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Nowadays, the chemicals are mostly manufactured by catalytic reactions
in fixed bed reactor. Catalyst shape affects to reactor performance and the effect is
studied by mathematic models which are varied forms to more realistic. Therefore,
the objective of research is to study the effect of catalyst shape on the behavior of
reactor for ethylbenzene dehydrogenation to styrene in gas phase by varied form.
The simplest model, pseudohomogeneous model (modell), predicts 36.52%
ethylbenzene conversion. The more complex model, heterogeneous model
accounting for internal mass transfer (model2), predicts 34.49% conversion that
equals to the model accounting for internal mass and heat transfer(model3). This
result shows that internal mass transfer affects to overall the reaction. The more
complex, heterogeneous model accounting for internal and external
transfer(modeld), predict 34.46% conversion. Addition of axial mixing to model3
and modeld, both results are 34.46% conversion. Thus, external transfer and mass
axial dispersion are little effect. Effect of catalyst shape on reactor performance is
studied by varied form of heterogeneous model. The results of each models are
little different. For the catalyst shape of same equivalent diameter, the required
catalyst weight to achieve specific conversion increases in order trilobe < sphere <

cylinder since the catalyst shape affects on effectiveness factor and pressure drop.
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Chapter 1 Introduction

1.1 Motivation of Research

Nowadays, the greatest tonnages of synthesis chemicals are mostly
manufactured by catalytic reactions. They are generally occurred in fixed bed
reactor, because of simplicity of technology and operation [1]. Catalyst is the
important part of fixed bed reactor since the reaction process occurs on them.
For gas-solid reactor, the reactant transfers from gas phase to active site and
reacts to product on active site. The catalyst should have large specific external
catalyst surface for more external mass transfer, therefore, there are many
shapes of catalyst to response the requirement. However, the catalyst shape also
affects to process in reactor example of pressure drop, void of bed or flow
pattern in reactor [2]. In consequence, the effect of catalyst shape should be
considered for selection a suitable catalyst shape that can be complete specified
only for a specific process.

The effect of catalyst shape is studied by mathematic model which can
predict the performance of the reactor. There are several publications which use
mathematic model to study the effect of catalyst shape. Example of Fishcher-
Tropsch synthesis reactor[3], the heterogeneous model is used to understand the
effect of catalyst shape on effectiveness factor, bed void fraction, and overall
heat transfer coefficient. For hydrodesulfurization reactor[2], the heterogeneous
model accounting for internal and external mass transfer is used to examine the
effect on phenomena inside reactor, such as liquid hold up, internal, and
external concentration gradient, and pressure drop.

Mathematic models are varied forms which range from simple form to
complex form aiming at more realistic description of phenomena in reactor. The
model is classified two categories, pseudohomogeneous and heterogeneous
model. Pseudohomogeneous models do not explicitly account for the presence
of catalyst, while the heterogeneous models consist of separate conservation
equations for fluid and catalyst [4]. The heterogeneous models account for the

role of internal and external transfer which affect to reaction rate. These models
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are required for process with significant temperature and concentration
differences between the phases, such as steam methane reforming [1], partial
oxidation of methanol to formaldehyde [5], or methanation of carbon dioxide
process [6]. Moreover, to simulate real reactor, axial dispersion model is used to
determine residence time distribution instead of plug flow model [7], such as
water-gas shift process [8]. Most of the Chemical Industries, reactors are non-
ideal, therefore, it is important to know the modeling and simulation of real
reactor in practice.

From previous publication, the effect of catalyst is studied by model
which accounts for only internal or external mass transfer [2, 3, 9]. Therefore, this
research focuses to study the effect of catalyst shape on reactor behaviors by
developed model which accounts for internal heat and mass transfer, external
heat and mass transfer and axial dispersion for industrial ethylbenzene

dehydrogenation reactor.

1.2 Objective of Research

To study the effect of catalyst shape on the behavior of fixed bed reactor
by developed models which account for internal heat and mass transfer, external

heat and mass transfer and axial dispersion.

1.3 Scopes of Research

1.3.1  This research studies ethylbenzene dehydrogenation to styrene on iron
oxide catalysts promoted by potassium process.

1.3.2  The information of process including reaction rate, operating condition,
and reactor properties obtain from literature review [10].

1.3.3 The effect of different catalyst is studied by heterogeneous model
which accounts for internal heat and mass transfer, external heat and
mass transfer and axial dispersion.

1.3.4  This research studies the effect of different catalyst particle shapes

(sphere, cylinder, and 3-lobe) on the characteristics and behavior of
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catalyst and reactor, such as catalyst effectiveness, amount of catalyst,
pressure drop per unit length.

1.3.5 The spherical catalyst shape sizes 5.5 mm of diameter. The cylinder
catalyst shape sizes 5 mm of length and 3.5 diameter. The 3-lobe

catalyst sizes 5 mm of circumference and 5 mm of length.

1.4 Expected Benefits of Research
The mathematic model is properly selected for prediction the reactor.
The model is used for analysis the effect of catalyst shape to the
performance of reactor. The result from the analysis are information to select

the appropriate catalyst shape for fixed bed reactor.
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Chapter 2 Fundamentals and Literature Reviews
This chapter describes literature reviews including phenomena in fixed bed
reactor, modeling of fixed bed reactor, effect of catalyst shape, and ethylbenzene

dehydrogenation to styrene process.

2.1 Fixed bed reactor
Catalytic reactions are generally carried out in fixed bed reactors, because of
simplicity of technology and operation. The steps of catalytic reaction process are

shown in Figure 1.

External
diffusion

Internal
diffusion

_7551\ _______

Surface
AéB»/ / reaction
Catalytic surface

-
-

Figure 1 Step in catalytic reaction

Step in catalytic reaction [11]

1. Mass transfer of the reactant from bulk fluid to the external surface of
catalyst
2. Diffusion of reactant from the pore mouth through the catalyst pores to

internal catalytic surface

3. Adsorption of reactant onto active sites
4. Reaction on the surface of the active sites
5. Desorption of products

6. Diffusion of the products from interior of catalyst to pore mouth at the
external catalyst

7. Mass transfer of products from external catalyst surface to the bulk fluid
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The overall rate of reaction is equal to the rate of the slowest step in
mechanism. When the diffusion steps (step 1, 2, 6, and 7) are very fast compared
with the reaction step (step 3, 4, and 5), the concentrations are not significantly
different between the bulk of fluid and external surface or between external surface
and active site. Therefore, the diffusion does not affect the overall rate of reaction. If
the reaction steps are very fast compared with the diffusion, mass transport affects

the reaction rate.

2.1.1 External transfer

External diffusion of mass is transfer from bulk fluid to external surface of
catalyst. The resistance to transfer is boundary layer surrounding the pellet. The
reactant at a bulk concentration (C,) must transfer though the boundary layer to

external surface of pellet where the concentration is C. The rate of transfer [11] is

Rate of mass transfer = k.(C, — Cs)

where the mass transfer coefficient, k., is a function of the hydrodynamic
conditions, namely fluid velocity, and particle diameter. The coefficient correlated in
terms of three dimensionless group: the Sherwood number, Sh; the Reynolds

number, Re; and the Schmidt numbers.

The mass transfer coefficient is inversely portioned to boundary layer
thickness and directly proportional to diffusion coefficient. At low velocities of fluid,
the boundary layer is thick, and take long time to transfer to external surface,
resulting in small mass transfer coefficient. As a result, mass transfer though the
boundary is slow and limits the rate of overall reaction. As the velocities is increase,
the boundary layer become smaller and mass transfer rate is increase. As a result,

external mass transfer does not limit the rate of overall reaction.

The energy is transferred between fluid bulk and catalyst surface, since the
reaction which occurs at catalyst releases or consumes the energy. The rate of

transfer is
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Rate of heat transfer = h(T —Ty)

Mears’ criterion is used to identify the importance of external diffusion
limitation. Mass transport from the bulk gas phase to the surface of catalyst is very

fast and concentration gradient can be neglected [11] when

r.p5RN
chi
Similarly, energy transport from the bulk gas phase to surface of catalyst is

<0.15

very fast and temperature gradient can be neglected [11] when

—AH, (1.)ppRE
hT2R,

‘ < 0.15

2.1.2 Internal transfer

Internal diffusion of mass is the diffusion from the external surface into the
interior of catalyst. The pores in the pellet are not straight and cylindrical;
consequently, we shall define an effective diffusion coefficient to describe the
average diffusion. The effective diffusivity, D, accounts for tortuous path inside
catalyst and varying cross-sectional areas of pores. An equation that relates D, to
either bulk or the Knudsen diffusivity[11] is

_ DAB qbp O¢

D, r

Actual distance a molecule travels between two points

Where T = tortuosity = : ,
Shortest distance between those two points

¢, = pellet porosity
o. = Constriction factor

The molar flux of internal diffusion is

dc

W, = _DeE
For the large pellets, it takes a long time for diffusion into the interior of
catalyst. While the very small pellets, it takes very little time to diffuse, as a result,

internal diffusion does not limit the rate of overall reaction.
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Weisz-Ptrater criterion can estimate effect of internal diffusion on overall

reaction rate by value of Cyp.

actual reaction rate

WP diffusion rate

- 1.pcR?
If the above parameter Cyp << 1, there is no mass diffusion limitation and

consequently concentration gradient inside the pellet is negligible. If Cyp >> 1,

internal diffusion limits the observed overall reaction rate [11].

When catalytic reaction rate occurs inside catalyst, the energy is transferred
to release or consume by reaction. Temperature gradients may exist within the
catalyst. The effective thermal conductivity determines whether or not appreciable
temperature gradients. An  approximation for predicting effective thermal

conductivities is
_ 17 %
ke = kg kf

Where k¢ and k are the thermal conductivities of fluid and solid, respectively, and &,

is the porosity of catalyst.

The heat flux is

dT

qr = ke%

The rate of endothermic heat consumption is equal to the rate of heat conduction

into the pellet, as show in following equation.

k.(T, — T) = AH - Reaction rate
Because reaction rate inside catalyst must be equal to the rate transfer inside, the

equation may be written

k.(Ty—T) =AH - D.,(Cy — C)
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Where T, and C, are the temperature and concentration at catalyst surface,
respectively. From the equation, temperature gradient inside catalyst depends on
effective thermal conductivity. When k. is high, the temperature gradient is low.
Moreover, energy conversion parameter () [12] ,which represent the ratio of
maximum temperature difference to external surface temperature, may be regard as
zero for isothermal catalyst.

_ (ZAH)D,Cy

keTO
2.1.3 Reaction

The heterogeneous reaction composes of three reaction steps in series
(adsorption, surface reaction, and desorption)[11]. One step in the series is rate

limiting which is limiting the overall rate of reaction.

The approach for determining catalytic mechanisms is usually term Langmuir-
Hinshelwood approach. It is derived from ideas proposed by Hinshelwood based on
Langmuir’s principle. The Langmuir-Hinshelwood approach was popularized by
Hougen and Watson and occasionally include their name. First, the rate limit is

assumed and then formulate the reaction rate law in term of the species present.

2.1.4 Axial dispersion
In real vessel, flow is small deviate from plug flow (ideal flow). The
substances spread as it passes through the vessel. The spreading is molecular

diffusion in axial direction which is described by Fick’s law equation [13].

ac
ea g,

Flux of axial dispersion = D

The deviation from plug flow can be estimated by vessel dispersion number
(Dey/Ul), is the parameter that measures the extent of axial dispersion. When D.,/uL
is lower than 0.01, it means small deviation from plug flow. While D.,/uL is higher

than 0.01, the deviation from plug flow is large, the dispersion flow must be

considered. [13]
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2.2 Modeling of fixed bed reactor
The modeling of reactor is the mathematic equation describing the
phenomena occurring in a reactor including reaction rate equation and the

continuity, energy, and momentum equations.

The model extensively explores reactor design and performance as the
development of chemical reaction engineer and increasing possibilities of computer.
Model form now range from the very simple form to very sophisticated ones aiming
at a more representative description of geometry and phenomena. The degree of

sophistication depends on reaction scheme and on operating conditions [4].

The fixed bed reactor can be modeled in various ways. The models are
classified in  two categories: pseudohomogeneous and heterogeneous.
Pseudohomogeneous models do not account for the existing of catalyst, in contrast
with heterogeneous models which separate conservation equations for fluid and
catalyst. The transport occurring in reactor consists of transport in axial direction and
transport in reaction process. The transport in axial direction has 2 type: plug flow
and axial dispersion. The transport in the reaction is divided into two parts: heat and
mas transfer between the bulk of fluid and surface of catalyst (interparticle
transport), and inside catalyst (intraparticle transport). The classification of fixed bed

reactor models is present in following table

Table 1 Classification of fixed bed reactor model

Pseudohomogeneous Heterogeneous

models models

Plug flow + Intraparticle transport

Plug flow
Plug flow + Intraparticle transport + Interparticle transport

Axial dispersion + Intraparticle transport

Mass axial dispersion
Mass axial dispersion + Intraparticle transport + Interparticle transport
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The basic structure of each model is composed of heat and mass conservation
equations coupled through thermodynamic and kinetic relations as well as equation
for estimating pressure drop through the packed bed. Published auxiliary correlations
are used to estimate the necessary physical properties, coefficients of heat and mass

transfer and friction factor in packed beds.

2.2.1 Pseudohomogeneous model

Pseudohomogeneous model does not explicitly account for the presence of
catalyst pellets and assume that gradients of temperature and concentrations
between the fluid and solid phases can be ignored. As a result, the equations for the

two phases can be combined. The resulting fluid-phase balances are as follows[4]:
Mass balance:

du
dust, ZvaUr +Z£Bvl]rt] (1

Energy balance:

6
m;Cp; dT
Z d_ Z( AH,)(r, iPp T Ti€B) (2)

i=1
The boundary conditions at reactor inlet:
z=0;C = Cyp, T=T,
2.2.2 Heterogeneous model accounting only for internal mass diffusion
Heterogeneous model accounting only for internal mass diffusion leads to
separate heat and mass balance equations for the fluid and solid (catalyst pellet)
phases. The latter accounts for the resistance to mass and heat transport inside the
catalyst pellet. By assuming sufficiently rapid heat and mass transport between the
bulk fluid stream and the pellet surface, this model essentially neglects the
concentration gradients between them. It is also assumed that negligible
temperature gradient exists inside the pellet and intra-pellet heat transport can be

ignored.
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Solid phase (spherical catalyst pellet) mass balance[11]:

n n

Dy d [ ,dC}
0 = T_ZE r dr +p5 ZUUTC]"*'ESZUUTU (3)

j=1 j=1

The boundary conditions for the pellets (BC)

—O-dCis—O
TV T
r=R;CS =

The above differential equation along with the pellet’s BC for each species i can be
simultaneously integrated numerically to yield the concentration profile of each
species as function of radial position inside a pellet. This in turn can be used to
estimate the following catalyst effectiveness factor n; of each reaction j, which also

depends on the axial position of the pellet in the reactor.

Actual rate of reaction j

i = Rate of reaction j at external surface condition

%4
ks [rj(Ps.)pg + 1i(Ps,)€s1dV
T T Pop, + g (POEV

Gas phase mass balance:

du,C,
FEE Z anjvijrC]_ + Z EBUYT, (5)

Gas phase energy balance:

:§37nic
i=1 Ac

The boundary conditions at the reactor inlet:

4
i dT
. P Z(_AHrj)(njerpg +14€p) (6)
=1
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The above set of differential equations can be integrated numerically together with
the estimated values of the effectiveness factors at each axial position to obtain the
concentration profile of each species and the temperature profile along the axial

position or length of the reactor.

2.2.3 Heterogeneous model accounting for both internal diffusion inside and

external diffusion around a pellet

Solid phase (catalyst pellet) mass balance[4]:

n n
Dy d [ ,dC} 0
= F% r . +ps : 1Uijrcj+gs : 1Uijrtj

= J=

Solid phase (catalyst pellet) energy balance:

ke d ( ,dTS
22 (22 ) + ) (CAH) (et + i) ®

j=1
The boundary conditions for the pellet:

_O_dCi_O dT_O
= ‘dr  dr

r=R; C’=Cy,T° =Ty
The above differential equations along with the pellet’s BC can be used to calculate

the radial concentration and temperature profiles inside the pellet, which also

depends on the axial position of the pellet in the reactor.

Gas phase mass balance:

ou,C;
aSZ = = kcap(Ci - Csi) + Z SBUi]'T'ti (9)

Gas phase energy balance:

oT
uspCpz = ha,(T —T) (10)

The boundary conditions at the reactor inlet:
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Z=O; Cl= Cio,Tz TO
The above set of differential equations along with the BC can be used to obtain the

concentration profile of each species and temperature profile along the axial

position or length of the reactor.

2.2.4 Heterogeneous model accounting for both internal diffusion inside and
external diffusion around a pellet and mass axial dispersion
Accounting for axial mixing, the steady-state mass balance of gas phase may

be written[14]

ou,C; i ac,
% = kcap(Ci - Csi) + Z SBUijT'ti + E(SBDeaa_Zl) (11)

The boundary conditions for gas phase:

a¢C;
z=0; us(Cyp— C) = _gBDeaE
aC;
zZ = Lb 5 E =0

2.2.5 Auxiliary Equations and Correlations
The pressure drop along the axial direction of the catalytic bed is calculated
based on the following differential form of the Ergun equation

dP,  _uG 107
2z = 4 36002

p

C1-—gg[  b(1-ep)
e e T (12

3
€p

Here a = 1.75 and b = 150.

The BC at the reactor inlet:
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In addition, some parameters are needed in the heterogeneous models such

as film heat and mass transfer coefficients between the gas and solid phases.

Similarly, suitable temperature-, pressure- and/or component-dependent correlations

are needed to estimate the physical properties of components and mixture such as

viscosity, specific heat capacity, thermal conductivity, and diffusion coefficients along

the reactor. The relevant correlations are summarized in Table 2.

Table 2 Correlations for model simulation

Correlation Formula
Viscosity [15] u=26.6922 « 1077
o2Q,

(for H,, H,O)

Ho: Q, = Q,(Lennard — Jones)

0.262
T*

H,O : Q, = Q,(Lennard — Jones) +

Q,(Lennard — Jones) = T% 4+ Ce PT" 4 EeFT"
T =(k/€)T,A=1.16145 B = 0.14874, C = 0.52487, D = 0.77320,
E=216178, F = 243787

Viscosity [16]
(for CgHyg, CgHg, C7Hs, CsHg)

pé = (4.610T, 018 — 2.04e 70449 4 1.94¢~4058T 4 0.1) x 1077
f — T1/6MW_1/2P—2/3
c c

. . . — yn_Yili
Mixture viscosity [15] U= Z—}lyj@ij
1 17
ni)?(Mwjye
[H(“;) <Mwi) I
ij= T
Mw; |2
8(1+MW]‘_]
Binary mass diffusion D.. — —_0.001437%7
tj 1 1 1
coefficient i in j [15] PM?,-[<ZV>?+(ZV>?]
1 117!
My =2t o
Mw; MWj
Mass diffusion coefficient D.. — 1-y
miL — .
in mixture [17] XH-
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Mass transfer coefficient

k. = 1.17Re™%425¢c7067y,
(18]

Thermal conductivity of k. = yik;
o =
X Vidj

e+ (s Aery) " /(M)

- 1/2
[8(1 + M;/M))]
Aeri I;[exp(0.0464T;;) — exp (0.2412T,;)]

Arj Ti[exp(0.0464T,;) — exp (0.2412T,)]

.M 1/6
['=210
(%)

gas mixture [15] 1/4]2

ij

Heat transfer coefficient 0.458
h =
[19] &g

Re—0.407Pr—0.67cppgus

The conservation equations of mass, heat and momentum are derived to
simulate the concentration, temperature, and pressure profiles along the reactor
length and inside catalyst pellets. The models of reactor are convenient to study the
effect on products of changes in feed and catalyst, scale up from laboratory to
industry scales, optimization of the reactor performance and Interpretations of

laboratory measurements.
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2.3 Effect of catalyst shape

Catalyst shape should be parametric studies on fixed bed catalytic reactors.
Characteristic of catalyst affects on performance of reactor such as diffusion
characteristics, pressure drop limitations, catalyst pore size, catalyst loading
techniques, and catalytic activity requirements. An appropriate selection of catalyst
shape depends on the type of feed and operating conditions in order to optimize
catalyst behavior [2]. The effect of catalyst shape is studied by mathematical model.

The iron catalyst is determined the effect of catalyst shape on the reactor for
Fischer-Tropsch Synthesis by Kyle M. Brunner et al [3]. There are 4 studied catalyst
shape i.e. sphere, cylinder, trilobes, and hollow cylinder. The heterogeneous model
accounting for internal mass diffusion is used for simulation reactor and determined
the effect of catalyst in term of bed void fraction and effectiveness factor. The
correlation developed by Benyahia and O’Neill calculate bed void fraction. The

correlation depends on sphericity, ¢,

0.2024 1.0814
+

2 (14)
2 (ﬁ ¥ 0.1226>
e

g, = 0.1504 +

Where sphericity is ratio of surface area of sphere of equivalent volume to surface

area of catalyst. d; is diameter of reactor and d,, is equivalent diameter of catalyst.

The effectiveness factor accounts for diffusion within catalyst. It depends on effective

diffusion length, L., ratio of catalyst volume to surface area.

e

tanh(¢)
¢

k.Ci(n+1
Thiele modulus = ¢ = Ly, /% (16)
e“A

Ef fectiveness factot =n =
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The performances of reactor which is affected by catalyst shape are required
catalyst mass, pressure drop, pore diffusion and heat transfer. Effect on required
catalyst mass and reactor length, they decrease with catalyst shape in order sphere >
cylinder > hollow cylinder > trilobe. Effect on effectiveness factor, the order of
increasing effectiveness factor with shape is sphere < cylinder < hollow cylinder <
trilobe. Effect on pressure drop, the pressure drop per length of reactor with respect
to shape decreases in order sphere > cylinder > trilobe > hollow cylinder. These
results show in Figure 2. These results are agreement with the report about steam

reforming catalyst.

20x10°
15
2 €
3 P
= 10 - 2
I3 3
s 3
] o
o
5 —
0
0= T T T T T T T T T ! I T T T T T T
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1.0
0.8
E Tr
B £
l-; 0.6 c
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&
[ o
2 04— ¢ j
8 ) %
=
w
0.2 - —
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Effective Pellet Diameter (mm) Effective Pellet Diameter (mm)

Figure 2 Effect of d,. and shape on required catalyst mass, reactor length,

effectiveness factor and pressure drop per bed length [3]
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For hydrodesulfurization of gas oil [2], the heterogenous model accounting for
internal and external mass transfer is used to study the effect of different particle
shapes on catalyst behavior. The effect of shape catalyst is determined in term of
bed void fraction, effectiveness factor and thiele modulus. Effect on effectiveness
factor increases with catalyst shape in order sphere < pellet < cylinder < 2-lobe < 3-

lobe < 4-lobe, show in Figure 3.

0.65
4-lobe
5 0.60 - —
‘g 3-lobe
S 0551 2obe E
§
S 050 - eh—
3 0.45 Pll™—>—
= .
= Sph —_—
0.40
0.35 ‘
0 1 2 3 4
LHSV, b

Figure 3 Catalyst effectiveness for different particle shapes [2]

For oxidation of phenol [9]. The model determines the effect of difference
catalyst geometry in term of effectiveness factor and thiele modulus. The model

results of conversion are compared with experimental data show in Figure 4.

100 § —=— Cylinder 1 calc

= Cylinder 1 exp
—++— Cylinder 2 calc

o]
o

B Cylinder 2 exp
—=— Cylinder 3 calc

B Cylinder 3 exp
—&— Sphere calc

r

(=2}
o

® Sphere exp

=
o

| —=— Trefoil calc

Phenol conversion, %

+ Trefoil exp

N
o
!

—=— Monoliths 1 calc
4+ Monoliths 1 exp

—“— Monoliths 2 calc
A Monoliths 2 exp

5 10 15 20
Flow rate, mL*min™

Figure 4 Experimental (points) and calculated (lines) conversions of phenol [9]
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From the previous publication [2, 3, 9], the effect of catalyst shape is
determined by thiele modulus and effectiveness factor in eq 15-16. The equation is
derived from slab balance inside catalyst, the equation of mass balance can be

written [4]

n

d /  dc -
0= @(Dei E) + ps ZUUTC]' + & ZUUTU' (17)

j=1 ]=1

The boundary conditions for the pellet:

RN
y_ 'dy_
y=L;CiS=Csi

For generalized modulus, L is the ratio of catalyst volume to surface area,

called effective diffusion length.
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2.4 Ethylbenzene dehydrogenation to styrene process

There are many researches about modeling of dehydrogenation
ethylbenzene to styrene. Sheel and Crowe (1969) [20] are first who reported
modeling of an industrial styrene reactor. They employed six reactions with a pseudo
homogeneous model for modeling adiabatic reactor. Clough et al (1976) [21]
developed model for a styrene pilot plant reactor by the kinetic reaction of Sheel
and Crowe and optimized the location of steam injection. Sheppard et al. (1986) [22]
developed the model using various kinetic and fitted the result with plant data. The
fitted kinetic is used to simulate industrial reactor and economic analysis. Elnashaie
et al. (1993) [23] developed a heterogeneous model for internal diffusion and
reaction in the catalyst pellet. This model was used to extract intrinsic kinetic
parameter from industrial reactor. Elnashaie and Elshishini (1994) [24] developed
both pseudohomogeneous and heterogeneous models for simulating an industrial
styrene reactor. Both works used the kinetic reaction by Sheel and Crowe. Elnashaie
et al. (2001) [25] used the intrinsic kinetic to simulate reactor for different
configuration namely fixed bed with/without membrane and fluidized bed
with/without membrane. The kinetic reaction by Sheel and Crowe is used for
modeling reactor to optimize in various publication i.e. the publication by Yue Li et
al (2003) [26], B.V. Babu et al (2005) [27], Ashish M. Gujarathi and B.V. Babu (2010)
(28], and Salim et al. (2012) [29].

Lee (2008) [10] makes a detail study for reaction kinetic, design and
simulation of industrial ethylbenzene dehydrogenation reactor. Kinetic experiments
are carried out using a commercial potassium-promoted iron catalyst and fitted the
experimental data for kinetic parameter. He used intrinsic kinetic parameters with the
heterogeneous fixed bed reactor model which accounts for the diffusional limitations

inside the porous catalyst.
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The catalyst for ethylbenzene dehydrogenation to styrene in commercial is

extrude catalyst. [30] The shapes of the catalyst are various form example of

cylindrical and trilobe. [31]

The dehydrogenation of ethylbenzene to styrene occurs simultaneously via

thermal and catalytic reactions. Relying on free radical mechanisms, thermal

reactions are important only in the zone without catalyst and in the void of the

catalyst bed. They, however, give low thermal conversions. Catalytic reaction is more

active and can be represented by Hougen-Watson type kinetic model, which

accounts for the adsorption of reactants on the active sites, surface reaction and

desorption of resulting products. The published reaction scheme and reaction rate

expressions are summarized in Table 3. Subscripts 1 to 4 stand for the respective

listed reactions.

Table 3 Reaction scheme and expressions of thermal, catalytic reaction rates [10]

Reaction Thermal reaction rate Catalytic reaction rate
PsrPry k; Keg(Pep-Per P /K )
1"eB\FEB ST H2/ Mg
CgHip €2 CgHg + Hy (11 =Kiy (Peg- Y ) b= .
eq (1+KEBPEB+KH2PH2+KSTPST)
CgHio = CeHg + CH K, Foles e
8110 66 + LoMg o =KioPeg 2=
(1+KEBPEB+KH2PH2+KSTPST)2
K3 KegPesKioPrz
C8H10 + HZ — C7H8 + CH4 rt3:kT3PEB

C3: 2
(1+KEBPEB+KH2PH2+KSTPST)

CSHS + HZ — C7H8 + CH4

KaKstPsrKpaPr

c4=
(1+KEB Peg+Ki2 PH2+KSTPST)2




The kinetic parameters for thermal and catalytic reactions are shown in

Table 4 and the adsorption equilibrium constants in

Table 5.
Table 4 Reaction rate constants [10]
K = A ( E; x 103
j J
R,T A; E;
Key 2.2215 x 10 272.23
Ko 24217 x 10%° 352.79
Kis 3.8224 x 10" 313.06
ki 4.594 x 10° 175.38
k, 1.060 x 10% 296.29
ks 1.246 x 10% a74.76
kg 8.024 x 10 213.78
Table 5 Adsorption equilibrium constants [10]
K -4 ( AH; X 103)
= A; exp(————
i i p RgT A AH,
Keg 1.014 x 107 -102.22
Ket 2.678 x 107 -104.56
Ko 4.519 x 10’ -117.95
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The catalyst properties, operating conditions and reactor dimensions used in

the simulation are summarized in Table 6.

Table 6 Catalyst properties, operating conditions and reactor dimensions [10]

Parameter Value
Catalyst properties

Catalyst bulk density [kecat/m°] 1422
Catalyst pellet density [kecat/m?] 2500
Void fraction of the bed 0.4312
Catalyst Internal void fraction 0.4
Tortuosity of the catalyst 3
Catalyst equivalent pellet diameter [m] | 0.0055

Feed conditions (after mixing fresh and recycled streams)

Feed molar flow rate [kmol/h]

Ethylbenzene 707
Styrene 7.104
Benzene 0.293
Toluene 4.968
Steam e
Total feed molar flow rate [kmol/h] 8496.37
Temperature [K] 886
Pressure [bar] 1.25
Reactor dimensions
Inner radius of reactor [m] 3.5
Length of bed [m] 1.33
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The industrial styrene reactor simulation result using the pseudohomo-

geneous model together with the intrinsic kinetic parameters is shown in Table 7.

Table 7 Simulation result of a 3-bed adiabatic reactor by pseudohomogeneous

model [10]

BEDI BED2 BED3
Weight of catalyst, kg * 72 950 82 020 78 330
Space time 103.18 219.19 329.98
Xep, %1 39.25 68.64 86.82
Sst, % 1 98.84 96.09 91.43
Sz, % 0.94 1.34 1.67
Sto, % 0.23 2.58 6.90
P, bar® 1.25 1.066 0.787
T K* 886 898.2 897.6
Tows K 806.2 843.6 873.7
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The industrial styrene reactor simulation result using the heterogeneous

model accounting for internal diffusion is shown in Table 8.

Table 8 Simulation result of a 3-bed adiabatic reactor by heterogeneous model [10]

BED1 BED2 BED3
Weight of catalyst, kg~ 72 950 82 020 78 330
Space time 103.18 219.19 329.98
Xes, %7 36.89 65.78 83.76
Sst, %" 98.49 95.10 90.43
Saz, % 1.000 1.423 1.754
Sto, % 0.507 3.480 7.809
Pin, bar 1.25 1.06 0.783
Tin, K™ 886 898.2 897.6
Tou, K 811.36 845.71 873.6
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Compare the simulation result using heterogeneous model to using
pseudohomogeneous model, the conversion of ethylbenzene and selectivity of

styrene is decrease show in Figure 5.
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Figure 5 Comparison of simulated total ethylbenzene conversion profiles (a) and

styrene

selectivity profiles

(b)

in a 3-bed adiabatic

reactor

heterogeneous model and the pseudohomogeneous model [10]

between the
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Chapter 3 Methodology

This research applies the EQUATRAN program to solving the set of differential
equation in mathematical model. This methodology in this research is divided to 3

section, there are

3.1 Validation

First, the kinetic parameters of catalytic reaction are estimated by the
mathematic model from the experimental data of the literature [32]. The kinetic
parameters were obtained by minimize the sum squares of difference between
predicted and experimental conversions. The estimates kinetic parameters are used

to predict conversions and the results are compared with experimental data.

3.2 Developed model

The mathematic model will be developed models which account for internal
mass and heat transfer, external mass and heat transfer and axial dispersion by using
the industrial reactor data which is reported by literature review including catalyst

properties, operating conditions and reactor dimensions, as shown in Table 6

3.2.1 Pseudohomogeneous model (Model1)
The pseudohomogeneous model is a simple model. The concentration and
temperature gradients only occur in axial direction for gas phase which is plug flow.

The steady state equations of mass and energy balance are
Mass balance:

du,C,

Boundary condition z=0; C; = Cj
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Energy balance:

6 . 4
miCpi dT
Z A, dz Z(_AHTJ)(rcjpB +7y€p)
i=1 i=1
Boundary conditon z=0;T = T,

3.2.2 Heterogeneous model accounting for internal diffusion (Model2)

Heterogeneous model accounting for internal diffusion considers the
concentration gradient inside catalyst due to internal mass transfer. While
concentration gradient between fluid and catalyst surface is neglected. Temperature
gradient inside catalyst is also neglected. The flow is plug flow. The balance
equations are separate for solid phase and gas phase. The steady state equations of
mass balance inside spherical catalyst which account for reaction and internal

transfer are

Dy d [ ,dC} . -
0 = T_Za r % +pS Zvijrcj +€SZUU-TU-
j=1 j=1
Boundary conditions 7 =0; % =0
r=R ; Cis = Ci

Intrinsic reaction and internal transport throughout catalyst are integrated and leaded
to calculate effectiveness factor. Since the effectiveness factor varies along the

reactor length, it is calculated at each integration step.

_ fOV[T'C].(PS’i)pS + th(PS'l‘)Es]dV
T T Pop, + g (POETV

The steady state mass and energy balance equations along the reactor are

du,C,
dz = Z pBT]].UijTCj + z ngijrtj
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Boundary condition z=10; C; = Cj

m;C,; dT
Z Acpl Z( AHr])(TIT pB+rt]£B)

i=1

Boundary condltlon z=0;T=T,

3.2.3 Heterogeneous model accounting for internal mass and heat transfer
(Model3)

Heterogeneous model accounting for internal mass and heat transfer
considers the gradients of both concentration and temperature inside catalyst. The
flow is plug flow. The external transfer is neglected. The steady state mass and

energy balance equations are
Mass balance:

Solid phase (spherical catalyst)

n n

De; d dc;
= r_ZE r dr + ps Zvijrcj+852vijrtj
Jj=1 j=1
Boundary conditions r =0; (Zcr =0
r=R ; Cl's =
14
o [rj(Ps,)p + 1j(Ps,)es]dV
Ul [rj(Pops +1(P)es]V

Gas phase

dus
Z Py vl]r + Z ERV;jTj

Boundary condltlon z=0; Ci = Cj
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Energy balance

Solid phase (spherical catalyst)

ke d ( ,dT?
= 72 dr( ) Z( AHj)(pstej + EsTtj)
Boundary conditions r =0; Z: 0
1y BB T,

Gas phase

m;Cp,; dT
Z Acpl Z( AHr])(TIT p3+rt]gB)

i=1

Boundary cond|t|on z=0;T=T,

3.2.4 Heterogeneous model accounting for internal mass and heat transfer
and external mass and heat transfer (Model4)

Heterogeneous model accounting for internal mass and heat transfer and
external mass and heat transfer considers the gradients both inside catalyst and
between bulk gas and catalyst surface. The flow is plug flow. The steady stat mass

and energy balance equations are
Mass balance:

Solid phase (spherical catalyst)

n n
Do d [ ,dC;
= T‘Z dr r dr +p5 ZUUTC]' + &g Zvijrtj
j=1 j=1

dac;
dar

Boundary conditions r =0; =0

T:R;Cl’S:CSl'
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Gas phase

ouyC;
% = kcap(Cl- - Csi) + Z EBUijT'ti
Boundary condition z=0; C; = Cj

Energy balance

Solid phase (spherical catalyst)

ke d [ ,dTS\ X
0 = T_ZE(T dr ) + Z(_AHrj)(psrcj + Esrtj)
j=1
Boundary conditions r = 0; Z—: =0
e N AR )

Gas phase

oT
uS'DgCPE = ha,(T —Ty)

Boundary condition z=0; T = T,

3.2.5 Heterogeneous model accounting for internal mass and heat transfer
and mass axial dispersion. (Model5)

Accounting for axial mixing, the steady state equations are written
Mass balance:

Solid phase (spherical catalyst)

n n
D,; d deis
= T'_ZE T dr +,DS Zvijrcj+€SZUijth
j=1 j=1
. dcs
Boundary conditions r =0; d—r‘ =0

T=R;Cis=Ci
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fov[rcj(Ps,i)ps + rtj(Ps,i)gs]dV

= [r;(Pops +1e(P)es]V
Gas phase
du,C, 0 aC;
dz Z PEIVyT F Z £V 5z (€8Deagy)
Boundary conditions z = 0; ug(Cjo — C;) = —€gDeyq %
190 . a¢C; —0
8779y 9z =

Energy balance

Solid phase (spherical catalyst)

ke d [ ,dT®\ X
r_ZE(r dr ) + Zl(_AHrj)(psrcj + Esrtj)

j
] d
Boundary conditions = 0; d—: =0

Gas phase

6 4
mCpi dT
'21 A dz Z(—AHrj)(TIjTCjPB + 14€p)
1= 1=
Boundary condition z=0;T =T,




3.2.6 Heterogeneous model accounting for internal mass and heat transfer,
external mass and heat transfer and mass axial dispersion. (Model6)

Mass balance

Solid phase (spherical catalyst)

n n
D,; d deiS
= T_ZE r dr +ps ZUUTC]'-FES ZUUTU'
j=1 j=1
Boundary conditions r=10; % =0,
T=R, Cis=CSi,
Gas phase
ousC; 0 aC;
o = keay(C; = C) + Z eVyT + - (€5Dea— )
Boundary conditions z = 0; us(Cjp — C;) = —eBDea%
= aC; 0
ARy, =

Energy balance

Solid phase (spherical catalyst)

HUEALORNGKORE
= ﬁE(T dr ) + Z(_AHrj)(psch + gsrtj)
j=1
Boundary conditions r =0; 2—: =0
r=R; T’ =T,

Gas phase

—

aT
usngpE = ha,(T — T

Boundary condition z=0; T = T,

a2
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3.3 Determine the effect of catalyst

After the models are developed, the developed models are used to
determine the effect of shape catalyst on performance reactor which are amount of
required catalyst mass and reactor length. Finally, the results from each developed

model are compared.

