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ABSTRACT

Sulfur compounds are the most important pollutantsin petroleum products
and removing these compounds is a primary objective in the refining
industries. In thisstudy, theindustrial unifiner reactor of Shiraz refinery for
hydrodesul furization of naphthahas been simulated in dynamic conditions.
The proposed model, consisting of a set of algebraic and partial differential
equations, is based on a heterogeneous two-dimensional unsteady state
formulation. The equations discretized in finite difference form and solved
with 4" order Rung Kutta method in steady state condition and in dynamic
condition, implicit finitedifference method that cuppeld whit simpleiteration
method was used. Changes in concentration and temperature profiles
obtained and discussed as a function of reactor axial and radial position
and time. the dynamic model wasapplied to predict the dynamic behavior of
the reactor. To verify the proposed model, the simulation results have been
compared to available datafrom industrial reactor of the Shiraz refinery. A
good agreement has been found between the simulation resultsand industrial
data. A sensitivity analysis has been carried out to eval uate the influence of
several parameters on the process. Results of simulation showed that
conversion decreased from 0.9548 to 0.923 with increasein concentration of
sulfur in the feed of reactor from 1500 ppm to 2000 ppm and at high
temperature conversion decreased from 0.9548 to 0.91 because of coke
formation on catalyst. © 2014 Trade ScienceInc. - INDIA
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INTRODUCTION

Themainobjectiveof environmentd legidationisto
reducesulfur dioxide, nitrogen oxides, aromatics, vapor
and soot parti culateemiss onsfrom both refineriesandits
productsafter combustion. Regulationsontrangportation
fud compasition, whichrestrictsmainly theconcentration
of sulfur compounds, havebecomedtricter Ssnceenviron-
menta issueshasincreased in recent years®. Theshort-
term god isto reducethesulfur concentrationto S0ppmw.

In order to meet these new specifications, sulfur intrans-
portation fuelshaveto decrease. Hydrodesul furization
(HDS) isacataytic chemicd processwidely usedtore-
movesulfur (S) from natura gasand from refined petro-
leum productssuch asgasolineor petral, jet fud, kero-
sene, diesd fud, andfud oild2. Thepurposeof removing
thesulfur istoreducethesulfur dioxide(SO,) emissons
that result from using thosefuel sin automotivevehicles,
arardt, ralroadlocomoatives ships, gasor ail burningpower
plants, residentia andindugtrid furnaces, and ather forms
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of fud combustion. Another important reasonfor remov-
ingsulfur fromthe ngphthastreamswithinapetroleumre-
finery isthat sulfur, eveninextremey low concentrations,
poisonsthenoblemetd catd ysts (platinumand rhenium)
inthecataytic reforming unitsthat aresubsequently used
to upgradetheoctanerating of thengphthastreams. HDS
isthe processby which sulfur isremoved from sulfur con-
taining compounds by reactionwith hydrogen, thereby
formingH,S. Itisacatayzed reectionusudly involvinga
metd sulfidecatalyd, inparticular sulfided Co/Mo/AlLO,
orsulfided Ni/Mo/ALO,. Theresultant H_Sthat ispro-
duced from thehydrogenati on reaction issubsequently
absorbed by reactionwith ZnOtoform ZnSand, inthis
way, sulfur isremoved from the hydrocarbon feedstock.
HDSiseffectivefor arangeof sulfur containing compounds
whichexhibit varying reattivitiestowardsdesul furization.
Thereactivity isdependent upontheloca environment of
thesulfur aominthemolecule, and theoverdl shapeof
themolecule. TheHDSreactionisusualy operated at
moderatdly hightemperatureand pressure,

