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Introduction

Even though the adiabatic reactor needs more expensive equipment cost and operating cost, it has been used in many companies because of their high conversion of ethylbenzene and the small usage of catalyst pellets [1].

The optimization of a styrene monomer(SM) reactor is highly valuable because it can be used in optimizing the current operation, which has high cost due to the large amount of expensive high-pressure steam. But, only a few researchers had studied about industrial SM reactors because they have difficult geometries and unknown reaction mechanisms [2]. There had been many efforts to improve the productivity of styrene monomer production plants. But most of them had been focused on improvement of the recovery section or the other equipments except the reactor and development of new dehydrogenation catalyst. Reaction models had been formulated by Clough and Ramirez [3], Scheel and Crowe [4] and Hirano [5]. Crowe and Abdalla [6] studied about the characteristics of the SM plug-flow reactor. Only Savoretti [7] proposed the non-adiabatic radial-flow reactor model.

In this study, a PC based simulator for a styrene monomer reactor has been introduced. The mathematical kinetic model for an adiabatic radial-flow styrene monomer reactor has been used as a first principle model. A neural network model has been developed for the catalyst deactivation model because the exact parameters for the deactivation could not be measured and the deactivation was observed by the plant data only. Finally, some examples have been tested with this simulator and the potential usages of this program have been investigated.

System Description – Characteristics of Reactor

The conversion of ethylbenzene and the selectivity of ethylbenzene to styrene are affected by reactor operating pressure, temperature, steam-to-hydrocarbon (oil) ratio (S/O ratio), and reactor load ([current ethylbenzene flow rate] / [design ethylbenzene flow rate]). The effects of each operating variable are shown in Table 1 [8].

	Table 1. Effects of operating variables

	Variables
	Characteristics
	Increasing effects

	
	
	Conversion
	Selectivity

	Operating pressure
	• Constant in the current plant
	↓
	↑

	S/O (Steam to Oil) ratio

	• Feed = EB + steam

• Role of steam

– A heating medium

– A diluent
– A coke suppresser 


	↑
	↓

	Temperature

	• Endothermic reaction of EB dehydrogenation to SM

	↑
	↓

	Load

	• Effect on residence time

	↓
	↑


Model Description

The hybrid styrene reactor model consists the following of two parts.

First principle model

First principle model includes the reaction kinetics and the reactor geometry. The brief descriptions are shown in Table 2 [9].

	Table 2. First principle model

	Reaction mechanism
	Governing Equations
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Neural network model for catalyst deactivation

The neural network model consists of a set of processing units called neurons, connected to one another. The neural network in this study is a feed-forward network with one hidden layer, seven input variables (temperature, feed rate, partial pressure of ethylbenzene, styrene monomer, hydrogen, steam in feed, and DOS (Days On Stream)) and one output variable, deactivation factor. By adjusting parameters in the coupling, between neurons, the network is capable of learning from a set of numerical data corresponding to the input and desired output. [10]
Simulator Description

The program has three modules: parameter update, sensitivity analysis, and optimization module.

Parameter update module
When the simulator is started, the parameter update module is activated. At this time, the simulator is connected with the plant PIS (Plant Integration System) database, and the parameters for the catalyst deactivation are automatically updated. After this is executed, the user can use other modules and the updated catalyst parameters are used for the calculation in the other modules.

Sensitivity analysis module

Figure 1 shows the sensitivity analysis module input screen and the excel results. In this module, the reactor conditions can be simulated and analyzed with a selected process variable, such as load, S/O ratio, inlet temperatures or outlet pressure. The calculation results are shown as an excel sheet and saved as text files.
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Figure 1. User interface screenshots and excel results for sensitivity analysis module

Optimization module

In this module, the optimal profit and optimal operating conditions are calculated using given operating condition boundaries and price conditions. Figure 2 shows the user input interface and the results window.
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Figure 2. User interface screenshots and results window for optimization module

Examples
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Example 1: sensitivity analysis for S/O ratio change

To see the simulation of the styrene monomer reactor, one of the operating variables is simulated. The input conditions are based on industrial data. Figure 3 shows the simulation results with changing S/O ratio and DOS (days on stream). According to the figure, the conversion of early DOS is similar. But, increasing DOS, higher S/O ratio condition shows higher conversion of styrene monomer from ethylbenzene and lower catalyst deactivation effect. 

