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Summary 
 

The vortex fluidic device (VFD) is a thin film continuous flow processing platform with a wide 

range of useful capabilities enabling the environmentally friendly processing of compounds. 

These capabilities include the refolding of misfolded proteins, the biphasic performance of 

clean oxidations using bleach, and the performance of chemical reactions using more 

environmentally friendly reagents. The VFD has also demonstrated the ability to prepare a 

range of materials, including carbon nanorings from carbon nanotubes, the silica-based 

material SBA-15, and carbon nano-onions coated with Pt or Pd nanodots. Despite these wide-

ranging capabilities, minimal work has been performed investigating the behaviour of fluid 

within the VFD. 

  

This thesis involved the development of a mathematical model predicting the shape of the thin 

liquid film within the VFD, along with the generation of a number of useful formulae enabling 

the calculation of the residence time of liquid within the device, the maximum volume the 

device can hold, and conditions which generate the thickest film. These equations were shown 

to be consistent with equations relating to other related systems, and were applied to previous 

work within the VFD, providing additional insights. 

  

The shape of the thin film within the VFD was investigated using neutron imaging performed 

at the OPAL nuclear reactor. Images acquired using short acquisition times showed that the 

thin film within the VFD usually reaches stability within 5 seconds, and showed that the 

behaviour of water in the VFD is consistent with the behaviour predicted by the mathematical 

model. Subsequent high resolution images demonstrated that the model accurately predicts the 

behaviour of toluene, but not the behaviour of more viscous liquids such as glycerol and 

propylene glycol. Despite this deviation between experimental and predicted behaviour, an 

effective method was demonstrated for adjusting the mathematical model using experimental 

data, enabling the accurate prediction of the shape of the film for more viscous liquids. The 

behaviour of water when interacting with a hydrophobic surface was shown to not be accurately 

predicted by the model, likely because liquid-surface interactions are not considered by the 

mathematical model. Investigations into the behaviour of biphasic systems revealed that at 

present, neutron imaging is unable to provide significant useful information about the 

behaviour of biphasic systems in the VFD. 
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A method for performing Small Angle Neutron Scattering in situ with the VFD was developed, 

and a preliminary investigation into the behaviour of Pluronic P-123 micelles in the VFD was 

conducted. The results suggest that the VFD may be influencing the interactions between 

Pluronic P-123 micelles and water. The potential that the VFD may be influencing solvent-

substrate interactions is a hypothesis that has been generated previously on several occasions. 

Lastly, the mathematical model was successfully used to design scaled-up versions of previous 

methods for preparing imines and amides within the VFD, increasing production rates up to 

twenty-fold. Overall, the development of this mathematical model and the demonstration of its 

accuracy and utility will enable the better understanding of future work within the VFD and 

the more intelligent design of reaction conditions. 
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Chapter 1  
Continuous flow organic synthesis and its applications in green 

chemistry 
 

The environmental impact of human civilisation has become of increasing global concern over 

the past 20 years,1-5 as evidenced by the Paris Climate Agreement,6-8 regional efforts to reduce 

greenhouse gas production,9-11 and the significant growth in green chemistry research.5,12 

Efforts to reduce our environmental impact include the imposition of government regulations, 

the growing focus on renewable sources of energy, and the development of a wide range of 

new chemicals13-15 and methodologies to reduce the environmental impact of current chemical 

processes.16-18 One of the many approaches to reducing our environmental footprint is the 

development of green and sustainable processes for the production and purification of 

chemicals. These approaches include the development of new methodology to substitute green 

chemicals for toxic chemicals, and the development of new compounds where suitable 

alternatives are currently unavailable. Approaches to new methodology include the use of 

supercritical CO2,19-21 ionic liquids,22-24 and continuous flow processing platforms,25-27 whilst 

the development of new compounds includes new catalysts,13,15,28 solvents,14,29,30 and 

enzymes.31-33 

 

In 1998, Paul Anastas and John Warner published what are now known as the 12 Principles of 

Green Chemistry.34 These principles can be summarised as follows: 1) reduce waste, 2) 

increase atom economy, 3) use less hazardous chemicals, 4) produce inherently safer 

chemicals, 5) reduce solvent and auxiliary substance usage, 6) perform reactions near ambient 

conditions, 7) use renewable raw materials, 8) reduce the number of synthetic steps, 9) use 

catalysts instead of stoichiometric reagents, 10) use chemical products that degrade into non-

toxic compounds, 11) use real-time in-line monitoring of processes, and 12) use safer 

reagents.34 Continuous flow processing has advantages over traditional batch processing that 

address a number of these principles. Continuous processes often allow the reduction of waste 

produced (1),35-37 the safe use of chemicals such as ozone in increasing the atom economy (2),38-

40 the avoidance of auxiliary substances, particularly phase transfer catalysts (5),41-43 more 

efficient heat transfer, allowing reactions to be performed at closer to ambient temperature (6), 

the use of packed-bed catalysts (9),44,45 and real-time analysis of processes (11).46,47 Some of 
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these advantages relate to technology that can, in principle, be developed for any continuous 

flow system, such as real-time analysis. In contrast, other advantages relate to the fine control 

over processing conditions afforded by flow processing, affording greater selectivity and 

reducing the build-up of potentially dangerous intermediates.18,24,48,49 Advantages relating to 

fine control over processing are more likely to be system-dependent, and it cannot be 

reasonably assumed that individual flow systems are capable of these advantages merely 

because other flow systems are. 

 

A variety of plug-flow continuous flow processing platforms exist, including microfluidic 

chips, coiled tubing, and the H-Cube and X-Cube.26,50,51 In addition to these reactors where 

liquid behaves under plug flow, a variety of high-shear flow systems exist, including the Film-

Shear Reactor,27,38,52 the Multi-Jet Oscillating Disc,53-56 and the Vortex Fluidic Device 

(VFD).25,57,58 Understanding the fluid behaviour is important for all flow systems, particularly 

for the development of reactions where the advantages are afforded by fine control over 

operating conditions. Fluid behaviour in plug flow systems is relatively well understood, whilst 

it is much less understood in high-shear flow systems. Amongst these high-shear flow systems, 

the Vortex Fluidic Device is almost unique in that in addition to the presence of a liquid-solid 

interface, there is a liquid-air interface. This significantly complicates the fluid behaviour and 

causes difficulty in predicting which advantages and disadvantages of existing flow systems 

apply to the VFD. The focus of this project is to better understand fluid behaviour in the Vortex 

Fluidic Device, and through this understanding, gain insight into how the capabilities and 

challenges of flow synthesis in the VFD align with the advantages and challenges that 

conventional flow systems have over batch processing. 
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Chapter 1.1 – Advantages, Challenges, and Approaches to Continuous 

Flow Synthesis 
 

Although the advantages of continuous organic synthesis are numerous, continuous flow 

processing does come with its own set of challenges. Many of these advantages and challenges 

are exemplified by the different approaches taken to the continuous synthesis of various 

pharmaceuticals, including imatinib, ibuprofen, lidocaine and methylphenidate (Ritalin), as 

well as their comparison to batch procedures. 

