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ABSTRACT

This dissertation includes two accounts of rigorowsieling of petroleum refinery modeling
using rigorous reaction and fractionation unitse Tinodels consider various process phenomena
and have been extensively used during a courseigfraonth study to understand and predict
behavior. This work also includes extensive guitdesllow users to develop similar models

using commercial software tools.

(1) Predictive Modeling of Large-Scale Integrated [Bfinery Reaction and Fractionation

Systems from Plant Data: Fluid Catalytic Cracking FCC) Process with Planning

Applications: This work presents the methodology to developdeté and apply a predictive
model for an integrated fluid catalytic crackind>(€) process. We demonstrate the methodology
by using data from a commercial FCC plant in theA&acific with a feed capacity of 800,000
tons per year. Our model accounts for the complagking kinetics in the riser-regenerator and
associated gas plant phenomena. We implement ttiteodwogy with Microsoft Excel
spreadsheets and a commercial software tool, ASY&Y S/Petroleum Refining from Aspen
Technology, Inc. The methodology is equally apgdleado other commercial software tools.

This model gives accurate predictions of key progieids and properties given feed qualities

and operating conditions. This work differentiatsslf from previous work in this area through



the following contributions: (1) detailed modelstbé entire FCC plant, including the overhead
gas compressor, main fractionator, primary and geail absorber, primary stripper and
debutanizer columns; (2) process to infer moleccdanposition required for the kinetic model
using routinely collected bulk properties of feeat (3) predictions of key liquid product
properties not published alongside previous relatexk (density, D-86 distillation curve and
flash point); (4) case studies showing industyiaeful applications of the model; and (5)

application of the model with an existing LP-bagéhning tool.

(2) Predictive Modeling of Large-Scale Integrated [Bfinery Reaction and Fractionation

Systems from Plant Data: Continuous Catalyst Regenation (CCR) Reforming Process:

This work presents a model for the rating and ottion of an integrated catalytic reforming
process with UOP-style continuous catalyst regeinerdCCR). We validate this model using
plant data from a commercial CCR reforming prodesslling a feed capacity of 1.4 million
tons per year in the Asia Pacific. The model ratiesoutinely monitored data such ASTM
distillation curves, paraffin-napthene- aromatidlff) analysis and operating conditions. We
account for dehydrogenation, dehydrocyclizatioogsrization and hydrocracking reactions that
typically occur with petroleum feedstock. In adaiitj this work accounts for the coke deposited
on the catalyst and product recontacting sectidhs work differentiates itself from the
reported studies in the literature through theofelhg contributions: (1) detailed kinetic model
that accounts for coke generation and catalysttd@gion; (2) complete implementation of a
recontactor and primary product fractionation;fé8d lumping from limited feed information;
(4) detailed procedure for kinetic model calibrati¢) industrially relevant case studies that
highlight the effects of changes in key processabdes; and (6) application of the model to

refinery-wide production planning.
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FORMAT OF DISSERTATION

This dissertation is written in journal format. @her 1 offers a relevant introduction and
identifies the scope of this work. Chapters 2 arde3self-contained works that describe the
modeling of an industrial Fluid Catalytic Cracki(fgCC) and Continuous Catalyst Regeneration
(CCR) Catalytic Reforming unit, respectively. Crapt4 and 5 present detailed guides for
modeling these units using commercial software,eAddYSY S/Petroleum Refining. Chapter 6

summarizes the work presented in this dissertatnghincludes several concluding remarks.
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1. Introduction

1.1 Overview

Petroleum refining continues to be a major contabin the production of transportation fuels and
chemicals. Current economic, regulatory and enwremtal concerns place significant pressure on
refiners to optimize the refining process. New picidlemands have encouraged refiners to
explore many new processing units and feedstoakss€tjuently, refiners have invested in many

new technologies to control and optimize the refjprocess.

Despite these changes, refiners still face the sssnes as before: selection of crude feedstock on
the basis of feasibility and profitability, optimaiocess conditions for the given feedstock (while
meeting refinery constraints) and understanding bleanges in a given unit cascade upstream and
downstream to other units in the refinery. In thstprefiners have traditionally relied on
experienced process operators and guesswork tie tdese issues. This approach is not only
unreliable, but the growing tide of retiring indyysprofessionals and prohibitive costs of test runs
at the refinery makes it quite unfeasible. Henetaited modeling of refinery processes becomes

increasingly critical and beneficial.

The primary goal of this work of this work is toggent a rational methodology for the modeling of
two key catalytic processes in the modern refinEhyid Catalytic Cracking (FCC) and

Continuous Catalyst Regeneration (CCR) CatalytioReing. A rational methodology for
modeling balances the demands of detailed kinetidats with the availability of plant data. It is

unproductive to develop and use kinetic models\eatannot support using available plant data



for the purposes of refinery modeling and optimaatin this work, we discuss detailed

approaches that combine reaction and fractionatmis that meet this basis.

A secondary goal of this work is to serve as agti developing models for units whose details
vary from those presented in this work. Using comuaé software, in lieu of customized
software, is very beneficial to engineers attengptoreplicate the same work. Although we have
used Aspen HYSYS from AspenTech, Inc. extensivelthis work; much of the workflow
described is applicable to other process simulaadtware or custom software. This guide is very
important to ensure that models are used continttabughout the refining lifecycle and can be

integrated into the overall workflow of the refiger

1.2 Issues addressed in this work

We address several key overall issues in refinegeating in this work:

1. Using existing plant data to build a model withepécial testing runs

2. Converting plant measurements into data that carseé by rigorous kinetic and
fractionation models

3. Calibrating models without losing model rationalifigelity and predictability while
matching plant performance

4. Identify poor operating scenarios and improvingcess performance

5. Extending the use of rigorous models into refingmgyduction planning



1.3Original contributions of this work

This work presents several contributions, many loichy have not appeared in the literature in

conjunction with validated industrial plant data:

1.

8.

9.

Detailed models of the entire FCC plant, including overhead gas compressor, main
fractionator, primary and sponge oil absorber, pryrstripper and debutanizer columns
Process to infer molecular composition requirediier FCC kinetic model using routinely
collected bulk properties of feedstock

Predictions of key FCC liquid product properties poblished alongside previous related
work (density, D-86 distillation curve and flashirip

Case studies showing industrially useful applicaiof the FCC model

Application of the FCC model with an existing linggogramming (LP) based planning tool
Use of detailed kinetic model that accounts forecgkneration and catalyst deactivation in the
catalytic reforming process

Complete implementation of a reforming recontaetwd reforming primary product
fractionation

Feed lumping for reforming kinetic models from lted feed information

Detailed procedure for reformer kinetic model caltion

10. Industrially relevant case studies that highlidie effects of changes in key process variables

in the reforming process

11. Application of the reforming model to refinery-wigeoduction planning through linear

programming (LP) models



2. Predictive Modeling of the Fluid Catalytic Cracking (FCC) Process

2.1 Abstract

This work presents the methodology to developdatd and apply a predictive model for an
integrated fluid catalytic cracking (FCC) procéa& demonstrate the methodology by using data
from a commercial FCC plant in the Asia Pacifichnat feed capacity of 800,000 tons per year.
Our model accounts for the complex cracking kirgeticthe riser-regenerator with a 21-lump
kinetic model. We implement the methodology withchisoft Excel spreadsheets and a
commercial software tool, Aspen HYSYS/Petroleumifte§y from Aspen Technology, Inc. The
methodology is equally applicable to other comnarsbftware tools. This model gives accurate
predictions of key product yields and propertiasegifeed qualities and operating conditions. In
addition, this work presents the first lumped FG@=kc model integrated with a gas plant model
in the literature. We validate this work using siwnths of plant data. We also perform several
case studies to show how refiners may apply thikwwimprove gasoline yield and increase unit

throughput.

A key application of the integrated FCC model igémerate DELTA-BASE vectors for linear-
programming (LP)-based refinery planning to hefmess choose an optimum slate of crude
feeds. DELTA-BASE vectors quantify changes in FGQdpict yields and properties as functions
of changes in feed and operating conditions. Tially, refiners generated DELTA-BASE
vectors using a combination of historical data emdelations. Our integrated model can eliminate

guesswork by providing more robust predictionsroidpict yields and qualities.
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This work differentiates itself from previous warkthis area through the following contributions:
(1) detailed models of the entire FCC plant, inclgdhe overhead gas compressor, main
fractionator, primary and sponge oil absorber, pryrstripper and debutanizer columns; (2)
process to infer molecular composition requiredtifier kinetic model using routinely collected
bulk properties of feedstock; (3) predictions of kguid product properties not published
alongside previous related work (density, D-86iliision curve and flash point); (4) case studies
showing industrially useful applications of the regdand (5) application of the model with an

existing LP-based planning tool.

2.2 Introduction

The current economic, political and regulatory @tes place significant pressures on petroleum
refiners to optimize and integrate the refininggass. The FCC unit is the largest producer of
gasoline and light ends in the refinkrlg plays a critical role in the profitable opécat of any
refinery. Plant operators can make minor adjustsbased on experience to improve the yield
and efficiency of the FCC Unit. However, major impements must come from a concerted effort
that involves understanding the reaction chemi$ésgl characteristics and equipment
performance. In such an endeavor, the use of nigosonulation models is critical. In particular,
rigorous simulation models validated with plantade&n identify key areas for process

improvements.

There is significant previous work that addreskesgsues of process dynamics and control for the
integrated FCC unit. We particularly note the effdry Arbel et af.and McFarlane et &lin this
regard. Subsequent authdrduse similar techniques and models to identify airgchemes and

yield behavior. However, most of the earlier wodesi very a simplified reaction chemistry (yield

5



model) to represent the process kinetics. In agditprior work in the literature (to our knowledge)
does not connect the integrated FCC model witlctimeplex FCC fractionation system. This work
fills the gap between the development of a rigofdanstic model and industrial application in a

large-scale refinery.

2.3Process Description

The FCC unit is the primary producer of gasolind alefins in the refinery. Current FCC designs
are based on continual improvements and advanagestiand catalyst design since 1940. There
are many popular FCC designs in use today and wesehto focus on a UOP FCC unit. The
Universal Oil Products (UOP) design includes maggtures that highlight the unique
characteristics of the FCC process. Figure 2.1 shbgeneral schematic of the FCC unit. We

discuss the process flow and unit design in theviehg section.

2.3.1 Riser-Regenerator Complex

Hot fluidized catalyst (1000 °F+ or 538 °C+) entdrs bottom riser through a standpipe where it
comes in contact with preheated gas-oil feed. Hseaj feed typically consists of vacuum gas oil
(VGO) from the vacuum tower, coker gas oil (CG@nfrthe delayed coker and recycled products
from the FCC main fractionator (Figure 2.2). Thatifeom the hot catalyst (and any additional
steam or fuel gas added in to the standpipe) fcgrit to vaporize the gas oil feed. The
components of the vaporized gas oil undergo seveaations over the catalyst surface:
hydrocracking, isomerization, hydrogenation/de-loggénation, alkylation/de-alkylation,
cyclization/de-cyclization and condensation. Thesetions result in components that make up
the product slate. The products typically preseatday gas (hydrogen, methane, ethane), liquid

petroleum gas (propanes, propylene, butanes, B)tegasoline (up to 430 °F), light cycle oll
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(LCO), heavy cycle oil (HCO), slurry or decant aild coke. Properties of the feed oil and
impurities present on the catalyst significantlfeaf the distribution of products and the operating

profile in the riser.

The catalyst travels to the top of the riser caigymeavy components and coke deposits from
preceding reactions. The catalyst enters a strgppome where some steam is added to further
crack and remove the heavy hydrocarbons from ttedysh surface. The catalyst then enters the
reactor section where a cyclone separates theysafedm the product vapor. The separated
product vapor is sent to the main fractionatioruooi (Figure 2.2) that separates the product into
gaseous and liquid products. The separated catalggied into the regenerator where the coke on

the catalyst is burned off.

The separated catalyst typically contains abou(B%6 of coke by weight Air and possibly pure
oxygen (depending on unit configuration) also ety the regenerator through additional ports.
Fresh makeup coke also enters the FCC plant thraddttional ports. The coke is mostly
oxidized, producing C&and CO as primary products and,&Dd NQ as secondary products.
These flue gas products are typically used in hgagration loops to provide steam to the plant.
The catalyst is typically oxidized to a level cdntag 0.05% of coke by weightThis oxidization

also heats the catalyst as it re-enters the seugh the standpipe.



m
REACTOR

ue Gas U

T-102
REGEN

Stripping Stezm

Mixed Feed - 105 ton/hr
—x
Sleam
3
Steam
E nihr

AirfD; Mix

)J

Figure 2.1: General schematic of typical FCC reacteregenerator unit

2.3.2 Downstream Fractionation

The effluent from the FCC enters the main fractionaith a significant quantity of steam as
shown in Figure 2.2. This fractionator separateséactor effluent into four product groups: Light
Gases (C1 — C4), Gasoline (C5+ to 430 °F or 221 ight cycle oil (LCO) and Heavy cycle oll
(HCO) (430 °F to 650 °F, or 221 °C to 343 °C) atati§/Decant oil (650+ °F or 343+ °C). The
temperature range of these products varies inrdifterefineries (or different operating scenarios
in the same refinery) depending on product demaxdcarrent operating constraints. There are
several pumparounds associated with the main éraator that help control the product
distribution and temperature profiles. Most of fieducts from the main fractionator cannot be

sent directly into the refinery’s product blendipgpl. Additional fractionation and product



isolation occurs in the gas plant associated viehRCC unit as shown in Figure 2.3. The overhead
vapor contains some C5 components which must lmveeed in the product gasoline. A portion

of the LCO product is drawn off as sponge oil toonger gasoline in a sponge oil absorber. The
liquid from the overhead condenser flows to thenary absorber where C3-C4 components are

recovered.

There is significant value in separating and isotathe C3-C4 components. These components
may be sold as LPG or serve as a valuable feed&todither petrochemical processes. The FCC
gas plant is responsible for the separation of @3@nponents and stabilization of gasoline. The
stabilization of gasoline refers to controlling gmmount C4 components present in the product

gasoline.
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Figure 2.2: Downstream fractionation (Main fractionator)

The overhead vapor from the main fractionation ewienters the wet gas compressor train. The
vapor leaving the compressor train then entergjla-pressure flash system. The vapor from the
high-pressure flash enters the primary absorbex.d% components leave with the bottom product
from the primary absorber. This bottom product teenthe high-pressure flash. The overhead
vapor product enters a sponge oil absorber whésedntacted with LCO drawn off from the

main fractionator. The overhead products of thengpmil absorber are H2, C1 and C2
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components that can serve as feeds to meet tmemngs energy demands. The bottoms product

from the sponge oil absorber is recycled back ¢ontlain fractionator.

The liquid product from the high-pressure flasheenthe primary stripping column. The overhead
product from the stripping column consists mairfifC@ components. This product is recycled
back to the high-pressure flash. The bottom proftoat the column consists mainly of C3-C4
components and gasoline. This product enters iheapy stabilizer (sometimes called a
debutanizer), which separates most of the C3-C4oooents into the overhead liquid. The

stabilized gasoline (containing a regulated amoifi@4) leaves as the bottom product.

Some FCC gas plants further separate the gasotokigt leaving the stabilizer into heavy and
light gasoline. We do not include additional gaselsplitting in this work. In addition, most plants
contain a water wash or injection system to corttrelpresence of acidic compounds that lead to
corrosion. This water injection typically occursween the stages of the overhead wet gas
compressor. Most of this water leaves the prodessliefore entering the columns of the gas
plant. This water wash has little effect on therallesimulation of the process, so we do not

include it in this work.
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Figure 2.3: FCC gas plant section

2.4  Process Chemistry

of

Sponge ofl Absorber

Tail/Dty Gas { < C2)

Lean Sponge oil
{from main frac.)

B

\—( Primary Absorbe

Owverhead naphtha
{from main frac.)

Rich Sponge oil
(returned to main
frac.)

The feed to the FCC unit is a complex mixture cstirgj of long chain paraffins, single and

multiple ring cycloalkanes and large aromatic coomats. It is impossible to list every reaction
that each individual molecule undergoes in the FG€&. However, we can place each of the
reactions into five different classes based ortype of reactants and products, effect on catalyst
activity and contributions to product slate. In gei, catalytic cracking occurs through formation

of a carbocation (from feed hydrocarbon moleculedanjunction with a catalyst acid site. This

carbocation may then undergo cracking (to produtalsr molecules), isomerization (to re-

arrange molecules) and hydrogen transfer (to pdugmatic compounds). Table 2.1 gives a

12



simplified overview of key classes of reactions #melgeneral formulas for reactants and

products.

The most significant classes of reactions are angdikeaction class 1), isomerization (reaction
class 2) and hydrogen transfer (reaction clas§ 3)The remaining classes are undesirable and
contribute to hydrogen or coke production. The @eithlyzed cracking reactions from Reaction
Class 1 form the primary pathway for light gas &Ré (C3-C4) components and the long-chain
paraffin components of diesel. These reactions@igeide some of the lighter aromatic
components present in the products. When catalgtiditions are not present (e.g., contaminated
/occluded catalyst or high temperatures), a theareadking process takes over, promoting lower-
order cracking reactions. These lower-order cragk@actions tend to produce very large amounts
of dry gas components (C1, C2) and result in higo&e productioh® In addition, excessive

thermal cracking is not an economically attractperating scenario.

Isomerization reactions (reaction class 2) givéengwortant pathway for high-octane components
in the gasoline. This class of reactions is critioaproducing high-octane components in the
gasoline products. In addition, we find more valaabo-butene components due to the
isomerization of butanes. The iso-paraffins fromigomerization class of reactions also reduce

the cloud point of the diesel prodbct

Table 2.1: Key classes of reactions with generalrfaulas for products and reactants

Reaction class 1: Cracking

Description General reaction formula for reactaatsd products

Paraffin cracked to olefins | Cr.nHaymeny+2) = CrmHam+2 + CiHans2

13



and smaller paraffins

Olefins cracked to smaller

olefins

C(m+n)H2(m+n) - CmH2m + CnHZn

Aromatic side-chain

scission

Ar-Cm+nmHomsny+1 - Ar-CmHom.1 + GiHons2

Naphthenes (cycloparaffins
cracked to olefins and

smaller naphthenes

)Cm+mHz(m+n) (Naphthene)» CrHzm (Naphthene) + Han

(Olefin)

Reaction class 2: Isomerization

Olefin bond shift

X-ChH2n - y-CiH2n (X and y are different locations of the

olefin)

Normal olefin to iso-olefin

n‘CnHZn - i‘CnHZn

Normal paraffins to iso-

paraffin

N-CiHzn+2 — 1-CpHans+2

Cyclo-hexane to Cyclo-

pentane

CsH12 (Naphthene)» CsHg-CHs (Naphthene)

Reaction class 3: Hydrogen transfer

Paraffins and olefins

converted to aromatics and

CiHzn (Naphthene) + GHom (Olefin) — ArCyHoyx +1 (Aromatic)

+ CoHzp+2(Paraffin)

14




paraffins (wherex=m+n-6-p)

Reaction class 4: Dehydrogenation and dealkylgtontaminated catalyst)

Metals catalyzed aromatic | i-CyHzn-1+ CiHm1 —» Ar + Cinsm-sH2(n+m-6)

and light hydrocarbon
N-CGHaonsz —» CiHap + H
production

Reaction class 5: Aromatic ring condensation

Condensation of single Ar-CHCH, + RiCH-CHR, - Ar—Ar+ H,
aromatic cores to produce

multiple ring aromatic cores

1" 4}

Hydrogen-transfer reactions (reaction class 3) farohass of reactions that improves gasoline
yield and stability (by lowering olefin content)toalso lower the overall octane rating of the
product. These reactions produce paraffins and atiosithat have low octane ratings. In addition,
we cannot recover the olefins consumed by hydrogersfer reactions in the LPG or the light

ends of gasolirfe

Dehydrogenation (reaction class 4) is a resulhefdresence of metals such as nickel and
vanadium on the catalyst. The metal sites on thedyst promote dehydrogenation and
dealkylation. These reactions tend to produce largeunts of Hand paraffin components with
low octane ratings. The coking process follows mglicated series of reactions that include olefin

polymerization and aromatic ring condensation (ieaclass 5). The coking reactions dominate
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when the unit is operating at a non-optimal temijpeea(typically less than 850 °F or 454 °C, or
greater than 1050 °F or 566 °C) or when feed coatsignificant amounts of residue, recycled

coke or olefin&

2.5Literature Review

We can divide the literature on FCC modeling into tategories: kinetic and unit-level models.
Kinetic models focus on chemical reactions takiteg@ within the riser or reactor section of the
FCC unit, and attempt to quantify the feed as auméxof chemical entities to describe the rate of
reaction from one chemical entity to another. Intcast, unit-level models contain several
submodels to take into account the integrated aatimodern FCC units. A basic unit-level

model contains submodels for the riser/reactoemegator and catalyst transfer sections. The riser
requires a kinetic model to describe the conversiachemical entities. The regenerator contains
another kinetic model to describe the process ké cemoval from the catalyst. The unit-level

model also captures the heat balance betweensireand the regenerator.

2.5.1 Kinetic Models

We classify kinetic models according to the cheimecdities that makeup the model. Typically,
the entities or “lumps” are boiling point lumpsyeeld lumps, grouped chemical lumps and full
chemical lumps. Early kinetic models consist etyiof yield lumps, which represent the products
that refiner collects from the main fractionatolidwing the FCC unit. Figure 2.4 shows a typical
kinetic model based on yield lumps by Takatsukal.2Many similar models have appeared in the
literature. The models differentiate themselvestam their number of lumps. Models may
contain as few as tWbor three lumps and as many as fifty lumjfs We note that models with

more lumps do not necessarily have more prediciypabilities than models with fewer lumfips
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Figure 2.4: Lumped model from Takatsuka et af : VR= Vacuum Residue, CSO = Coke
Slurry Oil, HCO = Heavy cycle oil and LCO= Light cycle oil.

The next class of kinetic models considers botmubal type lumps and boiling point or yield
lumps. For example, Jacob et’@lpresent a popular 10-lump model (shown in Figuse that
includes coke and light ends (C), gasoline (G, €5-Z), light paraffin P, heavy paraffin B

light naphthene N heavy naphtheneyNlight aromatics A heavy aromatics & light aromatic
with side chains CAand heavy aromatic with side chainsfCAhe “I" subscript refers “light”
lumps in the boiling point range between 221 °C 348 °C, whereas the “h” subscript refers to

“heavy” lumps that have boiling point above 343 °C.

Coke and Light Ends (C)

Gasoline (G)

Figure 2.5: Ten-lump model from Jacob et af?
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The key advantage of this lumped kinetic modeh&t the composition of lumps can be measured
with various experimental techniques. In addititve rate constants that arise from the use this
model are less sensitive to changes in feed armbgsaconditiorts. This model has served as the
basis for models that include more chemical typésult et al*> **have developed a 19-lump

that includes several olefin lumps. AspenTéctihas developed a 21-lump model to address
heavier and more aromatic feeds, which we willtoseodel reaction section of the FCC unit. We

discuss this 21-lump model in a subsequent section.

Hsu et af state that “lumped kinetic models developed byttfpedown route have limited
extrapolative power.” To remedy this situation, massearchers have developed complex
reaction schemes based on chemical first principl@sinvolve thousands of chemical species.
We can classify them intmechanistienodels angpathwaymodels. Mechanistic models track the
chemical intermediates such as ions and free aditcat occur in the catalytic FCC process.
Transition state theory helps in quantify the @astants involved in adsorption, reaction and
desorption of reactant and product species froncatedyst surface. Froment and co-workérs
have pioneered the use of such models in a refic@mext and have developed a model for
catalytic cracking of vacuum gas oil (VGO). Hstaktclaim that using this method is challenging

because of its large size and reaction complexity.

Structure-oriented lumping (SOL) is a leading exkngd the pathway-based models. Quann and
Jaffe®® #* ?have developed a unique method for tracking mdésdn the feed oil. The method
tracks different compositional and structural htites of a molecule (number of aromatic rings,
number of nitrogen substituents, sulfur substitsiestic.) in a vector format. Figure 2.6 shows

typical vectors for some sample molecules.
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Figure 2.6: Typical SOL Lumping (From Ref. 20)

After developing these vectors for the feed oiVesal rules are used to generate reactions paths
that convert the feed vectors to product vectohg fte constants and activation energies for
these reactions are functions of the reaction &ypkthe feed oil composition vector. Christensen

etal®®

discuss applying the SOL method to develop a Fid€tik model, which contains over
30,000 chemical reactions and 3000 molecular spetlee resulting model can accurately predict
product yields, composition and quality over a widege of operating conditions. Klein and co-

workerg* have also developed similar models for FCC anallyiit reforming.

Figure 2.7 compares these kinetic models on this basomplexity and model fidelity. The yield
lump models have the lowest complexity and reqhiedeast amount of data. Typically, the feed
may be treated as a single lump and there aredaution rates to calibrate. Chemical lumps
require knowledge of chemical type of the lump, ebmthe paraffin, naphthene and aromatic
(PNA) content of each boiling point range. Pathwagl mechanistic models require the detailed
analysis of the feed data to develop molecularasgrtation. Additionally, pathway and

mechanistic models require more data to calibreetimerous kinetic paramefers
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Figure 2.7: Summary of kinetic models
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Table 2.2: Survey of related published literature ér integrated FCC modeling

Reference Application Kinetics Property predictignSractionation Validation data| Integration
modeling with
production
planning
Lee et af?(1985) Dynamic/Process| 3 —-Lump | None None None None
Control
McFarlane et af. (1993) | Dynamic/Process| 2 —Lump | None None None None
Control
Arbel et al.” (1995) Dynamic/Process| 10— Lump | None None Literature None
Control
Khandalekar et al. Dynamic/Process | 3 -Lump | None None Literature None
(1995) Control
Kumar et al?>(1995) Steady state 10— Lump None None Literature | None
Chitnis et al” (1998) Dynamic/Online 4 —Lump | None None Literature None

optimization

21




Ellis et al.*® (1998) Dynamic/Process| 10— Lump | Light gas None Literature None
Control composition (C1 —
C4), RON/MON of
gasoline products
Secchi et al-’ (2001) Dynamic 10 — Lump| None None Industrial | None
(Dynamic)
Mo et al.*® (2002) Steady NA Extensive properties None Industrial, pilot
state/Online of all key products plant and
optimization experimental
Elnashaie et af® (2004) | Steady state 3—-Lumg None None Industrial | None
Rao et al*’ (2004) Steady state 11— Lump None None Industrial | None
Arajuo-Monroy et al>* | Steady state 6 —Lump| Light gas None Industrial None
(2006) composition
Bollas et al’* (2007) Dynamic/Pilot 2—Lump | None None Pilot plant None
plant process
control
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Fernandes et af (2008) | Steady 6 —Lump | None None Industrial None
state/Dynamic

Shaikh et al** (2008) Steady state 4—Lumg None None Pilot plant | None

This work Steady state 21 —Lump Light gas Main Industrial Export
composition, Fractionator, model to
Flash point, density| and LP-based
of key products and| associated planning
RON/MON gas plant tool

Note: RON/MON = Research Octane Number/Motor Octdnmber.
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2.5.2 Unit-level Models

Table 2.2 compares a selection of published wdtkra985) regarding modeling of an entire
FCC unit. This table does not include work thatyasdmpares the performance of the riser with
experimental or plant data. It includes work whigse authors compare the predictions of the
entire FCC unit model to published data, experimletttita, or plant data. The work by Lee et al.
10 McFarlane et al.and Arbel et af.provide the basis for many dynamic and procesgaion
related models by later authors. These studiesfonowptimal control strategies and the
dynamic response of the FCC unit. There are feversajnat compare the steady-state operation
of the FCC unit with detailed predictions of yi@dd product properties with data. Notably, the
work Fernandes et af follows an industrial FCC unit over course of #hgears and gives good
predictions of the unit’s performance. Howevers thiork does not include any detailed
predictions of product quality and composition. Aiihal work by Fernandes et &. shows

how feed and operating conditions such as coke ositipn, catalyst-to-oil ratio, concarbon
residue (CCR) in feed, air-to-oil ratio and regeer combustion modes can induce multiple

steady-states with implications for a general gaittrol strategy.

A complete unit-level model for a FCC unit includewveral submodels of varying degrees of
rigor. A modern FCC unit involves complex kineti@at management and hydrodynamic issues.
Necessarily, researchers develop models that fmeysarticular aspects of FCC operation. There
is significant researéfon the topic of complex hydrodynamics in the rised regenerator
sections using computational fluid dynamics (CFD)ese models often require detailed
information about the process that is proprietdhe focus of this paper is developing a model

to predict key process output variables such adymtoyields, product properties and operating
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profiles of the FCC unit and associated gas plafet.acknowledge that the hydrodynamics and

complex kinetics have significant effects on thesevariable However, our goal is to develop

a model that engineers can use and modify baséchited process data.

Arandes et a’ and Han et af® summarize the key submodels required for a umitmodel

that can provide necessary simulation fidelitytfos work. We briefly summarize these

submodels in Table 2.3, and refer readers to tlves@apers for detailed equations and

additional references.

Table 2.3: Required submodels for a basic simulatioof a complete FCC unit

Submodel

Purpose

Unit operation

Riser reactor

Crack feed species to produ

species

Id®lug-flow reactor (PFR)
operating under pseudo-

steady conditions

Catalyst activity decay to du
to coke formation as result g
time on stream, coke on

catalyst and catalyst type

—

Stripper Remove of adsorbed Continuously stirred-tank
hydrocarbons on the catalyst| reactor (CSTR) with well-
mixed model
Regenerator Combust coke present on th&toichiometric or partial

catalyst

combustion of coke
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Bubbling bed reactor with a

dense phase and a dilute

phase
Feed vaporizer Vaporize the feed species foHeater with associated two-
input into the riser model phase flash
Valves Control the flow and pressurgTypical valve Egs. based on

drop from the riser/reactor | pressure drop across the

section to regenerator sectionvalve

Cyclones Separate solids from the Simple component splitter
hydrocarbon and effluent

vapors

Modern FCC units and catalyst have very high cagiges in the riser section. The conversion
of feed species to product species completes wili@niser, so we require no additional sections
yfor feed conversion. There are units where feetvesion may occur in locations other than

the riser’® *° but we have chosen to limit our discussion tortiwst common type of unit.
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2.6 Aspen HYSYS/Petroleum Refining FCC Model

Fractionation

Delumping

Flue Gas «——— o< e——— T

| Cyclone/Plenum

| Reactor Dense Bed | I

Cyclone/Plenum Catalyst Steam
T T Stripper

Regen. Free
Board

Main Air Air | Regen. Dense
Blower ! Bed

|FeedMixerH Feed Adjust H Heater }—b{ Flash }—T

Figure 2.8: Overview of the major submodels that mke up the Aspen HYSYS/Petroleum

Refining FCC model (Adapted from Ref. 6)

The Aspen HYSYS/Petroleum Refining FCC model reties series of submodels that can
simulate an entire operating unit while satisfyihg riser and regenerator heat balance. Note that
the configuration is similar to the minimum submisdested in Table 2.3 of the previous

section. We summarize Aspen HYSYS/Petroleum Rejisiomodels in Table 2.4 and highlight

some key features in subsequent sections.
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Table 2.4: Summary of Aspen HYSYS/Petroleum Refinig FCC submodels (Adapted from

Ref. 6)

Submodel

Purpose

Unit operation

Considerations

Riser (More than one

can be present)

Convert feed to
product species using

21-lump kinetics

Modified PFR

Allows any angle of

inclination

Pressure drop is a
combination of
pressure drop due to

solid and vapor phase

Catalyst activity decay
to due kinetic and

metal coke on catalys

Slip factor correlations

(difference between
vapor and solid
velocities) to estimate

specie density

t

D

Reactor/Stripper

Complete feed

Bubbling bed

conversion and removereactor with two

adsorbed hydrocarbor]

phases

Switches to fluidized -
bed reactor model for

units with low catalyst
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holdup

Regenerator Combust coke presernBubbling bed Kinetic models for
on catalyst reactor with two coke combustion with
phases air and enriching
oxygert!
Regenerator freeboard Complete combustio8imple plug-flow | Additional kinetics to

of coke reactor match behavior of
industrial unit§?
Cyclones Separate solids from| Two-phase, Pressure drop is a
hydrocarbon and pressure drop combination of
effluent vapors calculation pressure drop due to
solid and vapor phase
Delumper Converts lumped - Carries chemical

composition into set o
true boiling point
(TBP) pseudo-
components suitable

for fractionation

i

information about the
kinetic lumps as an
attribute of the

pseudocomponent

Additional delumping
of light gas into C1-C4
components using

known kinetic&®
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2.6.1 Slip factor and average voidage

An important concern in FCC riser submodels is bowalculate the slip factog, and the
average voidage, of the riser. The slip factor is simply definegithe ratio between gas

velocity and catalyst particle velocity. The slgzfor plays an important part in determining the
residence time of reactions, and thus, affect®teeall conversion in the riser. Harriot describes
a slip factor range of 1.2 to 4.0 for most FCCrsdaut also indicates that there is no reliable
correlation available for predictidh Previous authors have used a variety of appresache
including constant slip factbt multiple slip factor® and correlatiorfé. An alternative approach
is to include additional momentum balance equationthe gas phase and catalyst pAasehis
approach allows users to calculate velocity prefiter each phase and the overall pressure drop

in the riser directly.

Aspen HYSYS uses a custom correlation based dnrdeleloped flow (away from the catalyst
particle acceleration zone) that accounts for weri@ngles of riser inclination. We present a

similar correlation from Bolkan-Kenny et &f.in Eq. (1) using dimensionless Froude numbers,
Egs. (2)-(3). This correlation is essentially adiion of riser diameter, D; gravitational constant,

g; superficial gas velocity,cland  terminal settling velocity of the catalyst paleic
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2.6.2 21-Lump Kinetic Model

The 21-lump kinetic model in Aspen HYSY S/PetroleRefining is similar to the popular 10-
lump model from Jacob et af.(Figure 2.5). The 21-lump model follows the sarasib

structure and pathways as the 10-lump model bypgnguumps into boiling point ranges and
chemical types within each boiling point rangeatidition, the 21-lump model includes a
boiling point range to deal with heavy feeds (bmlpoint greater than 510 °C) that the original
10-lump model cannot handle. To account for thiegghces in reactivity of various aromatic
compounds, aromatic lumps are further split intaps containing side chains and multiple rings
separately. The 21-lump model also splits the palgsingle lump for coke into two separate
coke lumps. These separate lumps account for cakiiped from cracking reactions (called
kinetic coke) and coke produced from metal actiiglled metal coke) individually. We note
that the rate equations in the kinetic network gp&n HYSY S/Petroleum Refining are largely

similar to equations in the first-order network fd>-lump model. However, the rate equations
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in the 21-lump model include additional terms to@mt for the adsorption of the heavy
hydrocarbons (due to the extended boiling poingeasf the lumps) and the metal activity of the

catalyst. Table 2.5 lists the kinetic lumps usethan21-lump model.

Table 2.5: Summary of 21-lump kinetics (Adapted fron Ref. 6)

Boiling point range Lumps

<C5 Light gas lump
C5-221°C Gasoline

221 - 343 °C (VGO) Light paraffin (PL)

Light naphthene (NL)
Light aromatics with side chains (ALS)
One-ring light aromatics (ALr1)

Two-ring heavy aromatics (ALr2)

343- 510 °C (Heavy Heavy paraffin (PH)

VGO) Heavy naphthene (NH)

Heavy aromatics with side chains (AHs)
One-ring heavy aromatics (AHr1)
Two-ring heavy aromatics (AHr2)

Three-ring heavy aromatics (AHr3)

510+ °C (Residue) Residue paraffin (PR)

Residue naphthene (NR)

Residue aromatics with side chains (ARS)
One- ring Residue aromatics (ARr1)

Two-ring Residue aromatics (ARr2)
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Three-ring Residue aromatics (ARr3)

Coke Kinetic coke (produced by reaction scheme)

Metal coke (produced by metal activity on catalyst)

We can obtain the lump composition of the feedsttinictly via GC/MS!H NMR, *C NMR,
HPLC and ASTM methods. However, this is infeasiea regular basis for refineries given the
changing nature of the feedstock. Aspen HYSY S/IRatro Refining includes a method that
uses existing feed analysis to infer feed compmwsiising routinely collected data. . However,
we have developed an alternative scheme to inégl éemposition. We detail this method in

Section 8.

2.6.3 Catalyst Deactivation

Another important consideration in the FCC unit ldd the deactivation of catalyst as it
circulates through the unit. Previous work has usexddifferent approaches to model catalyst
activity: time-on-stream and coke on catdlysBince the 21-lump includes discrete lumps for
the kinetic and metal coke, this work uses a cokeatalyst approach to model catalyst
deactivation. In addition, this work includes aeratjuation in the kinetic network for coke

balance on the catalyst. The general deactivatination due to cokeb.oxr, IS given by Eq.

(4).

®coxe = PrcoxePucoxe = eXp(—axcoxrCrcoxe)eXP(—aycoxeCrcoxef (Cueras)) (4)

33



where acoke IS the activity factor for kinetic cokeyaoke is the activity factor for metal coke,
Ckcoke Is the concentration of kinetic coke on the catilgucoxe is the activity factor for metal
coke, Gucoke Is the concentration of metal coke on the catapst GuetaLs represents the

concentration of metals on the catalyst.

2.7 Calibrating the Aspen HYSY S/Petroleum Refining FCCModel

Given the variety of feedstock that the FCC unitgeisses, it unlikely that a single set of kinetic
parameters will provide accurate and industriafigful yield and property predictions. In
addition, changes in catalyst may significantlgathe yield distribution. Therefore, it is
necessary to calibrate the model to a base sceffatite 2.6 lists the key calibration parameters

for the FCC model. We group them by their effecidlee model predictions.

Table 2.6: Key calibration parameters for FCC model

Parameter class Calibration parameters

Overall reaction selectivity Selectivity to C (Cokenp)
Selectivity to G (Gasoline lump)

Selectivity to L (VGO lump)

Distribution of light gas Selectivities to C1-C4 light gases

components (C1 — C4)

Deactivation Factors accounting for the metals @atindnd activity of the

equilibrium catalyst (ECAT)

Equipment and process Activity for CO/CO2 generation from coke combustiarthe

conditions regenerator
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Aspen HYSYS/Petroleum Refining includes a bas@skinetic and calibration parameters
regressed for a variety of feed oils and catalyst$. We use these as a starting point to calibrate
the model to our specific operating scenario. Beeaf the chemical nature of the feed lumping,
the calibration process results in only small cleang the values of calibration parameters.
Significant changes from the base values may restidtvercalibration” and fix the model to a
particular operating point. An “overcalibrated” n@djives poor predictions even when we

make small changes to input variables. It is @aitto keep track of these changes in the
calibration factors and make sure they are reasen@be key steps in the calibration process

are:

1. Obtain a base or reference set of operating datduhly defines the operation of the
FCC unit and associated product yields. Table Bsi®the relevant data used for
calibration in this work.

2. Use experimentally measured chemical compositidigoid products (or estimate using
the methods given in Section 8) to calculate theeeted effluent composition of kinetic
lumps from FCC unit.

3. Vary the reaction selectivities for reaction patBigparameters) that lead to coke lumps
(kinetic Coke and metal coke), Gasoline (G lump) €GO (PH, NH, AHs, AHrl, AHr2
and AHr2 lumps); Deactivation activity factors (@rameters) and coke burn activity (1
parameter) so that model predictions for kinetrapucompositions agree with measured
(or estimated) kinetic lump compositions from s2ep

4. Vary the distribution selectivities (minimum 2 pareters — ratio between C1 and C2 and
ratio between C3 and C4) for light gases to mattdl measured light gas composition

from the dry gas and LPG stream of the refinery.
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5. Once calibration is complete, verify that overaliterial and energy balances hold.

In Aspen HYSYS, we can modify the parameters ipstand 4 concurrently to simplify the
calibration process. We note that if the initialdtic parameters have been regressed from a
multiple variety of sources, small adjustmentsdtbcation parameters are enough to match
typical plant operation. In our work, the rangecalibration parameters is roughly on the order

of 0.5-1.5 times the initial calibration parametatues.

2.8Fractionation

The fractionation sections use standard insidev@ihods” implemented by many popular
simulators including Aspen HYSYS. This method dc$fesbust convergence and wide flexibility
in specifications. The key issue in implementirarfronation models is whether to use stage
efficiencies. Readers should be careful to avordfiesion with a related concept: overall
efficiency. Overall efficiency refers to the rabbtheoretical stages used in simulations to
physical stages in the actual column. For exangalesider the case where we model a
distillation column having 20 physical stages v@iimulator using only 10 theoretical stages.
This column has overall efficiency of 10/20 = 0.Blate that each stage in the simulation

operates under valid thermodynamic vapor-liquidildgrium assumptions.

Alternatively, many simulators offer stage effiadgrmodels under the name Murphree stage

efficiency given by E in the following equation:

E:M or M (5)

yn_yn+1 Xn _Xn+l
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where % represents mole fraction of a given componentiénliquid leaving stage npx
represents mole fraction of a given componenténlitfuid leaving stage n+1. Thg gnd V+1

refer to the vapor mole fraction of a given compdrieaving as vapor from stages n and n+1.

The E factor violates vapor-liquid equilibrium ctrasnts and can predict unusual and
unphysical solutions for stage-by-stage simulatimuels. Both Kistéf and Kae¥ advise
against the use of the stage efficiency modelsy Waan that simulations using these factors
may lose predictive abilities and may not convergristly. In our work, we use the rigorous
stage-by-stage models for all fractionators with drerall efficiency concept. Kaeéhas
documented the relevant overall efficiencies thatraasonable for modeling columns in the
FCC gas plant. Table 2.7 shows the number of thieatstages and efficiencies for FCC
fractionation. We obtain the overall efficiencythe ratio of number of theoretical stages to
actual physical stages in the column. For exantpéemain fractionator column typically has 30
to 40 physical stages and we find that 12 to 16ritecal stages are sufficient for modeling
purposes. Hence, the overall efficiency ranges fabwut 40% - 50%. We calculate overall
efficiencies for other columns given in Table 2sing a typical range for the number of physical

stages from various process design data.

