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process is used to hydrocrack residuum. In

this process, sediment deposition in the
downstream equipment sometimes affects the
overall economics by limiting the operating
conversion, even though the upstream reactor
system is capable of achieving much higher
conversion levels. The sediment is measured by
SHFT value (Shell Hot Filtration Test method),
which mainly measures that portion of the
asphaltene that is insoluble in heavy oil at
specific laboratory test conditions. A solubility-
theory-based  thermodynamic model was
developed to predict the SHFT value. According
to this model, asphaltenes are in equilibrium (in
solution) with the surrounding fluid. The model
parameters are asphaltene molecular weight and
its solubility parameter. Both are related.
Solubility parameter is modelled as a function of
the hydrogen-to-carbon (H/C) atomic ratio of
the heavy oil. The molecular weights are esti-
mated from pilot plant data by minimising the
sum of squares of the residuals between the
observed SHFT value and the calculated value
for all runs. Asphaltene molecular weight
decreases with increasing process severity, indi-
cating that the asphaltene becomes more
aromatic by losing side chains. The simple model
is able to explain the observed trends with
respect to different LC-Fining -catalysts, feed
sources and diluent effects. Commercial data are
compared with the pilot plant data and the
model prediction validates the model.

The LC-Fining ebullated bed hydrocracking

Introduction

With ever-increasing demand for low-sulphur
middle distillates and with crude oil prices
hovering around $90/barrel, refiners have taken
a keen interest in converting vacuum residuum
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to distillates. The search for Best Available
Technology (BAT) has intensified over the last
few years because of diminishing supplies of
sweet crudes and incremental supplies coming
predominantly from heavy sour crudes and
synthetic crudes. The traditional outlet for
vacuum residue was high-sulphur fuel oil
(HSFO), but HSFO demands in most regions
have diminished over the last ten years, giving
further impetus to residue conversion processes.
Various catalytic residue-upgrading technologies
are available from Chevron Lummus Global
(CLG), including residue desulphurisation tech-
nologies atmospheric residue desulphurisation
(ARDS), vacuum residue desulphurisation
(VRDS), upflow reactor (UFR), online catalyst
replacement (OCR) and LC-Fining process
(Dahlberg et al, 2007; Mukherjee et al, 2007; Gupta
and Brossard, 2007). Lummus Technology also
offers delayed coking, shell soaker visbreaking,
and RFCC processes (Soni et al, 2003). LC-Fining
process integrated with the Isocracking process
(CLG’s hydrocracking process) offers a proven
high-conversion option (Spieler et al, 2006). The
combined process is especially attractive in situ-
ations requiring high conversion of residuum
with high metals content and where diesel
demand is higher than gasoline demand.

In the LC-Fining process a series of ebullated-
bed reactors are used. A suitable catalyst such as
Ni/Mo extrudate catalyst particles, suspended in
the liquid and in the presence of high hydrogen
partial pressure (100-180 bar) and at moderate
temperature (400-440°C) removes the heter-
oatoms and the metals while converting 60-80%
of the residue. Subsequently, further upgrading
can be done with integrated hydrocracking.
Figure 1 is a simplified flow diagram of the LC-
Fining process. Typically, anywhere from one to

April 2008 1


www.digitalrefining.com/article/1000207

Hydrogen
Heater

LC-Fining
Reactor

HP
Separator

Feed Oil
Heater

HP Steam

Vacuum Residue

B Make-up
4 MU H2 A Hydrogen
Comp
HP Amine
Scrubber
LP Amine
Scrubber
Atm. Vac.

Tower Tower

Heavy Oil
Stripper

Figure 1 Typical LC-Fining process flow diagram. The circled area indicates the location of sediment deposition

three reactors are used for the LC-Fining process
and one or two additional fixed-bed reactors for
the integrated hydrocracking segment. To keep
the catalyst activity high at all times, a small
amount of catalyst is removed from the reactors
daily and an equivalent quantity of fresh catalyst
is added. Usually the feed contains the residuum
and a small quantity of an aromatic diluent.
Some internal recycle streams are sometimes
used.

