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Abstract 6 

This work is concerned with the effect of ultrasound on mixing and consequently on crystallization in 7 

millifluidic channels. An ultrasonic horn with frequency of 20 kHz was placed inside a vessel with a 8 

well-defined geometry containing a single capillary tube with internal diameter (I.D.) of 1.55 or 3.2 9 

mm operated with a fluid flow rate between 1 and 17.6 ml/min. This system was employed to 10 

produce crystals of adipic acid in the range of 15-35 µm. The effect of ultrasound on flow patterns, 11 

residence time distribution (RTD) and cooling crystallization were investigated experimentally and 12 

numerically. Simulations of acoustic and velocity fields inside the millichannel acting as crystallizer 13 

allowed characterizing the acoustic streaming generated within it. In the large capillary, especially at 14 

small flow rates, acoustic streaming influenced the flow field, inducing vortices and leading to 15 

significant changes in RTD. Conversely, in the small capillary, ultrasound affected the flow field and 16 

the RTD negligibly, and a laminar velocity profile with straight streamlines was obtained. As a 17 

consequence, different crystallization behaviours were observed in the two capillaries; in particular, 18 

while the mean crystal size increased with the sonication residence time in the 1.55 mm I.D. 19 

capillary, it decreased in the 3.2 mm I.D. capillary. This difference highlights the importance of 20 

considering acoustic streaming when designing sonocrystallizers. 21 

1. Introduction 22 

Crystallization is an established process for purification of compounds in a mixture based on their 23 

solubility. The conditions at which a crystallizer is operated can affect the size and shape of crystals, 24 

the resulting yield and the type of polymorphous form obtained, which, in turn, affect the degree of 25 

crystallinity of the end product and influence its physical and chemical stability. Furthermore, the 26 

bioavailability of a pharmaceutical compound is also affected by the morphology and crystal size 27 

distribution (CSD). To achieve the required product quality, industrial manufacturers introduce 28 

additional processing steps, thus increasing the cost of production. Currently, crystalline products 29 
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are manufactured in batch mode using standard stirred tank reactors, with seeding as a means of 1 

controlling the crystallization process. Nevertheless, the nonuniform spatial distribution of process 2 

parameters, such as temperature and concentration, leads to heterogeneous conditions in stirred 3 

tank crystallizers. This, in turn, has a negative impact on the CSD. A number of post-crystallization 4 

processes, such as milling or granulation, are currently employed to reduce the CSD width. Being 5 

able to develop crystallization processes that are controllable and can lead to narrow CSDs is 6 

therefore one of the main challenges for the pharmaceutical industry. 7 

The bulk of current engineering research on crystallization focuses on developing alternatives to the 8 

industrial practice by using established intensification and process control techniques. Moving from 9 

batch to continuous operations presents the benefit of having time-independent temperature and 10 

concentration profiles, which leads to products with more stable and reproducible characteristics 11 

and avoids the issue of inconsistent batch-to-batch output [1,2]. Microfluidic devices offer enhanced 12 

mass and heat transfer owing to high surface-to-volume ratio. Comparatively uniform temperature 13 

and concentration distributions, as well as enhanced control and reproducibility, are widely reported 14 

in the literature on continuous microfluidic devices [3,4]. However, in a continuous crystallizer issues 15 

arise due to encrustation and accumulation of crystals over time, which is particularly problematic at 16 

the microscale [5,6]. 17 

Ultrasound is a process intensification tool that may significantly improve the crystallization process 18 

in terms of controllability, product quality and production rate [7]. Application of ultrasound in the 19 

chemical industry is widespread in fields like sonochemistry, sonoemulsification, ultrasonic cleaning 20 

and others [8,9]. In chemical syntheses, ultrasound has been commonly utilized to accelerate 21 

reaction kinetics and even develop new synthetic pathways [10]. In the context of crystallization, the 22 

use of ultrasound is referred to as sonocrystallization, and ultrasound has been proven to positively 23 

influence the kinetics of the various processes involved in the crystal production (in particular the 24 

nucleation process), which has several potential benefits [11–14]: 25 

• The enhancement of nucleation kinetics can render seeding unnecessary, thereby eliminating a 26 

processing step [2]. 27 

• The enhancement of nucleation kinetics leads to the reduction of the metastable zone width; this 28 

permits reducing operational costs (e.g. cooling load, antisolvent consumption etc.) and shortening 29 

induction times (time, at a given supersaturation, after which crystals become detectable) [2,15]. 30 

• The enhancement of growth kinetics leads to faster growth of crystals, which allows reducing the 31 

volume of the crystallizer required to obtain crystals of a given mean size [7]. 32 
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Continuous sonocrystallization has been investigated by several research groups. Their work has 1 

clearly revealed the potential of this technology, but also the complexity of the process. Ultrasound 2 

has been used both to enhance crystallization kinetics in Mixed Suspension Mixed Product Removal 3 

(MSMPR) crystallizers [16] and, more commonly, as a method for generating seeds in tubular 4 

crystallizers [4,17,18]. For the latter, ultrasound has been employed to induce nucleation at lower 5 

supersaturation levels (but, usually, nuclei are grown in the absence of ultrasound). Such approach is 6 

common when in-situ generation of seeds is required; however, the main focus of these studies was 7 

the downstream process for the investigation of crystal growth after the sononucleation stage 8 

[4,12,17,19]. For example, Eder et al. [19] combined ultrasound with other techniques, like Taylor 9 

flow and crystal healing (dissolution of smaller crystals to narrow the CSD), to enhance crystal size 10 

control; Siddique et al. [20] used sonication to generate seeds which were fed to oscillatory baffled 11 

reactors. Since in these studies the focus was not on ultrasound, the generated seeds were 12 

characterized experimentally, and an investigation of the acoustic field was not conducted. In other 13 

studies, the sonicated regions were carefully designed to understand and improve the seeding 14 

process [21,22]. In these works, the effects of ultrasound on nucleation temperature, crystal 15 

morphology and/or crystallization yield were of interest, and greater control over the acoustic field 16 

was achieved. Investigating the effects of cavitation on crystallization was the goal of these efforts. 17 

Until now, the effects of acoustic streaming on crystallization in continuous-flow systems have been 18 

overlooked in the literature. This is the focus of the present work. 19 

The propagation of sound waves in a liquid medium generates an oscillatory pressure field which 20 

affects the fluid via two mechanisms: cavitation and acoustic streaming. Cavitation can originate 21 

when a pressure wave passing through a liquid creates voids that may collapse in the compression 22 

phase of the pressure oscillation. This, however, requires that the pressure amplitude exceed the 23 

tensile strength of the pure liquid, which is the lowest negative pressure the liquid can sustain 24 

without homogeneous nucleation of a cavity. For water, this value is suggested to be -100 MPa [23] 25 

or -27 MPa [24] according to theory and measurements, respectively. These values are well below 26 

the negative acoustic pressure (a few bars) that can be reached in the system employed in this work. 27 

Cavitation bubbles can also originate from existing gas pockets (bubble nuclei), stabilized in the 28 

liquid or trapped in the crevices on the tube walls; this is referred to as gas bubble cavitation. The 29 

cavitation activity in our system is essentially due to the latter. The oscillatory pressure field acts on 30 

the bubble nuclei present in the liquid; the bubbles grow and shrink during the negative and positive 31 

pressure periods, respectively. Two phenomena can occur as a result of bubble volume variation: 32 

stable cavitation and inertial/transient cavitation. In the former, the bubble volume increases and 33 

decreases with the acoustic pressure in a periodic fashion, and the minimum and maximum values 34 
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of the bubble volume are nearly constant, the pulsation being cyclical. In the latter, the extreme 1 

values of the bubble volume are not constant; the bubble grows in size over time, until reaching a 2 

critical volume at which it implodes. When this happens, the fluid within the bubble briefly reaches 3 

extreme conditions (up to 5000 K and 1000 bar for a time interval of about 0.01 to 0.1 nanoseconds) 4 

[25–27] and releases a powerful shock wave. During the collapse of a bubble, the flow field around it 5 

is affected; this phenomenon is referred to as microjetting. 6 

Viscous attenuation of an acoustic wave travelling though the fluid results in a time-averaged motion 7 

in the fluid that is called acoustic streaming [28]. Note that this motion is different from the Stokes 8 

drift caused by the sound wave propagation and the microjets in the fluid generated by the shock 9 

waves occurring during inertial bubble collapse [29]. The streaming flows can manifest in two types: 10 

boundary layer driven streaming (vortices are formed near the boundaries of the fluid domain) and 11 

Eckart streaming (vortices are formed in the bulk flow). The former prevails in milli- and microfluidic 12 

devices only at high frequencies (1 to 5 MHz), because it arises due to high energy dissipation in the 13 

boundary layer of a fluid along solid boundaries; such energy dissipation does not occur in the 14 

system investigated in this study, since the wavelength is much larger than the thickness of the 15 

boundary layer. The exact threshold value for the channel size at which boundary layer streaming is 16 

observed must be determined based on frequency and fluid properties [30]. It is commonly accepted 17 

that if the characteristic length of the channel is larger than a quarter of the wavelength then 18 

boundary layer streaming can occur. In general, for the frequencies used in sonocrystallization and 19 

sonochemistry (up to 200 kHz), the channel dimensions should be of the order of 10 cm or higher for 20 

boundary layer streaming to be significant. In the present study, at a frequency of 20 kHz, a quarter 21 

of the wavelength in water is  2 cm. This is an order of magnitude larger than the diameter of the 22 

largest channel considered (3.2 mm); therefore, boundary layer streaming is not expected to occur. 23 

On the other hand, Eckart streaming arises owing to dissipation of energy in the bulk of the fluid. 24 

