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ABSTRACT: The influence of agitation on nucleation of butyl paraben and m-hydroxybenzoic acid 

polymorphs has been investigated through 330 cooling crystallization experiments. The induction time 

has been measured at different supersaturation and temperature in three parallel jacketed vessels 

equipped with different overhead stirring agitators. In each case, the nucleating polymorph of m-

hydroxybenzoic acid has been identified by infrared spectroscopy. The influence of agitation rate, 

impeller type, impeller diameter, impeller to bottom clearance and the use of baffles have been 

investigated. A general trend in all the experiments is that the induction time decreases with increasing 
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agitation rate. Across all experiments with different fluid mechanics for the butyl paraben system, the 

induction time is correlated to the average energy dissipation rate raised to the power -0.3. It is shown 

that this dependence is consistent with a turbulent flow enhanced cluster coalescence mechanism. In 

experiments with m-hydroxybenzoic acid, the metastable form II was always obtained at higher 

nucleation driving force while both polymorphs were obtained at lower driving force. In the latter case, 

form I was obtained in the majority of experiments at low agitation rate (100 rpm) while form II was 

obtained in all experiments at higher agitation rate (≥300 rpm).  



 
 

INTRODUCTION 

Crystallization from solution is a common and often crucially important unit operation in many 

branches of chemical industry. An unseeded crystallization process begins with primary nucleation, 

denoting the formation of new crystalline particles with a size sufficient for them to be 

thermodynamically stable under the prevailing conditions. Development of a fundamental 

understanding of primary nucleation has been slow, and as a result, industrial crystallization processes 

often lack sufficient robustness.  Nucleation has a governing influence on product properties such as 

particle size, size distribution and polymorphic form. It occurs in the nanometer size range,1 has a strong 

non-linear dependence on the supersaturation,2 and has a significant stochastic component.3  

An important issue in scaling up of crystallization processes or introduction of changes to processing 

conditions involves the effect of altered agitation conditions on nucleation. In a previous contribution,4  

the literature on the influence of agitation and fluid shear on primary nucleation was reviewed in an 

attempt to summarize the development since the earliest publications on the subject in the beginning of 

the 20th century. With few exceptions very little systematic work has been done, and the overall 

knowledge of the underlying principles and mechanisms is poor. Improving understanding of the 

influence of fluid shear on nucleation will also contribute to a better overall understanding of the 

mechanisms of nucleation. 

In previous work,4, 5 we examined the influence of fluid shear on nucleation in small capped vials 

equipped with magnetic stir bars and in a larger Taylor-Couette flow device. Through these experiments 

solid evidence has been provided that fluid shear in general promotes primary nucleation. We have also 

shown that fluid shear can influence the polymorphic outcome of m-hydroxybenzoic acid in cooling 

crystallization experiments. This result has been attributed to a difference in the strength of the influence 

of fluid shear on primary nucleation of the two respective polymorphs. In the analysis of potential 

explanations for the influence of fluid shear on primary nucleation, three major potential mechanisms 



 
 

have been identified: (i) shear enhanced mass transfer, (ii) shear induced molecular alignment and (iii) 

shear enhanced cluster aggregation. At present, it appears as if the third mechanism provides the most 

plausible explanation to the influence of shear on the nucleation of small organic molecules in solution. 

Although little is known about their structure and the mechanism by which they grow, the actual 

existence of small molecular clusters in solution has been convincingly established in numerous recent 

reports.6-8 Within the framework of the classical nucleation theory, such clusters are considered solid 

bodies with a crystalline structure and a defined phase boundary, growing through addition of 

monomers, while within more recent theories different structures and modes of aggregation of clusters 

are considered, such as liquid-like nanodroplets of a size ranging from a few up to hundreds of 

nanometers.9 In a recent study10 it was shown that the mechanical action of a tumbling stir bar can lead 

to coalescence of 250 nm nanodroplets of glycine into larger droplets, significantly shortening the time 

of formation of observable crystals. This finding supports the shear enhanced cluster aggregation 

mechanism.  

