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ABSTRACT

This research focuses on white box modeling of the dynamics of a reactive distillation
column, precisely, one that is used for the commercial production of MTBE (methyl-
tert-butyl-ether) by the reaction between methanol and isobutylene. The motivation for
this study is mainly the process complexity posed by simultaneous reaction and
separation which complicates the design and control of the column. In this study, an
equilibrium model of reactive distillation column is developed in MATLAB by putting
together the MESH equations and other equations like Francis weir formula and
reaction rate law. Subsequently, the developed model is validated by comparison of
simulation results with industrial data. Finally, the dynamic behaviour of the system is
studied by applying step changes to each of the input variables, one at a time. The
model of reactive distillation column is successfully developed. It is also proven to be a
good representation of the column in the industry because model predictions and plant
data come to a good agreement.



ABSTRAK

Kajian ini memberi tumpuan kepada pemodelan kotak putih dinamik kolum
penyulingan reaktif, secara tepatnya, kolum yang digunakan untuk pengeluaran
komersial MTBE (metil-tert-butil-eter) oleh tindak balas antara metanol dan isobutena.
Motivasi untuk kajian ini ialah kerumitan proses yang disebabkan oleh tindak balas dan
pemisahan serentak yang merumitkan perekaan dan kawalan kolum. Dalam kajian ini,
model keseimbangan kolum penyulingan reaktif diterbitkan dalam MATLAB dengan
mengumpulkan persamaan MESH dan persamaan lain seperti formula empang dasar
Francis dan persamaan kadar tindak balas. Selepas itu, model yang diterbitkan telah
disahkan melalui perbandingan keputusan simulasi dengan data industri. Akhir sekali,
tingkah laku dinamik sistem dikaji dengan melakukan perubahan langkah untuk setiap
pemboleh ubah dimanipulasi, satu pada satu-satu masa. Model kolum penyulingan
reaktif berjaya diterbitkan. la juga terbukti bahawa model tersebut mampu mewakili
kolum dalam industri dengan baiknya kerana keputusan simulasi dengan data industri
adalah mirip.
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CHAPTER 1

INTRODUCTION

11 RESEARCH BACKGROUND

Reactive distillation is a process in which catalytic reactions and separation by
distillation are carried out simultaneously in a column. A schematic diagram of reactive
distillation column is shown in figure 1.1. Industrial applications of the process include
the production or decomposition of esters, ethers and alcohols, selective hydration of

olefins or aromatics and isomerization reactions (Moritz et al., 2003).

Amongst the benefits of employing such operation is that the process
simplification by combining reaction and separation reduces capital costs, this is
because plant owners need not purchase reactors and distillation columns separately as
they come in a ‘package’. Next, it improves conversion for reversible reactions as the
built-in separation enables product species to be taken away from the reaction zone, in
this way, the system equilibrium shifts towards the right according to Le Chatelier’s
principle and more reactants will be consumed to form products. For the same reason,
reactive distillation improves selectivity and minimizes side reactions. Finally, if the

reaction taking place in the column is exothermic, heat integration benefits can be



derived because the liberated heat can be utilized for the heat of vaporization and reduce
reboiler duty (Taylor and Krishna, 2000).

Total condenser
Dhstillate
—h
‘ Feactive zone
Feed
]
Partial
* > reboiler

Bottom product

Figure 1.1: A schematic diagram of reactive distillation column

Despite having numerous advantages, reactive distillation does have some
drawbacks. Firstly, it is not practical for reactions that require long residence time as a

large column and tray holdup would be needed, hence it is likely more economic to



resort to the conventional reaction-followed-by-separation setup. Besides, for cases
where the optimum operating conditions of reaction and distillation are far from each
other, it simply defeats the purpose of the combination. Moreover, it is not suitable for
large flow rates due to liquid distribution problems in packed section, too large a flow
rate will cause liquid to accumulate at different parts of the packing or even flood it, this
situation impedes the up bound flow of vapor and renders the entire column ineffective.
Lastly, the reactants and products must have suitable volatilities, if they have similar
volatilities, they would vaporize to the same extent and would not achieve a good extent

of separation (Taylor and Krishna, 2000).

1.2 PROBLEM STATEMENT

The reactive distillation column is associated with complex processing
configurations which complicate the design procedures and considerations. Precisely,
there exists multiplicity and nonlinear interactions between reaction kinetics, intra-
catalyst diffusion, vapor-liquid equilibrium and mass transfer (R. Taylor & R. Krishna,
2000). Moreover, in most chemical industries, where more often than not, products of
high purity, processes of high selectivity and conversion are desired, the process
nonlinearity is amplified. Distillation systems become highly nonlinear as the purity
exceeds 98% (Olanrewaju and Al-Arfaj, 2005). A good dynamic model is also

necessary to verify the design of the column.

Next, the dynamics and control of RDC are poorly understood as there lacks
publications in the literature (Peng et al., 2003). The nonlinearity of the system also
poses problems to the control aspects of the reactive distillation column. Standard PID
tuning with fixed parameters is inadequate for handling such processes (Bisowarno et
al., 2004). For complex processes such as this, advanced control strategies like model
based controllers should be employed and this can only be made possible by a thorough
understanding of the dynamics of the reactive distillation column. In addition, most of

the published works appear to be steady-state models (Peng et al., 2003).



1.3

OBJECTIVES

This research aims to attain the objectives below as part of the requirements for

its success.
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To develop an equilibrium model for reactive distillation column.

To validate the model with industrial data.

To study the dynamic performance of developed model.

SCOPE OF STUDY

The scope of this study is chosen in order to set the limit to where this research

will explore, and also to ensure that the research objectives can be achieved without

deviations. This study focuses on the white box modeling of the commercial MTBE

(methyl tert-butyl ether) production by the reaction of methanol and isobutylene in a

reactive distillation column.

1.5

SIGNIFICANCE OF RESEARCH

The developed process model for reactive distillation column will contribute to

the following aspects (Seborg et al., 2004):



Design of the reactive distillation column; the model allows dynamic and
steady-state behavior of the system to be detailed and understood. This

information will greatly ease the design.

Development of control strategies; with the knowledge about the system
behavior at disposal, various control methods can be proposed and tested. The
effectiveness of different control strategies can be compared and the best method

determined and implemented.

Optimization of operating conditions; owners of the column can utilize the
model to estimate the optimum operating conditions from time to time. In this
way, the owner is subjected to benefits in yield, profit and rate of product

manufacture.

Training for plant operating personnel; the model can be developed into a
simulation software to provide a realistic situation that imitates the
circumstances when the reactive distillation column is to be operated. With that,
plant workers can learn to operate and get familiar with the equipment before

they are actually put on duty.



CHAPTER 2

LITERATURE REVIEW

2.1 MTBE

O/

Figure 2.1: Skeletal Structure of MTBE

The above figure shows the skeletal structure of MTBE (or methyl tert-butyl
ether in full). MTBE is an organic compound with molecular formula C4HyOCHzand a
molecular weight of 88.15 g/mol. It is a colourless liquid with an ether-like smell and is
extremely volatile and flammable. It is widely used around the globe as a gasoline
oxygenate to increase the octane number. High purity MTBE is utilized as a solvent in

labs as well as pharmaceutical industries (Hatermann, n.d.)



2.2 REACTION KINETICS

The reversible reaction between methanol (MeOH) and isobutylene (IB) to

produce MTBE can be represented by the following equation:

MeOH + IB & MTBE (2.1)

The reaction is heterogeneously catalyzed by Amberlyst 15. The rate of the liquid phase
reaction can be described by the rate equation as shown below (Rehfinger and
Hoffmann, 2001; Eldarsi and Douglas, 1998):

r:qkf< ~i8_ _ _TMTBE )mol/s.kg (2.2)

AMeOH Keq @eon

r represents the rate of reaction per unit mass of catalyst while g is the number of
equivalent acid groups on one unit mass of catalyst resin (4.9 equiv/kg for Amberlyst
15), a is the activity of different components, k: is the rate constant of the forward

reaction, Keq is the equilibrium constant. The expressions for k; and Keq are as follows:

ke = 3.67 x 10 2expi———) mol/s . kg (2.3)
K.q = 284 expiff (¢)] (2.4)

11 T
f(t) =4 (?_T_o) + A, log(r_o) + A3(T — To) + Ay (T? = T§) + As(T° = T¢§) +

Ag(T* =T} (25)



where
T, = 298.15 K
Ay =—1.49277 x 103 K
Ay = —77.4002
A3 = 0.507563 K1
A, =—9.12739 x 107+ K2
As = 1.10649 x 1076 K3

