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Abstract: Chemical industry has a high demand for ethylene quantity, especially
with high quality. This paper discusses dynamic simulation models of an ethane-
ethylene high-pressure cryogenic rectification column with Unisim Design process
simulator software. Distillation is one of the most essential technologies in chemical
industry, it is important that the operation of the procedure can be modeled not only in
steady-state mode but also in a dynamic way. The goal during this study is to make
simulations with system-controlling and to investigate the effect the disturbance on the
behavior of the columns.
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1. Introduction

Distillation is a separation technology, which is based on the different boiling points
(or volatilities) of the components mixture. This process is really energy- and cost-
intensive, and frequently used in chemical industry [1]. The equipment of this
technology is the column; furthermore, a reboiler and a condenser [2] also belong to this
system. The tower has one feed stream and two product streams. The more volatile
component is enriched in the vapor fraction and leaves the column as the overhead
product, while the less volatile component is enriched in the liquid phase and goes down
and down and leaves the tower like the bottom product [3]. During the distillation
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procedure, the goal is to separate from each other the components and to reach the
products in high purity.

The distillation is the most studied unit operation in terms of control [4]. For
controlling the system Proportional-Integral-Derivative (PID) controllers were used [5].
This is the oldest and widely used feedback control type for different industrial
processes. A PID controller computes a so-called error value (E) when there is a
difference between the measured Process Value (PV) and required SetPoint values (SP)
of the processes. The exercise of the controller is to bring the error equal or close to zero
by the control variable value, the OutPut value (OP). The PID controller consists of
three terms: the Proportional term (P), (it depends on the present error), the Integral
term (/), (it depends on the sum of past errors), the Derivative term (D), (this is the
prediction of future errors) [6]-[9].

The equation of the transfer function of the PID controller is (all variable is based on
time parameter):

0P(®) = K (E@®) + 1 [y E@dr + T, 20), (1)
where K'is the proportional gain; 7;is the integral time; and 7y is the derivative time.

The using of the P-term results in faster controlling process, but difference can be
observed between the setpoint and the process variable values. However, using the
controlling process with the /- and D-terms the controlling process is slower, and there
is no difference between the setpoint and process variable values [6].

It is also possible to use not only together all of the P-, I- and D- terms, but also
separate the P, PI, PD or PID types of controllers [10].

During a controlling process of a one-feed and two-product distillation column 5
control valves can be positioned. The manipulated parameters can be the levels in top
and bottom, pressure and composition in top and bottom. There are two general types of
controlling structures: level controlling (top and bottom levels, pressure) and
composition controlling (top and bottom compositions). The first type should be used in
the interest of stable operation and because it is independent from the composition
control loop, it is designed first. The measured parameters were chosen according to the
practices and literature of distillation controlling [11], [12].

In this study two types of controlling structure were used, however the temperature
controlling was used instead of the pressure controlling, because of the unequivocal
connection between temperature and pressure. From the temperature profile the position
of the temperature measurement was given. The first type of control structure consisted
the one temperature and two level controllers. The second type of the control structure -
besides these controllers - consisted the top product controller. During this study only
composition of the top product was used, because according to the separation the
essential product is the overhead product, it has many possible usages.

2. Parameters of the investigated system

During this study, an ethane-ethylene separation column was investigated. In the
chemical industry, ethylene is polymerized and used as one of the most important raw
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material of plastic manufacturing. Ethane is usually recycled to the beginning of the
procedure. It can be used as a refrigerant in the system [13].

The mixture - ethane and ethylene - is a zeotropic one; therefore the ethane and the
ethylene can be separated from each other’s. Fig. I shows the vapor-liquid equilibrium
diagram of the mixture, when the pressure is 8 bar.
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Fig. 1. Vapor-liquid equilibrium diagram of the components
In Table I the parameters of the investigated rectification column are summarized.

Table I

Parameters of the rectification column

Number of stages 100
Feed stage 75t
Reflux ratio 2.2
Heat flow of the condense [kW] 15320
Heat flow of the reboiler [kW] 9132

Unisim Design [14] process simulator software with Soave-Redlich-Kwong (SRK)
fluid package [15], [16] was used for making simulations. Firstly, the simulation was
prepared in steady-state mode. Table II contains the technical data of the feed stream
and the results of the simulation (parameters of the distillate and bottom product).

From the steady-state model, the temperature profile (Fig. 2) of the column was also
illustrated in case of different ethylene contents in the overhead product
(xp = 0.9-0.9995). In the stripping zone, all types of curves have the same shape;
however, in the rectifying zone the profile of the curves are different.
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Table I1
Streams of the parameters of the column
Feed Distillate Bottom product
Temperature [°C] -55 -61 -40
Pressure [bar] 7.95 7.48 7.86
Mass flow [kg/h] 53750 44190 9560
Composition [n/n]
Ethylene 0.833 0.9995 0.0073
Ethane 0.167 0.0005 0.9927
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Fig. 2. Temperature profiles

This system had six degrees of freedom. These are summarized in Table I11.

