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ABSTRACT 

Dynamic modeHing based on chemical/physical knowledge of chemica! processes is 

frequently practised and the resulting models are used for control strategy design and 

controller design. V alidating these models before using them for there intended application 

is necessary because model validation, using plant measurements, is an essential element in 

( dynamic) modeHing of existing unit operations. 

In this graduation project, which was partly carried out at Dow Benelux N.V. in Terneuzen, 

the validatien metbod based on camparing plant and model responses is investigated for a 

dynamic model of a distillation process. 

To validate this model a conversion layer was written and plant data was obtained during 

three consecutive days. The experiments carried out were designed basedon a modelstudy and 

a plant data analysis. After modifying the feed composition, tray liquid holdup and the 

reboiler model the composition dynamics predicted by the model were improved. The model 

pressure dynamics still have to be investigated. 
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CHAPTER 1 

INTRODUCTION 

This report is part of a graduation work and describes the model validation project carried out 

at Dow Benelux N.V. in Terneuzen from april lst to december 31st 1992. The Terneuzen site 

of Dow is the largest production site of the Dow Chemica! Company in Europe. There are 

26 plants on the site in Terneuzen. Their main production consists of hydrocarbons, plastics, 

chemicals, specialties and olefin derivatives which are made from various feedstocks such as 

LPG (Liquified Petroleum Gas), nafta and Algerian condensate. These plants all benefit from 

the work of PDCD (Process Development and Control Department) which is responsible for 

the design of the plants and the design of process control systems. At PDCD process 

rnadelling both static and dynamic is commonly practised. The dynarnic models are used in 

control strategy design and controller design. Future applications of dynamic models are 

model predictive control and dynamic optimization. These dynamic models are based on 

chemica! and physical knowledge of the process. 

Before one should actually use the dynarnic model for its intended use, the model has to be 

validated. Validation of rigoreus dynamic models is the subject of this project. This project 

is done in collaboration with IPL-TNO/TUE which has delivered PRIMAL, a Package for 

Real time Interactive Modelling Analysis and Learning. 

A choice has been made to examine the validation of distillation models. Distillation is a 

physical separation process which is not always easy to controL Thus stilllarge effort is made 

to improve the processes and the operation of the processes. 

In chapter 2 the model validation theory will be discussed. A number of validation 

methodologies will be introduced as well as the role of model validation in the modeHing 

process itself. Chapter 3 will discuss distillation processes in general and the specific . 
distillation column of which the model is to be validated. Furthermore an overview is given 

of the equations and assumptions used jn rnadelling this distillation unit. In chapter 4 the 

results of a modelstudy and a plant data analysis are given. The information gained in these 

investigations will be used in validating the model. Chapter 5 will discuss the experiment 

definition and design and the actual validation of the model with the obtained plant data. In 

chapter 6 the results of the model validation will be discussed. 
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CHAPTER 2 

MODEL VALIDATION 

In recent years rigarous dynamic modeHing is more frequently practised. These models are 

based on chemica! and physical knowledge of the process. In the sequel these rigarous 

dynamic models will be referred to as "models". The applications of these models are legion. 

However before one starts using a model for its intended application one has to make sure 

that the model is valid. In this chapter the role of model validation in dynamic modeHing will 

be discussed, as weH as some validation methods. In the first section the role of model 

validation in dynamic modeHing is discussed. The second section will deal with validation 

of the simulation behaviour of the model. The third section will introduce the model distartion 

method of validation. The fourth section will introduce the validation by means of poles and 

zeros of the model whereas the fifth section will discuss the three validation methods. 

2.1 ModeHing and model validation 

A definition of validity can be stated as: a dynamic model is valid if the model, depending 

on its selected application, leads to desired and correct results. The validation process is an 

essential part of dynamic modeHing. A metbod of making models is represented in figure 2.1. 

Using physical and chemica! knowledge of the process, assumptions are made and the 

equations which describe the process dynamics are coHected after which a model is 

formulated and checked on its mathematica! consistency. The model is investigated in a model . 
study to gain information which can be used in tracing model errors, to define potential 

dynamic phenomena to verify and to dçfine and design the experiments. Now the unknown 

model parameters can be fitted to plant data. The model may be compared with plant data 

now by means of a validation method. When the model satisfies some sort of criteria it is 

valid, otherwise one has to examine the error and depending on the type of error one may 

decide to change one or more assumptions or add one or more equations. Now the model is 

reformulated and one starts fitting the model parameters again. As can be seen in figure 2.1 

the validation process is an essential, integrated and iterative part of dynamic modelling, and 

the use of real life plant data is essential in model validation. 
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Chapter 2 Model validation 

model application 
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figure 2.1 methad of model building 

In model validation one can distinguish two types of mismatch between the model and the 

actual process in which one is especially interested: 

- unknown parameters 

- structure of model or equations 

A model may contain unknown parameters which can cause, depending on the sensitivity of 

the model, deficiencies in the performance of the model. The model structure is defined by 

the interactions between the model variables, the structure of the equations is defined by 

physical or chemical knowledge and by the assumptions made. Structure mismatch is usually 

more difficult to trace in the model; incorrect equations, too much neglections in formulating 

a certain part of the model, incorrect or invalid assumptions. 
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Chapter 2 Model validation 

2.2 V alidation of simulation behaviour 

The first validation technique is based on the simulation behaviour. The simulated outputs of 

a model can be compared with the process outputs to a certain input (see figure 2.2). 

With the measured process input vector u the model is excited after which the model output 

vector y m is compared with the measured process output vector y. This is done by exarnining 

the difference between the two output veetors (output-error signal e). 

According to this metbod the validity of the model is defined by the characteristics of the 

output-error signal e. The smaller the output-error signal the better the simulation behaviour 

of the model. 

y 
-

sp J CONTROLLERS I 
+ l I PROCESS 

y 

u 

1 1 
d n 

d 
~ e=y-tt 

I 
l 

MODEL 

r----1 -
ym 

~ ' 

CONTROLLERS 

' 

figure 2.2 validating simulation behaviour of model 

Generally the output-error signal is influenced by: 

1) unknown parameters E> 
2) structure of model and equations 

3) input signals u 

4) controllers c 

5) disturbances d 

6) measurement noise n 
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Chapter 2 Model validation 

Thus: 

e= f (E>,structure,u,c,d,n) (2.2.1) 

In validating the model one is especially interested in parameters and the structure of model 

and equations. The input influences the amplitude of the output error and is caused by the 

selection of method while the influence of controllers, disturbances (not measured inputs) and 

measurement noise are caused by the practical situation. 

These influences can be examined in a modelstudy, in which one can study the relative effect 

of the various influences on the output-error in a well conditioned environment. 

ad 3) The application of a dynamic model can be divided roughly into two areas: 

- the model needs to describe the process around an operating point (useful for 

control system design, control strategy design) 

- the model needs to describe the process in a larger area in the operating window 

(useful for dynamic optimisation, transient description). 

This implies that the input signal has to satisfy certain demands imposed by the 

application. 

ad 4) In practice one nearly always has to deal with closed-loop processes because of the 

implemented controllers. In validating a model one has to implement the same 

controllers in the model, making it a closed-loop model. One hereby introduces extra 

dynamics by which the validation of the open-loop model is hampered. 

ad 5) The disturbances in the process can be faced with by consictering them as not 

modelled input signals. In order to reduce the effect of disturbances on the output

error one may try to measure them and offer them to the model. lf this is not 
' possible, these disturbances impose a minimal boundary to the output-error signal. 

ad 6) The measurement noise also imposes a minimal boundary to the output-error signal. 

An important step in model validation is the definition of criteria which the model has to 

satisfy to be valid. In validating the simulation behaviour one has to put demands on the 

characteristics of the output-error signal. The criteria are dependent on the application of the 

model. When the model is valid within its application, the output-error signal will satisfy the 

criteria. 

Possible criteria are from statistics: 

- a maximum amplitude of the output-error signal 

- maximum cross-correlation of the output-error signal with a process input 
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- maximum relative output-error defined as: 

cr(e.) 
RE.~ __ J_ 

J 0' (yj) 

Chapter 2 Model validation 

(2.2.2) 

Where cr (ei) and 0' (yi) are respectively the varianee of the output -error signal of 

output j and the varianee of output j. Thus RE. is a measure of the simulation 
J 

behaviour of the model; the smaller RE. the better the model. 
J 

A more practical criterium, especially when the model still contains large errors, is the 

comparison of steady state gain, time constants and delay time of the process and the model 

and define a maximum difference. 

2.3 Model distoriion metbod 

Another method one can apply in validating the model is the model distartion method. The 

basis for the method is the proposition that any model can be made to follow any observed 

process response by introducing enough distortion, the less the required distortion, the better 

the model. lf the distartion necessary to match the measured response is acceptable in terms 

of known approximations, then the model may be regarded as validated in the sense that 

observed phenomena are understood in terms of the model. The distartion in the model is 

introduced by varying the norninally constant parameters in the model. These parameters now 

become time-dependent and as stated above the model can be made to follow any response 

by applying more or less parameter variation. For an extended discussion of the model 

distartion method one is referred to [THOM86], in this section a brief summary is given on 

this method. 

The essence of the problem is that one wants to match the plant response, but to maintain the 

parameter variations within as narrow bands as possible. This can be done by keeping the 

mean squared value of the parameter váriations below the expected parameter variance: 

Suppose that one produces a mathematica! model of a plant defined by: 

x~ f(x,u,8,t) 
y~Cx 
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Chapter 2 Model validation 

Where x is the vector of states, u is the vector of inputs, 0 is the vector of constant 

parameters, f is a linear or non-linear vector function and y is the output vector. 

If the measured variables recorded from a plant response are defined by z(t) one may define 

an error vector similar to the output-error signa! (see section 2.2): 

e(t) = z(t)- y(E>, t) (2.3.3) 

The vector y has been shown deliberately as a function of constant parameters 0 . The 

procedure is to minimisesome norm of the error e by best choice of the parameters 0 (time 

domain least-squares minimisation). Application of this processitself provides a check on the 

validity of the model, since the optima! choices of parameters, E>opt , should lie within ranges 

expected on physical grounds. The corresponding output will be y(E>opt't) , and one may 

define the minimum error as: 

e . (t)=z(t)-y(E> 
1
,t) 

mm op (2.3.4) 

However this error is not generally zero, even for the best choice of constant parameters. 

Now, varying the parameters dynamically, the values of the state variables will be different 

from those of the original model, with the difference dependent on the extent of the variation 

of the parameters and the sensitivity of the model to the parameter varied. 

X= f(X, u, E>opt +U(t), t) 
Y=CX 

(2.3.5) 

In most cases it will be possible to drive the system given by equation (2.3.5) with parameter 

variations a(t) such that the plant states z(t) are matched by the outputs Y. The general 

problem is now to solve for the vector of parameter variations a(t) , given equation set: 

x= f(X, u ,e 
1
+a(t), t) op (2.3.6) 

z=CX 
~ 

Once the vector a(t) has been found, the size of its elements may be investigated and a 

judgment made on whether the model using constant parameters is valid or not (see equation 

(2.3.l)).lt is possible to derive a(t) directly from equation (2.3.6). Altematively, an estimate 

can be made from the results of the exercise to establish the parameters yielding the minimum 

mean-square error. 
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Chapter 2 Model validation 

2.4 V alidation of poles/zeros of the process 

Another method of model validation is the comparison of poles and zeros of the process with 

the corresponding poles and zeros of the model. Knowledge of the poles and zeros of the 

process is for instanee essential in controller design. Poles and zeros of a process are not 

measurable in comparison with the output-error which can be directly obtained from 

measurements. Poles and zeros are just a mathematica! description of the process dynamics. 