The effect of catalyst is determined in term of volume of catalyst, surface of
catalyst, and bed porosity. From the previous publications which studied effect of
catalyst shape, the effect of catalyst shape is determined in term effectiveness factor
and thiele modulus that are derived from slab balance. Therefore, the developed
model determined inside catalyst by slab balance. The steady state equations can

be written

Mass balance:

n n
AT I Yo g
Y j=1 j=1
Boundary conditions y = 0; Z—C; =0
y=1L; Cis = Cy

Energy balance:

0 = ( dTS) Z< M) Dty + £5717)

Boundary conditions y=0; —= 0

The catalyst shapes are determined including sphere, cylinder and trilobe, as

shown in Figure 6. First study the effect, the catalyst size of all shape is same as



aq

0.0055 mm effective diameter which is the diameter of a sphere having same

catalyst volume as the actual catalyst.

Next the real catalyst size of each shape is determined the effect on

performance reactor, as shown in Table 9.

a) b) c)

(&)= :

P p
Figure 6 Catalyst shape used in the model: a) spheres, b) cylinders, and ¢) trilobes

Table 9 Geometry and properties of commercial catalyst in each shape

Properties Sphere Cylinder Trilobe

Diameter of catalyst (D) [m] 5.50E-03 | 3.50E-03 | 5.00E-03

Length of catalyst (L) [m] - 5.00E-03 | 5.00E-03
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Chapter 4 Result and discussion

4.1 Developed model of fixed bed reactor for dehydrogenation ethylbenzene to
styrene

4.1.1 Validate simulation result of model with publication

From the experimental data [32], the kinetic rate parameters were obtained
by using the Marquardt method to minimize the sum of squares of difference
between predicted and actual conversions provided in EQUATRAN software. Table
10 shows the estimates kinetic parameters for catalytic reaction rate. Figure 7 shows
comparison of conversion of experimental data and calculated using estimated

kinetic parameters and they are good the fit of experimental data.

Table 10 Value of estimated kinetic parameters of catalytic reaction rate

Parameter unit Value
A kmol/(kgcat-hr) 2.33E+11
A, kmol/(kgcat-hr) 2.65E+16
As kmol/(kgcat-hr) 9.01E+15
Aq kmol/(kgcat-hr) 8.54E+17
At 1/bar 2.55E-10
A 1/bar 2.26E-06
A, 1/bar 3.93E-09
E, kJ/mol 204.66
E, kJ/mol 320.35
Es kJ/mol 320.97
Eq kJ/mol 333.48
Hep kJ/mol -180.51
H. kJ/mol -122.26
Hiy kJ/mol -152.11
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Figure 7 Comparison of experimental and calculated conversions for ethylbenzene

(EB), hydrogen (H,), toluene (TO), and benzene (BZ) at all reaction conditions.
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4.1.2 Developed models of fixed bed reactor for dehydrogenation
ethylbenzene to styrene

The mathematic models are developed into varied forms. Firstly, the reactor
performance is predicted by pseudohomogeneous model (Modell) and
heterogeneous model with internal mass transfer (Model2). More realistic
heterogeneous model (Model3) accounts for internal both mass and heat transfer.
And more complex heterogeneous model (Modeld) accounts for both internal and
external transfer of mass and heat. Heterogeneous model (Model5) accounts for
internal mass and heat transfer and mass axial dispersion. The latest heterogeneous
model (Model6) accounts for internal mass and heat transfer, external mass and heat
transfer and mass axial dispersion. The whole set of mass, energy and momentum
balance equations are numerically integrated for the commercial adiabatic reactor
using the 4-th Runge-Katta method with variable step size provided in EQUATRAN
software for plug flow model (Modell, Model2, Model3, and Model4) while using the
trapezoid method for dispersion model (Model5 and Model6). The operating
condition and reactor geometry are shown in Table 6, which are identical to every

model. The simulations results are shown in Table 11.

Table 11 Simulation result of reactor by difference model forms

Output Modell | Model2 | Model3 | Modeld | Model5 | Modelé
Xeg [%0] 36.52 34.49 34.49 34.46 34.46 34.46
Ssr [%] 98.34 97.90 97.90 97.88 97.78 97.99
Sez [%] 1.06 1.13 1.13 1.13 1.17 1.17
Sto [%] 0.61 0.97 0.97 0.99 0.95 0.98
Pout [bar] 1.05 1.04 1.04 1.04 1.04 1.04
Tout [K] 822.57 826.44 826.45 826.63 826.08 826.43
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The pseudohomogeneous model (Modell) does not account for the role of
internal and external transfer. The simulation results using Modell, the ethylbenzene
conversion and styrene selectivity at the outlet of the reactor are 36.52% and
98.34%. More complex models are developed to account for the effect of more
phenomena occurred in the reactor including internal transfer, external transfer, and

mass axial dispersion.

4.1.2.1 Heterogeneous model accounting for internal mass transfer

The heterogeneous model accounts for internal mass transfer (Model2), the
simulation results are 34.49% of ethylbenzene conversion and 97.90% of styrene
selectivity. Compared to the simulation results using the modell, the ethylbenzene
conversion and styrene selectivity decrease. This shows that the internal mass
transfer affects on reactor performance. The decrease of ethylbenzene conversion
can be explained by the effectiveness factor. The effectiveness factor of reaction 1
dehydrogenation ethylbenzene to styrene, the main reaction, shows in Figure 8, the
effectiveness factors are smaller than unity, which means that the internal mass
diffusion limits the overall reaction rate[11]. The effectiveness factor gradually
increases along the reactor length as the reaction rate decreases. At the inlet of
reactor, the temperature is high, so the reaction rate is high. While at the outlet of
reactor, the temperature decreases, the reaction rate is slower, therefore, the
difference of mass diffusion and reaction rate is lower, as show in Figure 9. The

effect of mass diffusion decreases result in increase the effectiveness factor.



a9

0.8

0.6

0.4

Effectiveness factor

0.2
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Reactor Length [m]

Figsure 8 Effectiveness factor of main reaction along the reactor
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Figure 9 Mass transfer rate (dash line) and reaction rate (symbol line) inside catalyst
at different points of the reactor; inlet of reactor (yellow), center of reactor (blue),

outlet of reactor(green).
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4.1.2.2 Heterogeneous model accounting for internal mass and heat transfer

The heterogeneous model accounts for internal mass and heat transfer
(Model3), the simulation results are same the simulation results using the model2.
This means that the internal heat transfer dose not affect on the reaction. Figure 10
shows the calculated intrapellet temperature profile. The intrapellet radial
temperature profile at the entrance, center, and exit of reactor remains essentially
the same because the rate of endothermic heat consumption is equal to the rate of

heat conduction into the pellet, as show in following equation.

k.(To —T) = AH - Reaction rate

Because reaction rate inside catalyst must be equal to the rate transfer inside, the

equation may be written

ke(To —T) = AH - D (Cp — C)
Where T, and C, are the temperature and concentration at catalyst surface,
respectively. From the equation, temperature gradient inside catalyst depends on
effective thermal conductivity (k.). When k. is high, the temperature gradient is low.
Moreover, energy conversion parameter ([3) [12], which represents the ratio of
maximum temperature difference to external surface temperature, may be written
(=AH)D,Cy
= T
The value of B may be regard as zero for isothermal catalyst. The value of B for this
process is much lower close to zero, so the catalyst is isothermal, as shown in Table

12.
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Intrapellet radial temperature profile at different points of the reactor;

inlet of reactor(blue), center of reactor (orange), outlet of reactor(grey).

Table 12 The energy conversion parameter (B) of catalytic reaction 1-4 at different

points of the reactor

Position Reaction 1 | Reaction 2 | Reaction 3 | Reaction 4
Inlet of reactor -1.97E-04 -1.61E-04 1.03E-04 3.32E-06
Center of reactor -1.56E-04 -1.27E-04 8.04E-05 9.03E-05
Outlet of reactor -1.42E-04 -1.17E-04 7.33E-05 1.13E-04
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4.1.2.3 Heterogenous model accounting for internal and external
transportation

The heterogeneous model accounts for both internal and external transfer
(Modeld), the simulation results are 34.46% of ethylbenzene conversion and 97.88%
of styrene selectivity. Compared to the simulation results using the model3, the
ethylbenzene conversion and styrene selectivity slishtly decrease. The concentration
and temperature between bulk of fluid and catalyst surface are slightly different, as
shown in Figure 11 and Figure 12. The results show that the external transfer little
affect on performance reactor and more effect occur at entrance region. Since the
moles of product are more than the moles of reactant in the reaction, the volume of
gas increases result in increasing of fluid velocity, as shown in Figure 13. The
increasing of fluid velocity increases mass transfer coefficient, as shown in Figure 14,
because film around catalyst decreases. Therefore, external transfer decreases the

effect on overall reaction.
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Figure 11 Concentration profile along the reactor at bulk of fluid (blue), surface of

catalyst (orange), and center of catalyst (grey)
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Figure 13 Superficial velocity of fluid along the reactor
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4.1.2.4 Heterogeneous model with axial mixing

The heterogeneous models accounting for internal transfer are compared
between plug flow (Model3) and mass dispersion (Model5), the simulation results are
little different. The heterogeneous models accounting for internal and external
transfer, the comparison between plug flow (Modeld) and mass dispersion (Model6)
are little different too. The ethylbenzene concentration along the reactor show in
Figure 15 and Figure 16 , the concentration of mass dispersion model is little lower
than plug flow model. The result shows that mass dispersion little affects on overall
reaction rate, therefore, it can be neglect. The little effect of axial dispersion may be
occurred due to the reactor length. The effect is determined by value of D/uL.
When Dg,/ul is lower than 0.01, the effect of axial dispersion can be neglected [13].
Figure 17 shows that the effect of axial dispersion decreases when reactor length
increases. The deviation from plug flow is occurred by different routes of fluid taking
through the reactor that may take different lengths of time to pass through the
vessel. The distribution of these times for the stream of fluid leaving the vessel is
called the exit age distribution, E [13]. Figure 18 shows that the residence time
distribution of process flow is small deviate from plug flow. For plug flow, the
material of cross-section area of reactor together flows and does not mix in flow
direction result in equal residence time, while material of dispersed flow spread

result in difference residence time.
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Figure 15 Concentration profile along the reactor by heterogeneous accounting for
internal transfer model3 (yellow line) with plug flow and model5 (blue line) with

dispersion flow.
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internal and external transfer model4 (yellow line) with plug flow and model6 (blue

line) with dispersion flow.
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Figure 18 The residence time distribution curve of this process (blue) and plug flow
(grey), E is exit age distribution, t is actual residence time and t is average residence

time.
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In response to the differences in ethylbenzene conversion level among the
models, the temperature profile of modell is smallest at the reactor outlet because
the main dehydrogenation reaction is endothermic and the conversion of
ethylbenzene of modell is highest. The axial pressure profiles of the models are
essentially the same because the feed stream contains more than 90% steam (to

provide endothermic heat of reaction) and less than 10% ethylbenzene.

The comparison of simulation result by different forms of model shows that
internal mass transfer is stronger effect on output result, while external transfer and
mass axial dispersion affect in entrance region and little affect on overall result at
outlet of reactor. The prediction results of heterogeneous model are slightly
different, and the more complex model is used to significantly improve the accuracy
of the reactor performance prediction according to previous publication[8, 33, 34].
For methanol production[33], the prediction results by heterogeneous model
accounting for both internal and external transfer are lower percent error from plant
data than results by heterogeneous model accounting for only internal transfer. For
water-gas shift reaction[8], the results from model accounting for external transfer
and mass axial dispersion are closer the experiment data than model without
accounting for them. For hydrogenation of acetylene[34], the results of model with

dispersed flow are close to plant data than model of plug flow.
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4.1.3 Estimate the important of transfer effect on reaction by criteria

4.1.3.1 Estimate the importance of internal transfer on reaction for
commercial process

The effect of internal mass diffusion is determined by Weisz-Ptrater criteria.
Weisz-Ptrater parameter (C,,) which is the ratio of actual reaction rate to internal

diffusion rate is calculated by following equation.

1:pcR?

wp — De Cs

If Cyyp is lower than unity, internal diffusion rate does not limit the reaction. In the
contrast if C,, is higher than unity, internal diffusion rate limits the reaction. The
value of C,, along the reactor is shown in Figure 19. The value is much higher than
unity at the inlet, then the internal mass diffusion would limit the overall rate [11].
The result that is determined by Weisz-Ptrater criteria appear like the simulation
result. The criteria is also used to estimate internal mass transfer and confirmed with
the experiment. Teppei Nunoura and et al [35] experiment water oxidation of phenol
in fixed bed reactor. They found that the phenol conversion increases with decrease
of catalyst diameter, the internal transfer limits the reaction. The result was

confirmed with Weisz-Prater criterion which C,, was calculated to be 1.73.
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Figure 19 The value of Weisz-Ptrater parameter along the reactor length for
reactionl (blue), reaction2 (orange), reaction3 (grey), and reaction4 (yellow). Red line

is criteria.
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4.1.3.2 Estimate the importance of the external transfer on reaction by criteria

4.1.3.2.1 Estimate the importance of the external transfer on reaction for
commercial process

The effect of external transfer is determined by Mear’s criteria[11]. Mass

transfer from bulk gas to catalyst surface can be neglect when

T.ppRn

1
k.C, <0.15

Heat transfer from bulk gas to catalyst surface can also be neglect when

< 0.15

_AHr(rc)pBRE
hT2R,

The absolute values of Mears’ mass-transport and heat-transport parameters are
smaller than 0.15 shown in Figure 20 and Figure 21 respectively, then the
corresponding external transport effect may be neglected. The criteria is also used
with the experiment of oxidation of phenol [35], the Mears’ mass transfer parameter
is lower than 0.15, which means external transfer can be neglect. The result was
confirmed with the experiment since the phenol conversion was not affected by

increase of the flow rate.
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Figure 20 The absolute values of Mears’ mass-transport parameter along the reactor
for reactionl (blue), reaction2 (orange), reaction3 (grey), and reactiond (yellow). Red

line is criteria.
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line is criteria.
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4.1.3.2.2 Estimate the importance of the external transfer on reaction for
process that affected by external transfer

Commercial operating condition, the flow rate is high lead to high external
transfer, thus gradient concentration between bulk and surface can be neglect.
Therefore, case study 1 which is low flow rate by constant space velocity (equal to
commercial process) is studied and the condition is shown in Table 13. The result
shows that the effect of external transfer on reaction increases when the flow rate
decreases, as shown output parameter in Table 14. From Figure 22 and Figure 23,
Mears’ mass and heat parameters are much higher than 1.5, which means external

transfer affects on overall reaction rate [11].

From case study 1, the results show that if external transfer affects on
reaction rate by estimation of Mears’ criterion, the complex model accounting for

external transfer should be used to predict reactor performance.

Table 13 Operating Condition of process

Initial condition Commercial Case study 1
Feed molar flow rate [kmol/h]
Ethylbenzene 707 14.14
Styrene 7.104 0.142
Benzene 0.293 0.006
Toluene 4.968 0.099
Hydrogen 0 0
Steam T 155.54
Pressure [bar] 1.25 1.25
Bed length [m] 1.33 0.03325
velocity [m/h] 13010.11 325.25
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Table 14 The simulation result of heterogeneous model in case study 1

Output Heterogeneous model Heterogeneous model

Result | accounting for internal transfer | accounting for internal and external transfer
Xeg [%] 35.87 34.66
St [%] 97.80 97.71
Sgz [%] 1.12 1.09
Sto [%] 1.08 1.20
Pout [bar] 1.25 1.25
Tout [K] 824.16 826.60
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Figure 22 The absolute values of Mears’ mass-transport parameter along the reactor
for reaction1 (blue), reaction2 (orange), reaction3 (grey), and reactiond(yellow). Red

line is criteria.
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Fisure 23 The absolute values of Mears’ heat-transport parameter along the reactor
for reactionl (blue), reaction2 (orange), reaction3 (grey), and reactiond(yellow). Red

line is criteria.
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4.1.3.3 Estimate the importance of mass axial dispersion on reaction by
criteria

4.1.3.3.1 Estimate the importance of mass axial dispersion on reaction for
commercial process

The effect of mass axial dispersion is determined by vessel dispersion number
(D/uL). The value of this process is 0.0048, it is lower than 0.01, which means the
flow is deviate from plug flow [13]. The residence time distribution curve shows in

Figure 24 which the process flow is small deviate from plug flow.
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Figure 24 The residence time distribution curve of process (blue), plug flow (grey),
and criteria (red), E is exit age distribution, t is actual residence time and t is average

residence time.
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4.1.3.3.2 Estimate the importance of mass axial dispersion on reaction for
process that affected by mass axial dispersion

Commercial operating condition, the value of D.,/ulL is lower than 0.01, axial
dispersion effect can be neglect[13]. Moreover, mass axial dispersion can be
diminished by increasing flow rate and reactor length. Therefore, case study 2 is
studied in condition of decreasing bed length and flow rate, as shown in Table 15.
The result shows that the effect of axial dispersion on reaction increases as the flow
rate and bed length decrease, as shown in Table 16. The value of D¢ /ulL is 0.0127
which is higher than 0.01. The residence time distribution curve shows large deviation

from plug flow, as shown in Figure 25.

Table 15 Operating Condition of process

Initial condition Commercial Case study 2
Feed molar flow rate [kmol/h]
Ethylbenzene 707 141.4
Styrene 7.104 1.42
Benzene 0.293 0.06
Toluene 4.968 0.99
Hydrogen 0 0
Steam 7T 1555.4
Pressure [bar] 1.25 1.25
Bed length [m] 1.33 0.5
velocity [m/h] 13010.11 2602.02




Table 16 The simulation result of heterogeneous model in case study 2
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Heterogeneous model Heterogeneous model
Output
accounting for internal accounting for internal transfer
Result
transfer and mass axial dispersion
Xeg [%] 39.25 34.87
St [%] 97.68 95.44
Sgz [%] 1.09 1.20
Sto [%] 1.23 1.14
Pout [bar] 1.25 1.25
Tout [K] 818.46 817.02
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Figure 25 The residence time distribution curve of this process (blue), plug flow
(grey), and criteria (red), E is exit age distribution, t is actual residence time and t is

average residence time.
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From case study 2 shows that the process which affects by mass axial
dispersion should use dispersed flow model to predict reactor performance and the

effect is estimated by the value of vessel dispersion number (D/ul).

Obviously, the three criteria confirm that internal mass transfer affects the
overall reaction rate. While external transfer and mass axial dispersion effect occur at

only entrance region of reactor and they can be neglected.

4.1.4 Comparison of simulation result

4.1.4.1 Comparison of simulation result with simulation result of reference
paper

The reactors are predicted by mathematical model for 3 reactors according to
the industrial process. To double-check the reliability of the present simulation
results, the ethylbenzene conversion, selectivity, reaction temperature and pressure
at the reactor outlet are compared with those given under the same conditions in

the referenced publication [10], as shown in

Table 17 The results are some difference, but the result of toluene selectivity is
large difference. The different may be occurred by the used kinetic parameters and
property data i.e. mass transfer coefficient, since the reference data does not show

the used value.
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Table 17 The comparison of reactor outlet results between the publication and this

research
This research Publication [10] %Difference
Output
R1 R2 R3 R1 R2 R3 R1 R2 R3

Xeg [%] 34.49 | 6535 | 84.80 | 36.89 | 65.78 | 83.76 | -6.50 | -0.65 1.24
Ssr [%] 97.90 | 94.06 | 89.54 | 98.49 | 95.1 90.43 | -0.60 | -1.09 | -0.99
Sez [%] 1.13 1.52 1.85 1 1.423 | 1.754 | 1290 | 6.77 5.43
Sto [%] 0.97 4.42 8.61 0.507 | 3.48 | 7.809 | 91.78 | 27.02 | 10.31
Pout [bar] | 1.04 0.75 0.24 1.06 | 0.783 0.3 -1.43 | -4.16 | -19.73
Tout [K] 826.44 | 852.04 | 876.18 | 811.36 | 845.71 | 873.6 1.86 0.75 0.30
*R = reactor

4.1.4.2 Comparison of simulation result with industrial result

The total ethylbenzene conversion and styrene selectivity in industrial have

been reported in the range of 60-70% and 97%, respectively [36]. The simulation

result of reactor output from each model are shown in
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Table 18 and compared with industrial output. The heterogeneous models which
account for internal mass transfer, the dominant effect, (model2-4) predict the same
reactor output results for all reactor and less percent error from industrial output
than pseudohomogeneous model. The models which increase accounting for mass
axial dispersion (model5-6) predict the slightly less ethylbenzene conversion and
styrene selectivity than plug flow model (model3-4) for reactorl and reactor2, while
the reactor3 predict more different so the percent error from industrial output. There
is some error of simulation reactor3 from model6 since the styrene selectivity excess

100.



Table 18 The comparison of reactor outlet results from each model
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Reactorl Reactor2 Reactor3 Y%Error*
Model
Xeg[%] | Ssr[%] | Xeg[%] | Ssr[%] | Xegl%] | Ssr[%] | Xeg[%] | Ser [%]

Modell 36.5 98.3 68.2 95.1 88.0 90.6 29.5 -6.59
Model2 | 34.5 97.9 65.4 94.1 84.8 89.5 24.7 -7.69
Model3 | 34.5 97.9 65.3 94.1 84.8 89.5 24.7 -7.69
Modeld | 34.5 97.9 65.4 94.0 84.8 89.5 24.7 -7.69
Model5 | 345 97.8 64.8 93.8 81.0 98.1 19.2 1.09
Model6 | 34.5 98.0 64.9 93.7 79.7 103.8 17.1 7.06

* Percent error from 68% conversion of ethylbenzene and 97% selectivity of styrene
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4.2 Study the effect of catalyst shape on reactor performance by same effective
diameter catalyst

The model can be used to predict reactor performance response to change
in shape catalyst. Previous section, the inside catalyst is determined by spherical

balance equation which can be written

n n
De; d [, dc;
= T_ZE r e +p5 Zvijrcj+£SZvijrtj
Jj=1 Jj=1
The boundary conditions
IERENY
(L= PR
r=R ( Cls = Ci

The above differential equation with boundary conditions of spherical balance is
integrated as function of radial position inside catalyst from center of catalyst (r = 0)

to catalyst surface (r = catalyst radius, R).

Previous publications of studied effect of catalyst shape, the effect is
determined in term of thiele modulus and effectiveness factor which are derived by
slab balance of mass inside catalyst. The slab balance equation can be written

n

d/  dC -
0= E(Dei E) + ps Zvijrcj + & z Vi1t

The boundary conditions

.G,
y_ ’dy_

y=L;C =Cy
For generalized modulus, L is the ratio of catalyst volume to surface area, called

effective diffusion length. For slab balance, the differential equation with boundary
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conditions is integrated as function of y-coordinate from center of catalyst (y = 0) to

catalyst surface (y = L).

Therefore, the heterogeneous models for studied the effect determine inside

catalyst by slab balance and the simulation result shows in Table 19.

Table 19 Simulation result of reactor by difference model forms with slab balance

inside catalyst

Output Model2 Model3 Modeld Model5 Model6
Xeg [%0] 35.16 35.16 35.06 35.11 35.05
St [%] 98.04 98.04 98.03 98.00 98.32
Sez [%] 1.11 L/3¥ 1.11 1.16 1.16
Sto [%] 0.85 0.85 0.87 0.83 0.86
Pout [bar] 1.05 1.05 1.04 1.05 1.04
Tout [K] 825.17 825.17 825.30 824.73 825.09

The simulation results of slab balance inside catalyst models compared to

spherical balance inside catalyst models, the results are slightly different. The

diffusion length is integration length for differential equation of inside catalyst. For

catalyst size 0.0055 m of diameter, the predicted ethylbenzene conversion by slab

balance increases. Because slab balance model is integrated with the diffusion length

which is the ratio of volume to surface catalyst (0.000917 m), while spherical balance

model is integrated with the diffusion length which is radius of catalyst (0.00275 m).

The lower of diffusion length affects on higher effectiveness factor, as shown in

Figure 26.
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Fisure 26 The effectiveness factor of main reaction along the reactor by spherical

balance (dash line) and slab balance (solid line) inside catalyst.

The developed models were employed to describe the effect of catalyst
shape on performance of adiabatic fixed bed reactor. The studied performance is
catalyst weight and bed length to achieve 36% conversion of ethylbenzene. To fair
the comparison of catalyst shape, size of catalyst is fixed at 55 mm effective
diameter which is the diameter of a sphere having same catalyst volume as the
actual catalyst. The physical properties, including surface area, sphericity, bed void
fraction and diffusion length, of three catalyst shape of this study (Sphere, Cylinder,

and Trilobe) with 5.5 mm equivalent diameter are summarized in Table 20.

Table 20 Properties for 5.5 mm effective diameter of three catalyst shape

Physical Properties Sphere Cylinder Trilobe
Surface area [m?] 9.50E-05 1.26E-04 1.53E-04
Sphericity 1.000 0.755 0.622
Bed void fraction 0.353 0.418 0.476
Diffusion length [m] 9.17E-04 7.91E-04 4.44E-04
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The developed models are used to describe the effect of catalyst shape on
catalyst weight, reactor bed length, effectiveness factor and pressure drop. The
results are shown in Figure 27 - Figure 30. The results from different form of model
are little different since every model account for internal mass transfer which is
strong effect to overall reaction. Moreover, the three criteria also confirm that
internal mass transfer affects the overall reaction rate, and external transfer and

mass axial dispersion effect can be neglect show in appendix C.

4.2.1 Effect of catalyst shape on required catalyst mass and reactor length
Catalyst weight decreases with catalyst shape in order cylinders > spheres >

trilobes, as shown in Figure 27.
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Figure 27 Effect of catalyst shape on catalyst weight required to achieve
ethylbenzene conversion 36% calculated by model3 (blue), modeld (orange),

model5 (grey), and model6 (yellow).
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Model simulations determine the affect on reactor bed length, using catalyst
density of 2500 kg/m°. Bed length depends on the bed density, which is related to
bed void fraction. Figure 28 shows the increase of bed length with catalyst shape in

order trilobes > cylinders > spheres.
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Figure 28 Effect of catalyst shape on bed length required to achieve ethylbenzene
conversion 36% calculated by model3 (blue), modeld (orange), model5 (grey), and

model6 (yellow).

Even though Figure 27 and Figure 28 show the overall effect of catalyst
shape on reactor performance or design. The results arise from combination of
effects of several other variables that are affected by catalyst shape. The following
discussion considers the individual contributions of catalyst effectiveness factor and
pressure drop to the overall effect of catalyst shape on catalyst weight and reactor

bed length.
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4.2.2 Effect of catalyst shape on effectiveness factor

The catalyst shape affects on overall reaction rate via the internal balance,
which depends on diffusion length. Figure 29 shows the effect of catalyst shape on
effectiveness factor of main reaction. The order of increasing the effectiveness factor
is spheres < cylinders < ftrilobes. The increase of effectiveness factor can be
explained by diffusion length. The diffusion length is the ratio of volume to surface
area and is the indication of resistance to diffusion. As diffusion length decreases
(increasing surface area), diffusion resistance decreases, and effectiveness factor
increases. The simulation results of catalyst shape affect on effectiveness factor are
in agreement with simulation results by Kyle M. Brunner and et al. for Fischer-

Tropsch synthesis [3] and M.J. Macias and J. Ancheyta for hydrodesulfurization [2].
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Figure 29 Effect of catalyst shape on effectiveness factor of main reaction at outlet

calculated by model3 (blue), modeld (orange), model5 (grey), and model6 (yellow).
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4.2.3 Effect of catalyst shape on pressure drop

The effect of catalyst shape on pressure drop per unit bed length (AP/Lp.q)
affects the catalyst weight required to achieve a specified ethylbenzene conversion.
The pressure drop per unit bed length depends on bed void fraction. The effect of
catalyst shape on bed void fraction shows in Table 20. Void bed fraction increases
with catalyst shape in order of sphere < cylinder < trilobe, result in JANV/I
decreases in the order sphere > cylinder > trilobe, as shown Figure 30. The
simulation results of catalyst shape affect on pressure drop also agree with
simulation results by Kyle M. Brunner and et al. for Fischer-Tropsch synthesis [3] and

M.J. Macias and J. Ancheyta for hydrodesulfurization [2].

0.400

Sphere Cylinder Trilobe

Figure 30 Effect of catalyst shape on AP/Lbed calculated by model3 (blue),

modeld (orange), model5 (grey), and model6 (yellow).
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4.2.4 Effect of catalyst shape on observe reaction rate

Figure 33 shows the observe reaction rate, which depends on effectiveness
factor (Figure 32) and reaction rate at catalyst surface condition (Figure 31). The
reaction rate at catalyst surface condition decreases with catalyst shape order
spheres > cylinders > trilobes. The result shows that decreasing A\P/L,.y affects to
increase partial pressure, then reaction rate decreases. This result agrees with
simulation result presented by Won Jae Lee and Gilbert F. Froment [10] for identical
process of ethylbenzene dehydrogenation to benzene, when the total pressure
decreases from 1.25 bar to 0.70 bar, the ethylbenzene conversion increase from
81.09% to 82.12%. The result also agrees with conversion to styrene of bench-scale

lab [37], when the pressure decreases from 1.27 to 0.68 atm, the conversion to
styrene increases from 33.9% to 37.6% at 566°C, 51.9% to 56.1% at 593°C, 64.7% to

68.3% at 621°C.
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Figure 31 Reaction rate of main reaction of different catalyst shape i.e. sphere (blue),

cylinder (orange), and trilobe (grey) by model3.
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Figure 32 Effectiveness factor of main reaction of different catalyst shape i.e. sphere

(blue), cylinder (orange), and trilobe (grey) by model3.
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Figure 33 Observe reaction rate of main reaction of different catalyst shape i.e.

sphere (blue), cylinder (orange), and trilobe (grey) by model3.
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From Figure 33, the observe reaction rate result of trilobe is much higher
than sphere and cylinder, because of the effectiveness factor. Therefore, the catalyst
weight required of trilobe is lowest, as shown in Figure 27. Although the
effectiveness factor of cylinder is higher than sphere, the reaction rate is lower than
sphere result in highest catalyst, as shown in Figure 27. For ethylbenzene
dehydrogenation to styrene process, the catalyst weight required decreases in
catalyst shape order cylinders > spheres > trilobes. Compare the results of catalyst
shape effect with Fischer-Tropsch synthesis[3], the required catalyst weight decreases
with catalyst shape in order spheres > cylinders > trilobes, it is different from the
result of ethylbenzene dehydrogenation to styrene process. Since the required
catalyst weight depends on observed reaction rate, which related to effectiveness
factor and reaction rate at catalyst surface condition. For Fischer-Tropsch synthesis,
the decreasing pressure drop affects to increase partial pressure and increase
reaction rate at catalyst surface condition, since the reaction is one reaction and
irreversible reaction. So, the reaction rate at catalyst surface condition increases with
catalyst shape order spheres < cylinders < trilobes. The effect combines with the
effect of effectiveness factor which increases with order spheres < cylinders <
trilobes. The overall effect leads to increase the observe reaction rate with order
spheres < cylinders < ftrilobes, in consequence, the required catalyst weight
decreases in catalyst shape order spheres > cylinders > trilobes. While ethylbenzene
dehydrogenation to styrene process, the reaction is multiple reaction and reversible.
When decreasing pressure drop, partial pressure increases result in decreasing
reaction rate at catalyst surface condition. It is attributed to Le Chatelier’s principle
for the reversible reaction in which the total number of moles of gaseous products is
two times that of the reactant. In this case the reaction equilibrium (reactant
conversion) is favored by a lower total pressure. So, the reaction rate at catalyst

surface condition decreases with catalyst shape order spheres > cylinders > trilobes,
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while the effect of effectiveness factor which increases with order spheres <
cylinders < trilobes. The effect on observe reaction rate depends on the trade-off
between the effect of effectiveness factor and reaction rate at catalyst surface
condition. And the observe reaction rate affects to required catalyst. The effect of
bed length also tradeoffs between the catalyst weight required and bed void

fraction.

For reversible reaction, effect of catalyst shape which increases surface
increases effectiveness factor but decreases reaction rate at surface condition.
Therefore, the effect of catalyst shape on actual reaction rate is traded off between
the effect on effectiveness factor and reaction rate at surface condition. If the effect
on effectiveness factor dominate, the actual reaction rate increases result in lower
catalyst weight. In contrast if the effect on reaction rate at surface condition

dominate, the higher catalyst weight is required.

From simulation result for equal effective diameter at 5.5 mm of catalyst,
catalyst shape which require lowest catalyst weight to achieve specific conversion is

trilobe.

4.2.5 Effect of catalyst shape on intermediate parameters relate to required
catalyst weight and bed length

For given equivalent diameter, the effect of catalyst shape on intermediate
parameters, which affects on catalyst weight and reactor bed length, is presented on
the schematic in Figure  34. This schematic shows the interaction between
parameters that are affected by change catalyst shape and contribute to catalyst
weight required and bed length. The green arrows indicate that a parameter
increases because of change in the previous parameter. Red arrows indicate that a

parameter decreases.
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Figure 34 Schematic representation of the effect of catalyst shape on parameters

that contribute to catalyst weight and bed length required to achieve specific

conversion

4.3 Study the effect of catalyst shape on reactor performance by catalyst shape in

commercial size

Commercial catalyst size of each shape is summarized in Figure 6 and Table

21, with the physical properties.

Table 21 Geometry and properties of commercial catalyst in each shape

Properties Sphere Cylinder Trilobe
Diameter of catalyst (D) [m] 5.50E-03 | 3.50E-03 | 5.00E-03
Length of catalyst (Lp) [m] - 5.00E-03 | 5.00E-03
Surface area [m?] 9.50E-05 | 7.42E-05 | 1.06E-04
Effective diameter [m] 550E-03 | 4.51E-03 | 5.10E-03
Diffusion length [m] 9.17E-04 | 8.75E-04 | 6.25E-04
Sphericity 1.000 0.862 0.768
Bed void fraction 0.353 0.385 0.414

The simulation result of reaction performance affect by each catalyst shape

show in Table 22.
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Table 22 Effect of catalyst shape with commercial size by Model3

Result Sphere Cylinder Trilobe
Catalyst weight [ke] 7.39E+04 7.37E+04 | 7.28E+04
Reactor bed length [m] 1.19 1.25 1.29
Effectiveness factor 0.923 0.930 0.966
Pressure drop per length of reactor [bar/m] 0.360 0.324 0.201

Effectiveness factor increases in shape order trilobe > cylinder > sphere
because of the diffusion length. Since there is the effect of size catalyst on pressure
drop, the pressure drop is not much different of each catalyst shape. The decreasing
catalyst size increases the pressure drop. The observe reaction rate increases with
catalyst shape order trilobe > cylinder > sphere because larger effect of effectiveness
factor than effect of pressure drop on reaction rate, as shown in Figure 35.
Therefore, catalyst weight required decreases with catalyst shape order sphere >
cylinder > trilobe. And reactor bed length is dominant effected by void bed fraction,
bed length increase with catalyst shape order sphere < cylinder < trilobe. This effect
shows that besides the catalyst shape affects to reactor performance, catalyst size
also affects too. Therefore, catalyst selection should determine both shape and size

of catalyst.
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Figure 35 Observe reaction rate of main reaction of different catalyst shape i.e.

sphere (blue), cylinder (orange), and trilobe (grey) by model3.
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Chapter 5 Conclusion

The simulation study investigates the effect of internal mass transfer, external
mass transfer and mass axial dispersion on the conversion of ethylbenzene and
product selectivity, when the adiabatic dehydrogenation system is carried out under
typical commercial operating conditions. The simulation results reveal that
pseudohomogeneous modell predicts the highest ethylbenzene conversion (36.52%)
and highest ST selectivity (98.3d%) at the reactor outlet. Effect of internal mass
transfer is described by heterogeneous moel2 and model3, the models predict lower
ethylbenzene conversion (34.49%) and lower styrene selectivity (97.90%) than
pseudohomogeneous modell. Effect of external mass transfer is described by
heterogeneous modeld, the results are 34.46% ethylbenzene conversion and 97.88%
styrene selectivity. Effect of mass axial dispersion is described by model5 and
model6, the models predict slightly different result from plug flow. This clearly
shows that both internal diffusion inside and external diffusion around catalyst
pellets contribute to significant deviations in the reactor performance. The effect of
intrapellet diffusion is stronger than that of external diffusion between the bulk fluid
and catalyst surface and axial dispersion. The results also confirm that the well-
known Weisz-Ptrater, Mears’ criteria  and vessel dispersion number can reliably
determine whether the roles of intrapellet diffusion, external diffusion between the
bulk fluid stream and catalyst surface and axial dispersion are significant for the

reaction system of interest or not.