Table 2.7: Theoretical stages and efficiency facterfor FCC fractionation

Fractionator Theoretical stages Overall efficiency,
Main Fractionator 12 -16 40% - 50%
Primary absorber 6—-10 20% - 30%
Primary stripper 12 -15 40% - 50%
Secondary absorber 3-6 20% - 25%

37



Gasoline stabilizer 25-30 75% — 80%

LPG (C3/C4) splitter 25-30 75% - 80%

We can actually develop the initial model for thactionation without connecting it to the FCC
model. Here, we follow the process of “back-blegdias shown in Figure 2.9 to recover the
reactor effluent (or fractionator feed) from a kroset of product yield data This process
requires that we know the yields and compositioaliothe key products from the FCC plant, the
feed rate to the reactor and additional inputsi{sscsteam) to the reactor. We then use the
composition data of the light products and theilthibn curves of the liquid products to
reconstruct a reactor effluent as the fractiontged. We feed this effluent into the initial
fractionation model and recover the products thatback-blended”. There are two advantages
to this process. First, we can verify that theticaation model accurately reflects plant
operation. We verify the fractionation model throwecurate predictions of product yields,
good overlap between plant and model distillatiorves of liquid products, agreement of plant
and model gas compositions (Dry Gas, LPG) and steaiations between the temperature
profiles of plant and model columns. Second, tihieess can shorten the model development

time since we can work on modeling FCC unit andfthetionation units at the same time.
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Distillation curves

from all the liquid / l
products, Diesel, /

HCO, Slurry /

— Fractionation — Liquid products

Light Products:

Dry gas (C1-C2) l External inputs
LPG (C3-C4) to FCC
Gasoline(C5+) fractionation

External inputs to
FCC fractionation

— Feed adj ust _

Process steam Feed rate (to
correct for coke
generation)

FCC reactor effluent

Figure 2.9: “Back-blending” products to reconstitute FCC reactor effluent

In this work, calibrating the fractionation sectiafers to the process of adjusting the number of
theoretical stages in each zone (in the case ahtie fractionator) or the number of theoretical
stages between feed points. We use a set of aibdgitization specifications and efficiencies
given in Table 2.7 to solve the column models. Tgfy, we only need to add or remove a few
stages to calibrate the columns and achieve agreaemith the plant operating profile. Once we
converge the column models using the basic int@ilbn specifications, we change (especially
for the main fractionator) to specifications baseccut point and stage temperature. Kaes

describes a similar process. We summarize thalitid final specifications in Table 2.8.

39



Table 2.8: Initialization and final specifications

Column

Initial specifications

Final specifications

Main fractionator

All pumparound rates and

return temperatures (or

temperature changes)

Draw rates for all products

Bottoms temperature

Condenser temperature

Column overhead temperatu

Cut point for naphtha draws

Pumparound duties

Bottoms temperature

Condenser temperature

€

Primary absorber None None
Primary stripper None None
Secondary absorber None None

Gasoline stabilizer

Reflux ratio (around 2.0)

Overhead draw rate

Gasoline n-butane fraction or
Reid Vapor Pressure (RVP) i

bottoms

Column overhead temperatu

or C5+ content in overhead

=)

€

LPG stabilizer

Reflux ratio (around 3.0)

Overhead draw rate

Reboiler temperature or

bottoms temperature
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Fraction C4 in the column

overhead

2.9Mapping Feed Information to Kinetic Lumps

Aspen HYSYS/Petroleum Refining includes a methodaiovert limited feed information
(distillation curve, density, viscosity, refractiweex, etc.) into kinetic lumps for use in thetuni
level FCC model. In this section, we present agradttive method based on data and methods
available in public literature. We extend the methased on work by Bollas et &.to infer the
kinetic lump composition from limited process dafhis method uses techniques to normalize
the distillation curve, cut the distillation curirgo boiling point lumps, and infer the

composition of the each of these boiling point lsmy/e have developed all of these techniques
into spreadsheets using Microsoft Excel. Thesessisteeets are available for the interested

reader to download without charge on our group wel§aww.design.che.vt.edu).

2.9.1 Fitting Distillation Curves

Distillation curves for FCC feedstock can be lirditBecause of the nature of the feedstock,
complete true boiling point (TBP) analysis with@2887/SimDist methods is frequently not
possible. Many refiners still use a limited D-11d6tillation method to obtain some information
about the distillation curve. Table 2.9 shows adgpD-1160 analysis for a heavy FCC

feedstock.

Table 2.9: Typical distillation curve collected fran D-1160

Recovery Temperature (°C)

0 (Initial point) | 253
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10 355

50 453

73 (End point) | 600

This curve does not contain enough informationaiovert into TBP curve using standard ASTM
correlations. We must fit this data to a reasonaiméel to obtain estimates for the missing data
points. Sanchez et &l have evaluated several different types of cumgtirobability

distribution functions to fit distillation curves orudes and petroleum products. They conclude
that the cumulative beta function (with four paréeng) can represent a wide range of petroleum

products’®. We use this method to extend the measured pdisiglation curve.

The beta cumulative density function is defined as:

p-1

xs= _ g a-1 _
B (B - A) ﬁ((z);(g)) (; —fl) (g - Z) ©)

f(x,a,B,A,B) = f

A

wherea andp refer to the positive valued parameters that cbiite shape of the distribution,
I" refers to the standard gamma function, A and Bmpaters set lower and upper bounds on the

distribution and x represents normalized recovery

We normalize all the temperatures between zeraardising the following equation:

I,—T,

g,= —T: T

(7)

where T and T, are reference temperatures. For this work, we o= 250 °C and 7= 650

°C. Then, we apply the cumulative beta functiorhveiach normalized recovery,and initial
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values fora, B, A and B parameters. If we choose good estimategdrameters, then the output
of the beta function must be close to the corredpmnrecovery for each.XWe define the

following error terms:

- 8
RSS = Z(xexp,i - xi)z

i=1
AAD = ! N b ©
- Ez a S(xexp,i - xi)

i=1

where x%,p, i represents the recovery measured in the distifiaturve andxs the output of the
beta function. RSS is the sum of least squarep@&mirepresents average absolution deviation.
We now use the SOLVER method in Microsoft Exceblbdain optimized values af, 3, A and

B.

Figure 2.10 shows how this fit compares to theltesing a log-normal distributidn (with two
fitting parameters) instead of the beta functiosing the beta function, we can generate the

temperatures and recoveries needed for the coowelsiTBP using standard ASTM methods.
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Figure 2.10: Comparison between using the beta drébution and lognormal distribution to
fit the same distillation data

2.9.2 Inferring Molecular Composition

As mentioned earlier, we must also be able to ithferparaffin, naphthene and aromatic (PNA)
composition of each boiling point range given dertaeasured bulk properties to completely

54, 55

map feed information to kinetic lumps. The API (BiBaubert is a popular chemical

composition correlation that takes the form:

%Xp or %Xy or %X, =a+b-R;+c-VGC (10)

where X and Xy represent the mole composition of paraffins (Bphthenes (N); Rs the
refractive index and VGC'’ is the either the vistpgjravity constant (VGC) or viscosity gravity
factor (VGF). The parameters a, b and c take dereifit values for each molecule type

(paraffin, naphthene or aromatic). Using the Rfazbrrelation does not give sufficiently
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accurate predictions for molecular compositiongfies work. We note that this correlation

encompasses a wide molecular weight range of 208260

We present an alternate correlation in Efj%) and(12). Our correlation extends the original
correlation from RiaZf" >*by including specific gravity (SG) as an additibparameter and

providing different sets of correlation coefficisr{f, b, c and d) for different boiling point

ranges.
%Xp or %X, =a+b-SG+c-R;+d-VGC' (12)

where X, Xy and Xy represent the mole composition of paraffins (Rphthenes (N) and
aromatics (A) respectively;is the refractive index and VGC'’ is the either tsosity gravity
constant (VGC) or viscosity gravity factor (VGFhd& parameters a, b, ¢ and d can take on

different values for different molecule type andlipg point ranges.

We used a total of 233 different data points camg laboratory measured chemical
composition and bulk property information (distiitan curve, density, refractive index and
viscosity) for light naphtha, heavy naphtha, kenesa@liesel and VGO. These data points come
from various plant measurements made over the sixtimcourse of this study and a variety of

light and heavy crude assay data (spanning seyeaat) available to the refinery.
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We used Microsoft Excel and the SOLVER methodttedlues for the parameters a, b, ¢, and d
that minimized the sum of squares residual betviieemeasured %and%X, and calculated
%Xp and%Xa. We calculated %x by difference as shown in Eq. (12). We show tlsalte of

our data regression with the associated averagguabsleviation (AAD) in Table 2.10 and

Table2.11 Figure 2.11 to Figure 2.13 compare measured aledlated molecular

compositions.

Table 2.10: Coefficients for paraffin content in p&roleum fractions

Paraffin (vol. %)
A B C D AAD
Light Naphtha 311.146 -771.335 230.841 66.462 2.68
Heavy Naphtha 364.311 -829.319 278.982  15.137 4.96
Kerosene 543.314  -1560.493  486.345 257.665 3.68
Diesel 274.530 -712.356 367.453 -14.736 4.01
VGO 237.773 -550.796 206.779  80.058 3.41

Table 2.11: Coefficients for aromatic content in pgoleum fractions

Aromatic (vol. %)
A B C D AAD
Light Naphtha -713.659 -32.391 693.799  1.822 0.51
Heavy Naphtha 118.612 -447.589 66.894 185,2163.08
Kerosene 400.103 -1500.360  313.252 515.3961.96
Diesel 228.590 -686.828 12.262  372.209 4.27
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VGO -159.751 380.894 -150.907 11.439 2.70
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Figure 2.11: Comparison of calculated and measuregaraffin content in all fractions
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Figure 2.12: Comparison of calculated and measuregiaphthene content in all fractions
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Figure 2.13: Comparison of calculated and measurearomatic content in all fractions

We can now use the two methods we have developgepmse a technique to use limited feed

information to infer lumped composition. This teajue is similar to the one given by Bollas et

al. ®2 However, we make several changes to accouninfitell data sets. We outline the

technique in the following steps (Changes frompteeedure of Bollas et af® are indicated

with a *):

1. Use the beta-distribution method to extend pa#&&I'M D-1160 distillation curves. (*)

2. Convert the ASTM D-1160 to a TBP curve using stadideP| correlations'. (Note: We

offer a spreadsheet to perform the standard caioes. (*)

3. Using the 50% point of the TBP, estimate the Wafsctor (K,). Set the 50% TBP

temperature as an initial guess for the mean-aedvaging point (MeABP).

4. Use the definition of kK to create the specific gravity distribution of fingction.

5. Calculate pseudo-component molecular weight ugiagorrelation of RiaZ1.
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6. Use densities and mole weights to calculate volumabic- , molar- and mean-average
boiling point of the total fractioh.

7. If the MeABP from step 7 is close to the MeABP assd in step 3, go to step 8.
Otherwise, assume a new value for MeABP and go tmastep 4.

8. Assign a lump to every boiling point range in thestic lumping. (*)

9. Calculate the boiling point, molecular weight, dgnssolume and weight and molar
concentrations of each lump.

10.Use Goosen’s correlation to estimate the refradgtidex of each lump.

11. Use correlations from RiaZito estimate the viscosity of the lump. (*)

12. Calculate the relevant VGF or VGEfor the lump. (¥)

13.Use correlations (with an appropriate choice ferght of correlation coefficients)
proposed the preceding section to identify the Rigfposition of the lump. (*)

14.1f required, use correlations from Ri&Zzio estimate the number of aromatic rings in each

aromatic fraction. (*)

We have found that this technique can provide megsie estimates of kinetic lump composition.
It is difficult to justify a more sophisticated he given the limited amount data available.
Some refiners also make bulk chemical compositieasurement of the feed which includes a
measurement of the total aromatic content. Theaiuime aromatic kinetic lumps generated

from the above technique generally agrees withrteasured aromatic content.

2.9.3 Convert Kinetic Lumps to Fractionation Lumps

A related problem is the conversion of kinetic lugtgack to fractionation lumps required to

build rigorous fractionation models. For our modéispen HYSYS gives a method to transition
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the kinetic lumps to boiling-point-based pseudo-ponents typically used to model petroleum
fractionation. We also propose an alternative tegkenthat can provide similar results using
methods developed in earlier in this section. Bsslén we must convert the kinetic lumps back
into a TBP curve. The key steps in converting tinetic lumps to boiling point pseudo-

components are:

1. Using the “back-blending” concept from the previsestion, develop a FCC effluent
TBP curve from a reference set of product yieldsese yields include all liquid
products such as light and heavy naphtha, lightresady cycle oil or diesel, slurry or
decant oil.

2. Fit a cumulative beta distribution to this “baclebtied” reference TBP curve and obtain
the best values for the cumulative beta distribufio We calculate this initial set of
parameters only once.

3. Run the model to obtain the product distributiomemms of kinetic lumps.

4. Apply steps 3 to 13 from the previously kinetic kimg procedure in reverse, i.e., we
obtain the 50 % TBP point for each boiling pointga from the known PNA
distribution of the kinetic lumps involved.

5. Since we know initial and final boiling points fall the kinetic lumps (by definition),
use these points in conjunction with calculated SBP points to generate an updated
FCC effluent TBP curve.

6. Fit a new cumulative beta distribution to the updatCC effluent TBP curve using the

initial set of cumulative distribution parametessaastarting guess.
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7. Cut this new TBP curve into petroleum pseudo coreptsusing methods commonly
available in process simulations. In addition, Riadiscusses several strategies to cut a

TBP curve into pseudo-components suitable for ivaation models.

2.10 Overall Modeling Strategy

This work relies primarily on data collected while refinery is in regular operation. Related
work in integrated FCC modeling often relies oropplant and experimental data. It is more
difficult to produce a predictive model with plaopieration data alone. The nature of plant
operation means there may be abrupt changes irmgtesddy or operating parameters, poor
measurements due to poorly calibrated or failingsees and inconsistent data. Fernandes &t al.
have encountered similar issues in the validatiwasp of their work. We outline the following

strategy and our specific implementation in Fig2uwk4:

* Obtain data on a continuous basis from the plaat amumber of months
0 Reconcile data from multiple sources (DCS, Inventetc.) (Table 2.12)
o Check the consistency of the data by ensuring ina@lssice and enthalpy balance
0 Accept a dataset when it is consistent
o Track variation in the dataset to ensure thererariple operating scenarios
(Figure 2.15)
» Use the first accepted dataset to develop init@diehfor FCC unit and fractionation
section

e Calibration
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The most basic calibration is to introduce a salggtcalibration factor for
classes of the reactions in kinetic network.

It is typically sufficient vary the calibration seitivity factors to match plant
performance during the first accepted dataset.

The user may introduce additional factors to actéomsignificant changes in
catalyst behavior of unit profile.

The yield results from the initial model calibratishould be within 1-2% of

actual plant yield.

« Validation

o

Use the subsequently accepted datasets to vedfyrack the performance of the
unit and fractionation sections with the model.

Make sure to examine to yield of the FCC unit irefegently of column

accuracies in the fractionation section.

It is typically possible to predict yields of keyoglucts on a feed normalized mass

basis with AAD of less than 2 to 3%.

e Case studies

o

The model is calibrated with a finite amount ofrjildata, so it may not be
meaningful to study changing operating parametetiseoFCC over a very wide
range. However, case studies on the fractionageti® can take on wide ranges.

Recalibrate the model when significant process gésuioccur.
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with updated data sets

Optimization case studies
LP application study

Figure 2.14: Specific implementation of overall modling strategy
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Figure 2.15: Tracking aromatic content in the feedo ensure multiple operating scenarios

Table 2.12: Routinely monitored properties used fomodel development and calibration

Feed Products FCC Fractionation
Flow rate Yield Temperatures Temperature profile
Composition | (Feed, Riser outlet,
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Distillation curves (for light regenerator bed | Pressure profile

products) and flue gas)
Specific Gravity Draw rates

Density Pressure
Conradson Carbon Residue differential Pump around flow rates
(CCR) RON/MON between and duties

riser/reactor and
Sulfur content (S) Flash point regenerator Set points (Usually
temperatures)

Metals content (Fe, Na, Ni, V) Sulfur content| Steam usage

Saturates, Resins, Aromatics Main air blower
Asphaltenes (SARA) flow rate
2.11 Results

We evaluate the model using over six months ofatpey data from a commercial FCC unit in
the Asia Pacific with a feed capacity of 800,000 per year operating under a maximum diesel
and gasoline plan. Figure 2.16 shows a processdlagram for the entire process. The
evaluation of the model includes comparisons ofal/eeactor yield, light and heavy product
composition, and operating profiles for key equipiria the gas plant. We note that in general,
the model can accurately predict the product yéeld composition over a variety of different

feed conditions.
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The most important prediction is the overall pradgeld from the reactor. A validated
prediction of the overall product yields allow tieiner to use the model to study different kinds
of the feedstock and operating conditions. Tahl® 2hows the results for product yields. The
most important and valuable products are LPG, gasaind diesel. We use operating data from
the BASE run to calibrate the model. In terms aérall yield, the largest errors in the BASE
case appear with prediction of LPG and slurry. AA® for the product over all validation

cases (VALID-1 to VALID-6) is 0.96%. The AAD is mbdower than the previous AAD

standard of 5% for yield predictions in the plant.
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Figure 2.16: Overall Aspen HYSYS model of FCC uniaind associated gas plant
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Table 2.13: Product yield results, AAD = 0.96%

Yield VALID-1 VALID-2 VALID-3

Mass% | Model Plant | Model Plant | Model Plant
Gasoline| 43.3% 41.9% | 43.3% 44.2% | 40.1% 39.5%
Diesel 24.6% 23.7% | 21.6% 22.0% | 25.6% 25.2%
LPG 18.5% 20.1% | 17.9% 19.9% | 19.1% 21.1%
DryGas| 49% 4.4% | 5.0% 42% | 47% 4.1%
Slurry 14% 4.0% | 55% 3.8% | 45% 3.9%
Coke 73% 59% | 6.7% 6.0% | 6.0% 6.3%
Yield VALID-4 VALID-5 VALID-6

Mass% | Model Plant | Model Plant | Model Plant
Gasoline| 41.5% 41.2% | 44.1% 44.2% | 40.8% 41.2%
Diesel 24.7% 24.6% | 20.8% 20.9% | 24.3% 24.5%
LPG 19.3% 21.6% | 17.8% 20.6% | 18.6% 20.2%
DryGas| 48% 38% | 47% 43% | 53% 4.4%
Slurry 39% 39% | 65% 3.9% | 51% 4.0%
Coke 57% 48% | 6.0% 6.2% | 59% 5.6%

Another set of key indicators are the product priige of the liquid fuel from the FCC. The
properties of interest to refiners are densitystlaoint (volatility), RON/MON (for gasoline),

sulfur content and aromatic content. This is onthefareas where our model is different from other
published work described earlier. We discussedtaadeo transition from kinetic lumping to

fractionation lumping in Section 8. Not only doastmethod allow the user to observe the results
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directly, we can also see the effect of the reampoditions on fractionated properties. Using the
results from the fractionator model, we can calieuthe distillation curves of the liquid products.
Figure 2.17 and Figure 2.18 show the distillatiarves for one of the validation cases. In general,
the model predicts key points from the D-86 cus®(95%) within plant tolerance. Further
refinement of this prediction requires accurate sness of the pumparound rates and the heat duty

for each pumparound in the main fractionator. Ttoegta are not routinely measured.

We can use the predicted D-86 curves to calcutateral other properties of interest. There are
several methods to calculate the flash point ahdrotolatility properties in using the distillation
curve and density. In Figure 2.21, we compare oadiptions using the API flash point
correlations® to the measured data. We note good agreemeritedtash point. In addition, Figure
2.19 and Figure 2.20 show the prediction of thesdiers for gasoline and diesel. We also see good

agreement between the measured and predictedsrésuttensity.
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Figure 2.17: ASTM D-86 distillation for the product diesel from the main fractionator
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ASTM D86 Distillation - Gasoline
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Figure 2.18: ASTM D-86 distillation for the product gasoline from debutanizer column
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Figure 2.19: Gasoline density comparison
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Figure 2.20: Diesel density comparison
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Diesel Flash Point (API) (C)
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Figure 2.21: Diesel flash point comparison

Roughly 20-25% of the product in this FCC is LP®jain primarily consists of propane,

propylene, butanes and butenes. The presencenificagt amounts (greater than 0.5 %) C5+

products in LPG indicate that the fractionationga®s is not operating well. Therefore, the

prediction of the composition of the all the gad &G products is essential to validate the model.

Table 2.14 and Table 2.15 compare the operatiratad model predictions for LPG and Dry Gas.

The AAD for the predictions of mole compositiondiAG and Dry Gas are 1.2% and 1.8%

respectively. We note that there is often moreiBaant error in the prediction of hydrogen and

nitrogen.

Table 2.14: Comparison of LPG composition, AAD = 2%

LPG

MOLE%

VALID-1

VALID-2 VALID-3

Model Plant | Model Plant | Model Plant
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C3 13.9 15.5 13.9 14.9 14.7 13.3
C3= 36.6 383 35.1 35.9 38.3 38.4
NC4 4.5 5.3 4.1 5.6 4.0 5.6
IC4 17.5 17.1 16.9 18.8 16.1 18.0
IC4= 12.8 13.1 12.1 12.8 11.5 13.4
T-2-C4=| 6.0 6.0 5.5 6.1 5.3 6.1
C-2-C4=| 44 4.7 4.0 5.0 3.9 4.7
LPG VALID-4 VALID-5 VALID-6
MOLE% | Model Plant | Model Plant | Model Plant
C3 14.2 13.2 15.6 12.2 15.5 13.0
C3= 345 39.0 35.9 41.7 37.0 39.4
NC4 4.3 4.9 4.5 3.4 4.5 4.5
IC4 16.6 18.4 18.2 18.0 17.5 18.6
IC4= 12.3 13.1 13.1 13.1 12.7 13.2
T-2-C4=| 5.7 6.1 6.0 5.7 6.0 6.3
C-2-C4=| 41 4.8 4.5 4.8 4.5 4.6

Table 2.15: Comparison of Dry gas composition, AAE 1.8%

Dry Gas VALID-1 VALID-2 VALID-3
MOLE% | Model Plant | Model Plant | Model Plant
H2 24.3 29.9 23.1 31.8 24.7 29.3
N2 21.0 20.1 19.5 16.7 19.7 19.1
CO 1.6 1.6 15 2.0 1.6 1.8
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CO2 1.8 1.8 2.2 1.6 1.1 1.8
C1 24.8 23.0 24.5 24.8 25.6 23.1
C2 10.9 10.2 12.1 9.9 11.2 10.3
C2= 11.7 10.5 12.3 10.5 13.0 11.8
Dry Gas VALID-4 VALID-5 VALID-6
MOLE% | Model Plant | Model Plant | Model Plant
H2 20.5 28.2 21.6 27.5 20.8 28.1
N2 19.7 22.5 19.7 20.3 18.9 19.8
(6{0) 1.6 1.7 1.6 1.7 1.5 1.4
CO2 1.7 2.0 1.8 2.0 3.6 1.6
C1 27.7 21.4 26.6 23.1 24.5 23.6
Cc2 10.6 10.5 11.7 10.1 11.7 10.3
C2= 13.8 11.6 12.9 11.2 11.9 11.2

We also apply the model to predict all temperafpuddiles of columns for each validation case and
compare the results with plant operation. We finddyagreement between plant measurements for
all columns with the exception of the debutanizduin (T302) (see Figure 2.24). This column is
very sensitive to the LPG composition in the motléd recall that the BASE calibration case
shows error in matching the LPG yield from the pléins possible to improve this prediction by
including catalyst-specific parameters in the kinatodel to match the plant performance.
However, we avoid this procedure at this time saam provide a more broadly useful model.
Figure 2.22 to Figure 2.26 compare model and plahtes for temperature profiles for a single

validation case (VALID-4).
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Figure 2.22: Main fractionator temperature profile
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Figure 2.23: Primary Absorber Temperature profile
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Figure 2.24: Debutanizer Temperature profile

T303 - Sponge oil Absorber Temperature Profile
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Figure 2.25: Sponge oil Absorber Temperature Profé
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Figure 2.26: Primary Stripper Temperature profile
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Refiners are very interested in obtaining optin@@rating conditions that maximize the yield of a

profitable product slate. However, unlike traditb chemical plants, the FCC unit generates

several products that have different profit margkgthering complicating matters is that these

profit margins may change depending on refinerystraimts, market conditions and government

regulations. Therefore, it is critical to understdmow to manage the FCC unit under different

operating scenarios. We consider two common saenariFCC operation: improving gasoline

yield and increasing the throughput of the unit.

2.12.1 Improving Gasoline Yield
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Gasoline yield is a typical a complex function @fperature, pressure, feed quality and catalyst-to-
oil ratio®. We consider the case where the feed qualitykesifiAn easily manipulated operating
variable is the riser outlet temperature (ROT)oding the ROT to increase improves gasoline
yield by promoting cracking and aromatic chain siois reactions that increase the yield of C5+
components. We compute the gasoline yield at variemperatures and show the results in Figure
27. The current ROT is 510 °C and is marked wiyleloow square. The ROT that leads to the
highest yield of gasoline is roughly 530 °C. Ddas tnean that we should allow the ROT to
increase to 530 °C? To answer this question, wetipdoyields of the other valuable products from

the FCC in Figure 2.28.
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Figure 2.27: Gasoline yield profile as a functionfoROT
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Figure 2.28: Yields of key products as functions dROT

Figure 2.28 shows that while gasoline yield reachesmaximum at an ROT of 530 °C, the yields
of other valuable products (i.e., diesel) drop sigantly. In addition, the yield of fuel/dry gabght
gases) rises quickly. This indicates that we axeforacking” the feed. The high temperature
accelerates the production of C1 — C2 componems fuel/dry Gas) through the catalytic and
thermal cracking pathway. This is clearly an unegsresult. Dry gas is not of significant value
and can easily overload the overhead wet gas casqmran addition, Figure 2.29 shows the coke
yield on the catalyst as a function of ROT. The amaf coke present on the catalyst leaving the
riser is a strong function of ROT. Regeneratinglyat with higher coke deposits increases the
utilities required to regenerate the coke to theeséevel. These side effects shrink the acceptable
range of values for the ROT.
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Figure 2.29: Coke yield as a function of ROT

We can combine the results from these graphs amside®r scenarios where a refiner wants to
maximize different products. For example, refineymvant to maximize the production of
gasoline and diesel or maximize the productionasiofjne and LPG depending on external
constraints. We can easily use the model to gemaraase study as shown in Figure 2.30. This
figure shows that there are different optimum RQ@Ilues for different scenarios. The maximum
gasoline and diesel production occurs in the rarig®5-510C (confirming the refiner's assertion
where these data are obtained) whereas the maxforugasoline and LPG production occurs in

the range 530-540 C.

This example shows the importance of a model tbedunts for all products, including light gases
as a distinct lump. In addition, the integratedthedance between the riser and regenerator allows

us to provide useful estimates for the coke yidle. have not included the effect of these process
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changes on the downstream fractionation unit is $hiidy. However, we note that there are often

significant equipment and process constraintsifagpexample is the wet gas compressor) that

restrict the acceptable range for the ROT.
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Figure 2.30: Maximizing production of key productsas a function of ROT

2.12.2 Increasing unit throughput

Let us consider another scenario where we wamd@ase the throughput of the unit. The refiner
typically wants to process the largest volume efifgock possible. Ideally, we would like the FCC
to maintain a similar mass yield of the most valaadvoduct (i.e. gasoline). Figure 2.31 shows the
mass yield of gasoline as a function of feed ratihé unit. The mass yield decreases almost

linearly with increasing feed rate. How can we expthis phenomenon? Figure 2.31 also shows
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the catalyst-to-oil ratio as a function of increasfeed rate. We note that the cat-oil ratio also

decreases linearly.
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Figure 2.31: Mass yield and cat-oil ratio as functin of feed rate

The decreased cat-oil ratio means that there sscestact time between the catalyst and the feed
oil. Lower contact time will result in fewer spesieracking and subsequently reduce the gasoline
yield. However, we must not confuse this effectwivercracking” described in the previous case
study. Figure 2.31 also illustrates the differebetveen “overcracking” and a reduced cat-olil ratio.
We note that yield of light products (dry gas am®ld) does not increase. This indicates that high

temperature thermal or catalytic cracking is nking place.
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Figure 2.32: Gasoline yield as a function of feechte

Let us now consider the scenario where we wamd@ase or maintain gasoline yield that
corresponds to the base unit throughput. We wihathe ROT to increase, while also increasing
the feed rate to the unit. Figure 2.32 shows tfexebf the increasing feed rate and ROT. We note
that the gasoline yield increases with rising RBdwever, once we reach the ROT of 540 °C, the
gasoline yield drops quickly. This occurs becausenave passed the “overcracking” peak for this

particular feed.

2.12.3 Sulfur content in gasoline

Sulfur content in gasoline is an important regulatmonstraint for refiners. Many schemes are in
use to reduce the sulfur content in refinery praslua the case of the FCC unit, a significant
portion of the sulfur in the feed leaves the precsa dry gas. However, the remaining sulfur

leaves through the key liquid products.

73



Sadeghbeidiand Gary et dl.indicate that hydrotreating the feed significaméiguces the sulfur
content in the non-slurry products. However, thraey be an economic disadvantage in
hydrotreating the feed to the FCC unit. In additilonv sulfur constraints may result in an excess of
low value resid feeds in the refinery. Often, teBrer looks for ways to blend this high-sulfurides
feeds into processing units that can tolerate mighkur. In both cases, we need to understand how

the changes in feed sulfur affect the sulfur disttion in the products.

Let us consider the situation where a cheaper feeklsvacuum Residue (VR) is available. The
refiner may want to maximize the profitability dfet unit by blending in VR with the existing
vacuum gas oil (VGO) feed. Currently, 5.7 wt.% o feed to the FCC unit is VR type feed. We
would like to know how much VR we can blend inte GO feed while meeting the constraint of

stabilized gasoline.

Resid Ratio = 11.3%

L |

Base : S in VGO = 0.71 %
S in VGO 0.57%- A el |‘ S in VGO = 0.78%

: 8

Resid Ratio = 0%

Figure 2.33: Scenario of feed sulfur change

To study this question, we must also considersbHtr content in the feed VGO is changing as
well. We vary both the sulfur content in the fee@® and the amount of VR that is blended in.

Figure 2.33 shows the outline of the case studggs®
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We vary the feed ratio of VR from 0% to 11.3% alnée &ssociated sulfur content in the VGO. The

corresponding sulfur limit for FCC gasoline in thesinery is 800 ppmwt. We use the model to

predict the sulfur content in different cases @dfeatio and sulfur in VGO. We note that for the

base case of 0.71 wt.% sulfur in feed VGO, we ctldtid in more than 10% VR while still

meeting the sulfur constraint. However, if the suih the VGO increases to 0.78 wt. %, we cannot

blend in more than 4.5 wt. % of VR if we want toehthe sulfur constraint.
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Figure 2.34: Blending in varying amounts of Residuéeed

We note that all the above case studies and sosmae limited to the FCC unit and the associated

fractionation system. Modern refineries are highbggrated and changes that appear beneficial in

one plant may not benefit another plant in thenesfy. One way to apply these models in a larger

context (in an existing refinery process) is thiotige linear program (LP) for refinery planning.
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2.13 Refinery Planning

We briefly alluded to the complex nature of manggan FCC unit in the previous section. The
typical refinery has many units in addition to ##€C (such as catalytic reforming and
hydroprocessing) that have their own product distion and associated profit margins. It is
difficult to produce high profit margins dealingtivieach unit individually when the actual refinery
process is highly integrated. The refiner need$ ot to optimize feeds to each unit and related

products on a refinery wide scale.

Refiners have typically solved this problem by gdinear programming (LP) methods, which.
have been used extensively in refineries since 1856y et al’ state that “A site-wide model of

the refinery is therefore, usually required to rdey to properly determine refinery economics.”

Linear programming involves the maximization ofree&r objective function of many variables
subject to linear constraints on each varidbla the context of a refinery, the objective fliont

can refer to overall profit generated from procegsi particular set of crudes. The variables that
affect this objective function are typically the amnts of different crudes purchased. The goal is to
determine an optimal set of crudes that maximieeptiofit margin of the refinery. This scenario is
an example of crude oil evaluation. Refiners tylycase LP methods in other scenarios as well.
Prominent examples are product blending (whereammore products from different units are
mixed to form a single product) and production piag (determining the most profitable

distribution of products while meeting site constts).

A key issue in using LP methods is that the retediops between variables must be linear. In other

words, all the equations used in the model mudinkear with respect the variables involved. At
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first, this requirement appears very confiningfdat, the FCC and gas plant models developed in
previous sections of this work are highly non-linddowever, it is important to note that many
units in the refinery have a small window of opergiconditions during regular operation of the
refinery. This allows us to linearize highly nondar processes around the regular operating

window of the refinery.

That being said, modern LP software such as Aspdis fhcludes many tools to deal with non-
linear relationships. Aspen PIMS uses techniqueh a8 “recursion” (a form of successive linear
programming where the linear model runs many timidls different coefficients to approximate
non-linear behavior) and non-linear programming PNtechniques. These techniques can alleviate
many problems that frequently arise, especiallyroduct blending and property estimation, with
linearized models. The focus of our applicatiordgtis to improve an existing LP model for the
FCC unit alone, therefore we do not consider mophisticated techniques to deal with non-linear

behavior.

Straight run vacuum gas

Methane, ethane and $
oil

ethylene
Propane, propylene (LPG
Vacuum resid oil pane, propylene (LPG) $$

Butane, butylenes (LPG) $$

C5+ Gasoline $$$$
Diesel $$$$

Decant Oil/Slurry/Resid

Coker gas oil

Atmospheric resid

Figure 2.35: Simplified view of FCC unit for a LP gplication

Figure 35 represents a highly simplified view &f@C unit. We can consider the FCC unit as a
black-box that converts different types of feeaiptoducts with varying profit margins. The LP
model expects that the profits or values of thelpots are readily available. If we consider that
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only straight-run VGO enters the unit at fixed @igrg conditions (riser temperature, catalyst-to-

oil ratio, etc.), we can represent the yield ofuind as:

N
1.0 (Normalized feed raje= Z Yield; (13)

=1

where we know all terms on the right-hand sideddikxed constants. The yield coefficients, Yjeld

correspond to each measured product of the FCC.

We consider the above equation to represent treeyaalsl of the unit. In Aspen PIMS and other
similar LP software, the base yield is called thsdvector. We typically encode the base vector in
a form shown in Table 2.16. The negative signedram moving all the terms from the right-hand

side of the equation to the left-hand side.

Table 2.16: Sample base vector with typical yield®r a gasoline-maximizing FCC unit

Row Product BASE
1 Feed 1.00
2 Dry Gas -0.04
3 LPG -0.18
4 Gasoline -0.40
5 Diesel -0.30
6 Loss and coke -0.08

This base vector is sufficient to model a FCC timat processes a single type of feed at fixed
operating conditions. However, most FCC units doap@rate this fashion. They accept multiple
feed with varying composition and may operate Hiedint conditions. To account for variations in
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feed composition, the concept of the DELTA vectouseful. Every attribute (specific gravity
concarbon, sulfur content, etc.) of the feed tlaat affect the yield of the unit has its own DELTA
vector. The DELTA vector can be thought of a sl modifies the base yield of each product. If
we consider the specific gravity (SPG) of the fasdn attribute that can change the product yields,
we can now rewrite the yield equation as:

N N

1.0 = ZYieIdi + Z (Yield Modifier or DELTAY), « SPG
i=1 1

i=

(14)

where the SPG of the feed is a known quantity,dvégld DELTA coefficients are known for each

product i. The products typically are Dry Gas, LRasoline, Diesel and Resid/Coke/Loss. Note

the value of the DELTA coefficients correspondtie tinits of measurement of the particular feed
attribute (in this case SPG). Table 2.17 gives $amBASE and DELTA vectors for a typical

gasoline maximizing FCC unit.

Table 2.17: BASE and DELTA vectors with typical yiéds for a gasoline-maximizing FCC unit

Row Product BASE SPG
1 Feed 1.00 -
2 Dry Gas -0.04 -0.01
3 LPG -0.18 0.02
4 Gasoline -0.40 0.01
5 Diesel -0.30 -0.01
6 Loss and coke -0.08 -0.02
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Refiners can typically obtain the base yield of H@&C unit by averaging the measured yields over
some period of time. The DELTA vectors often commarf estimations, refiner’s internal
correlations or published correlatidr$' *° Previous work by Li et af° uses correlations from
Gary et al” to generate FCC DELTA-BASE vectors. These veaoesthen combined with a
blending and crude distillation unit model. Thisgess results in two significant problems. The
first problem is that the true yield of the FCCtuginot available to LP (only averaged yields)isTh
leads to situations where the LP model can optitieeoroduct distribution based on poor yield
information. The second problem is that the DELTe&tors are fixed to particular correlations or
estimates. These correlations may not correct gretianges in yield accurately when the

composition of the feed changes.

We overcome these problems by using the detail€d /Gdel developed in this work. We have
shown that the FCC model can predict yields acely&br varying process conditions. To apply
the FCC model into the refinery LP, we must firgheert the large non-linear model in to a linear
yield model. We can then use coefficients from geaerated linear yield model directly in the LP
for the refinery. We show the process for geneggtire linear yield coefficients in Figure 2.36. We
have found that 4% - 5% is a reasonable value FFARIGE% (variable perturbation) for most of
the important feed attributes in the FCC procees ekample, to generate the DELTA vector for
sulfur content (SUL), we will first run the modédltae base conditions and record these yields as
the BASE vector. Next, we perturb the SUL variaiyes% and record the perturbed product
yields. We divide the difference in base yields pedurbed yields by the change in the perturbed

value to obtain the DELTA vector correspondinghte SUL variable.
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Identify base operating condition
Run model and record base yields

Pick attributes that influence product yields

For each attribute

Modify attribute value by CHANGE %
Run the model with modified attribute
Record yield of each product

Generate delta vector coefficient for
each product by dividing the difference
between the base yields and current
yields by change the in attribute

Record yield of each product

Export delta vectors to LP/PIMS software

Figure 2.36: Process to generate DELTA-BASE vectors

It is important to note that the process in FigdBeessentially generates an approximation to the
Jacobian of the non-linear FCC unit model. If wasider the vector y represents the model
outputs, then thg vector represents the base case in our plannimasoeand théx vector
represents the change in model inputs from the tase We then have a matrixXgfAx which
represents the change from the base conditiorfasciion of the selected feed attributes (or
possibly process conditions). Eg. (15) illustrdtesconnection between the Jacobian and DELTA-

BASE vectors
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— Ay, Ay,
** | (PREDICTION) = | “? | (BASE) +| : |(DELTA-BASE)-| i |(DELTA) (15)
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Table 2.18: Existing DELTA-BASE vectors for FCC unt (normalized to a feed rate of 1.0)

Row Product BASE SPG CON SUL

1 Feed 1.00 - - -

2 Sour Gas -0.0065 -0.0003 -0.0004 -0.0082
3 Dry Gas -0.0394 -0.0011 -0.0014 0.0000
3 LPG -0.1740 0.0025 0.0041 0.0000
4 Gasoline -0.3929 0.0098 0.0081 0.0000
5 Diesel -0.2899 -0.0057 -0.0033 0.0000
6 Slurry -0.0381 -0.0032 -0.0038 0.0082
7 Coke -0.0544 -0.0020 -0.0034 0.0000
8 Loss -0.0048 0.0000 0.0000 0.0000

Table 2.18 shows the existing base and DELTA vedtmrthe FCC unit. The base vectors come
from averaged yields of the FCC unit during thevimas quarter (ending December 08). The
DELTA vectors come from refiner’s internal corrétais. The DELTA vectors refer the specific

gravity of the feed (SPG), Conradson carbon (cdwgrin the feed (CON) and sulfur in the feed
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(SUL). We note that this particular set of BASE @il TA vectors do not accurately reflect the
operation of the unit. As shown earlier in this lwdhe actual gasoline yield of the FCC unit ranges
from 42-46%. The LP model underestimates the gasgiield. In addition, since the FCC unit is
the most significant producer of gasoline in thiery, using the LP in crude selection context can

lead to non-optimal crude selection.

Table 2.19: DELTA-BASE vectors generated using rigmus model

Row Product BASE SPG CON SUL
1 Sour Gas -0.00439 0.00068 0.0001 -0.0057
2 Dry Gas -0.02527 0.00069 0.00033 0.0002%
3 LPG -0.19386 0.02213 0.00271 0.00164
4 Gasoline -0.4421 0.09480 0.00621 0.00330
5 Coke -0.06218 -0.05913 -0.00453 0.00038

Table 2.19 shows the DELTA-BASE vectors we generatng the procedure in Figure 2.36. The
new BASE vector accurately reflects the currenelgesoline and LPG yields of the FCC unit. In
addition, as a consistency check, we note that &éifficient for the sour gas (row 1) has a
negative coefficient. This is indicates that soas gicreases as the sulfur in the feed increases. A
similar consistency test with CON coefficient amde (row 5) shows the same result. We can use

the LP model optimally, knowing that LP model does$ underestimate key product yields.
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The advantage of this method is that LP now redléot actual capabilities of the unit and not the
perceived capabilities based historical data aretations. In addition, if the rigorous simulatisn
updated alongside with plant retrofits, we can rfyottie LP model quickly to track these retrofits.
The workflow we describe in Figure 2.36 is easintegrate into existing process simulation and
LP software. Aspen HYSYS/Petroleum Refining inclaitieols to automate the workflow and
export the updated DELTA-BASE vectors to Aspen PI(UB software) directly. This automation

allows quick updates of the LP model to accuratefiect unit performance.

