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TEMPERATURE CONTROL OF THERMAL CRACKING
FURNACE IN VINYL CHLORIDE MONOMER PROCESS
USING 2D PDES-ODE MODEL

INTRODUCTION

Vinyl chloride monomer (VCM) is a raw material for Poly Vinyl Chloride
(PVC) production. It is typically obtained from the cracking of 1,2-dichloroethane
(EDC) under 400-500°C, of which hydrogen chloride (HCI) is a byproduct. The

reaction can proceed by following:

C,H,Cl,(g) > C,H,Cl(g)+HCI(g)
EDC VCM Hydrogen Chloride

The EDC cracking rate strongly depends on the reaction temperature; increase
on the reaction temperature results in the high cracking rate and also the high-coking
rate. The EDC vapor is reacted along the lengthy empty coil suspended in the chamber
of the gas-fired cracking furnace while the formation of coke will deposit on the tube
skin inside. The reaction temperature is controlled by manipulating fuel gas flow; heat
occurring from burned fuel will be transferred to the tubular reactor by radiation effect.
However, the occurring coke deposition will decrease the inner tube diameter and
increase thermal resistance, leading to increasing on pressure drop and more required
energy for maintaining a desired conversion. According to the mention above, furnace
dynamics is highly nonlinear due to the spatial distributed temperature and
concentration of the gas inside the cracking coil, as well as the effect of the
temperature of the furnace wall. These complex behaviors and coke formation lead to
deteriorating the performance of the gas temperature control by a proportional integral
derivative (PID) controller. They may cause off-spec of the products, thermal
runaway, plant shutdown or, in the worst case, explosion. Therefore, the control
method that can handle the temperature of the cracking furnace effectively is needed to

achieve a high-quality product.



There were literatures studying about the coke in EDC cracking furnace. The
impurities mixed with EDC feed, such as carbon tetrachloride, molecular chlorine, and
chloroprene to EDC conversion were experimented to find their effects (Incavo,
(1996)). Similarly, in the Zychlinsky et al. (1990), the sensitivity of feed purity to
EDC conversion and coke formation was studied by mixing some hydrocarbons: vinyl
chloride, chloroethane, 1,1-dichloroethene, 1,2-dichloroethene, 1,1-dichloroethane,
chloroform, benzene, trichloroethene, and tetrachloroethene with pure EDC feed. In
1992, Ranzi et al. developed the kinetic scheme of many elementary reactions and
molecular and radical species based on general thermochemical kinetic theories by
having the EDC pyrolysis system as one of the case studies to prove the reasonability
of the scheme. The characterization of coke in EDC cracking furnace was found in the
form of tar droplets occurred in gas-phase at the high temperature (Borsa et al., 1999).
Moreover, they also found that the type of coke occurring in EDC cracking furnace
was not the same in ethylene pyrolysis. In the next two years, the same group
represented the effect of metals to the formation of coke. The results showed that the
nature of coke was not changed with the effect of metals but affect to the conversion
and amount of the coke formed; the coke formation rate mainly depended on % EDC
conversion. For the temperature control of the furnace, the most research works only
focused on the dynamics of the tubular reactor. Some works applied the model
reduction technique to lump the reactor model before performing the controller
synthesis. For example, the PDE was lumped by Galerkin method and then applied
with infinite dimensional state feedback (Hoo and Zheng, 2001) lumped by method of
characteristic and applied with robust control (Shang et al., 2005) and lumped by
infinite dimensional method and applied with the linear, quadratic regulator (LQR)
(Moghadam et al., 2010). Some works use the process data to develop an empirical
model by the neural network method before used with a robust control (Rani and
Patwardhan, 2007) or generic model control (GMC) (Aggelogiannaki and Sarimveis,
2009). Besides, there are few works considering to the interaction of wall radiation in
the control of furnace. Masoumi et al. (2006) studied the temperature control of the
naphtha thermal cracking with multi cracking coils by using the Pl controller. The
desired setpoints were obtained from the optimization of the temperature profile. In
Zeybek (2006), the outlet gas temperature is controlled by manipulating the fuel mass



flow rate by using the adaptive heuristic controller based on three layers of feed-
forward artificial network (ANN). Panjapornpon et al. (2012) proposed the control of
coupled PDE-ODEs for EDC cracking furnace by using approximate 1/O linearization;
the tube temperature was controlled by manipulating the fuel gas flow while the mass
production rate of VCM was handled by the PI controller by manipulating the EDC
feed. The furnace model was developed by assuming a plug-flow velocity profile and
neglecting the effect of the radius heat transfer. However, there are some works
mentioned about significant difference of predicted process dynamics when the radial
effect and velocity profile were taken into account (Van Geem et al., 2004; Han et al.,
2007). In addition, when there is the coke formation occurring in the real process, the
performance of 1D controller should be dropped, which may cause the poorer
performance in the control ability. It brings about the question of the improvement of

control performance when the 2D model is applied.

In this work, a new structure of the coupling 2D PDEs-ODE model for the
EDC cracking furnace by using the 1/O linearization is presented. The purposes of this
work are to control the gas temperature at the exit tube by manipulating the fuel gas
flow and predicting the thickness of coke formation with the 2D model. The dynamics
of EDC cracking furnace consist of the EDC concentration and gas temperature
considered as the internal states and the tube temperature and furnace wall considered
as external states. PDEs describes all the dynamics except the furnace wall dynamics
described by ODE. Instead of applying the 1/0 controller to the objective directly, the
internal subsystem is used for developing the setpoint tracking calculator while the
external is applied for the controller synthesis. The gas temperature is applied with 1/0
linearization to develop the mapping function of the equivalent tube temperature
setpoint for the I/O feedback controller. The tracking compensator and the finite-
based, open-loop observer are integrated into the control system to eliminate the offset
and predict the unmeasured state information. For coke prediction, the average
information form 2D model will be used into the coke model to calculate the coke
thickness next. An advantage of proposed control method with the partitioning state
dynamics is to reduce the complexity of the controller equation with a better predicting
quality by using the 2D process model.



OBJECTIVES

The objective of this research is to design a model-based control system in
order to control exit gas temperature by manipulating fuel gas flow with a 2D PDEs-
ODE model.

Scopes of thesis

This research focuses on designing the coupling control of exit gas temperature
and VCM mass flow rate. Finite-based 1/O linearization is developed for coupling 2D
PDEs-ODE model of the EDC cracking furnace. The developed control system
composes of model-based controller impelling system to reach the goal and
compensate error in the system and the developed controller can maintain stability of
the process also help the prediction of the furnace lifetime for planning of turnaround

period.

Impact of results

The new developed control system is an alternative for handling EDC cracking
furnace. The 2D-based PDEs-ODE model which describes the furnace wall and
cracking coil dynamics and controller are developed to receive more accuracy of
prediction and better control performance. The more the efficient control system has,
the more the safety for operation receives and the less the environment is impacted.
Additionally, while the desired product quality can be maintained effectively, the

operating costs will be reduced.