Table 111
Degrees of freedom

Degree of freedom Value
Temperature of the feed stream -55°C
Pressure of the feed stream 7.95 bar
Mass flow of the feed stream 53750 kg/h
Ethylene mole fraction of the feed stream 0.833
Reflux ratio 2.2
Ethylene content in the distillate stream 0.9995

From the curves it can be determined that the two smallest values of the ethylene
purification (0.9 and 0.95) are almost straight approximately throughout 30 °C interval,
therefore these have a sharp increase. The next two cases have also a relatively rapid
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temperature growing. From the viewpoint of the operation of the separation the curves
with two highest values have the most appropriate shape. According to the curve shape
of the original purification of the overhead product, in this study the temperature
controller was situated on the 70" tray. It should not be far from the location of the
output variable (in this case the heat flow of the reboiler was that) [17].

3. Dynamic simulation models and influences of the used disturbances

3.1. First investigated dynamic simulation model

The dynamic models were also made with the Unisim Design process simulator
software. The goal of this study was the investigating of the behavior of the rectification
column. For that two types of disturbances were investigated: the mass flow of the feed
stream was decreased and increased. Firstly, three PI controllers were used in the model
(Fig. 3):

e two level controllers (LIC-100 and LIC-101): these controlled the liquid level in
the condenser or reboiler to get the appropriate mass flow of the distillate or the
bottom product;

e a temperature controller (TIC-100): the manipulated parameter was the heat
flow of the reboiler, and the goal was to hold the appropriate temperature on the
seventieth stage.

To condensator LIC-100

Condensator Q

Reflux Overhead

Condensator product

TIC-100

Feed Column

Reboiler
Q

To Bottom
reboiler product

Fig. 3. First dynamic model of the system in Unisim Design software

In the first case, the mass flow of the feed stream was increased gradually. The
results (Fig. 4) showed that the higher feed stream did not have influences on the
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temperature of the seventieth stage. However, the rectification column had geometry
barriers. More than 63000 kg/h feed stream caused flooding on the stages and it caused
a malfunction in the system. In Fig. 4, Fig. 5, Fig. § and Fig. 9 the horizontal lines show
the decreased or increased values of the mass flow of the feed progressing in time.
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Fig. 4. The modification of the temperature, when the mass flow of the feed stream increased

Therefore, the mass flow of the feed stream was decreased gradually. The results of
the simulations (Fig. 5) showed that less feed did not cause high-temperature

modification in the system.
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Fig 5. The modification of the temperature, when the mass flow of the feed stream decreased
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However, with this controlling structure, the less feed stream resulted in less
ethylene purification in the overhead product (Fig. 6). In the chemical industry ethylene
has high importance; therefore, in case of disturbances the distillate product of this
rectification column should be high purified ethylene.
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Fig. 6. Decreasing of the ethylene mole fraction in the distillate
in case of the mass flow of the feed stream decreased

3.2. Second investigated dynamic simulation model

According to the previous statement, in this study another controlling structure was
investigated with four PI controllers, the extra one was: a quality controller (XIC-100):
this controlled the ethylene mole fraction in the distillate; the manipulated parameter
was the mass fraction of the reflux stream (Fig. 7).

Two types of disturbances were also investigated in this case: increasing and
decreasing gradually the mass flow of the feed stream. The behavior of the rectification
column was investigated: the influences of the disturbances on the temperature of the
seventieth stage and on the purification of the distillate.

Firstly, increasing the mass flow of the feed stream was investigated. The
simulations showed (Fig. §) that with this controlling structure, nor the temperature of
the seventieth stage, neither the ethylene mole fraction of the overhead product
modified. However, over the 65500 kg/h value of the mass flow of the feed stream
caused flooding on the stages and malfunction in the rectification column.

After that, the decreasing of the mass flow of the feed stream was also investigated
in this controlling structure. In this case (Fig. 9) the highest temperature modification
was investigated, but this changing was also not significant. Less than 46000 kg/h mass
flow of the feed stream caused a malfunction in the system: there were flooding on the
stages of the stripping zone and the ethylene was lower than the required value.
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Fig. 7. Second dynamic model of the system in Unisim Design software
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Fig. 8. The modification of the temperature and ethylene purification,
when the mass flow of the feed stream increased

4. Conclusion

To summarize this study, it can be mentioned that the modification of the mass flow
of the feed stream had influenced the behavior of the column. Lower feed stream caused
lower, while higher feed stream caused higher temperatures. With only the temperature
controlling the lower mass flow of the feed stream did not cause required product, while
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the higher mass flow of the feed stream caused flooding. Therefore, the separation did
not operate, or its quality was not the desired one.
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Fig. 9. The modification of the temperature and ethylene purification,
when the mass flow of the feed stream decreased

With the temperature and composition controlling structure the lower and higher
mass flow values of the feed stream had geometry barriers. However, with this last-
mentioned structure, the desired quality of the overhead product can be reached.

The further goal is to investigate the behavior of the system in case of other
disturbances, for example what will happen if the composition of the feed stream
changes.
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