The poles and zeros of the process can be obtained by means of process-identification. 

Validating the model by means of process-identification is allowed only when the process is 

around an operating point because the identification techniques available all construct linear 

models which are only valid around an operating point. According to this method the validity 

of the model is defined by the characteristics of the poles/zeros difference: 

pd=lp-pml 
zd=lz -z I 

m 

(2.4.1) 

Where Pm and zm are respectively the poles and the zeros of the model and p and z are 

respectively the poles and zeros of the process. One may state that the difference of poles and 

zeros of model and process are dependent on: 

1) unknown parameters e 
2) structure of model and equations 

3) controllers c 

A criterion applicable to this method can be to define a maximum relative differertce between 

the corresponding poles and zeros of process and model: 

lp-p I __ m_:::;ö 
r p p 

lz-z I 
m :::;8 

--- z 
z 

(2.4.2) 

One can also attach a maximum value to the absolute poles/zeros difference (see equation 

2.4.1). 

In process-identification one has to make several assumptions conceming the process (or the 

rigarous dynamic model). 
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Chapter 2 Model validation 

The process ( or the rigarous dynamic model) is assumed to be represented by: 

- a linear model 

- with a simplified structure in which no chemical or physical knowledge is embedded 

- and a reduced order 

Next the unknown parameters in the chosen model are identified by means of an optimisation 

procedure. Disadvantages of process-identification are that one has to excite the process to 

identify it and the accuracy of the identified model is dependent on the chosen structure and 

order. Thus it is necessary in process identification to do experiments. 

The measurements have to contain enough information for the identification routine to make 

identification possible. Normally this means that the experiment length will be large compared 

to the experiments needed in the other two validation methods. This can be an extra 

disadvantage over the other two validation methods. 

With the reduced and linearised model of the process, obtained by process-identification, one 

can obtain the poles and zeros of the process and compare them with the poles and zeros of 

the rigarous dynamic model. For an extended discussion on process identification one is 

referred to [SODE89]. 
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Chapter 2 Model validation 

2.5 Discussion 

Direct graphical comparison of model and plant output proves to be very useful in model 

valdation, especially when the model still contains large errors. 

The model distortion method has been tested on "simple" models (lst order, 2nd order etc.). 

These models were validated with "plant data" obtained from less simple models (lst order 

with delay, 2nd order with delay, inverse response models, non linear models etc.). The 

results from these experiments are not presented in this report. However one condusion can 

be made regarding this method. The model distortion method proves to be a laborious and 

time consuming validation method which gives more information about model errors than the 

simulation method or the poles/zeros method (see section 2.4). In the validation of the HBTX 

model this method is deliberately not used because computer calculation times would become 

excessive. 

A weak point in the validation method by means of poles/zeros of the process is the amount 

of plant data needed. Another disadvantage is that the identification methods available all 

estimate linear models which are only valid around an operating point. 

In this project is chosen to validate with the simulation method. 
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CHAPTER3 

DISTILLATION 

Dis tillation is a common used separation method in the process- and chemica} industry. In 

principle it is based on the difference in boiling temperature of the components within a 

mixture consisting of two or more components. In the first section of this chapter a short 

introduetion into distillation theory will be given. The second section describes the HBTX 

column and the aromatics-3 plant. The third section will deal with the dynamic model of the 

HBTX column including a conversion layer modelled with the SPEEDUP software package. 

3.1 Distillation theory 

In this section a brief introduetion into the distillation theory is given. In distillation rnadelling 

the basic knowledge consists out of two parts; phase equilibria and the principles of mass

and energy conservation. First a short introduetion will be given on phase equilibria to display 

the behaviour of mixtures. Afterwards a summary of the equations used in dynarnic 

distillation modeHing based on mass- and energy balances will be given. 

A schematic picture of a distillation column is represented in figure 3.1. In this a feed F with 

c components is introduced to the column which contains a number of trays. The trays are 

numbered 1 to n. Inthereboiler heat is supplied which causes a vapour stream upward.The 

vapour which leaves the top of the column is lead trough a condenser in which the vapour 

is condensed thus extracting heat from the vapour. The condensed vapour will partly be . 
removed as distillate D and will partly be carried back into the column as reflux R. Because 

of the intensive contact between vapour ~and fluid on the trays one may assume that the trays 

behave like equilibrium stages. A vapour stream coming from tray (k-1) rises through the 

fluid on tray (k). Through the intensive contact the vapour partly condenses and a more 

volatile part is released. 

13 
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figure 3.1 distillation column 

top 
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This naturally result& in the decrease of the concentration of the more volatile component in 

the fluid going from tray (k+1) to (k). This means that the concentration of the more volatile 

component increases in fluid and vapour as one approaches the top of the column. 

Taking the column apart into four basic units (figure 3.1) one finds: 

- tray 

- condenser 

- reflux drum 

- reboiler 

In rigorous dynarnic modelling of the column pictured in figure 3.1 the dynarnic mass- and 

energy balances have to be constructed for the basic units. These equations including the 

modeHing assumptions are taken from the standard SPEEDUP library models and are given 

for all the basic units in the next paragraphs. 
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Chapter 3 Distillation 

3.1.1 Tray eguations 

A general tray is pictured in figure 3.2. The assumptions made in modelling the tray are: 

- liquid on the trays is perfectly mixed and incompressible 

- tray vapour holdup is negligible 

- vapour and liquid on the tray are in thermal- and phase equilibrium 

- downcorner holdup is negligible 

As can he seen in figure 3.2 a feed stream, part vapour part liquid, is also taken into account. 

The equations descrihing this tray are: 

Total mass balance (one per tray): 

dMn L V 
--=L 1+F"+F0 1+V 1-V-L-S dt n+ - n- n n n 

(3.1.1) 

L V 
where F" and F0 _ 1 are respectively a liquid and a vapour feed stream and Sn a liquid 

sidestream drawoff. 

1-·---- - - - -
-Mn ~ 

---.--------1' 

V 
n-1 

figure 3.2 tray n of a multicomponent distillation column 
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Chapter 3 Distillation 

Component mass balance equations (c per tray): 

d L F V F 
-(M x .)=L IX I .+Fn xnJ+Fn tYn IJ·+V ly I .-V y .-L x .-S x. dt n nJ n+ n+ ,J - - , n- n- ,J n nJ n nJ n nJ 

(3.1.2) 

The energy balance (one per tray) can be reduced to an enthalpy balance because the tray 

does not perfarm external Iabour: 

(3.1.3) 

Where h and H are the enthalpies of the fluid streams respectively the vapour streams on tray 

n. 

Phase equilibrium (c per tray): 

(3.1.4) 

where yt stands for the mole fraction of component i in the vapour phase in equilibrium 

with a fluid with mole fraction x; . An appropriate vapour liquid equilibrium relationship can 

be used to find y~ . The K-value depends on temperature, pressure and the component i. The 

relative volatility of a component i to a component j is defined by: 

K 
a .. =-' 

IJ K. 
J 

(3.1.5) 

In principle the relative volatility aii depends on temperature, pressure and composition. In 

many cases however one may assume it to be constant for small terrtperature variations. 

Making the assumption that vapour and liquid are in phase equilibrium it follows: 

(3.1.6) 

When this assumption is not valid a Murphree vapour-phase efficiency can be used to 

describe the departure from equilibrium. 

T 
= Ynj- Yn-l,j E. 

OJ * T 
Ynj- Yn-l,j 

16 
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Chapter 3 Distillation 

Where y*. 
DJ = composition of vapour in phase equilibrium with liquid on tray number 

n with composition x" . 

y nj = actual vapour composition leaving tray n. 
T 

Yn-t,j = actual vapour composition entering tray n. 

E . Murphree vapour efficiency for component j on tray n. 
DJ 

Then equation (3 .1. 7) can be used to calculate the y ni for the inefficient tray. The y "~ 1 can 

be calculated from the two vapours entering the tray: Fn~t and Vn-t . 

Another possibility to handle the inefficient tray is the introduetion of an overall efficiency. 

This is accomplished by modelling less equilibrium trays than there are real trays in the 

process which are not 100% efficient. 

The overall efficiency coefficient is defined by: 

N 
eq (3.1.8) 

N 

where N represents the number of equilibrium trays in the model and N is the number of 
eq 

trays in the process. This metbod is chosen because it reduces computer calculation times 

significant. 

In modelling the flow of the liquid from the tray into a downcorner one can use the Francis 

weir equation as often used in steady state design calculations for distillation columns (see 

figure 3.3): 

C H n t.s 
L = 4 OW pP L 

n L 
Mw 

(3.1.9) 

with: 

H =H -H 
~OW L w 

M ML 
H = n w 

L A aP L 

(3.1.10) 

To calculate the pressure drop over a tray the following equation is used: 

L1P = L1P stat+ L1P dry (3.1.11) 
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Chapter 3 Distillation 

bubble cap 
I 

I 
I 

1 

figure 3.3 detailed distillation tray 

The static pressure drop M>stat is the pressure drop needed to have the vapour pass through 

the liquid on the tray. The dry pressure drop M>ctry is the pressure drop needed to have the 

vapour flow through the bubble caps on the tray (see figure 3.3). Empirica! equations have 

been used to calculate both. These equations are supplied by the manufacturer of the trays and 

contain several parameters. 

To calculate the liquid- and vapour enthalpies hn and 

the liquid density p L and the liquid molar weight 

H , the K-values ofthe mixture K. , 
n J 

calculations are needed: 

M; the following physical property 

h
0 

= f(X
0
j,T

0
,P

0
) 

Hn = f(ynj'Tn,Pn) 

Kj= f ( Xnj'Y nj' T n'p n) 
p L =f(xnj'Tn,Pn) 

M;=f(xn) 

(3.1.12) 

These calculations are performed with the PPDS-2 physical property package which calculates 

the fugacities of the mixture according Redlich Kwong Soave. 
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Chapter 3 Distillation 

3.1.2 Condenser eguations 

The equations descrihing the condenser sec ti on of the column, shown in figure 3.1, are listed 

below. The following assumptions are made: 

- perfect mixing 

- vapour and liquid are in phase equilibrium 

- the condenser is a total condenser, all vapour is condensed to liquid 

- liquid and vapour holdups in the condenser are neglected (steady state model) 

- the pressure after the condenser differs from the pressure in the top of the column by 

the pressure drop through the overhead vapour line 

The condenser including reflux drum is schematically pictured in figure 3.4 . 

