1.3 .6  D isso lu tio n  o f  B arium  S u lfa te  S c a le  D ep o sit
A s m en tion ed  earlier that BaSC>4 is the least so lu b le  o f  other su lfate  

sc a le s  in w ater and hard to d is so lv e  and rem ov e. V arious stu d ies  h ave been  d on e in 
the past years for barium  su lfate d isso lu tio n  by u sin g  ch e la tin g  agen t (P u tn is et a l ,

' ไ 9 9 5 ; D unn et a l ,  1999; Putnis et al., 2 0 0 8 ) . C h em ica l d isso lv e r s  that cou ld  be 
co n sid ered  as strong ch ela tin g  ag en ts  for barium  io n s  are 
D ieth y len etr in itr ilop en taacetic  acid  (D T P A ) and E th y len ed in itr ilo tetra acetic  acid  
(E D T A ). B ased  on the am in oacetate  group , th ey  cou ld  e ff ic ie n tly  form  strong  
c o m p le x e s  w ith  m etal ion s in so lu tio n  (D u n n  et a l ,  1999).

๐
hÔ-c-ch2\
HO-C-CH;๐

N-CH?CHrN ./
๐ J1CHj-C-OH

CHjf-C-OH๐

•? ? -HO-C-CH, CHz-C-OH
Nŷ  N-CH2 ch2-nHO-C-CH/̂  \  /  CH2-C-OH

• O Y  Ô
ch2

o=cÔ.H
D1 PA

F igure 1.3 S ch em atic  d iagram s o f  the structures o f  E D T A  and D T P A  (P u tn is et a l.,
2 0 0 8 ).

A cco rd in g  to F igure 1.3, the dot sh o w s  the p o s it io n s  o f  the a c tiv e  m etal 
c o m p le x  sites. E D T A  and D T P A  h ave  6 and 8 c o m p le x  s ite s , r e sp e c tiv e ly , en ab lin g  
o n e  m o le c u le  to interact w ith  all the reactive  cen ters o f  a m etal ion , form in g a stab le
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c o m p le x . P utn is et al. (2 0 0 8 )  h ave  reported that a g iv en  m olarity  o f  D T P A  is 
p oten tia lly  ab le to  d is so lv e  an equal m olarity  o f  BaSC>4. M o reov er , D T P A , at h igh  
pH , b e c o m e s  p ro g ress iv e ly  d ep roton ated  and the a c tiv e  ion ic  sp e c ie s  in so lu tio n  
b eco m e  n e g a tiv e ly  ch arged . T h erefore , the D T P A  a n ion s w o u ld  h ave a strong  
ten d en cy  to c o m p le x  w ith  barium  io n s e x p o sed  on the su rface  (P u tn is e t a l ,  1 9 9 5 ). In 
th is stu d y , D T P A  w ill be ap p lied  to d is so lv e  and c o lle c t  m ass o f  BaSC>4 w h ich  
d ep osited  in the cap illary .

1 .4  E x p e r i m e n t a l

1.4.1 M aterials
C ertified  A.c.s. grade o f  barium  ch lo r id e , B a C h , and sod iu m  su lfa te , 

N a 2S Û 4, su p p lied  by F ish er C h em ica l w ere  used  to  stu d y barium  su lfa te  d ep o sitio n . 
D ieth y len etr in itr ilop en taacetic  acid , DTPA, 98%  total so lid s , C 14H 23N 3O 10, M.w. 
3 9 3 .3 5 , su p p lied  by T h erm o S ci A cr o s  O rganics and laboratory grade o f  barium  
su lfa te , B a S Û 4, su p p lied  by A ld rish  C h em ica l C o m p an y  w ere  u sed  to study barium  
su lfate  d isso lu tio n . A s  w e ll as certified  A.c.s. grade o f  p o tassiu m  h yd ro x id e , K O H , 
by F isher C h em ica l w a s  used  for d isso lu tio n  stu d y. D e io n iz e d  w ater  (บ ! trapure 
M illi-Q T M  (1 8 M Q ) w ater  sy stem ) w a s  used  as the so lv e n t  for preparing all aq u eo u s  
so lu tio n s.