In the current study, nucleation experiments have been conducted in three parallel, jacketed reactors 

equipped with different types of overhead agitators. The influence of agitation conditions on nucleation 

of butyl paraben and two polymorphs of m-hydroxybenzoic acid have been investigated. Several 

parameters, including agitation rate, impeller type and size, impeller to bottom clearance and the 

presence of baffles have been studied. Our ambition is to substantiate and complement previous results 

using well-defined agitation conditions more closely emulating an industrial setup.  

EXPERIMENTAL WORK 

Materials 

Butyl paraben (CAS No: 94-26-8) of >99.0% purity and m-hydroxybenzoic acid (mHBA, CAS No: 

99-06-9) of >99.0% purity were purchased from Sigma-Aldrich and used as received. Ethanol of 99.7% 



 
 

purity was purchased from Solveco chemicals. 1-propanol of >99.8% purity was purchased from VWR. 

Both solvents were used as received. All solutions were filtered through 5 μm PTFE membrane filters 

before use.  

Equipment 

Three identical jacketed reactors of 250 mL volume with flat bottoms have been used, Figure 1. The 

reactors are made of glass and each was equipped with four stainless steel baffles of 6 mm width. The 

liquid level was 60 mm, which is equal to the inner diameter of the reactor. Four different stainless steel 

agitators: a marine propeller (MP), a Rushton turbine (RT) and two flat disks of different diameters, 

have been used, Figure 2. The agitators were positioned with an off-bottom clearance of 10 mm (except 

for experiments where the influence of the clearance was investigated where distances of 2 mm and 5 

mm were also used.) The agitators were powered by overhead motors (RW 20 DZM, IKA-Werke) 

equipped with displays showing the rotation rate. The temperature of the water circulating through the 

jackets was controlled by two cryostatic baths (FP50, Julabo). By means of controlling valves, the 

circulation path could be switched between the two baths, Figure 3, allowing instant changing of the 

cooling water temperature. 

 

Figure 1. The jacketed crystallizer. Units in mm. 



 
 

 

Figure 2. The investigated impellers. Units in mm. 

 

Figure 3. Schematic diagram of the experimental setup. 1: cryostatic bath; 2: jacketed, agitated reactor.  

Nucleation experiments 

Nucleation was studied for two different systems: butyl paraben in ethanol solution and m-

hydroxybenzoic acid in 1-propanol solution. The former solute exhibits no polymorphism, while the 

latter can crystallize in two polymorphs.11 The solubility of butyl paraben in ethanol and of mHBA 

polymorphs in 1-propanol have been reported elsewhere.11, 12 For each system, nucleation was 

investigated at two different levels of thermodynamic driving force for nucleation (approximated as RT 

ln S, where the supersaturation S is calculated as the mole fraction ratio), Table 1. The solution volume 

in each vessel was 160 mL, and initially the temperature was kept 10 °C above the saturation 

temperature Tsat for 1 h using one of the refrigerated circulators. Then the circulation water system was 



 
 

switched to the other refrigerated circulator at a lower temperature, Tnucl, to rapidly create the desired 

supersaturation. A Sony HDR-XR200 high-resolution digital camcorder was used to simultaneously 

record the process in the three reactors. In the majority of experiments, shortly following the onset of 

primary nucleation the solutions would rapidly turn turbid, and the onset of nucleation is estimated from 

analysis of the recorded video by the naked eye, as described elsewhere.5 In a few cases under poor 

agitation conditions this phenomenon was not observed, and instead a few crystals would slowly 

develop at the bottom of the vessel. This technique of recording the induction time has been evaluated in 

smaller scale for these systems in previous contributions4, 5 and has been successfully applied in several 

previously reported studies, with the proviso that the visible onset of the event be sufficiently rapid.11, 13, 

14 In a comparative study of nucleation detection methods, it was shown for nucleation of paracetamol 

in a stirred crystallizer that the accuracy of using the naked eye is quite comparable to that obtained by 

FBRM and FTIR spectroscopy.15 

Table 1. Investigated solutions and conditions of supersaturation.  