The equations descrihing the condenser are: 

The mass balance: 

V. =L 
m out 

x=y 

y T p 

V 
in 

00 --· Q 

L out 

x . Lin 
R 

~ f ':' 
:Hd M 

... 

x L out out 

D 

figure 3.4 condenser and reflux drum 
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Energy balance: 

Q =VH-Lh 
c m out 

(3.1.14) 

Phase equilibrium: 

y. =K.x. 
J J J 

(3.1.15) 

The pressure drop over the condenser is described by: 

( J

2 
V Mv 

~P= 1 '" w 

2 Kloss P V Aline 

(3.1.16) 

with: 

~P=P -P V L 
(3.1.17) 

To calculate the liquid enthalpy h, the K-values of the mixture Kj , the vapour 

density p v and the vapour rnalar weight M~' the following physical property calculations 

are needed (see equation 3.1.12): 

3.1.3 Reflux drum eguations 

h = f(x,T,P L) 

Kj= f(xj,yj,T,P L) 

p V= f(y,T,P V) 
V Mw =f(y) 

The assumptions made in modeHing the reflux drum are listed below: 

- perfect mixing 

- vapour holdup is negligible 

- the drum is adiabatic 

(3.1.18) 

The reflux drum is schematically pictured in figure 3.4. The equations descrihing the reflux 

drum are: 
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Total mass balance: 

dM =L -L 
dt 10 out 

(3.1.19) 

Component mass balance: 

d 
-(Mx )=L x. -L x dt out 10 10 out out 

(3.1.20) 

Energy balance: 

d 
-(Mh ) =L h. -L h dt out 10 10 out out 

(3.1.21) 

The drum level is described by: 

(3.1.22) 

To calculate the liquid enthalpy hout ,the liquid density p L and the liquid molar 

weight M; the following physical property calculations are needed (see equation 3.1.12): 

3.1.4 Reboiler eguations 

The assumptions made in modeHing the thermosyphon reboiler are: 

- perfect mixing 

- vapour and liquid are in thermal- and phase equilibrium 

- vapour is in phase equilibrium with the bottorn product flow 

The reboiler is pictured in figure 3.5. The equations descrihing the reboiler are: 

21 
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Total mass balance: 

Component mass balance: 

Energy balance: 

Phase equilibrium: 

Q -----r 

dM 
-=L-L -V dt 10 out out 

d 
-(Mx )=L. x. -L x -V y dt out 10 10 out out out 

d -CM h ) = L. h. - L h - V H + Q dt out In 10 out out out out r 

HEAT 
EXCHANGER 

Y.=Kx. 
J J Jout 

1------_.B 

...... .,. 
A 

L 
out 

figure 3.5 reboiler 
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(3.1.24) 

(3.1.25) 

(3.1.26) 

(3.1.27) 
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The sump level is described by: 

M ML 
H ~ w (3.1.28) 

s Ap L 

Furthermore a boilup rate is calculated: 

V 
R ~ out 

b --
L out 

(3.1.29) 

To calculate the liquid- and vapour enthalpies hout and Hout , the K-values of the 

mixture Kj , the liquid density p L and the liquid molar weight M~ the following physical 

property calculations are needed: 

hout~ f(xout'T,P) 
Hout~ f(y,T,P) 

Kj~ f(xj out'yj,T,P) 

p L ~f(xout'T,P) 
L 

Mw ~f(xout) 

(3.1.30) 

Thus far the equations used in modeHing the basic units of a distillation column. For more 

literature concerning distillation one is referred to [COUL78], [SCHL86], [SHIN84] and 

[SKOG88]. 
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3.2 Process description of the HBTX column 

3.2.1 Introduetion 

In this section the HBTX column of Dow Benelux in Terneuzen is described. This is done 

in three paragraphs. The first paragraph describes the aromatics-3 plant of which the HBTX 

column is part of. The second will zoom in on the HBTX column in particular and the third 

paragraph will illustrate the control structure of the HBTX column. The HBTX column will 

be referred to as the column in this section unless this causes confusion. For confidential 

reasons some parts are omitted. 

3.2.2 The aromatics-3 plant 

The aromatics-3 plant consists of a pre-distillation unit, the HBTX column, an extractive 

distillation unit, the so-called distapex unit and a benzene-toluene splitter (BT column). The 

plant is designed to process roughly 130 T/hr hydrogenated BTX (benzene, toluene, xylene) 

of the aromatics-I plantand about 10 T/hr BT-retour (benzene, toluene) of the styrene and 

cumene plants. In the predistillation unit the feed stream is split into crude benzene (75% 

benzene and 25% non-aromatics) and a toluene/xylene mixture (TX). The toluene/xylene 

mixture serves as feed for the dealkylation unit (HDA) on the aromatics-2 plant where it is 

processed into benzene. The crude benzene stream is split in the distapex unit into benzene 

and non-aromatics by means of extractive distillation. The distapex unit consists of two 

columns, the extractive distillation column (ED column) and a solvent stripper (SS column). 

In the ED column the crude benzene is split into benzene and non-aromatics with the help 

of a solvent. The topproduct consists mainly of non-aromatics and the bottomproduct consists 

of the solvent, benzene and a very small part non-aromatics (300 ppm). This bottomproduct 

is split into benzene and the solvent in the solvent stripper. The solvent is used again in the 

ED column and the benzene product goes to the styrene and cumene plants. The benzene

toluene splitter is in use only when the HBTX column produces in crude benzene/toluene 

mode. This means that some toluene is fed to the distapex unit, this toluene appears in the 

topproduct of the solvent stripper (benzene ). This mixture of benzene and toluene is then split 

in the BT column to a purity of 99.8% benzene as topproduct and about 95% toluene as 

bottomproduct which is send to the HDA on the aromatics-2 plant. The aromatics-3 plant with 

the HBTX column producing in crude benzene mode is represented in figure 3.6 . 
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The HBTX column is a tray-type distillation column of about 45 meter high and a diameter . 
of 4.5 meter (see figure 3.7). It is equipped with 50 trays. The heat is transferred to the 

column by means of the following ther~osyphon reboilers: 

feed reboiler (heat souree feed stream) 

steam reboiler (heat souree steam) 

condensate reboiler (heat souree condensated steam) 

The feed consists of two streams, the HBTX feed stream and the BT -retour. There are two 

possibilities tofeed the BT-retour to the column. One can directly feedit on tray number 15 

of the column or one can combine the two feed streams before the feed reboiler and feed 

them together on tray number 15 or 21 of the column. This is done because the composition 

of the feed stream varies continuously. De pending on the benzene concentration in the feed 

streams one decides to feed the column on either tray number 15 or 21. 
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The composition under normal circumstances of the HBTX feed stream and BT -retour stream 

is given in table 3.1 as well as the boiling points of the different components. The feed stream 

is fed to the column through a flash valve, this to keep the feed fluid up to the feed tray thus 

keeping the piping diameter small. The pressure drops from about 4.2 bar to the actual tower 

pressure which is about 1. 7 bar at the feed tray location. The top vapour stream of the column 

is condensed in the air-cooled condenser and collected in the reflux drum. The condenser 

consists of six heat- exchangers with six airfans and is a total condenser, meaning that every 

mole of vapour is condensed completely to a liquid. A part of the contents of the reflux drum 

is pumped back into the tower by reflux pumps while the rest is drawn off as topproduct 

which is lined up to the distapex unit. The bottomproduct is pumped from the sump of the 

column by bottorn pumps to the HDA unit. 

iling point (0 C) HBTX feed _(wto/cl_ BT retour _(wto/cl 

benzene 80 52.74 45 

toluene 110 18.37 45 

xviene 139 5.08 0 

cyclohexane 80.8 5.05 0 

ethvlbenzene 136 3.80 7.0 

methylcyclopentane 72 2.70 1.0 

2-methv lhexane 90 1.98 0 

ethy lcyclohexane 132 2.13 0 

n-hexane 69 1.66 1.0 

n-heptane 98 1.66 0 

methy lcyclohexane lOl 1.25 0 

2-methyl-pentane 60 1.13 1.0 

n-octane 126 0.86 0 

cyclopentane 49 0.68 0 

n-nonane 151 0.86 0 

methylethylbenzene 162 0.14 0 

n-pentane 36 0.07 0 

d-limonene 175 0.02 0 

isopentane 28 0.01 0 

n-decane 174 0.01 0 

table 3.1 feed stream composition 
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3.2.4 Measurement and control of the HBTX column 

The arornatics-3 plant is controlled by a MOD.V Cubicle process computer. This process 

computer runs a program written in DOWTRAN (a FORTRAN like prograrnrning language) 

which is carried out every second thus operating with a sampling time of one second. The 

rneasurernents on the HBTX column are done by various instrurnents as can be seen in figure 

3.7 (see appendix B for a description of the various rneasurernents and their physical units). 

The control structure of the HBTX column consists of single loop controllers although the 

process is rnultivariable. The surnp level Hs of the column is controlled by rnanipulating the 

bottornproduct flow B, see also figure 3.7 . The drum level Hd is controlled by rnanipulating 

the topproduct flow ( distillate flow D). 

The top pressure P1 is controlled by rnanipulating the pitch of three of the six airfans of the 

condenser. By rnanipulating the pitch of the fans the arnount of air flowing trough the heat 

exchanger is controlled and thus the arnount of heat transferred frorn the vapour to the 

surrounding air is influenced. The influence of the pitch on the top pressure can be explained 

as followed. The top pressure depends on the arnount of vapour holdup in the top of the 

column. By increasing the pitch the arnount of heat transferred frorn the vapour to the 

surrounding air is increased thus more molecules can be condensed. This implies a decrease 

in vapour holdup and thus a pressure decrease. lf pitch corrections are not enough to control 

the pressure, the operator can decide to switch one or more fans on or off. In the case of 

overpressure or the presence of non-condensables one is able to line up the vapour in the 

reflux drum to the flare thus reducing the pressure in the top of the column. 

As rnentioned before, the HBTX column produces crude benzene as topproduct The 

specification of this product is to have the fraction MCH (rnethylcyclohexane) less than 1.0% 

because this causes trouble in production processes downstrearn. The specification on the 

bottornproduct is le~s hard, one just tries to rninirnize the benzene losses by rninirnizing the 

fraction benzene in the bottornproduct strearn. 

Regarding process control these speciftcations are satisfied by rneans of quality controllers. 

The irnpurity fraction is rneasured by analyzers which have a sample time of 10 rninutes. The 

top quality controller defines, depending on analyzer results, the setpoint of the reflux flow 

controller which on its turn rnanipulates the re flux flow. The bottorn quality controller de fin es, 

depending on analyzer results, the setpoint of the ternperature controller of tray 4, which on 

its turn defines the setpoint of the stearn flow controller which rnanipulates the arnount of 

stearn flowing through the stearn reboilers thus influencing the arnount of heat passed on to 

the bottorn of the column. 
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The level in the condensate drum of the steam reboilers is controlled by manipulating the 

condensate flow out of the drum. 

3.3 The HBTX model 

3.3.1 Conversion layer 

The model of the HBTX distillation column as described insection 3.2 is written by PDCD 

and is used in a control strategy design. This model can be regarded as a library distillation 

column model used by PDCD of Dow Benelux N.V. and is build with the standard SPEEDUP 

library components as described in section 3.1. The feed consists of three components: 

benzene, methylcyclohexane (MCH) and the rest ofthe components (see table 3.1) are lumped 

in the component toluene. The model consists of 30 equilibrium trays and the physical 

properties are calculated with the Redlich K wong Soave model. 

In this model some of the inputs and outputs do not have the same unit of measurement or 

are not measured in the plant. 

To overcome this problem a conversion layer has to be constructed. In this conversion layer 

units of measurement are converted and not modelled parts are included. The model with 

conversion layer should have the same inputs and outputs as the plant. The conversion layer 

consists out of three parts: 

a) conversion of the top section: condenser and reflux drum 

b) conversion of the bottorn section: re boilers 

c) feed stream data reconciliation 

The feed stream data reconciliation will be discussed in the next paragraph. 

ad a) In modeHing the top conversion layer the following assumptions have been made: 

- the condenser is a total condenser, all vapour is condensed to liquid 

- there are no heat losses 

- reflux drum level changes are negligible 

- dynamics in the heat exchange are negligible 

The condenser duty Qc can be calculated from plant measurements as follows: 

Q =(D+R)(H -h ) c 1n out 
(3.3.1) 
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m which the reflux flow R and distillate flow D can be calculated from plant 

measurements which are in T/hr (see appendix B) by: 

in which Dm and Rm are the plant measurements (AI149 and AI148). 

