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ABSTRACT

Vishreaking process in refineries refers to the process of reducing the vis-
cosity of aliquid through high temperatures. This is a type of thermal
cracking that works by breaking the molecular bonds of the liquid. In this
present work, visbreaking of vacuum residue in a commercial soaker-
visbreaking plant is studied. The product of the visbreaking furnace is
charecterizedtothelight gas(C, C,), LPG (C,, C)), gasoline (IBP-180°C), gas
0il (180-320°C) and fudl (320*°C). Afterwardsto model the visbreaking pro-
cess, a six-lump kinetic network with fifteen reactions and thirty kinetic
parametersisdevel oped. In thismodel, visbreaking furnaceismodeled asa
equal distributed heater whilst the soaker is modeled as a complete stirred
tank reactor. After evaluating the rate of reactions by estimated kinetic
parameters, it isconfirmed that areduced reaction network with seven reac-
tion paths and fourteen kinetic parameters is appropriate to simulate the
performance of the reactor with the same accuracy as complete network,
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which resultsthe final AAD% of the model to 4.75%.
© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

A vishreskerisaprocessingunitinail refinery whose
purposeisto reduce the quantity of residual oil pro-
ducedinthedistillation of crudeoil andtoincreasethe
yield of morevauablemiddledistillates (heating oil and
diesdl) by therefinery. A visbreaker thermally cracks
large hydrocarbon moleculesintheail by heatingina
furnace to reduce its viscosity and to produce small
quantities of light hydrocarbons (L PG and gasoline).
The process name of “visbreaker” refers to the fact
that the processreduces (i.e., breaks) theviscosity of
theresidua oil. The processisnon-catal ytic™3.

Additionally, thisprocess can be attractiveto pro-
ducefeedstock for cataytic cracking plants®. The pro-

cess severity iscontrolled by theinterchangeabl e op-
erational variables (being essentially afirst order re-
action) such astemperature and theresidencetime*t,
Therearetwo typesof commercial visbreaking units:
the coil or furnace type, and the soaker process. The
coil-visbreaker isoperated at high temperature and
low residencetimewhilst in asoaker one by adding
an adiabatic drum after the coil furnace, the product is
held for alonger time so that the coil iskept at rela-
tively lower temperature. Therefore, the heater duty
and, inturn, thefuel consumptionisonly 70% of that
for the coil-visbreaking process®. Worl dwide, about
200 visbreaking units are under operation, and Eu-
rope alone accounts for about 55% of the total
visbreaking capacity!'?,
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To effectivedesign and perfect control of any pro-
cess, amodel isneeded to predict product yieldsand
qualitiesversus variables such as spacevelocity and
temperature. However, thecompl exity of visbreaking
feed and product makesit extremely difficult to char-
acterizeand describeitskinetic at amolecular level.
Oneapproach to simplify the problemisto consider
the partition of the speciesinto afew equivaent classes,
the so-caled lumpsor lumping technique, and then as-
sume each classisan independent entity. Developing
smplekineticmodds(e.g., power-law modd) for com-
plex cataytic reactionsisacommon gpproach asit can
givebascinformationfor reactor design and optimiza-
tion. Inthisfield, many investigationswerereportedin
which visbreaking process was model ed with two-
lump“213, three-lump®, 4-lump™, five-lump*¥ and
7-lump™® approaches. In all theseinvestigation, the
experimentswere carried out inamicroor pilot scale

reactor.

Theamof thisresearchisdevelopingasmpleyied
predictor model, according to asix-lump reaction ap-
proach, to predict the most added val ue products con-
sstsof gas, LPG gasoline, diesd and visbrokenfue ail
inacommercid soaker unit. Themainadvantageof this
work isitscapability to predict LPG yield asan inde-
pendent product. Another advantageis presenting a
simple approach for the commercial visbreaking fur-
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nacesinwhich thetemperature profileisalso consid-
eredinthemodel.

COLLECTION OFPROCESSDATA

Feed characterization

An Industrial soker-visbreaker unit was chosen
as acase study. This unit was designed to visbreak
20,000 barrel per day of amixture of Vacuum Re-
siduum and S.op Vacuum Gas Oil which arebothtaken
from the vacuum tower; the composition of thefresh
feed canvary dightly with timefrom start of run (SOR)

TABLE 1: Feed char acterization

property Unit Value
Sp.Gr. - 1.006
Sulfur Content Wt % 3.19
Va+ Ni Content Wt ppm 188
Distillation (ASTM D1160)
Vol % Temperature (° C)
IBP 303
5 409
10 457
20 503
30 543
50 585
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Figurel: Block flow diagram of visbreaking process
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to end of run (EOR). The specification of the com-
bined feed, which was anal yzed during thisresearch,
isshowninTABLE 1.

