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o understand and optimise
reactive heavy oil processes
HQFRXQWHUHG LQ UHÀQHULHV
there must be a strong knowledge
of the product yields and their
physical properties. Sometimes
property predictions within models
of the reacting material are important due to operational constraints.
The coke induction point,1 or point
at which solid coke begins to form
in heavy hydrocarbon mixtures, is
an example of the importance of
property predictions since many
unit designs need to take into
account solid precipitation if it
occurs. The simulation modelling
application discussed in this article
applies to the Eureka process where
ÁXLGLVDWLRQRIUHDFWRUPDWHULDOVDQG
inhibiting the coke induction point
is essential.2
When catalytic or thermal cracking
simulation
models
are
developed, enough physics must be
encoded into the mathematical
development to accommodate for
WKH VLJQLÀFDQW FKDQJHV LQ ERWK WKH
normal boiling point of produced
material and the associated molecular structures. Many different
models for the reactive chemistry
mechanisms required to model this
class of processes have been
proposed.
These
mechanisms
include the use of hydrogen donor
components, cyclic ring breaking,
dehydrogenation of saturated rings,
and cracking versus oligomerised
propagation of small to large molecules, to name a few. The required
basis for the development of a reliable
simulation
environment
designed to handle the type of
detail associated with chemical
reaction
mechanisms
requires
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ÁH[LEOH FRPSRQHQW FKHPLFDO VWUXFtures to represent the products
from different chemical reaction
pathways. In order to capture this
type of behaviour directly within
the requirements of industrial
process simulation software a new
3,21$ Q3DUDIÀQ ,VRSDUDIÀQ
2OHÀQ 1DSKWKHQH DQG $URPDWLF 
pure component basis environment
was developed to both characterise
the feedstocks and the resulting
products’
estimated
chemical
make-up and yields.
The PIONA technique3 consists of
using constant groups also known
DV VODWHV RI SUHGHÀQHG FRPSRXQGV
required to cover the carbon
number ranges for feeds and products necessary for the modelling of
GLIIHUHQW UHÀQHU\ UHDFWRUV VXFK DV
the Eureka process thermal cracking
vessels.
The
different
combinations of these component
slates and the compositions of the
components within allows for the
matching of the experimental distillation curve of a given feed and the
calculation of its chemical characteristics, ranging from simple
properties such as molecular
weight and standard liquid density
all the way to more complex
physical properties such as heating
values, liquid viscosities, and pour
points. The key advantage in using
this method is its ability to capture
the essential chemistry of the feedstock and product mixtures and
how the changing compositions
upon reaction affect property
calculations. The number of components used in the simulation is
kept constant and consistency
is
enforced
throughout
the
simulations.

The PIONA structure group clasVLÀFDWLRQ ZDV IRXQG WR LQWURGXFH
an unacceptable property estimation error in studies when
modelling feeds with an average
carbon number higher than ten,
where larger aromatic content was
encountered. Further investigation
showed that a single aromatic
structure group was not enough
WR
GLIIHUHQWLDWH
PXOWLSDUDIÀQ
branched aromatic components
against
those
more
reacted
compounds that were stripped of
straight carbon branches. Therefore,
DQ H[WUD FKHPLFDO W\SH GHÀQHG DV
‘dehydrated aromatic’ is included
in the PIONA technique.3 From a
PROHFXODU VWUXFWXUH FRQÀJXUDWLRQ
these dehydrated aromatics replace
branched contributions to a base
aromatic ring with additional dehydrated aromatic rings.

Heavy oil reaction models
0RGHOVXVLQJGHWDLOHGVSHFLÀFUHDFtion pathways are commonly found
in the technical literature on
thermal cracking or pyrolysis of
lighter gases such as ethane or even
naphtha feedstocks.4,5 This is possible because the overall number of
pure component and radical species
are still manageable within a simulation environment (typically less
WKDQ  VSHFLHV  DVVXPLQJ JRRG
numerical techniques for the integration
of
the
differential
component material and energy
balances are employed. Even then,
many of these models have to be
linearised to help achieve faster
computational speeds.6 Once heavy
residual oil feedstocks are introduced, a change in mathematical
solution methods for the compo-
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Figure 1 Basic lumped component heavy residue thermal cracking representation