 

Ibuprofen is a common over-the-counter pain-killer that has been prepared using a variety of 

approaches in batch59-63 and under continuous flow.64,65 The original Boots synthesis of 

ibuprofen involved 6 steps and produced a significant amount of waste, leading to the 

development of the Hoechts method (Scheme 1.1.1, also known as the Boots-Hoechts-Celanese 

method, or BHC method), as a greener alternative that produced minimal unrecycled waste.61 

Despite this, the batch process converted into flow is that reported by Tamura in 1985 

(Scheme 1.1.2).63 The Hoechts synthesis involves a Friedel-Crafts acylation of isobutylbenzene 

using acetic anhydride and hydrofluoric acid, followed by reduction of the ketone to an alcohol 

using Raney nickel and hydrogen, with the final product formed through palladium-catalysed 

CO insertion.61 The Tamura procedure similarly involves a Friedel-Crafts acylation, however 

it instead uses 1 equivalent of aluminium chloride with propionyl chloride, followed by 

PhI(OAc)2-induced aryl migration to give the methyl ester, and hydrolysis to give ibuprofen.63  

 
Scheme 1.1.1: The Hoechts synthesis of ibuprofen.61 
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Scheme 1.1.2: The Tamura synthesis of ibuprofen,63 adapted to continuous flow by the Jamison 

Group65 and the McQuade Group.64 

 

A significant difference between the Tamura method and the McQuade method is the latter’s 

avoidance of aluminium chloride, which results in clogging of the reactor and is incompatible 

with downstream reagents. Instead, five equivalents of trifluoromethanesulfonic acid (triflic 

acid, TfOH) was used for the acylation. Continuous flow operation allowed the usage of TfOH 

for both the acylation and migration, however, it necessitated the usage of significant 

equivalents of NaOH for the hydrolysis to quench the TfOH still in the system. Despite the 

significantly greater quantities of reagents used in the continuous process, it reduced the 

synthesis time from 15 hours to 10 minutes,a which represents a significant achievement.64 The 

Jamison group improved this synthesis through the replacement of TfOH with aluminium 

chloride, preventing downstream reactor clogging through an in-line acidic quench to dissolve 

the aluminium oxides/hydroxides, and using a membrane separator to afford the acylated 

product neat.65 The Jamison group also replaced PhI(OAc)2 with iodine monochloride with the 

intention of developing a more economical synthesis ($963/mol for PhI(OAc)2 compared to 

$249/mol for ICl).66,67 One challenge encountered by this group was coupling the aryl migration 

step to the hydrolysis. The use of iodine monochloride necessitated a subsequent quench to 

prevent oxidative destruction of the gold spring they used in their back-pressure regulator. 

However, quenching the ICl with acetone generated iodoacetone and chloroacetone, thereby 

preventing the transfer of the methyl ester intermediate into the aqueous phase used for the 

hydrolysis. Instead, mercaptoethanol was used as a quenching reagent, and 25% methanol was 

added to the aqueous sodium hydroxide solution to facilitate phase mixing, giving ibuprofen 

in the form of its sodium carboxylate salt. Ultimately, the Jamison Group developed a more 

																																																								
a	10	minutes	is	the	total	time	within	the	reaction	zones	under	flow,	and	does	not	include	the	time	
required	to	transfer	liquid	between	reaction	zones	under	flow.	
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economical continuous synthesis of ibuprofen based on McQuade’s methodology, also 

increasing the yield (83% from 51%) and decreasing the processing time (3 min from 10 min).65 

 

The third continuous method involved using a photo-Favorskii Rearrangement (Scheme 1.1.3) 

to replace the aryl migration and hydrolysis step, although the Baxendale Group did not couple 

this step to the Friedel-Crafts Acylation as their intention was to demonstrate a continuous 

procedure for the photo-Favorskii Rearrangement. Although none of the typical continuous 

flow challenges were faced, the ability to perform photochemical reactions under flow is a 

noteworthy demonstration.68 The advantages of continuous flow processing utilised by the 

Jamison and McQuade research groups, as well as its challenges and solutions, are typical of 

such processing. The advantages are focused around the significantly reduced processing time, 

whilst the main challenges were to design a process that circumvented reactor clogging and 

ensured the compatibility of reagents with other reagents and reactor components. These 

challenges were solved through the use of a membrane separator and the careful selection of 

reagents.65 

 
Scheme 1.1.3: The synthesis of ibuprofen using a photo-Favorskii Rearrangement under flow.68 

 

Another early pharmaceutical produced under flow is imatinib (Scheme 1.1.4), a drug 

developed by Novartis AG for use in the treatment of chronic myeloid leukaemia.69 The 

problematic batch syntheses inspired the development of the first flow synthesis, noting that 

under batch, all pathways involve multiple multi-hour operations, with start-to-end synthesis 

times ranging from 22 hours to 78 hours.70,71 In contrast, the first flow synthesis of imatinib 

required only approximately 4 hours. The first step in the reaction was amide formation and 

involved loading the acyl chloride onto a polystyrene-supported 4-(dimethylamino)pyridine 

(DMAP) resin within a glass column, followed by pumping aniline through the column to form 

O

OHO

ClCl

Cl

O

H2O, Photo-flow reactor



	6	

the amide. Attempts to use excess DMAP resin to scavenge any carboxylic acid produced 

through hydrolysis were unsuccessful, and instead a column with polymer-supported 

dimethylamine was used as a scavenger. Attempts to perform the reaction without preloading 

the acyl chloride onto a DMAP resin resulted in significantly higher variations in concentration, 

significantly hindering the ability to achieve a high yield for the subsequent step. Performing 

the amidation in sequence with SN2 substitution of N-methylpiperazine posed two challenges; 

firstly, N-methylpiperazine is only slightly soluble in dichloromethane, and secondly, the use 

of a catch-and-release system for the amidation resulted in an output stream of inconsistent 

concentration, requiring the use of excess N-methylpiperazine, resulting in faster consumption 

of the relatively expensive scavenger column intended to scavenge excess N-methylpiperazine. 

The problem of inconsistent concentration was solved by monitoring the concentration of 

amide using in-line UV-Vis spectroscopy, which demonstrated that the first 10 mL of output 

contained 75% of the amide. This enabled the first 10 mL to be collected in a vial containing 

an appropriate stoichiometry of N-methylpiperazine in DMF. The problem of solubility was 

then solved by heating this vial at 50 °C for 30 minutes to remove the dichloromethane, before 

passing it into a CaCO3 column at 80 °C for the SN2 reaction. Any remaining N-

methylpiperazine was then scavenged by an isocyanate (NCO) resin column. 

  
Scheme 1.1.4: The flow synthesis of imatinib as performed by the Ley group.69 

N

N

N

N

N

H
N

HN

O

Cl

O

BrH2N

Cl

1

2

3



	7	

Coupling this reaction to the final Buchwald-Hartwig coupling also resulted in problems 

typical of continuous flow: the conditions used previously for this reaction utilised xylenes as 

a solvent, whilst the reactant is not sufficiently soluble in xylenes or other typical solvents used 

for the coupling. Inspired by Novartis’ synthesis of the related pharmaceutical Nilotinib, the 

authors tested a combination of Pd2(dba)3, Cs2CO3, and XantPhos in a dioxane-t-BuOH system. 

Unfortunately, although this system dissolved the reagents, significant amounts of precipitate 

of palladium black and sodium bromide were formed, which resulted in clogging of the reactor. 

