Trade Science Ine.

ISSN : 0974 - 7443 Volume 8 Issue 1

CHEMICAL TECHNOLOGY

A Judian Joarnal

—= Ful] Paper

CTAIJ 8(1) 2013[17-27]

Modeling a non-ideal VGO hydrocracking reactor using selective
overall effectiveness factors

Sepehr Sadighi

Reaction Engineering Department, CatalysisResear ch Center and Nano Technology,
Resear ch I nstitute of Petroleum Industry, Tehran, (IRAN)

E-mail: sadighis@ripi.ir

ABSTRACT

Thereported pilot experimentsin the previouswork were used to develop
an optimized model for apilot scale hydrocracker of vacuumgasoil (VGO)
under the following reaction conditions: temperature from 380°C to 420°C,
pressure of 156 bar, hydrogen-to-oil ratio of 1780 Nm#/Smé and liquid hourly
spacevelocity (LHSV) ranging from0.5to 2 hrt. A commercial dual func-
tional amorphous catalyst was used in all experiments. The product of the
reactor based on the most value added products was characterized to dry
gas, light naphtha, heavy naphtha, kerosene, diesel and unconverted VGO.
At first, a six-lump discrete lumping network including fifteen reactions
was developed for the prediction of hydrocracking product yields. After
applying the weighted lumping strategy, reducing the kinetic network and
using selective effectiveness factors, the absolute average deviation
(AAD%), R-sguared and F-test of the model were reduced from 57.17%,
93.69% and 32.1 to 35.01%, 94.58% and 69.7, respectively. Then, to model
the axial-dispersion effect through the catalytic bed, the N-tanks in series
approach was used which could be shifted from plug ideal-flow regime
(N=200) to complete mixed flow regime (N=1), according to the Fibonacci
series, to increase the accuracy of the model. Results confirmed that the
best value for the number of series tanks, searched by Fibonacci golden
numbers, was thirteen which reduced the final AAD%, R-squared and F-
test of the predicted yieldsto 31.59%, 95.15% and 73.6, respectively. Addi-
tionally, the estimated overall effectiveness factors by experimental data
agree with the molecular diffusion and transport phenomena during hy-
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INTRODUCTION

Petroleumrefiningisnow inasignificant trangition
period astheindustry has moved into the 21st century
and the demand for petroleum productshasshown a
sharp growthin recent years, especialy with therecent
entry of Chinainto theautomobilemarket. Thismeans

that thedemand transportation fuelswill show asteady
growth inthe next decade, contributing to petroleum
product demand patternsthat can only befulfilled by
theinclusion of heavier feedstock into refinery opera-
tiond?. This heavy feedstock can be converted to
lighter onesusing thermal and/or catalytic processingin
the absence or presence of hydrogen pressure*®10,
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Hydrocrackingisoneof themost versatileof al petro-
leum-refining processeswhichisthe most attractive
processfor production of cleantransportationfuds, for
example, diesd with high quaity!¥.

Needed for all industrial processes, the optimal
operation is required to guarantee the profitability
which can be achieved by process models. These
models are used to predict the product yields and
qualities, and they are useful for sensitivity analysis,
process optimization, and control, design of new plants
and sdection of suitable hydrocracking catdysts. How-
ever, the complexity of hydrocracking feed makesit
extremely difficult to characterize and describeitski-
netic at amolecular level which can besolved by con-
sidering the partition of the speciesinto afew equiva
lent classes, the so-cdlled lumpsor lumping technique,
and then assume each classisan independent entity.
Asitismentionedinliteratures, developing smpleki-
netic models (e.g., power-law model) for complex
catalytic reactionsis acommon approach asit can
givebasicinformation for catalyst screening, reactor
designand optimization. Inthisfield, many workswere
reportedin literatures*72262 |n all of theseworks,
the hydrocracking reactor was assumed in aplug flow
regime.

In adifferent gpproach™, to s mulatethenon-ided
behavior of the flow regimethrough reactor, the de-
scription of the hydrocracking kinetic of Kuwait VGO
feed wasdone according to TBP distribution curveand
an axial-description kinetic model.