Ag = —6.27996 x 10710 k4

23 TYPES OF MATHEMATICAL MODELS

2.3.1 White Box Model

A white box model is a list of equations that represents a system or process; it is
developed from theories of science, namely, conservation principles that apply to mass,
energy and momentum as well as relations that govern the equilibrium between liquid
and vapor. What differentiates a white box model from the other types is that it provides
details about the insights of a system (Seborg et al., 2004). The followings are equations

that constitute a white box model of a reactive distillation column:



dt -
<= Vit b+ F= ()= (el =Ko,
* S S ViR, ¢ S Y=L S Yij=1

m=1i=| i=1 i=1
dU;x; ; dUH . o
_(;’ = = Visahiger +Lj-1Xij-y + Fiz ‘_dll—, = VissHjor + Lj-y Hiey + FiH]

.» ’ 2 —(L+ )V HY = (1 + L HY - 0,

-1+ I )i iYij— (I + r,‘"L,-\‘,, T Z “:.mRm.j"'I;'
m=1

Figure 2.2: An example of white box model

Source: Taylor and Krishna (2000)

2.3.2 Black Box Model

Unlike in a white box model, the system under consideration is treated like an
opaque box, that is, only the input and output for the system are considered but the inner
workings are not known. The development of a black box model is based on regression
to find the relations between the input and output (Seborg et al., 2004). A black box
model which represents the temperature increase due to heat liberation by thermogenin,
a mitochondrial membrane protein is shown below:
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PR\ &
4 = :\"'7'(1 FIE _’)
K
(.; - - 31.;7\'
: \ 'R'] / 5]
H =« — -B.H+y
1+ —r
i B

T=—k(T-T,)+&H

Figure 2.3: An example of black box model

Source: IGEM (2008)

2.3.3 Grey Box Model

In a grey box or hybrid model, fundamental principles from a white box model
is combined into a black box model, hence it gives better physical meaning than a
complete black box model. In this approach, the model is defined partly by physical
knowledge while the remaining unknown parts are described by a black box model. An

example of a grey box model representing a reactive distillation column is as follows:
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S, 1 0 0 0
S3 0 -1 0 0 r
d]| 4 2 1 -1 -1 s
@&|p| |0 o -1 a]|]n
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5.1 Bl | R O] g b TOROMG iy
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_25 ;: — s+ %f{) - %(1‘752 — FiD)

Figure 2.4: An example of grey box model

Source: Chen et al. (2004)

24  DEVELOPMENT OF EQUILIBRIUM MODEL

The schematic diagram of an equilibrium stage in a reactive distillation column

is shown below:
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5 %
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@ \ e
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b vapour feed
7 Vo to stage
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Liquid draw-off | %, Yot
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Figure 2.5: Schematic diagram of an equilibrium stage

Source: Taylor and Krishna (2000)

Liquid from the stage above and vapour from the stage below as well as fresh or recycle
feed, are all brought into contact in a stage. In an equilibrium model, the liquid and
vapour streams that leave the stage are assumed to be in equilibrium. The elements that
constitute the model are collectively known as MESH equations. ‘M’ and ‘H’ refer to
mass and heat balances respectively, they are written for each stage of separation
including the reboiler and condenser. ‘E’ refers to equilibrium relations that govern the
contacting vapor and liquid properties like composition, fugacity coefficient and activity
coefficient. ‘S’ refers to summation equations such as those that dictate the total mass

fraction of the components in the same phase equals unity (Taylor and Krishna, 2000).
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2.5 INCORPORATION OF TRAY EFFICIENCIES INTO EQUILIBRIUM
MODEL

Some equilibrium models incorporate tray efficiency factors in the phase
equilibrium equations as a modification (Taylor and Krishna, 2000). Ramesh K. et al.
(2005) incorporated Murphree vapour phase efficiencies to account for departure from
equilibrium between the vapour and liquid streams leaving a stage. The Murphree

efficiency of tray n for component j can be calculated with the formula:

En’j — Yn,j_Yn—l,j (25)

y;:j “Yn-1,

where yn; represents actual vapour composition, yn.1; is actual composition of vapour
received from the tray below while y*,; is the equilibrium vapour composition that
corresponds to the bulk liquid composition on the tray. y*,;j can be determined by

conducting bubble point calculations.

26  VALIDATION OF MODEL WITH EXPERIMENTAL/INDUSTRIAL
DATA

Bhatia et al. (2007) developed two types of models for simulation of a catalytic
distillation column that produces isopropyl palmitate, they were equilibrium model and
rate-based model. Subsequently, the models were used to predict the conversion of
palmitic acid and liquid composition for comparison with experimental data. It was
shown that the results obtained from the rate-based model were in good agreement with
the experimental data. On the other hand, the equilibrium model could only describe the

column behaviour qualitatively.
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2.7 STUDY OF DYNAMIC PERFORMANCE

An MTBE case study was done by Svandova et al. (2009) to investigate the
dynamic behaviour of the reactive distillation column as predicted by both the
equilibrium (EQ) and nonequilibrium (NEQ) models. A step increase was applied on
butenes feed flow rate at time 1 h and it was held until time reached 11 h when it was
returned to its original value. The dynamic response given by both models are depicted

by the following figures:

(A) 1.0 — 3200
- £
] —
: Q
o E
5 Pertubation: 12800 =
E +5% butenes b
E 08 ---- EQ model 12800 E
. —— NEQ model o
g - butenes feed flow rate | 5450 =
S o7t . o
o 2 o
] £
ﬂé =4 2200 E

06 -

8 S — 42000 -g
R O

0.5 L 1 L L] i L I i I 13[]ﬂ

0 2 4 & 8 10 12 14 16 18 20
time / [h]

Figure 2.6: Dynamic response given by EQ and NEQ models following 5 % step

increase of butenes feed flow rate and back
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(B) 1.0 T T T T T T T T T 3200
- pemmmmmTEmmToooS =
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E‘ 0.9 R R e £
= Pertubation: 42800 ~
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8 | {2000 £
i : ] a
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Figure 2.7: Dynamic response given by EQ and NEQ models following 10 % step
increase of butenes feed flow rate and back
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Figure 2.8: Dynamic response given by EQ and NEQ models following 15 % step

increase of butenes feed flow rate and back

Source: Svandova et al. (2009)
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Similar response were obtained from both models except for the case of 10 % step

increase of butenes feed flow rate.

Muhammad et al. (2011) studied the dynamic performance of an i-butane/n-
butane nonreactive distillation column. 2 % step changes of reboiler duty, reflux flow
rate, feed flow rate and feed composition of n-butane were made, one at a time, while

the response of top and bottom product composition were observed. The following

figures show the response of the said variables:

=
=
=
= ¥
E;I D.D_
E @ D s i mrr g
5= -002 b T——
2 o -0.04 Y DR
£= -00s
£ = -008 —“—Qb+2%
Z o= -0l h, - (Jb-2%
S o= 012 e
n = -0.12 ; x ;
2= 0 5 10 15 20 25 30 35 40 45 50
é‘ -; Time (min)
=
N=]
=
§? 0.05
= ' B e
S 0
£ -0.05 — Ob-21%
— e -
232 01 - Qb-29
= =
= = -015

=1
&2 .02 = o -
&0 = 0 5 10 15 20 235 30 35 40 435 50
== Time (min)
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The system was classified as being mildly nonlinear as the responses given were
asymmetrical.
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CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION

This chapter highlights the steps taken to conduct this research. Firstly, an
equilibrium model for reactive distillation column is developed in MATLAB
environment, the numerical method chosen to solve the sets of differential equations is
Euler’s method. Next, industrial data is used to validate the developed model. Lastly,
simulations are performed to study the column dynamics behavior, in this step, step
changes are performed on input variables and changes of output variables with time are

observed. The following figure depicts the overall process flow of this study:



Develop model in
MATLAB

Validate model with

industrial data

Perform simulations
to study the column

dynamics behaviour

Figure 3.1: Overall process flow of the study
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3.2 DEVELOPMENT OF MODEL IN MATLAB

An equilibrium model for reactive distillation column is developed in MATLAB
environment. The model consists mainly of MESH equations. Mass and heat balances
(M and H) are written for each stage of separation including the reboiler and condenser.
Equilibrium relations (E) are used to relate the vapour and liquid compositions on a
stage and calculate activity coefficients with UNIQUAC method (Smith et al., 2005) to
account for liquid phase nonideality. Besides, the summation (S) of compositions of
different components in the same phase on a stage must equal unity. Other equations
necessary to complete the model are the Francis weir formula and reaction rate law.