1 .4 .2  E q u ip m en ts
1 .4 .2 .1 T w o  o f  H P L C  5 1 0  w ater pum ps
1 .4 .2 .2  S yrin g e  pum p M o d el 5 5 -2 2 2 2  from  H arvard A pparatus
1 .4 .2 .3  S yrin g e
1 .4 .2 .4  S ta in le ss  stee l typ e 3 1 6  tu b in g  w ith  O D  0 .0 6 2 5 ”  and ID  

0 .0 2 0 ”  and fitt in g s from  sm all parts, Inc.
1.4.2.5 Perkin E lm er in d u ctiv e -co u p led  p lasm a sp ec tr o sc o p y /m a ss  

sp ec tro sco p y  (1C P /M S ) for e lem en ta l an a lysis
1.4.2.6 T h e  d ifferen tia l pressure transducer m od el z  w ith  a range o f  

25 psi from  H o n e y w e ll International Inc.
1 .4 .2 .7  U S B -6 0 0 9  14 bit, 4 8  k S /s  M u ltifu n ction  D ata A c q u is itio n  

sy stem  from  N a tio n a l Instrum ents
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1.4.3 S oftw are
1.4.3 .1 E L A N 9 0 0 0  -  in sta lled  w ith  Perkin E lm er IC P /M S
1 .4 .3 .2  L abV IE W  by N a tion a l Instrum ents -  used  for data acq u isition  

and lo g g in g
1 .4 .4  E xperim en ta l A pparatus

A  S ch em atic  o f  the exp erim en ta l apparatus h as b een  sh o w n  in F igure
1.4 . T h e apparatus c o n s ists  o f  tw o  H PL C  p u m p s, on e  for th e  an ion  so lu tio n  (N a 2SC>4) 
and another for the cation  so lu tio n  (B a C b ). T h e g iv en  con cen tration  o f  the tw o  brine  
so lu tio n s  w ill p rod u ce a BaSC>4 con cen tration  a b o v e  the so lu b ility  p o in t, and force  
B aSC>4 to  p recip itate in stan tan eou sly  w h en  both so lu tio n s  are m ix ed . In order to  
a v o id  precip itation  in the m ix in g  line w h ich  m ay ca u se  p lu g g in g  p rob lem , the  
p o s it iv e  in let pressure w a s  m easured  by d ifferen tia l p ressure tran sd ucer b efore  
m ix in g  o f  tw o  so lu tio n s. T h en , both so lu tio n s are c o n tin u o u sly  p u m p ed , m eet at the  
seco n d  tee  and f lo w  through a 3 ft sec tio n  o f  0 .0 2  in ch es  ID  cap illa ry , past an 
ad d itional tee  to  m easure the n eg a tiv e  ou tlet pressure, and then  f lo w  into, a w a ste  
con ta iner. A d d itio n a lly , all exp erim en ts are con d u cted  at am b ien t tem perature and a 
H ow  rate o f  2 m l/m in  o f  each  so lu tion .

F igure 1.4 S ch em a tic  o f  the exp erim en ta l apparatus for barium  su lfa te  d ep o sitio n  
stu d ies.
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1 .4 .4 .1  T estin g  the A ccu ra cy  o f  E qu ipm en ts
In order to  d e term in e  th e a cc u r a c y  o f  th e  e q u ip m e n t, te st  f lu id s  

w e r e  run th rou gh  th e  cap illa ry  s y s te m  at d iffe r e n t f lo w  rates and th e  p ressu re  drop  
a cro ss  th e  c a p illa r y  w a s  m easu red  u s in g  th e d ata  a c q u is it io n  sy s te m . T h e  m ea su red  
p ressu re  d rop  w a s  co m p a red  to  th e o r e tic a l p ressu re  d rop  w h ic h  is  c a lc u la te d  b y  u s in g  
H a g e n -P o is e u i lle  E q u a tio n  1 .6  to  v e r ify  th e  a c c u r a c y  o f  th e  d e s ig n e d  sy s te m .

1 .4 .4 .2  B arium  Sulfate D ep o sitio n  E xperim en ts
T h e  c o n cen tra tio n  u sed  to  in v e s t ig a te  th e  B aS C >4 d e p o s it io n  w a s  

10 0  m g /L  o f 'B a C h  and 1ร๒2ร 0 4 . T h e  d u ration  o f  e x p e r im e n ts  v a r ied  fro m  6 -1 0  
h ou rs. T h e  p ressu re  drop  a cro ss  th e  ca p illa r y  w a s  m ea su red  to  d e te c t  B aSC>4 
d e p o s it io n  o n  its  in n er w a ll and th e  p ressu re  d rop  d ata  w a s  a cq u ired  u s in g  th e  
L a b V IE W  so ftw a r e . T h e  c h a n g e  o f  rad iu s o f  th e  c a p illa r y  w a s  c a lc u la te d  u s in g  th e  
p ressu re  d rop  .data, th e  sp e c if ie d  v a lu e s  o f  f lo w  rate, and  c a p illa r y  len g th .

