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ABSTRACT 

Mavimization of a profit function related to a tluidized catalytic cracking unit model 

combined with a four-lump yield model is carried out by LuusJaakola optirnization 

procedure. The 1 O8 nonlinear algebraic equations and 9 o r d i n q  ditrereniial equations are 

grouped into a set of 105 simple equations and a set of 12 difficult algebraic equations. 

Despite the Iow sensitivity and the existence of several local optima the global 

optimum was obtained quite easily. When the air blowers were constrained to operate at 

their maximum capacity. the optimum was 1 % lower than the global optimum when the air 

tlow rates were allowed to be free variables. The results show that profit from the unit can 

be increased by 2.7% by operating the unit closer to the regenerator combustion constraint. 
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1. INTRODUCTION 

In refineries. ftuidized catalytic cracking (FCC) is a key process for converting high 

molecular weight hydrocarbons into lighter more valuable products through contact with 

catalyst at appropriate process conditions. The FCC unit is a nonlinear process with strong 

interaction among its various sections and subject to a number of operational constraints. that 

lirnits the unit production rate. A typical FCC in a refinery receives multiple ferds from 

different sections of the refinery. Any change in the feed source affects the operation of the 

FCC unit. The operation of the unit is strongly intluenccd by factors like ambient temperature. 

type of catalyst and the operating procedure. Additionally. refinery products are subject to 

varying demand and the associated price variations (e.g.. in Canada. thcre is a high demand for 

hel oil in winter due to heating requirements and lower in summer) dictate the point of 

opention for the FCC unit. Because of their large throughput. optimization of the opention of 

FCC units c m  result in substantial econornic benefits. The purpose of this thrsis is to 

investigate the use of direct search optimization to establish the optimum operating point for a 

Model iV FCC unit. and to study the etfect of some of the key variables on the optimum 

operating point. 

The schematic of the Model iV FCC unit is show in Figure 1.1. Fresh feed preheated in 

the f i a c e  is rnixed with hot slurry recycle from the bonom of the main hctionator and 

injected into the reactor riser where it mixes with the hot catalyst and is vaporized. In the 

reactor nser. the hi& molecular weight feed is partly cracked to the low molecular weight 

pmducts. The hot catdya provides the heat for this endothermic cracking reaction. During 

cracking. coke (C and 5-1 0% hydrogen) is deposited on the catalyst. reducing the catalyst 

activi ty. 
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Figure 1 . 1 .  Schematic of a mode1 IV FCC unit 

Product gas From the reactor goes to the main hctionator for heat recovery and 

separation into various product streams. Wet gas (C4 and lighter) from the main fractionator is 

compressed for m e r  separation in downstrearn hctionators. The entrained catalyst is 



separated From the product gas in the cyclones at the top of the reactor and retumed to the 

stripping section of the reactor where steam is injected to strip off the entrained hydrocarbon 

From the catalyst. The hydrogen in the coke cornes from the hydrocarbons entrained in the 

catalyst since the stripping is never completely successful. 

Catalyst fiorn the stripping section of the reactor (called spent catalyst) is transported to 

the regenèrator through the spent catalyst line for burning off the coke using air. to regenerate 

the catalyst. Air from the lift air blower (LAB) is injected into the regenerator lift pipe to assist 

in catalyst circulation. Catitlyst in the regenerator is fluidized by air supplied from the 

combustion air blower (CAB). the I i f i  air blower. and the excess air from the I i f l  air blower 

through the spi11 air line. The coke in the catalyst is burned off to carbon dioxide. carbon 

monoxide and water vapor. which are released as flue gases to the atrnosphrre. The catalyst is 

sepanted tiom the tlue gases by cyclones at the top of the regrnentor and retunied to the 

reactor through the regenerated catalyst line. The reactions taking place in the regmentor are: 

SH + O2 + 2H20 ( 1 . 1 )  

2C + O? + 2CO ( 1.3) 

C + O 2  +COz (1.3) 

2co + o2 + 2co2 ( 1.1) 

The reactions are exothermic. and the heat generated by buming off the coke in the 

regenerator provides the major portion of the heat for cracking the feed in the reactor nser. This 

results in strong interactions between the reactor and regenemtor sections of the FCC unit. In 

the top portion of the regenerator (called the disengaging zone). because of the low density of 

entrained cataiya. the Iast reaction becomes sipificant and can result in temperatures reaching 

the metailurgicd limit of the cyclone. This is called CO afterburn and is a major operational 



constraint for FCC units. Hence, the regenerator is operated at conditions of hi& temperature 

and excess air with the aim to convert the CO to CO2. 

A model IV FCC unit diffen from other FCC units rnainly in that the slide valves in the 

catalyst circulation lines are not used to control the catalyst circulation rate and are available 

only as emergency shutoff valves. Catalyst circulation in a mode1 IV FCC unit is controlled by 

the reactor-regenerator pressure difference and by the air supplied to the lift pipe. which 

changes the catalyst head in the li A pipe by changing the density. 

Any control or optimization study of the FCC unit requires a process model. which 

captures the major effects and interactions taking place in the unit. Three of the most commonly 

used models in the literature which incorporate the features of rarlier models are the one by Lee 

and Groves ( 1985). McFarlane et al. ( 1993) and Arbei et ai. ( 1995). 

The Lee-Groves model uses a plug tlow reactor (PFR) model for the reactor riser and a 

continuous stirred tank reactor (CSTR) modei for the regenerator with the three lump model of 

Weekman and Nace (1970) to descnbe the cracking reactions. The three lumps are gas oil. 

gasoline. and coke (which includes the wet _pas). The three lump model however does not give 

an accurate representation of the cracking reactions as shom by Ali and Rohani (1996). Also. a 

PFR model with a dense and dilute phase for the catalyst is more representative of commercial 

regenerators. 

The model by ArbeI et al. (1995) uses a PFR model For the reactor with the ten lump 

modei of Jacobs et al. (1976) to describe the cracking kinetics. The regenerator is assumed to 

be composed of two phases. dense phase and dilute phase. The dense phase is modeled as a 

CSTR and the dilute phase is assurned to be in plug flow. The advantage of this model is that it 



describes the partial CO combustion mode of operation for the regenerator and incorporates a 

yield model for the cracking reactions. 

The main probiem in using both of the above models for an optimization study is that 

they use only matenal and energy balance equations and do not incorporate mechanistic details 

like valve characteristics and pressure balances. This forces us to select state variables rather 

than control variables (with respect to the mechanistic model) as our free variables for 

optimization. Also. absence of the model equations for pressure balance lrads to lower 

dimensional search during optimization. since pressure cannot be taken as a free variable for 

optimization. 

The Amoco Model IV FCC unit as modeled by McFarlane et al. (1993). uses a CSTR 

model for the reactor and a distributed p m e t e r  model for the regenerator. The hctionator is 

not modeled to avoid complication. It is a realistic model. which captures the major etlkcts and 

interactions in the FCC unit and incorpontes valve characteristics and pressure balances. The 

main drawback of the model is the absence of a yield model for the cracking reactions making it 

unsuitable for optimization studies. as the Feed conversion and product distribution cannot be 

known. In this work. we have used the Amoco model after incorporating the four lump model 

of Gianetto et al. (1994) to predict product distribution. 

There has been a considerable amount of interest in the optimization of FCC units in 

recent years. Khandalekar and Riggs (1995) combined the Amoco FCC model with the FCC 

model of Lee and Groves (1985). The optimization was a 3-dimensional search with the feed 

Row rate. the reactor temperature and the regenerator temperature as the free variables for 

optimization. The optimization was done in two stages. In the first stage, a search is made for 

the optimum value of the reactor and regenerator temperatures for a given feed flow rate using 



Nelder-Mead optimization. In the second stage. the feed rate is mavimized using modified 

Fibonacci search. This is not the best way to solve the optimization problem. It is well 

established that a simultaneous search is better than sequrntial search for obtaining the global 

optimum. Also. it is a very low dimensional search. 

Ellis et al. (1998) used sequential quadratic progamming (SQP) to compare on-line and 

off-line optimization of FCC units. The process is a model IV FCC unit combined with a ten 

lump yield model and coke deposition kinrtics. The SQP algorithm selects the value of the four 

decision variables. reactor temperature. regenerator temperature. feed tlow rate and stack gas 

oxygen concentration. and uses four nonlinear algebraic rquations drscribing the FCC unit. The 

remaining process variables are detemined using explicit expressions and m y  pmcess-mode1 

mismatch is corrected using parameter estimation. Absence of the mode1 equations for the 

pressure balances have prevented them from considering the reactor pressure and the reactor- 

regenerator pressure difference as free variables for optimization. The reactor-regenentor 

pressure difference allows greater flexibility for varying the catalyst flow rate. a key parameter 

for control and optimization of FCC units. 

Loeblin and Perkins (1999) solved a ,-variable optimization problem with the air 

flow-rate to the regenerator and the catalyst circulation rate as the decision variables. and 

compared the effect of different control structures on real tirne optimization of FCC units using 

the Lee-Groves mode1 (1985). This is a low dimensional search. as it does not incorporate the 

reactor pressure or the feed flow rate. 

Although al1 the three papers above have solved optirnization problems. their main 

focus has k e n  on online optimization of the FCC unit in the face of extemal disturbances 



(Loeblin and Perkins. 1999, Ellis et ai.. 1998) or model based control (Khandalekar and Riggs. 

