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Abstract

There is a need for a more synthesis-focused design approach for industrial crystallizers. In this paper a new task based design approach is applied to design a crystallization process unit. The approach aims to conceptually build-up the crystallization process from fundamental building blocks called physical tasks. Two lines of research are followed. First of all, the design and key results of several small scale experiments are discussed which demonstrate practical feasibility of the concept by isolating single tasks. Secondly, a model of a task based crystallizer consisting of two compartments has been developed. A dynamic optimization of the model shows that tight specifications on product quality can be achieved, because it is possible to control tasks independently from each other. This increase in flexibility for design and operation is of significant value for the development of future crystallizers. 
Keywords: Crystallization, Process synthesis, Task based design, Process optimization.

1. Introduction
Crystallization is one of the oldest and economically most important separation technologies in chemical industry. The design of crystallization processes is complicated compared to liquid processes, because besides purity also properties like shape, polymorphic form and size distribution have to be taken into account. The selection of crystallisation equipment is traditionally done from a limited number of state-of-art industrial crystallizers followed by optimization of that particular type of equipment. This reduces the design space and creative input of a designer. This contribution discusses the application of a novel approach for the conceptual design of crystallization process units, which is called a task based design approach [1]. The aim of the work is twofold. Small scale experiments illustrate that by combining several technologies the task based design approach can be realized in practice. Secondly, a model based optimization study aims to illustrate the increase in flexibility for design and operation.
2. Task based design approach

Current industrial crystallizers facilitate many physical phenomena. The control over each of these individual physical phenomena is not possible because in present industrial crystallizers these phenomena are strongly entangled. To improve on these drawbacks a more functionally-driven design approach is proposed called task-based design [1]. In the task-based design approach an attempt is made to conceptually construct the crystallization process from fundamental building blocks called physical tasks. A task is a design concept indicating a preferred change in the state of matter to a target state, to be effected by means of a physical or chemical event under a specified range of operating conditions and kinetics. The concept shows similarities with the state task network as was introduced by Kondili et. al [2] for process scheduling. Tasks can be connected in a network to accomplish the complete transition of a given feed into a desired product. The aim is to generate alternative ways of structuring the tasks, leading to a task superstructure that contains all possible and relevant tasks and their interconnectivity. Optimization of the task superstructure can be realized based on product quality, throughput or economic evaluation of the process and can be dependent on design constraints. The task based design approach is more flexible than traditional design approaches and allows for the optimization of individual crystallisation tasks. In this way a larger solution space is created which is needed to improve product quality. 
3. Experimental isolation of single crystallization tasks

One of the key challenges of the development of a task based design approach for crystallization processes is the ability to control crystallization tasks independently from each other, which makes optimization of that particular task possible. To demonstrate the practical feasibility of the approach an experimental program has been designed and conducted. The objectives of the experimental work are as follows:
1. Minimize attrition as it competes with growth

2. Keep supersaturation below nucleation threshold to isolate crystal growth

3. Evaluate technology which can induce nucleation at low supersaturation

The next three sections discuss experiments which are each dedicated to one of these objectives. The focus will be on the design of the experiments and key results.  
3.1. Experimental isolation of  task crystal growth by minimizing attrition
The setup that was selected to minimize attrition consists of a bubble column in which supersaturation is created by simultaneous cooling and evaporation of the solvent by sparging air. The crystals are kept in suspension by the upward velocity of the bubbles, eliminating the need for a stirrer or a circulation pump. In this way attrition caused by crystal-impeller collisions is absent. Seeded batch experiments on lab-scale show the feasibility of the concept by comparing the growth of a seeded population with so-called ideal growth behaviour. Ideal growth behaviour means that the number of crystals stays constant during the batch. In that case the final product size reaches a maximum, which can be estimated by setting up a mass balance over the seed population [3]. The results from the bubble column show a different trend compared to agitated crystallizers. In particular it can be said that the results are much closer to ideal growth behaviour, which means that the number of crystals stay constant during the batch and attrition is indeed minimized [4].
3.2. Experimental isolation of task Supersaturation Generation with membranes

