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Abstract

When producing polymer, the properties must be tailored toward the final characteristics of the product. Moreover, with the enormous competition of polyolefins market, the knowledge about those properties and their relations with operating conditions and the effect of additives become very important for the industry. In fact, the polymer supply industries must be able to produce resins with desired characteristics in order to satisfy customers of polymers transformation industries. The desired characteristics are defined by the properties of polymer, operating conditions of transformation machines and additives. Deep knowledge about correlations between end use properties (regarding to resulting properties of the product obtained in the polymer production industries) and polymer intrinsic properties could be a possible way to define the operational conditions of each processing unit in the industry in order to achieve the desired properties. Among several properties the fluidity index (FI), stress exponent (SE) and the density (ρ) are properties that exert strong influence in the polymer final characteristics. Bearing this in mind, this paper aims to build up empirical models through of the systematic methods, based on modeling and simulation, which are fundamental tools to optimize the operational conditions of transformation systems. It is proposed a reverse engineering approach to develop relationships between molecular, morphological and end-use properties and correlate them to operation conditions with molecular and morphological properties of high density polyethylene (HDPE) resins produced in a second generation petrochemical industry.
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1. Introduction
The continuous development of the advanced computer tools and on-line measurements make possible identifying the reactor operating conditions and relate them to the material properties that are to be produced. The first step for building up such toll is to have a suitable model, which means, to have information about relationship between the molecular and morphologic properties together with the operating conditions. The market demand for tailor made products is always requiring more reliable models and this is the case for the polyethylene. The intention is to optimize the operational conditions of transformation systems, resulting better products with lower costs; however the main problem is to obtain the set of reactor operational conditions with feedback informations from the desired final use properties of polymers. A systematic method, based on modeling and simulation is a fundamental tool to optimize the operational conditions of transformation systems in the search to obtain the product with the costumer specifications [1].
2. The Procedure Proposed
The product quality is one of the preliminary reasons for using advanced control in the polymer production industry. The material without specification must be sold by reduced price, be mixed with another material, or be wasted, leading, all the three alternatives, in lower profits [2]. In order to achieve the desired specifications as well as to attend production demands with lower costs in necessary to obtain the required set of reactor operational conditions based on feedback information from the polymers desired properties. This is not an easy task to be done but important insight can be seen if the end use properties of the polymer are expressed as function of the intrinsic properties of the polymeric chains. Finally, it is necessary to find out a way to relate the polymeric chain properties or even the desired properties with easy to measure operational variables. A possible scheme of the feedback flow of structure polymer information is proposed in Figure 1. 


Figure 1 – Simplified scheme on the feedback flow of structure polymer information

Among several properties, the fluidity index (FI), stress exponent (SE) and density (ρ) are those relatively easy to measure and, as they exert a significant influence in the final polymer, it is convenient to use them as a basis for model development.

There is a lack of theoretical knowledge regarding how process operation conditions and end-use properties are related [2]. The approach used here to bridge this gap is to identify the relationship between the intrinsic and end-use properties. Also, it is necessary to correlate polymer plant operation conditions with intrinsic properties so that tailor made products may be produced. According to this strategy, the first step may be regarded to be the most important one, as the second step may be performed with the help of process simulators. Mathematical models are of considerable importance for polymerization engineering, as final polymer properties, and process responses depend upon the process operation conditions in a very complex and non-linear manner [3]. Empirical models are a possible workable solution to represent complex systems in which is hard, expensive or too time consuming to develop a detailed to deterministic model. These models try to describe the process behavior, based on experimental evidence.    

3. A reverse engineering approach

The scope of this work is to propose a computer based approach, in fact a reverse engineering approach, connecting fundamental and end-use properties with reactor operating conditions in order to attain products with specified properties. A set of statistical tools and deterministic mathematical and empiric models are brought together in a workable computer platform with on-line feedback information guiding the reactor operation

3.1. Polyethylene Production and Preparation
The process considered here is typical of many licensed industrial processes for obtaining polyethylene and it is composed of two tubular reactors and a non-ideal stirred tank reactor. The operation is adiabatic and cooling devices are not used. The basic process configuration is shown in Figure 2. Different operation modes may be used in this system, as all reactor vessels are equipped with injection points for all chemical species, so that polymers with different grades may be produced. Usually, monomer, comonomer, solvent, hydrogen, catalysts, and cocatalysts are fed into the first reactor of the series (which may be reactor PFR or reactor CSTR), and hydrogen is injected along the reactor train to modify the resin grade. Reactor PFRtrim is used as a trimmer, to increase monomer conversion and reduce the amounts of residual light gases at output stream. Besides, the agitators of reactor CSTR may be turned off in order to allow the operation of this vessel as a tubular reactor of large diameter. Therefore, depending on the operation mode, the process may be composed of a series of tubular reactors, a continuous stirred tank reactor or some other type of mixed configuration. By changing the operation mode, significant changes of the molecular weight distribution (MWD) of the final polymer may be obtained, allowing the production of many resin grades.
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Figure 2 – Basic Process Configuration
In this work two operation modes are considered for resins production utilized as case study. After development of models that correlate end use and intrinsic properties, the next step is to relate polymers intrinsic properties with the reactor operating conditions, through the models encountered previously [4]. Figure 3 illustrates this scheme. Basically the two first blocks are related to reactor operating conditions which will affect the polymer properties. Such intermediate properties as density, SE and FI impact the quality of the final products represented by the last block. If such properties are well defined and related to the intermediate properties, it is possible to define reactor operating policies so desired products are achieved.
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Figure 3 – End-use properties related with reactor output variables.

