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An objective in pharmaceutical crystallization is to control crystal size distribution (CSD), to 

improve process efficiency and product quality. An effective way to improve the control of CSD 

is through combining continuous seeding and growth with concentration control [1]. One well-

studied approach for continuous seeding is to combine solution and anti-solvent streams in a 

dual-impinging-jet (DIJ) mixer (e.g., [1]–[3]). Rather than anti-solvent crystallization as 

commonly used, this DIJ mixer combines hot and cold saturated solutions to generate small 

uniform seed crystals [4], which appears to be the first time a cooling DIJ nucleation has been 

reported. The product crystals were less than 10 microns in length, placing them in the correct 

size range for direct application in inhalers [5].  

Theoretically, if the mixing was perfect (that is, concentration and temperature were completely 

mixed at the molecular scale in the mixer), the average supersaturation level would be too low to 

nucleate crystals in a cooling DIJ mixer. The surprising result of nucleating crystals by 

combining hot and cold saturated solutions in a DIJ mixer motivated the theoretical analysis of 

the system, which showed that nucleation was enabled by the much faster energy transfer than 

mass transfer rates near the interface. This difference in rates enabled the temperature of the hot 

solution to drop to approximately the average temperature of the two solutions before its solution 

concentration had significantly changed, resulting in a supersaturation sufficiently high to 

nucleate crystals. 

The theoretical analysis is supported with process simulations. The two-dimensional energy and 

molar balances are solved using COMSOL input with an analytical solution for the velocity field, 

to generate spatial distributions of temperature, concentration, and supersaturation near the hot-

cold interface within a cooling DIJ mixer. In the most important spatial region of importance for 

characterization of nucleation, the two-dimensional fields are shown to be very close to 

analytical solutions derived from a one-dimensional approximation of the energy and molar 

balances. This simplification applied the derivation of design criteria to facilitate quick 

assessment of whether any particular pharmaceutical-solute combination will nucleate crystals in 

a cooling DIJ mixer, based on the physicochemical properties. These criteria could save time and 

material by avoiding or reducing trial-and-error experiments, which is helpful at the early stage 

of pharmaceutical process development. The process simulations are then expanded to include 

the full solution of the spatially-varying population balance model [1] to calculate the crystal size 

distributions throughout the spatial domain. The mathematical models and methodologies are 

validated for the crystallization of L-asparagine monohydrate (LAM) in aqueous solution.  
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