The heterogeneous models were used to understand the effect of
catalyst shape on reactor design and performance. The used models compose of
model accounting for internal mass transfer (model3), model accounting for internal
and external transfer (model4), model accounting for internal transfer and mass axial
dispersion (model5), and model accounting for internal and external transfer and

mass axial dispersion(model6). The result of all models is slightly different since the
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effect of external transfer and mass axial dispersion is little effect on reactor
performance which mean it can be neglect. The effect of catalyst shape on required
catalyst weight to achieve same conversion increases in order trilobe < sphere <
cylinder since the effect of catalyst on effectiveness factor and pressure drop. The
effectiveness factor is highest by trilobe shape (0.983) and decreases in order cylinder
shape (0.947) and spherical shape (0.923). As the pressure drop increases, total
pressure decreases, and reaction rate at surface condition increases. The reaction
rate at surface condition is highest by spherical shape and decreases in order cylinder
> trilobe. The effect of catalyst shape on catalyst weight depends on overall reaction
which relates to the dominant effect between effectiveness factor and reaction rate
at catalyst surface. And the effect of catalyst shape on bed length depends on
dominant effect between required catalyst weight and bed void fraction. From
simulation result, catalyst shape which require lowest catalyst weight to achieve

specific conversion is trilobe.
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NOMENCLATURE

A, = cross-section area of reactor, m?

A = pre-exponential factor of catalytic reaction j, kmol/ (kgcat h)
A = pre-exponential factor for adsorption of species i, 1/bar

a, = external surface area, 1/m

Co = concentration of component i in bulk fluid at initial, kmol/m?

C, = concentration of component i in bulk fluid, kmol/m?

Cis = concentration of component i inside the catalyst, kmol/m?
C,i = Specific heat of component i, kJ/ (kg K)

C, = concentration of component i at surface of catalyst, kmol/m?
Cyp = Weisz-Prater parameter

D., = effective axial dispersion coefficient, m*/h

D, = effective diffusivity of component i, m?/h

Dy = binary mass diffusion coefficient i'in j, m/s

D, = mass diffusion coefficient in mixture, m/s

d, = catalyst equivalent pellet diameter, m

d; = diameter of bed, m

E = active energy of reaction, kJ/mol

f = friction factor

G = superficial mass flow velocity, kg/ (m? h)

h = heat transfer coefficient, kJ/ (m? h K)



AH; = adsorption enthalpy of adsorbed component i, kJ/kmol
AH, = heat of reaction j, ki/kmol

k = Boltzmann’s constant, 1.3805 x 10?% J/K

k. = mass transfer coefficient, m/h

k. = effective thermal conductivity, kJ/ (m h K)

k; = rate coefficient of catalytic reaction j, kmol/ (kgcat h)

ky = rate coefficient of thermal reaction j, kmol/ (m? bar h)

K; = adsorption equilibrium constant of component i, 1/bar

Keq = reaction equilibrium constant, bar

m; = mass flow rate of component i, kg/h

Mw = molecular weight, kg/kmol

n = reaction order

P. = critical pressure, bar

P; = partial pressure of component i in bulk fluid, bar

Pr = Prandtl number

P,; = partial pressure of component i inside the catalyst, bar
P, = total pressure, bar

R, = gas constant, J/ (mol K)

R = radius of catalyst, m

r = radial coordinate of catalyst, m

Re = Reynolds number
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ry= rate of thermal reaction j, kmol/ (m*h)

rq = rate of catalytic reaction j, kmol/ (kgcat h)
S; = selectivity of component i, %

Sc = Schmidt number

To = temperature in bulk fluid at initial, K

T = temperature in bulk fluid, K

T, = critical temperature, K

T, = reduce temperature

T = temperature inside the catalyst, K
Ts = temperature at surface of catalyst, K
us = superficial velocity, m/h

Xeg = conversion of ethylbenzene, %

y; = mole fraction

z = axial coordinate of reactor, m

Greek

6 = polar parameter

€ = minimum of the pair-potential energy, J
ep = void fraction of bed

& = internal void fraction of catalyst

n; = effectiveness factor of reaction j
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U = viscosity of mixture, kg/ (m h)

U; = viscosity of species i, kg/ (m h)

v = atomic diffusion volume

pp = bulk density of bed, kgcat/m?

ps = catalyst density, kgcat/m°>cat

pg = gas density, kgcat/m’cat

o = hard-sphere diameter, A

v;j = stoichiometric coefficient of component i in reaction j

Q,, = viscosity collision integral
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Appendix A Kinetic

parameter estimation
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No. | W/Feno T Yebo Ysto Yh20 Xh2 Xsz X10 Xes
1 15| 913.15 | 0.0489 0 0]0.514|0.0161 | 0.0094 | 0.551
2 24 1 913.15 | 0.0489 0 0]0.653|0.0195| 0.0153| 0.692
3 29 | 913.15 | 0.0489 0 00.672]0.0214 | 0.0229 | 0.733
4 31 1913.15 | 0.0489 0 0]0.681|0.0213 | 0.0236 | 0.741
5 37 1913.15 | 0.0489 0 0]0.715 | 0.0221 | 0.0295| 0.812
6 50 | 913.15 | 0.0489 0 0| 0.73]0.0243 | 0.0428 | 0.843
7 61 ] 913.15 | 0.0489 0 010.745 | 0.0265 | 0.0513 | 0.871
8 22 | 913.15| 0.0477 | 0.0143 0]0.513]0.0155 | 0.0114 0.56
9 34 | 913.15 | 0.0477 | 0.0143 010612 ] 0.0197 | 0.0213 | 0.6701
10 451 913.15 | 0.0477 | 0.0143 0]0.678 | 0.0212 | 0.0302 | 0.742
11 58 | 913.15 | 0.0477 | 0.0143 0]0.699 | 0.0241 | 0.0414 | 0.812
12 251 913.15 | 0.0481 | 0.0096 00573]0.0175| 0.0147 | 0.634
13 42 1 913.15 | 0.0481 | 0.0096 0]0.675|0.0221 | 0.0295 | 0.758
14 571 913.15 | 0.0481 | 0.0096 010.712 ] 0.0243 | 0.0432 | 0.831
15 22 | 913.15 | 0.0458 0| 0.0367 | 0.541 | 0.0175 | 0.0351 | 0.634
16 30 | 913.15 | 0.0458 0| 0.0367 | 0.585 | 0.0211 | 0.0545 | 0.715
17 431 913.15 | 0.0458 0 | 0.0367 | 0.626 | 0.0235 | 0.0787 0.78
18 54 1 913.15 | 0.0458 0| 0.0367 | 0.629 | 0.0255 | 0.0901 | 0.836
19 26 | 913.15 | 0.047 0 | 0.0221 0.6 | 0.0197 | 0.0342 | 0.672
20 42 1 913.15 | 0.047 00.0221 | 0.671 | 0.023 | 0.0563 0.8
21 58 | 913.15 | 0.047 0| 0.0221 | 0.678 | 0.0261 | 0.0747 | 0.853
22 251913.15 | 0.0733 0 00.621 | 0.0232 | 0.0251 | 0.712
23 51.6 | 913.15 | 0.0733 0 0] 0.694 | 0.0255 0.062 | 0.842
24 60 | 913.15 | 0.0733 0 00.713 | 0.0266 0.07 | 0.851
25 18.08 | 893.15 | 0.0489 0 0] 0.466 | 0.0094 | 0.0052 | 0.472
26 29.7 | 893.15 | 0.0489 0 005711]0.0122 | 0.0117 | 0.616
27 30.96 | 893.15 | 0.0489 0 0]0.581|0.0127 | 0.0113| 0.621
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No. | W/Feno T Yebo Ysto Yh20 X2 Xpz X710 Xes
28 36.28 | 893.15 | 0.0489 0 0]0.625| 0.013| 0.0135| 0.651
29 36.28 | 893.15 | 0.0489 0 010613 ]0.0132 | 0.0141 | 0.663
30 41.89 | 893.15 | 0.0489 0 00.631 | 0.0138 | 0.0174 | 0.681
31 46.77 | 893.15 | 0.0489 0 00.651]0.0143 | 0.0298 | 0.724
32 55.56 | 893.15 | 0.0489 0 01]0.679]0.0152 | 0.0262| 0.747
33 57.53 | 893.15 | 0.0489 0 00.683 | 0.0154 | 0.0275| 0.753
34 59.8 | 893.15 | 0.0489 0 0| 0.69]0.0156 | 0.0289 | 0.764
35 6.5 | 893.15 | 0.0489 0 0]0.251 | 0.005 | 0.00068 | 0.269
36 22.02 | 893.15 | 0.0485 | 0.0048 0| 0.46|0.0095| 0.0063 | 0.493
37 30.13 | 893.15 | 0.0485 | 0.0048 010535 0.0115| 0.0113 | 0.567
38 40.05 | 893.15 | 0.0485 | 0.0048 00582 0.0125| 0.0154 | 0.647
39 50.23 | 893.15 | 0.0485 | 0.0048 00.641 | 0.0147 | 0.0212 | 0.698
40 32.43 | 893.15 | 0.0481 | 0.0096 010511 ]0.0105| 0.0116 0.53
41 42.45 | 893.15 | 0.0481 | 0.0096 00565 0.0122 | 0.0151 | 0.612
a2 52.12 | 893.15 | 0.0481 | 0.0096 0 0.6 | 0.0135 | 0.0213 | 0.664
43 33.28 | 893.15 | 0.0477 | 0.0143 0| 0.47]0.0188| 0.0102| 0.501
a4 42.19 | 893.15 | 0.0477 | 0.0143 00521 ]0.0113| 0.0133 | 0.563
45 64.3 | 893.15 | 0.0477 | 0.0143 00.624 | 0.0149 | 0.0251 | 0.683
a6 64.3 | 893.15 | 0.0477 | 0.0143 00618 | 0.0143 | 0.0254 | 0.691
ar 26.82 | 893.15 | 0.0467 0| 0.0266 | 0.521 | 0.0112 | 0.0243 | 0.547
48 36.27 | 893.15 | 0.0467 0]0.0266 | 0.55]0.0127 | 0.0287 | 0.626
a9 47.11 | 893.15 | 0.0467 0 | 0.0266 | 0.589 | 0.0143 | 0.0395 | 0.675
50 53.21 | 893.15 | 0.0467 0| 0.0266 | 0.611 | 0.0147 | 0.0452 | 0.712
51 30.12 | 893.15 | 0.0733 0 00552 ]0.0117 | 0.0168 | 0.601
52 44.05 | 893.15 | 0.0733 0 01]0.626 | 0.0141 | 0.0255| 0.682
53 58.06 | 893.15 | 0.0733 0 00.649 | 0.0153 | 0.0361 | 0.749
54 11.3 | 873.15 | 0.0489 0 00.268 | 0.0034 | 0.0014 0.25
55 20 | 873.15 | 0.0489 0 00.362 | 0.0057 | 0.0021 0.37
56 27 | 873.15 | 0.0489 0 0| 0.42]0.0059 | 0.0037 | 0.443
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No. | W/Feno T Yebo Ysto Yh20 X2 Xpz X710 Xes
57 35| 873.15 | 0.0489 0 0| 0.486 | 0.0069 | 0.0061 | 0.498
58 37 | 873.15 | 0.0489 0 010494 | 0.007 | 0.0066 | 0.511
59 41 | 873.15 | 0.0489 0 00522 | 0.0074 | 0.0082 | 0.543
60 45.14 | 873.15 | 0.0489 0 00533 | 0.0078 | 0.0092 | 0.562
61 64 | 873.15 | 0.0489 0 010.613]0.0091 | 0.0158 | 0.648
62 20 | 873.15 | 0.0477 | 0.0143 00.234 | 0.0034 | 0.0015 0.25
63 30 | 873.15 | 0.0477 | 0.0143 00.321 | 0.0045 | 0.0029 | 0.321
64 39.43 | 873.15 | 0.0477 | 0.0143 00.371 | 0.0053 | 0.0047 | 0.393
65 50.01 | 873.15 | 0.0477 | 0.0143 00.433 | 0.0063 | 0.0078 | 0.454
66 62 | 873.15 | 0.0477 | 0.0143 010471 ]0.0073 | 0.0105| 0.493
67 23| 873.15 | 0.0481 | 0.0096 0| 0.356 | 0.0043 | 0.0022 | 0.321
68 34 | 873.15 | 0.0481 | 0.0096 0| 0.388 | 0.0055 | 0.0046 | 0.412
69 45 | 873.15 | 0.0481 | 0.0096 0| 0.449 | 0.0065 | 0.0073 | 0.463
70 55| 873.15 | 0.0481 | 0.0096 00.482]0.0072 | 0.0113 | 0.516
71 22 | 873.15 | 0.0458 0 | 0.0367 | 0.323 | 0.0048 | 0.0094 | 0.345
72 30 | 873.15 | 0.0458 0| 0.0367 | 0.381 | 0.0058 | 0.0143 | 0.416
73 36 | 873.15 | 0.0458 0| 0.0367 | 0.41 | 0.0064 | 0.0186 | 0.458
74 45.31 | 873.15 | 0.0458 0 | 0.0367 | 0.452 | 0.0072 | 0.0233 | 0.527
75 53.47 | 873.15 | 0.0458 0| 0.0367 | 0.481 | 0.0081 | 0.0286 | 0.541
76 19| 873.15 | 0.047 0] 0.0221 | 0.321 | 0.0046 | 0.0061 | 0.322
7 30 | 873.15 | 0.047 0| 0.0221 | 0.414 | 0.0062 | 0.0114 0.43
78 40 | 873.15 | 0.047 0| 0.0221 | 0.465 | 0.0072 | 0.0157 | 0.501
79 60 | 873.15 | 0.047 0 | 0.0221 | 0.539 | 0.0087 | 0.0254 | 0.593
80 251 873.15 | 0.0733 0 0| 0.38]0.0058 | 0.0046 | 0.414
81 51.6 | 873.15 | 0.0733 0 0]0.521]0.0084 | 0.0142| 0.562
82 68.3 | 873.15 | 0.0733 0 00571 ]0.0091 | 0.0213 | 0.621

* yi0 = feed mole fraction of component i, Xi = fractional conversion into component

i, EB = ethylbenzene, ST = styrene, H2 = hydrogen, BZ = benzene, TO = toluene
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From the experimental data shows in Al Table, the pseudohomogeneous model is
used to find the kinetic parameter which calculated less conversion error from the

experiment for each temperature. The results show in Table A2.

Table A2 Parameter estimates

Temperature [K]
Parameter Unit

873.15 893.15 913.15

k1 kmol/(kgcat=h) | 0.130517 | 0.260011 | 0.448363

k2 kmol/(kgcat-h) | 0.001793 | 0.004991 | 0.012382

k3 kmol/(kgcat+h) | 0.012612 | 2.66E-06 | 0.100848

kd kmol/(kgcat-h) | 0.008067 | 0.037868 | 0.059874
KEB 1/bar 17.038 | 8.176689 | 5.74832
KST 1/bar 48.15129 | 30.07574 | 23.0579
KH2 1/bar 5.013077 | 3.012531 | 2.003256
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The estimates kinetic parameters for all temperature (873.15 K, 893.15 K, and 913.15
K) show in Table A3.

Table A3 Kinetic parameter

Parameter unit Value
A1 kmol/(kgcat-hr) 2.33E+11
A2 kmol/(kgcat-hr) 2.65E+16
A3 kmol/(kgcat-hr) 9.01E+15
A4 kmol/(kgcat-hr) 8.54E+17

Aeb 1/bar 2.55E-10
Ast 1/bar 2.26E-06
Ah2 1/bar 3.93E-09
E1 kd/mol 2.05E+02
E2 kd/mol 3.20E+02
E3 kd/mol 3.21E+02
E4 kd/mol 3.33E+02
Heb kJ/mol -1.81E+02
Hst kd/mol -1.22E+02
Hh2 kd/mol -1.52E+02

From the kinetic parameter in Table A3, they are used with the model to predict the

conversion and compare with the experimental data show in Figure Al - A3.
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From the experiment data, Lee [32] predicted the kinetic parameter, as shown in

Table Ad and simulation result by use the kinetic parameter, as shown in Table A5.

Table A4 Kinetic parameter

Parameter unit Value
A kmol/(kgcat-hr) 4.59E+09
A, kmol/(kgcat-hr) 1.06E+15
Az kmol/(kgcat-hr) 1.25E+26
Aq kmol/(kgcat-hr) 8.02E+10
Act 1/bar 1.01E-05
Ay 1/bar 2.68E-05
Ay 1/bar 4.52E-07
F, kJ/mol 175.38
E, kJ/mol 296.29
E, kJ/mol 474.76
Eq kJ/mol 213.78
Heo kJ/mol -102.22
H.t kJ/mol -104.56
Hip kJ/mol -117.95

Table A5 Simulation result by the model

Heterogeneous model with

Output Pseudohomogeneous model
internal mass diffusion

Xeg [%0] 39.25 36.89

Ssr [%] 98.84 98.49

Sgz [%] 0.94 1

Sto [%] 0.23 0.507

Pout [bar] 1.066 1.06

Tout [K] 806.2 811.36
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Appendix B Data for Modeling

Reaction [10]

- Thermal reaction

k
EBk<—‘>7iST+H2

1

EB —2 5 B7 + C,H,

EB+H, —% 5 TO + CH,4

- Catalytic reaction
EB — ST+H,
EB — BZ+C,H,
EB+H, — TO+CH,
ST+2H, — TO+CH,
Reaction rate [10]

- Thermal reaction rate

PSTPHZ

Keq

)

Te1 = k1 (Peg —

Tt2 = k2 Pep
Te3 = ki3Pgp

- Catalytic reaction rate

PerP
leEB (PEB - SI{T—eqHz)

Y., =

“C7 (1 + KgpPgp + Kyz Py + KspPsr)?
- k,KgpPep

2" (1 + KgpPgp + KuzPusy + KsrPsr)?
. k3KgpPppKyoPyy

" (1 + KgpPgp + KyzPusz + KspPsr)?

k4K Psr Kpyp Py

Tca

(14 KgpPes + Ky2Pya + KspPsr)?
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Kinetic parameters

_Eati
ki = Ape RT

Table B1 Preexponential factors and activation energies of kinetic parameter for

thermal reaction [10]

ke A [kmol/ (m¢ h bar)] E.q [kJ/mol]
1 2.2215 x 10% 272.23
2 2.4217 x 10%° 352.79
3 3.8224 x 10Y7 313.06

=173
ki = Aie RT

AH g

KL' S5 Aie_ RT
Table B2 Preexponential factors and activation energies of kinetic parameter for

catalytic reaction

Parameter unit This Research
A kmol/(kgcat-hr) 2.33E+11
A, kmol/(kgcat-hr) 2.65E+16
As kmol/(kgcat-hr) 9.01E+15
Aq kmol/(kgcat-hr) 8.54E+17
Act 1/bar 2.55E-10
Ay 1/bar 2.26E-06
Anp 1/bar 3.93E-09
E. kJ/mol 2.05E+02
E, kJ/mol 3.20E+02
Es kJ/mol 3.21E+02
Eq kJ/mol 3.33E+02
He, kJ/mol -1.81E+02
Hy kJ/mol -1.22E+02
Hps kJ/mol -1.52E+02
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AG°
Keq = exp(— ﬁ)

AG® = AH® — TAS®

T

AHO == AH§98 + 298

ACg dT

T

AS = ASDeg + [0

ar
ACS =
ACY = Aa + ABT + AcT? + AdT?

Table B3 Constants for the specific heat, the standard heats of formation, and the

standard entropy change of reaction at reference temperature [10]

EB <> ST+ H,
Component EB ST H,
a [kJ/kmol"K] -43.1 -28.35 27.14
b [kJ/kmol*K?] 707.2 x 107 615.9 x 107 9.274 x 107
c [kJ/kmol"K°] -48.11 x 10°® -40.23 x 10° -1.381 x 10°
d [kJ/kmol"K*] 130.1 x 107 99.35 x 10”7 7.645 x 107
AHY [kJ/kmol] 1.307 x 10° 1.475 x 10° -
ASP [kJ/kmol*K] 115.7




Heat of reaction
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AHy; = Ao + Aqy(T — 298.15) + 2% (T? — 298.152) + = (T? — 298.15%) +
% (T* — 298.15%)

2

Table B4 Constants of the specific heats of the reactions [10]

Reaction,i 1 2 3 4

Aa; [kJ/kmol"K] 41.99 12.986 10.86 -31.13

Ab, [k)/kmol*K?] | -8.2026 x 102 | -7.67 x 10 -15.1844 x 102 | -6.9818 x 10

Ac; [kJ/kmol*K?] 6.499 x 10° | 9.592 x 10° 23.04 x 107 16.54 x 107

Ad; [kJ/kmol*K4] -2311x 108 | -4.125x 108 -9.9955 x 108 -7.685 x 108

AH05; [k)/kmol] 117690 105510 -54680 -172370

Heat capacity

Table B5 Constants of the specific heats of components [10]

Component, j | Mw [¢/mol]l | a [kJ/kg*K] | b [kl/kg*K?] c [kJ/kg"K?] d [kJ/ke*K1]
EB 106.16 -0.43426 6.0671 x 10° | -3.8625 x 10°® | 9.1282 x 10%°
ST 104.14 -0.26436 5.564 x 107 -3.0018 x 10° | 5.3317 x 101°
BZ 78.11 -0.40599 6.6616 x 10° | -4.5318 x 10°® | 12.255 x 10°%°
TO 92.11 -0.27127 59142 x 10° | -3.8631 x 10° | 9.54 x 101
H2 2 13.57 4.637 x 107 -6.905 x 10° 38.23 x 101°
H20 18 1.7911 0.1069 x 10° | 0.58611 x 10® | -1.998 x 107




Binary mass diffusion coefficient i in j [15]

0.00143T175
bij=— 1 i
P | + o]
P LS
b MWi MW]

Where Y, v is found for each component by summing atomic diffusion volumes in

Table B6.

Table B6 Atomic Diffusion Volumes
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Atomic and structural diffusion volume increments

C 15.9
H 231

Diffusion volumes of simple molecules

H2 6.12
H20 13.1

Thermal conductivity [15]

I = 3.75¢9u
T M/R

1 = 1 + aError! Bookmark not defined.

_ (C,,) 3
*=\®) 2
B =0.7862 — 0.7109w + 1.3168w?
Z = 2.0 + 10.5T7?



Table B7 Molecular weights and critical constant of component
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Component | Molecular weight Tc Pc w
Ethylbenzene 106.167 617.2 36.06 0.303
Styrene 104.152 636 38.4 0.297
Benzene 78.114 562.2 48.98 0.210
Toluene 92.141 591.8 41.06 0.262
Hydrogen 2.061 33.19 13.13 0.216
Water 18.015 647.1 220.55 0.345




Appendix C Result of studied effect of catalyst that same equivalent

diameter

Result spherical shape

Table C1 Output result from different model

113

Output result Model3 Modeld Model5 Model6
Reactor bed length [m] 1.187 1.193 1.201 1.201
Catalyst weight [ke] 7.39E+04 | 7.43 E+04 | 7.48 E+04 | 7.48 E+04
Pressure drop per length of reactor [bar/m] 0.360 0.373 0.361 0.370
Effectiveness factor 0.923 0.921 0.904 0.898
Table C2 Percent different of output result from model3
%Different Modeld | Model5 | Model6
Reactor bed length [m] 0.50 1.17 1.17
Catalyst weight [ke] 0.50 1.17 1.17
Pressure drop per length of reactor [bar/m] 3.66 0.31 2.67
Effectiveness factor -0.20 -2.12 -2.68
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Figure C1 The value of Weisz-Ptrater parameter along the reactor length for reaction1

(blue), reaction2 (orange), reaction3 (grey), and reaction4 (yellow). Red line is criteria.
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Figure C2 The absolute values of Mears’ mass-transport parameter along the reactor
for reaction? (blue), reaction2 (orange), reaction3 (grey), and reactiond(yellow). Red

line is criteria.
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Figure C3 The absolute values of Mears’ heat-transport parameter along the reactor
for reaction? (blue), reaction2 (orange), reaction3 (grey), and reactiond(yellow). Red

line is criteria.
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Figure C4 The residence time distribution curve of process (blue), plug flow (grey),
and criteria (red), E is exit age distribution, t is actual residence time and t is average

residence time.



Result of Cylinder shape

Table C3 Output result from different model
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Result output Model3 Modeld Model5 Model6
Reactor bed length [m] 1.367 1.377 1.369 1.369
Catalyst weight [ke] 7.65E+04 | 7.70E+04 | 7.66E+04 | 7.66E+04
Pressure drop per length of reactor [bar/m] 0.175 0.180 0.175 0.178
Effectiveness factor 0.947 0.947 0.945 0.943
Table C4 Percent different of output result from model3
%Different Modeld | Model5 | Model6
Reactor bed length [m] 0.67 0.12 0.12
Catalyst weight [ke] 0.67 0.12 0.12
Pressure drop per length of reactor [bar/m] 2.75 -0.02 1.69
Effectiveness factor -0.09 -0.22 -0.45
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Figure C5 The value of Weisz-Ptrater parameter along the reactor length for reactionl

(blue), reaction2 (orange), reaction3 (grey), and reaction4 (yellow). Red line is criteria.
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Figure C6 The absolute values of Mears’ mass-transport parameter along the reactor
for reaction (blue), reaction2 (orange), reaction3 (grey), and reaction4(yellow). Red

line is criteria.
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Figure C7 The absolute values of Mears’ heat-transport parameter along the reactor

for reaction? (blue), reaction2 (orange), reaction3 (grey), and reactiond(yellow). Red

line is criteria.
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Figure C8 The residence time distribution curve of process (blue), plug flow (grey),

and criteria (red), E is exit age distribution, t is actual residence time and t is average

residence time.



Result of trilobe shape

Table C5 Output result from different model
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Result output Model3 | Modeld | Model5 | Model6
Reactor bed length [m] 1.446 1.455 1.468 1.468
Catalyst weight [ke] 7.29E+04 | 7.34+04 | 7.40+04 | 7.40+04
Pressure drop per length of reactor [bar/m] 0.102 0.103 0.102 0.110
Effectiveness factor 0.983 0.983 0.984 0.984
Table C6 Percent different of output result from model3

%Different Modeld | Model5 | Model6

Reactor bed length [m] 0.56 1.49 1.49
Catalyst weight [ke] 0.56 1.49 1.49
Pressure drop per length of reactor [bar/m] 1.71 0.03 7.79
Effectiveness factor -0.01 0.10 0.04
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Figure C9 The value of Weisz-Ptrater parameter along the reactor length for reaction1

(blue), reaction2 (orange), reaction3 (grey), and reactiond (yellow). Red line is criteria.
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Figure C10 The absolute values of Mears’” mass-transport parameter along the reactor
for reaction (blue), reaction2 (orange), reaction3 (grey), and reaction4(yellow). Red

line is criteria.
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Figure C11 The absolute values of Mears’ heat-transport parameter along the reactor
for reaction1 (blue), reaction2 (orange), reaction3 (grey), and reactiond(yellow). Red

line is criteria.

Figure C12 The residence time distribution curve of process (blue), plug flow (grey),
and criteria (red), E is exit age distribution, t is actual residence time and t is average

residence time.



Appendix D Result of studied effect of commercial catalyst

Result of Sphere

Table D1 Output result from different model
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Result output Model2 Model3 Modeld Model5
Reactor bed length [m] 1.187 1.193 1.201 1.201
Catalyst weight [ke] 7.39E+04 | 7.43 E+04 | 7.48 E+04 | 7.48 E+04
Pressure drop per length of reactor [bar/m] 0.360 0.373 0.361 0.370
Effectiveness factor 0.923 0.921 0.904 0.898
Result of Cylinder

Table D2 Output result from different model

Result output Model2 Model3 Modeld Model5
Reactor bed length [m] 1.246 1.251 1.261 1.258
Catalyst weight [ke] 7.37 E+04 | 7.40 E+04 | 7.46 E+04 | 7.44 E+04
Pressure drop per length of reactor [bar/m] 0.324 0.335 0.331479 | 0.324259
Effectiveness factor 0.930 0.929 0.910749 | 0.914973
Result of Trilobe

Table D3 Output result from different model

Result output Model2 Model3 Modeld Model5
Reactor bed length [m] 1.290349 | 1.300001 1.301 1.301
Catalyst weight [ke] 7.28 E+04 | 7.33 E+04 | 7.34 E+04 | 7.34 E+04
Pressure drop per length of reactor [bar/m] | 0.200667 | 0.20563 | 0.204078 | 0.200795
Effectiveness factor 0.965876 | 0.965457 | 0.962806 | 0.964115




Appendix E Fixed bed reactor model code
The following code is described in Chapter3 and was developed in

EQUATRAN program.

1. Modell : Pseudohomogeneous model

EQUATRAN code:

//Mass balance
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us*Ceb'+us'*Ceb = - (rcl+rc2+rc3) *densityB-(rtl+rt2+rt3) *voidB ; Ceb#Ceb0
us*Cst'+us'*Cst = (rcl-rc4d)*densityB+ (rtl)*voidB ;Cst#CstO0
us*Cbz'+us'*Cbz = (rc2)*densityB+ (rt2) *voidB ; Cbz#Cbz0
us*Cto'+us'*Cto = (rc3+rcd) *densityB+ (rt3) *voidB ;Cto#Cto0
us*Ch2'+us'*Ch2 = (rcl-rc3-2*rc4d) *densityB+ (rtl-rt3) *voidB ;Ch2#Ch20
us'=R* (10" (-2)) /Ac* ((P* (Ft*T'+T*Ft')-T*Ft*P') /P"2) ;us#usO
Ft'/Ac = (rcl+rc2-rc4)*densityB+ (rtl+rt2)*voidB ;FE#Ft0
//Energy balance
(meb*Cpeb+mst*Cpst+mbz*Cpbz+mto*Cpto+mh2*Cph2+mh20*Cph20) /Ac*T"'= (- (rcl
*densityB+rtl*voidB) *HRX1- (rc2*densityB+rt2*voidB) *HRX2- (rc3*densityB
+rt3*voidB) *HRX3-rc4*densityB*HRX4) ;T#TO

//Momentum balance

P'*10"5 = —-f*us*G/dp/3600"2 ; P#PO

f =(1-voidB) /voidB”"3* (1.75+150%* (1-voidB) /Re)

//Reaction

rcl = kcl*KEB* (Peb-Pst*Ph2/Keq) / (1+KEB*Peb+KH2*Ph2+KST*Pst) "2
rc2 = kc2*KEB*Peb/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc3 = kc3*KEB*Peb*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) *2

rc4d = kcd4*KST*Pst*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rtl = ktl* (Peb-Pst*Ph2/Keq)

rt2 = kt2*Peb

rt3 = kt3*Peb

kcl = Al*exp (-E1*107~3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2%exp (-E2*1073/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kc3 = A3*%exp (-E3*107°3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*10"3/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*10"3/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*10"3/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*10"3/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*10"3/R/T) ;At2=2.4217*10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224%10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltaSsS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.15%3)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltasO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (-3)
;deltac=(-40.23-1.381+48.11)*10"(-5) ;deltad=(99.35+7.645-130.1) *10" (-9)

R = 8.314
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HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T"2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"~4-298.15"4)
HRX2 = HRX20+deltaa2* (T-298.15)+deltab2/2* (T*2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"~4-298.15"4)
HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T*2-298.15"2)+deltacl3/3* (T"3-
298.15"3)+deltad3/4* (T"4-298.15"4)
HRX4 = HRX40+deltaa4d* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4d/4* (T~4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10"(-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*%10"(-8)
HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10"(-8)
HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10" (-2)
;deltac3=23.04*10"(-5) ;deltad3=-9.9955*10" (-8)
HRX40=-172370 ;deltaad4=-31.13 ;deltab4=-6.9818*10"(-2)
;deltacd=16.54*10" (-5) ;deltad4=-7.685*10"(-8)

//Bed properties

voidB = l-densityB/densityS
densityB = 1422

densityS = 2500

dp = 0.0055

Ac = pi*rb"2
rb = 3.5
Lb = 1.33

//Properties of component
MWeb = 106.167

MWst = 104.151

MWbz = 78.113

MWto = 92.14

MWh2 = 2.016

MWh2o= 18.015

Mwcl 16.043

MWc2 = 28.054

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;beb=6.0671*10"(-3) ;ceb=-3.8625*10"(-6) ;deb=9.1282*10"(-10)
Cpst = ast+bst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T""2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10"(-10)
Cpto = atotbto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10"(-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57

;bh2=4.637*10" (-3) ;ch2=-6.905*10" (-6) ;dh2=38.23*10"(-10)
Cph20o= ah2o0+bh20*T+ch20*T*2+dh20*T"3;ah20=1.79111

;bh20=0.1069*10" (-3) ;ch20=0.58611*10"(-6) ;dh20=-1.998*10" (-10)

//Properites of fluid

v0 = FtO*R*T0/P0*10" (-2)

us0= v0/Ac

Re = feeddenO*dp*us0/ (vis*3600)

us = v/Ac

G = feedden0*v0/Ac

feedden0 = (Feb0*MWeb+Fst0*MiWst+Fbz0*MWbz+Fto0*MWto+Fh20*MWh2+Fh200*MWh20
+Fcl0*MWcl+Fc20*MWc2) /v0

vis=yl*visl/ (yl*phill+y2*phil2+y3*phil3+y4*phild+y5*phil5+y6*phil6) +y2*vis2/
(y1*phi21+y2*phi22+y3*phi23+y4*phi24+y5*phi25+y6*phi26) +y3*vis3/ (yl*phi3l+y2
*phi32+y3*phi33+y4*phi34+y5*phi35+y6*phi36) +y4*visd/ (yl*phidl+y2*phid2+y3*ph
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143+y4*phid4+y5*phid5+y6*phid6) +y5*vis5/ (yl*phib5l+y2*phi52+y3*phi53+y4*phi54
+y5*phi55+y6*phi56) +y6*vis6/ (yl*phi6l+y2*phi62+y3*phi63+y4*phi6d+y5*phi65+y6

*phi66)
visl=10"(-7)*(4.61*Tr1"70.618-2.04*%exp (-0.449*Trl)+1.94%exp(-4.058*Trl)+0.1)
/(Tcl™(1/6)*MW1" (-1/2)*Pcl”(-2/3)) ;Tr1=T/Tcl ;Tcl=617.2

;MW1=106.16 ;Pcl=36 //EB

vis2=10"(-7)*(4.61*Tr270.618-2.04%exp (-0.449*Tr2)+1.94%exp (-4.058*Tr2)+0.1)
/(Tc2”(1/6) *MW2~ (-1/2) *Pc2™ (-2/3)) ; Tr2=T/Tc2 ;Tc2=647.0

;MW2=104.14 ;Pc2=39.9 //ST

vis3=10"(-7)*(4.61*Tr370.618-2.04*%exp (-0.449*Tr3)+1.94%exp (-4.058*Tr3)+0.1)
/(Tc3”(1/6) *MW3" (-1/2) *Pc3”(-2/3)) ; Tr3=T/Tc3 ;Tc3=562.2 ;MW3=78.11
;Pc3=48.9 //BZ

visd=10"(-7)*(4.61*Tr470.618-2.04%exp (-0.449*Tr4)+1.94%exp (-4.058*Tr4)+0.1)