The vapour- and liquid enthalpies Hin , hout and the liquid molar weight 

calculated with the following physical property routines: 

(3.3.2) 

(3.3.3) 

ad b) In modeHing the bottorn conversion layer the following assumptions have been made: 

- there are no heat losses 

- dynamics in the heat exchange are negligible 

The reboiler duty is transferred to the column by means of the following reboilers 

(see paragraph 3.2.3): 

- feed reboiler 

- steam reboiler 

- condensate reboiler 

The reboiler duty Qr is the heat of these reboilers added together: 

Qr = Qf + Qs + Qc 

The heat of the separate reboifers is calculated as follows: 

Qf = F ( hbf- haf) 

Qs = S (Hbs- has) 
Qc = C ( hbc- ha) 

30 
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In which F, S and C are respectively the feed, steam and condensate flows. The 

conversion of these flows from plant measurements can be carried out with similar 

equations as forthereflux and distillate flows (equation 3.3.2). To calculate the feed 

enthalpies before and after the feed reboiler hbf , haf , the enthalpies of steam 

before and condensate after the steam reboiler Hbs , has and the condensate 

enthalpies before and after the condensate reboiler hbc , hac physical property 

calculations are used. 

3.3.2 Feed stream data reconciliation 

In the case of the feed stream there is a supernumerair number of measurements. This means 

that the number of measurements is larger than the number of degrees of freedom of the 

system. For the feed stream this translates to two flow measurements to one degree of 

freedom: the feed flow. This is only valid under the assumption that the feed is an 

incompressible fluid which is justifiable. This supernumerair number of measurements 

tagether with information about the measurement accuracy forms the basis for data 

reconciliation. In data reconciliation one tries to correct the measurements to find the most 

probable value. In the case of the feed stream measurements this translates to finding 

corrections LlF 1 and LlF 2 on the measurements of the feed flow F 1 and F 2 to satisfy the 

mass balance over the feed line: 

(3.3.6) 

Assuming that the errors in the measurements are gauss1an distributed with standard 

deviations cr 1 and cr2 the most probable corrections are found by minimizing the 

langrangian: • 

(3.3.7) 
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The most probable corrections are then: 

(3.3.8) 

This type of data reconciliation is implemented in the conversion layer of the HBTX model 

and the results showed corrections on the feed flow of± 1% (see also [GRIN71]). 
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CHAPTER 4 

MODELSTUDY AND PLANT DATA ANALYSIS 

In the first and second section of this chapter the reasons for doing a modelstudy and the 

results of the HBTX modelstudy with conversion layer will be given. The third section will 

deal with a plant data analysis. As mentioned in section 2.2 a model error e is influenced by: 

- model parameters 8 

- model structure 

- input signals u 

- controllers c 

- disturbances d 

- nmse n 

In this chapter this group of influences is investigated further. In a modelstudy one 

investigates the influence of: 

- model parameters 8 

- model structure 

- input signals u 

- controllers c 

on the response of the model. In a plant data analysis one investigates: 

- controllers c 

- disturbances d 

- nmse n 

The results of the modelstudy and the plant data analysis together lead to an experiment 

definition and design which will be furt]ler discussed in chapter 5. 
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4.1 Modelstudy 

In validating a model it is useful to do a modelstudy before doing experiments and 

confronting the model with these data. The reasons for doing a model study are: 

1) gaining information which can be used totrace model errors, 

model errors can be caused by: 

- model parameters 0 

Model parameters in models based on chemical/physical knowledge of the process 

mostly have a certain chemical/physical meaning. These parameters can be constants 

which are the result of a certain assumption or can be estimated with the help of 

literature or process data. The influence of the model parameters on the response of 

the model can be revealed by a parameter sensitivity analysis. The results of this 

analysis can be used to select parameters to do a static parameter estimation to fit 

the model to plantdata. 

- model structure 

The structure of the model and the equations used are the result of the modeHing 

assumptions made about the process. In a modelstudy one can investigate the 

consequences of a certain assumption on the response of the model. By means of a 

dynamic sensitivity analysis and a parameter sensitivity analysis one can get 

information about the structure of the model and the contribution of the equations. 

- input signals u 

The models written in SPEEDUP can have in principle any variabie as input as long 

as the numher of variables minus the number of equations equals the number of 

specified variables. This set of specified variables is called specification set. Several 

different specification sets can -be selected. Different specification sets will give a 

different model response to be investigated in a model study. After selecting a 

specification set one has to investigate the influence of the input signals on the model 

output. This can be investigated by means of a model sensitivity analysis. 
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2) experiment definition and design, 

elements to be studied in this context are: 

- input signals 

Chapter 4 Modelstudy and plant data analysis 

By means of a model sensitivity analysis the influence of the input signals on the 

output signals of the HBTX model (with conversion layer) is investigated. This 

information can be used to determine the maximum amplitude and frequency content 

of the input signals to be designed. 

- controllers c 

In the process there will be controllers active. These have a great impact on the 

process dynamic behaviour. The influence of the controllers on the process response 

can be investigated in a modelstudy by comparing open-loop and closed-loop 

performance of the model. 

4.2 HBTX modelstudy 

In this modelstudy the following has been done: 

- the influence of different specification sets on the dynamic behaviour of the model 

without conversion layer is investigated, 

- basic controllers are implemented and tuned, 

- a dynamic sensitivity analysis and 

- a static parameter sensitivity analysis have been carried out. 
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4.2.1 Specification set HBTX model 

The relevant inputs and outputs of the HBTX model are presented schematically in figure 4.1. 

inputs: 

reflux flow 

reboiler duty 
or boilup 

condenser duty 
or liquid 
pressure 

te and distilla 
botto m flow 

measured 
disturbances: 

feed flow 
feed compostion 
reed temperature 

f d ~e pressu re 

,, , 

HBTX 
dynamic 

model 

~ 

level 
controllers 

.. 

outputs: 

top impurity 
MCH 

bottorn impurity 
benzene 

top pressure 

drum a nd 
vels sump Ie 

figure 4.1 model inputs and outputs 
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As can be in figure 4.1 there are choices of inputs: reboiler duty or reboiler boilup and 

condenser duty or liquid pressure after the condenser. For the reboiler the choice has been 

made to set the reboiler duty as this can easily be calculated from the available measurements. 

This leaves only one choice between condenser duty and the liquid pressure after the 

condenser. Setting the condenser duty is physically the most realistic choice as has been 

investigated in a modelstudy. 

This leaves us with the following specification sets: 

specification of the inputs as mentioned in figure 4.1, re boiler duty and specification of: 

condenser duty or 

liquid pressure after the condenser. 

Investigation of these specification sets has been done by putting steps on the inputs listed 

and camparing the step responses of the model. 

Setting the liquid pressure results in a very low top pressure response as can be seen in 

figures 4.2a to f (note the scale difference ). These figures represent the step responses of the 

model with specification sets 1 and 1. Figures 4.2a and b show the response on a 5% step in 

feed flow, figures 4.2c and d show the response on a 5% step in reflux flow and figures 4.2e 

and f show the response on a 2% step in reboiler duty of the model. The responses of 

specification set 1 are plotted on the left side whereas the responses of specification set 2 are 

plotted on the right side. 
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The observed steady state gain of the top pressure response to changes in re boiler duty (figure 

4.2f) is approximately 0.002 bar/% change in duty. From distillation literature [SKOG88] it 

is well known that the top pressure responds approximately as a first order system. Setting 

the liquid pressure after the condenser does not lead to a first order like response and has a 

very small gain. The model pressure drop relation couples the liquid pressure to the top 

pressure (see also paragraph 3.1.2). 

~p p - Pl. ·ct vapour 1qm 

The pressure drop & is related to the vapour flow Vin according: 

2~P Kloss 

Pv 

(4.2.1) 

(4.2.2) 

With a specified liquid pressure Pliquict ,the vapour pressure Pvap changes immediately with 

a change in vapour flow Vin which apparently changes fast. 

In specification set 2 on the other hand the condenser duty is specified. Now the model shows 

a higher pressure sensitivity as can be seen from figures 4.2b, d and f. The observed steady 

state gain of the top pressure response to changes in reboiler duty (figure 4.2e) is 

approximately 0.12 bar/% change in duty. The equations used in descrihing the material 

balance and heat balance of the condenser model used are (paragraph 3.1.2): 

L =V out JO 
(4.2.3) 

Q = V H. -L h 
c JO JO out out (4.2.4) 

A change in process conditions will result in a change m the vapour stream into the 

condenser Vin and according to equati?n 4.2.3 will have an equal change in liquid stream 

out of the condenser Lout . When the condenser duty is specified this means that the 

difference between vapour enthalpy Hin and liquid enthalpy hout has to change to satisfy 

equation 4.2.4. These enthalpies are calculated by physical property routines and are a 

function of temperature, pressure and composition. Now to satisfy equation 4.2.4 the pressure 

has to change to change the enthalpy difference. 

The other outputs show little difference in the model responses between the two specification 

sets. 

It will be clear now that setting the condenser duty is the best choice in this case. 

In general one has to use a specification set that is physically realisable. 
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In the case of making a choice between not physically realisable inputs it is sensible to 

campare the model responses of the different specification sets as shown above. 

Having to specify physically not realisable variables also indicates that the used (sub)model 

is not realistic. This does not imply that the (sub)model is not valid. Resuming one may say 

that both the condenser and reboiler model deserve extra attention in further investigation and 

validation of the model. 

4.2.2 Controllers HBTX model 

In this part of the model study one prepares the model by implementing and tuning the 

controllers which have to be active during experiments on the plant. These controllers realize 

the necessary operating conditions and safety during experiments. After selecting these 

controllers one has to instaB the controller submodels in the model and close the specific 

loops. The controllers which have to be active during experiments and thus implemented in 

the model are the sump and drum level controllers. The top pressure controller also needs to 

be active. In the plant this controller actuates the pitch of fans which influences the amount 

of air flowing through the condenser banks and thus indirectly influencing the amount of heat 

removed. Within the model the pressure controller directly manipulates the condenser duty. 

In rnadelling these controllers there is one practical aspect. The process controllers are 

discrete time controllers whereas the SPEEDUP model and controllers can be seen as 

continuous in time regarding the sampling time of the process and the SPEEDUP time 

definition which is a double precision number of hours. A conversion of the process controller 

gains P and integral time constants I including their MOD.V sealing has to take place. For 

the drum level contwller this results in the following calculations. 

The drum level which has a measurement of 0-100% corresponding with a level of 0-0.5 m 

is controlled by a flow control valve in -the distillate flow which has a valve position of 20 

(closed) to 100 (open) which corresponds with a flow through the valve of 0-100 T/hr. An 

assumption made about the flow control valve is that it is linear with respect to conversion 

from valve position to the flow through the valve. A local approximation from valve 

characteristics would be better for small valve position changes, however the best conversion 

would be to take the full valve characteristics into account. This assumption is justified 

because this does not have a large effect on the more important model responses because one 

is not particularly interested in a very accurate description of the level. 
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Thus the SPEEDUP controller gain can be calculated with: 

p = p ~ valveposition 
SPEEDUP MOD.V ~ level 

in which the sealing factor can be calculated with: 

A 1 ·t· flowmax. - flowmin. 
Ll va vepos1 Ion = 

valvemax. - valvemin. 
levelmax. - levelmin. 

~level = 
levelmax.% -levelmin.% 

(4.2.5) 

(4.2.6) 

The SPEEDUP integration time constant can be calculated including the conversion from 

discrete to continuous time control (see [ASTR84]) with: 

I = IMoo.v ~ valveposition 
SPEEDUP -T- A l l 

s Ll eve 
(4.2.7) 

This procedure works out very well in the case of the two level controllers. However the top 

pressure controller cannot be tuned satisfactory with conversion of plant P and I gains simply 

because the condenser model is not a straight translation of the plant condenser. This 

controller will be roughly tuned and verification of this controller by experiments could be 

necessary. 