Inlran refineries, the HDStechnol ogy isused for
removal of sulfur fromoil. Inthisstudy thefixed bed
reactor of theunifiner unit of Shiraz refinery ismodded
and simulated. Simulation of packed bed reactorsis
not an easy task, since systemsof nonlinear partid dif-
ferentia equationshaveto be solved dongwith nonlin-
ear algebraicreationships?. Modeing and simulation
of fixed bed reactors have been donefor many indus-
trial and pilot scalesreactors. For instanceFarsi et al.
mode ed and controlled theindustria reactor of dimthyl
ether synthesiswith the accompanying feed preheater
and the controllability of the process had been investi-
gated through dynamic simulation of the processunder
aconventiona feedback PID controller™. Vargeset d.
comparedalight gasoil hydrodesul furization process
viacatalytic distillation with aconventiona processand
showed that by integrating the separation and reaction
intoasingleunit, thecataytic distillation may producea
diesdl withlow concentration of sulfur compoundsat a
lower cost than thetraditional reaction/separation pro-
cess®. Fatemi et d. studied thecoking of acommercia
fresh sulfideNi-Mo/Al203 catalyst in afixed bed re-
actor. They derived initia activity of thecatalyst by a
timevariablefunction and used thisequationin dynamic
model of HDS reaction in a packed bed reactor to
determinethe activity change of thecatalyst inthereac-
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tor during actual operation conditiong®.Chenget a.
model ed atwo-stage cocurrently and counter currently
operated fixed bed reactorsfor HDSreaction. Their
mode and s mulation reveal ed that |ow concentration
at thereactor exit region under countercurrent flow is
critica totheultralow sulfur extentinthe producedoil ™.

In thispaper, we devel op atwo-dimensional un-
steady, heterogeneous and nonisothermal model for
dynamic simulation of anindustrial HDSreactor and
comparetheresultsof two-dimensiond modd whit one-
dimensionad modd.

Reactor mode

A mathematical modd isasat of variablesand aset
of equationsthat build rd ationshipsamongthevariables
for describing someaspects of the behavior of thesys-
tem under investigation. Processmodelsarevery prof-
itable. It hasbeen employed for operator training, safety
systemsdesign, design of operation aswell asopera-
tion control sysemsdesigns. Theimprovement of faster
computer and advanced numerical methodshasenabled
modeling and sol ution of thewhol e process®.

Inthe present study, atow dimensional heteroge-
neous model has been considered for unsteady state
simulation of the process. The basic structure of the
model iscompaosed of heet and mass conservation equa:
tion coupled with thermodynamic and kinetic relation
aswell asauxiliary correlation for prediction of physi-
cal properties.

Inthe dynamic modeling of thereactor thefollow-
ing assumptionshave been considered:

- Adiabaticreactor
- plugflow pattern

Tojustify thistwo assumptions, it should be noti-
fiedtheindustrid reactor considered in thisstudy have
insulation that causesthe hest |ossfromthereactor wall
to environment negligiblein comparison tothe hest re-
leasein thereactor, and al so because of high Reynolds
number, theassumption of plug flow isreasonable.

Themassand energy baancesfor thegasand solid
phase are expressed by thefollowing equations:

Gas phase

oC, oC,
c i.b i,b

o°C, . (9°C, 14C,
=-au = +&D,; 5Dy >t
oy T 0Z or r or
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~ka(C,-C.) )
: —eup,c, I
P:C pf 6t P:C pf oz

o°T, 8T, 10T,
vk *(arz *ra—r)' @
hfav(Tb_Ts)

i =didenzothiophene (DBT), H,, H,S;C =
concenteration of component i(mole/md); - = prosity;

__—coeff|C|ent diffusivity (m?/s); kg masstransfer
coeff|C|ent a = specificarea(m?/m)

Solid phase
(1—8)6(;“ =ka,(C,~C.)tnpaXr, (©)
(1 SX’BS s A hfav<Tb _Ts)+n|szZ(_AH)rt (4)

Thepreswredropinthebed iscalculated by Ergun
equationt:

0P _150(1- 82)3 +1758 a)pu 5
Tdz de d.g’

Theinitid and boundary conditionsfor theseequa-
tionsaregiven below.