1 995). 

The present work involves a more generai 7-dimensional search for the optimization of 

the FCC unit. We have used a modified steady state version of the Amoco FCC model as given 

by McFarlane et al. (1993) combined with the four lump yield model of Gianeno et al. ( 1994). 

as the process model. The four lump model has been s h o w  to represent the FCC reactions 

better than the three lump model (Ali and Rohani. 1996). Also the kinetics given by Gianrtto et 

al. ( 1994) are more representative of the shon residence time rncountered in commercial risers. 

Since the coke and the wet gas are represented by separate lumps. the yield model can be 

directly incorponted into the Amoco model by replacing the appropriate equations. This model 

is chosen over the four lump model by Lee et al. (1989) whose four lump model gives data for 

reaçtor residence tirne of 30 sec to 120 sec which are not realistic figures from the industrial 

standpoint. The 10 lump model of Jacobs et al. (1976). though being more detailed. lumps coke 

and lifht gasses together even though the two have widely different propenies. This c m  lead to 

inaccurate representation of the cracking reactions (Ali and Rohani. 1996). Also. the coke on 

the spent catalyst has to be estimated by a sepante ernpirical equation. Other rnodels in the 

literature are omitted because of lack of sufficient data. 

Due to the success in the use of the direct search optimization procedure of Luus and 

Jaakola (1973) (LJ optimization procedure) in solving sorne difficult fed batch reactor 

optirnization problerns (Luus and Hennessey. 1999). we will use this approach for optimization 

of the FCCU. The U optimization procedure has been Found by Wang and Luus (1978) to have 

high reliability in tinding the global optimum even for systerns exhibiting numerous local 

optima For example. for a very dificult catalyst bifunctionai problem. for which SQP yielded 



26 local optima but not the global optimum (Luus et ai.. 1992). the use of LJ optimization 

procedure yielded the global optimum (Bojkov et al., 1993). When used in a multipass rnanner. 

LJ optimization yielded the global optimum for a very challenging cancer chemotherapy 

scheduling problem involving an 84-dimensional problem in O ptimization and several state 

constraints (Luus et al., 1995). 

Recently it was shown by Luus (1998a) that the efficiency of the LJ optimization 

procedure can be increased substantially if the method is used in multipass fashion where the 

region sizes at the beginning of the passes are determined from the extent of variation of the 

corresponding variables during the previous pass. Such an approach enabled the panmeters in 

the Lotka-Volterra ecological system to be accurately estimated (Luus. 1998b). Since the FCC 

optirnization problem involves state constraints. we use the penalty hnctions approach as 

s h o w  by LUUS and Wyrwicz ( 1996) who have used it to handle equality state constraints. 

The method is easy to program and involves no auxiliary variables except For the 

penalty h c t i o n  factors For the statr constraint violation in the objective hnction. keeping the 

user closer to the problem at hand. Since present day cornputers are very fast. the extra 

computational etTon required for solution of the large number of model equations and by the LJ 

optimization procedure is acceptable if we can find the global optimum for the problem. 

In this thesis, the etrectiveness of the LJ optimization procedure for locating the global 

optimum for this problem is investigated. Additionally. the study explores the various design 

possibilities and shows the effect of the model parameters on the location of the global 

optimum. Finally. the additional benefits that can be gained by operating the unit closer to the 

regenerator combustion constraint boundaries (McFarlane et al.. 1993) are ilhstrated. 



2. PROBEEM FORMULATION 

The Mode1 N FCC unit equations. as provided by McFarlane et al. (1993), are used to 

model the reactor and the regenerator, and the four lump mode1 of Gianetto et al. (1  994) is used 

to describe the cracking reactions. Gas oil is assumed to crack to gasoline, the most desired 

product. and to the byproducts. coke and wet gas. The four lumps and their interactions are 

shown in the Figure 2.1. The rate constants for the cracking reactions are represented by the k's. 

and are O btained from experimental data of Gianetto et al. ( 1 994). The four lump model uses 

separate lumps for coke and light gases and is easily incorporated into the Amoco model 

(McFarlane et al.. 1993) by replacing the appropriate equations. 

kt 1 

Cas OiI Gasoline 
A B 

Figure 2.1. The four lump yield model 



2.1. Problem statement 

We assume that the main products of economic value are gcisoline and light gas and that 

the unconvened feed can be recycled. Therefore. we choose the performance index to be 

maximized as 

where Fwo is the unconvened gas oil flowrate. Fol/ is the total feed flowrate. FgUOlI, is the 

t l o m t e  of gasoline. F/,ph, is the flowrate of light gas and Pkrd P.4((Soi,ne and  PI,^^, <ahrwa< are the 

p i c e  of feed. gasoline and light gas respectively. 

The seven variables that we may use for optimization are: fiow rate of fuel to fumace. Fj. wet 

cas cornpressor suction valve position. VI/.  pressure difference between the regenerator and the - 
reactor. MRR. combustion air blower suction valve position. Ci. l i f t  air valve position. L i f i .  spi11 

air valve position. bP9. and tlow rate of fiesh feed to the reactor nser. F3. These variables have 

the following upper and lower bounds: 



It is noted that dPRR and fifl affect the catalyst circulation rate, and V6, Cj@ and Ij affect the air 

flow rate. However. for a general search ail of the above have to be considered as free variables. 

There are also constraints on some of the variables in the model: 

Total combustion constraints, set A: 

G,, 2 1.5 % 

Total combustion constraints. set B: 

(2-1. I O )  



Constraints (2.1.9) and (2.1.10) represent design pressure lirnits on the main fractionator 

and the regenerator. respectively. Constraint (2.1.1 1). (7.1.12) and (2.1.13) are the design 

temperature limits on the regenerator cyclone. reactor riser and tiirnace firebox respectively. 

Constmint (2.1.11) is the operational constraint on the level of catalyst in the regenerator 

standpipe. constraint (2.1.15) is suqe limit on the liti air blower and (7.1.16) is the constraint 

on regenentor stack gas valve opening. Constnints (2.1.17) to (2.1.20) are operational 

restrictions on the regrnentor. 

The rnodel of the FCC unit consists of 1 12 nonlinear algebraic equations and 9 ordinary 

differential equations. How to deai with equality constnints in direct search optimization has 

bsen actively investigated recently. Originally. Luus (1974) suggrsted the use of a two-pass 

mrthod where the equality constnints were replaced by inequalities. .4 better way of dealing 

with difficult equality constnints is to use quadntic penalty tùnctions with shiRing terrns 

(Luus. 1996). More recently. Luus (2000~)  showed that the di tXcult equality constnints can be 

solved quite rficiently with Newton's method ai each itention. thereby removing the need of 

introducing additional variables. Here we use this latter approach. where we group the 

equations into two sets. one consisting of a set where the equations cm be soived in a senatim 

fashion and the second set consisting of difficult equalities which have to be solved numencally 

with some iterative procedure. Let us consider this aspect of solving algebraic equations. 

2.2. Solving the nonlinear algebraic equations and formulating the optimization problem 

The dificulty of solving a set of nonlinear algebraic equations has been overestimated 

by many researchers. Sofiware packages like MAPLE. MATLAB. MATHEMATICA. etc. have 

difficulty in solving more than 10 non-linear algebraic equations as evident from the paper by 



Sacharn et al. ( 1993). Zain et ai. ( 1995) used a modified nonlinear orthomin method to solve the 

nonlinear algebraic equations. Gupta ( 1995) used the bracketing method for the solution. 100% 

convergence is reported with the BASIC program implemented to pi& a new initial guess in 

case of failure to converge to the solution. Al1 the above methods can be outperformed. both in 

robustness and computation time using the method shown by Luus ( 1999.2000a). 

The key idea in solving such nonlinear algebraic equations is to arrange the equations 

into two groups: a set of simple equations which can be solved in a seriaiim fashion and a set of 

difticult equations. to be solved in iterative fashion. for exarnple by Newton's method. Besides 

computational efficiency. an advantage of grouping the equations is that initial guessrs are 

required only for the difficult equations. When a set of equations is to be solved at each 

iteration in optimization. good initial guesses are usually available from the previous itention 

of the optirnization procedure. Sincr. Newton's mrthod has quadratic convergence near the 

solution. it has been chosen for the iterative solution of the difficult equations. 

if f(x) is the vector denoting the le% hand side of the difficult equations. at each iteration 

we would like to tind a deviation 6x that will make f(x+ 6x) zero in the next iteration. Using 

Taylor series and retaining only the 1'' derivative t e n .  we gei 

f(x+ 6x) = f(x) f (atT/th )%x 

Since we want f(x+Gx) to be zero. we get 

which is a set of linear equations. Using Gaussian elirnination. we c m  solve for the deviation 

6x and then choose 

xü'' 1 = xu' + 8x 

for the next iteration. The details of the method are given by Luus (1 999.2000) 



The arrangement of equations into a simple set and a difficult set is not unique. 

However. we should usually try to rninimize the number of equations in the difficult set. 