4.2.3 Dynamic sensitivity analysis HBTX model 

A sensitivity analysis has been carried out on the HBTX model including the conversion layer 

and the tuned controÜers as mentioned in paragraph 4.2.2. This has been done by calculating 

the step responses using SPEED UP and ~deriving the transfer functions with simple graphical 

methods [COOL83]. Limiting the transfer function order to maximum two is according to 

[SKOG88] justified in most distillation units. In the case of a non minimum phase response 

(inverse response or overshoot response) the overall gain is derived. Another way to derive 

the transfer functions is by means of the identification modules available within PRIMAL. 

The "inputs" investigated in this modelstudy are. feed flow, feed composition, reflux flow and 

reboiler steam flow. The amplitude of the step on the different inputs is +5% of the static 

value. 
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The outputs investigated are: top impurity MCH and bottorn impurity benzene. The step 

responses for these outputs are calculated after which the gains and time constants are 

derived. The data of the analysis is presented in table 4.1 in which the inputs are displayed 

in the top row, and the outputs in the first column. On a crosspoint of a certain input with a 

certain output the parameters of the derived transfer function are given. In the case of a first 

order transfer function only one time constant is displayed. 

feed flow F feed fraction feed fraction reflux flow reboiler 

(T/hr) benzene MCH (T/hr) steam flow 

(kmoVkmol) (kmoUkmol) (T/hr) 

top imp. K=-3·10-5 K=-5·10-3 K=l K=-2·10-5 K=1·10-4 

MCH T1=9 min T1=14 min T 1=4 min T1=15 min T1=17 min 

(kmoUkmol) T2=25 min T2=26 min T2=23 min T2=34 min T2=35 min 

bot. imp. benz K=3·10-4 K=0.02 K=O K=3·10-4 K=-2·10-3 

(kmoUkmol) T=ll min T 1=16 min T=ll min T=13 min 

T2=26 min 

table 4.1 data dynamic sensitivity analysis HBTX model 

As can be seen in table 4.1 the time constants are in between 4 and 35 minutes. The gain of 

the feed fraction MCH to top impurity MCH response is very large compared to the bottorn 

impurity benzene gain which is zero. This points out that a small variation of feed fraction 

MCH mainly affects the top impurity MCH. Table 4.1 will be used in combination with the 

plant data analysis (s~ction 4.3) to design the experiments (section 5.1). 

4.2.4 Static parameter sensitivity analysis HBTX model 

A static parameter sensitivity analysis has been carried out on the full HBTX model 

(including the conversion layer and the tuned controllers) to determine the static sensitivity 

of the model parameters. This information is valuable for a steady state tuning of the model 

with plant data. The parameters investigated are listed below (see appendix E for the 

SPEEDUP souree code of the HBTX model and section 3.1 fora description of the equations 

including these parameters). 
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tray: 

condenser: 

reboiler: 

Aa 
constl 

const2 

const3 

const4 

Kl 

K2 

A 

Chapter 4 Modelstudy and plant data analysis 

tray active area 

valve weight pressure drop constant 

vapour flow pressure drop constant 

liquid level pressure drop constant 

liquid level pressure drop constant 

vapour flow pressure drop constant 

vapour flow pressure drop constant 

outlet line area 

line loss coefficient 

sump area 

The tray parameters constl, const2, const3, const4, Kl and K2 are parameters that influence 

the tray pressure drop and are supplied by the manufacturer of the trays. The investigated 

outputs are the product qualities: top impurity MCH, bottorn impurity benzene, product flows: 

distillate flow and bottorn flow and the overall column pressure drop: bottorn pressure. The 

parameters are varied with four steps of + 10% of their nomina! value and the outputs are 

calculated using SPEEDUP. 

The static gain is defined as: 

~output 

~parameter 
(4.2.8) 

in which ~parameter and ~output are respectively the change in the parameter and the 

change in the output. 

The data of this sensitivity analysis is presented in table 4.2. The top row contains the outputs 

while the first column contains the parameters. On a crosspoint of a certain parameter and an 

output the static gain 'is displayed. 
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bottorn top imp. bot. imp. di st. bot. flow 

pressure MCH benzene flow (Tihr) 

(bar) (kmoVkmol) (kmoVkmol) (Tihr) 

constl l.l -7.1·10-4 3.2·10-3 -4.3 4.8 

const3 0.53 -2.9·10-4 1.5·10-3 -2.2 2.3 

Aline 0 -2.7·10-5 -4.7·10-4 3.1 -3.0 

(mz) 

Kloss 0 0 8.5-10-6 -0.050 0.051 

table 4.2 data parameter sensitivity analysis HBTX model 

The parameters which have no static sensitivity on the model outputs studied are: Aa , 

const2, const4, Kl, K2, A. In the case of the tray active area this can be seen as follows: by 

increasing this area one only increases the holdup on a tray. Holdup does not influence the 

equilibrium on a tray and thus it does not influence the separation of the column. The reboiler 

area does not influence the static model output because again a holdup is influenced by 

changing the area. 

Parameters constl and const3 influence the pressure drop over one tray and thus the bottorn 

pressure because the top pressure is fixed by the top pressure controller. Because these 

parameters influence the pressure drop they also influence the split of the column as can be 

seen in table 4.2. The condenser line area and line loss coefficient also influence the split of 

the column. The parameters that do have a certain influence on the outputs studied will be 

used to fit the model.to steady state plant data. 

The fact that the other parameters do not influence the static model output does not imply that 

these parameters do not have any influence on the dynamic behaviour of the model. The 

reboiler area and tray active area certainly have influence on the holdup of respectively the 

column sump and a tray and thus on the dynamics concerning this holdup respectively sump 

level dynamics and tray flow and composition dynamics. 
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4.3 Plant data analysis 

4.3.1 Introduetion 

Before the actual validation experiments take place a lot of information can be extracted from 

the process in normal operation. In this plant data analysis the following is investigated: 

- determination of the controllers which provide necessary safety and operating conditions 

during experiments 

- disturbance analysis 

- noise analysis 

The results will be used in the experiment design (paragraph 5.1.2). 

4.3.2 Results plant data analysis 

In monitoring the inputs for several weeks the largest disturbed inputs are determined. These 

are: feed flow, feed composition and environment temperature. The feed flow and feed 

composition are large because the HBTX column is fed directly without a buffer tank by the 

aromatics-I plant (see section 3.2 for a plant description). 

Any change of operation of this plant propagates directly to the HBTX column. Changes in 

environment temperature affects the heat exchange in the condenser because the cooling 

medium is environment air. The changes in feed flow and environment temperature can be 

abrupt. A momentary change of feed flow of +50% in a few minutes has been recorded. A 

rain-shower can lower the environment temperature by 5°C in a few minutes. The changes 

in feed composition are difficult to monitor because the composition measurements are carried 

out by off-line labomtory analysis with in the best case a sample time of 6 hours. To get an 

estimation of the disturbances these variables are monitored for 8 days and the average and 

standard deviation are calculated as presented in table 4.3. The data used for this analysis is 

collected from the log sheets of the aromatics-3 plant. 
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average standard deviation 

feed flow (T/hr) 121 4 

feed fraction benzene 0.50 0.02 

feed fraction toluene 0.21 0.02 

feed fraction ethylbenzene 0.06 0.01 

feed fraction xylene 0.04 0.01 

feed fraction MCH 8.1·10-3 6·10-4 

feed fraction non aromatics 0.18 0.03 

environment temperature (°C) 6 2 

table 4.3 data plant disturbance analysis 

Furthermore a noise analysis has been carried out to determine the noise level on all the 

inputs and outputs measured. This analysis has been carried out during the 22nd of december 

in which the signals did not vary very much around their average value. From these data the 

average and varianee are calculated. This data is presented in table 4.4. For a description of 

the tag numbers and place of the different signals one is referred to appendix B and section 

3.2 One has to take into account that the data did contain some process variation and thus the 

variances may display more than noise alone. A highpass filter has been used with a cutoff 

frequency of 0.000556 Hz (equivalent toa time constant of 30 min.). This is the reason why 

the variances in the flow measurements are fairly large compared to the other measurements . . 
In general one may conclude from this data that the noise level is below 1%. 
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average varianee % average 
11 

v:rriance % 

I AC1173 I 0.008768 2·10"5 0.2 I AI140 I 96.64 0.1 0.1 

I AC1172 I 0.00378 4·10"7 0.01 All41 134.0 0.1 0.07 

I AI144 I 26.67 7·10"2 0.3 AI142 2·10"2 0.03 

11 AI145 60.172 0.01 0.02 1.595 2·10"4 0.01 

11 l"Ul~U 86.0 0.2 0.2 AI164 91.86 0.2 0.2 

11 AI147 50.114 0.07 0.1 I AI165 I 104.9 0.1 0.1 

AI148 120.0 0.2 0.2 I AI166 I 99.0 0.1 0.1 

AI149 81.2 6 7 AI167 106.3 0.3 0.3 

11 AI150 44.3 3 7 AI168 11 109.4 0.3 0.3 

11 2.31 1·10"4 0.004 11 l"Ull~ AI169 141.0 0.07 0.05 

AI115 17.7 0.2 1.1 A1171 181.1 0.5 0.3 

AI129 179.5 7 4 ~~156.9 0.2 0.1 

AI130 660.66 4·10"3 0.0006 AI173 147.9 0.06 0.04 

AI137 121.9 3 2 AI174 87.5 0.2 0.2 

AI138 

j~2 
6·10"4 0.01 

AI139 2·10"4 0.01 

21.6 0.7 3 

AI004 203.1 0.06 0.03 . 

table 4.4 data noise analysis 
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CHAPTER 5 

EXPERIMENTS AND V ALlDATION 

As mentioned in section 2.1 it is necessary in model validation to do measurements. In the 

first section of this chapter the experiment definition and design will be discussed. In the 

second section the data of these experiments will be displayed. The third section will discuss 

the validation of the SPEEDUP HBTX model. 

5.1 Experiment definition and design 

5.1.1 Experiment definition 

The information used in this experiment definition is the model study to define potential 

dynarnic phenomena to verify and the plant analysis to investigate the possibilities of 

experiments. The goal of experiment definition is defining experiments to get measurement 

data which display the ( dynarnic) phenomena one is interested in. The measurement data 

should contain enough information (dynamic phenomena of interest) to make validation of 

the model possible. Model validation is depending on the purpose of the model (see section 

2.1). The SPEEDUP HBTX model is written in the first place for control strategy design and 

controller design purposes. This leaves us with a subclass of experiments: experiments around 

an operating point. Experiments which do not cause the column to drift from the operating 

point is also the maiQ. de mand of the aromatics-3 plant. 

The HBTX column under normal circumstances will have all controllers as described in 

section 3.2.4 active. To do experiments one has to open several controlloops and perturb the 

manipulated variabie manually. 
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First a summary is given of the controlled, manipulated and disturbed variables (see figure 

3.7): 

controlled variables: controlled by: 

1) re flux drum level 

2) sump level 

3) top pressure 

4) top impurity MCH 

5) bottorn impurity benzene 

important disturbance variables: 

1) feed flow 

2) feed composition 

3) feed temperature 

4) environment temperature 

manipulated variables: 

distillate flow 

bottorn flow 

pitch fans of condenser 

reflux flow (reflux ratio) 

reboiler steam flow 

The controllers that have to be active during most experiments are the reflux drum and sump 

level controllers and the top pressure controller. We are able to manipulate reflux flow and 

reboiler steam flow as the quality controller loops are on manual. Regarding model validation 

the interesting dynamic phenomena to investigate can be divided into two groups: 

1) experiments used in validating the overall composition response of the model 

The composition dynamics are investigated by manipulating: 

- the reflux flow 

- reboiler steam flow 

These experiments will have to be relatively long because composition dynamics have 

relatively large time constants compared to other column responses. During these 

experiments the basic controllers as described above are active. 

