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Regarding the growth of global energy consumption and the paucity of light crude oil, extracting and using heavy
and extra heavy crude oil has received much more attention, but the application of this kind of oil is complicated
due to its very high molecular weight. High viscosity and low flowability complicate the transportation of heavy
and extra heavy crude oil. Accordingly, it is essential to reduce the viscosity of heavy and extra heavy crude oil
through in-situ operations or immediate actions after extraction to reduce costs. Numerical simulations are influ-
ential methods, because they reduce calculation time and costs. In this study, the cracking of extra heavy crude oil
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Upgrading using computational fluid dynamics is simulated, and a unique kinetic model is proposed based on experimental
Extra heavy oil procedures to predict the behavior of extra heavy crude oil cracking reaction. Moreover, the hydrodynamics and
Simulation heat transfer of the system and influence of nanocatalysts and temperature on the upgrading of crude oil are

Nanocatalyst studied. The geometry of a reactor is produced using commercial software, and some experiments are performed
to examine the validity and accuracy of the numerical results. The findings reveal that there is a good agreement
between the numerical and experimental results. Furthermore, to investigate the main factors affecting the
process, sensitivity analysis is adopted. Results show that type of catalyst and concentration of catalyst are the
parameters that influence the viscosity reduction of extra heavy crude oil the most. The findings further revealed
that when using a 25 nm SiO, nanocatalyst, a maximum viscosity reduction of 98.67% is observed at 623 K. Also, a
catalyst concentration of 2.28wt% is best for upgrading extra heavy crude oil. The results obtained through
sensitivity analysis, simulation model, and experiments represent effectual information for the design and
development of high performance upgrading processes for energy applications.
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1. Introduction reduce the viscosity of heavy and extra heavy crude oil through in-situ

operations or immediate actions after extraction to minimize transpor-

Recently, extraction and application of heavy and extra heavy crude
oil have received more consideration because of the accretion of global
energy consumption and the scarcity of light crude oil. Research
revealed that about 80% of global energy demands will be supplied by
oil and gas productions within the next two decades [1]. Based upon
International Energy Agency (IEA) reports, about 70% of extractable
deposits of oil throughout the world are related to heavy and extra
heavy crude oil and bitumen [2]. However, the demand for heavy and
extra heavy crude oil is very low due to difficulties in its transportation
and refinement. Not only are the extraction and transportation of heavy
and extra heavy crude oil difficult processes, but also the extracted oil
has the least value and lowest price in the global oil market. Transporta-
tion of heavy and extra heavy crude oil has encountered some adversity
owing to high viscosity and low flowability. Thus, it is essential to
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tation costs. Many efforts have been made over recent years to upgrade
heavy crude oil so as to enable pertinent and beneficial improvements.

Among various upgrading processes, thermal catalytic cracking (TCC)
has garnered much attention as one of the most efficient processes of
upgrading heavy and extra heavy crude oil [3]. Except for a few studies
that investigated the upgrading of extra heavy crude oil in a catalytic
cracking process, like Ren et al. [4] who used dimethylbenzenesulfonic
copper as a catalyst, research has concentrated on upgrading heavy oil.
Breaking hydrocarbons in the presence of catalysts leads to more light
hydrocarbons with higher selectivity in lower temperatures. Generally,
a catalyst is an operant factor in the upgrading of heavy and extra heavy
crude oil which influences product distribution. Researchers have
shown that type of catalyst is substantial to products and optimum condi-
tions [5]. Compared to catalysts, nanocatalysts have higher efficiency due
to their higher surface area per unit volume [6]. Thus, it is desired to apply
nanocatalysts in cracking processes.

The high viscosity of heavy and extra heavy crude oil is related to
macromolecule compounds like asphaltene and resins [7]. Generally,
crude oil is a combination of a large amount of hydrocarbons, wax,
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and asphaltene for which a specified structure can hardly be defined [8].
Extractable crude oil consists of 83%-87% carbon, 10%-14% hydrogen,
and other ingredients like sulfur, nitrogen, etc. [9]. Researchers have re-
ported that in the chemical structure of oil, single bonds (and among
them carbon-sulfur, carbon-nitrogen, and carbon-carbon) have the
least dissociation energy. Compared to the carbon-carbon double
bond, the carbon-carbon single bond has less dissociation energy.
Thus, this defines the main mechanism for viscosity reduction in
heavy crude oil [7,10]. However, it seems that there is no appropriate
detailed study on changes to the chemical structure of extra heavy
crude oil. Therefore, in this study, experimental tests and computational
fluid dynamics (CFD) were simultaneously applied to investigate the
kinetic reaction of thermal catalytic cracking of extra heavy crude oil.

Recently, numerical simulations, especially CFD, have received
attention from experts in numerous fields related to heavy crude oil.
Nayak et al. [11] used the Eulerian-Lagrangian approach to simulate
vaporization as well as cracking of liquid oil in a FFC riser by applying
VGO as the feedstock and several kinetic models reported in the literature.
Chang et al. [12] investigated hydrodynamics and cracking reactions in a
heavy oil riser and concluded that applying CFD not only reduces costs
and time, but also helps to better analyze the process. Behjat et al. [13] in-
vestigated the hydrodynamics and heat transfer of a three-phase reaction
using CFD; they reported that CFD offered acceptable predictions related
to the process. Remarkably, a pertinent general kinetic model could hard-
ly be found for the catalytic cracking of extra heavy crude oil. Therefore,
this investigation aimed to reduce operational and time costs and applied
CFD, for the first time ever, to propose a kinetic model for predicting extra
heavy oil viscosity reduction in a thermal catalytic reaction.