2.13 Conclusions

In this work, we have developed a model for a F@QE that includes a significant implementation

of the associated gas plant using Aspen HYSY S .Kelyhighlights of this work are:

1. Brief summary of existing literature for modelingypical FCC unit

2. Description of the Aspen HYSYS FCC model and 21-puametics

3. Technique to fill out partial distillation curvesing statistical functions

4. Regression of parameters for a new PNA correldtopetroleum fractions

5. Technique to infer molecular composition of FCCdigeck from routine analysis

6. Strategy to develop reasonable process models imlngtrial plant data

7. Application of the model to a large-scale refinprgcess showing less than 2.0% AAD
for key product yields and satisfactory predictiohgroduct composition and product
quality (composition/distillation data, density difash point)

8. Case studies that use the model to investigatesiridlly useful changes in operation

9. Strategy to transfer results from this model inE3thased refinery planning tool
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Earlier work in this area has focused mostly otaisal parts (kinetic model, riser/regenerator, gas
plant) of the FCC process. In this work, we show ho use routinely collected plant data with
well-known commercial software tools to presentrdagrated process model that includes both
reaction and fractionation systems. An integratediehallows users to identify opportunities to
improve vyield, to increase profitability and momitbe unit for predictable operation. This
approach is critical for modern refineries thatéawreasingly complex process flows and require

engineers to examine the performance of refinertg tnolistically.
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2.15 Nomenclature

VGO Vacuum Gas Oil
CGO Coker Gas Ol
LCO Light Cycle Oil
HCO Heavy Cycle Oil
TBP True boiling point
C1 Methane

C2 Ethane
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c3
ca4
5

PNA

Uo
Ut
Fr

Fr.

¢COKE

¢KCOKE
¢MCOKE
CKCOKE
CMCOKE

CM ETALS

AKCOKE

AMCOKE

E
Xn

Yn

Propane and Propylene

Butanes and butenes

Pentanes and pentenes

Paraffin, Naphthene and Aromatics

Slip factor, unitless

Voidage factor, unitless

Riser diameter, m

Acceleration due to gravity, ni/s 9.81 m/é
Superficial gas velocity, m/s

Terminal catalyst particle settling velocity, m/s
Froude number, unitless

Particle Froude number, unitless

Total coke deactivation function, unitless
Deactivation function due to kinetic coke, unitless
Deactivation function due to metal coke, unitless
Kinetic coke on catalyst, kg kinetic coke/kg casaly
Metal coke on catalyst, kg metal coke/kg catalyst
Metals composition on catalyst ppm metals/kg cataly
Activity factor due to kinetic coke, unitless
Activity factor due to metal coke, unitless
Murphree stage efficiency factor

Mole fraction of liquid leaving stage n

Mole fraction of vapor leaving stage n
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X Normalized liquid recovery, unitless

Xexp Normalized experimental liquid recovery, unitless
RSS Sum of least squares
AAD Average absolute deviation

A,B,a,B  Fitting parameters for cumulative beta distribution

0 Normalized temperature

To Lower reference temperature, °C

T Upper reference temperature, °C

%Xp Mole composition of paraffins, unitless
%Xn Mole composition of naphthenes, unitless
%X Mole composition of aromatics, unitless
Ri Refractive Index, unitless

VGC Viscosity Gravity Constant, unitless

VGF Viscosity Gravity Factor, unitless

a,b,cd Fitting parameters for PNA correlation

SG, SPG Specific Gravity

Kw Watson K-Factor, unitless

MeABP Mean average boiling point temperature, R
RON Research Octane Number

MON Motor Octane Number

CCR, CON  Conradson carbon residue, wt. %

Yield; Yield coefficients for LP model, unitless

SUL Sulfur content, wt. %

87



2.16 References

1. Sadeghbeigi, RFluid Catalytic Cracking Handbook: Design, Operatiand Troubleshooting
of FCC Facilities 200Q Gulf Publishing Company. Houston, TX.

2. Arbel, A.; Huang, Z.; Rinard, I. H.;Shinnar, R.;#@, A. V.Ind. Eng. Chem. Rd€995 34,
1228-1243.

3. McFarlane, R. C.; Reineman, R. C.; Bartee, J. EqrGakis, CComputers Chem. Engn993
3, 275-300.

4. Chitnis, U. K; Corripio, A. BISA Transactionsl998 37, 215-226.

5. Khandalekar, P. D.; Riggs, J. Bomputers Chem. Engnf995 19, 1153-1168.

6. Hsu, C. S; Robinson, P. RRractical Advances in petroleum processing: Volun&?2. 2006
Springer. New York.

7. Gary, J. H.; Handwerk, G. Petroleum Refining Technology and Econonfd¢s ed.). Marcel-
Dekker2001 New York.

8. Raseev, S. DThermal and catalytic processing in petroleum riefn 2003 CRC Press. Boca
Raton, FL

9. Takatsuka, T.; Sato, S.; Morimoto, Y.; Hashimoto]dernational Chemical Engineering
1987, 27, 107-116.

10.Lee, E.; Groves, F. R. Jiransactions of the Society for Computer Simulati®85 2, 219-
236.

11.Blanding, F. HInd. Eng. Cheml1953 45, 1193 -1197

12.Gupta, R. K.; Kumar, V.; Srivastava, V. &hemical Engineering Scien@007, 62, 4510-
4528.

13.Jacob, S. M.; Gross, B.; Voltz, S. E.; WeekmanyW AIChE Journal 1976 22, 701-713.

88



14.0Oliviera, L. L.; Biscasia, E. C. Jnd. Eng. Chem. Re$989 28, 264-271.

15. Pitault, 1.; Nevicato, D.; Forissier, M.; Bernadd,R.Chemical Engineering Scienc994 49,
4249-4262.

16.Van Landeghem, F.; Nevicato, D.; Pitault, I.; Feies. M.; Turlier, P.;Derouin, C.; Bernard, J.
R. Applied Catalysis: A1996 138, 381 — 405.

17.Aspen RefSYS Option Guide, AspenTech, Cambridge, (R¥06).

18. Aspen Plus FCC User’s Guide, AspenTech, Cambriklige(2006).

19.Froment, G. FCatal. Rev.Sci. En@005 47, 83.

20.Quann, R. J.; Jaffe, S. Bid. Eng. Chem. Rel992 31, 2483.

21.Quann, R. J.; Jaffe, S. Bhem. Eng. SciL996 51, 1615.

22.Quann, REnviron. Health Perspect. SupiP98§ 106, 1501.

23.Christensen, G.; Apelian, M. R.; Hickey, K. J.;fdaf5. B.Chem. Eng. Scil999 54, 2753 —
2764.

24 .Klein, M. T. Molecular modeling in heavy hydrocarbon conversi@®6.CRC Press. Boca
Raton, FL.

25.Kumar, S.; Chadha, A.; Gupta, R.; Sharmalnd. Eng. Chem. Rel995 34, 3737-3748.

26.Ellis, R. C.; Li, X.; Riggs, J. BJ. AIChE 1998 44, 2068-2079.

27.Secchi, A. R.; Santos, M. G.; Neumann, G. A.; witar, J. O.Computers and Chemical
Engineering 2001, 25, 851-858.

28.Mo, W.; Hadjigeorge, G.; Khouw, F. H. H.; van deey R. P; Muller, FHydrocarbon Asia
October2002 30-42.

29.Elnashaie, S. S. E. H.; Mohamed, N. F.; Kamalilem. Eng. Comn2004 191, 813-831.

89



30.Rao, R. M.; Rengaswamy, R.; Suresh, A. K.; Balararka S.Trans IChemE: Part A2004
82, 527-552.

31.Araujo-Monroy, C.; Lopez-lsunza, Fhd. Eng. Chem. Re2006 45, 120-128.

32.Bollas, G. M.;Vasalos, I. A.; Lappas, A. A.; laigdD. K.; Voutetakis, S. S.;Papadopoulou, S.
A. Chemical Engineering Scien@007, 62, 1887 — 1904.

33.Fernandes, J. L.; Pinheiro, C. I. C.; OliveiraNN.C.; Inverno, J.; Ribeiro, F. Rnd. Eng.
Chem. Re2008 47. 850-866.

34.Shaikh, A. A.; Al-Mutairi, E. M.; Ino, TInd. Eng. Chem. Re2008 47. 9018-9024.

35.Fernandes, J. L.; Pinheiro, C. 1. C.; OliveiraNN.C.; Neto, A. |.; F. Ramba, hem. Engng.
Sci.2007, 62, 6308-6322.

36.Chang, S. L.; Zhou, C. @omputational Mechanic2003 31, 519 — 532.

37.Arandes, J. M.; Azkoti, M. J.; Bilbao, J; de Lasl,|. The Canadian Journal of Chemical
Engineering200Q 78, 111-123.

38.Han, I. S.; Riggs, J. B.; Chung, C.Bhemical Engineering and Processi2904 43, 1063-
1084.

39.Paraskos, J. A.; Shah, Y. T.; McKinney, J. D.; ChitrrL. Ind. Eng. Chem. Process. Des. Dev.
1976 15, 165 — 169.

40.Shah Y. T.; Huling, G. P.; Paraskos, J. A.; McKipng D.Ind. Eng. Chem. Process. Des. Dev.
1977, 16, 89 — 94.

41.Arandes, J. M.; Abajo, |.; Fernandez, I.; Lopez, Bilbao, J.Ind. Eng. Chem. Re$999 38,
3255-3260.

42.De Lasa, H. I.; Grace, J. Rhe Canadian Journal of Chemical Engineerih§79 25, 984-990.

90



43.Rice, N. M.; Wojciechowski, B. Wr'he Canadian Journal of Chemical Engineerir§pl, 69,
1100-1105.

44.Harriot, P.Chemical Reactor DesigiMarcel Dekker. 2003. New York, NY.

45.Malay, P.; Milne, B. J.; Rohani, $he Canadian Journal of Chemical Engineerih§99 77,
169-179.

46.Corella, J.; Frances, Eluid catalytic cracking-1l: Concepts in catalysésign 1991, ACS
Symposium Series, 452, 165-182. American Chemioaie8/, Washington, DC.

47.Bolkan-Kenny, Y. G.; Pugsley, T. S.; Berutti,IRd. Eng. Chem. Re$994 33, 3043-3052.

48.Han, I. S.; Chung, C. EEhem. Engng. Sc001, 56, 1951-1971.

49.Froment, G. F.; Bischoff, K. B.; Wilde, J. D. Chemli Reaction Analysis and Desigr 3
Edition. Wiley, 2010.

50.Kister, H. Z.Distillation Design 1992.McGraw-Hill, Inc. New York, NY.

51.Kaes, G. LRefinery Process Modeling A Practical Guide to 8te&tate Modeling of
Petroleum Processe200Q The Athens Printing Company: Athens, GA

52.Bollas, G. M; Vasalos, I. A.; Lappas, A. A.; latisdD. K.; Tsioni, G. Kind. Eng. Chem. Res.
2004 43, 370-3281.

53.Sanchez, S.; Ancheyta, J.; McCaffrey, WEDergy & Fuels2007, 21, 2955 — 2963.

54.Daubert, T. E.; Danner, R. RPI Technical Data Book — Petroleum Refini6§ ed., American
Petroleum Institute: Washington D.Q@997.

55.Riazi, M. R.Characterization and Properties of Petroleum Fraot 1% ed., American Society
for Testing and Materials: West Conshohocken, 085

56.Goosens, A. Gnd. Eng. Chem. Re$997 36, 2500.

91



57.Bazaraa, M. S.; Jarvis, J. J.; Sherali, HLDear Programming and Network Flowdohn
Wiley and Sons2002 Hoboken, NJ.

58.Xu, C.; Gao, J.; Zhao, S.; Lin, Buel. 2005 84, 669-674.

59. Ancheyta-Juarez, J.; Murillo-Hernandez, JEAergy & Fuels200Q 14, 373-379.

60.Li, W.; Chi-Wali, H.; An-Xue, L.Computers and Chemical Engineeri2§05 29, 2010-2028.

92



3. Predictive Modeling of the Continuous Catalyst Regeeration (CCR) Reforming Process

3.1 Abstract

This work presents a model for the rating and oj&tion of an integrated catalytic reforming
process with UOP-style continuous catalyst regeinerdCCR) using Aspen HYSY S/Petroleum
Refining. The model relies on routinely monitoredadlsuch ASTM distillation curves, paraffin-
napthene- aromatic (PNA) analysis and operatinglitons. We use a lumped kinetic network
with 64 species over a broad C1-C14 range. Thisor&tcan represent the key dehydrogenation,
dehydrocyclization, isomerization and hydrocrackiegctions that typically occur with petroleum
feedstock. The lumped kinetic scheme also allows msake accurate predictions of benzene,
toluene, ethylbenzene and xylenes (BTEX). In addjtthis work accounts for the coke deposited
on the catalyst and the associated catalyst regemer\We implement the hydrogen recycle and
product recontacting sections as separate uniatpas connected to the CCR reformer model. In

addition, we include rigorous tray-by-tray simutetimodels for primary product recovery.

We validate this model using six months of plartadeom a commercial CCR reforming process
handling a feed capacity of 1.4 million tons pearym the Asia Pacific. The validated model
predicts key process yields and aromatic yieldsitbin an average absolute deviation (AAD) of
1%. In addition, the model predicts liquid petrategas (LPG) composition to within 2.0% AAD.
We also present several industrially useful caséias that display common interactions among
process variables such as feed composition, reatdioperature, space velocity and hydrogen-to-
hydrocarbon ratio (H2HC). These case studies atyrquantify the effect of key process
variables on process performance, and demonshtrat®addel applications for improving energy

efficiency and for optimizing the reformer perfonmea for chemical feedstock production.
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This work differentiates itself from the reportdddies in the literature through the following
contributions: (1) detailed kinetic model that accts for coke generation and catalyst deactivation;
(2) complete implementation of a recontactor anch@ry product fractionation; (3) feed lumping
from limited feed information; (4) detailed proceddor kinetic model calibration; (5) industrially
relevant case studies that highlight the effectshainges in key process variables; and (6)

application of the model to refinery-wide produatiplanning.

3.2 Introduction

Catalytic reforming has long been a significantrsewof high-octane gasoline and aromatic
components for chemical processes. Recently, tiees@also been renewed interest in processing
non-conventional feedstock: synthetic crude, blpaic. Even with those technologies, which
generally produce mostly paraffin-like feedstodk®, refinery needs reforming to convert these
paraffins into high-octane components. With alsthéactors in play, it becomes critical to
understand the reforming process on an industta@és This understanding must not be limited to
the catalyst behavior itself, but also includedlsociated reforming technology and fractionation

equipment.

It is in this context that we present the currentkwegarding the integrated modeling of the CCR
process. There is significant previous work indhea, particularly those by Anchyeta-Juarez &t al.
23and Taskar et 81>, While previous authors have provided significdtails on reaction

kinetics, there is not much information concerrting associated fractionation system and
industrially useful case studies using a rigoronetic model. This work fills the gap between the

development of a rigorous kinetic model and indakapplication in a large-scale refinery.
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3.3 Process Overview

The catalytic reforming unit exists primarily tograde the octane for gasoline-producing refineries
or a rich source of aromatics for petrochemical plexes. The modern catalytic reforming process
was first introduced by UOP in 194 @®ince then, there have been many different tgpes

reforming processes developed. In general, cumertesses are of three distinct types:

1. Semi-regenerative
2. Cyclic

3. Moving-bed or continuous catalyst regeneration

Semi-regenerative processes generally involveglesimeactor that processes feed. As the reactor
processes feed, the catalyst begins to lose actAdtsome point, typically around middle of the
catalyst life cycle, the reactor is taken offlimalahe catalyst is regenerated. The advantagissof
process are low capital investment and simple m®tiew. However, depending on the type of
feed that the refiner processes, the regeneragide may be too long to maintain desired levels of

production.

Cyclic processes involve a series of beds thatatpam a rotating basis. There is a set of 5-6
reactors, however, only 3-4 may be active at amgrgtime. When the catalyst activity for a given
reactor falls below a certain value, that reactdeken offline and the feed flow is shunted to a

reactor with recently regenerated catélyst

Moving-bed or continuous catalyst regeneration (C{DRolves the continuous regeneration of the
catalyst. This is possible through the constructiba special reactor that allows the continuous
withdrawal of catalyst while the reactor is on-atre The withdrawn catalyst enters a regeneration

section 6. Figure 3.1 shows representative reafrtams each of these processes.
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Figure 3.1: Different types of reactors used in refrming processes [Adapted from Ref. 6]

The UOP CCR process is by far the most popularméfg process. Over 50% of current
reforming capacity originates from this processsTrocess relies on the continuous regeneration
on the catalyst. This type of unit is the focusha$ work and we document the process flow in the

following section.

Figure 3.2 shows the process flow diagram of a cernial CCR reforming process in the Asia
Pacific. This unit typically converts 1.4 milliooris/yr (28,100 BPD) of straight-run naphtha into
high-octane gasoline and aromatic components ®irusubsequent chemical processes. The CCR
unit is organized as a series of reaction sectach with differing loading (weight) of catalyst.
Typically, the first unit has the least amount afadyst and the last unit has the most. This
distribution of catalyst loadings is common toraflormers and reflects the fact that during the
initial stages of the reaction, highly endotherngiactions dominate the process. This effect slows
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down the reaction rate; therefore the interstagedne re-heat the reactor effluent from each

section.

Reactor effluent heats the heavy naphtha (from 200 in Figure 3.2) entering the process
through a cross-exchanger. The hot feed enteffirshénterstage heater where the temperature
rises to the reaction temperature. The feed cathetmoving bed of catalyst. The components in
the feed undergo several reactions: dehydrogenateitydrocyclization, isomerization and
hydrocracking. However, for a typical feed, the @hermic reactions (namely dehydrogenation)
dominate and the temperature drops significantiyhhaseactants flow radially through the catalyst
bed. The effluent leaves this reactor bed and gmiersecond interstage heater. A key process
variable is the temperature of the feed enterir) @aaction section. Heaters typically operate to
return the reactor effluent at a fixed temperattitee effluent from the first reactor enters the
second interstage heater and leaves again at@astibn temperature. This is due to the fact that
most of the desirable reactions in reforming amo#imermic. This process of heating and reaction
continues until the effluent leaves the last reaatwl heats up the feed into the reforming reactors

The effluent then enters the recontacting and hlyehiseparation section of the process.
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At the same time, small amounts of catalyst typydédw through the basket and enter the next
reactive section. This is possible because thrapglsial gravity-assisted reactant flow shown in
Figure 3.3. The CCR process is unique in that ogitively small amounts of catalyst leave the
system for regeneration. Because the unit contisiyaegenerates the catalyst, the unit is
designed to operate at much lower pressure tham cgforming processes. Low-pressure

operation encourages high severity but also inesetiee coke generation rate.

We show the process flow of a typical regeneratigrie in Figure 3.4. The spent catalyst leaves
the last reactor and enters the regeneration S@iteral activities occur as the catalyst travels
down the regeneration tower. Littlmdicates five operations that must take placénduhe
catalyst regeneration process: Coke burn, oxidigeattive metal promoters on the catalyst,
adjust the chloride balance, dry the catalyst toawe unwanted moisture and finally reduce the
metal promoters These processes occur in a step-wise, semi-regjmefashion and can
operate independently of the reforming procesaduiition, the regeneration process operates at
a much different time scale. It typically takes 8&ks for the spent catalyst to return back to the
reforming reactors® This is in stark contrast with the fluid catatytiracking (FCC) process,
where reaction unit and regeneration unit are fgighlupled. A key modeling implication of this
regeneration time-scale and process flow is thadleveot need a rigorous model of the

regeneration cycle to effectively model the refargiprocess.

The cooled reactor effluent enters a series ofragma (shown in Figure 3.2 as FA-302 through
FA-304) that operate at increasing pressure. Tioisgss accounts for the fact that the CCR
generally operates a much lower pressures tham @feeming units. The objective is to
improve the recovery of light LPG components (G034} and some C5 components. The liquid

product from each of separators is subsequentliedan several cross exchangers to recover
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significant amounts of heat and condense additilogiati components in the liquid product. The
combined liquid product enters a final separatoemgtsignificant pressure change occurs and a
H2-rich (94-95 mol%) stream leaves as the vapois H2-rich stream can typically supply
hydrotreating and hydrocracking process in thenegfi. The liquid product combined with other
products (containing a significant quantity of aadits) enters the fractionation section of the

process.

Depending on the end-use of the reforming prodoftery called the reformate), there are two
possible paths for production fractionation. If thepose of the unit is gasoline production, the
reformate enters a stabilization fractionator. Trastionator typically only separates the LPG-
like portion of the reformate as the overhead pcbdnd the bottom product leaves as high-
octane gasoline destined for the refinery blengiogl. However, if the purpose of the unit is
aromatics production to support a petrochemicalpter) the stabilizer operates differently as a
depentanizer (shown as DA301 in Figure 3.2). Tipethnizer separates all the C5 and lighter
components as the overhead product. The bottonuptdargely contains all the aromatics and
remaining paraffin and naphthenic content gredian 1C6, and it then enters the BTX separation

plant which may be located in a different areahefitefinery all together.

The separation of product aromatics into discredenatic species depends on the refinery
configuration. This process can be quite large@mdplex especially in the case of
petrochemical refineries where aromatics can reeovgom many sources. Typically, a special
solvent (e.g. sulfolane or polyglycols) separatastioe benzene and toluene components from
the feed to BTX separation plant. The separatiaxyt#nes requires additional processing.
Fractionation towers can separate ortho-xyleneetimgbenzene isomers. However, the meta-

xylene and para-xylene isomers typically requicgyatallization or adsorption on molecular
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sieves (UOP Parex proces$ecause of the complexity of the BTX separatitamp we do not
include BTX fractionation in this work. However ttwe work will address the special

requirements and workflow for simulating a BTX segtin plant.
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The feed to the reforming unit is an important psscconsideration. The feedstock to a reformer
is a typically a straight-run naphtha cut or hydeated gasoline cut from an FCC unit. In
general, a feed that has an end boiling point (EBR))5-210 °C is not included. This feed
encourages hydrocracking reactions and excesskeegeneration. The feed usually
hydrotreated because sulfur, nitrogen and otheetcamponents can deactivate the catalyst

significantly. In fact, many processes may alsdude several “guard reactors” to prevent sulfur
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entering the reforming unit. Table 3.1 shows adgpdistillation curve and basic compositional

analysis of reformer feedstock.

Table 3.1: Typical reforming feedstock

ASTM-D86 (vol | (°C) | Group Paraffin Naphthene Aromatic
%) (wt%o) (Wt%o) (wt%o)
IBP 76 C5 1.00 0.47 -
5% 90 C6 6.85 6.66 0.88
10% 94 C7 11.25 13.17 231

30% 104 C8 9.42 14.02 3.02
50% 116 C9 7.35 10.79 3.04
70% 131 C10 4.45 5.31 0.00
90% 152 | Total 40.32 50.42 9.25
95% 160 Specific Gravity (SG) 0.745
EBP 170 Sulfur/Nitrogen/Halide content (ppm) 0.5/DA

Refiners often consider the total naphthene (N)aodatic (A) content of the feed as an
indicator of how high an octane rating a feedstomk produce. This is referred to as N+A or
N+2A indicator for the feed. Many correlations feformer yield exist on the basis of these
indicators. However, Littfeindicates that these correlations often have gtemsumptions built
in such as catalyst type and operating conditidvtsle it may serve for simple feedstock

selection, it is not the only significant indicatdfrunit performance.

The catalyst in the unit is the most important idesation for optimal operation. Litfle
identifies three key characteristics of reformimadatysts: activity, selectivity and stability. The
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activity is a measure of how efficiently the casdlgan help convert the reactants into products.
In general, current reforming catalysts can opesategher temperatures and maintain high
reaction conversion when the reactant flow rategases. The selectivity refers to the catalyst
ability to produce more of the high-value produyetomatics) than low-value products. The
stability refers the ability of the catalyst to mi@in high activity and selectivity over long

periods of time. The catalyst in modern reformimitsiis only changed once every 1-2 yéars

Modern reforming catalysts consist of an aluminselthat supports platinum and rhenium
particles to catalyze the desired reactions. Ctmensensus indicates that the platinum sites
promote the dehydrogenation reactions and the akinaicting as an acid site, promotes
cyclization, isomerization and hydrocyclizatiolf* ** *2 These types of catalysts are known as
bimetallic (and sometimes bifunctional catalysés).the catalyst spends more time on stream,
coke deposits and lack of acid sites prevent auditireaction. The rate of coke deposition is a
function of olefin-like precursors that lead to foemation of a multi-aromatic rintg. At this
point, the catalyst is taken off-stream and regaeerthrough several processes to restore its
function. The reaction chemistry that occurs ors¢heatalysts can be quite complex, and
published experimental studies often do not retleetconditions that a catalyst operates under
in an industrial process. In the following sectiam, briefly survey some of the key process

chemistry and operating parameters.

3.4Process Chemistry

Table 3.2 lists the major reactions observed inrgi@ming process. This is by no means an

exhaustive list. In general, the desired reacttake the following paths: (1) paraffins in the feed
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convert isoparaffins or are cyclized into the nap#s; (2) the naphthenes present convert to

aromatic groups; and (3) olefins convert to panafthrough hydrogenatih

A detailed study of many of the reactions is outhef scope of this work. We refer readers to
Froment et al® ' *For detailed experimental and mechanistic studiéese studies are very
useful in the course of detailed catalyst desighlinetic network generation *® "8

However, neither of these topics is the subjethefcurrent work. We present these reactions in
the context of an integrated process model. As imeed earlier in this work, the typical
reactions in the reforming process are dehydrogemadehydrocyclization, isomerization and

hydrocracking. Table 3.2 shows examples of thesetimn classes.

Table 3.2: Examples of reactions from key reactionlasses

Dehydrogenation of alkylcycloalkanes to aromatics | MCH - TOL + H2

Dehydroisomerization of alkylcyclopentanes MCP - MCH
Dehydrocyclization of paraffins to aromatics NP; - TOL + H2
Isomerization of normal paraffins to isoparaffins NP - IP

Isomerization of alkycylcopentanes to cyclohexanes| MCP - MCH

Hydrocracking reactions Pk - P+ P

Hydrogenolysis P;+6H, - 7P
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Figure 3.5 shows the relationship between the @etimetal functions of the catalyst and
particular classes of reactions. The acidic fumctibthe catalyst promotes the isomerization
reactions, namely, reactions that convert paraffitsnapthenes and isoparaffins. Iso-paraffins
are important contributors to high-octane numbée metal function promotes the
dehydrogenation reactions, where the napthenedeéigrogenated into aromatics. The metal
function is also a significant source of a cokegolyaromatic compounds) that adsorb to the

catalyst surface. In addition, the olefins are bgénated producing paraffins for further

reaction.
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The degree to which each reaction propagatesusdaibn of temperature and pressure. High
temperature and pressure tends to promote hydioogaand the undesirable hydrogenolysis.
The effect of pressure is quite significant on loggmolysis and modern reformers tend to
operate at much lower pressures than their pregderesrable 3.3 summarizes the effect of key
operating variables on yields. In all cases, ineeda reactor temperature increases the reaction

rate.

Table 3.3: Behavior summary key reaction classes ffapted from Ref. 6, 7, 8]

Reaction Rate Heat Pressure Hydrogen
Dehydrogenation | Very Endothermic Negative Produces
(Naphthene) fast

Isomerization Fast Exothermic (Mild) None None
(Naphthene)

Isomerization Fast Exothermic (Mild) None None
(Paraffin)

Cyclization Slow Exothermic (Mild) Negative Prodsce
Hydrocracking Slowest| Exothermic Positive Consumes
Hydrogenolysis Slowest Exothermic (High) Positive onSumes

In addition to the operating variables of reactioe, feed composition also plays an important
role in determining the distribution of productsdustrial experience and experimental studies of

the chemistry of reforming reactions indicate salvkey trend$ **

» The primary source of benzene in the reactor prisdaanethylcyclopentane (MCP).
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» Dimethylcyclopentane and cycloheptane form a kefyay to produce additional
toluene.

» Dimethylcyclohexane and methylcylcohexane prodacikektional xylene in the product.

It is clear that in industrial operations, it ifidult to control many process variables to drive
reactions to optimal product distributions. There faur primary control variables for reformers:
reactor inlet temperatures, reactor pressuresplygdrcontent, and feed rate. There are other
variables such as feedstock properties and catglyst But these variables are generally fixed

for a given period of time.

Refiners generally control the inlet temperaturedoh reactor bed or section. The inlet
temperatures are typically averaged (weighted bydkio of the catalyst in the given bed to the
total catalyst) and presented as the weight-avdradet (WAIT) temperature. The pressure in
sections of the reactor is typically fixed by desand does not vary significantly during
operation. This is especially the case in CCR umitere the pressure balance drives catalyst
flow. Another important variable is the amount gtilogen that is recycled back to unit along
with fresh feed. Current reformers typically operat high conversions and a significant
guantity of hydrogen is required to prevent cokenfation. During normal operation, the H2HC
ratio (ratio of hydrogen to hydrocarbons) rangest3 to 4. The final control variable is
typically the feed to the unit. High feed ratesi¢gly indicate the low contact time between the

catalyst and feed.

3.5Literature Review

There is a significant body of literature on thpitoof modeling catalytic reformers. They

consist of two types of models: kinetic models and-level models. Kinetic analysis refers to
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detailed studies of the reaction mechanism andysataehavior. This work is necessarily
experimental and based on lab studies of variced éempounds. Model development work
uses the insights from the kinetic analysis to tgva kinetic network with associated rate
constants and reaction orders. This work typicaBults in rate expressions that are verified
using bench-scale reactors. The unit-level modelad on models that integrate the kinetic
model in the context of pilot-scale or commercedators. This work often includes models for
multiple reactor beds and associated process eguipfimterstage heaters, etc.). We provide

brief survey of the current state of knowledgeanleof these areas.

3.5.1 Kinetic models and networks

Mechanistic and experimental studies generallylr@sthe creation of a kinetic network that
qguantitatively describes the path a particular tasdakes. Given the complexity of the
reforming reactions and the number of species e many researchers have taken a
“lumped” approach towards describing the kinetiosa lumped approach, many different
molecules are placed into a single group or lunipe feaction kinetics then assumes that all
species in a lump behave identically. Recently,esoesearchers have presented models that
involve hundreds of reaction species and thousehosaction$® *® However, there is little

published information about these complex kinetadeis validated against industrial operation.

The earliest kinetic model for reforming is thatSitt?°, which assumes that the feed is a
combination of three lumps: paraffins (P), naptisef) and aromatic (A). We show a basic
schematic of the network in Figure 3.6 (a). Theekimnetwork accounts for dehydrocyclization
(P -> N), dehydrogenation (N -> A) and hydrocracki{A -> P). The hydrocracking reactions in

this model result in an equilibrium distribution mdraffins. This model does not include the
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effect of reaction parameters such as pressureyaess hydrogen present. In addition, there is
no deactivation factor due to the presence of cokeeavy adsorbed hydrocarbons. Krane et al.
2L further refine this model by splitting up the edHN and A lump into groups corresponding
to the number of carbons. This model has 20 lumps58 reactions. Eq. (1) shows the basic

form for each rate expression:

dN;
4(%)

A significant oversight in Krane’s model is thekauf the effect of catalyst activity and pressure.

= kil (2)

Henningsen et af? introduce a network that considers the differates of reactivity between

C5 and C6 naphthenes and an activity factor falgsitdeactivation. Jenkins et &l.include
empirical correction factors for acid and pressarthe rate expression. Ancheyeta-Judrdz

also introduce a similar pressure correction termmdcount for pressures other than 300 psig
specified in the Krane et al. model. Later workAnchyeta and co-workers includes additional
pathways to deal with MCH as a primary precursdsenzen® in the product pool and to deal
with non-isothermal operation. Models derived frEnane et al. and Ancheyeta et al. have been
used to model a variety of reforming processegjirgnfrom pilot plants to commercial
operations. Hu et af* use a similar approach to generate a kinetic métwinchyeta’s
modifications to Krane’s original model still remaiin use and work published recently shows

good agreement with measure data and model pretcti 2° 2

dN; IRy Ly P\
AN JERGD (_) P,

@

Krane’s original model and modifications by Anchyyeib not treat kinetic network as a catalytic

(2)

process occurring heterogeneously and do not centtid difference in reactivities of
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cyclopentanes and cyclohexanes. Figure 3.6 (c) shiosvkinetic network from Henningsen et
al. that includes separate pathways for cyclopastamd cyclohexanes. Henningsen et al. apply
this model with conjunction with a heat balancat¢oount for the non-isothermal operation of
the reactor. These works have generally shown kextelgreement with commercial and pilot-

plant data.

i _ Z ;e Ei/RT P, 3)

A key limitation of the models derived from Krantea¢ and Henningsen et al. is that the
reaction network is not treated as a catalytic @9cA catalytic reaction kinetics network must
include terms to allow for inhibition and decre@sactivity due to variety of factors. Raseev et
al.' present the earliest model treating the react@wark as a catalytic system. However, this
study is limited due to the lack of experimentaiad&igure 3.6 (d) shows the kinetic network
from an extensive study by Ramage efakhere independent pathways for cyclohexanes and
cyclopetanes exist in addition to adsorption aresgure effects. However, this model is limited
by the lumping into only C5- and C5+. Kmak presdrdesimilar model that extends the lumping

to include C7 component&

( PV
dw; FRT Z kw,
dv 1+ KyPy + (PE. /F) Y Ky W, i (4)

Key work by Froment and co-workér& ** *?has produced a nearly complete lumping based
reaction network for C5-C9 (and C1 — C5 for parefficomponents of reforming feed. This

model includes several insights from experimerttadies. They consider that the metal sites on
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the catalyst promote only the dehydrogenation reast while the acid site promotes the

cyclization, isomerization and hydrocracking reaics. We show the network in Figure 3.7.

P Py
N Hydrocracked N Np-i+ P
P A N P " A, AnitP;
: P " P
Hydrocracked P+P, . n
Nn

Hydrocracked

PNA-only model from Ancheyta-Juarez etl.

PNA-only model from Smitf’°
3
n-Paraffins «— Alkylcyclohexanes
A~ (NP) {ACH, NE] S il |
- Y Light Light
X ~. u Products Py Ns No . Products
Cracked e Alkylbenzne [AG) |
Products () AN
2 LN 1 l
\
i-Paraffins Midcyrlopentanes Py1 Ay
(MF) [ACF, N5)

ACH and ACP model from Henningsen et[aC5 — C8 lumping method from Ramage efl.

22

Figure 3.6: Basic lumping kinetic networks
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Figure 3.7: Lumped kinetic network from Froment where 5 < x < 9 [Ref. 12]
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The kinetic network in Figure 3.7 includes sepapatways for N5 and N6 components and

accounts explicitly for light production (C1 — CShis is critical to maintaining a good

prediction of light gas components from industrieddels. In addition, the adsorption factors

include terms to account for hydrogen content/| fmtassure and adsorbed hydrocarbons.

Additional work by Taskar et &f.®> modifies this network to include the effects ofatyst

deactivation. Table 3.4 shows the key rate equafioneach class and the deactivation factor

due to Taskar et al.

Table 3.4: Key rate equations from Taskar et al*°
Isomerization of paraffins ¢ Age E/RT (P, — Py /K,5)/T )
Hydrocracking of paraffins ¢ - Age E/RT(P,Pg)/T (6)
Ring closure of paraffins ¢ Age E/RT(Py — PgPy/Kup)/T (7)
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Ring expansion (C5 to C6) ¢ - Age E/RT(p, — P)/T (8)
Dehydrogenation ¢ - Age E/RT(Py — PgPy> /Kup)/(Py6)? 9)
Adsorption due to acid I'= (Py + Kco—Pce— + Kp7Pp7 + Ky7 Py (10)
function + Kro1Pror)

Adsorption due to metal 0 =1+ Kycy1Pucn + Kucuz(Pucn/Pu”) (11)
function

Deactivation term ¢ =e (12)

Recent advances in computational power and theatetisight have led to the creation of
mechanistic reaction pathways that can involve saads of reactions and hundreds of species.
The approach of Fromefit ** *"is called the single-event approach. In this apghoan

algorithm generates a reaction network based odafmental mechanisms such as hydride shifts
and beta-scission. The use of structural relatigsssuch as Evans-Polyanii reduces the number
of parameters required for modeling significanByperimental data may be used to fit the
remaining parameters (roughly 30-50). This apprdeshbeen successfully used for a variety of
processes including methanol-to-olefins (MTO) dundlfcatalytic cracking (FCC) that exhibit
similar features as the catalytic reforming proc&sse to limitations of feedstock analysis, this
techniqgue makes several assumptions to lump togetimeponents in the feedstock and presents

rate equation that is the summation of many ratmeons drawn from fundamental chemistry.

Another approach is the molecular modeling workisin and co-workerS. In their work, they
propose technique of pathway modeling where asefiehemical reaction paths are applied to

many hundreds (if not thousands) of feed speciesy Then construct a reaction path that only
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contains the allowable reaction chemistry. Kleialetlso simplify the process of estimating
kinetic parameters through the linear free eneefgtionships (LFER). The final network for
naphtha reforming involves 116 species and 54@iorac Several works report the success of
this model through several pilot-plant studies.ey kssue is the feedstock characterization.

Klein et al.?®

use a stochastic approach where they pick combmsabtf thousands of species
and attempt to match the calculated bulk prope(spscific gravity, molecular weight, sulfur

content, etc.) of a particular combination to meadibulk properties.

In the course of applying a model to a commerdahfp it is best to rely on kinetic models that
only require the minimal amount of feedstock infation and calibration. Feed to reformers
may change quickly and without laboratory analytisre is often no choice but to lump
components together. In addition, it may not besfixds to incorporate large complex models
into existing highly integrated flowsheet modelbe$e factors generally drive model developers

to choose lumped kinetic networks.

3.5.2 Unit-level models

After choosing a representative kinetic model, westdecide how to represent the remaining
units for a truly integrated model. Researcherelepplied many of the kinetic networks
described in the previous section in integrated@se models. Figure 3.8 is an overview the key
features of an integrated process model for a tbeeton reformer. This overview applies to

both semi-regenerative fixed bed and CCR reformers.

First, the model must be able to take bulk properasurements and convert them into
appropriate lumps for kinetic network. This stepyrba quite simple if the kinetic model chosen

only includes total PNA content for the total fiaot However, if the kinetic lumping requires
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detailed composition information, we must providenge way of estimating these lumps from
limited composition information. Taskar et ‘af discuss a possible method based on
measurements of certain bulk properties such gravitl distillation curve. We discuss the

approach used in this work in a later section.

To BTX plant
Prgducif | Feed. ¢
fractionation delumping
Secondary
product flash
Recycle H,
N
Compression |«
Recycle H,
Primary
product flash
N
Feed Interstage Reactor
e . -
Lumping Heater #2 section #2
N
Interstage Reactor Interstage Reactor
Heater #1 section #1 Heater #3 section #3

Figure 3.8: Basic process flow for an integrated fermer model

The second consideration is the model for the stégge heaters, product separators and
compressors. In order to model these units meanipgwe must have reasonable estimates for
the key thermophysical properties of the lumpghkcase of the reformer, we must make
reasonable prediction of reactant concentratiosystiem pressure), K-values (for the product
separator) and heat capacity (to correctly moder¢lactor temperature drop and product

temperatures). The reforming process generallyatpgrlt temperatures and pressures where the

116



ideal gas law applies for hydrocarbon speciesérréiactor section. Ancheyta-Juarez étaise
the ideal gas assumption to calculate the condeoriraf reactant species. In addition, they use
the polynomial heat capacity correlations for ptwenponents to approximate the heat capacity
of the mixture. Work by Bommannan ef%nd Padmavathi et #luses a fixed value for the

heat capacity and K-value correlation to prediechpositions in the primary product separator.

Most authors model the reactor section as a plug-feactor (PFR) of fixed length. This length
is typically the size of the packing bed for a fixaed semi-regenerative unit. This assumption
works well with all the kinetic networks mentionabove. Modeling the flow through the CCR
unit is slightly different in that reactants tratlefough a moving bed of catalyst particles. Hou et
al. 3 describe how to modify the standard PFR to accfmura radial flow unit. Szczygiéf

studied mass transfer and diffusional resistanceforming reactors. However, these types of
studies are difficult to apply in the context ohwmercial plants and many authors of integrated

models have ignored these effects.

The final step in an integrated model is the delmgpf kinetic lumps back to bulk properties
and lumps suitable for fractionation models. Maunthars do not consider this delumping
process since they do not include a rigorous fvaetion section. Typically, many studies report
only properties such as RON and MON. If the kinktroping method used spans a significant
range, then fractionation models can work direaiith the kinetic lumps. Works by Hou et .

|34

and Li et al""use the kinetic lumps directly.

Table 3.5 summarizes the key features in repond level models (using lumped kinetics)

applied to reforming processes. We have only iredustudies where the authors compare their
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results to pilot- plant or industrial data. In aduh, we include those studies where the authors

use the model for case studies and plant optinoizati

Table 3.5: Summary of unit level models reported initerature

Reference Application Kinetics Feed Calibration Planning
lumping (LP)

Ramage et | Semiregenerative C5-C8(P, None Yes Yes
al.?"(1987) N5, N6, A)

lumps
Bommannan| Semiregenerative Simple None None None
et al.*° lumps (P,N,
(1989) A)
Anchyeta et | Semiregenerative C5-C10 (P, | None None None
al'2(1994) N, A)
Taskar™ SemiregenerativeC5-C10 (P, | Yes Yes None
(1996) N5, N6, A)

lumps
Leeetal®™ |CCR Simple None None None
(2997) lumps (P,N,

A)
Padmavathi | Semiregenerative C6-C9 (P, None Yes None
et al. N5, N6, A)
*(1997) lumps
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Ancheyta- | Pilot plant C5-C11 (P, | None Yes (Kinetic | None
Juarez et al. MCP, N6, A) regression)
192002) lumps
Huetal® |[CCR C6-C9 (P, N] None Yes None
(2003) A) lumps
Lietal.> | SemiregenerativeC1-C9 (P, | None Yes None
(2005) N5, N5, A)
lumps
Hou et al®* | CCR C1-C9 (P, N/ None Yes None
(2006) A) lumps
Stijepovic et | Semiregenerative C6-C9 (P, N,| No No None
al. % A) lumps
(2010)
This work CCR C1-C14 (P, | Yes Yes Yes
N5, N6, A)
lumps

3.6 Aspen HYSYS/Petroleum Refining Catalytic Reformer Mbdel

This section discusses the key features of the ABPESY S/Petroleum Refining model we use

throughout this work. While the features we discargsspecific to Aspen HYSY S/Petroleum

Refining, there are other simulation programs (&8C Petro-Sim) that have similar
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functionality. The goal of this section is to dissuthe key features of the simulator that are

relevant to developing an integrated reaction aactibnation model.