The present study wasaimed at developinganim-
proved kineticmodel, according to asix-lump approach,
to predict themost added va ue productsincluding gas
(lightsand LPG), light naphtha, heavy naphtha, kero-
seneand diesdl inapilot scale hydrocracking reactor,
whichitsfeed wasvacuum gasoil (VGO). Theadvan-
tages of thiswork were: I) by using selectivefactors,
cdled overdl effectivenessfactorswhichwereestimated
from experimenta data, theaccuracy of theyied pre-
dictionwasincreased, and Il) for thereason of existing
non-idedlities, aN-seriestankskinetic model was ap-
plied toincreasetheaccuracy of theyield predictionin
comparisontoanideal plug flow assumption that the
best value for the number of tanks (N) wasfound by
Fibonacci golden numbers.
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EXPERIMENTAL DATA

Therequired mode parameterswereestimated from
thesixteen pilot plant datafor hydrocracking vacuum
gasoil (VGO) reportedinthepreviouswork!?? inwhich
hycrocracking was performed under thefollowing con-
ditions: 1. H/HC = 1780 Nm¥%Sm® 2.LHSV =05, 1,
1.5 and 2 hrt; 3. Temperature = 380, 400, 410 and
420 °C, and 4. Pressure = 156 bar.

To dotheexperiments, the reactor bed wasloaded
with 33 g (50 cm®) of adua functiona amorphous cata:
lyst. Themesh of the catdyst particleswas 10-20 (0.83-
1.65mm). Theinternd diameter of thereactor wasabout
linch.

Asarule, for examining theimportance of axial
mixing, auseful parameter istheratio L/dp, whereL is
thelength of the bed and dp isthediameter of thecata-
lyst particle. Theratio D/dp, whereD istheinterna di-
ameter of thereactor, isalso frequently used. Thus, a
widely accepted empirical criterionisusedto design
experimenta setup or to determineif axia mixingcan
be neglected” andisgiven asthefollowing:

L D

p p
According tothe presented datafor the understudy re-
actor, the length of the reactor bed wasabout (10 cm).
Thereforethelength of the bed to catalyst particledi-
ameter wasranging from 59.8to0 118.5 whichimplied
the possibility of the axid-digpers on phenomenon thor-
ough thecatalytic bed.

HYDROCRACKING REACTION
NETWORK

Thiswork presented six lumps, i.e. unconverted
VGO or residue, diesd, kerosene, light naphtha, heavy
naphthaand gasto predict dl vauable productsof pilot
plant reactor. Figure 1 depictsthereaction pathways
associated with thisstrategy. Notethat if all reaction
pathwayswere cons dered, themode including thirty
Kinetic parameters (frequency factorsand apparent ac-
tivation energies) which should be estimated using ex-
perimenta dataand it waslaborious. Somejudgments
werenormally wel cometo reduce themodel complex-
ity, without scarifying the accuracy!?2,
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Figurel: Thecompletesix-lump kinetic model.

InFigure 1, k, F, D, K, HN, LN and G demon-
sraterateconstant, VGO feed, diesd, kerosene, heavy
naphtha, light naphthaand gas respectively. The com-
bination of these nominators, show the path of hydroc-
racking reaction. For example, k_, representstherate
congtant for converson VGO feed to diesdl.

MODELINGAPPROACH

Mathematical modesfor theVV GO hydrocracking
process, in atrickle-bed regime, can be very complex
dueto the many microscopic and macroscopic effects
occurring inddethe?!. So, someassumptionswerein-
troduced to smplify themodel asfollows
1- Hydrocracking wasafirst order hydrocracking re-

action?y, Since hydrogen was present in excess,

the rate of hydrocracking can be supposed to be
independent of the hydrogen concentration.

2- Thepilot reactor operated under isothermal condi-
tions.

3- Hydrogen feed waspure.

4- Thefeed and productswereintheliquid phase.

5- Theoperation of the pilot unit was steady state.

6- Catalyst activity did not changewithtime. Hence
simulationwasonly vadidfor thestart of run.

For each reaction, akinetic expression (R) wasfor-
mulated as afunction of mass concentration (C) and
kinetic parameters (k ,E).

Based on these assumptions, thekinetic constants
of proposed model wereasthefollowing.