For the FCC unit we arrange the equations so that we are left with only 12 difficult 

equations. From those 12 difticult equations. we obtain values for the following variables: 

Temperature of fiesh feed to riser 

Furnace firebox temperature 

Rractor nser temperature 

Regenerator dense bed tempenture 

Weight fraction of coke on regenerated catalyst 

Wet gas cornpressor suction pressure 

Velocity. regenerated catalyst 

Pressure at the bottom of l i  ft pipe 

Reactor hctionator pressure 

Combustion air blower discharge pressure 

Combustion air blower suction pressure 

Lifi air blower discharge pressure 

Once values are assiped to these 12 variables. and to the 7 optimization variables Fj. 

Y[,. Lji- V*fi, C>> and FJ, then the rest of the equations are simple in the sense that they cm 

be solved in senatim fashion. Thus we have the set of simple equations: 

P, = P, + AP, 



where we have assurned a constant pressure drop, Af*. of 0.65~ 10'~/rn' between the reactor 

and the regenerator. 

P6 = P4 + APRR (3.2.3) 

where ka. is the ratio of specific heats (1.39) and rl, is the polytropic efficiency ( 1 .O). 

where rluhed_ is the cross sectional area of regenerated catalyst U-bend (0.344 mm?) and p, is 

the density of catalyst in U-bend and regenerator standpipe (770.82 kg/rn3). 

where p,. is the vapor density at the reactor rker condition (9.13 kg/m3). p ,  is the senled 

density of catalyst (1089.25 kg/m3) and F, is the flow of s l u q  to the reactor riser which is 

taken to be constant (2.38 kds). 

v,, 

where FJ is the flow of slurry to the reactor riser (2.38 kg/s). 

where h,, is the height of reactor riser (1 8.29 m) and g is the acceleration due to gravity (9.8 1 



where A,spis the cross sectional area of the stand pipe (0.65 m'), Lbed is the length of 
.yr 

regenerated catalyst ubend (17.07 m). f,,,,, is the regenerated catalyst fnction factor (83 

kg . s  
, ) is the cross sectional area of regenerated catalyst U-bend (0.344 m'). g i s  the 

m- 

acceleration due 10 gravity (9.8 1 m/s2). E,, is the pressure tap elevation on standpipe (47.24 

m). Eu,, , is the elevation where oil enters the reactor riser (37.95 m) and p, is the density of 

catalyst in U-bend (720.82 kg/m3). 

where duhcndW is the cross sectional area of spent catalyst U-bend (0.483 mL) and p, is the 

density of catalyst in U-bend and rcgenentor standpipe. (720.82 kg/m5). 

where A,,flpp, is the cross sectional area of reactor stripper (5.57 m2). L,,, is the length of 

kg as 
spent catalyst ubend (17.07 m). j e  is the spent catalyst fiction factor ( 2 7 9 . 4 7 7 ) .  

mg 

A,,,r is the cross sectional area of spent catalyst U-bend (0.483 m'). g is the acceleration due 

to pavity (9.8 1 m/s2). E,tflmr, is the elevation of reactor suipper tap (39.62 m). E,,t,, is the 

rlevation of regenerator lift air injection (10.84 m) and p, is the density of cataiyst in ü-bend 

(720.82 kglrn3). 

w, = Y"t, - wr - w, (3.214) 

where y,, is the total mass of catalyst in the system (1 7 1762 kg). 



where g is the acceleration due to p v i t y  (9.8 1 mk') and ri,, is the cross sectionai area of 

regrnerator (54.8 1 m'). 

s, =s" + l  IOOF,, (2.2.16) 

where saln is the minimum speed of the l i f i  air blower (5000 rprn). 

F7 = k,,, & - Pd (2.2.17) 

where k m  is the combustion air blower discharge pipe flow resistance factor 

where k., is the l i f l  air blowcr spill valve flou raring 5-46 x 1 O-' kg i --/$) [ 

where k,,, is the lifi air blower discharge pipe flow resistance factor (2.73 x 1 O-' kds. ). 



where A, is the cross sectional area of regenerator (54.8 1 rn2). 

where T, is the temperature of fresh feed entering fumace ((238.j°C). 

where T, is the temperature of fiesh feed entenng Fumace (238.3OC). LX, is the fumace ovrnll 

kJ 
heat transt'er coet'ficient (47.48 - ) and c , ,  is the heat capacity of fresh feed liquid (2.43 

s ." C 

where Tjt,,, is the atmospheric temperature (23.9OC). 

where x is a variable representing valve opening. 



where kg is thecombustion air blower suction valve tlow rating ( 1.37kg ! s - dz] 7 and P.. is 

the atmospheric pressure ( 1 .O 1 X 5 x  1 O' ~/rn'). 

where k- is the combustion air blower vent vaive flow rating ( 0.08kgls- d ~ + m i ~ ~ i s t h e  - 

combustion air blower vent valve position (O). 

where Pm is the discharge pressure of wet gas compressor to vapor recovery unit ( 6 . 9 6 ~  10' 

H,, = 12608.56 x 1 0' (C?' - 1) (2.3.32) 

where I l  is the wa gas coiripressor ruçtion valve f l o r  rating 8.20 i i O-' kgmol 1 r - * , / = ) .  ( 

where k, is the wet pas cornpressor antisurge valve flow rating 6.58 x 1 O-' kgmol / s -- 

C;, is the wet gas compressor vent valve position (0) and P , .  is the discharge pressure of wet 

gas compressor to vapor recovery unit ( 6 . 96~  10' ~/m') .  



where k,, is thewet gas tlare valve flow rating 2 .73~10-~kgmol/s-  \j$) and 
is the wet 

gas tlare valve position (0). 

where A,, is the cross sectional area of reactor riser (0.89 m') and hrl, is the height of reactor 

riser ( 18.29 m). v , ,  is from equation (2.2.8) 

where F, is the tlow of slurry to the reactor riser (2.38 kgls). 

m" 
where k?,, is the pre exponential factor. gas oil to gasoline (0 .4272~  10' 

kgmol. kgcat . s 
)- El, 

is the activation energy (8782 1.4 J / kgmol ) and R is the universal gas constant (83 14.39 

mb 
where k3 ,, is the pre exponential factor. gas oil to wet gas (0.10 12x 1 o8 

kgmol . kgcat . s 
and 

E,, is the activation energy (97552.4 J / kgmol ). 



where k4io is the pre exponential factor. gas oil to coke (0.5504~ 10' - ) and E,, is the . . kgcat - s  

activation energy (87504 1 J 1 kgmol). 

rn" 
where k4.-, is the pre exponential factor. gasoline to coke (0.1337~ IO' 

k p o l -  kgcat - s  
) and 

EJ2 is the activation enere. gasoline to coke (72988.7 J / kgmol ). 

dl-  Y ~ F v ~ , ~  bVT 
A= -@(k2, +k,, + k,,) . 

drr .Cl ,, v,? 

where ,LI.{ is the molecular weight of 

reactor nser ( 16.3 m3). 

- - 

Y ,  ( O )  = 1 (2.2.35) 

fresh feed. (333 kgkgmol) and C'r is the volume of the 

where 

where a is the exponential decay function (39 1 ) .  



where cs,, is the factor representing coking tendency of slurry recycle relative to fresh ferd 

(3.5 for base case). 

F ~ t R h ~ g ~  = F3 + F 4 S j  5. 

where F, is the tlow of s l q  to the reactor riser (3.38 kg/s). 

whrre LLf ,v, is the mol 

where Tpt,, is the base tempenture for reactor riser energy balance (537.8OC). 

Qcr(lctinn = 16 (1 - Y 1 ) + Fa (1 - Sf k . 4  )WCrach 
where F, is the flow of slurry to the reactor rixr (1.38 kgs). 

ofl = F3 [cPfi [Ti- - TrKf ) + ofi ] (2.2.38) 

kJ 
where c ,  is the heat capacity of fresh feed vapor (3.39 - ) T'., is the base tempenture 

kg -* C 

for reactor riser energy balance (537.8OC) and Q ,  is the heat required to raise tempenture of 

fresh feed from 371. 1°C liquid to 537.8OC vapor (71 8.73 k.l/kg). 



Qsiu? = '~[cPsv('r -'rej )+  sr J (2.2.59) 

where F, is the flow of sluny to the reactor riser (2.38 kg/s). c , ,  is the heat capacity of slurry 

kJ 
vapor (3.35 - ) Tm, is the base temperature for reactor riser energy balance (537.8"C) 

kg -O C 

and Q, is the heat required to raise temperature of sluny from 260°C liquid to 537.8OC vapor 

(958.3 1 k l k g ) .  

F ~ c  = " 3 ~  a 4 ~ h n d h  PC (2.2.60) 

where . is the cross sectional area of spent catalyst U-bend (0.183 m') and p, is the 

density of catalyst in U-bend (710.82 k@m3). v, is fiom equation (2.12). 

Qatout = FK c P c  ('r - T b  ) (2.2.6 1 ) 

kJ 
where c ,  is the k a t  capacity of catalyst ( 1  .30 - ) and T,, is the base tempenture for 

kpaU C 

kJ 
where c, is the heat capacity of catalyst ( 1  3 0  - ) and is the base temperature for 

kg ." C 

regenemior energy balance (53  7.8"C). Fqc is From equation (2.2.7). 

