
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Onset Volume of Crude Oil Sample

B efore asphaltene deposition  experim ents were perform ed, the 
instantaneous on set vo lu m e w as determ ined in order to be able to ch oose  the 
appropriate precipitant concentration to study. A  sam ple o f  the efflu en t from the 
deposition  apparatus w as taken by a m icropipette and placed under the m icroscope to 
detect the p resence o f  precipitated asphaltenes. The instantaneous onset vo lu m e w as  
m easured to be around 40  vol%  C7 for O il A . The results can be seen  in Figure 4 .1 . 
Precipitated asphaltenes can be seen  as black particles under the m icroscope as 
show n in circle o f  Figure 4.1 (d).

(a) C rude O il

(c) 35 vo l% C 7

(b) 30 vo l% C 7

(d) 40 vo l% C 7

F ig u re  4.1 M icrographs sh ow in g  the effluent o f  heptane in o il at different 
concentrations (O nset vo lu m e o f  studied crude oil is around 40  vol%  C 7).

To study asphaltene deposition at low heptane concentration experiments
were performed at precipitant concentrations less than or equal 30 vol% C7, where
no asphaltenes are detectable by microscopy.
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4.2 Modification of the Experimental Apparatus

D uring the shutting d ow n  procedure o f  the dep osition  apparatus, the 
pressure profile o f  the system  w ou ld  suddenly change due to the bled to the 
atm osphere and such a sudden change could lead to deposit rem oval. In order to 
prevent the deposit rem oval due to pressure changes, a m icro-splitter v a lv e  and a 
m icro-m etering va lve w ere added to the apparatus to ensure that the pressure in the 
system  w ou ld  s lo w ly  release and the surging flu id  w ou ld  not leach  the dep osit away. 
Figure 4 .2  sh ow s asphaltene deposition  apparatus used in this work. A fter  
perform ing an experim ent, the m icro-splitter va lve  w as c lo sed  to prevent flu id  from  
surging through the system . The m icro-m etering v a lve  w as open ed  to lightly  release  
the pressure in the system . The capillary w as rem oved  and drained by h o ld in g  the 
outlet against a p iece  o f  paper to w el. A  syringe w as used to inject air through the 
capillary tube to force any residual liquid out o f  the capillary.

Constant Temperature W ater Bath

Relief
Pressure Relief Valve

Relief

Figure 4.2 A sphaltene deposition  apparatus used in  this work.

4.3 Electron Microscopy of Deposits: Mixing Validation

A s m entioned before, C F D  sim ulations by Floepfner (2 0 1 0 ) su ggest that the 
oikheptane m ixture w ill be w ell m ixed  i f  a 2 -in ch  sta in less stee l capillary w ith  a
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0 .03-in ch  ID connects the m ix in g  tee to the capillary as sh ow n  in the Figure 2.6. D ue  
to density o f  heptane is low er than that o f  oil the h ighest heptane concentration  
w ould  be present at the top o f  the capillary. To confirm  that the proper m ixing is 
obtained in this apparatus, three p ossib le  deposit locations are proposed. First, i f  the 
deposit is form ed only at the top o f  the capillary or at the side o f  the capillary that the  
heptane enters from , it su ggests that the m ixing is poor. Second, i f  the deposit is 
thinner at the bottom  o f  the capillary com pared to the top, it indicates that there is 
lik e ly  som e im proper m ix in g  in the system , but asphaltenes are still depositing  at a 
concentration b e lo w  the onset point. Third, i f  the deposit is form ed uniform ly around 
the entire capillary, it indicates proper m ix ing . After experim entation w as perform ed, 
the deposits w ere v isu alized  w ith  scanning electron m icroscop y (S E M ) on a FEI 
Q uanta 200  3D  instrum ent operating in lo w  vacuum  m ode. Figure 4.3 (le ft) show s a 
n ew  and clean  0 .0 2 ” ID capillary. Figure 4 .3 (right) sh ow s a 0 .0 2 ” ID  capillary o f  a 
crude oil blank w hich  ran for 4 hr under the sam e conditions as a normal run. From  
left figure, it can be seen  that the edge o f  the capillary is w ell defined  and the 
roughness o f  the m etallic surface can be identified. From  the right figure, it can be 
seen  that there is som e oil trapped in the surface roughness o f  capillary. A s w ill be 
seen  shortly, i f  asphaltene deposits are present, they w ill appear sm ooth.

