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ABSTRACT: A fluid catalytic cracking (FCC) unit has been simulated by integrating FCC riser reactor and regenerator models.
This simulation uses a new10-lump riser reactor kinetic model developed in-house. The lumping scheme and reactions are based

10 on more detailed description of the feed in terms of PNA (paraffins, naphthenes, and aromatics) in both light and heavy
11 fractions. An artificial neural network (ANN) model, also developed in-house, relates routinely measured properties such as
12 specific gravity, ASTM temperatures, and so on to the detailed feed composition needed for the kinetic model development. The
13 conversion and product yields obtained by integrating the model equations were found to be in close agreement with those
14 measured in the plant in all the cases investigated. Simulation results using the present model, when compared with results from a
15 conventional S-lump model, clearly brought out the improvement in prediction because of detailed feed description calculated
16 from ANN models. A parametric sensitivity study was undertaken with respect to operating conditions such as effects of feed
17 preheat temperature, feed flow rate, and reactor outlet temperature (independent variables) on the performance of the FCC unit,

18 and the results have been discussed.

1. INTRODUCTION

19 Fluid catalytic cracking (FCC) is an important secondary
20 process, converting low-priced heavy feed stocks such as heavy oil
21 from either the refinery crude unit or vacuum unit and heavy
2 fractions from other conversion units (cooker gas oil, hydrocracker
23 fractionator bottoms, and so on) into lighter, more valuable
24 hydrocarbons such as liquefied petroleum gas (LPG) and gasoline,
25 thus increasing the profitability of the entire refinery. Coke is
26 formed as a byproduct during the process along with dry gas, both
27 of which are undesirable. The conversion and yield pattern
28 strongly depend on the feedstock quality, operating conditions of
29 the riser reactor—regenerator sections and the type of catalyst.

30 The FCC process is very complex due to complicated
31 hydrodynamics, heat transfer and mass transfer effects, and
32 complex cracking kinetics. These complex interactions coupled
33 with the economic importance of the unit have prompted many
34 researchers to put their efforts into the modeling of FCC
35 processes. Additionally, a small improvement in the operation
36 or control of an FCC unit (FCCU) can result in impressive
37 economic benefits. However, these can be achieved only if a
38 satisfactory mathematical model is available which is analytical
39 so that its optimization can lead to optimal operating
40 conditions. Modeling is an iterative process and leads to
41 deeper understanding of the physics involved, which can be
42 used for designing better control of the process unit. Process

—

43 optimization can lead to improved productivity by maximizing
44 throughput and choosing optimal operating conditions. Online
45 optimization can help maximize long-term profits by reducing
46 the cost and improving yields. Additionally, running a model
47 simultaneously in parallel with the plant operation can help in
48 monitoring the plant and its health.

-4 ACS Publications  © Xxxx American Chemical Society

There are several modeling approaches for FCCUs available 49
in the literature.'™'* The kinetic lumping approach has been so
most widely used in which the large number of feed and the s1
product hydrocarbons are lumped into a few groups, called s2
kinetic lumps, which are assumed to take part in the reactions s3
as single entities. A number of kinetic models have been s4
developed by various researchers using 2, 3, 4, 5, 6, 8, 10, or 12 ss
lumps, but because of the complexities involved, a completely ss
satisfactory model has eluded each one so far. The FCC kinetic 57
modeling is based on a specified number of lumps for feedstock ss
and products rather than on individual molecules. These lumps s9
are considered either on the basis of the boiling range of the 6o
feedstock and corresponding products in the reaction system or 61
on the basis of the type of hydrocarbon groups.'® Each type of 6
hydrocarbon is assumed as one lump, and the products are 63
considered by different lumps according to their boiling range. 64
In the often used, feed specific S-lump model, the feed is 65
represented by a single lump of average carbon number and s6
molecular weight and gasoline, LPG, dry gas, and coke, present 67
in the product stream, along with unconverted feed are the 68
remaining lumps.”~ The limitation of models using a single lump 69
feed description is that the kinetics is valid only for the particular 70
vacuum gas oil (VGO) with which the model parameters were 71
estimated and is generally not applicable to other feeds especially 72
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73 if the composition is significantly different. The available 10- and
74 12-lump models are more accurate where the feed is described in
75 terms of 6 or 8 kinetic lumps consisting of the heavy and light
76 fractions of paraffins, naphthenes, and aromatics (PNA),IO_15 but
77 these detailed kinetic models suffer from the requirement of
78 detailed feed composition analysis which is seldom possible in a
79 field laboratory.

80 In the present work, a simulator embedding a 10-lump
81 kinetic model of the riser reactor developed in our earlier
82 work'® was integrated with a regenerator model to simulate the
83 FCC process. The product yields were obtained by integrating
84 the model equations along the length of the reactor. The
8s detailed feed composition in terms of heavier and lighter
86 fractions of P, N, and A required as input to the kinetic model
87 was obtained from a validated artificial neural network (ANN)
g8 model.'® The neural network model used routinely measured
89 feed properties in field laboratories such as specific gravity,
90 ASTM temperatures, and so on as input.

91  Parametric sensitivity studies can provide valuable informa-
92 tion to the plant operator where the operator learns the effect of
93 variations in the independent operating variables on the plant
94 performance. The effects of variation in three independent
95 variables, feed flow rate, feed temperature, and reactor outlet
96 temperature, on conversion and product yields have been
97 investigated. Finally a comparison has been made between the
98 performances of the simulator with 10-lump and S-lump kinetics.

2. DESCRIPTION OF FLUID CATALYTIC CRACKING
99 PROCESS

100 FCC units operate at high temperature and moderate pressure
101 with finely divided silica-/alumina-based catalyst. One of the
102 important advantages of FCC is the ability of the catalyst to
103 flow easily when fluidized with reaction mixture in the vapor
104 phase. Due to this fluidization of the catalyst, there is intimate
105 interaction between the catalyst and hydrocarbons leading to
106 more cracking reactions.