2) experiments used to validate certain assumptions made in rnadelling the HBTX column 

a) liquid holdup on the trays is investigated by manipulating: 

- the reflux flow 

This experiment is used to verify the dead time caused by column holdup. The 

dynamics one is interested have relatively small time constants. During this 

experiment it is necessary to open the bottorn level control loop to abserve the sump 

level changes caused by reflux flow changes. 
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b) the top pressure dynamics are investigated by manipulating: 

- pitch of the fans of the condenser 

- reboiler steam flow 

Chapter 5 Experiments and validation 

These experiments are used to verify the top pressure response of the column. These 

dynamics have relatively small time constants. During this experiment it is necessary 

to open the top pressure controller loop to manipulate the pitch by hand or in the 

second case to measure the top pressure without the presence of a controller. 

Further experiments that have been carried out: experiments without perturbing any input, and 

all controllers active to get information about the stationarity of the process. 

5.1.2 Experiment design 

When the experiments are defined one has to design the input signals that are going to be 

used. In designing the input signals the following questions have to be answered: 

a) signal shape 

b) amplitude 

c) experiment length 

d) sampling time 

The information used in designing the experiments are the results of the modelstudy, results 

of the plant data analysis (see chapter 4). 

The following choices have been made: 

a) The chosen signalis a sequence of steps. This type of signalis realizable by operator 

actions. The frequency content of the signal should agree with the frequency band 

of the process dynamics to be studied. The frequencies of interest follow from the 

data of the dynamic sensitivity analysis where the time constants of the interesting 

transfer functions are derived (see paragraph 4.2.3). 

b) The maximum amplitude of the output signals is defined by the constraint that 

production should remain within specification limits. The effect of the input signal 

perturbations on especially product qualities are estimated by model simulation with 

the proposed input signal. 

To avoid large deviations from the operating point the amplitude of the input signal 

has been reduced when the perturbation time is increased (see figure 5.1). 
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c) The total experiment length is determined by the time constants of interest of the 

model (see paragraph 4.2.3) and depends on the experiment. The smallest time 

constant defines the minimum cycle time in the input signa!. The cycle time of the 

input signa! is gradually increased to the maximum cycle time which is defined by 

the largest time constant of interest. 

d) The sampling time chosen is 10 seconds, which is considerably smaller than the 

smallest time constant of interest. 

This results in the following block type input signa!: 

I--

Input .----

time 

!+--------- ----------1 
cych time 

'----

.._ 

Jigure 5.1 proposed block type input signa[ 

The following experiments are designed: 

First two step experiments are defined to verify the experiment design: 

EXP1a step on reflux flow, amplitude +5%, experiment length 60 min. 

EXP1b step on reboiler steam flow,~amplitude -5%, experiment length 60 min. 

EXP2a perturbation of reflux flow for verification of dead time caused by column holdup, 

dynamics of interest: fast, time constant 4 min. 

signal proposed: see figure 5.1 

experiment length 30 min. 

sump level controller not active 
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EXP2b perturbation of pitch fans of condenser to examine top pressure response, 

dynamics of interest: fast, time constant 6 min. 

signal proposed: see figure 5.1 

experiment length 30 min. 

top pressure controller not active 

perturbation of reboiler steam flow to examine top pressure response, 

dynamics of interest: fast, time constant 6 min. 

signal proposed: see figure 5.1 

experiment length 30 min. 

top pressure controller not active 

EXP3 perturbation of reflux flow to examine composition response, 

dynamics of interest: slow, time constant 35 min. 

signal proposed: see figure 5.1 

experiment length 125 min. 

EXP4 perturbation of reboiler steam flow to examine composition response, 

dynamics of interest: slow, time constant 35 min. 

signa! proposed: see figure 5.1 

experiment length 125 min. 

A scenario has been written for the plant operators descrihing these experiments and the 

requirements concerning process controL 
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5.2 Experiments on the HBTX column 

The experiments as proposed are carried out on the HBTX column at 22nd, 23rd and 24th of 

december 1992. The data was collected by connecting the PRIMAL package to the MOD.V 

process computer system by means of a generic PRIMAL-MOD.V interface (using GPI). The 

input signals are executed manually by the plant operator. The data of these experiments is 

presented by plots in appendix D. The logged tags can be found in figure 3.7 and are 

described in appendix B. Additional feed composition measurements are taken. Only input 

signals which varied significantly during the experiments and the most important output 

signals are plotted. The signals are filtered with a lowpass filter to reduce the high frequency 

noise level. Furthermore three long experiments were done at night without perturbing any 

input to gain information about the steady state of the process and measurement noise (ref. 

paragraph 4.3.2). 

The relative measurement errors for the different instruments are according operations of the 

aromatics-3 plant: 

- flow measurements ±5% 

- temperature measurements ±1% 

pressure measurements ±2% 

- analyzers ±1% 
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5.3 Validation of the HBTX model 

The validation of the HBTX model as described in section 3.3 is split into two parts: 

1) steady state validation of the model 

in this part the model is fit to steady state plant data by tuning model parameters 

2) dynamic validation of the model, in this case the simulation method (see section 2.2) 

is used. The validation will be split into validation of composition dynamics (EXP1a, 

b, EXP3 and EXP4 ), validation of top pressure response (EXP2b) and column holdup 

dynamics (EXP2a). The approach is as follows: 

- the inputs are approximated and the experiments are simulated with the model and 

a first qualitive, graphical comparison of the model and plant outputs is performed 

- the outputs which display a large deviation from the plant measurements are studied 

on their differences in gain, time constants and dead time. 

This procedure is iterative. When the model is modified one starts with point 1 again. 

5.3.1 Steady state validation of the model 

To validate the model the stationary measurements of 22nd of december are used. The mean 

values and the standard deviations are calculated for these measurements. This is used as the 

operating point which the model has to describe. Because we have a non-linear model it is 

important that the model describes this working point accurately. Fitting the model to the 

operating point is done by estimating the following parameters: K1oss and constl. As can be 

seen in paragraph 4.2.4 these parameters have a significant sensitivity to resp. the total mass 

balance and the tray pressure drop of the model. The parameter K1oss has been estimated by 

minimizing the least. square error of the bottorn flow thus correcting the total mass balance. 

The parameter const1 has influence on the tray pressure drop and thus on the compositions 

on the tray and thus on the total split of-the column. The top pressure is constant because of 

the top pressure controller and thus this parameter has been estimated by minimizing the least 

square error of the bottorn pressure thus correcting the total column pressure drop. These 

parameters can be estimated simultaneously. One could also u se the parameter combinations 

Aline and const3 or K10,, and const3 or A1;ne and const 1 to fit the model, this does not result in 

a different fit. The results of this fit can be seen in figure 5.2 where the total mass balance, 

the compositions of distillate and bottorn flow of the column and the tray temperatures are 

represented. The plant measurements are given between brackets. 
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F 

Benz 
MCH 
Tol 

Q 

121.8 T/hr 
(121.8) 
0.503 
0.0076 
0.489 

69.1e6 kJ/hr 

I 

P =1.59 bar (1.59) 

~ l 
Q 

115.4 
(88.2) I 
118.4 

R = 120.3 T/hr (104.5 
(119.9) 

ll8.8 
(88.8) 

118.8 
(105.8) 

128.2 
(108.8) 

133.8 
(133.8) 

0 p = 1.91 bar (1.91) c 
\_ 

I B =4 

Benz =0 
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=77.6e6 kJ/hr 

D =77.7 T/hr (81.1) 

Benz =0.762 (0.789) 
MCH = 0.0092 (0.0040) 
Tol = 0.229 (0) 

S =26.7 T/hr (26.7) 

5.3 T/hr (44.3) 

.0036 (0.0050) 
MCH =0.0041 
Tol = 0.992 (0.564) 

plant measurements are given between brackets 

figure 5.2 mass balance of HBTX model 

As can be seen in tigure 5.2 the model does not fit the plant data very well. In the case of 

the toluene fractions of the distillate and bottorn flow this can be explained by the fact that 

all components except benzene and MCH are lumped in toluene. The lack of fit can not be 

explained by the relative large errors on the flow measurements. In order to get a better fit 

reboiler steam flow and reflux flow have been varied and larger deviations in distillate and 

bottorn flow have been allowed. This resulted in unexceptable large deviations from the 

measurements which could not be explained by a static offset in the measurements (i.e. a 

measurement error) and still a poor fit. The temperature measurements show an increasing 

offset going from the bottorn to top of the column. This is an indication that the composition 

on the trays of the model, especially in the top of the column, is quite different from the 

process. After a close examination of the feed composition of the plant this could be an 

indication that the assumption of lumping all components on toluene except benzene and 

MCH could be wrong. This has been investigated by expanding the 3 component HBTX 

model to a 6 component HBTX model. 
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From now on the 3 component HBTX model will be referred to as model 1 and the 6 

component HBTX model will be referred to as model 2. 

Based on the following arguments the feed is expanded: the key components are benzene and 

MCH, these have to be included. Furthermore toluene, xylene and ethylbenzene are included 

because from table 3.1 one can see that in the feed of the plant relatively large amounts of 

these components are present. The non-aromatics are lumped in the 6th component. Several 

non-aromatics are present in the feed. After fitting the model with heptane resp. cyclohexane 

as non-aromatics component, cyclohexane is selected as non-aromatics component because 

of the better fit in column temperatures and top and bottorn compositions. 

The feed of model 2 now consists of the following components: benzene, MCH, toluene, 

ethylbenzene, xylene and as non-aromatics component: cyclohexane (see table 3.1 for the 

boiling points of these components). The feed fractions of model 2 are now adjusted 

according to the feed composition measurements and the model is fitted, with the same fitting 

procedure as model 1, to the stationary measurements again. This results in the mass balance 

of figure 5.3. 

F 

Benz 
MCH 
Tol 
CHex = 
EB 
Xyl 

. 

121.8 T/hr 
(121.8) 
0.503 
0.0076 
0.208 
0.174 
0.062 
0.045 

Q 66.9e6 kJ/hr 

I 

P = 1.59 bar ( 1.59) 

~ l 
Q 

97.7 
(98.2) 

101.1 
I 

(104.5) 
R =118.7 T/hr 
( 119.9) 

103.5 
(98.8) 

108 
(105.9) 

112.2 
(108.9) 

130.8 
(133.6) 

~ 

0 
c p =1.91 bar (1.91) 

" B = 
I Benz = 

MCH = 
S =25.7 T/hr (26.7) Tol = 

CHex = 
EB 
Xyl 

=77.2e6 kJ/hr 

D = 78.7 T/hr (81.1) 

Benz = 0.739 (0.789) 
MCH = 0.0025 (0.0040) 
Tol = 0.0006 (0) 
CHex = 0.251 (0.219) 
EB = 0 (0) 
Xyl = 0.0075 (0) 

44.3 T/hr (44.3) 

0.0055 (0.0050) 
0.018 
0.66 (0.56) 
0.0033 (0.094) 
0.19 (0.17) 
0.12 (0.13) 

plant measurements are given between brackets 

figure 5.3 mass balance HBTX model 2 
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As can be seen in figure 5.3 model 2 fits the temperature measurements and composition 

measurements of especially the bottorn product better. The main differences are the fraction 

MCH in the distillate flow and the fraction cyclohexane in the bottorn flow. 

