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Abstract

The aim of this study is to generate operational data that can be used to im-
prove the production capacity in the Fluid Catalytic Cracking Unit (FCCU)
in a Refinery and Petrochemical Company. This will aid in tackling the
daunting challenge of unavailability of operational data that can be used to
better understand and improve production capacity and ensure maximizing
catalyst utilization. In addition, it addresses the challenges of analysis and
control of the FCCU process due to its very complicated and little-known
hydrodynamics, complex kinetics of both reactions of cracking and coke
burning, strong interaction between the reactor and regenerator, and nu-
merous operating constraints. Aspen HYSYS version 8.0 was used in model-
ing the cracking process using parameters extracted from the operating ma-
nual of the FCCU in the refinery. The operational data was used to compare
the simulated effect of stepwise input in feed and reactor plenum temperatures
as well as stepwise increase in reactor length on yield, catalyst-to-oil-ratio and
catalyst regeneration. An optimum flow in naphtha was obtained by the inte-
raction of the inlet crude flow rate, riser height, and temperature this opti-
mum was supported by the study of the interaction of these parameters when,
catalyst to oil ratio was set as the dependent parameter. The inferences drawn
from the results are that the reactor plenum temperature of 560°C and a riser
length of 27 m are recommended for optimum performance that ensures
lasting effect of an efficient catalyst activity.
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1. Introduction

This Refining petroleum is a complex process that generates a diverse slate of
fuel and chemical products, ranging from heating oil to gasoline [1]. The process
involves cracking, separating, treating, restructuring and blending hydrocarbon
molecules to generate petroleum products. A refinery is a chemical plant con-
taining various units that carries out variety of operations involved in processing
crude oil. The primary aim is to process the undesirable components of raw
crude oil and upgrade them into more valuable products. Gasoline, jet fuel and
diesel are among the most valuable products. Originally, thermal operations
were used to crack heavy oil, but the discovery of catalyst that gives a higher
yield of gasoline with a higher octane number quickly brought about the use of
catalytic cracking units. Today, the most commonly used catalytic cracking unit
is the Fluid Catalytic Cracker (FCC) [2]. The procedure consists of a catalyst sec-
tion in which the catalyst can be manipulated [3] and a fractionating section that
operate together as an integrated processing unit. Another aspect of research
that uses similar procedure is still in current study for example the work of [4]
have adopted the catalytic unit in kinetic studies. Also the unit is so efficient that
they process biofuels too [5]. The catalyst section contains the reactor and rege-
nerator, which, with the standpipe and riser, are said to be the catalyst circula-
tion unit. The primary aim of the fluid catalytic cracking unit is to crack low-
valued heavy gas oils into a lighter more valuable hydrocarbon using a moving
bed catalytic converter. Fresh feed gas oil preheated in the heater is injected into
the riser reactor through the inlet zone, leading to high turbulence and concen-
tration gradients which partly crack the high molecular weight feed into low
molecular weight products. The required heat for this endothermic cracking
reaction is provided by hot catalyst. During this reaction, there is deposition of
coke (carbon) on the catalyst (Zeolite) which reduces the catalyst activity [6].
The separation of the entrained catalyst from the product gas takes place in the
cyclones at the top of the reactor (so as to minimize secondary reactions) and
returned to the stripping section of the reactor where steam is injected to strip
off the entrained hydrocarbons from the catalyst [7]. The fundamental purposes
of the catalyst include selectivity of the reactions, transport of necessary heat to
the cracking reactions, and absorption of the coke produced during conversion.
This is removed from the catalyst via regeneration; a process of combustion,
caused by introducing air into suitable equipment and under suitable conditions
[8]. The catalyst is repeatedly circulated in the reactor as connected to the rege-
neration. In the regenerator controlling the temperature of the regenerator is
necessary [9].