Example 2: optimization for operating conditions

The operating conditions are optimized using given boundaries. The given conditions and the results are shown in Table 3.
Conclusions

A PC based styrene monomer reactor simulator has been developed using the neural network hybrid catalyst deactivation model with rigorous reaction and reactor models as a first principle model. Also the performances of the developed simulator have been presented.

Using this simulator, determining optimal operating conditions and testing new operating conditions are performed easily. On the situation of changing catalyst, this simulator shows good performance because the catalyst parameters are updated using current process data.
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Table 3. Calculated and specified values for constraints and objective function

	Constraint
	Specified
	Calculated

	
	
	Starting
	Optimum

	S/O ratio

Load (%)

Reactor 1 inlet temperature (℃)
Reactor 2 inlet temperature (℃)

Reactor 2 outlet pressure (mmHg)

Profit
	1.5

120.0

620.4

620.2

-400.0

54.0
	1.5
100.0 
630.0 
630.0
-421.5
38.8
	2.0
150.0
620.0

620.0
-400.0 

79.3

	Objective function:

F = SMSALE – EBVALUE – CATVALUE + TLSALE – STEAMVALUE
SMSALE [$/day]=(SM price [$/ton])*(outlet SM flowrate [ton/day])

EBVALUE [$/day]=(EB price [$/ton])*((total EB inlet flow rate [ton/day])-(recycled EB flowrate [ton/day]))+(EB recycle price [$/ton])*(recycled EB flowrate [ton/day])

CATVALUE=(catalyst price [$/day])*W1

TLSALE=(TL price [$/ton])*(outlet TL flowrate [ton/day])

STEAMVALUE=(steam price [$/day])*W2

(W1 & W2: scalar weight)
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Figure 3. Conversion for S/O ratio change
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SOratioSM

		SM mass%		DOS

		S/O ratio		50		100		150		200		250		300

		1		66.89		66.23		64.91		63.01		60.9		58.99

		1.1		67.7		67.1		65.89		63.98		61.68		59.46

		1.2		68.15		67.66		66.69		64.99		62.66		60.2

		1.3		68.36		67.99		67.26		65.9		63.76		61.19

		1.4		68.43		68.13		67.59		66.6		64.84		62.37
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		s/o ratio change				total

		selectivity		DOS

				50		100		150		200		250		300
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SOratioConv

		s/o ratio change				total

		selectivity		DOS

				50		100		150		200		250		300

		1		78.06		77.26		75.66		73.36		70.82		68.51

		1.1		78.81		78.08		76.63		74.33		71.56		68.91

		1.2		79.15		78.57		77.4		75.37		72.58		69.64

		1.3		79.24		78.79		77.92		76.3		73.76		70.69

		1.4		79.17		78.82		78.18		76.99		74.91		71.98

		1.5		79		78.73		78.25		77.41		75.86		73.34

		1.6		78.76		78.54		78.18		77.58		76.49		74.56

		1.7		78.46		78.29		78.01		77.57		76.82		75.45

		1.8		78.12		77.98		77.77		77.44		76.91		75.98

		1.9		77.75		77.64		77.48		77.23		76.84		76.21

		2		77.36		77.28		77.14		76.95		76.67		76.22





SOratioConv

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0



1

1.2

1.4

1.6

1.8

2

DOS (day)

Conversion (%)

Conversion vs. DOS changing S/O ratio

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0




_1024381937.unknown

_1024381942.unknown

_1021884191.unknown

_1022496552.unknown

_1024381912.unknown

_1021884197.unknown

_1020240237.unknown