Accordingly, the objective of the present study was to employ exper-
iments and CFD simultaneously to scrutinize extra heavy crude oil in a
viscosity reduction process in the presence of nanocatalysts. Also,
presenting a kinetic model based on experimental procedures and the
equations reported in the literature for the process of reducing the vis-
cosity of extra heavy crude oil was another main target of this investiga-
tion. Based on a detailed literature review and to the best of the authors'
knowledge, this is the first study that highlights the main parameters
and their interactions that influence the process of upgrading extra
heavy crude oil through CFD. In this study, a two-phase model was
developed based on the experimental setup. The heat transfer, hydrody-
namics, and cracking reaction behavior of the system are described and
analyzed in the simulated reactor. Finally, a sensitivity analysis was per-
formed to investigate how input parameters influence the upgrading pro-
cess of extra heavy crude oil. The findings offer beneficial information
about cracking kinetic reactions as well as optimizing input parameters
and facilitating the design and development of TCC processes.
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2. Experimental
2.1. Experimental setup

All experiments were carried out in a Pyrex batch reactor with a
500-ml volume and 4-mm thickness and equipped with an analog
heating mantle magnetic stirrer. This magnetic stirrer was required to
reach a homogenous mixture and enhance the catalytic reaction of the
extra heavy crude oil by heating it in the presence of nanocatalysts.
However, the stir was performed in the beginning and stopped after
the mixture reached an approximately homogenous state. Vaporization
made deviations in measuring the average viscosity of the system. Thus,
to avoid the occurrence of vaporization, a vertical condenser containing
cold water (0 °C) was attached at the reactor outlet. Cold water was
circulated into the vertical condenser through a pump. It is notable
that the batch reactor was applied to handle materials better. Fig. 1
represents the schematic of the experimental setup used in this study.
It should be noted that only the reactor (the dashed box in Fig. 1) was
generated for the simulations.

In the experiments, the batch reactor was charged with 20 ml
extra heavy oil obtained from an Iranian reservoir. Due to high
viscosity of the oil, the reactor was first heated to 343-353 K;
then, by adapting the stirrer with 1400 r-min~! and producing
turbulences, the nanocatalyst powder as a dispersed catalyst was
poured into the reactor to gain a homogeneous mixture. Thereafter,
to avoid explosive reactions, the reactor mixture was heated at a
moderate rate (2 K-min~!) to 723 K under atmospheric pressure
(experiments showed that cracking reactions began at 623 K [14]).
After that, heating was stopped, and the mixture was cooled to room
temperature so as to measure the mixture's viscosity using a Brookfield
viscometer.

2.2. Materials

The properties of extra heavy oil sample used for investigating the
cracking reactions are presented in Table 1.

Table 1
Properties of extra heavy oil sample

Molecular
weight/g-mol !

Property  Viscosity Relative
(298 K)/cP  density (298 K)

35000

Initial boiling ~ API/(°)
point/°C

130

Value 0.97 143 724

Note: APl is American Petroleum Institute.
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Fig. 1. Schematic of the experimental setup for cracking of extra heavy crude oil.
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Compared to bulk catalysts, nanocatalysts have larger surface area per
unit, representing better chemical and physical properties [15]. Therefore,
two types of nanoparticles were applied as dispersed catalysts. Silica
nanocatalyst with 99% silicon oxide purity, 11-13 nm diameter, and
600-785 m?-g~ ! surface area were received from US Nano. This nanopar-
ticle is inexpensive, abundant in nature, and easily synthesized. Further, a
nickel oxide nanocatalyst with a diameter of about 19.5 nm was synthe-
sized through the decomposition of nickel nitrate and ammonia. Further
information on synthesizing nickel oxide nanocatalysts is available in
the literature [14]. Fig. 2 represents the SEM images of the SiO, and NiO
nano catalysts.

3. Uncertainty Analysis

A basic problem in chemical engineering is uncertainty in measure-
ments and modeling. It has been proven that uncertainties and errors
are sometimes notable due to limited and incomplete information
[16]. Consequently, accepting and considering the uncertainties explic-
itly rather than ignoring them is the first step to reaching suitable accu-
racy [17]. Generally, uncertainties are categorized into two groups:
statistical uncertainties related to the changes of unknown variables of
the same experiment, and systematic uncertainties that arise from the
discarding of possible parameters in a model [18,19]. In the experi-
ments, uncertainties could have appeared from instrument selection
and calibration or been caused by the operator or the environment
[20]. Therefore, in experiments regarding the upgrading of extra heavy
crude oil, temperature, crude oil amount, and the amount of the
nanocatalyst as well as the oil viscosity were measured using expedient
instruments.

4. CFD Model Development

In the present study, the cracking reaction of extra heavy crude oil
was predicted using CFD, and experiments were performed to validate
and examine the accuracy of the results obtained through the CFD
model.

4.1. Governing equations

Investigations confirmed that the reaction mixture in the batch
reactor had a complex behavior. At moderate temperatures, it was ob-
served that the oil mixture regime was laminar, whereas increasing the
reactor temperature caused the turbulence effects to appear. To justify
this behavior, the appropriate turbulent model was adopted. The mixture
model, which can predict the behavior of phases by simultaneously

solving the continuity, momentum, and energy equations for the mixture
and the volume fraction equations for the secondary phases, was also
applied to take into account the effects of nanoparticles. It is worthy to
note that this model can predict the behavior of nanoparticle-size
materials [21-23]. The governing equations are presented below.