LITERATURE REVIEW

1. VCM production process and coke formation

Polyvinyl chloride (PVC) is widely used in many products, such as bottles,
plumbing and electrical cable insulation. Vinyl chloride monomer (VCM) is an
important raw material for PVC production. The physical characteristic of VCM has
no color and their molecular formula and weight are C,H3;Cl and 50.5 g/mol
respectively. For VCM production, one of the important units is EDC cracker or EDC

cracking furnace shown in Figure 1:

Cl,

Salt Water
i Direct
e chlorination
EDC
EDC VC!\.’:I . VCM
Cracker purification
Product to
Electrolysis J Produc
\ Oxy- EDC
(Mercury method) chiorination | purification
7 EDC recycle
—H,
HCI recycle
Hg recycle [+ NaOH y
Air

Ethylene
Figure 1 The VCM production block diagram
Source: Kaggerud (2007)

According to Figure 1, the EDC cracking reaction is the main reaction in
producing VCM, which results from decomposing of 1,2-dichloroethane or ethylene

dichloride (EDC) by having hydrogen chloride (HCI) as a byproduct as following in:

C,H,Cl,(g) > C,H,Cl(g)+HCI(g)
EDC VCM Hydrogen Chloride



This reaction is operated at temperature up to 500°C, pressure about 10-20 atm
and 50-60% conversion of EDC and 99% selectivity of EDC formed VCM (Borsa et
al., 2001). However, coke is one of the significant issues, affecting to several
downstream parts for the VCM production, so characteristic, and causes of coke

formation are also studied.

Zychlinsky et al. (1990) found that the EDC conversion and coke formation are
very sensitive to the purity of the feed by mixing some hydrocarbons: vinyl chloride,
chloroethane, 1,1-dichloroethene, 1,2-dichloroethene, 1,1-dichloroethane, chloroform,
benzene, trichloroethene, and tetrachloroethene with pure EDC feed. Their results
showed that the carbon tetrachloride caused the increase on both EDC conversion and
coke formation; the coke formation depended on the EDC conversion resulting from
EDC or EDC radical rather than CCl,, and 50-60% of chloroprene was converted to
coke.

Incavo (1996) studied the effect of impurities, such as carbon tetrachloride,
molecular chlorine, and chloroprene to EDC conversion, and found that the chlorine
and carbon tetrachloride affected to the increase on EDC conversion as well as the

irons from the stainless steel material trended to be gas-phase catalysts.

In Ranzi et al. (1992), the kinetic scheme of many elementary reactions and
molecular and radical species were developed, based on general thermochemical
kinetic theories and know-how in hydrocarbon pyrolysis. The EDC pyrolysis system
was a system used to test the scheme with the furnace model, and the coking model
was also developed. The results showed reasonable values and trends and the coke

occurred from vinyl chloride, acetylene, chloroprene and similar components.

Borsa et al. (1999) found that the characterization of coke was generated in the
form of tar droplets which occurred in gas-phase at the high temperature. Such the
coke would deposit on the surface of the tube in the cracking furnace. Moreover, they
also found that the way to form coke between EDC cracking furnace and ethylene
pyrolysis was different because many reducing procedures used in ethylene pyrolysis
were proved that they could not implement in EDC cracking furnace. In the next two



years, the effect of metals to the formation of coke was studied and found that the
nature of coke was not changed with the metals mixed in the feed EDC but also had an
effect on the conversion and amount of the coke formed. In addition to coke
deposition, the coke formation rate was mainly depended on % EDC conversion
except in the case of chloride addition. It helped decrease the operating temperature
and coke formation rates, but EDC conversion was lower too because of the higher of

the other byproducts.

2. The controlled development of cracking furnace

In the past, most research works were interested in the dynamics of the tubular
reactor only. The temperature control of cracking furnace in the part of radiation effect
from the furnace wall was negligible. Some works applied the model reduction
technique to lump the reactor model before performing the controller synthesis. The
first-order hyperbolic PDE was applied to control the tubular reactor. Shang et al.,
(2005) applied the robust control from the PDE lumped by the method of
characteristic. The control law was developed in order that the closed-loop response of
the process output moved towards the desired setpoint along the characteristic curve.
Hoo and Zheng (2001) developed the infinite dimensional state feedback from the
PDE lumped by Galerkin method. One-dimensional partial differential was used as
two case studies. Such models were approximated in the form of the low-order model
to develop the state feedback controllers. The controller performance of them was
satisfied under the ideal and non-ideal conditions when the nonlinear controller output
was more initially aggressive. Additionally, the accuracy of the low-order model was
important to the control performance. Moghadam et al. (2010) developed the linear
quadratic regulator (LQR) from the PDE lumped by infinite dimensional method to
control the output. The proposed control method gave the successful result for forcing
the output at the desired setpoint, but the model transformation of this method was
very difficult. For the empirical model, the process data was used before applied the
controller techniques. Aggeologiannaki and Sarimveis (2009) used the data from the
process for developing the neural network with radial basis function (RBF) to identify

the hyperbolic distributed parameter systems (DPSs). The robust H., control law was



used to apply the temperature distribution for a long duct for the flow-based control.
The proposed control method demonstrated a good performance; the quality of the
controller depended on the empirical model. Besides, there are few works considering
to the interaction of wall radiation in the control of furnace. Masoumi et al. (2006)
studied the temperature control of the naphtha thermal cracking with multi cracking
coils by using the Pl controller. The desired setpoints were obtained from the
optimization of the temperature profile. However, using this method had to face the
difficult selecting for tuning parameters and the narrow range of operation which did
not cover the closed-loop stability along the operating region. Zeybek (2006)
developed the control method which considered the effects of the furnace wall and
cracking coil dynamics. The outlet gas temperature is controlled by manipulating the
fuel mass flow rate by using the adaptive heuristic controller based on three layers of
feed-forward artificial network (ANN). This control method was attractive for
implementation in industrial, but the robustness control for the feed flow changed in
operation was not reported. However, in 2012, Panjapornpon et al. proposed the
control of coupled PDE-ODEs for EDC cracking furnace by using approximate 1/O
linearization; the dynamics of cracking coil and furnace wall was considered. The
furnace model was developed by assuming a plug-flow velocity profile and neglecting
the effect of the radius heat transfer. The tube temperature was controlled by
manipulating the fuel gas flow while the mass production rate of VCM was handled by

the PI controller by manipulating the EDC feed.

3. Input/Output (1/O) linearization technique

The ideal of linerizing only part of the dynamics, i.e. the dynamics between the
input and output, has been widely used. In such a scheme, referred to as input/output
linearization, the nonlinearities are pushed to the so-called internal dynamics. In the
context of input-output linearization, the main consideration is that the internal

dynamics should be stable.



Input-Output linearization is a controller synthesis technique that involves
coordinating transformation to construct a relationship between the original system

output, y, and the new input,v, in a linear form.

Consider the continuous-time multivariable nonlinear system in a compact

form:

x=f(x,u)

1
y=h(x) )

where x(t) =[x,,...,x.]" € X is the vector of state variables, u=[u,,...,u_ ] €U is
the wvector of manipulated inputs, f(x,u) is a nonlinear vector function,
andy =[y,,..., Yy, ]" is the vector of controlled outputs.

The responses of the closed-loop process output are requested, having the linear form:

(BD+1)"y, = Ysp,
; (2
(B, D+1)" Y, =V

where D is the differential operator (i.e., D=d/dt), A,..., 3, are positive, constant
parameters that set the speed of the closed-loop response of outputs y,,..., Y,

respectively, and vy, ,..., Yy, —are the output setpoints. The relative order of the
controlled output y, is denoted by r, where r. is the smallest integer for which

(016, )(d”yi / dt" ) #0. The following notation is used:
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yi =h’(x)
S
i (x)
(©)
& (x)
b (xu)

This notation is made based on the following assumptions:

1) The relative order r,...,r are finite.
2) The characteristic matrix of the process, oh'(x,u,)/du; #[0...0], is non-

singular on XxU.
3) The process is controllable and observable locally around the nominal

steady state.
4) The matrices of /oxand (oh/ox)(of /ax)_l(af / éu) evaluated at nominal

steady state pair, (X

ss? uSS

), are non-singular.