solution Tsat [°C]  Tnucl [°C] 
RT ln S          

[J mol-1] 

butyl paraben / ethanol 
15 11 245 

15 12 176 

mHBA / 1-propanol 
53 25 940 

53 29 828 

 

For the experiments with butyl paraben in ethanol, after nucleation was recorded in the three vessels, 

the circulation water was switched to the higher temperature, and the whole procedure repeated, for a 

total of up to 10 times for each solution. Two repeat runs were carried out for each investigated agitation 

rate (300, 400, 600, 800 and 1000 rpm). Solutions were always kept for 1 h at a temperature 10 °C 

above Tsat between experiments in order to avoid variations in solution history.13, 16, 17 The agitation rate 

was changed in a random pattern between experiments. For the experiments with mHBA in 1-propanol, 



 
 

as soon as sufficient crystalline material had precipitated in a vessel (between 10-15 min after 

nucleation was observed), the contents were filtered (Munktell grade 00A filter paper) and dried in a 

ventilated fume hood. IR spectroscopy was then used to identify the polymorph, as described 

elsewhere.5  

To evaluate the time required to cool the solutions to Tnucl, the temperature of solutions were 

monitored while cooling from 25 °C to 15 °C, and from 50 °C to 25 °C, respectively, under agitation at 

200 rpm using different agitators of diameter 20 mm. The results are shown in Figure 4. In all cases, the 

time to effect 95% of the required temperature change was about 10 min. The difference between the 

agitators is small, possibly with a slightly lower cooling rate obtained for the disk and a higher cooling 

rate for the turbine. The nucleation experiments were conducted at sufficiently low supersaturation to 

ensure that induction times were long enough for the time required for cooling the solutions to the target 

temperature to be negligible. 

  

Figure 4. Temperature profiles of solutions in vessels with different types of agitator at 200 rpm, cooled 

a) from 25 °C to 15 °C, and b) from 50 °C to 25 °C. 
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RESULTS AND EVALUATION 

Nucleation of butyl paraben from ethanol solution 

The induction times obtained at different agitation rates for the three types of agitators with baffles 

are shown in Figure 5 for two different driving forces. Each point represents the average of four repeat 

experiments. For all three agitators at both conditions, a similar trend is observed, that the induction 

time is inversely related to the agitation rate. This trend corresponds to what was found in our previous 

work on this system using a Taylor-Couette flow device,4 as well as to results of other studies.18-23 For 

the studied conditions, the induction times obtained using the Rushton turbine are always lower than 

those obtained using a disk agitator or a marine propeller. At lower driving force (Figure 5 b) the 

induction times obtained using a rotating disk are longer than those obtained with a propeller, while at 

higher driving force (Figure 5 a) the difference is small except for at the lowest agitation rate.  

  

Figure 5. Influence of agitation rate on the average induction time of butyl paraben in ethanol, for three 

different types of agitators (d=20 mm) and with baffles at a) Tnucl=11 °C, RT ln S=245 J/mol and b) 

Tnucl=12 °C, RT ln S=176 J/mol. Error bars indicate 95% confidence intervals. 

A certain degree of variability in induction time among repeat experiments has been observed in this 

study, as indicated by the error bars in Figure 5. For most of the experiments in this study, the 
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coefficient of variation (CV) is below 0.25, which is not much lower than the value of approximately 

0.30 obtained our previously reported vial experiments.5 This noteworthy since in the present work we 

operate volumes of 160 mL solution while the vial experiments were performed using solution volumes 

of 20 mL. 

Figure 6 shows the influence of baffles on the average induction time at different agitation rates using 

three types of agitators. Each data point represents the average of four repeat experiments. The general 

trend is that the induction time is reduced by using baffles. However, for the disk agitator the influence 

of using baffles is very weak at high agitation rate (N ≥ 600 rpm). At the lowest agitation rate (N = 300 

rpm) no rapid turbidity change upon nucleation is generated when baffles are not used, so the onset of 

nucleation could not be confidently identified.   
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Figure 6. Influence of baffles on average induction time of butyl paraben in ethanol at different 

agitation rates for a) Rushton turbine, b) marine propeller and c) disk impeller. d=20 mm, Tnucl=11 °C, 

RT ln S=245 J/mol. Error bars indicate 95% confidence intervals. 