Furthermore, Murphree tray efficiencies are incorporated into the model as well.

3.2.1 Basis of Model Development

An industrial reactive distillation column for the commercial production of
MTBE is used as the basis of model development. Its configurations and specifications

are shown in the following figure:



Feed : Mixed phase

Temperature at 69.79 °C

Feed : Stage 18

Flowrate: 108.9468 m®/hr

Mass Fraction
MeOH =0.0206
Isobutene = 0.0244
MTBE =0.4700

1-butene =0.4849
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Figure 3.2: Column configurations and specifications used as model development basis



3.2.2

2 A

3.2.3

specified. Secondly, with the feed composition, liquid compositions throughout the
column are initialized. Then, vapour compositions and temperature throughout the
column are computed with bubble point calculations. Subsequently, previously obtained
values are used to calculate liquid and vapour enthalpy and flow rates throughout the
column. Next, mass balance derivatives and their residuals are calculated. If the residual
is not less than the specified error of tolerance, integration routine is called and then the
calculations are repeated starting at bubble point calculations, otherwise, the

temperature and composition profile of the column is generated. The steps described are

23

Model Assumptions

The following assumptions are made to simplify the model:

The vapour and liquid leaving a stage are in thermal equilibrium
Heat of mixing of vapour and liquid mixtures are negligible
Negligible vapour holdup on trays

Liquid on each stage is perfectly mixed

The column does not lose heat to the surroundings and is adiabatic

Vapour phase throughout the column is assumed to be ideal

Simulation Algorithm

Firstly, all the column specifications, required constants and parameters are

summarized in the flowchart below:



Specify all column specifications and read all the

required constants and parameters

v

Initialization of liquid compositions, x throughout

the column usina feed composition

»
»

Calculation of vapor compositions, y and temperature, T

throughout the column using bubble point calculation

A\ 4

Call Calculation of liquid enthalpy, h- and vapor
integration enthalpy, h¥ throughout the column
routine

Evaluation of liquid and vapor flow rates
throughout the column

v
Calculation of all mass balance derivatives and

then the residuals

Checking of the specified

tolerance for residual

No

Yes

A 4
Output the temperature and

composition profile of the column

Figure 3.3: Flowchart of simulation algorithm
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3.2.4 Numerical Method for the Solution of Differential Equations

In order to solve the sets of differential equations, Euler’s method or the point-

slope method is employed. This method uses equations of the form:

Vis1 =Yi + f(x, y:)h (3.1)

f(xi,yi) has the same expression as the derivative in a differential equation to be solved
and it is computed using the initial values of variables x and y. Upon substitution of
f(xi,y;) into the formula above, the initial value of variable y is extrapolated linearly over

step size h and result in a new value of y (Chapra and Canale, 2006).

3.3 VALIDATION OF MODEL WITH INDUSTRIAL DATA

After the model is developed, comparison with industrial data is necessary to
ensure its validity. Input variables like feed flow rate, feed composition, reflux flow rate
and reboiler duty are extracted from plant data and are incorporated into the model. The
input variables are utilized by the model to generate output variables like tray
temperature, top and bottom product composition. The results generated by the model
are then compared with the corresponding values of the plant data to determine if they

are in close agreement.

34 STUDY OF COLUMN DYNAMIC BEHAVIOUR

The developed model is used to study the dynamic behaviour of the reactive

distillation column. Simulations are conducted to study the effects of change of input
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variables (feed flow rate, feed composition, reflux flow rate and reboiler duty) on output
variables. With the system initially at steady-state, positive and negative 5% step
changes are applied on one of the input variables with the others held constant. The

changes of MTBE composition in top and bottom product with time are then observed.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

This chapter presents all the important results and findings of this study, as well
as the equations that constitute the developed model.

4.2 MODEL EQUATIONS

The total mass, component and energy balance for a generic tray

dM ;
— = ]/]"_1 + Lj+1 + F]' - Lj - V] + Z:nzl Z§:1 VimTm

— W (4.1)

JYYJ

dexi,j

= Vit Laxiin Bz — Lixij = Vv

+ Z:nzl vi,mrm,jvvj (42)
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am iy
T VioiHi_4 + Ljy1hipq + F[qhpj + (1 — q)Hp ]

—Lily — VH + X AHR 1 W (4.3)

The total mass, component and energy balance for condenser

dt
dM
% = VaoYs9o — (R + D)xp (4.5)
dMch
# = VygHy9 — (R + D)hp — Q¢ (4.6)

The total mass, component and energy balance for reboiler

dMp

— = L= (Vs1 +B) (4.7)
dethB = L1x; — (V51¥51 + Bxp) (4.8)
T = Lyhy — (Vs Hsy + Bhg) + Qg (4.9)

The vapour and liquid composition on a stage must sum to unity

i—1x; =1 (4.10)

iz1Yij =1 (4.11)



The activity coefficient of liquid is calculated with UNIQUAC method

— sat
YijP =vixi ;P

Francis weir formula to calculate liquid flow rate in each tray

F, = 1.83851,H}>

Reaction kinetics

Methanol (MeOH) + Isobutene (IB) <MTBE

aip AMTBE
r=qk —
! (aMeOH Keq afreon

4.3 RESULTS OF MODEL VALIDATION

4.3.1 Validation with Temperature Profile
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(4.12)

(4.13)

(4.14)

The following figures give the temperature profiles of reactive trays predicted by

the model and that given by plant data respectively:
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Upon comparison, it can be said that the model and plant temperature profiles show

good agreement as the results given for each tray only differ by about 2 or 3 <C at most.

4.3.2 Validation with Distillate and Bottom Product Composition

The distillate and bottom product compositions of different components at the
end of the simulation and the corresponding values from the plant data are summarized

in the following table for comparison:

Table 4.1: Comparison of distillate and bottom product composition of plant data and

model prediction

Components | Distillate Composition (wt %) Bottom Composition (wt %)
Plant Model % error Plant Model % error
Methanol 1.2515 1.3025 4.08 0.7733 0.8535 10.37
Isobutylene | 0.6007 0.6657 10.82 0.5815 0.6345 9.11
MTBE 0.0000 0.0068 - 96.0794 | 94.0650 | 2.10
Isobutane 98.1479 | 98.0250 0.13 2.5658 4.4474 73.33

The compositions predicted by the model are in good agreement with that of the plant
data except for bottom composition of isobutane. These deviations are because of the
presence of at least 8 other components in the system as impurities and side products

which are not taken into consideration in this study (Bao et al.,2002).



32

4.4 RESULTS OF DYNAMIC STUDY

441 5 9% Increase in Feed Flow Rate

The dynamic responses of the top and bottom product compositions of MTBE

with 5 % step increase in feed flow rate are shown as follows:
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Figure 4.3: Dynamic responses of the top and bottom product compositions of MTBE

with 5 % step increase in feed flow rate

The MTBE composition in top product increases by 8.21 % while in the bottom product,
it decreases by 0.62 %.

Since the feed to the column is in mixed vapour and liquid phase, the increase in
feed flow rate brings about the increase of vapour flow rates towards the top of the

column, this increased vapour flow rate signifies that MTBE in the vapour phase has
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less residence time on trays and less contact time to condense and diffuse into the liquid
phase, therefore more MTBE reaches the condenser and that explains the increasing
trend of MTBE composition in top product.

The increase in feed flow rate also brings about the increase of liquid flow rates
towards the bottom of the column, this increased liquid flow rate signifies that the
reboiler whose duty is kept constant is subjected to an increase of liquid feed, as such,
the extent to which the more volatile components (methanol, isobutylene and isobutane)
vapourise decreases, therefore more of those components stay in the liquid phase with
MTBE and that explains the decreasing trend of MTBE composition in bottom product.

4.4.2 59 Decrease in Feed Flow Rate

The dynamic responses of the top and bottom product compositions of MTBE

with 5 % step decrease in feed flow rate are shown as follows:

6.8 T T T T T 0.951

0.95

0.949

0.948
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distillate composition of MTBE (weight fraction)
bottom composition of MTBE (weight fraction)
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r r r r r 0 9 43 r I I I I
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Figure 4.4: Dynamic responses of the top and bottom product compositions of MTBE

with 5 % step decrease in feed flow rate
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The MTBE composition in top product decreases by 7.86 % while in the bottom product,
it increases by 0.60 %.