4.1.1. Momentum conservation equation
Changes of momentum and velocity are given by the following
equation:

ou

P +PUVU=V. [—pl + /J(Vu + (Vu)T) -2 /au(V.u)I] +F 1)

which is related to the conditions in which fluid is single-phase [24]. In
Eq. (1), ¢, p, u, p, pand F are time, mixture density, mixture velocity,
mixture pressure, mixture viscosity and volume force, respectively.
Changes in momentum based on the mixture model are given by Eq. (2).

pUV)u =V. [—pl T u(Vu + (Vu)T)] —V.[pca(1—Cq)ugipitgip] + pg + F
2)

(pe=po){ . [al1=calugy + 7] } + po(T =0 3)
in which subscripts ¢ and d refer to the continuous phase (crude oil
sample) and the discrete phase (nanocatalysts), respectively. Also, mqc,
¢4, and ugp are the mass transfer rate from the dispersed phase to the
continuous, mass fraction of the dispersed phase, and relative velocity
between two phases, respectively. Here, u is the mass-averaged mixture
velocity. The relationship between the velocities of the two phases is
defined by

Dmd
(—ca)dg @

Uq —Uc = Ugjip—

where ¢ denotes the volume fraction and D, is a turbulent dispersion
coefficient. To obtain cq and '%‘:f, Egs. (5) and (6) would be applied [25].

$aPd
Cg=—7" 5
=" (5)
Mgyc
— = —V.N, 6
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Fig. 2. SEM image of (a) SiO, and (b) synthesized NiO nanocatalyst.
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Ny, is described by
Ny, = bq.uq (7)
ug = u+ (1—cq)ugp (8)

To calculate the relative velocity between two phases, the following
equation is used.

3¢ (P—pJ) F
Zapc|uslip|uslip = _TC —u[—(u.V)u +8& +E (9)

where dg is the particles diameter; C4 refers to the particle drag coefficient
and is calculated using Schiller-Naumann models that are appropriate for
solid particles in a liquid [26,27].

24 0.687
Comd ey (1+0.15R€)%7)  Re,<100 (10)
0.44 Rep>100
Rey, is the particle Reynolds number and defined as:
Rey = JaPclUsin| (1)

The k-¢ equation was adopted for higher temperatures when the
mixture is turbulent [28].

ok B Hy B

pﬁ—i-p(u.V)k—V.Ku—&-o—k)Vk]+Pk pE (12)
% | puve=v 1\ el 4y Epe—Coap 13
poptPWV)E=V. S +Co  Pe—Caap (13)

where k is the turbulent kinetic energy, ¢ is the dissipation rate of turbu-
lent kinetic energy, and pr is the turbulent viscosity. The turbulent vis-
cosity and turbulent dispersion coefficient are respectively defined by

k2
B =pCup (19
Dina = p% (15)

where o is the turbulent particle Schmidt number which was set to 0.35.
Oy, Cep, and Cg; are parameters to be determined empirically. For con-
stants in Egs. (12) and (13), the following common values were adopted
[29]. (See Table 2.)

Table 2
Turbulence model constants
Oy Cer Ce1
1 1.92 1.44

Moreover, the production term, Py, was given by

Vu 2 o 2
Py = ——— - (Vu) | —5pkV.u 16
k = Hr Vu+ (VU)T 3( ) 3p ( )

In addition, the mixture density is defined by

p= d)dpd + d)cpc (]7)

Also, to calculate the mixture viscosity, the Krieger-type equation
was used [23].

—2.5¢max
pen(1- ) (18)

Here, ¢max is set to 0.62.

4.1.2. Continuity equation
The continuity equation for the mixture (nanoparticle/extra heavy oil)
was defined by

op _
3¢ T V-ow) =0 (19)

4.1.3. Energy conservation equation
Based on the energy governing equation, energy transfer in the reac-
tor was defined by:

0Cp %{ +pCou.VT = V.(kVT) (20)

In which G, T and k, respectively, refer to the mixture heat capacity,
temperature and thermal conductive coefficient. In Eq. (17), the second
term is related to the convective heat transfer, and it becomes zero for
heat transfer in the solid phase (the reactor wall).

4.1.4. Mass transfer equation
To consider the effects of diffusion and reaction, the following
equation was considered [30]:

ow; .
p5p + Vi +puV)wi =R (21)

where w;, j;, and R; are mass fraction, mass flux relative to the mass
averaged velocity, and the rate expression describing the production
or consumption related to component i, respectively. By applying the
mixture model, mass flux could be defined by:

Ni = ji—puw; (22)

. vr M VT
Jji=— (p (D,‘“ + E) Vw; + pw;D" Mn" +Dj T) (23)

where vy, D™, Df, and M, are the undamped turbulent kinematic viscosity,
effective diffusion coefficient, thermal diffusion coefficient, and mean
molar mass, respectively. In addition, M, and D{" given by [31,32]:

-1
— wi
w(53)
1—w;
= (25)
kgiDiik

where Dy, refers to the diffusion coefficient of the component i, w; is the
mass fraction and x; is the mole fraction.

4.2. Cracking kinetic equation
Based on a sophisticated literature review of articles on upgrading

extra heavy crude oil through nanocatalysts [33,34], it was decided to
consider the effect of nanocatalyst through Eq. (26). To simplify,



JA. Dehkordi et al. / Chinese Journal of Chemical Engineering 26 (2018) 343-355 347

sub-reactions were ignored and Eq. (26) was selected as the main
reaction. Notably, the comparison of numerical results by experimental
data confirmed this.

catalyst
—

+c (26)

In the above reaction, a refers to extra heavy crude oil and b and ¢
represent two types of light crude oil; in other words, by adding the
nanocatalyst to material a, products b and ¢ were generated as light
crude oils. In a catalytic reaction, products depend strongly on such pa-
rameters as reaction temperature, nanocatalyst fraction, nanocatalyst
type, and sample crude oil type. Accordingly, predicting properties of
b and c requires detailed investigations based on experimental data.
Nickel oxide and silica nanocatalysts were applied to predict the final
products based on experimental data. In addition, viscosity was selected
as the target parameter to examine the numerical results.

