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ABSTRACT

The need for processing of heavy sour crudes is increasing as good quality crude
oil reserves are depleting fast. Presence of sulfur in the crude oil can corrode the
process equipment, poison the catalysts and can lead to environmental pollution.
Trickle bed reactors are widely used for hydrodesulfurization by reacting sulfur in the
crude with hydrogen. Optimal design of these units is possible through development
of easy to use performance models for trickle bed reactors recognizing the multiphase

nature of the reactor and nonlinearities in the parameters.

Liquid holdup in trickle bed reactors is an important hydrodynamic parameter
which controls the liquid residence time in the bed and hence the degree of sulfur
conversion. A new model to estimate liquid holdup in trickle beds is developed
considering gas to flow around particles enveloped by trickling liquid. Ergun’s
equation for gas phase pressure drop is modified incorporating the effect of presence
of liquid phase on gas phase voidage and tortuosity for gas flow. The model is
compared with large experimental database available in the literature to evaluate the
effect of parameters such as gas and liquid velocities, liquid properties, particle shape
and size, operating temperature and pressure. The model equations compare

reasonably well with the experimental observations.

A one-dimensional multiphase cells-in-series model is developed to predict the
steady state behavior of trickle bed reactor applied to the hydrodesulfurization of
vacuum gas oil (VGO). The reactor model is established through mass and enthalpy
balances with reaction using carefully selected correlations and hydrodesulfurization
reaction kinetics based on Langmuir-Hinshelwood mechanism from the literature. The
model is validated with experimental data on hydrodesulfurization of VGO reported
in the literature. The model is simulated to investigate the effect of various parameters

to analyze ways and means to improve the sulfur reduction.

Vi



ABSTRAK

Pemprosesan minyak dari ‘sour crude’ dilihat mampu untuk memenuhi
permintaan kerana sumber minyak dari ‘sweet crude’ semakin mengalami penyusutan.
Namun begitu, kandungan sulfur yang tinggi di dalam ‘sour crude’ akan
mendatangkan kesan buruk kepada reaktor, mangkin dan mencemarkan alam sekitar.
‘Trickle bed reactor’ merupakan reaktor yang digunakan dalam proses
hidrodesulfurisasi dimana sulfur ditindakbalaskan dengan hidrogen bagi
menghasilkan hidrogen sulfida. Rekabentuk secara optimum bagi reaktor tiga fasa ini
dapat dilakukan melalui pembangunan model dengan mengenalpasti sifat dan keadaan

reaktor serta ketidakseragaman parameter pada reaktor tersebut.

‘Liquid holdup’ merupakan parameter penting dalam menilai kecekapan reaktor
kerana ia mengawal tempoh minyak berada di dalam reaktor dan seterusnya
mempengaruhi kadar hidrodesulfurisasi. Satu model baru telah dibangunkan bagi
menganggarkan ‘liquid holdup’ di dalam reaktor. Persamaan Ergun telah diubahsuai
dengan memasukkan kesan kehadiran fasa cecair terhadap aliran gas. Model ini
menggunakan data-data eksperimen dari kajian terdahulu untuk melihat kesan
beberapa pembolehubah seperti diameter partikel, suhu, tekanan, kelikatan cecair dan
sebagainya terhadap ‘liquid holdup’. Didapati bahawa nilai bagi ‘liquid holdup’ yang

dianggarkan dari persamaan model memenuhi nilai dari data eksperimen.

Satu model reaktor baru telah dibangunkan (1-D cell in-series-model) bagi
meramal keadaan di dalam ‘trickle bed reactor’. Model ini dibangunkan melalui
persamaan jisim dan tenaga, tindakbalas kimia, serta menggabungkan kolerasi
hidrodinamika. Tindakbalas kimia bagi hidrodesulfurisasi adalah berdasarkan
mekanisma ‘Langmuir-Hinshelwood’. Kesahihan model reaktor ini ditentukan
melalui perbandingan dengan data eksperimen dari kajian terdahulu. Model ini
disimulasi untuk menilai kesan beberapa parameter terhadap kadar hidrodesulfurisasi

dan seterusnya dapat diaplikasikan bagi meningkatkan kecekapan reaktor.
vii
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CHAPTER 1

INTRODUCTION

1.1 Petroleum Industry

Petroleum industry is one of the largest and ingodrindustries with operations
spread over every corner of the world. This inqustovers petroleum products,
natural gas and petrochemicals. It is continuowsplving to satisfy growing
demand of fuel and petrochemical feedstock. Tramapon fuels such as gasoline,
diesel and jet fuel are the highest volume prodfrots the petroleum industry [1]—
[3]. Rapid growth of the petroleum industry is mpstredited to the availability of
vast quantities of oil and gas as feedstock. Adogrdo the International Energy
Agency (IEA), the oil demand is expected to surghseil supply by 2012 as shown
in Figure 1.1 [4].

100 o

Million Barrels per Day

20

|
L)

2005 2006 2007 2008 200% 201G 2011 2012 2013 2014 2015 2016
B Crude supply B Crude demand

Figure 1.1: Global oil supply and demand from y2@05 up to 2016 [4]



Total world oil reservesdicate that the good quality conventionail make up
only 30% of oil resources while the re heavy oil, exta heavy oil and bitume« are
difficult to process (Figurel.2). Known reserves ofonventional good qualit
petroleumare getting deplett due to ever increasing consumptidio meet the
future demands, it is necessary to reserves such &xtra heavy oil, shale, bitum:
and oil sands.

Extraheavy o
25%

Oils sands an
bitumer
30%

Conventional oil
30%

Heavy oil
15%

Figurel.2: Total world oil reserves [5]

Malaysia haghe third highest oil reserves in the /-Pacific regionafter Chine
and India, and world’senth largest holder of natural gas reserviésvas reportec
that Malaysia holdgroven oil resrves of 4 billion barrels as dfanuary 210 [6].
According to energ statistic from U.S governmeni(Energy hformation
Administration, EIA, Malaysia’s oil production in 2(9 was 69300 barrels per de
(bbl/d) whie total oil consumption was 5,000 bbl/das shown in Figu 1.3.
Malaysia consumes theagter pa of its production as consumption has been ri:
while production has beeteclinin¢ over the yearslt is imperative that Malaysi
needs to import crude oil in the years to come. d>qaality oil is going to be mot
expensive than sour crudds.the years to con, sour crudes need to be processe

meet the future demandhile satisfying the environmental quality conce
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Figure 1.3: Malaysia’s oil production and consuroptil990-2009 [6]

1.2 Hydrotreating Units

The heavy oils contain higher volume of residuehwhbibiling point higher than
525°C as well as more undesirable components such lasg, snitrogen, oxygen,
halides and metals. Conventional refineries do remdhe heteroatoms in
hydrotreating units. Hydrotreating, which includes hydrocracking,
hydrodesulfurization, hydrodeoxygenation, hydrottegienation and
hydrodemetallization, plays an important role ingrguling petroleum streams to
meet the stringent quality requirements [1]-[3].tMMihe necessity of using heavier
crudes while meeting the stringent quality resoitt on the products, future
hydrotreating units need to be more efficient. Hytlrsulfurization is the focus of the

present work.



1.3 Research Background

In the pursuit of cleaner environment, developedintdes adopted stringent
specifications on maximum allowable sulfur contemtultra low sulfur diesel
(ULSD) (15 wppm in America and 10 wppm in Europdpst other countries still
have much higher sulfur content in their fuel a thoment. Figure 1.4 presents
diesel regulatory timeline for the Asia-Pacific i@y

2005 2006 2007 2008 2009 2010 2010+

Japan E4 10ppm S
Hongkong E4 10ppm S
Singapore E2 E4 10ppm S
Australia E2 E4 10ppm S

e E2 E4 10ppm S

Malaysia E2 E4
Thailand E4

China E2 E4
Indonesia Country Spesific

Figure 1.4: Diesel regulatory timeline for the A8lacific region. E2 standards at
500 ppm, E3 standards at 350 ppm, E4 standards@trh [7]

Hydrodesulfurization of heavier crudes is carriad by reacting sulfur in the
crude with hydrogen gas in the presence of a pocatayst in three phase trickle
bed reactors. Performance of the trickle bed reastanfluenced by the liquid
residence time in the reactor, efficiency of ligswlid contact and catalytic reaction
kinetics. Liquid holdup is an important hydrodynarparameter as it determines the
liquid residence time as well as catalyst wettiffgiency. Modeling and simulation
of the trickle bed reactor seems to be the bestoaph to evaluate the current
technologies and to develop strategies to produesiret low level of sulfur
efficiently.



1.4 Knowledge Gaps

Trickle bed reactors have been the subject of mamgstigations, and several
authors have summarized them in various reviews-[18]. Hydrodynamic

parameters such as liquid holdup and bed pressaperdceived extensive attention.
Several phenomenological models have been propessedar, such as the
permeability model of Saez and Carbonell [8], sised model of Holub et al. [9],
and fluid-fluid interaction force balance of Attet al. [10]. Inconsistencies in these
models were brought out by Carbonell [11]. A frésbk to develop a physically

realistic model can be useful.

There were some attempts to develop performance elsodfor
hydrodesulfurization in trickle bed reactors bassd continuum concepts (e.g.
Bhaskar et al. [12], Rodriguez and Ancheyta [13] Murali et al. [14]). However,
the multiphase nature of the reactor and nonlitiearin the parameters make the
models very complex and intractable for easy appba. There is a need to develop
a realistic easy to use model considering the phdise nature of reactor applied to

crude oil desulfurization.

1.5 Research Objectives and Scope

The main objective of the present study is to dgvel multiphase one dimensional
cells-in-series model to describe the hydrodesiziftion (HDS) process in a trickle
bed reactor to estimate the species concentratidntemperature profile along the
reactor. For efficient design of trickle bed reacygstems, model equations for liquid
holdup and bed pressure drop are needed. Simwdatisimg the model should be
able to provide strategies for improved performaoicelDS unit. The model would

serve as a guide to understand the reactor behavior



1.6 Thesis Outline

A review of the literature on sulfur compounds iretrpleum crudes,
hydrodesulfurization process, hydrodesulfurizaticatalysts, trickle bed reactor,
liquid holdup, pressure drop, and hydrodesulfurimateactor models is presented in
Chapter 2. A new model to estimate liquid holdug @nessure drop in trickle bed
reactors is developed and validated with literatla&a in Chapter 3. In chapter 4, a
new model for describing hydrodesulfurization reactin a trickle bed reactor is
developed and validated. Chapter 4 also includesttickle bed reactor model
simulations to investigate options to improve tlactor performance to reduce
sulfur content to the prescribed limits. Chaptgarésents conclusions of the present

work and recommendation for future work.



CHAPTER 2

LITERATURE REVIEW

Nature of sulfur compounds in petroleum crude igspnted in section 2.1.
Comprehensive descriptions of hydrodesulfurizaf{id®S) process to reduce sulfur
content in crude oil are presented in section 8ettion 2.3 describes catalysts used
for HDS reaction while section 2.4 describes reactmployed for HDS process.
Hydrodynamics of trickle bed reactors is preseritedection 2.5, with particular
emphasis on liquid holdup and bed pressure drolevBet experimental information
on reactor performance is given in section 2.6.i&ey on HDS reaction kinetic
models as well as HDS reactor models are presemteection 2.7 and 2.8. Section

2.9 concludes the chapter.

2.1 Sulfur Compounds in Petroleum Crude

Sulfur in crude oil is present as compounds suchha@saptans, sulfides, disulfides,
thiophenes etc. or as elemental sulfur. Sulfur @intmay vary from as little as 0.05
wt% to as high as 6 wt%. Most common sulfur conteatgs are sulfides, disulfides,
thiols (mercaptans) and its various thiophenic \@¢ives. The proportion and
complexity of sulfur compounds generally increasgth the boiling point of the

distillate fraction [16]-[18]. Table 2.1 shows thestribution of sulfur compounds

found in petroleum by boiling point.



Table 2.1: Sulfur compounds in petroleum [1]

Sulfur Compounds Distillation Boiling Range

Mercaptanes

84=C
R-5H, B-5-5-R

Thiophenes

RJ@ =218=C

]

Benzothiophenes

a-@@ 220°C
S

Dibenzothiophenes
S 9@)
5

4-methvldibenzothiophenes

Lad
Lad
S

o
€3

il
Lid
LA
[}
Lid
(=
Ll
=]
'S

Me

4.6-Dimethvldibenzothiophenes

366°C

Me Me

Presence of sulfur compounds in the petroleum rsisea highly undesirable as
they can cause corrosion of pipes, tanks and gitmress equipment. Moreover,
they can deactivate some of the catalysts usedidemil processing. Combustion of
petroleum products containing sulfur compounds oalease large quantities of
sulfur dioxide into the atmosphere causing air yg@h. Sulfur dioxide in the

atmosphere can react with moisture in the air ttupowater streams through acid
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rain. This can in turn affect agricultural land 3], [18]-[20]. Thus, reducing the
sulfur content in the crude by treating with hyd¥ngn the presence of a suitable

catalyst is essential.

The reactivity of sulfur compounds varies dependingthe electron density on
the S atom. The higher the electron density oroSand the weaker C-S bond, the
higher the reactivity of sulfur compounds. Sulfongpounds in low boiling crude oil
fractions are very reactive and can be removedlyedoim the crude oil in
hydrotreating process. Sulfur contained in paraffis easier to remove than
naphthenes followed by aromatics. Sulfur in higheiling crude oil fractions is
included in ring compounds such as thiophenic rirgsd they are much less
reactive. The reactivity of sulfur compounds inhigoiling crude oil decreases in
the order thiophene > alkylated thiophene > benapttene > alkylated
benzothiophene > dibenzothiophene. Many studiesydnodesulfurization of sulfur
compounds present in the gas oils mainly as dibbrgghene and its alkyl

derivatives have been reported in the literatug-{23].

2.2 Hydrodesulfurization Process

Sulfur content in the hydrocarbons can be redugedehction with hydrogen in a
hydrodesulfurization (HDS) unit in presence of bats such as mixed sulfides of
NiMo or CoMo supported on alumina. In the same taacother unwanted
heteroatoms such as oxygen, nitrogen and metalsateaye reduced. Depending on
the operating conditions, there can be hydrocraclas well to produce lighter
hydrocarbon. These processes are together refeer@sihydrotreating processes [1],
[2], [18], [19].

Hydrodesulfurization process for light feed (gass#) is frequently performed
in vapor phase fixed bed reactors. For heaviettitnas, the reaction is commonly
accomplished in trickle bed reactor. In this mogas (hydrogen) and liquid (oil)
flow co-currently downward through a catalytic padkbed to undergo chemical
reactions [19]-[20], [24]. Sulfur atoms attachedte hydrocarbon molecules in the
liquid phase react with dissolved hydrogen on thefase of catalyst to form

hydrogen sulfide.



The hydrodesulfurization reaction can be represkeasefollows

HC.S(L) + H,(G) O P HC(L) + H,S(G) (2.1)

HDS reactors operate at elevated temperatureseinaige of 300-450°C and
elevated pressures, in the range of 0.7-15MPa. dgezating conditions are a
function of type of feed and the desired level @$ulfurization in treated product [1],
[3], [16]. All hydrotreating reactions are irrevdre and exothermic in nature.
Presence of higher levels of sulfur can lead toswuttial increase in reactor
temperature and it can be controlled by quenchiitg wooler hydrogen and liquid
stream (Figure 2.1). Reviews on hydrogen and liquienching have been described
by Alvarez and Ancheyta [24].

[a) =}]
H, Make up H, Recycle Puge ) oM H, Recycle Pusge
| .
VG0 ] ; VGO l
R |
| 1
1
: I
| 1
i
Hy | I Ligud
Quench | Disssl | Cuesed
AR O i e i
Water
Swesting Sukseting
Hydrotreatsd Hydrotrzated
product prodact
urs

Figure 2.1: Quenching alternatives for the indaswviGO hydrotreater

(a) hydrogen quenching (b) liquid quenching [24]

Many past studies have reported that increasingtaeaemperature would
enhance hydrodesulfurization reaction rate [145]427]. However, it should be
noted that high temperature also may cause exees$sigirocracking of the feed
which in turn reducing desirable product yield. &l$t can lead to coke formation

and shorten catalyst cycle life [1], [18], [28].

Hydrogen partial pressure is an important variaiolenanipulate to achieve
satisfactory performance. It is affected by reapra@ssure and hydrogen purity in the
feed gas. Increasing reactor pressure leads toneamaise in hydrogen partial

10



pressure, thus improves the solubility of hydroges and the driving force for gas-
liquid mass transfer. An increase in hydrogen punibuld decrease the hydrogen
sulfide partial pressure and thus reduces the Iggarosulfide inhibition effect.

Operation at high hydrogen partial pressure noy éevors the HDS reaction rate,
but also can diminish the coke deposits on thelysitaand hence increases the
catalysts life. Hydrogen requirements for the hyesulfurization process depend

upon the degree of desired sulfur removal [16]],[[28].

2.3 Hydrodesulfurization Catalysts

Mixed metal sulfides of molybdenum promoted by dbbeanickel and supported on
a high surface area ofy-alumina, AO; are used as the catalyst for
hydrodesulfurization reaction. Nickel-molybdenumatyst is often chosen when
higher activity is required [29]-[31]. The high fage area in a porous catalyst
particle is essentially due to pore size. Basegdare size, catalysts can be identified
as

1. Microporous catalysts (pore diamete2 nm),

2. Mesoporous catalysts (pore diameter 2-50 nm) and

3. Macroporous catalysts (pore diamet€s0 nm).

«——— Macropore

Micropore

Mesopore

Figure 2.2: Schematic representation of catalystgire [30]
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Effective utilization of catalyst is determined the pore diffusion of reactants
into and products out of the pores. The largerdibeneter of the catalyst particle, the
lower the effectiveness factor. However, the usesrméller particles increases bed
pressure drop. So it is necessary to find the @itsize of catalyst particle [32]—
[35].

Bed voidage is around 0.4 for spherical and neaerspal particles, and bed
pressure drop is high with such a low bed voidage.reduce bed pressure drop,
there were many attempts to increase bed voidagerdating particle of different
shapes such as big particles with multi holes ([Rleeschig rings) and small diameter
multi lobe extrudates. Extrudate particles of siadth diameter of 0.13-0.3 cm are
the preferred catalyst type for HDS process [23]]+4[34]. Typical particle shapes

of industrial hydrotreating catalysts are showfigure 2.3.

5 @ ¢

2r

Sphere Pellet Cwlinder
o
Bilobular Trilobular Tetralobular

Figure 2.3: Particle shapes of industrial hydrdtnegpcatalysts [33]

Various investigations on the effect of particlea@e and size on HDS catalyst
behavior have been reported in the literature [[8H} De Bruijn et al. [31] studied
the influences of non-cylindrical shape of extredabn the HDS of oil fractions.
They found that non-cylindrical extrudates providashigher catalyst activity

compared to the cylindrical extrudates. Cooperlef38] emphasized that particle
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size, shape, pore size and catalyst loading shmeilthken into account for reliable
design of hydrotreating catalysts.

2.4 Trickle Bed Reactors

Trickle bed reactors are the most frequently usedtors for hydrodesulfurization of
oil fractions. In trickle bed reactorgias and liquid reactant flow concurrently
downwards over a fixed bed of catalyst particlegyfe 2.4). There is no flooding
limitation due to the concurrent downflow and hewnetocities can be high. This
improves gas-liquid mass transfer. Also, the gasidi flow approaches plug flow

characteristics and can provide better converdibsis [36].

However, gas-liquid reactions such as hydrogenstéoml oxidations often suffer
from the low solubility of the gas phase reactantthe liquid phase. Therefore,
elevated pressures are required to increase thbiktyl of gas reactants in the liquid
phase which in turn can increase the conversian Adso, it was reported that high
pressure enables to slow down the catalyst de&iciivEi87]—[38]. In most industrial
applications, trickle bed reactors operate adiabHyi at high temperatures (350°C to
425°C) and high pressures (up to 30 MPa). Industectors can reach up to 3 m in
diameter and up to 30 m in height. Fluid phase ms@idution can be a problem in
trickle bed reactors which may give rise to hottspaeatalyst sintering and poor
performance [15], [20], [37].

Due to higher hydrogen sulfide concentration inrémctor outlet, conversion of
sulfur compounds in the exit region can be resddty product (k5) inhibition. A
few investigators proposed that countercurrent atpmr can be helpful (e.g.
Mederos and Ancheyta [36], Cheng et al. [39], amwl Masselt et al. [40]). However,

countercurrent operation restricts the operatiegifflility due to flooding.
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Gas + Liguid

Liguid

Inlet distributor tray

Ceramic balls

1]

Gas + Liquid

|

Solid catalyst

Catalyst support .

Outlet collector

Figure 2.4: Schematic diagram of trickle bed rea[i6]

2.5 Reactor Hydrodynamics

In gas-liquid reactions, net reaction rate depamds

iv.

Mass transfer rates depend on the interfacial afe@ntact and mass transfer
coefficients which in turn depend on the relatieboeity between the phases. Actual

Mass transfer of reactants from gas to liquid
Mass transfer of reactants from liquid into thequsr particle
Reaction at catalytic surface in the pores

Mass transfer of products in the pores of catgigsticle to liquid and gas.

14




gas and liquid velocities through the reactor depam the phase holdups which can
together be expressed as

E,tE & =1

where the sum of the volume fractions of the gas and liquid agdto the bed
porosity.

E tEL=E

Thus, conversions in trickle bed reactors depend on the reaatietick as well as
reactor hydrodynamics [41].

Reactor hydrodynamics can be described using hydrodynamic parametesas su
flow regime, flow rates, pressure drop, liquid holdup, mass traastéheat transfer.
Among them, liquid holdup and two phase pressure drop armdne parameters
that impact interfacial mass transfer, reactor performance and power consufimption
the operation [42]-[43]. Therefore, understanding of the hydrodysaat trickle
beds is essential for reliable scale up for process design and performaledi@v.