Further attempts have been made to add extra components to the feed. However the results 

were not significantly better than with model 2. 

5.3.2 Dynamic validation of the composition dynamics 

The measured input signals have been scheduled as sequences of steps in PRIMAL and are 

passed on to the SPEEDUP HBTX model including conversion layer. 

The first experiment (EXP1a), the step on reflux flow of +5%, is now simulated with model 

1 and model 2. 

The model and plant inputs and outputs of this experiment are plotted in figures 5.4 and 5.5, 

where the plots on the left side of the figure are the plant measurements and the plots on the 

right side are the model inputs and outputs. Figure 5.4 shows the results of the simulation 

with model 1 wheras figure 5.5 shows the results of the simulation with model 2. 

Results model 1 

As can be seen in figures 5.4c and d the distillate and bottorn flow do resembie the plant 

measurements for the approximated inputs (figures 5.4a, b, i and j). The high frequency 

difference can be explained by the difference between the plant and the approximated input 

signal. The difference in steady state value of the model can be explained by the steady state 

fit procedure used. 

The temperature profile of model 1 shows no lowering of the temperature of tray 4 (figures 

5.4e and f) and top and bottorn impurities of do not respond at all (figures 5.4g and h). 
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Tray 4 is close to the bottorn of the column, the lowering of the temperature on this tray can 

only be explained by composition charrges in the bottorn of the column since the pressure 

drop over the total column remains constant. After this first experiment one may conclude that 

model 1 is not valid in descrihing composition dynamics. 

Results model 2 
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As can be seen in figures 5.5a and b the temperature profile of model 2 shows a significant 

sensitivity to the step on re flux flow. This can also be seen in the composition response of 

the model (figures 5.5c and d). However the response of the model is too fast: where the 

plant response shows some sort of delay in the composition response the model reacts 

immediately and too fast to the step in reflux flow which implies a time constant and a delay 

time which are too small. Camparing the response of model and plant one can also note a big 

difference in amplitude. 

The observed difference in delay time and time constant could be an indication that the 

column holdup of the plant is larger compared to the model. Investigation shows that the 

model assumption of equilibrium trays and the resulting 30 theoretica! trays in the model 

compared to 50 trays in the plant is an error source. 
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This means that the overall column holdup of the model can be corrected with a factor 50/30. 

Further investigation shows that neglecting the downcorner holdup could also contribute to 

the error because this also is a significant part of the total tray holdup. This has been 

corrected by actding the downcorner holdup to the tray holdup and correcting this with the 

factor 50/30. This results in the following tray holdup: 

5 
M =(M +M )*-tray tot n de 3 

(5.3.1) 

in which M" is the tray holdup and Mde the downcorner holdup. The downcorner holdup 

is calculated with the following equations: 

M = TSCdeAdeP L 

de L 
Mw (5.3.2) 

Ade = Atot- Aa 

m which T s is the tray spacmg, A de the downcorner area, Atot the total column area 

and ede a parameter representing the height of the clear liquid in the downcorner as a 

fraction of the tray spacing. This parameter is often used in distillation tray design and has 

a value of ±0.75. This parameter can be used to fit the model response to plant data because 

there is no inforrnation about the liquid height in the downcorners of the HBTX column. 

This results in a downcorner holdup of 2.2 krnol which is added to the tray holdup of 6.8 

kmol. Correcting this with the factor 50/30 results in a total tray holdup of about 15 krnol. 

The time delay in the bottorn benzene cornposition response can partly be explained by the 

dead time of the analyzers which are gas chrornatography analyzers. The analyzer dead time 

is 10 rninutes. The uhexplained difference of approxirnately 25 min. could be an indication 

that the model of the reboiler section is too sirnple. The arnount of heat transferred is nearly 

proportional to the logrnean ternperature~difference of the hot and cold side of the exchanger. 

The hot side of the stearn, condensate and feed reboilers are respectively stearn, condensated 

stearn and the feed strearn. Ternperature fluctuations are hardly present. The cold side of these 

reboilers is the bottorn of the column which shows significant ternperature variation (see 

figure 5.5a). Interaction with the bottorn of the column is neglected in the current model but 

could be an explanation for the large delay time in the cornposition responses. The duty 

transferred J;>Y the condensate and feed reboilers has been approxirnated by the following 

relation: 

Q=FC (T-T) 
h e 

(5.3.3) 
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in which Fis the flow of steam, condensate or feed, Th the temperature of the hot side (steam, 

condensate or feed), Tc the temperature of the cold side (the bottorn of the column) and Cis 

a fit factor which has been estimated from steady state data. The same relation has been used 

for the condensed steam in the steam reboiler. 

These refinements have been implemented in the model which from now on will be referred 

to as model 3. No steady state validation is neededas enlarging the column holdup does not 

affect the static fit of the model. 

Experiment EXPla is now simulated with model 3. A Cdc value of 0.15 is found to predict 

the same peak value of the bottorn benzene response as the plant. The results are plotted in 

figures 5.6a to n. 
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As can be seen in figures 5.6g, h, i and j the top and bottorn composition responses have a 

similar peak value and time constants which are almost the same as the plant. However the 

delays in the composition responses (figures 5.6g and i) are not predicted by the model 

(figures 5.6h and j). The top MCH response of the process shows a smaller delay (20 min.) 

than the bottorn benzene response of the process (40 min.). 

The interaction of the reboilers with the bottorn of the column does not have the desired 

effect. Expectations were that the time delay in the composition response could be explained 

by the self regulating effect of the heat transfer from the reboilers to the column. The 

temperatures of the feed, condensate and condensated steam after the reboilers are predicted 

fairly well by the model (figures 5.6k and 1). 
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After the peak in steamflow, applied by the plant operator to bring the column back on 

specification (figure 5.6rr), the plant measurements show a larger time constant and a larger 

time delay than predicted by the model. 

The predicted distillate and bottorn flow show great resemblance with the plant measurements 

using the approximated input signals (figure 5.6c and d). 

Now experiment EXP3, perturbation of reflux flow, is simulated with model 3. The results 

are plotted in figure 5.7. 
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As can be seen in figures 5.7c and g apparently the plant was not in a stationary situation the 

moment the perturbations started. In the end the operator had to take actions to bring the 

column back on specification. As can beseen in figure 5.7g top MCH composition rises. This 

is the reason for the large peak in reflux flow (figure 5.7a) and the changes in reboiler steam 

flow (figure 5.7i) applied by the operator to bring the column back on specification. As can 

be seen in figures 5.7e and f the bottorn benzene composition is predicted fairly well upon 

these actions except for the time delay mentioned earlier. However the peak values of the 

responsescan not be compared because the plant analyzer has a maximum scale of 5% (figure 

5.7e). 

Now the experiments in which the reboiler steam flow is manipulated to validate the 

composition dynamics (EXPlb and EXP4) are simulated with model3. The results are plotted 

in figures 5.8 (EXPlb) and 5.9 (EXP4). 

i 

(%) 

i 

x T34 A T30 v Tftray + T24 0 T22 o Til 

130 

110 

100 
. ·-r·-· .. ;<··+· ·······+ .. ······+ ·· ... ···. +· ........ -r _ ..... --~ -' "'"()- .. - ..... -.o-- -- .. ~-(,"' -oé-.- __ -~ 

CD ~r-----r----T----;-----r-----r----~ 
100 200 300 

~time (*15 sec) 

figure 5.8a 

x topmch A botbenz 

----~-

100 

I 
I 
I 

~-~ 
I 

200 300 

~ time(* 15 sec) 

figure 5.8c 

400 soa 

-~ ----.e. 

400 soa 

67 

(-) 

i 

x T34 A T30 v Tftray + T24 0 T22 o Til 

130 

1~0 

110 ... , ... _ <--l!r--~----& ... _ .... 
- -·-l.=.-·-'~-·-·- ... --·-<J-·,_.:.t.-:-.:-.:-~ 
. -+A ·+ ··+··••·+·····+······~ 

t 00 ---e-t.- 0 0 g 0 g 

--- -~·--~---~- -~----'>----é 

00 ~------T-------T-------T-----~ 
0 100 eoo 

~ time (*36 sec) 

figure 5.8b 

x topmch A botbenz 

_., . ..ti , D,i 

; , 
11 /. 1: I 

I I I 

J. I ,' 
I I I 
I I I 

I I I 
I I I 

I I I 
I ~-"&_ I 

/ -..-à--- -6.-' 

0 ~ 

0 1 

I _, 

~~xr-~)E~~x~~)~E--~~ 

0.0 ~------T-------T-------T--------l 
100 eoo 

~time (*36 sec) 

figure 5.8d 



Chapter 5 Experiments and validatien 

x topmch x topmch 

et E-2 

a !I '- 0.24 

(%) 0 37 ~ (-) o.ae 

i i 
0.3& '- O.lO 

0.3& '-- 4 0.19 

a 34 D. 18 

100 200 400 soa 100 20a 

---7 time(* 15 sec) ---7 time (*36 sec) 

figure 5.8e figure 5.8J 
x stflow x stflow 

30 lO 

(T/hr) (T/hr) 

i 11 ~·v ~ i 

20 

100 200 !CD 400 soa 
2a~-------r-------T-------,------~ 

0 100 2aa 

---7 time(* 15 sec) ---7 time (*36 sec) 

figure 5.8g figure 5.8h 

The input signals are plotted in figures 5.8g and h. The tray temperature response of the 

model (figure 5.8b) resembles the plant- measurements fairly well (figure 5.8a). As can be 

seen from figures 5.8c and d the time constant of the bottorn benzene response of the model 

is too smalland again shows no sufficient time delay.The same can be observed from the top 

MCH composition response of the model (figures 5.8e and f). 
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The measured and modelled input signals are plotted in figures 5.9g and h. As can be seen 

in figures 5.9c, d, e and f the composition responses of the model again show time delays and 

time constants which are smaller than these of the process. On average the bottorn benzene 

composition response of the model is the same as the plant (figure 5.9c and d). For changes 

in reboiler steam flow the model responds with not sufficient delay times and time constants. 

The difference in delay time between top and bottorn composition responses as observed in 

the plant is not predicted by the model. 

From the temperature profile (figures 5.9a and b) one can see that the model is quite accurate 

in descrihing the temperature dynarnics on the various trays caused by the reboiler steam flow 

changes. As the composition on the trays is strongly related to the temperature on the trays 

this is an indication for proper composition dynarnics within the column. 

5.3.3 Dynamic validation of toP:pressure and column holdup dynamics 

Experiment EXP2a, the response of the sump level to changes in re flux flow, IS now 

simulated with the model. The results of this simulation are plotted in figure 5.10. 
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As can be seen in figures 5.10c and d the column sump level changes of the model do 

resembie the plant response well despi.te the fact that the sealing of the plant level is not 

known and the response is disturbed by feed flow changes (figure 5.10a and b). Thus the 

sump level response can be seen as a MISO system (Multiple Input Single Output) with feed 

flow and reflux flow as inputs. 

To get an estimate of the dead time of the sump level response process identification 

techniques have been applied (see section 2.4). This has been done with the PRIMAL module 

GIV [PRIM92]. For the plant sump level response this leadtoa delay time forthefeed flow 

of 19 samples which is 190 seconds and a delay time of 22 samples which is 220 seconds for 

the re flux flow. 
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Chapter 5 Experiments and validation 

For the model, the same delay times have been estimated with GIV again. This resulted for 

the feed flow in a delay time of 1 sample which is 36 seconds and for the reflux flow in 3 

samples which is 108 seconds. The difference in delay time of the model and the process can 

be explained by liquid holdup to flow dynamics on the trays (Francis Weir equation). For 

each tray of the process this means a flow delay of approximately 2 seconds. 