The use of BrettPhos as an alternative precatalyst was successful at preventing the formation 

of Pd black, whilst the addition of a water stream post-reaction ensured the sodium bromide 

redissolved before it clogged the system. Overall, a yield of 32% was achieved for this 

challenging pharmaceutical, under semi-flow conditions.69 The significantly reduced reaction 

times utilised here in comparison to batch processing are typical of flow chemistry, however, 

several aspects of this synthesis demonstrate its challenges. Firstly, solvent exchanges in batch 

processing are usually simple, however under flow they are not. The difficulty of low reactant 

solubility is often not a major issue for batch processing, with reactions sometimes performed 

solventless or without complete dissolution of reactants. Under flow, however, reagent 

solubility concerns can require the use of solvent switches (here, from CH2Cl2 to DMF), or the 

use of alternative reagents (here, from XantPhos to BrettPhos). A third continuous flow specific 

challenge observed here is the need to continuously scavenge excess reagents and by-products 

which are incompatible downstream, for example, the carboxylic acid produced from the acyl 

chloride, and excess N-methylpiperazine.69 

 

A later synthesis of imatinib by the Buchwald Group significantly increased the yield and 

decreased the number of procedural steps in the synthesis.72 Instead of utilising a catch-and-

release system for the amidation, the amide was formed by mixing three reagent streams: the 

acyl chloride in 2-methyltetrahydrofuran (2-MeTHF), the aniline in 2-MeTHF, and aqueous 

potassium hydroxide. This enabled the use of all the amide product instead of only the most 

concentrated first portion. The substitution reaction was performed through the addition of an 

aqueous solution of N-methylpiperazine, with the mixture passed through a stainless steel 

packed-bed reactor, instead of the CaCO3 reactor used by the Ley group. The Buchwald group 

determined that removal of excess N-methylpiperazine was unnecessary because their 

subsequent coupling reaction was sufficiently selective to avoid reaction with excess N-

methylpiperazine. In the final coupling reaction, both groups used a BrettPhos Pd precatalyst, 
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however the Ley group used t-BuONa in Dioxane/t-BuOH, whilst the Buchwald Group utilised 

a new solvent N,N-dimethyloctanamide as an amphiphilic catalytic solvent to encourage 

mixing between immiscible solvents. However, solubility concerns resulted in the use of the 

hydrochloride salt of 2-amino-4-(3-pyridinyl)-pyrimidine. The improved synthesis achieved a 

higher yield (56%) and utilised more environmentally friendly solutions to many of the 

difficulties encountered by the Ley group.72 The avoidance of the catch-and-release system for 

the amidation allowed the use of 100% of the amide produced instead of only 75%, and careful 

solvent selection avoided the need for a continuous flow solvent switch, demonstrating that 

careful reaction design can significantly improve on previous procedures. 

 

Atropine is a naturally occurring pharmaceutical that has been synthesised through a variety of 

pathways. Despite a chemical synthesis pathway being available, industry relies mainly on the 

isolation of atropine from its natural sources. Jamison first developed a continuous process for 

atropine synthesis and purification in 2015 (Scheme 1.1.5), aiming for an industrially useful 

process, however only achieved 7.7% yield.73 An improved synthesis published in 2017, 

described a significantly better process achieving 78% yield with a focus on reducing waste. 

The first step in Jamison’s synthesis of atropine is the esterification of tropine with 

phenylacetyl chloride, however the use of a stoichiometric amount of phenylacetyl chloride 

resulted in a yield of only 50%. It was hypothesised that phenylacetyl chloride was reacting 

with the tertiary amine, reducing the yield. In order to increase the yield two options were 

considered; the usage of the quaternary ammonium salt of tropine, or the usage of two 

equivalents of phenylacetyl chloride. The first option was selected to avoid the presence of 

unused phenylacetyl chloride that could cause problems in the later reaction steps, and was 

successfully used to give quantitative conversion. The second step of hydroxymethylation was 

challenging given the tendency of atropine to undergo elimination of the alcohol to give 

apoatropine. Despite these challenges, atropine could be successfully synthesised, with in-line 

pH adjusted extractions giving a yield of 43%, albeit with only 78% purity. The most difficult 

impurity to remove was the intermediate produced from the first step, a problem that was only 

resolved through the usage of more forcing conditions for the hydroxymethylation, resulting 

in a decreased yield due to the increased conversion to apoatropine. In the end, an overall yield 

of only 7.7% was produced. These challenges highlight the importance of considering 

downstream reactivity of reagents, as well as the consequences of limiting purification to in-

line systems.73 
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Scheme 1.1.5: The continuous flow synthesis of the pharmaceutical atropine, with degradation to 

apoatropine shown.73 

 

The improved synthesis reported in 2017 focused on achieving a higher yield and reducing the 

quantity of and involved several changes to the synthesis system.35 The first change was 

pumping tropine and phenylacetyl chloride into the reaction zone separately instead of from a 

single container, allowing the successful use of tropine instead of its hydrochloride salt. 

Secondly, significantly increasing the temperature of the second reaction zone allowed the use 

of lower concentrations of sodium hydroxide, reducing the amount of apoatropine that was 

produced. The in-line purification was also improved using computer software to predict the 

separation of the product and impurities in various solvent and pH combinations. This allowed 

a shorter purification process and reduced the amount of product that ended up in waste, giving 

an overall yield of 78%. Overall, this demonstrates the ability of continuous processing to give 

finer control over temperature and residence time, allowing the optimisation of conditions to 

give the desired product. Despite these advantages, the challenges of selecting reagents for 

downstream compatibility and difficulties in continuous flow purification were encountered.35 

 

The continuous flow synthesis of diazepam presents an interesting example where a high-

yielding relatively green process has been developed, but where an attempt to develop a greener 

process resulted in a lower yield. The synthesis of diazepam under flow (Scheme 1.1.6) is based 

on a batch process described by Sugasawa in 1979.35,74,75 The first flow synthesis reported by 

the Jamison group firstly involved the amidation of 5-chloro-2-(methylamino)benzophenone 

with bromoacetyl chloride in NMP, followed by cyclisation with ammonia in 9:1 
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methanol/water. In-line purification involved the addition of sodium chloride and ethyl acetate 

for extraction into the organic phase to give 78% yield with an E-Factor of 36.75 In designing 

a synthesis with reduced waste, it was noted that two thirds of the waste originates from the 

extraction with ethyl acetate, and consequently a solvent suitable for both the reaction and 

purification was sought. 2-MeTHF was selected, enabling a reduction in the waste produced to 

an E-Factor of 9.b Although the amidation still proceeded in excellent yield (and with the use 

of chloroacetyl chloride instead of bromoacetyl chloride), it was necessary to use 

dichloromethane to dilute the stream to prevent precipitation upon cooling. Additionally, the 

authors were unable to achieve high yields for the second step, presumably because of the use 

of 2-MeTHF/CH2Cl2 instead of N-methyl-2-pyrrolidone (NMP). Overall, the final yield was 

55%, a marked decrease from the original process, however the waste stream was reduced by 

75%.35 

 

 
Scheme 1.1.6: The flow synthesis of diazepam as performed by the Jamison group.35 

 

The synthesis of methylphenidate (Ritalin) involves the conversion of a diazo compound to the 

final pharmaceutical, a step which can be performed either intermolecularly (Scheme 1.1.7) or 

intramolecularly (Scheme 1.1.8).76 In preparing Ritalin under flow, the Monbaliu group 

investigated both approaches. The intermolecular approach involved the preparation of tosyl 

azide under flow, initially involving sodium azide and H2O/NMP. Although this system 

resulted in complete conversion in 5 minutes at 45 °C, precipitation of sodium chloride was 

observed after 30 minutes, resulting in clogging of the reactor. The precipitation of by-products 

																																																								
b	The	E-Factor	of	a	reaction	or	sequence	of	reactions	is	the	mass	of	waste	produced	divided	by	the	mass	of	
the	product	produced.	

O

NH

Cl

Cl
Cl

O

O

Cl

N

O

Cl

+
2-MeTHF

Cl

N
O

N
NH3 (aq)



	11	

is not usually disadvantageous in batch, instead it is often advantageous because it allows easy 

removal of some impurities. In contrast, the occurrence of this precipitation under flow 

necessitated the use of an alternative reagent, in this case n-Bu4NN3. Telescoping this reaction 

with the diazo transfer to prepare methylphenyldiazoacetate encountered no significant issues. 

Performing the carbene insertion separately under flow using Rh2(oct)4 failed to produce yields 

of the product above 38%, which is likely due to dimerization of the diazo compound. 

Sequential performance of the previous reactions and the carbene insertion (with an 

intermediate liquid-liquid extraction using hexane) resulted in a lower yield of 19%, a result 

hypothesised to be caused by the presence of NMP and trace amounts of water which were not 

present in the non-sequential performance of the reaction. The final step was boc-deprotection, 

but this was not carried out under flow. 