A number of empirical correlations [44]-[46] and models such relative
permeability model [8], [47]-[49], slit model [9], [50]3% and CFD models [10],
[54]-[56] have been proposed to explain trickle bed reactor dydeomics. A brief

review of trickle bed reactor hydrodynamics is presented in the fiolgpgection.

2.5.1 Hydrodynamic Regimes

Flow regimes primarily depend on gas and liquid superficialciéts, together with
the fluid properties as well as particles packing. They can be okass8 low
interaction regime (trickle flow regime) and high interaction reginusé spray and
bubble regimes) [57]. The flow regime boundaries with retsp@ gas and liquid
flow rates are schematically shown in Figure 2.5.
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Spray
flow
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Solid phas

Bubble flon

Liquid flowrate

Figure 2.5Schematic illustration of hydrodynamic regimes wikpect to gas and

liquid flowrates [58]

In the low interaction regime at low liquid and dlsw rates, the liquid trickles
over the packing in the form of films and rivuletgile the gas flows in the
remaining void space as a continuous phase. Thimeeis known as trickle flow
regime. In the high interaction regime at higheuid flow rates and low gas flow
rates, in bubble flow regime, liquid flows as a twounous phase and gas flows as
dispersed bubbles. At higher gas flow rates anceidiguid flow rates, in the spray
flow regime, gas flows as a continuous phase apddiflows as dispersed drops. At
high gas as well as liquid flow rates, in the puls& regime, both the phases flow
as alternate pulses of slugs of gas and liqUide pulsing flow regime has
significantly higher pressure fluctuations and leiglpressure drop. Reactors are

often operated in the trickle regime closer to pdlsw regimeg41], [57]-[58]

Trivizadakis et al. [35] investigated the effect pérticle size and shape
(spherical of diameter 3—6 mm and cylindrical cdrdeter 3mm) on flow transitions
and observed that the flow transitions were noecé#fd by the particle size.
However, the location of trickling to pulsing trémen boundary shifts to higher gas

flowrates when cylindrical extrudates were employed
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2.5.2° Pressure Drop in Packed Beds

2.5.2.1 Sngle Phase Pressure Drop

Energy required to move fluid through the reactod dence the operating cost
depends on the pressure drop across the reacessupe drop for single phase flow

in packed beds can be estimated by Ergun’s equig8in

_ _ 2 _ 2
PP g Lo s ¢ (me) pou, @2)

Z ®e” d, £ &d,

The first term on right hand side represents tiseatis energy losses in laminar
flow while the second term represents kinetic epelasses in turbulent flow.

(P, - PR,) is the pressure drop through the packed Beslthe bed length or height,

is the bed voidagey, is the superficial velocity of fluid flow,o is the fluid density,
4 is the fluid dynamic viscosityp is the particle sphericity and, is the particle

diameter. For spherical particles, the valuebofs 1. For beds with non-spherical
particles and non uniform size particles, an edaiMgparticle diameter may be used.
Bed porosity £) is defined as void fraction in the bed.

. volumeof voidsbetweerparticlesn thebed
totalvolumeof bec

Note that a small change in bed voidage has a lefiget on the pressure drop.
Based on experimental data, Ergun [59] obtainedvibeous flow constants) and

inertia flow constantH,) as 150 and 1.75 respectively.

Over the past years, classical values of the Eogunstants (150 and 1.75) have
been the subject of considerable debate. Diffevahies forE; andE; have been
reported by different investigators for differemidogeometries. Macdonald et al. [60]
proposed modified values &;=180 andE,=1.8 based on large experimental data
base. For rough particle shape, they suggestedy usirvalue ofE,=4.0. The
numerical constants 180 and 1.8 have been usedhby esearchers (e.g. Saez and
Carbonell [8] and Grosser et al. [61]). Kundu et[@2] proposed values of 250 and

2.1 for spherical nonporous packing. Ozahi et @8] fecommended values of 160
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and 1.61 for predicting pressure drop through padied with circular or non-
circular particle packing. Nemec and Levec [32]mlkd thatthe coefficients (150
and 1.75) in the Ergun equation are not constantsdepend on the Reynolds
number, porosity and particle shape. In view o$,thiney proposed an improvement
to the original constants using empirical functiémsnon-spherical particles, where
the original values were retained for sphericatiplas. Iliuta et al. [64] suggested

neural network model to improve Ergun constants/ésrous bed configurations.

2.5.2.2 Pressure Drop for Two Phase Flow in Packed Beds

Pressure drop for two phase flow through packed bedeived great attention over
the last several decades due to its importandeeidésign opacked bed absorbers,
extractors and distillation units and trickle beshctors [50H53], [64H66]. A
variety of bed packing elements were developed afoplications in absorption,
distillation and extraction to increase bed voidagel external surface area per
volume of bed. Voidage of a randomly packed begpiferical particles is around
0.4 and voidage in modern structured metal packamgbe as high as 0.98. Energy
consumption in trickle bed reactors per a givemughput for a given conversion
also decreases with increase in bed voidage [B3], [As the catalyst particles are
highly porous in nature, their mechanical strengthow and restricts the level of
voidage that can be employed (generally less th@n b trickle bed reactors, size of
catalyst particles need to be small to minimizespiffusion effects. In view of this,
multilobe catalyst extrudate particles are preflrdlb7] as higher effectiveness

factor and lower pressure drop can be achieved.

Two phase pressure drop depends on velocitiessoduga liquid phases, physical
properties of the flowing fluids, operating variedland bed characteristi&aroha
and Khera [65] investigated the effect of gas angdid velocities on two phase
pressure drop in trickle beds. They observed thatpressure drop increases with
increasing gas and liquid velocities. Aydin and ddm [68] studied the effect of
temperature, pressure (gas density) as well asagdsliquid velocities on bed
pressure drop. They observed bed pressure dropeasms with temperature,

increases with operating pressure and gas velothg. effect of temperature was
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more pronounced at higher gas and liquid velocifieisvizadakis et al. [35] observed
that bed pressure drop increases with decreasmiglpasize for spherical particles.
They also observed that pressure drop with cyloadiparticles was higher than with

spherical particles.

2.5.2.3 Pressure Drop Correlations for Two Phase Flow in Packed Beds

There are many correlations for two phase presiwe that were established on the
basis of experimental data obtained in a wide rasfgeperating conditions. One
approach is based on the Lokhart-Martinelli conaagtording to which the ratio
(APLc/APg) is correlated with the raticAPL/APg) [69]. Some others adopted Ergun’s
equation for two phase flow in packed beds considdhe presence of liquid holdup

in the bed. Some of the correlations are summaiizédble 2.2.
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Table 2.2: Some correlations for two phase flowacked beds

Reference

Correlation

Larkins et al. [69]

Og{ AP ] 0416

AP +AP, | 2
“TC 066+ log AR
AP,

G

Turpin and Huntington [70]

InF, = 796-134InZ + 0.0024(In Z)* - 0.00078(In Z)®

whereF . = Ll% d,e - AZPLG )}/,oeuoe2 1-¢)

2
Ellman et al. [45] AP _ 2G (200X .8)™ +85X.3)™)
Z dyps
2 u d 3 033
where = Re, — ,ReL:’OL oL”p XG:E P d, = 16¢ . dp
(0001+Re ™) M LYV os 9r1(l-¢)
Larachi et al. [46] AP 2G? 1 173
? T d [ 025+, |15 313+ 025+, |05
hPs [(ReLweL) XGJ [(ReLweL) XGJ
2
u, “d
whereWe, i e}
JL

The terms ofReg , X and d, are same as Ellman’s correlation.
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2.5.3 Liquid Holdup

Liquid holdup is a prime hydrodynamic parametett @gtermines the residence time
of the liquid phase reactant in the reactor. Tlyaitl holdup has direct or indirect

affect on the following parameters [65]—[66], [68].

1) actual gas and liquid velocities through the reacto
i)  pressure drop
iii)  gas-liquid mass transfer
iv)  heat transfer
v) degree of catalyst wetting
vi)  thickness of the liquid film covering the particles

vii)  provides thermal stability due to the high heatacaly of liquid phase

Total liquid holdup (¢,.) is defined as the total volume of liquid held et

reactor per volume of empty reactor. Liquid holdagrickle beds with non porous

particles was considered to be made up of two coeps which are static holdup
(€.) and dynamic holdufz, ). Static holdup can be described as liquid fraction

that could not be drained out by gravity while dyma holdup is liquid freely
flowing in between the particles [72]. In trickleds with porous particles, liquid
held inside the catalyst pores contributes to thaid holdup and it is refer as

internal hoIdup(eL’im)[72]. Thus, total liquid holdup can be expressed as

E L =& T EY T E (2.3)

S

Some investigators present information as liquitlrséion instead of liquid
holdup. Liquid saturation is defined as the liguadume contained in void volume of

column. It can be described as

g =t (2.4)
£
Most of the investigators reported measurementgoid holdup in packed beds
with non porous particles using liquid drainage][433], [74], [75] or liquid tracer
techniques [68], [72]. For packed beds with porcaislytic particles, Trivizadakis et
al. [35] and Ayude et al. [76] employed tracer t@gne to measure the liquid

holdup.
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Basically, draining method is used to measure §manhic saturation £,) by

simultaneously shutting off the gas and liquid inpod collecting the liquid at the
bottom of the bed. The flowing liquid holdup is eehining by the balance of
gravitational force, pressure drop over the coluand resisting force (drag force at

liquid solid interface and surface tension for&atic saturation ;) is the amount

of liquid remaining in the packed bed after theimray period [73]-[75]. For the
tracer technique, liquid holdup is measured throfjfDs for different reactor
length. A tracer pulse is injected into the lig@liow that enters the bed. The tracer
concentration continuously recorded using the cotathce probes inserted in the
bed to get RTD curves different axial positiongquid holdup is calculated from the
mean liquid residence time and contrasted to thenalized conductance measured
by each probe. Reviews on experimental installadod the procedure employed
have been described by Ayude et al. [76].

The influence of the liquid and gas velocities muid holdup have been studied
by several investigators (e.g. Saroha and Kher§ [66o and Al-Dahhan [66], Fu
and Tan [72]; Xiao et al. [75]). Higher gas velgcresults in lower liquid holdup
while higher liquid velocity results in higher liguholdup. Trivizadakis et al. [35]
observed that liquid holdup with smaller porousraytical extrudates is higher than
with larger spherical particles. Sidi-Boumedine dRdynal [77] investigated the
effect of liquid viscosity on liquid holdup in stiwred packing under concurrent
downflow with liquid viscosity varies from 1 to 2fP. These authors observed that
liquid holdup (both static and dynamic) increasathwncreasing liquid viscosity.
Similar observations were also reported by Fu aad [[72] and Xiao et al. [75].
However, Xiao et al. [75] noticed that the effedt lmuid viscosity is more
pronounced in trickling flow than pulsing flow. Guand Al-Dahhan [66]
investigated the influence of reactor pressuretherexternal liquid holdup in trickle
beds with porous particle and found that liquiddupl decreases with increasing
pressure. Aydin and Larachi [68] observed thatitignoldup decreased with an

increase in temperature, pressure and gas velocity.
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2.5.3.1 Liquid Holdup Correlations

Static holdup is due to interfacial forces holdthg liquid weight. In most of studies

so far, static holdup was not extensively inveséidaeither experimentally or

theoretically. Charpentier et al. [78] first pretsha correlation for static holdup as
1

£ =— = 2.5
20+ 09E, 25)
d 2
with E, = PL9% (2.6)
g

To account for the dependence of static holdup ol ¥raction, Saez and
Carbonell [8] recommended modificationdyfto d,(1-). Kramer [71] recommended
a correlation for static holdup based on assumgptian static liquid is retained in

liquid pendular bonds around contact point betwieeiching spheres.

£, = 00281'7‘9 2.7)

Sidi-Boumedine and Raynal [77] observed that sthtjaid holdup also can get
affected by viscosity

/1 0333
EL = &l =5 (2.8)
o=euf 2]

Over the years, a number of empirical correlatidesoted to dynamic/total
liquid holdup have been established, as listedahld 2.3. Specchia and Baldi [73]
made use of Davidson’s model [79] based on liquilsh flow and introduced a
modified Galileo number in which the gas flow ikea into account by pressure
gradient. Ellman et al. [45] proposed a correlafmndynamic liquid holdup for high
interaction regime by incorporating a modified Lbeki-Martinelli parameter,
Reynolds number and Weber number for the liquidsph&ater, Larachi et al. [46]
measured total liquid holdup up to 8.1 MPa by meahdracer technique, and

derived more simple correlation for them. Fu anch Ta2] proposed an equation
considering the dependence of total liquid satum(iﬁL) on liquid viscosity and
particle size. Xiao et al. [75] correlated dynanmguid holdup in terms of interstitial

velocity ratio.
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Table 2.3: Empirical correlations of liquid holdup

Reference

Correlation

Specchi and Baldi [73]

Dynamic liquid holdup in high interaction regimes

d 065
£, = 386RE™SGa (%j ¢

AR
Ga = d,fp{pLg +(—ZLG ﬂ / '

Ellman et al. [45]

Dynamic liquid holdup in high interaction regimes

042

d 03
xore(3]]

|ogm(€—:’j = 0001~

048

X, = 1
G o
LV os
Rel_ — pLuoLdp
H
1653 033
" _(gﬂ(l—f)zj P
6ll-¢
, -

Larachi et al. [46]

Total saturation in all negs

Wel_ 015

log,,(1- B)= ﬂZZw

XG:E &
L\ o

RQ_ — pLuoLdp :
H
2
we = Al d,
UL
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Table 2.3 (continued)

Reference

Correlation

Fu and Tan [72]

Liquid saturation for low regime

B = 1505Re’® Ga; **d, **

£
where 8 = ?L

Xiao et al. [75] Dynamic liquid holdup

08358
£, =02277+ 0.6766(3—(5]
L

Ayude et al. [76] Total liquid holdup

£, =&, + 0046Re’* Re ™

Wammes et al. [80] Dynamic holdup

dpg,Ong (1+ AF’/ZHMZ( 6(1_£)dpjo.65

' £.9 £

ng

&

= 3.8Re355{

(AP/Z)dp:155{pguoedp£}_ { 1-¢ }
050,U..° -2 | |e(@-p)

2.5.4 Two Phase Flow Models

Many of the equations for pressure drop and liduatbup were developed using
dimensionless groups of the operating variablese €mpirical correlations are
applicable only in their specific narrow range obgess conditiondMany attempts

are being made to model the multiphase flow inkleicbed reactors to develop
predictive equations. Most of the models were fdatad based on continuity and
momentum equations for the gas and liquid phasaspled with the drag forces
between the fluid phases and particles. The dragesowere described by using
appropriate closure terms. These models do have swmljustable parameters that

need to be determined experimentally.
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2.5.4.1 Relative Permeability Model

Saez and Carbonell [8] have modified the Ergun ggudor single phase flow in
packed beds to model two phase flows through aysoroedia by introducing

relative permeability conceptkin the expression of drag force for each phase.

F 1 Re Re ’
o " +E,— |p,g (2.9)
:, kawa){EiGau " Ga, }
wheres, =%
£

The constants f£and & in eq. (2.9) are the Ergun constants for singlespHlow
in the packed beds [59Re, and Ga, are Reynolds and Galileo numbers &or

phase respectively.

e, _ PaUqle (2.10)
My, (L=¢€)
2 3.3
Ga, = P9 (2.12)
My Q=€)
Vv
d =6-L 2.12
e =63 (2.12)

Saez and Carbonell [8] related gas relative perfigato gas saturation and
liquid relative permeability to reduced saturatiand developed the following

correlations based on the literature data

ks = ﬁGLLBO’ Bs = E_‘:LS (2.13)
_ £~ &L
(=0, g =tte (2.14)

They assumed that the flow is one-dimensional hadiquid holdup is independent

of reactor length. Liquid holdup and pressure dhas can be evaluated as

2 2
LlgRe g Ra’| 1/ Re ¢ Re 106 (2.15)
k.| ‘Ga, Ga, | k| Gag Ga; | o
2
AP/Z _ 1)\ R& ¢ R& (2.16)
P9 ks| Gag Gag
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This model was extended by Lakota et al. [47], Nemeal. [48], and Nemec
and Levec [49] by proposing new closure laws fdatree permeabilities. Lakota et
al. [47] proposed

k. =9,%%, 6,203 (2.17)
k=045 %%, 6, <03 (2.18)
for the liquid phase regardless of the particle shape and size, and

ke =B, n=A1+0.047%(Re;)"™ (2.19)

for the gas phase. The constarior spheres is 4.37 while for extrudates is 3.31.

Nemec et al. [48] have conducted experimental studies and foundhthat t
correlation for gas phase permeability given by Lakota et al.gd4 firesented in eq.
(2.23) underpredicts the experimental observations. Thus, thepogmd a
correlation for gas relative permeability which explained the experimeatal d

reasonably well.

ks = 058,°%° (2.20)

Nemec and Levec [49] confirmed through their extensive experimenta&siad
a wide range of operating conditions and shapes and sizes of gzatticlt the
relative permeabilities are functions of the phase saturation. The@ogad new

correlations for gas phase

ke = 048.%°; B, < 064 (2.21)
ke = Bs""; Bs > 064 (2.22)
2.5.4.2 dit model

Holub et al. [9] visualized two phase flow in trickle beds asvadent to two phase
flow in tortuous channels. They considered two phase flow thramginclined slit

(Figure 2.6). They assumed no shear stress at gas-liquid interface.

3 2
W = AP/Z +1=[iJ [El Re ,ERe } (2.23)

&L Ga, Ga,
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3 2
g =LP/Z +1:[ £ j E,Re, , E,Re; (2.2)
Pc9 E-&L Gag Gag

w =1+ P (w_ -1) (2.25)

G

(Jas

y Liquid

Figure 2.6: Schematic representative of slit m¢@lel

Their model compared well with experimental obstoves with a better
accuracy than the existing correlations (i.e. Etineaal. [45] and Larachi et al. [46]).
However, Al-Dahhan and Dudukovic [43] observed titae Holub model
underpredicts at high pressure and high gas fl@srdtie to interaction at the gas-
liquid interface is not accounted in the model.Ddhhan et al. [51] extended the
Holub model by incorporating empirical velocity asdear slit factors between the
phases to improve the predictions.

3 2
W, :[ij {ElReL L E:Re }rfsf_e(l_&_%} (2.26)
£ Ga, Ga, & Ps
3
g, [ £ || ERe-fecRe ) Ex(Res~ fiegRe )’ (2.27)
£-¢&, Ga, Gag

where f_ = -44x107 Rel"™ Re’"

f, = - 2.3Re2® Re[ *®

v -
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lliuta and Larachi [52] generalized Holub slit mbd®y considering partial
wetting. lliuta et al. [53] developed a slit modey incorporating wall effect
functions into the drag force equations

3 2 -
l-IJL — i 1762 El I:'2eL +,73 E2 ReL + fs’?e M 1—& - LIJL (228)
£ Ga, Ga, & Ps

E,(Re,- f,(e— (&, /7.)Re)

&g* Gag
W, = _ (2.29)
((f—(& n,)) (s—a)] , Ex(Res— f,(e - (e In.))Re )’
Gag

2.5.4.3 Fluid-fluid Interaction Force Model

Attou et al. [10] modeled trickle flow by annuldoW pattern in which the gas and
the liquid flow are completely separated by a sthaotd stable interface. The drag

force on each phase is contributed from fluid-flin¢eraction as well as from the

particle-fluid interactions.

Fis = Astf U + BLSpLuoLZ (2.30)
— 2

FGL - EG (A}Llueur + BGLIOGur ) (2-31)

£
where u, =u, —(1—GJUL

Boyer et al. [74] extended the Attou’s model byarporating two phase flow
tortuosity in liquid-solid drag force.
FLS = (1_ EG) (AIS:ULUL + BLSIOLULZ)(]'_ & )n + (AsL/JGUG + BGLpGuGZ) (2-32)

The exponent was found to be -0.54 for aqueous fluids and -@@2rganic fluids.
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2.5.4.4 Computational Fluid Dynamic Model

In recent times, application of Computational Flignamics (CFD) techniques to
simulate two phase flow in packed beds is beingngtted. Most of the previous
studies applied fluid-fluid interaction force modek closure model in CFD
calculations for simulating the flow through packeetl [54]—-[56], [81]. Jiang et al.
[81] developed a two dimensional CFD model inclgduariation of bed porosity.
Souadnia and Latafi [82] used the CFD model fodjgteng liquid saturation and

pressure drop in the trickling flow.

Gunjal et al. [54] developed 3-dimensional CFD mddepredict liquid phase
mixing and liquid flow distribution. Gunjal et a[55] adopted CFD model to
simulate spray flow regime and hysteresis on presdtop in trickle bed reactors.
Atta et al. [56] developed a two phase Eularian GR@del for gas-liquid flow in
packed beds by applying relative permeability cphcas closure terms. The
simulation results compared well with the experitakata from literature. Table
2.4 summarized various approaches towards hydradignenodels for two phase

flow in trickle beds.
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Table 2.4: Various approaches for hydrodynamicsetiog in trickle beds

Approaches

Relative permeability model

Saez and Carbonell [8], Lakota
al. [47], Nemec et al. [48], Nemg
and Levec [49]

Sit model
Holub et al. [9], Holub et al. [50]
Al-Dahhan and Dudukovic [43]
Al- Dahhan et al. [51], lliuta an
Larachi [53]

Fluid-fluid interfacial force model
Attou et al. [10], Boyer et al. [74

Narasimhan et al. [83]

Computational fluid dynamics

Remark
Ergun equation has been modified
edccount the presence of second flow
2qhase by incorporation of relati

permeability in each phase.

A modified form of Ergun equation. Th
,model represents the complex geometry
,the actual void space in a packed bed

dparticles as a simple inclined slit.

Fully wetted flow of gas and liquid phas
,The drag force on each phase are compr

of particle-fluid and fluid-fluid interactions.