Qm.mocIor = Qrgc + ~3 c p~ ( ~ 2  - Th<re./ ) (2.264) 

kJ 
where c , ,  is the heat capacity of fresh feed liquid (3.43 - ) and Th., is the base 

kg a" C 

temperature of reactor fiesh feed. (37 1.1 OC). 



whrre Pm is the atmospheric pressure ( 1 .O 1 3 2 5 ~  10' ~ / m ' )  and s, is the base speed of the lilt 

air blower (5950 rpm). s, is fiom equation (22.16) and .Cl is from equation (2.2.6).  

whcre s, is the base speed of the l i f i  air blower ( 5950 rpm). 

3.494 x 1 O-' Pm 
Fs = 

T u ,  + 273.15 

whsre Pm is the atmospheric pressure ( 1 .O 1325~  10' Wm2) and T , ,  is the atmospheric 

iempenture (X.9'C ). 

F ,,, ,/, = 2.377+ 7 . 6 6 9 ~  1 0 " ~ ~  

p,. ,", = -14.064+30.j86~, 

v , ~  is from equation (2.727). 

-Y = &YPL..‘m, (2.2.71 ) 

where . is the cross sectional area of the regenentor (54.81 m2). r, is from rquation 

(2.2.22). 

E~ = 0.332 + O.l97v, 

Pr .denw = ~ p o n  (1 - 6 i ) 

where p, is the settled density of the catalyst ( 1  089.25 kgm'). 



where z,, is the height of cyclone inlet ( 13.72 m), and A, is the cross sectional area of the 

regenerator (54.8 1 m'). IV,, is from equation (2.2.14) 

where a constant temperature drop AT,,,, ( 19.44OC) has been assumed across the reactor 

stripper. 

whrre R is the universal gas constant (83 14.39 
J 

). Pn is From equation (7.2.5). 
kgmoi --K 

where A,, is the cross sectional area of lifi pipe (0.81 1 ml). F9 is from equation (2.2.20). 

where v+ is the slip velocity (0.671 m/s). A,, is the cross sectional area of l i f i  pipe (0.8 1 1 m') 

and p, is the settled density of the catalyst ( 1 089.25 kg/m3). 

where il,, is the cross sectional area of lift pipe (0.81 1 mL). F, is from equation (2.260). 



where k, is the lifi air blower vent valve flow rating (2.73 x 1 O-' kg 1 s - \j$] and is the 

lift air blower vent valve position (0). 

F,. = F, + F ,  + F;, 

Fw is h m  equation (2.7.7) and Fcok is From equation (2.2.55). 

6, = F,(C= -cw hl (2.2.83) 

where C,, is the weight fnction of hydrogn in coke (0.075 kg H2/kg coke) and Fw is from 

equation (2.2.60). 

Qu = FfiMf, 

where LW,, is the heat of combustion of hydrogen ( 14 1.904 I kJ1kg). 

where c , ,  is the heat capacity of air (29.64 
k.J . Th, is the base tempenture for 

kgmol -O C 

regenerator energy balance (537.8OC) and T, ,  is the temperature of air entering regenerator 

( 1 322°C). F a ,  is from equation (2.2.2 1 ). 

kJ 
where c ,  is the heat capacity of catdyst ( 1.30 ) and ThTe is the base temperature for 

kg. C 

regenerator energy balance (53 MT). TK is tiom equation (2.2.75). 



E/ is h m  equation (1.2.72). v, is from equation (2.2.22) and zbed is from equation (7.2.74). 

PH(') = 1 -E, O < z < zhd (2.2.88) 

where A, is the cross sectional area of the regenerator (54.8 1 m') and zt,, is the height of the 

cyclone inlet (13.72 m). F,, is fiom equation (2.2.21), z h d  is from equation (2.274). v, is from 

equation (2.2.22) and p ,  ri,,,e is from equation (2.2.70). 

PH(i)= O z > (2.3.90) 

F,, is from equation (2.2.2 1 ) and F), is from equation (2.2.83). 

v, is from equation (2.2.23). 



are the heat capacities of nitrogen. carbon monoxide. carbon dioxide. oxygen. s t e m  and 

kJ 
catalyst respectively in - . F , ,  is from equation (2.2.2 1 ). FH is from rquation (2.2.83) and 

kg -O C 

:Cle is tiom equation (2.2.7 1 ). 

and Mi, (109.545.1) and AK(395.837.9) are the heats of formation of CO and CO-. 

respectively in (k.J/kpol of gas produced). P6 is h m  equation (2.2.5). 



FH is fiom equation (2.2.83). Gas concentration values are obtained from the integration of the 

differential eqautions (2.2.92.93 and 94). 

CO? , ,  = 1ooxo2 .,, (2.2.104) 

a = 5, (4 4 - 4  + -y( .O: ,.5K ) (2.2.105) 

where LW, ( 109.j45.I ) and Mi, (395.837.9) are the heats of formation of CO and CO?. 

respectively in (kmkgmol of gas produced). 

where cf lI1 (3 1.90). cH, (30.48). c ,  ,,! . (46.05). c,,! (30.23). and c ,,:, (36.09) are the heat 

kJ 
capacities of oxyon. carbon monoxide. carbon dioxide. nitrogen and steam in - and 

krr ." C 
C 

T,,, is the base temperature for regeeneerator eneru balance (537A°C). Gas concentration values 

and cyclone temperature Tm, are obtained from the inteption of the differential eqautions 

(3.2.92.93.94 and 99). 

Qm,Rgeneru,w = Qmr + Pl/ + Q. + Qsc (2.2.107) 

Qu,, is from equation (3.2.85). ClH from (2.2.84). t)c from (2.7.105) and t>, from (22.86). 

Pout.wmrum = Q, + Q, + a 
(2.2.108) 

where Q, is the total heat loss from regenerator into environment (586.61 W s ) .  Qfg is fiorn 

equation t.2.2.106) and Qrgc from (2.2.63). 



where A, is the cross sectionai area stand pipe (0.65 m2) and p, is the density of catalyst in the 

regenerator standpipe (720.82 kg/m3). IVsp is fiom equation (2.2.1 1). 

d = min(0.9 144. h, - L, ) 

where h, is the height of the regenerator standpipe (6.10 m). 

F,p = j;,, K ( z ,  -z,)-2233.95-29.76(0.9144-d) (2.2.1 1 1 ) 

where 1, iç the overflow factor (2070.1 4 1, A,, is the cross sectional area of the stand 
m' .s  

pipe (0.65 m') and z , ~  is the standpipe exit height tiom the bottom of the regenentor (3.96 m). 

zbrrl is h m  rquation (2.2.74). 

- C; LZ.,x - . ~ n n R ~ ' 3 r  - .4w~b&,  (1 - EL.) (2.2.1 12) 

whrre A,, is the cross seciional area of regenerator (54.81 m2) and z ' , ~  is the height of cyclone 

inlet ( 1  3.72 m). is from equation (7.2.87). 

c;, = 
kI4 J* 

where k, ,  is the regenentor stack gas valve tlow raiing 6.0 1 x 10'  kgmol i S. /-$-] and Pd,,,, i 
is the atrnospheric pressure ( 1 .O 132.5~ 10% ~ / m ' ) .  

The 12 variables that we needed for the above simple equations are now obtained from the 

solution of the set of difiicult equations: 

T2-y,v - T2 = O (2.2.1 14) 

T Z . ~  is fiom equation (2.2.24). 



F 5 M b  -UA,.T, -a,F,Tj +a, = O (2.2.1 1 5 )  

where AH, is the heat of combustion of fumace hiel (37,158.55 kl/m3). Cil, is the fumace 

kJ 
overall heat transfer coefficient (47.48 7 ). and a, (5.59 ). a2(21 1.01 

S .  C 

H/s) are fumace heat loss parametee. T,, is from equation (2.2.23). 

Qm.muctar - Quut .mmm = O  

Q,nremar is from equation (2.2.64) and Qou,,reucfor from equation (72.62). 

C?m,egwemrm - Qou,.mgmuam = O  (2.2.1 17) 

Q,n.Rpynerufor is from equation (2.2.107) and Qou,,,raIor from equation (2.2.108). 

(FXC, - F,! i - ( ~ s c ( ' ,  + w u ,  ( ~ C . 0 . q  + .Y,,, 1) = 0 (2.2.1 18) 

FaIr is From equation (1.2.2 1 ). FI! is from equation (2.2.83) and Fsc is from equation (2.2.60). 

Fi; - F6 = O (2.2.1 19) 

FI- is from equation (2.1.29) and F6 from equation (3.2.27). 

F,', - F,p = O 

F,, is tiom equation (2.2.60) and Fxp is from equation (2.2.1 1 1). 

P4 - 4 - fi,, h,,, g - (ZM - =, )P,.~,~~,S = 0 (2.2.131) 

where h,,, is the height of lit? pipe (1 0.36 m). g is the accelention due to pavity (9.8 1 rn/s2) 

and zlp is the height of lift pipe discharge (3.35 rn). Ps is from equation (2.2.5). p-r, is From 

equation (2.2.79). zkd is fiom equation (2.2.74) and p, J,, is from equation (2.2.73). 

F -  -4. + F ; .  = O  (32.132) 



F,,,, is fiom equation (2.2.52), FI. is from equation (2.2.35). FI-, is from equation (2.3.37) and 

FI;, h m  equation (2.2.36). 

