Dynamic optimization is employed to calculate the optimal operating conditions for grade transitions in polymer production. The optimization is based on a detailed process model of a fluidized bed reactor and polymer properties, as well as a thermodynamic model that accounts for interactions between the different gases. It calculates the optimal flow rates of comonomer and hydrogen that ensure the production of the desired polymer (high density polyethylene HDPE, or linear low density polyethylene LLDPE). Constraints are considered on the inputs. Besides, a constraint is put on the bed temperature to ensure that it remains below the polymer melting temperature. The simulations show that the transition time can be reduced, and the final operating conditions allow producing polymer with the desired properties, without risking polymer melting or sticking.

I. INTRODUCTION

Polymers are essential in the development of many recent technologies surrounding us in various domains. Among them, polyolefins represent about sixty percent of plastics produced in the word [START_REF] Abedi | A review of clay-supported Ziegler-Natta catalysts for production of polyolefin/clay nanocomposites through in situ polymerization[END_REF]. Polyolefins consist of polyethylene, polypropylene, and their copolymers with -olefins. At the chemical level, polypropylene is industrially produced only by catalytic polymerization while polyethylene can be produced by free radical polymerization (leading to LDPE: Low density polyethylene) or by catalytic polymerization (leading to HDPE: High density polyethylene, or LLDPE: Linear low density polyethylene). Catalytic polymerization offers the possibility to better control the architecture of the polymer (i.e. density, crystallinity, molecular weight, etc.), and the process parameters are less severe than in free radical polymerization (i.e. lower pressure and temperature). At the process level, catalytic polymerizations can be operated in solution (i.e. polymer melted in solvent) slurry (i.e. polymer particles suspended in diluent) or gas phase processes (polymer particles surrounded by monomer gas). In gas phase reactions, fluidized bed reactors (FBRs) are the most efficient reactors, in terms of heat evacuation, for the commercial-scale production of polyethylene. To suit the market demand, different grades of polyethylene are produced (ranging from HDPE to different grades of LLDPE), and to reduce the storage cost, frequent grade transitions are usually done in FBRs [START_REF] Debling | Dynamic modeling of product grade transitions for olefin polymerization processes[END_REF]. Due to the long residence time in FBRs and the high number of operating parameters, an optimization strategy is required to ensure attaining the new set-point of properties in N . Sheibat-Othman is with University of Lyon, Université Claude Bernard Lyon 1, CNRS, UMR 5007 LAGEPP, F-69622, Villeurbanne, France (corresponding author phone: +33(0)472431850; e-mail: nida.othman@univ-lyon1.fr) a short time, thus reducing the amount of transition product, while ensuring the security of the operation. McAuley et al. were the first to investigate dynamic optimization of grade transition of polyethylene in gas-phase FBR and proposed an adapted model [START_REF] Mcauley | Optimal grade transitions in a gas phase polyethylene reactor[END_REF]. A similar approach, but combined with a closed-loop controller, was proposed by Chatzidoukas et al. [START_REF] Chatzidoukas | Optimal grade transition and selection of closed-loop controllers in a gas-phase olefin polymerization fluidized bed reactor[END_REF] and Nystrom et al. [START_REF] Nyström | Production campaign planning including grade transition sequencing and dynamic optimization[END_REF]. Bonvin et al. [START_REF] Bonvin | Optimal Grade Transition for Polyethylene Reactors via NCO Tracking[END_REF] employed a measurement-based approach, in order to correct for modelling mismatch in a homopolymerization process, based on run-to-run basis. In a comparable way, Wang et al. combined an offline optimizer (calculating the optimal feed rates) and a nonlinear MPC (to minimize modeling errors and update the feed rates) to reduce the online computation time [START_REF] Wang | Optimal grade transition control for polymerization reactors[END_REF]. These works allowed to define the optimization criterion and constraints and the implementation in the case of FBRs. However, they did not consider adapted thermodynamic models and did not consider constraints on the bed temperature to ensure the polymer particles not to melt or become sticking.

In this work, we consider an offline dynamic optimization of grade transitions of polyethylene in a fluidized bed reactor. The manipulated variables are the flow rates of hydrogen and comonomer, and the controlled outputs are the polymer melt index and the density. Inequality constraints are considered on the manipulated variables. An additional constraint is put on the reactor temperature so that it is maintained in a range respecting the safety conditions and avoiding sticking of polymer particles. A thermodynamic model accounting for cosulubility effects is employed. A big change in the properties is considered during the grade transition, thus going from the production of HDPE to LLDPE.