The loss of acoustic energy results in a steady momentum flux that forms streaming of fluid along 25 

the direction of the sound wave [31]. In the majority of conventional applications, the momentum 26 

flux induced by ultrasound affects negligibly the (already existing) fluid velocity field, unless the 27 

sound pressure amplitude is unconventionally high and the fluid moves slowly. On the other hand, in 28 

lab-scale setups where the flow characteristic length is small (mm to cm), the streaming created by 29 

ultrasound can play a role in altering the flow field. Various numerical and experimental studies 30 

were conducted to investigate the effect of acoustic streaming on the flow in milli-scale setups. For 31 

example, Wiklund et al. [31] demonstrated experimentally that Eckart streaming vortices can have a 32 

representative velocity scale larger than that characterizing the velocity of the bulk flow. They 33 

conducted experiments in a channel with square cross section whose size ( 2 mm) is quite similar to 34 
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the capillary sizes in our study. Other studies investigated and characterized acoustic streaming of all 1 

origins (boundary layer as well as Eckart streaming); these are summarised in various recent reviews 2 

on the topic [30,32,33]. Nonetheless, owing to the geometry-specific behaviour that fluids have in 3 

the presence of ultrasound, these studies hold little relevance to our work. 4 

This work focuses on investigating the effects of acoustic streaming on the hydrodynamic behaviour 5 

of a milliscale crystallizer and is divided into four sections. Section 2 presents the experimental 6 

system and outlines the methodology adopted to characterize sonocrystallization and measure the 7 

residence time distribution in the channels. Section 3 shows the modelling approaches we adopted 8 

to characterize the ultrasound wave, flow field (including acoustic streaming) and RTDs. Section 4 9 

discusses the results of the numerical model. Section 5 presents experimental results which show 10 

the effect of ultrasound, and specifically of acoustic streaming, on mixing and crystallization; these 11 

experimental results are also used to validate the predictions of the model. 12 

2. Experimental Section 13 

2.1 Materials 14 

Adipic acid (hexanedioic acid, (CH2)4(COOH)2, >        pure, Sigma-Aldrich, UK) was the crystallizing 15 

substance selected for this research work. It was used as received without further purification. The 16 

adipic acid solution was made using deionized water (conductivity < 0.2 µS/cm) as solvent. The solid 17 

density of adipic acid at       is           . The solubility of adipic acid in water at various 18 

temperatures was determined from the solubility curve reported [34]. Adipic acid was also selected 19 

due to the absence of polymorphism, which simplifies the analysis of the impact of ultrasound on 20 

crystallization. 21 

2.2 Experimental System and Procedure 22 

2.2.1 Millifluidic Sonocrystallization Experiments 23 

Figure 1 shows the schematic of the capillary sonocrystallizer adopted in this work. The feed solution 24 

was prepared by dissolving a controlled amount of adipic acid in distilled water to achieve a 25 

concentration of 2.12 g of AA per 100 g of water; this is the saturation concentration at room 26 

temperature (     ). Dissolution took place at        while the mixture was mixed with a magnetic 27 

stirrer. After all crystals were dissolved, the feed vessel was removed from the hotplate and kept at 28 

room temperature for the duration of the experiments. The feed solution temperature was always 29 

above      , ensuring that the solution was undersaturated and no nuclei were present in the feed 30 

vessel. A syringe pump (Mitos Duo XS-Pump, Dolomite, UK) was used to pump the adipic acid 31 

solution from the feed vessel into the pre-cooling section (Figure 2A), where the solution was cooled 32 
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to       (at this temperature, the solubility of adipic acid is 1 g of AA per 100 g of water) to reach a 1 

supersaturation ratio of 2.12 (this is defined as the ratio of the solute concentration to the solubility 2 

at the temperature considered). The pre-cooling section was a two-pass heat exchanger which 3 

consisted of a 4cmx4cmx20cm Perspex chamber in which the cooling fluid flowed, a coiled capillary 4 

tube made of FEP (fluorinated ethylenepropylene, 1.55 mm or 3.2 mm internal diameter, 0.8 mm 5 

wall thickness, BOLA) in which the adipic acid solution flowed, and an annular “tube holder” (a 3D 6 

printed structure which directed the flow of cooling water and held the capillary tube). The cooling 7 

water was pumped using a cooling water recirculator (Huber, Ministat 125) at the flow rate of 6-7 8 

l/min, which was sufficient to ensure that the cooling water temperature did not change throughout 9 

the system. The time that the supersaturated solution spent in the pre-cooling section was 10 

minimized by changing the length of capillary tube in this section to avoid formation of nuclei prior 11 

to sonication while still ensuring that the desired outlet temperature of 10    was reached. The pre-12 

cooling section was connected to the sonication section by a PTFE nut and ferrules; the distance 13 

between the two was kept to a minimum to reduce heat transfer with the environment. 14 

 15 

Figure 1. Schematic of the capillary sonocrystallizer setup. 16 
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 1 

Figure 2. Pictures of A) pre-cooling section and B) sonication section 2 

The sonication section (Figure 2B) consisted of a straight capillary tube placed horizontally inside a 3 

large chamber in which cooling water flowed. This chamber acted as cooling jacket, counteracting 4 

the heating produced by ultrasound (owing to dissipation of acoustic energy). The solution was 5 

maintained at constant temperature along the capillary. An ultrasound horn (Cole-Parmer, 750 W 6 

Ultrasonic Processor with ½ in. flat tip, frequency 20 kHz, amplitude 21%) was placed inside the 7 

chamber containing the cooling water at a controlled distance away from the capillary. This reduced 8 

the heating effect from the ultrasonic source. To keep the capillary horizontal, two threads were 9 

made in the centre of the container lateral walls, and the capillary was tightened between two 10 

opposite male nuts. To verify that the temperature inside the capillary was constant, a thin 11 

thermocouple probe was inserted into the capillary from the outlet and moved upstream until the 12 

tip of the thermocouple probe was located under the centre of the ultrasonic horn. The temperature 13 

was measured using deionised water before the crystallization experiments were conducted (the 14 

thermocouple was removed before the solution of adipic acid was introduced into the system). We 15 

found that heating due to sound energy dissipation within the liquid was counterbalanced by the 16 

heat taken away by the cooling water, so that the liquid inside the capillary tube remained at a 17 

constant temperature of           . The sonoprobe was aligned with the capillary (see Figures 1 18 

and 2) and the distance between them was kept constant. For both capillary tubes used, the 19 

distance between the centreline of the capillary and the sonoprobe was kept at 2.8 mm (± 0.05 mm) 20 

A) 

B) 
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in order to ensure that the acoustic pressure distributions were similar in the two capillary tubes. A 1 

horn with frequency of 20 kHz was selected to ensure presence of cavitation activity, while still 2 

enabling to investigate acoustic streaming. Even if at higher frequencies acoustic streaming is more 3 

significant, increasing the frequency to values with far more pronounced streaming effects would 4 

result in a considerable reduction (and possible entire loss) of the effect of ultrasound on nucleation 5 

(via cavitation), because the cavitation activity decreases as the frequency of ultrasound increases. 6 

This is why frequencies above 200 kHz are rarely used for applications in which cavitation plays a 7 

crucial role, as in sonocrystallizers. For this reason, we did not consider wave frequencies higher 8 

than 20 kHz. 9 

Crystals were filtered as soon as they left the sonication section using a        Whatman cellulose 10 

nitrate membrane. The membrane was dried for        on a hot plate at      and weighed to 11 

determine the mass of the crystals collected. After 10 min, we observed that the filter paper weight 12 

did not change with time, which indicates that all water had evaporated. The following equation was 13 

employed to calculate the yield of the process: 14 

   
        

                       

                  
 

 

where   represents the percentage of the mass of adipic acid crystallized,          is the mass of 15 

adipic acid filtered,     is the inlet concentration of adipic acid,    is the saturation concentration of 16 

adipic acid at the temperature inside the crystallizer,    is the volumetric flow rate and             is 17 

the collection time. The crystal yield   was determined over a           collection time. 18 

The crystals were subsequently suspended in vegetable oil - in which adipic acid is insoluble - and 19 

homogeneously dispersed using a low power ultrasonic water bath for 35 min. The power of the 20 

ultrasonic bath was 50 W. However, only a fraction of this power reached the sample, due to the low 21 

volume of the sampling vial (5-10 ml) containing the vegetable oil/crystal suspension compared to 22 

the volume (2 l) of the ultrasonic bath. Cavitation was not expected in the vegetable oil owing to the 23 

low bubble nuclei volume fraction (air is insoluble in oil) and the high cavitation threshold in 24 

vegetable oil (owing to high surface tension and viscosity). This slurry was used to determine the 25 

crystal size distribution with a Beckman Coulter LS13320 single wavelength laser diffraction particle 26 

size analyser. To check the reproducibility of the experiments, each single experiment was repeated 27 

6-18 times. At each repeat, one sample was collected; subsequently the system was cleaned with 28 

deionized water to ensure no crystals remained in the capillary before the next repeat. The yield for 29 

each sample was measured once and the CSD for each sample was measured three times and 30 

averaged. The mean diameter      (defined as the ratio of the fourth to the third moments of the 31 
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CSD) was calculated from each distribution and regarded as representative of the mean crystal size 1 

for that distribution. For each case considered, we report the average value of all the repeats and 2 

the error bar (plus/minus one standard deviation of the experimental values about the average; this 3 

is not to be confused with the standard deviation of the crystal size distribution). 4 

2.2.2. Residence Time Distribution Measurements 5 

As outlined in the introduction, mixing owing to acoustic streaming can occur in the presence of 6 

ultrasound, thus affecting the crystallization process. In order to characterize the extent of mixing, 7 

the residence time distribution (RTD) of the sonication section was measured. The precooling 8 

section was removed during the RTD measurements, because only the mixing under the sonoprobe 9 

was of interest, given that crystallization occurred there. 100 ml SGE glass syringes were filled with 10 

carrier fluid (deionized water) and tracer fluid (aqueous solution of Basic Blue 3, Dye content 25%, 11 