Figure 4.3 SE M  im ages o f  a clean, unused capillary (le ft) and control experim ent 
w h ich  ran for 4 hr under the sam e conditions as a norm al run (right). N o tice  the 
v isib le  roughness on both the capillary’s w alls.
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Figure 4 .4  sh ow s a SEM  im age o f  a capillary in let (left) and outlet (right) after an 
experim ent perform ed w ith  O il A  at 30%  heptane in a 0 .0 2 ” ID capillary for 7 hours. 
The dep osit is roughly  form ed around the entire capillary, indicating that the system  
has proper m ix ing . The deposit is thinner at the outlet, supporting the capillary length  
com parison experim ent perform ed by H oepfner (2010). Figure 4.5 and Figure 4 .6  
sh ow  tw o additional experim ents at the sam e conditions as Figure 4 .4 . A  large solid  
item  at the bottom  o f  the capillary outlet in Figure 4.5 is b elieved  to be a contam inant 
that lik ely  adhered during transportation to the electron m icroscop y laboratory. 
E nergy D isp ersive  X -R ay Spectroscopy (E D X ) did not detect the presence o f  carbon, 
thus w e conclude that it is a contam inant.

Figure 4.4 Im age o f  capillary in let (left) and outlet (right) w ith  SEM . E xperim ent 
w as perform ed at 30%  heptane in a 0 .0 2 ” ID capillary, Run 1. N o tice  the deposit 
roughly uniform  radially at the capillary inlet.
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Figure 4.5 A dditional reproducibility d ep osition  experim ent, Run 2. Sam e  
conditions as in Figure 4 .4 . The large material found at the bottom  o f  the capillary  
outlet (right) is a contam inant. S ee text for rationale.

Figure 4.6 A dditional reproducibility dep osition  experim ent, Run 3. Sam e  
conditions as in Figure 4 .4 .

Figure 4 .7  sh ow s the pressure drop profile results o f  the dep osition  experim ents 
w hich  w ere conducted at 30%  o f  heptane in Oil A  flow in g  in a 2 ”  length capillary  
w ith 0 .0 2 ”  ID  at 60  °c for the SEM  im ages that are found in F igures 4 .4 -4 .6 .
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In Run 1, the light b lue line, the pressure drop increases gradually indicating  
that an asphaltene deposit is building up on the w all. A fter 3.5 hours, the pressure 
drop starts to decrease. T his occurrence can m ost easily  be explained  by the fact that 
p ieces  o f  the asphaltene dep osit can break aw ay from the capillary w a ll and flo w  into  
the bulk cau sin g  a decreasing in pressure drop. For the purpose o f  obtaining SEM  
im ages o f  the asphaltene d ep osit on the capillary w all, runs 2 and 3 w ere  perform ed. 
A nd, these runs w ere stopped before any decrease o f  the pressure drop occurred, 
avoid in g  any detectable lo ss  o f  the deposit. A s can be seen , the d ep osits are roughly  
uniform  radially, w hich  indicates that the o il and heptane are w ell m ixed .

Figure 4.7 Pressure drop profiles o f  deposition  results from  Run 1, R un 2 and Run 3 
for the SEM  im ages found in Figures 4 .4 -4 .6 .

