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ABSTRACT

Fluid Catalytic Cracking Unit(FCCU) isan importantprocessing unitin  oiirefinery. Fiuidcatalytic crackingisaprocess

usedtoconvertt-)eavypetroleumproductstoligt)tproductssuchasgasoiine.ligtitfueloil.andpetroleumgas.Inthiefiuid
catalytic cracking reactor, hieavy gas oiliscracked into more valuable tighter hydrocart)jon® ~ A~ Jthereactor input
[the gas //Ifedto thereactor)is mixture ofhydrocarbons thatmakes thereaction kinetics verycomplicated due to the
involvedreactions. Theprocessishighlynonilnear "~ ///variable with severe Interactions. ~© the simulateddynamic
model of FCCU plugged with yield model, sensitivity studies has been carried out to study the effects of Independent
variables such $feed preheat temperature, feed flow rate and air flow rate in maximizing gasoline yield. With the
optimized model, the closed loop studies have been carried out forreactor * regenerator temperature control of

FCCUwith minimum overshootas theperformance criteria.
Keywords: FCCU, Sensitivity Analysis, Gasoline Yield, Reactor And Regenerator Temperature Control, Minimum

Overshoot-Performance Criteria.

INTRODUCTION

Fluidized Catalytic Cracking Unit (FCCU) of gasoil is one of
ttie most innportant processes in ttie petroleum refineries.
As shown in Figure 1, FCCU receives multiple feeds
consisting of high boiling point components from several
other refinery process units and cracl<s these streams into
lighter and more valuable components [ ], After fu*her
processing, the FCCU product streams are blended from
other refinery units to produce a number of products, e.g.
distillate and various grades of gasoline. Economic
operation of FCCUs (a large refinery may have more than

one) plays an Impo”ant role in the overall economic
performance of the refinery. Gasoline yield isan Impo”ant
product from FCCU process since Ithas a very high market
value. Gasoline yield in FCCU depends on various
parameters like reactor temperature, regenerator
temperature, air flow into regenerator, catalyst circulation
rates, etc. Therefore, sensitivity analysis is needed to
determine the variable which has strong influence on

gasoline yield.
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]-Modeling ofFCCUnit

The model captures the ma)or dynamic effects thatoccur
in a real FCCU plant. Itls multivariable, strongly Interacting
and highly non-linear. The non-linear model was
developed forthe foliowing sub models and Integrated.

e Feed, ?reheatsystem
* Reactor

+  Wetgas compressor
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* Regenerator
e Airblowers
Catalyst circulation line

The simulated model captures the ma)or dynamic effects
thatoccur Ina real FCCU plant. The complete FCCU model
was simulated in*~ T ~ $imulinkand Isvalidated [ ).

Many complex reactons occur during the FCC process
a”d the product consists of a mixture of many compounds.
The description of complex ml*ures by lumping large
number of chemical compounds Into smaller groups of
pseudo-components has been widely used by researchers
to provide number of kinetic equations. The simulated 4-
lump model plugged w” FCCU model Issimilar to the 3-
lump model of Wee™mon, the main difference being that
coke IsIndependently considered as a lump. ©ther lumps
are feed, gasoline and gas.

It is assumed that the gas oil is cracked into the most
desired gasoline, and the by-pr*ucts of gas and coke.
Thie reaction scheme of 4- lump yield model is shown in
Figure 2 [5,7,8,9]. $incethe FCC reactor isoperating at high
temperature, the secondary cracking reaction occurs for
gasoline to form coke ond gas. There Is no Inter-reactlon
between coke and gas 2).

2. $ensitivity Analysis In~*00

Jror the simulated model, the sensitivity studies have been
carried out l.e., the effects of the following Independent

variables on gasolineyield have been ana”ed [3].
e Temper~re of freshfeed enteringthe furnace
» Fowofthe fresh feed into the reactor riser

Stack gas valve position which has Influence on the air
flow into the regenerator

Figure 2. Reaction scfieme of 4 lump yield model
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To » " these sensitivily studies, these independent
variables were operated between -3070 and + 30% of their
nonninai values. The nominal values of ter*perature of fresh
feed entering the furnace is »# °F, flow of fresh feed
entering the realtor riser is

position Is0.64.

Ib/s and the stack gas valve

The values of those va®ables at which the *a~[*u” ~eld
has been obtained were fi*ed asthe op”*~u” values, "or
the optl*Zed nnodel, the closed loop studies have been
carried outwith A controller atthe regulatory level.

Feed preheat temperature plays an impo”ant role In
controlling the temperature in the riser realtor and hence
the cracking reactions.

When the temperature of the fresh feed entering the
furnace increases, the gasoline yield gets decreased,
keeping feed flow into reactor riser ( 26 Ib/s) constant

When the flow of fresh feed to the reactor riser increases,
the gasoline yield gets Increased because Increase In low
rate will lead to more amount of feed taking pa” In the
reaction inside the reactor riser unit, keeping the
temperature of fresh feed entering the furnace (461 °F)
constant.