Relatively complex and computationa

Gunjal et al. [54], Gunjal et
[55], Atta et al. [56], Jiang et
[79], Souadnia and Latifi [82]

]

A

.expensive. Boundary conditions &

.empirical (closure problems). Capable

dealing 2 and 3 dimensions

to

ng

e
of

of

ised

ly
\re

of

2.5.4.5 Comparisons of Two Phase Flows Models

Various approaches for predicting liquid holdup gréssure drop in trickle bed

reactors (relative permeability model, slit mod#éljd-fluid interfacial model and

empirical correlation) have been compared with erpental data in trickling

regime by Larachi et al. [46] to evaluate the meddlhe deviations between the

models developed by various authors and experirhéata are shown in Table 2.5.
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Table 2.5: Mean absolute relative error for lignadup and pressure drop [46]

Correlations Liquid holdup (% Pressure drop (%)
Saez and Carbonell [8] 19 53
Holub et al. [9] 18 70
Attou et al. [10] 20 61
Ellman et al. [45] 25 70
Larachi et al. [46] 20 72
Al-Dahhan et al. [51] 13 68

As can be seen in Table 2.5, none of the modelseiable in spite of the empirical
correlations incorporated into the models. Amorg itinodels, slit model provides a
reasonable estimate for liquid holdup while relatpermeability model provides a
reasonable estimate for pressure drop. Still, ihesessary to look for alternate
approaches to describe two phase flow in trickle t@actors as well as packed bed
absorbers, distillation units and extractors.

2.6 Reaction Kinetics of Hydrodesulfurization

2.6.1 Representation of Sulfur Compounds

Sulfur is present in crude oil in the form manydsgpof hydrocarbon compounds.
Quantitative evaluation of reaction kinetics of hyadkesulfurization of the various
sulfur compounds is an immense task. Some investgarouped various sulfur
compounds in terms of a few lumps (e.g. Ma et &] [and Shabina et al. [85]).
Quantitative modeling of the performance of hydsadtirization reactor with so

many lumps also can be formidable. To minimize diféculty, a few considered

sulfur componds as a single lump in developing Motk explain the performance
of industrial units (e.g. Bhaskar et al. [12], Rgdez and Ancheyta [13] and Murali

et al. [14]). Desulfurization of dibenzothiophesdass reactive among sulfur organic
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compounds and it can be taken as the controllimgpound to represent reaction

kinetics of desulfurization of sulfur compoundscnude oil.

2.6.2 Reaction Kinetics

Two main models to kinetically model HDS are thewpo law and Langmuir

Hinshelwood. Macias and Ancheyta [29] and Anchegtaal. [86] conducted

experimental studies to determine kinetics of HB&ction described by power-law

model.

G e (2.33)
d/LHSV)

The value ofn depends on the type and distribution of sulfur coomals in the oil

fraction as well as on the catalyst employed. Tippagent rate constant was

calculated from the'horder rate equation.

1 1 1 -
k= - LHSV 2.34

where K is apparent rate constant for hydrodeda#tion, n is order of reactiof, is
sulfur in product (wt%) ané& is sulfur in feed (wt%).

The Power Law model is simple but it unable to aotdor inhibition in the
reaction processes. On the other hand, the Langtdimghelwood model is complex
but has advantage of taking into account the itibiin reaction processes. Most of
the kinetic studies of hydrotreating that using duanir-Hinshelwood are based on
sulfur and nitrogen model compounds which inclugdrbgen sulfide (kS) and
ammonia (NH) as inhibiting species. The general reaction stigpsLangmuir-

Hinshelwood model are as follows [87];

1) Adsorption of the reactantA] on the active site of the catalyst with an
adsorption factora

2) Reaction ofA on the surface of catalyst with other reactantsodued on
other sites

3) Desorption of the products from the active sités the bulk fluid.
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Broderick and Gates [88] analyzed the reaction tlase of both the
hydrodesulfurization and the hydrogenation reastiohdibenzothiophene using an
isothermal plug-flow reactor, and recommended #ection kinetics is based on
Langmuir-Hinshelwood expression. Korsten and Hoffim§89] presented a single
lump model with Langmuir-Hinshelwood kinetics tocaant for hydrogen sulfide
inhibition.  Froment [21] proposed kinetics for hgdenation and
hydrodesulfurization reactions by accounting thesoaption of various reacting
species on two types of active sites. Table 2.8gmts different models of kinetic

equations of Langmuir-Hinshelwood and power type.

Table 2.6: Selected kinetic models for hydrodesidation reaction

Model Reaction kinetic

k:I.KDBTJKHZ,JCDBTCHZ
1+ KpgroCogr + \/KHZ,UCHZ + Kst,a(Cst/CH 2))3

Froment [21] MosT—BPH =

_ K, CerCy

Van Hasselt et al. [40] My =
1+KC,

. _ _ kZCDBTCHZ
roderick and Gates [88] fogr-r = (1+KouCo )+(1+ K,, C, )
DBT~DBT Hy 2

kHDSCSCISfS
(1+ KHZSCHZS)Z

Korsten and Hoffman [89] Mps =

k'Kl ..K: C...C
Girgis and Gates [90] Fips = DBT ’Hz DBT “H,
1+KDBTCDBT

r — kHDSF)H 2C52.16
nee (l+ KHZSPHZS + I‘<H2 PHZ)

Tsamatsoulis and Papayannakos [91]

Chen and Ring [92] ry = KCy ™

Cotta et al. [93] Mios = KsCoar Py?
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where r is the reaction ratiejs the rate constark; are equilibrium constant®; are
pressure values; and the subscripBT, H,, H,S and S refer to dibenzothiophene,

hydrogen, hydrogen sulfide and sulfur respectively.

2.7 Experimental Information on HDS Reactor Performance

A lot of experimental studies have been performedniestigate the impact of
process variables on HDS reactor performance. &men al. [27] conducted an
experimental study on hydrodesulfurization of vaougas oil (VGO) in the ranges
of operating conditions; for temperature 330-890pressure 6—10MPa, and liquid
hourly space velocity (LHSV) 1-3hand gas/oil ratio 4.6—6.25. Experimental
observations show that high temperature and presshile low LHSV improve the
sulfur conversion. Similar studies also have beerfiopmed by other researchers by
changing pressure,,KCH ratio and LHSV, and keeping other parameterssiamt
[13], [14], [25]. They found the similar observai® as Jimenez’s, and used the
results for estimating kinetic parameters. Tabl@ Provides some published

experimental data from various investigators omti@gperformance.
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Table 2.7: Experimental data on hydrodesulfurizaperformance

Process conditions Results

Rodriguez and Ancheyta [13]
H/HC = 2000ft/bbl
LHSV =2R
Pressure = 54kg/ém
Temperature = 340-3%D

Murali et al. [14]
H/HC = 200-600N#Im®
LHSV = 0.8-2.6h
Pressure = 4.0-6.0MPa
Temperature = 340-3&5

All the experimental studies
confirmed that high
temperature and pressyre
while low LHSV improve

Sertic-Bionda et al. [25] the sulfur and nitrogen
H/HC = 0.118, 0.354 and 0.590 ﬁﬁkg conversion

LHSV = 1.0-2.5h
Pressure = 40-65 bar

Temperature = 360

Jimenez et al. [27]
H/HC = 4.5-6.25
LHSV = 1.0-3.0h
Pressure = 6-10MPa
Temperature = 330-3%

2.8 Hydrodesulfurization Reactor Models

It is prudent to say that hydrodesulfurization s is very complex. Most of the
HDS reactor models have wused continuum concept fdescribing
hydrodesulfurization phenomenon in the reactor. s€éhenodels were developed

based on conservation equations of mass and eaatygssume plug flow for each
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phase which subsequently led to the system of mead differential-algebraic
equations. The available information on HDS reantodels is reviewed.

Korsten and Hoffman [89] adopted trickle bed reactmdeling technique to
hydrotreating processes operated under isothernmaddittons. This model
incorporated hydrodynamics, mass transfer at gasdiand liquid-solid interfaces
considering the properties of oil and gases. Langkimshelwood type reaction
kinetics was adopted. The simulation results wane gpod agreement with
experimental data over a wide range of temperapnessure, space velocity, and
gas-oil ratio. Bhaskar et al. [12] used the modeKorsten and Hoffmann [88] to
simulate the HDS of an atmospheric gas oil fractioder adiabatic conditions. The

model incorporates mass and energy balances assvgdlrtial wetting.

Besides, Murali et al. [14] and Mederos and Ancag$6] developed trickle bed
reactor model for hydrotreating reactions considgheat release effects. With rise
in the level of sulfur content in the crudes, thaator temperature can be higher and
can be controlled by quenching the catalyst bedh wooler hydrogen injection.
Alvarez and Ancheyta [24] also applied the modeKofsten and Hoffmann [88] to
simulate the behavior of hydrotreating reactiortesyswith and without the injection
of four quench fluids; VGO, diesel, hydrogen andexalimenez et al. [27] modeled
simultaneous HDS, HDN and HDO. Macias and Anch¢®®& modeled the HDS
reactor considering the effect of particle shaparnnsothermal reactor. They found
that particle size and pore geometry have sigmfiedfect on reactor performance.
Liu et al. [26] and Mederos et al. [94] developedystem dynamic model for

hydrotreating for optimization studies.

The HDS reactor models developed so far are qoitgpex and not modular in
structure. It is felt that developing a HDS reaatawdel in terms of cells-in-series
structure can be simpler and helpful in utilizat@fmonlinear parameters such as oil

and gas properties, heat and mass transfer paramete
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2.9 Conclusions

With the depletion of good quality light crudespgessing of heavier crudes with
higher sulfur content is becoming necessary. Thesipdity of desulfurization of

heavier sour crudes in trickle bed reactor is r@ngimuch attention in recent times.
Strategies for improved design, operation and dp#tion can be worked using a

reliable reactor model through simulation.

Liquid holdup is an important hydrodynamic paramétat defines the residence
time for liquid phase in the reactor and hence diegree of conversion. Many
investigators reported experimental measurementgjonl holdup. Some empirical
correlations are available. Equations based onigdiiss realistic model are still not
available. An attempt to develop a physically r&adi model for liquid holdup and

pressure drop in trickle beds is made in the pteserk.

A few researchers proposed models for the perfoceanh trickle bed reactors.
Models based on continuum concepts to describemthikiphase flow contact in
trickle beds with nonlinear reaction kinetics, dwmic reactions and transport
model parameters are unrealistic and solution ey ewaumerical methods is tough. It
IS necessary to develop simpler model to deschbeatready complex problem. In
view of this, an attempt is made to develop oneetlisional cells-in-series model to

describe the desulfurization of crudes in trickdel lbeactors.
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Notation

a, Liquid-solid interfacial area per unit volume oétheactor

A Reactant

A B Interfacial momentum transfer coefficients
Ca Concentration oé in product

Co  Cobalt

d Particle diameter
d,  Hydraulic diameter

. Equivalent particle diameter
DBT Dibenzothiophene

E, Eotvos numberp gd */o

E, Constant in the viscous term of Ergun type equatio

T

Constant in the inertia term of Ergun type equation

T

., Drag force on the phase per unit volume
s Phase interaction parameter (shear)

f, Phase interaction parameter (velocity)

g Gravitational acceleration

G Gas superficial mass velocity

Galileo number o6 phase,p?gde®/ u? (1-¢)®
H> Hydrogen

H.S  Hydrogen sulfide

HC  Hydrocarbon

HDS Hydrodesulfurization

HDN Hydrodenitrogenation

HDO Hydrodeoxygenation

HDT Hydrotreating
k Apparent rate constant

a Relative permeability ai phase

K Equilibrium constant
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L Liquid superficial mass velocity
LHSV Liquid hourly space velocity
Mo  Molybdenum

Ni Nickel
n Reaction order
P Pressure

- AP Pressure drop

Re

a

Reynolds number efphase,p,u,d,/ 1, (1- &)
Re Interfacial Reynolds number

lips Reaction rate of hydrodesulfurization

RTD Residence time distribution

S Surface area of particle

S Sulfur
TBR Trickle Bed Reactor

U  Gas superficial velocity

U,  Liquid superficial velocity

u Reference superficial velocity associated to the gas-liquid slipmoti
Us;  Gas interstitial velocity

u, Liquid interstitial velocity

\% Volume of particle

We,  Liquid Weber number

X flow factor
Z Bed length

Greek Symbols

B Saturation
£ Bed voidage

&.  Gas holdup

£ Total liquid holdup
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Dynamic liquid holdup

Static liquid holdup

Particle volume fraction

Reduced saturation of liquid phase
Wetting efficiency

Gas density

Liquid density

Liquid viscosity

Surface tension

Larkin’s correlating variable
Dimensionless body force anphase

Sphericity of particle

Subscripts and Superscripts

i

o
TP
W
G
L
LG

Gas-liquid interface
Gas or liquid

Two phase

Water

Gas

Liquid

Gas-liquid (two phase flow)
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CHAPTER 3

MODEL FOR DYNAMIC LIQUID HOLDUP

Liquid holdup in a trickle bed reactor defines tiegidence time of the liquid phase
in the reactor and hence will have a direct beaongthe degree of conversion.
Dependence of liquid holdup on various parameters vwestigated extensively and
empirical correlations were proposed. There hawn latempts to model the flow in
trickle beds to develop semi-empirical correlatiqesy. Saez and Carbonell [8],
Holub et al. [9], Al-Dahhan et al. [51], Attao ek §10], etc.). New models to
estimate liquid holdup and gas phase pressure oropickle bed reactors are
presented in section 3.1. The models are compardgdtiae literature data in the
section 3.2. To account for the deviation in gaasehpressure drop estimates from
experimental observations, effect of gas phasenvelfraction on tortuosity of gas
flow is incorporated into the model equation inte®t3.3. Section 3.4 concludes the

chapter.

3.1 Submerged Particle Model for Dynamic Liquid Holdup

In trickle beds, the liquid flows in the form ofrfi over the particles while the gas
flows continuously in the void space between ligfiich covered particles (Figure
3.1). As liquid trickles down over the catalyst fodes by gravitational force, it
experiences drag force opposing its flow at theidlesolid interface. Under steady

state, gravitational force acting on the flowinguiid(s ) is in equilibrium with the

resistance due to drag force experienced by thddli@t the surface of all the

particles.



Drag force exert on particl

Figure 3.1: Schematic representation of the coratiigadiquid downward flow

through the void space of the packed bed

From a macro-balance over the trickle bed,

2
AZe (P, - Ps)d = N, [Ty, A, 201 (3.1)

Dm*® *p 2

Gravitational force = numbeof particles x drag force of a partic

AZEP

whereN o =
p

The liquid flows downward by gravitational forceasflows from the higher
pressurel,) to the lower pressuré{) acting on the area of gas phase. The pressure
drop for gas flow igP; —P,). Momentum transfer between gas and liquid at gas-
liquid interface by shear is generally acceptedb® negligible. The pressure
difference (P;—P,) acts also on the area of liquid phase envelopergigle phase

(¢, +¢&,) . This force can assist the gravitational forcengcon liquid phase in co-
current gas-liquid flows to increase the liquidoaty in the downward direction. In
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the case of countercurrent flows (liquid flowing witovard and gas flowing
upwards), gas pressure drop acting on the aregquid Iphase enveloping the particle

phasée, + ¢ ,) can reduce the liquid velocity leading to floodifigius, momentum

balance for two phase flow in packed beds can pesszed as follows

£ Plo,”
AZe (P = Ps)9x (P —P)w A(gp +E,) = AZV_C A (3.2)

Dm”® *p 2
p ‘ng

Gravitational force 4 Drag force exerted= Drag force at liquid-particle interface
on liquid by gas

The sign (+) is for concurrent operation (trickleds) while the sign (-) is for
countercurrent operation. To simplify the momentoaance for two phase flow in

packed beds (eq. 3.2), we first note that

md °

v, = (3.3)
_ md,?

A, 2 (3.4)

Then, substitute eqgs. (3.3) and (3.4) into eq.)(3&s equation can be rearranged as

2
& U
e l=3c,, 0-Pq p-ol

4 £~ P dpg{l{( 0. (gp+ng)}(Pl—P2)Tp}

pL_pG) €4 ZpLg

(3.5)

3.1.1 Evaluation of Cppn,

The factorCp, is the drag coefficient on a particle embedded ipacked bed.
Considering that the drag force in a packed bedus to the drag force on an
individual particle Epm) multiplied by the number of particlebld) in the bed, drag

force can be expressed as

Fo =N,Fpn (3.6)

AZs P,
(P]._PZ)Agz V pCDm'A‘p 2L£2

p

(3.7)
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Rearranging eq. (3.7) would give equation for ge&drCpp,

3 _ (Pl_Pz) g d
_CDm -
4 z (1-¢)pu,’

(3.8)

Comparing eq. (3.8) with Ergun equation for flowaingh packed beds with
empirical Ergun constants recommended by Macdaogizddl [60]

(R-R) & d, :18((1_5)
2 Gdpui don

Hi18 (3.9)

The factorCp,,, can be obtained as

3¢ _18Al-glu, 4 (3.10)

Dm
4 d,ou,

For non spherical and non uniform particles, pkatidiameter ¢,) can be

estimated as an equivalent surface volume meanetiarfl) given by
6 S
—=>_r (3.11)
d, V,
where S = surface area of a particle

V, = volume of a particle

3.1.2 Dynamic Liquid Holdup

From equations (3.5) and (3.10), equation for dyindiquid holdup can be obtained
as

%

%
. = £pu0L2 ) EElSQU,_&‘p_I_lSJ 3 1
Ld :
dg ) o —ps (doUy 1+ P (£p+£Ld) (Pl_PZ)TP
- (pL_pG) Eq ZpLg
(3.12)

The first term in the right hand side of this edquatrings out the dependence of
dynamic liquid holdup on particle volume fractigrarticle size, liquid velocity and
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properties. The second term brings out the efféagjas flow on dynamic liquid
holdup. For countercurrent flow this equation swggéhat

aSH( o, (fp+€Ld)}(P1-Pz)Tp}approache&

pL_pG) Eg Z:OLg

dynamic liquid holdup can increase drastically witbrease in gas flow rate leading
to flooding. It is well known that flooding take$ape at around 2 inches of water
head per foot of bed length and this corresponds value of (1/6) for the factor
(Pl B PZ)TP The facto{ P (gp + ELd)
Zp g (o-ps)  eu

equation can adequately explain the point of flagdior countercurrent operation.

} is expected to be around 6. Thus, this

For the case of co-current flow as in trickle bedators, increase in gas flow
decreases the dynamic liquid holdup and there igsmtation like flooding.

3.1.3 Mode for PressureDrop in Trickle Bed Reactors(P, - P, );,

Ergun equation is widely used to estimate presdrop for gas flow through packed

beds.

(Pl B Pz) 563 dp — 180(1_50 )IUG
Z (1_56) ,OGUoGZ B dppGqu

+18 (3.13)

This equation can be adopted to estimate pressope fdr gas flow in gas-liquid
flow in trickle beds as well. Presence of liquidliie voids between particles reduces

the void space for gas flow.

e =1l-€,-¢, (3.14)

Due to the presence of liquid film on the particlé®e gas flows over particles
having an effective diameted, greater than actual diametdy (Figure 3.2) The
relation can be expressed as

(ET _le e (3.15)

d £

p p

a7



1/3
d -:[‘EpJ’gLJ d (3.16)
p p )

L

&G

A
\ 4

Figure 3.2: Schematic representation of effectreenater particlegl,

Incorporating these modifications into Ergun equaiieq. 3.13)

(P:I._PZ)TP 5(33 dpl :18d€L+£P):uG+1

: 8 (3.17)
YA (SL +€p)peuoez dp pGqu
where
E =& 4 TEL (3.18)

Rearranging eq. (3.17), pressure drop for gas flowrickle beds with two phase

flow can be expressed as

(Pl - Pz )TP - 180/’16 (gp + ng + €Ls )2/3“?131/3 +18 pGquzgplls(gp + €Ld + ‘E‘LS)ZI3
Z d pqupG - ggsd p
(3.19)

The pressure gradient depends on the bed chasdicigrivelocities of both
phases and the physicochemical properties of thirfly gas (gas density and gas
viscosity). Egs. (3.12) and (3.19) can be solvedu#ianeously to estimate liquid
holdup and pressure gradient in trickle beds asvdiee of other parameters are

known.
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3.2 Resultsand Discussion

Effect of particle size, shape, liquid propertiasd operating conditions such as gas
and liquid velocities, temperature and pressureyramic liquid holdup have been
reported in the literature. In this section, thdéreerged particle model equation
developed for dynamic liquid holdup (eq. 3.12) snpared with the experimental
observations of various investigators as listed Tible 3.1. The two Ergun
parameters, 180 and 1.8 are the only fitted cotstrat were used for model
evaluation. The experimental observations on liquatup are compared with the

model equation in Figures 3.3-3.8.
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Table 3.1: Details of operating conditions usedSabmerged Particle Model validation

System Packing
Liquid Gas
References Gasl/liquid TemperaturBressure  velocity velocity Diameter Material
(K) (MPa) (cm/s) (cm/s) (mm)
H./n-hexane
Fu and Tan [72] 311 3.45 0.465-0.31 0.1-0.3 0.5-1.9 NP
H./cyclohexane
Xiao et al. [75] air/water 293 0.1 0.8-1.6 7.0-36.0 2.0-3.0 NP
Saroha and Khera [65] air/water 298 0.1 0.72-2.05 .0-124 4 NP
Aydin and Larachi [68] air/water
. 298-363 0.3-0.7 0.188-1.41 5.0-21.0 3 NP
air-CMC/water
Al-Dahhan et al. [51] BDwater
298 3.55 0.122-0.5498 8.75 1.1 NP
N2 /hexane
Specchia and Baldi [49] air/water 293 0.1 0.28 P0-8 2.7 NP
No/water
Wammes et al. [80] _ 293 6 0.1-1.2 9.0-36.0 3 NP
Helium/water
Gunjal et al. [55] air/water 293 0.1 0.17-0.92 22 6 NP
Trivizadakis et al. [35] air/water 298 0.1 0.2406M8  0.0-30.83 1.5-6.0 P, NP
Ayude et al. [76] air/water 293 0.1 0.15-0.655 -3.@ 3.1 P

50



3.21 Submerged Particle Model Validation

3.2.1.1 Effect of Particle Diameter, Shape and ldg¥iscosity on Liquid Holdup

Fu and Tan [72] reported experimental observatiomshe liquid saturation as a
function of liquid mass flow rate for three nonpascspherical particle sizes (0.5mm,
0.9mm and 1.9mm) with hydrogen-hexane and hydrayelehexane systems. The
liquid saturationg_ can be defined as

£
A%

These observations are compared with the modeltiequa Figure 3.3. Figure
3.3a illustrates hydrogen-hexane system with visgad 0.22cp while Figure 3.3b
shows hydrogen-cyclohexane system with viscosify.#6cp. They observed that

i.  Liquid holdup increases with liquid mass flowrate

ii.  Liquid holdup is higher for smaller packing size

lii.  Liquid holdup is higher for higher liquid viscosity

The model equation compares well with the expertalatata of Fu and Tan [72].
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Figure 3.3: Effect of particle size and liquid vasdy on liquid holdup (a) hydrogen-
hexane systemy, = 0.22cp (b) hydrogen-cyclohexane systaps, 0.76cp. Data are
plotted from Fu and Tan [72]
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Trivizadakis et al. [35] reported data on liquiddwp for 3mm spherical particles
and 1.5mm diameter x 3.11mm long cylindrical exates. Equivalent surface

volume mean diameter of the extrudates is caladilateng eq. 3.11 as 1.81mm.