To predict the behavior of extra heavy crude oil, Egs. (27) to (29)
were used [35-37].

 762.5+3.38T

Cp=""1—--_-=" 27
p \/ﬁ ( )
_ -5
ke 0.134—-6.31 x 10°T (28)
P
p = 1160.2—0.6575T (29)

Also based on the experimental results in the absence of nanocatalysts,
an equation for predicting the viscosity of extra heavy oil in the absence
of nanoparticles was proposed.

Uy = 2.056€ + 014 exp(—0.1022T) + 790 exp(—0.0155T) (30)

With respect to experiments and according to equations reported in
the literature (Eq. (31)) [38], the average API gravity for upgraded oil
was calculated by applying nickel oxide and silica nanocatalysts. In the
experiments, extra heavy crude oil with different concentrations of
NiO and SiO, nanocatalysts (0.5wt%, 1wt%, and 1.5wt% for NiO and
0.5wt¥%, 1.5wt%, and 3wt% for SiO,) was heated to 723 K. Then the sam-
ple was allowed to reach room temperature. After that, the final viscos-
ity of the mixture was measured. In addition, with respect to the
suggested reaction, CFD simulations were performed by guessing the
API gravity of materials b and ¢ with a trial-and-error algorithm. Eq.
(31) was used to calculate related viscosities as a function of tempera-
ture. Finally, the Refutas equation was considered for calculating the
final viscosity of the mixture consisting of materials a, b, and c [39]. By
carrying out the reaction, the viscosity of the mixture was decreased.
Therefore, in the experimental procedure, the average viscosity of the
mixture was discerned as a reaction yield criterion. Table 3 shows the
calculated API gravity for products based on experimental data.

p=2.3511 x 10’ T~ 219255 [1g(API)]* 31)
x = 4.593881g(T)—22.82792

Table 3
Calculated API gravity for products based on experimental data by use of equations report-
ed in the literature [38].

Nanocatalyst API

b C
NiO 25 30
Si0, 34 38

To date, numerous equations have been presented for the reaction
rate of upgrading extra heavy crude oil, yet none of them takes into
account the effect of the selected nanocatalysts for extra heavy crude
oil cracking. After performing some tests and comparing the results to
the experimental results, Eq. (32) (presented by Lee et al. [40]) was
applied for the cracking reaction of upgrading extra heavy crude oil as
it predicts the changes in properties well.

dy
o = kwe (32)
K = ko exp(™* /pp) (33)

where K, ko, Eo, and R are the reaction rate constant, frequency factor,
and activation energy, respectively. In Eq. (32), ko is 7.978 x 10°-h ™!
and Eg is 68.2495 kJ-mol~ . Conversely, it has been reported that in
upgrading heavy and extra heavy crude oil, the concentration of the
nanocatalyst has a salient effect on viscosity reduction [15,41]. There-
fore, a term was added to the reaction rate to consider the effect of
nanocatalyst concentration (Eq. (34)). Thus, in Eq. (21), the term R; is
given by

Ri = K0y f(d)y: (34)

where pj, is the nanocatalyst density and f(¢) is a function of the
nanocatalyst volume fraction.

4.3. Numerical method

Based on the batch reactor used for experiments, a three-dimensional
reactor with a volume of 500 ml and an outlet diameter of 2.1 cm was
spotted for the simulation and was meshed by tetrahedral elements as
shown in Fig. 3 (a). Grids were created in the commercial software
COMSOL 4.4, which is more capable of solving heat and mass transfer
problems than other commercial software programs. Also, the differen-
tial equations were solved based on the finite element method.

Prior to the main simulations, grid independency tests were carried
out to confirm that the numerical data was independent of the mesh.
For this purpose, several grids with different sizes were produced. The
tests were carried out at an initial temperature of 303 K, and water
was selected as the domain material. It was assumed that the wall tem-
perature of the reactor was 350 K considering the gravity force, and the
single-phase model was applied to run the simulations. To compare the
grids, the average temperature of the whole reactor was calculated after
360 s. As shown in Table 4, increasing the number of elements caused
the relative error between grids 2 and 3 to diminish to 0.79%. Thus,
to decrease computational costs and save time, grid 2 with 180453
elements was selected for simulations.

To represent a better visualization of grid 2 (Fig. 2 (b)), the highlighted
part has been magnified.

4.4. Sensitivity analysis

An essential part of the simulation study is sensitivity analysis in
which represents useful information about controlling parameters of
the process and the interactions between them. In this study, a
Box-Behnken design, a strategic method used to obtain the response
surface model, was adopted as a beneficial tool for analyzing and opti-
mizing the input parameters [42,43]. To analyze the role of each param-
eter on the final results, the statistical models were obtained using
Design-Expert 7.0 software. The main effective parameters influencing
the process including nanocatalyst type, diameter, and concentration
and extra heavy crude oil final temperature (the temperature reached
by the reaction mixture through heating) were selected. It is noteworthy
that nanoparticles were assumed to be spherical. Table 5 shows the input
parameters for analyzing the final results achieved through the
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(a)

(b)

Fig. 3. (a) Geometry of the batch reactor, and (b) the grid generated in this research.