 

 
Scheme 1.1.7: Intermolecular flow synthesis of Ritalin.76 

 

 
Scheme 1.1.8: Intramolecular synthesis of Ritalin.76 
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In comparison, formation of the diazo compound required for the intramolecular synthesis was 

significantly more challenging. Direct formation of the diazo compound using tosyl azide was 

unsuccessful, whilst formation of the tosyl hydrazone in batch required 15 hours at 90 °C. The 

first continuous flow step in this procedure was the fused-ring-forming degradation of the tosyl 

hydrazone, a process which resulted in high yields of the product at either high temperatures 

with short residence times (180 °C/5 min and 150 °C/10 min), or near ambient temperature 

while irradiated with high-powered LEDs (395 nm) for 60 minutes. Unfortunately, solutions 

of the DBU salt of the tosylhydrazone in toluene are not stable over extended periods of time, 

and it was necessary to add 10 mol% of Aliquat 336 (a tertiary ammonium salt) to ensure the 

salt did not decompose or precipitate over the course of several hours. This was then connected 

to the methanolysis of the amide to produce methylphenidate, affording the product in over 

70% isolated yield. Both processes required off-line processing for reactions with lengthy 

times, a capability of continuous flow that has not yet been developed. The intramolecular 

strategy was clearly shown to be superior, not only through the significantly higher isolated 

yield of the product, but also because the cost per gram of product was much lower at 4.13 €/g, 

compared to 59.43 €/g for the intermolecular strategy.76 Important considerations here were 

the long-term stability of reactant solutions, which is not a factor for batch processes, where 

reactant solutions which lack long-term stability can be used immediately upon preparation. 

 

The synthesis of Lidocaine (Scheme 1.1.9) has been performed under continuous flow by two 

groups: the Raston group using the vortex fluidic device (VFD),57 and the Myerson group using 

coiled tubing.77 The synthesis in the VFD was performed in two manners: two steps in non-

sequential VFDs, and two steps in a single VFD tube. The sequential process involved the 

addition of 2,6-dimethylaniline and chloroacetyl chloride, both in NEt3/CHCl3, to a glass tube 

in the VFD rotating at 6950 rpm. After collection, the crude mixture was then passed into the 

VFD again at 60 °C, with addition of neat diethylamine and neat DMF. This process resulted 

in an 85% isolated yield. Performance of the reaction in a single tube involved the addition of 

2,6-dimethylaniline in CHCl3 and neat chloroacetyl chloride at the base of the tube; 5 cm up 

the tube the tube was heated and DMF was added to induce a solvent exchange, with neat 

diethylamine added a further 4.5 cm up the tube. This shortened procedure resulted in a yield 

of only 15%.57 The synthesis presented by Myerson uses the same synthetic approach, however 

utilises NMP in place of chloroform and KOH/MeOH/H2O in place of DMF. Additionally, 

both steps were performed at elevated temperatures (120 °C and 130 °C respectively), with the 
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system operating at high pressure (1.7 MPa). This process produced lidocaine in 99% yield, 

and appears to be devoid of any challenges, with the focus of the paper on the continuous flow 

purification to the purity required by the US Food and Drug Administration.77 

 

 
Scheme 1.1.9: Flow synthesis of Lidocaine.57 

 

In summary, the use of continuous flow technology has demonstrated considerably reduced 

reaction times compared to batch processing, as in the cases of the synthesis of imatinib, 

ibuprofen and Ritalin. Disadvantages and challenges in using flow often revolved around 

reagent compatibility (ibuprofen, imatinib, Ritalin, atropine), as well as challenges related to 

solubility (imatinib), stability (Ritalin) and efficient in-line purification (diazepam).  
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Chapter 1.2 – Safer Flow Chemistry Through Isolation of Dangerous 

Intermediates 
 

Synthetic procedures that use or produce highly reactive compounds such as hydrazoic acid,78 

diazonium salts,78,79 and hazardous gases, are dangerous to use on large scales, where there is 

risk of explosion. The ability of continuous flow processing to finely control residence time 

and limit the build-up of any hazardous intermediates offers safer procedures for large-scale 

syntheses. This eliminates the necessity of using less environmentally friendly alternative 

reaction pathways, such as those using transition metal catalysts.79 Additionally, the conversion 

to continuous flow processing often allows the use of smaller quantities of hazardous 

chemicals, an advantage not only for safety, but also for green chemistry in general.80 This is 

an example where the specific flow system used is an important consideration, and it is not 

clear that the ability to use highly reactive compounds more safely is a capability that extends 

to all flow systems. 

 

One process which produces diazonium salts as an intermediate is the Balz-Schiemann 

Reaction (Scheme 1.2.1) for the conversion of anilines to aryl fluorides.79,81 This reaction 

involves the diazotization of aniline to form a diazonium salt, followed by decomposition of 

the salt to the aryl fluoride. Translating the process into continuous flow is not straight forward 

because the formation of the diazonium salt requires a polar solvent, whilst the conversion to 

the aryl fluoride is usually performed either under solventless conditions or using non-polar 

solvents which do not readily dissolve the salt. In developing a method for carrying out the 

Balz-Schiemann reaction under continuous flow, the Buchwald group performed the 

diazotization under continuous flow, and then continuously fed the reaction mixture into a 

stirred batch reactor, maintaining the safety advantages of a continuous flow process. The quick 

conversion of the diazonium salt to the aryl fluoride prevented the build-up of the dangerous 

intermediate, and the process could be easily converted to a fully continuous system by using 

a large continuous flow stirred reactor tank.79 It is noted that Yu, et al. developed a procedure 

for carrying out Balz-Schiemann reactions under flow, but their process involved manual 

handling of the reaction mixtures, and consequently it does not achieve the safety advantage of 

flow processing discussed here.81  
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Scheme 1.2.1: The Balz-Schiemann reaction for the synthesis of aryl fluorides.79 

 

The in situ production of hydrazoic acid during the Schmidt reaction is another example where 

continuous flow chemistry allowed the safer performance of a reaction. The Schmidt reaction 

(Scheme 1.2.2) provides a convenient synthesis of amides from ketones through the insertion 

of ammonia.82 The danger with the Schmidt reaction is that when performed at room 

temperature, hydrazoic acid can become entrained in the nitrogen gas by-product, giving rise 

to gaseous hydrazoic acid, which is a significant safety concern. Performing the reaction at 

lower, safer temperatures, is difficult because the system becomes too viscous to be effectively 

mixed using a magnetic stirrer. Continuous flow processing has been used by the Jia group to 

prevent the entrainment of hydrazoic acid and allowing the reaction to be performed safely at 

temperatures up to 100 °C (although temperatures above 80 °C increase the formation of 

impurities), giving near quantitative yield of the product with only 5 minutes reaction time. 

The advantages of continuous flow processing for this system are not restricted to only 

improved safety, but also extends to improved green chemistry metrics, where the amount of 

waste produced is often reduced. When performed under batch conditions, 3 equivalents of 

azide are usually used because of the amount of hydrazoic acid lost by entrainment, whilst 

under continuous flow only 1.35 equivalents of azide is required.82 A similar process has also 

been reported by the Aube group for the synthesis of alkyl azides, which is followed by 

intramolecular insertion to form lactams (Scheme 1.2.3). Like the Jia group, temperatures up 

to 100 °C were safely utilised.83 

 
Scheme 1.2.2: The Schmidt reaction for the production of amides.82 
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Scheme 1.2.3: Intramolecular Schmidt reaction using tetrabutylammonium azide.83 

 

Carrying out Wolff-Kishner reductions under continuous flow is another example where safety 

and other green chemistry benefits are tied together.80 Wolff-Kishner reductions involve the 

conversion of ketones, aldehydes, or esters, to hydrazones using hydrazine, followed by 

liberation of N2 in the presence of a base, to form the alkane (Scheme 1.2.4). Typically, these 

procedures use several mole equivalent excess of hydrazine, which significantly contributes to 

the overall waste stream.84-86 The Jensen group utilised a silicon carbide microreactor chip 

(Fig. 1.2.1) to perform the Wolff-Kishner reduction of benzophenone to diphenylmethane, 

whilst using only 1.5 equivalents of hydrazine, resulting in 83% yield of the product. Their 

substrate scope of different phenones and benzaldehydes established that the yields of the 

product are high, ranging from 78% to 96%, thereby demonstrating a clear ability to utilise 

continuous flow processing to create a safer and overall greener procedure. 