Figure 3.9 shows a basic outline of the key subrsadeAspen HYSYS/Petroleum Refining.
This model contains all the key submodels idertdifrethe previous section. The model
presented in this work includes the additionaltica@tion units to model the separation of LPG
(<C4) and the reformate into gasoline and high+ose@mpounds for blending and chemical

purposes.

Net H,

\ 4

Product fractionation

Heat Reactor Bed
Feed lumping » Exchanger —————» » Flash Model ——»

Models Lee]
A A

Recycle Recycle H,

Compressor

Figure 3.9: Organization of Aspen HYSYS/Petroleum Rfining CatReform model

The feed lumping technique in the Aspen HYSY S/Retnm Refining model relies on a base of
compositions and a method to correct those measoragositions based on changes in
measured bulk properties. The feed is broken irdoy{4-14) lumps for each chemical group.
Typically, these measured properties are the ldistih curve and total PNA content. In our
work, we had access to detailed feed compositifarimation, so we did not use this technique.

However, we have developed an alternate technifjifeed lumping based on minimal base
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composition data and bulk property requirements.dW§euss this technique in a subsequent

section.

The reaction network in the reactor model is sintitethe network presented by Froment éfal.
and Taskar However, the reaction network supports highemetics up to C14. While these
typically are not expected in reformer feeds, time#c model can handle them as well. In
addition, the reactor model includes paths foruhéesired hydrogenolysis reactions. These
highly exothermic reactions do not occur in anygigant degree in stable reforming units.

However, older reactors may display this behawoit & important to model them as well.

Table 3.6: Key reactions classes in Aspen HYSYS/Pateum Refining Catalytic Reformer
model

Isomerization of paraffins Ar1assUreactionAo€ E/RT (P, — Py /Kyu5) /T (13)

Hydrocracking of paraffins | a,;,cc@reqctionAoe E/RT (P4Pg)/T (14)

Ring closure of paraffins ArrassUreactionAoe E/ KT (Py — PgPy /K45) /T (15)

Ring expansion (CS to C6) GctassAreactionAoe ™"/ T (Py — Pp)/T (16

Dehydrogenation QctassAreactionfoe ™™/ *" (P = PsPy’ /Kap) A7)
/(Py8)?

Equations 13-17 show the general form of the kinetie expression. The important thing to
note is that there are two activity correction dastassociated with each rate expression. The
first correction factora,,ss, is fixed for a given class of reactions. For exkmall the
isomerization reactions may have a rate constahiOofThe second correction factef,,ction »
refers to correction for an individual pathway. Eaample, the activity factor for the

isomerization of C6 paraffins may have a correctamtor of 0.5. The product of these two
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factors presents the overall activity correctiontfat reaction. The individual rate constant and
activation energy remain fixed. These factors losnived from experimental data over a variety
of catalysts. In practice, however, even signifta@ranges in unit operations do not require

significant changes in values of these reactioiviacfactors.

Another significant feature is that the coke getienais rigorously modeled and included in the
deactivation and adsorption factbt,for each reaction. The deactivation factor is fiorcbf
reactor pressure, adsorbed hydrocarbons, coketalystzand acid/metal function of the catalyst.
This feature allows us to calibrate the model Waiaety of operating conditions and catalyst
behavior. In this work, we model a CCR with a hydrated feed; therefore, we do not include

any significant changes in catalyst activity duetanges in acid of the catalyst.

The reactor model is based on a modified plug-fleactor for a moving bed that accounts for
catalyst flow in the CCR system. A key consideraiimthe reactor is the phenomenon of

" 38 3%n CCR reformers. “Pinning” refers the catalystttissheld immobile against the

“pinning
wall due to cross flow of reactants. It is impottemmodel this effect, since pinning imposes a
maximum flow rate on reactants. The reactor alsoectly models the temperature drop due to
heat of reaction in the exothermic and endothergactions. The other key variables are the

weight-averaged inlet temperature (WAIT), weighe&aged bed temperature (WABT) and

weighted hourly space velocity (WHSV).

As mentioned in a previous section, integrated rimfeCCR must also include rigorous models
for interstage heaters to correctly predict enexgysumption of the unit. The unit may be
modeled as rigorous fired heaters or basic hedtaggers. We include a model to recompress

the vapor from the primary product flash. Our wal¥o includes the complete model for the
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product recontacting section. We must model thisize correctly in order to correctly predict
the composition of the recycle stream entering&fi@mer. All of these units require
thermophysical properties and methods to predigiliegum. We use the Peng-Robinson (PR)
equation state modified for hydrogen-containingesys. We describe how to obtain the relevant

thermophysical properties for each lump in a subsegsection.

The final step in the integrated model before foation is the delumping of products and
prediction of bulk properties. Since our lumpingteyn is quite broad, we can just calculate key

properties of the reformer effluent as combinatbthe individual properties of the lumps.

RONMIX =Z WiRONi (18)

MON, % :z w;MON; (19)

where RON;x and MONyx refer to the research and motor octane numberoaiuyet measured
in bulk, w refers to the weight fraction of each lump and Ré&ntl MON refer to the research

and motor octane number of each lump.

Since we wish to use this model to model BTX prdiduncas well, we need to predict the
composition of the all the relevant isomers of &ghflbenzene, ortho-xylene, para-xylene,
meta-xylene). In our model, we assume that theseeass take on fixed equilibrium ratios as a
function of temperature. Figure 3.10 shows the ldagitim distribution of these isomers at
various temperaturé§ *% The distributions correspond to expected tempesatin the

reforming process. Figure 3.11 shows the obseng&@mer distribution measured at the plant.
We note that it is remarkably stable over a lengthgrating period (six months) and a variety of

feed conditions.
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Figure 3.10: Equilibrium composition of A8 isomers(assuming ideal gas conditions)
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This completes our description of the Aspen HY S¥8iteum Refining model. In subsequent
sections, we discuss issues of thermophysical piiepefractionation and feed lumping. These
issues are not specific to a simulation programagdy generally to any model of a reforming

process.

3.7 Thermophysical Properties

The requirements for thermophysical properties demmn the kinetic lumping chosen for the
process. Typically, the reactor model requires dnéyheat capacity and molecular weight. The
fractionation section may require a correlatioprtedict K-values or critical parameters when an
equation of state is used. One approach is tonseet of lumps for the reactor model and
another set for the fractionation. However, thisrapch may cause problems when recycling
material back into the reactor and makes produamuptegrated model difficult. If possible, we

suggest the use of uniform lumps across the reaatbfractionation models.

If the reactor lumps resemble real measured predeay., A8), then it is sufficient to use the
known properties of one of the compounds compritiegump as the properties of the lump.
The kinetic lumps in this work resemble real lumgiswe use known compound properties. If
this information is not available, we can use Riazorrelations? to estimate the relevant
critical properties for different classes of compds (paraffins, napthenes and aromatics) given

the molecular weight of a particular lump.

8 = a(MW)?(CH)® (20)

125



whereb represents critical temperature)(Tcritical pressure (@, critical volume (\), specific
gravity (SG) or refractive index (1). RiaZi provides values for a, b and c for different otesssf

compounds.

3.8 Fractionation System

We use the standard inside-out methodsemented by many popular simulators including
Aspen HYSYS/Petroleum Refining. This work only undés the primary product debutanizer
and deheptanizer. These columns prepare the regftitgent for further aromatic extraction in

the BTX plant. We discuss the fractionation systeitne BTX plant in a subsequent work.

The inside-out method provides quick convergencevade flexibility in specifications. It is
relatively easy to converge a column with a var@tgpecifications, but it remains difficult to
produce a robust and predictive fractionation molli@ny real-world fractionation systems do
not operate with the ideal stage assumption ussthimdard distillation algorithms. A popular

method to deal with the non-ideal tray behavidhisMurphree tray efficiency fact8t

- - 21
E - yf yn+1 or Xn Xn+1 ( )

yn _yn+l Xn _Xn+1

where X represents mole fraction of a given componenthénliquid leaving tray n, %1
represents mole fraction of a given componenténlitfuid leaving tray n+1. The,yand y.+1

refer to the vapor mole fraction of a given compurieaving as vapor from trays n and n+1.

This efficiency factor is found many popular sintida programs. However, use of the

efficiency factor essentially negates the assumgbo the tray-by-tray ideal behavior by
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modifying the vapor and liquid mole fractions. Thesults in unreliable predictions when the
fractionation model moves to operating point. Weeagvith the recommendations of Kiéter

and Kae$'and advise against the use of efficiency factors.

We recommend the use of overall column efficieramtdrs. Overall column efficiency refers to
the ratio of ideal (or theoretical) trays and atplgysical trays. This is a single value that can
range from 30% - 90%. If we consider the casedifallation column having 20 physical trays
and overall efficiency of 0.5, we would model itaasolumn with 10 ideal trays. With this
approach, every tray remains in thermodynamic éxtim and predictions away from the base
operating scenario are reasonable. In the presamt we model the DA301, a reformate splitter
and DA302, a deheptanizer. Table 3.7 shows theaeteverall efficiencies for these columns.
We refer readers to Ka#dor information on how to model more complex fianation systems

in refineries.

Table 3.7: Summary of overall efficiencies for prodct fractionation in CCR

Fractionator Theoretical trays Overall efficiency

Reformate Splitter 26 70% - 80%

(Debutanizer)

Deheptanizer 36 75% - 80%

An important consideration is the selection of #jpeations to converge columns. Modern
simulation software makes it quite easy to choos@a range of specifications. However,
software generally does not provide a guide to shngpreasonable specifications. In our work,

we use a two-stage process. We first choose spatiins that we know converge easily for a
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given a feed rate to the column. For a simpleliton column, these are typically the reflux
ratio and overhead draw rate. In addition, we plewide temperature estimates. Once we obtain
an initial solution, we introduce more difficultesgifications such as temperature, mole recovery
and control temperatures. Table 3.8 gives the fpatidns for relevant columns in the CCR

fractionation process.

Table 3.8: Key specifications in fractionation se@n

Fractionator Initial specifications Final specifications
Reformate Splitter 1. Reflux ratio 1. Reflux ratio
(Debutanizer) 2. Overhead (or bottom) 2. Mole purity of C5
draw rate in the overhead
3. Control stage 3. Control stage
temperature temperature
Deheptanizer 1.Reflux ratio 1. Reflux ratio
2. Overhead draw rate 2. Control stage
temperature

Another significant consideration is that model @lepers, especially when modeling an existing
plant, be aware of what the key control variabtethe column are. The final specifications in
the column must reflect actual plant control vaeabFor example, we should not fix the
temperature of a condenser in the model when tra& pictually controls the column based on an

overhead draw rate.
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3.9Feed Characterization

The most important consideration for a reactor rhsdan accurate measure of the feed
composition. This is particularly troublesome wimeodeling refinery reaction processes. Feed
to units may change quickly and unpredictably. Windfinery techniques for online
measurements of feed composition have improvedyrs@hdo not perform detailed molecular-
based analysis required for complex kinetic modafishout an accurate and update-to-date feed
composition, kinetic models fail to make reasongiskglictions of product yield and process

performance.

There are several methods to alleviate this i<9ne.method is to work from a standard set of
pre-analyzed feeds and generate a set of base sdiops. In addition, a large database of
standard pre-analyzed feeds can provide a procagmerate the composition-shift vectors. This
is very similar to the process of generating dblae vectors for refinery planning discussed in
Part 1 of this series. We attempt to quantify ttiects of changes in easily and routinely
measured bulk properties such as TBP curves, spgcavity, molecular weight, viscosity, etc.
on the changes in the feed composition. Aspen HYB¥tfoleum Refining provides a method
based on the presence of several feed types. €ddypes refer to the origin of the feedstock
entering the reforming unit. Depending on the sizthe database used to generate these shift

vectors, this method can be very accurate in m@cti

Another method is to try and estimate the compmsitf the reactors based only on bulk
property information. This bulk property informatitypically refers to routinely measured
properties such density, distillation curves, lein and co-workers have used a much more

sophisticated version of this approach to probsiitlly sample candidate molecules and
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generate a very large list of molecules whose coatbproperties match the measured bulk
properties. Hu et ai* use a probability distribution method to estintatéhe PNA compositions
for their approach towards refinery reactor modglithe approach we describe is similar, but

much simpler to use since it is targeted only &ommer feeds.

A key assumption in this method is that each abéissolecules, i.e., paraffins, napthenes and
aromatics are statistically distributed around rdace mean value. For the case of reformer feed,
we know that significant portion (80+ wt%) lies Wween the C6-C9 range. With this

information, we assume that the each class ceatetnd the C6-C9 range following a statistical
distribution. Sanchez et &lapplied various statistical distributions to fivariety of distillation
data. They recommend the use of the beta statifitioetion to accurately represent distillation

data.

A key criterion is that the normalized distributeel non-symmetrical since a certain class of
compounds may exist in very narrow ranges. In aditve would like a function that is easily
accessible in popular software tools (e.g. Micro&osicel) and has as few parameters as possible.
Based on the observations by Sanchez & ahd our criteria, we find that a two-parameter
normalized beta statistical distribution for eatdss of molecules is sufficient for characterizing

a reformer feed. The statistical beta function lcanvritten as:

T(a+p) (22)

fl,a,p) = T x*71(1 —x)F 1

wherea andp refer to the positive valued parameters that cbtitie shape of the distribution,

I" refers to the standard gamma function and x idestd given lump.
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We apply the method in the following steps:

1. Choose the lumping range. In our work, we choosd”RA lumps in C5-C11 range.

2. Pre-compute the individual properties of each eflthmps (i.e. associate each lump with
normal boiling point, standard liquid density, nmlar weight, etc.). It is possible to
compute each of properties using correlations fRiazi*.

3. Obtain as much bulk data about the feed as pos3ib&eminimum requirements are
specific gravity and true boiling point (TBP) curve

4. If a TBP curve is not available, use API correlasido convert a D-86 distillation curve
to a TBP curve.

5. This method requires the total PNA content expigseither weight%, volume% or
mole%. If this information is not available, the Id@rrelatiort? (requiring viscosity) can
provide these values.

6. Guess values for the mean and standard deviatigafth distribution to compute the
fraction of each component in the C5-C11 (a totaix parameters). Since we know the
total PNA (from step 5), we can normalize eachritigtion to make sure the sum of
fractions of each class of lumps matches the RIt&A.

7. Compute the bulk property information using thedidate lump compositions.

8. Arrange all the candidate lumps in order of incregboiling point to generate candidate
TBP curve.

9. Compute a residual between the measured or knolkpbaperties and calculated bulk
properties in step 7.

10.Return to step 6 unless the residual is minimipesbime small value.
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In our experience, the last end points of a typgiepbint TBP curve (the end point or EBP, 90%
vaporization point, 70% vaporization point), thelemnlar weight (measured or estimated from
API correlation) and specific gravity are good ddate bulk properties to minimize against.
This is a basic optimization problem. We have ubedSOLVER add-in in Microsoft Excel with
considerable success. We note that once an optmaeation has been reached for a base feed,
it is often very simple (even manually) to adjust parameters of the statistical distribution to fi

a new feed type. We report the optimal valuesHerfitting parameters in Table 3.10.

We apply this method to the feed specified in Tableusing the ASTM D-86 distillation,
specific gravity and individual PNA composition. Wenvert the ASTM D-86 distillation curve
to a TBP curve and estimate the molecular weigbin@ustandard API correlations). We then
optimize the parameters to match the EBP, 90% a#6l af the TBP curve, molecular weight

and specific gravity. We compare the calculatedrardsured values in Figure 3.12 and Table

3.9.

0.10

0.05

Predicted composition (wt. %)

0 0.05 0.1 0.15
Measured composition (wt. %)

Figure 3.12: Correlation between prediction and mesured composition
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Table 3.9: Predicted PNA composition from parameteestimation process

Predicted Measured
P N A P N A
C5 1.36% | 0.00% - 1.00% 0.47% -

C6 5.70%| 6.43% 0.85% 6.85% 6.66po 0.88%

C7 9.29% | 13.09% 3.26% | 11.25% 13.17%| 2.31%

C8 9.46% | 14.01% 2.57% | 9.42%| 14.02% 3.02%

C9 6.74% | 10.38% 1.78% | 7.35%| 10.79% 3.04%

C10 4.64%| 8.27% 2.17% 4.45% 531 0.00%

Table 3.10: Optimized parameters for PNA beta distibution functions

Group o B

P 3.9145 6.6190
N 1.2454 4.5050
A 3.0402 6.9700
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Figure 3.13: Comparison between measured and cal@aied TBP based on PNA lumping

There is good agreement between the measured TBRgidted from ASTM D-86 data) and
calculated TBP curve. Note that we have not inaualethe TBP points in the optimization

routine, but the optimized solution makes good fetexhs for the lower TBP points as well.

Figure 3.14 shows the optimized distribution of PfidAthis feed. As the distribution function
predicts an A5 lump (a physically impossible sanji we ignore this component when
calculating the lump composition. We note that eafdine distributions has a different shape
that reflects the different nature of a specifimponent class. If we use a simple normal
distribution function, it is unlikely that we woulak able to represent many different types of

feed.
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Figure 3.14: Optimized distribution of paraffin, naphthene and aromatic for given feed
type

3.10 Model Implementation

There are three important considerations when imgjldny reaction model based on plant data:

* Ensure the data consistency through accurate nadessce
« Characterize the feed based on limited information

« Calibrate the reactor model to a reasonable levatauracy

In the following sections, we discuss several stepbtools to help with the implementation of
the model. We provide access to the tools mentiamedction on our group website. Finally, we

discuss an overall modeling strategy to model astieg reforming unit.
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3.10.1 Data consistency

An important task during data collection and maziibration is the overall mass and hydrogen
balance across the reformer unit. The overall rhakmce is simply a difference between the
sum of all the feeds entering the unit and sunllgdraducts leaving the unit. While this concept
is fundamentally simple, it can be difficult to liea in a real production plant. Many reformer
units include feeds from other units that only eplant through the fractionation section. This
is typically the case when the refiner maximizemaatics recovery produced by other units in

the refinery.

We provide a spreadsheet (Figure 3.15) to accaurieéds to the reforming plant that enter the
reactor section and fractionation section. We c¢tireesubtract the feeds entering the unit or
make sure they are accounted in the overall balaifeehave successfully closed the mass
balance to under 0.2-0.3% by making sure to accourall products. The advantages of a
closed mass balance are not limited to the kimetideling process itself, since other refinery-

wide modeling (such as production planning) oftelies on accurate mass balances.

A secondary issue relates to the calibration aediptions from the rigorous reformer model. It
is critical to ensure that the hydrogen balan@atssfactorily closed before beginning model

development. We define the hydrogen balance as#sl|

Mass flow rate of hydrogen in the feed = Mass flate hydrogen leaving the
(23)
unit

Turpin®® provides a simple formula for calculate the hy@mgontent. We use a similar equation

to verify the balance of the unit:

136



j-1.01

i-12.01+j-1.01 (24)

HFACTOR;;(for CiH;) =

(25)
Hydrogen flow of C;H; = HFACTOR;; - Mass flow of C;H;

Turpin®® recommends that hydrogen mass balances shoulds®ido less than 0.5% error. This
can be difficult without detailed verification ofaasured flow rates. We recommend that
calibration proceed even if the hydrogen balanceotbe closed. However, it may not be

possible to perform a finely tuned calibration assult.

A B c D E F G H | J K L M N
1 Enter Mass fractions in cells below title (Can convert from molefvol. fraction to mass fraction using HYSYS if necessary)
2
3 Mass Balance
4 In Out
5 _1.834E+05 |1.839E+05
6 Error

7
& |Hydrogen Balance

9 |In Qut

10 _ 2.669E+04

11 |Error

12 H2 Flow (kg/h) [2 561E+04] 2 918E+01 [ 6 7T31E+02 [ 3 B51E+02 | [B029E+03] B 370E+02 | 3 682E+03 | 1582F+04 |
13 Grouped Compositions Rate (kg/h)  [1.759E+05] 2 360E+02 | 4 410E+03 | 2 779E+03 | [1.295E+04| 3.998E+03 | 2.090E+04 | 1.4B0E+05 |
14 |C Atoms MW Wit% H Feed #6500 #700 #7500 Net Gas _ DA301 Ovhd V_DA301 Ovhd L DA301 Btms
15 0 H2 202 1.000 1 52 34% 279% 0.07%

16 1P1 16.04 0251 0.04% 0.09% 11.51% 434% 0.31%

17 2 P2 3007 0201 223% 097% 14 69% 2318% 5 24%

18 3P3 4410 0183 18 14% 620% 1263% 36.88% 24 55%

Figure 3.15: Microsoft Excel-based spreadsheet toédr mass and hydrogen balance
calculations

3.10.2 Feed characterization

Section 8 discusses a method to obtain estimatesda@omposition when limited feed
information (distillation curves and density) akagable. While the method produces good

estimates of the feed composition, it may fail tedict the correct amount of N5 and N6 in the
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feed. Good estimates of the N5 and N6 are crifarah meaningful calibration since these

components are the primary pathways to obtain enirethe reformate.

We recommend that analysis be performed to deterthim N5 and N6 composition before
calibrating a detailed model of the reformer. Ofemal analysis establishes a baseline N5 and
N6 content, we can expect the calibration to réfleactor operation more accurately. Figure
3.16 shows the variation in N5 and N6 content eftifidrotreated reformer feed over the course
of our work. There is significant variation in tN& content which justifies a detailed feed

analysis before the model calibration.

= N5 ==—=N6

Wt.% composition in feed
S

1/17 3/8 4/27 6/16 8/5

Figure 3.16: Variation in N5 and N6 content in feed

3.10.3 Calibration

Because of the number of unit-level and kinetic etedvailable in the literature and
commercially, it is impossible to prescribe a senglcalibration method that will work for all

models and methods. However, there are significammon features in all of the models to
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allow for general recommendations. These recomniemdaform a simple workflow to manage

the large number of parameters that many occumiamy models.

Modern calibration methods in current softwarevaflaisers to change many (if not all
parameters) in a particular model with ease. Whilkeis a simple procedure, it is easy to
“overcalibrate” the model and generates calibratianes that basically ignore process
chemistry and other phenomena. We believe it ieb#i follow a step-by-step process where

we only change a few parameters (of the same atabsvith bounds) at a time.

We perform the calibration in two passes. The fiesds is the coarse calibration of the model,
while the second pass performs the fine calibraflére quality of the model calibration relies on
consistent and reliable data. If we cannot findéhéata, it may be difficult to justify performing
the fine calibration of the model. In fact, perfangnthe fine calibration with poor quality data
may result in an “overcalibrated” model. With ti@mind, we propose a step-by-step process

for calibration.

The key steps in calibration are:

1. Verify that the material and hydrogen balance osetl.
a. If the material balance has an error exceeding Ip2éent, this data set should
not be used for calibration.
b. If the total hydrogen balance has an error exceelf%, it is unlikely that fine

tuning of the reactor model will be successful.

2. Obtain feed composition

a. Use detailed PNA information if possible.
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b. If detailed PNA information is not available, us¢al PNA information and feed
characterization method described earlier.

c. If total PNA information is not available, it is psible to use bulk measurements
such as viscosity, density and distillation datagbmate the PNA composition
required for (b). These correlations are availdtde our previous worland

Riazi*%. In this case, fine tuning of the reactor model bacome difficult.

3. Select objective function criteria:
a. Define the objective function to minimize Bsv;(Measured; — Predicted;)?
b. Table 3.11 suggests terms and associated weigtiingsth coarse and fine
calibrations.
c. If a detailed analysis of the reactor effluentvaitable, do not include every

component in the objective function.

4. Coarse tuning
a. Select overall reactor selectivity only.
b. Use Table 3.11 to select terms for coarse tuning faf the objective function. A
zero entry in the weighting factor indicates tlm term should not be part of the

objective function.

5. Second pass
a. Select overall reactor selectivity, overall reactaxtivity.

b. Use Table 3.12 to select terms for fine tuning fafthe objective function
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c. Calibrate the model.

d. Adjust selectivity for light ends (P1 — P3) as khst step in the calibration.

Table 3.11: Major terms and their recommended weigting factors in the reformer model
objective function for calibration

Term Coarse Fine
Reactor delta temperature(s) 1.0 15-20
Total aromatics (wt%) 5.0 10.0
Benzene (wt%) 5.0 10.0
Toluene (Wt%) 5.0 10.0
Xylenes (wt%) 1.0 10.0

A9+ (Wt%) 0.0 (Ignore) 5.0
Paraffins (P1 — P3) 0.0 (Ignore) 0.5 (Last)
Paraffins (P4+) 0.0 (Ignore) 1.0
Paraffins (P8+) 0.0 (Ignore) 1.0
Naphthenes (N5, N6) 1.0 10.0
Ratio of isomer to normal | 0.0 (Ignore) 0.5 (May not be predicted)
parrafins

Net gas flow 1.0 1.0

Total heavy (wt%) 0.0 (Ignore) 1.0

It is important not include yields of every signdint component. Including every possible

measurement for optimization often results in arpadibration. A poor calibration means that

the model is essentially fixed to a single datanpand it will result in a model that responds
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wildly even to small changes in the input variabless better to avoid poor calibration even at
the expense of not agreeing plant measurementsn Wiiegesituation happens, it means that there
is likely mass imbalance or hydrogen imbalancéenfeed and product measurements. It is best

to recheck model inputs before attempting any errttalibration.

Table 3.12: Typical adjustment factors to calibratereformer model

Parameter Range of deviation from the base

Overall reactor activities 0.1-10

Reaction class

Dehydrogenation 01-11
Hydrocracking 01-11
Isomerization 01-11
Ring closure 01-11
Ring expansion 01-11

Light Ends tuning

C1/C2/C3 0.1-5.0

We use the ranges for the adjustment factors anghtiregs for the error residual to generate
constraints for an optimization procedure. Sineertiodel is developed in an equation-oriented
(EO) format, it is not difficult to apply an optization procedure to generate optimal values for
the adjustment factors. An objective value of kss 250 (using coarse weightings) is sufficient
for coarse adjustment when significant feed infdroma(such as composition) is missing or
estimated. For fine adjustment, which is requirethe case of accurate prediction for aromatic
component composition, an objective value of leas 200 (using fine weightings) is required.
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Obtaining a reasonable calibration using fine tgmigquires accurate composition, feed rate,

hydrogen yield and reactor operating parametenspéeature, pressure) measurements.

The adjustment factors in Table 3.12 are sufficienmepresent a wide variety of operating
behavior. Models may allow users to individual teaeh reaction in the kinetic network.
Reaction specific tuning may result in very goodeagnent with plant data, but the model may
lose predictive ability. The reaction specific tugiessentially fixes it to one operating point. In
addition, models may include adjustment factorgtierprimary product separation. We do not

adjust these values routinely as part of the catiitn.

We note that it may not be possible to fine-tureertiodel to the prescribed limits earlier. Plant
mass balance error, poor measurements and uneggeotgess variation may limit how well the
model agrees with the plant data. However, by falhg the above calibration procedure, we can

ensure that we do not “overcalibrate” the model sutasequently produce poor predictions.

3.11 Overall modeling strategy

Obtain five months of plant data Model based on Jan-09 data
(Jan-09 to May-09) Calibrate

! !

Remove extraneous datasets <:n> Validate model continuously
Extend distillation curves with updated data sets

Optimization case studies
LP application study

Figure 3.17: Overall modeling strategy
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Figure 3.17 outlines the overall modeling strataggd in this work. We implement and calibrate

the model while it is in regular operation in tledéimery. Many factors such as abrupt changes in

feed quality, operating parameters, poor measurenag inconsistent impede this process.

Work by Fernandes et dldocuments the same difficulties while modeling aCR@it. In our

work, dataset refers to a collection measureméatsréflect plant operation for a short period of

time (less than one day). We propose the follovsitegs to ensure that calibration results in a

model that is predictive and not fixed to a singberating scenario:

» Record data on a continuous basis from the plant

o

o

Reconcile data from multiple sources (DCS, Inventetc.)

Check consistency of the dataset by performing nadtend hydrogen balance.
Use the criteria in previous section to accepe@at certain data.

Accept a dataset (or conditionally accept acknogilegithat there may be
significant error in calibration and prediction)

Track variation in the dataset to ensure that wéwthe model against
significant changes in feed and operating parammet®¥e show the significant

changes in feed quality in our work in Figure 3.18.

» Develop fractionation models by backblending thesueed reactor products and verify

that the models agree with plant measurements

o We provide guidelines for developing the fractioomatsystem in the model

development section of this work.
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» Calibrate reactor model
0 Use calibration procedure to produce a coarselyfiaety calibrated model
0 The product yields from the finely calibrated moslebuld be within 1% of actual
plant yield. If this is not the case, it is likdlyat the material balance and
hydrogen was not closed sufficiently.
0 The outlet temperatures from the finely calibrateablel should be within 3-5 C

of measured plant values.

* Validation

0 Use accepted datasets track the performance o¢finiener and fractionation
sections with the model.

o If possible, examine the yield of the reactor effiudirectly with measure
products. We can identify if errors arise from thactor model or the
fractionation section and isolate the section @wtifer validation or calibration.

o Itis typically possible to predict yields of keyoplucts (BTX) on a feed

normalized mass basis with AAD of less than 2-3%.

* Recalibration
0 We suggest recalibration when significant changesioin the catalyst or
regeneration section. The model can generally atdou significant changes in

feed stock and operating parameters.
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Figure 3.18: Variation in feed quality over the stuly period

3.12 Results

Figure 3.19 to Figure 3.21 show the completed HY&RéE8ning simulation models for UOP
CCR reformer studied in this work. We evaluaterttelel using over 6 months of operating
data from a refinery in the Asia Pacific procesdiggrotreated naphtha. Key factors for the
evaluation of the model are comparisons of oveeattor yield and operating profiles for key
equipment in the gas plant. In general, the modalrately predicts the product yield,

composition and operating profiles over wide raofyeed conditions.
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Figure 3.19: Remixing section

146



The fractionation section of model uses the Penghi®on equation of state and the kinetic
lumps directly as the fractionation lumps. The rdng section is a simple way to reconstruct the
plant effluent since the reactor model producesisgp streams for the hydrogen product and
liquid product. Remixing the streams allow us tod@ldhe recontacting sections to predict

compositions reported in the actual hydrogen prodnod liquid product streams.
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Figure 3.20: Recontacting section

The recontacting section in Figure 3.20 is difféfeom the process flow shown in the plant
PFD in Figure 3.2. We find that we do not requsevany flash stages as the real process to
obtain results similar to the plant. This is expécsince each of the separators of in-plant PFD
are likely not operating at equilibrium conditiof$is is similar to the concept of using overall
efficiency in our tray-by-tray fractionation modeWe acknowledge that the simplified model of
the recontacting section does not report the enewggumption (especially by the secondary
compressors) correctly, but in practice, the tetedrgy consumption reported by model and the

plant is similar.
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Figure 3.21: Combined reformer and primary fractionation

A well-calibrated model produces significant ange&table predictions over a wide range of
operating conditions. Table 3.13 to Table 3.16 sanwe the predictions from model developed
and calibrated according the previous sectionsh Ezatidation case represents roughly one

month intervals of the reformer.

Table 3.13: Comparison of overall reactor model angblant yields, AAD = 0.85%

Yield VALID-1 VALID-2 VALID-3
Mass% Model Plant | Model Plant | Model Plant
Rich H2 6.1 6.9 6.4 7.2 6.5 7.0

DA301 Ovhd. Vapor | 1.2 1.8 1.9 1.9 1.5 15
DA301 Ovhd. Liquid | 13.0 12.0 14.2 12.4 12.6 12.4
DA301 Bttm. Liquid | 79.6 79.3 77.5 78.6 79.4 79.1
DA301 Ovhd. Liquid | 43.4 45.1 43.4 44.1 42.6 44.6

DA301 Bttm. Liquid | 56.6 54.9 56.6 55.9 57.4 55.4

Yield VALID-4 VALID-5 VALID-6
Mass% Model Plant | Model Plant | Model Plant
Rich H2 6.3 7.0 6.5 6.7 6.6 6.8
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DA301 Ovhd. Vapor | 1.7 1.7 1.8 1.8 1.8 1.7
DA301 Ovhd. Liquid | 13.6 12.2 11.2 12.0 111 12.3
DA301 Bttm. Liquid | 78.3 79.1 80.5 79.5 80.5 79.2
DA302 Ovhd. Liquid | 45.9 45.3 45.4 46.2 45.4 43.2

DA302 Bttm. Liquid | 54.1 54.7 54.6 53.8 54.6 56.3

The most important prediction from the reactor masléhe overall yield of all the key products
from the unit. In case of the reformer, they aeeriet gas production, LPG (DA301 Ovhd.
Liquid) and reformate (DA301 Bttm. Liquid). The ids in the above table are from the rigorous
tray-by-tray fractionation section. Therefore, #ifect of downstream fractionation is also
included in these predictions. We note good agre¢mih the plant values. The AAD

(counting all products) is less than 1.0%.

Table 3.14: Comparison of key reactor temperature p in model and plant values, AAD
(Total) =1.7 °C

Reactor Temp. Drop VALID-1 VALID-2 VALID-3

(°C) Model Plant Model Plant Model Plant
Reactor #1 108.2 1099 | 107.3 106.0 | 1141 1115
Reactor #2 61.6 63.1 60.6 59.9 67.8 64.9
Reactor #3 337 352 32.1 33.9 38.0 37.0
Reactor #4 20.5 23.3 18.7 22.3 22.7 25.5
Reactor Temp. Drop VALID-4 VALID-5 VALID-6

(°C) Model Plant Model Plant Model Plant
Reactor #1 107.4 1076 | 1139 1128 | 113.3 111.7
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Reactor #2 60.7 61.9 66.7 67.0 66.1 66.2

Reactor #3 32.8 34.9 37.0 37.1 36.4 37.0

Reactor #4 19.6 23.3 22.1 24.2 21.7 24.6

The reactor performance is also a key indicatonodiel’s calibration and prediction. We note
that reactor model tracks reactors #1 - #3 withrtlughly the same accuracy. We observe the
larger error in reactor #4 because we do not aflignificant changes in individual tuning of the
reactions. In the final reactor, more exothermact®ns start to dominate and push the reactor
into a region where paraffin cracking becomes $icamt. However, even this higher deviation

of outlet temperature is within the expected deéwmaat the plant.

Table 3.15: Comparison of key model and plant yieklin the reformate, AAD (Total) =
1.05; AAD (Aromatics) = 0.85

Reformate yields VALID-1 VALID-2 VALID-3
(Wt%0) Model Plant Model Plant Model Plant
Benzene (B) 7.5 7.9 7.7 7.1 7.0 6.4
Toluene (T) 21.3 20.7 22.0 21.1 20.9 19.9
Ethylbenzene (EB) 3.6 3.5 3.6 3.4 3.5 3.4
para-Xylene (PX) 55 5.1 5.6 5.3 55 5.1
meta-Xylene(MX) 11.9 111 | 121 117 | 118  11.2
ortho-Xylene(OX) 6.7 6.3 6.8 6.5 6.6 6.3
Higher aromatics (A9+] 40.5 38.1 39.2 41.6 41.5 43.3
Paraffins (P) 1.4 2.0 1.2 1.0 1.3 1.1
Napthenes (N) 12.5 14.5 11.9 14.0 12.7 14.5
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Reformate yields VALID-4 VALID-5 VALID-6

(Wt%0) Model Plant Model Plant Model Plant
Benzene (B) 8.4 7.7 8.0 8.1 8.0 8.0
Toluene (T) 22.7 21.5 23.2 20.8 23.2 20.5
Ethylbenzene (EB) 3.6 3.3 3.6 3.4 3.6 3.4
Para-xylene (PX) 55 5.3 5.6 5.0 5.6 4.9
Ortho-xylene(OX) 11.9 114 | 121 110 | 121 107
Meta-xylene(MX) 6.7 6.4 6.8 6.3 6.8 6.1
Higher aromatics (A9+] 35.8 38.0 34.5 41.2 34.5 40.1
Paraffins (P) 1.4 1.2 1.5 1.4 1.5 1.4
Napthenes (N) 12.6 14.6 12.1 13.7 12.1 14.7

Since this reformer is part of a petrochemical clexypthe predictions of individual molecules in
the reformate are quite significant. An accuratdmtion of the composition of benzene,
toluene, ethylbenzne and xylenes (collectivelymref®to as BTEX) validates our model and
provides feed values for the downstream modellferBTX separation plant. Table 3.15
compares the predicted vales and plant data. THe #Aall the components is 1.05 wt%,

whereas the aromatics show a deviation of only @85.

Table 3.16: Comparison of LPG composition from modeand plant, AAD = 2.0 mol. %

DA301 Ovhd. Liquid VALID-1 VALID-2 VALID-3
(Mol. %) Model Plant Model Plant Model Plant
Ethane (C2) 8.7 8.3 8.3 8.1 7.5 9.5
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Propane (C3) 254 28.3 24.9 26.8 23.6 28.0
iso-Butane (iC4) 234 203 23.9 19.3 23.6 19.2
n-Butane (nC4) 19.6 18.0 19.4 18.4 20.1 17.5
iso-Pentane (iC5) 14.1 16.0 14.6 17.7 16.0 15.9
n-Pentane(nC5) 6.2 7.6 6.2 8.5 6.7 7.8
DA301 Ovhd. Liquid VALID-4 VALID-5 VALID-6
(Mol. %) Model Plant Model Plant Model Plant
Ethane (C2) 8.4 9.4 7.1 7.4 7.0 8.0
Propane (C3) 26.0 29.5 25.1 28.5 25.0 26.9
iso-Butane (iC4) 23.5 20.6 23.6 20.7 23.6 19.6
n-Butane (nC4) 19.2 17.1 19.5 18.6 19.6 18.1
iso-Pentane (iC5) 13.9 15.3 15.1 16.4 15.1 17.3
n-Pentane(nC5) 5.9 6.4 6.4 7.1 6.5 8.5

A key part of this work in the development of fiadiation sections for the reformate and A6
splitter. We compare the model predictions of #ragerature profiles of the LPG column

DA301 and reformate separator DA302. We note ggpdeament with plant measurements.
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Figure 3.22: Temperature profile of column DA301
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Figure 3.23: Temperature profile of column DA302
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3.13 Applications

Refiners typically face two types of operating su@ws with reformers. The first type of scenario
is the “what-if” scenaria In this scenario, we want to predict the progesgormance given a
change in a key process variable. For CCR refornieestypical operating variables for a given
feedstock are reactor temperature, feed rate @mrespelocity), reactor pressure, hydrogen to
hydrocarbon ratio (H2HC) and the activity of théatgst. By making changes in the process

variables, refiners can make significant shiftthie product distribution.

The second type of scenarial® “how-to” scenario Modern reforming units may consume a
variety of different feedstock while facing changiiproduct demand. Because of the highly
integrated nature of refineries, it is importanttmsider the effects of the upstream and
downstream units on the reformer’s performancerdbee several typical questions that form
the “how” scenario: How can we reduce benzeneendfiormer outlet? How can we use (or
blend in) an additional feedstock? How can we aotéur changes in the reformer process on an

economic basis?

Refiners often rely on performance charts, emgdidoarelations and historical data to study
these types of scenarios. Gary etand Little® provide examples of several types of these
correlations. These methods can be unreliable sedtey assume a fixed feedstock and set of
operating conditions. In addition, these methodsrofgnore the interaction between process
variables and can mask optimal operating condititins in this context that we consider the use
of rigorous models to study various operating sdesa Rigorous models can account for

complex changes in process variables and provitieleld predictions of reactor performance.
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3.13.1 Effect of reactor temperature on process yield

A typical operating scenario is the increase oft@atemperature to promote higher severity
operation to produce high-octane reformate and atiom Figure 3.24 to Figure 3.31 indicate
key changes in the reformer performance a funafdVAIT in the process. In addition, we

must also consider the effect of hydrogen partiesgure in the reactors. We study this effect by

changing the WAIT and various values for the H2HdGor.

Increasing the reactor temperature through WAITegally increases the yield of the aromatic
components and the octane number. However, foremdii2HC ratio, there is a maximum
aromatic yield and octane number. This results flloenincreased relative of hydrocracking vs.
dehydrogenation due to the temperature increasee§pmndingly, the C5+ yield (sum of all

components great than C4) decreases with increastage number.

To consider operating at high WAIT conditions sifpossible to run the reactor at much higher
H2HC ratios. Figure 3.24 to Figure 3.26 show thatoan reach a much higher octane number at
high WAIT values. However, when the WAIT is low (opared to the octane peak), Figure 3.25
and Figure 3.26 show correspondingly lower aromaétd. Therefore, there must be a balance
between the H2HC ratio and WAIT to produce optio@thne number and aromatic yield.
Another important consideration in increasing WAdTproduction of undesirable side products
and excessive coke generation. Figure 3.27 andd-)@8 show the effect of WAIT on the

production of dry gas (methane and ethane) anddke laydown rate.
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Figure 3.25: Change in C5+ RON as function of WAITand H2HC ratio (WHSV = 1.37)
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Figure 3.27: Change in light gas yield as functionf WAIT and H2HC ratio (WHSV = 1.37)
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Figure 3.28: Coke laydown rate (kg/hr) as functiorof WAIT and H2HC ratio (WHSV =
1.37)

Before we approach the octane maximizing peakeaging the reactor temperature increases
the yield of dry gas and the coke generation fEte.increase in dry gas yield can be
problematic. The dry gas typically has little ecomovalue and causes bottlenecks in the recycle
compressors in the product separation sectione&sitng the H2HC ratio typically does not help
reduce dry gas yield, since high partial press@ifeydrogen in the reactor promotes
hydrocracking and subsequently increases the dryigéd. In addition, the coke laydown rate
increases exponentially with increased temperatndecan put significant pressure on the
regenerator section of the CCR. Operating at hegtperatures may require a significant

addition of fresh catalyst to maintain the samel@®f catalyst activity.

3.13.2 Effect of feed rate on process yield
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The reactor temperature is a primary method ofishithe reactor yield to produce more
valuable product distributions. Another processalde is the feed rate to the unit. The feed rate
cannot take on drastically different values dutheodemands of other units in the refinery.
However, small changes in feed rate can influehegtoduct distribution. This occurs because
of the change in contact time with the catalysgher contact times increase of the conversion

of feed to products.