II. PROCESS MODEL

The process model consists of different parts: a kinetic model of copolymerization of ethylene with a comonomer, a thermodynamic model to calculate the concentrations of monomer and comonomer in the polymer particles from their concentrations in the gas phase, as well as some correlations to calculate the polymer properties (i.e. density, melt index, sticking temperature). The reactor is assumed to behave as a continuous stirred tank reactor, due to its high recycle ratio and low single pass conversion [START_REF] Mcauley | A kinetic model for industrial gas-phase ethylene copolymerization[END_REF]. Mass and heat balances are derived based on this assumption. 

A. Mass balances

Similar mass balances can be written for all gas species (M1: ethylene, M2: comonomer, H2: hydrogen, N2: nitrogen, see Table I). Also, the mass balances of solid species are comparable (𝑆 is the concentration of potential catalyst active sites and P that of activated sites, λ is the moment of order k of active polymer chain lengths and 𝜇 that of inactive polymer chains).

The reaction rates are given in Table II. The values of the reaction coefficients can be found in the appendix (Table VI) [START_REF] Kardous | Thermodynamic Effects on Grade Transition of Polyethylene Polymerization in Fluidized Bed Reactors[END_REF]. 𝐹 is the inlet mass flow rate, 𝑄 is the outlet volumetric flow rate (polymer and gas), 𝜀 is the porosity of the bed, 𝑅 are reaction rates of species k (see Table II), h is the bed height, 𝑉 is the bed volume, 𝑀 , is molecular weight of species i, the index cat stands for catalyst. 

B. Heat balances

The fluidized bed reactor is fed continuously by fresh gas in the bottom (at controlled temperature) (Fig. 1). The unreacted gas is evacuated in the top and is cooled using a heat exchanger where cold water circulates, and is then reinjected in the bottom. This ensures temperature control and having a high speed of gas for particle fluidization. Table III gives the different heat balances. T, Tj and Tw are temperatures of the bed, exchanger section 𝑗 and coolant respectively. 𝑈 , 𝐴 and 𝑉 are respectively the heat transfer coefficient, the surface area and the volume of the exchanger section 𝑗. H is the enthalpy (J s -1 ). The exponent 'in' refers to fresh gas while 'rec' refers to recycled gas. ∆𝐻 is the reaction enthalpy. 𝐶 is the specific heat capacity (J kg -1 K -1 ). 

C. Thermodynamic model

In catalytic polyolefin reactions, the reaction takes place on the catalyst active site (i.e. in the amorphous polymer) and it is therefore essential to evaluate the concentration of monomer in this location, not only in the gas phase (as given by the mass balances above). Equilibrium between the two phases can however be assumed if the reaction rate is not very high. Therefore, in binary systems (i.e. involving one gas and a polymer), it is quite straightforward to calculate the concentration of monomer in the amorphous polymer. However, the reactor usually contains different gases, and they might affect the degree of swelling of the polymer. In particular, comonomers are usually used to control the polymer density. Moreover, to better enhance the heat removal capacity of FBRs and so allow higher reaction rates, many polyolefin processes operate under condensed mode cooling where chemically inert induced condensing agents (ICAs) are added to absorb part of the reaction heat [START_REF] Mckenna | Condensed Mode Cooling of Ethylene Polymerization in Fluidized Bed Reactors[END_REF]. The addition of ICA and comonomers affect the solubility of ethylene in the polymer and vice versa, and therefore an adapted thermodynamic model is required to allow precise prediction of the reaction rate and polymer properties in presence of such additives [START_REF] Banaszak | Ethylene and 1-Hexene Sorption in LLDPE under Typical Gas Phase Reactor Conditions: A Priori Simulation and Modeling for Prediction of Experimental Observations[END_REF]- [START_REF] Alizadeh | Study of sorption, heat and mass transfer during condensed mode operation of gas phase ethylene polymerization on supported catalyst[END_REF]. A simple thermodynamic model will be used here, but that accounts for cosolubility [START_REF] Kardous | Optimization of Polyethylene Grade Transitions in Fluidized Bed Reactors with Constraints on the Polymer Sticking Temperature[END_REF]. 

D. Correlations of properties

The control properties are the polymer melt index (which is correlated to the polymer molecular weight), and the polymer density. They can be related to the reaction rates and concentrations in the bed by the correlations given in Table V. 