4.4 Extend Study: Investigating the Behaviour of a Second Crude Oil, Oil พ

To ch eck  for w ide applicability  o f  the results for O il A , experim ents w ere  
perform ed w ith  an additional crude oil, O il พ .  The asphaltene content and v iscosity  
o f  the second  o il is less than Oil A , 15 tim es and 2 tim es, resp ectively . The  
d ep osition  experim ents for O il พ  w ere perform ed in both 0 .0 1 ” ID  and 0 .0 0 5 ” ID  
capillaries in order to im prove the sensitiv ity  o f  deposit detection b y  pressure drop
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m easurem ents. The 0 .0 1 ” ID and 0 .0 0 5 ” ID capillaries had a roughly circular inlet, 
but sh ow ed  sign ificant irregularities, as seen  in Figure 4.8.

Figure 4.8 SEM  im ages o f  0 .0 1 ” ID capillary (le ft) and 0 .0 0 5 ” ID capillary (right).

The onset vo lu m e o f  O il พ  w as determ ined to be around 35 vol%  heptane 
at 60°c and 25% heptane at 25°c by the sam e procedure as outlined for O il A. 
Figure 4 .9  and Figure 4 .1 0  sh ow  SEM  im ages o f  the capillary inlet and outlet at 
different heptane concentrations and tem peratures in a 0 .0 1 ’TD capillary. The deposit  
is roughly  uniform  and thinner at the outlet, w hich  supports the results from the 
previous o il.
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Figure 4.9  SE M  im ages o f  capillary inlet and outlet for the O il พ  d ep osit generated  
in a 0.01 inch ID capillary w ith  a 1 foot length and 35%  heptane at 60  ° c .

Figure 4.10 SEM  im ages o f  capillary in let and outlet for the O il พ  deposit 
generated in a 0.01 inch ID capillary w ith  a 1 foot length and 25%  heptane at 20  ° c .

T he 0 .0 0 5 ” ID capillary w as used to im prove the sen sitiv ity  o f  the dep osit detection. 
Figure 4 .1 1  sh ow s pressure drop vs. tim e for 35%  heptane at 60 ° c  in O.OE’ID and
0 .0 0 5 ”ID capillaries. From the H agen -P oiseu ille  equation, pressure drop is inversely  
proportional to r4, thus a sm all inner diam eter change due to a deposit form ing w ill 
induce a large pressure drop. The results indicate that the sensitiv ity  o f  the deposit
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detection  im proved w hen an experim ent w as perform ed on  sm aller ID  capillaries. 
H ow ever these experim ents w ere perform ed at constant volum etric f lo w  rate and 
neglected  the e ffec t o f  shear rate.

Figure 4.11 Pressure drop profile o f  35%  heptane at 60 °c in O.OT’ID and 0 .0 0 5 ”ID  
capillaries.

4.5 Asphaltene Deposition Locations

Scanning electron m icroscopy w as used to look  at the d ep osit th ickness 
alon g the length o f  the capillary. E xperim ents w ere perform ed by u sin g  zero dead  
vo lu m e unions to connect three 0 .02  inch ID capillaries w ith  a 2 inch  length  and a 
0 .0 2  inch ID capillary w ith  a 1 foot length in series. F igure 4 .1 2  sh ow s the apparatus 
for this experim ent. The experim ental results indicate that the d ep osit w as non- 
uniform  along the length and thicker at the inlet. Figure 4 .13  and Figure 4 .1 4  sh ow  
SE M  im ages o f  capillaries inlet (left) and outlet (right) after an experim ent 
perform ed w ith  O il A  at 30%  heptane in 0 .0 2 ” ID capillaries.
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Figure 4.12 A sphaltene deposition  apparatus to observe deposition  th ickness along  
the length.

Figure 4.13 SEM  im ages o f  1st and 2 nd capillary in let and outlet for the Oil A  
d eposit generated in a 0 .0 2  inch ID capillary at 30%  heptane.
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Figure 4.14 SEM  im ages o f  3 rd and 4 th capillary in let and outlet for the O il A  
d ep osit generated in a 0 .02  inch ID capillary at 30%  heptane.

