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Abstract

New statement of two-stage chemical process stochastic optimization problem with “mixed” constraints, its discrete reformulation and algorithm of its solution has been proposed. All constraints in the proposed statement were divided into two groups: “soft” and “hard”. Validation of the suggested method’s effectiveness for the computation of the valid unit resource capacity coefficients has been done on example of stochastic optimization of cyclic reactor of thin organic synthesis under parameter uncertainty. 
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1. Introduction
One of the relevant problems during the chemical process design and optimization under interval uncertainty of some parameters is the choice of valid unit resource capacity coefficients, which provide for the process flexibility under uncertainty. To solve this problem we have proposed new statement of two-stage chemical process stochastic optimization problem with mixed constraints and its discrete reformulation.

All constraints in the proposed statement were divided into two groups: “soft” and “hard”. Requirements for process running, safety, ecology and quality were included in “hard” constraints. Fulfilling of productivity and some regime requirements were claimed with the given probability (“soft” constraints). In some cases it leads to the decreasing of the necessary unit resource capacity coefficients and consequently to the decreasing of the overall cost of production. When we solve optimization problem with “soft” constraints, usually the most time-consuming task is computation of probability integrals. For that reason the method of solution of stochastic optimization problem with mixed constraints, which allows significantly reducing the number of calls to the integrals computing function, has been developed. Using Monte-Carlo method, probability integrals were computed. It was assumed that variation of uncertain parameters takes place on the given interval in accordance with the normal distribution law. 

2. Case study
The object of the design is a reactor unit for periodic diazotization process of aromatic amines by sodium nitrite in the hydrochloric acid medium (process of thin organic synthesis in the production of azo dyes and pigments). 

For optimal process equipment design it is necessary to define design and regime variables of the cyclic reactor unit to satisfy the process constraints under uncertainty of process and kinetic parameters. 
The main elements of the turbulent and cyclic reactor (Fig. 1) are the vertical tubes 1, heat-exchange jacket 2, tube fender 3 and elliptic covers 4. Before starting the process it is necessary to fill the reactor with the suspension of aromatic amine and hydrochloric acid and turn on the pump 5. Solution of the sodium nitrite is injected into the reactor through the connecting pipe 6 when the concentration of nitrous acid in the reaction mixture becomes lower than 7 mole/m3.
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Vector of design variables d includes number, length and diameter of tubes in the reactor unit and the volume of mixing chambers (elliptic covers), regime variables z – average temperature T in the reactor and distribution of sodium nitrite input 
[image: image60.wmf] 

Most possible reactions of diazotization process
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The following uncertain parameters have been considered: concentration of amine solid phase [Ca(0)]s =370.0(±4%) mole/m3, kinetic coefficient of aromatic amine solid phase dissolution А=5.4·105(±5%), reaction kinetic coefficients (activation energies E04 = 87150(±0.2%) J/mole, E05=63690(±0.2%) J/mole).
The following constraints were considered for the process optimization: process productivity 
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Mathematical model of thin organic synthesis process macro kinetics, conducted in the cyclic reactor, includes systems of nonlinear algebraic and ordinary differential equations. Overall cost criterion has been used for the optimization.

3. Two stage problem of process stochastic optimization with “mixed” constraints 
3.1 Optimization problem. Let us have design parameters 
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Pr - probability, 
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- density of uncertain parameters distribution; 
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- a set of constraints indexes; A – penalty coefficient.
Let us formulate the optimization problem with the “mixed” constraints: the first group contains “hard” constraints with indexes 
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and process system flexibility
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3.2 Algorithm. To solve two stage stochastic optimization problem with “mixed” constraints an algorithm, which allows to compute valid process unit resource capacity coefficients under uncertainty, has been developed.
Step 1. Let k = 0. Select an initial domain of approximation points I1 and initial set of critical points 
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Step 2. If the following constraint
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is violated, create a new set of critical points 
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If the following constraint
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is violated, create a new set of critical points 
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Step 3. Approximate multidimensional integral of the goal function by the quadrature formula and solve the problem
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for the constraints
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Step 4. In the point 
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 compute the probability of “soft” constraints fulfilling using imitation model and check their fulfilling
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Compute 
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If the conditions (6) and (7) are fulfilled, solution is obtained, otherwise go to step 5.
Step 5. Create an additional set of critical points 
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Step 6. Create a new set of critical points 
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The number of stochastic reiterations during the probability calculations has been chosen experimentally and numerical experiments showed that its number can be assumed to equal M = 500.

4. Results
Results of the cyclic reactor optimization are presented in table 1. 
Table 1. Results of the optimization of the cyclic diazotization reactor
	Problem variables and parameters 
	without uncertainty
	with uncertainty

	Design parameters
	
	

	Tube diameter, m
	0,04
	0,04

	Tube length, m
	2,0
	2,0

	Mixing chamber volume, m3
	0,025
	0,025

	Number of tubes, pcs
	12
	12

	Number of cycles, pcs
	61
	65

	Resource capacity coefficient, %
	-
	6,6

	Regime variables
	
	

	Temperature T, К 
	304
	307

	Distribution of sodium nitrite, % γi, i = 1,2,3
	53; 33; 14
	49; 36; 15

	Number of nitrite input cycle, pcs
	0; 6; 27
	0; 8; 28

	Goal function and constituents
	
	

	Total cost С,USD/ton
	2154,8
	2163,5

	Constraints values for nominal values of uncertain parameters
	
	

	Productivity of the reactor Q, ton/year
	1001,1
	1012,0

	Diazocompound output KD, %
	99,1
	99,2

	Amount of diazo rosins in the solution Пχ, %
	0,66
	0,71

	Amount of diazo nitrose gases in the solution Пσ,%
	3,83
	2,16

	Amount of unreacted amine solid phase Пη,%
	0,249
	0,11

	Probability of constraints fulfilling for nominal values of uncertain parameters
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	Value of the flexibility function in the solution point χ1
	-
	-0,0105


Analysis of the results displays that the reactor optimized without taking into account influence of the uncertain parameters can not be used because the probability of constraint on the unreacted amine solid phase is less than 95%.
Taking into account uncertain parameters influences leads to the increase in the number of cycles (plus four cycles in comparison with the problem solution without uncertainty) and total costs rise by 8,7 USD/ton. But in this case all constraints will be fulfilled with the probability no less than ρgiv=0,95. Thus, we can consider the obtained diazotization reactor unit (see Table 1) as flexible for the given intervals of probability.

As compared to optimization results without uncertainty, the number of cycles will be greater and thus, the duration of reaction mixture stay in the unit will increase. For two-stage problem with mixed constraints, unit resource capacity coefficients are 6,6%.
5. Conclusion
The proposed method allowed to obtain a solution of the stochastic optimization problem of cyclic reactor of thin organic synthesis in 2-3 iterations (the number of iterations depends on the number of uncertain parameters and their deviations). Solution of the suggested two-stage stochastic optimization problem allows evaluating energy loss (caused by “hard” fulfillment of constraints under conditions of uncertain variations of internal and external factors) and improving the goal function value due to the probabilistic requirement for the fulfillment of certain constraints.
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Figure 1. Cyclic reactor
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