Since the feed to the column is in mixed vapour and liquid phase, the decrease in
feed flow rate brings about the decrease of vapour flow rates towards the top of the
column, this decreased vapour flow rate signifies that MTBE in the vapour phase has
more residence time on trays and more contact time to condense and diffuse into the
liquid phase, therefore less MTBE reaches the condenser and that explains the
decreasing trend of MTBE composition in top product.

The decrease in feed flow rate also brings about the decrease of liquid flow rates
towards the bottom of the column, this decreased liquid flow rate signifies that the
reboiler whose duty is kept constant is subjected to a decrease of liquid feed, as such,
the extent to which the more volatile components (methanol, isobutylene and isobutane)
vapourise increases, therefore less of those components stay in the liquid phase with
MTBE and that explains the increasing trend of MTBE composition in bottom product.

4.4.3 5 9% Increase in Reflux Flow Rate

The dynamic responses of the top and bottom product compositions of MTBE

with 5 % step increase in reflux flow rate are shown as follows:
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Figure 4.5: Dynamic responses of the top and bottom product compositions of MTBE

with 5 % step increase in reflux flow rate

The MTBE composition in top product decreases by 15.84 % while in the bottom
product, it decreases by 2.93 %.

The increase in reflux flow rate brings about the increase of liquid flow rates
towards the bottom of the column, this means MTBE in the vapour phase has more
chances to be in contact with liquid for condensation and diffusion into the liquid phase,
therefore less MTBE reaches the condenser and that explains the decreasing trend of
MTBE composition in top product.

The increase of liquid flow rates towards the bottom of the column signifies that
the reboiler whose duty is kept constant is subjected to an increase of liquid feed, as
such, the extent to which the more volatile components (methanol, isobutylene and
isobutane) vapourise decreases, therefore more of those components stay in the liquid
phase together with MTBE and that explains the decreasing trend of MTBE
composition in bottom product.
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4.4.4 59 Decrease in Reflux Flow Rate

The dynamic responses of the top and bottom product compositions of MTBE

with 5 % step decrease in reflux flow rate are shown as follows:
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Figure 4.6: Dynamic responses of the top and bottom product compositions of MTBE

with 5 % step decrease in reflux flow rate

The MTBE composition in top product increases by 20.18 % while in the bottom
product, it increases by 2.51 %.

The decrease in reflux flow rate brings about the decrease of liquid flow rates
towards the bottom of the column, this means MTBE in the vapour phase has less
chances to be in contact with liquid for condensation and diffusion into the liquid phase,
therefore more MTBE reaches the condenser and that explains the increasing trend of
MTBE composition in top product.
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The decrease of liquid flow rates towards the bottom of the column signifies that
the reboiler whose duty is kept constant is subjected to a decrease of liquid feed, as such,
the extent to which the more volatile components (methanol, isobutylene and isobutane)
vapourise increases, therefore less of those components stay in the liquid phase with

MTBE and that explains the increasing trend of MTBE composition in bottom product.

445 5% Increase in Reboiler Duty

The dynamic responses of the top and bottom product compositions of MTBE

with 5 % step increase in reboiler duty are shown as follows:
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Figure 4.7: Dynamic responses of the top and bottom product compositions of MTBE
with 5 % step increase in reboiler duty

The MTBE composition in top product increases by 13.70 % while in the bottom
product, it increases by 3.75 %.
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The increase in reboiler duty brings about the increase of vapour flow rates
towards the top of the column, this increased vapour flow rate signifies that MTBE in
the vapour phase has less residence time on trays and less contact time to condense and
diffuse into the liquid phase, therefore more MTBE reaches the condenser and that

explains the increasing trend of MTBE composition in top product.

The increase of reboiler duty signifies that the extent to which the more volatile
components (methanol, isobutylene and isobutane) vapourise increases, therefore less of
those components stay in the liquid phase with MTBE and that explains the increasing

trend of MTBE composition in bottom product.

4.4.6 5 % Decrease in Reboiler Duty

The dynamic responses of the top and bottom product compositions of MTBE
with 5 % step decrease in reboiler duty are shown as follows:
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Figure 4.8: Dynamic responses of the top and bottom product compositions of MTBE
with 5 % step decrease in reboiler duty

The MTBE composition in top product decreases by 12.27 % while in the bottom
product, it decreases by 4.80 %.

The decrease in reboiler duty brings about the decrease of vapour flow rates
towards the top of the column, this decreased vapour flow rate signifies that MTBE in
the vapour phase has more residence time on trays and more contact time to condense
and diffuse into the liquid phase, therefore less MTBE reaches the condenser and that

explains the decreasing trend of MTBE composition in top product.

The decrease of reboiler duty signifies that the extent to which the more volatile
components (methanol, isobutylene and isobutane) vapourise decreases, therefore more
of those components stay in the liquid phase with MTBE and that explains the

decreasing trend of MTBE composition in bottom product.



40

CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

In this study, an equilibrium model of a reactive distillation column for the
commercial production of MTBE is developed in MATLAB by putting together the
MESH equations and other equations like Francis weir formula and reaction rate law.
Subsequently, the developed model is validated by comparison of simulation results
with industrial data. Finally, the dynamic behaviour of the system is studied by applying
step changes to each of the input variables, one at a time.

The model of reactive distillation column is successfully developed. It is also
proven to be a good representation of the column in the industry because model
predictions and plant data come to a good agreement. From the responses to step
changes of input variables, the dynamic behaviour of the system is more clearly

understood. In conclusion, all three objectives of this research are successfully achieved.
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5.2 RECOMMENDATIONS

The followings are some recommendations that can be useful for future
researchers. The model developed in this research can be modified to enable usage with
other processes in reactive distillation column, for instance, the production of isopropyl
palmitate. One should replace the reaction rate law and equilibrium relations if one

wishes to modify the model.

Another type of model commonly used to represent reactive distillation columns
is the nonequilibrium or rate-based model. The nonequilibrium model is based on the
rate and coefficient of heat and mass transfer across the vapour-liquid film (Ramesh K.
et al., 2005). It is more rigorous than the equilibrium model and may be more accurate.

Other numerical methods can also be used to solve the sets of differential
equations. Unlike Euler’s method which assumes a constant slope over each step size,
Huen’s method and midpoint method use more accurate means to estimate new values
of the variables to be calculated (Chapra and Canale, 2006). Usage of the suggested
methods can possibly result in models which represent the industrial columns better.

For the study of column dynamic behavior, not just step changes, other kinds of
disturbances like ramp change and sinusoidal change also can be applied on the system.
In this way, the dynamic performance of the column can be further detailed and

understood.
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APPENDIX A

Program for Calculations of Activity Coefficient
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o
H O W d -] om n e W

[ I I O N T
W W M= O3 -] m n ok W Mo O W 0 -] N ke W

(This function calculates the activity coeffiecient
function[GAN] =ACOEF (TEMF, X)

25

RG3=1.987;

THETZ=0;

PHZ=0;

ZL3=0;

R=[1.4311 2.91595 4.0675 3.5944]:

Q=[1.432 2.684 3.63Z 4.638];

THETS=0;

PHZ=0;

ZL3=0;

NE=4;

25

*Lattice coordination number,choose Z=10
Z=10;

%

%¥X1I1) cannot be negative or =zZero (DNIQUAC limitation)

(if HE(I1=0, calculation will take as X(I)=[very smwall number)

for I=1:MNEK

if E(I)==0
E(I)=1e-11;

end

end

%

for I=1:MNEK
EL(I)=5*(RiI}-2(I))-(R(I)-1);

end

5

J=1:NE:

FAR({1,J)=[0 -70.300 -203.711 -197.942];
PALR(2,J)=[1403.51 0 92.34 -59.039];:
FLE(3,J)=[1024.984 -37.071 0 63.103];
FLE(4,J)=[1690.244 1.532 -119.44 0]:



35
36
37
35
39
40
41
42
43
44
45
46
47
43
459
50
51
52
53
54
55
56
a7
58
59
a0
61
62
63
64
7]
66
a7
65
69

e

for

end

for

end

for

end

for

end

for

end

47

J=1:NK
for I=1:NK

TAU(J,I)=exp (-PAR(J,I]/ (RG*TENF) ] :
end

I=1:NKE
THETS=THETS+Q (T} X (1) ;
PHS=PHS+R (I} *X (I} ;
FLE=XLS+XL (1) *X (I

I=1:NEK
THETA (I)=Q(I)*¥(I)/THETS:;
PHI(I})=X(I)*RiI)/PH3:

I=1:NK

THS (I)=0:

for J=1:NK

THS (I)=THS(I)+THETAL(J) *TAU(J, I);
end

I=1:NK

GA=1log (PHI (I AX(I))+(Z/2)*Q (1) *1log (THETA(I) FPHI (I} ) +EL(I)-PHI(I) /X (1) *XL3;
GE=1-log (THS (I));
for J=1:NK
GE=GE-THETA {J) *TAU{I,J)/THS (J):
end
GAM(I)=exp (GL+Q(I) *GEB) :
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APPENDIX B

Program for Bubble Point Calculations

W w1 m ok w0

R R R I I I I T T R T T T T
D -] oo ok WM O W@ -] Nk w0 W3 -] Nk W O

% This function calculates tray temperature and vapor composition
tusing bubkle point calculations. Functions THNIFAC and ‘FUGLCOEFF will he
tused as sub-functions in bubble point calculation

function[¥, T] =EUEPT (T, X, P)

NC=4;
A=[59.8373 57.8559 §3.1465 55.7845];

B=[-6282.89 -4236.31 -6284.79 —-4136.68] ;

C=[0 00 0];

D=[-6.37873 -6.51038 -10.4252 —-7.01666] ;
E=[4.61746e—6 9.395886e—6 9.47316e—-6 1.03662e-5];
F=[z2 2 2 2]:

loop=0;
while loop<50
loop=loop+1;
SUNY=0;
GAM=ACOEF (T, X) ;
for J=1:NC
PS(Ji=(exp(A(J)+E(J)/ (T+C(J) ) +D(J) *log (T +E(J) *T*F (J) ) ) *1000;
T(J)=P2(J) *Z(J) *GAM(J) /P:
SUMV=3UMNT+Y (J)
end
%
if abs (3UMY-1)>1le-5
FP=3UNY*P-P;
F3ILOPE=0;
T3Q=(T+C(J))1™2;
for J=1:NC
FSLOPE=F3LOPE- (B (J)/T3Q+D (J) / T+F (J) *E(J) *T~ (F(J)-1) ) *Z(J) *PS (T} ;
end
T=T-FPF/FZLOPE;
elzse

return
end
end
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APPENDIX C

Program for Heat Capacity Calculations

1 function [HL HV,HVAP, HCAPV, HCAPL]=ENTHA Z (T)

2 - NE=4;

g tHeat capacity constant and formula taken from Perry handhook
4 $Heat capacity, HCAPL for liguid phase in J/mol X

5 - CL1=[109800 87680 134300 172370];

6 CL2=[-362.23 217.1 94,356 -1783.8);

7- (L3=[0,9379 -0.9153 -0.0032 14.759];

8- CL4=[0 0.002266 0.0009795 -0.047900];

9- (CL5=[0 0 0 0,00005805);

10 - for I=1:HK

il = HCAPL{I)=(CL1|Ij+4CL2 {I) *T4CL3{I) *T*2+CL4 [I) #T*34CL5 (1) ¥T"4)/1000;
12 - end

13 H

14 $Heat capacity, HCAPY for gas phase in J/mol.E
15 - CV1=[0,39252e5 0.6125%5 0,97795 0,654%5];
16 - CV2=[0.879e5 2.066e5 3.091e5 2.4776e5];

17— CV3i=[1.9163e3 1,5453 1.643ed 1,587e3];

18 - CV4=[0,53654e5 1.2057e5 2.099e5 1,575e8];

19 - CVE=[836.7 €76 731,191 706,99];

20 - for I=1:NK

aill= HCAPY {T)=(CV1(Tj+CV2 (T} * (2% (CV3 (T} /T)/ {exp(CV3 (I)/T)-exp(-CV3 (I)/T) )]~ 24CVE(T) # (2% (CVS{I)/T)/ (exp (CVS{I)/T)+exp(-CVS(I}/T)|)"2)/1000;
22 - end

23 H

24 SMormal hoiling point in Eelvin unit

25 - BP=[337.8 266.3 328.3 266.9];

26 - R=E.31%;%unit in J/mol.X

27 tCritical pressure in bar unit

26 - PC=[73.7645 40,0233 33.7 40,226];

29 tCritical temperature of component in Eelvin
30 - TC=[512.6 417.9 496.4 419.6);

3 tHeat of vaporization, J/mol

32 - for I=1:NK

33 - HVAP(I)=1.092#R*BP(I)*|log(PC(I))-1.013)/ (0.93-BP(I)/TC(I)):
- end

35 4

36 - for I=1:NK

37- HCAPLY (I) =HVAP (I} +(HCAPL () -HCAPV (1)) #(BP(I)-298);

- end

|3

40 %Euthalpy of liguid and wapor for each component
41 - for I=1:NK

42 - HL{I)=HCAPL({I)*(T-298);
43 - HV(I)=[HCAPLY|T)+HCARV(I) *(T-298));
44 - end
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APPENDIX D

Program for Feed Composition Calculations

223 %4%Unit conversion for feed composition from weight composition to mol composition
224 - for k=1:10500

225 - feed_cump_mul(k,1:4]=[feed_cump(k,l)/HU(I] feed_cump(k,ﬂfHUtZJ feed_comptk,S]fMIu’tS] feed_comptk,‘l]f}ﬂﬂ(ﬂl)];
226 - feed total (k)=feed comp mol(k,1)+feed comp wolik, 2)+feed comp wol(k, 3] +feed comp mol(k, 4);
227 - ik, 1:4)=[feed comp mal(k,1) feed comp mol(k,2) feed comp mol(k,3] feed comp mol(k,4)]/feed total(k);

228 - end
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APPENDIX E

Program for Feed Flow Rate Calculations

214 sFeed flow rate
215 $nit conversion from m3/hr to mol/hre
216 -  for k=1:10800

217 - for J=1:4

218 - feedflovrate_component (k,J)=2(k,J) *feedflovrate (k| ;

219 - end

220 - for J=1:4

221 - feed_componentik,J]=feedflnwrate_componentik,J]*densityiJ]fHHiJ]*lDDD:

22d - end

223 - feed (k) =feed component (k,1)+feed component (k,2)+feed component (k,3) +feed component (k,4);

224 - end
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APPENDIX F

Program for Heat of Reaction Calculations

[Vu Iy B I ST, TS G T .5 Y

e e e R e S S =
L I o T Y o T O Y L s L]

(Thiz function calculates heat of reaction as function of temperature
)
function[HRJI] =HREN (T)
HVE=0;
HNE=4;
3Reaction stoichiometric coeffiecient
VR=[-1 -1 1 0]:
&
tStandard heat of reaction in vapor phase (J/mol)
HREGO=-£5440;
&
[HL,HV, HVAF] =ENTHL 2 (T):
for I=1:NKE
HVE=HVI+VR(I) *HVALP (I} ;
end
HREJ=HRGO-HVE;
if HRGO==0
HEJI=0:
end
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APPENDIX G

Program for Liquid Flow Rates Calculations with Francis Weir Formula

L I w R B R ) Y S 4

i =
= O

% This function calculates liguid flow rates using Francis weir
% formula
function L=HYDRAU 1{HM, T,X,DCOL,WH, WL)

MW=[32.04 56 55.15 58.12]:;

DENS=[795.72 59Z.79 745.584 561.97]:

[MWA, DENSAL] =MWLENS ()

CONST=1.2732*M/1000*MUL/ (DEN3A*DCOL*DCOL) —WH;

L=1.8385%DENIA*WL® [ (1.2732 %M/ 1000+NL/ (DENSA*DCOL*DCOL) -TH) ~1.5) /MTA*1000%3600;
if CONST<=0

L=0;

end
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Main Program

54

WM sl oo 0 e W B

L L T T T T B
B T T = T = T L N B R B e

37
38
=]
40
41
42
43
44
45

%Thi= is the main program for reactive distcillation
tReaction bhetween methanol and ischutylens to produce MTEE.

3irmulation studies were carried out to wvalidate the industrial data from MTEE PETRONAS plant,

format long
5
Munber of components, NE

NE=4:

4Coluwn Pressure in kPa unit, PD-Pressure at top of column, PR-Pressure at

thottom of column
Pressure_top=855.13;
Pressure_bottow=932.13;

tTotal number of stages, N3T (Numbering of stages begin from bottom to tap)

NZT=43;

tFeactive tray number, WNR1 to NRZ
NER1=29;

NERZ=37;

4Feed tray number, NF

NF=18:

4Weight of catalyst per tray in kilogram unit, WC

WC=163.67;

Coefficients, VR to be used in rate of reaction

foomwponent, 1 for product)
VB=[-1 -1 1 0];

tFeed temperature in Celsius
feedtemperature=69.793;
%WH-Weir height (m)
WH1=0.087;

WHz=0.067;

WH3=0.067;

4D-Diameter of the coluwmnm)
D1=3.3;

D2=3;

D3=2.7;

%WL-Weir lengthim)

WL1=3.17:

WLZ=2.87:

WL3=2.57;

EMVE-Volumetric holdup in reboiler (m3)

MVE=58.17;

FMVD-Volumetric holdup in reflux drum (m3)

MWD=55.17;

3Density

density=[795.72 592.79 745.84
tMolecular weight

MW=[32.04 56 85.15 55.12];

561.97];

(-1 for

reactant

column R-30Z.



