
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Pressure Drop Trajectory

Barium chloride and sodium sulfate solutions were flowed through 0.02"’ ID 
stainless steel capillary of 30 cm (Upchurch Scientific, บ -104) and the differential 
pressure, A P , was measured as a function of time. The experimental results were 
normalized by the initial pressure drop without deposition, A P ().as described in 
Experimental Methods section. The result shown in Figure 4.1 shows (AP-APf)) vs. 
time for deposition experiment at a total flow rate of 2 mL/min and 25 ๐c  for 
different runs. It was observed that the pressure drop increases overtime indicating 
that deposition has occurred inside the capillary.
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Figure 4.1 Pressure drop vs. time. All runs performed in 0.02" ID capillaries of 30 
cm lengths at 25 oc and 2 mL/min.



13

4.2 Concentration Trajectory

Prior to performing deposition experiments, barium chloride and sodium 
sulfate solutions were pumped through the feed lines without mixing tee and 
capillary. One sample was collected to measure the actual concentration of barium 
ions at inlet. Barium chloride and sodium sulfate solutions were then flowed through 
0.02” ID stainless steel capillary of 30 cm (Upchurch Scientific, บ-104) and samples 
are collected overtime as described in the Experimental Methods section. Figure 4.2 
shows a plot of barium ion concentrations as a function of time. The solid line at the 
top of the Figure represents the inlet concentration of barium ions. Although, the 
inlet concentration was held constant during the experiment, it was observed that 
barium outlet concentrations decrease as time passes indicating that some of the 
barium ions have accumulated inside the capillary. This result confirms the result 
from pressure drop measurement that barium sulfate deposition has occurred in the 
system.
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Figure 4.2 Barium ion concentration vs. time for 0.02" ID capillaries of 30 cm at 2 
mL/min and 25 °c.
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4.3 Capture Efficiency

The capture efficiency is defined as the mass of barium sulfate that deposit 
compared to the mass of barium sulfate that have passed through the capillary. It can 
be calculated using equation ().

C a p tu r e  e f f i c i e n c y  =  — ------BT2 x 100
c  B a 2+1inlet

Figure 4.3 shows the capture efficiency as a function of time for deposition 
experiments at 2 mL/min and it can be seen that capture efficiency increases as time 
passes. An observed increase in capture efficiency can be explained by using the idea 
of surface area in the capillary which will be discussed later on in the Results and 
Discussion section.
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Figure 4.3 Plot between capture efficiency and time. All runs performed in 0.02” ID 
capillaries of 30 cm lengths at 25 oc  and 2 mL/min.
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4.4 Electron Microscopy Images of Deposits

T h e  d e p o s i t s  s h o w n  in  F i g u r e  4 .4  w e r e  g e n e r a t e d  b y  f l o w i n g  b a r i u m  

c h l o r i d e  a n d  s o d i u m  s u l f a t e  s o l u t i o n s  t h r o u g h  a  0 . 0 2 ”  ID  a n d  3 0  c m  le n g th  c a p i l l a r y  

a t  2 5  °c. T h e  S E M  i m a g e s  o f  t h e  c a p i l l a r y  i n l e t  ( l e f t )  a n d  o u t l e t  ( r i g h t )  a r e  s h o w n  f o r  

d e p o s i t i o n  e x p e r i m e n t  a t  2  m L / m i n .  T h e  i n n e r  c a p i l l a r y  w a l l  e d g e  is  i n d i c a t e d  b y  

d a s h e d  c i r c l e s  o n  t h e  S E M  i m a g e s  a n d  t h e  d a s h e d  l in e s  s e p a r a t e  t h e  c a p i l l a r y  in to  

tw o  s i d e s  t o  s h o w  t h e  d i r e c t i o n  o f  s o l u t i o n  f lo w .  T h e  S E M  i m a g e s  h a v e  b e e n  r o t a t e d  

to  m a t c h  t h e i r  o r i e n t a t i o n  d u r i n g  t h e  d e p o s i t i o n  e x p e r i m e n t .  T h e  d e p o s i t s  s h o w n  in  