Table 4
Results of the grid indecency check

Grid number Elements Reactor temperature/K Relative error/%
1 78667 329.29 421
2 180453 343.13 0.79
3 298493 345.86

Table 5

Box-Behnken parameters and related levels
Input parameter Code Initial Center Final

value point value

Nanocatalyst size/nm A 2 51 100
Nanocatalyst mass fraction/% B 0 1.5 3
Final oil temperature/K C 623 673 773
Nanocatalyst type D Si0, - NiO

simulation model. For the effect of nanocatalyst size, a relatively wide
interval was selected to better investigate the effect of nanocatalyst size.
Furthermore, the final value of the nanocatalyst mass fraction was set to
3%, as Maghzi et al. [44] reported that 3wt% is the optimal SiO, concentra-
tion in enhanced oil recovery processes. The initial value of the final oil
temperature was set to 623 K, because in the experiments it was observed
that the cracking reaction began at about 623 K. The final value was set to
773 K to ensure that cracking reactions were performed.

5. Results and Discussion
5.1. Instrument uncertainties

To calculate the combined uncertainty, the average uncertainties in-
duced by each instrument should be taken into account [45]. In extra
heavy crude oil upgrading experiments, the average uncertainties rising
from heavy crude oil temperature measurements, oil volume,
nanocatalyst amount, and oil viscosity measurements can be obtained
as follows, respectively:

The uncertainties z, y, x, and w affect the combined uncertainty relat-
ed to the entire measurements that can be calculated as:

Uc=1/Z2 +y? +x2 +w? (35)

where u. is combined standard uncertainty. By applying Eq. (35), the
maximum standard uncertainty + 1.12% can be obtained. (See Table 6.)

Table 6
Standard uncertainty related to the instruments

Standard
uncertainty/%

Uncertainty Description

z The average uncertainty arisen from the +(0.003-0.007)
thermocouples
y The average uncertainty arisen from the measuring 4 0.5
cylinder
X The average uncertainty arisen from the digital scale 4 (0.0001-0.001)
w The average uncertainty arisen from the Brookfield 4 1.0
viscometer

5.2. Model verification

To examine the validity of the simulated model, several tests were
performed, and the reduction in viscosity of extra heavy crude oil
under the effect of temperature in both the absence and the presence
of the nanocatalyst was investigated. In the first section, the viscosity
of the mixture was measured in the absence of the nanocatalyst at a
given temperature without letting it cool. However, in the presence of
nanocatalysts, the mixture was heated to 723 K and then cooled to
room temperature. Finally, the viscosity of the mixture was measured
atroom temperature. Table 7 indicates that there is an acceptable agree-
ment between simulation results and experimental data. The findings
revealed that the simulated model made better predictions in lower
temperatures; however, the accuracy in higher temperatures is enough
as it has a maximum error of 7.3%. The results demonstrated that tem-
perature had a considerable effect on viscosity reduction of extra
heavy crude oil, and increasing the temperature led to a decrease in
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Table 7
Comparison of numerical and experimental results in viscosity reduction of extra heavy
crude oil under temperature

Reactor Experimental Numerical Relative
temperature/K results/cP data/cP error/%
315 4200 4235.62 0.84
343 2000 2107.81 5.39
723 10 10.73 7.3

crude oil viscosity. It is clear that increasing the temperature from 315 to
343 K resulted in a 52.38% reduction in the sample oil viscosity; the
reduction from 343 to 723 K, is about 99.5%, indicating that higher
temperatures are more effective in reducing the viscosity of extra
heavy crude oil.

Table 8 depicts the experimental and numerical results obtained
from upgrading extra heavy crude oil using NiO and SiO, nanocatalysts,
and clearly a good agreement between them was achieved. From the
table, it is evident that increasing the concentration of catalysts caused
the relative error to decline. This may be related to the kinetic model.
Regarding Table 8, it can be seen that simulation results underestimated
the experimental data, and there were maximum error rates of 9.16%
and 7.73% between simulation results and experimental data for NiO
and SiO,, respectively. On the other hand, this relative error became
smaller when the concentrations of NiO and SiO, nanocatalysts were

Table 8
Results of using NiO and SiO, nanocatalyst for upgrading of extra heavy crude oil heated to
723 K and then cooled to the room temperature

Nanocatalyst Mass Experimental Simulation Relative
type fraction/% results/cP results/cP error/%
NiO 0.5 12,000 10,996.3 9.16

1 6000 5598.5 717

1.5 3000 2852.6 5.17
Sio, 0.5 3000 2784.7 7.73

15 1500 1434.6 4.56

3 500 486.6 2.75

time= 10 min

8102 T

NiO

(d) (e)

time = 15 min

increased. By increasing the NiO nanocatalyst loading in the reactor,
the viscosity of crude oil was reduced, and by improving the
nanocatalyst mass fraction from 0.5wt% to 1.5wt%, a 75% reduction in
the viscosity was observed. Moreover, it was obvious that increasing
the SiO, nanocatalyst concentration had an inverse influence on the
crude oil viscosity, whereas increasing the nanocatalyst concentration
from 0.5wt% to 1.5wt% resulted in a 50% reduction in oil viscosity.
This reduction was about 67% when the nanocatalyst concentration
was increased from 1.5% to 3%. Adding the nanocatalyst to extra heavy
oil in a thermal catalytic cracking affects upgrading considerably.