Processdescription

Thevisbreakingfeed ischarged tothecoil furnace
at thetemperature about 340°C. The visbreaking fur-
naceisconstructed from two sectionswhich arefired
independently. After thecail furnace, thetwo hot streams
coverageinatransfer line; then themixed product is
enteredintothe soaker drum. Thespecificationsof cels
and the soaker drum are presented in TABLE 2. The
output product from the soaker drumis quenched by
the cooled product to stop themore cracking reactions
after the soaker to inhibit the cokeformation. Thecom-
bined streamistransferred to thefractionation tower
and side strippers to separate the visbreaking prod-
ucts. Thesimplified processflow diagram of the de-
scribed unit isdepicted in Figure 1.

TABLE 2 : Specifications of the cell and soaker of the
visbreaking unit

Coil specification

Number of tubes - 128
Number of convection tubes - 76
Number of radiation tubes - 52
Tube length m 18.745
Outside diameter m 0.114
Soaker specification

Outside diameter m 2.405
Length m 16.5

During ninemonths of datagathering, nine set of
datacomprising of product flow rates, feed inlet tem-
perature and soaker outlet temperature were gath-
ered from thetarget commercia visbreaking process
(see TABLE 3). Asitisillustrated in Figure 2, light
gasesincluding C , C, and LPG gasolineand tar are
the output streams from the visbreaking plant. It is
possibleto takethe gasoil product from the stripper
tower, but it isusually blocked to mix up thegasoil as
acutter blend with thefuel oil. Performing massbal-
ancearound the unit showed that the error for al se-
lected experimentswas|essthan 2%, mainly related
tothegrosserror for the measuring of the gasflow
rates and maybe related to the coke formation. All
products and feed sampleswere analyzed according

totheASTM standard procedures.
TABLE 3: Feed flowrateand reactor oper ating condition

. Inlet Outlet
Case Vacul;mr:esdue temperature temperature

1 1.243E+05 326.5 439
2 1.286E+05 326 438.5
3 1.346E+05 324.4 440.7
4 1.193E+05 3274 438.5
5 1.433E+05 324.8 441.3
6 1.313E+05 324.9 440.5
7 1.393E+05 324.8 439.3
8 1.156E+05 328.5 437.5
9 1.325E+05 324.8 440.5

KINETIC MODEL

Thiswork conddered sevenlumps, i.e vacuumres-
due (V), fud (F), gasoil (D), gasoline(N), LPG and
gas(G) tomatch al the main productsin the commer-
cia visbresking unit. Becausethetypeof thevidoresking
unit was soaker, the rate of coking with time can be
considered low!®, so that the coke asamain product
wasneglected. Figure 2 showsthefifteen reaction path-
waysassociated with thisstrategy, illustrating the com-
plexity of thenetwork if al poss ble pathwaysare con-
Sdered. Themode resulting fromthisstrategy included
thirty kinetic parameterswhich should beestimated us-
ing experimental data. However, some considerations
arenormally utilized to reducethemodel complexity
without sacrificing the accuracy!*>19,

For each reaction, akinetic expression (R) isfor-
mulated asthe function of the mass concentration of
the reactants (C), furnace temperature (T) and ki-
netic parameters (k, and E). Thereaction of VGO
hydrocracking to yield productsis considered to be
first ordert,

According to the above assumptions, thekinetic
constantsof themodel were expressed as.

—E..
Vacuum gasoil (V): ky; =Ky, eXIO(R—.I\_/J) @

wherej in EQ. 1 representsdl productslighter thanthe
Vacuumresiduelump;

-E..
Fuel (F): kg =Kog &Xp(—) ¥
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Figure2: Thecompletesix-lump kinetic model

wherej’ in Eq. 2 represents all products lighter than the
Fud lump;

—-Eq.
Gasoil (D): K =K g eXp(R—$) ©)

wherej” in Eq. 3representsall productslighter than
thelight-diesd lump;

—Epj
Kowy XP(—) @

wherej”’ in Eq. 4 representsal productslighter than
kerosene; and

Gasoline(N): k. =

LPGG )

RT ©)

InEquations1to 5, Tand Rarethe absolutevalue
of thecoil temperature of thevisbreaking furnaceand
theideal gasconstant, respectively.