107 The main components of an FCCU are riser reactor and
108 regenerator as shown in Figure 1. A partially vaporized heavy

To main
/J:‘ fractionator
Flue
gas Separator
Dilute
phase L Stripper
Dense bed L
(%S pent Cat.
— Riser
Regenerated Cat.
Ajr — T | — 44— Feed
Regenerator Riser/Reactor

Figure 1. Schematic diagram of the fluid catalytic cracking unit.

109 gas oil/vacuum gas oil charge meets a stream of regenerated hot
110 catalyst at the base of the riser. The liquid droplets of the feed

receive heat from the hot catalyst particles and almost 111
instantaneously vaporize. As the vapors and catalyst particles 112
move up the riser, the cracking reactions take place. Carbon 113
generated during cracking reactions gets deposited on the 114
catalyst surface and cracking activity progressively decreases. At 115
the exit of the reactor, catalyst is separated from the reaction 116
mass, adsorbed hydrocarbons are stripped off in a stripper with 117
the help of steam, and the spent catalyst is sent to the 118
regenerator. In the regenerator, the catalyst is continuously 119
regenerated by burning off the coke deposited during the 120
cracking reaction. Other auxiliary units such as feed preheat, air, 121
and flue gas systems are required for operation of the unit but 122
have not been included in the modeling exercise 123

3. MODELING OF FLUID CATALYTIC CRACKING UNIT

In the present work, a 10-lump kinetic model, developed in- 124
house, was integrated with a regenerator model for the 125
simulation of the entire FCC unit. The steam stripper was 126
assumed to be ideal, and hence its modeling was not included. 127

3.1. Riser/Reactor Model. A 10-lump kinetic description 128
for the riser reactor reported in our previous work'® has been 129
used for the present study. A total of 25 cracking reactions have 130
been accounted for, and the reaction scheme is shown in Figure 2. 131

(343°C +)

(221°-343"C)

Figure 2. Ten-lump kinetic scheme.

The detailed lumping scheme uses 6 lumps to describe the feed 132
gas oil, namely, heavy paraffins, heavy naphthenes, heavy 133
aromatics, light paraffins, light naphthenes, and light aromatics. 134
This means we need the compositions in terms of these lumps for 135
every new feed used. To circumvent the problem of having 136
to measure detailed composition which is not very practical in 137
field laboratories, an ANN-based model was developed which 138
provided the requisite composition as output, input being routinely 139
measured properties of VGO such as specific gravity, ASTM 140
distillation temperatures, Conradson carbon residue (CCR), total 141
sulfur, and total nitrogen.16 The detailed PNA analysis of several 142
VGO samples for ANN model development were measured in the 143
laboratory by using high-resolution mass spectrometric method."® 144

The complete set of model equations for the riser reactor and 145
stripper are given in Appendix A. The following assumptions 146
from literature'®™"* were made to develop the kinetic model of 147
the riser reactor: All cracking reactions are first order; the 148
reaction mass consists of only two phases (solid and vapor 149
phases); heat capacities and densities are constant throughout 150
the length of the reactor; catalyst deactivation is nonselective 151
and related to the coke on the catalyst”’18 only; the solid 152
catalyst particles are in thermal equilibrium with the gaseous 153
mixture at all times; the flow is uniform, that is, there is no slip 154
between solid catalyst and vapors; LPG and gasoline do not 1ss
crack to produce dry gas, and dry gas produces no coke. 156
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157 The aim of the stripper is to remove residual hydrocarbons
158 from the catalyst surface after cracking reactions. Being a minor
159 unit, no effort was made to rigorously model this unit. The
160 spent catalyst temperature and flow rate were calculated from
161 the model equations available in Appendix A. A temperature
162 drop of 10 K was assumed across the stripper unit.>®

163 3.2. Regenerator Model. An FCC regenerator usually
164 consists of a large fluidized bed reactor with coke combustion
165 kinetics and complex hydrodynamics. The deposited coke on
166 the catalyst surface during the cracking reactions in the riser is
167 burned off in the regenerator in the presence of air. These coke
168 combustion reactions taking place in the regenerator are
169 strongly exothermic. There are usually two regions in the
170 regenerator: the dense phase and the dilute phase (freeboard).
171 The dilute phase is the region above the dense phase up to the
172 cyclone inlet and has a substantially lower catalyst concen-
173 tration. The dense bed has all of the catalyst contained below
174 the established bed level, where almost all reactions occur. The
175 larger catalyst particles are separated from the gas in the dilute
176 phase and fall back to the bed. Any catalyst particles that do not
177 separate in the dilute phase enter into the regenerator cyclones.
178 Catalyst entering the cyclones is separated by centrifugal force
179 with the larger particles being returned to the bed via the
180 cyclone diplegs. Catalyst fines too small to be separated by the
181 cyclones are carried out of the regenerator with the flue gas.
182 The regenerator has two main functions: it restores catalyst
183 activity and supplies the endothermic heat required to crack the
184 feed in the riser. In the combustion reaction, the carbon on spent
185 catalyst can be converted to either CO or CO, and the hydrogen in
186 the coke is converted into steam. CO oxidation may take the form
187 of either homogeneous oxidation in the gas phase or heterogeneous
183 oxidation in the presence of oxidation promoters.'>**™>

189 The entire mathematical model for the regenerator, developed
190 by Arbel et al,'* was adopted for the carbon balance, flue gas
191 composition, and heat balance for the regenerator dense and
192 dilute beds except the model for calculating the dense bed
193 height.*" All of these model equations for regenerator are given
194 in Appendix B.