III. PROCESS OPTIMIZATION

A. Formulation of the optimization problem

The optimization problem is formulated as follows [START_REF] Mcauley | Optimal grade transitions in a gas phase polyethylene reactor[END_REF]:

 min 𝒖 𝐽 𝒖 𝑡 , 𝒙 𝑡 , 𝑡 ∈ 𝑡 , 𝑡    𝒖 𝒖 𝑡 𝒖  
where, 𝒙 𝑡 is the vector of state variables (see Table I) and 𝒖 𝑡 represents the vector of manipulated variables, 𝒖 𝑡 𝐹 , 𝐹 . 𝐽 is the objective function, given by:

 𝐽 𝒖 𝑤 𝑤 𝑤 𝑤 d𝑡     
where 𝑤 are weighting factors of the different terms in the objective function. The inequality constraints (2) indicate the available ranges of manipulated variables. Five switching steps of the inputs are allowed during the transition (as follows: 0-2, 2-4, 4-6, 6-8, 8-60 hours, where 60 h is the estimated production time of the new grade). The outputs to be controlled are the melt index (𝑀𝐼 and 𝑀𝐼 ) and the polymer density (𝜌 and 𝜌 ). Both instantaneous and cumulative properties are tracked. Indeed, in the considered reaction scheme some polymer chains are produced and stop growing but remain in the bed, obeying the residence time characteristics; These chains influence the cumulative properties, but not the instantaneous properties which are determined only by the active chains. The index sp refers to the set-point.

An inequality constraint is also put on the bed temperature as follows (here indicated in °C):

 80 𝑇 𝑀𝐼𝑇 5 
This constraint is required to avoid overheating of the polymer particles, and therefore prevent any risk of sticking. In order to respect this constraint, the bed temperature is controlled by manipulating the temperature of water at the inlet of the exchanger (𝑇 ) besides temperatures of the fresh gas fed at the bottom of the bed (𝑇 ), using a proportional integral controller.

IV. RESULTS AND DISCUSSION

A. Open loop simulation

The effect of realizing a step in the flow rates of hydrogen and comonomer on the outputs, i.e. polymer melt index and density, is shown in Fig. 2. On one hand, the hydrogen acts as a chain transfer agent (i.e. stops the growing chain and starts a new one). Therefore, increasing its concentration reduces the polymer molecular weight, and so its viscosity in melted state, which increases its flowing rate, i.e. the melt index. On the other hand, the comonomer enhances the creation of branches in the polymer chain, which decreases its density. To a lesser extent, the comonomer also influences the polymer molecular weight, and thus the melt index, as it has a different reactivity compared to monomer (so a different incorporation rate in the chain). This effect becomes negligible when increasing the monomer concentration. But, it is important to be kept in mind, as it highlights the correlation between the inputs and outputs. The figure shows the evolution of both the instantaneous and cumulative properties. The instantaneous properties concern the active polymer chains, while the cumulative properties are representative to all the product in the bed (active and inactive polymer). Therefore, changing the instantaneous properties occurs faster. In this case, full convergence of both properties is obtained after about 30 hours, but the instantaneous density converges faster than the instantaneous MI, due to the fact that hydrogen reacts at a lower rate than the comonomer, so it requires longer time to reach a new steady state. Note that the convergence time depends on the reaction rate (which depends on the catalyst activity, monomer pressure, temperature, etc.). The first grade in Fig. 2 corresponds to properties of HDPE, with a polymer density of about 𝜌 950 kg m 3 , while the second grade corresponds to density of LLDPE. Fig 3 shows the effect of these step changes on the polymer melting temperature, where 𝑀𝐼𝑇 reaches 92.8°C. Indeed, the reduction in the polymer density and its higher degree of swelling with comonomer contribute to the reduction in the polymer melting temperature. If the bed temperature is higher than this limit, particles become softer and start sticking together, which may harm the operation of the bed. A margin of 5°C is usually considered for security. So, in this simulation, the bed temperature should be maintained lower than 88.8°C to avoid any sticking. This scenario highlights the coupling between the input and output variables and the necessity to employ a constrained optimization to ensure optimal and secure operation.