nent material balances is noticed in
solutions using generalised, or
lumped reaction pathways7,8 due to
the sheer complexity of the feed
material. In these models, the heavy
residue thermal cracking reactor
might use only eight lumped
components, a dozen reaction pathways, and resolution of the feed
and product material balances
would look similar to the
representation in Figure 1.
This type of modelling relies on
the availability of a substantial
amount of experimental data which
limits the quality of results extrapolated from the model. This lack of
predictive power is mainly driven
by the non-mechanistic approach to
the reaction’s kinetic parameter
ÀWWLQJ DQG HYHQWXDO LQFUHDVH RI
HUURU RXWVLGH RI WKH ÀWWHG GDWD
range. Conversely, this approach

also presents advantages such as
fast solution speeds and its ability
WR SUHGLFW VSHFLÀF SURSHUWLHV RI
the generalised yield cuts such as
the softening point of the pitch and
the contained volatile matter7
through the use of lumped components
and
effective
lumped
properties and mixing rules for
these properties.
In these lumped models, the
UHVXOWLQJ WHPSHUDWXUH SURÀOHV
calculated for the furnace tubes can
also be roughly estimated due to
the matched enthalpy of formation
for each lumped component,
assuming the chemical structure
shifts stay consistent and that
enthalpies of combustion are availDEOH 6LJQLÀFDQW HUURU ZRXOG EH
introduced in these models if
hydrogenation versus dehydrogenation occurred since these

reaction pathways are exothermic
instead of endothermic. In that
respect, average boiling point
lumping used by these models is
completely
non-predictive
and
would
need
to
be
rebuilt
IRU VSHFLÀF SURFHVVHV DQG HYHQWX
DOO\ HYHQ VSHFLÀF SODQWV DQG
equipment.
The PIONA slate technique was
applied in the commercial process
simulator software VMGSim, to
represent multiple hydrocarbon
feedstocks in lighter and heavier
cut ranges.3,9 The focus was on
property calculations and characterisation of multiple feeds using
mixtures based on the same basis
component slate. The ability of this
PIONA system to model reactive
systems is best illustrated in Figure
2 when compared with the lumped,
linearised systems. In Figure 2, the
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Figure 2 Example of lumped kinetic versus PIONA kinetic thermal cracking reactive pathways
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ability to model the transition
between carbon number and molecular structure types caused by
chemical
reactions
modelled
through reaction pathways is
explained as well as the overall
heat of reaction effects.

product. Figure 4 shows how these
product cuts’ details would look
when shown in a similar manner to
the simple lumped model represented in Figure 1.

TT

Pour point calculation
considerations

Characterising process feedstocks
and predicting product yields
The key step for the correct modelling of a thermal cracking process
VXFKDV(XUHNDLVWKHGHÀQLWLRQRID
correct mixture of PIONA based
components needed to characterise
the feedstock. Laboratory analysis
of hydrocarbon feed material is
used to provide the necessary inforPDWLRQ WR ÀW WKH PRGHO RI PDWHULDO
stream values against measured
properties. The reacted product
yields are similarly characterised.
The reaction kinetics of the thermal
cracking vessel at the desired operating conditions are then simulated
and the resulting material product
\LHOG·V SURSHUWLHV DQG ÁRZ UDWHV
would be compared to known data.
At that point, the process is
repeated until the adjustable model
SDUDPHWHUV DUH SURSHUO\ GHÀQHG
and the errors between model and
experiment are minimised.
The experimental data was gathered through a bench scale batch
distillation apparatus shown in
Figure 3. This bench scale atmospheric thermal boiling/thermal
cracking vessel was meant to help
XQGHUVWDQG FKDUDFWHULVH DQG ÀQH

Figure 3 Bench scale thermal cracking
experimental apparatus

tune the feedstock PIONA composition to be used in the simulation
before being used as a basis for the
construction of a complete Eureka
plant model. The study was done
using a Peace River vacuum residue sample representing material
from an atmospheric crude tower
followed by a vacuum tower in the
DFWXDOUHÀQHU\
The feed sample was introduced
to the thermal cracking vessel with
the help of a carrier gas and heated
to a temperature of 430°C through
electric heaters for approximately
45 minutes. An agitator was added
within the vessel to minimise
temperature
gradients,
which
helped mimic stripping steam
introduced to the full scale vessels
and the corresponding agitation in
actual operation.
Table 1 shows a comparison
between the bench scale experiments and VMGSim simulations
for Peace River bitumen feed and