Model equation explains the data for sphericaliglag (Figure 3.4a) reasonably

well. Surprisingly, data of Trivizadakis et al. [3&n liquid holdup with extrudates
(Figure 3.4b) appears to be independent on liglaal frate. The model equation
predicts the observations well for liquid mass vigjoof 4.27kg/m.s. However, the

model equation slightly underpredicts for liquidsaaelocity rate of 2.4kg/frs.

Liquid holdup €_4)

Liquid holdup €,4)

0.4

o o
[V w
—t t

o
=
1
™1

(a) Spherical particles

—— L = 2.4kg/nf.s (model)
s L=2.4kg/nt.s (exp)

..... L = 4.27kg/n.s (model)
a L=4.27kg/M.s (exp)

— .- L=6.13kg/nt.s (model)
e L =6.13kg/n’s (exp

0.1 0.2 0.3 0.4
Gas mass velocity (kghs)

0.4
0.3
0.2 1

0.1+

[ (b) Extrudates

L = 2.4kg/nf.s (model)
e L =2.4kg/nts (exp)

- .= L=4.27kg/m.s (model)
A L=4.27kg/M.s (exp)

0.1 0.2 0.3 0.4
Gas mass velocity (kgArs)

Figure 3.4: Liquid holdup versus gas flux for varsdiquid mass velocities

(a) Spherical, g= 3mm (b) Cylindrical extrudates, d 1.5mm. Data are plotted from

Trivizadakis et al. [35]
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3.2.1.2 Effect of Gas Velocity on Liquid Holdup

Figure 3.5 presents the dependence of liquid hotdugas and liquid velocities for
beds with non-porous packing. Liquid holdup incesaswith increasing liquid
velocity and decreases with increasing gas velotltgher liquid velocity increase
the volume of liquid held in the reactor. Present@as phase increased the shear
stress exerted on liquid phase and hence decrehseliquid film thickness and

liquid holdup. Model predictions compares well witie observations of Saroha and

Khera [65] as shown in Figure 3.5.
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° Ug = 0.02m/s (exp)

- - - Ug=0.062m/s (model)
X U =0.062m/s (exp)
— -+ Ug = 0.144m/s (model)
A Ug=0.144m/s (exp)

Figure 3.5: Influences of gas and liquid velociesliquid holdup. Data are plotted
from Saroha and Khera [65]
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Comparison of the model estimates with the dat&yfde et al. [76] on the
dependence of liquid holdup on gas and liquid vekxscfor porous packing is shown
in Figure 3.6. Similar to the results for non-p@opacking (Figure 3.5), liquid
holdup increases with liquid velocity and decreasigl gas velocity. The effect of
gas velocity is not that prominent compared to gffect of liquid velocity. Model
estimates compares well with experimental obsesyaatof Ayude et al. [76].

0.4

02 &

Liquid holdup €,)

0.1+

o S S
0 0.2 0.4 0.6 0.8 1

Liquid velocity (cm/s)

e Us=1.4cm/s (exp)

Ug = 1.4cm/s (model)
A Ug = 3cm/s (exp)

- .= Ug = 3cm/s (model)

Figure 3.6: Effect of gas and liquid velocitieslmuid holdup for porous packing.
Data are plotted from Ayude et al. [76]
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3.2.1.3 Effect of Temperature and Pressure on Hi¢loldup

Experimental observations of Aydin and Larachi [G8) the effect of reactor
temperature and pressure on liquid holdup for &idBwvater system are compared
with the model equation of liquid holdup in FiguBe/. It shows that at a given
superficial gas and liquid velocities, liquid hopdudecreases with increasing
temperature and pressure. Increase in temperatahgces viscosity. Increase in
pressure increases gas density and hence gas Tdragmodel underpredicts the

experimental data of Aydin and Larachi [68] althbufe estimates are in the right

direction.
0.15 r
0.12 4
<&
o I
3 009t
2 [
s =
o i
5 0.06-:
-
0.03 1
0.00 ey
0 20 40 60 80 100
Temperature°C)

P = 0.3MPa(model)
e P =0.3MPa (exp)

= = =P =0.7MPa (model)
A P =0.7MPa (exp)

Figure 3.7: Effect of temperature and pressuradquid holdup for air-CMC/water
system. Data are plotted from Aydin and Larachj [68
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3.2.1.4 Parity Plot

Comparisons of the model prediction for liquid hgddwith the experimental data
from the literature are summarized in Figure 3t&ah be seen that there is a good

agreement with a deviation approximately 30%.
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Figure 3.8: Comparison of experimental data onididuoldup with values predicted

by Submerged Particle Model
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3.2.2 Validation of the Model for Gas Phase Pressure Drop

The model estimates (eq. 3.19) for gas phase peesgisap in packed beds through
Ergun’s equation modified for the presence of kighbldup is compared with the
experimental observations of various investigaftisted in Table 3.2). Experimental
data of Specchia and Baldi [73] and Rao et al. [@b}he effect of gas velocity on
bed pressure drop along with the model predictiares presented in Figure 3.9.
Experimental observations of Szady and SundareXgrahd lliuta et al. [97] on the
effect of liquid velocity on pressure drop are camga with the model equation in
Figure 3.10. Though the predictions of the modelagign on the effects of gas and
liquid velocities on pressure drop are in the riginection, the model underpredicts
the experimental data. This could be due to thsipidisy of Ergun constants getting
affected by the presence of liquid in the catabst as they are dependent on the
tortuosity of gas flow path. Presence of liquidchad increases the gas flow path and
gas tortuosity.
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Table 3.2: Details of operating conditions usedpi@ssure drop model validation

System packing
References Gasl/liquid TemperaturdPressure  Liquid velocityGas velocity Diameter Material
(K) (MPa) (cm/s) (cm/s) (mm)
Al-Dahhan and Dudukovic [43] Mvater 298 0.31-3.55 0.12-0.37 8.75 1.14 NP
Specchia and Baldi [73] air/water 293 0.1 0.28 -8 2.7 NP
Gunjal et al. [55] air/water 293 0.1 0.17-0.92 22 6 NP
Aydin and Larachi [68] air/water
, 298-363 0.3-0.7 0.188-1.41 5.0-21.0 3 NP
air-CMC/water
Wammes et al. [80] Mwater 293 0.1-1.2 11 3.1 NP
helium/water 293 6 0.5-0.9 13-39 3.1 NP
Szady and Sundaresan [95] air/water 293 0.1 0.2-0.8 22 3 NP
lliuta et al. [96] air/water 298 0.1 0.5 8.0-42.0 3 NP
Rao et al. [94] air/water 298 0.1 0.004-0.008 0013— 6.72 NP
Trivizadakis et al. [35] air/water 298 0.1 0.2406418 0.0-30.83 1.5-6.0 P, NP
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Figure 3.9: Effect of gas velocity on pressure didata are plotted from

(a) Specchia and Baldi [73], (b) Rao et al. [95]
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61



Comparisons of experimental data on pressure dritip walues predicted by
modified Ergun’s equation with standard Ergun’sgpagter is presented in Figure
3.11. It can be seen that the model under prediesexperimental data with
deviation approximately 70%. The standard Erguraggn 180 and 1.8 may not be
the best values to explain the pressure drop phenomin two phase flow. An
attempt to improve the accuracy of pressure dra@giption in two phase flow is
made in the next section by considering the depm®lef two Ergun constants on

gas flow tortuosity.
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Figure 3.11: Comparison of experimental data ossanee drop with values predicted
by modified Ergun’s equation with standard Ergyrésameterk;=180,E,=1.80)
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3.3 Tortuosity of Gas Flow Path

The widely used Ergun’s equation for pressure dvap derived among the packed
beds to be a bundle of parallel straight tubesuttinoby such fluid flow [98]. The
fluid flows through a tortuous path through the loégbarticles. However, length of
tortuous flow path was assumed to be equal to phbesl length in the original
Ergun’s equation. Tortuosity in a packed bed caddimed as

_ Lengthof voids

- Length ofbed

With this, bed voidage can be expressed as

. Volumeof voids_ Crosssectionaareaof voidsx lengthof voids _
Volume ofbed  Crosssectionaareaofbed length ofbed

A

Thus, ratio of cross sectional area of voids to dmilbe obtained as

e = Crosssectionahreaof voids
A Cros:sectionz are: of bec

This parameter effects actual velocity and bedsuresdrop as

u U7
o =2 =2 = (-aP)as, =(-aP)a’ (3.20)

With these parameter, Ergun equation may be olitaise

—0P g dy 36k (L-&)
Z (1-&) plys d U,c06

+6k,7° (3.21)

With =1, this equation reduces to standard Ergun Equafibie constank; is
expected to be 2 for laminar flow through a stragpe [99]. Macdonald et al. [60]
recommended the numerical values of the Ergun aotsstfor a bed randomly

packed with uniform spherical particles as;

36k,7% =180 (3.22)
6k, 7° =18
(3.23)
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The corresponding values ferand &, are 1.58 and 0.455 respectively. With
these values, Ergun’s equation can be written gergeralized form considering the

tortuosity coefficients as

0P & Yy T2 A-E) e (3.24)
Z (-&) ,0(3er2 d pUocs

The tortuosity for gas flow is expected to increaseas flow path gets restricted
with increase in liquid holdup. The exact depenédeat Ergun parameters on gas
holdup needs to be investigated in the light ofezxpental observations on pressure
drop and it is expected to be inversely proportidaayas holdup. For the present, it
is proposed that tortuosity for gas flow can béested as

1

r= (3.25)
£

Incorporating these modifications into eq. (3.1Bg two phase pressure drop thus is
expressed as

1/3

(Pl _ Pz)Tp _ E s (‘9p ve,, )2/3‘5,p . 0455] E{pGUOGngl/s(gp +E&.4 )2/3

. - ) (3.26)
z &g d Uec P &g & d

p

The empirical constant n needs to be fitted to m#te experimental results. It
was found that a value of n=0.75 appears to explenexperimental observations

reasonably well and the results are presentedgurés 3.12—-3.16.

3.3.1 Pressuredrop Model Validation (New Ergun Constants)

In this section, experimental observations repotgdvarious investigators are
compared with the predictions of the Ergun’s edqumatith the new parameters.
Predictions by the model equation with the standenglin constants (180 and 1.8)
are presented as well for comparison.
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3.3.1.1 Effect of Gas and Liquid Velocities on Bugs Drop

Experimental observations of Rao et al. [95] (Fgguw.12a) and Szady and
Sundaresan [96] (Figure 3.12b) on the effect ofagasliquid velocities on pressure
drop are shown in Figure 3.12 along with the prgolis by modified Ergun’s

equation with the new Ergun parameters (eq. 3.R53hows that pressure drop
increases as increasing gas and liquid velocitt@s. comparison, predictions by
Ergun’s equation with standard Ergun constants k) are also presented. Model
equation with new Ergun parameters compares weth vihe experimental

observations of Rao et al. [95] and Szady and Sesda [96].
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Figure 3.12: Effect of gas and liquid velocitiespressure drop. Data are plotted
from (a) Rao et al. [95], (b) Szady and Sundar¢8@h

66



3.3.1.2Effect of Pressure on Pressure Drop

Al-Dahhan and Dudukovic [43] reported experimentabservations on
dimensionless pressure drop as a function of ligquéss velocity for two pressures,
0.31MPa and 3.55MPa. The experimental observatiomsompared with the model
equation in Figure 3.13. They observed that presdup increases with increasing
pressure and liquid mass velocity. An increase resgure results in higher gas
density and hence higher interfacial drag forcetexieon liquid phase. The deviation
in pressure drop prediction by model equation wikv Ergun parameters is reduced
significantly. The model equation with new Ergunrgaeters predicts the
observations well for pressure of 0.31MPa. Howevdre model slightly

underpredicts for the pressure of 3.55MPa.
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Figure 3.13: Influences of operating pressure @sgure drop. Data are plotted from
Al-Dahhan and Dudukovic [43]
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3.3.1.3Effect of Temperature on Pressure Drop

Experimental observation of Aydin and Larachi [68] the effect of temperature on
pressure drop is illustrated in Figure 3.14. Atigeg gas and liquid velocities,
pressure drop decreases with increasing temperdtigrease in temperature leads to
reduction of gas density and hence low interfadraly force exerted on liquid phase.
The model predictions with new Ergun parameters paoes well with the

observation of Aydin and Larachi [68].
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Figure 3.14: Effect of temperature on pressure .dbga are plotted from Aydin and
Larachi [68]
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3.3.1.4 Effect of Particle Size on Pressure Drop

Comparison of the model estimates with the dat&rofizadakis et al. [35] on the
effect of particle diameter and shape on presstop tbr spherical particles (3mm
and 6mm) and cylindrical extrudates (1.5mm diamete3.11mm) are shown in
Figure 3.15. As observed, particle size has sicgmfi effect on pressure drop.
Smaller particle size results in higher pressupdModel predictions with new

Ergun constants explain the data for sphericaleatididates reasonably well.
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Figure 3.15: Pressure drop versus gas mass vefocigpherical and cylindrical
extrudates. Data are plotted from Trivizadakis| eft35]
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3.3.1.5Parity Plot

Model predictions for pressure drop and liquid lipldwith experimental
observations reported in the literature over a wadeye of operating data in terms of
liquid and gas velocities, liquid viscosity, padkisizes, temperature and operating
pressure are compared in parity plots shown inregB.16 and 3.17. As can be
seen, the accuracy of pressure drop prediction itmgsoved significantly with
relative error decreased from 70% to 40% (Figuréd and 3.16). Still, the model

predictions of pressure drop are lower compardbaeexperimental data.

Ergun’s equation used is for gas or liquid flow packed beds. The Ergun
constants for gas flow over wetted particles catolager as wall shear at gas-liquid
boundary reduces to zero. In view of this, the Brganstants could be lower than
180 and 1.8. This needs further research to idestiitable Ergun constants for gas

flow on liquid wetted particles.
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Figure 3.16: Comparison of experimental data ossanee drop with values predicted

by modified Ergun’s equation with new Ergun parasnet
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Liquid holdup prediction remained within the saraage of predictability as that

by model estimates with standard Ergun constastshawn in Figure 3.8 (standard

Ergun constants for pressure drop prediction) amgure 3.17 (new Ergun

parameters for pressure drop prediction).
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Figure 3.17: Comparison of experimental data omididnoldup with values predicted

by submerged particle model coupled with modifiegua’s equation and new
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3.4 Conclusions

In this chapter, a submerged particle model faneging dynamic liquid holdup and
two phase pressure drop in a trickle bed reactos developed. Liquid holdup
enhances the tortuosity of gas flow path whichuim tincreases pressure drop. The
model equations were validated with the experimatdta available in literature on
liquid holdup and pressure drop as a function f gad liquid velocities, liquid
viscosity, operating temperature and pressure, @anticle diameter. The main

conclusions are:

1) The submerged particle model equation (eq. 3.1Rlaés the experimental
observations for liquid holdup reasonably well. wid holdup increases with
increasing liquid velocity and liquid viscosity. Ghe other hand, liquid
holdup decreases with increasing gas velocity,igharsize, pressure and

temperature.

2) Ergun equation was adopted to estimate gas phageiril trickle beds by
incorporating the presence of liquid holdup whielduces the cross sectional
area for gas flow and increases the size of pastiover which gas flows.
This equation (eq. 3.19) with usually used Ergunstants (180 and 1.8)
underpredicts the experimental observations.

3) Deviation of two phase pressure drop from experialermbservation
significantly decreased as the effect of the gasselvolume fraction on the

tortuosity of gas flow is incorporated into the rebdquation (eq. 3.26).

4) Pressure drop increases with increasing gas aodl lieelocities as well as
operating pressure. On the other hand, pressur@ dexreases with

increasing temperature and particle size.
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Notation

A Cross section area of reactofm

Projected area of particle fin

d Particle diameter (m)

d ' Effective particle diameter (m)

d, Equivalent surface volume mean diamétey
C,, Drag coefficient on a particle

Fon Drag force for single particle (kg.M)s

Gravitational acceleration (n)s

g

G Gas mass velocity (kg/m)s
L Liquid mass velocity (kg/m%
N

Number of particles

- AP Pressure drop (Pa)
P Pressure (Pa)

S Surface area of particle fin

LIoL

u, Interstitial liquid velocity (m/s);
L

U, Liquid superficial velocity (m/s)
u,; Gas superficial velocity (m/s)

V. Volume of particle ()

z Bed length (m)

Greek letters

£ Bed porosity
g, Totalliquid holdup

&4  Dynamic liquid holdup
&;  Gas holdup
£ Particle volume fraction
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o, Liquid density (kg/m)
ps Gas density (kg/f)
M, Liquid dynamic viscosity (Pa.s)

U Gas dynamic viscosity (Pa.s)

T Tortuosity
Subscripts

G Gas

L Liquid

TP  Two phase
exp Experiment
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CHAPTER 4

MODEL FOR TRICKLE BED REACTOR

Trickle bed reactors are widely used for hydroirgatof hydrocarbons with

hydrogen in presence of catalyst particles in &@aded. In hydrodesulfurization
reaction, sulfur atoms attached to the hydrocarholecules react with the dissolved
hydrogen at the surface of solid catalyst to foydrbgen sulfide. Sulfur compounds
in hydrocarbons are lumped together and represexgddiC.S. The reaction can be

represented as

H,(G - L)+HCS(L) O®. HC(L)+H,S(L - G) (4.1)

Trickle bed reactors are multiphase in nature,rd@etions are exothermic, heat
and mass transfer processes are non linear. In oidhese, the models formulated
on continuum concepts (e.g. Rodriguez and Anchéy®, Murali et al. [14],
Mederos et al. [15], Jimenez et al. [27], Medernd Ancheyta [36], etc.) are not
realistic. Hence, an attempt is made to developnedimensional cell-in-series

model to explain the performance of hydrodesulftian process.

A new one-dimensional cells-in-series model to dbschydrodesulfurization
reaction in trickle bed reactor is developed intisec4.1. In section 4.2, model
governing equations to establish the reactor madeformulated. Kinetic reactions
as well as correlations to estimate hydrodynamick faed properties are presented
in section 4.3 and 4.4. The calculation procedgreresented in section 4.5. In
section 4.6, the reactor model is validated wite &@xperimental data reported in
literature. In section 4.7, the validated modepplied to simulate HDS commercial
unit to investigate the effect of various paranseten the reactor performances.

Section 4.8 concludes the chapter.



41 1-D Cdlsin SeriesMod€

A trickle bed reactor, with gas and liquid flowireg-currently downward through a
catalytic packed bed to undergo chemical reactiopsrating under steady state is
considered. Figure 4.1 presents schematic repasendf one-dimensional cells-in-
series model for trickle bed reactor. The reacdoagsumed to consist of N cells in
series along the axial direction. Each cell cossitthree phases - gas phase, liquid
phase and solid phase - well mixed with in eactsph@he variables for each phase
are distinguished with subscripts G for gas phader liquid phase and S for solid

phase. The axial distance of each c&#l)(is assumed to be equal with the diameter

of catalyst particle.

Inlet

(i-1)

(i)

(i+1)

(N)

ouee | ]

H,S HC

UocCioyh, U Ciys)
-+ > -|- >
G L
<} - <«|-
G

Figure 4.1: 1-D Cells-in-Series Model
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Processes taking place in tfedell between the three phases are highlighted in

Figure 4.1. The value of “i" can be from 1 to N.<Gand liquid from (i-1¥ cell flow

through the'f cell over the catalyst to (i+f)ell. In the {' cell, the steps occur are:

1.

Hydrogen in the gas phase diffuses into the liguidse by mass transfer.
Dissolved hydrogen and sulfur in the liquid phasiise into the solid phase.

Dissolved hydrogen and sulfur in the solid phasetréo produce dissolved
hydrogen sulfide. The reaction is exothermic anackenheat is generated and

temperature of solid phase increases.

. Dissolved hydrogen sulfide in the solid phase dif to liquid phase by

mass transfer. Temperature of liquid phases ineselbbscause of heat transfer
from solid phase to liquid phase (heat transferffmient is assumed to be

very large).

Dissolved hydrogen sulfide from liquid phases uwliffis to gas phase.
Temperature of gas phase increases by heat trdnsfediquid phase to gas

phase (heat transfer coefficient is assumed tebglarge).