The temperature of the regenerator needs to be kept under control in order to
prevent undue combustion in the regenerator [10]. Given that the FCC units
should be controlled and these controls are intricate and difficult to understand,
a new control system based on variable modeling was created not subject to

conventional control methods [11]. For the optimization of refining operations,
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the use of catalyst which causes gas phases to be at equilibrium with the circu-
lating catalyst in FCC are essential [12] [13].

Going by the after-burn of CO to form CO, in the diluted phase, which are
either continuous or stage wise, post-combustion is linked to the localization of
extremely high temperatures in the freeboard. When entrained catalysts enter
this zone due to extensive exposure to elevated heating or overheating, they ei-
ther become incandescent and damages or lose activity due to adverse changes
in their pores and bulk density [14]; this is observed in all regenerator mode
(whether the mode burns fully or partially). Cyclones, plenums, and overhead
flue gas exit ducts are all affected by post-combustion, which is mostly detri-
mental to the freeboard. The dense bed, however, is somewhat stable since the
heat of combustion is released by regeneration. This is as a result of the high cat-
alyst storage and holdup, which absorb the heat of combustion released as they
are regenerated, also the dense bed is unsusceptible to post-combustion, which
affects plenums, cyclones and flue gas up in exit ducts [15]. As a result, extremely
high heat in the dense bed are evenly distributed and ducked. Post-combustion
effect makes auto-monitoring and control to be impractical because it necessi-
tates sporadic operator involvement. Additionally, the process must be done to
run the bed at forced reduced heating, which has a negative impact on the
throughput of the equipment carrying the catalyst (this can cut the catalyst cir-
culate rate by almost 10%) and the overall profitability [16].

Most FCC regenerators has operations of some post-combustion, but when
the temperature rises above the threshold set by the metallurgical contents fixed
for the material, post-combustion ultimately controls the structural integrity of
these components. As a result, one of the crucial variables for determining the
efficiency of coke combustion and a major performance determinant of regene-
rators is the degree of post-combustion.

Evidently, less than 50% of this heat is produced by the heterogeneous
burning of CO in the dense bed, compared to the majority homogenous un-
controlled oxidation of CO in the dilute phase. Due to the different heat of
production and temperatures caused by this, homogenous-full CO combus-
tion [17] [18], which cannot be controlled, produces the best regenerator
temperature.

Inadequate burning kinetics, uneven distribution of used catalyst and air in
the bed, and ineffective mixing of the catalyst-feed gas are three broad catego-
ries that can be used to classify the many causes of post-combustion in FCC re-
generation systems. A circuitous catalyst flow from the stripper in the reactor
section may also start the post-combustion in the regenerator [19]. The possible
remedies require that the system of fluidized catalytic cracking be taken as a
continuous circulating catalyst system. The use of CO combustion promoters,
modifying the operation parameters, and improving the mechanical designs are
the most recent centrally effective techniques to operate FCCU optimally. In

this work therefore the operational parameter are modified, analyzed and pa-
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rameter are obtain for the process temperature and riser length to cater for the
former challenges itemized which are common to the FCCU in KRPC. The es-
sence to determine the extent of cooling required for the incoming regenerated
catalyst.

Aspen HYSYS is a combination of tools that are used for estimating the phys-
ical properties and liquid-vapour phase equilibrium of various inbuilt compo-
nents. The liquid vapour phase is studied via equation of state [20]. These com-
ponents are the catalyst and feedstock that are used within the plant, within the
reaction and separation sections. The program is such that it converge both
energy and material balances and has standard unit operations typical of any
FCC plant. The software updates the calculations as the user enters information
and does it as fast as it can. The successful completion of an operation is seen by
the changes in colour on screen [21].

This research work included simulating the FCCU of KRPC for the ultimate
purpose of maximizing catalyst usage while increasing present yield of gasoline
in Nigerian refineries through better understanding of the effect of stepwise in-
put in feed and reactor plenum temperatures as well as stepwise increase in
reactor length for maximum gasoline yield, catalyst to oil ratio during catalyst

regeneration.