195 3.3. Simulation of FCC Unit. A simulator has been
196 developed where the coupled riser reactor and regenerator
197 model equations have been assembled along with solution
198 procedures. These have been computer coded using C
199 programming language and available with the first author.
200 The ordinary differential equations and nonlinear algebraic
201 equations for material and energy balance are solved by using
202 Runge—Kutta fourth order integration scheme and successive
203 substitution methods, respectively. Tables 1—3 provide data on
204 feed composition, operating data, design data, and thermodynamic
205 and other data, which were used for the present simulation studies.
206 The values of kinetic parameters for the regenerator simulation
207 were used from literature.>"

208 The solution of the model equations starts with initially
209 guessed values of regenerated catalyst temperature (T, = 900 K)
210 and coke on regenerated catalyst (Crgc = 0.0025); the product
211 yields are, then, calculated at the outlet of the reactor.
212 Subsequently the temperature of spent catalyst and coke on
213 spent catalyst are calculated. The regenerator simulation
214 followed by dense bed calculations provide the new values of
215 catalyst temperature (T.,;) and coke on regenerated catalyst
216 (Cqy) which are compared with the initial value of T, and Cyg.
27 If Ty and C, do not match with assumed T, and C,,, then
218 one needs to start the reactor calculation with newly calculated

219 values of Ty, and C, by using the successive substitution

—

(=]

—_

=

Table 1. Feed Composition and Properties Used in the
Simulation

values
parameter case I  case II case IIl case IV
specific gravity at 15 °C 0.8896 0.8896 0.8858  0.8949
distillation, ASTM D-1160
0°C 288 268 253 282
5°C 370 357 358 352
10 °C 386 383 384 372
30 °C 425 417 416 408
50 °C 450 438 445 437
70 °C 483 464 466 475
90 °C 530 508 509 517
95 °C 542 517 S19 536
100 °C 546 528 526 555
CCR, wt % 0.15 0.22 0.21 0.38
total sulfur, wt % 0.5 0.45 0.43 0.34
basic nitrogen, ppm 307 299 281 -
total nitrogen, ppm 900 717 672 -
feed composition from ANN model'”
paraffins, wt % 17.7 11.8 12.7 172
naphthenes, wt % 333 36.6 34.0 214
aromatics, wt % 49.0 51.6 53.3 61.5

Table 2. Plant Operating Data Used in Simulation

operating parameter case I  case I case IIl case IV

feed rate, kg/s 49.3 50.2 46.7 47.2
feed preheat temp, K 621.9 621.0 616.0 614.3
reactor outlet temp, K 767.3 7674 767.3 767.2
catalyst circulation rate, kg/s 225.0 250.8 237.8 211.8
catalyst density, kg/m® 817.0 831.0 850.0 800.0
regenerator dense phase temp, K 938.0 935.0 935.0 945.0
reactor pressure, kg/cm2 2.3 23 22 23
regenerator pressure, kg/cm?2 2.6 2.6 2.6 2.6
air to regenerator temp, K 470 476 ERN 490
air rate, kmol/s 0.79 0.80 0.75 0.78
hydrogen in coke, wt % 9.2 16.4 14.3 9.5

method. Finally all of the reactor and regenerator equations are 220
solved with a converged value of Ty, and C. The tolerance 221
for the convergence of Ty, and C,,. used are 1 °C and 10" kg 222
of coke/(kg of catalyst), respectively. The computational time 223
required for simulation of the FCC unit was 1.5—2 min with 224
~10000 iterations for successive substitution. 225

3.4. Validation of FCC Model with Plant Data. Several 226
sets of test run data and one set of normal operating data were 227
obtained from an operating FCC plant in a refinery for 228
validation of the developed simulator. A commercial ASPEN 229
FCC simulator”* was also tuned for the plant data by adjusting 230
nondefault parameters such as stripping efficiency (95%), fraction 231
of nonvaporized feed to coke (0.04), fraction of Concarbon to 232
coke (0.48), and mass ratio of H, to metals coke (0.12), etc. The 233
performance of the model has been evaluated by comparing the 234
model predicted values of conversion and yields with the plant 235
data as well as calculated values from ASPEN FCC simulator”* at 236
the riser outlet for four different cases. The feeds for all of the 237
cases were mixtures of different heavy gas oils from different crude 238
mixes resulting in a wide variation in composition. 239

Case I. The 10-lump model predicted yields were compared 240
with the first set of refinery plant data, and the results were 241
found to be in good agreement as shown in Table 4. Also 242
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Table 3. Thermodynamic and Other Parameters Used in
Simulation

description test run

C,o K/ (kgK) 1.29°
Con KJ/(kg-K) 3.437
Cp s KJ/(kg'K) 3.397
AH,, KJ/kg 349¢
Cony K/ (kg'K) 29.12
C, 0, K/ (kg-K) 29.44
Como K/ (kgK) 41.01
Cycon K/ (kgK) 29.12
Cp,C()zl kJ/ (kg-K) 37.14
Heo, KJ/kmol 110640
Hco, kJ/kmol 393520
Hiy,0, kJ/kmol 240590
X, 0.10
D,, m 6.0 x 1075
molecular weight of kinetic lumps, kg/kmol

P, Ny, A, 339

P, N, A° 240

gasoline 114

LPG 54

dry gas 30

coke 12
design data

riser length, m 37

riser diameter, m 0.7

regenerator length, m 15

regenerator diameter, m 5.6

“Data from Arbel et al'® PP, = heavy paraffins; N, = heavy
naphthenes; A; = heavy aromatics. “P; = light paraffins; N; = light
naphthenes; A; = light aromatics.

included in this table are results obtained from ASPEN FCC
simulator for the same operating data. The percent deviation
between the plant and the present model as well as the plant
and ASPEN FCC were calculated. The deviation between the
plant and the present model shows the heavy and light fractions
deviated about 5%, whereas the other four products, namely,
gasoline, LPG, dry gas, and coke, showed a maximum deviation

of 7%. Similar deviations are seen for the ASPEN FCC
predictions except with smaller magnitude.

Case Il. The model was again validated with second test run
data from the same FCC unit but with different feed
composition and different operating conditions. Table 4 also
shows similar comparisons between the plant measured,
ASPEN calculated, and the present model calculated values
for case II. The comparison shows a good match between the
present model and plant test run with deviations less than 4.5%
except for the LPG yield (10.9%). The performance of the
ASPEN FCC simulator shows higher deviations from plant data
deviating by as much as 16.7%.

Case lll. A new set of daily operating data from the plant was
used to simulate the model. The results on yields and reactor
outlet temperature from plant, ASPEN FCC model, and the
present model are shown in Table 5. This case also shows a
good match between the present model and plant value for all
of the components except dry gas. Dry gas content being small
(~1.6%), its measured value is likely to be uncertain to a larger
extent because of measurement errors. It may be noted that, for
this case, the ASPEN FCC model performance is quite inferior
as compared to the present model.