/ (Tcd” (1/6) *MW4AN (-1/2) *Pcd™ (-2/3)) ; Tr4=T/Tc4 ;Tc4=591.8 ;MW4=92.11
;Pcd=41 //TO

vis5=10"(-7) *26.69*sqrt (MW5*T) /zigma5"2/omegab ;MW5=2 ;zigma5=2.827

;omega5=1.16145/(T5)"0.14874+0.52487*exp (-0.77320*T5)+2.16178*exp (-
2.43787*T5) ;T5=T/59.7 //H2

vis6=10"(=7) *26.69*sqrt (MW6*T) /zigma6”"2/omegab2 ;MW6=18; zigma6=2.641
;omega6=1.16145/(T6)"0.14874+0.52487*exp (-0.77320*T6)+2.16178*exp (-
2.43787*T6) ;T6=T/809.1 ;omegab62=omega6+0.2/T6 //H20
phill=(1+(visl/visl)” (1/2)* (MW1/MW1)~(1/4)) A2/(8*(1+MW1/MW1))A(1/2)
phil2=(1+(visl/vis2)~(1/2)* (MW2/MW1) ~(1/4)) "2/ (8* (1+MW1/MW2) )" (1/2)
phil3= (l+(ViSl/ViS3)A(1/2)*(MW3/MW1)A(1/4))AZ/( * (L+MW1/MW3) )~ (1/2)
phild=(1+(visl/visd) "~ (1/2)* (MW4/MW1) "~ (1/4))"2/(8* (1+MW1/MW4) )"~ (1/2)
phil5=(1+(visl/vis5) "~ (1/2)* (MW5/MW1) "~ (1/4))"2/(8* (1+MW1/MW5) )"~ (1/2)
philé=(1+(visl/vis6) " (1/2)* (MW6/MW1) ~(1/4))"2/(8* (1+MW1/MW6) )" (1/2)
phi2l=(1+(vis2/visl) "~ (1/2)* (MW1/MW2) "~ (1/4))"2/(8* (1+MW2/MW1) )"~ (1/2)
phi22=(1+(vis2/vis2)~(1/2)* (MW2/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW2) )~ (1/2)
phi23=(1+(vis2/vis3) "~ (1/2)* (MW3/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW3) )"~ (1/2)
phi24=(1+(vis2/visd)~(1/2)* (MWA/MW2) ~(1/4)) "2/ (8* (1+MW2/MW4) )"~ (1/2)
phi25=(1+(vis2/visb5) " (1/2)* (MW5/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW5) )~ (1/2)
phi26=(1+(vis2/vis6) " (1/2)* (MW6/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW6) )~ (1/2)
phi31l=(1+(vis3/visl) "~ (1/2)* (MW1/MW3) " (1/4))"2/(8* (1+MW3/MW1) )"~ (1/2)
phi32=(1+(vis3/vis2)*(1/2)* (MW2/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW2) )" (1/2)
phi33=(1+(vis3/vis3) " (1/2)* (MW3/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW3) )" (1/2)
phi34=(1+(vis3/visd)~(1/2)* (MW4/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW4) )"~ (1/2)
phi35=(1+(vis3/visb5) "~ (1/2)* (MW5/MW3) "~ (1/4))"2/(8* (1+MW3/MW5) )~ (1/2)
phi36=(1+(vis3/vis6) "~ (1/2)* (MW6/MW3) "~ (1/4))"2/(8* (1+MW3/MW6) )~ (1/2)
phidl=(1+(visd/visl) ~(1/2)* (MW1/MW4) "~ (1/4))"2/(8* (1+MW4/MW1) )" (1/2)
phid2=(1+ (visd/vis2)*(1/2)* (MW2/MW4) "~ (1/4)) "2/ (8* (1+MW4/MW2) )" (1/2)
phid3=(1+(visd/vis3)*(1/2)* (MW3/MW4) "~ (1/4)) "2/ (8* (1+MW4/MW3) )" (1/2)
phidd=(1+ (visd/visd)~(1/2)* (MWA/MWA) "~ (1/4)) "2/ (8* (1+MW4/MW4) )"~ (1/2)
phid5=(1+ (visd/vis5)*(1/2)* (MW5/MW4) ~(1/4))"2/ (8* (1+MW4/MW5) )"~ (1/2)
phid6=(1+(visd/vis6) " (1/2)* (MW6/MW4) "~ (1/4))"2/(8* (1+MW4/MW6) )~ (1/2)
phiS51=(1+(vis5/visl) "~ (1/2)* (MW1/MW5) "~ (1/4))"2/(8* (1+MW5/MW1) )"~ (1/2)
phi52=(1+(vis5/vis2) "~ (1/2)* (MW2/MW5) "~ (1/4)) "2/ (8* (1+MW5/MW2) )"~ (1/2)
phi53=(1+(vis5/vis3)*(1/2)* (MW3/MW5) "~ (1/4)) "2/ (8* (1+MW5/MW3) )"~ (1/2)
phi54=(1+ (vis5/visd)~(1/2)* (MW4/MW5) ~ (1/4)) "2/ (8* (1+MW5/MW4) )"~ (1/2)
phi55=(1+ (vis5/vis5)*(1/2)* (MW5/MW5) ~ (1/4)) "2/ (8* (1+MW5/MW5) )"~ (1/2)
phi56=(1+(vis5/vis6)~(1/2)* (MW6/MWS5) "~ (1/4)) "2/ (8* (L+MW5/MW6) )~ (1/2)
phi6l=(1+(vis6/visl)~(1/2)* (MW1/MW6) "~ (1/4))"2/ (8* (1+MW6/MW1) )"~ (1/2)
phi62=(1+(vis6/vis2)~(1/2)* (MW2/MW6) "~ (1/4)) "2/ (8* (1+MW6/MW2) )~ (1/2)
phi63=(1+ (vis6/vis3)*(1/2)* (MW3/MW6) "~ (1/4)) "2/ (8* (1+MW6/MW3) )"~ (1/2)
phi64d=(1+ (vis6/visd)~(1/2)* (MW4A/MW6) "~ (1/4))"2/ (8* (1+MW6/MW4) )~ (1/2)
phi65=(1+ (vis6/vis5)*(1/2)* (MW5/MW6) ~(1/4)) "2/ (8* (1+MW6/MW5) )"~ (1/2)
phi66=(1+(vis6/vis6)~(1/2)* (MW6/MW6) "~ (1/4)) "2/ (8* (1+MW6/MW6) )~ (1/2)



//Feed

Feb0 = 707

Fst0 = 7.104

Fbz0 = 0.293

Fto0 = 4.968

Fh20 = 0

Fh200= 7777

Fcl0 = 0

Fc20 = 0

Ft0 = Feb0+Fst0+Fbz0+Fto0+Fh20+Fh200+Fcl10+Fc20
PO = 1.25

TO = 886
//Profile

Feb = Feb0* (1-XEB)
Fst = Fst0+Feb0*XST
Fbz = Fbz0+Feb0*XBZ
Fto = Fto0+Feb0*XTO
Fh2 = Fh20+Feb0*XH2
Fcl = Fcl0+Feb0*XTO
Fc2 = Fc20+Feb0*XBZ
Peb = Feb/Ft*P

Pst = Fst/Ft*P

Ph2 = Fh2/Ft*P

Pbz = Fbz/Ft*P

Pto = Fto/Ft*P

Ceb = Feb/v

Cst = Fst/v

Ch2 = Fh2/v

Cbz = Fbz/v

Cto = Fto/v

Ceb0 = Feb0/vO0

Cst0 = Fst0/v0

Ch20 = Fh20/v0

Cbz0 = Fbz0/v0

Cto0 = Fto0/v0

meb = MWeb*Feb

mst = MWst*Fst

mbz = MWbz*Fbz

mto = MWto*Fto

mh2 = MWh2*Fh2
mh2o0= MWh20*Fh200
mcl = MWcl*Fcl

mc2 = MWc2*Fc2

mt = meb+mst+mbz+mh2+mto+mcl+mc2+mh20
yl=Feb/Ft

y2=Fst/Ft

y3=Fbz/Ft

y4=Fto/Ft

y5=Fh2/Ft

y6=Fh200/Ft
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//Result

SST = XST/XEB*100
SBZ = XBZ/XEB*100
STO XTO/XEB*100

integral z[0,Lb]
output XEB,SST,SBZ,STO,P,T

Result:

<< results >>

XEB = 0.365168
SST = 98.33506
SBZ = 1.058546
STO = 0.606362
P = 1.046159

T = 822.5684
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2. Model2 : Heterogeneous model account for internal mass transfer

EQUATRAN code:

function diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T0,P;Cseb,Csst,Csbz,Csto,Csh2
,rcls,rc2s,rc3s,rcds,rtls, rt2s,rt3s,rclsT, rc2sT,rc3sT, rc4sT)

Deebs*Cseb''+Cseb'*2/r*Deebs+Cseb'*Deebs'= (densityS* (rcls+rc2s+rc3s)

+voidcat* (rtls+rt2s+rt3s)) ; Cseb#Cseb0 ;Cseb'#0

Dests*Csst''+Csst'*2/r*Dests+Csst'*Dests'= - (densityS* (rcls-rcds)+voidcat

*(rtls)) ;Csst#Csst0 ;Csst'#0

Debzs*Csbz''+Csbz'*2/r*Debzs+Csbz'*Debzs'= - (densityS* (rc2s)+voidcat* (rt2s))
;Csbz#Csbz0 ;Csbz'#0

Detos*Csto''+Csto'*2/r*Detos+Csto'*Detos'= - (densityS* (rc3s+rcds)+voidcat

*(rt3s)) ;Csto#Cstol ;Csto'#0

Deh2s*Csh2''+Csh2'*2/r*Deh2s+Csh2'*Deh2s'= - (densityS* (rcls-rc3s-2*rcds)

+voidcat* (rtls-rt3s)) ;Csh2#Csh20 ;Csh2'#0

T'=0

T#TO

rclsT' = (rcls*densityS+rtls*voidcat) *4* pi*r~2 ;rclsT#0

rc2sT' = (rc2s*densityS+rt2s*voidcat)*4* pi*r~2 ;rc2sT#0

rc3sT' = (rc3s*densityS+rt3s*voidcat) *4* pi*r~2 ;rc3sT#0

rcd4sT' = rcds*densityS*4* pi*r”2 ;rcdsT#0

Cseb = Pseb/R/T*10"2
Csst = Psst/R/T*10"2
Csh2 = Psh2/R/T*10"2
Csbz = Psbz/R/T*10"2
Csto = Psto/R/T*10"2

Cseb0 = Pseb0/R/T0*10"2
Csst0 = Psst0/R/T0*10"2
Csh20 = Psh20/R/T0*10"2
Csbz0 = Psbz0/R/T0*10"2
Csto0 = Psto0/R/T0*10"2

rcls = kcl*KEB* (Pseb-Psst*Psh2/Keq) / (1+KEB*Pseb+KH2*Psh2+KST*Psst) "2
rc2s = kc2*KEB*Pseb/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rc3s = kc3*KEB*Pseb*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) 2

rcds = kc4*KST*Psst*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rtls = ktl* (Pseb-Psst*Psh2/Keq)
rt2s = kt2*Pseb

rt3s = kt3*Pseb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
ke3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*1073/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*1073/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*1073/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) ;At2=2.4217*10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltaSsS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.15%3)+deltad/4* (T"4-298.15"4)

deltasS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-



298.15%2)+deltad/3* (T"3-298.15"3)
deltaHO= (1.475-0.2981)*10"5
deltasSO0= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=
;deltac=(-40.23-1.381+48.11)*10" (-

R = 8.314

(615.9+9.274-707.2)*10" (-3)
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;deltad=(99.35+7.645-130.1)*10" (-9)

Deebs' = voidcat/tor/10000*3600* (1-y1)/(y2/D12+y3/D13+y4/D14+y5/D15+y6/D16)

*1.75*T"(0.75)*T"' ;Deebs#Deebs0

Dests' = voidcat/tor/10000*3600* (1-y2)/(yl/D21+y3/D23+y4/D24+y5/D25+y6/D26)

*1.75*T"(0.75)*T"' ;Dests#Dests0

Debzs' = voidcat/tor/10000%3600* (1-y3)/(y1/D31+y2/D32+y4/D34+y5/D35+y6/D36)

*1.75*T~(0.75)*T"' ;Debzs#Debzs0

Detos' = voidcat/tor/10000*3600* (1-y4)/ (y1/D41+y2/D42+y3/D43+y5/D45+y6/D46)

*1.75*T~(0.75)*T"' ;Detos#DetosO

Deh2s' = voidcat/tor/10000%3600* (1-y5)/ (y1/D51+y2/D52+y3/D53+y4/D54+y6/D56)

*1.75*T~(0.75) *T"'
Deebs0 =
+y60/D16) *T0"1.75
DestsO =
+y60/D26) *T0"1.75
Debzs0 =
+y60/D36) *T0"1.75
Detos0 =
+y60/D46) *T0"1.75
Deh2s0 =
+y60/D56) *T0"1.75
y10=Pseb0/P ;y20=Psst0/P
;y60=1-y10-y20-y30-y40-y50

;Deh2s#Deh2s0

;v30=Psbz0/P

;y40=Psto0/P

yl=Pseb/P ;y2=Psst/P ;y3=Psbz/P ;y4=Psto/P
iy6=1l-yl-y2-y3-y4-y5

v1=132 ;v2=127.38 ;v3=90.96 ;v4=111.48
M1=106.16 ;M2=104.14 ;M3=78.11 ;M4=92.11
D12= 0.00143/P/M12A(1/2)/(le(1/3)+v2A(1/3))A2'M12
D13= 0.00143/P/M13"(1/2)/(v1”(1/3)+v3~(1/3))"2 ;M13
D14= 0.00143/P/M14~(1/2)/(v1~(1/3)+v4~(1/3))"2 ;M14
D15= 0.00143/P/M15~(1/2)/(v1~(1/3)+v5~(1/3))"2 ;M15
D16= 0.00143/P/M16”~(1/2)/(v1i~(1/3)+v6~(1/3))"2 ;M16
D21= 0.00143/P/M21~(1/2)/ (v2~(1/3)+v1~(1/3))"2 ;M21
D23= 0.00143/P/M23~(1/2)/ (v2~(1/3)+v3~(1/3))"2 ;M23
D24= 0.00143/P/M24~(1/2)/ (v2~(1/3)+v4~(1/3))"2 ;M24
D25= 0.00143/P/M25~(1/2)/ (v2"(1/3)+v5~(1/3))"2 ;M25
D26= 0.00143/P/M26"(1/2)/ (v2"(1/3)+v6~(1/3))"2 ;M26
D31= 0.00143/P/M31~(1/2)/(v3~(1/3)+v1~(1/3))"2 ;M31
D32= 0.00143/P/M32~(1/2)/ (v3~(1/3)+v2~(1/3))"2 ;M32
D34= 0.00143/P/M34~(1/2)/(v3~(1/3)+v4~(1/3))"2 ;M34
D35= 0.00143/P/M35~(1/2)/ (v3~(1/3)+v5~(1/3))"2 ;M35
D36= 0.00143/P/M36"(1/2)/(v3~(1/3)+v6~(1/3))"2 ;M36
D4l= 0.00143/P/M41~(1/2)/ (v4~(1/3)+v1~(1/3))"2 ;M41
D42= 0.00143/P/M42~ (1/2)/ (v4~ (1/3)+v2~(1/3))"2 ;M42
D43= 0.00143/P/M43"(1/2)/ (v4" (1/3)+v3~(1/3)) ;M43
D45= 0.00143/P/M45"(1/2)/ (v4" (1/3)+v5~(1/3)) ;M45
D46= 0.00143/P/M46" (1/2)/ (v4" (1/3)+v6" (1/3)) ;M46
D51= 0.00143/P/M51~(1/2)/(v5~(1/3)+v1~(1/3))"2 ;M51
D52= 0.00143/P/M52~(1/2)/ (v5~(1/3)+v2~(1/3))"2 ;M52
D53= 0.00143/P/M53~(1/2)/(v5~(1/3)+v3~(1/3))"2 ;M53
D54= 0.00143/P/M54" (1/2)/ (v5~ (1/3)+v4~ (1/3)) ;M54
D56= 0.00143/P/M56" (1/2)/ (v5~(1/3)+v6~(1/3))"2 ;M56

* l/M3+l/M6)A
*(1/M4+1/M1) " (-
*(1/M4+1/M2) " (-
*(1/M4+1/M3) " (-
*(1/M4+1/M5) " (-
*(1/M4+1/M6) " (-
*(1/M5+1/M1) " (-
*(1/M5+1/M2) ™ (=
*(1/M5+1/M3) " (-
*(1/M5+1/M4) " (-
*(1/M5+1/M6) " (-

voidcat/tor/10000*3600* (1-y10)/ (y20/D12+y30/D13+y40/D14+y50/D15
voidcat/tor/10000*3600* (1-y20)/(y10/D21+y30/D23+y40/D24+y50/D25
voidcat/tor/10000*3600* (1-y30)/ (y10/D31+y20/D32+y40/D34+y50/D35
voidcat/tor/10000*3600% (1-y40) / (y10/D41+y20/D42+y30/D43+y50/D45
voidcat/tor/10000*3600* (1-y50)/ (y10/D51+y20/D52+y30/D53+y40/D54

;y50=Psh20/P

*(1/M1+1/M2) ™ (-
*(1/M1+1/M3) "~ (-
*(1/M1+1/M4) "~ (-
*(1/Ml+l/M5)A
*(1/M1+1/M6) "
*(1/M2+1/M1) "
*(1/M2+1/M3) "
*(1/M2+1/M4)A
*(1/M2+1/M5) "~ (-
*(1/M2+1/M6) ™ (-
*(1/M3+1/M1)A
*(1/M3+1/M2) "
*(1/M3+1/M4) "
*(1/M3+1/M5) "
(

(

(

(

(

(

(

(

(

(

(

;y5=Psh2/P
;vh=6.12 ;vo=13.1
;M5=2 ;M6=18
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densityS = 2500
voidcat = 0.4
tor = 3

integral r[0.0000001,0.00275]
END

//Solid phase

diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T,P,Ceb,Cst,Cbz,Cto,Ch2,rcls, rc2s,rc3s,
rcds,rtls,rt2s,rt3s,rclsT, rc2sT,rc3sT,rc4sT)

etal = rclsT/((rcls*densitys+rtls*voidcat)*4/3*_pi*rpA3)

eta?2 rCZST/((rc2s*densitys+rt25*voidcat)*4/3*_pi*rpA3)

eta3 rc3sT/ ((rc3s*densityS+rt3s*voidcat) *4/3% pi*rp”3)

etad4 = rc4sT/(rcd4s*densityS*4/3* pi*rp~”3)

//Gas phase
//Mass balance

us*Ceb'+us'*Ceb = -(etal*rcl+etal*rc2+eta3*rc3) *densityB- (rtl+rt2+rt3) *voidB
; Ceb#Ceb0
us*Cst'+us'*Cst = (etal*rcl-etad*rcd) *densityB+ (rtl)*voidB ;Cst#CstO0
us*Cbz'+us'*Cbz = (eta2*rc2)*densityB+ (rt2)*voidB ;Cbz#Cbz0
us*Cto'+us'*Cto = (eta3*rc3+etad*rcd) *densityB+ (rt3) *voidB ;Cto#Ctol
us*Ch2'+us'*Ch2 = (etal*rcl-eta3*rc3-2*etad*rcd) *densityB+ (rtl-rt3) *voidB
;Ch2#Ch20
us'=R* (10" (=-2)) /Ac* ((P* (Ft*T'"+T*Ft"')-T*Ft*P"') /P"2) ;us#usO
Ft'/Ac = (etal*rcl+etal2*rc2-etad*rcd)*densityB+ (rtl+rt2)*voidB ;Ft#Ft0

//Energy balance
(meb*Cpeb+mst*Cpst+mbz*Cpbz+mto*Cpto+mh2*Cph2+mh20*Cph20) /Ac*T"'= (-
(etal*rcl*densityB+rtl*voidB) *HRX1- (eta2*rc2*densityB+rt2*voidB) *HRX2-
(eta3*rc3*densityB+rt3*voidB) *HRX3-etad*rc4*densityB*HRX4) s T#TO

//Momentum balance
P'*10"5 = -f*us*G/dp/3600"2 ; P#PO
f =(1-voidB) /voidB"3* (1.75+150* (1-voidB) /Re)

//Reaction
rcl = kcl*KEB* (Peb-Pst*Ph2/Keq) / (1+KEB*Peb+KH2*Ph2+KST*Pst) "2
rc2 = kc2*KEB*Peb/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc3 = kc3*KEB*Peb*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc4d = kcd4*KST*Pst*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) *2

rtl = ktl* (Peb-Pst*Ph2/Keq)
rt2 = kt2*Peb

rt3 = kt3*Peb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kec3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*1073/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*1073/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*1073/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) ;At2=2.4217*%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltas

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.1573)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"3-298.15"3)
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deltaHO= (1.475-0.2981)*10"5

deltasO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (=3)
;deltac=(-40.23-1.381+48.11)*10" (-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T"2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"~4-298.15"4)

HRX2 = HRX20+deltaa2* (T-298.15)+deltab2/2* (T*2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"~4-298.15"4)

HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T*2-298.15"2)+deltacl3/3* (T"3-
298.15"3)+deltad3/4* (T"~4-298.15"4)

HRX4 = HRX40+deltaa4d* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4/4* (T"4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10" (-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)

HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10"(-8)

HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10"(-2)
;deltac3=23.04*10" (-5) ;deltad3=-9.9955*10" (-8)

HRX40=-172370 ;deltaad4=-31.13 ;deltabd4=-6.9818*10" (-2)
;deltacd=16.54*10" (-5) ;deltad4=-7.685*10" (-8)

//Bed properties
voidB = l-densityB/densityS
densityB = 1422
densityS = 2500

voidcat = 0.4
dp = 0.0055

rp = dp/2

Ac = pi*rb"2

rb = 3.5

Lb = 1.33

//Properties of component
MWeb = 106.167

MWst = 104.151

MWbz = 78.113

MWto = 92.14

MWh2 = 2.016

MWh2o0= 18.015

MWcl = 16.043

MWc2 = 28.054

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;eb=6.0671*10"(-3) ;ceb=-3.8625*%10"(-6) ;deb=9.1282*10" (-10)
Cpst = ast+bst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10" (-10)
Cpto = atot+bto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10"(-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57
;bh2=4.637*%10" (-3) ;ch2=-6.905*10"(-6) ;dh2=38.23*%10"(-10)

Cph20o= ah2o0tbh20*T+ch20*T"*2+dh20*T"3
;bh20=0.1069*%10" (-3) ; ch20=0.58611*10" (-6)

//Properites of fluid
v0 = FtO*R*TO/PO0*10" (-2)
us0= v0/Ac

;ah20=1.79111
;dh20=-1.998*10" (-10)



Re =

us = v/Ac

G = feeddenO*v0/Ac
feedden0 =

feedden0*dp*us0/ (vis*3600)
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(Feb0*MWeb+Fst0*MWst+Fbz0*MWbz+Fto0*MWto+Fh20*MWh2+Fh200*MWh20+Fcl0*MWcl+Fc2

0*MWc2) /v0

vis=yl*visl/ (yl*phill+y2*phil2+y3*phil3+y4*phil4d+y5*phil5+y6*phil6)+y2*vis2/
(y1*phi21+y2*phi22+y3*phi23+y4*phi24+y5*phi25+y6*phi26) +y3*vis3/ (yl*phi3l+y2
*phi32+y3*phi33+y4*phi34+y5*phi35+y6*phi36) +y4*visd/ (yl*phidl+y2*phid2+y3*ph
143+y4*phid4+y5*phi45+y6*phid6) +y5*vis5/ (y1l*phi51+y2*phi52+y3*phi53+y4*phi54
+y5*phi55+y6*phi56) +y6*vis6/ (yl*phi6l+y2*phi62+y3*phi63+y4*phi6d+y5*phi65+y6

*phi66)
visl=10"(-7)*

(4.61*Tr1"0.618-2.04%exp (

4.058*Trl)+0.1)/(Tcl”(1/6)*MW1"(

-1/2)*Pcl”(

-2/3))

;MW1=106.16 ;Pcl=36 //EB
vis2=10"(=7)*(4.61*Tr270.618-2.04*exp (
4.058*Tr2)+0.1)/ (Tc2”(1/6)*MW2" (-1/2) *Pc2”~ (-2/3))
;MW2=104.14 ;Pc2=39.9 //ST
vis3=10"(-7)*(4.61*Tr370.618-2.04*exp (-
4.058*Tr3)+0.1)/(Tc3”(1/6) *MW3~(-1/2) *Pc3” (-2/3))
;MW3=78.11 ;Pc3=48.9 //BZ
visd=10"(=7)*(4.61*Tr470.618-2.04*exp (
4.058*Tr4)+0.1)/ (Tcd™(1/6)*MW4A" (-1/2) *Pcd” (-2/3))
;MW4=92.11 ;Pc4d=41 //TO
vis5=10"(-7)*26.69*sqrt (MW5*T) /zigma5°2/omegab
;omegab5=1.16145/(T5)"0.14874+0.52487*exp (
2.43787*T5)  ;T5=T/59.7 //H2

vis6=10"(=7) *26.69*sqrt (MW6*T) /zigma6”2/omegab2

;zigma6=2.641 ;omega6=1.16145/ (T6)

~0.14874+0.52487*exp (

-0.449*Trl)+1.94%exp (-

;Tr1=T/Tcl

-0.449*Tr2)+1.94%exp (-

; Tr2=T/Tc2

0.449*Tr3)+1.94%exp (-

; Tr3=T/Tc3

-0.449*Tr4)+1.94%exp (-

; Tr4=T/Tc4

;Tcl=617.2

;Tc2=647.0

; Tc3=562.2

;Tc4=591.8

;MW5=2 ;zigma5=2.827

-0.77320*T5)+2.16178*exp (-

;MW6=18

-0.77320*T6)

+2.16178*%exp (-2.43787*T6) ;T6=T/809.1 ;omega62 omega6+0 2/T6

phill=(1+(visl/visl)”*(1/2)* (MW1/MW1)~(1/4))"2/( (1+MW1/MW1) )~ (1/2)
phil2=(1+(visl/vis2)" (1/2)*(MW2/MW1)A(1/4))AZ/( (1+MW1/MW2)) (1/2)
phil3=(1+(visl/vis3) " (1/2)* (MW3/MW1) " (1/4))"2/(8* (1+MW1/MW3) )" (1/2)
phild=(1+(visl/visd) "~ (1/2)* (MW4/MW1) "~ (1/4))"2/(8* (1+MW1/MW4) )"~ (1/2)
phil5=(1+(visl/vis5)*(1/2)* (MW5/MW1) "~ (1/4)) "2/ (8* (1+MW1/MW5) )"~ (1/2)
philé=(1+(visl/vis6)*(1/2)* (MW6/MW1)~(1/4)) "2/ (8* (1+MW1/MW6) )" (1/2)
phi2l=(1+(vis2/visl)*(1/2)* (MW1/MW2) "~ (1/4))"2/ (8* (1+MW2/MW1) )"~ (1/2)
phi22=(1+(vis2/vis2) "~ (1/2)* (MW2/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW2) )"~ (1/2)
phi23=(1+(vis2/vis3) " (1/2)* (MW3/MW2) "~ (1/4))"2/(8* (1+MW2/MW3) )"~ (1/2)
phi24=(1+(vis2/visd) ~(1/2)* (MW4/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW4) )~ (1/2)
phi25=(1+(vis2/visb5)*(1/2)* (MW5/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW5) )"~ (1/2)
phi26=(1+(vis2/vis6)*(1/2)* (MW6/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW6) )"~ (1/2)
phi31=(1+(vis3/visl)*(1/2)* (MW1/MW3) " (1/4))"2/ (8* (1+MW3/MW1) )" (1/2)
phi32=(1+(vis3/vis2)*(1/2)* (MW2/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW2) )"~ (1/2)
phi33=(1+(vis3/vis3) " (1/2)* (MW3/MW3) "~ (1/4))"2/(8* (1+MW3/MW3) )" (1/2)
phi34=(1+(vis3/visd) " (1/2)* (MW4/MW3) "~ (1/4))"2/(8* (1+MW3/MW4) )"~ (1/2)
phi35=(1+(vis3/visb5) " (1/2)* (MW5/MW3) "~ (1/4))"2/(8* (1+MW3/MW5) )"~ (1/2)
phi36=(1+ (vis3/vis6)*(1/2)* (MW6/MW3) "~ (1/4))"2/ (8* (1+MW3/MW6) )"~ (1/2)
phidl=(1+(visd/visl)*(1/2)* (MW1/MW4) " (1/4))"2/ (8* (1+MW4/MW1) )" (1/2)
phid2=(1+(visd/vis2)~(1/2)* (MW2/MW4) ~(1/4)) "2/ (8* (1+MW4/MW2) )"~ (1/2)
phid3=(1+(visd/vis3) " (1/2)* (MW3/MW4) "~ (1/4)) "2/ (8* (1+MW4/MW3) )"~ (1/2)
phidd=(1+(visd/visd)~(1/2)* (MWA/MW4) "~ (1/4)) "2/ (8* (1L+MW4/MW4) )~ (1/2)
phid5=(1+(visd/vis5)~(1/2)* (MW5/MW4) "~ (1/4)) "2/ (8* (1+MW4/MW5) )~ (1/2)
phid6=(1+ (visd/vis6)*(1/2)* (MW6/MW4) ~(1/4)) "2/ (8* (1+MW4/MW6) )"~ (1/2)
phi51=(1+(vis5/visl)*(1/2)* (MW1/MW5) "~ (1/4)) "2/ (8* (1+MW5/MW1) )"~ (1/2)
phi52=(1+ (vis5/vis2)*(1/2)* (MW2/MW5) ~ (1/4)) "2/ (8* (1+MW5/MW2) )"~ (1/2)
phi53=(1+(vis5/vis3) "~ (1/2)* (MW3/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW3) )~ (1/2)
phi54=(1+(vis5/visd)~(1/2)* (MW4/MWS5) "~ (1/4)) "2/ (8* (L+MW5/MW4) )~ (1/2)
phi55=(1+(vis5/visb) "~ (1/2)* (MW5/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW5) )~ (1/2)
phi56=(1+(vis5/vis6)~(1/2)* (MW6/MWS5) "~ (1/4)) "2/ (8* (L+MW5/MW6) )~ (1/2)

//H20



phi6l=(1+(vis6/visl) "~ (1/2)* (MW1/MW6) "~ ( )) (8* (1+MW6 /MWL) )~ (1/2)
phi62=(1+(vis6/vis2) "~ (1/2)* (MW2/MW6) "~ ( )) (8* (1+MW6/MW2) )~ (1/2)
phi63=(1+(vis6/vis3) " (1/2)* (MW3/MW6) " ( )) (8* (L+MW6/MW3) )~ (1/2)
phi6d=(1+ (vis6/visd) " (1/2)* (MW4/MW6) " ( )) (8* (1+MW6/MW4) )~ (1/2)
phi65=(1+ (vis6/vis5)~(1/2)* (MW5/MW6) "~ (1/4)) "2/ (8* (1+MW6/MW5) )~ (1/2)
phi66=(1+(vis6/vis6) " (1/2)* (MW6/MW6) " (1/4)) "2/ (8* (L+MW6/MW6) )~ (1/2)
//Feed

Feb0 = 707

Fst0 = 7.104

Fbz0 = 0.293

Fto0 = 4.968

Fh20 = 0

Fh200= 7777

Fcl0 = 0

Fc20 = 0

Ft0 = Feb0+Fst0+Fbz0+Fto0+Fh20+Fh200+Fcl10+Fc20

PO = 1.25

TO = 886

//Profile

Feb = Feb0* (1-XEB)

Fst = Fst0+Feb0*XST
Fbz = Fbz0+Feb0*XBZ
Fto = Fto0+Feb0*XTO
Fh2 = Fh20+FebO0*XH2
Fcl = Fcl0+FebO0*XTO
Fc2 = Fc20+Feb0*XBZ

Peb = Feb/Ft*P
Pst = Fst/Ft*P
Ph2 = Fh2/Ft*P
Pbz = Fbz/Ft*P
Pto = Fto/Ft*P

Ceb = Feb/v
Cst = Fst/v
Ch2 = Fh2/v
Cbz = Fbz/v
Cto = Fto/v

Ceb0 = Feb0/vO0
Cst0 = Fst0/v0
Ch20 = Fh20/v0
Cbz0 = Fbz0/v0
Cto0 = Fto0/v0

meb = MWeb*Feb
mst = MWst*Fst
mbz = MWbz*Fbz
mto = MWto*Fto
mh2 = MWh2*Fh2
mh2o0= MWh20*Fh200
mcl = MWcl*Fcl

mc2 = MWc2*Fc2
mt = meb+mst+mbz+mh2+mto+mcl+mc2+mh20

yl=Feb/Ft
y2=Fst/Ft
y3=Fbz/Ft



y4=Fto/Ft
y5=Fh2/Ft
y6=Fh200/Ft

//Result

SST = XST/XEB*100
SBZ = XBZ/XEB*100
STO XTO/XEB*100

integral z[0,Lb]

output XEB, SST, SBZ,

Result:

<< results >>
XEB =
SST =
SBZ =
STO =
P =
T =

STO, P, T

0.3449088
97.89863
1.129022
0.9723437
1.044871
826.438
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3. Model3 : Heterogeneous model account for internal mass and heat transfer

EQUATRAN code:

function diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T0,P;Cseb,Csst,Csbz,Csto,Csh2,
T,rcls,rc2s,rc3s,rcds, rtls,rt2s,rt3s,rclsT, rc2sT, rc3sT,rc4sT)

Deebs*Cseb''+Cseb'*2/r*Deebs+Cseb'*Deebs'= (densityS* (rcls+rc2s+rc3s)
+voidcat* (rtls+rt2s+rt3s)) ; Cseb#Cseb0 ;Cseb'#0
Dests*Csst''+Csst'*2/r*Dests+Csst'*Dests'= - (densityS* (rcls-
rcds)+voidcat* (rtls)) ;Csst#Csst0 ;Csst'#0
Debzs*Csbz''+Csbz'*2/r*Debzs+Csbz'*Debzs'= - (densityS* (rc2s)+voidcat* (rt2s))

;Csbz#Csbz0 ;Csbz'#0
Detos*Csto''+Csto'*2/r*Detos+Csto'*Detos'= - (densityS* (rc3s+rcds)+voidcat
*(rt3s)) ;Csto#Cstol ;Csto'#0
Deh2s*Csh2''+Csh2'*2/r*Deh2s+Csh2'*Deh2s'= - (densityS* (rcls-rc3s-2*rcds)
+voidcat* (rtls-rt3s)) ;Csh2#Csh20 ;Csh2'40
T''"+T'*2/r = - (-(rcls*densityS+rtls*voidcat) *HRX1-

(rc2s*densityS+rt2s*voidcat) *HRX2- (rc3s*densityS+rt3s*voidcat) *HRX3-rcds
*densityS*HRX4) /ke
T#TO ;T'#0

rclsT' = (rcls*densityS+rtls*voidcat) *4* pi*r~2 ;rclsT#0
rc2sT' = (rc2s*densityS+rt2s*voidcat)*4* pi*r~2 ;rc2sT#0
rc3sT' = (rc3s*densityS+rt3s*voidcat)*4* pi*r”2 ;rc3sT#0
rc4sT' = rcds*densityS*4* pi*r~”2 ;rc4sT#0

Cseb = Pseb/R/T*10"2
Csst = Psst/R/T*10"2
Csh2 = Psh2/R/T*10"2
Csbz = Psbz/R/T*10"2
Csto = Psto/R/T*10"2

Cseb0 = Pseb0/R/T0*10"2
Csst0 = Psst0/R/T0*10"2
Csh20 = Psh20/R/T0*10"2
Csbz0 = Psbz0/R/T0*10"2
Csto0 = PstoO/R/T0*10"2

rcls = kcl*KEB* (Pseb-Psst*Psh2/Keq) / (1+KEB*Pseb+KH2*Psh2+KST*Psst) "2
rc2s = kc2*KEB*Pseb/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rc3s = kc3*KEB*Pseb*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rcds = kc4*KST*Psst*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) "2

rtls = ktl* (Pseb-Psst*Psh2/Keq)
rt2s = kt2*Pseb

rt3s = kt3*Pseb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kec3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*1073/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*1073/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*1073/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) ;At2=2.4217*%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltas
deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
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298.15%3)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge (T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltasS0= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (-3)
;deltac=(-40.23-1.381+48.11)*10" (-5) ;deltad=(99.35+7.645-130.1) *10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T*2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"~4-298.15"4)
HRX2 = HRX20+deltaal2* (T-298.15)+deltab2/2* (T*2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"~4-298.15"4)
HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T"2-298.15"2)+deltac3/3* (T"3-
298.15"3)+deltad3/4* (T"~4-298.15"4)
HRX4 = HRX40+deltaad* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4/4* (T~4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10"(-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)

HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10" (-8)

HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10"(-2)
;deltac3=23.04*10"(-5) ;deltad3=-9.9955*10" (-8)

HRX40=-172370 ;deltaa4=-31.13 ;deltab4=-6.9818*10" (-2)
;deltac4=16.54*10"(-5) ;deltad4=-7.685*10" (-8)

Cpeb = aebtbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;beb=6.0671*10"(-3) ;ceb=-3.8625*10"(-6) ;deb=9.1282*10" (-10)
Cpst = ast+tbst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10"(-10)
Cpto = atotbto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10" (-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57
;bh2=4.637*10" (-3) ;ch2=-6.905*10" (-6) ;dh2=38.23*10"(-10)
Cph20= ah2o0+bh20*T+ch20*T*2+dh20*T"3 ;ah20=1.79111
;bh20=0.1069*10" (-3) ;ch20=0.58611*10"(-6) ;dh20=-1.998*10" (-10)

Deebs' = voidcat/tor/10000*3600* (1-y1l)/(y2/D12+y3/D13+y4/D14+y5/D15+y6/D16)
*1.75*T~(0.75)*T"' ;Deebs#DeebsO

Dests' = voidcat/tor/10000%3600* (1-y2)/(yl/D21+y3/D23+y4/D24+y5/D25+y6/D26)
*1.75*T~(0.75)*T"' ;Dests#Dests0

Debzs' = voidcat/tor/10000%3600* (1-y3)/(yl/D31+y2/D32+y4/D34+y5/D35+y6/D36)
*1.75*T~(0.75)*T"' ;Debzs#Debzs0

Detos' = voidcat/tor/10000*3600* (1-y4)/ (y1/D41+y2/D42+y3/D43+y5/D45+y6/D46)
*1.75*T~(0.75)*T"' ;Detos#DetosO