2. Methodology

2.1. Data Extraction

First, Operating data were collected from the piping and instrumentation dia-
gram of FCCU of Kaduna Refinery and Petrochemical Company (KRPC). The
process flow diagram indicating the feed to the unit and the fractions of fuel
used to extract all the temperature, pressure of air flow and feed flow into the
riser through the regenerator were taken. The product from the fractionator was
recorded. These data were used to carry out the process simulation of the FCCU
of the refineries [22] [23] [24] [25]. The feed compositions from the operating
record were used to characterize the oil simultaneously; the stream tempera-
tures, pressures and mass flow rates were adopted to carry out the process simu-
lation using Aspen HYSYS version 8.0.

2.2. Process Description and Data Extraction

The heavy gas oils, light vacuum gas oil and heavy vacuum gas oil were fed as
streams to FCC unit. The feed were introduced into the unit via a surge drum
DO1 then it was charged by feed pump POlthrough a series of heat exchangers
EO01, E02 and E03 where it was sequentially pre-heated before being sent to the
main Heater H-01 (referred to as fresh feed furnace) to further raise the feed
temperature to the required temperature of 320°C. The product of Heater H-01
was passed to the Reactor RO1 (referred to as converter) for conversion into light
products. The process that takes place in the reactor involves the oil feed being

atomized into a stream of very hot regenerated catalyst at the bottom of a vertic-
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al “riser” reactor R0O1. The charge was combined with a recycle stream within the
riser, vaporized, and raised to reactor temperature (520°C - 560°C by the hot
catalyst. As the mixture travels up the riser, the charge is cracked at 10 - 30 psi,
the mixture of catalyst and now-vaporized oil shoots to the top of the riser (dis-
engager) where catalyst and hydrocarbon reaction products are separated by in-
ertial means. This is followed by passage of the vapour product through a cyc-
lone separator to remove virtually all entrained catalyst powder.

Spent catalyst then flows to the regenerator, where the coke is burnt off using
hot air supplied by an air blower and uniformly distributed at the bottom of the
regenerator by an air grid. The upward velocity of the air tends to lift the catalyst
particles, so that the bed of catalyst behaves as a fluid. Flue gases from the rege-
nerator were sent to the CO boiler via a slight valve and an orifice chamber.
Reaction product vapour from the overhead of the disengager was processed at
low pressure in the Main Fractionating Column CO01 where decanted oil and
light cycle oil streams are separated stripped in side strippers and partly recycled
as pump around back to the column CO1 via heat exchange in feed preheaters
EO1 and E02 and partly sent to tank. The bottom slurry is partly recycled via heat
exchange in E03 back to the column CO01 and partly sent to tank. The overhead
vapour is further condensed to liquid in the Air Cooler A01 (referred to as over-
head condenser) before being separated in high pressure Separator D02 to pro-

duce gasoline and off gas.

2.3. Parametric Studies

The modeling of the Fluid Catalytic Cracking Unit was completed and the pa-
rametric study was then carried out on the Reactor (R-01) by selection of de-
pendent and independent process variables. A boundary was set for the depen-
dent variables and step sizes were specified before the run button was clicked.
The generated results were plotted as graphs in the software plot mode. Exten-
sive procedure is in [7] and [26] [27] [28] [29] [30].

3. Results

The modeled FCC unit in the simulation environment of Aspen HYSYS version
8.0 software is as shown in Figure 1.

The effects of step input in Feed and Reactor-Plenum Temperatures and step
increase in riser length on yield are shown on Figures 2-7. Increase in reactor
was found to cause proportionate increase in Fuel Gas yield and the inversely
(decreased) in the yield of Light Cycle Oil (LCO), an interception of the two was
observed at riser length of 26.2 m as shown on Figure 2. Thus a step increase of
0.5 m in reactor length brought about an increase of 0.25 wt% in the yield of
Fuel Gas and reduction of 0.15 wt% in LCO yield.