3.2. Experimental

In this work, seven polyethylene resins were used for the models development. The most important properties to several applications and experiments involving those resins properties were evaluated. Such properties are: tensile strength (TS), yield strength (YS), elongation at break (EB), stiffness, hardness, Vicat softening point (VP), melting temperature (Tm), crystallization temperature (Tc) and degree of crystallinity (Xc).
For the accomplishment of the experimental analysis, the samples were obtained through compression molding, which is a method in which the molding material, generally preheated, is firstly placed in an open heated molted cavity. The mold is closed with a top force or plug member, and pressure is applied to force the material into contact with all mold areas. Heat and pressure are maintained until the molding material has cured. After compression molding of the samples, analysis were performed. For the cases in which the preservation was required, samples had been kept in the following conditions: (23 ± 2)oC and (50 ± 5)% of relative humidity, for minimum time of 40 hours before the test. 

A data treatment was made and empirical models correlating end use and intrinsic properties were developed. This was carried out through STATISICA [5] software as it follows: some important correlations between all properties were found through correlations tables and then the chosen inputs for the models were: fluidity index (FI), stress exponent (SE) and density (ρ). Using a set of experiments it was possible to built-up correlations expressing, for instance, performance properties (end use properties as tensile strength) as function of density and FI. Subsequently, the empirical models were built up for the most usual end use properties. 
The next step is to relate polymers intrinsic properties with the reactor operating conditions, through the deterministic detailed model, validated with industrial data. Thus, semi empirical correlations may be useful to model important molecular/morphological properties of polymer (such as the FI, the stress exponent, and polymer density) and process operation variables used routinely to describe the plant operation (such as temperature profiles, head losses and eventual conversion measurement in the reaction system). A schematic diagram of experimental procedure is showed in Figure 4.

Figure 4 - Schematic diagram of experimental procedure

3.3. Results

After the models were obtained, an analysis based on errors between the acquired experimental and model calculated values for the end-use properties was made. Figures 5 and 6 show the graphics for the end-use properties. It provides an idea about the models fit to the experimental values. This was made for the more important and usual end-use properties, as a function of variables usually monitored in industrial environment. A very good fit was obtained so that the models represent quite well the relationship among monitored and end-use properties.
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Figure 5 – Comparison between experimental values and calculated values: a)Tensile strength, yield strength, elongation at break, stiffness and hardness; b)Vicat softening point, melting temperature, crystallization temperature and degree of crystallinity.
With the model and the flow information provided by Figure 3 is possible to define the reactor operating conditions as well as to take operation decisions so that a desired properties may be achieved. With this proposed procedure it is possible to implement a operator support tool to operate the reactor in a safer and more efficient way. As example lets suppose that a polymer with specification of stiffness is required. Usually  the monomer concentration [CM] is a manipulated variable  and the molecular weight is relatively easy to measure so that using Eq. (1), (2) and (3) is possible to estimated what should be the stiffness value and how the reactor may be operated to achieve the desired property.
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4. Conclusions/Remarks/future work
In this work is presented a reverse engineering approach, connecting fundamental and end-use properties with reactor operating conditions in order to attain products with specified properties. Empirical models have been developed to predict end use properties of polyethylene resins. The modeled properties were tensile strength, yield strength, elongation at the break, stiffness, hardness, vicat softening temperature, melting temperature, crystallization temperature and degree of crystallinity. According to the results presented, all the properties are a function of the density and they are correlated strong and positively with this property. Tensile strength, elongation at break, hardness, vicat softening temperature, melting temperature and crystallization temperature are a function of the FI. The results presented allow to conclude that final properties can be affected by several factors. However, it may also be concluded that it is possible to model polymer end use properties as functions of fluidity index, stress exponent and density in a simple manner, which may have an impact on the company sales strategy of polymer manufacturers. As suggestion for future works, which certainly will contribute for deepening the knowledge in this area contributing to the competitiveness increase in the polymers transformation industries, is the consideration of other molecular and structural characteristics that influence processability and model product properties, processing variables, sample dimensions, and properties such as morphology, orientation, and residual stresses. With the proposed procedure is also possible to correlate density, stress exponent, fluidity index and other molecular and structural properties with processing conditions.
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