Vacuum gasoil or Feed (F):

. . RT

Notethat j in Eq. (1) representsdiesd (D), kerosene
(K), heavy naphtha (HN), light naphtha (LN) and gas
(G) lumps.
Died (D):

Kpj: = Kopj: exp(%) (€)
j "IN Eq. (2) represents kerosene (K), heavy naphtha
(HN), light naphtha (LN) and gas (G) lumps.

Kerosene (K):
—Eyj-
RT ) 4)
j 7 in Eq. (3) are heavy naphtha (HN), light naphtha
(LN) and gas (G) lumps.
Heavy Naphtha (HN):

K =Kok~ exp(

_EHNj"‘
“RT ) @)

j 7’ inEq. (4) arelight ngphtha (LN) and gas(G) lumps.
Light Naphtha(LN):

Kinj = Konn €Xp(

King =Koung EXP(—=2
Lne = Kowng €xp( RT ) (6)

InEgs. (2) to (6), T and Rare theabsolute value of bed
temperatureand ideal gas constant, respectively.
Thereactionrates (R) can beformulated asthefollow-
ing.

Vacuumgasoil reaction (R)):

G
Re =j;DanFjCF (7)
Diesdl (R)):
G
Rp =1‘IFkFDCF‘j;K Npkp;Cp €))
—————w CHEMICAL TECHNOLOGY
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Kerosene(R)):
R =nek e Cr +nDkDKCD_j'I=§|_|NnKkKj"CK 9

Heavy Naphtha(R,):

Run =NeKeunCe +MpKpunCo +

G (20

Nk KkrunCr __‘"ZLN']HNk AN CH
J =
Light Naphtha(R ,):
Rin =NeKpnCr +npkpnCp + )
N KknCrk F MK pnenCin —=MnK ingCun
Gas(R):
R =MeKesCr +MpKpeCp + Mk ks Ck
(12)

+MunK ine Chn +MenK ineCon
where ., 1., m,,@d 77, aretheoveral effectiveness
factorsfor the VGO, diesel, kerosene, heavy naphtha
andlight naphthalumps, respectively, whichissupposad
to import theeffects of the massand porediffusionre-
sstanceinthemodel. Thesefactorscan beaffected by
theexternd catalyst wetting and fractiond porefillingin
trickle-bed reactors. Itisobviousthat thesefactorsare
different for each lump. Theeffectivenessfactor inthe
trickle bed regimefor aspherica catalyst for an exter-
nal contacting efficiency of 0.5 and Thielemodul us of
50 was calcul ated ranging from 0.83t0 0.8?%. Inthis
research, selective effectivenessfactorsfor the hydro-
cracking reactions were considered which were esti-
mated from experimental dataduring parameter esti-
mation. Regardlessto the phenomenawhich could &f-
fect theintroduced effectivenessfactorsinthiswork,
they wereestimated such asmodel parametersto mini-
mizetheleast square objectivefunction (Eg. 19), pre-
sented inthenext section.

M ass balance equations

Plug flow for fixed-bed reactorswasassumedin
many reported modelsin literature, consisting of aset
of ordinary differential equation (ODES) with defined
boundary conditions. In this paper, to model the hy-
drocracking reactor, acell network approach wasused
which itsaccuracy was confirmed for trickle bed reac-
tord*3. Asshown in Figure 3, the hydrocracking sec-
tion from theinlet to the outlet was visualized to be
divided intoanumber of well-mixed cells (N=200for
plug flow regime) d ong thelongitudedirection. Mixing

CHEMICAL TECHNOLOGY

only occurred within each cell and back mixing wasnot
accounted for the adjacent cells. Themain advantage
of the aforesaid approach wasthat the solution of ordi-
nary differential equationswas converted into the solu-
tion of aset of algebraic equationsfor ahydrocracking
processwhich needed lesstime, and it was mathemati -
caly gable.

Decreasing thenumber of seriestankscansmulate
thereverseeffect of axia-disperson, dongthereactor
bed. The optimized value can be searched from 200 to
1 (N=1showsacomplete mixed flow regime) accord-
ing to the Fibonacci seriesor golden numberswhich
are (N=144, 89, 55, 34, 21, 13, 8,5, 3, 2, )% This
approach wasequiva ent to aone-parameter non-idesl
reactor model[*¥ that was adopted in someof the pre-
viousworksin reactor modeling*>4.