An increase in reactor feed temperature was found to bring a reduction in both
yields of Naphtha and Coke, a step increase of 10°C brought a decrease of 1 wt%
and 0.17 wt% in respective yields of Naphtha and Coke as shown in Figure 3.
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Figure 1. Modeled FCC unit.
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Figure 3. Effect of feed temperature on naphtha and coke yield.

An increase in Reactor Plenum Temperature was found to cause an increase
in conversion, the increment caused by step input in temperature was more
pronounced between temperatures of 520°C to 560°C as shown in Figure 4.

A rise in the slope of LCO yield up to 35.9 wt% was observed at Reactor Ple-
num temperatures below 520°C before a steep fall to 18.5 wt% at 580°C. A gra-
dual increase in yield of Fuel gas from 1 wt% to 3.8 wt% between temperatures
of 500°C to 560°C, the slope however increased drastically onwards to a yield of
22.5 wt% at reactor plenum temperature of 600°C as shown in Figure 5. This
temperature is due to the high regeneration temperature circulated into the ple-

num and must be forced to the metallurgical value for the process material.
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An increase in reactor temperature gave rise to increase in Naphtha yield
which was at a peak value of 37.5 wt% at reactor plenum temperature of 560°C
was observed before a steep and steady fall to 4 wt% at temperature of 600°C. A
rising slope showing an increase in Coke yield with each step input of about
10°C increase in reactor plenum temperature giving rise to an increment of
about 2 wt% was observed. Both slopes are shown in Figure 6.

An increase in riser length brought about stepwise increase and decrease in
Kinetic Coke and Catalyst/Oil Ratio with each increment of 1 m in riser length
giving rise to an increase of about 0.1 wt% in kinetic coke yield, and a decrease
of about 0.01 ratio of catalyst to oil as shown in Figure 7.

An increase in reactor plenum temperature gave rise to a steady reduction in
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Coke deposits on spent catalyst and coke remains on the regenerated catalyst as
shown in Figure 8. These reductions in coke deposits on spent catalyst makes
regeneration more efficient while and the reduction in coke remains will aid ef-
fective utilization of catalyst as it enhances activity of regenerated catalyst thus
increasing life span of the catalyst and maximizing productivity.

An increase in reactor plenum temperature from 500°C to 570°C was found to
steadily reduce the required heat of combustion by the regenerated coke from
3.967e+004 KJ/kg to 3.930e+004 KJ/kg and remained so till a steady rise in the
slope was observed from plenum temperature of 570°C to 600°C. Temperature
increase from 500°C to 535°C had no effect on catalyst stripper coke but tem-
perature increase beyond this point caused a steady rise in the slope indicating
an increase from 0.1 wt% at 540°C to 3.3 wt% at plenum temperature of 600°C

as shown in Figure 9.

Sango_Study

§ 40.00 -3 Yield, Std Cut Grouped (Naphtha C5-430F-Weight %) b
X 1o~ Yield, Std Cut Grouped (Coke Yield-Weight % = - =
£ 35.00 ped CiED o &
2 1 / /@>§< 3000 £
i 30.00 i . y i o
(o] I~ o
& 25.00 -2.500 5
£ 1 A [ s
§. 20.00 [ (e
1o] -2.000
g 15.00 v I 5
s ///9,/‘ - \4 .
9 10.004 i §
3 | 1,500 S
° - o
% 5.000 =
ke 4 - X
9] i &
> 0.000 T T T T T
500.0 520.0 540.0 560.0 580.0 600.0
Reactor Section - Reactor Plenum Temperature (°C)
Figure 6. Effect of reactor plenum temperature on naphtha and coke yield.
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An increase in reactor plenum temperature from 500°C to 600°C caused a
steady increase in the regenerated catalyst circulation rate from 1.5e+005 Kg/hr
to 8.5e+005 Kg/hr with an increment of 10°C in temperature causing. Similarly
the increase in plenum temperature from 500°C to 560°C caused steady increase
in the Air Mass Flow into the regenerator, the rate of increase with step input in
temperature however reduced at temperatures above 560°C as shown on Figure
10.