Sigma-Aldrich). A solution of adipic acid in water has similar physical properties to deionized water 12 

and so there was no need to use adipic acid solutions for RTD measurements. It was assumed that 13 

crystals have negligible effect on the RTD on account of their small size and low volume fraction. 14 

Based on the crystal yield values, the volume fraction of crystals in the solution was estimated to be 15 

between 0.001 and 0.005. Therefore, the fluid-crystal suspensions were extremely dilute. Thus, 16 

direct interactions between particles (collisions and/or frictional contacts) were unlikely to be 17 

present. Moreover, the size of the crystals and possible aggregates was small enough so that they 18 

followed the streamlines of the fluid. This can be verified by calculating the Stokes number for the 19 

crystals and the aggregates. This number is defined as the ratio between the relaxation time of the 20 

particles (the time that the particles require to reach local dynamical equilibrium) and the time scale 21 

of the flow. The Stokes number of individual crystals (with a typical size of 20 µm) had an order of 22 

magnitude of 10-3. The largest clusters of crystals we observed under the microscope were of about 23 

100 µm, for which the Stokes number was still well below 10-1. Therefore, we could assume that 24 

crystals and aggregates relax rapidly in the flow and follow the streamlines without altering the flow 25 

field of the continuous phase. 26 

The syringes were mounted on a dual syringe rack attached to a pump (Harvard Apparatus PHD 27 

2000). The two fluids were simultaneously pumped to a six-way injection HPLC valve (M-461, IDEX) 28 

that allowed switching between the tracer and the carrier fluid flowing within the tube. One fluid 29 

was disposed of as waste, while the other was fed to the capillary tube in the sonication section. 30 

Initially the carrier fluid flowed through the channel. At a time t0, the feed was abruptly switched to 31 

tracer fluid, generating a step change in tracer concentration. At the tube outlet, an optical fibre, 32 

connected to a light source (Ocean Optics DH-2000-BAL), shone light through the capillary tube, 33 
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which passed through a flow cell (see schematic in the Supplementary Information). The light that 1 

passed through the fluid reached, via optical fibres, a spectrophotometer (Ocean Optics 2 

USB2000+UV-Vis-ES) whereby the light intensity was measured at small regular time intervals (10-25 3 

ms). The RTD curve was then obtained by analysing the absorbance data according to the equation: 4 

     
 

  
 
          

         
  

 

  
  

    

    
               

where   is the RTD curve,         is the concentration of tracer (Blue Dye),           is the initial 5 

concentration of tracer and   is the absorbance. It must be noted that equation 2.2 only applies 6 

when the concentration is directly proportional to the absrobance, which was proven to be the case 7 

for this dye and capillary in our prior work [27]. 8 

3. Theory 9 

3.1 Acoustic Streaming Modelling 10 

The propagation of small amplitude pressure waves in a fluid was described by the homogeneous 11 

wave equation [35]: 12 

        

   
                          

where   is the acoustic pressure,   is the speed of sound in the fluid,   is the spatial position vector 13 

and   is the time. If one assumes that the acoustic wave is a sinusoidal function of time, determining 14 

the field        reduces to calculating the spatial distribution of the amplitude of the pressure wave, 15 

which we denote as     . This is governed by the following partial differential equation, referred to 16 

as frequency-domain wave equation [36]: 17 

                          

Here         is the wavenumber and   is the angular frequency of the wave. Conventionally, one 18 

would solve this equation for the liquid phase. In the presence of cavitation bubbles, the ultrasound 19 

wave attenuation is significant and must be accounted for. To this end, we considered the linear 20 

model suggested by Commander and Prosperetti [37], where a complex wavenumber    replaces    21 

  
   

 

 
 
 

   
        

  
         

            

Here    is the size of the initial bubble nuclei (assumed to be monodispersed air bubbles) present in 22 

the liquid,   is the damping coefficient of the wave,    is the bubble resonance frequency and    is 23 
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the bubble number density (i.e., number of bubbles per unit volume). Measuring    and    is 1 

difficult; in contrast, the volume fraction of bubbles   (i.e., volume of bubbles per unit volume of 2 

solution) is a measurable quantity, equal to (       
   . Selecting a typical value of        for   3 

[37] and taking          [38], the corresponding value of    is             . The bubble 4 

population was assumed to be uniformly distributed in space. These bubbles dampen the acoustic 5 

wave owing to viscous, thermal and acoustic phenomena. This effect was accounted for via the 6 

damping coefficient  , which is given by: 7 

  
  

   
  

  

     
       

    

  
            

where   and   are the viscosity and density of the fluid, respectively, and    is the undisturbed fluid 8 

pressure in the bubble position, which is higher than the equilibrium pressure in the fluid (  ) by an 9 

amount of        due to the action of the surface tension  . The complex dimensionless parameter 10 

 , whose imaginary part appears in the above equation, is defined as: 11 

  
  

            
 
  

   

     
 
  

   

   

           

where   is the specific heat ratio of the gas (air) inside the bubble,       
   and   is the thermal 12 

diffusivity of the gas. The resonance frequency of the bubbles is given by: 13 

  
  

  

   
         

  

    
             

where      is the real part of the complex number  . 14 

The imaginary part of the complex wave number    is called the attenuation coefficient and is a 15 

measure of the absorption of the ultrasound energy in the liquid. The energy absorption, which is 16 

the cause of acoustic streaming, is considered via a force term in the linear momentum balance 17 

equation of the fluid. Thus, in the presence of ultrasound and in steady-state conditions, this balance 18 

equation takes the following form: 19 

          
   

 
            

where   is the kinematic viscosity of the fluid,   is its velocity and    is the hydrodynamic pressure 20 

(which is related to the fluid motion and is different from the acoustic pressure   generated by 21 

ultrasound). We simulated one extreme case (where acoustic streaming was the strongest: 3.2 mm 22 
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I.D. capillary, sonication time of the fluid beneath the horn of    ) employing a turbulent flow model 1 

(k- ), and we confirmed that the laminar linear momentum balance equation (Eq. 3.7) was valid for 2 

the system investigated and the effect of turbulence was negligible (the turbulent viscosity value did 3 

not exceed 1% of the fluid molecular viscosity). The quantity   is the source term that accounts for 4 

acoustic streaming and is referred to as acoustic radiation force (here it has the units of     , 5 

because the linear momentum balance equation is written per unit volume for an incompressible 6 

fluid). This force is given by [39]: 7 

   
       

   
         

 

 

   

           

in which    is the amplitude of the j-th harmonic of the acoustic wave. Usually, one can assume that 8 

the first harmonic of the wave (     has higher amplitude than all the other harmonics. This is a 9 

reasonable assumption when the boundaries of the wave-propagating medium are made of 10 

acoustically absorbing materials and do not strongly reflect acoustic waves. In our system, the 11 

boundaries are made of PMMA (cooling jacket walls) and FEP (capillary). Hence, with reasonable 12 

accuracy, we considered only the first harmonic of the wave to calculate the acoustic radiation force. 13 

The amplitude of the first harmonic can be obtained by solving Eq. 3.2, which provides a complex 14 

scalar field whose real part represents the acoustic pressure amplitude. For further details about this 15 

point, we refer to the Supplementary Information (and the references therein cited). 16 

When solving Eq. 3.2, we considered cooling water to be stationary. This assumption does not lead 17 

to inaccurate predictions of the acoustic pressure field. Cavitation and acoustic streaming do occur 18 

also in the cooling water. We accounted for the former in the wave propagation equation when 19 

evaluating the acoustic pressure field (Eqs. 3.3-3.6), because the cavitation bubbles contribute to the 20 

damping of the sound wave. Acoustic streaming, conversely, was not considered in the acoustic 21 

pressure field calculations, since the fluid motion affect neither the physical properties of water nor 22 

the propagation of the sound wave. 23 

Additionally, the thickness of the capillary wall (0.75 mm) is significantly lower than the wavelength 24 

of the ultrasound wave (7.5 cm); hence, the effect of the capillary on wave propagation can be 25 

neglected. This is because, over the thickness of the capillary wall, the ultrasound wave does not 26 

change significantly. Moreover, the material properties (density and speed of sound) of the capillary 27 

wall that affect wave propagation are similar to those of water. Hence, effects such as reflection 28 

from the capillary surface and scattering of the wave can be neglected. In light of these 29 

considerations, in the simulation of the acoustic pressure the capillary wall was not considered. Also 30 
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the material properties inside and outside the capillary are almost identical (the inner solution is 1 

water with ~2.12 g AA/100 g and the outer fluid is cooling deionized water); thus, for the acoustic 2 

pressure field simulations, we considered a single domain consisting of cooling water. 3 

The numerical simulations were performed via the Finite Element Method (FEM) using COMSOL 4 

Multiphysics 5.3a. The acoustic pressure field in the channel was calculated using the frequency-5 

domain wave equation, which we solved using the following boundary conditions: 6 

 At the wall of the cooling jacket, we used a Dirichlet boundary condition:      7 

 On the side walls of the horn, we used a Neumann boundary condition:      , where n 8 

denotes the direction normal to the solid surface. 9 

 At the surface of the tip of the horn:                   , where      is the surface area of 10 

the tip and    is the ultrasound source power; the latter was measured, with a calorimetric 11 

method, in a prior study we conducted, in which the same horn was used [42]. 12 

 Because the capillary tube is not considered in the acoustic pressure field calculations, no 13 

boundary conditions on its walls were required. 14 

The simulations for the acoustic pressure field were conducted in steady state and the computation 15 

time on a computer with Intel Xeon 3.5GHz CPU and 192 GB of RAM was around one hour for 16 