VGO

|

Cell (1)

Cell (2)

-
.
L]

Cell (i-1)

Cell (i)

Cell (i+1)

Cell (N)

Hydrocracking Products

Figure?2: Schematicrepresentation of seriesmixed cells.
Theoveral massbalance equationsfor al lumps

areexpressed as

Ci(i-Dv(i-1+.¢' R;(i)xVcat(i) = C;(i) v(i) (13)

Here, the “-” is for reactant (feed or VGO), and the

“+” sign is for the products.

_Fn()

=726

(14)

Fnl®)= 5 C,@00) (15)
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where ¢’ iscatalyst volumefraction; V_iscatalyst bed
volume; F_isfeed massflow rate; CJ. islumps mass
concentration; visvolumeflow rate through reector; Y
isproduct yield and pisthe density of stream through
reactor. Thecatalyst volumefraction for thiswork was
about 0.264.

Theonly remained unknown varigbleisthedensty
of the stream inside the reactor p which can be calcu-
lated asfollows.

1 g
Po i§= Pj (18)
Where, P, isthedensity of each lump.

The reaction and mass ba ance express onsaccord-
ingto Eq. 2to Eq. 18 were solved simultaneously to
evauaetheproduct yieds(Y)) by usngAspen Custom
Modeler (ACM) programming environment
(AspenTech, 2004).

Parameter estimation

For the parameter estimation two methodswere
used asfollows:

(a) Un-weighted method

Inthismethod, thesum of squared error, QE,, as
given below, was minimized whilst al weight function
(vvj) were one.

N, G
SQE; =3 T w, (Y, =Y, "2

n=1j=F (19)

where N,, Y, "™ and ;"' were the number of test

runs, measured yield and the predicted one, respec-
tively.
(b) Weighted method

Beforeminimizing EQ. 19, thewe ght functions (w)
were determined by minimizing thefollowing expres-
son®:

F

N, N,

SQE, = Z (W; X Yy =Wy TY.)?
=G n=1 n=1

. (20)

Subject tow; & >0

—= Full Paper

wherevvj in Eq. 20 wastheweight coefficient of lumps,
which played acrucia roleto have an evenly distrib-
uted AAD% along the predicted yield for thelumpwith
higher yield likediesel and thelumpwith lower yield
likelight ngphtha?®. Thesubscript refin Eq. 20 refers
tothelumpwiththelowest yield which waslight naph-
thainthiswork.

Atfire, inorder to estimatewe ght parameters, the
obj ectivefunction presented in Eq. 20was minimized
by solver tool in Excd packageby using Newton search
method. Then Eqg. 19wasminimized by applying these
weightsand sequencing NL2Sol and Nelder-mead al-
gorithm, whichwereavailablein Aspen Custom Mod-
eler software. To promote convergence from a poor
initid point, atrust, the approximateregion wasfound
with NL2Sal; then to finetune the parameters; Nelder-
Mead simplex method was used.

Theadequacy of thes mulated yieldswas checked
withanandyssof variance (ANOVA) using R-squared
and theFischer F-test witha 1% critical level®?2, Ad-
ditionally, to comparethe s mulated and measured prod-
uct va ues, the absoluteaverage deviation (AAD%) was
expressed ag??l;

(21)

AAD% =100 %

RESULTSAND DISCUSSION

Plugideal-flow regime

Atfirst, it wasassumed that theflow regime of the
reactor wasan ideal plug one. Therefore, the number
of seriestankswas set to 200. Thekinetic parameters
of themodel were estimated by the following strate-
ges
(a) Completeun-weighted strategy (200C)

In this strategy, it was assumed that all reaction
pathways presented in Figure 1 were activated by the
catayst. Moreover, theoverall effectivenessfactorsfor
al lumpswere considered equal t0 0.8. After estimat-
ing thekinetic parameters, theAAD%, R-squared and
F-test of themodd prediction wereca culated and dem-
onstrated with thetitleof 200C inthe Figures4, 5and

) CHEMICAL TECHNOLOGY
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6, respectively.