In the case that the controlled output, y, does not have a finite relative order,

r =, the manipulated input, u, does not affect the controlled output. The feedback
controller is obtained by solving the equation (2). The compact form of the feedback

controller denotes by:

U =y (X Yg,) (4)
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4. Computational fluid dynamics (CFD) technique

The tubular reactor models were typically applied with reduction techniques
before synthesizing controllers. For physical control, PDE equations were lumped by
Galerkin method, method of characteristic and infinite dimensional method, and
applied with infinite dimensional state feedback (Hoo and Zheng, 2001), robust control
(Shang et al., 2005) and the linear quadratic regulator (LQR) (Moghadam et al., 2010),
respectively. For the empirical model, the process data was used to develop neural
network method before implemented with a robust control (Rani and Patwardhan,
2007) or generic model control (GMC) (Aggelogiannaki and Sarimveis, 2009).
However, the reduction techniques may not be suitable to describe the fluid behaviors,
so computational fluid dynamics (CFD) is an attractive alternative of engineering tool
for predicting the flow and temperature fields (Bernard et al., 2005). Therefore, there
have been a lot of CFD implemented in chemical process, for examples, Nijemeisland
and Dixon (2001) did an excellent review of these computational treatments of which
CFD approach was used to solve the Navier-Stokes equations and the energy balance
over control volumes depended on both spatial coordinate and time, and in the
modeling of CPU heat sink, a real-coded genetic algorithm was used to find an optimal
set of plate-fin shape parameters instead of using the finite element method to receive
a better of heat dispersion performance for the investigation of heat transfer
phenomena (Chen et al., 2008).



MATERIALS AND METHODS

Materials

1. Personal Computer with Intel(R) Core(TM) i7-3930K CPU at 3.20 GHz and
RAM 32.0 GB running on Microsoft Windows 7 Professional x64 Edition
2. Software
2.1 MATLAB Version R2013a (The Math Works, Inc.)
2.2 COMSOL 4.3 (COMSOL, Inc.)
2.3 MATHEMATICA version 9.0 (wolfram Research, Inc.)

Methods

This research develops the control system of 2D-PDE-ODE model for EDC
cracking furnace. The procedure is divided into four steps shown in Figure 2. The first
step is to develop the mathematical model of EDC cracking furnace which is the
coupling of PDEs and ODE. Such the equations are used to describe the cracking coil
and furnace wall dynamics. Then, the 1/O linearizing controller, setpoint tracking,
open-loop observer, compensator and feedback controller calculator are implemented
in each developed structure to confirm the closed-loop stability and eliminate the
process mismatch as well as unmeasured disturbances. The control system
performance is simulated by COMSOL, and the servo and regulatory tests are used to

measure the controller performance by the following steps shown in Figure 2.
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Development of mathematic model for EDC cracking furnace

Control system design development

Simulation of the proposed control system

Servo and regulatory tests

Figure 2 Control system development procedure for EDC cracking furnace

1. Development of the mathematic model of EDC cracking furnace

For this work, the state dynamics used to explain the EDC cracking furnace are
the dynamics of EDC concentration, gas temperature, tube temperature and furnace
wall temperature. The EDC concentration, gas temperature, and tube temperature
dynamics depend on spatial coordinate and time, while the dynamic of furnace wall
temperature is a function of time only. All of the dynamics are developed from
reduction of mass and energy balance equations in cylindrical coordinate (James et al.
2007):
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Mass balance:

aC oC v, aC aC 16%C azc
—+V, —+——+V,— — — 5
o "ot roo tor AB[rar( ) r2 06° az] ®)
Energy balance:
DT 10( T\ 10T o7
c,—=KkK r—|+—+— [+ 6
P% b ( 6r( ar) r2 007 Gzzj " (©)

where @, is the external energy or the heat of reaction.

2. Control system design development

The model of the fired-furnace in Equations (18)-(22) described by partial
differential equations in r and z coordinates and ordinary differential equation can be

grouped into two subsystems.

The subsystem of Equation (7) expresses the interaction of the state variables
inside the cracking coil and the subsystem in Equation 8 expresses the interaction of

the state variables outside the cracking coil and the radiating wall.

Ku(rzt) X, 10

ox
a a ng( ' aﬁl}rM(xm’XpZ) ¥

ox ,(z,t) 9%
p2 =C §2+N(Xp1a o(t))+o(xp2’ o)

ot
TR ®
Y =(x,)

with the initial and boundary conditions of Equation (7):
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0x,,(0,2,t) o
or
x4 (R,z,1) o

B.C.<xu(R,z,t)=X,,(z,t) or ™

Xy (r,0,8) = x,(r,1)

I.C. X1 (1 2,0) =X ,(r,2)

and the initial and boundary conditions of Equation (8):

Xp2(0,8) = X, (1)

B.C. 0X,, 0o

0z Y.
1 C sz(z’o) > sz,o(z)
o X, (t=0)=X,,

Where x,(r,z,t) denotes the vector of the state variables depending on r and z

coordinates, denotes the state variable of the external tube dynamics which is directly

affected by x,, X,(t) denote the state variable which depend on time, y denote the
output variable, z<[0,L] and r €[0,R,] are spatial coordinates, t €[0,] is the time,

and u(t) is the manipulated variable.

In our case, the process model is highly complex due to coupled PDEs and
ODE. The control objective is to regulate the output at the exit of the tube (y=L), the
state in the subsystem Equation (7), by adjusting the input (u) in the subsystem
Equation (8). To reduce complexity of the controller design, in this work, the set of
PDE in Equation (7) described the internal tube dynamics will be used to create a
tracking relation between the output (y) and the distributed state variable related to the
lumped dynamics (xp2). The set of coupling PDEs-ODE in Equation (8) described the
external tube dynamics will be used to develop the 1/0 feedback controller that the

control action (u) is obtained by solving closed-loop response of Xp,.
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For this system, the proposed control is developed in sequential steps shown by
the schematic diagram of the control system in Figures 3-6 above. The control system
consists of a setpoint tracking calculator, 1/0O linearizing controller, and a finite-based,

open-loop observer. More details of the control system design are given as follows.
2.1 Setpoint tracking calculator

The input/output linearization is a method that creates a linear relationship
between input and output based on the coordinate transformation. It is traditionally
applied for the ODE system. For the application of PDEs-ODEs system, let consider
the system in Equation (9).

d—)t(:f(YXY X, X ,0)

v Ap Dy Rz Ry

Yo =h(X)| .0 9)

where X is the vector of state variables, X, =dx/dz and X =0x/or are the first-
order spatial derivatives of X respect to z-direction and r-directions, X, =8°X/dz?
and X =@&°x/or® are the second-order spatial derivatives of X respect to z-direction

and r-direction, U is the manipulated input and h is the vector of nonlinear functions.
The relative order of the controlled output y,, r, can be defined by following

notation:
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yL =h (Y)|r:0,z:L

dlé[h__a_x} :hl(i’ Yr’irr’yz’izz)
dt ox ot |, ,

r=0,z=L

oh™ ox . oh"? ox_ . oh™? ox .
d™ly, .| X ot X ot X, o

dt™* | oh?ax, oh? ox, o
+ + +

X
ox, ot ox, o a”( %) .
7’ XI”XIT’YZ’XZZ’%" ar 2( )
:hr—l at at
02 X, a“z _
X =t X,
atrz( D= o at,z( ) atr_2( ) o
oh™ ox 1 oh™ ox. \4 oh™ ox.,
d'y, .| X ot o&X ot X, ot
dt’ oh™ ox, oh™* ox,, a'-l
—— Ly — 2 1( X,)
ox, ot OX, 8t 8 ¥4
N S o
Xy Xy X s Xpo Xopo =y eeer =1
o ot ot
=h ot ox, ot ox,, ot
—— (K ) =L,y = (X)), ooy —— (X,),0
ot ot ot ot ot F=0,2-L (10)