Increase in reactor plenum temperature had influence on Non-stripper Coke
Hydrogen and caused an increase of 0.2 wt% in Stripper Coke Hydrogen be-
tween reactor plenum temperatures of 500°C to 560°C, while a more rapid in-
crease of 2 wt% was observed between plenum temperatures of 560°C to 595°C

as shown in Figure 11.
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Temperature of the Process

By raising the internal temperature of the reactor at a constant circulation rate,
increasing conversion and coke yield is anticipated to enhance stripper perfor-
mance since the hydrogen content of the coke will drop. As a result, this modifi-
cation will reduce the amount of light hydrocarbon products that the used cata-
lyst burns in the diluted phase. The temperature of the catalyst bed in the rege-
nerator will also rise with increased coke production. According to the refiner
goals (better conversion, diesel or gasoline optimization, octane number and
improving the yield of propylene/isobutylene) and equipment constraints, the
FCC reaction temperature is typically optimized (potentiality limit of wet gas
compressor, considerable yield in dry gas over gas consumption of refinery fuel,
coke combustion, physical plant design and metallurgy design temperature of

reactors). Due to goals set for the refining, the ROT (Riser Outlet Temperature)
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moved to 540°C before TAR so as to optimize yield of gasoline and retard gas
yield.

The diluted and gas phases temperatures of post-combustion are reduced to
about 30°C when processing with a +3°C higher ROT, according to the evalua-
tion of the findings obtained under various operating parameter. Maximizing
the surplus oxygen in the flue gas to ensure complete coke combustion. The
primary FCCU restriction that impacts the oxygen availability required for coke
burning is the extent of the air blower (Figure 1). If such a condition exists,
raising the flow rate of feedstock above the capacity of the air blower may cause
some of the coke to partially burn into CO, which will increase post-combustion.
In order to have enough oxygen during FCCU operation, the air flow rate was
managed and adjusted at the FCCU feed flow rate. The effect of pressure was
discussed in the research reported by [29] [30].

For the highest capacity of the air blower, high post-combustion up to 113°C
was observed, and an excess of O, in the flue gas was maintained between 2.3
and 3.4 vol.% (1 - 365 days). The after-burning at 40°C was reduced by the de-
crease in air flow rate (360 - 560 days). The oxygen breakthrough on one side of
the dense bed and the reaction in the diluted phase with the CO escaping from
another area of the reactor were the results that were seen, and these results were
explained by air transmitting and emerging as the air flow rate increases. As a
result, lesser afterburning is attained at lower values of flue gas excess oxygen
between 1 and 2 vol.% (360 to 470 days), rather than at higher values above 3 as
the vol.% of O,.

4. Conclusion

The Fluid Catalytic Cracking process that takes place in the FCC Unit plant of
the refinery was modeled and simulated using Aspen HYSYS version 8.0. A
reactor plenum temperature of 560°C and a riser length of 27 m are recom-
mended for optimum performance and ensure efficient catalyst activity and du-
rability. When the FCCU is operated under afterburning conditions, regenerator
temperatures can rise above those specified by metallurgical design, which can
cause the cyclones and plenum chamber to malfunction mechanically. By raising
riser height (+3%), catalyst stripping steam (+0.5 t/h), ROT (+4°C), and e-cat
activity (+4 wt%), afterburning was reduced by 30°C (38% reduction). Due to
uneven distribution, additional process variables like, slurry recycling, and extra
oxygen have little impact on afterburning. The riser height and adjusted plenum
temperature affected the regenerator because it ensures that the cyclones release
the catalyst in order to reduce afterburning. The afterburning was reduced by
64°C, or 86%, using this modification. As a result, the regenerator temperatures
dropped to about 700°C, which was below the internal design temperature of
799°C.
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