1 .4 .4 .3  B arium  Sulfate co llec tio n
D ie th y le n e tr in itr ilo p e n ta a c e tic  ac id  (D T P A )  w a s  u se d  to

d is s o lv e  th e  d e p o s it  w h ic h  h as b e e n  form ed  in  th e  c a p illa r y . In ord er  to  p rep are  
D T P A  so lu t io n , 0 .2  g  o f  D T P A  w a s  d is s o lv e d  in  a 0 .5  M  K O H  s o lu t io n  to  k e e p  th e  
pH  in  th e  ran ge o f  1 1 -1 2 . C o n cen tra tio n  o f  D T P A  so lu t io n  is  0 .4 8  m m o le /L  w h ic h  is  
ab le  to  c o m p le x  w ith  an eq u a l m o la r ity  B a 2+ in  th e  d e p o s it .

Prior to  d is s o lu t io n , th e  ca p illa r y  w a s  d ried  at 7 0  ° c  o v er n ig h t. 
A  sy r in g e  p u m p  w a s  u sed  to  d e liv e r  th e  D T P A  so lu t io n  a lo n g  th e  d e p o s ite d  ca p illa ry . 
B e c a u se  o f  th e  lim ita tio n  o f  th e  p u m p , w e  c o u ld  n ot c o n t in u o u s ly  p u m p  D T P A  
so lu t io n  th ro u gh  th e  s c a le d  ca p illa ry . T h u s, a sy r in g e  w a s  f i l le d  w ith  a p p r o x im a te ly  
6 0  m l o f  D T P A  s o lu t io n  for  e a c h  lo a d . T h e  e f f lu e n t  w a s  in d iv id u a lly  c o l le c te d  at the  
o u tle t  o f  ca p illa r y  an d  d ilu ted  by D I w a ter  w ith  a d ilu tio n  ra tio  o f  1 to  2 5  to  rea ch  th e  
ap p rop ria te  c o n c e n tr a tio n  for c o m p o s it io n a l a n a ly s is  u s in g  IC P /M S  te c h n iq u e .
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1.5 Result and Discussion

1.5 .1  E q u ip m en t D e s ig n  and  T e s t in g  for  S c a le  d e p o s it io n
T h e  e x p e r im e n ta l se tu p  for  in v e s t ig a t in g  sc a le  d e p o s it io n  w a s  d e s ig n e d  

and d e sc r ib e d  in  th e  p r e v io u s  ch ap ter . It is  n e c e s s a r y  to  te st  th e  a c c u r a c y  o f  th e  
d e s ig n e d  e x p e r im e n ta l se tu p  b e fo r e  d e p o s it io n  e x p e r im e n ts  w il l  b e  carried  ou t. In 
ord er to  te st  th e  a c c u r a c y , e x p e r im e n ts  w e r e  c o n d u c te d  b y  f lo w in g  w a te r  th ro u gh  th e  
sy s te m  and  m e a su r in g  th e  p ressu re  d rop  a c r o ss  th e  ca p illa r y . T h e  g o a l w a s  to  
c o m p a re  th e e x p e r im e n ta lly  m ea su red  p ressu re  d rop  v a lu e s  to  th e  th e o r e tic a l v a lu e s  
c a lc u la te d  b y  th e H a g e n -P o is e u i l le  e q u a tio n , E q u a tio n  1.6 .

M a q b o o l e t al. ( 2 0 0 6 )  h as in v e s t ig a te d  fa cto rs  that c o u ld  c a u se  error in  
p ressu re  d rop  m e a su r e m e n t. T h ree  fa c to r s  w e r e  c o n c e r n e d , f lo w  rate, v is c o s it y ,  and  
rad iu s o f  ca p illa ry .

1.5 .1 .1  F low  R ate
E x p e r im e n ts  w e r e  p er fo rm ed  b y  u s in g  tw o  H P L C  5 1 0  w a te r  

p u m p s. T h e  f lo w  rates w e r e  m ea su r e d  b y  c o n t in u o u s ly  f lo w in g  w a te r  at 2 m l/m in  for  
8 h ou rs an d  n o t in g  th e  t im e  req u ired  to  p u m p  a s p e c if ie d  v o lu m e  o f  f lu id . Error w a s  
w ith in  a m a rg in  o f  + / -  2 .0 % . R e p r o d u c ib ility  w a s  a c h ie v e d  w ith  m u lt ip le  te sts  w ith  
s im ila r  r e su lts , w h ic h  in d ic a te d  that th e  f lo w  rate d o e s  n o t s ig n if ic a n t ly  c o n tr ib u te  to  
th e  error in  p ressu re  d rop  m ea su r e m e n t.