The setpoint tracking calculator is applied to develop a correlation between

y—X,,. From the subsystem in Equation (7), the closed-loop response of the output at

the center of the exit tube is in linear form as follows:

(BD+1)"y =Y, o (11)

where D is the differential operator, y, isthe output at a position r=0andz=L
Yo IS the desired setpoint, g, is the tuning parameter used to adjust the speed of the

output response and 1, is the relative order of y, with respectto x,
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By substituting the time derivatives of Equation (10) into Equation (11)
and setting all time derivatives of the state gradients to be zero, the closed-loop

responses of the output can be presented in a compact form

¢T (Xpl' Xpl,r ' Xpl,rr ' Xpl,z ' sz) = yL,sp (12)

the tracking setpoint function ( y) of can be obtained by solving Equation (12) for

X, , in following form:

p2’
X =V7 (Xpl! Xovrs Xprr s Xpr,zs Xp2s yL,sp) (13)
2.2 Feedback 1/O linearizing controller

From the subsystem in Equation (8), the closed-loop responses of the state

X, at the position z = L are requested in linear form as follows:

(BD+1)* X, =1 (14)

where v is the tracking setpoint function, f, is the tuning parameter and r, is the

relative order of x,, with respect to u.

We substitute the time derivative in Equation (10) into Equation (14) and
set all time derivatives of the state gradients to be zero. The closed-loop responses of

the state x,, can be presented in a compact form

¢I’ (Xpl’ Xp2’ Xzz ! U) = Z (15)
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Thus, the feedback controller (u) is obtained by solving Equation (15).

The compact form of the controller equation is denoted by Equation (16)

u= \P(Xpli Xp21 Xz I) (16)

2.3 Finite-based state observer

The CFD technique is a useful tool to predict behavior of the system of the
complex PDE problem by using the numerical calculation. Thus, in this work, a CFD-

based, open-loop state observer is developed to provide the estimation of the

unmeasured process concentration, C , and the state derivatives.
2.4 Integrator
In this work, there are two types of integrators used for compensating the

process-model mismatch and the error from the estimate states; the controller in

Equation (16) is applied with the first-order error dynamics:

éT = j"T (ysp _y)

Vi = ysp_gT

r=0,z=L (17)

where ¢, is the output error, A, is a positive parameter, and v, is the corrected

setpoint, and the tracking compensator:

(8D+~1) n=v (18)
n=y
where D is the differential operator, # is the output tracking at the position r =0 and

z=1L, & isthe tuning parameter used to adjust the speed of the output tracking, and r

is the relative order of the controller used this compensator.
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3. Simulation of the proposed control system

The feedback controller equations were solved by MATHEMATICA software
before simulated by using MATLAB and COMSOL software. The unmeasured
process and the state derivatives were solved by COMSOL software.

4. Servo and regulatory tests

The proposed control method is tested with servo and regulatory to ensure the
performance of the developed control system. For servo performance, the input
setpoint is changed to the new value after the output response approaches the required
setpoint while regulatory performance is tested by introducing the disturbance to the

process after the output response approaches the required setpoint.



RESULTS AND DISCUSSION

In this section, the results are divided into three parts; the first is mathematic
model of EDC cracking furnace, the second is the controller performance with servo
and regulatory tests and the last is the comparison of purposed control system with the
1D controller.

1. Mathematic model of EDC cracking furnace

A simple process scheme of an EDC cracking furnace is shown in Figure 7. In
the operation, EDC vapor is fed to the cracking coil and converted to VCM and HCI.
The natural gas is used as a combustion fuel to supply the energy to the furnace to rise
the furnace wall temperature (T,,). The furnace wall radiates and transfers the energy to
the tube inside leading to the change of the tube temperature (T;), the gas temperature
(Tg) and EDC concentration (Cepc) consequently.

EDC,
i J VCM, HCI

AN WA S NUZL T = 0

Fuel gas —t-#" N
— L ————— __ Y
[ 7 ke

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 7 EDC cracking furnace
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In this work, the proposed control strategy is applied with 2D PDEs-ODE

model of EDC cracking furnace. The following model assumptions are applied:

Assumptions

1) All gases in the system are ideal.

2) Only the heat of reaction in C,H,Cl,(g)— C,H,ClI(g)+HCI(g) is considered

for the change of gas temperature.
3) Neglect effects of all elbows and fittings; straight tube is assumed.

4) The properties of gases in the tube are constant: k,, o, and C, .

5) The tube temperature is varied along the z-direction only because of the pipe
thickness << the coil distance.
6) The gas temperature and EDC concentration are varied in both the radius

and distance of the coil.

The dynamic models of the cracking furnace are represented by following

equations

- The dynamics of EDC concentration and reactor temperature in the

cracking coil:

+ rEDC

8CEDC —_v 8CEDC + kg lﬁ(r acEDc j
ot 0z pyC,y I or or

aTg_ aTg kg 1£ raTg n AFo (Tt4_-|—4)+|r|;DC|(AH)EDC
or ) V,p,C ’ p,C

tFg™~ pg 9 g

(18)

=V + -
ot oz p,C,ror

E

a

TRT
Meoc = _koe gCEDC

with the following boundary and initial conditions:

for the EDC concentration,
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acﬂ(o’zi)zo
or
B.C Cepe R,z,t)=0 1.C 0)=
e 5r ( ilZl )_ A Xpl(r,Z, )—Xplvo(r,Z)

CEDC (I’, O,t) = CEDc,o

and for the gas temperature,

aT@‘(Ozt)—o
or 7T

BC.: T,(R.zt)=T(zt) IC. T (r,z,t=0)=T,,
T,(r.0)=T,,

The velocity profile describing gas flowing was referred from an

empirical/analytical solution of turbulence model in Mercado and Nunhez (2000):

(19)

v(r):12.85\/_dp/dz'Ri +\/_dp/dZ'Ri In Ri—r

0.32: p, 26. 1. 250
p, \—dP/dz-R

where the total pressure gradient and fanning friction factor are approximated by using

.pg

analytical/empirical equations proved from the Moody friction (Incropera and Dewitt,
2002):

_dp AP
dz L
f-p V2L
AP = PoVat (20)
4.R,
f = 0.154 Re > 20,000

e0.2 !
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The average velocity is calculated by

R;
p— [rv,(rydr @1)
R 0

- The dynamics of tube and wall furnace temperature:

. 1 07 1 27l
—L = K —2~+ Fo(T!'-T)-AFo(T'-T" - -T
dt  pc,, ' o7’ PCo Vi [A” ol 1) -AFe( ~T,) In(R,/R) 1 T =T)]
kt Rohf
dTW _ rhfuelAHcomb _GFAN (T\: _Tt4)
dt (m,c, )
(22)
with the boundary and initial conditions:
Tt (0,t) :Tt,o
B.C.
ﬂ(L,t) =0
oz
1 C Tt(Z,O) :Tt,O
o TW(Z’ O) :TW,O
All process parameters defined in the notation section are given in Table 1.
Table 1 Parameter values for EDC cracking furnace
Symbol Quantity Value
A, Area of the furnace wall 218 m?
Chg Average heat capacity of cracked gases 8.5059 m*
Cow Heat capacity of the furnace wall 1000 L/kg K
Di Internal tube diameter 0.19m