TABLE 2: Kinetic parameter sfor thecomplete-unweighted

. network.
(b) Completeweighted strategy (200W)
] . Frequency Activation Rate ord
Thenexttry for parameter estimationwasdoneby  Factor k[m*hr* Energy Ko €Xp (tork er |
using thefactors presented in TABLE 1, which were .m? cat™] . Elkeal/mol] (-E/RT e) Lhe
estimated from minimizing of Eq. 20. After applying ‘oo 37210° B 1546 369 0.139
: i ko« 9.02x10°  Ef 20.83 1.63 0.062
theseweight parametersin Eq. 19, AAD%, R-squared , o 10
q ¢ themodd oredidi caloulated and Korn  2.75<10°  Eqgy 3071 3.17x10°  1.19x10
and F-test of themodel preaiction werecaculated an Koy 108x10° Eny 19.69  0.45 0.017
demonstrated_wnh thetitleof 200W intheFigures4,5 | . 875¢10° E., 2192  7.03x10% 0.027
and 6, respectively. kook ~ 1.70x10°  Epx 17.54 357 0.135
R E Bt ¢ ohted etimati koown  5.58x10°  Epuy 43.32  5.3x10M  2.01x10™
: Edtlimat actorsfor weg ted estimation. KooLn 3_04><10‘3 Epy  24.43 3_77><10'11 1.42x 10_12
Lump Weight factor kooe 4.62x10° Epe  39.33 861x10°  3x10M
Gas 0.2 Kokin ~ 2.73x10°  Expn  14.87 4.20 0.159
Light Naphtha 1.56 ko 5.20x102  Egy 4548  9.92x<10Y  4x1078
Heavy Naphtha 0.39 koke 6.24x10%  Exc 2342  1.64x10° 6x10™
Kerosene 0.15 komn  1.70x10°  Euan  7.74 5.34 0.202
Diesdl 0.11 koine  1.83x10° Eg  7.54 6.64x10° 2.5x107
Un.VGO 0.08 kong  2.65<10' Eng O 26.48 1
K kyyi Ky kNN kNG
VGO il Diesel Dk Kerosene &)H.Naph — > LNaph ——— > Gas
kg
k
] krc

Figure3: Thereduced six-lump kinetic model.

It can be understood from Figures4, 5 and 6 that
the AAD%, R-squared and F-test of the model pre-
diction resulted by the complete weighted strategy
(200W) were considerably better than the complete
un-weighted strategy (200C) which confirmed theva:
lidity of theweighted lumping strategy, asit wasdis-
cussed inthe previouswork for afive-lump reaction
network!®,

TABLE 2 showsthe estimated values of apparent
activation energies and frequency factors by the com-
pleteweighted strategy. In thistable, therate constants
for dl reactionswere evauated in the average operat-
ing temperature (402.5°C). Moreover, it showsthat the
pathsincluding feed to heavy naphtha, diesel to heavy
naphtha, diesd to light naphtha, diesdl to gas, kerosene
to light naphtha, keroseneto gasand heavy naphthato
gasareignorable dueto low constant rates. Moreover,
inthe operating temperatures, therate of light ngphtha
to gasisindependent to thetemperature; thereforeits
activation energy can beignored. These phenomena
have been discussed in the previousworks?2, In or-

der to reducethenumber of kinetic parametersinvolved
inthemodel, the mentioned constants can be omitted
during parameter estimation. Now, fifteen remained ki-
netic parameters should be estimated by ninety-six ob-
servations, creating more acceptabl e degree of free-
dom. After eliminating theleast possiblereactions, the
reduced reaction network isdepicted in Figure 3.
Although activation energiesfor thehydrocracking
process are strongly related to the type of both feed
and catalyst, the estimated valuesin thiswork were
neverthelesscomparablefoundin previousstudies. As
revealed by TABLE 2, the apparent activation energy
of VGO hydrocracking to middleditillate and naphtha
areabout 15-21 kcal/mol and 19-31 kcal/mol, respec-
tively. Thereported ones by Aboul-Ghiet!® for hydroc-
racking of VGO to middledistillate and naphthawere
about 13-17.5 kcal/mol and 22-24 kcal/moal, respec-
tively, not far from thisresearch. Furthermore, the acti-
vation energy of catalytic cracking of naphthato gas,
reported by Ancheytaet d .2 was 9-9.92 kca/mal, close
to the reported one for heavy naphthain this work.