Thus, thereaction rates (R) can beformulated as
thefallowing:

LPG (LPG): K pes =KoLpss exp(

G
Vacuumresidue(R): Rv = Z/kwcv (6)
J:

G
Fuel (R): Re =kCy _;ijCF
j=

()
G
Gasoil (R)): Rp=KypCy +kepCr = 2 k5 Cp (8)
i-d
D G
Gasoline(R): Rw =§k;NCj —%kMCN ©)
i= i=
N
LPG (R po): Ripc = Z\; itraCj =K ipecClps (10)

G
Gas(R): Re =j:ZijeC; (1)

MASSBALANCE EQUATIONS

A soaker-visbreaking unit can be considered as
two separated reactive equipment. Thefirst partis
the coilsof thefurnace which can beconsidered asan
ideal plug-flow oneinwhichthe end effectswere ne-
glected¥, and the second isthe soaker drum which
can be considered as compl ete mixed reactor. So, the
mass balance equation for the coil and soaker drum
can begivenasfollows.

o(vC))

0o — V4R
For thecail: EVA j

(12)

For thesoaker drum: —; AR = (13)

In Egs. 12 and 13, j rangesfrom the vacuum residue
lump (V) tothegas(G), Cisthemass concentration of
thelump, V. isthevolumeof cail, V, isthevolumeof
drum; anegative sSignindicatesreactant (feed or VGO)

and apositivesign products.
- Opv) _
For thecail: a—vc—o (14)
Alpv) _
For thesoaker drum: A = (15)
Civ
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InEquations 1410 18, p and v arethe stream den-
sity and volumetric flow rate through the reactor, re-
spectively, F_isthemassflow rate of the stream pass-
ing through the coil and X and P, arethemassfraction
and density of lump |, respectively.

After calculating themass concentration and volu-
metric flow rateof each lump intheeffluent stream of
the reactor, the product yields can be found as the
following:

V]

jout "~ out
Yj =" -
l:m

InEq. 19, R, istherecyclefraction of the lumps,
whichismixedwiththefresh feed.

(19)

COIL TEMPERATURE MODEL

Inthiswork, it is supposed that thereis an equal
heat flux throughout the furnaceto closethe overall
heat balance. Therefore, thefollowing expression can
bewritten for the temperature profilethrough thefur-
nacetubes:

v v
Fm I:(Z chpj 'T)out _(Z chpj 'T)in]
or -G i-G

= (20)
oz L,

whereT isthefluid temperatureflowing the coil (reac-
tiontemperature), L, isthetotal length of thetubesand
Cp, isthe heat capacity of lumpj; T_ and T, are coil
inlet and outlet temperatures, respectively.

Because thedifference between theinlet and out-
let temperature of the soaker drum in the understudy
plant wasnegligible, itismodeled like anisothermal
reactor that itstemperatureisequal to thecoil outlet
temperature.

PARAMETER ESTIMATION

To estimate the kinetic parameters, the sum of
sguared errors, SQE, asgiven below, isminimized:

Nt G
SQE = zt Z (anmeas _ anpred)z

n=1j=V

(21)
InEq. 21, N,, Y, ™*and Y, ”*! are the number of

CHEMICAL TECHNOLOGY

test runs, themeasured product yield and theyield pre-
dicted by themodel, respectively.

Thevisboreakingmodd accordingto Equations1to
20 was coded and solved simultaneously using theAs-
pen Custom Modeler (ACM) programming environ-
ment (AspenTech, 2004) to eva uatethe product yields
(an). Then, to estimatekinetic parameters, Eq. 21 was
minimized by sequentia application of theNL2Sol and
Nelder-Mead a gorithms, which are both found inthe
Aspen Custom Modeler software.

To compare the ssimulated and measured product
va ues, absoluteaverage devietions (AAD)™ werecal -
culated by thefollowing equation:

W (")
2 ree?

n=1j=F

AAD% = 100—

% (22)

RESULTSAND DISCUSSIONS

Duringthefield study, nine setsof dataconsisting
of flow rate of products, composition of gaseous prod-
ucts, ditillation curve of cutsand soaker temperature
were gathered from the target soaker-visbreaking
plant. The Petro-sm process s mul ator was employed
to lump thefeed and productsinto componentswith
the specific boiling-point ranges and properties, pre-
sented in TABLE 4, including gas (C,&C,), LPG
(C,&C,), Gasoline (IBP-180°C), Gas oil (180-
320°C), Fuel (320*°C) and Vacuum residue. Hence,
the processflow diagram of thevisbreaking s mulator
can be shown asFigure 3.

TABLE 4: Average propertiesof thevisbreaking lumps

IBP-FBP Heat acit
o PI ikgeo)
Gas Ci&GC, 0.364 1.86
LPG C3&Cy 0.55 1.97
Gasoline IBP-180 0.739 2.4
Gasail 180-320 0.806 2.6
Fue 320" 0.999 2.95

Thethirty kinetic parametersfor theassumed model
(Figure 1) were estimated, using measured industrial
data, reported in TABLE 5. Inthistable, theratio of
magnitudeof all rate constantsto thehighest one (k.
or vacuum residueto fuel) werecalculated. After pa
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Figure3: Thescheme of the processflow diagram of visbreaking simulator

rameter estimation and simulation, the AAD% was
4.75% in comparison to the measured data.