(Gas phase Dar i Liquid phase i @re | Solid phase
| |
| . :
Hvdrogen i ! '
YR \\: it : s
1 1 H
a N
i L
. ' csui r
Sulfur compounds . o
' C.sui r
i 5
i CHE.S'
|
i
i
I

Hvdrogen sulfide /

Figure 4.2: Concentrations profile of reactants pratiuctThe following

assumptions were considered for formulating thetoganodel
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» Steady state operation

* Reactor is operated adiabatically

* No evaporation of the liquid

» Catalyst deactivation is insignificant

* The reaction occur only in the porous solid catalysformly wetted by the
liquid

e Gas and liquid velocities are constant acrossehetor

* The reactor is assumed to operate at a constasgupee

4.2 Mode Equations

The mass and heat balance equations over a cdil imtérphase mass and heat
transfer with chemical reaction are formulated. Seheequations are solved by
incorporating properties of the materials, hydragdwc and reaction Kkinetic
parameters. These parameters such as mass traosfécients, gas solubility and
properties of oil under process conditions aremested by using correlations taken
from the literature as described in section 4.4 lhe resulting algebraic equations
are solved for extent of reaction and rise in terajpee over the cell “i”’based on
inlet conditions. This was extended to the subseigoells to estimate the extent of
reaction and rise in the temperature along thetteafjthe reactor.

4.2.1 MassBalance Equations

4.2.1.1 Gas Phase

As shown in Figure 4.3, the change in gas molaw ffoom (i-1)" to i" cell for
component hydrogen is equal to mass transfer cathet liquid phase in"icell as
there is no consumption/formation by chemical rieacin the gas phase.

G G

Picn,
+ kGLHZaGL{H(L) —C,(HZ)LJAZ 4.2)
i(H)

G
Uog Pi-yh,) _ Uo Bigh,)
RT RT

78



G/L L/S
qupi—l(Hz) ' |
-1 ! I
! i
' |
KoL |
I Az G —> L i S
! '
PiH, ! L |
2 Gy i
1 .
| i
. ! |
+1 Uos Pigh,) E I

Figure 4.3: Mass balance for hydrogen in gas phase

Hydrogen and sulfur compounds in the liquid phaiese into the solid phase
where they are converted to hydrogen sulfide. Tydrdgen sulfide generated then
diffuses back to the liquid phase and eventuallthtogas phase. Thus, as shown in
Figure 4.4, the change in hydrogen sulfide conegiotr in the gas phase from (if1)
cell to i cell is due to mass transfer of hydrogen sulfidenf liquid phase to gas

phase in cell.

G G G
Uog Pi-1(nys) U Pichys) Pich,s) L
S = K S et laz 4.3
RT RT GLy,s Aol H s i( H,S) (4.3)
GIL LIS
Uoe Pica(h,s) | I
i-1 : |
! |
! |
| |
i Azl G ka L i s
| i
Picr,s) ! i
1
Lo |
| - |
I+1 Uoe Pich,s) | |

Figure 4.4: Mass balance for hydrogen sulfide is glaase
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4.2.1.2 Gases in Liquid Phase

Concentration of dissolved hydrogen gas in theidignhase as shown in Figure 4.5,
is due to balance of (1) mass transfer in frompfesse to liquid phase iff cell; (2)
mass transfer out from liquid phase to solid ptias® cell; (3) dissolved gas in the
liquid flow in from (i-1)" cell to i" cell; (4) dissolved gas in the liquid flow out fino
i cell to (i+1)" cell. Mass balance equation for hydrogen in itpeid phase can be

written as follows

G
L Pin,) L _ L ( L s)
uoLCi—l(Hz) + kGL(HZ) aGL[ - _Ci(Hz) JAZ = uoLCi(Hz) + kLS(HZ)aLS Ci(Hz) - Ci(HZ) Az

Hi,)
(4.4)

G/L L/S

:uoLCi—l(HZ)L |

i-1 : |

! I

: !

. kGIL Ky.s
I Az G —— L —— s
: L | s
BicH,) ! Cinay i Citny

1 .

o

. ! I

1 | U Ciy

Figure 4.5: Mass balance for hydrogen in liquidggha

A similar equation as eg. 4.4 can also be writtarhfydrogen sulfide to describe
concentration of hydrogen sulfide in the liquid pban I cell, as shown in Figure
4.6. It should be noted that hydrogen sulfideasisferred from the solid to the liquid
phase and eventually to the gas phase.

G
Pichs)

_Ci( HZS>LJAZ

(4.5)

L L s _ L_
uoLCi—l( HS) kL§ HoS) A s (C i(H,S) Ci( H,S) )AZ = uoLCi( H,S) kL§ HoS) aLSL H
i( H,S)
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G/L L/S
L
: uoLCi 1(H,S) I
i-1 ! |
! i
: !
Kat kis
I Az G ! L “— S
¢ ! !
L s
Pich,s) E C i( H,S) : C i( H,S)
1
]
. 1 Lol
I+1 : uoLCi(HZS) |

Figure 4.6: Mass balance for hydrogen sulfideduilil phase

4.2.1.3 Sulfur in Liquid Phase

Concentration of sulfur compounds in the liquid ghin I cell is due to balance of
(1) sulfur compounds in the liquid flow in from 1" cell to {" cell; (2) sulfur
compounds in the liquid flow out fronf'icell to (i+1)" cell; (3) mass transfer out
from liquid phase to solid phase ifi cell; as shown in Figure 4.7. Mass balance
equation for sulfur compounds in the liquid phassuaing no evaporation of the

feed, can be expressed as follows

uoLCi—l(s)L :uoLCi(s)L + kLS(S) aLS(Ci(s)L _Ci(s)S)AZ (46)
G/L L/S

' uoLCi—l(S)L |

1 ]
' |
: !
I ki

I Az G ! L —+— S
: L |
! Ci(s) I
! .
o

i+1 U, Ciq :

Figure 4.7: Mass balance for sulfur compound initicphase
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4.2.1.4 Reaction in Solid Phase

The sulfur compounds and hydrogen transported fitwenliquid phase to the solid
phase are consumed by the chemical reaction autti@ce of the catalyst as shown

in Figure 4.8. Mass balance equation at the gdlake can be written as follows:

kI-S(Hz) s (Ci(Hz) - Ci(Hz)S)AZ + kLS(s) as (Ci(S)L - Ci(s)S)AZ = ppgp”AZ libs
4.7)
Y ~s 045
e eges) s
HDS HDS (1+ KSHZSCIS-|ZS) 2 .
G/L L/S
: !
i-1 ! |
! |
: L I s
! Ciny kL-S(HZ) Ciny
: L I s
' Ci(s) ka(S) Ci(s)
1 .
: !
i+1 ! :

Figure 4.8: Mass balance in solid phase

Hydrogen sulfide transported between solid phasklignid phase is produced
by the chemical reaction. Mass balance for hydragdinde in the solid phase can be

estimated as

Kis e Qs (Ci( 1 ~Cins )AZ = PoEIAZ Typs (4.9)

The set of equations 4.2 to 4.9 are solved foscklto N in a marching technique.

The detailed calculation procedure is discussexation 4.5.
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4.2.2 Energy Balance Equations

Hydrodesulfurization reactor is generally operatadiabatically with no heat

exchange between the reactor and its surroundiegt generated by the reaction in
the catalyst causes rise in the catalyst temperadand heat transfer to the liquid
phase. Assuming no temperature gradient withinctitalyst particle, heat transfer

from the catalyst to liquid phase can be expreased

Azp & NN ps (_ AH s ) =hsa AZTg =T,;) (4.10)
G/L L/S
: !
-1 : i
! [
' I
: :I AH HDS
I Az G ! L h.d S
! :
i [
\ Ty | Tsi
1 .
: !
i+1 ! !
! I

Figure 4.9: Heat transfer from solid phase to hiqoinase

Temperature in the liquid phase fhdell is due to balance of () in flow of heat
with liquid flow from (i-1)" cell to " cell; (2) heat transfer from solid phase to liquid
phase by convection if'icell; (3) out flow of heat with liquid flow from"i cell to
(i+1)" cell; and (4) heat transfer from liquid phase &s ghase by convection ifi i
cell, as shown in Figure 4.10. Energy balanceitpidl phase can be obtained as

uoLpLCI;;TLi—l + hLSaLS (TSi _TLi )Az = uoLpLCI;;TLi + hGLaGL (TLi _Tei )Az (4.11)

83



G/L L/S
' Ug s Tiia |
i-1 ! l |
! |
! I
| i
I Az G h ! L N S
a S
Tai : Li l[ Ts
1 |
1 .
]
i+1 : uoL 1TLi :

Figure 4.10: Energy balance in liquid phase

Increase in the enthalpy of gas phase as it floom f(i-1f" cell to (i+1}" cell
through the 1 cell is equal to heat transfer from liquid phasegas phase by

convection as shown in Figure 4.11. From the enbadgnce on the gas phase

qupGC(:TGi—l = quIOGCSTGi + hGaGL (TLi _TGi)AZ (4.12)
G/L L/S
qu,TGi—l ! |
SR i
! |
' I
. : i
I Az G € h' L | S
1GL -
Tai : Ty :
1
1 .
| i
i+l qu,TGi : :

Figure 4.11: Energy balance in gas phase
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Assuming high interphase heat transfer coefficidmesveen the phases, the
temperature of the three phases will be efuaFT, =T, =T,). Therefore,
equations (4.10)-(4.12) can be combined as

(U(,G,OGC(S + uoLIOLCI;;)(Ti _T(i—l) ) = Aprgpﬂj Mibs (_ AH HDS) (4-13)

4.3 Reaction Kinetics

Langmuir-Hinshelwood type reaction kinetics as mowended by Korsten and
Hoffman [89] is used to describe hydrodesulfurizatreaction in one-dimensional

cell-in-series model. The kinetics data are prekit Table 4.1.

Table 4.1: Kinetics and thermodynamic data [89]

Kinetic model E, (3/mol) K, AH,
(J/mol)

N ca)es, )™ 131993  4266x10°cm’g’s™ —251000
HDS HDS (1+ K SHZSC EZS )2

Ea 3 -1
K e (T) = Kor e ex{ﬁ] 2761 4176984cm’mol

Kiosis the reaction rate constant for HDS reactié, ¢ is adsorption equilibrium

constant for hydrogen sulfide (émol), k,is frequency factof,is adsorption

enthalpy of hydrogen sulfide. Hydrodesulfurizatiogaction is inhibited by the
hydrogen sulfide whereas the inhibition effect frother compounds @\ aromatic,
etc.) are negligible. The kinetic model includesadsorption equilibrium constant of

hydrogen sulfideK , s described by the van't Hoff equation to accoumttfe effect

of the temperature.

4.4 Estimation of Hydrodynamics and Physical Properties
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The reactor model makes use of selected availablestrial engineering correlations
to estimate various parameters such as densitysaability, diffusivity, dynamic
viscosity, mass transfer coefficients and properted oil and gas at process

condition. These equations are given by eqgs. (4(4434).

4.4.1 Oil Density

Density for liquid petroleum fractions is usualBported in terms of specific gravity
(SG), defined as the ratio of liquid density tottbé water at standard conditions.
The standard conditions adopted by petroleum imgase 66F (15.5C) and 1 atm.
Another unit for specific gravity of liquid petralen fraction is defined by the
American Petroleum Institute (API) in terms of Adravity.

APl gravity=— 21 1315 (4.14)
SG(at60’F)

The correlation of liquid density reported in laéure incorporate the correction for

high pressure and temperature [36].

P (P.T) =0, +00, ~ 0 (4.15)

2
p, - [0167+ L6810 m4zsoo] (Lj ~ 000299+ 263107 ™ | (ij
1000 1000

(4.16)

Do, =(00133+1524], + p,]°)(T, ~520 - (81x10° - 0.0622¢107 7441 )(T ~ 520
(4.17)

wherep, (Ib/ft%) is liquid density at standard conditioR,is reactor pressure (psia)

andT is reactor temperature in RankifiR).

4.4.2 Gas Solubility
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The solubility of hydrogen (5} and hydrogen sulfide #3) in liquid phase depend
on temperature and they can be estimated fronottenving relations [13], [36].

Ay, = —0.559729- 0.42947%10°T, + 3.07539<10‘3{T—LJ

Pao (4.18)
+1.9459%10°T,* + —0'8352783
Pao
A5 =exp(3367 - 0.00847T, ) (4.19)

where A, and A, ;are solubility of hydrogen and hydrogen sulfidepexively

(NI/MPa kg oil), T, is liquid temperature in degree Celsil8) p,,is liquid density
at 20C (g/cm).

Henry's law coefficients for hydrogen and hydrogeiffide were calculated from the

equations reported in the literature [36].
VN

AP

H =

(4.20)

where H, is Henry coefficient (Pa.ffmol), Vy is molar gas volume at standard

condition, 0, is liquid density at process conditions.

443 Dynamic Liquid Viscosity

At low and moderate pressure, effect of pressurdiquid viscosity generally is
assumed to be negligible. Liquid viscosity changéhviemperature appreciably.
Viscosity of liquids decreases with an increastemperature. Prediction of viscosity
of crude oils can be estimated using Glaso’s catigel [17], [100].

44, = 3141x10°(T - 460**|log,,(API)*] @21

a= 1B13[log,(T -46(]| -36447 (4.22)

where /4 is liquid viscosity in mPa.s, T is temperatureRankine {R) and API is

the oil gravity. In general, heavier oils (lower IAdgravity) exhibit higher viscosity.

4.4.4 Diffusivity
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The correlation for molecular diffusivity of solutén the liquid petroleum fraction is
given by Poling et al. [101] for organic and hydadmons system, derived from Tyn
and Calus equation.

0267
D' = 893x10°( “£__ [lJ (4.23)
Vv H

where DiLis diffusion coefficient of soluten the liquid (cn¥/s), T is temperature in
Kelvin (K), 4 is dynamic viscosity (mPa.sYy, andV, are molar volumes of solute
and liquid solvent respectively at its normal bailipoint (cri/mol). Vv, andV_ can
be calculated from critical specific volume as gias follows [36].

v, = 0285y, %% (4.24)

vl =7.5214x107°T 250 d &% (4.25)

where v_ is critical specific volume (cAfmol), T,,..sdS Mean average boiling point
in Rankine {R), d,is specific gravity at 15% while v (ft¥/Ib) to Vv, is carried

out by multiplication with molecular weight.

445 MassTransfer Coefficients

The gas-liquid mass transfer and the liquid-soliassmtransfer are estimated using
correlations taken from Korsten and Hoffman [89].

I.  Gas-liquid mass transfer coefficient

K 04 05
o 2ot :7[“‘“} K (4.26)
Di Hy PL Di

ii. Liquid-solid mass transfer coefficient

K 05 0333
LS :1.8( PLU, j { H j %)
D, LaLS a s, P D, -
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In both correlations; and k ¢ (cm/s) are the functions of molecular diffusivity,
D' (cn?/s); liquid densityp, (g/cn?); liquid viscosity 4, (mPa.s); superficial

velocity, u,, (cm/s); and the diameter of catalyst partidig(cm).

4.4.6 Heat Capacity

The heat capacity of liquid hydrocarbon is evalddteough the correlation of API
method [17].

CE=A+AT+AT? (4.28)
481407 0.194833K
A =-4.90383+ (0.099319+0.104281SGK,, +( 8140 (;Gg 833 WJ
(4.29)
A, = (753624 +6.21461K,, ) x (1.12172— 027634) x10™ (4.30)
A, =—(1.35652+1.1186%K,, ) x (2.9027— 0'70958j x107' (4.31)
(1-8Tb)1/3
=x"b/ 4.32
w 3c (4.32)

where c; is heat capacity of liquid (J/g. Kiw is the Watson characterization factor,

Tp is normal boiling point (K).

Ideal gas properties do change with temperatureifggntly. The gas heat
capacity has been correlated to temperature ifotleaving form [17].
CG
P = A+BT+CT?+DT’+ET* (4.33)
whereR is the gas constantg is the molar heat capacity in the same unit vith

and T is temperature in Kelvin.
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4.4.7 Wetting Efficiency

The catalyst wetting efficiency is estimated usihg correlation of Al-Dahhan and

Dudukovic [102] that applicable for high operatiprgssure.

1/9
n= 1104Re1’3{1+(AP/Z)/’0Lg}
L

Ga,

where

u, d d ’p?
ReL:lOL Lp,GaL: pp;g

Hy Hy

(4.34)

Pressure dropAP/Z) can be estimated from modified Ergun equatiort thas

developed in Chapter 3.

45 Solution Schemefor 1-D Reactor Modé

The model equations were solved by rearrangingnthes and the energy balance

equations to obtain the axial concentrations of moments and temperature for a

cell. To simplify the simulation work, eq. (4.2)nsarranged to obtain expression for

partial pressure of hydrogenthe gas phase f(i)lce”(pi(Hz)G )

G
qu pi—l(Hz)

G _ RT
Uye .\ kGLHZaGLAz
RT H

+ kGLH2 aGLCi(Hz)LAZ

Pin,)

i(Hz)

38)

By considering mass transfer resistance of hydrdggween liquid and solid

catalyst is negligible, eq. (4.4) can be rearrangedive expression for hydrogen

concentration in the liquid phase.

G
L Pic,)
Uor Ci g, +kGL(H2)aGL H Az
L_ i(H,)
C -

i(H2)
’ UoL * kGL(HZ) ag Az
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Substituted eq. (4.36) into eq. (4.35) and reamdrthem, equation for hydrogen
partial pressure in gas phase can be obtained as

G

uoLCi—l(Hz) : kGLHZ aGLAZRT

u ;i
. oG pl 1(H,) u0|_ + kGLH a.GLAZ
G : 4.37
Phiso UsHiuy *Kor, Bl BZRT (g, 85 A2)°RT (4.37)
Hiw, Hin,y[Uo Koy, 86 A7)

Since mass transfer resistance of hydrogen betlige@id and solid catalyst is

negligible, mass balance at the solid phase asmein eq. (4.7) can be obtained

as follows
cs)cs 045
kLSS)aLS(Ci(S)L_Ci(S)S)AzqupgpkHDS (1(+SK)£ HCZ:Z )ZAZ (438)
H,S ™ H,S

Rearranging eq. (4.38), sulfur concentration imdsphase can be obtained as
L

C s _ kLS(S) aLSCi(s)

i(s) (CS )0.45 (4.39)

kLs0 a s +,7pp£pkHDS " 2
[i+K3Cols)

By substituted eq. (4.39) into eq. (4.6), sulfunoentration in the liquid phase can be
estimated as

L

L Uo Cicage)
Cio = (4.40)
Kis, as
Ug + kLS(S) a Az 1- 0 (CS )0.45
H,
kLS(S) a s +170, Kips (l+ Ke C )2
H,S ™ H,S

Hydrogen sulfide produced as HDS reaction occurs ketwgdrogen and sulfur
in the solid phase. Rearranging eq. (4.3), equdbtorpartial pressure of hydrogen
sulfide in gas phase can be obtained as
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G
Uog Pi-ih,s) L

6 _ RT + kGLstaGLCi( H,S) Az

U, + kcz-l_st ag Az
RT H

Piachys) (4.41)

i(H,S)

Substituted eq. 4.41 and eq. 4.9 into eq. 4.5 aadranging them, equation for
hydrogen sulfide concentration in liquid phase lbarobtained as

s 045 G
L (CH2 ) Uog Piach,g) kGL( ) ag Az
Uy Ciyns +11P o€ pKups o8z
’ (1+ K EZSC,S_‘ZS) UH; + kGL(stj ag AZRT

L

C i(HS)  —

(4.42)
kGH s ag AZRT

u, +k Azl 1-
oL Gl ys) a'GL UoG H i + kGL( N aGLAZRT

46 Modd Validation and Simulation Results

In order to validate the proposed 1-D cell in seneodel, experimental data on
hydrotreating of vacuum gas oil (VGO) over NiMofBk catalyst on pilot plant

scale, reported by Mederos and Ancheyta [36] asdisn Table 4.2 were used for
simulating the behavior of reaction system. Thes@né model only takes into
consideration the HDS reaction. The simulation pagormed under the conditions
of a pressure of 5.3MPa and temperature’@80’he model simulation results also

are compared with the simulation of Mederos andh&gta [36].

Microsoft Excel was used to solve the governingatigns. The reactor was
divided into a number of cells (N=126) along théaadirection from the inlet to the
outlet of the reactor where each cell is assumecbtdain three phases, each well
mixed within itself and axial distancaZ) of each cell is assumed to be equal to the

diameter of the catalyst particle (=0.254 cm). Ingiata on flow velocities, feedstock
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and catalyst properties, temperature and pressare specified for the first cell.
Concentration of hydrogen in the VGO feed at thteagrte of the reactor is assumed
to be zero ((G,-=0). The outputs of thecell were estimated; the outputs of tie 1
cell were the inputs to"2cell and so on. Figure 4.12 presents computatifioal

sheet of the calculation procedure.

Table 4.2: Experimental data on hydrotreating ofQ/@n pilot plant scale.