The second objective of the experimental work is related to tight control of supersaturation at any place in a future crystallizer to prevent spontaneous nucleation bursts and to maximize crystal growth. Membranes offer an interesting opportunity to control supersaturation gradients in new crystallizer designs as a designer can move a boiling zone to any desired place. Furthermore additional process actuators are available by changing the conditions around a membrane, for example pressure or osmotic pressure at the permeate side in case of reverse osmosis. An experimental setup has been constructed and tested to assess the potential application of membranes for crystallization processes (Figure 1). 
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	Figure 1: Process flow diagram setup combining crystallization and membranes
	Figure 2: Measured flux for four successive experiments 


It is concluded that a stable flux of approximately 2.5 kg m-2 h-1 can be achieved (Figure 2). This value will be an important input for the optimization studies of the design of a task based crystallizer in the next section.
3.3. Experimental isolation of task nucleation by using ultrasound

Ultrasound is an interesting tool to induce nucleation at low supersaturation in a controlled way. It can be used to produce a large amount of nuclei with a narrow mono-dispersed distribution by applying pressure as a driving force [5]. An ultrasound generator is placed inside a supersaturated solution. An Ultrasonic field is applied for 2 minutes at various power inputs. The supersaturation is low to avoid spontaneous nucleation. The objective of the experiments is to evaluate the reproducibility of the production of nuclei and to relate the power output to the number of nuclei produced. During each experiment crystals were observed approximately one minute after insonation. It is concluded that nuclei can be generated at low supersaturation with a nucleation rate that is constant and not very sensitive for power input (Figure 3). The value of the nucleation rate will be used in the optimization studies.
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	Figure 3: Measured number of crystals as function of ultrasonic power input.
	Figure 4: compartmental structure task based crystallizer


4. Modeling and optimization of a task based crystallizer

The experiments described in the previous chapter aim to demonstrate that the task based design approach is practically a feasible approach. Single crystallization tasks can be isolated, which makes optimization of that particular task possible. Combination of the technologies allows for the construction of a task based crystallizer in which each of the tasks can be controlled independently from each other. In this chapter an example of such a crystallizer is modeled and optimized. 

4.1. Modeling of a task based crystallizer

A schematic drawing of the modeled system is given in figure 4. It involves a compartment with gas, liquid and solid phase which is used to grow crystals with negligible attrition. From this compartment a clear solution is taken which is fed to a second compartment which contains a membrane surface which is used to selectively remove solvent. Ultrasound can be applied within the GLS compartment to produce nuclei also at low supersaturation and with a constant rate. The system is operated in batch mode. The model will be used in an inverse problem and there exists a large difference in order of magnitude between the values of the moments of the crystal size distribution. Therefore special attention has been paid to proper scaling and simplification of the model. Therefore, instead of the full population balance the moments of the distribution are used, which yields a set of ordinary differential equations. The equations of the GLS compartment are written into dimensionless form to obtain a better scaled model. The component mass balance for the GLS compartment and the total mass and component balance for the ML compartment complete the model. This yields the following set of equations, where x0, .., x4 represent the scaled moments, y is the dimensionless solute concentration, ε is the liquid fraction and θ is the dimensionless time.   
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Where α represents the scaled nucleation rate, β a growth rate constant, c0 and c* a reference and saturated concentration respectively,  γ is a dimensionless crystal density:
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The dimensionless state variables are defined as follows:
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4.2. Base case simulation
The model of the task based crystallizer having two compartments has been implemented in gPROMS Modelbuilder 3.0.0. (PSE Enterprise, London). A base case simulation has been done with the settings as given in Table 1. The initial values correspond in both vessels to a clear saturated liquid.
Table 1. Fixing degrees of freedom for base case simulation
	Parameter
	Value
	Unit
	Physical meaning