In Figure 7, induction times for solutions agitated with disks of two different diameters are compared. 

No baffles were used in this case. Each data point represents the average of four repeat experiments. 

The results show that the induction time is reduced by increasing the diameter of the disk at the same 

agitation rate.  

 

Figure 7. Influence of disk agitator diameter on average induction time of butyl paraben in ethanol at 

different agitation rates. Tnucl=11 °C, RT ln S=245 J/mol. Error bars indicate 95% confidence intervals. 

Figure 8 shows the influence of impeller to bottom clearance on the average induction time at 

different agitation rates, using a disk impeller (d=40 mm). Each data point represents the average of four 

repeat experiments No clear difference in induction time was observed when comparing three different 

clearance distances, viz. 2 mm, 5 mm and 10 mm. For clearance distances of 5 mm and 10 mm, the 

lowest agitation rate (300 rpm) was not sufficient to generate a rapid turbidity change upon nucleation, 

with the result that the onset of nucleation could not be clearly identified.   
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Figure 8. Influence of impeller clearance on the average induction time of butyl paraben in ethanol at 

different agitation rates, with a disk impeller (d=40 mm). Tnucl=11 °C, RT ln S=245 J/mol. Error bars 

indicate 95% confidence intervals. 

Nucleation of m-hydroxybenzoic acid from 1-propanol solution 

The induction times obtained at different agitation rates for the three impeller types with baffles are 

shown in Figure 9 a) and b) for two different values of the nucleation driving force. At the lowest 

evaluated agitation rate (100 rpm), the flow conditions were not sufficient to generate a rapid turbidity 

change upon nucleation, and as a result there is a greater uncertainty in the determination of the onset of 

nucleation for these experiments, and the corresponding data points are shown as hollow symbols. At 

both driving forces and for all three agitator types, the induction time decreases with increasing agitation 

rate. This agrees with the findings for butyl paraben (Figure 5) as well as with previous results using 

different experimental setups.5  

At the higher driving force, the metastable form II was obtained in all experiments. At the lower 

driving force, except for one experiment using the Rushton turbine, all experiments at 100 rpm resulted 

in the stable form I, while form II was always obtained at higher agitation rates (300, 400 and 800 rpm), 

Figure 10.   
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Figure 9. Influence of agitation rate on the average induction time of mHBA in 1-propanol, for different 

types of agitators (d=20 mm), using baffles, at a) Tnucl=25 °C, RT ln SI=940 J/mol, and b) Tnucl=29 °C, 

RT ln SI=828 J/mol. Error bars indicate 95% confidence intervals. 

 

Figure 10. Influence of rotation rate on polymorphic outcome of mHBA in 1-propanol, for different 

types of agitators (d=20 mm), using baffles. Tnucl=29 °C, RT ln SI=828 J/mol. 
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Correlation of induction time to energy dissipation rate  

The results of this study show that the induction time in a stirred tank crystallizer is influenced by the 

agitation rate, the impeller type and diameter, and the use of baffles. The influence of all these factors 

can be attributed to the shear rate generated in the solution. For a Newtonian fluid, the average shear 

rate, γ, is related to the power input per unit volume,24  

                                                                  𝛾 = (
1

𝜇

𝑃

𝑉
 )

1/2

                                                           (1) 

where V is the volume, μ is the dynamic viscosity of the solution, and P is the power conveyed by the 

agitator. Eq. (1) applies to laminar, turbulent and transition flow. The power input per unit volume (also 

denoted the average specific power input) equals the average energy dissipation rate. The power 

consumption can be estimated from the correlation: 

                                                           𝑃 = 𝑁P𝜌𝑁3𝑑5                                                                 (2) 

where NP is the power number, N is the agitation rate and d is the impeller diameter. Kamei et al.25, 26 

developed a correlation suitable for the calculation of the power number of a Rushton turbine. For 

unbaffled conditions: 