113 — i=o;

114 — TIME=0O:

115 — LA=0.01:

116 — DELTA=1/3000;

117 %

115 £

119 ZPressure at the top and bhottom

1z0 FUnit conversion from kKPa to Fa

121 — Ph=FPressure_top*1000;

izz — PR=Pressure hottom*1000;

123 £ -

124 EZETUnit conwversion for feed temperature in Helwin
125 — TF=feedtemperature+273.15;

1=26 £

127 — EZ=fecdcomposition(densitcy, M)

125 £

1z9 — [feed, fesedflowrate] =feedflowrate_1 (Z,density, MW ;
150 £

151 ZZalculate pressure profile

1352 £

153 — for J=1:IMN3T

134 — FP(J)=(PR—(J* [FR—PD) )/ HN3T) :

135 — ernd

156 £

157 £

135 FReflux flow rate

139 — REFL¥=refluxflowrate (densitvy, MW} :

140 £

141 EZRebhoiler duty

142 — DE=rekbhoilerduty:

1435 £

143 — k=1:

145 %

146 — while TIME<=3.5

147 £

145 ZCalculation of holdup for bhbottom in mol unitc
149 — [MWL, DEMNIA] =MWDEIMS (R -

isa — ME=MJVERE*DEMNS L/ MWTL*1000:

151 — for I=1:TK

15z — HZERM(I)=HR*ZR(I) -

153 — =1l

1543 £

155 — for J=1:MF-1

156 — for I=1:IK

157 — HEX(I)=X(J,TI):

153 — =1l

159 — [MWA, DEMNIA] =MWDEINS [ ZX) -

150 — LW(J) =L<O(J) *MWADEMNIAS 10003 600 ;
161 — HFOW= (LW (J) A (1.8385*WL1) ) "0.566667:
16z — MUV (J1=(HFOW+WH1) *3.131 6% D1%D1 43
163 — M(J)=Mv7(J) *DEMNSLASSMWUTL*1000:

1643 — =1l

165 %

166 — for I=1:TK

187 — HE(IN»N=X(MNF, I

1a6s — =1l

169 — [MWL, DEMNIALA] =MWDEIMNS (X))

i~vo — LW (IMNF)=LO(IMNF) *"MUTLDENZLS 10007300
171 — HFOW= (LW (MNF) / (1.82385*WL2) 1 "0.66657;
17z — MV (MNF)I= (HFOW4+WHZ ) *3 .149416*D2*D2 74
1735 — M(MF)=Mv (MF) *DEMNSA/MWA*I1O00O ;

1743 &

175

1768 — for J=MNF4+1:TMZ=T

1727 — for I=1:TK

175 — HE(I1=X(J,I1):

i7s — =1l

is0a — [MWA, DEMNIA] =MWDEIS (XX -

151 — LW (J)=LO(J) "MWADENSAS 10003 600
15z — HFOW= (LW (J) / (1.53385%WL3) ) "0.&66667;

133 — MY (J)=(HFOW+WHS3 ) *3.14215%D3 *D3 4
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154 — M J)=Mv(J) *DENSL/ MWTL*1000:;

1S5 — =ncl

156 =

157 — for J=1:M3T

155 — for I=1:MNK

159 — HEM(J,I)=M(J) *=Z(J, I :

190 — =t

1921 — erncl

192 =

1935 — [MWA, DENSA] =MWDEINS (XI') -

1294 — ML=MVD*DEMNIASMWIA*I1000;

125 zEotctom, J=51

126 — JT=MI3T+=;

127 — [¥R, T(J1]1=BUBFTI(TI(J) ,XR,PR) >

125 — [HL (J,1:MNE)  HV(J,1:NE) HFAP (J,1:MNK)]=ENTHAL Z (TI(J)]):
199 — J=1:

=00 — for I=1:MK

=201 - HEE(I1=X(J,.TI1:

202 — erncl

203 — [¥¥, T(J)J]=BUBPT(T(J) XX, P(J)] =

203 ZMurphreese Cray efficiency = O.35
205 — EFF=0.33:

=06 — for I=1:MK

207 — T (I, I)=FR(INH+EFF* (¥Y¥ (L) —-YR{(I)) :
=05 — FT¥LI)I=%F(J,I):

209 — =rcl

=10 =

=211 — [HL (J,1:MNE)  HV(J,1:NE) HFAP (J,1:MNK)]=ENTHAL Z (TI(J)]):
21z =

=213 — for J=zZ :M3T

=214 — for I=1:MNK

=15 — HEE(I1=X(J,TI):

216 — =t

=17 — [¥¥, T(J1]=BUEBPT(T(J) ,EX,F(J11]1:
218 — for I=1:MNK

=219 - F(IJ, I1=(¥Y¥(I)—-¥(J—1,I)) *EFF+¥Y(J—-1,TI)
zz0 - YY(I)=Y(J,I):
221 - end
zzz - [HL (J, 1:NK) ,HV (J,1:NK) ,HVAP (J, 1:NE) ]=ENTHL Z (T (J)):
223 - end
224 %
Z25 £Top, J=50
226 — J=NZT+1:
227 - [YD, T({J)]=BUEPT(T(J),XD,PD):
228 - [HL(J, 1:ME) ,HEV(J,1:NE) ,HVAP (J, 1:NE) ]=ENTHL 2 (T(J}):
229 %
230 Fhctivity cosefficient, GAM calculation using UNIQUAC method
231 - for J=1:M3T
232 - GAM(J,1:NE)=ACOEF (T (J) ,X(J,1:NK)):
233 — end
234 %
235 - J=MN3T+1;
236 - GAM(J,1:NE)=ACCEF (T (J),XD):

237 % Ll
238 — J=MN3T+2Z ;

239 —  GAM(J,1:MNK)=ACOEF (T(J),XR):

=40 %

241 zCalculation of liguid enthalpy from swmoation of component liguid enthalpy
242 - for J=1:MN3T

243 — HLMIX(J)=0:

244 — for I=1:4

245 - HLMIX (J)=HLMIX({J)+X(J, I} *(HL(J,I)):

2496 — end

247 - end

245 %

249 - HLMIX (N3T+1)=0;

250 - HLMIX (NST+2)=0;

251 - for I=1:4

Z5z — HLMIX (NST+1)=HLMIX (NST+1)4XD (I} *HL (NST+1,I):
253 — HLMIX(NST+2) =HLMIX (NST+2)4+XE (I} *HL (NST+2,I):
z254 - end

255

%
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256 tCaleulation of wapor enthalpy from swmation of cowmponent wvapor enthalpy
257 - for J=1:N3T

258 - HVMIZ(J)=0;

259 - for I=1:4

260 - HVMIZ(J)=HVMIZ(J)+7 (T, I) *(HV(J, I)):

261 - end

262 - end

283 5

264 -  HVMIZ(N3T+1)=0;

265 -  HVMIZ(NST42)=0;

Z66 - for I=1:4

287 - HVMIZ(N3T+1) =HVMIX (N3T+1)+YD (I) * (HVIN3T+1,1));

268 - HVMIZ(NST+2) =HVMIX [NST+2)+YR (1) * (HV (NST+2, 1)) ;

269 -  end

270 5

271 tCalculaction of feed enthalpy

272 - [HLF[1:NE)]=ENTHA Z(TF);

273 - HFMIZ=0; LL
274 -  for I=1:4

275 - HFMIZ=HFMIX+Z(k,I) *HLF(I}:

276 -  end

277 5

278 sCaleulation of liguid flowrate flowing to the reboiler in mol/hr

279 -  BOTT=125.9%*3800;

zZ80 5

281 %Unit conversion for bottom £lov rate (mol/hr) to mwd/hr

282 - bottom_composition=[0.017262545575857413 0.004767856626798713 0.9618765270751494 0.01608584595312369248] ;
283 - for J=1:4

284 - bottowflowrate (J)=hottom cowmposition(J) *BOTT:

285 - end

286 -  for J=1:%4

287 - bottom volumetric flow rate (J)=hottomflowrate (J) fdensity (JT) *MW(J)/1000;
288 - end

289 - BOTTON N3PERHOUR=hattom volwnetriz flov rate(l)thotton volwnetriz flov rate(Z)+hotton volwretriz £lov rate(3)thotton volwmetric £lov rate(d);
80

FER

292 - LE=LO (1) -BOTT:

293 zCalculation of wapor boilup in mol/hr unit

204 - VEB=(QBE(k)+LR*HLMIX (1)) /HVHIX (NST+2) :

295 %

295 2Calculation of wapor flow rate in mol/hr for each stage

207 - V(1)=(VE*HVMIX (NST+2) +L0O{2) *HLMIX (2)-LO(1) *HLMIX (1)) /HVHIX (1) ;

=298 %

299 - for J=Z:NF-1

300 - Vid)=(V(J-1) *HVHIZ (J-1) +LO(J+1) *HLMIX (J+1) -LO(J) *HLMIX (J) ) /HVHIZ (J) ;

301 - end

302 %

303 — for J=NER1:NEzZ

304 - RATE (J)=REACT(T{J),X(J,1:4)):

305 - end

306 %

307 $HRJ-heat of reaction in J/mol

308 - for J=MNE1:NE:Z

309 - HEJ (J) =HREN (T (J) ) : LL
310 - end

311 %

312 -  V(NF)=(V(NF-1) *HVMIX (NF-1) +LO (NF+1) *HLMIX (NF+1) +feed (k) *HFMIX-LO (NF) *HLMIX (NF) ) /HVMIX (NF) ;
313 %

314 - for J=NF+1:MNR1-1

315 - Vid)=(V(J-1) *HVHIZ (J-1) +LO(J+1) *HLMIX (J+1) -LO(J) *HLMIX (J) ) /HVHIZ (J) ;

316 - end

317 %

315 - for J=NER1:NEzZ

319 - VJ)=(V(J-1) *HVHIZ (J-1) +LO (T+1) *HLMIX (J+1) -LO (J) *HLMIX (J) -WC+*RATE (J) *HRJ (J) ) S HVMIZ (J) ;
3z0 - end

321 %

322 - for J=NRZ+1:N3T-1

323 - Vid)=(V(J-1) *HVHIZ (J-1) +LO(J+1) *HLMIX (J+1) -LO(J) *HLMIX (J) ) /HVHIZ (J) ;

324 - end

325 %

326 -  V(NST)=(V(NST-1) *HVMIX (NST-1) +RFLX (k) *HLMIX (NST+1) -LO (NST) *HLMIX (NST) ) /HVMIX (NST) ;

327 %
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328
a8
330
331
992
333
334
335
336
337
338
338
340
341
342
343
344
345
346
347
348
349
350
351
988
353
354
355
356
357
358
358

tCalculation of distillate in mol/hr
DIST=V(M3T)-RFLE (k)

3
3
3

Evaluate derivatives

DME=LE-VE;:

DMD=V (NST) -DIST-RFLE (k) ;
DM (1) =LO{2]+VE-V (1] -LO(1);
for J=2:NF-1

DM [J) =LO{J+1) 47 [I-1) -LO[J) -V (J) ;

end
DM (NF) =LO(NF+1) +feed (k] +V (NF-1) L0 (NF) -V [NF) ;
for J=NF+1:NR1-1

DH{J)=LO{J+1) +7 (J-1) -LO(J)-Wid);

end
for J=NR1:NERZ

DM [J) =LO{J+1) 47 [I-1) -LO [T} ¥ {J) ~UC*RATE {J) ;

end u

for J=NRZ+1:N3T-1

DM [T} =LO (T+1) 4V [T-1) -LO [T} -V (1) :

end
DM (NST) =RFLX (k) +V (NST-1) -LO (NST) -V (NST) ;

%

for I=1:NE

DER{Ij=(X(1,I) *LE-YR{I] *VB) ;
DXM{1, I)=X{2, I) *LO(2)+¥R(I) *VB-X (1, I) *LO(1)-F (1, ) *V (1)
for J=Z:NF-1
DEM{J, I} =X (J+1, I) *LO(J+1) +¥ (J-1, I) #¥ (J-1)-E(J, I} $LO(T) -V () #¥ (T, I} ;
end
DEM(NF, I) =X (NF+1, I] *LO (NF+1) +Y (NF-1, I} #V (NF-1) -X (NF, I} *L0 [NF) -V (MF) #¥ (NF, I} +feed (k) *2 (k, I) +WC *RATE (NF| *VR (I} ;
for J=NF+1:NR1-1
DEM{J, I) =X {J+1, T) #LO{J+1) +F (J-1, T) #V (J-1) X {J, I} *LO(J) -V {J) *7 [J, I} :

360 end

361 for J=NE1:NERZ

362 DEM(J, I) =X (J+1, I) *LO{J+1) +¥ (J-1, I} ¥ (J-1)-X(J, I) *LO{J) -V (J) *¥ (I, I} +WCFRATE [J) *WR(I) ;
363 end

a4 for J=NRZ+1:N3T-1

3as DEM{J, I)=X{J+1, I) *LO (J+1)+¥ (J-1, I) *V(J-1) - (J, I} *LO(J) -V (T *¥(J, I} :
366 end

3a7 DEM(N3T, I)=%¥D(I) *RFLE (k) +¥ (N3T-1, I) *V(N23T-1) -E (N3T, I} *LO(N3T) ¥ (N3T, I) *V(N3T):
3ad DED (I)=(V(N3T) *V(N3T,I)- (RFLE(k)+DI3T) *XD (I} MD:

369 end

370 %

371 % INTEGREATICON ALAL EULER

372 %

373 TIME=TIME+DELTA;

374 i=i+1:

375 k=k+1:;

376 TIMEOUT(i)=TIME;

377 for J=1:N3T

37 Mi{J)=M[J)+DM|T) *DELTAL;

379 encl

jc=1n) 5

31 ME=ME+DHMR*DELTA; U
JGE 5

353 for I=1:NE

k=T EXR(I)=XR(I)+DXR(I) *DELTA;

385 XBM(I)=XBEM(I)+DXE(I) *DELTL;

386 XR(I)=XEM(I)/ME;

387 if XR(I) <0

=11 XR(I)=0;

389 end

390 if XR(I)>1

391 EZR(I)=1:

392 end

393 for J=1:N3T

394 XM(J,I)=XM(J,I)+DXM(J,I) *DELTA:

395 X(I, L) =EM(J,I)/M(J):

398 if X(J,I1>1

397 X(J,I1=1;

398 end

399 if H(J,I)<0
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400
401
40z
403
404
405
406
407
405
409
410
411
41z
413
414
415
416
417
4138
419
4z0

- Z(J,I)=0;:
- end

- end

- ZB(I)=X(1,I):

- ED(I)=ED(I)+DXD (I} *DELTA;
- if XD (I)<0

= D (I)=0;

- end

- if ¥D(I)=1

- i i(Ii=1;

- end

- end

s

5Unit conversion for distillate flow rate from mol/hr to m3/hr
- for J=1:4
- distillateflowrate (J)=XD(J) *DI3T:
- end u
- for J=1:4
- distillate volumetric_flow rateiJ)=distillateflowrate [J)} fdensity (J) *HW(J)/1000;
- end

DISTILLATE MIPERHOUR=cistillate volmetric flov rate(l)distillate volwetric flo rate2) tdistillate voluwetrie flov rate(3)istillate wolweteie flov rate(d),;

—_— — - [ — -_—— - — R pe— "

(Unit conwversion frow mwol comwposition to weight composition
- for J=1:49
- for I=1:4
- Total ol (J)=1/(X(J, 1] *MU (1) +X(J,2) *MT(2) +X(J,3) "HW(3)+X (T, 4] *HT (2] ] ;
- Total ol XD=1/ (XD (1] *MW (1) +ED(2) *MW (2)+XD (3) *MT (3] +XD (4] *HW{4) ) ;
- Total ol XB=1/ (XB (1] *MW (1) +XB(2) *MW (2)+XB (3) *MU (3] +XB (4] *HW{4) ) :
- Total ol XR=1/ (ER(1] *MW (1) +ER(2) *MW (2)+XR(3) *MU (3] +XR (4] *HW (4] ) :
- endl
- end

o

- for J=1:49

- for I=1:4

- EW(J, I)=Z(J,I)*Total mol (J) *MW(I):
- EWD(I)=XED(I) *Total mol ED*MW(I):