1 .5 .1 .2  V iscosity
O ur e x p e r im e n ts  w e r e  carr ied  o u t u s in g  a q u e o u s  so lu t io n s . T h e  

v is c o s it y  o f  w a ter  c h a n g e s  w ith  tem p era tu re  v a r ia tio n . T h e  tem p era tu re  o f  w a te r  at 
ro o m  tem p era tu re  is  in  b e tw e e n  2 2  -  2 4  °c w h ic h  d o e s  n o t s ig n if ic a n t ly  a ffe c t  th e  
v is c o s ity .  M o r e o v e r , th e  p ressu re  d rop  o f  w a te r  te s t s  w a s  m ea su red  o n  d iffe r e n t d a y s . 
It w a s  fo u n d  that a ll o f  th e se  p ressu re  d rop  v a lu e s  w e r e  in a g r e e m e n t w ith in  an  error  
m arg in  o f  + /-  2 .0 % . T h e  error in  v i s c o s it y  w a s  n ot a m ajor  co n tr ib u to r  to  th e  error o f  
p ressu re  d rop  m e a su r e m e n t.

1 .5 .1 .3  R ad iu s o f  C a p illa ry
A c c o r d in g  to  th e  H a g e n -P o is e u i l le  E q u a tio n  1 .6 , th e  p ressu re  

drop  is  p ro p o rtio n a l to-^ j-. It m e a n s  that a sm a ll d if fe r e n c e  in th e  ca p illa r y  rad iu s
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cou ld  lead to the great error in pressure drop m easu rem en t. F igure 1.5 sh o w s  that 
exp erim en ta l p ressure drops w ere s lig h tly  low er  than th eoretica l p ressure drop  
ca lcu la ted  b y u s in g  the reported radius from  the m anufacturer (0 .0 1  in ch es). 
C o n seq u en tly , th e  m easured  pressure drop v a lu e  w a s  ap p lied  to  the H a g e n -P o ise u ille  
eq u ation  to ca lcu la te  the actual radius o f  the cap illary . T h e actual radius o f  th is  
particular cap illary  w a s  found to be 0.01 in ch es, w h ich  is w ith in  5%  o f  the radius 
c la im ed  by the m anufacturer. F igures 1.5 and 1.7 sh o w  the com p a rison  b etw een  the  
exp erim en ta l v a lu es  o f  pressure drop acro ss  the cap illary  and th eoretica l va lu es  
w h ich  w ere ca lcu la ted  by the reported radius and the actual radius, re sp ec tiv e ly . 
U sin g  the m easu red  radius for the ca lcu la tio n s , the error w a s  s ig n ifica n tly  reduced  as  
sh o w  in F igu res 1.6 and 1.8. T h is con cern  has a lso  b een  reported by M a q b oo l e t al.
(2 0 0 6 )

2 4 6 8
Flow rate, mL/min

Figure 1.5 T h eoretica l and exp erim en ta l v a lu es  o f  p ressure drop across th e  cap illary
for d ifferen t f lo w  rates.
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Figure 1.6  Error b etw een  th eoretica l and exp erim en ta l v a lu es  o f  pressu re drop for  
d ifferen t f lo w  rates.
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Figure 1.7 T h eoretica l and exp erim en ta l va lu es o f  pressure drop across the cap illary  
for d ifferen t f lo w  rates, u sin g  m easu red  radius for the ca lcu la tio n s.
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0 2 4 6 8

F low  rate, m L/m in.

F igure 1.8 Error b etw een  theoretica l and exp erim en ta l v a lu es  o f  p ressure drop for  
d ifferen t f lo w  rates, u sin g  m easured  radius for the ca lcu la tio n s .

B eca u se  o f  the se n s it iv ity  o f  the cap illary  radius on  the pressure  
drop m easu rem en t, w e  h ave in v estig a ted  radius o f  d ifferen t b a tch es o f  cap illary  
w h ich  m ay ca u se  the error in the pressu re drop. In order to in v estig a te  th is  factor, 
w ater w a s  run through tw o  d ifferen t b atch es o f  ca p illa r ies , A  and B , and the pressure  
drop acro ss cap illary  w a s  m easured . T h e d ifferen ce  in the pressu re drop and radius 
for tw o  b atch es o f  cap illa ry  are sh ow n  in T ab le  1.1:

T able 1.1 C om p arison  o f  AP and radius for  a sec tio n  o f  2 b atch es o f  cap illa r ies

B a tch es o f  
cap illa r ies

L ength  (ft) P ressure drop (p si) C ap illary radius 
( in c h e s)

A 3 2 .2 5 0 .0 1 0 5
B 3 1.78 0 .0 1 1 0
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A s  can  b e  s e e n  in  T a b le  1 .1 , 5%  error in  ca p illa r y  rad iu s c a u s e s  a 2 6 %  error in  
p ressu re  d rop  at 2  m L /m in . T h e r e fo r e , th e  a ctu a l c a p illa r y  rad iu s n e e d s  to  b e  
d e te r m in e d  fo r  an y  p articu lar  e x p e r im e n ts  in  order to  m in im iz e  th e  error.