The key physical property for the
TXDQWLÀFDWLRQ RI SLWFK \LHOG IURP
experimental data included the
liquid density, atomic gross analysis, heating value, and pour point of
the product. In this case, all properWLHV ZHUH LPSRUWDQW IRU ÀQDO SLWFK
SURGXFW VSHFLÀFDWLRQ EXW WKH SRXU
point is a key indicator to ensure
SURSHUÁXLGLVDWLRQRIWKHPDWHULDOLQ
the reactor for trouble-free, continuous operation. Typical standard
methods to estimate pour points
such as ASTM D97 also accepted by
the American Petroleum Institute
(API), could not be used in a simulation environment due to their
inherent limitations. For example,
the ranges of the ASTM D97 method’s equation are limited to
petroleum fractions of 140 to 800 g/
gmol and 13 to 50 API gravities10
and fell short in dealing with ranges
of pitch products with molecular
weights in the thousands of
g/gmol and negative API gravities.
$ PRUH ULJRURXV DQG ÁH[LEOH
approach to handle the pour point
calculation in the model was
devised using viscosity as a
correlating parameter. A value of
164 000 cP (164 Pa-s) was selected,

Peace River bitumen feed and product comparisons

API (60/60F)
H/C mass ratio
Molecular weight

Feed
0.86
0.115
–

Model9
0.98
0.115
1123

Naphtha
54.5
0.160
–

Model9
57.1
0.165
110

CLO
30.2
0.144
–

Model9
35.8
0.144
178

CHO
13.6
0.127
-

Model9
14.7
0.127
428

IBP, °C
10%, °C
50%, °C
90%, °C

D1160
455
-

477
541
716
857

D86
57
89
130
162

48
100
143
182

D86
192
211
250
288

194
200
233
301

D1160
330
368
439
526

334
372
458
526

FBP, °C

-

892

179

194

310

322

–

569

7.0

1.3
0.0
37.2
61.5
7.0

46.8
13.9
26.5
12.8
2.8

47.0
14.0
24.4
14.6
2.9

–
–
–
–
4.9

27.9
12.4
26.7
33.0
4.9

–
–
–
–
5.6

5.0
5.4
42.3
47.3
5.6

Iso-Parafﬁn + n-Parafﬁn, wt%
Oleﬁn, wt%
Naphthene, wt%
Aromatic, wt%
Sulphur, wt%

*CLO = cracked light oil, CHO = cracked heavy oil

Table 1
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Figure 4 PIONA component slate heavy residue thermal cracking representation

after discussions with heavy oil
experimentalists, as a rough equivalent to a pour point based on the
observed behaviour of heavy oils
and bitumen at ambient temperature. From that reference point a
temperature could be found at
which the model’s pitch viscosity
matched and became the estimated
pour point temperature. In order
to use this type of solution, it would
then become important to accurately predict the viscosity of the
heavy oil mixtures, also a challenging problem when dealing with
heavy hydrocarbon feedstocks.
The viscosity prediction method
chosen in the model for the feed
and light to heavy product yields
ZDV WKH H[SDQGHG ÁXLG YLVFRVLW\
model (VMG-EF).11 The general
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principle of this model is that as a
ÁXLG H[SDQGV WKHUH DUH JUHDWHU
distances between molecules and
ÁXLGLW\ LQYHUVH RI YLVFRVLW\  RI WKH
PL[WXUHV LQFUHDVHV 7KH ÁXLGLW\ LV
assumed to be an exponential funcWLRQ RI WKH H[SDQVLRQ RI WKH ÁXLG
from a near-solid state. An
DGGLWLRQDO EHQHÀW RI WKLV PHWKRG
was that binary interaction parameters that model non-idealities due
to different molecular sizes and
chemical types could be incorporated into the PIONA component
slate and characterisation proceGXUH $W WKH HQG WKH ÀQDO PRGHO
was tuned to within a few degrees
centigrade to the experimental
pour point temperatures together
with some actual plant conditions.
These results and other resulting

feed and product comparisons of
kinematic viscosity are shown in
Figure 5.
The Advanced Peng-Robinson
property package from VMGSim9
(VMG-APR) and API correlations
(VMG-API) were also used to
predict viscosities and are shown in
Figure 5. As expected, a correlation
like the API based on lighter hydrocarbon mixture data matched
experimental data very well for
lighter products, but was inadequate when applied to heavier cuts.