Case IV. The model was finally simulated with yet another
set of plant data to facilitate wider comparison between the
model calculated values and the plant data, and the results are
also shown in Table 5. The matches were found to be in the
range of acceptable limits.

From the preceding study with four different sets of real
plant data obtained with different feed compositions it can be
seen that the present model represents the FCC riser reactor
reasonably well. The predictions from the present model are as
good as those from ASPEN FCC simulator and at times, even
better.

4. FIVE-LUMP KINETIC MODEL

The literature available S-lump kinetic model®” was recon-
structed by determining the new rate constants. It uses only
one lump to characterize the feed and hence does not require
any ANN prediction. An average molecular weight and an
average molecular formula of the type CnHm are assigned to
the feed lump which describes the feed. The data that were

Table 4. Comparison of Model Calculated Values with Plant Data (Cases I and II)

case 1

case II

calculated values from simulation

calculated values from simulation

measured ASPEN FCC
value (% dev)
riser outlet temp, K 767.3 7674 (0.0)
P,,* wt % 0.0
N,,? wt % 0.0
A Wt % 14.1
total heavy fraction (343+ °C), wt % 14.5 14.2 (2.1)
P,% wt % 2.7
N,° wt % 3.3
7wt % 116
total light fraction (221—-343 °C), wt % 17.2 17.6 (—2.6)
gasoline (CS — 221 °C), wt % 518 50.9 (1.2)
LPG, wt % 114 11.8 (—3.4)
dry gas, wt % 1S 1.5 (-0.3)
coke, wt % 4.0 4.1 (-1.6)

present model measured ASPEN FCC present model
(% dev) value (% dev) (% dev)

768.0 (~0.1) 767.4 767.5 (0.0) 7709 (—0.5)

0.0 0.0 0.0

0.1 0.0 0.0

13.6 10.8 12.8

137 (5.3) 129 10.8 (16.8) 12.8 (12)

2.3 13 13

2.6 L5 22

114 13.7 11.7

163 (5.2) 156 164 (=52) 152 (2.6)

521 (~12) 54.3 54.8 (—0.9) 533 (1.8)

122 (—6.8) 124 12.6 (-1.8) 13.7 (~10.9)

1.7 (=7.4) 1.2 1.6 (—35.1) 12 (-3.3)

4.1 (-32) 3.6 3.8 (—6.6) 3.7 (—4.4)

“P, = heavy paraffins. ’N,, = heavy naphthenes. “A;, = heavy aromatics. “P; = light paraffins. °Nj = light naphthenes. TA = light aromatics.
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Table 5. Comparison of Model Calculated Values with Plant Data (Cases III and IV)

case III

case IV

calculated values from simulation

calculated values from simulation

measured ASPEN FCC
value (% dev)

riser outlet temp, K 767.3 767.6 (0.0)
P, wt % 0.0
N,° wt % 0.0
Ay wt % 7.8
total heavy fraction (343+ °C), wt % 12.1 7.8 (35.8)
P, wt % 0.4
N,° wt % 0.6
A wt % 15.1
total light fraction (221—343 °C), wt % 13.9 16.1 (—15.5)
gasoline (CS — 221 °C), wt % 55.8 56.7 (—1.6)
LPG, wt % 12.9 14.2 (-10.3)
dry gas, wt % 1.6 2.0 (-21.9)
coke, wt % 3.7 3.3 (10.5)

present model measured ASPEN FCC present model
(% dev) value (% dev) (% dev)

769.7 (—0.3) 767.2 767.4 (0.0) 771 (—0.6)

0.0 0.0 0.0

0.0 0.0 0.1

13.0 15.1 15.4

13.0 (=7.4) 14.5 15.1 (—4.4) 15.5 (=7.3)

14 1.1 2.4

2.1 14 1.9

10.7 17.3 13.3

14.2 (-2.2) 202 19.7 (24) 17.7 (12.7)

54.1 (3.0) 48.6 489 (—0.4) 50.8 (—4.4)

13.6 (=5.4) 11.1 11.3 (—1.8) 10.8 (2.8)

1.3 (18.8) 1.4 1.5 (—4.8) 14 (=2.7)

3.8 (-27) 4.1 3.5 (14.7) 3.8 (8.7)

“P, = heavy paraffins. ’N,, = heavy naphthenes. “A;, = heavy aromatics. “P; = light paraffins. °N; = light naphthenes. TA = light aromatics.

289 regressed to obtained kinetic parameters for the 10-lump model
200 were reused to calculate kinetic parameters for the S-lump
201 model to facilitate comparison between the two models. All of
292 the model equations for the 5-lump kinetic model of FCC riser
293 reactor were adopted from literature® and are also available in
204 Appendix A, and recalculated kinetic parameters are given in
295 Table 6. The kinetic parameters were determined for all nine

Table 6. Calculated Kinetic Rate Constants for Five-Lump
Model

.a

i reactions rate constants
1 gas oil = gasoline 154508
2 gasoil > LPG 31312
3 gas oil > DGp 0.3722
4 gas oil > coke 0.9331
S gasoline - LPG 0.0035
6 gasoline > DG 0.0003
7 gasoline — coke 0.0016
8 LPG — DG 0.0012
9 LPG — coke 0.0016

“ = reaction number. °DG = dry gas.

296 reactions involved in the S-lump kinetic scheme. The same
297 optimization technique, genetic algorithm> (GA) was used to
2098 calculate the kinetic parameters as was done in the case of the
209 10-lump model. The algorithm available in MATLAB
300 Optimization Toolbox was used in the present study.

301 4.1. Comparison of Ten-Lump FCC Kinetic Model with
302 the Five-Lump Kinetic Model. Finally, the results from the
303 S-lump kinetic model were compared with those from the
304 10-lump model to establish the following: (1) single lump feed
30s description leads to feed specific rate constants not valid for
306 other feeds; (2) more detailed feed description results in
307 superior prediction capability of the model for a variety of
308 feeds.