1 .5 .2  In itia l R e su lts
1 .5 .2 .1  B arium  su lfa te  d ep o sitio n

T h e  p rim ary  e x p e r im e n t  w a s  carr ied  o u t w ith  3 ft len g th  
c a p illa r y  at a m b ien t tem p era tu re . 10 0  m g /L  o f  b ariu m  c h lo r id e  an d  so d iu m  su lfa te  
w e r e  u se d  to  s tu d y  b arium  su lfa te  d e p o s it io n . F ig u re  1 .9  s h o w s  an in c r e a se  in  th e  
p ressu re  d rop , in d ic a tin g  that th e  b arium  su lfa te  had  started  to  d e p o s it . T h e  p ressu re  
d rop  at s te a d y  sta te , p rior  to d e p o s it  d e te c t io n , is  d e f in e d  a s  APo. T h e  p ressu re  drop  
d u e  to d e p o s it io n  can  b e  a c h ie v e d  b y  n e g le c t in g  th e  s te a d y  sta te  p ressu r e  d rop , as  
s h o w  in  F ig u r e  1 .10 .

F ig u re  1.9 A n  in c r e a se  in  th e  p ressu re  d rop  v s . t im e  fo r  3 ft len g th  ca p illa ry .
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0 2 4 6 8 10
T im e, hrs

F igure 1 .10 P ressure drop due to d ep o sitio n  v s . tim e for 3 ft length  cap illary.

1.5 .2 .2  M ass co llection
A s  m en tion ed  in C hapter 3 , D T P A  w a s  u sed  to d is so lv e  the 

barium  su lfate  d ep o sit  in order to  obtain  am ou nt o f  d ep osit. T h e d ep o sit  am ou nt w ill  
b e d eterm in ed  by 1C P/M S c o m p o sitio n  a n a ly s is . Prior to m ass c o lle c t io n  exp erim en t, 
an additional exp erim en t w a s n eed ed  in order to con firm  D T P A  w ill co m p le te ly  
d is s o lv e  BaSC>4. A  batch exp erim en t w a s perform ed w ith  0 .0 0 1M BaSC>4 in the 0 .001  
M D T P A  so lu tio n  and stirred at 3 0 0  R PM . T h e sam p les  w ere  w ith d raw n  at d ifferen t  
t im e s , filtered  through  a 0 .2 p m  p p  filter, and m easured  w ith  IC P /M S  to d eterm in e  
the B a2+ con cen tration . T he result sh o w s  that D T P A  is ab le to  d is so lv e  100%  BaSC>4 
w ith in  6 hours, as can  be seen  in F igure 1 .11 .
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F ig u re  1.11 P e r c e n ta g e  o f  barium  su lfa te  d is s o lu t io n  as a fu n c t io n  o f  t im e .

T h e re fo re , w e  k n o w  that D T P A  is  su ita b le  so lu t io n  that w e  can  
u se  to  d is s o lv e  b arium  su lfa te  d e p o s its . F or th e  in it ia l e x p e r im e n t , s h o w n  in  F ig u re  
1 .1 2 , th e  to ta l d e p o s it  c o l le c te d  m a s s  w a s  5 6  m g . A d d it io n a lly , ca p tu re  e f f ic ie n c y  o f  
b ariu m  su lfa te  in  th e  c a p illa r y  in n er  w a ll  w a s  a p p r o x im a te ly  20 % . In ord er  to  v e r ify  
c o m p le te  d e p o s it  r e m o v a l, th e  p ressu re  d rop  a c r o ss  c a p illa r y  w a s  m e a su r e d  a fter  
d is so lu t io n . U s in g  E q u a tio n  1 .6 , w e  ca n  c a lc u la te  th e  c a p illa r y  ra d iu s  a fter  
d is s o lu t io n  an d  th en  co m p a r e  w ith  th e  in itia l c a p illa r y , as s h o w  in  T a b le  1 .2 . T h e  
ca p illa ry  rad iu s a fter  d is s o lu t io n  is  red u ced  to  a v a lu e  w h ic h  i s  c lo s e  to  th e  in itia l 
ca p illa r y  rad iu s, in d ic a tin g  m o st  o f  th e  d e p o s it  h a s  b e e n  r e m o v e d .