757,494 Degrees of Freedom in the finite element model. The physical properties of the fluid used 17 

for the numerical simulations are reported in Table 1. 18 

Table 1: Physical properties of the fluid and constants used for the acoustic field simulations. 19 

                                                     

1.4           0.0725 999.7           1498 8.3 

 20 

3.2 Residence Time Distribution Modelling 21 

We used numerical simulations to solve the mass balance equation for the fluid and the set of eqs. 22 

3.2 and 3.7. Our solution strategy was as follows: by knowing the acoustic boundary conditions on 23 

the boundaries of the computational domain, we first solved eq. 3.2 to find the amplitude of the 24 

acoustic pressure at each point in space. We used this field to calculate the acoustic radiation force 25 

(eq. 3.8). Thereafter, by knowing the hydrodynamic boundary conditions on the boundaries of the 26 

domain, we solved the set of mass [          ] and linear momentum balance (eq. 3.7) equations 27 

for the fluid. This yielded the velocity and hydrodynamic pressure fields, which can be used to study 28 

the mixing and residence time distributions in the capillary tube in the presence of ultrasound. 29 
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Upon calculating the fluid velocity field inside the capillary, one may investigate how acoustic 1 

streaming affects the crystallization process. The kinetics and mechanisms of crystallization in the 2 

presence of ultrasound are not well understood in the literature. However, there is no debate that 3 

the solute concentration in the solution has a significant role on the resulting yield and crystal size. 4 

Due to difficulty of directly measuring the concentration in the system, we looked at the residence 5 

time distribution in the capillary tube and drew conclusions about the effectiveness of mixing and in 6 

turn of changes in solute concentration. If acoustic streaming caused a significant change in the RTD, 7 

then the solute concentration field also changed, thereby altering the output of the crystallizer. 8 

We obtained RTDs both numerically and experimentally. The experimental RTDs accounted for the 9 

mixing induced by both acoustic streaming and microjetting (or by microjetting alone in the cases 10 

where acoustic streaming was negligible). To study the relative importance of the two processes, we 11 

determined the RTDs numerically as well, with a model that accounted solely for acoustic streaming. 12 

Now, in the cases where acoustic streaming is negligible, if the numerical and experimental RTDs are 13 

quite similar, one can conclude that mixing due to microjetting is unimportant. Similarly, in the cases 14 

where acoustic streaming is significant, if the two RTDs are close to one another, one can conclude 15 

that mixing is essentially caused solely by acoustic streaming. Therefore, by relating mixing to 16 

crystallization, one can also relate crystallization to acoustic streaming. To determine the RTDs 17 

numerically, we solved the mass balance equation for a single, non-reactive species. This can be 18 

written as: 19 

  

  
                         

where   is the concentration,    is the molecular diffusion coefficient (assumed to be constant) and 20 

  is the velocity field, which is calculated via eq. 3.7. 21 

The mass conservation equation was solved numerically (in a time dependent simulation), with a 22 

boundary condition at the channel inlet which represents a step change in tracer concentration: 23 

                        ;                            24 

At the walls of the channel, we specified a zero-flux boundary condition; at the outlet of the 25 

channel, the diffusive flux normal to the boundary was set to zero. Note that, for the cases studied in 26 

this work, the Peclet number (           ) was significantly larger than unity (of order    ); 27 

consequently, the influence of the outlet boundary condition was noticeable only in close proximity 28 

to the outlet boundary and was minimal in the rest of the domain [40]; we verified that this was the 29 

case numerically. The tube in the simulations was 0.1 mm longer than that in the experiments and 30 



15 
 

the outlet concentration used to determine the RTD was taken 0.1 mm from the outlet of the 1 

computational domain, thus eliminating the influence of the boundary condition on the resultant 2 

RTD. It was verified that, if the outlet boundary condition was changed, the RTD stayed the same. In 3 

the discussion below, by outlet concentration we mean the concentration used for the RTD 4 

calculation (not the concentration at the outlet boundary of the computational domain). 5 

From this simulation, one can calculate the concentration at the outlet of the channel as a function 6 

of time. This can then be converted into the   and   functions, the latter being the RTD. These can 7 

be obtained by the following relations: 8 

      
    

    
           

     
  

  
           

     being the maximum concentration at the channel outlet (its value is equal to that of       , 9 

which is specified in the inlet boundary condition). 10 

Time-dependent simulations of the RTD were conducted on the same computer as the one used for 11 

the acoustic pressure field calculations. There was a total of 19,462,691 Degrees of Freedom; the 12 

convergence criterion for the relative error for the residuals was set to 10-3 and the computational 13 

time was two weeks per simulation. 14 

For ease of comparison of simulation results with experimental results and literature models, the 15 

resulting   curves were made dimensionless: 16 

                           

  
 

  
             

where    is the mean residence time, equal to the first moment of the RTD function: 17 

              
 

 

             

The experimental and numerical RTDs were compared to that of the (analytical) convection model 18 

[41], which is given by: 19 
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4.  Results 1 

4.1 Modelling and Experiments for the Sonocrystallizer Design 2 

Figure 3 shows the cross-sectional distribution of the acoustic pressure field inside the sonication 3 

section of the crystallizer. Our prior work suggested that, under the assumptions made here, 4 

transient cavitation occurs when the acoustic pressure amplitude exceeds 2 bar [43]. Based on this 5 

information, we estimated the region inside the capillary tube where the acoustic pressure is 6 

sufficiently high to induce transient cavitation. It was vital to consider the domain in which transient 7 

cavitation occurs, since this is a key mechanism in the induction of nucleation [43]. The experiments 8 

were conducted at a supersaturation level at which, without ultrasound, the induction time (the 9 

time required by crystals to become visible) was of the order of 10 min (in this case, the crystals 10 

formed and grew at the wall due to heterogeneous nucleation), while, in the presence of ultrasound, 11 

it was less than 1 s (nucleation occurred in the bulk of the fluid, owing to the presence of transient 12 

cavitation; crystals became detectable within a second after ultrasound was turned on). This value 13 

was characteristic for all the cases investigated, with and without acoustic streaming. The time scale 14 

of acoustic streaming was of the order of 0.1 s (this is given by the ratio between the length scale 15 

and the velocity scale of the vortexes created by ultrasound), thus being one order of magnitude 16 

smaller than that of the induction time. Hence, within the first second after ultrasound was turned 17 

on, both acoustic streaming and crystallization became significant. To ensure that acoustic streaming 18 

had time to develop and that the initial nuclei (formed immediately after ultrasound was applied) 19 

did not affect the results, the system was allowed to reach steady-state conditions. In the results 20 

presented in Sections 4.4 and 4.5, all crystals were collected between 2 and 7 min after turning on 21 

the ultrasound: 2 min was sufficient for the system to reach steady state, while 7 min was 22 

insufficient for heterogeneous nucleation at the walls to play any significant role. Note that, as 23 

previously mentioned, before running each single experiment, we cleaned the system with 24 

deionized water, which ensured that initially no crystals were present, in particular at the walls of 25 

the capillary. Consequently, in the regions where transient cavitation was absent, it was reasonable 26 

to assume that nucleation was negligible. By identifying the region where transient cavitation 27 

occurred, we also established the region where ultrasound had a significant effect on the kinetics of 28 

nucleation. 29 
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 1 

Figure 3: Acoustic pressure amplitude (in bar) at the vertical cross-section inside the cooling jacket of 2 

the crystallizer. The acoustic pressure map is overlaid on the picture of the experimental system to 3 

better represent the location of the capillary tube where crystallization occurs.  4 

From Figure 3, we can see that the acoustic pressure amplitude drops below 2 bar at a distance of 5 

about 4.5 mm from the horn tip. Thus, no transient cavitation is expected to occur at larger 6 

distances from the tip of the horn. In order to ensure nearly uniform acoustic conditions over the 7 

vertical cross-section of the crystallizer beneath the horn tip, we needed to ensure that no 8 

cavitation-free zones were present within this region. This provided an upper bound for the capillary 9 

tube diameter: the bottom inner wall of the tube could not be further than 4.5 mm away from the 10 

tip of the horn. Experimentally, we also determined that the upper outer wall of the capillary should 11 

not be closer than 0.5 mm to the tip of the horn. If it was closer, the cooling water did not fully 12 

circulate around the capillary and heating due to ultrasound started to pose an issue. Hence, taking 13 

into account the thickness of the capillary wall (0.75 mm), we concluded that the largest 14 

commercially available capillary that we could use had to have has an internal diameter (I.D.) of 3.2 15 

mm. 16 

The lower bound for the capillary size was selected based on clogging considerations. Experiments 17 

were conducted to find the smallest capillary tube size for which clogging did not occur. The results 18 

showed that channels with I.D. of 1 mm (or less) frequently blocked, regardless of the 19 

supersaturation and flow rate used. The time at which the capillary tube clogged was random, from 20 

a few seconds up to several minutes. Opposite results were obtained when the capillary tube 21 

internal diameter was larger. Capillary tubes with 1.55, 2.4  and 3.20 mm I.D. did not present any 22 

clogging issues for the selected range of flow rates (0.5 to 17.6 ml/min). In all these cases, crystals 23 

were instantly produced in the sonication section (the section of the tube beneath the sonoprobe). 24 