309 Table 7 shows a comparison of model calculated values using
310 both 10-lump and S-lump kinetics and plant measured experi-
311 mental values. The S-lump model was simulated with the

literature values®” of rate constants and also using tuned values 312
of rate constants as given in Table 6. While maximum deviation 313
in unconverted gas oil was only 1.9% for the 10-lump model, it 314
was as high as 100% for the S-lump model when literature 315
values of kinetic parameters were used. The calculated values of 316
products also showed large deviations. These deviations were 317
significantly reduced for the 5-lump model when tuned values of 318
rate constants were used instead of literature values. However, 319
these deviations are still considerably more than those obtained 320
with the 10-lump model. This clearly brings out the strong 321
dependence of rate constants on feed composition and hence the 322
inadequacy of a single-lump description of FCC feed. The fact 323
that predictions made with the 10-lump kinetic description were 324
superior to those using the S-lump model even after tuning 325
vindicates the validity of the detailed description of the feed used 326
here. 327

5. PARAMETRIC SENSITIVITY STUDY FOR THE
TEN-LUMP MODEL WITH RESPECT TO OPERATING 328
CONDITIONS 329

It will be interesting to use the previously described FCC 330
simulator to carry out some optimization studies which could 331
be offline or online. A typical offline optimization exercise aims 332
to find operating conditions which optimize an economic or 333
technical objective function subject to all of the model equations 334
and practical bounds on operating conditions as constraints. 335
Online optimization, on the other hand, is a supervisory level 336
control function which may seek to optimize profit over a long 337
time by updating regulatory controller set points from time to 338
time.”® All of this requires economic and other data which most 339
refineries do not like to share with outsiders. However, plant 340
personnel can use the present simulator for optimization of their 341
FCC units as long as they are processing heavy gas oil as feed. In 342
the absence of requisite economic data, we have carried out 343
parametric sensitivity studies with respect to operating 344
conditions, which may be looked upon as a substitute for offline 345
optimization since it provides the effect of change in each 346
operating condition on the performance of the FCC unit. The 347
feed preheat temperature (Tg.q), feed flow rate (Fg.q), and 348
reactor outlet temperature (ROT) are the independent input 349
parameters which were found to influence the FCC operation 350
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Table 7. Comparison of Ten-Lump and Five-Lump Model Calculated Values with Plant Data (Case II)

measured value

riser outlet temp, K 7674
P,

I

AS

total heavy fraction (343+ °C) 12.9
p/

NE

A"

total light fraction (221343 °C) 15.6
total unconverted gas oil (221+ °C) 28.5
gasoline (CS — 221 °C) 54.3
LPG 12.4
dry gas 12

coke 3.6

model calculated value

S lump (% dev)

10 lump (% dev) lit.” tuned”
770.9 (—0.5) 7784 (—1.4) 769.5 (—0.3)
0.0
0.0
12.8
12.8 (12)

1.3

22

11.7

15.2 (2.6)

28.0 (1.9) 57.3 (—100.6) 315 (=94)
53.3 (1.8) 27.2 (49.9) 51.5 (5.6)

13.7 (-10.8) 9.8 (21.1) 11.8 (4.7)

12 (-3.3) 2.7 (—130.5) 1.5 (—19.1)
3.7 (—44) 3.1 (14.0) 3.8 (=5.2)

“Literature kinetic constants® used for simulation. “Estimated rate constants (from Table 6) used for simulation. P, = heavy paraffins. IN,, = heavy
naphthenes. °A;, = heavy aromatics. /P| = light paraffins. N = light naphthenes. hp = light aromatics.

most. These independent variables were varied one at a time,
keeping the other two constant at their base values and their
effect on steady T, air flow rate (F,) into the regenerator for
coke combustion, and catalyst circulation rate (CCR) through
the riser reactor. Out of these three, two were allowed to vary to
keep two of the independent variables constant and the third
dependent variable, T, or F,, was held constant. Catalyst
circulation rate was always allowed to be manipulated due to
practical considerations. Another dependent variable which is
important is coke on regenerated catalyst (Crgc) , but one always
wishes to keep it constant at a low value, since an increase in C,
adversely affects conversion.

5.1. Effect of Variation in T4 Keeping Fi..q and ROT
Constant at Base Value. Two variants were investigated,
keeping Ty, constant at one time and F,; constant at another
time. At constant regenerator temperature, as feed preheat
temperature is increased, catalyst circulation rate must decrease
to keep ROT constant. At constant feed rate, a decrease in
CCR leads to a decrease in conversion as well as product yields
as shown in Figure 3. The slopes in this figure are gentler and
perhaps more accurate than those reported earlier’ obtained

gc

901 Ffeed=50.16 kg/sec
ROT=767 K

Trgn =935 K Gas Oil Conversion

M

Gasoline

"0——0—*.*.\.

80+

704

60 —

50 4

404

30+

204

Gas Oil Conversion & Product Yields (wt %)

LPG
A A A A a4 e
101 Coke
T T T T T
620 630 640 650 660

Feed Preheat Temp( K)

Figure 3. Effect of feed preheat temperature (Tj.q) on gas oil
conversion and product yields at fixed Fg.g (50.16 kg/s), fixed ROT

(767 K), and fixed Ty, (935 K).
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Figure 4. Variation in air flow rate and catalyst circulation rate on
increasing feed preheat temp (Tf..q) at constant Tign (935 K).

with the S-lump model. Figure 4 shows variation in the air flow
rate and catalyst circulation rate as Tf.q increases. As seen in
this figure, both F,;. and CCR decrease continuously and almost
linearly but with different slopes. On the other hand, when F,;
is held constant and T, is varied, then while conversion
and product yields have the same decreasing trend as seen in
Figure 3 but unlike F,;, Ty, increases and CCR decreases with
an increase in feed temperature. The plots for this case have
been omitted for brevity.