CHEMICAL TECHNOLOGY
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Moreover, the apparent activation energies for the
cracking of feed to keroseneand heavy naphthato light
naphthafound inthiswork are closeto thosereported
inthe previouswork!?¥, at 15.87 and 11.59 kcal/moal,
respectively. All estimated activation energiesinthis
paper are lower than reported values by Sanchez et
a B 'for a5-lump model. It seemsbecause VGO feed
in Sanchez work wasthe product of heavy resdue, its
crackingto lighter lumpsneedshigher activation energy
than thelighter VGO used inthiscurrent work.

(c) Reduced weighted strategy (200WR)

Thekinetic parametersof thereduced modd were
estimated agan by using measured data, producing new
modd predictions. Upon comparing themeasured data
withthemodd predictions, theAAD%, R-squared and
Ftest of themode predictionwerecd culated and dem-
onstrated with thetitle of 200WR intheFigures4, 5
and 6, respectively. Similar to thepreviousworks 28,
it can be concluded that the model reduction canim-
provetheaccuracy of theyield prediction.

(d) Reduced weighted strategy with the overall
effectiveness factors (200WREF)

In thisstrategy which was called 200WREF, the
kinetic parametersin thereduced modd (200WR) were
estimated againwhilst theoverall effectivenessfactors
of lumps (77].) were a so estimated as model param-
eters. Theresulted kinetic parametersand overall ef-
fectivenessfactorsare presented inTABLES 3 and 4,
respectivey. It isthought that thevalueof theestimated
overall effectiveness factors were dependent to the
transport specification of thelumps, discussedinthe
next section. The AAD%, R-squared and F-test of the
model prediction were cal culated and demonstrated
with thetitle of 200WREF inthe Figures4, 5 and 6,
respectively.

It can be understood from Figures 4, 5 and 6,
200WREF approach could improve the AAD% and
R-sguared of the prediction because of introducing the
overal effectivenessfactorsinthemodel. Also, it can
be seenthat in comparisonto 200WR strategy, thevaue
of F-test hasbeen decreased for thereason of entering
four extraparametersinthemode. It can beconcluded
that the effectivenessfactorswerelesssignificant than
thekinetic parameters. However, they had apositive
effect to achieve better prediction.

—= Pyl Paper
TABLE 3: Kinetic parameter sfor the200W REF strategy.

Frequency Factor
Ko[m3.hrtm?cat?]

Activation Energy
E [kcal/mol]

Korp 4.59x10° Erp 15.94
Kork 6.25x10° [ 20.84
Korrn Ernn
KorLn 4.22x107 Erin 24.75
Korg 3.30x107 Erg 24.12
Kook 1.19x10° Epk 26.48
Koprn Epun
I(ODLN ED LN
kODG EDG
Kokhn 3.14x10° Exun 18.37
I(OKLN EKLN
Koka Exe
kOHNLN 161X103 EHNLN 7.53
Koring Enne
KoLng 2.32x10* Eine

TABLE 4: Overall effectivenessfactor sof the hydrocr ack-
ing lumps (200WREFstr ategy).

Lump Gen. effectiveness factor
Light Naphtha 0.988
Heavy Naphtha 0.745
Kerosene 0.947
Diesel 0.996
un.vGO 0.998
g0 | 15717

50

40

30

AAD %]

20

10 -

200w

200WR
200WREF

N-Series
Figure4: TheAAD% of thedifferent strategiesin theplug
ideal- flow regime.
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93.69 94.27

54 93.75
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200C
200w
200WR
200WREF

N-Series
Figure5: TheR-squared of the different strategiesin the
plugideal- flow regime.

100

90
80
70
60
50 A
40
30
20
10 -
0 -

F-test

200W

200WR
200WREF

N-Series
Figure6: TheF-test of thedifferent strategiesin the plug
ideal- flow regime.

Non-ideal flow regime

Tosmulatethe effect of axid-dispersononthehy-
drocracking reactions, N-seriestank model was ap-
pliedinwhichthenumber of seriestanks(or cells) was
decreased from N=200 to N=1, according to the Fi-
bonacci golden numbers. The R-squared and F-test of
themodel prediction vs. number of tanks are demon-
strated in Figures 7 and 8 respectively.