F i g u r e  5  a r e  n o n - u n i f o r m  r a d i a l ly ,  a n d  t h e  d e p o s i t  i s  t h i c k e r  a t  t h e  o u t l e t  t h a n  a t  t h e  

in le t .  T h e  i m a g e  s h o w e d  t h a t  d e n d r i t i c  c r y s t a l  w a s  o b s e r v e d  a t  t h e  t o p  a n d  b o t t o m  o f  

t h e  c a p i l l a r y  o u t l e t .  T h e  id e a  o f  d e n d r i t e  f o r m a t i o n  c a n  b e  u s e d  to  a id  i n  th e  

u n d e r s t a n d i n g  a n  i n c r e a s e  in  c a p t u r e  e f f i c i e n c y  s i n c e  t h e s e  c r y s t a l s  h a v e  h ig h  s u r f a c e  

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

o v e r  t im e .

Figure 4.4 S E M  i m a g e s  o f  u s e d  c a p i l l a r y  i n l e t  ( l e f t )  a n d  o u t l e t  ( r i g h t )  f o r  R u n  #1. 
E x p e r i m e n t s  w e r e  p e r f o r m e d  a t  2  m L / m i n  in  0 . 0 2 ”  ID  a n d  3 0  c m  l e n g t h  c a p i l l a r i e s .
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4.5 Detection Time

F o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  d e t e c t i o n  t i m e ,  tj, i t  i s  d e f i n e d  a s  t h e  

p o in t  w h e r e  a n  u p w a r d  t r e n d  t h e  p r e s s u r e  is  f i r s t  d e t e c t e d .  O r  it c a n  b e  d e f i n e d  a s  t h e  

p o i n t  w h e r e  a  d e c r e a s e  in  b a r i u m  o u t l e t  c o n c e n t r a t i o n  is  o b s e r v e d .  T h e  d e p o s i t i o n  

r e s u l t s  s h o w  t h a t  a  d e t e c t i o n  t i m e  w a s  o b s e r v e d  in  b o t h  c o n c e n t r a t i o n  a n d  p r e s s u r e  

d r o p  t r a j e c t o r i e s  a s  i n d i c a t e d  b y  t h e  s o l i d  l in e  in  F i g u r e  a n d  F i g u r e .  T h e r e  a r e  tw o  

p o s s i b l e  c a u s e s  f o r  t h e  o b s e r v e d  d e t e c t i o n  t im e .  F i r s t ,  t h e  i n t e r a c t i o n  b e t w e e n  b a r i u m  

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

s t a i n l e s s  s te e l  s i g n i f y i n g  t h a t  t h e  r a t e  o f  f i r s t  l a y e r  f o r m a t i o n  is  s l o w e r  t h a n  t h e  r a t e  o f  

s u b s e q u e n t  l a y e r  f o r m a t i o n .  A n o t h e r  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  o b s e r v e d  d e t e c t i o n  

t i m e  is  s u r f a c e  a r e a  in  t h e  c a p i l l a r y .  S u r f a c e  a r e a  is  c o n s i d e r e d  to  b e  a t  a  m i n i m u m  

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

c a p i l l a r y  w a l l ,  a n d  i n c r e a s e s  o v e r  t i m e  d u e  to  d e n d r i t e  f o r m a t i o n .  T h e  e x i s t e n c e  o f  

d e t e c t i o n  t i m e  is  l i k e l y  t h e  e x p l a n a t i o n  f o r  t h e  o b s e r v e d  d e n d r i t e  a s  m e n t i o n e d  

p r e v i o u s l y .
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F igure 4.5 D e t e c t i o n  t i m e  o b s e r v e d  in  c o n c e n t r a t i o n  a n d  p r e s s u r e  d r o p  t r a j e c t o r i e s .
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D e p o s i t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  0 .0 2 ”  ID  s t a i n l e s s  s te e l  

c a p i l l a r i e s  o f  10  c m , 2 0  c m ,  a n d  3 0  c m  l e n g t h  ( U p c h u r c h  S c i e n t i f i c ,  U - 1 0 2 ,  U - 1 0 3 ,  

a n d  บ - 1 0 4  r e s p e c t i v e l y )  a t  a  to t a l  f l o w  r a t e  o f  2  a n d  8 m L / m i n  a n d  t h e  d i f f e r e n t i a l  