Thus, the lower bound for the capillary size was identified to be 1.55 mm I.D. For the above reasons, 25 
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studies were conducted for both 1.55 mm and 3.2 mm I.D. capillary tubes to compare the behaviour 1 

at the extremes. 2 

4.2 Effect of Acoustic Streaming on the Flow Field 3 

In order to investigate the effects of acoustic streaming and cavitation, we altered the exposure 4 

to ultrasound by varying the mean residence time of the solution under the horn (  ). This time was 5 

controlled by the solution flow rate. In general, when the flow rate was changed, both sonication 6 

residence time and extent of mixing owing to acoustic streaming were affected. The diameter of the 7 

capillary was also a factor that influenced acoustic streaming. By carefully selecting flow rate and 8 

tube size, we varied the sonication residence time and/or the influence of acoustic streaming on the 9 

flow patterns. The feasible range for the sonication residence time is reported below and was 10 

dictated by experimental limitations and by the need to consider equal values of    in the two 11 

capillaries investigated (so that their performance could be compared). 12 

1. The upper bound for    was selected to be  3 s, which corresponds to a flow rate of 0.5 13 

ml/min in the 1.55 mm I.D. capillary. At lower flow rates, the 1.55 mm I.D. capillary tended 14 

to clog; hence, reducing the flow rate further was unfeasible. 15 

2. The lower bound for    was selected to be  0.3 s, which corresponds to a flow rate of 17.6 16 

ml/min in the 3.2 mm I.D. capillary. At higher flow rates, issues arose in crystal collection: 17 

the filters flooded, and crystals started growing on the filter paper. Consequently, increasing 18 

the flow rate further was not possible with the experimental set-up employed. 19 
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In these two extremes, the mean sonication residence time differs by an order of magnitude, which 1 

is sufficient for the analysis that we intended to carry out. An additional point was selected between 2 

the two extremes; thus, three mean sonication residence times, proposed to establish the behaviour 3 

of the crystallizer, were considered: 3.0, 1.0 and 0.3 s. The corresponding flow rates were 2.0 4 

ml/min, 6.9 ml/min and 17.6 ml/min for the 3.2 mm I.D. capillary tube and 0.5 ml/min, 1.5 ml/min 5 

and 4.8 ml/min for the 1.55 mm I.D. capillary tube. 6 

Using the acoustic pressure field in Figure 3, and solving equations 3.7 for the capillary tube, one can 7 

calculate the velocity profile inside the tube. The resulting flow patterns for the selected capillary 8 

sizes and mean residence times are displayed in Figure 4. In the capillary tube with 1.55 mm I.D., 9 

acoustic streaming has negligible effect on the flow pattern. In this case, a laminar flow velocity 10 

profile with straight streamlines is obtained for all residence times, although the streamlines are 11 

slightly bent at the largest residence time considered (however, the deviation is negligible). In the 12 

3.2 mm I.D. capillary tube, acoustic streaming affects significantly the flow pattern. As observed, at 13 

the largest flow rate considered, which results in a mean sonication residence time of 0.3 s, the flow 14 

pattern resembles that of a laminar flow in silent conditions; the deviation is minor. Therefore, for 15 

this residence time, the laminar flow velocity profile with straight streamlines assumption is valid. 16 

For        s, we observe two small vortices inside the capillary tube beneath the horn (later on 17 

       s        s 

1.55 mm Tube I.D. 

       s        s 

       s        s 

3.2 mm Tube I.D. 

(c) 

(b) 

(a) (d) 

(e) 

(f) 

Figure 4: Streamlines inside the capillary tube at different mean sonication residence times for the 
1.5 mm ID capillary at flow rates of (a) 4.8 ml/min, (b) 1.5 ml/min and (c) 0.5 ml/min and for the 3.2 
mm ID capillary at flow rates of (d)17.6 ml/min, (e) 6.7 ml/min and (f) 2 ml/min. Dotted lines show 
the location of the ultrasonic horn. The magnitude of the velocity field for each case is available in 

the Supplementary Information. 

 



20 
 

referred to as underdeveloped vortices), each covering less than half of the tube vertical cross-1 

section. These lead to local regions of back-mixing; however, the bulk of the flow does not 2 

experience enhanced mixing and the streamlines have a serpentine profile. For        s, the 3 

vortices take up most of the sonication region and acoustic streaming has a dominant effect on the 4 

fluid velocity field. In the latter case, the vortices could even be observed by naked eye during 5 

crystallization experiments and RTD measurements. In capillary tubes of intermediate size between 6 

1.55 mm I.D. and 3.2 mm I.D., fully developed vortices were not observed via numerical simulations. 7 

For instance, in a 2.4 mm I.D. capillary tube, for the same range of sonication residence times, 8 

vortices either did not form or were underdeveloped (being similar to those observed in the 3.2 mm 9 

I.D. capillary tube for        s). In this capillary, fully developed vortices did not develop. Thus, as 10 

said, within the limitations of the experimental system adopted, the 3.2 mm I.D. capillary tube was 11 

the tube of smallest size in which vortices could take up most of the sonicated region. In light of this, 12 

we chose not to consider tubes of intermediate size (between 1.55 mm I.D. and 3.2 mm I.D.), 13 

because in them the full extent of the effect of acoustic streaming on crystallization could not be 14 

investigated. 15 

Overall, the 1.55 mm I.D. capillary can be considered as a reference for studying the effect of 16 

acoustic streaming on crystallization. In this capillary, in the selected fluid velocity range, acoustic 17 

streaming is negligible; hence, one can study the effects of sonication residence time alone. On the 18 

other hand, the larger (3.2 mm I.D.) capillary can be used to investigate the combined effect of 19 

sonication residence time and acoustic streaming on crystallization. By comparing the two cases, one 20 

can acquire insight into the extent to which acoustic streaming influences the performance of the 21 

crystallizer. 22 

4.3 Effect of Acoustic Streaming on Residence Time Distribution 23 

The main goal of this work is to outline the effect of acoustic streaming on crystallization; both are 24 

complex processes, and there is no evidence for a direct relationship between them. It is well known 25 

that crystallization kinetics depend on solute concentration. The solute concentration spatial profile 26 

is strongly affected by mixing, and since this in turn is affected by acoustic streaming, this process is 27 

expected to play an important role in the crystal synthesis. One can characterize how acoustic 28 

streaming affects mixing by determining the residence time distribution of the system. Numerically, 29 

there are two ways to evaluate the RTD from a known velocity field: Lagrangian Particle Tracking 30 

(LPT) or solving the mass balance equation for the tracer (i.e., equation 3.9). The former method 31 

assumes massless particles in the system whose deterministic velocity is equal to the fluid velocity 32 

and whose stochastic velocity results in a random walk related to the tracer diffusivity in the fluid. 33 
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One can consider neglecting the effect of diffusion when the time scale of diffusion (         , 1 

where   is the tube diameter and   is the tracer diffusivity) is orders of magnitude larger than the 2 

average residence time in the capillary (      , where   is the tube length and   is the mean fluid 3 

velocity). This can often be done for laminar flows in capillaries in the absence of ultrasound, where 4 

the streamlines are straight and the RTD can be estimated via LPT with no random walk (in this case, 5 

our numerical results are in agreement with experimental data and with the theoretical “convection 6 

model” [41]). However, in the presence of eddies induced by acoustic streaming, the laminar flow 7 

with straight streamlines assumption no longer applies. The diameter of the capillary can no longer 8 

be considered as characteristic length in the diffusion time scale; this instead coincides with the size 9 

characterizing the smallest eddies generated by acoustic streaming, which can be much smaller than 10 

the diameter of the capillary [44]. Consequently, the diffusion time becomes much smaller and 11 

mixing via diffusion can no longer be neglected. Integrating the acoustic model and the LPT model 12 

with random walk is complex, computationally expensive and time consuming. Hence, we opted for 13 

the other available approach: solving the mass balance equation for the tracer (that is, equation 3.9). 14 

The underlying disadvantage of this methodology is the error introduced by numerical diffusion. Liu 15 

[45] developed a methodology for estimating this error. By carefully designing the mesh for the 16 

simulated domain, we could reduce the resulting numerical error to less than 9% of the diffusion 17 

term. 18 

Without ultrasound, for both capillary sizes and all flow rates, the streamlines were straight and 19 

the flow had the Poiseuille velocity profile. So, the dimensionless RTDs for all cases were the same. 20 

The theoretical model which applies to such flow is the convection model (details of this model are 21 

in Section 3.2) and the dimensionless RTD from this model can be found in Figure 5. It was found 22 

that without ultrasound the normalized root-mean-square deviation (NRMSD) between the RTD of 23 

the theoretical pure convection model and that obtained numerically was only 0.003, while the 24 

NRMSD between the latter and the experimental RTD was only 0.005; the match, therefore, was 25 

satisfactory. The NRMSD adopted here is defined as: 26 

       
 

                     
                   

  
   

 
 

where        is the RTD from the numerical model or experiments and        is the RTD from the 27 

analytical model described by equation 3.15. 28 

As outlined in the introduction, there are two forms of streaming: boundary layer streaming and 29 

Eckart streaming; furthermore, the collapses of cavitation bubbles generate microjetting. All these 30 
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processes may affect mass transfer and, therefore, the evolution of the tracer concentration profile 1 

and the RTD of the system. However, boundary layer streaming was assumed to be negligible owing 2 

to the acoustically transparent nature of the boundary material (FEP) and to the low wave frequency 3 

(20 kHz) considered in this study (boundary layer streaming prevails in millifluidic devices at higher 4 

frequencies, above 1 MHz). Conversely, the effects of both Eckart streaming and microjetting may be 5 

important in characterizing mixing within the system. We showed that the contribution of 6 

microjetting was negligible. To do so, we considered a scenario in which the Eckart streaming is 7 

negligible (this is the case in Figure 4 for the 1.55 mm I.D. capillary with a mean sonication residence 8 

time    of 0.3 s; as we see, the fluid streamlines are essentially straight). In this case, consequently, 9 

only microjetting, induced by cavitation bubbles, affects mixing. Figure 5 shows the results of the 10 

experiments as well as of the simulations and of the theoretical convection model. The last two are 11 

essentially identical. This was expected because the numerical simulations account only for acoustic 12 

streaming (which in this case is negligible) and not for microjetting, whilst the theoretical model 13 

neglects both. More importantly, one can observe that the difference between experimental results 14 

and theory, albeit present, is quite small (the NRMSD is equal to 0.008). This suggests that the effect 15 

of microjetting on the RTD is indeed negligible. For the 1.55 mm I.D. capillary, the dimensionless 16 