Figure 3.29 to Figure 3.31 show the change in kagtor yields as functions of weight hourly
space velocity (WHSV) and reactor temperature, WAIRe figures show that as WHSV
increases (feed rate increases), the conversiarotnatics decreases and the corresponding
octane number decreases. This is consistent witexqectation of lower contact time. In
general, the impact of changing feed rate is leas tchanging the reactor temperature. For
significant changes in the RON and total aromatddy the reactor temperature is still the
primary driver. In Figure 3.30 and Figure 3.31, lines for high WAIT approach a minimum

slope, since we are approaching the octane pedkddraseline H2HC ratio.
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Figure 3.29: Change in C5+ Yield (wt. %) as functia of WHSV and WAIT
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3.13.3 Combined effects on process yield

Therefore, changes in octane number and total dromiald reflect the coupled effects of feed
rate and reactor temperature. We can use the nmg@ebvide reactor temperatures that
correspond to a fixed RON and varying feed ratgufé 3.32 shows the relevant WAIT and
WSHYV to obtain a given C5+ RON. We note that ghhC5+ RON operation and high WHSV,
the required reactor temperature increases signifiz. As shown in Figure 3.27 and Figure
3.28, this increases the unwanted dry gas yieldpaoduces excessive amounts of coke. By

using Figure 3.32, we can determine how to chamgesass variables to achieve desired C5+

RON.
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Figure 3.32: Corresponding WAIT and WHSYV to obtainvarious C5+ RON in reactor
products
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Figure 3.33: Effect of C5+ Yield (wt. %) on C5+ RON

We show a related study (Figure 3.33), indicatiogyIC5+ yield changes with increasing values
for C5+ RON. Figure 3.33 helps the refiner identtig range of values that H2HC ratio may
take to obtain the same C5+ RON. Combined with fei@u32, we can identify possible

operating windows for WAIT, H2HC and WHSV for a givfeedstock composition.

3.13.4 Effect of feedstock quality on process yield

All the previous studies involve a uniform feedét@omposition. In practice, however, feed
composition can change significantly over the cewfregular refinery operation (see Figure
3.18). So, it is important study changes in prodlistribution when the feed composition varies.
The benzene content of reformate is of particulterest to refiners. Recent regulations have
imposed strict limits on the amount of benzene gmem the gasoline pool. Since the reformer is

the primary source of benzene, we look for waytiuce the benzene in reformate.
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The primary contributors to benzene and toluenerathylcyclopentane (MCP) and
methylcyclohexane (MCH). Various authors have comtex on the significance of this

pathway to produce aromatit’s*® We study the effect of the MCP in the yield ofibene,

toluene and xylenes in Figure 3.34. We use thalstanoperating parameters as with other case
studies in this work. Figure 3.34 shows that insieg MCP concentration has a strong effect on
the benzene yield in the reformate. In addition,AM&@mposition has little effect on the

composition of the higher aromatics.

In practice, a refiner does not directly contra feed composition of MCP to the unit.

Typically, we blend in additional feed that haslBR greater than 95 — 100 °C. Feeds with IBPs
greater than 95 — 100 °C contain little amountM@P and this ratio can be used to control the
benzene yield of the unit. By contrast, a refinbowvants to increase the production of benzene
(to supply a chemical process) may want to incrédasdéeed of MCP instead of operating the
reformer at increasing severity and converting tagaroducts to benzene. Using a rigorous

model can help us find and understand these tyfpeade-offs.
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Figure 3.34: Effect of changing feed MCP compositioon aromatic yields

3.13.5 Chemical feedstock production

Many reformers are now part of integrated petroabahtomplexes and produce aromatics
(benzene, toluene and xylenes or BTX) to feed chimical processes for polystyrene,
polyesters and other commodity chemicals. As schjmportant to consider how models can
help in optimizing the BTX operation. Model devedop and users must also be aware that
complete BTX operation may not be the most prokgabformer operation scenario. Economic

analyses are required to justify changes from algesproducing to a BTX-producing scenario.

In general, many of the case studies show in eadietions (relating to higher octane operation)
apply to the BTX scenario as a well. Figure 3.28 Bigure 3.26 show the relationship between
octane number and aromatic yield. We repeat sortteeafase studies shown in previous

sections, showing the effect of process variabteBBX yields. In Figure 3.35 and Figure 3.36,
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the yields of aromatic yields at WHSV of 1.34 an2HC ratio of 3.41 were taken as base yields.

Table 3.17 shows the base yields at several terypesa
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Figure 3.35: Relative yields of aromatic component&vhere A6 refers to benzene, A7 refers
to toluene and A8 refers to xylenes) as function &/HSV and WAIT = 495 °C
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to toluene and A8 refers to xylenes) as function &/HSV and WAIT = 525 °C

Table 3.17: Base yields of aromatic components aanous WAIT and H2HC ratio of 3.4

WAIT A6 Yield Wit%) | A7 Yield (Wt%) | A8 Yield (Wit%) | A+ Yield (wt%)
495 °C 4.15 15.90 21.70 22.63
515 °C 6.09 17.13 22.16 23.01
525 °C 6.88 17.56 22.17 22.94

As reaction temperature (WAIT) increases, the yafldromatic components yields

significantly. However, at higher temperatures e than 520 °C), the H2HC ratio is not

sufficient to prevent undesired hydrocracking rems. These reactions will decrease the yield

166




of higher aromatics and favor light gas productibable 3.17 shows that the rate of increase in
the production A7 and higher components decreagegly. In the case of A9+ yield, we
actually show decrease in yield even though thetoed operating at higher temperatures. In
this case, the refiner may choose to increase H2# € to continue producing high yields of
aromatic components at expense of increased recgol@ressor duties and increased severity
during catalyst regeneration. If the recycle corapoe is already operating close to the design
limit then an extensive (and costly) revamp mayduglired to produce additional aromatics. In

such a situation, the use of a model to predietaditive scenarios can be very cost-effective.

Another important issue is the effect of feed (@#1SV) on the yield of key aromatics. We note
that at lower reaction temperature (WAIT), the effief WHSV is more pronounced. High feed
rates and low reaction temperatures tend to makernbcess more selective toward toluene (see
Figure 3.35). At higher temperatures and high fegels, as Figure 3.36 shows, there is little
difference between the yields of benzene and telukiis possible to take advantage of these
differences in selectivity to help favor one aroimabmponent over another. In addition,
changes in aromatic precursors (such as MCP) sarsainificantly shift the aromatic

production profile. We studied the effect of feeunposition in previous section in the context

of reducing benzene content in gasoline (Figurd)3.3

3.13.6 Energy utilization and process performance

The modern refinery is not only concerned with nmggproduct specifications and demands but
also the energy and utility (cooling water, powahsumption of various units. Table 3.18 lists

some of the utility consumption data based on waratalytic reforming processes.
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Table 3.18: Utility consumption dat&' **

Fuel (BTU/barrel of feed) 200e3 — 350e3
Power (kW-hr/barrel of feed) 0.6-6
Cooling water (gal/barrel of feed) 40 - 200

In the reforming process, significant energy consgnsteps are interstage heating and recycle
compression. About 65-80% of the energy input theoreformer drives the fired heaters
responsible for interstage heating. Modest changtse operation of these fired heaters can
provide significant energy savings. Improving tipeiation of the fired heaters directly can be a
significant undertaking® and is outside the scope of this work. Howevercar study in the
effect of changing the reactor inlet temperatufiesd heater outlet temperatures) on the product

yield and required heater duty.

We consider the scenario in Table 3.19, where oeauet temperature for each reactor bed is
fixed to certain values. The values in parenthiesicate change from the base case. We change
the reactor inlet temperatures by values givehéntable for four subsequent model runs. We
choose these values to highlight the effect oftmanlet temperatures on the initial, final and

intermediate beds independently. The results sf¢dase study appear in Table 3.20.

Table 3.19: Reactor inlet temperature deviations

Scenario Bed #1(°C) Bed #2(°C Bed #3(°Q) Bed #4(°C WAIT (°C)

BASE 515.9 513.6 513.6 515.0 514.5
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CASE-1| 510.9 (-5.0) 513.6 (0.0) 513.6 (0.0 515.0Y 514.0
CASE-2 | 510.9 (-5.0) 513.6 (0.0) 513.6 (0.0 516500 511.6
CASE-3| 515.9(0.0)| 508.6(-5.0 508.6 (-5.0 51(6.0) 512.5
CASE-4 | 515.9 (0.0 513.6 (0.0) 513.6 (0.0 515500 512.2

Table 3.20: Key model yields for fired duty case atly
Scenario| Total Fired Aromatic C5+ RON C5+ Yield Fired Duty

Duty (kJ/kg) | Yield (wt%) (Wt%0) Deviation
BASE 1001.4 66.26 101.1 91.52 0.00%
CASE-1 996.0 66.08 100.9 91.59 -0.54%
CASE-2 987.0 65.76 100.4 91.74 -1.92%
CASE-3 987.8 65.82 100.5 91.74 -1.35%
CASE-4 987.5 65.94 100.7 91.67 -1.39%

While initially the fired duty reductions appearitgusmall (0.5 — 1.4%), this may lead to

significant energy savings in fuel costs for thredi heater. Vinayagathstates that even a 1%
reduction in fuel consumption can provide significeost savings. We note that these energy
savings appears as a result of small octane lasar@matic yield loss. If the reformer is already

operating at high severity, this type of energylgsia may allow for some flexibility in the
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operating costs of the unit. In addition, this tgf@nalysis serves as a starting point for a large

heat integration analysis to understand how toae@mergy consumption of the overall unit.

3.14 Refinery Planning

Production planning is an important activity in neaa refineries. The modern refinery is a
combination of many complex units such CatalytiédRming, Fluid Catalytic Cracking (FCC),
Hydroprocessing, etc. While it is possible to teaeh unit to an optimal yield, the optimum

yield of a particular unit may not reflect a trygtiomum because of the demands and prices for
the wide range of product that the refiner produgdéerefore, it is important to consider each
unit in the context of the whole refinery. The wait}i of choosing feedstock to refinery (and its
constituent units) that produces optimal econoraiteit while meeting equipment, business and

regulatory constraints is called production plagnin

The refinery production planning problem has beaditionally solved using linear
programming (LP) techniques. LP is a mathemat@ehinique that maximizes a linear objective
function of many variables with respect to lineanstraints on these variables. Bazaraa &t al.
have described the theory and applications of tRrigues extensively. It is well known that
LP techniques have several deficiencies which gelinearization of inherently non-linear
process behavior. This often results in findingalagptimum instead of a global optimum. Many
authors have worked on several different technigoiese non-linear programming in refinery
production planning. However, LP techniques aflemtpular because they easy to use and

incorporate into existing refineries.

A refinery LP and linear unit model representsteo$éinear correlations that predict yield given

an average Yield value and changes in the cerfgrating variables. In this section, we discuss
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how to apply the rigorous reforming model in thatext of a linear unit model. The key

information for a linear model of a nonlinear pregés the DELTA-BASE vector:

— Ay, Ay,
3::1 ?Tl Ax, = Ax, Axy
‘:2 (PREDICTION) = ‘:2 (BASE) +| : : |(DELTA-BASE)-| : |(DELTA) (26)
'Lrlm Vo ﬂ'} 'm ﬂ'} 'm Ax n
Ax, T Ax,

The DELTA-BASE relates the prediction of a new teagield (PREDICTION, y,) given an
average starting prediction value (BASE) gnd the change in operating variables (DELTA,
AXn). We note that this DELTA-BASE matridy, /Ax,) is essentially the Jacobian matrix for

our nonlinear process model centered on a giveratipg point.

Refiners often develop the linear yield correlasidor the LP in a simple fashion. The average
value of historical unit yields over a significgrgriod of time (e.g. one operating quarter) form
the BASE yield of the unit. The DELTA-BASE may bal@ulated from published or internal
refiner correlations for the given unit. Alternatly, the DELTA-BASE vectors may be
generated from the change in yields recorded whéeoperating conditions of the unit change.
In either approach, the BASE yield and DELTA-BASEtnx represent average values (fixed to
certain operating conditions) and may not correctfiect the true operation of unit. In this

work, we use the rigorous non-linear model to sypipé BASE and DELTA-BASE values.
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Identify base operating condition
Run model and record base yields

Pick attributes that influence product yields
For each attribute

Modify attribute value by CHANGE %
Run the model with modified attribute
Record yield of each product

Generate delta vector coefficient for
each product by dividing the difference
between the base yields and current
yields by change the in attribute

Record yield of each product

Export delta vectors to LP/PIMS software

Figure 3.37: Process to generate DELTA-BASE vectoffsom rigorous model

Another important consideration is the choice aéraing variables to manipulate in the

DELTA vector. It is not useful to map the entireninear model with all of its variables into the
LP. We must choose key operating variables thatametrack throughout the whole LP.
Typically, each unit model only includes the feed&tcharacteristics. For catalytic reforming,
the choice of operating variables depends on hewsfiner deals with the reformer products. If
the reformer is primarily a generator of high-o&aasoline for the gasoline pool, it is sufficient
to include only a few feed quality parameters sagiN+2A and feed IBP (Initial boiling point).
However, if the reformer is a source of aromatiestished for a chemical complex, there may be
cause to include additional feed quality descripisuch as feed content of cyclopentane (CP),

methylcyclopentane (MCP), etc.
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In this work, we restrict ourselves to the gasejmneducing reformer. Figure 3.37 outlines the

general process to generate DELTA-BASE vectorscWmse the feed N+2A as the single

input variable and the output variables are yieldsydrogen, dry gas yield and yield of the

reformate. We also generate the BASE and DELTA-BABEors for several cases of varying

C5+ reformate RON. Table 3.21 shows the relevaitlyiof the reactor model. The feed

composition for the given N+2A corresponds to measplant data. We fix the RON of the

C5+ reformate and calculate the required WAIT dyinmodel execution.

Table 3.21: Reformer yields at various N+2A and C5+eformate RON from rigorous

model
WAIT (°C) 501.1| 500.8 508.5 508.1 517.2 516.b
N + 2A 64 72 64 72 64 72
Product Yield (wt. %)
Hydrogen 2.96 3.13 3.03 3.23 3.10 3.31
Methane 0.59 0.47 0.66 0.53 0.7% 0.61
Ethane 1.76 1.41 1.98 1.59 2.25 1.82
Propane 3.38 2.86 3.87 3.27 4.46 3.147
Isobutane 3.36 2.63 3.81 2.99 4.3b 3.43
n-Butane 3.10 2.46 3.24 2.58 3.3b 2.70
C5+ 102 RON 84.82| 87.00 - - - -
Reformate
C5+ 104 RON - - 83.37 85.78 - -
Reformate
C5+ 106 RON - - - - 81.69 84.34
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Reformate

Other 0.03| 0.02 0.03 0.03 0.04 0.08

We use the yield information from the rigorous mddeTable 3.21 to construct the LP yield
vectors. The BASE vector is the average of thedgi@gl each RON case. We choose the average
value of N+2A (64) to compute the,. We then use one of the N+2A data points to comput
the DELTA-BASE vector. We show the steps and tesaflthis calculation for RON 102 case

in Table 3.22. We compare the results of the liyegd vector predictions and model

predictions for an intermediate N+2A value of 6@ able 3.23. Table 3.24 shows the DELTA-

BASE calculated for all the RON cases.

Table 3.22: Calculating the DELTA-BASE vectors forthe C5+ RON = 102 case

Dev. to N+2A =72 Dev. to N+2A = 64
Avg. N+2A 68 4 -4
(wt. %) DELTA-BASE PREDICTION

Hydrogen 3.05 0.022 2.96
Methane 0.53 -0.014 0.59
Ethane 1.59 -0.043 1.76
Propane 3.12 -0.066 3.38
Isobutane 3.00 -0.091 3.36
n-Butane 2.78 -0.079 3.10
Reformate 85.91 0.273 84.82

174



Table 3.23: Comparison of yield predictions from rgorous model and LP yield model

Rigorous model prediction LP vector AAD
prediction
N+2A 66.6 66.6
(wt. %) (wt. %)
Hydrogen 3.18 3.17 0.01
Methane 0.73 0.71 0.02
Ethane 2.17 211 0.06
Propane 4.45 4.24 0.21
Isobutane 4.14 4.05 0.09
n-Butane 3.16 3.14 0.02
Reformate 82.13 82.55 0.41
Table 3.24: DELTA-BASE vectors for different RON cases
RON =102| N+2A =68 | RON =104 N+2A =68 | RON =106 N+2A =68
BASE DELTA- BASE DELTA- BASE DELTA-
BASE BASE BASE
Hydrogen 3.05 0.022 3.13 0.024 3.20 0.027
Methane 0.53 -0.014 0.60 -0.016 0.68 -0.018
Ethane 1.59 -0.043 1.79 -0.049 2.04 -0.055
Propane 3.12 -0.066 3.57 -0.075 412 -0.086
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Isobutane 3.00 -0.091 3.40 -0.103 3.89 -0.11p

L4

n-Butane 2.78 -0.079 291 -0.081 3.03 -0.08

Reformate 85.91 0.273 84.57 0.301 83.01 0.331

We can repeat the process outlined in Figure 387Table 3.24 for any number of feed
composition variables. In general, for typical prs€ changes in feed quality (10% - 15%), the
LP yield vectors can provide reasonable predictfonshe process yield. A potential problem is
that LP yield prediction can be poor when operatioge to process minima or maxima (such as
octane number at fixed H2HC ratio). In addition,2+tmay not be detailed descriptor for
feedstock changes. If these problems occur iniggdhe LP may require more frequent

updates to reflect true unit operation.

3.15 Conclusions

In this work, we have developed an integrated mémehn UOP CCR unit in Aspen
HYSYS/Petroleum Refining. We use detailed feed casitpn (PNA content) and the routinely
collected data such as operating profiles of reaptoduct yields and fractionator temperature

profiles. The key highlights of this work are:

» Detailed process description and overview of preademistry relevant to modeling
the reactor

» Brief survey of existing kinetic and unit level nedsl for reforming processes

» Discussion of kinetic and reactor model in AspenS¥¥/Petroleum Refining

» Guidelines for dealing with the physical properiéshe kinetic lumps in the context

of the radial flow reactors and fractionator
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» Detailed process to infer molecular compositiofeedd when little plant information
is available

» |dentified key issues relevant to calibration anaho prevent over-calibration of
reactor model

» Used industrial plant data to obtain workflow tpadduces a reasonable model

* Applied model to industrial plant data and showeddjagreement with plant
measurements in yield and composition of key prtsluc

* Investigation of the effects of various processapseters on product yield and
composition

» Transitioned the results from rigorous non-lineadel to the LP model for the

refinery
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3.17 Nomenclature

a Beta distribution shape parameter

A Catalyst activity factor

A Aromatic lump containing i carbon atoms (i >=6)
o} Pressure effect exponent for reaction class j
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ax

BEN
CH

Ccp

EBP

mnomg m

-

H2HC

HFACTOR;
IBP

o =

WGD;U'U'U'U

RON

Pre-exponential factor in rate constant (1/s)

Activity factor for reaction group x
Beta distribution shape parameter
Benzene

Carbon to hydrogen weight ratio

Concentration of component i

Cyclopentane

Tray efficiency factor

End boiling point (°C)

Activation energy associated with reaction | (J/Kmo
Catalyst deactivation due to coke on catalyst
Total molar flow rate (kmol/hr)

Molar flow rate of component i (kmol/hr)
Combined adsorption factor due to acid function
Hydrogen to hydrocarbon mole ratio

Hydrogen to carbon weight ratio for componert,C
Initial boiling point (°C)

Iso (or branched) paraffin containing x carbon atom
Rate constant associated with reaction or compar{&ntol/kg-
cat-s)

Adsorption factor for component i (1/kPa)

Multiple branched paraffin containing x carbon asom
Methylcyclohexane

Methylcyclopentane

Motor Octane Number

Motor Octane Number of component or lump i
Molecular weight

Naphthene lump containing i carbon atoms (i >= 5)
Weight or mole faction of given lump i

5-membered naphthene lump containing i carbon afoms5)
6-membered naphthene lump containing i carbon afoms 6)

Normal paraffin containing x carbon atoms
Pressure (kPa)

Partial pressure of component i (kPa)
Reference Pressure (kPa)

General paraffin containing x carbon atoms (x >=1)
Combined adsorption factor due to metal function
Universal gas constant (J/kmol-K)

Research Octane Number
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RON; Research Octane Number of component or lump i

SBP, Single branched paraffin containing x carbon atoms
T Temperature (K)

TBP True boiling point curve (°C)

T Reference temperature (K)

TOL Toluene

w Space velocity (1/hr)

WAIT Weight averaged inlet temperature (°C)

WHSV Weight hourly space velocity (1/hr)

Wi
Xn

Yn

Weight fraction of component i
Molar composition of liquid leaving a given tray
Molar composition of vapor leaving a given tray
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4. Guide for modeling FCC units in Aspen HYSY S/Petrolam Refining

4.1 Introduction

In this chapter, we go through an example of hoarganize data, build and calibrate a model
for a fluid catalytic cracking (FCC) unit using AspHYSY S/Petroleum Refining. We discuss
some key issues in model development and how itma&st missing data required by Aspen

HYSYS/Petroleum Refining. We divide this chapteoifour workshops:

a. Workshop I: Building a basic FCC Model

b. Workshop II: Calibrating the basic FCC Model

c. Workshop 1lI: Build main fractionator and gas plagstem

d. Workshop IV: Perform case study to identify difet gasoline production scenarios
e. Workshop V: Generate DELTA-BASE vectors for linpaogramming (LP) based

planning

4.2 Process Overview

Figure 4.1 and Figure 4.2 show process flow diagré®iD) for the FCC unit and downstream
fractionation units that we will use the build tin@del in question. We extensively discussed the
features and operating issues associated witlygesunit in Chapter 2. In the context of this

chapter, we also build models for the main fracton and associated gas plant.
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Reactor Output

L 4

T-101
Flue Gas REACTO

Resid Oil
] CHO
Wax Oil

Stripping

/éA/ Steam
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x @ 105 ton/hr ¢
\ ) HN Recycle — 10 ton/hr
] T_Steam

’ Off-spec Recycle — 5 ton/hr

ir/Oy Mix
Lift Gas

Lift Gas Steam

Figure 4.1: Reaction Section of FCC Unit
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T303 (Stabilizer) — 17 ton/hr
P205 A/B
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-

P204 A/B

Light Cycle Oil — 34.5 ton/hr
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Reactor Effluent

——)|
Bottoms Steam

LN Recycle — 5 ton/hr

H
|

P208 A~B

To E211, E212
Slurry — 5% of Mixed Feed
(about 6 ton/hr)

Figure 4.2: Main Fractionator associated with FCC
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Interstage cooler
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\

Light Gasoline LPG (C3-C4)

Gasoline Splitter
Stripper

—( Debutanizer (LPG)
\_< ! )

.

4
Heavy Gasoline

Figure 4.3: Gas plant associated with FCC unit

4.3 Process Data

Table 4.1 to Table 4.4 give detailed feeds, praslaod operation data for a typical UOP FCC
process. Values that have been estimated are maikted *. We extensively discussed methods
to estimate required properties for FCC modeling preceding chapter. Operating conditions
for the fractionation section largely depend onR&C unit effluent and are relatively static, so

they are not given here.

Table 4.1: Summary of liquid feeds and products

Light Cycle
Feed/Products Feed Naphtha Bottoms
Oil
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Flow rate (kg/hr)
Specific gravity
Distillation Type
Initial Point (°C)
5%

10%

30%

50%

70%

90%

95%

End Point
Nitrogen (ppmwt)
Sulfur (wt. %)
CCR (wt. %)
Vanadium (ppmwt)
Nickel (ppmwit)
Sodium (ppmwt)
Iron (ppmwt)
Copper (ppmwt)
RON/MON
Olefins (Liq. vol%)

Naphthenes (Lig.

108208

0.9

D-1160

269.0

358.6

376.4

419.0

452.3

488.0

541.8*

567.9*

665.8*

2409.0

0.56

1.86

0.3

0.3

2.1

0.1

28.5

8.529

46583

0.7

D-86

35.7

40.8

45.6

64.7

86.4

115.0

165.4

191.4

255.4

9.0

0.06

0.01
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24333

1.0

D-86

217.9

235.9

246.6

275.7

300.3

326.9

365.4

382.5

418.9

127.8

0.91

0.11

4125

1.0

TBP

221%

314*

343.3}F

382.2}

426.7¢

468.3*

496.1f

545.1f

6497

324.3

1.96

0.38




vol%)

Aromatics (Liqg. vol%)

Cloud Point (°C)

23.6

-10

Table 4.2: Summary of gas flowrates and composition

Dry Regen. Flue

Gas Sour Gas  LPG Gas
Flow rate (kg/hr) 4833 667 19542 -

vol. Mol. %

Composition mol.% mol.% | %
N2 22.5 0.6 - NA
(6{0) 1.7 - - NA
COo2 1.8 30.5 - NA
02 - - - 2.8
H2S 0.0 68.5 - NA
H2 255 - - NA
C1 23.3 0.2 - NA
Cc2 11.2 0.2 - NA
C2= 11.3 - - -
C3 0.3 - 13.5 -
C3= 1.0 - 41.5 -
nC4 0.2 - 4.7 -
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iC4 0.4 -
iC4= 0.4 -
1-C4= - -
c2-C4= - -
t2-C4= - -
c2-C5= 0.2 -
t2-C5= 0.2 -

18.0

12.5

4.0

5.7

Table 4.3: Riser and regenerator operating conditios

Temperature Pressure
Flowrate (kg/hr) (°C) (kPa)
Riser Feed Pre-heat Temperature - 175 -
Riser Inlet Steam 5000 200 1301
Riser Outlet Temperature - 518 -
Stripping Steam 5000 200 1301
Regenerator Dense Bed Temperature - 680 -
Regenerator Pressure - -
Table 4.4: Equilibrium catalyst properties

Metals content (V/ Ni/ Na/ Fe/ Cu) (ppmwt 5000/408103/5553/5
Equilibrium Activity (%) 66
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Inventory (kg) 150000

4.4  Aspen HYSYS and initial component and thermodynamis setup

We start by opening Aspen HYSYS. The typical patAspen HYSYS is to enter the Start >
Programs > AspenTech > Aspen Engineering SuitepeA$lYSYS. Early versions may
include a menu entry titled Aspen RefSYS. We disrtie “Tip” dialog and select File > New >

Case. We wish to include fractionation, so we dbahoose “FCC” alone.

=2 Aspen HYSYS 2006.5 - aspenONE

| Fie Tools Help

T - o |
% Open b Template :
i e s E—
. SEVEAR, TElEhis ; ] Reformer .ﬂ
Savrl, @ Hydrocracker HYSYS is
t i B ECE ?

Petroleum Distillation:

possible.

= Btk )
RN urrentDisplayUnit" property of the
Prnt Windos Snapshot. ss to recall the current unit used in
[0 prinker Setup »
£xt Al
1 vz Cateform sl 1
2 testl - o -
§ﬁ1R'LJDE_€§!LUP’IN |6 PR Selecta Tip Previous

4 ERUDE COLUMN 6 G5
5. TESTL PR

Figure 4.4: Initial Startup of Aspen HYSYS
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Add

Deleta I
‘Copy. I
Ampart., |
Efpot... |
Refresh I

Henipon

-_—
Dnmpnn’eﬂt‘s'l Fluid Flos: I Hypothaticalz ] 0il Manager ] Reactionz i Comporent Mapz ] Uset Propetties |

Entar FVT Enviranment,. I Estend Simulation Basis Manager, . I : Enter Smulation Environment .

Figure 4.5: Adding a component List

The first in creating the model is the selectiormatandard set of components and a
thermodynamic basis to model the physical propedfehese components. When we create a
new simulation, we must choose the componentstardibdynamics appropriate for the
process using the Simulation Basis Manager. Theul8iion Basis Manager allows us to define
components and associated thermodynamics in Asy&¥8. Components may be added
manually through the Add button shown in Figure #Héwever, we have a predetermined set of

the components for the FCC model.
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-

-
fdy Compuiter

File hame: Ipe’tloleumCampT _ﬂ T Open

Filez of type: I Campanent Lists [“.oml] :l ~ Canesl

Figure 4.6: Adding petroleum component list

To import these components, we click ‘Import’ aravigate to the directory location,
“C:\Program Files\AspenTech\Aspen HYSYS 2006.5” aalkct the “petroleumCompl.cml” as
the component list (Figure 4.6). The path showthis figure reflects a standard installation of

Aspen HYSYS/Petroleum Refining software.
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Figure 4.7: Initial Component list for petroleum camponent list process
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Figure 4.8: Adding additional components to petrolam component list
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Once we import a component list, HYSYS will createew component list called “Component
List-1". We can view the elements of this comporiets by selecting “Component List-1” and
clicking on “View” in the Simulation Basis Manag@tigure 4.7). We can add additional
components or modify the order of the elementiéncomponent list. We note that the standard
FCC component list is quite complete and model mefsting processes. The rigorous FCC
model does not predict components are not paheofgetroleumCompl.cml” list. However,
these additional components may be used in praztuiictionation models of the associated

with the FCC model. For the purposes of this saiah we will add cis-2-butene and benzene.

Sl Basis Manoger =t e = ] 555
~Dursnt Fllid Packages Flowshest - Fluid Pka Assaciations |
B asis-] G4 BB PengBobincr I Vbinian i | IV | Flawckast 1 Flid PlaTallea |l
_imixi
~Property Package Selection -
Gragzoh Stlaed. -Prnnert__l,l_Packaga_FdLe
Ifochem Multflash = &l Types
- Keabadi-Danner " EdSs
Lee-feder-Plocker & Aetivil_}l Maodels
'HEL%UF[IES (" Chao Seadst Modsls
NES Ciaam _J = Wapour Fress Models
Meotes BlackOi " Mizcelaneous Types
N ISR e
Laurich Property Wizard... I

= Comporents | Fl [ Camporent List Selection
Entec BUT E; I Companerit Lis:t -1 ;I '_\{iaw,_ I
" SetUp [ Patamsters | Binay Costts | StabTest | Phase Drder | Rsne. ] Tabular | Notes: ]
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Figure 4.9: Select Thermodynamics for Fluid Package

The next step is the selection of a ‘Fluid Packdgethis model. The ‘Fluid Package’ refers the
thermodynamic system associated with the choseaflsomponents. We move to the ‘Fluid
Pkgs’ tab in the Simulation Basis Manager and didé Add’ (Figure 4.9) Aspen HYSYS will
automatically choose the component list and presetindns for a ‘Property Package’ for these

components. The FCC system is mostly hypothetiedllight hydrocarbons. Consequently the
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Peng-Robinson equation of state is sufficient. \igeuss the implications of the process
thermodynamics in a previous chapter of this téwithe case of the FCC model, equation of

state or hydrocarbon correlation methods (Graydoee8, etc.) can sufficiently model the

processs.
—Optiar,
E nthalpy Property Package EOS
Density COSTALD
todify T, P for HZ, He Modify T, Pcfor HZ, He
Indexed Yiscozity H¥5'S Viscozity
Feng-Robinzon Options HY'SY'S

i —
Set Up F‘alametelsl Binary Coeffs I StabT est I Phase [

Figure 4.10: Thermodynamic options for Fluid Packag

It is important to note that even when we chooseauration-of-state approach, Aspen HYSYS
does not calculate all physical properties fromdfeation of state. For hydrocarbons, equations
of state do not generally predict the equilibriuragerties of very light components such as
hydrogen. In addition, density predictions (espécia the heavy hydrocarbon range) can be
quite poor. We almost always modify the equatiostafe to account for these deficiencies. For

the FCC process we choose the COSTALD method ttigirne liquid density (Figure 4.10).
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Fluid Package: Basis-1

—Equation af State |nteraction Parameters

|__Hudrogen hethane Ethane

Hydrogen 020200 022310
Methane 020200 000224
Ethane 022310 0.00224
Ethylene 0.00740 0.02150 0.01230
Propane 021420 0.00633 0.00126
Fropene -0.10360 0.03300 -0.001 50
i-Butane 020370 001311 000457
n-Butane 019410 0.01230 0.00410
o |

Treatment of [nteraction Coefficients Unavailable fram the L
% Eztimate HC-HC # Set Mon HC-HC ta 0.0 i

] SetUp I Parameters  Binary Coeffs Pt
Delete | Name IBaSiS-'I Property Pk

Figure 4.11: Binary interaction parameters for Fluid package

The last step before building the FCC flowsheb igerify the interaction parameters (Figure
4.11). If we had chosen a correlation based appr{@cayson-Streed, etc.) we do not have to
examine the interaction parameters. Since we cliosguation of state approach, we must make
sure that the binary interaction parameters foretngation of state are meaningful. In Aspen
HYSYS, the interaction parameters for defined congmbs (such as methane, ethane, etc.) come
from an internal databank based on experimental datr hypothetical petroleum components,
we can either set the interaction parameters toeBtimate these values based on correlations.
Note that that often little difference in practiwbether or not the interactions are set to zero or
estimated for lumped components. Especially folRGE process, both methods yield nearly
identical results. Once we have chosen an optiernteraction parameters, we can return to the
Simulation Basis Manager and click on ‘Enter SirtialaEnvironment’ to begin building the

process model.
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4.5  Workshop I: Basic FCC model

The initial flowsheet presents a blank interfaceesretwe can place different objects from the
Object palette shown in Figure 4.12. The initcaltpalette only shows typical unit operations
and does not show the advanced Aspen HYSY S/PetndRefining objects. We will use both

toolbars to build out the complete FCC model. We lmang the up the advanced palette by

pressing F6.

[conc cram 7
Fie Edt Smustion Flowshest PFD Toos Window relp '{}"ﬁx
J2d | toak=x®lew 4 S i e
(ot e I
HE HiE o A2 @B © [oeoicd 5. @ -
—
& mmao,
BT g pog

HE »E
@— i@..@v&

i
wEA
‘ L4LE
=P 1 ﬁ .
=
I | R
| I =

Figure 4.12: Initial Aspen HYSYS Flowsheet
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Figure 4.13: Aspen HYSYS/Petroleum Refining unit opration palette

We select the FCC icon from the Refining Reactatstpe and click on the FCC icon and place
the icon the flowsheet. Placing the icon invokesgaveral sub-models that prepare the
flowsheet for additional objects and creates aglakgpiction of the reformer object on the

flowsheet.

a

e

4 FCC Template Dption x|

Source for FCC Flowshest

-

Fead an Exizting FCC Template... |
| 1
_ Configure a Mew FCC Lnit... H |

Cancel |

Figure 4.14: Adding initial FCC unit

The first step is to choose whether to use a F@@le or configure a new unit. Aspen
HYSYS has several FCC templates that reflect séperaular types of industrial FCC

configurations. Figure 4.14 shows the initial windehen we place a FCC object on the
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Flowsheet. If we choose a template, we do not @aassign the reactor dimensions and select
catalyst configuration. However, in this worksheg, will build a FCC unit from scratch, so we

choose ‘Configure a New FCC Unit'.

]
Riger Héy!:iflc:lmm
> ne Hiset & Onesstags
" Two Bizers " Twoestage (Elue Gas n Senes)
[ sllow Midpoint lnjection " Tino-stage [Separate Flue Gas)
~Fractionatar =

I Inchide Fractionatar

Negts | Configuration 1 of 4) LCarioel |

Figure 4.15: Selecting FCC configuration

The FCC configuration requires choosing the risarfiguration, number and type of
regenerators and catalyst configuration. We may specify additional downstream
fractionation in the form of a simplified main ftaanator for the FCC effluent. However, we
note that a simplified model for fractionation tima&y not be appropriate for a detailed and
integrated process flowsheet. We recommend buildirigorous flowsheet based on standard
Aspen HYSYS fractionation objects. In subsequedatices, we will build a complete
fractionation section using rigorous stage-by-stagéels. In Figure 4.15, we select a FCC unit
with one riser, one-stage regenerator and no fnaation model and click “Next>". We may also

use the “Allow Midpoint Injection” to allow for a@C riser that has multiple injection points.
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Figure 4.16: Sizing the dimensions of the FCC unit

In the next window, we must specify the key dimensifor the FCC unit. The values in Figure
4.16 reflect typical values for a one-riser, ongergerator FCC unit. While all measurements are
required, the key measurements are the lengthianteter of the Riser and the height and
diameter of the dense and dilute phase in the sxgtor. We can estimate all other values (i.e.
use values in Figure 4.16) without significantlfeating model results. We click “Next>" after

entering all measurements.
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Figure 4.17: Specifying heat loss from different lcations of the FCC Unit

Aspen HYSYS now requests to enter to the heatfossach section of the FCC unit as shown
in Figure 4.17. In general, these values are nailable and we recommend using the default
values of O for all heat losses. These heat lasmesiccount for changes to due to external
cooling or heating surrounding the unit. Generalgse values are not significant and may be

safely ignored. We click “Next>" to complete thetial unit configuration.
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Figure 4.18: Select default calibration parameters

The last step is the calibration factors for trastigular unit (Figure 4.18). The calibration

factors refer to tuning factors for a specific uilihese tuning factors allow us to match model
results with current plant performance. Since wiélva adjusting or calibrating these tuning
factors in this chapter, we choose the “Defaulttdas. It is possible to have several different
sets of tuning factors or calibrations correspogda variety of process, feedstock and catalyst
configurations. However, we recommend that eaehstilould not have more than one set of

calibration or tuning factors in addition to the€fault” calibration factors.

4.6 FCC Feed configuration
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Figure 4.19: Assign feed types to feed data

After we complete the basic FCC configuration, westrspecify the feed details. We double-
click on the FCC icon on the flowsheet to bringt@ FCC configuration window shown in
Figure 4.19. We select the “Feed Data” to assifeed type for this model. A feed type refers to
how Aspen HYSYS will translate the bulk propertjoirmation into kinetic lumps. Aspen
HYSYS supplies a variety of feed type templatesHGC feeds from a variety sources such as
Vacuum Gas Oil (VGO), Hydrotreated Vacuum Gas BiIYGO), etc. We click “Import” to

import feed types from the feed library. The locatof the feed library appears in Figure 4.20.
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Figure 4.20: FCC feed type library

For this model, we will only choose “fccfeed _vgatdNe note that it is possible to include
multiple feed types in the same model. In mostgade VGO feed type is appropriate for most
FCC configurations. Even if the FCC feed is a migtaf gas oil from various sources, we
recommend using the VGO feed type. If the FCC feddrgely residue type feed, then we

recommend using the “fccfeed_resid.csv” feed type.
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Figure 4.21: Feed type template

When we import the feed type, Aspen HYSYS showdttails of the feed type as shown in
Figure 4.21. The “Kinetic Lump Weight Percents”icate the starting composition of the
kinetic lumps and the “Methyls and Biases” indicatev various bulk properties affect the final
lump composition. Aspen HYSYS uses the biasesltulzde actual kinetic lumps with the bias
vectors. The bias vectors essentially correct thetic lump composition for the measured bulk
properties (which we will enter) from the referemegk properties in the feed type. We will not

modify any information in this window and simplyosk it to continue the feed configuration

process.
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Figure 4.22: Feed bulk property information window

We will return to the “Feed Data” tab and seleét tRroperties” section to begin entering the
bulk properties of the feed (Figure 4.22). We ddlee “Bulk Properties” option for the Feed
properties. The minimum required data are theldigtn curve of the feed, specific gravity,
basis or total nitrogen, sulfur content, ConradSanbon Residue (Concarbon) and metals
content (Vanadium, Nickel, Sodium, Iron and Coppéithe feed. We expect that these

properties are part of the routine analysis offéeel to the FCC unit.
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Figure 4.23: Completed feed bulk property informaton window

Figure 4.23 shows the completed feed propertide tafing the feed information given in Table
4.1. If both total and basic nitrogen are not ald#, we typically use a value of 3.0 for the Total
to basic nitrogen ratio. In addition, we typicalige 0.5-0.6 the fraction of feed sulfur processed.
Residue-type feeds typically have lower amountheffraction of feed sulfur processed. While
these values are not exact, they will suffice fatial model. We also provide some guidelines
for related feed information estimates in Table #Héwever, it is important to provide
reasonably accurate and update to date valuesdanétals content of the feed. The metals
content significantly contributes to the coke pratiln in the unit. Since the riser and
regenerator are heat-integrated in the FCC ungtctin affect the overall yield prediction from

the unit.

Table 4.5: Typical range of properties for FCC feed

Bulk property Typical range or guideline

Specific Gravity 08-1.2
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Concarbon (wt. %) 1-3

Basic Nitrogen (ppmwt) 500 — 1000

Total/Basic Nitrogen Ratio 3.0

Sulfur content (ppmwt) <2

Fraction of feed sulfur processed 0.5-0.6

Total Aromatic content (wt. %) 20 — 30 (for stratighn VGO)

Nickel and Iron content (ppmwt) 10x — 100x (Vanaditt Sodium + Copper

Table 4.5 gives typical values for straight-run V@ can serve a reality check for data
collected during analysis. The nitrogen and sutfurtent can increase the rate of catalyst
deactivation significantly, while the high metatstent can promote excessive production of

hydrogen and light gas. We must be aware of treagers when developing the FCC model.

This completes the feed configuration of the FC@&. Wiie may add additional feeds to the unit

at this point (with the same feed type). For timsudation, we will only use one feed.

4.7  FCC Catalyst configuration
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Figure 4.24: Initial catalyst library window

The next step in building in the model is selectimg catalyst blend in the unit. We select the
“Catalyst” Tab in the FCC Reactor Section Windowshswn in Figure 4.24. The process for
importing a catalyst blend is similar to the practs importing feed types. We click on the

“Import...” button to bring up the import window fdine catalysts.