Deh2s' = voidcat/tor/10000%3600% (1-y5)/ (y1/D51+y2/D52+y3/D53+y4/D54+y6/D56)
*1.75*T"~(0.75)*T"' ;Deh2s#Deh2s0

Deebs0 = voidcat/tor/10000*3600* (1-y10)/(y20/D12+y30/D13+y40/D14+y50/D15
+y60/D16) *T0~1.75

Dests0 = voidcat/tor/10000*3600* (1-y20)/(y10/D21+y30/D23+y40/D24+y50/D25
+y60/D26) *T0~1.75

Debzs0 = voidcat/tor/10000%3600% (1-y30)/ (y10/D31+y20/D32+y40/D34+y50/D35
+y60/D36) *T0"1.75

Detos0 = voidcat/tor/10000*3600* (1-y40)/(y10/D41+y20/D42+y30/D43+y50/D45
+y60/D46) *T0"1.75

Deh2s0 = voidcat/tor/10000%3600* (1-y50)/ (y10/D51+y20/D52+y30/D53+y40/D54
+y60/D56) *T0"1.75

y10=Pseb0/P ;y20=Psst0/P ;y30=Psbz0/P ;y40=Psto0/P ;y50=Psh20/P
;y60=1-y10-y20-y30-y40-y50
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y1l=Pseb/P ;y2=Psst/P ; y3=Psbz/P ;y4=Psto/P ; y5=Psh2/P
;y6=1-yl-y2-y3-y4-y5

v1=132 ;v2=127.38 ;v3=90.96 ;v4=111.48 ;vb=6.12 ;vo=13.1
M1=106.16 ;M2=104.14 ;M3=78.11 ;M4:92.ll ;M5=2 ;M6=18
D12= 0.00143/P/M12~(1/2)/(v1~(1/3)+v2~(1/3)) ;M12 = 2*(1/M1+1/M2) " (-1)
D13= 0.00143/P/M13"~(1/2)/ (v1"~(1/3)+v3~(1/3))"2 ;M13 = 2*(1/M1+1/M3)"(-1)
D14= 0.00143/P/M14~(1/2)/ (v1"~(1/3)+v4~(1/3))"2 ;M14 = 2*(1/M1+1/M4)"(-1)
D15= 0.00143/P/M15"(1/2)/ (v1"~(1/3)+v5~(1/3))"2 ;M15 = 2*(1/M1+1/M5)"(-1)
D16= 0.00143/P/M16~(1/2)/(v1~(1/3)+v6~(1/3))"2 ;Ml6 = 2* (1/M1+1/M6)" (-1)
D21= 0.00143/P/M21~(1/2)/ (v2~(1/3)+v1~(1/3))"2 ;M21 = 2* (1/M2+1/M1)" (-1)
D23= 0.00143/P/M23~(1/2)/ (v2~(1/3)+v3~(1/3))"2 ;M23 = 2* (1/M2+1/M3) " (-1)
D24= 0.00143/P/M24~(1/2)/ (v2"~(1/3)+v4~(1/3))"2 ;M24 = 2* (1/M2+1/M4) " (-1)
D25= 0.00143/P/M25"(1/2)/ (v2~(1/3)+v5~(1/3))" 2 ;M25 = 2% (1/M2+1/M5) " (-1)
D26= 0.00143/P/M26"(1/2)/ (v2"~(1/3)+v6"~(1/3))"2 ;M26 = 2*(1/M2+1/M6) " (-1)
D31= 0.00143/P/M31"(1/2)/ (v3~(1/3)+v1~(1/3))"2 ;M31 = 2*(1/M3+1/M1)"(-1)
D32= 0.00143/P/M32~(1/2)/ (v3~(1/3)+v2~(1/3))"2 ;M32 = 2*(1/M3+1/M2)" (-1)
D34= 0.00143/P/M34~(1/2)/ (v3~(1/3)+v4~(1/3))"2 ;M34 = 2* (1/M3+1/M4)" (-1)
D35= 0.00143/P/M35~(1/2)/ (v3~(1/3)+v5~(1/3))"2 ;M35 = 2*(1/M3+1/M5)" (-1)
D36= 0.00143/P/M36"(1/2)/ (v3~(1/3)+v6~(1/3))"2 ;M36 = 2* (1/M3+1/M6) " (-1)
D41= 0.00143/P/M41~(1/2)/ (v4"~(1/3)+v1~(1/3)) "2 ;M41l = 2*(1/M4+1/M1)"~(-1)
D42= 0.00143/P/M42"(1/2)/ (v4~(1/3)+v2"(1/3)) "2 ;M42 = 2* (1/M4+1/M2) " (-1)
D43= 0.00143/P/M43~(1/2)/ (v4" (1/3)+v3~(1/3))"2 ;M43 = 2* (1/M4+1/M3) " (-1)
D45= 0.00143/P/M45~(1/2)/ (v4" (1/3)+v5~(1/3))"2 ;M45 = 2* (1/M4+1/M5) " (-1)
D46= 0.00143/P/M46"~(1/2)/(v4”~(1/3)+v6"(1/3))"2 ;M46 = 2* (1/M4+1/M6) " (-1)
D51= 0.00143/P/M51~(1/2)/ (v5~(1/3)+v1~(1/3))"2 ;M51 = 2*(1/M5+1/M1)"~(-1)
D52= 0.00143/P/M52"~(1/2)/ (v5~(1/3)+v2”~(1/3)) "2 ;M52 = 2*(1/M5+1/M2) "~ (-1)
D53= 0.00143/P/M53~(1/2)/ (v57~(1/3)+v3~(1/3))"2 ;M53 = 2* (1/M5+1/M3) " (-1)
D54= 0.00143/P/M54~(1/2)/ (v5"~(1/3)+v4”~(1/3))"2 ;M54 = 2*(1/M5+1/M4) "~ (-1)
D56= 0.00143/P/M56~(1/2)/ (v5"~(1/3)+v6~(1/3))"2 ;M56 = 2* (1/M5+1/M6) " (-1)

ke= Ks” (1-voidcat) *K"voidcat*10" (=3) *3600

K =yeb*kl/ (yst*Al2+ybz*Al13+yto*Al4+yh2*A15+yh20*A16) +yst*k2/ (yeb*A21+ybz*A23
+yto*A24+yh2*A25+yh20*A26) +ybz*k3/ (yeb*A31+yst*A32+yto*A34+yh2*A35+yh20*A36)
+yto*kd/ (yeb*Ad41+yst*A42+ybz*A43+yh2*A45+yh20*A46) +yh2*k5/ (yeb*A51+yst*A52+y
bz*A53+yto*A54+yh20*A56) +yh20*k6/ (yeb*A61+ysSt*A62+ybz*A63+yto*A64+yh2*A65)
Ks = 44

Tcl= 617.2;Tc2 = 636 ;Tc3 = 562.2;Tc4 = 591.8 ;Tc5 = 33.19 ;Tco = 647.1
Pcl= 36.06;Pc2 = 38.4;Pc3 = 48.98;Pc4 = 41.06 ;Pch = 13.13 ;Pc6 = 220.55
Vecl= 374 ;Vc2 = 352 ;Vc3 = 259 ;Ved = 316 ;VeS5 = 64.1 ;Vce = 55.9

wl = 0.303;w2 = 0.297;w3 = 0.21 ;w4 = 0.262 ;wH = -0.216 ;w6 = 0.345
MWl = 106.167;MW2 = 104.152;MW3 = 78.114
;MW4 = 92.141;MW5 = 2.061 ;MW6 = 18.015

Ll= 377 ;L2 = 505.0424839 ;L3 = 412.3

;L4 = 377 ;L5 = 59.7 ;L6 = 809.1

yeb = yl yst = y2 ;ybz = y3 ;yto = v4 ;yh2 = y5 ;yh2o = y6
T1 = 210* (Tcl*MW1"3/Pcl”4)~(1/6)

T2 = 210* (Tc2*MW2"3/Pc274) "~ (1/6)

T3 = 210* (Tc3*MW3~3/Pc374) " (1/6)

T4 = 210* (Tc4*MW4~3/Pcd™4) " (1/6)

T5 = 210* (Tc5*MW5~3/Pc574) "~ (1/6)

T6 = 210* (Tc6*MW6"3/Pc6”4)~(1/6)

Trl = T/Tcl

Tr2 = T/Tc2

Tr3 = T/Tc3

Trd = T/Tc4

Tr5 = T/Tc5

Tro6 = T/Tc6

Al2 = voidcat* (1+(T2* (exp (0.0464*Trl) -exp (-0.2412*Trl))/

T1/ (exp(0.0464*Tr2)-exp (-0.2412*Tr2)))* (MW1/MW2)~0.25) 2/ (8* (L+MW1l/MW2))"0.5
Al3 = voidcat* (1+(T3* (exp(0.0464*Trl) -exp(-0.2412*Trl))/
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T1/ (exp(0.0464*Tr3) -exp (-0.2412*Tr3)))* (MW1/MW3)~0.25) "2/ (8* (1+MW1/MW3))"0.5

Al4 = voidcat*(1+(T4*(exp(0.0464*Tr1)—exp(—0.2412*Trl))/
T1/ (exp(0.0464*Tr4d) -exp (-0.2412*Tr4d)))* (MW1/MW4)~0.25) "2/ (8* (1+MWl/MW4))"~0.5
AlS5 = voidcat*(l+(T5*(exp(0.0464*Trl)—exp(—0.24l2*Trl))/
T1l/ (exp(0.0464*Tr5) -exp (-0.2412*Tr5)) ) * (MW1/MW5) ~0.25) ~2/ (8* (1L+MW1/MW5))"~0.5
Alo = voidcat*(1+(T6*(exp(0.0464*Tr1)—exp(—0.2412*Trl))/
T1/ (exp(0.0464*Tr6)-exp(-0.2412*Tr6))) * (MW1/MW6)~0.25) "2/ (8* (1+MW1/MW6))"~0.5
A21 = voidcat*(1+(T1*(exp(0.0464*Tr2)—exp(—0.2412*Tr2))/
T2/ (exp(0.0464*Trl) -exp (-0.2412*Trl)))* (MW2/MW1)~0.25) "2/ (8* (1+MW2/MW1))"~0.5
A23 = voidcat*(1+(T3*(exp(0.0464*Tr2)—exp(—0.24l2*Tr2))/
T2/ (exp(0.0464*Tr3) -exp (-0.2412*Tr3)))* (MW2/MW3) ~0.25) ~2/ (8* (L+MW2/MW3))"~0.5
A24 = voidcat*(l+(T4*(exp(0.0464*Tr2)—exp(—0.24l2*Tr2))/
T2/ (exp(0.0464*Trd) —exp(-0.2412*Trd)) ) * (MW2/MW4) ~0.25) ~2/ (8* (1+MW2/MW4))"~0.5
A25 = voidcat* (1+ (T5* (exp (0.0464*Tr2) —-exp(-0.2412*Tr2))/
T2/ (exp(0.0464*Tr5) —exp (-0.2412*Tr5)) ) * (MW2/MW5) ~0.25) *2/ (8* (1+MW2/MW5))~0.5
A26 = voidcat*(l+(T6*(exp(0.0464*Tr2)—exp(—0.24l2*Tr2))/
T2/ (exp(0.0464*Tr6) —exp (-0.2412*Tr6) ) ) * (MW2/MW6) ~0.25) ~2/ (8* (L+MW2/MW6) ) 0.5
A31 = voidcat*(l+(Tl*(exp(0.0464*Tr3)—exp(—0.24l2*Tr3))/
T3/ (exp(0.0464*Trl)-exp(-0.2412*Trl))) * (MW3/MW1)"~0.25) "2/ (8* (1+MW3/MW1l))"0.5
A32 = voidcat* (1+ (T2* (exp (0.0464*Tr3)-exp(-0.2412*Tr3))/
T3/ (exp(0.0464*Tr2)-exp(=0.2412*Tr2))) * (MW3/MW2) ~0.25) *2/ (8* (1+MW3/MW2))"0.5
A34 = voidcat*(l+(T4*(exp(0.0464*Tr3)—exp(—0.24l2*Tr3))/
T3/ (exp(0.0464*Tr4d) —exp (-0.2412*Tr4d)))* (MW3/MW4) ~0.25) ~2/ (8* (L+MW3/MW4))"~0.5
A35 = voidcat*(l+(T5*(exp(0.0464*Tr3)—exp(—0.24l2*Tr3))/
T3/ (exp(0.0464*Tr5)-exp (-0.2412*Tr5))) * (MW3/MW5) ~0.25) *2/ (8* (1+MW3/MW5))"0.5
A36 = voidcat* (1+(T6* (exp (0.0464*Tr3) —exp(-0.2412*Tr3))/
T3/ (exp(0.0464*Tr6) —exp(-0.2412*Tr6))) * (MW3/MW6) ~0.25) *2/ (8* (1+MW3/MW6) ) "0.5
A4l = voidcat*(1+(T1*(exp(0.0464*Tr4)—exp(—0.2412*Tr4))/
T4/ (exp(0.0464*Trl) -exp (-0.2412*Trl)))* (MW4/MW1)~0.25) "2/ (8* (1+MW4/MW1))"~0.5
A42 = voidcat*(l+(T2*(exp(0.0464*Tr4)—exp(—0.24l2*Tr4))/
T4/ (exp(0.0464*Tr2) —exp (-0.2412*Tr2)) ) * (MW4/MW2) ~0.25) ~2/ (8* (1L+MW4/MW2))~0.5
A43 = voidcat*(1+(T3*(exp(0.0464*Tr4)—exp(—0.2412*Tr4))/
T4/ (exp(0.0464*Tr3) -exp (-0.2412*Tr3)) ) * (MW4/MW3)"0.25) ~2/(8* (L+MW4/MW3))"0.5
A45 = voidcat*(1+(T5*(exp(0.0464*Tr4)—exp(—0.2412*Tr4))/
T4/ (exp(0.0464*Tr5) —exp(-0.2412*Tr5)) ) * (MW4/MW5) ~0.25) ~2/ (8* (1L+MW4/MW5) ) ~0.5
Ad6 = voidcat*(l+(T6*(exp(0.0464*Tr4)—exp(—0.24l2*Tr4))/
T4/ (exp(0.0464*Tr6) —exp (-0.2412*Tr6) ) ) * (MW4/MW6) ~0.25) ~2/ (8* (1L+MW4/MW6) ) ~0.5
A51 = voidcat* (1+ (T1* (exp(0.0464*Tr5) -exp(-0.2412*Tr5))/
T5/ (exp(0.0464*Trl) -exp(-0.2412*Trl))) * (MW5/MW1)"~0.25) "2/ (8* (1+MW5/MW1))"0.5
A52 = voidcat*(1+(T2*(exp(0.0464*Tr5)—exp(-0.2412*Tr5))/
T5/ (exp (0.0464*Tr2) —exp (-0.2412*Tr2)) ) * (MW5/MW2) ~0.25) ~2/ (8* (L+MW5/MW2) ) "~0.5
A53 = voidcat*(l+(T3*(exp(0.0464*Tr5)—exp(—0.24l2*Tr5))/
T5/ (exp (0.0464*Tr3) —exp (-0.2412*Tr3)) ) * (MW5/MW3) ~0.25) ~2/ (8* (L+MW5/MW3))~0.5
A54 = voidcat*(l+(T4*(exp(0.0464*Tr5)—exp(—0.24l2*Tr5))/
T5/ (exp(0.0464*Tr4d) —exp(-0.2412*Trd))) * (MW5/MW4) ~0.25) ~2/ (8* (1+MW5/MW4))"~0.5
A56 = voidcat* (1+(T6* (exp (0.0464*Tr5) —exp (-0.2412*Tr5))/
T5/ (exp(0.0464*Tr6) —exp (-0.2412*Tr6)) ) * (MW5/MW6) ~0.25) *2/ (8* (1+MW5/MW6) ) ~0.5
A6l = voidcat* (1+ (T1* (exp (0.0464*Tr6) —exp (-0.2412*Tr6) )/
T6/ (exp(0.0464*Trl) -exp (-0.2412*Trl)))* (MW6/MW1)~0.25) "2/ (8* (1L+MW6/MW1))"~0.5
A62 = voidcat* (1+ (T2* (exp (0.0464*Tr6) —exp (-0.2412*Tr6) )/
T6/ (exp(0.0464*Tr2) -exp (-0.2412*Tr2)))* (MW6/MW2) ~0.25) ~2/ (8* (L+MW6/MW2) ) ~0.5
AG3 = voidcat* (1+(T3* (exp (0.0464*Tr6) —exp (-0.2412*Tr6) )/
T6/ (exp(0.0464*Tr3) -exp (-0.2412*Tr3)))* (MW6/MW3)~0.25) ~2/ (8* (L+MW6/MW3) ) ~0.5
A64 = voidcat* (1+ (T4* (exp (0.0464*Tr6) —exp (-0.2412*Tr6) )/
T6/ (exp(0.0464*Tr4d) —exp (-0.2412*Tr4d)))* (MW6/MW4) ~0.25) ~2/ (8* (L+MW6/MW4) ) ~0.5
AGS5 = voidcat* (1+ (T5* (exp (0.0464*Tr6) —exp (-0.2412*Tr6) )/

T6/ (exp(0.0464*Tr5) -exp (-0.2412*Tr5)) ) * (MW6/MW5) ~0.25) "2/ (8* (1+MW6/MW5) ) 0.5
omegavl=1.16145/(T/L1)"~0.14874+0.52487*EXP(-0.7732* (T/L1))+2.16178*EXP (-
2.43787* (T/L1))
omegav2=1.16145/(T/L2)"~0.14874+0.52487*EXP (-0.7732* (T/L2))+2.16178*EXP (-



2.43787* (T/L2))
omegav3=1.16145
2.43787* (T/L3))
omegav4=1.16145
2.43787* (T/L4))
omegav5=1.16145
2.43787* (T/L5))
omegav6=1.16145
2.43787* (T/L6))
visl=10"(=-7)*
/(Tcl”
vis2=10"(-7)*
/(Tc2”
vis3=10"(=-7)*
/ (Tc3”
visd=10"(-7)*
/ (Tcdr
vis5=10"(
;omegab=1.16145
2.43787*T55)
vis6=10"(
;omega6=1.16145
2.43787*T66)

al=(Cpeb*MW1-8.
Cpst*MW2-8.
Cpbz*MW3-8.
Cpto*MW4-8.
Cph2*MW5-8.

a2=
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B6=0.7862-0.
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z2=2+10.5* (T/Tc
z3=2+10.5* (T/Tc
z4=2+10.5* (T/Tc
z5=2+10.5* (T/Tc
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pil=1l+al* 21
21
21
21
.21
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((0.
pi2=1+a2* ( (0.
pi3=1+a3* ( (0.
pid=1+a4d* ((0.
pi5=1+ab* (

pi6e=1l+a6* ( (0.

k1l=3.

(4.
(1/6) *MW1~ (

(1/6)*Mw2~
(1/6)*MwW3"

(1/6) *MW4" (
-7)*26.69*sqrt (MW5*T) /zigma5”2/omegab
~0.14874+0.52487*exp (
;T55=T/59.7 //H2
-7)*26.69*sqrt (MW6*T) /zigma6"2/omega62
~0.14874+0.52487*exp (

;T66=T/809.1 ;omegab2=omegab+0.2/T6

/(T/L3)"0.1487

/(T/L4)"~0.1487
/ (T/L5)~0.1487
/(T/L6)~0.1487

61*Trl”0.
-1/2)*Pcl”(

618-

(=1/2)*Pc2”(
(=1/2) *Pc3"(
-1/2)*Pcd”(

/ (T55)

/ (T66)

314)/8.

314)/8.

314)/8.
)

314-3/2
314-3/2
314-3/2
314-3/2
314-3/2

314)/8.
314)/8.

O*wl+1.
9*w2+1.
9*w3+1.
9*wid+1.
9*wh+1.
9*wo+1.
1)
2)
3)72

)

)

3168*wl”

4
5
6) "2
5+0.
5+0.
5+0.
5+0.
5+0.

5+0.28288*a6-1.

3168*w2”
3168*w3”
3168*w4”
3168*w5”
3168*w6"

28288*al-1.
28288*a2-1.
28288*a3-1.
28288*ad-1.
28288*ab-1.

4+0.
4+0.
4+0.
4+0.

2.04%exp (

-2/3))
(4.61*Tr270.618-2.04*exp (
-2/3))
(4.61*Tr370.618-2.04%exp (
-2/3))
(4.61*Tr470.618-2.04*exp (
-2/3))

Cph20*MW6-8.314) /8.314-3/2

2
2
2
2
2
2

52487*EXP (

52487*EXP (

52487*EXP (

52487*EXP (

061*B1+0.
061*B2+0.
061*B3+0.
061*B4+0.
061*B5+0.
061*B6+0.

k2=3.
k3=3.
k4=3.
k5=3.
k6=3.

densityS = 25
voidcat = 0.
tor = 3

75*pil*8.
75%pi2*8.
75%pi3+*8.,
75%pid*8.
75%pi5*8.
75%pi6*8.

314/ (MW1*10"
314/ (MW2*10"
314/ (MW3*10"
314/ (MW4*10"
314/ (MW5*10~
314/ (MW6*10%

00
4

(=

(-3
(-3
(-3
(-3
(-3

) *visl
) *vis2
) *vis3
) *visd
) *vis5
) *vis6

3)
)
)
)
)
)

-0.7732*

-0.449*Trl)+1

-0.449*Tr2)+1.

-0.449*Tr3)+1.

-0.449*Tr4)+1.

26664*z1
26664*z2
26664*z3
26664*z4
26664*z5

/
/
/
/
/
26664*26) /

)
)
)
)
)
)

-0.7732* (T/L3))+2.
(T/L4))+2.
-0.7732* (T/L5))+2.
-0.7732* (T/L6))+2.

.94*exp (4.

94*exp (4.
94*exp (-4.

94*exp (4.

058*Trl)+0.

058*Tr2)+0.

058*Tr3)+0.

058*Tr4)+0.
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16178*EXP (-

16178*EXP (-

16178*EXP (-

16178*EXP (-

;zigmab5=2.827

=0.77320*T55)+2.16178*%exp (-

;zigma6=2.641

//H20

.6366+Bl*z1+1.
.6366+B2*z2+1.
.6366+B3*z3+1.
.6366+B4*z4+1.
.6366+B5*z5+1.
.6366+B6*z6+1.

-0.77320*T6)+2.16178%exp (-

061*al*Bl
061*a2*B2
061*a3*B3
061*a4*B4
061*a5*B5

)
)
)
)
)
061*a6*B6)

)
)
)
)
)
)



140

integral r[0.0000001,0.00275]
trend Deebs,Dests,Debzs,Detos, Deh2s
END

//Solid phase

diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,Ts0,P,Ceb,Cst,Cbz,Cto,Ch2,T,rcls, rc2s,r
c3s,rcds,rtls,rt2s,rt3s,rclsT, rc2sT, rc3sT, rcdsT)

etal = rclsT/((rcls*densityS+rtls*voidcat)*4/3* pi*rp~”3)

eta2 = rCZST/((rc2s*densitys+rt25*voidcat)*4/3*_pi*rpA3)

etal3 = rc3sT/((rc3s*densitys+rt3s*voidcat)*4/3*_pi*rpA3)

etad = rc4sT/(rcds*densityS*4/3* pi*rp”3)

//Gas phase
//Mass balance

us*Ceb'+us'*Ceb = - (etal*rcl+etal*rc2+etal3*rc3) *densityB- (rtl+rt2+rt3) *voidB
; Ceb#Ceb0

us*Cst'+us'*Cst = (etal*rcl-etad*rc4) *densityB+ (rtl) *voidB ;Cst#CstO0

us*Cbz'+us'*Cbz = (eta2*rc2)*densityB+ (rt2) *voidB ;Cbz#Cbz0

us*Cto'+us'*Cto = (eta3*rc3+etad*rcd) *densityB+ (rt3) *voidB ;Cto#Cto0

us*Ch2'+us'*Ch2 = (etal*rcl-eta3*rc3-2*etad*rcd) *densityB+(rtl-rt3)*voidB
;Ch2#Ch20

us'=R* (10" (-2)) /Ac* ((P* (Ft*T'"+T*Ft')-T*Ft*P') /P"2) ;us#usO

Ft'/Ac = (etal*rcl+etal*rc2-etad*rcd) *densityB+ (rtl+rt2)*voidB ;Ft#Ft0

//Energy balance
(meb*Cpeb+mst*Cpst+mbz*Cpbz+mto*Cpto+mh2*Cph2+mh20*Cph20) /Ac*T"'= (-
(etal*rcl*densityB+rtl*voidB) *HRX1- (eta2*rc2*densityB+rt2*voidB) *HRX2-
(eta3*rc3*densityB+rt3*voidB) *HRX3-etad*rc4*densityB*HRX4) ;T#TO

//Momentum balance
P'*10"5 = —-f*us*G/dp/3600"2 ; P#PO
f =(1-voidB) /voidB”*3* (1.75+150* (1-voidB) /Re)

//Reaction
rcl = kcl*KEB* (Peb-Pst*Ph2/Keq) / (1+KEB*Peb+KH2*Ph2+KST*Pst) "2
rc2 = kc2*KEB*Peb/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc3 = kc3*KEB*Peb*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) "2

rc4 kc4*KST*Pst*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rtl = ktl* (Peb-Pst*Ph2/Keq)
rt2 = kt2*Peb

rt3 = kt3*Peb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kec3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*1073/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*1073/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*1073/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) ;At2=2.4217*10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*10"3/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltaSsS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.15%3)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltasSO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (=3)
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;deltac=(-40.23-1.381+48.11)*10"(-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T*2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"4-298.15"4)
HRX2 = HRX20+deltaal2* (T-298.15)+deltab2/2* (T"2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"4-298.15"4)
HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T"2-298.15"2)+deltac3/3* (T"3-
298.15"3)+deltad3/4* (T*4-298.15"4)
HRX4 = HRX40+deltaad* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4/4* (T*4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10"(-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)
HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10"(-8)
HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10"(-2)
;deltac3=23.04*10"(-5) ;deltad3=-9.9955*10" (-8)
HRX40=-172370 ;deltaa4=-31.13 ;deltab4=-6.9818*10" (-2)
;deltac4=16.54*10"(-5) ;deltad4=-7.685*10" (-8)

//Bed properties

voidB = l-densityB/densityS
densityB = 1422

densityS = 2500

voidcat = 0.4
dp = 0.0055

rp = dp/2

Ac = pi*rb”"2

rb = 3.5

Lb = 1.33

//Properties of component
MWeb = 106.167

MWst = 104.151

MWbz = 78.113

MWto = 92.14

MWh2 = 2.016

MWh2o0= 18.015

MWcl = 16.043

MWc2 = 28.054

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;beb=6.0671*10"(-3) ;ceb=-3.8625*10"(-6) ;deb=9.1282*10" (-10)
Cpst = ast+bst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10" (-3) ;Ccst=-3.0018*10" (-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10"(-10)
Cpto = atotbto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10"(-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57

;bh2=4.637*10" (-3) ;ch2=-6.905*10" (-6) ;dh2=38.23*10"(-10)
Cph20= ah2o0+bh20*T+ch20*T"2+dh20*T"3 ;ah20=1.79111
;bh20=0.1069*10" (-3) ;ch20=0.58611*10"(-6) ;dh20=-1.998*10" (-10)

//Properites of fluid

v0 = FtO*R*TO/P0*10" (-2)

us0= v0/Ac

Re = feeddenO*dp*us0/ (vis*3600)
us = v/Ac

G = feeddenO*v0/Ac



142

feedden0 = (Feb0*MWeb+Fst0*MWst+Fbz0*MWbz+Fto0*MWto+Fh20*MWh2+Fh200*MWh20
+Fcl0*MWcl+Fc20*MWc2) /v0

vis=yl*visl/ (yl*phill+y2*phil2+y3*phil3+y4*phild+y5*phil5+y6*phil6)+y2*vis2/
(y1*phi21+y2*phi22+y3*phi23+y4*phi24+y5*phi25+y6*phi26) +y3*vis3/ (yl*phi3l+y2
*phi32+y3*phi33+y4*phi34+y5*phi35+y6*phi36) +yd*visd/ (yl*phidl+y2*phid2+y3*ph
143+y4*phid4+y5*phid5+y6*phid6) +y5*vis5/ (yl*phib5l+y2*phi52+y3*phi53+y4*phi54
+y5*phi55+y6*phi56) +y6*vis6/ (yl*phi6l+y2*phi62+y3*phi63+y4*phi64+y5*phi65+y6
*phi66)

visl=10"(-7)*(4.61*Tr170.618-2.04*exp (-0.449*Trl)+1.94*%exp (-4.058*Tr1)+0.1)/
(Tcl™(1/6)*MW1” (-1/2) *Pcl”™(-2/3))

;Tr1=T/Tcl ;Tcl=617.2 ;MW1=106.16 ;Pcl=36 //EB

vis2=10"(=-7)* (4.61*Tr270.618-2.04*exp (-0.449*Tr2)+1.94*exp (-4.058*Tr2)+0.1) /
(Tc2”(1/6) *MW2~ (-1/2) *Pc2” (-2/3))

; Tr2=T/Tc2 ;Tc2=647.0 ;MW2=104.14 ;Pc2=39.9 //ST
vis3=10"(=7)*(4.61*Tr370.618-2.04*exp (-0.449*Tr3)+1.94*exp (-4.058*Tr3)+0.1)/
(Tec3”(1/6)*MW3” (-1/2) *Pc3”(-2/3))

; Tr3=T/Tc3 ; Tc3=562.2 ;MW3=78.11 ;Pc3=48.9 //BZ
visd=10"(-7)*(4.61*Tr470.618-2.04*exp (-0.449*Tr4)+1.94*%exp (-4.058*Tr4)+0.1) /
(Tc4”™ (1/6) *MW4™ (-1/2) *Pc4d”™ (-2/3))

; Tr4=T/Tc4 ;Tc4=591.8 ;MW4=92.11 ;Pcd=41 //TO
vis5=10"(-7)*26.69*sqrt (MW5*T) /zigma5"2/omegab ;MW5=2 ;zigma5=2.827
;omegab5=1.16145/(T5)"0.14874+0.52487*exp (-0.77320*T5)+2.16178*exp (-
2.43787*T5) ;T5=T/59.7 //H2

vis6=10"(-7) *26.69*sqrt (MW6*T) /zigma6"2/omega62 ;MW6=18 ;zigma6=2.641
;omega6=1.16145/(T6)"0.14874+0.52487*exp (-0.77320*T6)+2.16178*exp (-
2.43787*T6) ;T6=T/809.1 ;omega62=omegab6+0.2/T6 //H20
phill=(1+(visl/visl) " (1/2)* (MW1/MW1) "~ (1/4))"2/(8* (1+MW1/MW1) )"~ (1/2)
phil2=(1+(visl/vis2) " (1/2)* (MW2/MW1) "~ (1/4))"2/(8* (1+MW1/MW2) )"~ (1/2)
phil3=(1+(visl/vis3)"(1/2)* (MW3/MW1) " (1/4))"2/ (8* (1+MW1/MW3) )" (1/2)
phild=(1+(visl/visd)~(1/2)* (MW4/MW1) " (1/4))"2/ (8* (1+MW1/MW4) )"~ (1/2)
phil5=(1+(visl/vis5)*(1/2)* (MW5/MW1)~(1/4))"2/ (8* (1+MW1/MW5) )" (1/2)
phil6é=(1+(visl/vis6) " (1/2)* (MW6/MW1) ~(1/4))"2/(8* (1+MW1/MW6) )"~ (1/2)
phi2l=(1+(vis2/visl) "~ (1/2)* (MW1/MW2) " (1/4))"2/ (8* (1+MW2/MW1) )"~ (1/2)
phi22=(1+(vis2/vis2) " (1/2)* (MW2/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW2) )"~ (1/2)
phi23=(1+(vis2/vis3)*(1/2)* (MW3/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW3) )" (1/2)
phi24=(1+(vis2/visd)~(1/2)* (MW4/MW2) ~(1/4)) "2/ (8* (1+MW2/MW4) )~ (1/2)
phi25=(1+(vis2/vis5)*(1/2)* (MW5/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW5) )"~ (1/2)
phi26=(1+(vis2/vis6) "~ (1/2)* (MW6/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW6) )~ (1/2)
phi31l=(1+(vis3/visl) "~ (1/2)* (MW1/MW3) " (1/4))"2/(8* (1+MW3/MW1) )"~ (1/2)
phi32=(1+(vis3/vis2) "~ (1/2)* (MW2/MW3) "~ (1/4))"2/(8* (1+MW3/MW2) )" (1/2)
phi33=(1+(vis3/vis3)*(1/2)* (MW3/MW3) "~ (1/4))"2/ (8* (1+MW3/MW3) )" (1/2)
phi34=(1+(vis3/visd)~(1/2)* (MW4/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW4) )"~ (1/2)
phi35=(1+ (vis3/vis5) "~ (1/2)* (MW5/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW5) )"~ (1/2)
phi36=(1+(vis3/vis6)*(1/2)* (MW6/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW6) )" (1/2)
phidl=(1+(visd/visl) " (1/2)* (MW1/MW4) " (1/4))"2/(8* (1+MW4/MW1) )"~ (1/2)
phid2=(1+(visd/vis2) " (1/2)* (MW2/MW4) "~ (1/4))"2/(8* (1+MW4/MW2) )"~ (1/2)
phid3=(1+(visd/vis3) " (1/2)* (MW3/MW4) "~ (1/4))"2/(8* (1+MW4/MW3) )" (1/2)
phidd=(1+ (visd/visd)~(1/2)* (MWA/MWA) ~(1/4)) "2/ (8* (1+MW4/MW4) )"~ (1/2)
phid5=(1+ (vis4/vis5)*(1/2)* (MW5/MW4) "~ (1/4)) "2/ (8* (1+MW4/MW5) )"~ (1/2)
phid6=(1+ (visd/vis6)~(1/2)* (MW6/MW4) ~(1/4)) "2/ (8* (1+MW4/MW6) )" (1/2)
phi51=(1+(vis5/visl)~(1/2)* (MW1/MW5) "~ (1/4))"2/ (8* (1+MW5/MW1) )"~ (1/2)
phi52=(1+(vis5/vis2) "~ (1/2)* (MW2/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW2) )"~ (1/2)
phi53=(1+(vis5/vis3) "~ (1/2)* (MW3/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW3) )~ (1/2)
phi54=(1+ (vis5/visd)~(1/2)* (MW4/MW5) ~ (1/4)) "2/ (8* (1+MW5/MW4) )"~ (1/2)
phi55=(1+ (vis5/vis5)*(1/2)* (MW5/MW5) ~ (1/4)) "2/ (8* (1+MW5/MW5) )~ (1/2)
phi56=(1+ (vis5/vis6)~(1/2)* (MW6/MW5) "~ (1/4)) "2/ (8* (1+MW5/MW6) )"~ (1/2)
phi6l=(1+(vis6/visl)~(1/2)* (MW1/MW6) "~ (1/4))"2/ (8* (1+MW6/MW1) )"~ (1/2)
phi62=(1+(vis6/vis2) " (1/2)* (MW2/MW6) " (1/4)) "2/ (8* (1+MW6/MW2) )~ (1/2)
phi63=(1+(vis6/vis3)~(1/2)* (MW3/MW6) " (1/4)) "2/ (8* (1+MW6/MW3) )~ (1/2)
phi6d=(1+(vis6/visd)~(1/2)* (MWA/MW6) "~ (1/4)) "2/ (8* (1+MW6/MW4) )~ (1/2)



phi65=(1+(vis6/visb) " (1/2)* (MW5/MW6) "~ (1/4))"2/(8* (L+MW6/MW5) )~ (1/2)
phi66=(1+(vis6/vis6) " (1/2)* (MW6/MW6) "~ (1/4)) "2/ (8* (L+MW6/MW6) ) " (1/2)

//Feed

Feb0 = 707

Fst0 = 7.104

Fbz0 = 0.293

Fto0 = 4.968

Fh20 = 0

Fh200= 7777

Fcl0 = 0

Fc20 = 0

Ft0 = Feb0+Fst0+Fbz0+Fto0+Fh20+Fh200+Fcl10+Fc20
PO = 1.25

TO = 886
//Profile

Feb = Feb0* (1-XEB)
Fst = Fst0+Feb0*XST
Fbz = Fbz0+Feb0*XB7Z
Fto = Fto0+Feb0*XTO
Fh2 = Fh20+Feb0*XH2
Fcl = FclO0+Feb0*XTO
Fc2 = Fc20+Feb0*XBZ
Peb = Feb/Ft*P