Increase in the stack gas valve position will lead to a
decrease In pressure Inside the regenerator, whidh
demands more amount of air flow into regenerator,
keeping the feed flow rate(l 26 Ib/s) and feed temperature
(461 °F) constant. Increase in air flow rate into the
regenerator will cause an Increase in the regenerated
catalyst flaw rate due to which the reactor temperature
gets Increased. When the reactor temperature crosses Its
optimum temperature. It will lead to decrease in the
gasolineyield.

It has been observed from the sensitivity analysis that
optmum yield (Figure 3) isobtained at the temperature of
fresh feed entering the furnace = 401 «2°F, the flow of fresh
feed to reactor riser = 00.3 Ib/s and the valve position at

0.44~ (airflow into regenerator = 2.1236 moles/s).
The following Table shows the operating ranges of the
Independent variables used for the study of the sensitivity
effectonthe gasolineyield and their Impacton It

The Figures 4 and 5 show the responses of the yield and
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Figure 3. Optimum yield *$ed on t"e sensitiyity analysis

Independent Variables Range Impact On Remarks
Gasoline
Temperature of fresfi to Decreases Flow of fresti feed to

reactor “ser Is having
more influence on
ttie gasoline 0

¥eed entering furnace (F

Fkw of fresh feed to
reoctor riser )1

1 Increases 4

Valvo position Otol Decreases

Table . Effect Of Independent Variables On The Gasoline Yield

Sm

Figure 4. Yiefd response before sensitivity n ss

their variations before sensitivity analysis and after sensitivity
analysis.

Table 2 lists the response of the gasoline and coke yield
before and after sensitivity studies.

It has been observed from Table 2 that, there Is a
considerable increase in gasoline yield and decrease in
the coke formation after fixing the values of Independent
variables for maximizing gasoline inthe simuloted mode!.

3. Control Of Reactor And Regenerator Temperature
3.1 Multiloop Control

f£ach manipulated variable depends on only a single

l-manager'sJournal on Mechanical Engineering,
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Figure 5, Yield response ESe! nNOsS

Yield Before Sensitivity Aher Sensfflvity % Increase/
(. fraction) Analysis Analysis % Decrease
Gasoline (Y2) 0.3941 0.4312 +9.4

Coke(Y4) 0.1334 0.0938 -29.7

~~Nle 2. Yield Of ~ $0 € And Coke Before/After Sensitivity Analysis

controlled variable l.e., a set of conventional feedback
controllers. In nnost of tfie chennlcal industries, t"e
processes are basical® MIMO systems, “e controlied
variables Mave "“een selected to provide, ttiroughi control,
a safe and economic o”ratlon. The reactortem”rature
and regeneratortemperature are selected as a controlled
variable. The manipulated variables are flow of

regenerated catalystand flow rate of air [* .

The control structure selection was done based on Relative
Gain Array (RGA) anaiysis and isshown In Figure 6.

The input and output reiationshi® are given as The above
transfer functions were found out by using the process
reaction curve method.

Thesteady (gain) model Isexpressed as.
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Thus, the Relative ~ain Array for a ~ ~ ~ system can be
expressed as given below

1.335 - 0.335

J- 0.335 1.335

Pair the controlled and manipulated variables so that, the
corresponding relative gains are positive and are as close
to one as possible. From this RGA matrix, we can conclude
that pairing of manipulated variables with control varlabies
(i.e., flow rate of regenerated catalyst is used to control
reactor temperature and flow rate of air is used to control
regenerator temperature) isbest.

Figure 7 shows the scher”otic diagram of the ciosed loop
systemwith Pl contToller,

The reactor temperature must be maintained at a ce™ain
level to provide a desired maximum conversion of feed oil.
The regenerator temperature must be maintained at a
certain level in order to allow a stable coke trom the
cata’st. Permanent catalyst deactivation is produced by
exceeding the high temperature limit. The propo”ional-
integral (M) controlier is used at reguiatory level. The
specified reactor temperature is maintained by using a A
controller to ad)ust the flow of regenerated catalyst. Also
the specified regenerator temperature is maintained by
sing a A controller to ad)ust the air flow into the
regenerator.

3.2 PITuning Rules
before performing closed loop studies on any dynamic

model, the best performance criteria for the specific
control variable need to be studied. As per the

Figure 7. Schematic diagram of closed loo”
system with Pi controller
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conversation with experts working in CPCL (Ctiennai
Petroleum Corporation Limited), minimum overshoot was
chosen as the performance criteria for the reactor and
regeneratortemperature control of FCC unit.

With minimum overshoot as the performance criteria, the
following tuning rules listed in Table 3 have been used to
tune the A controller [10].

where = Propo”onal gain

T = Integraitime constant

X

Adjustable parameter
= Itim te gain ofthe sustained oscillations

= Ultimate time period of the sustained
oscillations

The control signal from the tuned P controller has been
applied to the whole simulated FCCU model and nottothe
transfer function that has been obtained through process
reaction curve method. The transfer function was used only
to establish the input-output relationship be~een the
controlled variable and the manipulated variable.