SE M  im age o f  4 th capillary outlet show s that there m ay be trapped o il that has not 
b een  com p letely  drained as can be seen  from  the blurry surface in sid e the capillary  
(the blurry im age inside the capillary sh ow n  in Figure 4 .1 4  is due to organic material 
inside the capillary, and not because o f  focu s issues). T o m easure the m ass o f  the 
d eposit, each capillary section  w as w eig h ed  before and after the deposition  
experim ent. F igure 4 .15  sh ow s the m easured m ass o f  deposit scaled  by the capillary  
length o f  each. The results indicate that m ost o f  the m ass occurs w ith in  the first 2 
inches, w hich  supports the result from SEM  im ages. The sign ifican t am ount o f
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m easured m ass o f  d ep osit in the last capillary section  w as b e liev ed  to be oil that did 
not com p lete ly  drain, as seen  in Figure 4 .14.

0"-2" 2 ”-4" 4 “-6" 6 '- 1 8 "
Section

Figure 4.15 M easured m ass o f  d ep osit in each capillary section  o f  the O il A  deposit 
generated in a 0 .02  inch  ID  capillary at 30%  heptane.

4.6 Pressure Drop Prediction from SEM Deposit Thickness

T o predict the pressure drop the H agen -P oiseu ille  equation has been used. A  
great portion o f  the d ep osit is concentrated at the entrance o f  the capillary, as can be 
con clu d ed  by SEM  im ages and m easurem ent o f  the d eposit w eight. This result 
dem onstrates that asphaltenes are preferentially to d eposit as soon  as they  are 
destabilized . In the pressure drop calcu lations, w e  w ill assum e that deposit occurs 
w ithin the first 2  inches and continue throughout the length k n ow in g  that th is w ill 
provide an estim ate o f  the m axim um  p ossib le  pressure drop in the system . The final 
constricted radius w as obtained from the SEM  im age by m easuring the m inim um  
final radius at the first capillary inlet in order to provide a conservative overestim ate  
pressure drop. Table 4.1 show s the final constricted radius obtained from  SE M  
im age, calculated final pressure drop and the pressure drop obtained from  the  
experim ent. The result indicates that using the final constricted radius at the first 
capillary in let still under predicts the final pressure drop obtained  experim entally . 
O ne p ossib le  explanation for the under prediction is that desp ite efforts to preserve
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the d ep osit during shutdow n, som e deposit still m ay be sheared aw ay. It m ay occur  
that the deposit w as lost during the shutdow n p rocess or som e o f  the deposit m ay  
form inside the capillary w here SEM  cannot detect. A dditionally , revalidation o f  the 
accuracy o f  the pressure transducer m ay be necessary.

Table 4.1 C alculated final pressure drop and pressure drop from experim ent

Final constricted radius (p m ) C alculated final AP (m ) M easured AP (psi)
106 0 .59 1.113

T o investigate the second  hypothesis, the m ass o f  dep osit has been  
calculated by assum ing that deposit is linearly decreasing in th ickness a long the 
capillary length. The estim ate m ass o f  d eposit w as calcu late based on the vo lu m e and 
the d ensity  o f  deposit. T he density o f  asphaltene dep osit w as assum ed to be 1.2 g/m L  
(R oux e t  a l.,  2001). The vo lu m e o f  d ep osit w as calcu lated  by subtracting the vo lu m e  
o f  the capillary tube w ith  the vo lu m e o f  truncate cone representing the vo lu m e  
occupied  by the flu id  in the first 2 inches. T he vo lu m e o f  truncate con e w as  
calcu lated  by Equation 1.

V =  Y *  ( R2 +  r 2 +  R * r )  (1)

w here R  and r are the m inim um  final radius obtained from  SEM  im ages at the first 
capillary in let and outlet, resp ectively . The capillary length is g iven  by h.