Ea Activation energy 1.15x10° J/mol




Table 1 (continue)
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Symbol Quantity Value
F Shape factor 1
AHepc Heat of reaction -7.1x10* J/mol
AHeomp,  Heat of combustion 4.25x10" J/mol
K, Kinetic constant 1.15x10’
Ky Thermal conductivity of gases in the tube 2.655x10% W/m K
ki Thermal conductivity of the tube 20.5 W/m K
L Tube length 300 m
m Tube weight 7.783%x10° kg
My Mass of the furnace wall 4.191x10° kg
m, Mass flow rate of the fuel 0-0.6 kg/s
Mebc EDC molecular weight 98.96 g/mol
Mcoke Coke molecular weight 12 g/mol
Pe Thermal Peclet number 8.57x10° —2.00x10°
Pr Prandl number 0.72
R Gas constant 8.314 J/mol K
R; Internal tube radius 0.095m
Ro External tube radius 0.1m
Re Reynolds number 1.19x10° —2.78x10°
Vi Pipe volume 8.5059 m®
Py Cracked gas density 35.43 kg/m®
) Tube density 8470 kg/m®
. Coke density 2162.5 kg/m®
o Stefan-Boltzmann constant 5.67x10° W/m? K
H Viscosity of cracked gases 1.695x107° kg/m s
14 Feed velocity 5mls
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* The values of density and heat capacity of mixed gas are averaged based on 55%
EDC conversion. The actual chemical path that EDC takes to form VCM is

considered by ignoring the side reactions of the process.

Source: Kitabatake and Onouch (1962); Office of air quality planning and
standards (1984); Perry and Green (1997); Shahrokhi and Nejati (2002);

Kaggerud (2007); Occidental Petroleum Corporation (2008)

With the importance of distributed radial direction, the velocity model in
Equation (19) is implemented in the EDC cracking model in order to formulate the
flow pattern or velocity profile for the gases inside the tube. The velocity profile at the
average velocity = 3-7 m/s is shown in Figure 8, and the velocity profile in Figure 8
will be compared in Figure 9 at the same based location to indicate the difference in
velocity profiles when the average velocity is changed.

0.000 0.024 0.048 0.071 0.095
Radius (m)

Figure 8 The velocity changing with r-direction for v, =3, 4,5, 6, and 7 m/s
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Figure 9 The velocity profile comparison of gas flow under the feed operation
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The velocity with plug-flow pattern is primarily assumed in many literatures

for a control of the tubular reactor, but this assumption is proper for a high-viscosity

fluid.
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Figure 10 The flow pattern of cracked gas inside the tube
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To achieve a realistic prediction, the k —& turbulence model is applied with the
developed 2D model. For example, the velocity profile based on average velocity = 5

m/s is shown in Figure 10.

The objective is to control the outlet gas temperature (T,) by manipulating the
fuel gas flow (u=m,). The control proposed system take steps in the development as

follow in Figures 3-6 to find a suitable structure for controlling gas temperature of

EDC cracking furnace. The details for each control structure are demonstrated next.

2.1 Initiation of the control system design

At first, the control system design should be developed as Figure 3, but
after the controller equation is formulated, it is found that such equation is very long
and complex; the controller development and controller equation are shown in
Equations (B.1) and (B.2). Therefore, to solve that problem, the 1/O controller in
Figure 3 is divided into two parts: the setpoint tracking calculator and 1/O controller,
which is demonstrated in Figure 4. The method used to separate the 1/0 controller in

Figure 3 is indicated in the second step in Figure 2.

2.2 The control system design with the partition controller structure

After the partition controller structure is applied, the controller is divided
to be the setpoint tracking calculator and I/O controller. For this partition, it results in
the interaction between the two controllers. After the setpoint tracking calculator
receives the input (v; ), the output from this part will be the input to the next unit, I/O
controller, and the I/O controller will give the manipulated input (u) to the process.

The simulation results from the proposed control structure in Figure 4 will be

discussed below.
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Figure 13 The control action of the manipulated input

For the servo test, the gas temperature at exit tube is controlled at the desired
setpoint ys, = 700 K. The initial conditions of the dynamics are Cgpc (r,0,t) = 359.83
mol/l, Ty (r,0,t) = 644 K, T (0,t) = 716 K, and T,,= 808 K. In this case, the velocity of
gas is equal to 5 m/s and its velocity profile is shown in Figure 10. The tuning

parameters of the proposed control system are S5 =8, f, =8 and 4 = 0.001. The

closed-loop responses of the cracking furnace are illustrated in Figures 11-13.

The results show that the controller successfully forces the gas temperature at
the desired setpoint. The changes of gas, tube and wall temperature at the initial period
have a linear trend due to the influence from the constant of fuel gas rate at the upper
limit. Then, the controller will adjust the fuel gas flow with a little fuzzy to put the gas

temperature at the desired setpoint. Such the fuzzy mainly occurs from a small value of

B,. If B, is increased, that problem should be fixed. Nevertheless, an important

problem is the implementing the first-order error dynamics in COMSOL. For example,
the controller is tested with the servo test. After the gas temperature is forced to the
first desired setpoint at 700K, this integrator needs to set the initial value to zero before
approaching the next setpoint. In COMSOL, setting the initial value of the integrator

cannot be done for a simulation, and if the simulation is separated, it may cause
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uncontinuity of the data. Moreover, it about the ability in compensating the process
model mismatch between the controlled output and setpoint. In order to receive a
better compensation, a new integrator in Equation (18) is developed and applied to the

controllers in Figure 5.

2.3 The partition controller structure with the new integrator

According to Figure 5, the tracking compensator is applied with the
partition controller system to eliminate the offset of the controlled output (Ty) and the
desired setpoint. With the structure in Figure 5, this compensator must compensate
both the error which occurs in the setpoint tracking calculator and the 1/0 controller. In
this research, the performance of the controller is measured with the servo and

regulatory tests.

2.3.1 Servo test

The initial conditions of the case study are shown as follows. The
gas temperature at exit tube is controlled at the desired setpoint ys, = 700 K. The initial
conditions of the dynamics are Cepc (r,0,t) = 359.83 mol/l, Ty (r,0,t) = 644 K, T (0,t) =
716 K, and T,,= 808 K. The tuning parameters of the proposed control system are f, =

9, B, =7and & =1500. From the previous part, if £, and S, are tuned with the same
value, the response of the manipulated input (m,) will be aggressive as shown in
Figure 13. In order to avoid such behavior, the value of £, will be large to reduce the
fast moving of the controller, while g is a little bit bigger; if the value of f, is

increased too much, the controller will not drive the controlled output at the desired
setpoints. In this system, the tuning parameter of the setpoint tracking calculator is

around ten. Then, suitable values of S, and ¢ will be determined by the change of the
manipulated input (m, ). Figures 14-16 illustrate the responses of the controlled output

(Tg) and the other state variables (T, Twand Ceqc).
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Figure 14 Closed-loop response of the gas temperature at the center of the exit and

the average gas temperature along the tube under the servo test
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Figure 15 Closed-loop responses of the outlet tube temperature and the furnace wall

temperature under the servo test
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Figure 16 Closed-loop responses of the EDC concentration at the center of the exit

and the average EDC concentration along the tube under the servo test
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Figure 17 The control action of the manipulated input under the servo test
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The results show that the controller can drive the controlled output
(Tg) at the desired setpoint asymptotically. The changes of the tube temperature,
furnace wall temperature and EDC concentration are reasonable with the gas
temperature change. In Figure 14, the setpoint of gas temperature is increasingly

moved for 5 and 10 K, it leads to an increase on mass fuel flow.