In its natural state, residua has no or a very
low SHFT value. However, it is the conversion
process that creates the sediments by disturbing
the SARA (saturates, aromatics, resins,
asphaltenes) balance. The ebullated-bed reaction
system emulates a CSTR. The nature of the feed-
stock is such that high operating temperatures
are required for conversion and a significant
amount of thermal cracking occurs in addition to
normal hydroconversion. Hydrogen partial pres-
sure and residence time are major variables in
aiding hydrogenation and ensuring that the
conversion of residuum occurs in an environ-
ment where the resins-to-asphaltenes ratio
remains in a domain where sedimentation does
not occur.

After the reaction section, the products are
recovered in the separation section. Since consid-
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erable research and development, backed by
commercial feedback, has been spent in under-
standing the variables within the reactor system
this article focuses on the other parts of the
process that are impacted by sediment deposits.
Unless addressed by process parameters and
equipment design, the sediment issue can reduce
on-stream factor and conversion targets
significantly.

The sections most often impacted by sediment
deposits are the bottom of the atmospheric and
vacuum towers, and in the vacuum tower
bottoms product rundown circuit. One such area
is highlighted in Figure 1. Unlike the reactor
system, where sediment formation can be
addressed by increased catalyst addition, sedi-
ment formation in equipment such as the
vacuum bottoms product rundown exchangers
cannot be addressed or even predicted easily.

In commercial application, sediment deposition
affects heat transfer and pressure drop.
Unfortunately, the physical and chemical proper-
ties of the deposits are rarely analysed. Sediment
comes in different forms: it can be hard like coke,
or in gelatinous, gummy form. In commercial
units, CLG has observed different types of sedi-
ments at different points in the residue rundown
circuit, with the nature of the deposit being a
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strong function of operating temperature. It has
also observed that these deposits can be rendered
back into solution at reactor operating tempera-
tures. Currently, the prevalent mechanism for
removing sediment deposits from exchanger
circuits is by mechanical cleaning or hydrojetting.

Data generation for solubility model

To design the LC-Fining unit for a specific feed,
CLG performs detailed pilot plant work and
collects the necessary design data. Figure 2 is a
simplified sketch of pilot plant. As shown, there
are two reactors in series. There is no continuous
withdrawal or addition of catalyst in the pilot
plant unlike the commercial unit. After a speci-
fied decline in activity, a new batch of catalyst is
used. The spent catalyst is analysed for metals,
coke and other physical properties, and the data
are used for kinetic calculations. In a typical pilot
plant campaign, all feed and product quantities
are measured along with the temperatures and
pressures, which permit the calculation of the
kinetic parameters for hydroprocessing with a
specific catalyst. The products include H S, NH,,
H,0, H, and CH_-C, components, light oil and
heavy oil. The gaseous products are analysed by
gas chromatography. In addition, liquid product

analyses are performed, including API gravity,
distillation, carbon, hydrogen, sulphur, nitrogen
and oxygen (often by difference). The heavy oil
is analysed for Conradson carbon residue (CCR),
sediments (by the Shell Hot Filtration Test
method (IP-375)), metals, and pentane, heptane
and toluene insolubles. In a typical run, carbon
and hydrogen balances usually vary between
99% and 101%. Repeatability of SHFT value is
about +300 ppm and the accuracy is about +500
ppm. There are other techniques for measuring
the sediments, which are discussed in the litera-
ture (Ostlund et al, 2007; Rahimi et al, 2002;
Asomaning, 2003), but there is no industrial
standard. Despite some deficiencies in the
analytical method, Bannayan et al (1995) found
some relationship between the SHFT value and
the exchanger-fouling rate in a commercial unit.
The SHFT value approximately measures that
portion of the asphaltenes that are insoluble in
the heavy oil along with some inorganic materi-
als. A portion of the asphaltenes deposit in the
separation section and cause the observed
increase in pressure drop across the equipment.
Hence, in this article, SHFT value is modelled
and it is used to represent the asphaltene content
of the sediment.
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Figure 2 Sketch of pilot plant
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Figure 3 Simplified hypothetical structure of asphaltene