T a b le  1.2 C o m p a r iso n  o f  c a p illa r y  rad iu s b e fo r e  d e p o s it io n , a fter  d e p o s it io n , and  
after d is so lu t io n .

L en g th  (ft) C a p illa r y  ra d iu s  ( in c h e s )
B e fo r e  d e p o s it io n A fte r  d e p o s it io n A fte r  d is s o lu t io n

3 0 .0 1 1 3 0 .0 0 6 9 0 .0 1 1 0
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F igure 1.12 sh o w s  m ass o f  rem oved  d ep o sit  as a fu n ction  o f  D T P  A  v o lu m e .

1 .5 .3  D ep o sitio n  A n a ly s is
1.5.3.1 Uniform deposition

A  sim p le  approach w a s  ap p lied  in order to stu d y the d ep o sitio n  
m ech an ism . I f  w e  co n sid er  that d ep o sitio n  is  uniform  for  entire cap illary  len g th , as 
sh o w n  in F igure 1 .13 , the ca lcu la ted  m ass o f  uniform  d ep o sit  can  be estim ated  by  
E q u ation  1.7 w h ere  the final radius after d ep o sitio n  is ca lcu la ted  from  the pressure  
drop after d ep o sitio n  by ap p ly in g  E quation  1.6.

Capillary W all
1 Deposit 11

__ _  __ __ไ โ0
r Deposit

Deposit
◄ ------- ---------------- ►

l-Capillary
F igure 1.13 S ch em atic  o f  uniform  d ep o sit  an a lysis .
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^ Deposit "̂Deposit ^  Poeposn D̂eposit) (̂  •̂ )
Where Moeposit is deposit mass (mg.)

LDeposit is deposit length (mm.) 
p is barium sulfate density (4.5 g /m L) 
r0 is in itia l radius o f the capillary (mm.)

r^p 0511 is the fina l radius after deposition (mm.)

For the in itia l experiment, the mass required to form uniform  
deposit fo r entire capillary length was 600 mg. Unfortunate ly, the collected mass was 
observed only 56 mg. Therefore, the result indicates that the deposition is non- 
uniform .

1.5 .3 .2  N on-uniform  A n alysis
One approach has been developed to interpret the non-uniform  

deposition result by Hoepfner (2009). It was assumed that the capillary consists o f  
two sections, one w ith a uniform  deposit and another one w ith  no deposit. A  
schematic o f this technique can be found in Figure 1.14.

Capillary Wall 
" "  ' 1

-Deposit
โ .•"Deposit

Deposit
Lcapillary

►

Figure 1.14 Schematic o f non-uniform  deposit analysis.

For an arbitrary number o f segments, the pressure drop can be 
predicted by m odify ing Equation 1.6 to obtain Equation 1.8.

s e g m e n t s

A/>= £
I=1

8 mL,Q 
nr* (1.8)
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I f  o n ly  tw o  se c tio n s  are co n sid ered , E quation  1.8 red u ces to E quation  1.9:

Ap  = *pQ ( I  I  - I  ^x^D epos it ^  (  a p i lla r y  Deposit

เ̂ ^Deposit / (1 .9 )
W here Loeposit is the length o f  the d ep osit sec t io n  o f  the cap illary .

Lcapiliary is the total length  o f  the cap illary
I"Deposit is the radius o f  the sec tio n  w h ich  is con str icted  by the d ep o sit  
ro is the cap illary  radius in the sec t io n  w ith  n o d ep osit

I f  th is  an a ly sis  is com b in ed  w ith  a m ass b a lan ce w h ich  is sh o w n  in E quation  1 .7 , the  
tw o  u n k n o w n s, roeposit and Loeposit, can  be so lv e d  w h ere  Moeposit is the c o lle c te d  
d ep o sit  m ass. T h is approach w as ap p lied  to the 3 ft length  in itia l resu lt and found  
that the uniform  d ep osit sec tio n  w a s o n ly  0 .1 8 5  ft lon g.

T o  further con firm  the p resen ce  o f  a n on -u n iform  d ep o sit , a 
repeat exp erim en t w a s con d u cted  w ith  a 3 ft length  cap illary  and sam e co n d itio n  w ith  
the in itial exp erim ent. A fter  d ep o sitio n , the cap illary  w a s cut into 3 sec t io n s , 1 ft o f  
each  as sh ow n  in F igure 1.15. M oreover, each  o f  se c t io n s  w a s  in d iv id u a lly  c o lle c te d  
the m ass by D T P A  so lu tio n  d escrib ed  in sec tio n  1.3.