 
Scheme 1.2.4: Wolff-Kishner reduction.80 

 
Fig. 1.2.1: Silicon Carbide Chip used for the Wolff-Kishner reduction under flow.80 
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Ozone is a useful reagent for oxidations due to the absence of the formation of by-products, 

however it suffers from safety concerns associated with its use. On the other hand, the use of 

ozone under continuous flow has been more limited, despite being used in a variety of different 

continuous flow systems. One common application of ozone is for the ozonolysis of alkenes 

and alkynes to form aldehydes or ketones (Scheme 1.2.5). The reaction proceeds by cleaving 

the C=C to form a 1,2,3 trioxolane (ozonide or molozonide), followed by ring cleavage and 

recombination to a slightly more stable 1,2,4 trioxolane, followed by reductive work-up to form 

aldehydes or ketones.40 Both the 1,2,3 and 1,2,4 trioxolanes are potentially explosive when 

there is a build-up in a localised area, and the safe usage of ozone can be accomplished by 

preventing the build-up of these intermediates using a continuous flow system.39,40 Six different 

processing platforms or systems have been studied in establishing the safety aspect of these 

reactions; a falling film microreactor demonstrated in 2007;87 the O-Cube,40 a Vapourtec 

microreactor,39 a gas-permeable membrane,88 and a Continuous Bubble Reactor89 (all 

demonstrated in 2010-2011); and a film shear reactor demonstrated in 2016.38 The first of these 

systems was the falling-film microreactor in 2007 (Fig. 1.2.2), whereby substrate dissolved in 

a suitable solvent falls into a thin film with ozone bubbling upwards. This system was used for 

the ozonolysis of acetic acid 1-vinyl-hexyl ester (Scheme 1.2.6), however, conditions which 

resulted in increased olefin consumption also resulted in decreased selectivity of the aldehyde 

over the 1,2,4 trioxolane product. The reaction temperature could be increased from -50 °C to 

0 °C without negatively impacting the conversion or selectivity.87 

 

 
Scheme 1.2.5: Ozonolysis of alkenes.40 

 

 
Scheme 1.2.6: Ozonolysis of 1-vinyl-hexyl ester.87 
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Fig. 1.2.2: The Falling Film Reactor used for continuous flow ozonolysis.87 

 

In the subsequent years of 2010-2011, four alternative systems for the ozonolysis of olefins 

were demonstrated, all achieving yields above 70%. One of these systems is the O-Cube, which 

uses an O2 cylinder to produce O3 on-demand.40 The ozone is then passed into Teflon tubing 

coiled around a refrigeration unit, in order to mix with pre-cooled dissolved substrate, forming 

the 1,2,4 trioxolane. The reaction mixture is then passed into a second cooled reaction loop 

containing 5% acetone/water or NaBH4/MeOH as a quenching agent, and lastly collected in a 

vial, giving yields upwards of 70%. The ability to generate O3 on small scales allowed the safe 

usage of ozone as an environmentally friendly, safe, synthesis.40 The Vapourtec microreactor 

was similarly successfully used for ozonolysis, for dec-1-ene as the substrate and 

triethylphosphite as the quenching agent, resulting in a 76% yield of the product.39 Like the O-

Cube, the system was cooled to -10 °C.39 As an alternative to the use of pure O3, the Ley group 

has demonstrated the effectiveness of an O2/O3 mix for ozonolysis, using the mixture in 

conjunction with a tetrafluoroethylene/ perfluorodimethyldioxolane copolymer (Teflon AF-

2400) (Fig. 1.2.3a, b, c).88 The system functions through the feeding of substrate dissolved in 

a suitable solvent into the gas-permeable membrane, which is sealed inside a glass bottle. The 

O2/O3 mixture is pumped into the glass container, where it then passes into the tubing to react 

with the substrate. The quenching agent was triphenylphosphine, and the yields were upwards 

of 73% for terminal alkenes.88 The ability to perform ozonolysis on a larger scale has been 
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demonstrated by the Process Research and Development team at Abbott Laboratories, who 

built a Continuous Bubble Reactor (CBR, Fig. 1.2.3d).89 The CBR functions by feeding in 

dissolved substrate at the base, which is allowed to flow out at the 2 L mark, whilst ozone is 

bubbled in from the bottom through a coarse frit, and allowed to escape out the top. This design 

allowed the production of an unspecified “isobutylene-type drug intermediate” at a rate of 

80 g/hr with 99% conversion.89 A more recent system is the film-shear reactor (Fig. 1.2.4) used 

by the Tyler Group for ozonolysis, whereby the substrate dissolved in ethyl acetate, O3, and 

water are fed into the base of a 2.2 mL cylindrical reactor containing a rotating disc and allowed 

to exit at the top of the cylinder through an outlet. Despite the high shear produced by the 

rotating disc and the immiscible EtOAc/H2O combination, isolated yields ranged from 35% to 

81%, significantly lower than the other systems discussed.38 Overall, the variety of continuous 

flow systems capable of using ozone more safely and at higher temperatures than batch 

procedures have been established, thereby demonstrating the ability of continuous flow 

systems in general to operate with improved safety and greener chemistry metrics. 

 

 
Fig. 1.2.3: a) The flow ozonolysis setup used by the Ley group for continuous flow ozonolysis. b) The 

gas-permeable membrane used by the Ley group (bleached with Sudan red 7B for clarity). c) The 

molecular formula of the gas permeable Teflon AF-2400 membrane used by the Ley Group.88 d) The 

Continuous Bubble Reactor (CBR) used by Abbott Laboratories for continuous flow ozonolysis.89 
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Fig. 1.2.4: The Film-Shear Reactor (FSR).27 

 

Another interesting example of continuous flow reactions involving in-line gas production is 

hydrogenation using diazene, which can be used as an alternative to H2 where the use of metal 

catalysts is problematic (Scheme 1.2.7).90,91 The use of diazene poses the same safety issue 

presented by many reactions involving nitrogen, namely, pressurisation caused by the 

production of significant quantities of the gas. The use of diazene (generated from N,O-

bistrifluoroacetylhydroxylamine and hydroxylamine) resulted in the reduction of a range of 

olefins, with isolated yields from 68% to 97%. The reaction system tolerated a range of 

functional groups, including acid-sensitive groups, despite the production of trifluoroacetic 

acid as a byproduct in the generation of diazene. Like the use of sodium azide above, 

continuous flow operation allowed a dramatic reduction in the number of equivalents of 

diazene required, from 10 equivalents in batch processing,90 to 1.5 under continuous flow.91 

 

 
Scheme 1.2.7: Continuous flow reductions using diazene.91 

 

Overall, the ability to perform dangerous reactions more safely through the isolation of 

hazardous intermediates is consistently demonstrated using a variety of flow systems, with the 

ozonolysis of alkenes being a common example.  
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Chapter 1.3 – Continuous flow synthesis enhancing selectivity 
 

Continuous flow systems allow precise control over the temperature and residence time of the 

liquid. This fine control offers scope for increasing the selectivity of reactions by ensuring the 

desired product is quenched before it undergoes subsequent undesired reactions. The ability to 

control selectivity through parameter control significantly improves the green chemistry 

metrics because of the higher yield, and in some cases reducing the number of synthetic steps 

required and minimising the formation of byproducts. Additionally, physical control over 

selectivity can reduce the need for additional selectivity-controlling reagents, improving the 

green chemistry both by their absence and by simplifying the purification process. 