B. Constrained dynamic optimization

The set-points of the outputs of the second grade were set as in the open loop scenario, i.e. melt index is 𝑀𝐼 20, and the polymer density is 𝜌 922 kg m -3 . During the first 60 hours, the first grade is produced. After 30 hours, we start grade transition to the second grade. The weights given to the different terms in the optimization criterion are: 𝑤 0.5, 𝑤 1, 𝑤 1.5 and 𝑤 3 (so a higher weight is attributed to cumulative properties than instantaneous ones). Fig. 4 shows that the melt index converges to the set-point in about 10 hours (so faster than in the open loop simulation), which is due to the fact that the instantaneous property is allowed to exceed the set-point to accelerate the convergence of cumulative properties. This might however be critical, as the properties of the polymer produced during the transition become non uniform. A wise compromise is therefore to be determined between the convergence speed and the uniformity of the properties, and this can be tuned easily by varying the weighting factors. As pointed in the open loop simulation, the polymer melting temperature decreased significantly when we changed the polymer properties and operating conditions. The bed temperature has therefore to be decreased to respect the constraint on MIT. Fig. 5 shows the evolution of the MIT and the decrease realized on the bed temperature to respect the constraint, including 5°C security margin (𝑇 𝑀𝐼𝑇 5). This has as a consequence the reduction of the reaction rate, but ensures the realization of the desired properties while avoiding polymer particle sticking or melting. Note that for productivity reasons, it is usually not aimed to operate the bed at lower than 80°C, as the reaction rate would decrease importantly. So, there are clear limits on properties that can be produced, and operating conditions to be respected. It is essential to insist on the thermodynamic aspects of the system, with the nonlinear interactions between gases. Indeed, Fig. 6 shows the fraction of each gas in the gas phase of the bed, and in the polymer as calculated by the thermodynamic model. For instance, it can be seen that the fraction of comonomer in the polymer (where the reaction takes place) is higher than in the gas phase. Also, it can be seen that the concentration of monomer in the polymer is decreased importantly during the second grade, while it only changes a little in the gas phase. Using precise estimations of the concentration is essential in order to predict correctly the reaction rate and the polymer properties. The proposed thermodynamic model is simplified, but is adapted for the present range of operation. The development and use of thermodynamic models over a wider range would be of big interest, but this is also conditioned by the acquisition of experimental data for validation. Employing an advanced optimization technique during grade transition in fluidized bed reactors has proven to be essential and useful. It computes the optimal flow rates and adjusts the bed temperature in a way to respect the desired properties and to avoid polymer sticking in the bed. A detailed mathematical model is however required, including a precise thermodynamic model that accounts for cosolubility effects and precise correlations of the properties (e.g. melt initiation temperature). 

VI. APPENDIX

Figure 1 .

 1 Figure 1. Schematic representation of the FBR and its inputs

Figure 2 .

 2 Figure 2. Step change in the flow rate of hydrogen (from 𝐹 1.510 -3 and 𝑃 2.87 bar, to 𝐹 210 -3 kg s -1 , 𝑃 3.64 bar), and the flow rate of comonomer (from 𝐹 0.025 and 𝑃 0.14 bar, to 𝐹 0.1 kg s -1 and 𝑃 1.1 bar)

Figure 3 .

 3 Figure 3. Effect of step change in the flow rate of comonomer on the polymer melt initiation temperature (MIT)

Figure 4 .

 4 Figure 4. Outputs of the constrained optimization during grade transition from HDPE to LLDPE

Figure 5 .

 5 Figure 5. Evolution of the bed temperature, during grade transition from HDPE to LLDPE

Figure 6 .

 6 Figure 6. Evolution of the molar ratio of the different gases in the bed (at left) and in the polymer (at right) during grade transition V. CONCLUSION
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TABLE I .

 I MASS BALANCES

	Gas species (mole m -3 void)	, Z: M1, M2, H2, N2 Mass fraction: 𝑋	𝑍 𝑀 , / ∑ 𝑍 𝑀 ,	𝑅
	Solid species				𝑅
	(mole m -3	𝑌: 𝑆 , P , λ , λ , λ , 𝜇 , 𝜇 , 𝜇
	solid)	(𝑛	0, except for SP: 𝑛	𝐹 𝑆 /𝜌 )
	Bed height		∑	𝑅 𝑀 ,	/
	Outlet flow	𝑄	∑	𝑅 𝑀 ,	(if ℎ
	rate	ℎ	, otherwise 𝑄	0)