F, - 6.- - F. = O (2.2.133) 

F6 is h m  equation (2.2.77). F , ,  is From equation ( 2 . 3 0 )  and F- tiom equation (2.2.17). 

F,;, - 4 ,  = O  (32.124) 

F,. is from equation ( 2 . 3 5 ) .  F, , is kom equation (22.34). 

F,-F,; -F,  -4 ,  = O  (2.2.125) 

F, is from equation (2.2.68). F,. is From equation (22.80). F, is from rquation (3.220) and 

F,, from equation (2.2.18). 

In the above equations. the equations used for the calculation of wet gas and coke yield 

in the model given by McFarlane et al. (1993) have been replaced by equations from the four 

lump model. Equation (2.1.31) has been adjusted to include the k s h  ferd specific heat term. 

Equation (2.2.103) has been adjusted to account for the water vapor in the stack pas and 

Frgc has been corrected to F,, in Equation (2.2.6 1 ). The reference temperatures Th, and TrK,- 

have been changed to 53 %8*C. The last two changes do not atTect the steady state version of the 

model equations. but are important in the dynarnic behaviour. The values of AH,, . AH, and 

AH, have been adjusted to account for the change in the base temperature ir,, . To account for 

the s l u q  recycle. we have assumed it to have a coking factor. 3.5 times the feed. for the base 

case. Also. an average rnolecular weight of $0 has been assurned for the wet gas based on 

calculations from induscriai data (Sadeighbeigi. 1995. pp. 4243). 



A bnef description of some of the mode1 equations is given below: 

Eq. No. 

2.2.4 

2.2.17. t 8 

and 20 

Description 

Reactor pressure P4 is calculated assuming constant pressure drop between 

reactor and main t'ractionator. 

Regenerator pressure Pd is controlled based on reactor pressure and reactor- 

regenentor pressure difference. 

Flow of regenerated catalyst Fm is calculated based on catalyst velocity in the 

regenerated catalyst line. 

Pressure at the reactor bottom Prh is the sum of the reactor pressure and pressure 

due to catalyst head. 

Mass of catalyst in the standpipe. 

Vrlocity of the spent catalyst is calculated based on regenerated catal yst flow at 

steady state. 

Mass of the catalyst in the reactor. 

Mass of catalyst in the regenentor is calculated based on material balance for 

catal yst. 

Pressure at the bottom of the regenerator is the sum of regenerator pressure and 

pressure due to weight of the catalyst bed. 

Combustion. spi11 and liA air flows calculated based on valve characteristics and 

pressure difference. 



Eq. No. 

3 3 3 1  
W.-.- 

2.2.57 

2.2.58 and 

59 

2.2.60 

Description 

Molar tlow rate of air is the s u m  of combustion air blower flow. spill air flow 

and lift air flow. 

Steady state feed temperature at Fumace outlet calculated From energy balance 

around the %mace, 

Combustion air blower throughput calculated from ideal gas law and compressor 

head characteristic curve. 

Wet gas flow to vapour recovery unit. 

Equations for calculating yields from cracking reactions in the nser based on 

catalyst residence time. r-. 

Empirical equation based on riser temperature for calculating the heat of 

cracking. 

Energy consumed for cracking based on conversion of ked. 

Enthalpy into the riser due to fresh feed and slurry recycle flow. 

Flow of spent catalyst F, is calculated based on catalyst velocity in the spent 

catalyst line. 

Enthdpy of catalyst leaving the reactor. 

Enthalpy of catalyst from the regenerator. 

Lifi air blower throughput calculated based on ideal gas law and characteristic 

cuve equation. 

Equation for lift air blower surge line. 



Eq. No. 

22-70 and 

22-73 

2.2.1 14 and 

I l 5  

2.2.1 16 and 

117 

Description 

Empirical equations for calculating dilute and dense phase catalyst densities 

respectively . 

Empirical equation for calculating regenerator dense bed height. 

Carbon on the spent catalyst based on carbon material balance around nser. 

Energy released due to combustion of Hydrogen from the hydrocarbon entrained 

in the spent catalyst. 

Enthalpy of air entering the regmentor. 

Enthalpy of catalyst leaving the reactor. 

Empirical equation for calculating the effective void fraction of regenerator 

cataiyst dense bed. 

Equations for calculating temperature and gas concentrations dong the vertical 

height in the regenerator. 

Energy released due to combustion of carbon to CO and COz. in the regenerator. 

Enthalpy associated with flue gases exiting the repnentor. 

Empirical equation for calculating the flow of catalyst into the standpipe. 

Regenerator stack gas valve opening calculated based on the assumption that. at 

steady state. air flow into the regenerator is equal to the stack gas tlow. 

Energy balance equation around the fumace firebox. 

Energy balance equations around reactor and regenerator. respectively. 



Eq. No. 

and 125 

Description 

Carbon m a s  baiance around regenerator. 

Mass balance around wet gas compressor. 

Catalyst mass balance around regenerator standpipe 

Force balance in the regenerator lift pipe. 

Mass balance around hctionator. 

Mass balance around combustion air blower. wet gas compressor and lift  air 

blower. respectively . 

Since Newton's method requires 'good' initial guesses. initially the 12 free variables 

required for the solution are chosen from the physical nature of the problem. 8 of the free 

variables (T?. T3. T,. TregAdb. CTrnc. P: \:ac. and Pa+) are chosen randomly in a region based on a 

reasonable range of values these variables c m  takr. The remaining 4 free variables were 

calculated with the help of the mode1 equations. 

The following equations were used to get good initial guesses for the free variables for 

the equation solver and to pre-empt infeasible conditions arising h m  the physical nature of the 

problem. 

1. T, + Tz F T3 From the Equation (2.2.23). 

2. vrgc > o. 

3. P, > P, fiom Equation (2.2.37). 

P' > P, From Equation (2.2.35). 



P, > 1.036 x 10' fiom Equation (2.2.33). 

4. v> 1 SO86 From Equation (2.2.70). 

5.  p7 O c - < 2.42 from Equation (2.2.26). 
4 

P, > P,, . Pd %om Equations (2.2.30) and (2.2.17) respectively. 

P, < Pm from Equation (2.2.29). 

6.  Pl > P,, . P&, . Pm from Equations (2.2.1 8). (2.2.20) and (2.2.80) respectively. 

+ P':: from Equation (2.2.65). 1" 
Subsequently. the free variable values corresponding to the best value of the 

pert'omancç index are taken as the starting conditions for the equation solver. Additionally. we 

wrre able to improve the region of convergence for the Newton's mctthod somewhat by using a 

stepping panmeter of 0.5 for updating these 12 free variables for the first two iterations. 

For inteption of the differential rquations. vie used the subroutine DVERK (Hull et 

al.. 1976) with a local error tolerance of 106 for the yield equtions and 10" for the regenerator 

temperature and concentration equations. 

To handle the state inequality constraints. we use the penalty function approach as was 

successfully used with iterative dynamic programming by Luus (1991). We have assurned that 

the combustion air blower and the wet gas cornpressor are operating far fiom the surge line 

(McFarlane et al.. 1993) and hence their surge tlow lirnits are not considered as state 

constraints. 



To handle the state consuaints. we constnict the augrnented performance index 

Where p, 's are the penalty fùnctions corresponding to the 12 constrainrd state variables and are 

given by 

if' P, < 3.75 x IO'  

ij- L,<O 

if 0 s ~ ~ a 6 . 1  

if L , > 6 . 1  



- .- 

il' C,,,+,, >350ppm 

and 0,'s are the positive penalty factors. We have used a relatively large value. narnely p, = 10 

for the penalty functions where the violation of the inequality constraint cm  lead to difficulties. 

23 Luus Jaakola optimization procedure 

As was shown in a ment review paper (Luus. 2000d). despite its wide range of 

applicability. the LJ optimization procedure is very simple and basically involves only three 

steps: 

1. Given some initiai point u' for the variables over which optimization is to be carried 

out. choose a number of random points R around it through the equation 

u = u * + ~ r  (2.3.1) 

where D is a diagonal matrix of randornly chosen elements in the interval [-1. +Il .  and r is the 

region size vector for the variables. 



2. Check the feasibility of each chosen point with respect to the inequality 

constraints. For each feasible point evaluate the augmented performance index J and keep the 

best u value that gives the largest value to J. 

3. An iteration is defined by steps 1 and 2. At the end of each iteration. u' is replaced 

by the best feasible u obtained in step 2, and the region size vector r. is reduced by y through 

lJ+I = yrJ (2.3 2)  

where y is a region contraction factor such as 0.95. and j is the itention index. This procedure is 

continued for a number of iterations and the results are examined. 

The eficiency of the LJ optimization procedure is increased by using the multi-pass 

procedure. as shown by Luus et al. ( 1 995). In the multi-pass method the three-step procedure is 

repeated after a givrn number of iterations. usually with a smaller initial region size than the 

previous pas. Recently Luus (1998a) showed that the strategy of choosing the region size at the 

beginning of a pass to be the range over which the variables have changed dunng the previous 

pass is an effective way of further increasing the efficiency. 

Here we use the LJ optirnization pmcedure in a multi-pass fashion with a region 

restoration factor of 0.85 of the initial region sizes for the fint 5 passes. followed by the extent 

of variation, for region size determination. A minimum region size of 1 .0~  10'' is used to 

prevent the region sizes From collapsing to zero. Afier every iteration the region size is reduced 

by the factor y = 0.95. 