Figure 4.25 shows the location of the catalysaliprand also lists the available catalyst types. A
catalyst type essentially contains tuning or caltilon factors responsible for light gas
distribution, small adjustments to product bulkgedies (RON, MON, etc.) and distribution of
coke produced by the metal function of the catali/se catalyst library contains catalyst from a
variety of manufacturers and sources. If the egatalyst is not available, we recommend using
a similar match. It is possible to tune away vaoia in the tuning factors due to catalyst type,
but this may produce an overcalibrated model witfealistic yield predictions. For this model,

we will use the “af-3.csv” catalyst.
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Figure 4.25: Catalyst library
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Figure 4.26: Catalyst parameters

Once we choose a catalyst, Aspen HYSYS will displagmmary of the key features of the
catalyst (See Figure 4.26). We can use this lisbtapare with the true product specifications
from the catalyst manufacturer. If the catalysios acceptable, we can click ‘Delete’ to remove

the catalyst and try another entry from the catdigsary. As we mentioned in the previous
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paragraph, it is not critical to find an exact nmatOnce we have added all catalysts we require,

we can close the catalyst information window artdrrethe “FCC Reactor Section”
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Figure 4.27: Catalyst parameters

Next we must specify the catalyst blend. The catdiend refers two or more different kinds of
catalysts from the catalyst library. We can assiglividual weight fractions for each of the
catalysts in the blend. In our model, we are usinly one type of catalyst, so we set the weight
fraction to 1.0 in Figure 4.27. We use the defaalties for the heat capacities of the catalyst and
coke. These values are generally not measured;veoywge expect only small deviations from

the default value in the actual FCC unit.

We must also specify if any ZSM-5 additive in prgse the catalyst. The “ZSM-5 per Unit
Mass” variable acts as another tuning factor tastdnodel yields of the unit. We may use an
average value or set the ZSM-5 content to O ifitf@mation is not available. Since we will
tune the unit to an actual product distributions ihot essential that this value is exactly thaesa

as the actual unit.
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Figure 4.28: Catalyst activity factor and equilibrium metals content

The last step in catalyst configuration is to sfyeitie “Activity” section of the “Catalyst” Tab in
the FCC Reaction Section Window as shown in Figu28. The Activity of the catalyst
essentially refers to the effect of metals on gataleactivation. We can either maintain a
constant level of metals on the catalyst or kegpsadhe feed metals content to match makeup
rates and equilibrium activity. We recommend thiagisConstant Ecat Metals” option since the

information required is available from routine didprium catalyst analysis of the FCC catalyst.

We will specify the metals content of the equilin catalyst and equilibrium microactivity test
(MAT) value. When we use this option, Aspen HYSYi automatically calculate the makeup

of catalyst required to maintain the equilibrium MAnd keep the metals content on the catalyst
fixed. The total catalyst inventory refers to tb&at amount of catalyst available to the FCC unit.

We can now specify the operating variables forRG€ unit model.

4.8 FCC Operating variables configuration
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Figure 4.29: Main application menu bar (hold solvey

Before we specify the operating variables of th&€k@it, we will use the main application
toolbar (see Figure 4.29) to hold the solver. Haddine solver ensures that the solver will not
immediately solve once we specify all variablestfe FCC unit. It is generally a good idea to
hold the solver before changing many operatingabédes as we do in the following sections. We
hold the solver clicking on the red stop sign ie thain application tool bar. We can release the

solver by clicking on the green go sign in the baol
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Figure 4.30: Specify feed conditions

We specify the feed rate, temperature and presstréhe preheater before the feed enters the
riser in Figure 4.30. If we have multiple injectipaints, we can specify the feed into the

injection points as well. To specify the actual pamature of the feed entering the riser, we must
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either set the preheat duty or a preheat temperaimce we have a single feed, we set the
preheat outlet temperature to plant value. We ralgst specify the steam flow and conditions
associated with the feed into the riser inlet. Tgpvalues for dispersion steam are 1-5 wt% of

the fresh feed rate.
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Figure 4.31: Riser conditions and steam input

The next step is to specify the operating variafleshe riser and reactor as show in Figure
4.31. In most FCC units, control strategies gehefixl the riser outlet temperature (ROT) as a
setpoint, so the ROT is a natural specificatiortterriser. It is also possible to specify the
Cat/Qil ratio or circulation rate but these speeifions make the model quite difficult to
converge. We recommend using the ROT as an ispiatification and then shifting to other

possible specifications.

We also specify the flowrate and conditions ofltifeGas and Reactor Stripping Zone in Figure
4.31. The lift gas is typically an inert in the ckang process and the steam for the reactor
stripping zone minimizes thermal cracking due ghhtemperatures. We must at least supply the
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stripping steam rate to ensure that the model ageggo a reasonable solution. The stripping
steam rate is roughly on the order of 1-5 wt% efftlesh feed. The next step is to specify the

regenerator operating variables.
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Figure 4.32: Regnerator operating parameters

In Figure 4.32, we specify regenerator operatinipbtes. The key variables are the dense bed
temperature, flue gas oxygen (O2) composition atdlygst inventory. The flue gas composition
and dense bed temperature fixes the air flow nadecake combustion rate for the regenerator.
Some FCC units include side coolers and enrichgdeixstreams to completely combust the
coke on the catalyst. We may specify these as weliever, they are not common with mostly
straight run VGO type feeds. We enter nominal v&koe the ambient air conditions, and blower
discharge temperature. In the typical range foseheariables, there is little effect on process

performance.
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Figure 4.33: Pressure control (Reactor Pressure shtwl be greater than regenerator

pressure)

We show the last step in configuring operatingatalgs in Figure 4.33. All refiners continuously
measure the reactor and regenerator pressureucedahst catalyst is flowing through the unit.
Accurate values here will aid in better predictiofi€atalyst circulation rate through the riser
and the Catalyst to Oil ratio. We also note thateowe enter the pressure measurements in

Figure 4.33, Aspen HYSYS will indicate that we ezady to solve the model.

4.9 Initial model solution

Before solving the model, we must ensure that tivess parameters will lead to robust
convergence. We bring up the Solver options byctielg the “Solver Options” section in
“Operation” Tab. Figure 4.34 shows the recommeaides for the solver options. We have

chosen these values based on our experience wtingiwith model.
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Figure 4.34: Solver convergence options

In general, we do not recommend modifying the qamsts for the Residual, Hessian Parameters
and Line search parameters. When running the nfod#ie first time, we increase the number
creep iterations and Maximum lIterations. Creegttens refer to initial small changes in the
process variables when the starting guesses ayguer (the Jacobian cannot indicate a
direction that will decrease the residual). The imaxn iterations refer to how times the solver
will iterate though the model before exiting. De@igg on process parameters, the initial

solution may take up to 30-40 iterations.

IEFIEEE T T

Figure 4.35: Main application menu bar (activate stver)

We activate the solver by clicking on the greerbgtion in the main application bar as shown in

Figure 4.35. The solver output appears in the lavgit hand corner of the PFD window.
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We show the solver output for the configured moddélable 4.6. Column 1 of the table
indicates the number of iterations performed ssteeting the solver. The residual convergence
function indicates how far we are from satisfyihg process model equations. When we run the
model for the first time, residuals on the ordelle? are expected. As we the approach the
solution, the residual drops to closer and closeeto. Column 3 and Column 4 refer to the
residual of the objective function. We use the otye function only during calibration,

therefore it is zero for this model run. The solused by Aspen HYSYS converges very quickly
to solution once the changes in the process eqsasi@arting appearing to be linear. This is the
case when we are in the vicinity of the solutiohe Bolver indicates the vicinity of the solution
through columns 5 and 6. The Worst model columicatds which part of the reformer model is
furthest from the solution. This is useful for tkarg down issues when the model fails to

converge. The last lines of the output show severaling statistics for the solver.

Table 4.6: Initial solver output

Residual Objective Objective Overall Model

Convergence Convergence Function Nonlinearity Nonlinearity Worst

Iteration Function Function Value Ratio Ratio Model

0 5.632D+07 0.000D+00 ©0.000D+00 9.952D-01 9.904D-01 RISER
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01

1 3.111D+07 0.000D+00 ©0.000D+00 7.542D-01 -7.747D+00 RXOUT
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01

2 1.360D+07 0.000D+00 ©0.000D+00 8.177D-01 -3.284D+00 RXOUT
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01

3 4.579D+06 0.000D+00 ©0.000D+00 3.163D-02 -3.811D+00 REGEN

<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
<Line Search ACTIVE> ==> Step taken 5.16D-02

4 1.774D+06  0.000D+00 ©0.000D+00 7.363D-01  -1.524D+00 RXOUT
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
5 2.297D+06 ©0.000D+00 ©0.000D+00  -1.210D+00  -6.959D+01 RXADIJ
<Line Search ACTIVE> ==> Step taken 2.26D-01
6 1.350D+07 0.000D+00 ©0.000D+00 -1.086D+02 -3.164D+02 REACTOR

<Line Search ACTIVE> ==> Step taken 1.00D-01
<Line Search ACTIVE> ==> Step taken 1.00D-02
7 3.563D+07 0.000D+00 ©0.000D+00 -4.966D+01 -1.844D+02 PRTCALC
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<Line Search ACTIVE> ==> Step taken 1.00D-01
<Line Search ACTIVE> ==> Step taken 1.06D-02
8 5.573D+06 0.000D+00 ©0.000D+00 -9.780D-01 -1.812D+02 PRTCALC
<Line Search ACTIVE> ==> Step taken 2.53D-01
9 4.781D+06  ©.000D+00 ©.000D+00 1.468D-01  -1.049D+01 PRTCALC
10 2.857D+05 ©0.000D+00 ©0.000D+00 9.716D-01 9.429D-01 REGEN
11 1.135D+03 0.000D+00 ©0.000D+00 9.895D-01 9.641D-01 REACTOR
12 5.599D-03 ©.000D+00 ©0.000D+00 9.999D-01 9.985D-01 RREXP
13 1.990D-07 0.000D+00 ©0.000D+00
Successful solution.
Optimization Timing Statistics Time Percent
MODEL computations 2.60 secs 46.85 %
DMO computations 2.45 secs 44.14 %
Miscellaneous 0.50 secs 9.01 %
Total Optimization Time 5.55 secs 100.00 %
Problem converged

In general, the FCC model should converge withefdsds on recent computer hardware. If

solution requires more than 20 seconds, it isYilleht one or more specifications conflict.

4.10 Viewing model results
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Figure 4.36: Add effluent stream to PFD
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Figure 4.36 shows the converged FCC unit operatiodow after Aspen HYSYS has
successfully solved the model. We connect an efflaream by bringing up the “Connections”
section of the Design Tab and typing in “Effluefdf the Reactor Effluent stream. A stream
titled “Effluent” will appear on the PFD and we case this stream to build further downstream

fractionation units.
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Figure 4.37: Navigate FCC results

The “Results” Tab in Figure 4.37 summarizes varimaslel results in different categories. The
Feed Blend tab in Figure 4.37 shows the bulk ptypeformation and kinetic lumping for each
feed entering the riser. An important check isghm of the adjusted aromatic core
compositions. In Figure 4.38, the sum of the aggisiromatic cores is 21.7 wt%. This value
should be close to the “Ca. Est. from Total Methadd measure the aromatic content of feed. If
these values differ significantly ( > 10 wt. %)pesially the sum of the aromatic cores and
measure aromatic content, we may have chosen ayjeedhat does not represent the actual

feed to the unit accurately.
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Figure 4.39: Square cut product yields

We can view the overall product yields in “Prod¥Matlds” section. The yields shown in Figure
4.39 are square cut yields. Square cut yields tefthre fixed end points for each cut. For
example, the Naphtha cut ranges from C5 to 43(his. i§ often quite different from the plant
cut. The end point of the plant naphtha cut is gahelower, therefore the square cut yield is

often much higher than the plant yield. We will gnge a true plant cut using rigorous

fractionation in a subsequent workshop.
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Figure 4.40: Properties of square cut products

Figure 4.40 shows the “Product Properties” of esgumare cut from the model. Since the square

cut yields not directly reflect plant yields, modes$ults for each property may not exactly match

plant values. We need rigorous fractionation to jgara model results with plant measurements.

In addition, we will likely improve the agreemeritpyoduct properties when we calibrate the

model in the next workshop.
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Figure 4.41: Overall heat balance between riser angkgenerator

The last set of significant results is the “HealaBae” section in Figure 4.41. The Heat balance
shows the overall coke yield and delta coke forpgtueess. In addition, the model also calculates
the catalyst-to-oil ratio (Cat/QOil) and catalystceilation rate. Aspen HYSYS uses the delta coke,
catalyst circulation rate and kinetic lumps to aédte an Apparent Heat of Cracking. This value
represents the combined heat release from allrfiekiong reactions. In addition, we can also
calculate a theoretical heat of cracking with olleress and heat balance constraints alone. In
most cases, the apparent and theoretical heataaKing should be quite similar (< 15% relative
error). In Figure 4.41, the relative error is l#s3n 3%. Agreement between the theoretical and
apparent heats of cracking indicates that kinetd@hdoes not violate thermodynamic

constraints.
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Once we verify that the model is making reasonabi@l predictions, we can proceed to the
calibration phase. In the calibration phase, wé adjust the tuning factors that come from the

choice of feed and catalyst types.

4.11 Workshop II: Calibrating basic FCC model

In section, we will calibrate the model based oown product yield and reactor performance.

Calibration involves four distinct steps:

1. Pulling data from current simulation

2. Enter measured process yields and performance lbasthat current simulation

3. Update the activity factors to match this plantdi@nd performance

4. Push calibration data back to the simulation

File Edit Simulation Flowshest | FCC PED Todls  Window  Help
BEEE |{1§ = uﬁ Configuration Wizard.,. Ctrc +
e —

- Callbrat ackors..,
H % E" | H"H H"E | s Resilts..,

Efflugnt

Reactor
Section

Figure 4.42: Entering FCC calibration environment

We begin the first step of model calibration pragedusing a converged initial model. The

converged initial model will provide initial guessr the activity factors which greatly
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simplifies the model calibration procedure. We ettte model calibration environment by first

entering the FCC sub-flowsheet and then seleciagkCC > Calibration” menu option from

the application menu bar (as shown in Figure 4 Bgure 4.43 shows the FCC calibration

environment.

=g
Dasion -Elowsh&.et_CD_nﬁ.gural‘rcu T
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= Allow Midpaint Injection X
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Desian | FeedData | Calalst | Operstion | Product Meas. | Analysis. | Predistion |
Diata Set: I Set] 'I Push Drata fo Simulation | Figharn to Simulation |
Marags DataSets | [EFl) = T e

Figure 4.43: FCC calibration window

The first step is to “Pull data” from the simulatioVhen Aspen HYSYS pulls data, current

operating conditions, feed stock information anacpss parameters enter the FCC environment.

A Calibration refers to the set of the activitytfars that produce a given product yield and

reactor performance (which we provide to the catibn en

vironment) based on current model

state. We pull data by click on the “Pull Data fr&@mulation” button (Figure 4.44).
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Figure 4.44: Pull current simulation data into calbration environment

When we pull data from the simulation, Aspen HYS¥;® warn us that current calibration data
will be overwritten by the current model resultssaswn in Figure 4.44. We can use the
“Manage Data Sets” feature to allow multiple caiiovn data-sets. This may be useful if the
industrial FCC unit runs under very different ofigrg scenarios. However, we for the purposes

of this workshop, we will use only one calibratidata-set.

Aspen HYSYS will pull all the feedstock informati@amd process operating after we confirm the
calibration data overwrite. The status bar nowdatds that we must specify product
measurements to begin the calibration proces®déssary, we can modify the operating
variables (such as Riser Outlet temperature, et¢hje FCC unit in addition to the measured
values. However, we recommend creating a new nfddel the operating scenarios are very

different.
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The second step in model calibration is specifyil@measured yields and process performance.
Click on the “Prod Meas.” Tab to bring up the Ciaterface (see Figure 4.45). In the Cuts
interface, we can specify how many plant cutsgiftligases, LPG, naphtha, light cycle olil

(LCO) or diesel and bottoms this particular FCCt tmais. FCC units typically have two light gas
cuts: the dry gas (C1-C2) and the output from #sutfurization unit (H2S). The LPG (C3 — C4)
stream typically leaves from the gasoline stahiliZéne remaining liquid cuts leave from the

main fractionator unit. Depending on the type & BCC unit, there may be two naphtha cuts

(Light and Heavy) and two cycle oil cuts (LCO anG®)).

e
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Light Ends Murber of LPG Analses. 1
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fon | Detager [Se1 x| PPukbaaieSwmdsen Ristutn to Sirulafion. |
| MansgeDataSets | | PulDstabomSinulstion | SRR

Figure 4.45: Specify cuts for plant measurement dat

Once we select the number of cuts, we must enteddla from the light ends and the heavy
liquids as shown in Figure 4.45. If the plant drawdtiple light gas streams, we recommend
using the same number of streams. Aspen HYSY Sawithmatically combine to light ends
analysis to reconstruct the reactor effluent. Werethe data for Fuel Gas 1 (Dry Gas), Fuel Gas
2 (Sour Gas, H2S) and LPG 1 (Gasoline Stabilizesr@ead). Many times, the light ends
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analysis for the Naphtha cuts may be missing. Wemenend either using the nominal values
given in Figure 4.46 or use correlations mentioime@hapter 2 to estimate the butane content
using the measured Reid Vapor Pressure (RVP) afdpétha. In addition, we can also try to
use a simple material balance around the gasdhidiger to estimate the C4 composition of
the naphtha cut. However, we note that if we useestimation method for the C4 content
during calibration, the model will likely produceqr predictions for Gasoline RVP and

overhead temperatures for the gasoline stabiliaieman.
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Figure 4.46: Measured light gas yield and composan
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Figure 4.47: Measure liquid product yield and propeties

Figure 4.47 shows the entry window for the Heawyulid section of the Prod Meas. Tab. The
measures required for the Naphtha and LCO cutsoatane measurement data. The distillation
curve, density, concarbon, sulfur content and gérocontent are required for all the heavy
liquid cuts. In addition, the Olefins, Naphthenas &romatics content are required for at least
one of the cuts. In addition, we must also ente@IPoint for all LCO type cuts. In most cases,
we cannot obtain the distillation curve of the bots cut (Routinely not measured or only partial
measurement available). Kagsovides a simple correlation to estimate the EBRe of a
bottoms cut as a function of density only. In gahexre do not require accurate values for the

TBP curve of the bottoms since it is typically maasignificant product.
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Figure 4.48: Mass balance validation wizard

Once we finish entering the heavy liquids produetsurements in Figure 4.47, the status button
of the calibration will turn yellow and indicateatithe model is “Not Solved”. At this point, we

begin step 3 of the calibration process.

We click “Run Calibration” to bring up the Validati Wizard as shown in Figure 4.48. The
Validation Wizard allows us to assign biases tchaaeasured flow rate since the sum of the all
flow measurements typically does not match compyle¢be feed flow rate. The bias allows us to
slightly adjust the measured flow rates to ensackaverall material balance. If the adjustments
due the biases are small, we do not recommend iegbiases from any product
measurements. However, if the adjustments arefgigni, we should go back and check if all
product flowrates and measurements are accuragdy] e also note that mass flow rates for
the Fuel Gas cuts are much smaller than the valeemtered in Light Ends section. This is

because inorganic compounds (H2, N2, O2, CO2, d&S, are not included in the overall
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material balance. We begin calibration by clicki@K” in the Validation Wizards. Table 4.7

shows the progress of the solver during the cdldmaun.

Table 4.7: Solver output during calibration run

Iteration

O oo~NOwun

MODEL computations
DMO computations
Miscellaneous

Total Optimization Time

Successful solution.

Problem converged

Worst
Model

REACTOR
RXMIX
RXMIX
RXMIX
RXMIX
RXMIX
RXMIX

REGEN
REACTOR

Residual Objective Objective Overall Model
Convergence Convergence Function Nonlinearity Nonlinearity
Function Function Value Ratio Ratio
5.429D+03 0.000D+00 ©0.000D+00 4.353D-01 -1.360D+01
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
4.399D+03 ©.000D+00 ©.000D+00 9.921D-01  -7.499D+00
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
3.565D+03 0.000D+00 ©0.000D+00 9.930D-01  -3.092D+00
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
2.889D+03 0.000D+00 ©0.000D+00 9.936D-01 -1.615D+00
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
2.341D+03 0.000D+00 ©0.000D+00 9.940D-01 -8.735D-01
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
1.897D+03 0.000D+00 ©0.000D+00 9.222D-01 -3.700D+03
6.096D+01 0.000D+00 ©0.000D+00 9.665D-01 4.983D-01
1.628D-02 0.000D+00 ©0.000D+00 9.934D-01 6.650D-01
4.462D-06 ©.000D+00 ©.000D+00 9.999D-01 9.999D-01
3.776D-10 ©.000D+00 ©0.000D+00
Optimization Timing Statistics Time Percent

2.23 secs 41.14 %

2.77 secs 51.11 %

0.42 secs 7.75 %

5.42 secs 100.00 %
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Figure 4.49: Calibrated activity factors

The calibration process for the FCC is “square’isTimplies that there are no user adjustable
tuning factors unlike the Aspen HYSYS Reformer gdkbcracking models. In the other words,
the number of tuning parameters equals the nunfleradlable measurements and the
calibration is much simpler root-finding exercite general, the calibration process is quick and
converges within 20 iterations. If there is diffigjuduring calibration, it is mostly likely due to

inconsistent product measurements.

Figure 4.49 shows the key results of the calibrapimocedure. The Reactor group tuning
parameters control the activity of each group okkic pathways and the light ends distribution.
The delumping curves covert the kinetic lumps findationation lumps appropriate for a
petroleum refining component slate. An importargathof the calibration appears in Figure
4.50. The theoretical and apparent heat of crackirogild not be significantly different (< 5 %
relative error). If we meet this error threshola eonclude that the calibration procedure is

successful.
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Figure 4.50: Calibrated heat balance between riseand regenerator

The last step in the calibration procedure is fooeixcalibration factors back into the main
flowsheet. To do this, we select Calibration fasteection Analysis Tab. Then we click the
“Save for Simulation ...” button to save current badition factors as Set-1 as shown in Figure

4.51.
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Figure 4.51: Save calibration factors for current alibration

To return back the FCC unit PFD environment, wekatin “Push Data to Simulation” to return
the calibration factors back to the main environt@nshown in Figure 4.52. Aspen HYSYS
may prompt to hold solver when returning to themmeivironment. Since the FCC unit solves
very quickly, we can choose “No” and force the solto run when we return the main

environment.

Run Calibration | [ats Set: I Set-1 'I Puzh Data to Sinulation | Feturn to Simulation |
Run Prediction | Manage Data Sets | Pull Data from Simulation | ok

Figure 4.52: Return calibration factors to main FCCenvironment

This completes the calibration workshop for the R@@. At this point we can perform case

studies and build additional downstream fracti@ratinits. In the next workshop, we will
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briefly go through some of the issues involveduilding a complete downstream fractionation

process for this FCC Unit.

4.12 Workshop I1I: Build main fractionator and gas plant system

The effluent from the FCC unit is a broad mixtufdight gases and liquid products that will be
recovered as LPG, Gasoline and Diesel (Light anavii€ycle Oil). The downstream
fractionation units separate the reactor effluatd the product cut through a series of distillatio

and absorption columns. The main components oddestream fractionation are:

* Main Fractionator Column — Recovers most naphtpeleail and bottoms product

» Overhead wet gas system — Recompresses main frafdramverhead gas product to
recover additional naphtha

* Primary Absorber Column — Returns light naphththtogasoline stream

* Primary Stripper Column — Removes heavy comporfemts naphtha and returns these
components to the diesel or LCO section of the rfraictionator

» Sponge Oil Absorber Colum — Uses an LCO draw toorenvery light components
(<C2) from the from the primary absorber overheaplor

» Debutanizer/Gasoline Stabilization Column — SeparaPG (C3-C4) from product

gasoline stream.

For this workshop, we will describe the main franaitor. The remainder of fractionation section
is quite similar to other units in the refinery amdy be simulated quite easily using standard
Aspen HYSYS unit operations. Although we only désethe main fractionation in this section,
a complete fractionation model (including the gksf) is available in the examples that
accompany this text.
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Figure 4.53: Aspen HYSY'S configuration for the mairfractionator

Figure 4.53 shows the unit and stream configurdbomhe main fractionator in Aspen HYSYS.
To build the main fractionator, we follow the saprecedure as a crude distillation tower

described in an earlier chapter:

1. Create a refluxed absorber using the standard AJY&Y¥'S unit operation palette and
specify the overhead vapor-liquid (hydrocarbon waater decant) draws and bottoms
residue stream. We show the number of stages awdaird feed locations in Figure
4.53.

2. Specify the pressure profile and initial temperatestimates (Figure 4.54)

3. Connect the FCC effluent (T201_Feed) and primagustfeed to the unit (T201_Steam)

4. Solve the column to obtain an initial temperaturefife.

5. Create a side draw for the heavy naphtha strea®1(T2N_Draw) and specify its draw

rate.
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6. Run the column to update the temperature profile.

7. Add the diesel side stripper (SS_T201_Diesel) aloitly the side stripper steam flow
(SS_T201_Diesel_Steam) and specify the draw rati201_Diesel_Draw.

8. Solve the column to update the temperature profile.

9. Create a new stream T201_Rich_LCO to representr&tm sponge or LCO oll
absorber. Set this new stream to same compostitimeadiesel draw and fix the mass
flow rate at 5% of the diesel draw. Connect thémst to the return stage of the diesel
side stripper.

10. Solve the column to update the temperature profile.

11.Add each pumparound cooler sequentially with speEatibns of pumparound flow rate
and temperature change. Solve the column afteng@séch pumparound. Figure 4.55

shows the results of a converged model.

Once we solve the column using the following pracedwe use alternative specifications to
allow more flexibility in the column model. This éspecially the case when the flowrate to the
column changes significantly. Table 4.8 lists polesieplacements for the original

specifications.

Table 4.8: Valid specifications for main fractionabr

Original specification Flexible specification
Overhead liquid draw rate Condenser Temperature
Heavy Naphtha draw rate Heavy Naphtha 95% D86 Guit P
Pumparound temperature change Pumparound dutye(pecification)
Pumparound return temperature (tight specification)
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Diesel draw rate

Diesel 95% D86 Cut Point

Bottoms draw rate

Top stage temperature or flasiestemperature

The standard Inside-Out algorithm can solve thenrfractionator with ease when we follow the
procedure mentioned above. However, flat distdlattuts or very tight specifications may not

allow the standard method to converge robustly.sgest the following changes to improve

convergence behavior in Aspen HYSYS:

1. Use the modified Inside-Out method with adaptivendisng (see Figure 4.56). The

modified method deals much better with tight pradspecifications.

2. Decrease the tolerance for Heat/Spec error. Thieadecan significant improve

convergence when reconciling the recycle loopsénaverall fraction model.
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Figure 4.54: Pressure profile and temperature estiates
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Figure 4.56: Convergence parameters for the insideut method in Aspen HYSYS

4.13 Workshop IV: Perform case study to identify different gasoline production
scenarios

In this workshop, we focus on methods to performouss kinds of case studies using a

calibrated model. We generally do not need theroige fractionation model for many types of
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yield-related case studies. An important consig@naduring FCC operation is to improve the
yield of a particular key component. Since the R®W@ is a large producer of a gasoline, we
generally want to maximize the throughput and cosige of feed to gasoline. In the previous
chapter regarding FCC modeling and kinetics, weresively discussed how changes in feed rate
and operating temperatures can affect the yiettiefinit. We will perform two case studies

using Aspen HYSYS that illustrate the effects @&dend riser temperature in practice.

4 FCC_WORKSHOP_CASESTUDY - Aspen HYSYS 2006,5 - aspen0ONE

File Edit Simualetion  Flowshest PFD !-T.EID‘is Window Help
RETI R = e o=

. 4 pros,., Clrl+P
.
H O R4 g | o AT wities L
Reports ChriR
@ gatat“:“ji-. I Effluent
Fate Platis ChrlF

Dcs

= Dynamics Assistant Chrity
Coinlteal Manager

Divnamic Prafiling Toal. .,
Srapshot Manager..

FCC-100

Figure 4.57: Initialize Databook from Aspen HYSYS nenu

We begin by creating the case study using the Datafeature of Aspen HYSYS. Figure 4.57
show the menu option from main flowsheet interfadee Databook interface is organized
Variables, Process Charts and Case studies. Wefinstistdd the variables we to observe or
change into the Variables Tab. To add a variathiiek dnsert’ to bring up the Variable

Navigator. The Variable Navigator appears as shioviigure 4.58.
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Figure 4.58: Aspen HYSYS Variable Navigator
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The Variable Navigator allows us to add variabled parameters from a given unit operation

for observation during the case study. In this ctgdy, we want to the study effect of feed rate

and riser outlet temperature (ROT) on the overailersion and yield distribution of products

from the FCC. Since, we are only focused on thielyige use the square cuts from the model

directly. It is possible to perform the same cadsedyson the basis of plant cuts. In that case, we

would add a simple component splitter to sepataadactor effluent on the basis of initial and

end points of the cuts. However, for this exampéewill use square cuts exclusively.
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Figure 4.59: Variable navigator for FCC unit parameers and conditions

Figure 4.59 shows how we can access the variabhteserating parameters for the FCC unit
operation. Using the Variable Specifics list, wel atl square yields and the total conversion.
Once we select a variable in the Variables Spexiigt, we click “OK” to insert the variable into
the case study. We repeat this process until weakhddriables. Figure 4.60 shows list of all

variables involved in the case study. The next stép create a case study using the “Case

Studies” tab.
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Figure 4.60: Add variables to databook

We click “Add” in the Case Studies Tab to creatermase study “Case Study 1” as shown in
Figure 4.61. Once we create the case study, we selestt the variables that we will change in
the course of the case study (Independent varipatesvariables we want to observe
(Dependent variables). In general, it is not pdedib set product yields as independent
variables. Aspen HYSYS issues an error if we casabt particular variable’s type as

independent. For the first case study, the onlgpeshdent variable is the Feed Flow rate.
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Figure 4.61: Select dependent and independent vakbes for case studies

After we create the case study, we must specifypper and lower bounds for the manipulated
(independent) variables. We will vary with the fdkxv rate from 90 tons/hr. to 115 tons/hr.
with a 2.0 tons/hr step size as show in Figure A8 also select the ‘Step Downward’ option.
This option means that the case study will stath@tHigh or Upper bound and go towards the
Low Bound. We have chosen this method becauseGi@rrodel converges very quickly at

higher flowrates. However, the results will be faene as even if we do not choose the “Step

Downward” option.
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Figure 4.62: Case study setup for feed rate change

We run the case study by clicking “Start”. At tphsint, the lower right corner window of the
PFD will indicate that the solver runs multiple & If the solver fails for an intermediate step
in the case study, we recommend increasing the auoflxreep and total iterations in the Solver
Options Window. Once the case study is complete;ameclick on the “Results” button to view

the results of the case study.
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Figure 4.63: Graphical results from case  Figure 4.64: Tabular results from case study
study
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The results of the case study initially appear geagh (see Figure 4.63). The lines represent the
values of the first two dependent variables asatfan of the feed mass flow rate. We can

alternatively view in the results in a tabular foboymselecting ‘Transpose Table’ option as show

in Figure 4.64.
5%
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& 0% A
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L=
g -2%
.
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| CO Yield Dev.
6%
Bottoms Yield Dew.
_S% T T T T T

-15% -10% -5%% 0% 5% 10% 15%
Relative Deviation of Feed Rate (Base = 105 ton /hr)

Figure 4.65: Effect of feed rate change on produgtield change

We summarize the results of the case study (aea outlet temperature of 510 °C) in Figure
4.65. As the feed rate increases to the unit, vie that there is a significant loss in the naphtha
square cut yield. In addition, both the LCO andtBwis yield increase significantly. We discuss
the reason for loss of naphtha yield extensivepheprevious chapter. The loss is essentially a
result of low residence time in the riser whichyenets catalytic cracking of the feed. In fact,
most of the bottoms product can likely be recoveagtiCO at a lower feed rate. So, if we are

trying to increase the throughput of the unit, westralso increase the cracking temperature to
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account for the lowered residence time. We wiltlgtan increase in cracking temperature in the

next case study.

i
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Figure 4.66: Increase feed flow rate for riser ouit temperature case study

To study the effect of riser temperature at higlret throughput, we must create a case where
will vary the riser outlet temperature. First, werease the feed flow rate to the unit Reactor
Section of the FCC unit operation window. For #mxsample, we set the feed flow rate to 115
tons/hr as shown in Figure 4.66 and solve the mdidisle model does not converge, we can

increase the number of creep and total iteratinribe Solve Options Section.
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Figure 4.67: Case study setup for riser outlet tengrature

We return to the Databook through the main appboatenu and bring up the Case Studies Tab
again. We add another case study ‘Case Study 2juke same procedure as earlier. This time
we set the feed mass flow rate as a dependenbleadad set the Riser outlet temperature
(ROT) as the independent variable. We specify éinge for the ROT as 480 °C — 545 °C with a
step size of 2.5 °C. The model tends to haveddiltiy converging at higher temperatures so we
start from the Low bound and move to High boundngamuently, we do not select the Step
Downward option in Figure 4.67. The results of thse study appear in Figure 4.68 and Figure

4.69. We summarize the results of the case stuéigure 4.70.
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Figure 4.68: Graphical results from case Figure 4.69: Tabular results from case study
study
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Figure 4.70: Product yield as a function of riser atlet temperature

Figure 4.70 shows as we increase the riser oethepérature, the yield of naphtha also increases
until we reach about 532 °C. At this point the rthplyield drops and we have a dramatic
increase in the production of light gases and cbkaddition, there is also a significant decrease
in the LCO vyield. All of these trends are a restdiithe naphtha “overcracking” curve. We
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discussed this phenomenon extensively in the pregethapter. Gasoline “overcracking” is a
result of excessive thermal cracking and catalgsvation. Thermal cracking tends to produce
many light compounds (C1 — C4). This explains tieease in C2, C3 yields. In addition, Coke
yield increases because of increased coke deposits riser and subsequent catalyst
deactivation. The lack of catalytic cracking adinexplains the loss in LCO vyield (since most of
the feed that could have been cracked to LCO isceraeked directly in light gases). Figure 4.70
in conjunction with case study can help identifeiing scenarios (flowrate and temperatures)
to increase yield or shift product distributiontsl&rom the FCC Unit.

4.14 Workshop V: Generate DELTA-BASE vectors for Inear programming (LP) based
planning

An important application of the calibrated modethe generation of LP DELTA-BASE vectors
for refinery planning. The DELTA-BASE vectors essalty represent a linearized model of
FCC unit as a function of a several key variablgs.have extensively discussed linear models
in a previous chapter. In this workshop, we willrdmstrate how to generate LP DELTA-BASE

vectors for the calibrated FCC for use with a sfpeplanning software, Aspen PIMS.

_ Aspen HYSYS ¥7.1 - aspen0ONE

File Edit Simulation Flowshest PFD | Toole Window  Help
D2 O E e B | Bk, ke E
PFDS, . ChrF
“
—_ Summaries; .,
e HE A

=5¢

Figure 4.71: Creating the DELTA-BASE utility from main application menu bar
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We can attempt to linearize the model by identifykey operating parameters and manually
running the model for each chosen operating paemmdobwever, Aspen HYSYS provides a
utility to automate this process. We can accessititity by going to the Tools > Utilities in

main application menu as shown in Figure 4.71.

Once we select the Utilties menu entry, Aspen HYSHK®&ws a list of available utilities. There
are many types of utilities available to modifyfdrent aspects of the model. To generate
DELTA-BASE vectors, we must choose the appropusiéy. In recent versions of Aspen
HYSYS, this utility is called the “Common Model lity” as shown in Figure 4.72. Figure 4.73
shows “Delta Base Utility” used in older versioBsth versions are equivalent for the purposes

of this workshop. We select either utility and klisdd Utility.

o il Available Utilities i ] 54
Common kodel Utiliky-1 AirlCooled Design/Fating & Agol+ Design/Rating Ul «
Boiling Point Curves Bailing Point Curves
COZ Freeze Out CO2 Freeze Out

Cold Froperties Cold Properties
Cornmon odel Litiliky Compozite Curves Utility
Composite Curves Ltility Critical Properties
Critical Properties Data Recon Lt
[iata Fecon Utility i Delta Basze Lhlity

Depressuring - Dynamics Depreszuning - Dynamics
Derivative Utility Dreqiveative Lkility
Ermvelope Ltility Envelope Utility
FRI Tray Rating FRI Tray Rating
Huydrate Formation Ltility j Hydrate Formation Ltility ;I
vien iy, | | 4dd Uity | Viewllfin | Add Uiy |
Delete Uity | Delete Uity |
Figure 4.72: Common Model Utility Figure 4.73: Delta Base Utility

Figure 4.74 shows the Delta Base Utility configimatwindow. We must first identify the scope
of the Delta-Base Utility. The scope refers to fihweet objects we will modify during the course

of the study. We choose the entire FCC unit astlope of the utility as shown in Figure 4.75.
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To use the Delta Base utility, we must first choimspendent and dependent variables. The
independent variables refer to model drivers ordqgrating parameters that control the yield of
the unit. In the case of the FCC unit, the key apens parameters are feed specific gravity,

concarbon and sulfur content.

Dela Base Utility: Delta Base Utility-1 _|g] X[
Nome [EEEEENWDE Seope Obiects | |
Add rdependentisiztle Tag
: Urits
— = Pert
Al Dependent Vanalz Lze proy
Tag Dese Urits | Base
r_.‘iii.’.'l_‘.'| Siilye
Lenerate Defiialives
Derivative Analpsis | Varables |
Delete | Tear | U liear I |solate Flopagats | Lloge |

Figure 4.74: Delta-Base Utility Configuration window

58 Toroct bjectsetapasetiiet S il
-ﬁbq'actg-Avaiatd “Seope Dhject

FlowShests——| 1 Unit Opetations-

FCCADD  (FCCAD

rObject Fiter———————

Al

(" Stieamz.

& UnitOps R

C Logeals | s |

€ FlowSheet Wide

Caneel Changes:

Figure 4.75: Scope of Delta-Base utility
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We add independent variables by clicking on thedAudependent variables” button on the
configuration window. The Variable Navigator (usecaarlier workshops) appears and we select

the following variables:

* FCC - 100 > Reactor Section > Feed Specific Gravigged — 1
e FCC - 100 > Reactor Section > Feed Conradson Carlb@med — 1

e FCC - 100 > Reactor Section > Feed Sulfur Contefged — 1

Figure 4.76 shows how we can add the specific tyrawithe independent variables. We repeat
this process for the other independent variabledegcription of each variable added appears in

the “Desc.” section.

Select independent variable
Flowzhest Object Wanable Vfanable Specifits
Caze W] [Effiasnt Feed licn |
Feactor Section Feed Mass Flow

Feed Mix Flus Gas Compr
Feed Mix Ol Components
Feed Mix Pressue . Shgam.s
Feed Mix Steam  Unitdps
Feed Mix Total =i © Logicels
Feed Mickel ™ Lt
Feed Pressums & Calimog
Feed Ramshottorm Carbaor sl
Feed Rl 23200 Cale: from " Custam
Feed Bl (220C Esf, from |
Feed Bl @S pacified T My Custom... |
Feed Rl Meas. Temperah
. | | biscareet |

Yarable Desctiptlon Feed Specific Grawty [Feed-1] Cahicel I

Figure 4.76: Adding specific gravity as an indepeneht variable

After adding all the independent variables (Figliré7), we must add the dependent variables.
The dependent variables in the case of refinenyrptey almost always refer to the yields of the
key products from the FCC unit. In this workshopwge the square cut yields of the products.
However, if we wish to use plant cut yields, we aae a simple component splitter to remap the

product effluent from the FCC unit plant cuts basad TBP cut points.
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We add dependent variables by click “Add depensariables” button. The variable navigator
appears and we choose the group yields of all mtsdas dependent variables. We show an

example of adding H2S yield to the dependent vieibdt in Figure 4.77.

Delta Base Utility: Delta Base Utility-1 = =10 ﬂ
Name |Delta Baze Uiily-1 Seope Dbjects: | |FCE‘.-TUD
Add Independent Vanable |Tag Incifar1 00 Incear1 Dl Indiart 02
— Uitz % %
— = Fett <emplys <Eemphys Cemplyy
Add Depehdent Varable | Llse piosy T [ I mj
Taa Desc Uriits Base
Feed Specilic G 09174
Feed Conradsoi % 1.86
Faed Sullu Cor = 056

_—
Derivative Analysis | Varisbles |
Delets | Tear | LATEst Iacate PropEmEEte LClose

Figure 4.77: All independent variables added to D& Base Utility
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Figure 4.78: Adding H2S yield as a dependent varidé

We use the variable navigator to add the followiagables as dependent variables:
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» Case > FCC-100 > Yield, Std. Cut. Grouped > H2S

» Case > FCC-100 > Yield, Std. Cut. Grouped > Fued Ga

» Case > FCC-100 > Yield, Std. Cut. Grouped > Propane

» Case > FCC-100 > Yield, Std. Cut. Grouped > Pram/le

» Case > FCC-100 > Yield, Std. Cut. Grouped > nButane

» Case > FCC-100 > Yield, Std. Cut. Grouped > iButane

» Case > FCC-100 > Yield, Std. Cut. Grouped > Butenes

* Case > FCC-100 > Yield, Std. Cut. Grouped > Naphitta430F
* Case > FCC-100 > Yield, Std. Cut. Grouped > LCOHM3®50 F
» Case > FCC-100 > Yield, Std. Cut. Grouped > Botta®s+ F

» Case > FCC-100 > Yield, Std. Cut. Grouped > Coke

Once we have added all the variables the Delta-Bal#y window appears as shown in Figure

4.78.
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Figure 4.79: All dependent variables added to Delt8ase Utility
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The next step is to choose a perturbation amourdgdoh variable. Since the Delta Base Utility

generates a linearized model of the FCC unit, wetmioioose the range over which we want

linearize the model. We have discussed this isgngfisantly in Chapter 2. For this workshop,

we will perturb each independent variable by 10%sobriginal base value as show in Figure

4.80. We can click “Generate Derivatives” to beginning the model.
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Figure 4.80: Perturb independent variables
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Figure 4.81: Results from Delta Base utility
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Once we click the “Generate Derivatives” buttorg thodel runs several times at the base and
perturbed values of the independent variables.OBET A BASE values appear in the table

shown in Figure 4.81. These values may be direxbpded into an Excel spreadsheet for Aspen
PIMS or exported for further study. We can expbet table to a PIMS style interface by clicking

the “Export Data”. The exported data appears asshio Figure 4.82.