                                                  𝑁P0 = 1.2𝜋4𝛽2𝐷2𝐻𝑓/8𝑑3                                                       (3)     

where β=2ln(D/d)/[(D/d) – (d/D)], H is the height of the liquid level, D is the inner diameter of the 

vessel and f is a friction factor related to the Reynolds number and system geometry.26 For baffled 

conditions: 

                                                  𝑁P = (1 + 𝑥−3)−1/3𝑁𝑃𝑚𝑎𝑥                                                     (4)     

                                     𝑥 = 4.5(𝐵𝑤 𝐷⁄ )𝑛𝐵
0.8 𝑁𝑃𝑚𝑎𝑥

2⁄ + 𝑁P0 𝑁𝑃𝑚𝑎𝑥⁄                                         (5)            



 
 

where NP max is the power number at fully baffled conditions: 

                            𝑁𝑃𝑚𝑎𝑥 = {

10(𝑛𝑃
0.7𝑏/𝑑)1.3,                   𝑖𝑓 (𝑛𝑃

0.7𝑏/𝑑) ≤ 0.54

8.3(𝑛𝑃
0.7𝑏/𝑑),            𝑖𝑓 0.54 < (𝑛𝑃

0.7𝑏/𝑑) ≤ 1.6

10(𝑛𝑃
0.7𝑏/𝑑)0.6,                      𝑖𝑓 1.6 < (𝑛𝑃

0.7𝑏/𝑑)

                              (6) 

where nP is the number of impeller blades, b is the width of an impeller blade and Bw and nB are the 

width and number of baffle plates. Kato et al.27 made some modifications of the friction factor based on 

the above correlation, so that it can be used to calculate power numbers of propellers.    

Using correlations proposed by Kamei and Kato, the power number and energy dissipation rate per 

unit mass, ε, for the Rushton turbine and marine propeller used in our experiments have been calculated 

for both baffled and unbaffled conditions, Table 2. The Reynolds number is calculated as Re=Nd2ρ/μ, 

where  is the density.  

Table 2. The power number and the average energy dissipation rate for different conditions. 

 
 unbaffled RT baffled RT unbaffled MP baffled MP 

N [rpm] Re NP0 
ε × 103  

[W kg-1] 
NP 

ε × 103  

[W kg-1] 
NP0 

ε × 103  

[W kg-1] 
NP 

ε × 103  

[W kg-1] 

300 1307 2.54 6.35 6.86 17.14 0.77 1.92 1.50 3.74 

400 1742 2.31 13.66 6.68 39.59 0.71 4.18 1.49 8.86 

600 2613 2.01 40.26 6.46 129.1 0.63 12.55 1.49 29.87 

800 3484 1.83 86.77 6.31 299.3 0.58 27.45 1.49 70.75 

1000 4356 1.70 157.5 6.21 574.9 0.54 50.44 1.49 138.13 

 

In Figure 11, the mean induction times of butyl paraben in ethanol solution obtained in the jacketed 

crystallizer experiments listed in Table 2 are shown against the average energy dissipation rate in a log-

log diagram, together with results from experiments in a Taylor-Couette flow device at the same driving 

force (Tnucl=11 °C, RT ln S=245 J/mol).4 The energy dissipation rate for Taylor-Couette experiments 

were calculated using Sinevic’s correlation28, 29 as previously described.5 The results from the jacketed 

crystallizer experiments can be reasonably well correlated by: 



 
 

                                                                       𝑡ind ∝
1

𝜀0.30                                                           (7)    

If we assume that the primary nucleation rate is inversely proportional to the induction time, this 

relation suggests that the rate of nucleation increases with increasing average energy dissipation rate 

raised to the power 0.3, and accordingly with increasing average shear rate raised to the power 0.6.  