2.3.2 Regulatory test

In this work, the proposed control system is tested with the measured
disturbance; the variations of EDC feed flow rate are changed from 18 ton/hr to 14.5
ton/nr (v,, =5—>4 m/s) and from 18 ton/hr to 21.7 ton/hr (v,,=5—>6m/s). The

simulation results of each case are illustrated as follow.

2.3.2.1 Measured disturbance from the reduction of EDC feed flow

The initial conditions and the tuning parameters of this test
are the same as 2.3.1, but after the controlled output (T4) reaches the desired setpoint
(Tgsp = 700), at t = 3.33 h the EDC feed rate is changed from 18 to 14.5 ton/h. Figures
18-20 illustrate the responses of the controlled output (Tg) and the other state variables
(Tt, Twand Ceqc) when the EDC feed flow is decreased.
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Figure 18 Closed-loop response of the gas temperature at the center of the exit and
the average of the gas temperature along the tube with the change of EDC
feed flow rate from 18 to 14.5 ton/hr
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Figure 19 Closed-loop responses of the outlet tube temperature and the furnace wall

temperature with the change of EDC feed flow rate from 18 to 14.5 ton/hr
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Figure 20 Closed-loop responses of the EDC concentration at the center of the exit
and the average concentration of EDC along the tube with the change of
EDC feed flow rate from 18 to 14.5 ton/hr
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Figure 21 The control action of the manipulated input under the regulatory test in

case of the reduction in EDC feed flow rate
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The results show that the controller can reject the disturbance
from the decrease in the feed flow of EDC. The controlled output (T) is forced to the
desired setpoint smoothly. The behaviors of the tube temperature and furnace wall
temperature are the same trend with the change of gas temperature but vice versa in
EDC concentration behavior. According to Figure 34, when the gas temperature is
more increased than the desired setpoint, the manipulated input will decrease

simultaneously to move the controlled output to the desired setpoint.

2.3.2.2 Measured disturbance from the increase on EDC feed flow

The initial conditions and the tuning parameters of this test
are also the same as 2.3.1, but after the controlled output (Ty) reaches the desired
setpoint (Tgsp = 700), the EDC feed rate will be increased from 18 to 21.7 ton/h at t =
3.33 h. Figures 36-38 illustrate the responses of the controlled output (Tg) and the other
state variables (T, Tyand Ceyc) When the EDC feed flow is increased.
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Figure 22 Closed-loop response of the gas temperature at the center of the exit and
the average of the gas temperature along the tube with the change of EDC
feed flow rate from 18 to 21.7 ton/hr
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temperature with the change of EDC feed flow rate from 18 to 21.7 ton/hr
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Figure 24 Closed-loop responses of the EDC concentration at the center of the exit

and the average concentration of EDC along the tube with the change of

EDC feed flow rate from 18 to 21.7 ton/hr
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Figure 25 The control action of the manipulated input under the regulatory test in

case of the increase on EDC feed flow rate

The proposed control system can reject the disturbance from
the increase on the feed flow of EDC as in the case of decrease in EDC feed flow. The
changes of tube temperature, furnace wall temperature and EDC concentration behave
the opposite way from the reduction of EDC feed flow case. However, the interesting
point in Figure 31 compared to Figure 36 is the behaviors of gas temperature; it

implies that it is easier for control to increase the temperature rather than decrease.
2.4 The cascade structure with the new integrator

According to the problems in 2.3, all error is compensated with the outer
loop of the integrator, which brings about the question when the cascade loop is
implemented. Therefore, the control system design in Figure 6 demonstrates the
cascade structure for control loop. The integrator in the structure will compensate the

mismatch between the controlled output (T,) and manipulated input (T,

and y) of
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the setpoint tracking calculator and the 1/0 controller. The performance and robustness

of the proposed controller are evaluated through servo and regulatory tests.

In Figure 6, there are four tuning parameters for the cascade control loop

where g, and &, are the tuning parameters of the setpoint tracking calculator and the
outer loop compensator,as well as g, and ¢, are the tuning parameters of the 1/0

controller and inner loop compensator, respectively. The first step for tuning the

parameters is to find a suitable coupling between g, and &, by giving a constant ( v )
which makes T, =700K; these suitable values of £, and depend on the change of
slope in manipulated input (m, ) as shown in Figure 20 at t = 0-3 h. the change of &, is
based on the value of £, ; one value of £, relates to only a suitable value of &,, which
is fixed by desired asymptotic crave of the controlled output (T,) as shown in Figure

17 at t = 0-3 h. After the appropriate S, and &, are received, a coupling of 4, and &

will be found next.

2.4.1 Servo test

For the servo test, the gas temperature at exit tube is controlled at the
desired setpoint ys, = 700 K. The initial conditions of the dynamics are Cgpc (r,0,t) =
359.83 mol/l, T4 (r,0,t) = 644 K, T; (0,t) = 716 K, and T, = 808 K. The tuning
parameters of the proposed control system are g, = 10, f, = 150, ¢ = 1600 and ¢, =
400. Then, at time = 3.33 and 6.66 hr, the desired setpoint (ysp) will be changed to 705
and 715 K, respectively. Figures 26-28 illustrate the responses of the controlled output
(Tg) and the other state variables (T, Twand Ceqc).
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Figure 26 Closed-loop response of the gas temperature at the center of the exit and

the average gas temperature along the tube under the servo test
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Figure 27 Closed-loop responses of the outlet tube temperature and the furnace wall
temperature under the servo test
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Figure 28 Closed-loop responses of the EDC concentration at the center of the exit
and the average EDC concentration along the tube under the servo test
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Figure 29 The control action of the manipulated input under the servo test
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The results show that the controller can force the controlled output
(Tg) at the desired setpoint asymptotically. The behaviors of the tube temperature,
furnace wall temperature and EDC concentration are the reasonable trend with the
change of gas temperature. According to Figure 29, when the desired setpoint of the
gas temperature is increased 5 and 10 K, it leads to an increase on mass fuel flow.

Though there some peaks between the step changes, the manipulated input (m,) has

an excellent response for implementing with the real process. Additionally, the
distribution of the gas temperature along r and z directions at Tgp = 700 K and

v,, =5m/s isshown in Figure 30.
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Figure 30 The distribution of gas temperature in r and z-directions at the setpoint
T,=700K and v,, =5m/s

2.4.2 Regulatory test

In this work, the proposed control system is tested with the measured
disturbance; the variations of EDC feed flow rate are changed from 18 ton/hr to 14.5
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ton/hr (v,, =5—>4m/s) and from 18 ton/hr to 21.7 ton/hr (v,,=5—>6m/s). The

simulation results of each case are illustrated as follow.