T able 4 .2  sh ow s the vo lu m e o f  the capillary tube, the vo lu m e o f  truncate 
con e, calcu lated  m ass o f  deposit and the m ass o f  deposit obtained from  the 
experim ent. The result ind icates that using m inim um  final radius (th ickest deposit) at 
the first capillary inlet and outlet provides the overestim ate o f  m ass o f  deposit. The  
accuracy o f  the estim ate o f  the vo lu m e o f  dep osit using m inim um  final radius 
(th ickest deposit) is too im precise to predict the m ass axially , h ow ever know ing that 
the dep osit w as thicker at the inlet com pare to at the outlet for all experim ents. It is
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unlikely  to have non m on oton ie  decreasing in th ickness. The im proving volum e  
estim ate from SEM  w ould lik e ly  result in c loser  prediction for m easured m ass.

Table 4.2 C alculated m ass o f  deposit and m easured m ass o f  d ep osit from the 
experim ent

V o lu m e o f  capillary  
tube (m L)

V olu m e o f  truncate 
con e (m L)

C alculated m ass  
o f  deposit (g)

M easured m ass o f  
dep osit (g)

0 .0112 0 .0 0 3 9 0 .0088 0 .0 0 3 6

4.7 Flowing Precipitated Asphaltene Solution Through a Capillary

To study the m echanism  o f  asphaltene d ep osition , experim ents were 
perform ed by flo w in g  a p reviou sly  precipitated asphaltene so lu tion  through a 
capillary. The asphaltene so lu tion  w as aged for 23 , 73 and 95 hours for the three 
experim ents perform ed. The goal o f  this experim ent is to observe whether  
precipitated asphaltenes w ith  different s ize  distributions can dep osit in the capillary. 
The experim ental results indicated that the asphaltene aged for 23 hours and 73 hours 
can deposit in the capillary. H ow ever  the 95 hr aged  asphaltenes, w hich  is the longest  
agin g  tim e investigated  here, do not deposit in a capillary as it can be seen  from  the 
pressure drop in Figure 4 .1 6 , w h ich  is constant as a function o f  tim e.
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Figure 4.16 F low ing precipitated asphaltene so lu tion  through a capillary at 40  vol%  
heptane.

M aqbool e t al. (2 0 1 1 ) have show n that the asphaltenes continue to grow  in 
size  after bein g  destab ilized  by alkane addition. I f  the oil-precipitant m ixtures w ere  
left for en ou gh  tim e to grow , all o f  the sm all particle w ill be b ecom e larger as it can  
be seen  from  the particle s ize  distribution o f  asphaltene particles as a function o f  tim e 
from  this w ork in Figure 4 .17 .

Figure 4.17 Particle s ize  distribution o f  asphaltene particles as a function  o f  tim e for  
46 .5  vol%  heptane w ith  K -l crude oil ( M aqbool e t a l ,  2011 ).
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H oepfner (2 0 1 1 ) perform ed centrifugation experim ents on  the sam e crude 
oil, O il A , and heptane concentration (40  vol%  heptane) at room  tem perature. Figure
4 .18 sh ow s the am ount o f  asphaltenes precipitated as a function o f  tim e from  this 
work.

0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
Time (hr)

Figure 4.18 A m ount o f  asphaltenes precipitated as a function o f  tim e using O il A  at 
40  vol%  heptane. (H oepfner, 2011).

In this experim ent, the am ounts o f  precipitated asphaltenes increase and  
reach a plateau value after 24  hours. This plateau value corresponds to the 
equilibrium  am ount o f  asphaltenes that can be precipitated from  a 4 0  vol%  heptane  
in O il A . A fter 24  hours the particles w hich  are greater than 0 .2  pm  w ere com p letely  
separated b y  centrifugation technique, therefore o n ly  sm all particle w ere rem ained in 
the solution .

T his result im p lies that the deposition  o f  asphaltene cau sed  by very sm all 
particles asphaltene during aggregation process and do not dep osit after it w as large 
enough or matured (95 hours aging tim e).
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