#1 #2 #3

— I  1 f t  1 f t  >

F igure 1.15 S ch em atic  o f  cap illary sec tio n s .

T h e resu lts, sh o w n  in T a b le  1.3, sh o w  that m ore d ep o sit  is 
located  at the b eg in n in g  o f  cap illary. T he h ig h est d ep o sit  m ass w a s  ob serv ed  in the 
first 1 ft cap illary sec tio n . O n e reason cou ld  be that there is a greater d riv in g  force , 
saturation ratio, w h ich  p rov id es a h igher ch an ce  o f  barium  su lfa te  d ep o sitio n  at the  
b eg in n in g  o f  the cap illary . H ow ever , there are so m e  d ep o sits  w h ich  h ave been  
c o lle c te d  at the seco n d  and third cap illary  se c tio n s , in d ica tin g  that the n on -u n iform  
a n a ly s is  cannot be ap p lied  in order to in v estig a te  d ep o sitio n  m ech an ism .
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T a b le  1.3 T h e  c o l le c te d  m a s s  o f  3 c a p illa r y  s e c t io n s .

Additionally, deposition experiments performed on longer capillary used to better
understand the deposition mechanism. The preliminary results can be seen in
Appendix A.

C a p illa ry  S e c t io n s C o lle c te d  M a ss  (m g )
1 2 8 .4
2 2 3 .9
3 7 .2

1 .5 .4  D iffe r e n t  O p era tio n  T im e
T o  b etter  u n d erstan d  d e p o s it io n  m e c h a n ism , an a d d it io n a l e x p e r im e n t  

w a s  c o n d u c te d  w ith  3 ft le n g th  ca p illa r y  fo r  6  h ou rs o p e r a tio n  t im e . A fte r  d e p o s it io n ,  
th e  ca p illa r y  w a s  cu t in to  3 s e c t io n s , 1 ft ea ch , as sh o w n  in  F ig u re  1 .1 5 . T h e  p ressu re  
d rop  o f  e a c h  c a p illa r y  s e c t io n  w a s  in d iv id u a lly  m e a su r e d . F or  6  h ou rs e x p e r im e n t, 
after  d e p o s it io n , th e  m ea su r e d  p ressu re  d rop  o f  e a c h  s e c t io n  is  s l ig h t ly  d if fe r e n t , as  
s h o w n  in  T a b le  1 .4 . H o w e v e r , the m a ss  req u ired  to  form  u n ifo rm  d e p o s it  w ith  th e  
sa m e  p ressu re  d rop  o f  e a c h  s e c t io n , c a lc u la te d  b y  E q u a tio n  1 .7 , is  la r g e ly  le s s  than  
th e  c o l le c te d  m a s s , a s  sh o w n  in  T a b le  1 .5 . T h e se  f in d in g  s h o w s  that th e  d e p o s it s  h a v e  
fo rm ed  a r o u g h  su r fa ce  w h e r e  th e  su r fa c e  th ic k n e ss , w h ic h  co n tr ib u te s  th e  p ressu re  
d rop  m e a su r e m e n t, is  sa m e  fo r  en tire  c a p illa r y  le n g th  d u r in g  6  h ou rs o p er a tio n . A fte r  
6 h o u rs , b ariu m  su lfa te  w a s  ra p id ly  d e p o s ite d  at th e  b e g in n in g  o f  th e  c a p illa r y  d u e  to  
th e  e f fe c t  o f  b ar iu m  su lfa te  d e p o s it  w h ic h  c o v e r e d  th e  c a p illa r y  in n er  w a ll .  A s  c a n  b e  
se e n  in  T a b le  1 .4 , th e  resu lt  o f  10  h ou rs e x p e r im e n t , th e  m ea su r e d  p ressu re  d rop  o f  
first 1 ft s e c t io n  w a s  s ig n if ic a n t ly  h ig h e r  than  la ter  s e c t io n s .
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T ab le  1.4 C om p arison  o f  the m easured  p ressure drop o f  each  sec tio n  after d ep ositio n  
for d ifferen t op eration  tim e.

C ap illary  S ectio n s P ressure drop (p s i)
6 hours 10 hours

1 2 .7 8 14.35
2 2 .6 3 5.91
3 2 .2 8 2 .4 3

T ab le  1.5 C om p arison  o f  the ca lcu la ted  un iform  d ep o sit  m ass and the c o lle c te d  m ass  
o f  each  section  a fter d ep o sitio n .