3. RESWLTS AND DISCUSSIONS: 

The primary objective of making several runs is to find the global optimum for the 

problem. We would also like to know the effect of varying the various parameten in the LJ 

optimization procedure and how it influences the efficiency of the search in locating the global 

optimum. A few prelirninary runs were conducted using different number of random points per 

iteration and different values of the penalty factors to find their effects and the approximate 

location of the global optimum. 

3.1. Effect of the penalty function factors 

For simplicity. the values of the penalty factors 8,. &, B3 .... 0r2 were taken to be the 

same. each equal to O. Table 3.1.1. gives the results obtained tiom various runs conducted with 

different values of 0. For these runs the starting conditions for the control values [Fj. F,,. MRR. 

v& k j4 ,  VY. F3] were taken to be [0.9.0.9. -2 .75  10". 0.8.0.4.05.63.51 with initial region size 

[0.08. 0.05. 0.7~10'. 0.20. 0.20. 0.50. 1.51. A region restoration factor of 0.85 for the first 5 

passes followed by the extent of variation for region size determination as suggested recently by 

Luus (1998a) for the next 10 passes was used for conducting these runs. A minimum region 

size of 1 . 0 ~  10" has been used to prevent region collapse. Using a restoration factor for the 

region size for the fint few passes followed by the extent of deviation helps to make the search 

less dependent on h e  starting values of the control variables. 

For very low values of B (for example. 0.1 in Table 3.1.1 ) constraints tend to be violated 

as c m  be seen fiom the value of the augmented performance index. which is less than the value 

of the performance index.. However. for a given number of random points. values of 8 between 



1 and 250 give almost identical results as seen fiom Figure 3.1.1 for û=I  and 0= 100. Thus we 

have a wide range over which to choose the penalty function factor for which we can get 

convergence to the vicinity of the global optimum. For subsequent m s  we have used a value of 

1 for 8. Figure 3.1.1 gives the convergence profile for different values of 6. Note that the plots 

for & 1 and 100 are identicai and overlap eac h other. 



Penalty factor. B 

Table 3.1.1 Variation of performance index and contro1 variables with the penalty factor 

Perf. Index 

Aug. Perf. Index 

2.60603 

3.604 1 7 

2.60505 

2.60505 

2.605 17 

2.605 17 

2.60508 1 1.60508 

3.60508 3.60508 
1 



PASS NUMBER 

Figure 3.1.1 Effect of Bon the obtained value of the performance index. 



3.2. Effect of the number of random points 

To find the effect of the number of random points the starting conditions for the control 

variables [Fs. VI, .  MRR, Vb. V9. F3] was taken to be [0.9,0.9. - 2 . 7 5 ~  1 O". 0.8. O. 4, 0.5.63.51 

with region size [0.08. 0.05. 0.7~10~. 0.20. 0.20. 0.50. 1-51 and the number of random points 

per iteration was varied. Each run consisted of 15 passes with a restoration factor of 0.85 for the 

fint 5 passes followed by extent of deviation for region size determination. Al1 the runs were 

conducted with 30 iterations per p a s  and a region contraction factor of 0.95. 

Tables 3.2.1 and 3.2.2 give the result of the ruris. The best value for the performance 

index obtained from the runs is 2.60585 ~ 4 t h  85 random points per iteration and 15 passes. 

However none of the other m s  gives us the same result which calls for hrther investigation for 

locating the global optimum. 

Atthough there is no specific trend in the obtained value of the performance index for 

different number of random points. there seems to be a minimum number of random points to 

be used to get a reasonably good value for the performance index. Using too large a number of 

random points however. does not necessarily give better results. In al1 the cases there has been 

no constraint vioIation. 

Figure 3.2.1 gives the convergence profile for the nurnber of mndom points on the 

obtained vaiue of the performance index. 



Table 3.2.1 Effect of the number of random points R on the value of the performance index and 

the corresponding control and state variable values. 



Perf. index ($/s) 

Fj (m3/s) 

h 1 

dPRR (NI&) 

v6 

vi/I 

c'Y 

F3 ( k d s )  

Table 3.2.2 Effect of the number of random points R on the value of the performance index and 

the corresponding control and state variable values. 
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Figure 3.2.1 Effect of number of random points on the obtained value of the performance index. 



3 3  Search for the global optimum 

The global optimum of 2.60601 was obtained by r eming .  the case with 40 random 

points with H . 0  using the control variable values obtained fiom the previous run as the 

starting condition. Region size for the control variables [Fs, Vil. APRR. Ci. Cr9. F3] was 

[0.0008, 0.0005. 0.7~10'. 0.002. 0.002. 0.005. 0.0151 for this r u .  This method of using 

information fiom the previous runs to locate the global optimum for dificult optimization 

problems was successfùlly used by Luus et al. (1995) in solving the optimal dmg scheduling 

problem in cancer chemotherapy. 

The values of the controi and state variables corresponding to the global optimum are 

eiven in Table 3.3.5. Note that at the optimum. al1 the constraints are satisfied. Also. riser 
C 

temperature. T,. concentration of 0 in the stack gas. CO'= and regenerator temperature. Tw,db 

are at the constraint boundaries. 

To ser whether we can get the same value of the global optimum runs were made with 

different starting conditions for the control variable values [Fj. Cil. MRR. Cj,fi. Fi. F3]. with 

different number of random points per iteration. The number of passes and the number of 

iteration were kept the same at 15 and 30 respectively. The region size for thcse m s  were kept 

the same at [0.08.0.05.0.7x10', 0.20.0.20.0.50. 1.51. For m s  starting from the value (case 1) 

[1.049. 0.941. -3.140~10~. 0.687. 0.396. 0.849. 64.8391 the best value of performance index 

obtained was 2.60566 with a nin using 30 random points per iteration. Tables 3.3.1 and 3.3.2 

give the results obtained from these runs. For runs starting from the value (case 2 )  [0.913. 

0.942. -3.040~ 1 O". 0.990. 0.152. 0.4 13. 64.5871 with the sarne parameters for U optimization 

procedure. the ben value of performance index obtained was 2.60097 for a run with 60 random 

points. Tables 3.3.3 and 3.3.4 give the results obtained fiom these u s .  



Table 3.3.1 Effect of the number of random points R on the value of the performance index and 

the corresponding control and state variable values (case 1 ). 



Perf. Index ($/s) 

Fj (rn3/s) 

h 1 

( ~ / m ? )  

hi 

4fi 

y9 

F3 (kg/s) 

PJ ( ~ / m ' )  

P6 (N/m2) 

C02.s~ (%) 

Tregdb (*Cl 

7-r ("0 

T,, ( O C )  

7-3 ( O C )  

L, (m) 

VI 4 

T,, ( O C >  

Table 3.3.2 Effect of the number of randorn points R on the value of the performance index and 

the correspondhg control and state variable values (case 1). 



Table 3.3.3 Effect of the number of random points R on the value of the performance index and 

the corresponding control and state variable values (case 2). 



Table 3.3.4 E f f ~ t  of the number of random points R on the value of the performance index and 

the corresponding control and state variable values (case 2). 



The computation tirne for a run consisting of 15 passes. 30 iterations per pass and 60 

random points per iteration is 2 hrs. and 45 mins.. so we can get close to the global optimum in 

reasonable arnount of computation time. Also. in the industry. we generally move from one 

steady state to a nearby one, so good starting conditions are available in the practical situation. 

making the method easy to implement in an actual FCC unit. 

As rnentioned before. of the seven control variables. aR and Piâ affect the catalyst 

circulation rate and v6. Cl4 and V g  affect the air flowrate. Howevcr reducing the dimensionality 

of the problem from a seven variable to a five variable search and solvinp results in a 

performance index of 2.55048. The value of the control state and other important variables are 

shown in Table 3.3.5. The performance index value is more than 2% away fiom the global 

optimum of 2.60601. The control variable Va has hit its upper bound of 1.0. Hence. a seven 

dimcnsionai search is necessvy for this problem. 

Making reruns as above using the information from the previous run. however. does not 

give the global optimum and gets stuck at the local optimum for the other cases. Table 3.3.6 

gives the performance index obtained From 5 different nins and the corresponding control 

values. It can be seen fiom the table that apart from a lack of trend in the value of the variables. 

the performance index is very insensitive to the value of the variables. pressure Pj. air flow rate 

F,,and cataiyst to oil ratio. COR. This low sensitivity makes it dificult to obtain accurately the 

global optimum for this problem. 

An interesting observation evident from table 3.3.6 is that. in çeneral. operating the 

FCC unit at a lower cataiyst to oii flow rate and a lower air flow rate keeping the other 

constraints saûsfied, give a higher value for the performance index. This means that for a higher 



value of the performance index, the unit prefen to take a lesser arnount of energy fiom catalyst 

circulation and a greater amount fiom the preheater. 



Control variable Vdue at Global Value at maximum Value with a 5 

optimum aidow dimensional search 

Performance index 

Not Applicable 

112 

5.225 

1.1539 

Table 3.3.5: Obtained values of performance index. control and state variable values for the 

global optimum. maximum airflow and for a five dimensional search. 