TABLE II

 II 

									𝑅	λ 𝑘	𝑘	𝑘 H	𝑘	𝜙	𝑘	𝜙 M
									𝑘	𝜙	𝑘	𝜙 M
									𝑅	λ 𝑘	𝑘	𝑘 H	𝑘	𝜙	𝑘	𝜙 M
									𝑘	𝜙	𝑘	𝜙 M
									𝑅	𝑘 H 𝜆
	With 𝜙				, 𝜙	1 𝜙
	𝑅	𝑘 S					
	𝑅	𝑘 S	𝑘	P	𝑘 M	𝑘 M	P	𝑘
	𝑘 H 𝜆						
	𝑅	P 𝑘 M	𝑘 M	𝜆 𝑘	𝑘	𝑘 H
	𝑅	P 𝑘 M	𝑘 M	𝜆	𝑘	𝜙	𝑘	𝜙
	𝑘 𝜙	𝑘 𝜙 M	𝑘	𝜙	𝑘	𝜙	𝑘 𝜙
	𝑘 𝜙 M	𝜆 𝑘	𝑘	𝑘 H	𝑘	𝜙
	𝑘	𝜙 M	𝑘	𝜙	𝑘	𝜙 M
	𝑅	P 𝑘 M	𝑘 M	λ	𝑘	𝜙	𝑘	𝜙 M
	𝑘	𝜙	𝑘	𝜙 M	λ	2λ	𝑘 𝜙	𝑘 𝜙 M
	𝑘 𝜙	𝑘 𝜙 M	𝜆 𝑘	𝑘	𝑘 H
	𝑘	𝜙	k	𝜙 M	𝑘	𝜙	𝑘	𝜙 M
	𝑅	λ 𝑘	𝑘	𝑘 H	𝑘	𝜙	𝑘	𝜙 M
	𝑘	𝜙	𝑘	𝜙 M			

. REACTION RATES (MOLE M -3 SOLID S -1 ) 𝑅 𝑘 P 𝑘 , 𝜙 𝑘 , 𝜙 𝑘 , 𝜙 𝑘 , 𝜙 𝜆 M 𝑅 𝑘 H 𝜆 𝑅 0 𝑅 is the reaction rate.

TABLE III

 III 

				. HEAT BALANCES	
	𝑚 , 𝐶 ,	𝐹 𝐶 , 𝑇	𝑇	𝑈 𝐴 𝑇 𝑇 , 𝑗 1: 4
	𝑚 𝐶 ,		𝐹 𝐶 , 𝑇	𝑇	∑ 𝑈𝐴 𝑇 𝑇	
	𝐻	1 𝜀	𝑉 ∑ 𝑅 ∆𝐻 ,		
	𝐻	𝐹 𝐶 ,	𝐹 𝐶 ,	𝐹 𝐶 ,	𝐹 𝐶 ,	𝑇	T
	𝐻	𝐹 𝐶					

, 𝑇 T 𝐻 M 𝐶 , 𝑀 , M 𝐶 , 𝑀 , 𝑁 𝐶 , 𝑀 , 𝐻 𝐶 , 𝑀 , 𝐼𝐶𝐴 𝐶 , 𝑀 , 𝑉 𝜀 𝜌 𝐶 , 1 𝜀 𝑉 𝐶 , 𝑋 𝐶 , 𝑋 𝐶 , 𝑋 𝐶 , 𝑋 𝐶 , 𝑋 𝐶 ,

TABLE IV .

 IV THERMODYNAMIC MODEL. 𝜌 , is the amorphous polymer density, 𝑀 , the hydrogen molecular weight, 𝑇 , its critical temperature and 𝑃 its pressure (bar), 𝑟 is a correction of solubility of comonomer due to the presence of ICA.

	Concentration of ethylene	𝑀	𝐴 𝑇 𝐴 𝑃	𝐵 𝑇 𝐵
	Concentration of comonomer	𝑀	𝑟	𝐷 𝑇 𝐷 𝑃
	Concentration of hydrogen	𝐻	𝑘 𝑃	𝜌 , 𝑀 ,
	Volume fraction of diluents in	𝜙	𝐹 𝑇 𝐹 𝑃
	the polymer (comonomer and			
	ICA)			

𝑃 is the pressure (bar) of diluents (comonomer plus ICA). log 𝑘 1.323 304.8 𝑇 , /𝑇 .

TABLE V .

 V POLYMR PROPERTIES stands for instantaneous properties and c for cumulative properties. 𝜑 : molar fraction of reacted comonomer in the co-polymer, 𝜙 : volume fraction of diluent in the polymer (comonomer and ICA), 𝑀 , is the average monomer molecular weight.