The data in the Taylor-Couette experiments agree rather well with the jacketed crystallizer 

experiments, but there is a noticeable difference in slope as shown in Figure 11. A correlation based on 

the Taylor-Couette results only has a slope of -0.45. This means that the nucleation rate increases with 

energy dissipation rate raised to the power 0.45, and accordingly with increasing average shear rate 

raised to the power 0.9 (Eq. 1), the latter being in agreement with our previous analysis of the same 

data.4 

 

Figure 11. Correlation of mean induction time to energy dissipation rate for nucleation of butyl paraben 

in ethanol in jacketed vessels, agitated with a Rushton turbine and a marine propeller at baffled and 

unbaffled conditions (d=20 mm). Data from vials and Taylor-Couette (TC) experiments taken from our 

previous work.4 Tnucl=11 °C, RT ln S=245 J/mol. 
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The data from vial experiments at low stirring rate4 is also included in Figure 11. In spite of the 

smaller volume, the average induction time in the vial experiments is shorter than in all experiments 

with overhead stirrers at the same average energy dissipation rate. This supports the hypothesis30 that in 

the contact between the sliding and/or rotating stir bar with the bottom and walls of the vial, high local 

shear rates are generated which leads to a comparatively higher nucleation rate.  

The maximum shear rate is proportional to the tip speed of the impeller, uT.31 In Figure 12, the mean 

induction time of butyl paraben in ethanol in the jacketed crystallizers is plotted against impeller tip 

speed for the different types of impeller and the two different diameters of the disk impeller. The results 

from the Taylor-Couette experiments at the same driving force are also included, plotted against the 

tangential velocity of the rotating inner cylinder surface. Overall, the graph shows that the induction 

time decreases with increasing tip speed, for each impeller. Of course, the maximum shear rate may 

depend on the impeller geometry. However, except for the Rushton turbine data in a baffled tank, the 

data for all three impellers of diameter 20 mm in the absence and presence of baffles form an almost 

single unifying correlation having a slope of -0.95, indicating that the induction time is inversely 

proportional to the impeller tip speed for this group of experiments. On the other hand, the data for the 

40 mm disk and for the Taylor-Couette flow system deviate from that correlation. It is noteworthy that 

data obtained using disks of two diameters are not well correlated as one set, and that there is a rather 

clear influence of baffles in the case of the Rushton turbine agitation. Concerning the question whether 

average shear or maximum shear is governing it should be recognized that the probability for nucleation 

to occur will increase with increasing shear rate as well as with increasing volume, and the maximum 

shear rate is only found in a small part of the volume.  



 
 

 

Figure 12. Correlation of induction time to impeller tip speed for nucleation of butyl paraben in ethanol 

in jacketed crystallizers and in Taylor-Couette (TC) experiments. Tnucl=11 °C, RT ln S=245 J/mol. 
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In our experiments the Reynolds number ranges from 1307 to 4356, which corresponds to the 

transition region between laminar and turbulent flow according to the definition of these terms for 

agitated tanks.32 However, the fact that the power numbers are fairly constant with changing agitation 

rate (Table 2), in particular in the presence of baffles, suggests that conditions are close to being 

classified as turbulent.32 Furthermore, it should be recognized that the fluid mechanics inside an agitated 

tank are quite complex with substantial spatial differences and a recirculating flow. In the region close 

to the impeller the agitation energy is conveyed to the fluid, and in the outflow and trailing vortices the 

highest turbulence levels are found. Farther away from the impeller, local turbulence energy dissipation 

rates are typically ranging down to two orders of magnitude lower, and the flow is less dominated by 

turbulence and more governed by velocity gradients and shear between different fluid layers. It should 

be noted that, although in the present work we have only considered the turbulence dissipation in terms 
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of the average energy dissipation rate, the distribution of local turbulence dissipation also depends on 

the type of impeller and the vessel configuration. 