 

Selectivity is a common concern in oxidations and reductions, where there are often a number 

of sites that can be oxidised or reduced to different extents. The synthesis of aldehydes from 

esters is desirable given the natural abundance of esters, however, the inability to avoid 

subsequent reduction necessitates the usual approach of deliberate reduction of the ester to the 

alcohol, followed by oxidation back to the aldehyde. Di-isobutylaluminium hydride (DIBALH) 

is capable of reducing esters to aldehydes at low temperatures (Scheme 3.1), however over-

reduction to the alcohol is a problem, with some describing the procedure as capricious.92,93 

The use of a continuous flow system was effective in the controlled reduction of esters to the 

corresponding aldehyde, using DIBALH as a reducing agent. For a flow system operating at 

78 °C, the model reaction of ethyl hydrocinnamate to hydrocinnamaldehyde gave 96% yield 

of the product, whilst the selectivity was reduced when the reaction was performed at room 

temperature, but still with a respectable yield of 80%.93 

 

 
Scheme 1.3.1: The continuous flow controlled reduction of esters to aldehydes using di-

isobutylaluminium hydride and coiled tubing.93 

 

Like in reductions, selectivity is also an important consideration in oxidations. One 

consideration in using the versatile Swern oxidation reaction (Scheme 1.3.2) is the ability to 

form thioacetals via the Pummerer rearrangement, requiring the reactions to be typically 

performed below -50 °C where such rearrangement is slow. In order to avoid operating at such 
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low temperature, the reaction can be performed under continuous flow, where the first cationic 

intermediate is quickly mixed with the alcohol after its production, reducing the likelihood of 

the Pummerer rearrangement. Yields of 75% to 95% were achieved at -20 °C under continuous 

flow, whilst batch processes at the same temperature resulted in yields of 11% to 49% for the 

same substrates. Impressively, yields of 71% to 89% were still achieved when the reaction was 

performed under continuous flow at room temperature. Like the use of DIBALH, the Swern 

oxidation is a clear example where continuous flow processing allows significant improvement 

in selectivity at more practical temperatures than those used in batch processing.49 

 

 
Scheme 1.3.2: Selective room temperature Swern oxidation performed using stainless steel tube 

reactors under flow.49 

 

The selectivity enabled by using continuous flow processing is not limited to oxidations and 

reductions, extending to the use of organometallic reactions. One example is the carboxylation 

of organolithiums to produce an asymmetric ketone or carboxylic acid (Scheme 1.3.3), where 

the symmetric product is also possible.94 The production of carboxylic acids and ketones occurs 

first through the insertion of carbon dioxide between the C-Li bond, secondly through the 

removal of excess carbon dioxide, thirdly through the addition of a second alkyllithium to form 

a dilithium salt (only when forming a ketone), and lastly by quenching the dilithium salt to 

form the ketone or carboxylic acid. The two major by-products usually produced are the 

symmetric ketone formed in the first step, and tertiary alcohols in the final step. The formation 

of symmetric ketones can be avoided in batch using a slow addition of the alkyllithium to dry 

ice, a process not convenient for continuous flow. The carboxylation of para-

(trifluoromethyl)phenyllithium to para-(trifluoromethyl)benzoic acid was investigated as a test 

reaction, with yields of the product of 19% and 66% using 1 and 3 equivalents of carbon 
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dioxide respectively. This is in comparison to a yield of 64% when using “massive dry ice” as 

cited for the literature.95 The yield was further increased to 96% using tetrahydrofuran as the 

solvent, even when the amount of carbon dioxide was reduced to 1 equivalent. In all cases, 

most of the alkyl lithium not in the final product ended up in the generated symmetrical ketone. 

Yields above 75% were recorded for the majority of the products they synthesised.94 

 

 
Scheme 1.3.3: Selective carboxylation using Teflon tubing under flow.94 

 

Evidently, significant advantages exist for selective syntheses through the ability to finely 

control continuous flow processing, although it is unclear whether flow systems which operate 

away from plug-flow, such as the VFD, are capable of producing the same kind of selectivity.  
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Chapter 1.4 – The Vortex Fluidic Device 
 

The Vortex Fluidic Device (Fig. 1.4.1 (a)) is a continuous flow processing platform developed 

within the Raston group and first described in 2012 (although it was briefly mentioned in 

2011).96,97 The Vortex Fluidic Device (VFD) consists of a borosilicate or quartz tube tilted at 

an angle and rapidly rotated at speeds up to 10000 rpm, resulting in liquid placed within the 

tube forming a thin liquid film against the walls. The device can operate either in confined 

mode, where a fixed volume is placed within the tube, or under continuous flow, where liquid 

is continually inserted at the base through feed-jets and collected out the top of the tube. The 

early prototype VFD (Fig. 1.4.1 (b)) used a tube with external diameter of 10 mm, whilst 

subsequent VFDs used a different design, along with a tube of external diameter 20 mm. Recent 

work has demonstrated that vibrations and rotational stability may be important, both factors 

whose dependence on rotational speed will vary greatly between the 10 mm and 20 mm VFDs 

due to the significant design changes that occurred between the two versions. Consequently, 

although the capabilities demonstrated within the 10 mm VFD should be possible in the 20 

mm, the operating conditions required may be very different due to the design changes. For 

this reason, although the mechanisms operating in the complex fluid dynamics for the results 

in the 10 mm VFD are discussed here, the effect of changing operating parameters is not. 

 

	
Fig. 1.4.1: a) The Vortex Fluidic Device fitted with a 20 mm external diameter tube.58 b) An early 

prototype version of the VFD fitted with a 10 mm external diameter tube.98 

 

a)	 b)	
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Chapter 1.4.1 – VFD-mediated processing of materials 

The VFD was first mentioned in 2011 when it was used to encapsulate carboplatin into p-

phosphonic acid calix[5]arene capsules, although the term “Vortex Fluidic Device” is not 

used.97 In order to encapsulate the carboplatin, the calixarene capsules must first be 

disassembled, a process allowed by the intense shearing that occurs within the VFD. Most later 

work involving materials synthesis would also attribute the capabilities of the VFD to intense 

shearing, although they usually used much higher rotational speeds than the 1500 rpm used to 

disassemble calixarene capsules.97 Another capability demonstrated by the VFD and also 

attributed to the high shear forces is the ability to exfoliate graphite, resulting in graphite flakes 

with a reduced thickness. The proposed mechanism was that graphite was pushed against the 

walls of the tube, and the shear forces partially lifted layers of graphite off each other, which 

then slipped along the graphite shear to separate. The sheets remained separated because the 

surface binding energy for graphite-graphite is similar to that of graphite-NMP (the solvent 

used), and hence the restoring force bringing the sheets back together was very small. The same 

capability was also demonstrated for boron nitride.96 

 

An understanding of the origin of shear forces with the VFD was further developed in 

controlling the growth of palladium and platinum nanoparticles onto carbon nano-onions, 

through the coating of H2PdCl4 and H2PtCl6 on the nano-onions, followed by their reduction, 

using H2 and ascorbic acid respectively.99-101 It was observed in both cases that the nanoparticles 

formed were smaller and more uniform in size under VFD processing than under batch 

processing. In the case of Pd, where H2 was used as the reducing agent, these observations are 

attributed to the shear increasing the amount of H2 present in the solution, increasing the 

number of nucleation sites for the reduction, resulting in a reduction of nanoparticle size. The 

shear forces are attributed to instabilities, waves, and ripples causing the breakdown of surface 

tension, although the origins of these instabilities are not discussed.99 

 