From Figure 7, It isobserved that the R-squared
of thepredictionisimproving gradually by decreasing
the number of tanks up to N=13 (R?=95.15%). Fur-
thermore, from Figure 8, it can be seenthat al points
havelower F-valuethan the N=13. So thispoint was
chosen because of better agreement between the ex-

CHEMICAL TECHNOLOGY

perimental dataand the predicted onesby themodel.
Atthispoint, the AAD% of the predi ctionwas decreased
to 31.59%, which was about 4% |ower than the best
approach (200WREF) in plug flow regime
(AAD%=35.01).

TABLES5: Kinetic parameter sof the optimized seriestanks
modd.

Frequency Factor Activation Energy

ko[m3hrt.m?cat] E [kcal/mol]
Korp 4.59x10° Erp 15.94
Kork 6.25x10° [ 20.84
KorHN Ernn
KorLn 4.22x10° Erin 24.75
Kora 3.30x107 Erg 24.12
Kook 1.19x10° Epk 26.48
Koprn Epun
kODLN EDLN
kobe Eoe
Kownn 3.14x10° Exun 18.37
KokLn Ekin
Koka Exe
kOHNLN 1.61x 103 EHNLN 7.53
kOH NG EHNG
kOLNG 2.32x 101 ELNG

TABLE 6: Overall effectivenessfactor s of the optimized
seriestanks model.

Lump Gen. effectivenessfactor
Light Naphtha 0.665
Heavy Naphtha 0.522
Kerosene 0.987
Diesd 0.929
un.vGO 0.54
Average 0.728

96 4

95.15
95.14 95.14
94.93 g4,92 9504 95.07

Josss aas0o ¢ o & ¢ ¢ ¢ o
* o

94.83
¢ 941
*

a

94 4

93 4 92.68

R %]
*

92 A

91 4

90

200WREF 144 89 55 34 21 13 8 5 3 2 1

Figure7: Thevariation of the R-squar ed of the predicted
yieldsvs. number of seriestanks.
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73.6
733 734 45,

68.7
* * * e L 63
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vs. number of seriestanks.

TABLE 7: Averageyield, molecular weight and kineticvis-
cosity of lumps.

Lump Averageyidd Mw v (m%s)
Light Naphtha 0.056 85  4.7x10”
Heavy Naphtha 0.070 105  7.2x107
Kerosene 0.186 165 1.91x10°
Diesel 0.241 230 7.67x10°
Un.VGO 0.351 450 2.79<10°

For theunderstudy reactor whichwascharged with
50 cm?® catalyst (~10 cm length), non-ideal tanks-in-
series gpproach indicated that because of axial-disper-
son, thecatdyticbed wasdivided to 13 perfectly mixed
flow reactorseach of which had 3.84 cm*volumeand
0.77 cmlength. It can be presumed that by following
the presented strategy, the hydrodynamic behavior of
the cata ytic reactor wasstudied whilst thetracer (V GO)
wasnot inert.

Theestimated kinetic parametersfor theoptimized
seriestanksmodel (N=13) aretabulatedin TABLE5.
Itisclear that thevalue of activation energieswerere-
mained within therange of thereported valuesinthe
literature.

INnTABLE 6, theestimated overdl effectivenessfac-
torsfor each lump engaged in the hydrocracking pro-
cessaretabulated. Fromthistable, itisfound that the
averagevaueof thefactorsfor dl lumpsisnot far from
theinitial guess(0.8), reported intheliterature. Addi-
tionaly, it can be understood that keroseneand diesel
havethehighest factors, whilst heavy naphtha, uncon-
verted VGO and light naphthahavethelowest ones,
respectively. It wasexpected that light and heavy naph-
thahad the highest effectivenessfactor becauseof their
smaller and lighter moleculesthanthe others. Tohavea
better judgment, average experimental yields, molecu-

—= Full Paper

lar weight (Mw) and kinematic viscosity (v) of lumps
aretabulatedin TABLE 7.