	VML(t = 0)
	0.005
	m3
	Volume ML compartment

	VGLS
	0.005
	m3
	Volume GLS compartment

	J
	2.5
	kg m-2 h-1
	Mass flux from experiments (Figure 2)

	Am
	0.192
	m2
	Membrane surface area

	B
	3.5.108
	# m-3 s-1
	Maximum nucleation rate (Figure 3)

	TGLS
	298
	K
	Temperature GLS compartment

	TML
	323
	K
	Temperature ML compartment

	μU
	0.2 (t < 500 s)

0.0 (t > 500s) 
	-
	20% of the reactor is insonated for 500s

	φ
	0.6
	l min-1
	Flow rate between compartments

	kG
	6.0.10-9
	m4 s-1 kg-1
	-


The results of the base case simulation are depicted in Figure 5 and 6. It can be seen that crystals with a mean size of 265 μm can be produced with a solid fraction of 27%. The supersaturation and growth rate show a peak in the beginning which can be explained by the supersaturation build up from the increasing concentration in the ML compartment and supersaturation consumption by the increasing crystal surface area. 
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	Figure 5: Growth rate and liquid fraction in GLS compartment for the base case
	Figure 6: Mean size and Supersaturation in GLS compartment for the base case


4.3. Model based optimization of a task based crystallizer
The base case simulation can be optimized by introducing an objective function and by adding constraints to the model. The objective function of the dynamic optimization is the crystal mean size (m4/m3). The following constraints are subject to the simulation in addition to those indicating limits of the physical possible domain:

· G = kg(C – C*)
< 15.10-9 m s-1
(maximum growth rate, minimize defects)

· CML 

< 592 kg m-3 
(prevent scaling on membrane surface)

· ε(t = tend) 
= 0.75 

(minimum liquid fraction)

The manipulated variables for the optimization are the mass flux over the membrane (J) and the ultrasound utilization (ηU). Figure 7 shows the optimal trajectories of the manipulated variables. The results illustrate the strength of the task based design approach. In this case a very tight constraint on the growth rate has been imposed. It can be seen how both the flux and the utilization of ultrasound work together to maximize the crystal mean size. In the initial phase the ultrasound and flux are both high to create quickly a crystal population that can consume supersaturation and push the growth rate to its constraint (Figure 8). As the growth rate approaches the constraint the flux drops to reduce the supersaturation. At this point the utilization of ultrasound is still high to increase the surface area in the GLS compartment. As the crystals start to grow and consume more supersaturation, the flux can increase and the utilization of ultrasound can decrease to create less nuclei and therefore increase the mean size. Note that the total amount of solvent that has to be removed, which is proportional to the surface below the flux, is fixed because there is a constraint on the production. The flux therefore only has limited flexibility to force the growth rate below the constraint. It is   possible to achieve the constraint on product quality, because now we are able to manipulate the task nucleation in addition to the task supersaturation generation. It should be noted that all the degrees of freedom are not explored yet, but already for this simple case a significant improvement in flexibility for design and operation is found.  
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	Figure 7: Flux and insonation fraction  maximizing mean size (only first 4 hours)
	Figure 8: Mean size (objective function) and growth rate (limiting constraint). 


5. Conclusions
In this paper a task based design approach is applied for the design of crystallization process units. The task based design approach considers fundamental crystallization tasks as building blocks for design. An experimental program and equipment have been identified which allows for the isolation of single crystallization tasks. It shows that the task based design approach is practically feasible. The experimental results are input for modeling and optimization of the design of a task based crystallizer, which consists of two compartments with different thermodynamic phases. A compartment in which the task crystal growth and nucleation are executed is connected to a compartment in which the task supersaturation generation can be executed. A dynamic optimization study shows that tight constraints on product quality can be achieved, because tasks can be controlled independently from each other. It allows for the design of novel crystallization equipment with improved flexiblity to manipulate product quality. 
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