Pst = Fst/Ft*P

Ph2 = Fh2/Ft*P

Pbz = Fbz/Ft*P

Pto = Fto/Ft*P

Ceb = Feb/v

Cst = Fst/v

Ch2 = Fh2/v

Cbz = Fbz/v

Cto = Fto/v

Ceb0 = Feb0/v0

Cst0 = Fst0/v0

Ch20 = Fh20/v0

Cbz0 = Fbz0/v0

Cto0 = Fto0/v0

meb = MWeb*Feb
mst = MWst*Fst
mbz = MWbz*Fbz
mto = MWto*Fto
mh2 = MWh2*Fh2
mh2o0= MWh20*Fh200
mcl = MWcl*Fcl

mc2 = MWc2*Fc2

mt = meb+mst+mbz+mh2+mto+mcl+mc2+mh20
yl=Feb/Ft

y2=Fst/Ft

y3=Fbz/Ft

y4=Fto/Ft

y5=Fh2/Ft

y6=Fh200/Ft
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//Result

SST = XST/XEB*100
SBZ = XBZ/XEB*100
STO XTO/XEB*100

integral z[0,Lb]
output XEB,SST,SBZ,STO,P,T

Result:

XEB = 0.3448613
SST = 97.90016
SBZ = 1.128509
STO = 0.9713318
p = 1.044869
T = 826.4452
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4. Model4 : Heterogeneous model account for internal and external transfer

EQUATRAN code:
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function diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T0,P;Cseb,Csst,Csbz,Csto,Csh2,

T,Cseb',Csst',Csbz',Csto',Csh2',T',Deebs, Dests, Debzs, Detos, Deh2s, ke)

Deebs*Cseb''+Cseb'*2/r*Deebs+Cseb'*Deebs'= (densityS* (rcls+rc2s+rc3s)
+voidcat* (rtls+rt2s+rt3s)) ; Cseb#Cseb0 ;Cseb'#0
Dests*Csst''+Csst'*2/r*Dests+Csst'*Dests'= - (densityS* (rcls-rcds)+voidcat
*(rtls)) ;Csst#Csst0 ;Csst'#0
Debzs*Csbz''+Csbz'*2/r*Debzs+Csbz'*Debzs'= - (densityS* (rc2s)+voidcat* (rt2s))
;Csbz#Csbz0 ;Csbz'#0
Detos*Csto''+Csto'*2/r*Detos+Csto'*Detos'= - (densityS* (rc3s+rcds)+voidcat
*(rt3s)) ;Csto#Cstol ;Csto'#0
Deh2s*Csh2''+Csh2'*2/r*Deh2s+Csh2'*Deh2s'= - (densityS* (rcls-rc3s-2*rcds)
+voidcat* (rtls-rt3s)) ;Csh2#Csh20 ;Csh2'#0
T''"+T'*2/r = - (-(rcls*densityS+rtls*voidcat)*HRX1- (rc2s*densityS+rt2s

*voidcat) *HRX2- (rc3s*densityS+rt3s*voidcat) *HRX3-rcds*densityS*HRX4) /ke
T#TO ;T'#0

Cseb = Pseb/R/T*10"2
Csst = Psst/R/T*10"2
Csh2 = Psh2/R/T*10"2
Csbz = Psbz/R/T*10"2
Csto = Psto/R/T*10"2

Cseb0 = Pseb0/R/T0*10"2
Csst0 = Psst0/R/T0*10"2
Csh20 = Psh20/R/T0*10"2
Csbz0 = Psbz0/R/T0*10"2
Csto0 = Psto0/R/T0*10"2

rcls = kcl*KEB* (Pseb-Psst*Psh2/Keq) / (1+KEB*Pseb+KH2*Psh2+KST*Psst) "2
rc2s = kc2*KEB*Pseb/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rc3s = kc3*KEB*Pseb*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) "2

rcds = kc4*KST*Psst*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rtls = ktl* (Pseb-Psst*Psh2/Keq)
rt2s = kt2*Pseb

rt3s = kt3*Pseb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*%exp (-E2*10"~3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kc3 = A3*exp (-E3*10"°3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kcd = Ad*exp (-E4*10°3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*10"3/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*10"3/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*10"3/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215%10"16 ;Et1=272.23

kt2 = At2*%exp (-Et2*1073/R/T) JAE2=2.4217%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224*10"17 ;E£3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltasS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.1573)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"*3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltaSO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (-3)



;deltac=(-40.23-1.381+48.11)*10"(-5)
R = 8.314
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;deltad=(99.35+7.645-130.1)*10" (-9)

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T*2-298.15"2)+deltacl/3* (T"3-

298.1573)+deltadl/4* (T"4-298.15%4)

HRX2 = HRX20+deltaa2* (T-298.15)+deltab2/2*(T"2-298.15"2) +deltac2/3* (T"3-

298.1573)+deltad2/4* (T"4-298.15"4)

HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2*(T"2-298.15"2)+deltac3/3* (T"3-

298.1573)+deltad3/4* (T"4-298.15%"4)

HRX4 = HRX40+deltaad* (T-298.15)+deltab4/2*(T"2-298.15"2)+deltacd/3* (T"3-

298.15%3)+deltad4/4* (T"4-298.15"4)
HRX10=117690 ;deltaal=41.99
;deltacl=6.499*10" (-5)
HRX20=105510 ;deltaa2=12.986
;deltac2=9.592*10" (-5)
HRX30=-54680 ;deltaa3=10.86
;deltac3=23.04*10"(-5)
HRX40=-172370 ;deltaa4=-31.13
;deltac4=16.54*10"(-5)
Cpeb = aebtbeb*T+ceb*T"2+deb*T"3
;beb=6.0671*10" (-3)

Cpst = ast+bst*T+cst*T"2+dst*T"3
;bst=5.564*10" (-3)

Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3
;bbz=6.6616*10" (-3)

Cpto = atotbto*T+cto*T"2+dto*T"3
;bto=5.9142*10" (-3)

Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3
;bh2=4.637*10" (-3)

;ceb=-3.8625*10"(-6)
;cst=-3.0018*10"(-6)
;cbz=-4.5318*10" (-6)
;cto=-3.8631*10" (-6)
;ch2=-6.905*10" (-6)

Cph20= ah2o0+bh20*T+ch20*T*2+dh20*T"3
;bh20=0.1069*10"(-3) ;ch20=0.58611*10" (-6)

;deltabl=-8.2026*10"(-2)
;deltadl=-2.311*10"(-8)
;deltab2=-7.67*10"(-2)
;deltad2=-4.125*10"(-8)
;deltab3=-15.1844*10"(-2)
;deltad3=-9.9955*10" (-8)
;deltab4=-6.9818*10" (-2)
;deltad4=-7.685*10" (-8)

;aeb=-0.43426
;deb=9.1282*10"(-10)
;ast=-0.26436
;dst=5.3317*10"(-10)
;abz=-0.40599
;dbz=12.255*10" (-10)
;ato=-0.27127
;dto=9.54*10"(-10)
;ah2=13.57
;dh2=38.23*10"(-10)
;ah20=1.79111
;dh20=-1.998*10" (-10)

Deebs' = voidcat/tor/10000*3600* (1-y1l)/(y2/D12+y3/D13+y4/D14+y5/D15+y6/D16)

*1.75*T~(0.75)*T"' ;Deebs#DeebsO

Dests' = voidcat/tor/10000%3600* (1-y2)/ (yl/D21+y3/D23+y4/D24+y5/D25+y6/D26)

*1.75*T"(0.75)*T"' ;Dests#Dests0

Debzs' = voidcat/tor/10000%3600* (1-y3)/ (y1l/D31+y2/D32+y4/D34+y5/D35+y6/D36)

*1.75*T*(0.75)*T"' ;Debzs#Debzs0

Detos' = voidcat/tor/10000*3600* (1-y4)/(yl/D41+y2/D42+y3/D43+y5/D45+y6/D46)

*1.75*T~(0.75)*T"' ;Detos#DetosO

Deh2s' = voidcat/tor/10000%3600* (1-y5)/ (y1/D51+y2/D52+y3/D53+y4/D54+y6/D56)

*1.75*T"(0.75)*T"' ;Deh2s#Deh2s0

Deebs0 = voidcat/tor/10000%3600* (1-y10) / (y20/D12+y30/D13+y40/D14+y50/D15

+y60/D16) *T0"1.75

Dests0 = voidcat/tor/10000*3600* (1-y20)/ (y10/D21+y30/D23+y40/D24+y50/D25

+y60/D26) *T0~1.75

Debzs0 = voidcat/tor/10000%3600% (1-y30)/ (y10/D31+y20/D32+y40/D34+y50/D35

+y60/D36) *T0"1.75

Detos0 = voidcat/tor/10000*3600* (1-y40)/(y10/D41+y20/D42+y30/D43+y50/D45

+y60/D46) *T0"1.75

Deh2s0 = voidcat/tor/10000%3600% (1-y50)/ (y10/D51+y20/D52+y30/D53+y40/D54

+y60/D56) *T0"1.75
y10=Pseb0/P ;y20=Psst0/P
;y60=1-y10-y20-y30-y40-y50

yl=Pseb/P ;y2=Psst/P ;y3=Psbz/P
;y6=1-yl-y2-y3-y4-y5

v1=132 ;v2=127.38 ;v3=90.96

M1=106.16 ;M2=104.14 ;M3=78.11

; y30=Psbz0/P

;y40=Psto0/P ;y50=Psh20/P

;y4=Psto/P ; y5=Psh2/P
;v4=111.48 ;vh=6.12 ;vo=13.1
;M4=92.11 ;s M5=2 ;M6=18

D12= 0.00143/P/M12~(1/2)/(v1~(1/3)+v2~(1/3))"2 ;M12 = 2* (1/M1+1/M2)" (-1)

D13= 0.00143/P/M13~(1/2)/(v1"~(1/3)+v3~(1/3))"2 ;M13

2*(1/M1+1/M3) ~ (-1)



D14=
D15=
D16=
D21=
D23=
D24=
D25=
D26=
D31=
D32=
D34=
D35=
D36=
D41=
D42=
D43=
D45=
D4 6=
D51=
D52=
D53=
D54=
D56=

ke
K

O O O O OO O OO OO0 OO0 oooooo

Ks”

.00143/p/M14"
.00143/p/M15"
.00143/p/M16"
.00143/p/M21"
.00143/p/M23"
.00143/p/M24"
.00143/p/M25"
.00143/p/M26"
.00143/pP/M31"
.00143/p/M32"
.00143/pP/M34"
.00143/P/M35"
.00143/pP/M36"
.00143/p/M41"
.00143/p/M42"
.00143/p/M43"
.00143/p/M45"
.00143/p/M46"
00143/p/M51"
.00143/p/M52"
.00143/P/M53"
.00143/p/M54"
.00143/p/M56"

1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2

)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (
)/ (

(1-voidcat) *K*voidcat*10" (
yveb*kl/ (yst*Al2+ybz*Al3+yto*Al4+yh2*Al5+yh20*A16)

v1”(1/3)+v4~(1/3))
v1™(1/3)+v5°(1/3))
v1t(1/3)+v6~(1/3))
v22(1/3)+v1” (1/3))
v22(1/3)+v3”~(1/3))"
v2~(1/3)+v4n (1/3))
v2°(1/3)+v5~(1/3))
v2~(1/3)+ve” (1/3))
v32(1/3)+v1”(1/3))
v32(1/3)+v27(1/3))
v3M(1/3)+v4n~(1/3))
w3~ (1/3)+v5~(1/3))
v3r(1/3)+ve” (1/3))
v4~ (1/3)+v1”(1/3))
va~ (1/3)+v2”(1/3))
v4r (1/3)+v3~(1/3))
v4” (1/3)+v5~(1/3))
v4r (1/3)+v6~ (1/3))
w52 (1/3)+v1~(1/3))
v5” (1/3)+v2" (1/3))
v52(1/3)+v3~(1/3))
v5* (1/3)+v4~ (1/3))
v5” (1/3)+v6~ (1/3))
-3)*3600

;M14
;M15
;M16
;M21
;M23
,M24
;M25
;M26
;M31
;M32
;M34
;M35
;M36
;M41
s M42
;M43
;M45
;M46
;M51
;M52
;M53
;M54
;M56

* (1/M1+1/M4) " (-1)
*(1/M1+1/M5) ~ (-1)
*(1/M1+1/M6) "~ (-1)
*(1/M2+1/M1) "~ (-1)
*(1/M2+1/M3) "~ (-1)
*(1/M2+1/M4) "~ (-1)

* (1/M2+1/M5) ~ (-1)
*(1/M2+1/M6) "~ (-1)
*(1/M3+1/M1) "~ (-1)
*(1/M3+1/M2) "~ (-1)
* (1/M3+1/M4) ~ (-1)

*(1/M3+1/M5) "~ (-1)

*(1/M3+1/M6) "~ (-1)

* (1/M4+1/M1) " (-1)

* (1/M4+1/M2) " (-1)

*(1/M4+1/M3) "~ (-1)

*(1/M4+1/M5) ~ (-1)

*(1/M4+1/M6) "~ (-1)

*(1/M5+1/M1) "~ (-1)

* (1/M5+1/M2) ~ (-1)

*(1/M5+1/M3) "~ (-1)

*(1/M5+1/M4) "~ (-1)

*(1/M5+1/M6) ~ (-1)
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+yst*k2/ (yeb*A21+ybz*A23+yto*A24+yh2*A25+yh20%A26) +ybz*k3/ (yeb*A31+yst*A32+y
to*A34+yh2*A35+yh20*A36) +ytorkd/ (yeb*Ad1l+yst*A42+ybz *Ad3+yh2*A45+yh20*A46) +y
h2*k5/ (yeb*A51+yst*A52+ybz*A53+yto*A54+vh20*A56) +yh20*k6/ (yeb*A6l+yst*A62+yb
Z*A63+yto*A64+yh2*A65)

Ks = 44

Tcl= 617.2 ;Tc2 = 636 ;Tc3 = 562.2

;Tcd = 591.8 ;TcS = 33.19 ;Tc6 = 647.1

Pcl = 36.06 ;Pc2 = 38.4 ; Pc3
;Pcd = 41.06 ;Pc5 = 13.13 ;Pc6b = 220.55

vecl = 374 ;Vec2 = 352 ;Ve3 =
;Ved = 316 ; Ve = 64.1 ;Vece =
wl = 0.303 ;w2 = 0.297 ;w3
;wh = 0.262 ;wh = -0.216 ;WO
MW1 = 106.167;MW2 = 104.152 ;MW3 = 78.114
;MWS = 2.061 ;MWe = 18.015

Ll = 377 ;L2 = 505.0424839;1L3 = 412.3
;L5 = 59.7 ;L6 = 809.1

yeb = yl ;yst = y2 ;ybz = y3 ;yto
T1 = 210* (Tcl*MW1"3/Pcl™4)~(1/6)

T2 = 210* (Tc2*MW2"3/Pc274) " (1/6)

T3 = 210* (Tc3*MW3"3/Pc374)~(1/6)

T4 = 210* (Tc4*MW4"~3/Pcd”4)~(1/6)

T5 = 210* (Tc5*MW5~3/Pc574) "~ (1/6)

T6 = 210* (Tc6*MW6~3/Pc6”4) " (1/6)

Trl = T/Tcl

Tr2 = T/Tc2

Tr3 = T/Tc3

Tr4 = T/Tc4

Tr5 = T/Tc5

Tr6 = T/Tcé6

Al2 = voildcat* (1+(T2* (exp (0.0464*Trl) —exp (
/(exp(0.0464*Tr2) -exp(-0.2412*Tr2)))* (MW1/MW2)
Al3 = voildcat* (1+(T3* (exp (0.0464*Trl) —-exp (
/(exp(0.0464*Tr3) -exp(-0.2412*Tr3)))* (MW1/MW3)

48.98
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55.9

= 0.21

= 0.345

;MW4 = 92.141

;L4 = 377

v4 ;yh2 = y5 ;yh2o0

-0.2412*Trl)) /Tl
~0.25) 72/ (8%
-0.2412*Trl)) /Tl
~0.25) 72/ (8%

(1+MW1/Mw2) ) ~0.

(1+MW1/MW3) ) ~0.

5

5

y6



Al4 = voidcat* (1+(T4* (exp (0.0464*Trl) —exp (
/ (exp(0.0464*Trd) -exp (-0.2412*Trd)) ) * (MW1/MW4)
AlS5 = voidcat* (1+(T5* (exp (0.0464*Trl) —exp (
/(exp(0.0464*Tr5) -exp (-0.2412*Tr5)) ) * (MW1/MW5)
Alb6 = voidcat* (1+(T6* (exp (0.0464*Trl) —exp (
/ (exp(0.0464*Tr6) —exp (-0.2412*Tr6)) ) * (MW1/MW6)
A21 = voidcat* (1+(T1* (exp (0.0464*Tr2) —-exp (
/(exp(0.0464*Trl)-exp(-0.2412*Trl))) * (MW2/MW1)
A23 = voidcat* (1+(T3* (exp (0.0464*Tr2) —exp (
/(exp (0.0464*Tr3) -exp(-0.2412*Tr3))) * (MW2/MW3
A24 = voidcat* (1+(T4* (exp (0.0464*Tr2) —exp (
/(exp(0.0464*Trd) -exp(-0.2412*Trd)) ) * (MW2/MW4)
A25 = voidcat* (1+(T5* (exp (0.0464*Tr2) —exp (
/ (exp(0.0464*Tr5) -exp (-0.2412*Tr5)) ) * (MW2/MW5)
A26 = voidcat* (1+(T6* (exp (0.0464*Tr2) —exp (
/(exp(0.0464*Tr6) —exp (-0.2412*Tr6)) ) * (MW2/MW6)
A31 = voidcat* (1+(T1* (exp (0.0464*Tr3) —exp (
/(exp(0.0464*Trl) -exp(-0.2412*Trl)) ) * (MW3/MW1)
A32 = voidcat* (1+(T2* (exp (0.0464*Tr3) —exp (
/ (exp(0.0464*Tr2)-exp(-0.2412*Tr2)) ) * (MW3/MW2)
A34 = voidcat* (1+(T4* (exp (0.0464*Tr3) —exp (-

/(exp(0.0464*Trd) —exp(-0.2412*Trd)))* (MW3/MW4)
A35 = voidcat* (1+(T5* (exp(0.0464*Tr3) —exp (-

/ (exp(0.0464*Tr5) —exp (-0.2412*Tr5)) ) * (MW3/MW5)
A36 = voidcat* (1+(T6* (exp (0.0464*Tr3) —exp (-

/ (exp(0.0464*Tr6) —exp (-0.2412*Tr6) ) ) * (MW3/MW6)
A41 = voidcat* (1+(T1* (exp (0.0464*Tr4d) —exp (
/ (exp(0.0464*Trl)-exp(-0.2412*Trl)) ) * (MW4 /MWL)
A42 = voidcat* (1+(T2* (exp (0.0464*Tr4d) —exp (
/(exp(0.0464*Tr2) —exp(-0.2412*Tr2)) ) * (MW4/MW2)
A43 = voidcat* (1+(T3* (exp (0.0464*Tr4d) —exp (
/ (exp(0.0464*Tr3) -exp (-0.2412*Tr3)) ) * (MW4/MW3
A45 = voidcat* (1+(T5* (exp (0.0464*Tr4) —exp (
/ (exp (0.0464*Tr5) —exp (=0.2412*Tr5) ) ) * (MW4 /MW5)
Ado6 = voidcat* (1+(T6* (exp (0.0464*Tr4d) —exp (=

A51 = voidcat* (1+(T1* (exp (0.0464*Tr5) —exp (
/ (exp(0.0464*Trl)-exp(-=0.2412*Trl)) ) * (MW5/MW1)
A52 = voidcat* (1+(T2* (exp (0.0464*Tr5) —exp (

A53 = voidcat* (1+(T3* (exp (0.0464*Tr5) —exp (
/ (exp (0.0464*Tr3) —exp (-0.2412*Tr3))) * (MW5/MW3
A54 = voidcat* (1+(T4* (exp (0.0464*Tr5) —exp (
/(exp(0.0464*Trd) —exp(-0.2412*Trd)) ) * (MW5/MW4)
A56 = voidcat* (1+(T6* (exp (0.0464*Tr5) —exp (
/ (exp(0.0464*Tr6) —exp (-0.2412*Tr6) ) ) * (MW5/MW6
A6l = voidcat* (1+(T1* (exp (0.0464*Tr6) —exp (
/ (exp(0.0464*Trl) -exp(-0.2412*Trl)))* (MW6/MW1)
AG2 = voidcat* (1+(T2* (exp (0.0464*Tr6) —exp (
/(exp(0.0464*Tr2) —-exp(-0.2412*Tr2)))* (MW6/MW2)
AG3 = voildcat* (1+(T3* (exp (0.0464*Tr6) —exp (
/(exp(0.0464*Tr3) -exp(-0.2412*Tr3)) ) * (MW6/MW3)
A64 = voildcat* (1+(T4* (exp(0.0464*Tr6) —exp (
/(exp(0.0464*Trd) -exp(-0.2412*Trd)))* (MW6/MW4)
AGS5 = voidcat* (1+(T5* (exp (0.0464*Tr6) —exp (
/ (exp(0.0464*Tr5) —exp (-0.2412*Tr5)) ) * (MW6/MW5

~0.25) "2/ (

—0.2412*Trl)
~0.25) "2/ (8%
-0.2412*Tr2)) /T2
~0.25) 72/ (8%
—0.2412*Tr2)
)~0.25) 72/ (

—0.2412*Tr2)

~0.25) "2/ (

~0.25) 72/ (

-0.2412*Trl))/T1
~0.25) "2/ (8%
—0.2412*Trl)

(1+MW1/MwW4) )

/Tl
(1+MW1/MW5)
/T1

(1+MW1/MW6) )

(1+MW2/MW1) )

/T2
(1+MW2 /MW3)
/T2

~0.

~0.

~0.

~0.

~0.

(1+MW2/MW4) ) ~0.

—0.2412*Tr2))/T2
~0.25) 72/ (8%
-0.2412*Tr2)) /T2
~0.25) 72/ (8% (1L+MW2/MW6) )
—0.2412*Tr3)

(1+MW2/MW5) )

/T3
(1+MW3/MW1)

—0.2412*Tr3))/T3

~0.25)"2/(8* (1+MW3/MW2) )

0. 2412*Tr3))/T3

~0.25) 72/ (
0. 2412*Tr3)
20.25) 72/ (

(1+MW3/MW4)
/T3
(1+MW3/MW5)

O.2412*Tr3))/T3

~0.25) 72/ (8%
-0.2412*Tr4)) /T4
~0.25)72/(8*
—0.2412*Tr4)

~0.25) 72/ (

—0.2412*Tr4)
)~0.25) 72/ (8%
-0.2412*Tr4)) /T4
~0.25)72/ (8%
0.2412*Tr4))
/ (exp (0.0464*Tr6) —exp(-0.2412*Tr6)) ) * (MW4/MW6)~0.25) 2/ (8* (1+MW4 /MW6) )
-0.2412*Tr5))
~0.25) 72/ (8%
-0.2412*Tr5)) /T5
/ (exp(0.0464*Tr2) —exp (=0.2412*Tr2)) ) * (MW5/MW2) ~0.25) ~2/ (8* (1+MW5/MW2) )
—0.2412*Tr5)
)~0.25) 72/ (
—0.2412*Tr5)

~0.25) 72/ (

)~0.25) 72/ (8%

(1+MW3/MW6) )

(1+MwW4 /MW1) )

/T4
(1+MW4 /MW2)
/T4

(1+MwW4 /MW3) )

(1+MwW4 /MW5) )

/T4

/T5

(1+MW5/MW1) )

/T5
(1+MW5/MW3) )

/T5
(1+MW5/MW4)

—O.2412*Tr5))/T5
)~0.25) 72/ (8* (1+MW5/MW6) ) ~0
-0.2412*Tr6))/T6
~0.25)72/ (8%
-0.2412*Tr6))
~0.25)72/ (8%
-0.2412*Tr6))/T6
~0.25)72/ (8%
-0.2412*Tr6))/T6
~0.25)72/ (8%
-0.2412*Tr6)

(1+MW6 /MWL) )

/T6

(1+MW6/MW2) )
(1+MW6/MW3) )
(1+MW6/MW4) )

)/T6
(1+MW6/MW5) )

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

~0.

omegavl=1.16145/(T/L1)"~0.14874+0.52487*EXP(-0.7732* (T/L1))+2.16178*EXP (-

2.43787*(T/L1))

omegav2=1.16145/(T/L2)"~0.14874+0.52487*EXP (-0.7732* (T/L2))+2.16178*EXP (-

2.43787* (T/L2))
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omegav3=1.16145/(T/L3)"0.14874+0.52487*EXP (-0.7732* (T/L3))+2.16178*EXP (-
2.43787*(T/L3))
omegav4=1.16145/(T/L4)"0.14874+0.52487*EXP (-0.7732* (T/L4))+2.16178*EXP (-
2.43787*(T/L4))
omegav5=1.16145/(T/L5)"0.14874+0.52487*EXP (-0.7732* (T/L5))+2.16178*EXP (-
2.43787* (T/L5))
omegav6=1.16145/(T/L6)"0.14874+0.52487*EXP (-0.7732* (T/L6))+2.16178*EXP (-
2.43787* (T/L6))

visl=10"(-7)*(4.61*Tr1"70.618-2.04*%exp (-0.449*Trl)+1.94%exp(-4.058*Trl)+0.1)
/(Tcl™(1/6)*MW1" (-1/2)*Pcl”(-2/3))

vis2=10"(-7)*(4.61*Tr270.618-2.04*%exp (-0.449*Tr2)+1.94*%exp (-4.058*Tr2)+0.1)
/(Tc2”(1/6) *MW2" (=1/2) *Pc2” (-2/3))

vis3=10"(-7)*(4.61*Tr370.618-2.04%exp (-0.449*Tr3)+1.94*%exp (-4.058*Tr3)+0.1)
/(Tc37(1/6) *MW3" (-1/2) *Pc3” (-2/3))

visd=10"(-7)*(4.61*Tr470.618-2.04*%exp (-0.449*Tr4)+1.94*%exp (-4.058*Tr4)+0.1)
/(Tcd”™ (1/6) *MW4™ (-1/2) *Pcd” (-2/3))

vis5=10"(-7) *26.69*sqrt (MW5*T) /zigma5"2/omegab ;zigma5=2.827

;omegab5=1.16145
2.43787*T55)
vis6=10" (
;omega6=1.16145
2.43787*T66)

al=(Cpeb*MW1l-8.
Cpst*MW2-8.
Cpbz*MW3-8
Cpto*MW4-8.
Cph2*MW5-8.

az=
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o U b W
[ |

.7862-0.
.7862-0.
.7862-0.
.7862-0.
.7862-0.
B6=0.7862-0.
z1=2+10.5* (T/Tc
z2=2+10.5* (T/Tc
z3=2+10.5* (T/Tc
z4=2+10.5* (T/Tc
z5=2+10.5* (T/Tc
z6=2+10.5* (T/Tc
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710
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pil=1l+al* 21
21
21
21

((0.
pi2=1+a2* ( (0.
pi3=1+a3* ( (0.
pid=1+ad* ( (0.
pi5=1+ab5* ((0.21
pi6=1+a6* ((0.21
k1=3.75*pil*8.
k2=3.75*pi2*8.
k3=3.75*pi3*8.3
k4=3.75*pid*8.3
k5=3.75*pi5*8.
k6=3.75*pi6*8.3

voidB =
densityB =
densityS =

1422
2500

voidcat =

tor = 3

/(T55)

;T55=T/59.7
-7)*26.69*sqrt (MW6*T) /zigma6"2/omega6?2
~0.14874+0.52487*exp (-
;omega62=omegab+0.2/T6

/ (T66)

;T66=T/809.1
314)/8.
314)/8.
.314) /8.
314)/8.
314)/8.
Cph20*MW6-8.314) /8.314-3/2
O*wl+1.
9*w2+1.
9*w3+1.
9*wid+1.
9*wh+1.
9*wo+1.

1)~2
2
3
4
5
6) "

5+O.
5+0.
5+0.
5+0.
5+0.
5+0.

)"
) "2
)A2
)

14/

14/

(
(
(
(Mw
(
(M

14/

0.4

28288*al-1.
28288*az-1.
28288*a3-1.
28288*a4-1.
28288*ab-1.
28288*a6-1.
314/ (MW1*10" (-

314/ (MW2*10"
MW3*10"
4*10"
314/ (MW5*10"
W6*10"

~0.14874+40.52487%exp (

//H2

314-3/2
314-3/2
314-3/2
314-3/2
314-3/2

3168*wl"2
3168*w2"2
3168* w372
3168*w4"2
3168*w5"2
3168*w6"2

061*B2+0

) *visl
) *vis2
) *vis3
) *visd
) *vis5
) *vis6

3)
(=3)
(=3)
(=3)
(=3)
(=3)

l-densityB/densityS

integral r[0.0000001,0.00275]

END

061*B1+0.
.26664%z2)/
061*B3+0.
061*B4+0.
061*B5+0.
061*B6+0.

26664*z1)/

26664*z3
26664*z4
26664*z5

0
0
0
0
0
26664*z6 0

(
(
)/ (
)/ (
)/ (
)/ (

-0.77320*T55)+2.16178*%exp (-

;zigma6=2.641

//H20

.6366+Bl*z1+1.
.6366+B2*z2+1.
.6366+B3*z3+1.
.6366+B4*z4+1.
.6366+B5*z5+1.
.6366+B6*z6+1.

0.77320*T6)+2.16178%exp (-

061*al*Bl
061*a2*B2
061*a3*B3
061*a4*B4
061*a5*B5

))
))
))
))
))
061*a6*B6))
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//Solid phase

el:diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,Ts0,P,CsebR,CsstR,CsbzR,CstoR,Csh2R,
Ts, kpeb* (Ceb-CsebR) /Deebs, kpst* (Cst-CsstR) /Dests, kpbz* (Cbz-

CsbzR) /Debzs, kpto* (Cto-CstoR) /Detos, kph2* (Ch2-Csh2R) /Deh2s,h* (T-

Ts) /ke, Deebs, Dests, Debzs, Detos, Deh2s, ke)

//Gas phase
//Mass balance

us*Ceb'+us'*Ceb = -kpeb*as* (Ceb-CsebR)-voidB* (rtl+rt2+rt3) ; Ceb#Ceb0
us*Cst'+us'*Cst = -kpst*as* (Cst-CsstR)+voidB* (rtl) ;Cst#CstO
us*Cbz'+us'*Cbz = -kpbz*as* (Cbz-CsbzR)+voidB* (rt2) ;Cbz#Cbz0
us*Cto'+us'*Cto = -kpto*as* (Cto-CstoR)+voidB* (rt3) ;Cto#Cto0
us*Ch2'+us'*Ch2 = -kph2*as* (Ch2-Csh2R)+voidB* (rtl-rt3) ;Ch2#Ch20
us'=R* (10" (-2)) /Ac* ((P* (Ft*T"'"+T*Ft")-T*Ft*P"') /P"2) ;us#usO
Ft'/Ac = (rcl+rc2-rcd)*densityB+ (rtl+rt2) *voidB ;Ft#Ft0
//Energy balance

us*density*Cpm*T'=-as*h* (T-Ts) ;TH#TO

//Momentum balance

P'*10"5 = —-f*us*G/dp/3600"2 ; P#PO

f =(1-voidB) /voidB"3* (1.75+150* (1-voidB) /Re)

//Reaction

rcl kcl1*KEB* (Peb-Pst*Ph2/Keq) / (1+KEB*Peb+KH2*Ph2+KST*Pst) "2
rc2 = kc2*KEB*Peb/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc3 = kc3*KEB*Peb*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc4d = kc4*KST*Pst*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) *2

rtl = ktl* (Peb-Pst*Ph2/Keq)

rt2 = kt2*Peb

rt3 = kt3*Peb

kcl = Al*exp (-E1*1073/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"~3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kc3 = A3*exp (-E3*1073/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kcd = Ad*exp (-E4*10~3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*10"3/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*10"3/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*10"3/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215%10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*10"3/R/T) ;At2=2.4217*10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*10"3/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*delta$sS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.1573)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge (T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T*3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltaSO= 115.7

deltaa = -28.25+27.14443.1 ;deltab=(615.94+9.274-707.2)*10" (=-3)
;deltac=(-40.23-1.381+48.11)*10" (-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2*(T"2-298.15"2)+deltacl/3* (T"3-
298.1573)+deltadl/4* (T"4-298.15"4)
HRX2 = HRX20+deltaal2* (T-298.15)+deltab2/2*(T"2-298.15"2)+deltac2/3* (T"3-
298.1573)+deltad2/4* (T"4-298.15%"4)
HRX3 = HRX30+deltaal3* (T-298.15)+deltab3/2*(T"2-298.15"2)+deltac3/3* (T"3-
298.1573)+deltad3/4* (T"4-298.15%"4)
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HRX4 = HRX40+deltaad* (T-298.15)+deltab4/2* (T"2-298.15"2) +deltac4/3* (T"3-
298.1573)+deltad4/4* (T"4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10"(-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)
HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10" (-8)
HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10" (-2)
;deltac3=23.04*10"(-5) ;deltad3=-9.9955*10" (-8)
HRX40=-172370 ;deltaa4=-31.13 ;deltab4=-6.9818*10" (-2)
;deltacd=16.54*10" (-5) ;deltad4=-7.685*10"(-8)

//Bed properties

voidB = l-densityB/densityS
densityB = 1422

Ac = pi*rb”"2

rb = 3.5

Lb = 1.33

densityS = 2500

voidcat = 0.4

dp = 0.0055

rp = dp/2

as = 3/rp* (1-voidB)

//Properties of component
MWeb = 106.167

MWst = 104.151

MWbz = 78.113

MWto = 92.14

MWwh2 = 2.016

MWh2o0= 18.015

MWcl = 16.043

MWc2 = 28.054

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;beb=6.0671*10"(-3) ;ceb=-3.8625*10"(-6) ;deb=9.1282*10"(-10)
Cpst = ast+bst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10" (-10)
Cpto = atotbto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10" (-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57
;bh2=4.637*10" (-3) ;ch2=-6.905*10"(-6) ;dh2=38.23*10" (-10)
Cph20= ah2o0+bh20*T+ch20*T"2+dh20*T"3 ;ah20=1.79111
;bh20=0.1069*10" (-3) ;ch20=0.58611*10"(-6) ;dh20=-1.998*10" (-10)

//Properites of fluid
v0 = FtO*R*T0/P0*10" (-2)
us0= v0/Ac

us = v/Ac

density = (Feb*MWeb+Fst*MWst+Fbz*MWbz+Fto*MWto+Fh2*MWh2+Fh200*MWh20+Fcl*MWcl
+Fc2*MWc2) /v

Cpm = (meb*Cpeb+mst*Cpst+mbz*Cpbz+mto*Cpto+mh2*Cph2+mh20*Cph20) /mt

G = feedden0*v0/Ac

feeddenO0 = (Feb0*MWeb+Fst0*MWst+Fbz0*MWbz+Fto0*MWto+Fh20*MWh2+Fh200*MWh20
+Fcl0*MWcl+Fc20*MWc2) /v0

vis=yl*visl/ (yl*phill+y2*phil2+y3*phil3+y4*phild+y5*phil5+y6*phil6) +y2*vis2/
(y1*phi21+y2*phi22+y3*phi23+y4*phi24+y5*phi25+y6*phi26) +y3*vis3/ (yl*phi3l+y2
*phi32+y3*phi33+y4*phi34+y5*phi35+y6*phi36) +y4*visd/ (yl*phidl+y2*phid2+y3*ph
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143+y4*phid4+y5*phi45+y6*phid6) +y5*vis5/ (yl*phib5l+y2*phi52+y3*phi53+y4*phi54
+y5*phi55+y6*phi56) +y6*vis6/ (yl*phi6l+y2*phi62+y3*phi63+y4*phi6d+y5*phi65+y6

*phi66)

visl=10"(-7)*(4.61*Tr1"70.618-2.04*%exp (-0.449*Trl)+1.94%exp(-4.058*Trl)+0.1)
/(Tcl™(1/6) *MW1" (-1/2)*Pcl™(-2/3)) //EB
vis2=10"(-7)*(4.61*Tr270.618-2.04%exp (-0.449*Tr2)+1.94*%exp (-4.058*Tr2)+0.1)
/(Tc2”(1/6) *MW2" (-1/2) *Pc2” (-2/3)) //ST
vis3=10"(-7)*(4.61*Tr370.618-2.04%exp (-0.449*Tr3)+1.94*%exp (-4.058*Tr3)+0.1)
/(Tc3”(1/6) *MW3" (-1/2) *Pc3”(-2/3)) //BZ
visd=10"(-7)*(4.61*Tr470.618-2.04*%exp (-0.449*Tr4)+1.94%exp (-4.058*Tr4)+0.1)
/(Tcd™(1/6)*MWA" (-1/2) *Pcd” (-2/3)) //TO
vis5=10"(-7) *26.69*sqrt (MW5*T) /zigma5"2/omegab ;zigmab5=2.827