Perf'ormance Index ($/s) 

Variables 

CC'O.SG 

COR (kg cat/kg oil) 

Faw 

Table 3.3.6. Obtained values of performance index. control and state variable values at five 

di fferent local optimum. 



3.4. Effect of variables 

From the control values for the global optimum we can see that the airflow rate is not at 

its maximum value as indicated by the valve positions V6 and V9. which are not in full open 

condition. Operating the unit with both the combustion and the lift air blowers at the maximum 

capacity gives a performance index of 2.58028 which is 1% below the global optimum. 

resulting in a loss of nearly S800,000/year with the given pricing structure. Comparing the 

values of the variables for the global optimum and maximum air tlow rate as given by Table 

3.33, it is clear that no significant advantage in terms of ease of operation will be gained by 

operating the unit at maimum air flow rate. In the mêuimum air flow case. we do not gain anp 

significant rnargin by operaring away from the surge limits. design temperatures or design 

pressures. 

Table 3.4.1 shows the etTect of changing sorne of the variables. on the performance 

index. T'he performance index has very low sensitivity to the heat of cracking. This is consistent 

aith earlier observations (Ellis et al.. 1998). The performance index is very sensitive and 

increaxs with increasing amount of hpdrogen (in the form of unstripped hydrocabon) in the 

spent catalyst. This is opposite to the opinion (Sadeighbeigi. 1995) that the performance index 

should be lower due to reduced throughput caused by higher regenerator temperatures due to 

the higher heat of combustion of hydrogen compared to carbon. Tne pricing structure has 

negligible effect on the control variables at the optimum. This might be because of the 

sirnplified yield model. A pricing structure based on octane value of the gasoline can be 

expected to behave differently. 

The performance index shows a steady increase with increasing value of the coking 

factor for the slurry recycle as shown in Figure 3.4.1. It is believed that the combustion 



constraint set A is a conservative one. and that there are significant advantages in operating the 

unit by relaxing constraint set A and operating closer to the more stringent constraint set B 

(McFarlane et ai.. 1993). Figure 3.42 shows the behavior of the performance index when the 

regenerator temperature is relaued. Relaving the regenerator temperature constnint by 2'C 

results in nearly 2.7% increase in the performance index. which is considerable. 



Change in Perf. Index F3 Tr Treg, ~b COR Or Jg 

parameter (% change) (kg/s) ( O C )  ( O C )  (kg cat./kg oil) (5%) 

Table 3.4.1. Effect of variables on the obtained value of the performance index 



COKING FACTOR 

Figure 3.4.1. Effect of slurry recycle coking factor on the obtained value of the performance 

index. 



682.8 683.2 683.6 684 684.4 684.8 685.2 
REGENERATOR TEMPERATURE ( O C )  

Figure 3.4.2. Effect of relaving the repnerator temperature constra.int on the obtained value of 

the prrfomance index. 



4. CONCLUSIONS 

A cornplex chernical reactor system was optimized by U optimization procedure. The 

rnodel consisting of a large number of nonlinear algebraic equations was solved at each 

iteration efficiently by grouping the equations. so that the L.J optimization procedure with 

penalty functions to handle the state constraints. could be used for obtaining the global 

optimum for the FCC unit. 

The presencr of numerous local optima makes the problern a very challenging one. 

There is a wide range OF values for the penalty factors for which the method works well. The 

grouping of equations into classes as s h o w  in this thesis provides a robust and efficient 

method for solving the nonlinear steady state algebraic equations in the FCC model. Tberefore. 

the global optimum could be obtained in reasonable computation time. 

At the global optimum. the air flow rate was not at its maximum value. so the unit 

profitability can be improved by not operating the unit at maximum airtlow. The coking 

tendency of the slurry recycle has a significant effect on the performance index. The unit 

profitability can be increased by 1.7% if the regenerator temperature constraint could be relaxed 

by only Z.OUC and operating the unit closer to the combustion consuaints. Therefore the LJ 

optimization procedure provided a convenient way of studying the efliects of design parameters. 



5. NOTATION 

cross sectional area of lifi pipe, (0.81 1 m') 

cross sectional area of regenerator, (54.8 1 m') 

cross sectional area of teactor nser. (0.89 m') 

cross sectional area stand pipe, (0.65 m2) 

cross sectional area of reactor stripper. (5.57 m2) 

cross sectionai area of regenenteci catalyst U-bend. ( 0 . 3 4  m') 

cross sectional area of spent catalyst U-bend. (0.483 m2) 

fumace heat loss panmeter. (5.59 ) 

fumace heat loss parameter. (2 1 1 .O 1 W/s) 

concentration of carbon monoxide in regenerator stack pas. (ppm) 

weight fnction of hydrogen in coke. (0.073 kg coke) 

catalyst to oil ratio (kg catalystkg oil) 

concentntion of oxygen in rcgenerator stack gûs. (kg mol%) 

average heat capacity. ( 
kJ 

kgmol s u  C 
) 

heat capacity of air. (29.64 
W 

kgmol .O C 
) 

kl 
heat capacity of catalyst. (1.30 - 

kg -O C 
1 

heat capacity of carbon monoxide. (30.48 
kJ 

kgmol .O C 
) 

heat capacity of carbon dioxide. (46.05 
kJ 

kgmol C 
1 

kl 
heat capacity of Fresh feed liquid. (3.43 - 

kg SU C 
) 



=pfi 
heat capacity of fiesh feed vapr, (3.39 - k i )  

kg .O C 

heat capacity of steam. (36.09 
kl 

kgmol su C 

heat capacity of nitrogen. (30.23 
kJ 

kgmol a u  C 
1 

heat capacity of carbon dioxide. (3 1.90 
kl 

kgmol -" C 
1 

kJ 
heat capacity of slurry vapor. (3.35 - 

kg -O C 
1 

weight hction of coke on regenerated catalyst. (kg cokekg catalyst) 

wet gas cornpressor compression ratio 

weight fraction of coke on spent catalyst. (kg cokekg catalyst) 

factor representing coking tcndency of sluny recycle relative to Fresh ferd. (3 .5  

for base case). 

panmeter used in calculation of catitlyst flow into the regenentor standpipe 

diagonal mairix 

elevation of regenerator lifi air injection. (40.84 m) 

elevation where oil enters the reactor riser. (37.95 ml  

elevation of reactor strîpper tap. (39.62 m) 

pressure tap elevation on standpipe. (47.24 m) 

activation energy. gas oil to gasoline. (8782 1.4 J 1 kgmol ) 

activation energy. gasoline to coke. (72988.7 J / kgmol) 

activation energy. gas oil to wet gas. (97557.4 J i kgmol ) 

activation energy. gas oil to coke. (87504. l J / kgmol ) 

air flowrate into regenerator. (kgmoVs) 

air l i f i  cornpressor inlet suction flow at base conditions. (m3/s) 

production of coke in reactor riser. (kg/s) 



flow rate of Gasoline. (kgh) 

burning rate of hydrogen. (kgs) 

light gas flow rate, (kg/s) 

kg ovefflow factor. (2070.14 -T- ) 
m- - s  

total feed flow rate, (kg/s) 

nonlinear valve flowrate fùnction 

flowrate of regenerated catalyst. (kg/s) 

tlowrate of spent catalyst. (kg/s) 

flow into standpipe. (kds) 

combustion air blower inlet suction flow. (m3/s) 

l i f t  air blower inlet suction flow. (m3/s) 

wer gas compressor inlet suction flow. (mJ/s) 

I i f t  air blower surge flow. (m3/s) 

air flowrate into regenerator. (kds) 

kg es 
regenented catalyst fiction factor. (83 -, ) 

m- 

kg . s  spent cataiyst friction factor. (219.47 ) 
rn- 

unconvened gas oil flow rate. (kg/s) 

flow through combustion air blower suction valve ka. (kgs) 

flow through combustion air blower vent valve C-.  (kgs) 

flow through lifl air blower vent valve Ky. (kg/s) 

flow through wet gas compressor suction valve (kgmoVs) 

flow through wet gas flare valve Vlr. (kgmoVs) 

flow through wet gas cornpressor anti-surge valve VIJ.  (kgmoVs) 

wet gas production in the reactor. (kgmoVs) 



flow of h s h  feed to the reactor nser, (kg/s) 

flow of slurry to the reactor nser. 2.38 (kgls) 

flow of fuel to furnace. (m3/s) 

combustion air blower throughput. (kgs) 

combustion air flow to the regenerator. (kgs) 

lifi air blower throughput. (kg's) 

liR air tlow to the regenerator. (kg/s) 

spi11 air flow to the regenerator. (kg/s) 

wet gas flow to the vapour recovery unit. (kgmol/s) 

acceleration due to p v i t y .  (9.8 1 m/s2) 

height of lifi pipe. ( 1  0.36 m) 

height of reactor nser. ( 18.19 m) 

height of regenerator standpipe. (6.10 m) 

wet gas cornpressor head. (~/m') 

augmented performance index 

average ratio of speci fic heats. ( 1.39) 

combustion air blowet discharge pipe flow resistance factor. 0.7?kg/s - ( G) 
l iA air blower discharge pipe flow resistance factor. ( 2 . 7 3 ~  10'' kds. 7 ) i ,- 
reaction rate constant. (s") 

reaction rate constant. (s-') 

reaction rate constant. ( k p o l  air/s.kgmol CO) 

combustion air blower suction valve flow rating. 