Background for model
In the past, simple empirical and semi-empirical
correlations were developed that were sufficient
for predicting low-level deposition rates and for
designing equipment. A large amount of data in
the literature, in similar refining processes, indi-
cates that thermodynamic models are superior
to empirical models. All observations in the pilot
plants and commercial units indicate that
asphaltene deposition is related to the solubility
of asphaltene in the surrounding oil. Hence, a
solubility-theory-based model is presented here.
Asphaltene is not a simple molecule like
benzene or naphthalene. Due to its complexity,
it is defined by its solubility. More specifically, it
is measured by a SARA analysis, which measures
the residue in terms of the saturates, aromatics,
resins and asphaltenes fractions, which are solu-
ble in a particular solvent (Speight, 1998, Cimino
et al 1995). Therefore, physical properties like
molecular weight or hydrogen content of
asphaltene can vary from feed to feed. Even for
the same feed, these physical properties may
vary when they are subjected to different reac-
tion conditions. As a result, there is a lot of
confusion and/or  misinformation  about
asphaltenes in the literature. Understanding the
structure of asphaltenes will certainly improve
the model. With modern analytical tools, there is
significant progress in this direction. Asphaltene
molecular weight has been a most controversial
issue. Most authors used vapour pressure
osmometry (VPO), which is believed to give
higher molecular weight values than other meth-
ods (Boduszynski, 1984). Mullins and his group
used fluorescence depolarisation and other
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methods and showed that for most petroleum
asphaltenes the molecular weight is below 1000
Daltons (Badre et al, 2006; Groenzin and Mullins,
2000; Mullins, 1995). This is important since the
molecular weight of asphaltene is a parameter in
the solubility model.

The petroleum colloidal dispersion model,
originally proposed by Pfeiffer and Saal (1942),
has been used by many authors, with or without
modifications, in developing thermodynamic
models for asphaltene deposition (Wiehe 2007,
Wiehe and Kennedy 2000; Mohammadi and Richon,
2007; Yaranton and Masilyah, 1996). Micelle struc-
ture has also been proposed (Speight, 1980;
Acevedo et al 1995). With all the modern analyti-
cal tools, some hypothetical asphaltene chemical
structures have been proposed (Cimino et dal,
1995; Speight et al 1980, Siskin, 2006). Figure 3
shows a simplified structure for illustration
purposes adopted from the hypothetical struc-
tures proposed in the literature (Cimino et dl,
1995). The simplified structure is used to explain
the basis of the proposed model. It does not
necessarily represent the structures proposed by
others. It contains some five and six member
rings with heteroatoms; small and long aliphatic
side chains are attached to the ring carbons. The
number of rings, H/C atomic ratio and molecu-
lar weight are feed source dependent.

Solubility model

Asphaltene in its neat form is a solid. The solu-
bility model is developed assuming it is in
equilibrium with the surrounding fluid. Mansoori
(1997) discusses four different mechanisms
(polydispersive effect, steric colloidal effect,
aggregation effect and electrokinetic effect) that
will keep it in solution. In their classical paper
on asphaltene deposition in crude oil processing,
Hirschberg et al (1984) considered a modified
Flory-Huggins polymer solution theory where
asphaltene is treated like a polymer. Some
authors extended it to include Hildebrand regu-
lar solution theory and others have proposed
adsorption models, colloid theory models and
micelles theory models. Most of these models are
reviewed by Andersen and Speight (1999) and
Speight (2004). Some additional information can
be found in other references (eg, Acevedo, 1995;
Rassamdana et al, 1996a, b; Wu et al, 2000;
Mohammadi and Richon, 2007; Kraiwattanawong et
al, 2007).
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The proposed solubility model is based on
thermodynamic approach and has two parame-
ters related to asphaltene: solubility parameter
and molecular weight. All other parameters are
related to the surrounding fluid. For the
proposed model, asphaltene (solute) is in equi-
librium with the heavy oil (solvent) and the
following equilibrium can be applied.

K =X/X, @

where X and X, are the mole fraction of
asphaltene in the solid and liquid phases respec-
tively and K. is the distribution coefficient (or
equilibrium constant) for i-th phase. The condi-
tion for equilibrium between asphaltene rich
phase A and solvent-rich phase B is

pit = pi® @

Assuming the asphaltene concentration is low
and the entropy of mixing can be adequately
modelled by Flory-Huggins entropy of mixing,
the activity coefficient of asphaltene (as) can be
written as (Mannitstu et al, 1997; Hirschberg et al,
1984)

In(@)=1V,/V+ In(V_/V) +V./RD)*@-5.)? )

For the liquid phase, the solubility parameter
(8) is calculated as indicated by Hildebrand’s
definition as:

8= (AE/V)°* = [(AH, - RT)/V]** €

where AE is the internal energy of vapourisation,
V is the molar volume,

AH_ is the heat of vapourisation,

R is the universal gas constant; T is the absolute
temperature, all in consistent units.