RTDs for all sonication residence times looked similar to the RTD reported in Figure 5. In all cases, for 17 

this capillary size, acoustic streaming was negligible and the RTD closely resembled that of the Pure 18 

Convection Model, which holds in the absence of ultrasound (the values of the NRMSDs between 19 

convention model, experimental data and numerical results never exceeded 0.01). 20 
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 1 

Figure 5: Residence Time Distribution in the presence of ultrasound-induced cavitation and without 2 

significant Eckart acoustic streaming effects (sonication residence time of 0.30 s in the 1.55 mm I.D. 3 

capillary). 4 

Next, we considered the other extreme case, where Eckart acoustic streaming changes significantly 5 

the fluid velocity field; this was clearly observed in the 3.2 mm I.D. capillary at        s (Figure 4). 6 

The resulting RTD is presented in Figure 6. Note that the results of the theoretical convection model 7 

are not presented because, due to the non-negligible effect of acoustic streaming, which distorts the 8 

streamlines and generates vortices, the model is not applicable. The experimental results show the 9 

effect of Eckart acoustic streaming; this is reasonably similar to that revealed by the numerical 10 

simulations (the NRMSD is equal to 0.067). The shape of the RTD curve for this case is close to that 11 

of the dispersion flow model, which indicates the presence of mixing in the system with diffusion no 12 

longer being negligible. Also, the multiple peaks present in the numerical results might be an 13 

indicator of internal recirculation [41]. In the experimental RTD, the small secondary peaks are 14 

absent, possibly owing to the difficulty of detecting such anomalies in the F-curve, where small 15 

fluctuations in the derivative are usually lost when one removes the instrument noise and 16 

differentiates the F-curve to produce the E-curve (i.e. the RTD graph presented here). The change in 17 

RTD and the ability of our model to capture it are important, because they show that acoustic 18 
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streaming affects significantly the solute concentration profile under the horn, and in turn the 1 

kinetics of nucleation and crystal growth. 2 

 3 

Figure 6: Residence Time Distribution in the presence of ultrasound-induced cavitation with 4 

significant Eckart acoustic streaming effects (sonication residence time of 3.0 s in the 3.2 mm I.D. 5 

capillary).  6 

Figures 7 and 8 show the RTDs for the 3.2 mm capillary at mean sonication residence times of 0.3 7 

and 1.0 s, respectively. Based on the results in Figure 7, one can confirm that the minor changes to 8 

the laminar velocity profile induced by the Eckart acoustic streaming do not have a significant effect 9 

on the RTD. Both the numerical and experimental results closely fit the predictions of the theoretical 10 

convection model. Thus, Eckart streaming has negligible effect (as does microjetting). 11 
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 1 

Figure 7: Residence Time Distribution in the presence of ultrasound-induced cavitation with negligible 2 

Eckart acoustic streaming effects (sonication residence time of 0.30 s in the 3.2 mm I.D. capillary).  3 

In the case presented in Figure 8, Eckart acoustic streaming effects are no longer negligible: 4 

vortices do form, even if they are underdeveloped compared to those observed in the same capillary 5 

at a sonication residence time of 3.0 s. The experimental RTD differs significantly from that of the 6 

theoretical convection model, both in shape and width; however, owing to the limited extent of 7 

mixing, it does not take on the shape of the RTD presented in Figure 6, which refers to a case in 8 

which vortices are more pronounced. In the case of underdeveloped vortices, the output of the 9 

model is extremely sensitive to input parameters (e.g. distance of the horn from the capillary wall), 10 

and this is probably the reason for the discrepancy observed between the experimental and the 11 

simulation results. Due to experimental error, not all parameters were kept exactly constant (e.g. 12 

the distance between the horn and capillary wall was measured within an error of 0.05 mm). Small 13 

deviations between the model and experiments caused a more noticeable effect in this scenario 14 

compared to all others. The distance of the horn from the capillary wall was selected as a case study 15 

to investigate the sensitivity of the model to the input parameters and is discussed in the 16 

Supplementary Information. The discrepancy between simulation results and experimental data, 17 

however, is related to the cumulative error from all the input parameters of the model. 18 
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 1 

Figure 8: Residence Time Distribution in the presence of ultrasound-induced cavitation with mild 2 

Eckart acoustic streaming effects (sonication residence time of 1.00 s in the 3.2 mm I.D. capillary).  3 

Generally, narrow RTDs are desired, since they lead to narrower crystal size distributions and more 4 

uniform growth due to a more homogeneous concentration profile. Enhanced mixing, which is 5 

promoted by acoustic vortices, should lead to more desirable CSDs. However, strong recirculation 6 

leads to backflow of the solution and some crystals may leave and re-enter the cavitation zone. Also, 7 

the residence time distribution of the crystals is different from that of the solution due to the lack of 8 

diffusive mass transport of crystals (Brownian motion is negligible). Some crystals travel rapidly 9 

through the system, along streamlines which bypass the vortices, while others remain inside them 10 

for prolonged periods of time. Hence, despite more homogeneous conditions (in terms of solute 11 

concentration) in the sonication region and narrower RTDs, the CSD does not necessarily improve by 12 

the introduction of acoustic streaming. 13 

4.4 Effect of Sonication Residence Time on Crystallization in 1.55 mm I.D. Capillary (negligible 14 

acoustic streaming) 15 

The mean residence time during which the solution is exposed to ultrasound was decreased by 16 

increasing the fluid flow rate (                    ) in the         I.D. capillary tube; the 17 

corresponding values of    were 3.0, 1.0 and 0.3 s, respectively. The temperature of the solution was 18 
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10°C, which corresponds to an initial supersaturation ratio of     . Figure 9 shows the yield against 1 

the mean sonication residence time. Note that, as discussed previously, in the 1.55 mm I.D. capillary 2 

tube acoustic stream is absent, so that the velocity field closely resembles that observed in silent 3 

laminar flow conditions. 4 

 5 

Figure 9: Effect of mean sonication residence time on crystal yield in the 1.55 mm I.D. capillary. 6 

As reported in the literature [43,46], the yield increases when the sonication residence time is 7 

increased. The sonication volume inside the capillary was fixed and the cavitation activity within that 8 

volume did not change when the fluid flow rate was varied. Nevertheless, as the sonication 9 

residence time    increased, more crystalline material was generated owing to the longer time 10 

available for both ultrasound-enhanced nucleation and growth processes to act on the solution 11 

elements, as these flowed through the capillary. This explains the increase of crystal yield with   , 12 

the yield rising from 27% (for        s) to 49% (for        s). 13 

One interesting observation is that the yield in the single-phase system investigated in this work is 14 

higher than that obtained in the droplet-based system considered in our previous work [42]. An 15 

explanation for this is that in this work the horn was located closer to the capillary wall, and so 16 

delivered more ultrasonic power to the adipic acid solution. Furthermore, bubble cavitation in milli- 17 

and micro-channels is more vigorous at the sidewalls, where it is enhanced by the wall roughness 18 
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(owing to bubble nuclei present in the crevices of the walls) [47]. The results also agree with the 1 

findings of Arora et al. [48], who showed that cavitation occurred in acrylic polymer tubes with 2 

rough surfaces but did not in smooth ones. In the single-phase system that we are considering, there 3 

is no hexane film shielding the capillary walls (in contrast with the two-phase droplet-based system 4 

we previously studied [42]); hence, the presence of wall roughness leads to an increase in the 5 

number of bubbles available for cavitation. 6 

 7 

Figure 10: Effect of mean sonication residence time on mean crystal size in the 1.55 mm I.D. capillary. 8 

The error bars represent one standard deviation in mean crystal size across different experimental 9 

repeats (not the standard deviation of CSD which is given in supplementary information) 10 

Figure 10 reports the mean size of the crystals       obtained in the 1.55 mm I.D. capillary tube as a 11 

function of the mean sonication residence time. The microfluidic sonocrystallizer produces crystals 12 

with mean size ranging between       and       (which is consistent with our previous work 13 

[42]). A key finding in this system is that an increase in the mean sonication residence time leads to 14 

an increase in mean crystal size. The reason for this outcome is similar to that outlined for the 15 

increase in yield. As a crystal travels through the crystallizer, it grows; so, the longer this crystal 16 

spends in the crystallizer, the larger it becomes. This simple explanation, however, holds as long as 17 

changes in mean sonication residence time are not accompanied by changes in flow patterns, RTD 18 
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and solute concentration profile. In the capillary we are currently discussing this is indeed the case, 1 

but the same is not true in the 3.2 mm I.D. capillary tube, owing to acoustic streaming. 2 

4.5 Effect of Sonication Residence Time on Crystallization in 3.2 mm I.D. Capillary (significant 3 

acoustic streaming) 4 

In order to investigate the effect of acoustic streaming on crystallization, we increased the capillary 5 

size from 1.55 mm I.D. to 3.2 mm I.D.. As our numerical simulations suggest, in the case of 3.2 mm 6 

I.D. capillary, the effect of acoustic streaming is appreciable. To maintain the same sonication 7 

residence time as for the smaller capillary tube, we increased the flow rate to                 8 