Boundary conditions

At:r =R ., | = T, | =
or or
Atr =0 a;'” o= ZTr" |,=0 (6)
Initial conditions
At :t=0 C,=C T, =T
At :t=0 C,.=C, T,=T. @)

Auxiliary equation

For prediction of themodel parametersAuxiliary
equations most be used. In these equations n, Isthe
effectivenessfactor!?. It can be calculated from the
equation (8):

[rav,

v,

i | surface

n = (8)

The physical propertiesof chemical speciesand
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overal massand hest transfer coefficientsbetween two
phase (solid phase of catayst and gasphase) must be
estimated. Theoverdl masstrangfer coefficient between
solid and gas phase has been obtained from the corre-
lation proposed by cusslertY.
kg, =10°x1.7Re™*” S¢*u, 9
Gasphaseismulti component,therforemasstrans-
fer diffusion coefficient for each component and binary
meassdiffusion coefficient inthemixture have been esti-
mated bythefollowing equations respective y2:

-1
ny.
Dim = —

0.001T*"*M 32

P o)+ (o))
Theoveral heat transfer coefficient between solid
and gas phase (h,) has been predicted from™:

h

2 =0.407
f (cp_uJ _0.485[pudp]
cpnl K €g H

Theoveral heat capacity dependsonthetempera-
ture and composition*¥, and iscal culated using Egs.
(13) and (14):

(10)

(1)

(12)

C,(i)=a+bT+cT2+dT" (13)

C,=2y.C, () (14)
The hesat of reactions depend on temperature, and

iscaculated using Egs. (15):

AH=AH , + de C,dT (15)

A modification of the Bendi cet-Webb-Rubin EOS
with 11parametershas been applied inthiswork.

P=p RT+(BORT—AD—% %—%}
p: (bRT a—g)pm+a(a+d)pm
T (16)

L CPa
t
Where j,, ismolar density and the 11 coefficient can
beevaluated.The correlation of Carr et a. isused to
estimatethe mixture gasviscosity!™.
Thesurfaceareaof the particle per unit volume of
the bed isdescribed age:

(1+vp?, Jexpl-vp?)
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_ Ac(l_g)

Thebed void fraction of thecatalyst iscal culated
by thefollowing equation. Thisequation has been de-
veloped for packed bed of spheres?e:

(5
€=0.38+0.073 1+~
D
—E |2
(%)
For cylindrica particles, theequivdent spherica is
given by thefollowing equation(®!:

4 12
d, =[ch°+(_°)]
2

Activity function

A mgjor problemin hydrotreating of heavy feed-
stocksisdeactivation of the catalyst by coke forma-
tion. The propertiesof thecarbon depositisafunction
of thefeed composition, thetype of catayst and reac-
tion conditions. The coking reaction isaconsequence
of dehydrogenati on-polycondensation reactionswhich
generate coke structures capabl e of blocking the ac-
cessof thereagentstotheactive cata ytic Stesand pro-
gressively closing off the porous structure of the cata-
lystl®®l. Inthis study, thefollowing equation that pro-
posed by fatemi et al, isused for intrinsic activity asa
function of time®:

y=(°") (20)
Wheretistimein hr., a initial condition, therdative
activity of thefresh catalyst isconsidered unity.

Hydrodesulfurization kinetics

Inthiswork, the dibenzothiophene (DBT) isused
to represent the sulfur compoundssinceitisoneof the
lessreactive sulfur organic compounds presentinthe
light gasail. Inaddition, itsconcentration issignificant.
It isgenerally accepted that the DBT reactsviatwo
paralle pathways, thehydrogenolysis:

DBT +2H, — Biph+ H,S

Andthehydrogenation
DBT +5H, ——>CHB + H,S
where BiPh is the biphenyl and CHB the

(18)

(19)

cyclohexylbenzene. Inthiswork, thekinetics proposed
by Broderick and Gates, a Langmuir-Hinshelwood
equation, isused. Thereactionratesaré*”:

kK DBTK H2 CDBTCH2

Fos = 21
" (1+KDBTCDBT +KHZSCHZS)2(1+KH2CH2) ( )
kKooK w Coi C,

" (1+KIDBTCDBT ) (22)

wherer, isthe hydrogenolysisreactionrate, r, thehy-
drogenation reactionrate.