Experimental data taken from Mederos and Anche3ga [

Feedstock _Value
API gravity 22
Molecular weight 441.9
Mean average boiling poirfiQ) 476
Sulfur (wt %) 2.009

Operation conditions Value
Gas superficial velocity (cm/s) 0.28
Oil superficial velocity (cm/s) 1.75 x 10
Catalytic bed length (cm) 31.58
Internal diameter (cm) 254
Temperature’C) 380
Pressure (MPa) 5.3
Gas composition (mol%)

H 100
S 0
Light hydrocarbons 0

Catalyst Value
Equivalent diameter (mm) 254
Specific surface area {fg) 175
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Pore volume (crig)

Mean pore diameter (A)
Molybdenum content (wt %)
Nickel content (wt %)

Bulk density (g/cr)

0.56
127
10.7
2.9
0.8163
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Based on inlet conditions and input data, calculate
gas and oil properties (i.e. gas and liquid density

gas solubility, Henry coefficient, liquid viscosjty

diffusivity, heat capacity)

N

)

¢

s the value of temperature ifi cell
known, repeat the calculations from the
first step to estimate the extent of
reaction and rise in the temperature for

the (i+1) cell and this is extended for|

11%

subsequent cells along the length of th

kreactor. /

AN

N
Calculate the temperature f8téell by
adding the inlet temperature;{J with
the temperature rise over a cedlT],

that is estimated from eq. 4.11.
N

N

Calculate partial pressure of hydroge

-

sulfide in the gas phase and hydroge

>

sulfide concentration in the liquid

phase G,s using eq. 4.41 and eq.

k4.42 respectivelp> /

/ N
Hydrogen sulfide produced as reactio

takes place between hydrogen an

sulfur in the solid phase. Concentratio
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Figure 4.12: Computational flow

95

/Calculate liquid hydrodynamics (gg
liquid mass transfer, liquid-solid masy
transfer, liquid holdup, pressure drop,

wetting efficiency) based on

inlet
condition and input da

N /

V
/Calculate partial pressure of hydrogemv

the gas phase, 4&° (eq. 4.37) and

concentration of hydrogen in the liquid
phase, G, (eq. 4.36) for 1 cell by

considering the oil is not saturated with
hydrogen at the entrance of reactof
(CHML:O). Mass transfer resistance for

hydrogen between liquid and solid

Qtalyst is assumed to be negligibly
P
/e n uh
Calculate the concentration of sulfur i

liquid phase, G- (eq. 4.40). Sulfur

concentration for sulfur in (i-Pcell is

evaluated based on composition of
sulfur present in the oil. Rate constant

is estimated using Arrhenius equatior]

Qs a function of temperature. j
\

2\
Concentration of sulfur in the soli

phase for'f cell (C;%) can be estimated
using eq. 4.39 as sulfur concentratio

in the liquid phase is known.

sheet of the catioh procedure



4.6.1 Reaultsof theSimulation for the Pilot Plant

Hydrogen profiles along the reactor in the gasjiticand solid phases are shown in
Figure 4.13. It is observed that hydrogen partra@spure in the gas phase (Figure
4.13a) decreases rapidly as it increases in thidlighase (Figure 4.13b) due to the
high gas-liquid mass transfer in the entry zonetheu down in the reactor, mass
transfer rate decreases as hydrogen concentratite liquid phase increases to near

saturation.

In the liquid phase, concentration of hydrogen (Fég4.13b) increases rapidly
until a certain point due to high hydrogen massdier. Beyond this point, liquid
phase is nearly saturated with hydrogen due t@tadability of excess hydrogen in
the gas phase. It should be noted that the shapgdobgen partial pressures in the
gas phase and concentration profiles of hydrogeheriquid phase are determined
by the mass transfer and reaction rate @@nsumption) in the catalyst phase.
Estimates for hydrogen concentration in the gasleypid phase from the present
model are compared with the simulation results edbtos and Ancheyta [36] and

they are in reasonable agreement.

Concentration of hydrogen in solid phase increaapglly as hydrogen in liquid
phase diffuses out into the solid phase (Figur&d).1t can be seen that hydrogen
concentrations in the liquid and solid phases arg elose. Mass transfer resistance

between liquid and solid phases can be negligible.
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(b) liquid phase and (c) solid phase;) present model-{--) simulation data of
Mederos and Ancheyta [36] (T=3%D) P=5.3MPai, =0.0175cm/s)
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Dissolved hydrogen and sulfur in the liquid phagtuse into the solid catalyst
phase for the conversion of sulfur and hydrogemydrogen sulfide. As a result,
sulfur concentration in the liquid phase decreaalemg the reactor length as
illustrated in Figure 4.14a. The hydrodesulfuriaatiprocess reduces the sulfur
concentration in the liquid phase of 3.471%10ol/cnt to 9.566x10 mol/cn? with
72% sulfur removal. Prediction for sulfur concetitm in the liquid phase at the exit
of the reactor by the model compares well withé¢kperimental observations. In the
solid phase, sulfur concentration increases ifytiak it diffuses from the liquid
phase to the solid phase, and then decreases axlagdlfurization reaction occurs
(Figure 4.14b). Sulfur concentrations in the ligaidd solid phases are very close.

Mass transfer resistance between liquid and sblases can be negligible.
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Figure 4.14: Sulfur concentrations profile in (guid phase, (b) solid phase;
(—) present model;{--) simulation data of Mederos and Ancheyta [36], (0)

experimental value (T=38Q, P=5.3MPa, =0.0175cm/s)
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Hydrogen sulfide produced in the catalyst phasedagtion of hydrogen with
sulfur compounds diffuses into the liquid phase amentually into the gas phase. It
can be seen that the concentration of hydrogemndsuli solid phase first increases
rapidly in the initial part of the catalyst bed dieethe high reaction rate and then it
decreases as reactants are consumed along therggld (Figure 4.15a). Catalyst to
liquid phase mass transfer coefficient has to lgh o reduce the hydrogen sulfide
concentration in the catalyst phase. Otherwiseaiit have detrimental effect on the

catalytic conversion due to inhibition effect ofdnggen sulfide.

Hydrogen sulfide in solid phase diffuses out irtte tiquid phase (Figure 4.15b)
and the trend for hydrogen sulfide concentratiohqguid phase along the bed length
is same as in solid phase due to high liquid-solass transfer. Hydrogen sulfide in
liquid phase eventually diffuses out into gas phakeg the reactor length and
concentration of hydrogen sulfide in the gas phaseecases gradually along the
reactor length (Figure 4.15c). Competition betwessction rate, solid-liquid mass
transfer rate and liquid-gas mass transfer raterchtes the overall shape of
hydrogen sulfide in liquid phase and gas phase. fféred for hydrogen sulfide
concentration in gas phase compare reasonably wiél results reported by
Mederos and Ancheyta [36] as shown in Figure 4.Fawever there is some
discrepancy between the estimates of the presedelnom liquid phase hydrogen
sulfide concentration profile along the bed lengtimpared to the results reported by
Mederos and Ancheyta [36]. This could be due todifierences in the values of
mass transfer coefficients between the various gshased in the two different

models.
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Figure 4.16 presents bed temperature profile altmg reactor. Since the
hydrodesulfurization reaction is exothermic, bethpgerature rises as sulfur gets
converted along the length of the reactor. The tatpre increases from 653K to
658K. However, the temperature rise through thetogavas little as sulfur content
in VGO feed is considered very low. For oils witlglrer sulfur content, the
temperature rise can be much higher and may néatessooling by cold injection of
hydrogen. An increase in bed temperature wouldess® reaction rate and hence
accelerates the heat production due to exothemaition.
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Figure 4.16: Bed temperature profile (P=5.3MRa=0.0175cm/s)

4.6.2 Simulation Study to Explorethe Performance of the Pilot Plant

In order to meet sulfur specifications, the valedhi-D reactor model is employed to
investigate several parameters affecting reactdopeance. Experimental data on
pilot plant reactor were used for reactor perforogaanalysis. The effect of reactor
length, reactor inlet temperature, operating pnessund liquid velocity on sulfur
removal were simulated with the other parametemsgbkept the same as the base
operating conditions.
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4.6.2.1 Effect of Reactor Length

Figure 4.17 presents the effect of reactor lengtiswfur concentration at the exit of
reactor. It shows that sulfur removal increaseseastor length increases, due to the
residence time for the reaction increases. Suldmtent in the VGO can be reduced

to 10ppm as reactor length increases up to 165cm.
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Figure 4.17: Effect of reactor length on produdfisicontent, (o) experimental,

(—) present model (T = 38Q, P = 5.3MPay,, = 0.00175cm/s)

4.6.2.2 Effect of Liquid Velocity

A lower liquid velocity leads to longer residencéme, which corresponds to the
higher sulfur removal. The product sulfur conteatrases with decreasing liquid
velocity. The effect of liquid velocity on produstlfur content is shown in Figure
4.18. It shows that sulfur content in the VGO canréduced to 10 ppm in a reactor
length of 32 cm at operating temperature of °88@nd pressure of 5.3MPa (base

case) as liquid velocity decreases to 1.5%h0/s.
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Figure 4.18: Effect of liquid velocity on productlfr content, (0) experimental,
(—) present moddIT = 380°C, P = 5.3MPa, Z = 32cm)

4.6.2.3 Effect of Feed Inlet Temperature

Feed inlet temperature can have prominent effeanass transfer rate of hydrogen
and reaction rate. It would enhance the amountisdotlyed hydrogen and rate
constant which in turn improves the conversion wfus into hydrogen sulfide. As
shown in Figure 4.19, by increasing feed inlet terafure, the hydrodesulfurization
reaction significantly enhanced. Sulfur contenthi@ VGO can be reduced to 10 ppm
in a reactor length of 32 cm (base case) at anatipgrtemperature of 430. At
these temperatures hydrocracking can take placeilllbe interesting to carry out

desulfurization in the hydrocracker itself.
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Figure 4.19: Effect of feed inlet temperature oodurct sulfur content,

(o) experimental,{—) present model (P = 5.3MPa,, = 0.00175cm/s, Z = 32cm)

4.6.2.4 Effect of Reactor Pressure

Higher operating pressure can increase solubifityydrogen in the liquid phase and
hence higher hydrogen concentration in the liglhdge for HDS reaction. Figure
4.20 presents the variation of product sulfur conteith the reactor pressure. As
observed, the product sulfur content decreases wifeasing operating pressure.
However, effect of pressure is not significant cangal to the effect of feed inlet

temperature.
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Figure 4.20: Effect of operating pressure on produtfur content, (0) experimental,

(—) present model (T = 38Q, u, = 0.00175cm/s, Z = 32cm)

4.7 Simulation of HDS Commercial Unit

Sulfur in the oil fractions need to be reduced teeey low level to meet the stringent
sulfur requirements being imposed. Replacing thistieyy commercial reactor or
increasing the reactor length is a costly optiorthe® possibilities should be
considered for improving the reactor performandgse 1-D cell in series model
developed in the preceding sections is able toagxplhe essential features of
hydrodesulfurization process and it can be useihtollate other possibilities.

In the present section, the model is used to simullae performance of a

commercial size hydrotreating reactor for the dubsi of

- reducing hydrogen sulfide in the feed gas,

- increasing the feed temperature,

- increasing reactor pressure and

- decreasing liquid velocity
to meet the limit on sulfur in the product. Prop=tof the feedstock, catalysts,
operating variables and reactor dimensions are sarined in Table 4.3.
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Table 4.3: Data on hydrotreating of VGO on comnadrecale. Data taken from
Mederos and Ancheyta [36]

Feedstock _Value
API gravity 22
Molecular weight 441.9
Mean average boiling poirfiQ) 476
Sulfur (wt %) 2.009
Total nitrogen (wppm) 1284
Basic nitrogen (wppm) 518
Total aromatics (wt %) 41.9

Catalyst Value
Equivalent diameter (mm) 254
Specific surface area {fg) 175
Pore volume (crifg) 0.56
Mean pore diameter (A) 127
Molybdenum content (wt %) 10.7
Nickel content (wt %) 29
Bulk density (g/cr) 0.8163

Operation conditions _Value

Gas superficial velocity (cm/s) 0.3

Liquid superficial velocity (cm/s) 0.63

Catalytic bed length (cm) 853.44
Internal diameter (cm) 304.8
Temperature’C) 380
Pressure (MPa) 5.3

Feed composition (mol %)

H 81.63
HS 3.06
Light hydrocarbons 16.3
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4.7.1 Effect of Presence of Hydrogen Sulfide (H,S) in the Feed Hydrogen

Presence of high concentration of hydrogen sulfidéhe hydrogen gas feed stream
(3.06% mol) can have adverse effect on the hydwdfiggation process. In the

presence of high concentration of hydrogen sulfid¢he feed gas, concentration
profiles of hydrogen sulfide in the gas and ligpidases are illustrated in Figures
4.21 and 4.22 respectively. It can be clearly dban partial pressure of hydrogen
sulfide in the gas phase decreases initially asdggh sulfide in the feed gas (3.06%
mol) rapidly dissolve in the liquid phase until cbas its saturation point, due to the
mass transfer of hydrogen sulfide from the gas @h@ghe liquid phase. Then, the
hydrogen sulfide partial pressure increases asokyr sulfide produced by the
hydrodesulfurization in the catalyst phase diffusethe liquid phase and eventually

to the gas phase (Figure 4.21).
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Figure 4.21: Partial pressure profiles of hydrogelfide in gas phase for commercial

reactor
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On the other hand, hydrogen sulfide concentratiothe liquid phase increases
rapidly in the reactor entry zone due to mass teanfsom the gas phase (Figure
4.22). Further down in the reactor, concentratibiyalrogen sulfide in the liquid
phase decreases as it diffuses out to the gas phastaster rate than the hydrogen

sulfide arriving from the solid phase due to thermgesulfurization reaction.
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Figure 4.22: Concentration profile of hydrogen sldfin liquid phase for

commercial reactor

Presence of hydrogen sulfide in the feed hydrog0606 mol) has a strong
effect on sulfur removal rate, as it decrease thebdity of hydrogen in the liquid
phase and hence reduces the amount of hydrogemeisdlid catalyst for sulfur
conversion. Also, hydrodesulfurization reaction etios is retarded with higher
hydrogen sulfide concentration. Concentration dfusucompound in the liquid
phase along the commercial reactor with reactogtteinf 853.5cm is presented in
Figure 4.23. In presence of hydrogen sulfide infdexl gas, sulfur concentration of
20092ppm has reduced to 3829 ppm with sulfur remoiv81%. Hydrogen sulfide
in the gas stream can be decreased by incorporatiragnine scrubber. Considering
the hydrogen sulfide content in the gas feed reslfican 3.06% mol to 0% mol, it
was found that the conversion of sulfur increaspsta 97% with outlet sulfur

concentration of 594ppm.
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Figure 4.23: Sulfur concentration profiles in liguphase for commercial reactor,
(—) with 3.06% mol HS content,{--) without H,S content

4.7.2 Effect of Feed Inlet Temperature

The effect of feed temperature on product sulfurteot is shown in Figure 4.24. By
increasing feed inlet temperature, sulfur removghicantly improved. Higher
temperature would enhance the amount of dissolwyeltolgen and rate constant
which in turn improves the sulfur conversion. Sultontent in the VGO for

commercial reactor can be reduced to 10 ppm astémegerature inlet increases up

to 416°C.
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Figure 4.24: Effect of feed inlet temperature oadurct sulfur content

(P =5.3MPau, = 0.63cm/s)

4.7.3 Effect of Reactor Pressure

The effect of reactor pressure on sulfur removagresented in Figure 4.25. Higher
reactor pressure would increase solubility of hgeroin the liquid phase and hence
lead to higher sulfur conversion. However, the dffef reactor pressure on sulfur

conversion is insignificant and this is not a veabption.
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Figure 4.25: Effect of reactor pressure on produtfur conten(T = 380°C,
u, = 0.63cm/s)

4.7.4 Effect of Liquid Velocity

A lower in liquid velocity leads to higher sulfuemoval due to longer liquid
residence time. The effect of liquid velocity orifsuremoval is presented in Figure
4.26. Sulfur removal increases with decreasingidigeelocity. It is observed that
sulfur content in VGO for commercial reactor can teeluced to 10ppm by
decreasing liquid velocity of 0.63cm/s to 0.14cmT&is reduces the throughput

drastically and hence is not a viable option.
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Conclusions

A steady state one-dimensional cells-in-series mades developed to
predict the behavior of a trickle bed hydrodesidfation reactor. The reactor
model was established based on mass and energyceslareaction rate
based on Langmuir-Hinshelwood kinetics for HDS teacand integrated
with reactor hydrodynamics.

The model was validated with the literature expertal data on a pilot

reactor for sulfur concentration at the exit ofatea

The model was used to simulate HDS in a commetoidl to explore the
possibility of reducing sulfur content to meet thatringent sulfur
requirements being imposed. This can be achievieg) tise existing reactor
units by increasing the feed temperature and redutydrogen sulfide in the

feed gas.
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Notation

a,,  Gas-liquid interfacial area per unit volume @om°)

a . Liquid-solid interfacial area per unit volume (@om’)

C/ Molar concentration of componentjiphase a cell (mol/cn)
cFi, Heat capacity of phase (J/g. K)

D-  Molecular diffusivity of compoundin liquid phase viscosity (cfs®)
d Particle diameter (cm)

d,ss  Specific gravity at 15%€

AH,,,sHeat of reaction (J/mol)

H,  Henry law constant for compound | (Pa/mol)

h,  Gas-liquid heat transfer coefficient tgsnK ™)

hs Liquid-solid heat transfer coefficient (Ism?K™)

ks,  Gas-liquid mass transfer coefficient (cm/s)

k,s Liquid-solid mass transfer coefficient (cm/s)

K, Frequency factor

kK,os Rate constant for hydrodesulfurization reaction’g's™?)
K,,s Adsorption equilibrium constant for.8 (cnt mol™)

p, Partial pressure of gas componentell (Pa)

P Reactor pressure (psia)

los Reaction rate of hydrodesulfurization (moksy)

R Gas constants, 8.314

Re Reynolds number

Ga  Galileo number

T, Temperature atcell (K)

T.asp Mean average boiling pointR)
U,; Gas superficial velocity (cm/s)

u,  Liquid superficial velocity (cm/s)
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v, Molar volume of solute at its normal boiling temateire (cnimol™)
A Molar volume of liquid solvent at its normal boiiremperature (cfmol™)

v Critical specific volume (cffmol)

Z Axial coordinate (cm)

Greek letters

£ Particle volume fraction
Effectiveness factor
A Solubility coefficient of the compouridNI kg™* MPa?)
., Liquid viscosity (mPa.s)
p,  Catalyst density (g/cth
ps  Catalyst bulk density (g/cth
0. Gas density (g/ch
O, Liquid density (g/cr)
0,  Liquid density at 28C (g/cn?)
0, Liquid density at standard conditions (1%%nd 103.3kPa), (Hft®)
Ap; Temperature correction of liquid density, H°)

Ap, Pressure dependence of liquid density,/¢tH)

Subscripts and superscripts

[ cell
H, Hydrogen
HC Hydrocarbon

H,S Hydrogen sulfide

Gas
L Liquid
S Solid
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CHAPTER 5

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

51 Summary

As good quality crudes are depleting fast, thera igreater need to process sour
crudes. At the same time, the regulated sulfurtéinm the products are becoming
more stringent. Trickle bed reactors are widelyduse reduce sulfur content in
vacuum gas oil (VGO) by hydrodesulfurization reawctwith hydrogen. There is a
great need to explore the possibility to improve bydrodesulfurization process in
the trickle bed reactors to meet the future reguiat Modeling to understand the
phenomena occurring in the reactor can be a gedgtim establishing the options for

better reactor performance.

Performance of trickle bed reactors is influencgdthe residence time of the
reactants (sulfur compounds in VGO), inter-phasesam@ransfer and reaction
kinetics. Residence time in the reactor dependshenliquid flow rate and liquid
holdup. A Submerged Particle Model was developedstamate liquid holdup and
pressure drop in trickle bed reactor considering ¢@ flow around particles
enveloped by trickling liquid. Experimental dataadable in the literature on liquid
holdup for various gas-liquid systems were usedtlier evaluation of the model
developed. The model equation explained the exmatiah observations for liquid
holdup reasonably well, and the results were dssdisin terms of varying
parameters such as gas and liquid velocities,digigcosity, particle sizes, operating
pressure and temperature. Liquid holdup incread#s imcreasing liquid velocity
and liquid viscosity. On the other hand, liquiddwgd decreases with increasing gas

velocity, particle size, pressure and temperature.

Ergun’s equation for pressure drop in packed beds adopted to estimate

pressure drop for gas flow in trickle beds. Lighimldup reduces the cross sectional



area for gas flow and increases the tortuosityasfftpw path. Tortuosity of gas flow
was proposed to be a function of gas phase voluastidn. The model predictions
for two phase pressure drop compared well with é¢Rperimental observations
reported in the literature. Pressure drop increasés increasing gas and liquid
velocities as well as operating pressure. On therdtand, pressure drop decreases

with increasing temperature and catalyst partide.s

A steady state one-dimensional multiphase cellsenes model was developed
to describe the behavior of hydrodesulfurizationcgss in a trickle bed reactor. The
model includes mass and energy balances equabomgs$, liquid and solid phases.
The reactor model equations for each cell were fiteited based on mass and energy
balances incorporating transport and kinetic pataraeReaction kinetics reported in
the literature for the hydrodesulfurization reactimased on Langmuir Hinshelwood
mechanism was assumed. Trickle bed hydrodynamigdransport parameters were
estimated using selected correlations taken framraliure. Liquid holdup and
pressure drop in trickle bed reactor were estimétesh the validated submerged
particle model. The reactor model was validatedngisexperimental data on
hydrotreating of vacuum gas oil (VGO) on a piloactor reported by Mederos and
Ancheyta [41]. The trends for hydrogen and hydrogeifide concentrations in the
gas and liquid phases as well as sulfur conceatrati the liquid phase along the
reactor length were in line with the literatureadaBed temperature rises along the

reactor length due to the exothermic reaction afrbglesulfurization.

The validated 1-D cell-in-series model then was dude simulate the
hydrodesulfurization reaction in a commercial utot investigate possibility of
reducing sulfur content in the VGO to meet thengnt sulfur requirements. The
effect of hydrogen sulfide in the hydrogen feed, galet feed temperature, reactor
pressure and liquid velocity were simulated. It vii@snd that sulfur removal could
be improved by increasing feed inlet temperaturgreiasing reactor pressure,
decreasing hydrogen sulfide in the gas streams dammleasing liquid velocity.
Increasing feed temperature and reducing hydrog#ide in the feed gas are the
two viable options to improve the reactor perfore@nEffect of reactor pressure on
sulfur removal is insignificant while reducing liguvelocity significantly reduced

the throughput.
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5.2 Conclusions

1) Equations to estimate liquid holdup and pressudp dn trickle beds are
developed considering that gas flows through tarsuitow paths in a bed of
wetted particles. The equations are validated Viiénature data covering a

wide range of operating conditions.

2) A one-dimensional cells-in-series model has beeveldped to describe
hydrodesulfurization (HDS) process in a trickle bedctor. The model is

validated with literature data.

3) Based on the model simulations, the required desudtion of VGO can be

achieved in the existing reactors by increasingeled temperature.