5.3. Hydrodynamic, heat transfer, and kinetic reaction characteristics

Fig. 4 shows the 2D velocity contour of the crude oil sample in the
middle cross section from a transverse view in the TCC process using
SiO, and NiO nanocatalysts with time. It is obvious that with the passage
of time, the velocity of materials in the reactor increased. By applying
the SiO, nanocatalyst, the magnitude of the wall velocity in the vicinity
of the reactor was greater at 10 min because of the higher temperature
of the reactor wall. At the beginning of the heating process, the regions
adjacent to the reactor wall gained heat so that the density in these
regions was reduced. Therefore, the density gradient led to a higher
velocity magnitude due to the gravity force. With the passing of time,
the central regions gained more heat, and the specified density gradient
intensified the velocity in the central regions as well. According to the
figure, the velocity magnitude in the central regions was higher at 15
and 20 min. The same procedure could be observed when the NiO
nanocatalyst was applied for reducing the viscosity of extra heavy
crude oil.

Fig. 5 shows the 2D temperature contour of the crude oil sample in
the middle cross section from the transverse view in the TCC process
using the SiO, nanocatalyst with time. According to the figure, the tem-
perature was higher near the wall as the reaction mixture was heated by
an external source. The temperature gradient adjacent to the wall
changed the crude oil density, and this led to the velocity gradient.

time = 20 min

A velocity/mes-!
%1072

4.5
4
3.5
3
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Fig. 4. 2D contour of crude oil velocity in the reactor under the thermal catalytic cracking process by use of SiO, and NiO nanocatalysts in the middle cross section from transverse view.
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Fig. 5. 2D contour of total crude oil heat flux in the reactor under the thermal catalytic cracking process by use of SiO, nanocatalyst in the middle cross section from transverse view.

The figure also clearly shows that with the passage of time, the hot
mixture from the bottom of the reactor reaches the upper surfaces
after 10 min because of the lower density, and this makes a circulation
in the reactor. It is necessary to mention that a similar procedure was
observed in the experiments.

Fig. 6 depicts the 2D mass fraction contour of material a (extra heavy
crude oil sample) and materials b and ¢ (upgraded oils) under the TCC
process using the SiO, nanocatalyst in the middle cross section from
the transverse view. From this figure, it is clear that in the central points
of the reactor the mass fraction of material a was less. On the other
hand, materials b and ¢ had higher concentrations at the central regions,
indicating that the cracking reaction took place more in the central
regions than in the regions near the reactor wall. Also according to the
figure, it is clear that the concentration of material b is higher than
that of ¢, as it has lower API gravity.

Fig. 7 (a) and (b) represents the changes of species a, b, and ¢ mass
fraction during thermal catalytic cracking using the SiO, and NiO
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nanocatalysts with concentrations of 1.5wt%. The initial temperature
of the crude oil sample was set to 623 K. Based on the experiments, it
is believed that the cracking reaction began at 623 K. According to
Fig. 7 (a), the reaction continued in time, leading to a reduction in the
mass fraction of material a (extra heavy crude oil) until the changes
faded out and the system became stable. At this time, the amount of
material a reached 0.886, and the reaction is completed; this means
that after 50 min, no cracking reaction occurred. Conversely, with the
passage of time, the mass fraction of materials b and c as the products
rose, and more material b, the product with lower API gravity, was pro-
duced. This is in logical agreement with the expectations. Also Fig. 7
(b) depicts the mass fraction profiles of materials a, b, and ¢ during ther-
mal catalytic cracking using the NiO nanocatalyst as a function of time.
The mass fraction of material a decreased with time. In other words,
the mass fractions of b and c as the lighter products increased. Com-
pared to the SiO, nanocatalyst, the final mass fraction of products is
less when the NiO nanocatalyst is applied.

A 0.27 A 0.16

(C) 0.13

V¥ 0.19 Vv 0.12

Fig. 6. 2D mass fraction contour of (a) material a, (b) material b and (c) material c in the reactor under the thermal catalytic cracking process by use of SiO, nanocatalyst in the middle cross

section from transverse view after 15 min.
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Fig. 7. Changes of (a, b) mass fraction of materials a, b and c, (c, d) oil mixture viscosity and (e) Peclet number during thermal catalytic cracking using SiO, and NiO nanocatalysts.

The changes in oil mixture viscosity during thermal catalytic crack-
ing using SiO, and NiO nanocatalysts with 0.5% and 1.5% mass fraction
are shown in Fig. 7 (c) and (d). The viscosity of the mixture was reduced
as the temperature rose and the reaction continued with time. In this

process, the wall temperature was higher than that of the oil mixture,
facilitating the transfer of heat from the wall to the oil sample; thus,
the cracking reaction performed with higher rates. In the beginning,
the mixture with the larger amount of nanocatalyst had a bit higher
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viscosity. This is attributable to the fact that in the beginning, the yield of
the reaction and the velocity of the mixture were both very low. It has
been proven that adding nanoparticles to a base fluid increases the
mixture's viscosity [46]. In the beginning of the reaction, the catalytic
behavior of the nanoparticles was insignificant as the cracking reaction
had not started. Consequently, in the beginning, nanoparticles slightly
exacerbated the viscosity of the extra heavy crude oil. However, with
the passing of time, the cracking reaction continues, and the effects of
nanocatalysts on the crude oil lead to a reduction in viscosity. Compar-
ing Fig. 7 (c) and (d), it is concluded that SiO, nanoparticles are more
effective and take part in the reaction sooner.