;omegab5=1.16145/(T55)"0.14874+0.52487*exp (-0.77320*T55)+2.16178*exp (-
2.43787*T5)  ;T55=T/59.7 //H2

vis6=10"(=7) *26.69*sqrt (MW6*T) /zigma6”"2/omegab2 ;zigma6=2.641
;omega6=1.16145/(T66)"0.14874+0.52487*exp (-0.77320*T66)+2.16178*exp (-
2.43787*T6) ;T66=T/809.1 ;omegab62=omega6+0.2/T66 //H20

phill=(1+(visl/visl)"~(1/2)* (MW1/MW1)"(1/4))"2/(8* (L+MW1/MW1))"(1/2)
phil2=(1+(visl/vis2) " (1/2)* (MW2/MW1) "~ (1/4))"2/ (8* (L+MW1/MW2) )"~ (1/2)
phil3=(1+(visl/vis3)"(1/2)* (MW3/MW1) " (1/4))"2/(8* (L+MW1/MW3) )"~ (1/2)
phild=(1+(visl/visd)~(1/2)* (MW4/MW1) "~ (1/4))"2/ (8* (L+MW1/MW4) )~ (1/2)
phil5= (l+(visl/visS)A(1/2)*(MW5/MW1)A(1/4))A2/(8*(1+MW1/MW5))A(l/Z)
phil6=(1+(visl/vis6) " (1/2)* (MW6/MW1)"(1/4))"2/(8* (L+MW1/MW6)) " (1/2)
phi2l=(1+(vis2/visl)"(1/2)* (MW1/MW2) " (1/4))A2/( * (1+MW2/MW1) )~ (1/2)
phi22=(1+(vis2/vis2) "~ (1/2)* (MW2/MW2) ~(1/4)) "2/ (8* (L+MW2/MW2) )"~ (1/2)
phi23=(1+(vis2/vis3) " (1/2)* (MW3/MW2) " (1/4))"2/(8* (L+MW2/MW3)) " (1/2)
phi24=(1+(vis2/visd) "~ (1/2)* (MWA/MW2) "~ (1/4)) "2/ (8* (L+MW2/MW4) )"~ (1/2)
phi25=(1+(vis2/visb) " (1/2)* (MW5/MW2) " (1/4)) "2/ (8* (L+MW2/MW5) ) " (1/2)
phi26=(1+(vis2/vis6) " (1/2)* (MW6/MW2) "~ (1/4)) "2/ (8* (L+MW2/MW6) ) "~ (1/2)
phi31l=(1+(vis3/visl) " (1/2)* (MW1/MW3)"(1/4))"2/(8* (L+MW3/MW1)) "~ (1/2)
phi32=(1+(vis3/vis2) "~ (1/2)* (MW2/MW3) " (1/4))"2/(8* (L+MW3/MW2)) "~ (1/2)
phi33=(1+(vis3/vis3)"(1/2)* (MW3/MW3) "~ (1/4))"2/(8* (L+MW3/MW3)) " (1/2)
phi34=(1+(vis3/vis4) " (1/2)* (MW4/MW3) " (1/4))"2/ (8* (L+MW3/MW4)) " (1/2)
phi35=(1+(vis3/visb) " (1/2)* (MW5/MW3) " (1/4))"2/(8* (L+MW3/MW5)) " (1/2)
phi36=(1+(vis3/vis6) " (1/2)* (MW6/MW3) " (1/4)) "2/ (8* (L+MW3/MW6) )~ (1/2)
phidl=(1+(visd/visl) "~ (1/2)* (MW1/MW4)~(1/4))"2/(8* (L+MW4/MW1)) "~ (1/2)
phid2=(1+(visd/vis2) " (1/2)* (MW2/MW4) " (1/4))"2/(8* (L+MW4/MW2) )~ (1/2)
phid3=(1+(vis4/vis3) " (1/2)* (MW3/MW4) " (1/4))"2/(8* (L+MW4/MW3)) " (1/2)
phidd=(1+(visd/visd)~(1/2)* (MWA/MW4) "~ (1/4)) "2/ (8* (L+MW4/MW4) )"~ (1/2)
phidb=(1+(vis4/visb) " (1/2)* (MW5/MW4) "~ (1/4))"2/ (8* (L+MW4/MW5) )~ (1/2)
phid6=(1+(visd/vis6) " (1/2)* (MW6/MW4) "~ (1/4)) "2/ (8* (L+MW4/MW6) )~ (1/2)
phi51l=(1+(vis5/visl) "~ (1/2)* (MW1/MW5)"(1/4))"2/(8* (L+MW5/MW1)) "~ (1/2)
phi52=(1+(vis5/vis2) "~ (1/2)* (MW2/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW2) )~ (1/2)
phi53=(1+(vis5/vis3) "~ (1/2)* (MW3/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW3)) "~ (1/2)
phi54=(1+(vis5/vis4) "~ (1/2)* (MW4/MW5) "~ (1/4))"2/(8* (L+MW5/MW4) )~ (1/2)
phi55=(1+(vis5/visb) " (1/2)* (MW5/MW5) "~ (1/4))"2/(8* (L+MW5/MW5) )~ (1/2)
phi56=(1+(vis5/vis6) " (1/2)* (MW6/MW5) "~ (1/4))"2/ (8* (L+MW5/MW6) )~ (1/2)
phi6l=(1+(vis6/visl) " (1/2)* (MWL1/MW6) " (1/4)) "2/ (8* (1+MW6/MW1)) " (1/2)
phi62=(1+(vis6/vis2) " (1/2)* (MW2/MW6) " (1/4)) "2/ (8* (1+MW6/MW2) )~ (1/2)
phi63=(1+(vis6/vis3) "~ (1/2)* (MW3/MW6) " (1/4)) "2/ (8* (1+MW6/MW3) )~ (1/2)
phi6d=(1+(vis6/visd) " (1/2)* (MW4/MW6) "~ (1/4)) "2/ (8* (L+MW6/MW4) ) "~ (1/2)
phi65=(1+(vis6/visb) " (1/2)* (MW5/MW6) "~ (1/4)) "2/ (8* (L+MW6/MW5) )~ (1/2)
phi66=(1+(vis6/vis6) " (1/2)* (MW6/MW6) "~ (1/4)) "2/ (8* (L+MW6/MW6) ) "~ (1/2)

Re = feeddenO*dp*us0/ (vis*3600
Sc_eb = vis/density/ (Deb/10000

)
)
Sc_st = vis/density/ (Dst/10000)
Sc_bz = vis/density/ (Dbz/10000)
Sc_to = vis/density/ (Dto/10000)
Sc_h2 = vis/density/ (Dh2/10000)
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Pr = K*10"(-3)/Cpm/vis

//Feed

Feb0 = 707
Fst0 = 7.104
Fbz0 = 0.293
Fto0 = 4.968
Fh20 = 0
Fh200= 7777
Fcl0 = 0
Fc20 = 0

Ft0 = Feb0+Fst0+Fbz0+Fto0+Fh20+Fh200+Fcl10+Fc20
PO = 1.25
TO = 886
//Profile

Feb = Feb0* (1-XEB)

Fst = Fst0+Feb0*XST
Fbz = Fbz0+Feb0*XB7Z
Fto = FtoO0+Feb0*XTO
Fh2 = Fh20+Feb0*XH2
Fcl = FclO0+Feb0*XTO
Fc2 = Fc20+Feb0*XBZ

Peb = Feb/Ft*P
Pst = Fst/Ft*P
Ph2 = Fh2/Ft*P
Pbz = Fbz/Ft*P
Pto = Fto/Ft*P

Ceb = Feb/v
Cst = Fst/v
Ch2 = Fh2/v
Cbz = Fbz/v
Cto = Fto/v

Ceb0 = Feb0/vO0
Cst0 = Fst0/v0
Ch20 = Fh20/v0
Cbz0 = Fbz0/v0
Cto0 = Fto0/v0

meb = MWeb*Feb
mst = MWst*Fst
mbz = MWbz*Fbz
mto = MWto*Fto
mh2 = MWh2*Fh2
mh2o = MWh20*Fh200
mcl = MWcl*Fcl
mc2 = MWc2*Fc2

mt = meb+mst+mbz+mh2+mto+mcl+mc2+mh20o
yl=Feb/Ft

y2=Fst/Ft

y3=Fbz/Ft

y4=Fto/Ft

y5=Fh2/Ft

y6=Fh200/Ft

yeb=Feb/Ft



yst=Fst/Ft
ybz=Fbz/Ft
yto=Fto/Ft
yh2=Fh2/Ft
yh20=Fh200/Ft

//Mass Transport parameter

v1=132

M1=106.16
1/Deb = 1/(1-yl)*
D12=0.00143*T"1.
D13=0.00143*T"1.
D14=0.00143*T"1.
D15=0.00143*T"1.
D16=0.00143*T"1.
1/Dst = 1/(1-y2)*
D21=0.00143*T"1
D23=0.00143*T"1.
D24=0.00143*T"1.
D25=0.00143*T"1.
D26=0.00143*T"1.
1/Dbz = 1/(1l-y3)~*
D31=0.00143*T"1.
D32=0.00143*T"1
D34=0.00143*T"1.
D35=0.00143*T"1.
D36=0.00143*T"1
1/Dto = 1/(l-y4)*
D41=0.00143*T"1.
D42=0.00143*T"1.
D43=0.00143*T"1
D45=0.00143*T"1.
D46=0.00143*T" 1.
1/Dh2 = 1/(1-y5)*
D51=0.00143*T"1
D52=0.00143*T"1.
D53=0.00143*T"1.
D54=0.00143*T"1.
D56=0.00143*T"1.

kpeb =
kpst =
kpbz =
kpto =
kph2 =

e e
=
N
*
el
®
>
I
o o oo o

//Heat

Ks = 44

;v2=127.38
;M2=104.14

75/P/M12"
75/P/M13%
75/P/M14"
75/P/M15%
75/p/M16"

.75/P/M21"

75/P/M23"
75/P/M24"
75/P/M25%
75/P/M26"

75/P/M31"7

.75/P/M32"
75/P/M347
75/P/M35%
.75/P/M36"

75/P/M41"
75/P/M42"
.75/P/M43"
75/P/M45%
75/pP/M46"

.75/P/M51"
75/P/M53"

75/P/M54"
75/P/M56"

2)
2)
2)
)
)

2)*Sc_to”
2)*Sc_h2~

;v3=90.96
;M3=78.11

(1/2)
(1/2)/
(1/2)/
( /
(

vin
vin

1/2)/ (v1®
1/2)/ (v1”

1/2)/

(
(
(1/2) /(v2»
(
(

1/2)/ (v
1/2) /(V3A

1/2)/(v3”
1/2)/(v3”

1/2)/
1/2)/ (v4
1/2)/ (v5"

1/2)
1/2)
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v5”

Y

*Sc_eb”
*Sc_st”

(-0
(-0
*Sc_bz” (0.
(-0
(-0

Transport parameter

1/3)+v
1/3)+ve”
yl/D2l+y3/D23+y4/D24+y5/D25+y6/D26

(v27~ (1/3) +v1”
1/2)/(V2A(1/3)+V3A(l/3))

( (1/3)+v4
1/2)/(v2”(1/3)+v5
1/2)/(v2"(1/3)+ven
yl/D3l+y2/D32+y4/D34+y5/D35+y6/D36
1/3)+v1”

1/3)+
1/3)+v6"
(yl/D41+y2/D42+y3/D43+y5/D45+y6/D46)
( (VAN (1/3)+v1™(1/3))
( (VAN (1/3)+v2~
(1/2)/ (v4"(1/3)+v3"
( (

( (

1/3)+v
1/3)+v

4
5

4
v5

4
6

A

A

A

A

A

A

A

A

(
(
(
(
(
(
(
(
(

(
(
(

1/3)

1/3
1/3
1/3

1/3)
1/3
1/3
1/3
1/3)
1/3

1/3
1/3

)
)
)

)
)
)

)
)
)

;v4=111.48

;M4=92.11

y2/Dl2+y3/D13+y4/Dl4+y5/Dl5+y6/Dl6
/( (1/3)+v2"
( (1/3)+V3A(l/3))
(v~ (1/3)+v
( (
( (

)
)A2
)

)
)A2
)

( 8

( (1/3)+v2A(1/3))
(1/2) / (v3~(1/3)+v
( (
( (

)
)2
)

(1/3))
1/3))

(

1/2)/ (v4" (1/3)+v5"(1/3)) "2
1/2)/(v4~(1/3)+ver

(1/3))"2

(

(
(

1/3)

( ( (
75/P/M52~(1/2) / (v5~(1/3)+v2" (1/3))
(1/2) /(v5~(1/3) +v3~(1/3
( ( (
( ( (

1/3
1/3

)
))
)
)

(yl/D51+y2/D52+y3/D53+y4/D54+y6/D56)
1/3) +vl®

)"
)AZ

;v5=6.12

;M12=2%

;M13=2%

;M21=2%
;M23=2%

;M31=2*
;M32=2*

;M41=2%*
s M42=2%*

;M51=2%*
;M52=2%*

;M5=2 ;M6=18

;M15=2% (1/M1+1/M5) " (-
;M16=2% (1/M1+1/M6) " (-

;M25=2% (1/M2+1/M5) " (-
;M26=2* (1/M2+1/M6) " (-

;M35=2*% (1/M3+1/M5) " (-
;M36=2* (1/M3+1/M6) " (-

;M45=2%* (1/M4+1/M5) " (-
;M46=2% (1/M4+1/M6) " (-

;M54=2* (1/M5+1/M4) " (-
;M56=2* (1/M5+1/M6) " (-

K = yeb*kl/ (yst*Al2+ybz*Al3+yto*Al4+yh2*A15+yh20*A16) +yst*k2/ (yeb*A21
+ybz*A23+yto*A24+yh2*A25+yh20*A26) +ybz*k3/ (yeb*A31+yst*A32+yto*A34+yh2*A35+y
h20*A36) +yto*kd/ (yeb*A41+yst*A42+ybz*A43+yh2*A45+yh20*A46) +yh2*k5/ (yeb*A51+y
St*A52+ybz*A53+yto*A54+yh20*A56) +yh20*k6/ (yeb*A61+yst*A62+ybz*A63+yto*A64+vh

2*A65)

Tcl = 617.2
Tc2 = 636
Tc3 = 562.2
Tc4 = 591.8
Tc5 = 33.19
Tcb6 = 647.1
Pcl = 36.06

(1/M1+1/M2) " (-
(1/M1+1/M3) " (-
FM14=2* (1/M1+1/M4) "~ (
( (
( (

(1/M2+1/M1) " (-
(1/M2+1/M3) " (-
iM24=2%* (1/M2+1/M4) "~ (
( (
( (

(1/M3+1/M1) " (-
(1/M3+1/M2) " (-
;M34=2* (1/M3+1/M4) " (
( (
( (

(1/M4+1/M1) " (-
(1/M4+1/M2) " (-
;M4A3=2* (1/M4+1/M3) " (
( (
( (

(1/M5+1/M1) " (-
(1/M5+1/M2) ~ (-
;M53=2* (1/M5+1/M3) " (
( (
( (
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;ve=13.1
1)
1)

-1)
1)
1)
1)
1)

_1)
1)
1)
1)
1)

-1)
1)
1)
1)
1)

_l)
1)
1)

1)
1)
_l)
1)
1)



Pc2
Pc3
Pc4
PcH
Pcob
Vcl
Vc2
ve3
Vc4
vech
Vcé
wl
w2
w3
wé
wb
w6
MW1
MW2
MW3
MWw4
MW5S
MW6
Ll
L2
L3
L4
L5
L6
T1
T2
T3
T4
T5
T6
Trl
Tr2
Tr3
Trd
Tr5
Tro6
Al2

exp (-

Al3

exp (-

Al4

exp (-

AlS

exp (-

Al6

exp (-

A21

exp (-

A23

exp (-

A24

exp (-

A25

exp (-

A26

0.

0.

0.

0.

0.

0.

0.

0.

0.

( ) )
= 210* (Tc2*MW2~3/Pc274)~(1/6)
= 210* (Tc3*MW3"3/Pc3"4) " (1/6)
= 210* (Tc4*MW4~3/Pcd™4) " (1/6)
= 210* (Tc5*MW5*3/Pc5%4) " (1/6)
= 210* (Tc6*MW6~3/Pc6™4) " (1/6)
= T/Tcl
= T/Tc2
= T/Tc3
= T/Tc4
= T/Tc5
= T/Tcé6
= voidB* T2* (exp (0.0464*Trl) exp( 0. 2412*Tr1))/Tl/(exp(O.
2412*Tr2 (MW1/MW2) ~0.25) "2/ ( (1+MW1/MW2))~0.5
= voidB* T3* (exp (0.0464*Trl) exp( O.24l2*Trl))/Tl/(exp(O.
2412*Tr3 (MW1/MW3)~0.25) "2/ (8* (1+MwW1l/MW3))~0.5

2412*Tr4 (MW1/MW4) ~0.25) 72/ (8* (1L+MW1/MW4))~0.5

= voidB* (T5* (exp (0.0464*Trl) exp( 0. 2412*Tr1))/T1/(exp(O.

2412*Tr5 (MW1/MW5)~0.25) "2/ ( (1+MW1/MW5) ) ~0.5

= voidB* (T6* (exp (0.0464*Trl) exp( 0.2412*Tr1))/T1/(exp(O.
(MW1/MW6) ~0.25) 72/ (8* (L+MW1/MW6) ) ~0.5

2412*Trl * (MW2/MW1) ~0.25) "2/ (8%
= voidB* (T3* (exp(0.0464*Tr2)
2412*Tr3 (MW2/MW3) ~0.25) "2/ (
= voidB* (T4* (exp(0.0464*Tr2)
2412*Tr4 (MW2/MW4) ~0.25) "2/ (8%
= voidB¥* (T5* (exp(0.0464*Tr2)
2412*Tr5 (MW2/MW5) ~0.25) "2/ (8*

(1+(
)))*
(1+(
)))*
(1+
)))*
(1+
)))*
(1+
2412*Tre6)))*
(1+(
)))
(1+
)))*
(1+
)))*
(1+(
)))*
(1+(

38.4
48.98
41.06
13.13
220.55
374
352
259
316
64.1
55.9
0.303
0.297
0.21
0.262
-0.216
0.345
106.167
104.152
78.114
92.141
2.061
18.015
377
505.0424839
412.3
377
59.7
809.1
210* (Tcl*MW1~3/Pcl”4) "~ (1/6

voidB*

voidB*

voidB*

(T4* (exp(0.0464*Trl)

(T1* (exp (0.0464*Tr2)

(T6* (exp(0.0464*Tr2)

-exp(-0.2412*Trl)) /T1/ (exp (0

-exp (-0.2412*Tr2)) /T2/ (exp (0

(1+MW2/MW1l))~0.5

exp( 0. 2412*Tr2))/T2/(exp(O.
(1+MW2/MW3) ) ~0.5
exp( 0.2412*Tr2))/T2/(exp(O.

(1+MwW2/MW4) ) ~0.5

-exp (-0.2412*Tr2)) /T2/ (exp (0

(1+MW2/MW5) ) ~0.5

-exp (-0.2412*Tr2)) /T2/ (exp (0
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0464*Tr2) -

0464*Tr3) -

.0464*Tr4) -

0464*Tr5) -

0464*Tr6) -

.0464*Trl) -

0464*Tr3) -

0464*Tr4) -

.0464*Tr5) -

.0464*Tro6) -



exp (-0.2412*Tr6

))
A31 = voidB* (1
exp (-0.2412*Trl))
A32 = voidB* (1
exp (-0.2412*Tr2))
A34 = voidB* (1
exp (-0.2412*Trd))
A35 = voidB* (1
exp (-0.2412*Tr5))
A36 = voidB* (1
exp (-0.2412*Tr6))
A4l = voidB* (1
exp (-0.2412*Trl))
A4d2 = voidB* (1
exp (-0.2412*Tr2))
A43 = voidB* (1
exp (-0.2412*Tr3))
A45 = voidB* (1
exp (-0.2412*Tr5))
Ado = voidB* (1
exp (-0.2412*Tro))
A51 = voidB* (1
exp (-0.2412*Trl))
A52 = voidB* (1
exp (-0.2412*Tr2))
A53 = voidB* (1
exp (-0.2412*Tr3))
A54 = voidB* (1
exp (-0.2412*Trd))
A56 = voidB* (1
exp (-0.2412*Tr6))
Aol = voidB* (1
exp (-0.2412*Trl))
AG2 = voidB* (1
exp (-0.2412*Tr2))
A63 = voidB* (1
exp (-0.2412*Tr3))
Ao64 = voidB* (1
exp (-0.2412*Tr4))
A65 = voidB* (1

))

exp (-0.2412*Tr5
omegavl=1.16145/ (
2.43787* (T/L1))

/L

omegav2=1.16145/(T/L2)"0

2.43787* (T/L2))

omegav3=1.16145/(T/L3)"0

2.43787* (T/L3))

omegav4=1.16145/(T/L4) "0

2.43787*(T/L4))

omegav5=1.16145/(T/L5)~0

2.43787* (T/L5))

omegav6=1.16145/(T/L6) "0

2.43787* (T/L6))

*(Cpeb*MWl—8.3l4)/8.

=(Cpst*MW2-8.314) /8.

a =(Cpbz*MW3—8.3l4)/8.

ad=(Cpto*MW4-8.314) /8.

a5=(Cph2*MW5-8.314) /8.
a6=

* (MW5/MW2)

) * (MW2/MW6) ~0.25
+(T1* (exp(0.0464*Tr3)

) * (MW3/MW1) ~0.25)
+(T2* (exp (0.0464*Tr3) exp(
) * (MW3/MW2) ~0.25)
+(T4* (exp(0.0464*Tr3)

) * (MW3/MW4)~0.25
+(T5* (exp (0.0464*Tr3)

) * (MW3/MW5) ~0.25) ~2/ (
+(T6* (exp (0.0464*Tr3) exp(
) * (MW3/MW6) ~0.25)
+(T1* (exp(0.0464*Tr4) exp(
) * (MW4/MW1)~0.25
+(T2* (exp (0.0464*Tr4)

) * (MW4/MW2) ~0.25
+(T3* (exp(0.0464*Tr4) exp(
) * (MW4/MW3) ~0.25)
+ (T5* (exp (0.0464*Tr4) exp(
) * (MW4/MW5) ~0.25
+(T6* (exp(0.0464*Tr4)

) * (MW4/MW6)~0.25
+(T1* (exp(0.0464*Tr5) exp(
) * (MW5/MW1) ~0.25)
+(T2* (exp (0.0464*Tr5) exp(
) ~0.25)72/(8* (1+MW5/MW2) ) ~0.5
+(T3* (exp (0.0464*Tr5)

) * (MW5/MW3) ~0.25
+(T4* (exp(0.0464*Tr5)

) * (MW5/MW4) ~0.25)
+(T6* (exp (0. O464*Tr5)—exp(
) * (MW5/MW6) ~0.25)
+(T1* (exp(0.0464*Tro6)

) * (MW6/MW1) ~0.25
+(T2* (exp (0.0464*Tro6)

) * (MW6/MW2) ~0.25)

+(T3* (exp(0.0464*Tr6) exp(
) * (MW6/MW3) ~0.25)
+(T4* (exp (0.0464*Tro6)
) * (MW6/MW4) ~0.25
+(T5* (exp (0.0464*Txr6)
)
(T

(Cph20*MW6-8.314) /8.314-3/2
B1=0.7862-0.7109*wl+1.

3168*wl”2

)2/ (8% (L+MW2/MW6) ) ~0.5

A2/ (8% (L+MW3/MW1))~0.5

0. 2412*Tr3)

N2/ (8% (1+MW3/MW2) ) ~0.5

)~2/ (8% (L+MW3/MW4) ) ~0.5

A2/ (8% (1+MW3/MW6) ) ~0.5

0.2412*Tr4))

)~2/ (8% (L+MW4 /MWL) ) ~0.5

)2/ (8% (L+MW4/MW2) ) 0.5

0. 2412*Tr4))

2/ (8% (1+MW4/MW3) ) ~0.5

0.2412*Tr4))

)2/ (8% (L+MW4 /MW5) ) ~0.5

)2/ (8% (1+MW4/MW6) ) ~0.5

0. 2412*Tr5))

~2/(8* (1+MW5/MW1))~0.5

0.2412*Tr5))

)~2/ (8% (L+MW5/MW3) ) ~0.5

22/ (8* (1+MW5/MW4))~0.5

0. 2412*Tr5))

A2/ (8% (L+MW5/MW6) ) 0.5

)2/ (8* (1L+MW6/MW1) ) ~0.5

~2/(8* (1+MW6/MW2) ) ~0.5

08 2412*Tr6))

~2/(8* (1+MW6/MW3) ) ~0.5

)2/ (8% (1+MW6/MW4) ) 0.5

~2/(8* (1+MW6/MW5) ) ~0.5

* MW6/MW5 ~0.25)

14874+O.52487*EXP( 0
.14874+0.52487*EXP (-0.
.14874+0.52487*EXP (-0.
.14874+40.52487*EXP (-0.
.14874+40.52487*EXP (-0.
.1487440.52487*EXP (-0

314-3/2

314-3/2

314-3/2

314-3/2

314-3/2

.7732* (T/L1))+2.
7732% (T/L2))+2.
7732*% (T/L3)) +2.
7732* (T/L4))+2.
7732* (T/L5))+2.

.7732* (T/L6) ) +2.
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exp( 0. 2412*Tr3))/T3/(exp( .0464*Trl) -
) /T3/ (exp (0.0464*Tr2) -
exp( 0.2412*Tr3))/T3/(exp( .0464*Tr4) -
exp( 0.2412*Tr3))/T3/ (exp(0.0464*Tr5) -

(1+MW3/MW5))"0.5
0. 2412*Tr3))

/T3/ (exp(0.0464*Tr6) -
/T4/ (exp(0.0464*Trl) -
-exp (-0.2412*Tr4)) /T4/ (exp(0.0464*Tr2) -
/T4/ (exp(0.0464*Tr3) -
/T4/ (exp(0.0464*Tr5) -
-exp (-0.2412*Tr4)) /T4/ (exp (0.0464*Tr6) -
/T5/ (exp(0.0464*Trl) -
/T5/ (exp (0.0464*Tr2) -
-exp (-0.2412*Tr5)) /T5/ (exp (0.0464*Tr3) -
exp( 0. 2412*Tr5))/T5/(exp( .0464*Tr4) -
/T5/ (exp (0.0464*Tr6) -
exp( O.2412*Tr6))/T6/(exp( .0464*Trl) -
eXp( o= 2412*Tr6))/T6/(exp( .0464*Tr2) -
/T6/ (exp (0.0464*Tr3) -
eXp( O.2412*Tr6))/T6/(exp( .0464*Tr4) -

exp( 0. 2412*Tr6))/T6/(exp( .0464*Tr5) -

16178*EXP (-

16178*EXP (-

16178*EXP (-

16178*EXP (-

16178*EXP (-

16178*EXP (-



B2=0.7862-0.7109*w2+1.3168*w2"2
B3=0.7862-0.7109*w3+1.3168*w3"2
B4=0.7862-0.7109*w4+1.3168*w4"2
B5=0.7862-0.7109*w5+1.3168*w5"2
B6=0.7862-0.7109*w6+1.3168*w6"2
z1=2+10.5% (T/Tcl) "2

z2=2+10.5% (T/Tc2)

z3=2+10.5% (T/Tc3) "2

24=2+10.5% (T/Tc4)

2z5=2+10.5% (T/Tc5)

z26=2+10.5* (T/Tc6) "2

pil=1+al* ((0.215+0.28288*al-1.061*B1+0.
pi2=1+a2*((0.215+0.28288*a2-1.061*B2+0.
pi3=1+a3* ((0.215+0.28288*a3-1.061*B3+0
pid4=1+ad4*((0.215+0.28288*a4-1.061*B4+0.
pi5=1+ab5* ((0.215+0.28288*a5-1.061*B5+0.
pi6=1+a6* ((0.215+0.28288*a6-1.061*B6+0.
k1=3.75*pi1*8.314/ (MW1*10" (-3)) *visl
k2=3.75*pi2*8.314/ (MW2*10" (-3)) *vis2
k3=3.75*pi3*8.314/ (MW3*10" (-3) ) *vis3
k4=3.75*pid*8.314/ (MW4*10" (=3)) *visd
k5=3.75%pi5*8.314/ (MW5*10" (-3) ) *vis5
k6=3.75*pi6*8.314/ (MW6*10" (=3)) *vis6
//Result

SST = XST/XEB*100

SBZ = XBZ/XEB*100

STO = XTO/XEB*100

integral z[0,Lb]
output XEB,SST,SBZ,STO,P,T

Result:

XEB
SST
SBZ
STO
P
T

0.3446425
97.88273
1.130866
0.9864085
1.037921
826.6271

)/
)/
.26664%23) /
)/
)/
)/

26664*z1
26664*z2

26664*z4
26664*z5
26664*z6

.6366+Bl*z1+1.
.6366+B2*z2+1.
.6366+B3*z3+1.
.6366+B4*z4+1.
.6366+B5*z5+1.
.6366+B6*z6+1.
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061*al*B1)
061*a2*B2)
061*a3*B3)
061*ad4*B4)
061*a5*B5)

)

)
)
)
)
)
061*a6*B6))
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5. Model5 : Heterogeneous model account for internal transfer and mass axial
dispersion
EQUATRAN code:

function diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T;Cseb,Csst,Csbz,Csto,Csh2

,rcls,rc2s,rc3s,rcds,rtls, rt2s,rt3s,rclsT, rc2sT,rc3sT,rc4d4sT)

Cseb''+Cseb'*2/r= 1/Deebs* (densityS* (rcls+rc2s+rc3s) +voidcat* (rtls+rt2s

+rt3s)) ;Cseb#Csebl ;Cseb'#0

Csst''+Csst'*2/r= -1/Dests* (densityS* (rcls-rcds)+voidcat* (rtls))
;Csst#Csst0 ;Csst'#0

Csbz''+Csbz'*2/r= -1/Debzs* (densityS* (rc2s)+voidcat* (rt2s))
;Csbz#Csbz0 ;Csbz'#0

Csto''+Csto'*2/r= -1/Detos* (densityS* (rc3s+rcds)+voidcat* (rt3s))
;Csto#Cstol ;Csto'#0

Csh2''+Csh2'*2/r= -1/Deh2s* (densityS* (rcls-rc3s-2*rc4ds)+voidcat* (rtls-rt3s))
;Csh2#Csh20 ;Csh2'#0

rclsT' = (rcls*densityS+rtls*voidcat) *4* pi*r~2 ;rclsT#0
rc2sT' = (rc2s*densityS+rt2s*voidcat)*4* pi*r~2 ;rc2sT#0
rc3sT' = (rc3s*densityS+rt3s*voidcat) *4* pi*r”2 ;rc3sT#0
rc4sT' = rcds*densityS*4* pi*r~2 ;rc4sT#0

Cseb = Pseb/R/T*10"2
Csst = Psst/R/T*10"2
Csh2 = Psh2/R/T*10"2
Csbz = Psbz/R/T*10"2
Csto = Psto/R/T*10"2

rcls = kcl*KEB* (Pseb-Psst*Psh2/Keq) / (1+KEB*Pseb+KH2*Psh2+KST*Psst) "2
rc2s = kc2*KEB*Pseb/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rc3s = kc3*KEB*Pseb*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rcds = kc4*KST*Psst*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rtls = ktl* (Pseb-Psst*Psh2/Keq)

rt2s = kt2*Pseb

rt3s = kt3*Pseb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*%exp (-E2*1073/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kc3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*10"3/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*10"3/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*10"3/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215%10"16 ;Et1=272.23

kt2 = At2*%exp (-Et2*1073/R/T) JAE2=2.4217%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;AL3=3.8224*10"17 ;E£3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltasS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.15%3)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"*3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltaSO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (-3)
;deltac=(-40.23-1.381+48.11)*10" (-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314
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Deebs = 0.02248767
Dests = 0.02467243
Debzs = 0.02620409
Detos = 0.023596006
Deh2s = 0.2069529

densityS = 2500
voidcat = 0.4
tor = 3

integral r[0.0000001,0.00275]
END

//function
cal (Ceb0,Cst0,Cbz0,Cto0,Ch20;Ceb,Cst,Cbz,Cto,Ch2,Ceb',Cst"',Cbz',Cto"',Ch2")

//Solid phase

diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T,Cseb,Csst,Csbz,Csto,Csh2,rcls, rc2s,rc

3s,rcds,rtls, rt2s,rt3s,rclsT,rc2sT,rc3sT, rc4dsT)

etal = rclsT/((rcls*densityS+rtls*voidcat)*4/3* pi*rp”3)

eta2 rc2sT/ ((rc2s*densityS+rt2s*voidcat) *4/3* pi*rp”3)

eta3 rc3sT/ ((rc3s*densityS+rt3s*voidcat) *4/3* pi*rp”3)

etad = rc4sT/(rcds*densityS*4/3* pi*rp”3)

el:Cseb=Ceb

e2:Csst=Cst

e3:Csbz=Cbz

e4d:Csto=Cto

e5:Csh2=Ch2

reset CsebO0#0.000337[0,1000] by el maxloop 10000,
Csst0#0.000953[0,1000] by €2 maxloop 10000,
Csbz0#0.0000163[0,1000] by e3 maxloop 10000,
Csto0#0.0000238[0,1000] by e4 maxloop 10000,
Csh20#0.000115[0,1000] by €5 maxloop 10000

//Gas phase

//Mass balance

B*Da'*Ceb'+Ceb''-A*us*Ceb'-A*us'*Ceb-A* (etal*rcl+eta2*rc2+etal3*rc3) *densityB

-A* (rtl+rt2+rt3) *voidB=0 ;Ceb#Ceb0 ;Ceb'# (us0/ (voidB*Dal) * (Ceb0-Cebin))

B*Da'*Cst'+Cst''-A*us*Cst'-A*us'*Cst+A* (etal*rcl-etad*rcd) *densityB

+A* (rtl) *voidB=0 ;Cst#Cst0 ;Cst'# (us0/ (voidB*Dal) * (Cst0-Cstin))

B*Da'*Cbz'+Cbz''-A*us*Cbz'-A*us'*Cbz+A* (eta2*rc2) *densityB+A* (rt2) *voidB=0
;Cbz#Cbz0 ;Cbz'# (us0/ (voidB*Dal) * (Cbz0-Cbzin))

B*Da'*Cto'+Cto''-A*us*Cto'-A*us'*Cto+A* (etal3*rc3+etad*rcd) *densityB

+A* (rt3) *voidB=0 ;Cto#Cto0 ;Cto'# (us0/ (voidB*Dal) * (Cto0-Ctoin))

B*Da'*Ch2'+Ch2''-A*us*Ch2'-A*us'*Ch2+A* (etal*rcl-eta3*rc3-2*etad*rcd)

*densityB+A* (rtl-rt3) *voidB=0 ;Ch2#Ch20 ;Ch2'# (us0/ (voidB*Da0)* (Ch20-Ch2in))

us'=R* (10" (-2)) /Ac* ((P* (Ft*T'+T*Ft')-T*Ft*P') /P"2) ;us#usO
Ft'/Ac = (etal*rcl+tetal2*rc2-etad*rcd)*densityB+ (rtl+rt2) *voidB ;FL#FtO0
Da'= 0.5* (us'/voidB) *dp ;Da#Da0
DalO= 0.5* (us0/voidB) *dp

B=1/Da

A=1/(voidB*Da)

//Energy balance
(meb*Cpeb+mst*Cpst+mbz*Cpbz+mto*Cpto+mh2*Cph2+mh20*Cph20) /Ac*T"'= (-
(etal*rcl*densityB+rtl*voidB) *HRX1- (eta2*rc2*densityB+rt2*voidB) *HRX2-
(eta3*rc3*densityB+rt3*voidB) *HRX3-etad*rc4*densityB*HRX4) ;TH#TO

//Momentum balance
P'*10"5 = -f*us*G/dp/3600"2 ; P#PO
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f =(1-voidB)/voidB"3* (1.75+150* (1-voidB) /Re)

//Reaction
rcl = kcl*KEB* (Peb-Pst*Ph2/Keq) / (1+KEB*Peb+KH2*Ph2+KST*Pst) "2
rc2 = kc2*KEB*Peb/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc3 = kc3*KEB*Peb*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc4 = kcd4*KST*Pst*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) "2

rtl = ktl* (Peb-Pst*Ph2/Keq)
rt2 = kt2*Peb

rt3 = kt3*Peb

kcl = Al*exp (-E1*10"~3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*%exp (-E2*10"~3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kc3 = A3*exp (-E3*1073/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*10"3/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*10"3/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*10"3/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*10"3/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) JAE2=2.4217%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At£3=3.8224*10"17 ;E£3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*delta$S

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T*2-298.15"2)+deltac/3* (T"3-
298.15%3)+deltad/4* (T"~4-298.15"4)

deltaS = deltaSO+deltaa*loge (T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-
298.15%2)+deltad/3* (T"3-298.15"3)

deltaHO= (1.475-0.2981)*10"5

deltasSO= 115.7

deltaa = -28.25+27.14443.1 ;deltab=(615.949.274-707.2)*10" (-3)
;deltac=(-40.23-1.381+48.11) *10" (-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T"2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"4-298.15"4)
HRX2 = HRX20+deltaal* (T-298.15)+deltab2/2* (T*2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"~4-298.15"4)
HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T"2-298.15"2)+deltac3/3* (T"3-
298.15"3)+deltad3/4* (T*4-298.15"4)
HRX4 = HRX40+deltaad* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4d/4* (T"4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10"(-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)
HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10" (-8)
HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10"(-2)
;deltac3=23.04*10"(-5) ;deltad3=-9.9955*10" (-8)
HRX40=-172370 ;deltaa4=-31.13 ;deltab4=-6.9818*10" (-2)
;deltac4=16.54*10"(-5) ;deltad4=-7.685*10"(-8)