5.2. Effect of Variation in ROT Keeping Ti.q and Fioq
Constant at Base Value. As the reactor outlet temperature is
increased, the gas oil conversion and product yields increase at
constant Fieg Tpeeq and Trg, (see Figure S). This is due to an
increase in the catalyst circulation rate which leads to more
cracking and hence higher yields. Both air flow rate and catalyst
circulation rate increase with an increase in ROT at constant
Tyg, as shown in Figure 6. At higher conversion, coke on the
catalyst increases, and to burn this extra coke, the air flow rate
has to increase. Constant T, keeps coke on regenerated
catalyst, C,, constant. When F,; is held constant at its base
value, the regenerator temperature reduces because of less

dx.doi.org/10.1021/ie5006433 | Ind. Eng. Chem. Res. XXXX, XXX, XXX—XXX
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Figure S. Effect of riser outlet temperature (ROT) on gas oil
conversion and product yields at fixed Fpq (50.16 kg/s), fixed Tpoq
(621 K), and constant Ty, (935 K).
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Figure 6. Variation in air flow rate and catalyst circulation rate on
increasing ROT at constant Ty, (935 K).

residence time for coke combustion in the regenerator due to
an increase in CCR. A decrease in Ty, may lead to an increase
in C which is undesirable. However, the effect of increasing
catalyst circulation rate is more dominant than the increased
value of C,. when ROT is increased, leading to higher
conversion and product yields similar to those seen in Figure 5.
5.3. Effect of Variation in F¢.q Keeping T4 and ROT
Constant at the Base Value. Here again two cases were
examined; in one case, Tign was held constant, and in the other
case, F,;, was fixed. When feed rate increases with T, being
held constant, the gas oil conversion and product yields
marginally decrease similar to that shown in Figure 3. On the
regenerator side the air flow rate increases with increased value
of feed rate to keep the T\, constant which keeps C,, constant.
The catalyst circulation rate also increases but slowly. At
constant air flow rate, the catalyst circulation rate must increase
to keep ROT constant. However, regenerator temperature
decreases because of the extra amount of carbon coming in due
to higher catalyst circulation with no extra air. This leads to less
residence time for burning all of the coke in the regenerator.

6. CONCLUSION

413 An indigenously developed (and reported" earlier) 10-lump

414

kinetic model for the riser reactor was integrated with a

regenerator model for the simulation of the entire FCC unit.
Several sets of test run data and one set of normal operating
data were obtained from an operating FCC plant in a refinery
for validation of the developed simulator. The 10-lump model
predictions for all of the cases investigated were in close
agreement with plant measured values, and deviations were
found to be similar to those with ASPEN FCC simulator.

A comparison was made for the present simulator perform-
ance with that using S-lump kinetics for a riser reactor.
Significantly larger deviations from measured values were
obtained in the case of the S-lump model as compared to the
present simulator, thus establishing the superiority of the model
with more detailed description of the feed as compared to the
single-lump representation used in the S-lump model.

Parametric sensitivity study with respect to operating
conditions such as the effect of feed preheat temperature,
teed flow rate, and reactor outlet temperature showed that the
catalyst circulation rate of the riser reactor had stronger
influence on gas oil conversion as compared to the feed preheat
temperature for a fixed reactor outlet temperature. The
sensitivity analysis is useful for the refiners to understand the
effects of individual parameters on the FCC performance and
to perform an optimization study for better productivity of the
unit. From the present sensitivity study, it may be concluded
that increasing ROT at fixed Ty, or at fixed F,; should lead to
improved conversion whereas an increase in Fg.q or Tg.q will
deteriorate reactor performance. Although the trends observed
in this study are similar to those reported earlier,” we believe
the present results are quantitatively superior and more
representative because of improved performance of the 10-
lump model.

B APPENDIX A. RISER REACTOR MODEL
EQUATIONS

A.1. Ten-Lump Model

Material Balance. The mass balance for the jth lump over a
differential element of riser height (dh) can be written as
follows:

dF 25
d_h} = Arieris(l - g)pc Z (akj)""i’.
i=1

i=1,.,25 and j k=1,.,10, j#k (A1)
where
MW, . . .
(ay); = for k — j in the ith reaction
M,
Z
h=—
Hris (AZ)
PrisMVVg Ffeed/,l{,
p=—— and £6=—"——
RT Ffeed/pv + P;gc/pc (A3)
10
MW, = )" xMW,
j=1 (A4)

The rate equation for each ith reaction is as follows:

E
‘)C]d) fori=1,2,3,4, Sandj =1

r = ko, eXP(— RT

(As)
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E
=k, exp(—é)cjd) fori=26,7,89andj =2

458 (A6)
E.
= ko, exp(—ﬁ)cjgb fori =10, 11,12, 13andj = 3
459 (A7)
E.
=k, exp(—R—l)quﬁ fori = 14,15, 16 andj = 4
460 (A8)
E.
=k, exp(——%)C@ fori =17,18,19andj =35
461 (A9)
E . .
=k, exp(—RT)de) fori=20,21,22andj =6
462 (A10)
E
==k iexp(— ')Cd) fori =23,24andj =7
w0 RT)7 ' (A11)
E
ri=kiexp(— 1)C¢ fori=2Sandj =8
16t o RT ) (A12)

465 The catalyst activity (¢p) was related to coke concentration on

466 the catalyst'”'®(C,):
w ¢=0+351C)7" (A13)
w  G=m0" (A14)

469 The value of m was tuned for the catalyst used from plant data
470 in the present study, whereas the value of the exponent'® of
471 0 is 0.5.

472 Energy Balance.

dT Ay Hp (1 - €) 225:
_ sMrigf) ri(_AHi); i=1,..,2S
dh Egccp,c + Ffeedc A i=1
473 (a15)

T(h_()) _ P;gccp,cl;gn + E’eedcp,ﬂ]}eed - AHeva}eed - Qloss,ris
E Cp,c + Ffeedcp,fv

IgC
474 (A16)
475 Qiogsis in the riser has been taken to be 0.9% of total heat. It can
476 be estimated by trial and error method to match the ROT.