From TABLES 6 and 7, one can found that the
introduced factorsfor each lump isdependent on aver-

ageyield (Y ), molecular weight (Mw) and kinematic

viscosity (v) as

M = 7506.17x (Y, )2 x Mw; ™3 xp, 0 )
(R-squar ed=0.976)

The aboverel ationship agreeswith this concept that
thelighter lumps, with lower molecular weights, have
moreability (higher Knudsen coefficient) todiffusein-
side the catalyst pores, whilst higher concentration
(showed asyield) and lower kinematic viscosity in-
creasetheflux of thelumpswhich transfer from the
bulk of theliquid to the surface of the catalyst. Conse-
quently, it can be concluded that the overall effective-
nessfactorsfor thisprocesswere dependent to the both
interndl diffusion and external masstransfer res stances.
Thereforethe applied selective factorsasmodel pa-
rameters, whichwereestimated from experimenta data,
could engagethemodd with transport phenomenaina
simple and rational way to increase the model accu-
racy.

The parity diagramsfor the measured dataand the
model predictionsare presented in Figures9 and 10.
Asreveded by thesefigured, the optimized seriestanks
approachincluding overall effectivenessfactorsgave
an acceptablefit to experimenta data.
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Figure9: Parity plot for gas, ker osene, diesel and residue
resulted by optimized seriestanksmodel.
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Tosummarizethediscussion, intheTABLE 8, the
ANOVA of dl strategies(model parameters, summa-
tion of residuals, degree of freedoms, variance, F-test
and F-critical) hasbeen presented. Thebrilliant pointin
thistable, isacceptabl e difference between F-critical
and the F-test resulted by al models. Additionally, in-
creasing thenumber of model parameters, which was
resulted fromimporting selectiveoverdl effectiveness
factorsand N-series parameter to themodel, ascended
the F-test and descended the variance because of de-
creasingtheerror of resdual.

TABLE 8: Analysisof variancefor different modeling ap-
proaches.

200C 200W 200WR 200WRED N-series

Model parameters 31 31 16 20 21
DFpeg 30 30 15 19 20
DFRes 65 65 80 76 75
Skes 0226 0223 0204 0193 0171

o 348107 3.43x10° 255x10° 254x10°  228x10°
F-test 21 325 878 69.7 736
F-critica

2.39 2.39 3.09 2.67 261

(DFRegy DFRes 1%0)

CONCLUSIONS

A six-lumpkinetic model involved of the selective
overal effectivenessfactorswas devel oped to predict
the product yields of a pilot scale vacuum gas oil
hydrocracker. At first by using wei ghted lumping strat-
egy and reducing thereaction network, the AAD%, R-
sguared and F-test of the prediction were improved

from 57.17% and 93.69 to 36.38 and 94.27, respec-
tively. Then, theeffectivenessfactorsof thelumpswere
estimated likethekinetic congtants, whichled the AAD%
and R-sguared of the prediction to 35.01% and 94.58%,
respectively.

Because of existing axial-dispersion through the
catalytic bed, thetanks-in-seriesmodel was sel ected
instead of theided plug flow one. Decreasingthenum-
ber of tanksfrom N=200 (representing the plug flow)
to N=1 (representing the mixed flow) accordingto the
Fibonacci series, showed that thirteen seriesperfectly
mixed tanks could decrease AAD% of the model to
31.59% as well as increase R-squared to 95.15%.
Therefore, it was concluded that tanks-in-series ap-
proach could s mulatethe effect of theaxia -dispersion
in ahydrocracking reactor asif the R-squared of the
model could be reached to higher than 95%, which
could be acceptablefor akinetic base model.

Furthermore, the correl ated rel ationshi p between
the estimated overall effectivenessfactorsasadepen-
dent variableto kinematic viscosity, molecular weight
and concentration of lumpsconfirmed thet lighter lumps,
withlower molecular we ght and kinemeticviscosity had
higher diffusivity whilst the concentration (showed as
yield) increased therate of diffusion. Therefore, by a
smplegpproach, theeffect of theinternd resistancefor
pore diffus on, which was dependent to the molecul ar
weight of lumps, and external resistancefor the bulk
diffusion, which wasdependent to kinematic viscosity
and concentration of lumps, wereintroduced toimprove
theyield prediction of themodd.
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