C apillary
S ectio n s

6 h ou rs exp erim en t 10 hours exp erim en t
C alcu la ted  

uniform  m ass  
(m g .)

C o llec ted  
m ass (m g .)

C alcu la ted  
u n iform 'm ass  

(m g .)

C o llec ted  
m ass (m g .)

1 96 11 .28 2 0 2 2 8 .4 0
2 90 7 .9 7 148 2 3 .8 6
3 71 4 .4 4 6 0 7 .2 5
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1.6 Conclusions and Recommendations

1.6.1 C o n c lu s io n s
T h e  c a p illa r y  f lo w  te c h n iq u e  h a s b e e n  d e v e lo p e d  a s  a p o te n tia l  

te c h n iq u e  to  in v e s t ig a te  b arium  su lfa te  d e p o s it io n . P ressu re  d rop  a c r o ss  th e  c a p illa r y  
w a s  m ea su red  to  stu d y  h o w  th e d e p o s it  fo rm ed . T h e  s e n s it iv i ty  o f  ca p illa r y  d ia m e te r  
can  g iv e  an error o f  p ressu re  drop  m e a su r e m e n t w ith  a ran g e  o f  1 0 -2 0 % . F or  the  
m a ss  c o l le c t io n  p ro ced u re , it h as b e e n  s h o w n  that D T P A  is  a b le  to  e f f e c t iv e ly  
d is s o lv e  an eq u a l m o la r ity  o f  B aSC >4 w ith in  6  h o u rs . T h e r e fo r e , D T P A  is  su ita b le  
co m p a red  to  d is s o lv e  B a S 04  d e p o s its .

O n c e  th e tec h n iq u e  h as b e e n  d e v e lo p e d , d e p o s it io n  e x p e r im e n ts  s h o w  
that B aSC >4 d e p o s its  fo rm ed  in  a s ta in le s s  s tee l c a p illa r y  are h ig h ly  n o n -u n ifo r m  and  
p r e fe r e n tia lly  lo c a te d  n ear the b e g in n in g  o f  ca p illa ry . M o r e o v e r , th e  resu lts  s h o w  that 
th e  d e p o s its  h a v e  fo rm ed  a rou gh  su r fa c e  w h e r e  th e  su r fa ce  th ic k n e s s  is  sa m e  for  
en tire  c a p illa r y  len g th  d u rin g  6  h ou rs o p era tio n . A fte r  6  h o u rs , b ariu m  s u lfa te  w a s  
rap id ly  d e p o s ite d  at th e  b e g in n in g  o f  th e  ca p illa ry  d u e  to  th e  e f fe c t  o f  b ariu m  su lfa te  
d e p o s it  w h ic h  c o v e r e d  th e  ca p illa ry  in n er  w a ll .

1 .6 .2  R e c o m m e n d a tio n s
- In th is  s tu d y , th e  m a in  p r o p o se  w a s  to  d e v e lo p  a  c a p illa r y  te c h n iq u e  

in  ord er to  in v e s t ig a te  b arium  su lfa te  d e p o s it io n . H o w e v e r , th ere  is  a n e e d  to  further  
a n a ly s is  to  m in im iz e  th e  d e p o s it  at th e  m ix in g  te e  w h ic h  c o u ld  c a u se  an in c r e a se  in  
th e  p ressu re  drop.

A d d it io n a lly , a v a r ie ty  o f  p a ra m eters  w h ic h  c o u ld  a f fe c t  th e  
d e p o s it io n  n e e d s  to  b e  in v e s tig a te d . B a s ic  p a ra m eters  c o u ld  be: tem p era tu re , 
p ressu re , b rin e c o n c e n tr a tio n , f lo w  rate, and  su r fa ce  ty p e  o f  ca p illa r y .

- T o  further u n d erstan d  th e d e p o s it io n  m e c h a n ism , o n e  p o s s ib le  
e x p e r im e n t  is  to  f lo w  p rec ip ita ted  b ariu m  su lfa te  in to  ca p illa r y . In ord er  to  d o  s o , a 
n e w  e x p e r im e n ta l te c h n iq u e  n e e d s  to  b e  d e v e lo p e d .

- W h en  th e d e p o s it io n  m e c h a n ism  h a s  b e e n  w e ll-u n d e r s to o d , a n o th er  
c h a lle n g in g  stu d y  is  to  d e v e lo p  a m o d e l in order to  p red ic t b ariu m  su lfa te  d e p o s it io n .
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