- EWEII)=EEB(I) *Total mol ZB*MW(I):

- EWRII)=ER(I) *Total mol ZR*MW(I):

- for J=1:MNF-1
- LO(J)=HYDRAU 1(Mi(J),T(J),X(J,1:4),D1,WH1,WL1);
- end
5
- LOINF) =HYDRAU 1 (M(NF),T(NF),X(NF,1:4),D2, UTH2, ULZ) ;
25
- for J=NF+1:N3T
- LO(J)=HYDRAT 1{M(J),T(J),X(J,1:4),D3,WH3, UL3);
- end
5
- RED1 (i) =EWD(1);
- REDZ (1) =EWD (2] ;
- RED3 (1) =EWD(3) ;
- RED4 (1) =EWD(4) ;

3

- REB1(1i)=ZWB(l):
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460
461
62
463
363
125
66
3677
365
359
470
471
17E
75
374
375
376
477
478
379
450
451
G52
G535
4343
435
56
57
455
359
490
491
492
3935
394
395

396
397
395
399
500
501
S0z
503
504
505
508
507
508
509
510
511
51z
513
514
515
516
517
515
512
520
521
5zZZ
5zZ3
5z4
525
5z6
527
5285
5z9
530
531

RXEzZ (i) =XWE (2] :
RXE3 (1) =XWE (3) :
RXE4 (i) =XWE (4)

%

T1({i)=T{1)-273.15;
Tz (i)=T({2)-273.15;
T3 (i)=T(3)-273.15;
T4 (i)=T(4)-273.15;
TG (i) =T(5)-273.15;
TG(i)=T(6)-273.15;
T7(i)=T{71-273.15;
TG (i)=T(8)-273.15;
T2 (i)=T({3)-273.15;

T10(i)=T(10)-273.
T11(i)=Ti(11)-273.
T1z (i)=Ti(12)-273.
T13 (i) =T(13)-273.
T14(i)=Ti(141-273.
T15(i)=T(151-273.
Ti6(i)=Ti(16)-273.
T17(i)=T(171-273.
T18(i)=T(18)-273.
T19(i)=T(12)-273.
TzO(i)=T(2Z0)-273.
Tz1(i)=Ti(211-273.
Tzz (i)=Ti(221-273.
Tz3 (i) =T(Z3)-273.
Tz4(i)=T(Z4)-273.
TzS5(i)=T(2Z5)-273.
Tz6E(i)=T(Z6)-273.
Tz7(i)=Ti(271-273.
T28(i)=T(Z81-273.
Tz29(i)=Ti(291-273.
T30 (i)=T(30)-273.
T31(i)=T(31)-273.
T3z (i)=T(32)-273.

T33(i)=T(33)-Z73.
T34(i)=T(34)-Z73.
T3S (i)=T(35) 273 .
T3IG(i)=T(36) -Z73.
T37(i)=T(37)-273.
T3S (i)=T(38) -273.
T3S (i)=T(39)-273.
T40(i)=T(40)-273.
T41(i)=T(41)-273.
T4z (i)=T(42)-273.
T43 (i)=T(43)-273.
T44 (i)=T(44) -273.
T45(i)=T(45) -273.
T46(i)=T(46) -273.
T47(i)=T(47) -Z73.
T4S (i) =T (48) -Z73.
T49(i)=T(49) -Z73.
TGO (i)=T (50} -Z73.
TS1(i)=T(51)-273.

5
5

DXD1 (i) =DED (1) :
DXDZ (i) =DED (2] ;
DXD3 (1) =DED (3) ;
DXD4 (i) =DED (4) ;
25
DXR1(i)=DER(1):
DXRZ (i) =DER(2) :
DXR3 (i) =DER(3) :
DXR4 (i) =DER(4) :
5

M1i(i)=M(1):

Mz (i) =M(2):

M3 (1i)=M(3):

M4 (i)=M(4):

M5 (i) =M(5):

15;
15;
15;
15;
15:;
15;
15;
15;
15;
15;
15;
15:;
15;
15;
15;
15;
15;
i5;
15;
15;
15;
15;
15;

15;
15;
15;
15;
15;
15;
15;
15;
15;
15;
15:;
15:;
15:
i5:
15;
15;
15;
15;
15;



532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
=1
=11
57

568
569
570
571
S57%
573
574
575
5786
577
578
579
580
5581
5582
583

M6 ii)=H (6] ;

M7 ii)=H(7);

MS (i) =M (5] :

M9 i)=M(9);

M10(i)=M {10 ;
M11{i)=M{11)};
M1z (i) =M{12);
M13 (i) =M {13} ;
Mi14(i)=M{14);
M15({i)=M {15} ;
Mi16{i)=M{16);
M17 (i) =M{17);
M15 (i) =M (18] ;
M19(i)=M{19);
Mz20(i)=M{z0);
M21{i)=M{21);
M2z (i)=M{22);
M23 (i) =M{23);
Mz24(i)=M(z4);
M25(i)=M{25);
M6 (i) =M{26);
M27(i)=M(27);
M2E (i) =M(28);
Mzo(i)=M{29);
M30 (i) =M {30} ;
M31(i)=M{31);
M3z (i) =M(32);
M33 (1) =M(33);
M34(i)=M(34);
M35(i)=M{35);
M3G(i)=M{36);
M37T(i)=M{37);
M3IG(1)=M(38);
M3o(i)=M{33);
M40 (i) =M (40} ;
M41(i)=Mi41);

M4z (i)=Mi4Z);

M43 (i)=Mi43);

Mad(ij=Mi44);

M45(i)=Mi45);

M46(i)=Mi46);

Ma7(i)=Mi47);

M45 (i) =Mi45);

M42 (i) =Mi49);

%

MDIST (i) =MD;
MREECILER (i) =ME;

5

DISTILLATE(i)=DISTILLATE M3IPERHOUR;
BOTTCHM (1) =BOTTOM M3IPERHOUR:
VAPOREOILUP (i) =VE:

end
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APPENDIX |

Program for Average Density and Molecular Weight Calculations

62

w1 m o bk W o

i et =
LMo O

% This function calculates average density and wolecular weight of
Hthe liguid mixture

function [MWL, DENZA] = MWDENS (IX)
MW=[3Z.04 56 B88.15 58.12];
DENS=[725.72 592.79 745.84 56l1.97]:
WE=4;

Mia=0;

DENSA=0;

for J=1:NK
DENSA=X(J) *DEN3 (J) +DENSA;

MWa=Z(J) *MW(J) +MTA;

end
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APPENDIX J

Program for Rate of Reaction Calculations

=
[ LY I w s T N T B Ot B G I

L R I I T T T T
WM o= D W -] m N e W= O WM -] o b W

4Thiz function calculate rate of reaction (mol/min per kg catalyst) for
theterogenously catalysed reaction

(4011} is the activity of component I

(hi(I) wannot egqual =Zero in rate expressicn

3

Y

function[RATE] =REACT (T, )
TC=298.15;

C{1)=-1492.77;
Cz)=-77.4002;
C(3)=0.507563;
C{4)=-9.12730e-4;
C(5)=1.10649e—5;
C(6)=-6.27996e-10;
QCAT=4.9;

HE=4;

GLM=LCOEF (T, %) : U
for I=1:NK
L{I)=X(I) "GAN(I};
end
)
if L{1)==
L{1]=1;
1{2]=0;
L{3]=0;
end

&

FT=C (1) #{1/T-1/TO) +C (2] *Logl0 (T/TOJ+C (3] * (T-TO) +C (2] * (T*Z-TO"2) +C (5] # [T*3-TO"3] +C (6] * (T*24-TO"4] ;

KEQ=284%exp (FT) ;
EF=3.67e+12texp (-11110/T) ;

&

RATE=QCAT*EF* (L{2)/A(1)-4(3)/ (KEQ*A{1)~2)) *3600;



438
439
440
441
44z
4435
444
445
446
447
445
449
450
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APPENDIX K

Program for Reflux Flow Rate Calculations

(Peflux flow rate
3Unit conversion from m3/hr to mol/hr
for k=1:10500
for J=1:4
refluxflowrate component (k,Jj=distillate composition(k,J)*refluxflovrate (k);
end
for J=1:4
RFLX_compDnent(k,Jj=refluxflowrate_component(k,J]*density(JJ/HH(J]*lDDD;
end
RFLX (k) =RFLX component (k,1)+RFLE component (k,2)+RFLE component (k, 3) +RFLI cowmponent (k, 4) ;
end

FE