In a theoretical framework of droplet coalescence in a turbulent flow field,33, 34 the process is 

considered to take place in two steps: formation of a droplet doublet through the collision of two 

droplets, followed by the drainage of the continuous phase liquid film in between leading to the 

formation of a single droplet. Fluid dynamics mainly influence the collision step.35
 Colin and Riou36 

developed a model based on isotropic turbulence theory, in which the effect of size ratio between eddies 

and droplets is specifically considered, proposing that if the droplet size is bigger than the length scale 

of the turbulence, η, the relative droplet motion is due mainly to the mean shear of the flow, while 

turbulent collisions are governing for droplets smaller than η. The velocity of such small droplets is 

related to the eddy velocity, ue, which is calculated in the classical turbulent theories as 

                                              𝑢e
2 = 𝐶1(𝜀𝑑e)2/3                                                               (8) 

where C1 is a constant and de is the eddy diameter. The collision frequency ω can be interpreted as the 

effective volume swept by the moving particle per unit time. Thus the frequency of collisions between 

two droplets is given by: 

                                          𝜔 = 𝐶2(𝑑1 + 𝑑2)7/3𝜀1/3                                                     (9) 

where C2 is a coefficient accounting for the difference in velocity between cluster and eddy, and d1 and 

d2 are the diameters of the two droplets. In this equation the collision frequency is related to the energy 

dissipation rate raised to the power 1/3. Similar power law relationships have also been proposed by 

other authors.37, 38 Obviously there is a striking similarity between eq. 9 and eq. 7 in the dependence on 

the energy dissipation rate, supporting the hypothesis that the mechanism behind the influence of the 

fluid mechanical conditions on the primary nucleation rate is related to the cluster collision frequency in 

turbulent flow.  



 
 

The agitated vessel experiments are performed at conditions that are not fully turbulent, and in the 

Taylor-Couette experiments the flow is best characterized as being laminar. In uniform laminar flow the 

droplet collision frequency can be estimated by:39 

                                       𝜔 = 1.366 (𝑑1 + 𝑑2)3𝛾                                    (10) 

The frequency becomes directly proportional to the shear rate, and obviously exhibits a stronger 

dependence on the shear rate than at turbulent conditions. Interestingly, the power law dependence of 

the nucleation rate on the average shear rate in the Taylor-Couette experiments (Figure 11) has an 

exponent of 0.9, in very good agreement with eq. 10. This further supports the hypothesis that the 

influence of shear on primary nucleation in these systems is related to the shear enhanced cluster 

aggregation mechanism.4 

Influence of agitation on polymorphic outcome 

We have previously shown5 that the average induction times of two polymorphs of mHBA are both 

influenced by agitation. A stronger influence on agitation was observed for nucleation of form II 

compared to form I, resulting in a dependence on the agitation rate of the fractions of experiments 

resulting in each respective polymorph. The hypothesis we proposed is that the layered nature of the 

form II structure renders form II nucleation more sensitive to changes in the flow conditions compared 

to the more isotropic form I structure. The results of the current study (Figure 10) support this 

hypothesis: at the lowest agitation rate (100 rpm) the majority of the experiments resulted in form I 

while all experiments at higher agitation rates resulted in form II. The fact that the only experiment at 

100 rpm resulting in form II featured a Rushton turbine, providing the highest power input out of the 

three impellers at a given agitation rate, is also in line with this hypothesis, although the number of 

repeat experiments is too low to provide statistical confidence. 

 



 
 

CONCLUSIONS 

In nucleation experiments of butyl paraben in ethanol solution, the induction time is found to decrease 

with increasing agitation rate. At equal agitation rate, the induction times obtained using a Rushton 

turbine are shorter than for a marine propeller and a disk impeller, under otherwise identical conditions. 

The presence of baffles reduces the average induction time, and this influence is stronger for a Rushton 

turbine than a marine propeller and a disk impeller. It is found that the induction time across the 

experiments with different agitators and agitation rates, is inversely correlated to the specific power 

input raised to the power 0.3. It is shown that this relation would be found if the nucleation rate is 

proportional to the rate of cluster collision in turbulent flow. A comparison of disk impellers of different 

size shows that the induction time at equal rotation rate is shorter with an agitator of a larger diameter 

(and hence higher tip speed). In experiments with m-hydroxybenzoic acid, form II was invariably 

obtained at higher driving force while both polymorphs were obtained at a lower driving force. For the 

latter case, form I was obtained in the majority of experiments at a low agitation rate (100 rpm) while 

form II was obtained in all experiments at higher agitation rates (≥300 rpm).    
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