A.2. Five-Lump Riser Reactor Model Equations
477 Mass Balance.

dF. 9
d_l’l} = Arieris<1 - 8)/)C Z (akj)iri
478 i=1 (A17)

479  Rate equations for each of the nine reactions:

E
=k, exp(—R’ )Cjztﬁ fori=1,2,3,4andj=1

T
480 (A18)
k b C¢p fori=5,67andj=2
_— . _ ) ri=3, 6, n =
fi 0,i €Xp rr ) ori and
481 (A19)
k ( E") ¢ fori=28,9andj=3
r = ko, exp| —— |C; ori=8,9andj=
482 ° RT)”’ (A20)

Enthalpy Balance. 483
9

d_T _ Arierispc(l - 8) z r(—AH)
dh Egccp,c + Ffeedcp,fv i=1 (AZI) 484

T(h_()) _ E’gccp,cT;—gn + Ffeedcp,ﬂTfeed - AHevafeed - Qloss,ris
Frgccp,c + Ffeedcp,fv

(A22) 485
s
MW, = . 5MW,
j=1 (A23) 456
PrisMVVg Ffeed/pv
p = and 6= —————
RT Ffeed/pv + Egc/pc (A24) 487
A.3. Stripper Modeling
T, = ROT — AT, (A25) 458
E.=FEg (1+C) (A26) 450

B APPENDIX B. REGENERATOR MODEL EQUATIONS 490

Main Combustion Reactions in the Regenerator. 491

1k
C+502—‘ico

klZ
C+0, - CO,
heterogeneous CO combustion: 492

kl},hel

1
CO + 0, = CO,

homogeneous CO combustion: 493

13,hom

1 k
CO + —0, == CO,

1 kyy
HZ + EOZ d HZO

Rate Equations for the Combustion Reactions in the 494

Regenerator. 495
Cr c Cr C fO
n= (1- 5)/’ck11—gpoz =(1- 5)/’ck11—g_z rgn
coke coke ftof
(B1) 496
Cr Cr fO
mn=0- e)pckn—gc Py =(1- e)pckn—gc 2P,
coke coke ftot
(B2) 497
f3 = ki3Po Peo = (Xp(1 = €)pkis hee + €k13 hom) Po,Poo
fo fco
= (Xpt(l - E)pcklf’,,het + £k13,hom) > Prgn2
ftot
(B3) 498
CO ki —Ey
(E) S, TR R
2 /surface 12 (B4) 499
E
ke = kiy + kip = koo © (——k)
coke 11 12 coke,0 Xp RT (BS) s00
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‘coke

Pl Pk coke0 eXP(—i—T)

k11 = =
501 p+1 p+1
_ Eoke
k12 _ kcoke _ kcoke,O exp( RT )
502 p+1 B+ 1
E13 het
k13,het = k13,het,0 exP(_R_T
503
E13 hom
k13,hom = kla,hom,o eXP(_—RT
504

B.1. Dense Bed Regenerator
s0s Material Balance.

506 dz

df
co
=-A_ (n;—r
- I e (113 = 111)
df,
co
2 =A,  (n, +1
o = (2 + 113)
oy
509 dz

(B6)

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)

s10 Initial conditions (at z = 0) for dense bed modeling are given as

s11 follows:

Cu
fH = Egc(csc - Crgc)
512 ? MWy

1
foz = O‘ZIEﬁr - Eszo

513
14 feo =Jeo, =0

= 0.79E,
sis sz air
si6 Jrot =fo2 +Jeo +fcoz +fH20 +fN2
517 Energy Balance.

dT,,,

® _ )

518 dz

(B14)

(B15)
(B16)
(B17)

(B18)

(B19)

s19 Heat balance across the regenerator dense bed is given by the

520 following equation:

QC + Q-H + Q—air + Q-sc + Q—ent = Qrgc + Q—sg + Qloss

521
522 where

523 Qe = Jeo(z, Heo * feo, 2, Heo,
524 Q= fHZOHHzO

525 Q= E\ircp,air(rm = Tuse)

526 Q. = Fsccp,sc(Tsc = Thase)

527 Qrgc = Frgccp,c(r[;gn - Tbase)

(B20)

(B20a)
(B20b)
(B20c)
(B20d)

(B20e)

ng = fCOZ(Zbed) CP’COZ + fCO(Zbcd) Cp,CO + foz(zbcd) CP'OZ

+ szo Como + sz Cp,NZ)(’I;gn = Tue)

(B20f) 5,4

Q—ent = Fentcp,c(’l—;{ilute(zbed) - ’Ii:)ase) =0 (assumed)

The final equation for the dense bed temperature is

Trgn = Ti)ase + {[fco(zbed)HCO +fCOZHC02 +szoHH20

(B20g) s29

530

+ P;ircp,air(’l—;ir - Ti)ase) + P;ccp,c(’I;c - Tbase) + Q[oss,rgnJ

/ [Frgccp,c + fcoz(zbed) CP,COZ + fco(zbed) CP.CO + foz Cp,Oz

+ fHZO CPtzO + sz ¢ ;Nz]}

(B21) 53

FColl = o) = Byl = o) + (oo * Jeoy M Wesks

C,

Tgc

= [P;ccsc(l - CH) - (fCO(Zbed) +fCOZ(Zbed))MVVC°k9

(a) Evaluation of Bed Characteristics.”>*>

rgn
p =
g
RT,,
‘P;ir
u=
pgArgn
0.305u, + 1
Edense = oo A
0.305u, + 2

pc,dense = pc(l - Sdense)

P sie = Max[0, (0.582u; — 0.878)] in (Ib/ft’)

P, dilute
Edilute =
c

E

ot = A diluteArgnt

(B22) s32

1/ [Eg(1 = Cy)]

(B23) s33
534

(B24) ¢35

(B2S) <36

(B26) 537
(B27) o34

(B28) <39

(B29) 549

(B30) 54

(b) Dense Bed Height. The regenerator dense bed height is s4

calculated by the given correlation:**
Zpoq = 0.3048(TDH)

where
TDH = TDH,, + (D — 20)
log(TDH,,) = log(20.5) + 0.07(u, — 3)

B.2. Dilute Bed Regenerator
Material Balance.

df
0, "1 "3
=-A|l— +n,+—
dz 8 ( 2 2 )
df,
co _ _ _
dZ - Argn(rlfs r]l)
df,
co,
=A, (r, +n
dZ rgn( 12 13)

543

(B31) o4

545

546

(B32) 547

(B33) g

(B34) 49
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df.