combustion air blower vent valve flow rating 0.08kg / S. - [ E) 



liR air blouer vînt valve fiow rating, (2.73 1 O-' kg l E)  
lih air blower spiil valve flow rating. (5.46 x i O-' kg 1 s -d&) 

m- 

wet gas compressor suction valve flow rating. 8.20 x 1 kgrnoll s - 

wet gas flare valve flow rating, 2.73 x I O-' k p o l l  S. 

wet gas compressor antisurge valve fiow rating. 6.58 x 1 o - ~  kgmol 1 s 

regenentor stack gas valve tlow rating. 6.0 1 x 1 O-' kgmol 1 s - 

rate constant. gas oil to gasoline. ( 
mh 

kgnol a-kgcat as 
) 

L I 1  

rate constant. gas oil to wet gas. ( 
kgmol. kgcat 

) 

rate constant. gas oil to coke. ( 
kgcat -s 1 

m6 
rate constant gasoline to coke. ( 

kgmol . kgcat s 
1 

mu 
pre exponential factor. gas oil to gasoline. (0.427% 1 O' 

k p o l  a-kgcat as 
1 

m6 
pre exponential factor. gas oil to wet gas. (0.10 12x 1 o8 

kgmol - kgcat a s  

1 

m' 
pre exponential factor. gas oil to coke. (0.5504~ 10' 

kgcat - s  



mb 
pre exponential factor. gasoline to coke. (0.1337~ t O' 

kgmol . kgcat - s 
1 

ievel of catalyst in standpipe, (m) 

length of ~generated caralyst ubend. ( 1 7.07 m) 

length of spent catalyst ubend. ( 17.07 m) 

polytropic exponent 

molecular weight of fresh feed. (333 kg/kgmol) 

flowrate of entrained catalyst fiom dense bed into dilute phase. (kg/s) 

molecular weight. wet pas. (JOkg/kgmol) 

performance index to be rnauimized. ($1~) 

atmospheric pressure. ( 1 .O 1 3 î j x  10' ~ l rn ' )  

combustion air blower base discharge pressure. (bi/rn2) 

lifi air blower base discharge pressure. ( ~ / m ' )  

pressure at the bottom of lifi pipe. (N/m2) 

feed price. 0.088 $/kg 

gasoline price. 0.140 $/kg 

penalty functions 

light gas pnce. 0.132 $/kg 

pressure at the bottom of reactor nser. ( ~ l r n ' )  

pressure at the bottom of regenerator. (~lrn') 

discharge pressure of wet gas cornpressor to vapor recovery unit. (6.96~10' 

~ / m ? )  

combustion air blower suction pressure. (~lrn ' )  

combustion air blower discharge pressure. (Nlm') 

lift air blower discharge pressure. ( ~ / m ' )  

reactor pressure, (NlrnL) 



reactor hctionator pressure. (~ lm ' )  

regenerator pressure. (~lrn') 

wet gas compressor suction pressure. ( ~ / m ' )  

enthalpy of air to regenerator. (k.l/s) 

total heat of burning carbon. (kJ/s) 

rnthalpy of catalyst out of reactor riser. (klls) 

heat generated from cracking, ( H/s) 

total heat loss from regenerator into environment. (586.6 1 Wls) 

heat required to bring fresh feed to reactor riser temperature. (kJ/s) 

enthal py of outgoing regenerator stack gas. (klls) 

heat required to raise temperature of fresh feed from 371.1OC (liq.) to 537.g°C 

(vripor), (7 18.73 i d k g )  

rnthalpy of hydrogen to regenerator. ( k l l s )  

enthalpy into reactor. (kl/s) 

cnthalpy out of reactor. (k..i/s) 

enthalpy into regenerator. (MIS) 

rnthalpy out of regenentor. (kl/s) 

enthaipy of regenerated catalyst (kl/s) 

enthdpy of spent catalyst. (kJ/s) 

heat required to bring slurry to reactor riser temperature. (klls) 

heat required to raise temperature of sluny from 260°C (liq.) to 537.8OC vapor. 

region size vector 

number of random points per iteration 

universal gas constant. (83 1 4.39 
J 

kgmol --K 
) 



actual speed of the lift air blower. (rpm) 

minimum speed of the lift air blower. (5000 rpm) 

base speed of the lift air blower. (5950 rpm) 

sluny factor. takes into account the effect of sluny recycle on the systern 

surge margin for lifi air blower. F - Fr,, . (m3/s) 

temperature of air entenng regenerator. ( 132.2OC) 

atmospheric temperature. (23.9OC) 

base temperature. (53 7.8OC) 

base temperature of reactor fresh feed. (3 7 1.1 OC) 

combustion air blower discharge temperature. (88OC) 

regenerator stack gas temperature at cyclone. (OC) 

temperature difference between cyclone and regenrntor bed. (OC) 

lie air blower discharge temperature. ( O C )  

fumace log mean temperature difference. (OC) 

temperature of reactor nser. (OC) 

base temperature for reactor riser energy balance. (537.8OC) 

temperature of regenerator, (OC) 

temperature of regenerator dense bed. (OC) 

temperature of spent catalyst entering regenerator. (OC) 

temperature of Fresh feed entenng fumace. (238.3"C) 

temperature of k s h  feed entering the reactor nser. ( O C )  

steady state furnace outlet temperature. ( O C )  

fumace firebox temperature. (OC) 

vector of variables used for opthization (7x 1) 



optimization variable values corresponding to the maximum value of the 

augmented perfomance index. at the end of each iteration (7x 1 ) 

kJ 
h a c e  overall heat transfer coefficient, (47.48 -) 

S." C 

velocity of air in lift pipe. (mis) 

velocity of catalyst in lift pipe. (m/s) 

manipulated variable for lifl air blower neam valve. (0-1.2) 

velocity of regenerated catalyst. (rn/s) 

volumetric flowrate in reactor riser. (m3/s) 

superficial velocity in the regenerator. ( d s )  

velocity of spent cataiyst. ( d s )  

slip velocity. (0.67 1 m/s) 

volume. reactor rker. ( 16.3 m3) 

combustion air blower suction valve position. (0-1 ) 

combustion air blower vent valve position. (0- 1) 

l i f t  air blower vent valve position. (0-1) 

spi11 air blower valve position. (0- 1 ) 

wet gas compressor suction valve position. (0- I ) 

wet gas flare valve position. (0- 1 ) 

wet gas compressor vent valve position. (0- 1 ) 

stack gas valve position. (0- i ) 

mass of carbon in regenerator. (kg) 

mass of catdyst in reactor. (kg) 

mass of catalyst in regenerator. (kg) 

mass of catalyst in riser. (kg) 

mass of catalyst in standpipe, (kg) 

mass of hydrocarbon in the riser, (kg) 



total catalyst in the system, (1 71 762 kg) 

variable representing valve opening 

molar ratio of CO to air. (kgmol COkgmol air) 

molar ratio of CO to air in stack gas. (kgmol COkgmol air) 

molar ratio of COr to air, (kgmol COz/kgmol air) 

rnolar ratio of CO2 to air in stack gas. (kgmol C02 /kpo l  air) 

molar ratio of N, to air, (kgmol N2/kgmoI air) 

molar ratio of O2 to air. (kgrnol Oz/kgmol air) 

moiar ratio of O2 to air in stack gas. (kgrnol Oz/kgrnol air) 

mass fraction, gas oil feed 

mass fraction, gasoline 

mass fiaction. wet gas 

mass fiaction, coke 

vertical distance frorn the bonom of the regenerator. (m) 

regenerator dense bed height. (m) 

height of cyclone inlet. ( 13.72 m) 

height of lifi pipe discharge. (3.33 m) 

standpipe exit height fiom the bottom of the regenerator. (3.96 m) 

O?. CO measurement point. ( 1 5 .O9 m) 

Gree k symbols 

a exponential decay function. (39 1 ) 

Y region contraction factor 

6: Dirac delta fùnction 

~ c m c l I  heat of cracking. (klkg) 

A& heat of combustion of fumace fuel. (37259 W h J )  

73 



heat of combustion of hydrogen, ( 14 1,904 I d k g )  

heat of formation of CO. (109,545 kJ/kgmol CO produced) 

heat of formation of CO?. (395.838 kJ/kgmoI CO2 produced) 

pressure drop across reactor main fractionator. (0 .65~  1 0%/m2) 

differential pressure between regenerator and reactor. (Mn') 

temperature drop across reactor stripper. ( 1 9.-W°C) 

effective void Fraction in regenerator dense phase bed 

apparent void fraction in regenerator dense phase bed 

polytropic etXciency. ( 1 .O) 

penalty function factors 

density of air at regenerator conditions. (km') 

volume fraction of catalyst 

density of catalyst in U-bend and regenerator standpipe. (720.82 kg/m3) 

density of catalyst in the dilute phase. (kdm') 

density of catalyst in the dense phase. (kg/m3) 

density of exit gas. (kPol/m3) 

density ofcataiyst in lift pipe. (kg/m3) 

settled density of cataly st. ( 1 089.25 kg/m3) 

average density of material in the reactor nser. (kg/m3) 

vapor density at the reactor riser condition. (9.13 kg/m3) 

catalyst residence tirne in the nser. (s) 

fraction of active sites in catalyst 
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