   . 9 

 10 

11 
Figure 11 shows that also in the 3.2 mm I.D. capillary the yield increases with the mean sonication 12 

residence time. This trend can be explained with the same considerations presented for the capillary 13 

of smaller diameter. However, in the larger capillary, at any sonication residence time, the yield is 14 

smaller than that obtained in the smaller capillary at the same residence time. This may be due to 15 

the following three key differences between the two capillaries: 16 

Figure 11: Effect of mean sonication residence time on crystal yield in the 3.2 mm ID capillary. 
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 In the larger capillary, the ratio of surface area of the capillary to volume of fluid under the horn 1 

is smaller. This might seem insignificant, insofar as heterogeneous nucleation at the wall is 2 

negligible compared to the nucleation in the bulk of the solution. However, one must consider 3 

the availability of bubble nuclei for cavitation. Some of these come from the dissolved gas in the 4 

liquid bulk (in our case their concentration is reduced, since we used purified water for the 5 

solution), while others come from the gas pockets trapped in the crevices on the rough surface 6 

of the capillary walls. The higher the availability of bubble nuclei trapped at the walls, the more 7 

the cavitation activity. Therefore, one can expect higher cavitation activity (per unit volume of 8 

solution) in the smaller tube, and so higher yield. 9 

 In the larger tube, acoustic streaming induces rapid mixing under the horn, which results in a 10 

back-mixing of the solution from downstream back to the sonicated volume. This results in a 11 

lower average solute concentration under the horn, which should result into a lower yield. In 12 

the smaller tube acoustic streaming is negligible and so the yield should be higher. 13 

 By determining numerically the acoustic pressure field, we ensured that transient cavitation is 14 

present throughout the entire sonicated volume in both capillaries. To this end, we employed 15 

the transient cavitation threshold criterion outlined in [43]. In this paper, considering the same 16 

ultrasound source, we concluded that, at a frequency of 20 kHz, all bubbles undergo transient 17 

cavitation when the amplitude of the acoustic pressure is higher than about 2 bar. In the larger 18 

capillary, the acoustic pressure does not drop below 2 bar, and so transient cavitation occurs 19 

everywhere within the sonicated volume (furthermore, the bubble collapse frequency in the 20 

solution bulk is expected to be the same for both capillaries). So, from this point of view, the 21 

behaviour of the two capillaries is quite similar. 22 

Nevertheless, the transient cavitation threshold criterion does not consider the intensity of the 23 

bubble collapse, which is expected to decrease as the distance from the horn increases (and to 24 

affect the local rate of nucleation). In the larger capillary, there is a region with higher acoustic 25 

pressure amplitude, a region with similar acoustic pressure amplitude, and a region with lower 26 

acoustic pressure amplitude than that present in the smaller capillary. The first of these is the 27 

region of the capillary closest to the horn, whilst the last of these is the region of the capillary 28 

furthest from the horn. Therefore, in the larger capillary there should be three regions: one in 29 

which the bubble collapse intensity is higher than that present in the smaller capillary, one in 30 

which it is similar, and one in which it is lower. From this point of view, the two capillaries differ. 31 

This difference cannot be eliminated, but by keeping the distance between the centreline of the 32 

capillaries and the tip of the horn constant, we tried to minimise its effect. 33 
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To investigate the effect of this difference (in particular, of the regions which are closest and 1 

furthest from the horn) on crystallization, one would require a (reliable) model. Currently, the 2 

effect of bubble collapse intensity on crystallization, and in particular on nucleation, is unclear; 3 

in fact, reliable models for sonocrystallization are absent. So, this analysis, for the time being, 4 

cannot be conducted. 5 

The effect of    on mean crystal size is different when acoustic streaming is present, as can be seen 6 

in Figure 12. In this case, in contrast with the 1.55 mm I.D. capillary, the mean size decreases with an 7 

increase in mean sonication residence time. We have found a statically significant difference 8 

between each mean crystal size, which shows the existence of a trend despite the large error bars 9 

(p<2.1%; further details are given in the Supplementary Information). At high values of    – in the 10 

presence of strong acoustic streaming vortices – the value of the mean crystal size is smaller than 11 

that at low values of    – in the absence of vortices. This is possible because changes in the mean 12 

sonication residence time are, in this case, accompanied by changes in flow patterns, RTD and solute 13 

concentration profile. At large   , the significant increase in mixing leads to a lower solute 14 

concentration in the sonication region of the capillary due to back-mixing of the solution, which is 15 

expected to result into a lower growth rate. This effect, which tends to produce smaller crystals, is 16 

however counteracted by the longer time that crystals can grow in the sonication region of the 17 

capillary, which tends to increase the crystal size. So, predicting the functional dependence of mean 18 

crystal size on mean sonication residence time is not trivial. To analytically answer the question of 19 

whether crystal size would increase or decrease with mean sonication residence time, one should 20 

know, in addition to the flow pattern, the kinetics of crystal nucleation and growth in the presence 21 

of ultrasound; these constitutive relations are still unavailable. The experimental results, on the 22 

other hand, reveal that, for this particular case, the decrease in growth rate is the dominant effect. 23 

However, we must note that such conclusion has no general validity, being system dependent. 24 
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 1 

 2 

The important insight that these experimental results provide is that the performance of the 3 

crystallizer can be strongly affected by how ultrasound is applied and how significant acoustic 4 

streaming is. The action of acoustic streaming, in turn, strongly depends on the operating conditions 5 

and the system geometry: a relatively small increase of the size of the capillary tube can have 6 

significant consequences on the system performance. To fully exploit the potential that ultrasound 7 

offers in terms of process control and performance enhancement, one needs to design and operate 8 

the sonocrystallizer appropriately. Doing so requires a systematic approach which should be guided 9 

by modelling, as we have done in this work. 10 

4. Conclusions 11 

This study concerns the characterization of mixing and crystallization under the effect of cavitation 12 

and acoustic streaming induced by ultrasound. Experiments and numerical simulations were carried 13 

out for different operating conditions with two capillary tubes to determine residence time 14 

Figure 12: Effect of mean sonication residence time on mean crystal size in the 3.2 mm ID capillary. 

The error bars represent one standard deviation in mean crystal size across different experimental 

repeats (not the standard deviation of CSD which is given in supplementary information) 
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distributions, flow patterns, and influence of acoustic streaming on the velocity field and 1 

crystallization performance. 2 

The design of the crystallizer was based on the insight offered by numerical modelling of the system. 3 

Having determined numerically the spatial profile of the wave pressure amplitude, we were then 4 

able to identify the regions of the system within which inertial cavitation occurred. This information 5 

was then used to design the crystallizer (in terms of size of the capillary tube and distance from the 6 

source of ultrasound). Such methodology allowed us to ensure that the proposed design would 7 

achieve the desired level of cavitation, which is the driving force behind the enhancement of 8 

crystallization rates (in particular, of the nucleation process).  9 

We also considered the effect that ultrasound has on the flow field. We showed that increasing the 10 

size of the capillary can have multiple and interacting effects on the system performance and crystal 11 

properties. Changing either the capillary size or the solution flow rate can lead to radical changes in 12 

acoustic streaming, which in turn can affect significantly the solute concentration profile inside the 13 

capillary, as was shown by the RTD study. We considered two capillaries with diameters of the same 14 

order of magnitude (1.55 mm and 3.2 mm) operated in similar conditions, observing that their 15 

performance was quite different. In the smaller capillary, acoustic streaming did not influence flow 16 

patterns and RTD, and raising the mean sonication residence time resulted into an increase in mean 17 

crystal size. In the (slightly) larger capillary the opposite was observed: acoustic streaming influenced 18 

flow patterns and RTD when the solution flow rate was sufficiently low and increasing the mean 19 

sonication residence time resulted into a decrease in mean crystal size. Modelling of the fluid 20 

dynamics and ultrasound (as done in this work), if not of the crystallization process (which, for the 21 

time being, still appears to be not viable), can aid considerably in overcoming these challenges. 22 

 23 
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1. Decoupling the real and imaginary parts of the Helmholtz equation  

Eq. (3.2) of the main article should be solved using the complex wave number defined in Eq. (3.3). The 

latter provides a field for the acoustic pressure amplitude which is complex [1],[2]. If we assume:  

𝑃 = ℜ(𝑃) + 𝑖 ℑ(𝑃) = 𝑃𝑟 + 𝑖𝑃𝑖 (SA.1) 

and  

𝑘𝑚
2 = ℜ(𝑘𝑚

2 ) + 𝑖 ℑ(𝑘𝑚
2 ) = 𝐾𝑟 + 𝑖𝐾𝑖 (SA.2) 

and since the Laplacian is a linear operator, we can decompose the Helmholtz equation (eq. (3.2)) into the 
following two coupled differential equations [3]: 
 
∇2𝑃𝑟 + 𝐾𝑟𝑃𝑟 − 𝐾𝑖𝑃𝑖 = 0 (SA.3) 
 
and  
 

∇2𝑃𝑖 + 𝐾𝑟𝑃𝑖 + 𝐾𝑖𝑃𝑟 = 0 (SA.4) 
 
in which  
 

𝐾𝑟 = (
𝜔

𝑐
)

2

(1 +
4𝜋𝑐2𝑛𝑏𝑅0(𝜔0

2 − 𝜔2)

(𝜔0
2 − 𝜔2)2 + (2𝛽𝜔)2

) 
(SA.5) 

 
and  
 

𝐾𝑖 = (
𝜔

𝑐
)

2

(−
4𝜋𝑐2𝑛𝑏𝑅0(2𝛽𝜔)

(𝜔0
2 − 𝜔2)2 + (2𝛽𝜔)2

) 
(SA.6) 

 
After computing the two fields, one uses the magnitude of the real part of the pressure amplitude,𝑃𝑟, to 
calculate the source term of the acoustic streaming in Eq. 3.8. 
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2. Sensitivity of acoustic streaming to horn position 

In Section 4.3, we discuss the effect that acoustic streaming has on RTDs. A good match between numerical 
modelling and experiments is observed for all cases. Nevertheless, the agreement between the two is the 
weakest in the transitional regime where the onset of acoustic streaming occurs (at a sonication residence 
time of 1.0 s in the 3.2 mm I.D. capillary). This specific sonication residence time is the most sensitive to the 
experimental conditions employed, in particular to the distance between the horn and the capillary wall or 
between the power output and the horn. Let us consider the former as a model case.  