. = _Argn(rll + 1)

550 (B3S)
ss1 Energy Balance.p
d"l:iilute _ 1 H dfCO +H dcoz
= co co,
dz G tot dz dz
A
[‘g[\
= ——[Heo(ry — 1) + Hcoz(rn - 1))
P;mtﬁrot
552 (B36)
553 where
Cp,tot = (Cp,Nsz + Czhozfo2 + Cp,COfCO + Cp,Cofcoz

+ CPleOszo + Cp,fFent) / ftot

ss4 Nomenclature

555 Argn
556 A
557 C,

558 Cy

ss9 C;

560 Cpc
s61 Cyco
s62 Cyco,
563 Cyg
s64 Cppy
$65 Cpm,0
s66 Cy,
567 Cy0,
568 Cige
569 Cq.
s70 D

s71 Eg
s72 E;

573 Ecoke
574 Ey3pet

575 E 13,hom

576 fc
577 fco
8 fo,
7 fio
580 f,
ss1 fo,

582 f tot
583 F .
s84 F,
s8s F feed
586 F;
587 Fige
sss F.
589 h

590 Heo
591 Hep,
592 Hy,o
593 Hy
594 AH,,,
595 AH;
596 1

597 j

regenerator cross-section area, m?

riser cross-sectional area, m?

coke on catalyst, kg of coke/(kg of catalyst)

weight fraction of hydrogen in coke, (kg of H,)/
(kg of coke)

concentration of jth component, kmol/m?

catalyst heat capacity, kJ/(kg-K)

mean heat capacity of CO, kJ/(kg-K)

mean heat capacity of CO,, kJ/(kg-K)

liquid feed heat capacity, kJ/(kg-K)

vapor feed heat capacity, kJ/(kg-K)

mean heat capacity of water, kJ/(kg-K)

mean heat capacity of N,, kJ/(kg-K)

mean heat capacity of O,, kJ/(kg-K)

coke on regenerator catalyst, (kg of coke)/ (kg of catalyst)
coke on spent catalyst, (kg of coke)/(kg of catalyst)
regenerator diameter, ft

activation energy for CO/CO, at the catalyst surface
activation energy of ith cracking reaction in the riser
activation energy of coke combustion

activation energy for heterogeneous CO combustion
activation energy for homogeneous CO combustion
molar flow rate of carbon in the regenerator, kmol/s
CO molar flow rate in the regenerator, kmol/s

CO, molar flow rate in the regenerator, kmol/s
H,O molar flow rate in the regenerator, kmol/s

N, molar flow rate in the regenerator, kmol/s

O, molar flow rate in the regenerator, kmol/s

total gas molar flow rate in the regenerator, kmol/s
air flow rate to the regenerator, kmol/s

entrained catalyst flow rate kg/s

oil feed flow rate, kg/s

molar flow rate of jth lump, kmol/s

catalyst circulation rate (CCR), kg/s

spent catalyst flow rate, kg/s

dimensionless riser height

heat of formation of oil feed, kJ/kmol

heat of formation of CO,, kJ/kmol

heat of formation of H,O, kJ/kmol

riser height, m

heat of vaporization of oil feed, kJ/kg

heat of cracking of ith lump, kJ/kmol

total no. of reactions in the reactor

total no. of kinetic lumps

O,
Qair
Qc
Qent

Qu
Qloss,rgn

oss,ris

Q:gc
QSC
Qg

rate constant of ith reaction in the riser, m?®/
((kg of catalyst)-s)

frequency factor for ith reaction in the riser, m>/
((kg of catalyst)-s)

coke combustion rate coefficient for C to CO reaction
coke combustion rate coefficient for C to CO,
reaction

total coke combustion rate coefficient, 1/(atm-s)
frequency factor for coke combustion, 1/(atm-s)
frequency factor in heterogeneous CO combustion
expression, (kmol of CO)/((kg of catalyst)-m*s)
frequency factor in homogeneous CO combustion
expression, (kmol of CO)/(m*atm?s)

molecular weight of jth lump, kg/kmol

molecular weight of coke, kg/kmol

average molecular weight of gas oil feed, kg/kmol
molecular weight of hydrogen

riser pressure, atm

regenerator pressure, atm

average mean oxygen partial pressure, atm

heat flow rate with air, kJ/s

heat released by the carbon combustion, kJ/s

heat input to the dense bed from entrained catalyst
returning from cyclone, kJ/s

heat released by the hydrogen combustion, kJ/s

heat losses from the regenerator, kJ/s

heat losses from the riser base, kJ/s

heat flow with regenerated catalyst, kJ/s

heat flow rate with spent catalyst, kJ/s

heat flow rate with gases from the regenerator dense
bed, kJ/s

universal gas constant

rate of the ith reaction, kmol/((kg of catalyst)-s)
riser outlet temperature, K

riser temperature at any axial height, K

temperature of the air to the regenerator

base temperature for heat balance calculations, K
(assumed, 866.6 K)

regenerator dilute bed temperature, K

gas oil feed temperature, K

regenerator dense bed temperature/regenerated cata-
lyst temperature, K

temperature of spent catalyst, K

stripper temperature drop (~10 °C)

velocity of gas in the riser or the regenerator, m/s
superficial linear velocity, ft/s

relative catalytic CO combustion rate

mole fraction of jth component

axial height from the entrance of the riser or
regenerator, m

regenerator dense bed height, m

regenerator dilute phase height, m

regenerator height, m

Greek Letters

(akj)i
p
Po

&

0

pe

14 c,dense
P c,dilute

stoichiometric coeflicient for lump k — j in ith reaction
CO/CO, ratio at the surface in the regenerator
frequency factor in f expression

riser or regenerator void fraction

catalyst residence time, s

catalyst density, kg/m?>

catalyst density in the regenerator dense bed, kg/m’
catalyst density in the dilute phase of the regenerator,
kg/m3
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598

599

600
601

602
603
604

605

606
607
608
609
610
611
612
613
614
615

616
617
618
619
620
621

622
623
624
625
626

628
629
630

631
632
633
634
63S
636
637

638
639

642
643
644
645
646
647

649
650
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651 Py molar gas density in the regenerator, kmol/m?
652 Py oil vapor density, kg/m?
653 catalyst activity
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