2.4.2.1 Measured disturbance from the reduction of EDC feed flow

The initial conditions and the tuning parameters of this test
are the same as 2.4.1, but after the controlled output (T4) reaches the desired setpoint
(Tgsp = 700), at t = 3.33 hr the EDC feed rate is changed from 18 to 14.5 ton/hr. Figures
31-33 illustrate the responses of the controlled output (Tg) and the other state variables
(Tt , Twand Ceqc) when the EDC feed flow is decreased.
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Figure 31 Closed-loop response of the gas temperature at the center of the exit and the
average of the gas temperature along the tube with the change of EDC feed
flow rate from 18 to 14.5 ton/hr
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Figure 32 Closed-loop responses of the outlet tube temperature and the furnace wall

temperature with the change of EDC feed flow rate from 18 to 14.5 ton/hr
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Figure 33 Closed-loop responses of the EDC concentration at the center of the exit

and the average concentration of EDC along the tube with the change of
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EDC feed flow rate from 18 to 14.5 ton/hr
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Figure 34 The control action of the manipulated input under the regulatory test in

case of the reduction in EDC feed flow rate

The results show that the controller can reject the disturbance
from the decrease in the feed flow of EDC. The controlled output (Tg) is forced to the
old desired setpoint smoothly. The behaviors of the tube temperature and furnace wall
temperature are the same trend with the change of gas temperature but vice versa in
EDC concentration behavior. According to Figure 34, when the gas temperature is
more increased than the desired setpoint, the manipulated input will decrease
simultaneously to move the controlled output to the desired setpoint. In addition, the
distribution of the gas temperature along r and z directions at Tgp = 700 K for

disturbance test (v,, =4 m/s) is shown in Figure 35.
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Figure 35 The distribution of gas temperature in r and z-directions at the setpoint
T, =700K and v,, =4 m/s

2.4.2.2 Measured disturbance from the increase on EDC feed flow

The initial conditions and the tuning parameters of this test
are also the same as 2.4.1, but after the controlled output (Ty) reaches the desired
setpoint (Tysp = 700), the EDC feed rate will be increased from 18 to 21.7 ton/hr at t =
3.33 hr. Figures 36-38 illustrate the responses of the controlled output (Ty) and the

other state variables (T;, Tyand Ceqc) when the EDC feed flow is increased.
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Figure 36 Closed-loop response of the gas temperature at the center of the exit and

the average of the gas temperature along the tube with the change of EDC
feed flow rate from 18 to 21.7 ton/hr
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Figure 37 Closed-loop responses of the outlet tube temperature and the furnace wall

temperature with the change of EDC feed flow rate from 18 to 21.7 ton/hr
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Figure 38 Closed-loop responses of the EDC concentration at the center of the exit
and the average concentration of EDC along the tube with the change of
EDC feed flow rate from 18 to 21.7 ton/hr
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Figure 39 The control action of the manipulated input under the regulatory test in

case of the increase on EDC feed flow rate
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The proposed control system can reject the disturbance from
the increase on the feed flow of EDC as in the case of decrease in EDC feed flow. The
changes of tube temperature, furnace wall temperature and EDC concentration behave
the opposite way from the reduction of EDC feed flow case. However, the interesting
point in Figure 31 compared to Figure 36 is the behaviors of gas temperature; it
implies that it is easier for control to increase the temperature rather than decrease. The
distribution of the gas temperature along r and z directions at Ty, = 700 K for

v,, =6 m/s is shown in Figure 32.
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Figure 40 The distribution of gas temperature in r and z-directions at the setpoint
T, =700K and v,, =6 m/s
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According to all of the results, only the partition structure can force the

controlled output (T,) to the desired setpoints with no aggressive behavior of the
manipulated input (m, ). For partition cases in Figures 5 and 6, they are used for a

compared case so as to measure the controller performance for control structures
composing of an outer loop compensator or a cascade loop compensator. In this work,
the tuning parameter of the setpoint tracking calculator and 1/O controller of the two

cases (S, and f3,) are used the same values in order to show the responses in the EDC

cracking process. Both results in 2.3 and 2.4 show similar responses for servo and
regulatory tests. However, for the controlled structure in 2.3, the responses will be
aggressive more than those in 2.4, such as the response in Figure 22 compared to
Figure 36 and in Figure 36 compared to Figure 39. For in case 2.3, if S, is increased
and ¢ is reduced, the responses will be able to case 2.4. Additionally, in the regulatory

test, the process model mismatch from parametric uncertainty of the setpoint tracking

calculator and 1/0O controller should be tested; the responses will be different.



CONCLUSION AND RECOMMENDATION

Conclusion

A new controller structure with 1/0 linearization technique is developed for the
EDC cracking furnace, of which the advantages are a few tuning parameters and
decrease on the complexity of the controller equation. With the importance of the
distribution in r-direction of fluid flow in the tube, the k —& turbulent model is applied
to the velocity. The controller is formulated with the 2D-PDEs and ODE into the
setpoint tracking calculator and /0O feedback controller, and integrated with the
tracking compensator dynamics and finite-based, open-loop observer. The setpoint
tracking calculator is used to calculate the desired tube temperature to drive the gas
temperature to the target. The control system design ensures the offset-free of the
closed-loop output responses for the presence of the disturbances and model-process
mismatch. The simulation results show that the controller can force the control output
at the desired setpoint asymptotically and reject disturbance from the servo and

regulatory tests.

Recommendation

In this work, the proposed control system is designed to control the gas
temperature. There are many structures developed to find a suitable control structure
for controlling the gas temperature which considers the effects of cracking coil and
furnace wall. The gas temperature is the control output while the mass fuel flow is the
manipulated input. Although I/O linearization technique will be applied directly to
control the gas temperature by manipulating the mass fuel flow, which causes the
complexity of controller equation, the proposed control system design can solve such a
problem. Additionally, the new compensator is formulated to receive a better control
performance. The proposed controller can force the gas temperature to the desired
setpoint asymptotically. However, there is a problem about the CFD observer which
uses a long time for simulation. Therefore, when it has to implement with the real

process, the point in this should be developed next.
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A Mathematical Model for the EDC Cracking Furnace

The full form of mass and energy balances, composing of the EDC
concentration, gas temperature, tube temperature and furnace wall temperature
dynamics, are neglected to formulate the mathematic model for EDC cracking furnace

(Warren et al, 2005). The assumptions used in this model are shown as follows:
Assumptions

1) All gases in the system are ideal.
2) Only the heat of reaction in C,H,Cl,(g)—C,H;Cl(g)+HCI(g) Is concerned

for the change of gas temperature.

3) Neglect effects of all elbows and fittings; straight tube is assumed.

4) The properties of gases in the tube are constant.

5) The tube temperature is varied along the z-direction only because of the pipe
thickness << the coil distance.

6) The gas temperature and EDC concentration are varied in both the radius

and distance of the coil.

Mass balance:

oC
EDC +V + +V =

ror or r’ 06° 0z°
(A1)

o "t r a0 ' a  pC,

With the assumptions above, the mass equation of EDC concentration is

reduced to
k
acEDC +V, acEDC — 9 [lg(r acic)).k Meoc (A2)
ot oz PCpg \T OF or

Cepe Vo Cepe Cepe kg (li (r Cepe ) +i 82CEDC i 82CEDc

J + epe
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—Ea

where r_. is the reaction rate which is r_,. = —k,Ccpc

Thus, the EDC concentration model becomes

—-Ea

j ™ kOCEDC eﬁ (A-3)

Cepe — vy OCepc i kg (lﬁ aCEDC)

= r
ot “a p,C, rar( or

subjected to the initial and boundary equations:

aCﬂ(o,z,t):o
or
B.C —aCEDC R,z,t)=0 IC 0)= A4
C. 7 (Ri,z,t)= C. X, (r,z,0)=x,,4(r,2) (A4)

CEDC (I’, O’t) T CEDC,O

Energy balance:

2 2
pcp{a—T+vrﬂ+V—9£+vzﬂ}:k lg[rﬁj+%a—z+g +@, (A5)
ot or r 00 0z ror\_ or r-o0° oz

- Energy balance in the gas temperature

According to the assumptions, the gas temperature dynamic is interested in the

r and z directions, so Equation (A.5) becomes

oT, oT, 10( oT\ 10T o7
c | —2+v, L=k | =—|r— [+ S5 —+— |+ A.6
Py p{at Zaz} g(rar( arj 2 00° 822J % (A6)

where ¢, is the external energy or the heat of reaction.