The effect of shear forces within the VFD was further investigated through demonstrating the 

ability of the VFD to control the formation of different polymorphs of anhydrous calcium 

carbonate.102 There are three polymorphs of calcium carbonate, which, in order of most stable 

to least stable (and in order of least soluble in water to most soluble), are calcite, aragonite, and 

vaterite. Batch synthesis of calcium carbonate using aqueous solutions of NaHCO3 and CaCl2 

produces vaterite. Similarly, the 10 mm VFD operated at the mild conditions of room 
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temperature and/or low shear (500 rpm) produces vaterite, whilst when operated at the harsher 

conditions of 80 °C and higher shear (4500 rpm), produces calcite. The ability of high shear 

forces to produce calcite is compared to the mechanical forces present in milling, which have 

been shown to induce the conversion of vaterite to calcite.102 Further control over calcium 

carbonate polymorph formation was demonstrated in the formation of the amorphous hydrated 

phase, proto-vaterite. One challenge in synthesising amorphous calcium carbonate (ACC) is 

that the rapid nucleation and particle growth result in unstable particles. Consequently, 

additives or low temperatures are required in order to slow the nucleation process, producing 

stable ACC. The application of the VFD to this challenge resulted in the formation of stable 

ACC, using high shear forces (2000 rpm to 4000 rpm), instead of low temperatures or additives. 

The ability of these shear forces to enable the formation of stable ACC was hypothesised to be 

due to a slowing of the rate of nucleation and a hindrance  of particle aggregation.103 The ability 

of high shear in the VFD to hinder nucleation and aggregation has also been observed in the 

formation of lanthanide phosphate nanoparticles, whereby low shear produces large particles, 

moderate shear produces dandelion-type structures of multiple rods stemming from a single 

point, whilst high shear produced bundles and single rods.104 In addition to preventing 

aggregation, the VFD has also shown an ability to breakdown gel networks.105 This 

demonstrates that not only are the high shear forces within the VFD antithetical to the formation 

of larger nanoparticles, it is antithetical to the existence of pre-formed structures of the same 

size. 

 

Further investigations into the capabilities of the VFD for materials processing involved the 

synthesis of SBA-15, a well-ordered 2D hexagonal form of mesoporous silica.106 This synthesis 

typically includes a hydrothermal treatment step, whereby a solution containing tetraethyl 

orthosilicate and Pluronic P-123 is autoclaved for 24 to 48 hours, at temperatures ranging from 

35 °C to 100 °C. This treatment often includes the use of additives, with the exact additives 

and autoclaving conditions controlling the mesoscopic regularity of the material. The 10 mm 

VFD was able to avoid this hydrothermal treatment, instead utilising the shear forces within 

the VFD to produce mesoporous silica. This capability is hypothesised to be caused by fast 

kinetics resulting from an increased collision rate caused by the shear forces. Importantly, 

higher shear forces typically resulted in SBA-15 with smaller pores, enabling fine-tuning of 

the silica properties, an ability which is without precedent.106 The ability to reduce processing 

times has also been demonstrated in the VFD-mediated formation of gels from the water-
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condensation of tetramethyl orthosilicate (TMOS). The formation of gels from alkoxysilanes 

usually requires lengthy reaction times (up to 1000 hours for tetraethyl orthosilicate), in 

conjunction with an acid or base. These conditions are required because the very low solubility 

of alkoxysilanes with water results in very slow reaction. Continuous flow processing 

involving water and TMOS in a 20 mm VFD resulted in gelation times of 3-4 hours post VFD 

processing, compared to in excess of 9 hours for batch processing of the same system. VFD-

processed gels also showed an increase in the degree of condensation, rising from 89% in 

batch-processed, to 95% for the VFD-processed samples. The ability to increase the reaction 

rate between TMOS and water was attributed to the shear forces overcoming the immiscibility 

of the two reagents, appearing to form a single phase.107 

 

The behaviour of carbon nanotubes within the VFD has resulted in significant insight into the 

origins and effects of shear-forces within the thin film microfluidic platform. The processing 

of a combination of single-walled carbon nanotubes (SWCNT), water, and toluene within a 20 

mm VFD affords SWCNT nanorings of 300 to 700 nm diameter, whilst processing in the 10 

mm VFD afforded nanorings of 100 to 200 nm diameter (Fig. 1.4.2a). The hypothesis given 

for the formation of these rings is that during sonication pre-VFD processing, the toluene forms 

toroids in the water, with SWCNT dispersed in the toluene toroids. During VFD-processing, 

the shear forces within the VFD cause compaction of the toroids and intertwining of the 

nanorings.108 The ability of the VFD to slice carbon-nanotubes in a water/(NMP) dispersion 

using a laser has also been demonstrated. The hypothesis behind this capability is that the shear 

forces within the VFD cause bending in the SWCNT, which, in combination with the laser, 

result in the rupturing of C-C bonds, slicing the carbon nanotubes.109 The formation of C60 

nanotubules using a water/toluene solvent system in the VFD has also been demonstrated 

(Fig. 1.4.2b). The proposed mechanism involves the formation of micelles from water, 

providing a template for the growth of the nanotubules.110 

 

The VFD has been used to encapsulate various cells in a variety of materials, including 

graphene,111 graphene oxide,112,113 and a magnetic polymer matrix.114 The vast majority of these 

capabilities stem from one of three effects; the ability of shear forces to reduce aggregation and 

disassemble or exfoliate; the ability of shear forces to increase collision rates; and effects 

produced through the mixing of immiscible liquids. Together, these provide a general 

framework describing the capabilities of the VFD. 



	28	

 
Fig. 1.4.2: a) TEM of a SWCNT nanoring prepared in the 20 mm VFD.108 b) SEM of C60 nanotubules 

prepared in the 20 mm VFD.110 

 

Chapter 1.4.2 – VFD-mediated chemical and biochemical processing 

The VFD has produced interesting effects on proteins and enzymes. The processing of 

denatured hen egg white lysozyme (HEWL) in the VFD resulted in successful recovery of 

activity of the protein after 5 minutes, whilst longer processing resulted in unfolding of the 

protein.115 The ability to refold denatured proteins was extended to a variant of caveolin lacking 

its transmembrane domain, which at 17 kDa is slightly larger than the 14 kDa of HEWL, 

although optimal processing time was longer at 30 minutes. Refolding of the larger cAMP-

dependent protein kinase A (42 kDa) required binding of the protein to Ni2+-charged 

immobilised metal affinity chromatography (IMAC) resin.115 The ability to affect proteins also 

extends to the ability to accelerate enzymatic reactions, as demonstrated by the increase in 

reaction rate of esterase, β-glucosidase, alkaline phosphatase and deoxyribose-5-phosphate 

aldolase. The increase in reaction rate is highly rotational speed dependent (Fig. 1.4.3) and is 

attributed to the presence of rotational-speed dependent vibrations which result in a unique 

rotational landscape for each enzyme. The effect of these vibrations is hypothesised to be 

caused by one of three mechanisms: reduction in the active site volume caused by transient 

pressurisation of the active site resulting in increased turnover rates per the Van’t Hoff 

Equation, beneficial conformational fluctuations caused by pressure fluctuations, and β- and 

α-relaxations caused by the pressure, resulting in small but beneficial conformational 

changes.116 
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A 

 
B 

 
Fig. 1.4.3: Acceleration of enzymatic reactions in the VFD over the rotational speed range a) 6300 rpm 

to 8250 rpm, and b) 7200 rpm to 8250 rpm.116 

 

The ability to accelerate reactions isn’t limited to enzymatic reactions but extends to chemical 

reactions in general. Early work involving organic chemistry in the VFD demonstrated the 

ability to synthesise pyrazine-substituted amines from 2-chloropyrazine and secondary amines 

using aqueous bases with significantly reduced reaction times (Scheme 1.4.1).117 The Diels-