Fig. 7 (e) demonstrates the changes of the averaged Peclet number
of oil mixture viscosity during the TCC process using SiO, and NiO
nanocatalysts with a concentration of 1.5wt%. From the figure, it can
be seen that the Peclet number of the oil mixture, the ratio of convective
heat transfer to conductive heat transfer, increased with time. In the
beginning, the amount of heat transferred in the convection regime
was very low due to the high viscosity of the oil mixture. However,
the amount of heat transferred by the convection regime increased
with time, and it continued until stable conditions were achieved.
Fig. 7 (e) also suggests that applying the SiO, nanocatalyst in reducing
the viscosity of extra heavy crude oil represents a higher Peclet number
than the NiO nanocatalyst, as it is claimed that SiO, nanocatalysts are
more effective in this process.

5.4. Parametric analysis

To investigate the effects of influential parameters on upgrading
extra heavy crude oil, the response surface method was used. The
Box-Behnken design and the results related to viscosity (after complet-
ing the reaction) that were achieved numerically are presented in
Table 9. Table 10 represents the ANOVA analysis of the applied model.
The reduced cubic model was used to obtain statistical studies, and
P-value < 0.0001 implies that the model was significant (see Table 10).
It is noteworthy that P-value < 0.05 confirms the significance of the
model [47,48]. The high values of R? and RZy; indicate that the model is
fitted well. The coefficient of variation (CV), which is the ratio of standard

Table 9
Box-Behnken design and the crude oil viscosity results

Run  Factors Response

Particle  Concentration of Temperature/K  Catalyst  Viscosity/cP
size/nm  catalyst/wt% type

1 2 0 698 NiO 16189.4
2 2 3 698 Si0, 1285.6
3 51 3 773 Si0, 468.2

4 51 3 773 NiO 1843.1
5 2 0 698 NiO 16189.4
6 51 3 623 NiO 2164.3
7 100 3 698 Si0, 1534.6
8 51 0 623 NiO 17497.5
9 2 15 623 NiO 4126.4
10 2 1.5 623 Si0, 29234
11 51 3 623 Si0, 5733
12 51 0 773 Si0, 1521.3
13 51 0 623 Si0, 17497.5
14 100 3 698 NiO 2058.6
15 100 0 698 NiO 16189.4
16 51 0 773 NiO 158213
17 2 3 698 NiO 1993.6
18 100 1.5 623 Si0, 3314.6
19 2 1.5 773 NiO 1736.8
20 2 1.5 773 Sio, 1021.8
21 100 1.5 623 NiO 4635.4
22 51 1.5 698 Si0, 2493.4
23 100 0 698 Si0, 16189.4
24 100 1.5 773 Si0, 1395.7
25 100 1.5 773 NiO 2201.7
26 51 1.5 698 NiO 2238.2

Table 10
Analysis of variance

Response Model P-value R-squared Adj CV/% Adequate
R-squared precision
Viscosity ~ Reduced cubic <0.0001 0.9998 0.9994 264 116.033

deviation to the mean, represents the reproducibility of the model. If the
CV of a model is less than 10%, the model is reproducible [49]. In this
study, the CV was equal to 2.64%, indicating it is a producible model.
Also, a value of 116.003 for adequate precision, the ratio of signal to
noise, corroborates the adequacy of the signal. It should be noted that
values for adequate precision greater than 4 are desirable [50]. In addi-
tion, Table 11 shows the analysis of variance for selected factors. Related
P-values < 0.05 indicate that the factors are significant.

Table 11

The least square fit and parameters
Source Sum of squares DOF  Mean square  P-value
Particle size 3.78 x 10° 1 3.78 x 10° 0.0090
Concentration of catalyst/%  4.74 x 108 1 4.74 x 108 <0.0001
Temperature 1.785 x 10° 1 1.785x 10°  0.0001
Catalyst type 4.374 x 10° 1 4374 x 10° <0.0001

By applying multiple regression analysis, a reduced cubic equation
was used to fit the simulation results (mixture viscosity). Eqs. (36) to
(38) represent the relation between crude oil viscosity and the four
factors by adoption of the Box-Behnken design:

2365.8 + 217.384A—7698.59B—472.34C—78.65D
+100.33AB + 32.09AD + 365.76BC + 292.91BD
—76.18CD + 178.85A2 + 6470.18B + 124.83C>

1401.86A%2D—239.20AB? + 437.15C*D

(36)

Mixture viscosity =

Mixture viscosity|sio, = 2748.73—225.884—16335.27B + 58.67C

—3.51AB + 3.256BC + 2.2A% + 2986.29B°
—2.17AB?

(37)
79429.04—238.44A—15944.738—160.34C

—3.51AB + 3.256BC + 2.33A% + 2986.29B>
—2.17AB?

Mixture viscosity|nio =

(38)

where A is particle size, B is concentration of catalyst (wt%), C is
temperature and D refers to catalyst type. Conspicuously, models are
reasonable approximations of the true functional relationship over
relatively small regions of the independent variables' entire space [49].
Fig. 8 depicts the predicted values obtained by the statistical model
versus actual data achieved through the simulation model. The aggrega-
tion of points around the straight line confirms the robustness of the
statistical model.