TABLE 5: Kinetic parameter sfor thereaction networ k

Frequency Factor Activation Energy Rate Order
ko[m>hrim®cat’] Elkca/mol]  KoeXp(-E/RTmen) (t0Kye)
Kove 243082  Evr 8.70 520.98 1
Kovp 678512 Evp 11.10 2.66 5.11E-03
Kovn 0 Evn 3111 0 0
Kovire 0 Eviers 3091 0 0
Korc 303489 Erc 31.29 7.63E-07 1.46E-09
Korp 0 Ero 29.08 0 0
Korn 91224.183 Egn 19.53 0.093 1.78E-04
KorLprc 218496  Egpe 31.01 6.70E-07 1.29E-09
Kors 157763 Erc 19.30 0.019 3.63E-05
Koon 0 Eon 29.32 0 0
KooLra 0 Epps  29.26 0 0
kopg 1766.11 Epc 30.66 6.91E-07 1.33E-09
KonLpG 134411 Enpe 12.12 0.256 4.92E-04
kong 1.03799 Enc 16.97 6.45E-06 1.24E-08
KoLrce 134411 Eipec 31.15 0 0

FromTABLE5it can beconcluded that I) the se-
lectivity of the processto convert vacuum residueto
fuel isthe strongest reaction. Moreover, thefuel prod-
uctisfairly stable (k_, ~Oand k_ islow); therefore
these phenomenacan justify thehighest yield of fuel in
thevisbreaking process, I1) Gasail isfairly stableinthe
visbreaking process (K, K, o ~0), I11) most of the
produced gasand L PG of thevisbreaking product are

fromtherma cracking of gasolinewhich canbetherea-
sonfor low yied of gasolineinthe visbreaking process,
and V) LPG cannot be converted to gas in the
visbreaking processwhichisrationa dueto the stabil-
ity of C,and C, chains.

After eliminating thelow rate reaction paths (~0)
and predicting theyieldsagain, the AAD% of resulted
reduced model werefound to bestill 4.75% which can
be cons dered acceptabl e thusjustifying theremoval of
thelessimportant reactions.

Thesmplified reaction-path network for the saven-
lump hydrocracking model isshown inthe Figure4,

designated thereduced model.
LPG
VR Fuel Gasoline
Gas oil Gas

Figure4: Thecompletesix-lump kinetic model

Figures5, 6 and 7 show the comparison between
the measured and predicted product yields. Asit can
be observed, acceptable mappingsarerealized.

The AAD% of al lumpsispresentedin TABLE6.
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Asit canbeobserved, thesmulated yieldsfor thenine
commercial data, for thevacuum residue, fuel, gasoil

> >

< Gas oil
0O Gas

0.75

Predicied, wi%o

AA A LPG

0.45

0.3

0.3 0.45 0.6 0.75 0.9 1.05 12
Measured, wt%
Figure5: Comparison between themeasured yieldsand the
predicted yieldsof gas, L PG and gasoil
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Figure7: Comparison between themeasured yieldsand the
predicted yield of fuel

TABLE 6: AAD% of modd prediction in comparison tomea-
sured data

Lump AAD%
Fuel 0.24
Gasoil 2.49
Gasoline 6.24
LPG 10.52
Gas 7.57
AveY% 475

and gasolinearein good agreement with theactud data.
It was thought that the high AAD% for the LPG and
gaslumpswerefor thereason of thedifficulty of their
measurement inthecommercid unit, cregtinglargegross
error. In addition, thereare existed severa ventsinthe
gas system for which flow rateswerenot reportedin
thetest runs. Because, theyield of theselumps, espe-
cialy LPG and gas, werelow, alittle deviation could
make aflagrant AAD%.

CONCLUSIONS

Inthisstudy, anew six-lump kinetic model for a
commercia vacuum residuevisbresker was proposed.
Themodel wasincluded of vacuumresidue, fud ail,
gasoil, gasoline, LPG and light gasasthelumps. The
advantages of themode over the previousworkswere
congdering thegasand L PG asdifferent lumpswhich
can be helpful for the better economica evaluation of
the process. It isanimportant aspect related tothere-
quirement of arefinery to re-optimization of operating
conditions

Ninesetsof industrid datagathered from asoaker-
visbreaking unit were used to estimate the apparent
activation energiesand frequency factors. For themod-
eling of the visbreaking furnace, it was supposed that
therewasan equal heat flux throughout thefurnaceto
closetheoveral heat balance. Moreover, thefurnace
and soaker drumweresimulated asaplugideal flow
and acompletely mixed reactors, respectively.

Product yields predicted by thismodel showed a
good agreement with commercia test runs, withan ab-
solute average deviation of about 4.75%. Results con-
firmed that the predi ction wasmore accurate for heavy
products than the light ones (gas and LPG). It was
thought that the higher deviation for gasand LPG was
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probably because of difficultiesin measuringal gas-
eousflows of the visbreaking process.
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