This equation does not account for the colloi-
dal nature of asphaltene. Heat of vapourisation
can be measured or can be estimated from an
equation of state. When a solid phase is assumed
for asphaltene:

() g1q = @) +AH/NV (@)

lig
where AH, is the heat of fusion. Both heat of
fusion and heat of vapourisation are difficult to
measure for asphaltene and hence the solubility
parameter of asphaltene is treated as an
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optimisation parameter in the current model.
The solubility parameter is calculated as
discussed below. Assuming the solute
(asphaltene) activity coefficient is unity and only
pure asphaltene is present in the asphaltene
phase, the asphaltene equilibrium or distribution
constant is given by:

In(K)=1- V.Vt In(V,/V)+V./RT)*(3-3)? ©)

Equation 5 predicts the maximum amount of
asphaltene deposited. In Equation 5, all parame-
ters except the molar volume (V) and the
solubility parameter (8s) of asphaltene are
known (measured) or calculable from an equa-
tion of state. Molar volume is the volume
occupied by one mole weight of species. Hence,
the two unknown parameters are the molecular
weight and the solubility parameter of
asphaltene.

Rogel (1997, 1998) measured and calculated
many physical properties of oils, aromatics,
resins and asphaltenes from various sources and
processes and concluded that the solubility
parameter (_) can be correlated to the H/C
atomic ratio. The following equation is obtained
from his data:

§=35.87-10.477* (H/C) ©

Speight (2004) also found a similar linear rela-
tionship. Instead of calculating the solubility
parameter from an equation of state for the
surrounding liquid, Equation 6 is used in the
model. For all experiments, carbon and hydro-
gen contents for all products are measured to
establish carbon and hydrogen balances. Hence,
there is no additional measurement required to
calculate the solubility parameter. The surround-
ing fluid properties are either measured or
calculated from API correlations. Interestingly,
Rogel (1997) also found a straight-line relation-
ship between H/C atomic ratio and aromaticity.
Aromaticity (F)) is defined as:

F,=(C)/(C) @

where C_ is the concentration of aromatic carbon
and C_is the total carbon. All these structural
parameters were obtained by NMR spectroscopic
methods. Although the importance of aromatic-
ity is not stressed here, it is one of the key
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Figure 4 Estimated asphaltene molecular weight for perfect fit of sediment value

parameters for selecting suitable solvents for the
dissolution of asphaltenes (Cimino et al 1995).

Estimation of asphaltene parameters

The physical properties of some of the undiluted
feedstocks processed in different pilot plant
campaigns are summarised in Table 1. The prop-
erties of some diluents are also included. Note
that there are many different mixtures of raw
feeds that are mixed with various diluents and
additives; only some representative values are
given in the table. Assuming each SHFT value
measured represents the maximum asphaltene
deposition at the corresponding operating condi-
tions, Equation 5 can be used to estimate the
molecular weight or solubility parameter of
asphaltene when the other parameter is known.
When both parameters are independently known,
the calculated asphaltene concentration can be
compared with the experimental value. Initially,
the following sum of squares was minimised
with one set of values for the asphaltene molecu-
lar weight and the solubility parameter for each
feedstock:

SSQ=X = (w, (5, - S,")? ®
i

where w, is the weight factor
S,¢ is the calculated sediment value, ppm
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S;" is the measured sediment value, ppm
i- feed number
j- experiment number for i-th feed

In a sense, the asphaltene molecular weight
and its solubility parameter are related to each
feedstock (Yarranton and Masliyah, 1996; Mannistu
et al,1997). Within the experimental accuracy, it
was also found here that the asphaltene solubil-
ity parameter was related to the solubility
parameter of the surrounding heavy oil. The
following equation was derived from a best fit of
all experimental data:
8,0 =133*5,, ©)

As a result, for a perfect fit of the measured
SHFT values, the molecular weight of asphaltene
can be found from Equation 5. The calculated
molecular weights are shown in Figure 4.