A B | ¢ | o | E | F | & |
| 1| TEXT BAS Ind%ar100 | IndYarl01 Indar102 =
|2 % %
| 3 |DepVvariO0 Yield, Std Cut Grouped (H2S-Weight %) % 0.300282 0102767 | -0.00514 0.537351
| 4 |[DepvarlOl Yield, Std Cut Grouped (Fuel Gas-Weight %) % 4517763 -16.889] -0.08301 -0.01328
| 5 |DepVar10Z Yield, Std Cut Grouped (Propane-Weight %) % 2705067 -10.8879| -0.05164 -0.00637
| 6 |Depvar103 Yield, Std Cut Grouped (Propylene-Weight %) % 5192838 -20.8811 -0.10417 -0.01086
| 7 |DepVvari0d4 Yield, Std Cut Grouped (nButane-Weight %) % 1701708 -6.83804 -0.03533 -0.00324
| G |DepVvar105 Yield, Std Cut Grouped (iButane-Yyeight %) % 3.694922 -14.4537| -0.07262 -0.00739
| 9 |DepVar1OB Yield, Std Cut Grouped (Butenes-Weight %) % 6.805855 -27.3569| -0.13912 -0.01354
| 10 |DepVvarl07 | Yield, Std Cut Grouped (Maphtha C5-430F-Weight %) % | 39.82442) 160133 -0.87061 -0.08305
| 11 |Dep'ari08 Yield, Std Cut Grouped (LCO 430-650F-Weight %) % 15.95248 | 5415585 0.294465 -0.15798
| 12 |DepVar10f Yield, Std Cut Grouped (Bottoms BA0F +Weight %) % 1371198 181.188 0.631644 -0.21528
| 13 |Dep'ar110 Yield, Std Cut Grouped (Coke Yield-WWeight %) % 5692676 11.99323] 0.435531 -0.04539
14"

E Feed Specific Gravity (Feed-1) 09174 1

| 16 | Feed Conradson Carbon Residue (Feed-1) 1.86 1

|17 | Feed Sulfur Content (Feed-1) 0.561 1
1

Figure 4.82: PIMS style output for DELTA-BASE vectas

If necessary we can also rename all the variablég ttonsistent with PIMS DELTA-BASE
vectors. To rename variables, we enter news naonesth entry in the corresponding “Tag”
box as show in Figure 4.83. When we re-export #ltaebase table, all variables will be

replaced with the new tags as shown in Figure 4.84.
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| Delta Base utility: Delta Base Uklity-1 N (o]
Mame |Delta Base Utilitg-1 Spope Objects FCC-100
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Uitz % %
- —— Pett BRI ERE] 08
e Depehn aioble | T r = i
Tag Desc Units Base |
MEA. | Yield, Std Cut G i 1,70 -6.638 -3.533=-002 -3.239e-003 -
|E4.| Yield, 5td Cut & % 353 -14.45 -7, 262e-002 -7.387e-003
NC4P | Yield, Std Cut & % 661 2736 01391 -1.354=002°
NAPHTHA | Yield, Std Cul G % 2962 1601 -0.8706 -6.305e:002
LED || risld, S Cul & % 1555 5416 02945 01580
BTM | Yield, StdCut G % 1371 = 14912 0636 -0,2153
COKE | Yield, 5td Cut G- % 569 11.99 0.4355 -4.633-002
| -
Feed Specific £ 0.9174
Feed Conradsal o 1.86 = E
[ Faed Sulfur Cor % 056 wesf 2
Genefate Deivatives |
Export Data |
i
e
| Derivative Analysis I Wariables |
| et | fen || s [ealre Clnse

Figure 4.83: Renaming variables in Delta Base Uttly

& | B | ¢ | b | E | F | & |
1 TEXT BAS SPG CON sSUL -
| 2 " g g
| 3 |SOURGAS Yield, Std | 030029 0102753 -0.00515 0537358
| 4 |[DRYGAS Yield, Std | 4517763 -16.889) -0.08301 -0.01325
| 5 |C3 Yield, Std | 2.708067 -10.8879) -0.05164 -0.00637
| B |C3P Yield, Std | 5152839 -208811| 010417 -0.01087
| 7 |MC4 Yield, Std | 1.701708 -6.83804) 0.03533 -0.00324
5 |IC4 Yield, Std | 3.554323 14 4537 D.07262 -0.00739
| 9 |NC4P Yield, Std | 6.805855  -27.3569) 013912 -0.01355
| 10 |NAPHTHA Yield, Std | 39.582442 -160.133) -0.67062 -0.06305
| 11 |LCO Yield, Std | 15952458 54.15586) 0.294472 -0.15796
| 12 | BT Yield, Std | 1371158 1911881 D.B31652 -0.21525
|13 |COKE | Yield, Std | 5.6592675 11.99324) 0.435534  -0.04638
14
| 15 | Feed Spec  0.9174 1
|16 | Feed Canr 1.686 1
|17 Feed Sulfu 0.561 1

Figure 4.84: Renamed variables and tags in PIMS ietface

4.15 References
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5. Guide for modeling CCR units in Aspen HYSY S/Petrolam Refining
5.1 Introduction

In this chapter, we go through an example of hoarganize data, build and calibrate a model
for a catalytic reformer using Aspen HYSY S/PetrateRefining. We discuss some key issues in
model development and how to estimate missingragaired by Aspen HYSY S/Petroleum

refining. We divide this task into four workshops:

a. Workshop I: Building a basic Catalytic Reformer Mbd
b. Workshop II: Calibrating the basic Catalytic RefemModel
c. Workshop lIlI: Building a downstream fractionatioysgem

d. Workshop IV: Performing case study to identifyfelient RON scenarios

5.2 Process Overview and Relevant Data

Figure 5.1 shows typical continuous catalyst reggtion (CCR) that we will use the build the
model in question. We extensively discussed theifea and operating issues associated with
this type unit in an earlier chapter of this tekt.the context of this chapter, we also build
models for the remixing and hydrogen recontactotiee of this flowsheet. Table 5.1 through

Table 5.5 show some typical operating data for tiis.
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Figure 5.1: Typical CCR Reforming Unit

Table 5.1: Feed Properties

ASTM D-

86 (Wt %) P N
IBP 78 c2 -
5% 90 Cc3 :
10% 96 C4 0 -

30% 108 | C5 078 0.8
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50% 119 C6 5.4 5.01 0.91
70% 133 C7 10.72 12.05 2.56
90% 152 C8 9.62 13.68 0.93/0.67/1.74/0.71
95% 160 C9 8.13 11.14 2.61
EBP 170 C10+ 6.42 6.74 -
S. G. 0.745 Sum 41.07 48.8 10.13
Table 5.2: Product Composition Profile
Comp. Recycle DA301 Top DA301 Top
(vol%) H2 Rich H2 Vapor Liquid
H2 86.72 94.06 36.89 0.66
CH4 2.61 2.40 5.64 0.44
C2H6 2.86 1.78 18.50 8.29
C3H8 3.33 1.10 22.04 28.32
C3H6 0.01 0.00 0.00 0.12
iC4H10 1.56 0.31 7.82 20.32
nC4H10 1.24 0.19 5.53 18.02
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iIC5H12 1.08 0.11 2.56 15.95
nC5H12 0.59 0.05 0.95 7.62
C4= 0.07 0.26
Table 5.3: DA301 Liquid Product Composition
ASTM D-
86 (Wt. %) P N A
IBP 74 C2 - -
5% 85 C3 - -
10% 94 C4 0 - -
30% 112 C5 0 0.27 -
50% 128 C6 0.2 0.53 7.925
70% 145 C7 7.22 0.65 20.72
90% 165 C8 5.87 0.54 3.4/5.11/11.1/¢
95% 173 C9 1.17 - 20.62
EBP 208 C10+ - - 8.75
S.G. 0.83 Sum 14.46 1.99 83.55

5.3

Table 5.4: Overall Product Flowrate and yield

Stream

Rate (tons/hr)
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Feed 175.9
Net Rich H2 12.4
DA301 Ovhd. Vapor 3.3
DA301 Ovhd. Liquid 21.7
DA301 Bttms. Liquid 138.5

Table 5.5: Reactor Configuration

Reactor Bed Length (m) Loading (kg) Inlet Temp.)(°COIT (°C)
#1 0.54 1.275e4 516.0 110.4
#2 0.69 1.913e4 513.6 64.2
#3 0.96 3.188e4 513.1 36.4
#4 1.41 6.375e4 515.0 23.1
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5.3 Aspen HYSYS and initial component and thermodynamis setup

We start by opening Aspen HYSYS. The typical patAspen HYSYS is to enter the Start >
Programs > AspenTech > Aspen Engineering SuitepeA$1YSYS. Early versions may
include a menu entry titled Aspen RefSYS. The ainpeogram to start is Aspen HYSYS
(Shown in Figure 5.2). We dismiss the “Tip” dialagd select File > New > Case. We wish to

include fractionation, so we do not choose “Refarmaone.

= Aspen HYSYS 2006.5 - aspenDNE

|Fie Taolks el i

i gpen b Template =
L] i%'»_c‘ s .@ﬁj{umn E —'JM
 cwehs culblil-= | BF Reformer =l
& sl | Hysrorracksr HYSYS is

?

Cloe e Sl B Ece ?
(efer== _Petroleumn Distillation: .
possible.

G B urrentDi
ey o isplayUnit" property of the
Frink Windoi Snapshot ss to recall the current unit used in
[ priner Setup »
Ext AlF4

1L ¥Z_CatReform_alid_t
2 testt

3 CRUDE_COLLMN & PR
4 CRUDE_COLUMN 6,65
5 TEST1_PR

Selecta Tip I Previous i

Figure 5.2: Initial Startup of Aspen HYSYS
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¢ Simulation Basis Manager [ = =]

~Carmperient Lit

M aster Companent List Wigl,,,
Add

Deleta I
‘Copy. I
mport.. |
Efpot... |
Refresh I

Henipon

-_—
Dnmpnn’eﬂt‘s'l Fluid Flos: I Hypothaticalz ] 0il Manager ] Reactionz i Comporent Mapz ] Uset Propetties |

Entar FVT Enviranment,. I Estend Simulation Basis Manager, . I : Enter Smulation Environment .

Figure 5.3: Adding a component List

The first in creating the model is the selectioraatandard set of components and a
thermodynamic basis to model the physical propedfehese components. When we create a
new simulation, we must choose the componentstardibdynamics appropriate for the
process using the Simulation Basis Manager. Thailgiion Basis Manager allows us to define
components and associated thermodynamics in Asy&¥8. Components may be added
manually through the Add button shown in Figure 5i8wever, we have a predetermined set of

the components for the reformer model.
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¢ Stmulation Basis Manager = _IEI:'Eg‘ I
A |

Il File Selection for Importing a Component List [ "115 g

— Lok i [ Paks rl =& E

= E ol CatR ef Isom oml % My Recent Documents
= <] = HeR, ol Deskiop
E' A =) petroleumcamal crl (£} My Dacuments
Dacumants -j fdy Compiter
e Local Disgk [C:]
= =) Program Files
] [5) AspenTech
|2 Azpen HYSYS 2006.5
2, CD Drive (D)
|EatRe.ﬂsom :I  Dpen
| Comeerent Lists (. cri) T

Figure 5.4: Importing Reformer Component List

To import these components, we click ‘Import’ aravigate to the directory location,
“C:\Program Files\AspenTech\Aspen HYSYS 2006.5” aalkct the “CatReform.cml” as the

component list (Figure 5.4). The path shown ineef a standard installation of Aspen

HYSYS/Petroleum Refining software.

rtLib

ilable in the C
Match View Fz

5 Name: {5 Full Narie / Syronyi © Farmula

BdATE
Bl

HEmove 5

ot st
e Eamporer,

¥ Show Syromyms: I Claster

Marne  [Compenant List- 1

Figure 5.5: Initial Component list for reforming pr ocess
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Once we import a component list, HYSYS will createew component list called “Component
List-1". We can view the elements of this comporiets by selecting “Component List-1”" and
clicking on “View” in the Simulation Basis Manag@tigure 5.5). We can add more components
or modify the order of the elements in the compoiish We note that the standard reforming
component list is quite complete and model mostiref processes. The rigorous reforming
model does not predict components are not pahlieof€CatReform.cml” list. However, these
additional components may be used in productiactieation models of the associated with the

reformer model.

& Simulation Basis Manager S [l 5

~Curient Fluid Packages Flawshest - Fluid Pkg &ssociat
Basil NLC; B3 PP PengHobinsan B Flowishest Fluid Flg Ta Lise
' l Caze [Mamn] Basis1

Fluid Package: Basis-1

~Piopsity Packaae Selection—— -
g -;r_opeq‘?_ﬁackagaﬁftar.—
Marules: > ielilonee
MENWR " EDSs
MBS Steam kvt Models
Hein Slech i " Chao Seader Models
ol " Mapour Press Models

W Miscellansous Types

e
Comporents_ Fluid Pgs |_Hy

Enter B4T Enviroament).

Latnch Propeity Wizard,._|

~Eompanent List Selecton
I Comporent List -1 Ll Wiew;, |
"= sortp | Paanies | Bl Caslis | StabTes. | Phase Oideil ] Fne | Tabie | Nows)

_ Ddee | Mame e Propery Pka . |

Figure 5.6: Select Thermodynamics for Fluid Package

The next step is the selection of a ‘Fluid Packdgethis model. The ‘Fluid Package’ refers the
thermodynamic system associated with the choseaoflsomponents. We move to the ‘Fluid
Pkgs’ tab in the Simulation Basis Manager and did#d AAdd’ (Figure 5.6). Apsen HYSYS will
automatically choose the component list and presgtions for a ‘Property Package’ for these

components. The reformer system is mostly hydrarestand consequently the Peng-Robinson
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equation of state is sufficient. We discuss thelicagions of the process thermodynamics in a
previous chapter of this text. In the case ofrdfermer model, equation of state or hydrocarbon

correlation methods (Grayson-Streed, etc.) cancserfitly model the processs.

—Optiar,
E nthalpy Property Package EOS
Density COSTALD
todify T, P for HZ, He Modify T, Pcfor HZ, He
Indexed Yiscozity H¥5'S Viscozity
Feng-Robinzon Options HY'SY'S

i —
Set Up F‘alametelsl Binary Coeffs I StabT est I Phase [

Figure 5.7: Thermodynamic options for Fluid Package

It is important to note that even when we choosecration-of-state approach, Aspen HYSYS
does not calculate all physical properties fromebeation of state. For hydrocarbons, equations
of state do not generally predict the equilibriuragerties of very light components such as
hydrogen. In addition, density predictions (espécia the heavy hydrocarbon range) can be
quite poor. We almost always modify the equatiostate to account for these deficiencies. For
the reforming, process we choose the COSTALD metbguiedict the liquid density (Figure

5.7).
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Fluid Package: Basis-1

—Equation of State Interaction Parameters————————————
_Hl,l_lamuen Methane Ethane
Huydrogen 0. 20200 02210
Methane 020200 000224
Ethane 022310 0.00224
Ethylene 0.00740 0.02150 0.01230
Fropane 021420 0.00683 0.00126
Fropene -0.10360 0.03300 -0.001 50
I-Butane 020370 0.01311 0.00457
n-Butane 019410 001230 000410
o |
Treatment of [nteraction Coefficients Unavailable fram the L

{* Estimate HC-HC / Set Mon HC-HC to 0.0 i

] Set Up I Parameters  Binary Coeffs Pt
Delete | Name IBaSi$-1 Property Pk

Figure 5.8: Binary interaction parameters for Fluid package

The last step before building the reformer flowshe¢o verify the interaction parameters
(Figure 5.8). If we had chosen a correlation baggatoach (Grayson-Streed, etc.) we do not
have to examine the interaction parameters. Simceh@se an equation of state approach, we
must make sure that the binary interaction paramébe the equation-of-state are meaningful. In
Aspen HYSYS, the interaction parameters for defio@thponents (such as methane, ethane,
etc.) come from an internal databank based on erpatal data. For lumped components, such
as (A8, A9, etc.), we can either set the interacgiarameters to 0 or estimate these values based
on correlations. Note that that often little diface in practice whether or not the interactioes ar
set to zero or estimated for lumped componentsedtslhy for the reformer process, both
methods yield nearly identical results. Once weelzhosen an option the interaction
parameters, we can return to the Simulation Basisdder and click on ‘Enter Simulation

Environment’ to begin building the process model.
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5.4 Workshop I: Basic reformer configuration

The initial flowsheet presents a blank interfaceesretwe can place different objects from the
Object palette shown in Figure 5.9. The initialtpalette only shows typical unit operations
and does not show the advanced Aspen HYSY S/PetndRefining objects. We will use both

toolbars to build out the complete reformer motléd can bring the up the advanced palette by

pressing F6.

Case (Maim) o
Fila Edit Sumlalinn Flowshest PFDLools thmhelp ‘[]"x
126 Uoalk| =< ©llee A Ervionnert Cota| [l >
124
HHWE HiE o A7 @8 © [oonice @ @
5 & m® T,
j & P KG9

U >
bf 8 5 &% 4

i
R AL
‘ L6

= PEp1 ﬁi
E B
I | R
1 | le=  m

Figure 5.9: Refining Reactor Palette

We select the Reformer icon from the Refining Retacpalette and click on the Refomer icon
and place the icon the flowsheet. Placing the ineokes the several sub-models that prepare
the flowsheet for additional objects and creatksge depiction of the reformer object on the

flowsheet.
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Figure 5.10: Reformer Icon in Refining Reactors Patte

-
' e
tem

x

I | 2 Reformer Template Option
Sl

|'S|:|ur|:e far Reformer Flowzhest

Read an Exizting R eformer Template... |

Cancel |

Figure 5.11: Initial Reformer Window

The first step is to choose whether to use a refotemperature or configure a new unit. Aspen
HYSYS has several reformer templates that refleeesal popular types of industrial reformer
configurations. Figure 5.11 shows the initial wimdehen place a Reformer object on the
Flowsheet. If we choose a template, we do not @assign the reactor dimensions and catalyst
loadings. However, in this workshop, we will buddeformer from scratch, so we choose

‘Configure a New Reformer Unit'.
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= Reformer Configuration Wizard

~Batalyst Tope
& OCA
" Semi-Regen

[ Irchade Hpdrogen Recontactar
I Inchade Stabilizer T ower

et > | Eanfiguration [1 af 3 Caricel |

Figure 5.12: Basic Reformer Configuration

The reformer configuration requires choosing thpetgf reformer, number of reactors and their
dimensions and catalyst loadings for each reagmditionally, we may also specify additional
downstream fractionation equipment such as hydrogeontactor and stabilizer tower.
However, we note that the selecting options produsenplified model for fractionation that
may not be appropriate for a detailed and intedrptecess flowsheet. We recommend building
a rigorous flowsheet based on standard Aspen HYf&tSonation objects. In Figure 5.12, we

select a CCR reformer with 4 reactor beds and ¢hikxt>".
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» Reformer Configuration Wizard _ Ej

R e.actoréectior T

Bed1 Bed2 Bed3 fled 4
Length [ 05400)  OB9I0] 09560 Ta07
Catalyst Weight k] [ 1275201 1.913e+0) | 31188400 | B 3750l
|Maid Fraction ] 0000 |
IEatp{}ist Deriity [kgdm3] | 5800 |
P | mMews | Geoew 2013 Close:

Figure 5.13: Reactor dimensions and Catalyst loadgs

The primary catalyst configuration is the dimensidthe catalyst bed and associated catalyst
loading. Here the catalyst loading refers to theamh of catalyst exposed to feed in each reactor
bed. The Length refers to the distance the feegisaadially through the catalyst bed. The most
important parameters are the catalyst loadingdtaadmportant to obtain accurate values from
industrial data. We use the data given earlienénachapter. The values shown in Figure 5.13
may not be applicable to all CCR reformer plantsgravide a good starting point. The void
fraction and catalyst density are not that sigaifiicfor product predictions but they effect
predictions of pressure drop across the reactas.ddte default values given are acceptable for

many types of reformers.
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x

Use an existing set of calibration factars
IDefauIt 'I Library

< Prev || Dore... IEalihratimnFactnrs[SnfS] Lloze |

Figure 5.14: Choose Calibration Factors

The last step in reformer configuration is to cleoalibration factors for the model as shown in
Figure 5.14. The calibration factors refer to theious reaction and process parameters that we
will calibrate to match plant performance and pcedew operating scenarios. The Default
values are based on calibration from a varietyifbéi@gnt sources. In general, these factors also
provide an initial guess that we refine throughdhakbration process. For the initial model run,

we choose the default and click “Close.”

5.5 Input feedstock and process variables
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Desian Mame [Fefomerton S
Exitinactiting Trieitial Extemal Tiarsiion
Calibration Factars Net H2 Cemply> Fatinlsum Trans

Mol

Net Ligui Tiansiion |
¢ Sheam¥> | Petoleum Trans |
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Inteimial Exterrial Feed Type | PHA Basis = =
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Design | ReactorSection | Stabiizer Towes | Results |
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Figure 5.15: Primary Control Window for Reformer

Figure 5.15 shows the primary control window foe teformer model. Through this window,
we can enter feed and process information and medel results. To manipulate the feedstock
information, we must drill down to the Reformer smbdel. We enter the Reformer sub-model

by clicking on “Reformer” Environment.

File Edit Smolation Flowshest Reformer PFD Tools Window Help
I2H | faak| =x|Cllee|d ¢

HH P M A7 @B

Met

=
“

S
et
Liguid

Reactor

Figure 5.16: Reformer Sub-Model Flowsheet

275



Figure 5.16 shows the Reformer sub-model. We rité\iet Hydrogen and Net Liquids streams
are already attached to the reformer model. THerRer model depiction appears red because
there is not enough information to solve the modéien enough information is available, the

depiction turn yellow and we can proceed to solWge manipulate the feedstock information by

double-clicking on the Reactor sub-model icon tadpup the Reactor sub-model window.

= Reformer Reactor Section ol = |0O) =

‘Feed Types—  Properhes of Selected Feed Type
IPS/Totat C5 010000 | |

Library PPS/Tolal 5 04300 | |
Propatias 22 Uimethy)butane/Tatal 6| 0.00700
' |23 DimethyFbutans/Totsl PB| 002500
2-Methulpentare/Total PE | 018300
2Methyl-pentans/Tatal PE | 016800
Methuloyclopentans/[Methy| 050800
Impart;:: l Export.. | 22 Dimethyl-pentane/Total F| 0.07000
23-Dimethykpentane/T otal P 0.05800

Delete: I 24-Timethyl-pentanesTotal P| 002600

=

F

Feed Data

| 33-Dimethik-peritaned Tatal P| 0.00500
223-Trimethitkbltared/ Total H 0.00400
2-Methul-hexane/ Total P7 0:23200
| -Methyl-hexane/Total BT 020300
Ethyl-pentane/Total F7 0.01300
DimethylcuclopentanedTatal 026000
Ethpl-cpeldpentatieT otal N7| 0.05500

Moimal P8/ Tatal P8 42300
IMEPE/TolalPE | D18400 |
NE NE/[NS+NE Ring] 0145500
IP3/Tatal P43 ) 0.63700
NANS/NGNE Fing] 010300 | + |

_Besign: Feed Dalal Dperation I Results |
e De e | |orored | EOVafsbles |

Figure 5.17: Feed Data Tab

Figure 5.17 shows the Feed Data tab from the Refosub-model. The Feed Type is a basic set
of relationships and initial values for the all &iic lumps in the reactor model. Aspen HYSYS
uses bulk property information such as densityjlidson curves and total PNA content in
conjunction with the feed type to predict the cosipon of feed lumps to the model. The
‘Default’ type is sufficient for light-to-heavy nafha. However, there is no guarantee that a
particular feed type represents represent the ldeteid accurately. Aspen HYSYS will attempt

to manipulate the feed composition to satisfy kprdperty measures given. In general, we
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advise users to develop a few sets of compositianallysis to verify the kinetics lumps

calculated by Aspen HYSYS. We discuss a processrity these lumps later.

_ioix
Feed Data ~Feeds—— -Feed Popertie:
; Feed Type Dietault
Library Distillation Type D6
Propetties 0% Paint [C] 7800
B% Foint [C] 000
10% Paint [C] 9600
30% Point [£] 1088
5022 Pairt [] 1180
| 702 Foint [T 330
i Point [C] 1550
5% Pairt [C 1600
100% Faint [C 70.0
PG Basis ifeighl %
Paraffine [%] .07
Naphtherss %] 4BE0 |
Aromatics [2] 013

Be — — by ] B
Design 'Feal:l'[}a[a-l O peration IHB&ths |

e romilss SRR | oo B0 vanabies

Figure 5.18: Bulk Property Information

We enter the measured bulk property informatiothen“Properties” section of the Feed Data
Tab as shown in Figure 5.18. These data come feonpke process data given earlier in this
chapter. Once we enter the bulk feed informatibis, important to “Hold” the solver. By design,
Aspen HYSYS will attempt to recalculate the modhe instant we make a change. This can be
inconvenient and may cause convergence problems waehange many variables. To “Hold”
the solver, simply select the Red Stop sign intdipetoolbar of the flowsheet window (Figure
5.19).

File |Ed||: Simulation | Flawsheet Reformer Tools: ‘Windalw  Help

EMEET R LR

Figure 5.19: Hold Aspen HYSYS Solver
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Lo
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=] Fad Volume Flow | MaseFlow | Std. Yol Flow | Tempetature Presstre
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Figure 5.20: Feed Flow Rate Specifications

We now input other operation details by navigatmghe “Operation” Tab and “Feeds” section
of the Reformer sub-model (see Figure 5.20). Tomrthtes and process parameters should
reflect an operating schedule where actual reforsmemning smoothly. It is difficult to use a
model based on upset data for future predictiorstadfle operating scenarios. We discussed
some techniques and approaches in a previous toeetieat the data collected for the model

reflects stable operation.

After we enter the feedstock information, we muefirce operating temperatures and associated
process variables. We enter the “Reactor Contexttisn and define the operating temperature
of each bed. There are two ways specify reactet telmperature. In the first method, we enter
the weight averaged inlet temperature (WAIT) fdrtlaé reactors and specify a bias for each
reactor. In the second method, we enter a reaeterance temperature and specify a bias for

each reactor. We use the second method to acgufiatéhe inlet temperature of each bed. We
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recommend this method when running the model fefitist time. This ensures that inlet
temperatures are accurate for the purposes ofraatih. We show how to input the reactors

temperatures in Figure 5.21.

[+ refore Resstar St i
Oocrati ~Reactor Temperatute Specffication
| WAIT ] Aempty>
Feeds WBET [C] ABmptys
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R Pt 3 Temperature Bias [C] 2803
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Design | FesdData  Operation | Reals. |
) [~ Lt _EO Varitiet |

Figure 5.21: Reactor Temperature Specifications

The full equation-oriented (EO) nature of the Refer model technically allows us to enter the
octane number of the product and back-calculateired) inlet temperatures to achieve the
specified octane number. However, it is very ujikbat an uncalibrated model will converge

with those specifications. We recommend enteriagter temperatures directly.

Additionally, we must also enter the Hydrogen-todrtycarbon ratio for the recycle process in
the Reformer model. The typical range of this vdareCCR reforming units is 3-4. Reforming
plants routinely measure this value and we expeehter accurate values. The product separator
refers to the conditions of the first separatoerditaving the last reforming reactor. This value

should be accurate if we do not plan to build anstveam fractionation model.

279



= Reformer Reactor Section = |El|_>q

Sceraion |2
= || |Catalyst Clroulstion Rate [kash | 9000
Feeds L]
Feactar Control Rix 1 Coke on Cat [wiz] <emphyy
. Fix 2 Cola on Cat [wiz] LBt
Eatalist Fix 2 Cake o Gal [wi%] <ty
Froduct Heater Fix 4 Coke on Cat [mt] emply>
Solver Optiors o
?V ) p& ) B 1 Coke Laydown Fate [ka! semphy
Solver Cansale - R 2 Coke Laydown Fate ko semphy
Advanced s 3 Coke Lagdovin Rate [ka/h <emply
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Figure 5.22: Catalyst Specifications

In Figure 5.22, we enter the “Catalyst” sectiori@peration” Tab. We must enter an estimate
for the catalyst circulate rate since we are moded CCR unit. Users will note that it is possible
to enter other specifications in the Catalyst ®&cthowever, only the circulation rate ensures

robust convergence.

| % Reformer Reactor Section _|Q pad

Dperation | Prodkict Heater
Feeds R Temperaturs [E] 1330
Rieactor Cantrol Heat Duty [kl 7h] <emply
Ll Pressure [kFa] B2 3
Product Heater Dielta PTkPa] Templys |
Salver Optiong
Salvet Conzole
Advaneed
tana Curves
EOVariables

™ Design | FeedData | Operation | Results |

| One ar more feeds Hat Solved I _l_'ﬁ,-{u'@d EO Variables |

Figure 5.23: Product Heater Specifications
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The last process operation parameters are the grbdater specifications. Since we are building
a rigorous fractionation section in this example,anly enter estimated values. If there is no
fractionation model planned, we can enter measuaiees for the heater immediately preceding
the gasoline stabilization tower. In Figure 5.28c@we enter the product heater specifications,
we notice a yellow bar indicating that we are retdgolve the model. In the next section, we

will discuss how to solve the model and ensure sbbanvergence.

5.6 Solver parameters and running initial model

Before solving the model, we must ensure that tivess parameters will lead to robust
convergence. We bring up the Solver options bycselg the “Solver Options” section in
“Operation” Tab. Figure 5.24 shows the recommerdesfor the solver options. We have

chosen these values based on our experience witingiwith model.

_inix
e ~Corvergenice Tolerance———— ~SHP Hessian Paramets
S fesidual  [T000=006 Infializstion [Nomed =]
Réatar Caitiol esngiactor i
Catalyst ~|terahon Limits: Updates storad |'”jI E
SR Panirur [Lerations Hg
Product Heater . ~Line Search B -
 Solver Dptions Minimum lizrations ID §§ Algaiithn I MNaormal "l
.:lvar CTW‘E. ~Ciesp Slep Parametes——— | Step Conkdl (Nl
e Ord O Suwitck On > 1| | Step Conteol lterations |[| E
e F B
S Ilerations Variahle Sealing Parame
Step Size ||:|.1 ] On ¢ Off Suwitch On % ‘

~Completeness Checking | - Ealure Recovern Action:

[ DyenidsSpec Group Completarisss | lHevert.tU the previons results =
e i, - 2
Design | Feed Dats | Dperation | Besuls |
| One or more feeds Mot Solved, I~ lgnored ED Y ariables

Figure 5.24: Solver Parameters
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In general, we do not recommend modifying the qaists for the Residual, Hessian Parameters
and Line search parameters. When running the nfod#ie first time, we increase the number
creep iterations and total maximum iterations. @riéerations refer to initial small changes in

the process variables when the starting guesseegarg@oor. The maximum iterations refer to
how times the solver will iterate though the mdolefore exiting. Depending on process
parameters, the initial solution may take up te4B8dterations.

File Edit Simulation  Flawsheet Reformer Tools: Window Help

A Tz alkl=x| o dr

Figure 5.25: Main Application Toolbar

To begin solving the model, we select the greemn &tan in the flowsheet toolbar as shown in
Figure 5.25. Several initializations step will appw®ill appear in the lower right corner window
of the application. The solution process may takeegal minutes and the software appears

momentarily disabled while solver status messagpsax in the lower right corner window.

PiD _Reformer 100 (Reformer- 100 —_— =
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Reacter Canfrol Fesd1 23303 | 1 75eA3den 23163 421500 [] 1155325
Catalist
Product Heater

Solver Optiatis
Solver Cansols
Aedvanced
Oetane Curvss.
ED Yariables:

[ Blended | 234003 | 1.7500643%84 | 231609 | 471600 ] 1151305
| | I [ [ | | =
oA | e
Fequied Ao n Compleved. =l
Warning - Petr s
Warnir
=}
Fieruired [y - PRl icha e A Refidusl Objective  Objsstive  Ovsrall Hodsl
Warning © Petrcleum it - Otz <t izt Wpos c s {
A onvergence Convergence Function HNonlinearity Nonlinearity Worst
‘Wathing - PetroleumT ransitionbject - Mot S obeed o i g ek i e i
ptional Info : Reformer-100 @Main - One or more feeds Not Solved hanon e i kgela) e B e,
Optional Info - Reformer-100 @Main - Not Solved
0 1.008D40€  0.000D¥00 0.000D400  90990D-0L  1.211D407 DXR3.BXR
ne Search Creep Mode ACTIVE: ==» Spep maken 1.00D-01 =

Figure 5.26: Aspen HYSYS Flowsheet interface
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We show the solver output for the configured madélable 5.6. Column 1 indicates the
number of iterations performed since starting thees. The residual convergence function
indicates how far we are from satisfying the prea@edel equations. When we run the model
for the first time, residuals on the order of 1e8 4e10 are expected. As we the approach the
solution, the residual drops to closer and closeeto. Column 3 and Column 4 refer to the
residual of the objective function. We use the otye function only during calibration,
therefore it is zero for this model run. The solused by Aspen HYSYS converges very quickly
to solution once the changes in the process eqsasi@arting appearing to be linear. This is the
case when we are in the vicinity of the solutiohe Bolver indicates the vicinity of the solution
through columns 5 and 6. The Worst model columicatds which part of the reformer model is
furthest from the solution. This is useful for tkarg down issues when the model fails to

converge. The last lines of the output show severaling statistics for the solver.

Table 5.6: Initial Solver output

Residual Objective Objective Overall Model
Convergence Convergence Function Nonlinearity Nonlinearity Worst
Iteration Function Function Value Ratio Ratio Model
0 1.008D+06 0.000D+00 ©0.000D+00 9.980D-01 1.311D+07 RXR3.RXR
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
1 1.120D+06 0.000D+00 ©0.000D+00 7.641D-01 -2.433D+01 RXR4.RXACT
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
2 1.244D+06 0.000D+00 ©0.000D+00 8.444D-01 -1.642D+01 RXR4.RXACT
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
3 1.356D+06 0.000D+00 ©0.000D+00 -2.501D+01 -5.249D+03 RECSPL

<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01
<Line Search ACTIVE> ==> Step taken 1.00D-02

4 1.368D+06 ©.000D+00 ©0.000D+00 8.900D-01  -1.477D+01 RXR4.RXACT
<Line Search Creep Mode ACTIVE> ==> Step taken 1.00D-01

5 1.481D+06 0.000D+00 ©0.000D+00 -9.084D+00 -8.954D+03 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

6 1.692D+06 ©0.000D+00 ©0.000D+00  -2.203D+01  -5.946D+03 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

7 2.364D+06 0.000D+00 0.000D+00 -3.671D+01  -3.878D+03 RXR4.RXACT
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<Line Search ACTIVE> ==> Step taken 1.00D-01

8 4.636D+06 ©.000D+00 ©.000D+00  -3.553D+01  -2.513D+03 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

9 1.165D+07 ©0.000D+00 ©0.000D+00  -2.449D+01  -1.635D+03 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

10 3.102D+07 ©0.000D+00 ©0.000D+00  -1.622D+01  -1.077D+03 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

11 7.906D+07 ©.000D+00 ©.000D+00 -1.074D+01  -7.225D+02 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

12 1.864D+08 0.000D+00 ©0.000D+00 -7.159D+00 -4.950D+02 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

13 4.040D+08 0.000D+00 ©0.000D+00 -4.809D+00 -3.470D+02 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.00D-01

14 8.059D+08 0.000D+00 ©.000D+00  -3.237D+00  -2.489D+02 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.18D-01

15 1.661D+09 ©0.000D+00 ©0.000D+00  -1.996D+00  -1.611D+02 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 1.67D-01

16 4.001D+09 ©0.000D+00 ©.000D+00 -9.044D-01  -7.821D+01 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 2.63D-01

17 1.173D+10 0.000D+00 ©0.000D+00 4.793D-03 -2.409D+01 RXR4.RXACT
<Line Search ACTIVE> ==> Step taken 5.02D-01

18 3.714D+10 0.000D+00 ©0.000D+00 6.974D-01 -2.005D+00 RXR4.RXACT

19 6.486D+10 0.000D+00 ©0.000D+00 9.996D-01 9.919D-01 ISOMP5

20 3.602D+04 0.000D+00 ©0.000D+00 1.000D+00 9.999D-01 ISOMP5

21 1.813D-04 ©0.000D+00 ©0.000D+00 1.000D+00 9.998D-01 RXR3.RXR

22 5.628D-16 ©.000D+00 ©.000D+00

5.7 Viewing model results

After we complete the initial model solve, we caewwthe model results by navigating to
‘Results’ tab and clicking the ‘Summary’ sectiolelSummary sections shows combined yield
of the many products relevant to the reforming pesc Figure 5.27 shows that the results from
the initial model run. We note that the resultsraostly close to the plant measurements. This
indicates that we will not have to do significamaunts of calibration to match model and plant
performance and yields. We can also obtain thdlddtgield results for each lump by going to

the ‘Product Yields’ section and select Groupe®etailed yields as shown in Figure 5.28.
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Figure 5.27: Reformer results summary
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Figure 5.28: Reformer yield results

We can also view the reactor temperature and flafilp by selecting the ‘Reactors’ section in

the Results Tab, as shown in Figure 5.29. Againnete that the predicted temperature drop for
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each reactor bed compares well with the measurepasature drop. Most of the temperature
change is due to the naphthene dehydrogenatiotioesicSince we made reasonable predictions

of the aromatic content, we expect the reactor &xatpres to agree as well.

[+ Reformer Reactorsectin———— _iBix]

Results:

Sy Heactor 1 Feactor2 | Feactord | Reaetord

= Tt Temperatue (O], [ 136 R 5150

Feed Blend Dt T ermperature [C] 39,1 s T 720 4320

Praduict Yislds Geta T[C] 1208 EE.65 .1 2o
i ) Irlet Fressure [kPa] 298 1128 070 1040

FredustBopates | || Inietresiie ire] 133 1120 1064 §liE

Reactors Dels P [Pl 1585 3212 5479 1273

Hatare: Inlet b alar Flow [kamaledh] 7rad 095 95953 | 1.051e+00:

Dutlet Molar Flow [kamale/h] 094 9953 | 1,051e+00 | 1.084=+00.
Residence Time [seconds] | O00DOED | 000:00:5.7 | DODFO0:2.30 | 0000015,

Produst Strearts

[LHEV I SR
[SwHEY | R

Design | FeedData | Opsration: Results
T | luripied D Veriables

Figure 5.29: Reactor performance results

This completes in the initial model solution basadbulk property information. We can return to
the parent flowsheet by clicking the green up aroovthe flowsheet toolbar (shown in Figure
5.30). Once we return to the main flowsheet weattach true products streams by entering
names for the Net H2 and Net Liquid Streams (sgarEi5.31) and selecting the Basic

Transition (see Figure 5.32).

Filz |Ed|l: Sirulatian | Flawshest Reformer Tools Window Help

JaH | taalk|=xx || oe| de

Figure 5.30: Returning to the main flowsheet

286



BT =
S |
—_— 00071633 [
Conditions 0002428
Properties 0.042101
Canpasiia pagats
= Ee: 097123
EVB‘\L;SB' oo |[Eere HIEEER] ’J
- User Vaiisbles. |feae 000403
T .ol
Condions DTS
 Properties mgzg__
- Carmposition ; T
K Valus L
A Propetie 0.000074
- User Variables Butane 0052493 ||
- MNotes [rHulane O0BETS ||
L., Cost Paramsters || T-ButEne: noguovo | >
KilN| i
7o) [1-00000
| el | Edepropeties, | Bas. |
Extend Shea Furotinalty |
f=

| Ateachments [ Bynamics |

Figure 5.31: Composition of Net H2 and Net Liquid seams
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5.8 Updating results with molecular composition informaion

In the previous section, we built and solved tHerraer model using bulk property and total
PNA information only. This approach works reasogaftihen the actual feedstock is quite
similar to the ‘Default’ or selected feed type actual refinery operation, the feed type may
change quickly or may not have been analyzed ft fgpe information. In this section, we
discuss an approach to integrate measured molemuigposition analysis with the feed type to
improve modeling results. This method has shownifsogint improvement in model predictions,

especially in the petrochemical reformers whereigate predictions of aromatic content are

significant.
il
Fead-1 Blend 7|
Hesdlts Malecular Weight £emplys Zemphy 171
Bummary Specific Grawity [EDF/BOF] £emptis <amph |
Feed Blend AP Grayity Bty <Empty il
s Composition, Mol Frac:
Froduct ields HiEa EX 0.0000
Product Pioperties | |Methane 0.0000 0.0000
Ethane 0.0000 0.0000
e Ethylene 0.0000 0.0000
Heaters: Propane Lannn: 0.0000
Produict Streams Propens 0.0000 0.p00d
iRl fi.0000 00000
FBians 00000 0.a000
1 Bulene 00000 0.0000
i-Pentane 250007 250 e-007
n-Pentans 1.090e-005 1.090=-005
o5 0000 0,000
Cyclapentane 1.154e-005 1.154e-006
| 22:Mbutane 1,975e-003 1,976e-003
SiMbutane 1875.003 | 1.975:003
ZMpentans 2100002 | 2i00e002
Thipentare 2i00e002|  2100s002
trHesans T 3F2e002 T3 2e002 |
CIEs: 0000 0.0000 2

= Diezign I Feed Data:l Dperation: Hesults.]
) [srced O Varaots |

Figure 5.33: Feed blending results

Once we solve the model using the bulk propertgrmftion, we can obtain the feed lump
composition from the ‘Feed Blend’ Section of the&lts’ Tab as shown in Figure 5.33. The
composition in mole fraction represents Aspen HY Y&t estimate of the composition from
the bulk information and chosen feed Type. In o@aneple, we also have the detailed
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compositional analysis by PNA and carbon numbee shbw these measured compositions in

the Sample Data section of this chapter.

Figure 5.34 shows a spreadsheet in Microsoft Etkeglaccepts the measured molecular
information and Aspen HYSYS’s best estimate ofdbmposition. Using both sets of data, we
can rescale Aspen HYSYS'’s estimate to match thesareaomposition. Essentially, we rescale
the estimates to match plant data for each compnaltand carbon group number while keeping

isomer ratios constant.