5.3 Recommendation

Increasing the temperature of feed can enhanceotigdulfurization, but this can
also promote hydro cracking as well. Hence, itasassary to develop catalysts for
hydrocracking and hydrodesulfurization which calerate sulfur. Also, the model

should be extended to include both hydrocrackirgytgmrodesulfurization.
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APPENDIX A

SUBMERGED PARTICLE MODEL SAMPLE CALCULATIONS

This chapter presents sample calculations of sulpedeparticle model to estimate
liquid holdup and pressure drop in trickle bedspé&rimental data of Trivizadakis et

al. [35] as listed in Table A.1 were used for sampbdel calculation.

Table A.1: Experimental data of Trivizadakis et[@b]

Water-air system

Temperature PAN
Pressure 1 atm
Gas mass velocity (kgfra) 0.12-0.37
Liquid mass velocity (kg/frs) 2.4
Catalyst shape cylinder
Catalyst diameter (mm) 1.5
Average length (mm) 3.11
Bed voidages 0.40

Liquid holdup in trickle beds is evaluated using €312)
%

N[ XA TP EElSQuLé‘p +18J % 1
Ld d,g | p.—Ps | d,0Uy {:H[ yoy (‘fp +£Ld) (Pl - PZ)TP
(

- IOL_IOG) Eq Zp 9



Viscosity of water (2%C, 1 atm) =89x10™ kg/m.s
Viscosity of air (258C, 1 atm)  =1.8x10™ kg/m.s
Water density (2%, 1 atm) =®07kg/m®
Air density (28C, 1 atm) =1.2kg/m®

Liquid velocity can be estimated as

_ liquid massvelocity
oL —

liquid density
2.4 X9
" m?s -3 M
Uy =TS = 241x10°
997-9 S
m

Gas velocity can be estimated as

_ gasmassvelocity
gasdensity

0125 K9

2
Uy = ——0=8 = 01040
kg s
129
m

oG

Since catalyst particles are not spherical, eganalsurface volume mean
diameter @) need to be determined instead of particle diamétke equivalent

surface volume mean diametkmwas evaluated using eq. 3.11.

I
I
+

2 N 4
331Imm 15mm

d, = 181Imm
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The sum of the volume fraction of the gas and dcadds up to the bed porosity,
EgtE =€
Eg =E—€&,

=0.4-¢

Particle holdupg,is estimated as
£,=1-¢

=1-04

=0.6

Substituted these values, dynamic liquid holduploaestimated as

B 2 1%
(0.002412 ?—2) 997 K9
m
m kg .

0.00181mx 981 | (997 -1.2)"=

S m
4= y 1l
180 x(s.g x10™ gj x 0.6
m.s
+18

kg m

0.00181m x| 997 -2 |x (0.00241 ™)
| m S

%
06
kg (Pl - P, )TP
ol P Tme (0sren)| 7
= K
(997-12)"9  “fu (997 kg3j ms1™
m m S

The term of pressure drggl%z')“’ in liquid holdup equation is estimated using eq.

3.25.

(P1_ PZ)TP _ 72 :uG(‘gp +£Ld)2/3£pl/3 4 0455 peuoez‘gplls(gp Ty )2/3
£é5 dpqupG gG

7 225 €G3d .
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-5 ﬁ 2/3 U3
(F-P). - 18x10 m_sj(o.6+eLd) (06) 0A5E

- 15 2.25
z (04-6.,) (0.0018]m)E€0104mj[€1.2kg3j (04-¢6.,)

S m

2
m

(04-¢,)*(0.00181m)

Equations for dynamic liquid holdup and pressureopdrwere solved
simultaneously to obtain prediction values of lajioldup and pressure gradient in
trickle beds. Prediction of dynamic liquid holdupnc be obtained by iteration
procedure. From the simulations, the values of oyadiquid holdup and pressure
drop obtained were
£, = 0147

(B-P)r _ZPZ Je - 9467477Pa

For some investigators that present their experiah@ata in term of total liquid
holdup, it is noted that the total liquid holdupdae estimated by adding the value of
dynamic liquid holdup with static liquid holdup. &8t liquid holdup can be
estimated using the correlation of Saez and Caibi@je

e =1
20+ 09E,

with

e -Add o)
o
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Table A.2: Simulation results predicted by Submergarticle Model for data of Trivizadakis et al5]3

G(kgim?.9) | po(kg/m?’) | U V9 | Us(kg im.9 | Lkgin’.9) | Uy @9 | p (kg/m?) | p (kg /m.g | d.(m) &y £ g (n/s’)
0.125 1.2 0.104167| 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 0.81
0.152 1.2 0.126667| 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 9.81
0.18 1.2 0.15 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 0.81
0.205 1.2 0.170833| 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 9.81
0.235 1.2 0.195833| 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 9.81
0.262 1.2 0.218333| 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 9.81
0.29 1.2 0.241667| 1.80E-05 2.4 0.00241 997 8.90E-04 | 1.81E-03| 0.6 0.4 9.81
Liquid Gas
180 1.8 0.147 0.147 0.152 3.289 436.638 6.795 0.253 9467.477 8000 -18.343
180 1.8 0.141 0.141 0.150 6.00 425.523 6.537 0.259 10930.276/ 11000 0.633
180 1.8 0.137 0.137 0.158 13.29 416.036 6.320 0.263 | 12430.020 12050 -3.154
180 1.8 0.133 0.133 0.152 125 408.840 6.157 0.267 13766.389 14550 5.386
180 1.8 0.129 0.129 0.150 14.0 401.398 5.989 0.271 15376.883 16700 7.923
180 1.8 0.126 0.126 0.149 154 395.569 5.859 0.274 | 16839.172 18600 9.467
180 1.8 0.123 0.123 0.148 20.3 390.215 5.741 0.277 18373.268 20650 11.025
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APPENDIX B

PROPERTIES AND HYDRODYNAMICS (1-D CELL IN SERIES MUEL)

This chapter presents sample calculation to estirpedperties and hydrodynamics
of hydrodesulfurization reaction. These parametersuld be integrated with
reaction, mass and energy balances for the ewvatuadif reactor behavior and
performance. Experimental data of Mederos and Aytehi86] on hydrotreating of
vacuum gas oil (VGO) on pilot plant scale were ugsmdsample calculations of

trickle bed properties and hydrodynamic.

Table B.1: Input Data for Hydrodesulfurization Ria [36]

Feedstock _Value
API gravity 22
Molecular weight 441.9
Mean average boiling poirfi@) 476
Sulfur (wt %) 2.009

Operation conditions _Value
Gas superficial velocity (cm/s) 0.28
Oil superficial velocity (cm/s) 75 x 107
Catalytic bed length (cm) 31.58
Internal diameter (cm) 2.54
Temperature’C) 380
Pressure (MPa) 5.3
Gas composition (mol %)

H 100
) 0
Light hydrocarbons 0




B.1 Oil Density
Oil density at process conditions was evaluatechfeg. 4.15.
pL(P’T) =P * 00, —D0;

wherep, (Ib./ft) is liquid density at standard conditid®js reactor pressure (psia) afds

reactor temperature in Rankif®}.

B.1.1 Density of Oil at Standard Condition

API gravity = 22

SG (at 66F)= 1415

——— =0922
315+22

Thus, the density of VGO at standard conditior’6@nd 1 atm) is 0.922 g/ém

) = 0922.9_x b,  28317cn?
° “cnf 4535949 1ft®
= 57550m
ft

B.1.2 Correction of Oil Density for High Pressure (Ap,)

As shown in Table B.1, hydrodesulfurization reaati® operated at high pressure. Correction

of oil density for high pressureé\p,) can be estimated using eq. 4.16.

Feed inlet temperature = 380@1175.67R
Reactor pressure = 3.5MPa@768.703psia

2
Ve =[ 0167+ 16181x10° °°425°°] (ij— 00§ 0299+ 263107 ™% | (_P j
1000 1000
2
| 0167+ 1618310 *#479] (788793)_ 001 0200+ 263x10r etersd] [_768-7 03}
1000 1000

=0.17061b,_/ft®
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B.1.3 Correction of Oil Density for High Temperature (Ap;)

Correction of oil density for high pressurgd,) is evaluated from eq. 4.17.

Ao, =(0.0133+1524[p, +Ap,] “#%)(T, -520) -( 81x107° - 0.0622x10" 7e4e0+22:])(T —520 )

(0.0133+152 457559+ 0.1706] “*°)(117567-520) -
(81x10° -00622x10" @455 @odl) (1175 67-520)?

Ap; =100718b, /ft?

B.1.4 Oil Density at Process Conditions

pL(P’T) =0y 80, A0,

= 5559.0n +01706.0n - 100715.0n = 47658120
it it? it?

ft3

3
- 47 6581|bm 4535949 1ft
ft® 1lb 28317cnt

m

= 076342
cm

B.2 Gas Solubilities

B.2.2 Solubility of Hydrogen

Solubility of hydrogen/, (NI/ MPa kg oil) is estimated using eq. 4.18, whates liquid

temperature in degree Celsid€), p,,is liquid density at 2C (g/cm).

0,0 = 573091b, /it* (ASTM)

=0.918g/cni
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A, =—0559729- 0.42947x107°T, + 307539 10-3[T_Lj +19459310°°T, ? + 2835783

1020 20

Ay, =—0559729-0.4294%10°(380) + 3.0753910‘3( 38033) +19459310° (380 )*%3
= 1.8229NH,/ MPa kg oil

B.2.2 Solubility of Hydrogen Sulfide

Solubility of hydrogen sulfidel,, s was estimated as described in eq. 4.19.

A = exp| 3367-0.00847T ]

exp[ 3367-0.00847380)]

=1.160NIH,S/ MPakg oil

B.3 Henry Coefficients

Henry coefficients of gases was estimated frondezf)

H =

where H, is Henry coefficient (Pa.fmol), Vv, is molar gas volume at standard condition,

p,1s liquid density at process conditions.

224L
H. = mol
Hz L kg
18229 ————x763.4—
MPakg

=1.610x10* Pam?*/mol

=1.610x10"° Pacm®/mol
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L

224 ——
H = mol
HZS L kg
1160 x763. Aﬁ
MPakg

=2.530x10* Pam®/mol

=2.530x10"° Pacm®/mol

B.4 Dynamic Liquid Viscosity

Dynamic liquid viscosity was evaluated from eq.}4 ®@here 4, is dynamic liquid viscosit'

in (mPa.§, T is temperature in Rankin°R) and API is the oil gravity.

a = 1813[log, (T -460] -36447
= 10313(log,, (117567 - 46()] - 36447
=-7.006
4, = 3141x10°(T - 460)'3'444[Iogm(APl )a]
= 3141x10"°(1175.67 - 46C) *** [ log,,(22) "% ]

=0.58803mPa.s

B.5 Diffusivity

Diffusion coefficient of solute in the liquiD," was calculated from eq. 4.2

0267
L =893x109 L o (T j
He

where unit of DiLiS (cnf/s), T is liquid temperature in Kelvirtz is dynamic viscosit

(mPa.s),v, andv, are molar volumes of solute and liquid solvent eespely at its norme

boiling point (cmi/mol).
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Mean average boiling poinT,, .z = 476C=1348.47R
Specific gravity at 15%,d,,, = 0.922
Molar volume of liquid was evaluated as defineed 4.24
VI = 7.5214x10°T, o dpo °%°
=75214x10°° (1348.4)%%°(0.929°7°%
= 0.06453t%/b
ft3

v, =0.06453 x441.9 9 x ub,  28317cm’
Ib mol 45359y  1ft°

= 1780.10(cm*/mol
v, = 0285/, %%

=0.2851780.104

=726.62¢ cm*/mol

Molar volumes of solute (i.e. #1H,S and sulfur) at its normal boiling point are ob&al from
Geankoplis [103].

Vy, = 143cm’/mol
Vys = 329cm’/mol

vg = 256cm*/mol

0267
D, " = 893x 10_8[726628 j( 65315:J

143 %433 0.5880

=1.8204x10* cm?/s

0267
D, . = 893x 10_8[726628 j( 65315J

329 * 0.5880

=1.2691x10* cm?/s

267
D" = 893x 10_8(7266280 ]{ 65315;

256%* ) 05880

=1.4147x10* cm?/s
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B.6 MassTransfer Coefficients

Estimation of gas-liquid mass transfer and theidiegolid mass transfer are obtained from
egs. 4.26 and 4.27 respectively.

B.6.1 Gas-Liquid Mass Transfer Coefficient

, 05
kc;|_i gL -7 pu. . M
D, Hi p.D"

B.6.1.1Hydrogen
. a, =7 0763% 175x107 0'4( 0.58803 jos(l 820410*)
L(Hz)7eL 0.58803 0.7634x1.8204¢10™* '
=0.01824s™
B.6.1.2Hydrogen Sulfide

0.7634x 175x107 j“( 058803

05
K —7 1.269x10™*
6L(H,9) 8oL ( 058803 0.7634x1.269 X 10'4) ( )

=0.01523s™

B.6.2 Liquid-Solid Mass Transfer Coefficient

05 0333
kLS _18( P U, j [ M J
L - L
D as asH, P.D;

6ll-¢
s = (d )
p
:M = 14173cm2
0.254 cm?®
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B.6.2.1 Sulfur

05 0333
076342 x175x102 <" 0588031029
kLS(s) =18 Cm S cm.s ,
14173— 058803107 9 | | 07634 9 x1.414%10* "
Cm cm.s Cm S
2
x1.4147%10* 1
S
= 5.476¢x10%cm/<
2
sCm_ cm
Kisi9as =5.476810° "1 x 14173
=0.0776.s"
B.6.2.2Hydrogen sulfide
05 0333
0. 7634i x 175x1072 <M 0588031079
kLs(st) =18 S cm.s .
14173— 058803107 9 | | 07634 9 x1.269%10* "
cm.s cm S
%1.269K10% EM°
S Cm

= 5.0942x103cm/s

k a . =b. 0942<103—>< 14173—
LS(H,S) ALs S om?

=0.072:s*

B.7 Heat Capacity

Heat capacities of gas and liquid are estimateu #qgs. 4.28 and 4.33 respectively.
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B.7.1 Heat Capacity of Liquid

Heat capacity of liquid;; (kJ/kg.K) can be estimated as follows, whé&g is the Watson

characterization factor,,is normal boiling point (K).

C: = A+AT+AT

1/3

KW - (18Tb)

G

1/3
_ 0874915 _ | oo
092
A =-490383+[0.099319+ 0.1042815G] K,,, + ( 481407 (;94833Kw j
= - 490383+[0.099319+ 0.1042810.92) [1198@+(4'81407_ 0-;3:;33:{1983)

=0.1279

A, =[753624+6.21461K,, | x (1.12172— 0'297534J x10™

= [7.53624+6.21461(11985) x [1.1217} 0‘5972’;’4] x10™

=0.00674

A, = -[1.35652+1.1186%K,, | (2.9027— 070958) x107

= -[1.35652+1.1186311985)| x (2.9027— 0'70958j x107
=-3.14¢x10°

ch=A + AT +AT?
=0.1279 + 0.00674 (653.15) - 3.149x10° (653.152)

=3.188 J/g.K

143



B.7.2 Heat Capacity of Gas

Molar heat capacity of ga3 can be estimated as follows, whé&és the gas constants is

the molar heat capacity and T is temperature iwvikel

Co

E:A+ BT +CT?+DT°+ET*

B.7.2.1 Heat Capacity of Hydrogen

324631+ 0.00143467653.15 + (- 2894x107°)(653.15° + 258x10°° (653.15)°
+ (- 7391x10%)(65315)"
x(8.314)

cs =

=29.3757/molK

29.3757 ]
cS = MOLK = 14571
2016 9 gK
mol

144



APPENDIX C

REACTOR BEHAVIOR (1-D CELL-IN-SERIES MODEL)

This chapter presents sample calculation of 1-D-icederies model to estimate
species concentrations (hydrogen, sulfur and hysrogulfide) and temperature
profile along the reactor axis. The model equatians solved by incorporating

properties of materials, hydrodynamics and readtinatics parameters.

C.1 Hydrogen Concentrationsin Gasand Liquid Phases

As hydrogen is the only gas present in the gaseytigsirogen partial pressure at the
inlet of reactor is assumed to be equivalent t@toFgpressure. Partial pressure of
hydrogen in the gas phase f8F ¢ell and concentration of hydrogen in the liquid

phase for'f cell can be calculated using egs. 4.36 and 4.3&otively.
Reactor pressure =5.3MPa
P, = 53MPa

L_
Ciamy =0

C.1.1 Hydrogen Partial Pressurein Gas Phase

Partial pressure of hydrogen in the gas phasé'foell can be evaluated as
o Yo Ciym, - kel_H2 ag AZRT
Uss pi—l(Hz) +
Uo * kGLH2 ag Az

Pi -
) U Hin,) + kGLHZaGLAZRT (kGLHZaGLAZ)ZRT
H i(Hy) H i(H,) (U + kGLH2 as A2)

G




" )
0245.3x1¢F )+ 17>*10 (0) (0.015_3224 (0254) (8314x10°) (653.15)
G 175x107 + (001824 (0.254

Por = ( 028(L61x10°) + (0.01824)(0.254)(8.314x106)(653.15)J_

161x10%

[ (001824¢0254 (8314x10°)(65315)
161x10° [175x10° + (001829 (0254

=52767x10°Pa

C.1.1 Hydrogen Concentration in Liquid Phase

Concentration of hydrogen in the liquid phase focéll can be estimated as

G
L pi(H )
uoLCi—l(Hz) + :
c. L= High,)

i(H2)
: Uo * kGL(HZ) ag Az

kGL(HZ) ag Az

175X10_2@(0)+ 52767><1060Pa
c - s 161x10°

i(H,) ~cm .
175%x10 +0.01824 (0.254cm)

(0018247) (0254cm)

mol

=6.8624x10° —
cm

The concentrations of hydrogen in liquid and sphdses are very close as mass
transfer resistance of hydrogen between liquidsaiid catalyst is assumed to be

negligible.

C.2 Sulfur Concentrationsin Liquid and Solid Phases

C.2.1 Inlet Sulfur Concentration

Area of reactor

™, _ (58
4

= 5067cm?
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Volumetric flow rate of oil

= area of reactor x liquid superficial velocity
= 5067cm’ x 1.75x10cm/s

=0.0886m’/s

Oil mass flow rate

= volumetric flow rate of oik oil density

3

x07634-3_

=0.0886
cnt

7cm
S

=006769/s

It is noted that sulfur content in the VGO is 2.99©fol

Mass flow rate of sulfur

= D09, 0676 =1.350510° 9
0C < s

=

Concentration of sulfur in VGO feed

13599x10° ¢ ol
C.—l(s)L - S - =3.471x10° p
441.9-9 x 0088675~ ¢
mol S

C.2.2 Sulfur Concentration in Liquid Phase

From kinetic data reported by Korsten and Hoffma8][ rate constant for
hydrodesulfurization reaction and adsorption eltiim constant for hydrogen

sulfide were evaluated as

_ 131993 /mol ]

3 J
Kups = 4266x10° ST gl > i 55
g.s
3
=01185-—
g.s
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3
Kst :4176984cm exp 27613/mol

mol " g314 I (65315K)
mol.K
3
= 6945115
mol

Concentration of sulfur in liquid phase f8dell was estimated from eq. 4.39

L

C-( )L _ uoLCi—l(s)
Kis @
Se LS
Uy kLS(S) a A7 1- ) (CS )0.45
HZ
kLS(S) s +17PsKps s ~s |\
tL+'k(st(:st)
175x102 M q3.471x10° M)
c L= s cm®
() » CM

175%x107% —— + 0.07762s™ 0(0254cm)
S

1 0.07762s™

em’® [ 6.8624<10°)"

0077625 +(0.3108)0.8163 2 (0.1185 ;
cm g.s (1+694511(0))

s mol

= 3451x10° ——
cm

C.2.2 Sulfur Concentration in Solid Phase

Concentration of sulfur in solid phase f8rdell was calculated using eq. 4.38.
L

C S _ kLS(S) aLSC:i(s)

i(s) (Cs ) 045

H2
kstaLS +’7kaHDS (1+ KS _.CS )2
H,S“~H,S
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0077627 Eé 3451x10° moglj
cm

C S =
i(s) 3 5045
0.077625‘1+(O.3108)EE0.816 gngD.1185cm (6.8624¢10°) .
cm g.s | (1+694511(0))
= 3433x10°° M2
cm

C.3 Hydrogen Sulfide Concentration

C.3.1 Hydrogen Sulfide Concentration in Solid Phase

Hydrogen sulfide generated in the solid phase éstdueaction between hydrogen
and sulfur compounds at the surface of the catalygtirogen sulfide concentration

in the solid phase can be estimated from eq. 4.8.
S
kLS(S) as\Cin,s) ~Cin,s) JAZ=11PeAZ 1 s

o (Caz )0.45
11Ps HDS (l+ K,i Sc,i S)z ,_
. - +Ci(HZS)

S

C =
i(H,S) k

LS a Az

5 045
(03108) 8163 9 0.1185°™ {6.862410°)
e’ g.s (1+694511(0)) ol

= +16424<107 %
(0.0776%™ )J(0254cm) cm’

; mol
cm®

= 3555x10

C.3.1 Hydrogen Sulfide Concentration in Liquid Phase

Concentration of hydrogen sulfide in the liquid pb@an be estimated from eq. 4.41
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G

045
C; Uss Pi- K ag Az
uOl-Ci—l(st)L +,7kaHDS ( HZ) > Az + © l(st) Clinps) GL
[L+K;<Cos) UM, +Key, 8 AZRT

kGL(HZS) ag AZRT
ugH, + kGL<st> ag AZRT

L

Ci(st)

Uy + kGL(st) aGLAZ{l -

175x102 S fjo MO

cm®

3 5045
j (03108)E08163i[E0.1185cm ju(6'8624<10 ) [(0254cm)
g.s

(1+694511(0))*

ozsl“( P9 (007762 )(0254cm)

J

OZSCm[E o53x1 g0 Pacn

J+ (0.0776%™ )D(0254cm)[é8314 J[(65315K)
S mol

Cogt =5o _ -
i(H2S)
175x102 "M+ (0077627 Y(0254cm) x
S

J

(00776 YJ(0254cm) [é 8314~ jE(65315K)