Mannistu et al (1997) showed that the
asphaltene molecular weight was inversely
proportional to its square of the solubility
parameter. Therefore, in Figure 4, the square
root of molecular weight instead of the molecu-
lar weight of asphaltene is shown against its
solubility parameter. From this figure, it is clear
that asphaltene molecular weight spans a narrow
band. Except for a few experiments, the molecu-
lar weights of asphaltenes are below 1000. This
agrees with the conclusions reached by Groenzin

www.digitalrefining.com/article/1000207


www.digitalrefining.com/article/1000207

7000

6000 -

5000 -

4000 -

3000 -

2000 -

1000 -

Calculated Sediment value(Heavy oil),ppm

¢ R119:ATB

= R116:ATB
R114:Bit-CAT-B
R112:Bit+CL

X R108:Bit-CAT-B

® R106:Bit-CAT-A

+  LCF23:Bit

= LCF22:Bit
LCF20:Ural VR
LCF17:ArabVR
LCF3:CL.VR

¢ LCF12:ArabVR

X R115-Ural
R287-Ural

®  R294-Ural-&Cat
LCF3&20-Atm.Res

0 1000 2000 3000

Reported Sediment value (Heavy oil),ppm

4000

Parity

6000

5000 7000

Figure 5 Calculated by solubility model and reported sediment values in heavy oil

and Mullins (2000) and Buenrostro-Gonzalez et
al (2001) discussed earlier. Notice that often a
single straight line can be drawn for each feed-
stock. This is in agreement with the observation
reported by Mannistu et al (1997). Therefore, for
each feed, the following equation was used.
M, = (b, +b,*3,)? (10)
where M, is the molecular weight of asphaltene
and bo and b1 are constants for a given feed.
Equations 8 to 10 are used to obtain the best

values for b, and b, for each feed. With the opti-
mised values for these constants, the calculated
sediment values are compared with the reported
values for all runs in Figure 5. The parity line is
also shown in Figure 5. As discussed earlier,
within the accuracy of SHFT value the model
predicts the reported values satisfactorily. As
discussed in the derivation of the governing
equations, thermodynamics predicts the equilib-
rium value and it represents the maximum value
for those conditions. Rassamdana et al (1996)
relaxed the last assumption on maximum value
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Figure 6 Effect of catalyst on sediment deposition (feed: 975f+ bitumen)
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Figure 7 Calculated asphaltene molecular weight for different catalysts for processing 525C+ bitumen

and introduced scaling equations for asphaltene
deposition in crude oils. Since no direct experi-
mentally measured physical properties of
asphaltene are available, this approach is not
followed here. Even the simple model is able to
explain some of the observed behaviours in the
pilot units.

Catalyst effect

Athabasca bitumen residue was processed with
two different commercial catalysts. Run #106
was operated with Catalyst-A and Run #108 was
operated with Catalyst-B. In Figure 6, measured
sediment values in the heavy oil product are
shown as a function of heavy-oil/light-oil prod-
uct ratio. It appears that there are differences
between the two catalysts. Conversion is defined
as the amount (volume or weight) of material
above a certain boiling point (typically chosen as
524°C or 550°C cut point) in the feed converted
to products. This requires measuring all products
as accurately as possible and establishing the
carbon and hydrogen balances. As was seen from
Table 1, for most feeds, more than 90% of the
feed material boils over 524°C. As stated earlier,
for most experiments carbon and hydrogen
balances are above 99%. Therefore, a quick way
of establishing the severity is the ratio of heavy
oil to light oil yields (HYO/LTO). Typically, the
feed does not contain materials boiling in the
light oil product range. Hence, a large HYO/LTO
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ratio represents a low conversion and a small
value represents a high conversion.