3.3 ControlofReactor Temperature(!,)

The reactor temperature must be maintained at a ce”ain
leve! to provide a desired maximum conversion of feed oil.
The A tuning parameters for the reactor temperature
control process for different Atuning rules listed in Table *
The reactor temperature was operated for three different
set points (990°F, 993°F and 995”F and t"elr responses for
the different Atuning rules have been shown below.

From Figures 8, 9 and 10, it can be inferred that the same
tuning parameters as given inTable”can be applied to any
oper”®ing point, Also it shows that the direct synthesis method
is having minimum overshoot but having a siuggish

No .1 Rule

Direct synthesis

2 Atl<inson and Davey 0.25K,, 0.75L

Table 3. A Tuning Rules T~e Parameters

Pi Tuning Rule ?ratartlanal Gain (K Integral Gain (KJ
Direct synttiesis 70 2 0.004385
Atkinson and ~ e y [ 00 0.0267

Table 4. P Tuning Parameters  ~"ea”tar Temperature Cantrel
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Figure 8. Control of reactor temperature for different 21 tuning
rules (990°F $€t poinf)

Figure 9. Confrol of reactor temperature for different Pl tuning
rules (993°F set poinf)

Figure 10. Control of reactor temperature for different Pl tuning
rules (99”°F set point)

response. $o itisbe”erto choose t"e Atkinson and “vey P
tuning ru'e for thie controller as it gives the next best response
with minimum overshootand “ulc”er seeing time.

Figure 1 shows the reactor temperature control for
different operating points using Atkinson and Oavey H
tuning rule. After the steady state was reached, disturbance
has been given to the effective coke factor (O) from to

.5at 7000s and from 1to 0.5 at 2000s and the contro!ler

i-manager's Journal © Mechanical Engineering,
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Figure . Reactor temperature coritrol for different operating
points using Atkinson and Davey Pl tuning rule

Figure 12. Control of realtor temperature witti distur ~nce in
effective coke factor

performance was studied a*d isgiven in Figure 2.
3.4 ControlofRegenerator Temperature[TJ

AMe  tuning parameters far t"e regenerator temperature
control process for different A tuning rules is listed in t"e
following Table 5.

Tine regenerator temperature was operated for tfiree
different set points 1275°Fand 1285°F) and t"eir
responses for the different A tuning rules have been shown
below.

From Figures 13,14 and 5, ltcan be inferred thatthe same
tuning parameters as given in*ble 5can be applied to any
operating point. Also, it shows that the direct synthesis
method is having minimum overshoot but ha”ng a sluggish
response. So, the Atkinson and Davey Ftuning rulels® e rto

P Tuning Rule Gain (K) Integral Gain (KJ
Direct synftiesis 0.017597 0.000017/?
"and ~30 n 0,0 2675 . ™

Table 5. A Tuning “rameters For Regenerator Temperature Contra!
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Figure . €ont o! of regenerator temperature for different P
tuning rules (1265°F set point)

Figure 14. €ontrol of regenerator temperature for different P
tuning rules 275 °F set point)

Fig. 5 Control of regenerator temperature for different A
tuning rules (1285°F set point)
Ch”se fort™e controlleras”giveste ne*stres®onsewith
minimum overshootand “ulc”er sealingti®e.

Figure 16 shows the regenerator temperature control for
different operating points using “t"inson and Davey H
tuning rule, *galn, when the steady state was reached,
disturbance has been given to the effective coke foctor
@) from 1to 1. at ?"*sand from 1to 0.5 at 12000s and
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Figure 16. Regenerator temperature control for different operating
point$ using ~tl indon and Davey P tuning rule

Figure ]7. €ontro! of regenerator temperature with disturbance
in effective coke factor

the conIToller performance was studied and is shown in
Figure 17.

3.5 YieldResponse UnderClosedLoop Condition

Tabie 6 describes the variation of gasoline yield and co”e
yield for different R control tuning methods when the
reactor temperature is controiled at 993°F and
regeneratortemperature Iscontrolied at1275°F.

Conclusion

The "process" Is represented by a simulated dynamic
model of a model ! FCC unit which Iscombined with a
steady-state yield model forthe FCC reactor. The dynamic
model wi!! calculate the time-varying states of the FCC unit
at any point intime, while the yield modei uses the reactor

Yield After Sensitivity Analysis
(wt. fraction) Sensitivity A Tuning ~ules
Analysis Orect synthesis  Atkinson and Davey
Unconvertedgasoil (Y1) 0.0122 0.0t"7 0.0147
Gasoline (Y2) A42[ 0.42 40 1
Gas(Y3) 0.4619 0.4557 0.4497
Col<e(Y4) 0.10M 0.103" 0.1040

Table . Variation Of Gasoline Yield With Different P Tuning Rules
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conditions to calculate the conversion and the distribution
of products.

The sensitivity analysis of certain independent variables
performed results show that t*e gasoline yield can be
increased by decreasing t"e temperature of the fresh feed
entering the furnace and air flow into regenerator (by
minimizing the valve opening), when the flow of fresh feed
to the reactor riserisincreased.

From t"e closed loo” performance study, it isconcluded
that Atkinson and Oavey R tuning rule proves to be the best
A tuning rule when the performance criteria of minimum
overshootwas considered.
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