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

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

t h r e e  s e c t i o n s  ( 0 - 1 0 ,  1 0 - 2 0 ,  a n d  2 0 - 3 0  c m )  u s in g  e q u a t i o n s  b e l o w

^ p  1s t  s e c t i o n  — A P i 

A P 2ndรection =  AP2 -  A Pi

^ p  3 rd s e c t i o n  =  ^ P 3 — & P 2

w h e r e  A P | =  p r e s s u r e  d r o p  f o r  10  c m  c a p i l l a r y  

A P 2 =  p r e s s u r e  d r o p  f o r  2 0  c m  c a p i l l a r y  

A P ?  =  p r e s s u r e  d r o p  f o r  3 0  c m  c a p i l l a r y  

A s  y o u  c a n  s e e  f r o m  F i g u r e  4 .6  t h e  p r e s s u r e  in  th e  s e c o n d  s e c t io n  i s  t h e  

h ig h e s t  a n d  h i g h e r  t h a n  in  th e  f i r s t  a n d  t h i r d  s e c t i o n  r e s p e c t i v e l y .  It i n d i c a t e s  t h a t  

d e p o s i t s  m o s t l y  f o r m e d  in  t h e  l e n g t h  b e t w e e n  1 0  a n d  2 0  c m .  T h i s  c a n  b e  c o n f i r m e d  

b y  th e  r e s u l t s  f r o m  c o n c e n t r a t i o n  m e a s u r e m e n t .  F i g u r e  4 .7  s h o w s  a  p lo t  o f  

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

l e n g th  is  i n c r e a s e d  t h e  c o n c e n t r a t i o n  o f  b a r i u m  io n s  d e c r e a s e .  T h e  o b s e r v e d  d e c r e a s e  

เท c o n c e n t r a t i o n  is  c a u s e d  b y  th e  d e p o s i t i o n  o n  t h e  c a p i l l a r y  w a l l  a s  m o s t  o f  t h e  

b a r i u m  i o n s  d e p o s i t  a n d  r e s i d e n c e  t i m e  a s  b u lk  a g g r e g a t i o n  s t a r t s  o c c u r r i n g .  

M o r e o v e r ,  t h e  c o n c e n t r a t i o n  t r a j e c t o r y  is  v e r y  s i m i l a r  a t  2 0  a n d  3 0  c m  b u t  d i f f e r e n t  

f r o m  10 c m  i n d i c a t i n g  t h a t  m o s t  o f  t h e  d e p o s i t s  o c c u r  in  t h e  s e c o n d  s e c t io n .  S E M  

im a g e s  o f  u s e d  c a p i l l a r i e s  w e r e  t a k e n  t o  c o n f i r m  t h e s e  r e s u l t s .  F i g u r e  4 .8  s h o w s  t h e  

c a p i l l a r y  i n l e t  a n d  c a p i l l a r y  o u t l e t  f o r  1 0  a n d  2 0  c m  l e n g t h  c a p i l l a r y .  I t c a n  b e  c l e a r l y  

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

S E M  i m a g e  o f  c a p i l l a r y  o u t l e t  f o r  2 0  c m .

4.6 Deposition Profile
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Figure 4.6 P r e s s u r e  d r o p  v s .  T im e  f o r  e a c h  c a p i l l a r y  s e c t io n  f o r  d e p o s i t i o n  

e x p e r i m e n t s  p e r f o r m e d  a t  2  m L / m i n .