(=)
Kogr =Ka0€ i 23)
=)
Kyz = ka4e ReT (24)
[
Khos = kaee Ret (25)
%)
kK =k,e " (26)
K ‘DBT = k b4e(%) (27)
TABLE 1: Kinetic coefficents
k21 (MOl/Ecat S) 78000
k22 (cal/mol) -30115
k2z (I/mol) 0/18
% 24 (cal/mol) 4541
%25 (I/mol) 4000
%26 (cal/mol) -8365
k27 (I/mol) or7
%8 (cal/mol) 5258
kz1 (1/mol) 42194
kpz (cal/mol) -27728
Ey3 (I/mol) 1/999
ky4 (cal/mol) 142338
TABLE 2: Characterigticsof thecatalyst, feed and reactor
specific gravity o/75
concentration of sulfur(ppm) 1500
Inlet temperature (K) 670
Inlet pressure (bar) 28/27
Molar rate of feed (mole/m?) 223/3
Catalyst diameter (mm) 1/3
Density of catalyst(Kg/m3) 1200
Length of reactor (m) 3/8
Reactor diameter (m) 1/525
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Catalyst and feed

A commerciahydrotresting catalyst, containing Ni
and Mo oxidessupported on,, -aluminawas used for
thisresearch. Thefeed used inthe hydrodesul furization
reaction wasamedium diesel oil, without any metal
compounds. Characterigticsof thecatalyst andfeed are
presented in TABLE 2.

Numerical solution

To solvetheset of nonlinear partid differentid equa
tions (PDE) obtained from dynamic modeling, length
and radiusof thereactor aredividedinto equa discrete
intervals, and by implicit finite difference method that
coupled whit smpleiteration method, the set of equa-
tionsare solved. Before carrying out dynamic simula-
tion, the stationary condition of the system should be
obtained through solving the governing steady-state
equations. Theaim of performing steady simulation of
theHDSreactor isto determined the concentration and
temperature profilesand used astheinitial conditions
of theunsteady state PDES. After rearranging the mod-
eling equationsfor the steady state one dimensional
condition, aset of ordinary equationswas solved by
themethod of 4th order Rung-K uttal®l,

RESULTSAND DISCUSSION

In this section, steady state simulation results of
DME reactor have been presented. Assuming an adia-
batic tubular reactor with plug flow pattern, thereactor
has been simulated based on atwo-dimensional het-
erogeneous nonisotherma mode!.

Seady statesimulation
Modding vaidation isdonethrough comparingthe

TABLE 3: Comparison of thesteady satesmulation results
of thereactor with plant data

Industrial Simulation Simulation
data resultsfor  resultsfor
thiophen DBT
Inlet concentration ppm1500  ppm1500 ppM1500
Out let concentration  ppm3 ppm7/5 ppm67
Inlet temperature K670 K670 K670
Out |et temperature K680 K671/1 K676/5
Inlet pressure Bar28/27  Bar28/27 Bar28/27
Outlet pressure Bar26/51  Bar27/56 Bar27/56

—= Fuyl] Paper

simulation resultswith theindustrial reactor datafrom
Shiraz refinery. TABLE 3indicatesthesimulation re-
sultsin comparisonto available dataof theindustria
reactor. Thistable showsthat the proposed model has
been ableto predict the exit concentrations and tem-
perature very well for thiophene but The differences
between simulation resultsand industria datafor DBT
aredueto that we considered all of 1500ppm sulfur

Maoke Timcthom of DT
- [

Lot = reacton o acsencm

Figurel: Molefraction of DBT

oo

oD

Mazis Fraction of H2S

Radusicm Lo of wacterion

Figure2: Molefraction of H2S
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Figure3: Molefraction of DBT alongthereactor lengthin
threeconcentration of DBT
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are DBT, but thefeed of theindustrid reactor contains
few concentration of DBT and consist of other sulfur
componentsthat arevery reactiverelated to DBT.

Twodimensional smulation

Twodimengond profilesof thepredicted molefrac-
tion of DBTand H_S are shown in Figures 1 and 2.
Thesefiguresindicatethat we can neglect from changes
inradia directionincomparison with changesinaxia
direction. Therefore, wecanconsider industria reactor
onedimensond.

0.302

Mcle frachon of M2

O B0 100 150 200 260 300
Lenght ol reactonem
Figure4: Molefraction of H2 along thereactor length in

threeconcentration of DBT
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Figure5: Temperaturealongthereactor length
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Figure6: Dynamic DBT profilealongthereactor for 10= C
step changeintheinlet temperature
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Onedimensional smulation

Inthissection, onedimensiona steady statesimu-
lation results of DME reactor have been presented.
Figures 3 and 4 illustrate the molefraction of DBT
and H, along thereactor lengthin three concentration
of DBT.