Figure 7 shows the calculated asphaltene
molecular weight versus asphaltene solubility
parameter for the above experiments. Catalyst-A
gave a low molecular weight at a given solubility
parameter. Since the feedstock is the same for
both catalysts, low asphaltene molecular weight
represents the possible loss of side chains. The
simple asphaltene structure (shown in Figure 3)
shows that this is possible. At the operating
temperatures, thermal cracking in this liquid
phase is significant. The products of thermal
cracking are mainly methane and light hydrocar-
bon components. Figure 8 shows the sum of C,
to C, components, which are mainly formed by
thermal cracking as a function of severity. Again,
it confirms the trend that is expected from
asphaltene molecular weight trend. Note that the
differences in light component yields are small,
since asphaltene is only a small fraction of the
feed. Within the accuracy of experimental data,
only qualitative trends can be established. It is
possible that the Catalyst-A promotes cracking,
but that can only be confirmed by analysing the
asphaltene itself in detail.

Effect of diluents

Arabian heavy vacuum residue was processed
with different two diluents: straight-run VGO
and heavy cycle oil. Table 2 shows some of the
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Figure 8 Comparison of different catalysts on sum of light component yields for 525C+ bitumen feed

characteristics of the blends. Blend #2 and #4
are essentially identical: the differences simply
reflect different drums used for blending and the
accuracy of measurement. Oxygen (not shown in
the table) is estimated by difference for all feeds.

Measured sediment values in the heavy oil

product are shown in Figure 9. Blend #3, which
consists of vacuum residue plus internal VGO,
exhibits the highest sediment value. Blend #4
was processed at high severity. Calculated
asphaltene molecular weights are shown in
Figure 10. Figure 11 shows the sum of C, to C,
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Figure 9 Effect of adding different diluents on sediment value for processing Arabian heavy vacuum residue
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Figure 10 Calculated asphaltene molecular weights for mixing different diluents for Arabian vacuum residue

component yields as a function of severity.
Again, the sum of C to C_ component yields
confirms the trend, giving some validity to the

hypothesis that indeed the molecular weight of molecule.

asphaltene changes with severity by losing its
side chains. The absolute proof can only be
obtained by NMR analysis of the asphaltene
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Figure 11 Effect of Adding different diluents on the sum of light component yields for Arabian vacuum residue
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Figure 12 Molecular weight of asphaltene versus feed specific gravity (asphaltene solubility parameter=26.8)

Similar to the LC-Fining process, hydro-
processing operates at temperatures of 380 to
450°C and high pressures (>100 bar). Ancheyta
et al (2003) analysed the asphaltene structures
of the feed and the products obtained in hydrot-
reating of Maya crude by NMR. Their study
concluded beyond doubt that the molecular
weight of asphaltene decreased with increasing
severity and showed increasing aromaticity (F,)
and lower (H/C) atomic ratio. They also found
that at high temperatures, in addition to loss of
side chains (dealkylation), there was significant
reduction in molecular weight as a result of
hydrocracking. This view is experimentally
supported by Bartholdy and Andersen (2000),
who studied the hydroprocessing of Arabian
Heavy crude. With increasing severity they found
a lower H/C atomic ratio and a higher solubility
parameter, as found in this work. They measured
the molecular weight and found it decreased
with increasing severity. Storm et al (1997) found
a strong correlation between sediment formation
and the degree of condensed polynuclear aroma-
ticity of the asphaltene determined by triple
bridgehead carbon per aromatic carbon.
Higuerey et al (2001) found a strong correlation
among H/C atomic ratio of asphaltene and p-
value and compatibility index between resins
and asphaltenes in visbreaking and thermal cata-
lytic steam cracking of Tia Juana Pesado residue.
In our model, although the molecular weight and
solubility parameters were estimated by fitting
the SHFT values, the observed trend is in
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complete agreement with literature data, validat-
ing the proposed model.

Generalised correlation

From the above results, it is clear that sediment
deposition is a function of feed characteristics
and operating conditions. As discussed, the sedi-
ment mainly originates from feed asphaltene. In
addition, heavier aromatic asphaltenes can be
formed as a result of condensation reactions.
Asphaltene content in the feed is an inherent
property of the crude, and even for the same
crude it varies over time when the crude is
pumped from the reservoir. It is similar to
obtaining a correlation for the nitrogen or
sulphur content of crude: there are no direct
correlations for estimating these properties, but
general trends have been observed. Asphaltene
molecular weight is no exception to this trend.
In Figure 12, estimated molecular weight of
asphaltene versus feed specific gravity is shown
at a constant asphaltene solubility parameter.
Generally, heavy crudes have higher asphaltene
molecular weight.