64

In this case, ¢, is the energy from the radiation effect from tube sent to the gas,
and heat of reaction shown in Equation (A.7).

Ao ey Hepe | (AH)enc (A7)

t pg Py

9,

From putting ¢, from Equation (A.7) in Equation (A.6) and rearranging, the

dynamic of gas temperature will be received:

o, oT, . Kk lﬁ[raT9J+ AFc (Tt4_Tg4)+|rgDc | (AH) goc
ot oz p,C, ror{ or ) Vip,Cy, p.Cp, (A8)
Ea
leoc = —KoCeoc 7

The dynamic of gas temperature in Equation (A.8) is subjected to the initial

and boundary equations below.

aTg(Ozt)—O
ig Ward

BC.{ T,(R,zt)=T(zt) IC. T,(r,zt=0)=T,, (A.9)
T, (r,0,t)=T,,

- Energy balance in the tube temperature

According to the assumptions, the tube temperature dynamic only pays

attention to the diffusion effect in z direction, so Equation (A.5) becomes

2
pC, % LI (A10)

k 0z° Y

where ¢, is the external energy or the heat of reaction.
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For the tube temperature balance, ¢, is the energy receiving from the radiation

effect of the furnace wall, the radiation effect passing to the gas inside the coil, and the

convection effect losing with fuel flow between the tube and furnace wall:

2zl
In(R /R 1

1
4, :V—[ANFa(rv;‘—Tf)—AFa(rf—Tg“)— (T, ~T)] (A.11)

th,t

Then, put ¢, from Equation (A.11) in Equation (A.10) and rearrange it to be

the dynamic of tube temperature as shown in Equation (A.12).

th 1 ath 1 4 4 4 4 2L

— = + Fo(T, -T)-AFo(T, -T ')—

d pc,, oz pthv‘Vthvt[AN (=T - AFe (. 2T,) InR,/R), 1
k R.h

t o f

(T, —T)]

(A.12)

The dynamic of tube temperature in Equation (A.12) is subjected to the initial and

boundary equations as follow:

Tt (O,t) :Tt,O

B.C. IC.  T.(20)=T, (A.13)

oT,
—(L,t)=0
pe (L.1)

- Energy balance in the furnace wall temperature

From the assumptions above, the furnace wall temperature only pays attention

to the diffusion effect in z direction, so Equation (A.5) will be reduced to
mcCc, —%= A.14
v ¢, (A.14)

where ¢, is the external energy or the heat of reaction.
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For the furnace wall temperature balance, ¢, is the energy receiving from heat

of combustion of fuel gas and the energy passed to the tube inside by radiation effect

shown as follows:

¢v = rhfuel AHcomb _O-FAN (T\: _Tt4) (A15)
After that ¢, from Equation (A.15) is put in Equation (A.14), the dynamic of
furnace wall temperature is received:

ﬂ _ I’ﬁfuelAchmb _O-FAN(T\/;1 _TtA) (A 16)

ot m,C,,

The initial equation of the furnace wall temperature dynamic is represented below.

IC.  T,(20)=T,, (A.17)
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The controller formulation for EDC cracking furnace

For this work, the 1/O linearization technique is used to develop a controller for
EDC cracking furnace. The controller is divided into two structures: 1/0 controller,

and Setpoint tracking calculator with 1/0 controller.
1. Input/Output linearization technique

1.1 1/O controller
The 1/O controller is developed, based on system in Equation (18)

at the center of the exit tube (r=0, z=L). The controlled variable (y) and manipulated

variable (u), in this system, are TgSp and m,, respectively. The block diagram for such

controller is shown in Appendix Figure 8.

Tg-‘l' I /O m.f
B
controller

Appendix Figure B1 single 1/0 controller structure

The closed-loop response of the outlet gas temperature is requested

in the form of
3
(ﬁ D+1) Tg (Z’t)‘r:O,z:L :Tgsp (B.l)

where D is a differential operator (i.e. D=d/dt), Tg(z’t)‘r:Oz:L is the gas

temperature measured at the center of the exit tube, Ty, is the setpoint of the gas
temperature, and £ is the tuning parameter that sets the speed of the response for the
output Tg. Then, Equation (18) is substituted in Equation (B.1) to receive the controller

equation as shown in Equation B.2.
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aTg aCedc azTQ 82Cedc ath
oz oz or?’ or? ' or?

m, = f(T,,T,T,,C (B.2)

In Equation (B.2), mass fuel flow is not expanded because it is very long and

complex; it is about 8 times of Equation (B.6).

1.2 1/0 controller with the setpoint tracking calculator

In this part, the I/O linearization technique is applied for the
setpoint tracking calculator connected with 1/0 controller by basing on Equations 18
and 20. The controller equations are developed, based on the center of the exit tube

(r=0, z=L). The controlled variable (y) and manipulated variable (u) of the setpoint

tracking calculator and 1/O controller in Figure 9 are T, v, and M, respectively.

gsp’

o Setpoint /M /0 iy
» Tracking > >
controller
Calculator

Appendix Figure B2 A coupling of setpoint tracking calculator and 1/O controller

structure

The closed-loop response of the outlet gas temperature and tube

temperature are requested in Equations (B.3) and (B.4) respectively.

(sD+1) T, (Z’t)‘rzo,z:L =Tgsp (B.3)

(BD+Y)'T(2h)| =T, (B.4)

where D is a differential operator (i.e. D=d/dt), T, (z,t)‘r:0 L is the gas temperature

measured at the center of the exit tube, Tgs, is the setpoint of the gas temperature, ¢ is



70

the tuning parameter that sets the speed of the response for the output Ty, and £ is the

tuning parameter that sets the speed of the response for the output T;.

Then, Equations (18) and (20) are respectively substituted in Equations (B.3)
and (B.4) to receive the controller equations as follow.

)/ exp(Ea/(RT,))

edc

oT
Ttsp =(- ,BlkngVt + Cpg pngSth + 4C b a—ZgVVt + (B,AHKV,C
_Cpgngng + AiﬂlFGTg4)(l/4) /(AiﬁlFO-)(lM)

(B.5)

m, = U/ (4A,BAH , F T, ) *(C,.Cumm, (T, —T, +(4A, B2F 20T (=T, +T.)
/(C,C,umm,) - (4A, B2F 0T, (-k)MT, = Ap,FoT, + ApFoT’ + ApFo
T~ ApFoT)N/(C,2pm?) — (28, (kmT + ApFoT '~ ApFoT'—A,p,
FoT,' + A,pFaT, N1 (Cupm)+ @/ (CC,’ p, AmNVI))(4A L Fa((-C,) o
exp(E, / (RT,))k,m, 8°T, /or?V,T,* +C,.C .0, pexP(E, | (RT,))m, T, /ozV,T,}
+CAH o kmV,.C,, T, + AC, pexp(E, / (RT,))FmoT,'+C  p.exp(E, / (R
T, )km, 07T, [62°V, T2 + AC , p, pexp(E, | (RT,))FoV,T *T.AC,, o, o.exp(E, /
(RT,))FoV,T, = A,C,,2,28XP(E, | (RT,))FoV,T + A,C,, 0, 08XP(E, / (RT,))
FoV.T’TH) /exp(E, / (RT,))

(B.6)
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