A& | B | ¢ | b | E |1 F 1 & | H L ] s | 17 1 v ]

| 1 |Feed transform for Refsys model
| 2 |(Created by Kiran Pashikanti, Dec 29 2003)

3
4 | Actual Plant Data
| 5 | P c5 0.73%| 41.61% Feed-1 |Lump with wt PERCE
| B | CE 5.46% Hydrogen oH 0.00% F 0.00
|7 c7 11.80% PO1-1 hethane 0 PO1-1 0.00% F 0.00
=N CB 10.58% PO2-1 Ethane 0 Po2-1 0.00% F 0.00
| 9 | C9 8.57% 002-1 Ethylene 0 002-1 0.00% .00
10| c10 4.47% PO3-1 Propane 0 PO3-1 0.00% F 0.00
11 | M c5 0.15%| 50.20% 003-1 Propene I D_|003—1 0.00% F 0.00
| 12 | CB 5.13% FO4-1 i-Butane 0 FO4-1 0.00% F 0.00
|13 | c7 13.05% PO4-2 n-Butane 0 PO4-2 0.00% F 0.00
|14 | CB 15.28% 004-1 1-Butene 0 004-1 0.00% F 0.00
| 15 | C5 12.15% PO5-1 i-Pentane 2.50E-07 POS-1 O14%F 014
|16 | c10 4.44% PO5-2 n-Pentane 1.09E-06 POS-2 0.59% 0 0.59
|17 | A, CE 095%| B.19% 005-1 o5* 0 005-1 0.00% F 0.00
|18 | c7 2.14% MOS-1 Cyclopentane  1.19E-06 NOS-1 0.15%F 015
|19 | CB 2595% POB-1 22-Mbutane 1.97E-03 POB-1 0.09% F 0.09
| 20 | C9 2.15% POB-2 23-Mbutane 1.97E-03 POB-2 0.09%F 0.09
| 21 | c10 0.00% POB-3 2-Mpentane 2.10E-02 POB-3 0.96%F 0.96
| 22 | POB-4 3-Mpentane 2.10E-02 POB-4 0.95%F 0.96
| 23 | POB-5 n-Hexane 7.37E-02 POB-5 3.36%0 336
| 24 | 00B-1 OB* 0 00B-1 0.00% F 0.00
| 25 | Distribution calculated by Refsys MOB-1 Meyclopentan  1.08E-01 MOB-1 261% 261
| 26| P C5 0.00%| 34.32% High AE-1 Benzene 1.09E-02 ADB-1 0.95%F 0.95
| 27 | CB 9.74% OK MOB-2 Cyclohexane  1.05E-01 MNOB-2 282% 0 252
| 25 | c7 5.26% Lowy PO7-1 22-Mpentane  2.07E-03 PO7-1 0.37% 0 037

Figure 5.34: Feed re-scaling spreadsheet

We perform this rescaling by copying the resultthef‘Feed Blend’ (Figure 5.33) from Aspen
HYSYS into Column | of the spreadsheet. We alseretite measured compositional

information in Column C. The results of the re-sgglppear in Column U. We must now enter
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the re-scaled feed information back into the refarmodel. We must reenter the Reformer sub

model and enter the Feed Data Tab.

Figure 5.35 shows the Feed Data Tab. We selectikihemps instead of Bulk Properties.

Aspen HYSYS will now prompt to indicate that we discarded the bulk property information.

We confirm this change and edit the Kinetic lumpsdatly. We copy the results from Column U

of the spreadsheet into the Edit Lumps dialog asvaehin Figure 5.36. We enter the new feed

lump composition by weight and normalize to make=gbe sum of all the lump compositions is

1. The solver will automatically resolve the modsing the new feed lump composition. In

general, the initial residual should be on the oodele3 to 1e4, which indicates that only

changes to the model are the feed lump compositions

Feed Data
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e
Feed | ~Feed Propetti
Feed Type Diefault
Diistillation Type Db
22 Paint [C] 78.00
5% Paint [C] 50,00
aspentivsys [
\ ? “Siwitching may result inthe loss of data on this page. Weuld you ke to continue?
-/ i P i
(R
--Selac{ed Feed Paraffing [%] aA107
= Assay Naphthienss [7] 4580
" Bulk: Properties Aramatie [%] 1033 )
i+ Kinetie Lumps

Design | Feed Data | Operation | Resulis |

N | rocd EDVaise: |

Figure 5.35: Changing from the bulk property data o kinetic lumps
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Figure 5.36: Kinetic Lump composition entry window
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Figure 5.37: Enter Lump Composition Figure 5.38: Enter Lump Composition
(After Normalization)

5.9 Workshop II: Model calibration

In section, we will calibrate the model based oown product yield and reactor performance.
Calibration involves four distinct steps:
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1. Pulling data from current simulation
2. Enter measured process yields and performance lbasthat current simulation
3. Update the activity factors to match this plantdji@nd performance

4. Push calibration data back to the simulation

€] Reformer_Workshop_Ealibration_Complete - Aspen HYSYS 2006.5 - aspenONE

Flle Edit Simulabion Flowshest | Reformer PFD Tools ‘Windew Help

D2 | A0 e e [ Configuration Wizsrd... Ci+C s
B

atian Eactors, .,

HOAE | A e

=5l =

Figure 5.39: Starting the Reformer Calibration Environment

We begin the first step of model calibration pragedusing a converged initial model. The
converged initial model will provide initial guesstr the activity factors which greatly
simplifies the model calibration procedure. We ettte model calibration environment by first
entering the reformer sub-flowsheet and then selgthe “Reformer > Calibration” menu
option from the application menu bar (as shownigufe 5.39). Figure 5.40 shows the reformer

calibration environment.
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S iy YU sy eV el e T i it T e

Figure 5.40: Reformer Calibration Environment

The first step is to “Pull data” from the simulatioVhen Aspen HYSYS pulls data, current
operating conditions, feed stock information anacpss parameters enter the reforming
environment. A Calibration refers to the set of éloéivity factors that produce a given product
yield and reactor performance (which we providéhcalibration environment) based on

current model state. We pull data by click on tRelf Data from Simulation” button (Figure

5.41).
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Figure 5.41: Pull Data from model results

When we pull data from the simulation, Aspen HYSN;® warn us that current calibration data
will be overwritten by the current model resultssaswn in Figure 5.42. We can use the Data-
Set feature (in Figure 5.43) to allow multiple badition data-sets. This may be useful if the

industrial reformer runs under very different opigergscenarios. However, we for the purposes

of this workshop, we will use only one calibratidata-set.
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Figure 5.42: Importing initial model solution

i
Feed Data: Feeds ~Feed Properties
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Hydroger [w frac] 00000 = |
tethane [t frac] 00000 ]
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Propane [wl frac 00000
Propsne [t frac 0,0000
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_tdd. | Dok | 04 [t rat] 0.0000
& ibeiod Fes F5 [ frac) 1400003
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"~ Design_ Feed ﬁalal_-ﬁpa{atinp | Meastizment I Calbation Contiol | Analysss |
Data Set: [Setd ~] | PishDatats Sinuistisn | Risturn to Simuation |
B 4l | Ersclelbl ‘Manage DataSets I Fullz'ﬂatulmm'é’wrulaﬁonil —

Figure 5.43: Feed composition on weight basis

Aspen HYSYS will pull all the feedstock informati@md process operating after we confirm the

calibration data overwrite. The status bar nowaaies that we must specify product
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measurements to begin the calibration proces®déssary, we can modify the operating
variables (such as WAIT, etc.) of the reformerdidition to the measured values. However, we

recommend creating a new model file if the opetpticenarios are very different.

The second step in model calibration is specifyirgmeasured yields and process performance.
Click on the Measurement Tab to bring up the Opananterface (see Figure 5.44). In the
Operation section, we must enter values for redetaperature drop and recycle hydrogen
purity. We can enter in the pressure drops and uneastane values of the product. The defaults
values come from the current model results. Engemigw pressures drops allows us to account
for unexpected flow behavior in the reforming reast Figure 5.45 shows the complete input

window for the Operation Section.

_inix
Measurement Reactr
Operation Inlet Pressure [kPa] | Pressure Diop [kPa] Delta T [C]
Reactar] 1240 1542 <emply>
Products Heactor2 1124 3113 <emply
Analysis Reactor 3 1088 5420 <ernphys
Fieactor 4 037 4182 Zempls
—Cuniuresxu.
[Dizcharge Pressure [kFs] [ 1555
|Stictin Pressura [kPa] | 8123
Hecysle H.
| IHZ,F'uritg of Rzcyels, mal lracl <emplp:
Maasured Dctar
Co+RON 1018
CE+ROM 1037
C5+ MON 8175
CB+ MON 8182
™ Design | FeedData | Operstion  Measurement | _Calbration Conttol | Analysis
Data Set | Sal1 = Pk A T Siniaton ‘i Return to Simulation |

Bur) Elo I i;re-:,_-llt-i Marage Data Sets I F'u\lDaEalmeimulalmn:i —

Figure 5.44: Reactor Performance Tab
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N calibration —|ol =

Measurement “Reattor
Dperation Inlet Pressure (kPa] | Pressure Drop (kFa] Delta T|C]
Reactor] 1240 1542 103
il Reactor 2 1124 EXRED 54.10
Analysis Reactar 3 1066 5420 36,10
Reactord 1037 4182 (] 22.80
Compressar
Digeharge Pressure [kPa) i 1555
Suction Pressure [kPa] B1Z%
Recytle H
H2 Pty of Recpcle, mol frac] nenn
i Measured Detans:
5+ RON 1045 |
L6+ RO 105,
C5+ MO go.00;
CE+ MON, 3100
= Design | Feed Data I Operation | Measurement | Calibration Contral Ahalysiz
Datafet |5t - Pushi Data fa Smulation | Betum to Simulation |

e o =t ManaceDataSets | PullDatafrom Simulation | NSRS

Figure 5.45: Completed Reactor Performance Tab

Next we specify the flow rates, yields and composibf all the key streams from the reformer.
A compositional analysis is necessary make sutentbanodel key reaction paths accurately.
We recommend that users enter all compositionatimétion for gas streams in Mol% and all
compositional information for liquid streams in V&b or Weight%. Given the data available,
we can enter the flow rates of each steam on d@aor mass flow basis. We note that
internally, Aspen HYSYS will convert all measurertgeimto a Mol.% to ensure overall material

balance in the model results.
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Figure 5.46: Product measurement tab

We suggest a few guidelines when entering compositidata:

» If analysis for H2 to Fuel stream is not available, can enter 85-87 mol% H2 as the
composition for the stream

* Measurements for the Stabilizer overhead liquidaféen be confused. Often there is
little difference in the model results if we choddel. % or Vol. % for the original data.
The molar volumes of these light components arghlyusimilar, so errors due to
mistaken Mol. % or Vol% are often quite small.

» If we do not have of all isomer of a given kindtiop (such as P8, SBP8, MBP8, etc.)
then it is possible to distribute the total meaduuvenp over the three components.
However, we must make sure not to include isont#&r es a calibration activity factor.
This comment does not apply to xylenes. We must lla& isomer ratio of xylenes to

proceed with the calibration.
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* We can group the aromatics higher than 9 into glsilump as A10. This is acceptable

since we will not calibrate on aromatics highemti® and allow the model to calculate

aromatic composition higher than A9 freely.

Once we enter the composition information corredtig status bar will turn yellow (see Figure

5.46), indicating that we are ready to begin vayyaetivity factors.

In Step 3 of the calibration, we will use Aspen H¥Sto vary several activity factors in order to

minimize the objective function. We define the @b function as the weighting sum of the

absolute deviations from the model prediction amésure data. We can select terms in the

objective function by going to the “Objective” sect of the Calibration Control Tab. We show

this interface in Figure 5.47.

| Calibration

Calibration Control

Parametar
Objective Function

~Ohbjestive Funchior
Included Sigma a |

Yield, wiZ.
Lo [ 01a.
Tatal Atomatics Fa oo
Total B-Ring Haphthenics [ 0.10
Tatsl £-Fing Naphthenios [ 010
H2 [ 005
F1 [ 010
P2 v R}
P3 [V 010
[P v oia
NP4 [ o1
5N [ 020
P& v .15
BE [ 010
PR [ 015
AT v 015
P7 v 00
B v oea.
PE v o1
43 v 0.20
P43 v 0D =

" Deashan | Faed Data I Dperation I Measurement  Calibration Contiol | Analssis |

Figure 5.47: Initial objective function
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The initial objective function is quite strict aneljuires significantly detailed analysis use for
calibration purposes. We suggest an alternativeotibp function that works well when the
compositional analysis is limited. In addition,desrict objective function helps make sure that

the model does not become fixed or overcalibrateaidingle data set.

Table 5.7: Weighting factors for less strict objedve function

Model prediction Weight
C5+ Yield 0.10
Total Aromatic Yield 0.20
H2 Yield 0.05
P1 Yield 0.10
P2 Yield 0.10
P3 Yield 0.10
IP4 Yield 0.10
NP4 Yield 0.10
5N5 Yield 0.20
P5 Yield 0.15
A6 Yield 0.10
P6 Yield 0.15
A7 Yield 0.15
P7 Yield 0.10
A8 Yield 0.20
P8 Yield 0.10
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A9 Yield 0.20
A10 Yield 0.20
P10 Yield 0.10
Recycle Gas Purity 0.01
Reactor IAT 0.75
Reactor AT 0.75
Reactor AT 0.75
Reactor 4AT 0.75

Terms that do not appear in Table 5.7 are notgfatte initial calibration. Low weightings
indicate that agreement with a given term is mageiicant than other terms. We generally do
not include isomer ratios as part of the initidllmation. Once we have completed an initial
calibration, we use another data set to furthebie the model using the original strict

objective function. For the purposes of this wodgshwe will perform the calibration only once.

Once we select the objective function, it is gooacpice to run a model pre-calibration. The
model pre-calibration ensures that we are stattiegnodel the in a feasible location and
indicates if the calibration process will succéakk run the pre-calibration by clicking the “Pre-

Calib” button in the calibration environment (Figus.48).

R Caile [l Frocollh MonoguDistaBials | Full Dot oo Simiibation |

Figure 5.48: Pre-Calibration in the Reformer Calibration
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When we run the Pre-Calibration of the model, AsH¥SYS presents the Validation Wizard

for this data set. The key results in this wizawe lass and Hydrogen closure of this dataset.
Figure 5.49 shows initial state of the wizard. Vé¢erthat there is a significant Mass and
Hydrogen imbalance. We can attempt to correct dryazthanging the bias for each stream. The
biases refer to how the stream flow will be adjdgteensure that Mass and Hydrogen balance is

closed. Figure 5.50 shows that we can improverttiiance by unselecting the bias for the

reformate.
S validation Wizard for Set-1 _35_[
—Faed Group \~Mass and Hydragen Bal
tdazs Flow: Hydrogen-Flaw: s Oniginal Adusted
Bhieam [kath] fkath] Closure 5] ) 2
Fead] 1. 75Ge+005 255824004 Mass 102,94 0000
Hudrogers 10594 10291
|Tetal | 1.7532+005 | 2 55824004 |
~Praduct Group
——— Weasured Mass Flow | Adusted Mass Flow . |Measured Hydiogen Flow| Adjusted Hydrogen Flo
S fka/h] lka/h] i kot fkath]
NetHZ 124724004 1, 206e+004 v 7565 7351
H2 to Fuel 0.0000 0.0000 ~ 0.0000 0.0000
| Stab OH Vapar & 3190 ¥ 7195 B340
Stab OH Ligud 217264004 211 0e+004 v 3636 3726
Retarmate 1.436e+005 1.395e+005 v 1:497e+004 1,454e+004
Tolal 1.810s+005 1. 753e+005 # 2 7ii=+004 2 63264004
ok | Corcel |

Figure 5.49: Assign Bias
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—Feed Group ~Mazs and Hydroger Balance
Maszs Flow Hydragen Flow ) Diigirial Aidisted
5 - : Clostire e
e kath]_ fkarh]_ Sl 7] 2]
Feed 1,753+ 005 2 b0 Mass 10294 100,00
Hydrogen 10694 93,38
[Total | 1. 759600 | 2 FGesn04 |
~Product Group
) Measued Mass Flow | Adusted Mass Flaw ; Measured Hydrogen Flow| Adiusted Hydrogen Flaw
e lka/h] lka/h] e kgl fka/h]
Met HZ T 2420004 70705004 v 7668 EG2]
HZ fo Fuel 0.0000 L0000 v faaon 6,000
| Stab OH Vapor 3204 2850 v 7195 E200
Stab OH Liquid 21726004 1871004 v 3836 3305
Rsfoimate 1.436e005 1,436e+005 74976004 1 497=0004
Total 1 510e+005 1 7582+ 005 % 2710e+004 2 542004
ful's Caneel

Figure 5.50: Assign Bias — Select Reformate

Changing the Assign Bias does not mean that céltloravill improved. Significant mass and
hydrogen imbalance indicates that the dataset reagdonsistent. The first resort to verify the
measurement data and obtain updated measuremestedsary. If we cannot close the mass
balance, we can proceed with calibration. Howewermust realize that a close calibration may

not be possible and we must view model predictigh extra caution.

The next step is to choose model activity factorgary during the calibration run. We select
activity factors by navigating the to the Parametmation of the Calibration Control Tab (Shown
in Figure 5.51). To include a factor in the caltima, we must check the “Included box” for that
factor and specify an upper and lower bound for filaetor as shown in Figure 5.52. The bounds
for the upper and lower factor must reasonablevtadeovercalibrating the model. We discuss
upper and lower bounds for kinetic factors in av/pes chapter. Table 5.8 also presents some

reasonable upper and lower bounds for the most @mautivity factors.
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Figure 5.51: Calibration-Parameters

Figure 5.52: Set upper and lower bounds for globactivity tuning factors

We calibrate the model by selecting each groumctofs in Table 5.8 one at time and
subsequently run the for each group selectionekample, when we calibrate the model for the
first time, we should select the Global Activityding Factors and enter the appropriate bounds

from Table 5.8 (Figure 5.52). Then we will click Bun Calib. to start the optimization process.

Global Activity Tuning Factors

Reactor 1 I 4063 01000 10,00
Feactor 2 v 1.140 1.1000 10.00
Reactor 3 v 0 6065 01000 10.00
Feactor 4 ™ 0.2051 0.1000 10,00

We will run the process at least 5 times, seleaimlifferent group to calibrate each time.

The output from the solver appears in
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Table 5.9. Our goal is to reduce the value finad@timn 4, “Objective Function Value” to some
small value. For an accurate calibration, the dhjedunction should be lower than 250-300

using the weightings given in Table 5.7.

Table 5.8: Suggested activity factors for calibratin

Group | Terms Range

#

1 Global Activity Tuning Factors 1-200

2 Dehydrogenation and Hydrocracking Tuning 0.1-1
Factors

3 Isomerization, Ring Closure and Expansion Tuning.1-1
Factors

4 Individual Tuning Factors for C7, C8 0.1-1

5 Light gas yield (C1 and C2 only) 0.1-10

Table 5.9: Solver output during calibration

Residual Objective Objective Overall Model
Convergence Convergence Function Nonlinearity Nonlinearity Worst
Iteration Function Function Value Ratio Ratio Model
0 2.604D-09 5.887D-01 7.186D+03 8.662D-01 3.174D-01 PSEP
<Line Search Creep Mode ACTIVE> ==> Step taken 3.00D-01
1 1.298D-03 1.168D+00 6.087D+03 4.749D-01 -1.653D+01 RECV
<Line Search Creep Mode ACTIVE> ==> Step taken 3.00D-01
2 9.571D-03 2.573D+00 4.624D+03 -1.015D+00 -5.052D+01 PRODHTR

<Line Search Creep Mode ACTIVE> ==> Step taken 3.00D-01
<Line Search ACTIVE> ==> Step taken 7.44D-02

3 7.210D-03 2.068D-01 3.981D+03 9.750D-01 7.025D-01 RXR4.RXHTR
<Line Search Creep Mode ACTIVE> ==> Step taken 3.00D-01

4 4.288D-03 1.795D-01 3.761D+03 9.610D-01 7.275D-01 RXR4.RXHTR
<Line Search Creep Mode ACTIVE> ==> Step taken 3.00D-01

5 3.513D-03 9.406D-02 3.589D+03 8.233D-01 3.467D-01 PRODHTR
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6 3.792D-03 6.084D-02 3.361D+03 6.239D-01 -1.330D+00 RXR4.RXHTR
7 1.027D-03  1.863D-03 3.239D+03 9.845D-01 1.421D+00
8 4.122D-05 3.809D-04 3.247D+03 9.691D-01 7.403D-01
9 2.321D-06 6.648D-05 3.246D+03 9.129D-01 4.952D-01
10 9.317D-07 3.307D-06 3.246D+03

Successful solution.

Optimization Timing Statistics Time Percent

MODEL computations 5.64 secs 8.19 %

DMO computations 61.99 secs 90.01 %

Miscellaneous 1.24 secs 1.80 %

Total Optimization Time 68.87 secs 100.00 %

Problem converged

Each time we successfully run a calibration, weeanify how far model predictions are
measured input values given to Aspen HYSYS. WehgdQalibration Factors section (see
Figure 5.53) in the Analysis Tab of the Calibratmvironment. The "Delta” column indicates
the difference between the measured and model ¥@l@egiven term of the objective function.
Contribution indicates the given term'’s contribuatio the objective function (Delta/Weighting).
Using the steps in Table 5.8, we can reduce thectibag function value to 180. This is below

our 250-300 criteria for a reasonable model.

Once we finish calibrating the model to some smesidual (<250-300) we should export the

results back to the main reformer flowsheet. Thistep 4, the last step, of the model calibration.
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Figure 5.53: Calibration Factors-Analysis

We save the model calibration by clicking ‘Save $Samulation...” in the Analysis tab of the
Refomer Calibration Environment. Aspen HYSYS wilbppt us (see Figure 5.54) to save this
calibration as ‘Set-1'. We can have multiple cadtimns for the same reformer and use different
calibrations sets for different operating scenaMde recommend only having only calibration

set per reformer model file.

M| 5ave Calibration Factor Sek

Set Mame

[  Uze thiz =et for the curent simulation

X

LCancel

Figure 5.54: Save Calibration Factor Set
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After saving the Calibration, we should put thevsolin holding mode to make sure that Aspen
HYSYS exported the calibration factors properly. Wi# return the Reformer Sub Flowsheet
environment. We recommend that users go through @ae of the tabs in Reformer Sub
Flowsheet environment to make sure the input dasanot changed. It is also important to make
sure that basis for the Kinetic lumps is same astwidas chosen initially (In this work, we
always use Wt.%, see Figure 5.56). We can reldessdiver to allow Aspen HYSYS to solve

the model as shown in Figure 5.55.

L T

pspentYsys B

‘_?r) Bata copied successfully. Dosou want ta pat the sabver in holding mads? |

[ ] e |

Figure 5.55: Prompt to hold Aspen HYSYS solver
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Figure 5.56: Verify feed basis for Feed Data

We return to the main flowsheet to complete tH#tion process for the Reformer Model.
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5.10 Workshop llI: Build a downstream fractionation

The next step is to build downstream fractionatigstem. The downstream fraction for this

CCR reformer has three distinct steps:

1. Product remixer
2. Hydrogen recontactor

3. Primary Gasoline/LPG Stabilizer and Aromatics resgv

&
FLOW TOSTOM — H2 Fich Gas
SHEET COLLIMH| NEt _ frl:lm FASDQ
Liguid-Produ A
[y 4 @ i P
[Met )
— — H2-Praduct Remix  Lig,
_:@ ﬂ_ — Product
= = from FA302
=
—& 1 B

Figure 5.58: Remixer subflowsheet

configuration

Figure 5.57: Flowsheet unit operation in

Aspen HYSYS palette

We build a sub flowsheet environment for the pradamixer by returning to the main
flowsheet and creating a sub flowsheet. We creatébdlowsheet using the “FLOWSHEET”
icon in the Aspen HYSYS toolbar palette shown igufe 5.57. The new subflowsheet appears
in on the main flowsheet as large icon with “T” iker. We can double click the icon to bring up

the subflowsheet connections window.
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Figure 5.59: Inlet-Outlet connections for Remixer abflowsheet

We attach the inlet connections to the sub-flowshad begin building the internal structure of

the sub-flowsheet. We will attach the outlet conioes once we have completed building the

flowsheet.
SETA1 —_
@hain H2 Rich Gas -
frorn FA302 .

SET-1
-._,—)‘ FAI02 @hain

MEA00  =—b—n
Net oo
2
Liguid-Product —
Lig. Product
from FA3OZ

Figure 5.60: Subflowsheet for Remixer

Using the standard Aspen HYSY'S objects, we busdrgle mixer and separator to remix the
product streams and flash the mixed product ateimperature and pressure of the primary
product separator. The outlet gas from FA302 regmssthe initial release of net gas. We use a
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Set object to ensure the temperature of the flagiei same as the Net H2 product from the
reformer model. Once we finish building this subwisheet, we can connect outlet feeds as

shown in Figure 5.61.

Net Rich H2
Gas

HZ Rich Gas -
from FA302

- et
#L?mpggg%% Recontactor Reformate

Figure 5.61: Subflowsheet for Recontactor

We now proceed to building the hydrogen recontgcsiection of the fractionation system. Using
the same procedure as before, we create a sub#etviir the Recontactor. The goal of the

recontacting section is improve separation of iiet lends from the net gas stream and recover
aromatics lost in the initial net gas stream. Fegbu62 shows the relevant inlet and outlet stream

names and variables for the subflowsheet.

i it Sub-Flowsheet Operation - Recontacktan ] = ] e
" Mame |F|ec_ontactnr Tag ITF'L2
~Inlet Conrmchiaris ta S ub-Fl
Interhal Stream Exlernal Stream’ |
G103 “Cermptys
G104 <emphs
H2-Rich Gaz - from FA302 HZ2 Rich Gasz - from FA302
Lig. Product from FAZ0Z Lig. Product from FA302
4108 Zemplys =
= New = ZEmpty> -

rOutlet Connections to Sub-Flowshest

Internal Stream Estetnal Stiaam

105 cemplys

Mel Rich H2 Gias Met Rich H2 Gas

QE102 <Emply

Wet Reformate MNet-Reformate

== Wigi Lemptis
C i ! Paramet: I Transter Basig |Tran_smnn I\"’allahles INntas_!:Qk-_r
Deléte SubFlawshast Enyiranment., |

Figure 5.62: Subflowsheet for Recontactor
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Figure 5.63: Flowsheet for recontacting section

We use standard Aspen HYSY'S objects to re-createsttontacting section (Figure 5.63).
Typically, a real recontacting section may haveesastages to improve product separation. In
general, two ideal separators can model multiphé separators since real separators do not
typically operate at thermodynamic equilibrium. Weo include an Adjust block to ensure that
the temperature of the Net H2 Rich Gas leaving Imtite plant value. This is often only
calibration required to model plant performanceuaately. Table 5.10 shows the specifications
we enter for each of the streams in subflowsheetndle that these values are not exact, but
approximated from various sources. When develogingdel for industrial use, we must make
sure to use actual plant values. Table 5.10 inelictite specifications for each stream. Values

given by "-* in Table 5.10 indicate that this valsieould not be specified.

Table 5.10: Stream specifications for recontactor

Stream Temperature | Pressure
(°C) (kPa)

1 - 2612

2 - 5681

5 - 5681
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6 10.11 -

13 30.00 -

Net Rich H2 - 5681

Gas

Before the Net Liquid enters the gasoline stahi)ine must heat the product to a temperature
suitable for fractionation. In the actual refing@mpcess, the product heater is often integrated
with the bottoms outlet of the gasoline splitteotrer columns. However, for the purposes of
this simulation we use a simple heat exchangeeaast For more detailed simulations, we
advise the use of cross exchangers to accuratedglntoe model the duty required for the
fractionation.

—
#00

#5500 GQ-EA3T3
—_

— —
|l #00 DA3DN DA30T

Met Feed1 EA-313 Feed
Reformate

Figure 5.64: DA301 Preheater
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Figure 5.65: DA301 Flowsheet

Figure 5.65 shows the stream configuration fordtienary gasoline stabilizer. The overhead gas
contains mostly light C1-C2 components that didleate the Net H2 stream. The overhead
liquid draw is mostly C3-C4 components which forml#G like stream. The bottoms stream

represents the stabilized gasoline or aromatickead liquid product from the reformer.
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Figure 5.66: DA301 Configuration
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We show the pressure profile and number of stagppsined for the gasoline splitter in Figure
5.66. We note that use a fewer number of stagesttfgindustrial process. We use this
approach to approximate the column’s overall egficy at 50-60%. We discussed the
advantages of overall column efficiency over sthygestage efficiencies in Chapter 2. In general,
using the overall column efficiency approach ledsiore robust and predictable column model

operation.
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Dok | Prafi
Do, | et e i T e Tt T
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i “1 1.0000 0.000000 0000072 Press = || ]
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- ™ Flows Irf‘
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Subcooling M= w B om = &
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— - =
Dasignl Parameters. I Side Ops I Raling I ‘workshest I Peiformance I Flowsheet I Reactionz I Dynamics |
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Figure 5.67: DA301 Specifications

Since we have three draws streams on DA301 weetgjliire 3 independent specifications for
the column to converge robustly as shown in Figué&. Typically, we will use the reflux ratio,
temperature of a particular stage and mole pueithér C4 or C5 in the overhead liquid or
vapor) as specifications for the column. If theuooh as operating as a gasoline splitter, we may
want to use the Reid Vapor Pressure (RVP) of thmbts as a performance specification. If the
column does not converge, we can use the altespatdfications of overhead draw rate, reflux
ratio and bottoms draw to ensure that the colunmve@es to a solution. Once we have a
solution, it is quite easy to converge on a perémmoe specification.
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Figure 5.68: DA302 Flowsheet

Since this reformer is part of a petrochemical clexyphe product from the gasoline splitter
enters an aromatics fractionation column. ColumrBDA(see Figure 5.68) separates toluene
and lighter components from xylenes and heaviempmorants. The bottoms product of DA301
enters a heat exchanger to bring down the temperafuhe gasoline product to a suitable

fractionation temperature.
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Figure 5.69: DA302 Column configuration
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Figure 5.69 shows the pressure profile and numbstages required for the aromatics column.
Again, we use the same principle of overall colwgffitiency (60-70%) to calculate the number
of ideal stages required for the column model. W that the industrial columns may include a
small vent stream in the condenser for this colurowever, depending on the thermodynamic
model chosen, the feed to DA302 may not containlighy components. If we create a vent

stream, it is likely that the column will have difdltly converging since we expect the vent

stream to be a very small.
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Figure 5.70: DA302 specifications for aromatic sptier

Since DA302 has two draws in the column, we widjuiee two specifications. We typically run
the column with the overhead draw rate and refatioras the initial set of specifications (see
Figure 5.70). Once have a converged solution, weusa stage temperature as a performance

specification to match plant operation.

5.11 Workshop IV: Case study to vary RON and product dstribution profile
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In this section, we will use the calibrated moaepérform a case study to determine operating
conditions to produce a desired product yield. gbmposition of the feed to the reformer may
change quickly, and the composition of lighter hapes (N5, N6) can change dramatically with
the changes to the IBP of the feed. In the eachapter, we discussed several situations that
change the product yield with changes in operatorglitions and feedstock composition. The
most basic, yet useful, case study is to varyéhaetor temperature and H2HC ratio and the

effect on product RON and aromatic yields.

We developed the initial model using Reactor Iiletperature and associated temperature
biases for each reactor. This is useful for a $jga@former plant; however this method can
mask the effect of reactor temperature on the pcEVe will instead use the WAIT to control

to the reactor temperature.

We change the reactor to the WAIT basis by firdtlimg the solver and prevent it from running
while we change the reactor temperature. We netedlculated WAIT from the current solution
and copy the value. We paste the value back idedNAIT textbox and release the solver. The
solution process should be quite quick with théahresidual on the order of 1e-3 or lower.
Higher residuals may indicate the model was ovénaed or the model is very sensitive the
operation conditions. In both cases, we will likaBve to recalibrate the model with more recent

data.
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Figure 5.71: Change reactor temperature to WAIT bas

Our goal is to the observe product yields as fmstiof the WAIT and H2HC ratio. It possible
to manually change each WAIT and H2HC ratio ancurethe model each time. However,
given the typical run time for the Reformer soluérs quickly becomes a tedious process. It is
better to use the Case Study features of Aspen Hert®Yautomate this process. In addition,
since the Case Study feature will run the model\ariety of conditions and if we successfully

solved a model, we can make sure that the modeltievercalibrated.

REFORMER_WORKSHOP _RONSTUDY _COMPLETE - Aspen HYSYS 2006.5 - aspenONE
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Figure 5.72: Menu to create case study through Dabeok interface
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We create the case study using the Databook featukspen HYSYS. Figure 5.72 shows the
menu option from main flowsheet interface. The Datk interface is organized by Variables,
Process Charts and Case studies. We must firdhaddariables we to observe or change into
the Variables Tab. To add a variable, click ‘Insertoring up the Variable Navigator. The

Variable Navigator appears as shown in Figure 5.73.
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Figure 5.73: Variable Navigator for Reformer object

We add variables from the Reformer object, we $¢tecReformer object in the FlowSheet List.
The Variable List will show all variables that begpto the Reformer object. We can scroll
through this list and click ‘Add’ to add a partieulvariable to the Databook. When we have
finished selecting all the variables we can cli@dn€el to return to the main Databook interface.
Table 5.11 shows the variables we will need fas taise study. Figure 5.74 shows the Databook

after we add all key case study variables.

Table 5.11: Variables for RON case study

Variable Type
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WAIT Independent
C5+ RON and C6+ RON Dependent
H2HC Ratio Independent
Detailed Yields (Total Aromatics, Total C8 Dependent
Aromatics)
Detailed Yields (A6, A7) Dependent
Detailed Yields (H2, P1, P2, P3) Dependent
REE]
“farallable Dala Entries
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Figure 5.74: Databook after adding variables

We begin the case study by going to the Case Sttialeof the Databook. We can create and run
multiple case studies with the Case Studies interf&io create a case study, we click ‘Add’ and
Aspen HYSYS creates a new case study with the'Gtse Study 1'. We change this title by

entering a new name in the textbox following tHeeldCurrent Case Study'.
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Figure 5.75: Selecting variable types for case styd

Once we create the case study, we must selecatiables that we will change in the course of
the case study (Independent variables) and vasaidewant to observe (Dependent variables).
Table 5.11 shows the type of each variable indage study. In general, it is not possible to set
product yields as independent variables. Aspen HS &gues an error if we cannot set a

particular variable’s type as independent.
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Figure 5.76: Case study setup
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We click View to set the upper and lower boundstier case study. We change the WAIT from
495 °C to 525 °C inclusively in 5 °C increments. Weo change the H2HC ratio from 3.0 to 4.0
with an increment of 0.25. The number of stategcatéds how many times the Refomer model
will run with various input. We generally advisgagnst running more than 40-50 states at a
time since the total run time for more than 50estaian be quite significant. In most cases, the
reformer operating temperatures does not moreXB&€ or so during normal operation. We
click on Start to begin running the case studies.WMl observe the solver running in the lower
right corner of the flowsheet.

| Case Studies - Main B m] |

Case Study 1
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Ease Study 1 |
D:elléte | (" Table: % Graph' ¢ TranspossTable

Figure 5.77: Graphical results of case study

Figure 5.77 shows the results of the case studycaiesiew this graph by clicking the
‘Results...” button. The default is to show the Grapth the results of the case study. In
general, we can see the general trend at the bagitar temperatures and low H2HC ratios
increase the RON of the product. We can view thmaerical results of the case study by

selecting the ‘Transpose Table’ option. The resytgear in the order of increasing WAIT and
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H2HC ratio. Figure 5.78 shows the results tabletit case study. We copy these results into

Microsoft Excel and create the graphs in Figur® %o7/Figure 5.82.
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State =RE) S'Tgilm'- el ection - H2HC Ratio 1actor Section - E5+ Rlactor Section -CB+ R YIEl'd&"\'\ff[';-é]x' (Fatal "Ej!
I Sate 550 3000 00,7 701 1 439 |
State 2 455.0 3250 1006 1.0 B2z
State 3 4950 ‘3500 1005 1005 E4.05
State 4350 3750 1004 j00E £3.86 |
State5 4950 4000 1002 100,7 B372 ||
Stet= b i 000 1021 1027 B560 |
State 7 500.0 3250 1020 10268 E5.44
Stale 5 HO0.0 3500 1019 1025 E5.28
Sigl=d 5004 3750 1078 1024 B511 |
State 10 500.0 4000 1m.7 1023 54.95
State 11 hO5.0 ‘3000 1035 1041 BE.EE
State 12 505.0 3250 1034 104:0 BE53
Stals 13 E(5.0 3500 1033 1034 a7 ||
Siate 14 5050 3750 1032 1039 B6a] |
Skata 15 505.0 4.000 1031 1038 BEOS | &
al | ' —Hm
— .
Case Study 1 I
Delete | 7 Table ¢ Graph & Behumber | “Selup...

Figure 5.78: Numerical results for case study

When we graph the results using Microsoft Excelfiwe several interesting trends in the data
that not are readily apparent from the initial fessgraph and numerical results. The case study
shows that as temperature increases, the RON alttlofiaromatic products increases as well
(Figure 5.79 and Figure 5.80). However, at arou@ % for a H2HC ratio of 3.0, we find that
the yield begins to drop. This is due to the inseshdeactivation of the catalyst at high
temperature and low H2HC ratio. We observe thatavealleviate this situation by increasing

the H2HC ratio.

An interesting side-effect of increasing the H2H#fa is that around 520 °C, we will start to see
marked increases in the production of light gasesheydrogen yield (Figure 5.81 and Figure
5.82). While initially, these increases appear §ifady can have a significant effect on
downstream fractionation. Excessive amounts ot ligls can overload recycle compressors and

increase the condensing duty requirements forlstizg columns.
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Figure 5.79: RON as a function of WAIT and H2HC rafo Figure 5.80: Aromatic Yield as a function of WAIT and

H2HC ratio
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6. Conclusions

6.1 Summary

This work presents a rational methodology for &amd optimizing refinery reaction and
fractionation systems. This rational process ingslidentifying relevant process data, validating
this process data, calibrating kinetic and fra@tmn models while remaining faithful to
experimentally observed reaction kinetics and ped¢bermodynamics; and finally, providing

useful applications of these calibrated modelfiendontext of industrial refinery operation.

We present this methodology through two detailembants involving the modeling of Fluid
Catalytic Cracking (FCC) and Continuous Catalysgéteration (CCR) Catalytic units. The key

highlights of these accounts are:

=

Review of process details and existing literatereniodeling a typical FCC unit

2. Description of the Aspen HYSYS FCC model and 21-pudmetics

3. Technique to fill out partial distillation curvesing statistical functions

4. Regression of parameters for a new PNA correldtopetroleum fractions

5. Technique to infer molecular composition of FCCdigeck from routine analysis

6. Application of the FCC model to a large-scale refinprocess showing less than 2.0%
AAD for key product yields and satisfactory preghos of product composition and
product quality (composition/distillation data, dég and flash point)

7. Case studies that use the FCC model to investigdtsstrially useful changes in

operation

8. Strategy to transfer results from this FCC modtd IrP-based refinery planning tool
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9. Review of process details and existing literatwreniodeling a typical CCR reforming
unit

10. Discussion of kinetic and reactor model in Aspen3¥¥B/Petroleum Refining

11.Guidelines for dealing with the physical properiéshe reforming kinetic lumps in the
context of the radial flow reactors and processtioaators

12.Detailed process to infer molecular compositiomedbrmer feed when plant data is
limited

13.Identification of key issues relevant to calibratend how to prevent over-calibration of
reforming reactor model

14. Application of model to industrial plant data tisibws good agreement with plant
measurements in yield and composition of key prtsluc

15. Investigation of various phenomena in reformingctess and their effects on product
yield and composition in the form of industriallgeful case studies

16. Transition of the results from rigorous reformingnAinear model to an existing LP

model for refinery planning

6.2 Future Directions

There are several areas of focus for future wotkigmarea: improving capabilities of

fractionation and kinetic lumping models, incregsiidelity of unit models and finally improved

overall workflows to further encourage the usedfining models in industry.

Several key issues in kinetic and fractionationpgurg remain poor-defined and studied. A few

glaring issues that hinder the capabilities of #mand fractionation lumps are:
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The ability to carry compositional information (agslata) from crude distillation models
to downstream unit operations. One potential apgraato define a global component
list that can carry very detailed information abthé feed. This is the approach taken by
structure-oriented lumping method described inieaskections. However, this method
relies on very extensive data analysis that oftgremailable routinely in the refinery
There is no public database of petroleum fractmmmosition available for developing
correlations to convert bulk property informationa chemical composition information.
Development of such a database can greatly rethecentcertainty in existing

correlations and help identify new bulk propertgd#ptors for new correlations.

Another set issues concerns the fidelity unit-lemebels used for kinetic modeling. Most work

(including the present work) uses an idealizedtoranodel with corrections to account for

various hydrodynamic phenomena. Key areas for irgrent are:

Development of generalized correlations that pteatiessure drop and slip factor in
various types of catalytic reactors. These corigiatwould be particularly useful in the
context of the complex hydrodynamics of FCC ris&rsese correlations will likely be
functions of reaction geometry and detailed phenmaribat cannot be published in open
literature. Hence, collaboration between acadessearchers and industrial
professionals is critical in this area.

The ability to transition results from detailed qauiational fluid dynamics (CFD)

models to simpler models to correct for non-idealctor behavior.
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The final area of improvement is the developmemafkflows to encourage use of refining

models in industry. Improvements in this area wadline mostly from industrial experts in

conjunction with academic researchers. Some kexsss this area are:

Details of the refining process that discuss therplay between planning, scheduling
and operation. An understanding of the true comggdacing refiners, especially in the
areas of crude selection and unit flexibility isgkaly incomplete. This level of detail will
help guide academic researchers in developing msetil refining models and
associated workflows.

Sample datasets (crude feedstock selection, predunstraints, etc.) from refiners will

help researchers identify workflows that can suppare detailed kinetic models.
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