1_

», Pacni J

| J+ (0.077627* YJ(0254cm) [é 8314~
mo

028°M [E 253x10"

J[(65315K)
S

= 16424x10" MO
Cm

C.3.1 Partial Pressure of Hydrogen Sulfidein Gas Phase

Partial pressure of hydrogen sulfide in the gaseltan be estimated by rearranging
eq. 4.40

G L
G _ Hi(HZS)(UOG pi—l(H S) +kGLH23aGLCi(HZS) AZ:\)T)

Placus) = quH|(H S) kGLstaGLAZRT
028" omO')
S Cm
253x1000 P2
cm®.mol J

(0.077625™) [El 6424x107 m°'j [(0254cm) [E 8314) [65315K)
m

[ozscmj 253x10° P2 ), (0077625 Y1(02540m) EE8314JJ 653.15K)
S mol mol.K

= 12286Pa
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C.4 Bed Temperature

The gas and liquid phases have the same inlet ratope. Under a steady state
operating condition, it is assumed that the heatdsfier inside the particle is fast
enough. The temperature gradient among the gasd lepd catalyst at any particular

axial position of the reactor is negligilfle, =T, =Tg =T, . Bed temperature can

be evaluated using eq. 4.12.
(qupGCS U, O, CII; )(T| _T(i—l)) =Nz Psll; rHDS(_ AH HDS)

AZ pgh]iTps (_ AH HDS)

AT =
(UOGIOGCS + uoLpLCII; )
. (6.8624x10%) **3451x10° M
g cm cm®
0254cm Eﬁo.8163j {0.3108) 7 0.1185 E
cm® 9. [1+694511(0)) 2
(2soocﬁj
B mol |
028°™ %1.96613%) 14571 2 |+175x102 08163 9. 3188
S cm g.K cm g.K
=0.017K
T =T, +AT
=653.15+0.017
=653.167

The algebraic equation of concentrations and teatpee over the °i cell was
solved for based on inlet condition. The parameters?™ cell can be solved by
considering the i cell was the input for the"? cell. This was extended for
subsequent cells to estimate extent of reaction res®d in temperature along the
reactor length. The simulation results for hydradfesization of VGO on pilot plant
scale including reactor hydrodynamic, propertieswadl as concentrations and

temperature along the reactor length are presemf€able C.1.
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Table C.1: Simulation results of hydrodesulfuriaatof VGO on pilot plant scale estimated by 1-0O-gekeries-model

cell Z(cm) Yo Ps (ka/m®) | p, (Ib/E) | p, (Ib/E) P (psia) | p_ (glent) | d, (cm) A (Hy) Haa DY (cnfis)
(cm/s) (Pacni/mol) ’

0 0 0.28 1.9661 0.1706 10.0715 768.7027 0.7634 40.25 1.8229 1.6097E+04 1.8204E-04
1 0.254 0.28 1.9574 0.1706 10.0718 765.3247 0.7634 0.2540 1.8230 1.6096E+04 1.8206E-04
2 0.508 0.28 1.9506 0.1706 10.0722 762.6652 0.7634 0.2540 1.8230 1.6095E+04 1.8209E-04
3 0.762 0.28 1.9451 0.1706 10.0726 760.5715 0.7634 0.2540 1.8232 1.6095E+04 1.8212E-04
4 1.016 0.28 1.9409 0.1706 10.0731] 758.92B0 0.7634 0.2540 1.8233 1.6094E+04 1.8215E-04
5 1.27 0.28 1.9382 0.1706 10.0735 757.6252 0.7634 .2540 1.8234 1.6093E+04 1.8218E-04
6 1.524 0.28 1.9348 0.1706 10.0740 756.60B3 0.7634 0.2540 1.8235 1.6092E+04 1.8222E-04
7 1.778 0.28 1.9326 0.1706 10.0745 755.7987 0.7634 0.2540 1.8236 1.6091E+04 1.8225E-04
8 2.032 0.28 1.9309 0.1706 10.0749 755.1651 0.7633 0.2540 1.8237 1.6090E+04 1.8228E-04
9 2.286 0.28 1.9296 0.1706 10.0754 754.6662 0.7633 0.2540 1.8238 1.6090E+04 1.8231E-04
10 2.54 0.28 1.9285 0.1706 10.0759 754.27B3 0.7633 0.2540 1.8239 1.6089E+04 1.8235E-04
11 2.794 0.28 1.9276 0.1706 10.0763 753.96B39 0.7633 0.2540 1.8241 1.6088E+04 1.8238E-04
12 3.048 0.28 1.9269 0.1706 10.0768 753.72D1 0.7633 0.2540 1.8242 1.6087E+04 1.8241E-04
13 3.302 0.28 1.9264 0.1706 10.0773 753.52B1 0.7633 0.2540 1.8243 1.6086E+04 1.8244E-04
14 3.556 0.28 1.9259 0.1706 10.0777 753.3758 0.7633 0.2540 1.8244 1.6085E+04 1.8247E-04
15 3.81 0.28 1.9255 0.1706 10.0782 753.25[5 0.7633 0.2540 1.8245 1.6085E+04 1.8251E-04
16 4.064 0.28 1.9252 0.1706 10.0786 753.1634 0.7633 0.2540 1.8246 1.6084E+04 1.8254E-04
17 4.318 0.28 1.9250 0.1706 10.0791 753.0892 0.7633 0.2540 1.8247 1.6083E+04 1.8257E-04
18 4.572 0.28 1.9247 0.1706 10.0795 753.0307 0.7633 0.2540 1.8248 1.6082E+04 1.8260E-04
19 4.826 0.28 1.9245 0.1706 10.0800 752.9844 0.7633 0.2540 1.8249 1.6081E+04 1.8263E-04
v v v v v v v v v v v v

125 31.75 0.28 1.9190 0.1706 10.1108 752.7603 8.762 0.2540 1.8324 1.6026E+04 1.8477E-04
126 | 32.004 0.28 1.9189 0.1706 10.1108 752.7600 28.76| 0.2540 1.8325 1.6025E+04 1.8478E-Q4
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(cont)

cell | zem) | uy emis)| &, g, | MBS p | e Pa)| P Cllamy Citra) Ciius Cio
) (Pa) (mol/cnT) (molicn?) | (molien?) | (molicnt)

0 0 1.75E-02 | 0.6| 0.05127 0.01824 0.31082 5.3000E{+(H2767E+06 0 6.8624E-05 3.471E-Q5 3.4510E
1 0.254 1.75E-02| 0.6| 0.0512f  0.01824 0.31082 5R¥68 | 5.2584E+06| 6.8624E-03  1.2265E-D4 3.451E{05 263E-05
2 0.508 1.75E-02| 0.6| 0.0512f  0.01824 0.31083 5P568 | 5.2439E+06| 1.2265E-04  1.6518E-D4  3.426E{05 992B-05
3 0.762 1.75E-02| 0.6| 0.0512f 0.01825 0.31083 5PR486 | 5.2326E+06| 1.6518E-04  1.9867E-D4  3.399E!05 70FB-05
4 1.016 1.75E-02| 0.6| 0.05126  0.01825 0.31084 5P826 | 5.2236E+06| 1.9867E-04  2.2503E-D4  3.371E{05 413B-05
5 1.27 1.75E-02| 0.6| 0.05126  0.01825 0.31084 5.2286H 5.2166E+06| 2.2503E-04  2.4578E-04 3.341E{05 13BI05
6 1.524 1.75E-02| 0.6| 0.05126 0.01825 0.31084 5P166 | 5.2110E+06| 2.4578E-04  2.6213E-D4  3.312E{05 8IBE-05
7 1.778 1.75E-02| 0.6| 0.05126  0.01825 0.31085 5PRQ6 | 5.2067E+06| 2.6213E-04  2.7499E-D4  3.282E[05 5IBE-05
8 2.032 1.75E-02| 0.6| 0.05125  0.01825 0.31085 5P868 | 5.2032E+06| 2.7499E-04  2.8513E-D4  3.252E{05 21REF-05
9 2.286 1.75E-02| 0.6| 0.05125  0.01825 0.31086 5P8G& | 5.2005E+06| 2.8513E-04  2.9310E-D4  3.222E{05 921K-05
10 2.54 1.75E-02| 0.6| 0.05125  0.01825 0.31086 52806 | 5.1984E+06| 2.9310E-04  2.9939E-D4  3.192E{05 623AK-05
11 2.794 1.75E-02| 0.6/ 0.05125  0.01826 0.31087 BH®66 | 5.1967E+06] 2.9939E-04  3.0434E-D4  3.162E}051329E-05
12 3.048 1.75E-02| 0.6/ 0.05125  0.01826 0.31087 5H®66 | 5.1954E+06| 3.0434E-04  3.0824E-D4  3.133E}05103BE-05
13 3.302 1.75E-02| 0.6/ 0.05124  0.01826 0.31088 BH®66 | 5.1943E+06] 3.0824E-04 3.1131E-D4  3.104EL050745E-05
14 3.556 1.75E-02| 0.6/ 0.05124  0.01826 0.31088 BH®@6 | 5.1935E+06| 3.1131E-04  3.1373E-p4  3.075E}05045BE-05
15 3.81 1.75E-02| 0.6| 0.05124  0.01826 0.31088 5H®G6 | 5.1929E+06| 3.1373E-04  3.1564E-D4  3.046E[05 17RHB-05
16 4.064 1.75E-02| 0.6/ 0.05124  0.01826 0.31089 SH®Q6 | 5.1923E+06| 3.1564E-04  3.1715E-D4  3.017E}059885E-05
17 4.318 1.75E-02| 0.6/ 0.05128  0.01826 0.31089 BH®Q6 | 5.1919E+06] 3.1715E-04  3.1834E-D4  2.989E}05960BE-05
18 4.572 1.75E-02| 0.6/ 0.05128  0.01827 0.31090 SH®Q6 | 5.1916E+06| 3.1834E-04  3.1928E-D4  2.960E}059322E-05
19 4.826 1.75E-02| 0.6/ 0.05128  0.01827 0.31090 BH®Q6 | 5.1914E+06] 3.1928E-04  3.2002E-D4  2.932E}059042E-05
v v v v v v v v v v v v v

125 31.75 1.75E-02| 0.6 0.05109  0.01836 0.31119 04H®06 | 5.1901E+06 3.2382E-04  3.2383E-D4  9.780E-06672BE-06
126 32.004 | 1.75E-02| 0.6/ 0.05109 0.01836 0.31119 904A+06 | 5.1901E+06  3.2383E-04  3.2384E{04 9.673E-0B5660E-06
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(cont)

S

Cell Z(cm) ('ZL;(/S)) a, (cm?) k?i(;.?;s S (ppm) (r:(;vléz?) cs, (molien?) | DY (cnfls) (AJ';:;T) (clr(TE/DS.s)

0 0 5.4768E-03 14.173 0.07762 20000  0.000E+D0  E4BB | 1.4147E-04| 251000  1.185E-01
1 0.254 5.4773E-03 14.173 0.07763 19976  3.433E05 .405E-05 1.4149E-04| 251000  1.186E-01
2 0.508 5.4780E-03 14.173 0.07764 19834  3.405E05 .375E-05 1.4151E-04| 251000  1.187E-01
3 0.762 5.4787E-03 14.173 0.07765 19677  3.375E05 .345E-05 1.4153E-04| 251000  1.188E-01
4 1.016 5.4794E-03 14.173 0.07766 19512  3.345E05 .315E-05 1.4156E-04| 251000  1.189E-01
5 1.27 5.4802E-03 14.173 0.07767 19343  3.315EP5 285E-05 1.4158E-04| 251000  1.190E-01
6 1.524 5.4809E-03 14.173 0.07768 19171 3.285E05 .255E-05 1.4161E-04| 251000  1.191E-01
7 1.778 5.4817E-03 14.173 0.07769 18998  3.255E05 .225E-05 1.4163E-04| 251000  1.192E-01
8 2.032 5.4825E-03 14.173 0.07770 18825  3.225E05 .195E-05 1.4166E-04| 251000  1.193E-01
9 2.286 5.4832E-03 14.173 0.07772 18652  3.195E05 .166E-05 1.4168E-04| 251000  1.195E-01
10 2.54 5.4840E-03 14.173 0.07773 18479  3.166E05 .136E-05 1.4171E-04| 251000  1.196E-01
11 2.794 5.4848E-03 14.173 0.07774 18308  3.136E{05 3.107E-05 1.4173E-04| 251000  1.197E-01
12 3.048 5.4855E-03 14.173 0.07775 18137  3.107E{05 3.078E-05 1.4176E-04| 251000  1.198E-0]
13 3.302 5.4863E-03 14.173 0.07776 17968  3.078E{05 3.049E-05 1.4178E-04| 251000  1.199E-01
14 3.556 5.4871E-03 14.173 0.07777 17799  3.049E{05 3.020E-05 1.4181E-04| 251000  1.200E-01
15 3.81 5.4878E-03 14.173 0.07778 17632 3.020E05 .992E-05 1.4183E-04| 251000  1.201E-01
16 4.064 5.4885E-03 14.173 0.07779 17466  2.992E{05 2.963E-05 1.4186E-04| 251000  1.203E-0]
17 4.318 5.4893E-03 14.173 0.07780 17302 2.963E{05 2.935E-05 1.4188E-04| 251000  1.204E-01
18 4572 5.4900E-03 14.173 0.07781 17139  2.935E{05 2.907E-05 1.4190E-04| 251000  1.205E-01
19 4.826 5.4907E-03 14.173 0.07782 16976  2.907E{05 2.880E-05 1.4193E-04| 251000  1.206E-01
v v v v v v v v v v v

126 31.75 5.5413E-03 14.173 0.07854 5665  9.685E{06 9.578E-06 1.4359E-04| 251000  1.284E-0]
127 32.004 5.5416E-03 14.173 0.07854 5606  9.578EI06 9.472E-06 1.4360E-04| 25100  1.285E-01
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(cont)

Cell Z(cm) ths kLS(HZS) kLS(HZS)aLS AHZS H H,S kGL(HZS)aGL KHZS @+ KHZSCH s)2 Cis—l(HZS)
(cnfls) (cm/s) (cm?) (Pacni/mol) (cm?) (cm¥/g.s) (mol/cnt)
0 0 1.2691E-04| 5.0942E-08  7.2201E-02 1.1600 2.5296E | 1.5231E-02 69451.090 1.0000 0.0000E+00
1 0.254 | 1.2692E-04 5.0947E-03  7.2208E-0P 1.1598  30@E+10 1.5232E-02 69450.150 1.0500 3.55508-07
2 0.508 | 1.2694E-04 5.0953E-03  7.2217E-OP 1.1596  3025+10 1.5233E-02 69448.995 1.0809 5.7093B-07
3 0.762 | 1.2696E-04 5.0959E-03  7.2226E-0p 1.1594  31PB+10 1.5234E-02 69447.722 1.1078 7.56518-07
4 1.016 | 1.2698E-04 5.0966E-03  7.2235E-0p 1.1591  31B5+10 1.5235E-02 69446.383 1.1310 9.1407B-07
5 1.27 | 1.2701E-04 5.0973E-03  7.2245E-0P 1.1589 215310 1.5236E-02 69445.006 1.1506 1.0465E-06
6 1.524 | 1.2703E-04 5.0980E-03  7.2256E-0p 1.1586 32ZB+10 1.5237E-02 69443.609 1.1671 1.1568E-06
7 1.778 | 1.2705E-04 5.0987E-03  7.2266E-0p 1.1584  3325+10 1.5238E-02 69442.203 1.1808 1.2477E-06
8 2.032 | 1.2707E-04 5.0995E-03  7.2276E-OR 1.1581  338B+10 1.5239E-02 69440.795 1.1920 1.3220E-06
9 2.286 | 1.2710E-04 5.1002E-03  7.2286E-0OP 1.1579  3425+10 1.5240E-02 69439.388 1.2012 1.3822E-06
10 254 | 1.2712E-04 5.1009E-03  7.2296E-0P 1.1576  35DB+10 1.5242E-02 69437.987 1.2085 1.4306E-06
11 2.794 | 1.2714E-04 5.1016E-03  7.2306E-0P 1.1573 535BE+10 1.5243E-02 69436.593 1.2144 1.4690E-06
12 3.048 | 1.2716E-04 5.1023E-03  7.2316E-0R 1.1571 5361E+10 1.5244E-02 69435.207 1.2190 1.4992E-06
13 3.302 | 1.2719E-04 5.1030E-03  7.2326E-02 1.1588 536ZE+10 1.5245E-02 69433.830 1.2226 1.5224E-06
14 3.556 | 1.2721E-04 5.1037E-Q3  7.2336E-0R 1.1566 5373E+10 1.5246E-02 69432.462 1.2253 1.5400E-06
15 3.81 | 1.2723E-04 5.1044E-03  7.2346E-0R 1.1563  3785+10 1.5247E-02 69431.105 1.2273 1.5529E-06
16 4.064 | 1.2725E-04 5.1051E-Q3  7.2356E-0R 1.1561 5382E+10 1.5248E-02 69429.757 1.2287 1.5620E-06
17 4318 | 1.2727E-04 5.1058E-03  7.2366E-02 1.1589 539E+10 1.5250E-02 69428.420 1.2296 1.5679E-06
18 4572 | 1.2730E-04 5.1065E-03  7.2375E-0R 1.1586 539BE+10 1.5251E-02 69427.093 1.2301 1.5713E-06
19 4.826 | 1.2732E-04 5.1071E-03  7.2385E-0 1.15834 54(AE+10 1.5252E-02 69425.777 1.2303 1.5725E-06
VooV v v v v v v v v v
125 31.75 | 1.2881E-04 5.1542E-03  7.3052E-02 1.1389 .578BE+10 1.5328E-02 69334.319 1.1325 9.2853E107
126 32.004| 1.2882E-04 5.1545E-03  7.3055E-Q2 1.1388 2.5788E+10 1.5328E-02 69333.817 1.1318 9.2119EL07
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Cell | Z(cm) Citw.s) Cirimes Cita.o pe (Pa) | p.s (P2) ce & T, (K) ar T, (K)
(mol/cn?) (mol/cnt) (mol/cn?) ) (129) (g.K) | @g.k) | "7 .

0 0 3.5550E-07 |  0.0000E+00 1.6424E-07 0.0000E+00 28BB+01| 3.1888| 14.57078  653.150  0.017  653.17
1 0.254 | 57093E-07|  1.6424E-07 3.3622E-07  1.2286E403.7403E+01| 3.1889 1457079  653.167  0.0P1  653.189
2 0.508 | 7.5651E-07|  3.3622E-07 4.9788E-07  3.7403E40I.4543E+01| 3.1890 14.57081  653.189  0.0p4  653.212
3 0762 | 9.1407E-07|  4.9788E-07 6.4209E-07  7.4543E401.2237E+02| 3.1891] 1457082 653.212  0.0P5  653.237
4 1.016 | 1.0465E-06|  6.4209E-07 7.6706E-07  1.2237E402.7941E+02| 3.1892 1457083  653.237  0.0P5  653.263
5 127 | 1.1568E-06|  7.6706E-07 8.7331E-07  1.7941E402.4424E+02| 3.1893| 14.57085 653.268  0.06  653.288
6 1524 | 12477E-06|  8.7331E-07 9.6240E-0]  2.4424E403.1556E+02| 3.1893 14.57086  653.288  0.0R6  653.314
7 1778 | 1.3220E-06|  9.6240E-07 1.0363E-06  3.1556E+403.9220E+02| 3.1894| 1457087 653.314  0.026  653.340
8 2.032 | 1.3822E-06|  1.0363E-06 1.0970E-06  3.9220E+02.7318E+02| 3.1895 1457089  653.340  0.0P6  653.367
9 2286 | 1.4306E-06|  1.0970E-06 1.1464E-06  4.7318E408.5762E+02| 3.1896 145709  653.36f  0.026  653.392
10 254 | 1.4690E-06|  1.1464E-06 1.1863E-06  5.5762E+40B.4481E+02| 3.1897| 1457092  653.392  0.0P6  653.418
11 | 2794 | 1.4992E-06|  1.1863E-04 1.2181E-06  6.4482E407.3414E+02| 3.1898 1457093 653.418  0.026  653.444
12 | 3.048 | 15224E-06| 1.2181E-04 1.2433E-06  7.3412E408.2510E+02| 3.1899 1457095  653.444  0.0p6  653.469
13 | 3302 | 15400E-06]  1.2433E-04 1.2628E-06  8.2510E409.1726E+02| 3.1900 1457096  653.460  0.0p5  653.495
14 | 3556 | 15529E-06|  1.2628E-04 1.2778E-06  9.1728E401.0103E+03| 3.1901] 1457097  653.495  0.025  653.520
15 381 | 15620E-06| 1.2778E-06 1.2880E-06  1.0103E+403.1039E+03| 3.1902 1457099  653.52D  0.0P5  653.545
16 | 4.064 | 15679E-06|  1.2889E-04 1.2969E-06  1.1039E401.1978E+03| 3.1903  14.571]  653.5456  0.0p5  653.570
17 | 4318 | 15713E-06]  1.2969E-04 1.3024E-06  1.1978E401.29190E+03| 3.1904 1457101 653.570  0.025  653.994
18 | 4572 | 15725E-06|  1.3024E-04 1.3057E-06  1.2919E401.3859E+03| 3.1905 1457103  653.504  0.0p4  653.§19
19 | 4826 | 15721E-06]  1.3057E-04 1.3073E-06  1.3859E401.4799E+03| 3.1906| 1457104 653.619  0.0p4  653.§43
v v v v v v v v v v v \4

125 | 3175 | 9.2119E-07|  8.2322E-07 8.1961E-01 8.1958E403.2339E+03| 3.1970| 14.5719B  655.319  0.009  655.328

126 | 32.004 | 9.1658E-07|  8.1961E-01 8.1603E-0f  8.2883E| 8.2712E+03| 3.1970 1457198  655.328  0.009  685.33
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