T im e  (m in )

F ig u r e  4 .7  Normalized barium concentration vs. Time for different capillary
lengths.
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Inlet Outlet
10  cm capillary

Figure 4.8 S E M  i m a g e s  o f  c a p i l l a r y  i n l e t  a n d  o u t l e t  f o r  t h e  b a r i u m  s u l f a t e  g e n e r a t e d  

in  0 .0 2 "  ID c a p i l l a r i e s  w i th  1 0 , 2 0 ,  a n d  3 0  c m  le n g th .  M o s t  o f  t h e  d e p o s i t s  w e r e  

o b s e r v e d  a t  2 0  c m  c a p i l l a r y  o u t l e t .



20

D e p o s i t i o n  e x p e r i m e n t s  w e r e  c a r r ie d  o u t  b y  f o l l o w i n g  t h e  s a m e  p r o c e d u r e s  

a s  d i s c u s s e d  e a r l i e r  b u t  th e  t o t a l  f l o w  r a t e  w a s  c h a n g e d  t o  8 m L / r n i n .  T h e  

e x p e r i m e n t a l  r e s u l t s  s h o w n  in  F i g u r e  4 .9  s h o w  t h e  d i f f e r e n t i a l  p r e s s u r e  a s  a  f u n c t i o n  

o f  t i m e  a n d  it  w a s  o b s e r v e d  th a t  t h e  p r e s s u r e  d r o p  in  t h e  f i r s t  s e c t i o n  is  t h e  h i g h e s t  

i n d i c a t i n g  t h a t  m o s t  o f  t h e  d e p o s i t s  o c c u r  in  t h e  f i r s t  s e c t io n .  T h e  u p w a r d  t r e n d s  f o r  

t h e  s e c o n d  a n d  t h i r d  s e c t i o n  w e r e  o b s e r v e d  a f t e r  3 0  a n d  4 0  m i n u t e s  r e s p e c t i v e l y  

s u g g e s t i n g  t h a t  t h e  d e p o s i t i o n  s t a r t s  o c c u r r i n g  a t  t i m e  a p p r o x i m a t e l y  e q u a l  t o  3 0  a n d  

4 0  m i n u t e s .  T h e  r e s u l t s  a l s o  s u g g e s t s  th a t  t h e  d e p o s i t i o n  r a t e  in  t h e  th i r d  s e c t i o n  is  

t h e  h i g h e s t  a f t e r  t h a t  t i m e  a s  c a n  b e  s e e n  f r o m  t h e  s lo p  o f  t h e  g r a p h .  T h e  r e s u l t s  i s  in  

g o o d  a g r e e m e n t  w i th  t h e  c o n c e n t r a t i o n  t r a j e c t o r y  s h o w n  in  F i g u r e  4 .1 0  th a t  t h e r e  w a s  

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

l e n g t h s  u n t i l  i t  r e a c h e d  a p p r o x i m a t e l y  3 5  m in .  S E M  i m a g e s  o f  c a p i l l a r y  i n l e t  a n d  

o u t l e t  f o r  e a c h  c a p i l l a r y  l e n g t h  a r e  s h o w n  in  F i g u r e  4 .1 1 .

4.7 Deposition Profile as a Function of Flow Rate

Figure 4.9 P r e s s u r e  d r o p  v s .  T i m e  f o r  e a c h  c a p i l l a r y  s e c t i o n  f o r  d e p o s i t i o n  

e x p e r i m e n t s  p e r f o r m e d  a t  8 m L / m i n .
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Figure 4.10 N o r m a l i z e d  b a r i u m  c o n c e n t r a t i o n  v s .  T i m e  f o r  d i f f e r e n t  c a p i l l a r y  

l e n g t h s .
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Figure 4.11 S E M  i m a g e s  o f  c a p i l l a r y  in le t  a n d  o u t l e t  f o r  t h e  b a r i u m  s u l f a t e  

g e n e r a t e d  i n  0 . 0 2 ”  ID  c a p i l l a r i e s  w i th  1 0 , 2 0 ,  a n d  3 0  c m  le n g th .
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