//Bed properties

voidB = l-densityB/densityS
densityB = 1422

densityS = 2500

voidcat = 0.4
dp = 0.0055

rp = dp/2

Ac = pi*rb"2

rb = 3.5

Ib = 1.33
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//Properties of component
MWeb = 106.167

MWst = 104.151

MWbz = 78.113

MWto = 92.14

MWh2 = 2.016

MWh2o= 18.015

MWcl = 16.043

MWc2 = 28.054

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;beb=6.0671*10"(-3) ;ceb=-3.8625*10"(-6) ;deb=9.1282*10" (-10)
Cpst = ast+tbst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-06) ;dbz=12.255*10" (-10)
Cpto = atotbto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10" (-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57
;bh2=4.637*10"(-3) ;ch2=-6.905*10" (-6) ;dh2=38.23*10" (-10)
Cph20= ah2o0+bh20*T+ch20*T*2+dh20*T"3 ;ah20=1.79111
;bh20=0.1069*10"(-3) ; ch20=0.58611*10" (-6) ;dh20=-1.998*10" (-10)

//Properites of fluid
v0 = FtO*R*TO/P0*10" (-2)
us0= v0/Ac

Re = feeddenO*dp*us0/ (vis*3600)

us = v/Ac
G = feedden0*v0/Ac
feeddenO0 = (Feb0*MWeb+Fst0*MWst+Fbz0*MWbz+Fto0*MWto+Fh20*MWh2+Fh200*MWh20

+Fcl0*MWcl+Fc20*MWc2) /v0

vis=yl*visl/ (yl*phill+y2*phil2+y3*phil3+y4*phild+y5*phil5+y6*phil6)+y2*vis2/
(y1*phi21+y2*phi22+y3*phi23+y4*phi24+y5*phi25+y6*phi26) +y3*vis3/ (yl*phi3l+y2
*phi32+y3*phi33+y4*phi34+y5*phi35+y6*phi36) +yd*visd/ (yl*phidl+y2*phid2+y3*ph
143+y4*phid4d+y5*phi45+y6*phid6) +y5*vis5/ (y1*phi5l+y2*phi52+y3*phi53+y4*phi54
+y5*phi55+y6*phi56) +y6*vis6/ (yl*phi6l+y2*phi62+y3*phi63+y4*phi6d+y5*phi65+y6
*phi66)

visl=10"(=7)*(4.61*Tr170.618-2.04*exp (-0.449*Trl1)+1.94*%exp(-4.058*Tr1)+0.1)/
(Tcl™(1/6)*MW1" (-=1/2) *Pcl”™(-2/3))

;Tr1=T/Tcl ;Tcl=617.2 ;MW1=106.16 ;Pcl=36 //EB

vis2=10"(-7)* (4.61*Tr270.618-2.04*exp (-0.449*Tr2)+1.94*%exp (-4.058*Tr2)+0.1) /
(Tc2”(1/6) *MW2" (-1/2) *Pc2” (-2/3))

; Tr2=T/Tc2 ; Tc2=647.0 ;MW2=104.14 ;Pc2=39.9 //ST
vis3=10"(=-7)*(4.61*Tr370.618-2.04*exp (-0.449*Tr3)+1.94*%exp (-4.058*Tr3)+0.1)/
(Tc3”(1/6)*MW3” (-1/2) *Pc3”(-2/3))

;Tr3=T/Tc3 ;Tc3=562.2 ;MW3=78.11 ;Pc3=48.9 //BZ

visd=10"(-7)* (4.61*Tr470.618-2.04*exp (-0.449*Tr4)+1.94*%exp (-4.058*Tr4)+0.1) /
(Tcd” (1/6) *MW4A™ (-=1/2) *Pcd” (-2/3))

;Tr4=T/Tc4d ;Tc4=591.8 ;MW4=92.11 ;Pcd=41 //TO
vis5=10"(-7) *26.69*sqrt (MW5*T) /zigma5"2/omegab ;MW5=2 ;zigma5=2.827
;omegab5=1.16145/(T5)"0.14874+0.52487*exp (-0.77320*T5)+2.16178*exp (-
2.43787*T5)  ;T5=T/59.7 //H2

vis6=10"(-7) *26.69*sqrt (MW6*T) /zigma6”2/omega62;MW6=18; zigma6=2.641
;omega6=1.16145/(T6)"0.14874+0.52487*exp (-0.77320*T6)+2.16178*exp (-
2.43787*T6) ;T6=T/809.1 ;omegab62=omegab+0.2/T6 //H20
phill=(1+(visl/visl)*(1/2)* (MW1/MW1)~(1/4))"2/ (8* (1+MW1/MW1) )" (1/2)



MW2/MW5) ~ (1/4

~(1/4))~2/(8
~(1/4))~2/(8
~(1/4))"2/(8
~(1/4))"2/(8
~(1/4))"2/(8
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4))"2/(8
~(1/4))"2/(8
~(1/4))"2/(8
~(1/4))"2/(8
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4))"2/ (8
~(1/4))"2/ (8
~(1/4))~2/(8
~(1/4)) "2/ (8%
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4))~2/ (8
(1/4))A2/(
(1/4))~2/(8
)) "2/ (8*
T (1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4)) "2/ (8
~(1/4))~2/(8
~(1/4))~2/(8
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*
~(1/4)) "2/ (8*

Feb0+Fst0+Fbz0+Fto0+Fh20+Fh200+Fcl10+Fc20

phil2=(1+(visl/vis2) " (
phil3=(1+(visl/vis3) " (
phild=(1+ (visl/vis4) " (
phil5= (14 (visl/vis5) " (
phil6=(1+(visl/vis6) " (
phi2l=(1+(vis2/visl) " (
phi22=(1+(vis2/vis2) " (
phi23=(1+(vis2/vis3) " (
phi24=(1+(vis2/visd) " (
phi25= (14 (vis2/vis5) " (
phi26=(1+(vis2/vis6) " (
phi31l=(1+(vis3/visl)"(
phi32=(1+(vis3/vis2) " (
phi33=(1+(vis3/vis3) " (
phi34=(1+(vis3/visd) " (
phi35=(1+ (vis3/visb5) " (
phi36=(1+ (vis3/vis6) " (
phidl= (14 (vis4d/visl) " (
phid2=(1+(visd/vis2) "™ (
phid3=(1+(visd/vis3) " (
phidd=(1+(visd/visd) ™ (
phid5=(1+ (vis4/vis5) " (
phid6=(1+ (visd/vis6) " (
phi51=(1+ (vis5/visl) " (
phi52=(1+(vis5/vis2) " (
phi53=(1+(vis5/vis3) " (
phiS54=(1+(vis5/visd) ™ (
phi55=(1+ (vis5/vis5) " (
phi56=(1+ (vis5/vis6) " (
phi6l=(1+ (vis6/visl) " (
phi62=(1+ (vis6/vis2) " (
phi63=(1+(vis6/vis3) " (
phi64=(1+(vis6/visd) ™ (
phi65=(1+ (vis6/vis5) " (
phi66=(1+ (vis6/vis6) " (
//Feed

Feb0 = 707

Fst0 = 7.104

Fbz0 = 0.293

Fto0 = 4.968

Fh20 = 0

Fh200= 7777

Fcl0 = 0

Fc20 = 0

Ft0 =

PO = 1.25

TO = 886

//Profile

Feb = Feb00* (1-XEB)
Fst = Fst00+Feb00*XST
Fbz = Fbz00+Feb00*XBZ
Fto = Fto00+Feb00*XTO
Fh2 = Fh200+Feb00*XH2
Fcl = Fcl0+Feb00*XTO
Fc2 = Fc20+Feb00*XB7Z
Peb = Feb/Ft*P

Pst = Fst/Ft*P

*(1+MW1/MW2) )~ (1/2)
*(1+MW1/MW3) )~ (1/2)
* (1+MW1/MW4) ) "~ (1/2)
* (1+MW1/MW5) )~ (1/2)
* (1+MW1/MW6) )~ (1/2)
(1+MW2/MW1) )~ (1/2)
(1+MW2/MW2) )~ (1/2)
(1+MW2/MW3) ) "~ (1/2)
* (1+MW2/MW4) )~ (1/2)
* (1+MW2/MW5) ) ~ (1/2)
* (1+MW2/MW6) ) ~ (1/2)
* (1+MW3/MW1) )~ (1/2)
(1+MW3/MW2) )~ (1/2)
(1+MW3/MW3) )~ (1/2)
(1+MW3/MW4) )~ (1/2)
* (1+MW3/MW5) ) ~ (1/2)
* (1+MW3/MW6) )~ (1/2)
* (1+MW4 /MWL) ) "~ (1/2)
(1+MW4/MW2) )~ (1/2)
(1+MW4/MW3) )~ (1/2)
(1+MW4/MW4) )~ (1/2)
* (1+MW4 /MW5) )~ (1/2)
* (1+MW4/MW6) )~ (1/2)
* (1+MW5/MW1) )~ (1/2)
(1+MW5/MW2) )~ (1/2)
(1+MW5/MW3) ) "~ (1/2)
(1+MW5/MW4) )~ (1/2)
(1+MW5/MW5) ) ~ (1/2)
* (1+MW5/MW6) ) ~ (1/2)
* (L+MW6 /MWL) )~ (1/2)
* (1+MW6/MW2) ) ~ (1/2)
(1+MW6/MW3) )~ (1/2)
(1+MW6/MW4) )~ (1/2)
(1+MW6/MW5) ) ~ (1/2)
(L+MW6/MW6) ) ~ (1/2)
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Ph2 =
Pbz =
Pto =

Ceb =
Cst =
Ch2 =
Cbz =
Cto =

Cebin
Cstin
Ch2in
Cbzin
Ctoin

Ceb0 =
Cst0 =
Ch20 =
Cbz0 =
Cto0 =

meb
mst
mbz
mto
mh2
mh2o=
mcl
mc2
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Fh2/Ft*P
Fbz/Ft*P
Fto/Ft*P

Feb/v
Fst/v
Fh2/v
Fbz/v
Fto/v

= Feb0/v0
= Fst0/v0
= Fh20/v0
= Fbz0/v0
= Fto0/v0

Feb00/v0
Fst00/v0
Fh200/v0
Fbz00/v0
Fto00/v0

= MWeb*Feb
= MWst*Fst
= MWbz*Fbz
= MWto*Fto
= MWh2*Fh2
MWh20*Fh200
MWcl*Fcl

MWc2*Fc2

mt = meb+mst+mbz+mh2+mto+mcl+mc2+mh20

yl=Feb
y2=Fst
y3=Fbz
y4=Fto
y5=Fh2
y6=Fh2

//Resu
SST =
SBZ =
STO

integr
output

Cst0=0.
Cbz0=0.
Cto0=0.
Ch20=0.

/Ft
/Ft
/Ft
/Ft
/Ft
o0/Ft

1t

XST/XEB*100
XBZ/XEB*100
XTO/XEB*100

al z[0,Lb] by trp step 0.133
Ceb',Cst',Cbz',Cto',Ch2"',XEB,SST, SBZ,STO, P, TCeb0=0.0014073
000019

0000006737844

000009939294

000004879009



Result:

<< results >>
Ceb' =
Cst' =
Cbz' =
Cto' =
Ch2' =
XEB =
SST =
SBZ =
STO =
P =
T =

-8.348045e-005
-6.817745e-005
-2.834605e-007
-2.08280%e-007
3.116312e-006
0.3445653
97.77636
1.171451
0.9487367
1.044915
826.0831
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6. Model6 : Heterogeneous model account for internal transfer, external transfer and
mass axial dispersion

EQUATRAN code:

function
diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,T0;Cseb,Csst,Csbz,Csto,Csh2,T,Cseb',Css
t',Csbz',Csto',Csh2',T',Deebs, Dests, Debzs,Detos,Deh2s, ke)
Cseb''+Cseb'*2/r= 1/Deebs* (densityS* (rcls+rc2s+rc3s) +voidcat* (rtls+rt2s
+rt3s)) ;Cseb#Cseb0 ;Cseb'#0
Csst''+Csst'*2/r= -1/Dests* (densityS* (rcls-rcds)+voidcat* (rtls))
;Csst#Csst0 ;Csst'#0
Csbz''+Csbz'*2/r= -1/Debzs* (densityS* (rc2s)+voidcat* (rt2s))
;Csbz#Csbz0 ;Csbz'#0
Csto''+Csto'*2/r= -1/Detos* (densityS* (rc3s+rcds)+voidcat* (rt3s))
;Csto#Cstol ;Csto'#0
Csh2''+Csh2'*2/r= -1/Deh2s* (densityS* (rcls-rc3s-2*rc4ds)+voidcat* (rtls-rt3s))
;Csh2#Csh20 ;Csh2'#0

T''"+T'*2/r = - (-(rcls*densityS+rtls*voidcat)*HRX1- (rc2s*densityS+rt2s
*voidcat) *HRX2- (rc3s*densityS+rt3s*voidcat) *HRX3-rcds*densityS*HRX4) /ke
;T#TO ;T'#0

Cseb = Pseb/R/T*10"2
Csst = Psst/R/T*10"2
Csh2 = Psh2/R/T*10"2
Csbz = Psbz/R/T*10"2
Csto = Psto/R/T*10"2

Cseb0 = Pseb0/R/T0*10"2
Csst0 = Psst0/R/T0*10"2
Csh20 = Psh20/R/T0*10"2
Csbz0 = Psbz0/R/T0*10"2
Csto0 = PstoO/R/T0*10"2

rcls = kcl*KEB* (Pseb-Psst*Psh2/Keq) / (1+KEB*Pseb+KH2*Psh2+KST*Psst) 2
rc2s = kc2*KEB*Pseb/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rc3s = kc3*KEB*Pseb*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rcds = kc4*KST*Psst*KH2*Psh2/ (1+KEB*Pseb+KH2*Psh2+KST*Psst) *2

rtls = ktl* (Pseb-Psst*Psh2/Keq)
rt2s = kt2*Pseb

rt3s = kt3*Pseb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kec3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*1073/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*1073/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*1073/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215*%10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) ;At2=2.4217*%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltasS

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2* (T"2-298.15"2)+deltac/3* (T"3-
298.15%3)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T 2-
298.15%2)+deltad/3* (T"3-298.15"3)
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deltaHO= (1.475-0.2981)*10"5

deltasO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (=3)
;deltac=(-40.23-1.381+48.11)*10" (-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T"2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"~4-298.15"4)
HRX2 = HRX20+deltaa2* (T-298.15)+deltab2/2* (T*2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"~4-298.15"4)
HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T*2-298.15"2)+deltacl3/3* (T"3-
298.15"3)+deltad3/4* (T*4-298.15"4)
HRX4 = HRX40+deltaa4d* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4/4* (T"4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10" (-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)

HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10" (-8)

HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10"(-2)
;deltac3=23.04*10"(-5) ;deltad3=-9.9955*10" (-8)

HRX40=-172370 ;deltaad4=-31.13 ;deltab4=-6.9818*10" (-2)
;deltac4=16.54*10" (-5) ;deltad4=-7.685*10" (-8)

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;beb=6.0671*10"(-3) ;ceb=-3.8625*10"(-6) ;deb=9.1282*10"(-10)
Cpst = ast+tbst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10"(-10)
Cpto = atotbto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10"(-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57
;bh2=4.637*10"(-3) ;ch2=-6.905*10" (-6) ;dh2=38.23*10"(-10)
Cph2o= ah2o0+bh20*T+ch20*T*2+dh20*T"3 ;ah20=1.79111
;bh20=0.1069*10" (-3) ;ch20=0.58611*10" (=6) ;dh20=-1.998*10" (-10)
Deebs = 0.02248767

Dests = 0.02467243

Debzs = 0.02620409

Detos = 0.023596006

Deh2s = 0.2069529

ke = 19.35925

voidB = l-densityB/densityS

densityB = 1422
densityS = 2500
voidcat = 0.4
tor = 3

integral r[0.0000001,0.00275]
END

//Solid phase

e:diffus (Cseb0,Csst0,Csbz0,Csto0,Csh20,Ts0,Cseb,Csst,Csbz,Csto,Csh2,Tss, kpeb
* (Ceb-Cseb) /Deebs, kpst* (Cst-Csst) /Dests, kpbz* (Cbz-Csbz) /Debzs, kpto* (Cto-
Csto) /Detos, kph2* (Ch2-Csh2) /Deh2s, h* (T-Tss) /ke, Deebs, Dests, Debzs, Detos
,Deh2s, ke)

el :Cseb=CsebR

e2:Csst=CsstR

e3:Csbz=CsbzR

ed:Csto=CstoR



e5:Csh2=Csh2R
ell:Tss=Ts

reset CsebR#0.0014064[0,1000] by el maxloop 100000,
CsstR#0.000320049[0,1000] by e2 maxloop 100000,
CsbzR#6.74E-07[0,1000] by e3 maxloop 100000,
CstoR#9.94E-06[0,1000] by e4 maxloop 100000,
Csh2R#4.88E-06[0,1000] by e5 maxloop 100000,
Ts#880([0,1000] by ell maxloop 100000

reset Cseb0#0.000351019[0,1000] by e maxloop 100000

//Gas phase
//Mass balance
voidB*Da'*Ceb'+voidB*Da*Ceb''-us*Ceb'-us'*Ceb-kpeb*as* (Ceb-CsebR) -

voldB* (rtl+rt2+rt3)=0 ; Ceb#CebO0 ;Ceb'# (AO0* (Ceb0-Cebin))
voidB*Da'*Cst'+voidB*Da*Cst''-us*Cst'-us'*Cst-kpst*as* (Cst-
CsstR)+voidB* (rtl)=0 ;Cst#CstO0 ;Cst'"# (A0* (Cst0-Cstin))
voidB*Da'*Cbz'+voidB*Da*Cbz''-us*Cbz'~-us'*Cbz-kpbz*as* (Cbz-

CsbzR) +voidB* (rt2)=0 ; Cbz#Cbz0 ;Cbhz'"# (A0* (Cbz0-Cbzin))
voidB*Da'*Cto'+voidB*Da*Cto''-us*Cto'-us'*Cto-kpto*as* (Cto-

CstoR) +voidB* (rt3)=0 ;Cto#Cto0 ;Cto'# (A0* (Cto0-Ctoin))
voidB*Da'*Ch2'+voidB*Da*Ch2''-us*Ch2'-us'*Ch2-kph2*as* (Ch2-

Csh2R) +voidB* (rtl-rt3)=0 ;Ch2#Ch20 ;Ch2'# (A0* (Ch20-Ch2in))
us'=R* (10" (-2)) /Ac* ((P* (Ft*T'"+T*Ft')-T*Ft*P') /P"2) ;us#usO
Ft'/Ac = (rcl+rc2-rcd) *densityB+ (rtl+rt2) *voidB ;FLt#Ft0
Da'= 0.5* (us'/voidB) *dp ; Da#Dal

(

A0 = us0/ (voidB*Da0)
Da0 = 0.5* (us0/voidB) *dp

//Energy balance
us*density*Cpm*T'=-as*h* (T-Ts) ; T#TO

//Momentum balance
P'*10"5 = -f*us*G/dp/3600"2 ; P#PO
f =(1-voidB) /voidB"3* (1.75+150* (1-voidB) /Re)

//Reaction
rcl = kcl*KEB* (Peb-Pst*Ph2/Keq) / (1+KEB*Peb+KH2*Ph2+KST*Pst) "2
rc2 = kc2*KEB*Peb/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc3 = kc3*KEB*Peb*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) ~2

rc4d = kcd4*KST*Pst*KH2*Ph2/ (1+KEB*Peb+KH2*Ph2+KST*Pst) *2

rtl = ktl* (Peb-Pst*Ph2/Keq)
rt2 = kt2*Peb

rt3 = kt3*Peb

kcl = Al*exp (-E1*10"3/R/T) ;A1=2.33293E+11 ;E1=204.6619326
kc2 = A2*exp (-E2*10"3/R/T) ;A2=2.65416E+16 ;E2=320.3544359
kec3 = A3*exp (-E3*10"3/R/T) ;A3=9.00967E+15 ;E3=320.9687204
kc4 = Ad*exp (-E4*10"3/R/T) ;A4=8.53675E+17 ;E4=333.4837164
KEB = Aeb*exp (-Heb*1073/R/T) ;Aeb=2.55449E-10 ;Heb=-180.5057701
KST = Ast*exp (-Hst*1073/R/T) ;Ast=2.26449E-06 ;Hst=-122.2609362
KH2 = Ah2*exp (-Hh2*1073/R/T) ;Ah2=3.92807E-09 ;Hh2=-152.1129516
ktl = Atl*exp (-Et1*1073/R/T) ;At1=2.2215*10"16 ;Et1=272.23

kt2 = At2*exp (-Et2*1073/R/T) ;At2=2.4217*%10"20 ;Et2=352.79

kt3 = At3*exp (-Et3*1073/R/T) ;At3=3.8224*10"17 ;Et3=313.06

Keq = exp(-deltaG/R/T)

deltaG = deltaH - T*deltas

deltaH = deltaHO+deltaa* (T-298.15)+deltab/2*(T"2-298.15"2)+deltac/3* (T"3~-

298.1573)+deltad/4* (T"4-298.15"4)

deltaS = deltaSO+deltaa*loge(T/298.15)+deltab* (T-298.15)+deltac/2* (T"2-

298.15%2)+deltad/3*(T"3-298.15"3)
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deltaHO= (1.475-0.2981)*10"5

deltasO= 115.7

deltaa = -28.25+27.14+43.1 ;deltab=(615.9+9.274-707.2)*10" (=3)
;deltac=(-40.23-1.381+48.11)*10" (-5) ;deltad=(99.35+7.645-130.1)*10" (-9)
R = 8.314

HRX1 = HRX10+deltaal* (T-298.15)+deltabl/2* (T"2-298.15"2)+deltacl/3* (T"3-
298.15"3)+deltadl/4* (T"~4-298.15"4)

HRX2 = HRX20+deltaa2* (T-298.15)+deltab2/2* (T*2-298.15"2)+deltac2/3* (T"3-
298.15"3)+deltad2/4* (T"~4-298.15"4)

HRX3 = HRX30+deltaa3* (T-298.15)+deltab3/2* (T*2-298.15"2)+deltacl3/3* (T"3-
298.15"3)+deltad3/4* (T"~4-298.15"4)

HRX4 = HRX40+deltaa4d* (T-298.15)+deltabd/2* (T"2-298.15"2)+deltacd/3* (T"3-
298.15"3)+deltad4/4* (T"4-298.15"4)

HRX10=117690 ;deltaal=41.99 ;deltabl=-8.2026*10" (-2)
;deltacl=6.499*10" (-5) ;deltadl=-2.311*10"(-8)

HRX20=105510 ;deltaa2=12.986 ;deltab2=-7.67*10"(-2)
;deltac2=9.592*10" (-5) ;deltad2=-4.125*10"(-8)

HRX30=-54680 ;deltaa3=10.86 ;deltab3=-15.1844*10"(-2)
;deltac3=23.04*10" (-5) ;deltad3=-9.9955*10" (-8)

HRX40=-172370 ;deltaad4=-31.13 ;deltabd4=-6.9818*10" (-2)
;deltacd=16.54*10" (-5) ;deltad4=-7.685*10" (-8)

//Bed properties

voidB = l-densityB/densityS
densityB = 1422

Ac = pi*rb”"2

rb = 3.5

Lb = 1.33

densityS = 2500

voidcat = 0.4

dp = 0.0055

rp = dp/2

as 3/rp* (1-voidB)
//Properties of component
MWeb = 106.167

MWst = 104.151

MWbz = 78.113

MWto = 92.14

MWwh2 = 2.016

MWh2o0= 18.015

MWcl = 16.043

MWc2 = 28.054

Cpeb = aeb+tbeb*T+ceb*T"2+deb*T"3 ;aeb=-0.43426
;eb=6.0671*10"(-3) ;ceb=-3.8625*%10"(-6) ;deb=9.1282*10" (-10)
Cpst = ast+bst*T+cst*T"2+dst*T"3 ;ast=-0.26436
;bst=5.564*10"(-3) ;cst=-3.0018*10"(-6) ;dst=5.3317*10"(-10)
Cpbz = abz+bbz*T+cbz*T"2+dbz*T"3 ;abz=-0.40599
;bbz=6.6616*10"(-3) ;cbz=-4.5318*10"(-6) ;dbz=12.255*10" (-10)
Cpto = atot+bto*T+cto*T"2+dto*T"3 ;ato=-0.27127
;bto=5.9142*10"(-3) ;cto=-3.8631*10"(-6) ;dto=9.54*10"(-10)
Cph2 = ah2+bh2*T+ch2*T"2+dh2*T"3 ;ah2=13.57
;bh2=4.637*%10" (-3) ;ch2=-6.905*10"(-6) ;dh2=38.23*10"(-10)

Cph20o= ah2o0tbh20*T+ch20*T"*2+dh20*T"3
;bh20=0.1069*10" (-3) ; ch20=0.58611*10" (-6)

//Properites of fluid
v0 = FtO*R*TO/PO0*10" (-2)

;ah20=1.79111
;dh20=-1.998*10" (-10)
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us0= v0/Ac

us = v/Ac

density = (Feb*MWeb+Fst*MWst+Fbz*MWbz+Fto*MWto+Fh2*MWh2+Fh200*MWh20+Fcl*Micl
+Fc2*MWc2) /v

Cpm = (meb*Cpeb+mst*Cpst+mbz*Cpbz+mto*Cpto+mh2*Cph2+mh20*Cph20) /mt

G = feeddenO*v0/Ac

feedden0 = (Feb0*MWeb+Fst0*MWst+Fbz0*MWbz+Fto0*MWto+Fh20*MWh2+Fh200*MWh20
+Fcl0*MWcl+Fc20*MWc2) /v0

Re = feeddenO*dp*us0/ (vis*3600)

vis=yl*visl/ (yl*phill+y2*phil2+y3*phil3+y4*phild+y5*phil5+y6*phil6)+y2*vis2/
(y1*phi21+y2*phi22+y3*phi23+y4*phi24+y5*phi25+y6*phi26) +y3*vis3/ (yl*phi3l+y2
*phi32+y3*phi33+y4*phi34+y5*phi35+y6*phi36) +yd*visd/ (yl*phidl+y2*phid2+y3*ph
143+y4*phid4+y5*phid5+y6*phid6) +y5*vis5/ (yl*phib5l+y2*phi52+y3*phi53+y4*phib54
+y5*phi55+y6*phi56) +y6*vis6/ (yl*phi6l+y2*phi62+y3*phi63+y4*phi64+y5*phi65+y6
*phi66)

visl=10"(-7)*(4.61*Tr170.618-2.04*exp (-0.449*Trl)+1.94*%exp (-4.058*Tr1)+0.1)/
(Tcl™(1/6)*MW1" (-1/2) *Pcl” (-2/3)

;Trl=T/Tcl ;Tcl=617.2 ;MW1=106.16 ;Pcl=36 //EB
vis2=10"(=7)*(4.61*Tr270.618-2.04*exp (-0.449*Tr2)+1.94*%exp (-4.058*Tr2)+0.1)/
(Tc2”(1/6) *MW2~ (-1/2) *Pc2” (-2/3))

; Tr2=T/Tc2 ; Tc2=647.0; MW2=104.14 ;Pec2=39.9 //ST

vis3=10"(-7)* (4.61*Tr370.618-2.04*exp (-0.449*Tr3)+1.94*exp (-4.058*Tr3)+0.1) /
(Tc3”(1/6)*MW3” (-1/2) *Pc3”(-2/3))

; Tr3=T/Tc3 ; Tc3=562.2 ;MW3=78.11 ;Pc3=48.9 //BZ
visd=10"(=7)*(4.61*Tr470.618-2.04*exp (-0.449*Trd4)+1.94*%exp (-4.058*Tr4)+0.1)/
(Tcd4” (1/6) *MW4"~ (-1/2) *Pcd™ (-2/3))

; Tr4=T/Tc4 ;Tc4=591.8 ;MW4=92.11 ;Pcd=41 //TO
vis5=10"(=7)*26.69*sqrt (MW5*T) /zigma5”"2/omega5 ;MW5=2 ;zigma5=2.827
;omegab5=1.16145/(T5)"0.14874+0.52487*exp (-0.77320*T5)+2.16178*exp (-
2.43787*T5) ;T5=T/59.7 //H2

vis6=10"(-7) *26.69*sqrt (MW6*T) /zigma6”2/omega62; MW6=18 ;zigma6=2.641
;omega6=1.16145/(T6)"0.14874+0.52487*exp (=0.77320*T6)+2.16178*exp (-
2.43787*T6) ;T6=T/809.1 ;omega62=omegab6+0.2/T6 //H20
phill=(1+(visl/visl) " (1/2)* (MW1/MW1) "~ (1/4))"2/(8* (1+MW1/MW1))"~(1/2)
phil2=(1+(visl/vis2)*(1/2)* (MW2/MW1) ~(1/4)) "2/ (8* (1+MW1/MW2) )" (1/2)
phil3=(1+(visl/vis3)*(1/2)* (MW3/MW1)~(1/4))"2/(8* (1+MW1/MW3) )" (1/2)
phild=(1+(visl/visd)~(1/2)* (MW4/MW1) "~ (1/4))"2/ (8* (1+MW1/MW4) )"~ (1/2)
phil5=(1+(visl/visb5) "~ (1/2)* (MW5/MW1) "~ (1/4))"2/(8* (1+MW1/MW5) )"~ (1/2)
phil6é=(1+(visl/vis6) "~ (1/2)* (MW6/MW1) "~ (1/4))"2/(8* (1+MW1/MW6) )"~ (1/2)
phi2l=(1+(vis2/visl) ~(1/2)* (MW1/MW2) "~ (1/4))"2/(8* (1+MW2/MW1) )"~ (1/2)
phi22=(1+(vis2/vis2)*(1/2)* (MW2/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW2) )"~ (1/2)
phi23=(1+(vis2/vis3) "~ (1/2)* (MW3/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW3) )"~ (1/2)
phi24=(1+(vis2/visd)~(1/2)* (MW4/MW2) "~ (1/4)) "2/ (8* (1+MW2/MW4) )~ (1/2)
phi25=(1+(vis2/vis5)*(1/2)* (MW5/MW2) ~ (1/4)) "2/ (8* (1+MW2/MW5) )"~ (1/2)
phi26=(1+(vis2/vis6) " (1/2)* (MW6/MW2) "~ (1/4))"2/(8* (1+MW2/MW6) )~ (1/2)
phi31l=(1+(vis3/visl) "~ (1/2)* (MW1/MW3) " (1/4))"2/(8* (1+MW3/MW1) )"~ (1/2)
phi32=(1+(vis3/vis2) " (1/2)* (MWN2/MW3) "~ (1/4))"2/(8* (1+MW3/MW2) )" (1/2)
phi33=(1+(vis3/vis3)*(1/2)* (MW3/MW3) "~ (1/4))"2/ (8* (1+MW3/MW3) )" (1/2)
phi34=(1+ (vis3/visd)~(1/2)* (MW4/MW3) "~ (1/4)) "2/ (8* (1+MW3/MW4) )"~ (1/2)
phi35=(1+ (vis3/vis5) "~ (1/2)* (MW5/MW3) "~ (1/4))"2/ (8* (1+MW3/MW5) )" (1/2)
phi36=(1+(vis3/vis6)~(1/2)* (MW6/MW3) "~ (1/4)) "2/ (8* (L+MW3/MW6) )~ (1/2)
phidl=(1+(vis4/visl) "~ (1/2)* (MW1/MW4) " (1/4))A2/( * (1+MW4 /MWL) )~ (1/2)
phid2=(1+(visd/vis2)~(1/2)* (MW2/MW4) "~ (1/4)) "2/ (8* (1+MW4/MW2) )"~ (1/2)
phid3=(1+(vis4/vis3)”(1/2)* (MW3/MW4) " (1/4))A2/(8*(1+MW4/MW3))A(1/2)
phidd=(1+ (visd/visd)~(1/2)* (MWA/MWA) ~(1/4)) "2/ (8* (1+MW4/MW4) )"~ (1/2)
phid5=(1+ (visd/vis5)*(1/2)* (MW5/MW4) ~(1/4)) "2/ (8* (1+MW4/MW5) )"~ (1/2)
phid6=(1+(visd/vis6)~(1/2)* (MW6/MW4) "~ (1/4)) "2/ (8* (L+MW4/MW6) )~ (1/2)
phi51=(1+(vis5/visl)~(1/2)* (MW1/MW5) "~ (1/4))"2/ (8* (1+MW5/MW1) )"~ (1/2)
phi52=(1+(vis5/vis2) "~ (1/2)* (MW2/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW2) )~ (1/2)
phi53=(1+(vis5/vis3) "~ (1/2)* (MW3/MW5) "~ (1/4)) "2/ (8* (L+MW5/MW3) )~ (1/2)



phi54= vis5/vis4 1/2
phi55= vis5/vish 1/2
phi56= vis5/vis6 1/2

(1+( )~ ) *(
(1+( )~ ) *(
(1+( )~ ) *(
phi6l=(1+(vis6/visl) " (1/2)*(
phi62=(1+(vis6/vis2) " (1/2)*(
phi63=(1+(vis6/vis3) " (1/2) *(
phi6d=(1+(vis6/visd) " (1/2) *(
phi6b=(1+(vis6/visb) " (1/2) *(
phi66=(1+(vis6/vis6) " (1/2)*(

//Feed

Feb0 = 707
Fst0 = 7.104
Fbz0 = 0.293
Fto0 = 4.968

Fh20 = 0

Fh200= 7777
Fcl0 = 0

Fc20 = 0

Fto =

PO = 1.25

TO = 886
//Profile

Ceb0 = Feb00/v0
Cst0 = Fst00/v0
Ch20 = Fh200/vO0
Cbz0 = Fbz00/v0

Cto0 = Fto00/v0

Feb = Feb00* (1-XEB)
Fst = Fst00+Feb00*XST
Fbz = Fbz00+Feb00*XBZ
Fto = Fto00+Feb00*XTO
Fh2 = Fh200+Feb00*XH2
Fcl = Fcl0+Feb00*XTO
Fc2 = Fc20+Feb00*XBZ

Peb = Feb/Ft*P
Pst = Fst/Ft*P
Ph2 = Fh2/Ft*P
Pbz = Fbz/Ft*P
Pto = Fto/Ft*P

Ceb = Feb/v
Cst = Fst/v
Ch2 = Fh2/v
Cbz = Fbz/v
Cto = Fto/v

Cebin = Feb0/v0
Cstin = Fst0/v0
Ch2in = Fh20/vO0
Cbzin = Fbz0/v0
Ctoin = Fto0/v0

meb = MWeb*Feb
mst = MWst*Fst
mbz = MWbz*Fbz

mto MWto*Fto

YN (1/4)) "2/ (8% (L+MW5/MW4) )~ (1/2)
YN (1/4)) "2/ (8% (L+MW5/MW5) ) ~ (1/2)
YA (L1/4)) 72/ (8% (L+MWS/MW6) )~ (1/2)
YA (L1/4)) 72/ (8% (L+MW6 /MWL) )~ (1/2)
YA(L/4)) " 2/ (8% (L+MW6/MW2) )~ (1/2)
YN (1/4)) "2/ (8% (L+4MW6/MW3) ) ~ (1/2)
YN (1/4)) "2/ (8% (L+MW6/MW4) )~ (1/2)
YN (1/4)) "2/ (8% (L+MW6/MWS) ) ~ (1/2)
YA(L/4)) "2/ (8% (L+MW6/MW6) ) ~ (1/2)

Feb0+Fst0+Fbz0+Fto0+Fh20+Fh200+Fcl10+Fc20
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mh2 = MWh2*Fh2
mh2o = MWh20*Fh200
mcl = MWcl*Fcl
mc2 = MWc2*Fc2

mt = meb+mst+mbz+mh2+mto+mcl+mc2+mh20o

yl=Feb/Ft
y2=Fst/Ft
y3=Fbz /Ft
y4=Fto/Ft
y5=Fh2/Ft
y6=Fh200/Ft

yeb=Feb/Ft
yst=Fst/Ft
ybz=Fbz/Ft
yto=Fto/Ft
yh2=Fh2/Ft
yh20=Fh200/Ft

//Mass Transport parameter

kpeb =
kpst =
kpbz =
kpto =
kph?2 =

1197.
1070.
1204.
.234
4835.

1122

351
464
048

582

//Heat Transport parameter

h = 2974.
//Result

SST = XST/XEB*100
SBZ = XBZ/XEB*100

STO = XTO/XEB*100

integral z[0,Lb] by trp step 0.133
output XEB,SST, SBZ,STO,P,T,Ceb',Cst',Cbz',Cto',Ch2"

Ceb0=0.00140705
Cst0=0.0000187
Cbz0=0.0000006737844
Cto0=0.000009939294
Ch20=0.0000046

Result:

<< results
XEB
SST
SBZ
STO
P

T
Ceb'
Cst'
Cbz'
Cto'
Ch2'

605

0.3445987
97.98518
1.171413
0.9758352
1.039764
826.4305
9.607248e-005
-6.354263e-006
6.51771e-006
4.353134e-006
7.573117e-005
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