5.5. Effects of nanocatalyst concentration and particle size

Fig. 9 shows the two-dimensional response surface of crude oil vis-
cosity and the relationships between different factors at optimum
values. Fig. 9 (a) and (b) illustrates the interaction of catalyst concentra-
tion and particle size at the specific temperature of 773 K using the SiO,
and NiO nanocatalysts, respectively. It is obvious that at low catalyst
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Fig. 8. Predicted values versus actual results for crude oil viscosity.

concentrations, changing the particle size did not change the viscosity
considerably. However, in higher ranges of catalyst concentration, the
effect of particle size became important. At a catalyst concentration
of 3%, increasing the particle size initially decreased crude oil viscosity,
whereas further increases led to increases in crude oil viscosity.
Materials on the nanometric scale have different properties compared
to their bulk state because of their high specific surface area, and
these lead to improvements in the chemical and physical enhance-
ment. In fact, higher specific surface areas increased the particle and
crude oil contact so that a better interaction between phases happens,
and this leads to a reduction in viscosity. On the other hand, in higher
nanocatalyst concentrations, a decrease in particle size augmented the
tendency of particles to be agglomerate. Subsequently, crude oil vis-
cosity increased. According to Fig. 9 (a) and (b), at a catalyst concen-
tration of 2.3% with the SiO, nanocatalyst, the viscosity was reduced
to about 410 cP (a 17.5% reduction) when the particle size was
51 nm. Under these conditions, the reduction is about 47.4% for the
NiO nanocatalyst. Therefore, the effect of particle size is more signifi-
cant for the NiO nanocatalyst. From the figures, it is clear that at a
constant particle size, increasing the nanocatalyst concentration
reduces crude oil viscosity remarkably. For SiO, and NiO, maximum
reductions of about 97.5% and 93%, respectively, were observed.
Furthermore, at catalyst concentrations higher than about 2.3%, the
crude oil viscosity begins to decrease due to the agglomeration of
particles.

5.6. Effects of temperature and particle size

Fig. 9 (c) and (d) represents the interaction of temperature and
particle size at a catalyst concentration of 3wt% using the SiO, and
NiO nanocatalysts, respectively. An increase in temperature has a di-
rect influence on the upgrading of extra heavy crude oil. At constant
particle size, raising the temperature led to reductions in viscosity of
about 59% and 38% for SiO, and NiO nanocatalysts, respectively. In
upgrading extra heavy crude oil, the effect of temperature is substan-
tial due to the presence of a chemical reaction. Regarding Eq. (38),
temperature has a significant effect on energy and reaction kinetics,
and by raising the temperature, the cracking reaction accelerates.
Therefore, the amounts of products increase. In addition, at lower
temperatures, decreasing particle size, enhancing the surface area
per unit volume, reduces the viscosity of crude oil. However, at higher
temperatures, the effect of agglomeration is more serious for smaller
particles, and catalysts with a size of 20-30 nm represent better
behaviors.

5.7. Effects of temperature and catalyst concentration

Fig. 9 (e) and (f) depicts the interaction of catalyst concentration
and temperature at a particle size of 51 nm using the SiO, and NiO
nanocatalysts, respectively. As discussed earlier, raising the tempera-
ture precipitated the cracking reaction and viscosity reduction. In all
ranges of catalyst concentration, increasing the temperature led to a
reduction in viscosity. However, adding the nanocatalyst may have
different effects on crude oil viscosity. At a specified temperature,
adding nanoparticles less than about 2.3wt% decreased viscosity
considerably. At 773 K, adding 2.3% nanocatalyst to extra heavy crude
oil reduced viscosity about 96.9%, whereas this reduction at 623 K was
about 91%. Further amounts of the nanocatalyst increased oil viscosity
as a result of agglomeration and aggregation.

5.8. Determination of optimum conditions

Optimization is a beneficial tool for determining a well-defined set of
conditions that will meet all of the goals related to the process, which
are combined into an overall desirability function [51]. In statistical
evaluations, the target is to optimize the desirability function. In this
study, optimization was performed based on the minimization of
crude oil viscosity. From an industrial point of view, it is desired to
have energy costs at their least possible rate. Thus, temperature was
targeted to be at 623 K. The optimum conditions proposed by the statis-
tical model were at particle size 24.93 nm and 2.28wt% with the SiO,
nanocatalyst, and the minimum achieved viscosity was 465 cP, a
98.67% reduction.

The confirmation test was applied to verify the results obtained
based on the Box-Behnken design [52]. If a design does not meet
the essential requirements, calculations must be revised until the
criteria are met [53]. In this study, a confirmation simulation was
performed at the optimum levels of the given parameters. Results
indicated a viscosity of 486.7 cP and a maximum relative error of
4.7%. The finding further revealed that the predicted data and simula-
tion results are in good agreement. The investigations also showed
that the SiO, nanocatalyst has a better effect than NiO on upgrading
extra heavy crude oil.

6. Conclusions

In this study, the behavior of the process of upgrading extra heavy
crude oil was presented using computational fluid dynamics. The illus-
trated model solved using the finite element method through taking ap-
propriate governing equations into account through the application of
COMSOL 4.4. A reaction scheme for the catalytic cracking of extra
heavy crude oil was proposed, and an appropriate kinetic model was
developed using experimental procedures as well as the equations
reported in the literature. To examine the validity and accuracy of the
simulation model, experiments for measuring the viscosity of crude oil
were carried out. The findings revealed that there is an acceptable
agreement between simulation results and experimental results. Also,
investigations into hydrodynamics, heat transfer, and cracking reaction
suggested that the proposed model could appropriately predict the
process parameters. To investigate the main factors influencing the
reduction in viscosity of extra heavy crude oil, statistical analysis
was adopted. The results illustrated that type of nanocatalyst and
nanocatalyst concentration are the most substantial parameters affect-
ing the final results. In addition, a catalyst concentration of 2.3% was
best for upgrading extra heavy crude oil, and a nanocatalyst size of
about 51 nm was more efficient. The presented model and results
obtained through sensitivity evaluations and experiments provide ben-
eficial information for the design and development of high performance
upgrading processes.
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