In the model, we vary the distance between the horn and the capillary wall from 0.5 to 0.55 mm (the 
difference between the two is the experimental error). The resulting streamlines are displayed in Figure S1. 
It can be observed that for cases (a) to (d) and (f) there is no difference in the model predictions. In these 
cases, the slight change in the distance between the horn and capillary (indirect way to change ultrasonic 
power) has no significant effect, because this power is either sufficiently high to promote fully developed 
vortices or low enough to have no significant effect. However, in case (e) the size of the vortices is larger 
when the horn is closer to the capillary. This is expected: the closer the capillary is to the horn, the higher 
the acoustic power is and the stronger the acoustic radiation force is. Since the vortices are only starting to 
develop, their size is strongly dependent on the acoustic conditions.  

Owing to the high sensitivity of the vortices size to the operational conditions in the case of onset of 
acoustic streaming (case (e) in Figure S1), the experimental error and the modelling assumptions made 
have a far more significant effect on the resulting RTD. Figure S2 shows how the RTD changes when the 
distance between the horn and the capillary wall is varied. Three cases were considered, all referring to 
conditions in which acoustic streaming is at the onset. We can see that slight variations (within 
experimental error) of the horn-wall distance lead to noticeable changes in the RTD. Other parameters 
which are either estimated in the model (e.g., mean bubble size) or measured experimentally (e.g., 
calorimetric power of the horn) all can have an effect of the RTD obtained numerically. This effect is 
negligible in the cases with fully developed vortices or no vortices at all. However, in the case of onset of 
streaming, the errors in the input parameters lead to a worse match between the experimental results and 
the model predictions.  

 

 
 

τs = 3.00 s τs = 3.00 s 

1.55 mm Tube I.D. 

τs = 1.00 s τs = 1.00s 

τs = 0.30 s τs = 0.30 s 

3.2 mm Tube I.D. 

(c) 

(b) 

(a) (d) 

(e) 

(f) 
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Figure S1: Streamlines inside the capillaries at different mean sonicated residence times at two different 
distances between the horn and the outer capillary wall: I) 𝑑ℎ𝑜𝑟𝑛 = 0.55 mm and II) 𝑑ℎ𝑜𝑟𝑛 = 0.5 mm. In 
the 1.5 mm I.D. capillary the flow rates are (a) 4.8 ml/min, (b) 1.5 ml/min and (c) 0.5 ml/min; in the 3.2 mm 
I.D. capillary they are (d)17.6 ml/min, (e) 6.7 ml/min and (f) 2 ml/min. 

 

 
Figure S2: Residence time distribution for different distances between the horn and the capillary wall in the 
transitional regime where onset of acoustic streaming vortices occurs. The selected range for 𝑑ℎ𝑜𝑟𝑛 (from 
0.45 to 0.55 mm) is representative of our experimental error in measuring this distance. 

τs = 3.00 s τs = 3.00 s 

1.55 mm Tube I.D. 

τs = 1.00 s τs = 1.00 s 

τs = 0.30 s τs = 0.30 s 

3.2 mm Tube I.D. 
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3. Information about crystal size distribution and crystal shape 
 

 
Figure S3: Crystal size distribution for the 1.55 mm I.D. capillary tube at the mean sonication residence 

time, s, indicated. Each distribution is an average of three measurements of one experimental repeat. 
 
Figure S3 shows sample crystal size distributions (CSDs) for three different experiments in the 1.55 mm I.D. 
capillary. Such distributions are characteristic of all the CSDs obtained experimentally. Only one peak is 
observed. In the cases where the CSD was bimodal, the results were disregarded, since the bimodal shape 
is an indication of crystal growth occurring on the filter paper or of failed de-aggregation of crystals prior to 
size measurements. We did not find a correlation between the standard deviation of the distribution and 
the influence of ultrasound (both in terms of sonication residence time and acoustic streaming).  

The shape of the crystals was observed via a microscope with x20 magnification lens. Different shapes were 
observed. At silent conditions (figure S4A), the crystals have uniform hexagonal shape, which is also 
reported in the literature [4]. On the other hand, under the effect of ultrasound (figure S4B) the shape of 
crystals becomes irregular and there is no evidence which suggests that the crystals have a particular shape 
(differently from what was observed in the absence of ultrasound).  

 

Figure S4: Crystal shape in the absence (A) and presence (B) of ultrasound.  

A) B) 
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4. Experimental details on RTD measurements 
 

 
Figure S5: Schematic of the RTD experimental set-up. (Abbreviations: DAQ – Data Acquisition Board; HPLC 
valve – High Performance Liquid Chromatography Valve, used for step change in concentration of tracer 
mater).  

 
The methodology outlined in the article was used to measure the residence time distribution (RTD) of the 
nucleation section, which included the additional 15 cm of capillary that is not located under the horn tip. 
These additional 15 cm were also included in the numerical simulations for comparative purposes. 
Alternatively, one could model only the sonicated region and, for comparison, apply deconvolution to 
calculate the RTD of the sonicated section alone using the experimental data. The latter methodology was 
not applied here, because in the presence of acoustic streaming the affected region is larger than the 1.3 
cm domain under the horn.  

The flow-through measurement cell consisted of two 3D printed parts kept together with bolts, as 
displayed in Figure S6. The surface of the flow cell which faces the capillary and fibre optic cables was 
covered with a thin layer of aluminium foil to prevent light from escaping through the flow cell. We noticed 
that adding the aluminium foil reduced significantly the background noise during the measurements. For 
each (different) capillary, we manufactured a separate flow cell. Such design allowed us to measure the 
tracer concentration directly after the sonicated section. We verified that the Beer-Lambert law applies for 
the measurement of tracer concentration for this flow cell and for all capillary sizes. 
 
 

 
Figure S6: Custom made “Flow through cell” (as in fig. S5) for through the wall absorbance measurements. 
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5. Magnitude of the velocity inside each capillary and sonication residence time 

The velocity magnitude maps under the horn in the 3.2 mm I.D. capillary tube are presented in Figures S7-
9. In Figure S9, we can observe that the velocity magnitude of the vortices is much larger than the velocity 
magnitude of the bulk flow, demonstrating that acoustic streaming dominates. On the contrary, Figure S7 
shows only a slight deviation from the Poiseuille flow velocity profile, and acoustic streaming is negligible. 
In Figure S8, the onset of acoustic streaming occurs. The bulk flow velocity is still larger than the velocity 
inside the vortices. Nevertheless, in this case, we cannot neglect acoustic streaming (or assume a Poiseuille 
flow velocity profile). The velocity magnitude maps under the horn in the 1.55 mm I.D. capillary tube are 
presented in Figures S10-12. In every case, for the 1.55 mm I.D. capillary tube, the Poiseuille flow velocity 
profile can be assumed. 

 

Figure S7: Velocity magnitude (m/s) inside the 3.2mm I.D. capillary at sonication residence time of 0.3 s. 

 

Figure S8: Velocity magnitude (m/s) inside 3.2mm I.D. capillary at sonication residence time of 1 s. 
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Figure S9: Velocity magnitude (m/s) inside 3.2mm I.D. capillary at sonication residence time of 3 s. 

 

 

 

 

Figure S10: Velocity magnitude (m/s) inside 1.55mm I.D. capillary at sonication residence time of 0.3 s. 
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Figure S11: Velocity magnitude (m/s) inside 1.55mm I.D. capillary at sonication residence time of 1 s. 

 

 

 

 

 

Figure S12: Velocity magnitude (m/s) inside 1.55mm I.D. capillary at sonication residence time of 3 s. 
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6. Statistical hypothesis testing 

We conducted a statistical hypothesis test between each averaged mean crystal size in Figure 12. This test 
is used to determine if the means of two sets of data are significantly different from each other. Detailed 
explanation and uses of this test are found in Morris and Langari [5]. For such test, the t-value between two 
data points is obtained as follows: 
 

𝑡 =  
𝑥1̅̅ ̅ − 𝑥2̅̅ ̅

√
𝜎1
𝑛1

+
𝜎2
𝑛2

 

 

where �̅� is the averaged mean size, 𝜎 is the standard deviation (i.e. error bars in the Figures) and 𝑛 the 
number of data samples. This value is compared to the values in the distribution of critical t-values 
reported in the Handbook of Tables for Probability and Statistics [6]. A confidence level of 95% is commonly 
accepted in the literature and assumed here. Based on the comparison between the calculated t-value and 
the critical t-value in the literature, we either reject or accept the hypothesis. Such analysis is conducted 3 
times to compare each mean crystal size to the other two. In every case, a significant difference between 
the two means is found. This shows that despite the partially overlapping error bars, the means are 
statistically different and hence there exists a trend. This quantitatively validates the decrease in mean 
crystal size that is observed in Figure 12. 

We have also calculated the exact p-values for each comparison. The p-value is the probability that the 
hypothesis is incorrect. The critical p-value at which the hypothesis is rejected is 0.05 (dictated by the 
confidence level). Even in the worst case scenario, the probability that two data sets have the same mean is 
0.02, which is below the scientifically accepted threshold. The results are displayed in Table S1.  
 

Table S1: Statistical hypothesis test for the presence of a trend in Figure R4. 

Hypothesis 𝐷𝜏=0.3𝑠 ≠  𝐷𝜏=1𝑠    𝐷𝜏=1𝑠 ≠  𝐷𝜏=3𝑠    𝐷𝜏=0.3𝑠 ≠  𝐷𝜏=3𝑠    
t-value 2.164 3.017 3.867 

Critical t-value  1.729 1.725 1.753 

p-value 0.02078 0.00317 0.00048 

* D – averaged mean crystal size 
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