Comparison with commercial data

Based on a test run conducted in a commercial
unit, Figure 13 shows the measured sediment
value compared with the calculated value for
Ural Vacuum Resid feed. Pilot plant data are also
shown. The correlation parameters derived from
the pilot plant data were used to predict the
commercial sediment value. It is not surprising
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Figure 13 Comparison of pilot plant data with commercial data on sediment value for heavy oil for Slovnaft resid feed

to see that the sediment value in the commercial
unit is slightly lower than that obtained in the
pilot unit. This is generally true for most
instances. Within the accuracy of data again, the
predicted sediment value is in agreement with
the plant data, which paves the way to use the
pilot plant to help mitigate the deposition. As
discussed in the literature (Cimino et al 1995), all
aromatic solvents are not equal in keeping the
asphaltene in peptised form. A suitable solvent
can be added at critical locations in the process
to extend the run length of the equipment before
a cleaning is warranted.

Summary and conclusions

Commercial experience indicates that, with
certain feeds, conversion of residuum in residue
hydrocracking processes such as the LC-Fining
process can be restricted by rapid deposition of
sediments in equipment, in particular in exchang-
ers in the fractionation section. Over the last two
decades, Lummus and Chevron Lummus Global
have carried out many pilot plant experiments
with various feeds to extract hydroprocessing
kinetics and to obtain product distribution for
scale-up.

This article explores the potential for sediment
deposits as measured by the SHFT method,
which measures the asphaltene content of the oil
along with some inorganic materials. A solubil-
ity-theory-based model was developed to predict
the SHFT value measured in the pilot plants, the
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key parameters of which are molecular weight
and the solubility parameter of asphaltene. These
parameters were not measured but they are esti-
mated from the data by an optimisation
technique that minimised the sum of squares of
the residuals between the measured and the
calculated sediment values.

The asphaltene solubility parameter was corre-
lated as a function of the H/C atomic ratio of the
heavy oil. The progression of asphaltene molecu-
lar weight with severity, as measured by the
heavy oil/light oil product ratio, follows a trend:
increasing severity shows a decrease in molecu-
lar weight. This was attributed to the loss of side
chains in the asphaltene molecule. Thus, it
became more aromatic compared to the
surrounding oil. When the right balance was not
maintained, the asphaltene separated out and
deposited in the equipment as soon as the
temperature fell below certain levels. In order to
keep the asphaltene in solution, the surrounding
heavy oil has to be made more aromatic.

The reduction in molecular weight is also
supported by the increased lighter component
yields (C, to C), which are mainly produced by
thermal cracking in the LC-Fining process. This
supports the theory that possibly more side
chains in the asphaltene are lost, causing a lower
molecular weight. This simple thermodynamic
model explains qualitatively observed trends
with respect to differences in catalysts and dilu-
ents. For each feedstock, the square root of
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asphaltene molecular weight follows a linear
relationship with respect to its solubility
parameter.

Finally, a generalised correlation covering
many commercial feeds and a comparison with
plant data are given. It is predicted that the
model will pave the way to mitigate deposition
by the addition of suitable solvents such as FCC
slurry oil at appropriate locations.
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Nomenclature

a_- activity coefficient (asphaltene or solute phase)
b,, b, - constants in Equation 10

C, - aromatic carbon, wt%

C,- total carbon, wt%

(E - internal energy of vapourisation, Kcal/Kgmole
F, - aromaticity

AH, - heat of vaporization, Kcal/Kgmole

AH, - heat of fusion, Kcal/Kmole

H/C - hydrogen to carbon atomic ratio

K, - distribution or equilibrium constant for i-th phase
M, - molecular weight of asphaltene

R - gas constant

SHFT - Shell Hot Filtration Test method

S, Smij - calculated and measured sediment value for i-th feed in
j-th experiment respectively, ppm

T- absolute temperature

V - molar volume, m3/Kgmole

X - mole fraction

W, - weight factor

A - solubility parameter, (MPa)0.5

1 - chemical potential

Subscripts

asph - asphaltene
HYO- heavy oil

| - liquid or solvent

s -solute or asphlatene
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