Application to Eureka process
operation
Complete
process
simulation
models were developed once the
experimental
model’s
property
predictions and reaction kinetics
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Figure 5 PIONA based kinematic viscosity prediction comparisons

ZHUH ÀQHWXQHG DQG YDOLGDWHG
DJDLQVW WKH DYDLODEOH H[SHULPHQWDO
GDWD 6RPH RI WKH NH\ SRLQWV FHQWUH
RQ WKH FRNH IRUPDWLRQ WUHQGLQJ LQ
WKH SUHKHDWLQJ XQLWV QRW GLVFXVVHG
in this article) and operational optiPLVDWLRQOLNHUHF\FOHUDWLRRIUHDFWHG
KHDY\ IHHG WR IUHVK IHHG Figure 6
VKRZV D JHQHUDO (XUHND SURFHVV
setup and some of the resulting
product yield trends of different
bottom recycle oil ratios tested in
the model. With the product properties and reacting material pour
points being calculated for any
point in the operation plant a good
RYHUDOO XQGHUVWDQGLQJ RI QHZ IHHGVWRFNV RXWVLGH RI SUHYLRXV UXQQLQJ
conditions was reached.

Conclusions
&KDUDFWHULVDWLRQ RI D KHDY\ IHHGVWRFN XVHG LQ WKH (XUHND UHDFWLYH
KHDY\ RLO WKHUPDO SURFHVV ZDV
presented based on the use of an
extended PIONA and carbon
QXPEHU FRPSRQHQW VODWH 7KLV
PIONA style simulation model
EDVLV ZDV DOVR XVHG IRU WUDFNLQJ
and estimation of hydrocarbon
mixture thermodynamic properties
before, after, and during reaction.
Although solution times were not
DVIDVWDVZLWKFRQYHQWLRQDOOXPSHG
NLQHWLF PRGHOV PLQXWHV FRPSDUHG
to seconds), this model showed
ÁH[LELOLW\ LQ LWV PRUH ULJRURXV
approach for process situations
where structural shifts across

Gas

Reactor

BFW

different boiling point ranges could
occur.
It was also shown that estimation
of focal properties within a PIONA
basis simulation, such as the pour
point temperature used to monitor
WKH ÁXLGLVDWLRQ LQVLGH WKH YHVVHO
could be estimated with a specially
GHYHORSHG HPSLULFDO FRUUHODWLRQ
PRUH DGHTXDWH WR KHDY\ IHHGVWRFNV
WKDQ DYDLODEOH SXEOLVKHG PHWKRGV
Estimation methods for properties
OLNH YLVFRVLW\ DW GLIIHUHQW WHPSHUDWXUHV
ZDV
UHYLHZHG
ZLWK
comparisons between the API
method and a full range expanded
ÁXLGPHWKRG7KHODWWHUDOORZHGIRU
proper temperature dependent
YLVFRVLW\ WUHQGLQJ ZKHQ FRPSDUHG
ZLWK PHDVXUHPHQWV WDNHQ IURP
reacted product cut samples.
 7KH PRGHO VXFFHVVIXOO\ SUHGLFWHG
shifts in component representation
of feed to reacted products using a
3,21$GULYHQUHDFWLYHNLQHWLFSDWKZD\ 7KLV PRUH JHQHUDOLVHG
DSSURDFKVWLOOFRQWDLQHGDOONH\UHDFtion pathways allowing for the
DSSURSULDWH RYHUDOO UHDFWLYH VKLIW WR
product mixtures in the model,
ZKLFK ZDV IXUWKHU FRQÀUPHG ZLWK
resulting accuracy of property
SUHGLFWLRQ FRPSDULVRQV DQG RYHUDOO
heat of reaction balances. Since
the mixture properties calculated
were directly tied to the component
types
and
carbon
numbers
contributions
in
the
model
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there was accuracy shown in
comparisons across a wide range of
boiling point temperature product
cuts. One could imagine catalyst
driven reaction pathways also being
potentially modelled using PIONA
basis with the reaction kinetic rates
properly altered to compensate for
catalysed pathways.
VMGSim is a mark of Virtual Materials Group,
Inc.
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