Now experiment EXP2b, the top pressure response experiment, is simulated with the model. 
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As can be seen in figures 5.llc and d the top pressure response gain of the model is larger 

than the plant pressure response. 
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Chapter 5 Experiments and validation 

Setting the condenser duty to a constant value results obviously in a top pressure response 

with a too large gain when for some reason or another the vapour flow upward is changed. 

The experiment in which the pitch of the fans of the condenser is perturbed is not simulated 

with the model because it is not a model input. However this data can be used to tune the P 

and I gains of the top pressure controller of the model. 

Further investigation of the model pressure response is neccesary. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

In this chapter the conclusions and recommendations regarding the validation of the dynamic 

model of the HBTX column will be presented. 

This validation has been split into two parts and is carried out as follows: 

1) The model is fit to the stationary measurements by tuning the model parameters and the 

model is validated statically. 

2) Now the model is validated dynamically: the inputs are approximated and the experiments 

are simulated with the model. Deviations of the model from the measurements are detected 

and studied on their differences in steady state gain, time constants and delay time. 

Model errors are corrected and one starts with point 1 again. 

6.1 Conclusions 

- Next to steady state validation the dynamic validation of the model by comparison of delay 

times, steady state gains and time constants proved to be effective. 

- The 3 component model (model 1) is not valid in descrihing the composition dynamics of 

the column. This condusion can be drawn as well from the results of the steady state 

validation in which the model did not fit the stationary measurements very welL Expanding 

the feed stream from 3 to 6 components and correcting the tray liquid holdup and including 

the downcorner h.oldup the model is valid in descrihing the steady state gain and time 

constants of the composition step response. However the delay time of the model does not 

correspond to the delay time in the process measurements. 

Feed stream component selection is very important in multicomponent distillation 

modelling. 

- Downcorner holdup has proved to be not negligabie in modeHing the trays of the HBTX 

column. 

- The interaction of the reboilers with the bottorn of the column does not explain the large 

delay in the bottorn benzene composition response. Expectations were that this interaction 

would have a self regulating effect on the bottorn composition response. However this 

effect is not significant enough to explain the large delay time in the composition response 

after a step in re flux flow. 
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Chapter 6 Conclusions and recommendations 

- The delay in the top MCH step responses of the column is significantly smaller (± 20 min) 

than the delay of the bottorn benzene composition response (± 50 min). After correcting 

the model for the analyzer dead time, top and bottorn composition responses of the model 

show a delay of approximately 15 minutes. The delay times are the same for reboiler steam 

flow changes. 

- The top pressure steady state gain of model 3 to changes in reboiler steam flow is 

approximately 4 times larger than the plant response. This is an indication that the 

condenser and reboiler model needs further attention in validation. 

- The conversion layer including the basic controllers proved to be adequate as the observed 

differences between model and column responses of the controlled variables are small. 

- The delay in the response of the sump level to reflux flow changes is partly explained by 

model 3. However the delay of the process is 100 seconds larger than the delay of the 

model. Introducing dynamics in the Francis weir equation could explain this difference. 

- The experiment design on the basis of a model, which has not been validated in practice, 

should be used with care. This can be seen from the experiments in which in most cases 

operator actions were necessary to keep production within specification limits. 

- The use of step response experiments proved to be useful in verifying the experiment 

design and gives much information about the process dynamics. 

- In model validation it is neccesary to do a modelstudy. This is useful in and tracing errors 

in validation. 

- U sing PRIMAL proves to be a very good environment for validatien of dynamic 

SPEEDUP models because of the ability to communieale on-line with the process 

computers and with the model. 

6.2 Recommendations 

- The large difference in delay of bottorn benzene and top MCH compostion responses 

leaves doubt about the analyzer measurements. Further investigation of the analyzer system 

is therefore recommended. 

- In future experiments for model validation it is recommended that all analyzer results are 

collected. From these data it is possible to derive the composition responses of the other 

components. 

- Further investigation of the thermosyphon type reboilers is recommended. Especially the 

aspect of no heat transfer dynamics and the assumption of vapour leaving the reboiler 

being in phase equilibrium with the bottorn product. 
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Chapter 6 Conclusions and recommendations 

- The condenser model neects further investigation in order to get a better top pressure 

response of the model. The assumption of neglection of vapour holdup has to be 

investigated. 

- It is recommended to extend the plant data analysis with a search for events which display 

information about the process dynamics to improve the experiment design. 
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APPENDIX A Symbols 

A 

A 
a 

A de 

AI. me 

Atot 

B 

area 

tray active area 

downcorner area 

line area 

total column area 

bottorn flow 

c - number of components 

- controller 

C constant 

D 

D 
m 

f 

downcorner parameter 

disturbance 

distillate flow 

measured distillate flow 

function 

F - number of degrees of freedom 

h 

H 

H s 

H 
w 

- feed flow 

liquid feed stream 

vapour feed stream 

liquid enthalpy 

vapour enthalpy 

reflux drum level 

liquid level 

height over weir 

sump level . 
weir height 

I 

K 
controller integration time ç_onstant 

- equilibrium value 

- proportional gain 

Kioss line loss coefficient 

L liquid flow 

M liquid holdup 

Mn liquid holdup on tray n 

Mctc downcorner liquid holdup 

Mtray tot total tray liquid holdup 

M~ liquid molar weight 

Al 

[m2] 

[m2] 

[m2] 

[m2] 

[m2] 

[kmollhr] 

[kmollhr] 

[Tihr] 

[kmollhr] 

[kmollhr] 

[kmollhr] 

[kJ/hr] 

[kJ/hr] 

[m] 

[m] 

[m] 

[m] 

[m] 

[s] 

[kmol/hr] 

[kmol] 

[kmol] 

[kmol] 

[kmol] 

[kglkrnol] 



Appendix A 

Mv 
w vapour molar weight [kg/kmol] 

n nmse 

n number of flow paths p 

N number of equilibrium trays eq 

N number of trays 
p - number of phases 

- pol es 

Pt total pressure [bar] 
0 

saturation pressure of the pure component a [bar] Pa 
* 

partial vapour pressure of component a in equilibrium with liquid [bar] Pa 
p - pressure [bar] 

- controller proportional gain 

Q, reboiler duty [kJ/hr] 
Qc condenser duty [kJ!hr] 
R reflux flow [kmol/hr] 
Rb boilup rate 

R measured reflux flow [T/hr] m 

s side stream drawoff [krnol/hr] 
t time [hr] 
T - time constant [min] 

- temperature [OC] 
T sample time [s] s 

Ts tray spacing [m] 
u input signa] 

V vapour flow [kmol/hr] 
x. mole fraction of component i in liquid phase [kmollkmol] I 

* mole fraction of component i in vapour phase [kmollkmol] Yï 
z - measured plant response--

- process zero's 
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Greek symbols 

parameter variations 

difference 

liquid density 

vapour density 

cr standard deviation 

e model parameter 
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APPENDIX B Tag list HBTX column 

AI004 stearn ternperature before desuperheater [CC] 
AI114 BT feed flow [T/hr] 
AI115 BT feed ternperature [CC] 
Al128 HBTX feed ternperature [CC] 
Al129 HBTX feed flow [rn3/hr] 
AI130 HBTX feed density [kg/rn3

] 

AI137 feed flow [Tihr] 
AI138 feed pressure [bar] 
AI139 bottorn pressure [bar] 
AI140 ternperature tray 43 [CC] 
AI141 ternperature tray 4 [CC] 
AI142 surnp level [%] 
AI143 top pressure [bar] 
AI144 stearn flow to stearn reboiler [Tihr] 
AI145 level condensate drum [%] 
AI146 ternperature after condenser [CC] 
AI147 reflux drum level [%] 
AI148 reflux flow [Tihr] 
AI149 distillate flow [T/hr] 
AI150 bottorn flow [T/hr] 
AI164 ternperature before condenser [CC] 
AI165 ternperature tray 31 [cC] 
AI166 ternperature tray 27 [CC] 
AI167 ternperature tray 21 [CC] 
AI168 ternperature tray 15 [CC] 
AI169 ternperature bottorn flow~ [CC] 
Al171 ternperature condensate before condensate reboiler [CC] 
AI172 ternperature condensate after condensate reboiler [CC] 
AI173 ternperature condensate after stearn reboiler [cC] 
AI174 ternperature distillate flow [CC] 
Al329 condensate flow to condensate reboiler [Tihr] 
AC1172 analyzer top MCH [%] 
AC1173 analyzer bottorn benzene [%] 
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APPENDIX C SPEED UP 

The HBTX model as described in paragraph 3.3 is solved with SPEEDUP, a flowsheeting 

package. The fact that SPEEDUP has numerical methods which are abk to solve problems 

that are an implicit combination of algebraic and differential equations, makes it possible to 

formulate the problem as blocks containing the equations formulated in section 3.1. This set 

of equations can be solved by SPEEDUP for both a static and a dynamic situation. Besides 

that SPEEDUP has other methods for optimization and estimation. When one refrains from 

the optimization and estimation techniques the numerical methods can be divided into three 

categories: 

a) preprocessing routines, the block decomposition and symbolic differentiation, which 

process the equations before they are handed to the solution routines. 

b) steady state solution methods 

c) dynamic solution methods 

ad a) The block decomposition routines are used before a steady state solution. In 

mathematica! terms the steady state simulation problem can be represented as the 

solution of a large, sparse set of non-linear equations. SPEEDUP has no numerical 

methods to solve the full sparse problem exploiting only the sparseness. For all 

methods the full set of equations is decomposed into blocks which may be solved 

sequentially, independently of each other. This reduces the size of the largest set of 

equations that has to be solved simultaneously. The symbolic differentiation, 

performed by the symbolic preprocessor, generates partial derivatives of the formed 

equations with respect to their unknowns, the so called Jacobians. The Jacobian 

matrix is needed for all equation solvers used by SPEEDUP, both static and dynarnic. 

lt consists • of numeric, constant and analytic parts. Only interfaced Fortran 

procedures, e.g. procedures which call to physical property data routines, produces 

numeric derivatives automatically. The physical property databank used in this case 

is PPDS-2. These Fortran procedures are linked in the linking phase. For the other 

equations derivatives which are constant or analytic are recognized as such. For the 

steady state solving techniques a Jacobian is computed for every decomposition 

block. 
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Appendix C 

ad b) The default method for steady state simulation, which uses the Jacobian matrices of 

the different blocks, is the so called Hybrid method. This method has problems in 

two situations: 

- where variables and functions are badly scaled or 

- where the functions evaluation is noisy, this can occur for instanee when one of 

the derivatives in the Jacobian matrix is inconsistent. 

The methods used in SPEEDUP are quasi Newton methods which have the property 

of scale invariance to address the first problem. When the functions evaluation 

appears to be noisy SPEEDUP updates the Jacobian to address the second problem. 

ad c) The method for solving thesetof implicit differential and algebraic equations (DAE) 

which appears in the dynamic simulation within SPEEDUP is basedon the backward 

differentiation formula with a variabie step size. 

A general DAE can be written as: 

F(x,x,y,t)=O 
G(x,y, t) = 0 

(C.l) 

The index of a DAE is the minimum number of times that all or part of equations 

(C.l) must be differentiated with respect to tin order to determine y as a continuous 

function of y and t: 

y(t) = f( y(t), t) (C.2) 

SPEEDUP is only able to solve DAE systems with index 0 or 1. 

A SPEEDUP model description is written in an ASCII file (see appendix E fortheinput file 

of the SPEEDUP HBTX model). A SPEEDUP simulation can be pictured in a flow chart as 

follows: 
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figure 3.8 SPEEDUP run, flow chart 
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