Also Figure5 showsthetemperatureprofile. tem-
perature increases along the reactor dueto heat gen-
eration by reaction.

Dynamicsimulation

Toinvestigatetheinfluenceof disturbancesonthe
dynamic behavior of HDS reactor,the feed tempera-
tureand composition have been considered asthemain
probable effectiveloads of the system.

Figure 6 indicatesthe step response of the system
to 10 Cincreasein thefeed temperature. In Figure 6,

w30 o
—— 2700 om

afCa@rY

Mzle Tracton

o " 20 b & = (< 0 )Z 4

Tirne iy

Figure7: Themolefraction of DBT at threeheight of reactor
for 10°C step changein theinlet temperature
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g9 0 e
v gvi00 on

acton of M2

Wom Tr

e
i
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Figure8: Themolefraction of H2 at threeheight of reactor
for 10°C step changein theinlet temperature

dynamic variation of themolefraction of DBT along
thereactor length hasbeenillustrated in athree-dimen-
sional diagram. Asshown in Figures 7 and 8 there-
sponse of the outlet molefraction of DBT and H._for
thisdisturbance hasatimedelay about 58s, and they
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reach to the new steady statepointin 68 s. ' -

Thefeed composition effect was studied by apply- | e
ing 0.05 step changein molefraction of DBT. Figures9
and 10 represent dynamic responses of the H, mole
fraction and reactor temperature profilesal ong there-
actor, respectively.

Theresponseof thereactor temperaturetothe step
changeincompositionat threeheght of reactorisshown 5 = - = =
inFigure1l. TR a——

Figure12: Conversion of DBT alongthereactor for fresh
catalyst and after 30 hr
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Figure 9 : Dynamic mole fraction profile for 0.05 step change
in the DBT mole fraction of inlet stream
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Figure13: Effect of inlet molefraction of H2 on conver sion of
DBT
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Figure16: Effect of inlet molar rate on conversion of DBT
Effect of catalyst deactivation

Asmentionedinthemodeling section, the catalyst
deactivationisincluded inthemodel because of coke
formation on catalyst surfacein hightemperature. Fig-
urel2 showstheeffect of deactivation of catalyst (ex-
perimental datafrom®).

Sensitivity analysis

A sensitivity analysishasbeen carried out to evalu-
atetheinfluence of severa parameterson the process.
Figures 13 and 14 show the effect of molefraction of
H, and temperature. Asitisevident fromthesefigures,
withincrement intemperatureand molefractionof H,,
conversionof DBT increase.

Alsofiguresl5 and 16 show that with increase of
molefraction of H,Sand rate of feed, conversion of
DBT decrease.

Theimpact of themain operationd variablesonthe
reactor performance can be summarized asfollows: to
improve DBT conversion severa procedures can be
chosen: increasetemperature,increase molefraction of
H., decreaserate of feed and decrease molefraction
of H_S.

CONCLUSION

Inthisstudy, anindustrial HDS reactor has been
simulated in steady and unsteady state conditions. The
reactor mathematical formulation is based on atwo-
dimensional heterogeneous model. The comparison of
thesmulation resultsand theindustria datashow that
the proposed model can predict thereactor outl et tem-
perature and concentration of sulfur component with
relative errorslessthan 4%. Someimportant distur-

bance such asinlet reactor temperature and feed com-
position have been applied to the processfor investi-
gating its dynamic behavior. Results of simulation
showed that conversion decreased from 0.9548 to
0.923 with increasein concentration of sulfur inthe
feed of reactor from 1500 ppm to 2000 ppm. Inthis
study, the equation that proposed by Fatemi et al, is
used for intrinsic activity asafunction of timeand at
high temperature conversion decreased from 0.9548
t0 0.91 because of cokeformation on catalyst. A sen-
stivity andysisshowed that increasetemperature, mole
fraction of H, increase, decreasestherate of feed and
lowersthe molefraction of H,S, improve conversion
of sulfur component.
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