	Melt index (g/10 min) [15]	𝑀 kg mol or 𝑀𝐼	111.525 𝑀𝐼 . 111.525/M / .
	Polymer density kg m [16] , [17]	𝜌	966 23.86 100𝜑 . 𝜌 𝜌 𝜏 𝑉 /𝑄
	Instantaneous molecular weight [18]	𝑀 ,	𝑀 ,	, 𝑀 ,		∑ 𝜑 𝑀
	Cumulative molecular weight kg mol [19]		𝑀 ,	𝑀 ,	
	Instantaneous copolymer composition (molar)		𝜑	∑	
	Cumulative copolymer composition (molar)		𝛷	∑	, / , /	,	,
	Mass of polymer per bed volume unit	,	𝑅 𝑀 ,		,	,
	Melt initiation temperature of dry polymer [14]	𝑀𝐼𝑇	0.707𝜌	556.63
	Melt initiation temperature					
	of swollen polymer					

∆ 𝜙 𝜒𝜙

i

TABLE VI .

 VI VALUES OF THE MODEL PARAMETERS. Valid for 7 bars of ethylene, and up to 10 bars of diluent (1-butene plus isobutane)

	𝑀 , kg mol 𝐶 , J mol K 120 Catalyst parameters		0.028 29	
	𝜌	kg m -3		2800	
	115 𝑆	mol m		310 3	
	𝐹 kg s		1.210 -3	
	110 Bed parameters			
	𝑑	m		4.75	
	95 100 105 𝜀 (m 3 m -3 𝑉 m 3 ℎ m 𝐹 kg s 𝑃 bar Temperature (°C) 𝑃 bar Superficial velocity (m s -1 ) 90 𝜏 h (2 nd grade) 𝑅 g g h (2 nd grade) 85 Melt initiation temperature Production tonnes h (2 nd grade) Bed temperature Exchanger parameters 0 20 40 60 80 U W m K A m Time (h) 𝐶 , J kg K 𝑚 kg 𝑚 , kg 𝐹 kg s Thermodynamic model parameters: 𝐴 mol m pol bar K 𝐴 mol m pol bar 𝐵 mol m pol K 𝐵 mol m pol 𝐷 mol m pol bar K 𝐷 mol m pol bar	80	235 0.7 13.3 150 9 7 1.8 6.32 3 7 7 34.4 100 1000 120 64 4180 510 3 200 5600 -0.09 32.89 0.072 108.33 -2.625 1051	Parameter Spontaneous activation [20] 𝑘 , s -1 𝐸 Jmol -1 Spontaneous deactivation 4 𝑘 , s -1 𝐸 J mol -1 Initiation 20 𝑘 , m 3 mol -1 s -1 𝐸 , J mol -1 Spontaneous chain transfer 4 𝑘 , m 3 mol -1 s -1 𝐸 J mol -1 Transfer to hydrogen 20 𝑘 , m 3 mol -1 s -1 𝐸 J mol -1 Transfer to monomer [20] 𝑘 , m 3 mol -1 s -1 𝑘 , m 3 mol -1 s -1 𝑘 , m 3 mol -1 s -1 𝑘 , m 3 mol -1 s -1 𝐸 , J mol -1 Ethylene propagation [4]	Value 7.210 4 33472 7.2 33472 2.910 2 37656 7.2 33472 6.3 33472 0.15 0.43 0.15 0.43 33472
	𝑟 𝐹 m m pol bar K 𝐹 m m pol bar		1.78 -0.0002 0.0803	𝑘 , m 3 mol -1 s -1 [20] 𝐸 J mol -1 Comonomer: 1-Butene	2.4810 4 37656
					Reactivity ratios (-)
					𝑟	𝑘 /𝑘	42.5
					𝑟	𝑘 /𝑘	0.023
					Pre-exponential propagation factor m 3 mol -1 s -1
					𝑘 , 𝑘 ,	5.8210 2 [20] 1.8610 4 [20]
					𝑘 , Comonomer initiation m 3 mol -1 s -1 𝑘 , 𝐸 , J mol -1	4.3710 2 40.7 [20] 37656
					Physical properties
					𝑀 , (kg mol -1 )	0.056
					𝑉 (Å )	73
					𝐶 , (J mol -1 K) ∆𝐻 , (J mol -1 )	104 -12000
					ICA: Isobutane
					𝑀 , (kg mol -1 ) 𝐶 , (J mol -1 K)	0.058 110
					Ethylene parameters
					𝑀 , kg mol -1 𝑇 , (K) J mol K 𝐶 , 𝐶 , J kg K ∆𝐻 , (J mol -1 ) ∆𝐻 𝑉 [21]	0.028 283 46 2 0 0 0 -107 600 8100 38 Å
					𝜒	0.5
					Hydrogen parameters
					kg mol -1 𝑇 , (K) 𝑀 , 𝐶 , J mol K	0.002 33.16 28.8
					Nitrogen parameters
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