Alder dimerization of cyclopentadiene was shown to be more effective at higher tilt angles up 

to 45°, where a decrease was observed, followed by an increase at 90°. As before, this effect 

was attributed to an increase in shear forces, and introduces the concept of different shear 

regimes occurring at different tilt angles.25 The acceleration of Diels-Alder reactions isn’t 

limited to the dimerization of cyclopentadiene, extending to the reaction between substituted 
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anthracenes and N-maleimides (Scheme 1.4.2), where higher rotational speeds result in higher 

yields.118 In addition to resulting in reduced reaction times, the VFD has demonstrated an ability 

to accelerate reactions sufficiently to allow the avoidance of auxiliary reagents. This is 

demonstrated by the ability to prepare substituted pyrimidines and quinoxalines 

(Scheme 1.4.3), as reactions that typically require a toxic base or metal catalyst,119 as well as 

the ability to synthesise esters and diesters using significantly less quantities of acid.120,121  

 

 
Scheme 1.4.1: The synthesis of pyrazine-substituted amines through VFD-mediated processing.117 

 

 
Scheme 1.4.2: The Diels-Alder reaction between 9-methylanthracene and phenylmaleimide.118 

 

 
Scheme 1.4.3: Metal-free substitution of pyrimidines and quinoxalines.119 

 

In addition to accelerating chemical reactions, the VFD has shown an ability to control 

selectivity in the synthesis of substituted pyridines. Substituted pyridines can be prepared from 

ammonium acetate, ketones and aldehydes (Scheme 1.4.4), however batch processing 

preferentially results in the formation of the Schiff base from the chalcone, in contrast to 

processing in the VFD, which allows the formation of the pyridine in yields ranging from 50% 
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to 70%.25,122 The ability to control selectivity has also been demonstrated with the controlled 

synthesis of dichlorinated sulfones from allyl phenyl sulphide (Scheme 1.4.5), a product that 

is not produced in typical batch processing, although this capability is likely linked to the 

biphasic mixing afforded by the VFD.41 

 

 
Scheme 1.4.4: The selective synthesis of pyridines.122 

 

 
Scheme 1.4.5: The synthesis of chlorinated sulfones.41 

 

Interestingly, the VFD can rapidly separate solvent mixtures that are immiscible but slow-

separating, as established in the synthesis of biodiesel from sunflower oil. The production of 

biodiesel as such involves the conversion of oil tri-esters and methanol to fatty acid methyl 

esters and glycerol byproduct, in the presence of potassium hydroxide. As the mixture exits the 

VFD, it immediately separates into 3 layers: methanol with KOH, biodiesel, and glycerol.98,123 

In addition to this phase-separation, VFD is effective in improving the aqueous two-phase 

extraction of c-phycocyanin (C-PC) from Spirulina maxima along with rapid phase separation. 

Although PEG4000 is water-soluble, it is not soluble in high concentration in aqueous solutions 

of potassium phosphate. One conventional method for the extraction of C-PC involves 

extracting it from an aqueous potassium phosphate solution into PEG4000, however, this process 

also extracts the contaminant protein allophycocyanin and involves long demixing times due 

to the small difference in densities between the two phases. Performing the extraction process 

in the VFD also reduced phase-separation times, as well as affording higher purity C-PC.124 It 

is possible that these capabilities of the VFD are linked to the mixing of multi-phasic systems, 

which encourages the extraction of compounds selectively into one phase, thereby increasing 
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the relative difference in phase density and polarity, and accelerating the separation rate of the 

phases. 

 

In addition to performing single-step reactions in the VFD, the ability to couple multiple 

reactions together in a single tube has been demonstrated in two cases. The first involved the 

synthesis of Lidocaine as discussed above,57 whilst the second was the multi-step synthesis of 

α-aminophosphonates. This synthesis involved the production of a Schiff base from 

benzaldehyde and aniline, followed by the replacement of methanol with DMF and the addition 

of triethylphosphite, and followed lastly by the addition of I2 (Scheme 1.4.6). Note that 

although both I2 and triethylphosphite are required for the second reaction, the I2 must be added 

second, else it reacts with the Schiff base, resulting in a mixture of products.125 

 

 
Scheme 1.4.6: The synthesis of an α-aminophosphonate in a single VFD through the formation of an 

imine followed by addition of diethylphosphite.125 
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Chapter 1.5 – Other Continuous Flow High-Shear Systems 
 

A variety of other high-shear continuous flow systems have been utilised for organic synthesis, 

particularly for biphasic reactions. These systems include the Continuous Stirred Tank Reactor 

(CSTR),42,126-128 the Film-Shear Reactor (FSR),27,38,52 the Multi-Jet Oscillating Disc (MJOD), 

the Spinning Disc Processor (SDP), and the Spinning Tube-in-Tube Reactor (STT). 

 
Fig. 1.5.1: Schematic of four Continuous Stirred Tank Reactors (CSTRs) connected in series.128 

 

The design of the CSTR (Fig. 1.5.1) is exactly as it sounds, with reagents continuously fed into 

a stirred tank and extracted using a pump. An early use of the CSTR was for the final step in 

the synthesis of the anti-cancer agent tasisulam which involved the formation of an acyl 

sulphonamide under Schotten-Baumann conditions (Scheme 1.5.1a). The development of a 

continuous flow process was desired as a method for limiting the handling of tasisulam because 

of its cytotoxic properties, with the continuous flow synthesis connected to a continuous flow 

purification procedure. In selecting a continuous flow system, the CSTR was selected in favour 

of a plug flow reactor because the stirred nature of the CSTR resulted in better biphasic mixing, 

reducing the formation of the anhydride impurity. Additionally, the greater mixing also reduces 

the swing in local stoichiometry caused by fluctuations in flow rate.42 
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Scheme 1.5.1: Syntheses in the CSTR: a) Synthesis of tasisulam;42 b) Barbier reaction for the 

replacement of a morpholine moiety with a tetrahydropyran moiety;126 c) synthesis of a benzyl bromide 

Grignard reagent;127 d) synthesis of 2-methylquinalone.128 

 

The CSTR has also been applied to the Barbier reaction (Scheme 1.5.1b), a one-pot variation 

of the Grignard reaction for the synthesis of tertiary alcohols, resulting in an 88% yield 

sustained for 47 hours.126 The CSTR has also been used for the more traditional synthesis of a 

Grignard reagent from a benzyl bromide (Scheme 1.5.1c).127 The other example of organic 

synthesis in the CSTR is the synthesis of 2-methylquinoline from aniline, crotonaldehyde and 

sulfuric acid (Scheme 1.5.1d). The reaction involved heating a mixture of water, sulfuric acid 

and aniline to 92 °C, and pumping this mixture and crotonaldehyde into a CSTR. The reaction 

mixture was then pumped into a second CSTR, which was then pumped into a series of non-

stirred vessels where the addition of sodium hydroxide raised the pH to 1 to encourage the 
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precipitation of any polymerised crotonaldehyde. Continuous vacuum filtration and the 

addition of further NaOH increased the pH to 8, resulting in precipitation of the product.128 

 

The Film-Shear Reactor (FSR) (Fig. 1.5.2) is capable of continuous processing of 2.2 mL of 

liquid at shear rates up to 840,000 Hz, and involves feeding reagents into a small gap (25-150 

μm) between a rapidly spinning lower disc and a stationary upper disc. The very small gap and 

the high shear forces result in the intense mixing of the two feeds before their upwards exit in 

the centre of the stationary disc.27 In addition to being used for ozonolysis as discussed above,38 

the FSR has been used for the oxidation of sulfur containing heterocyclic compounds in fuels, 

allowing the desulfurization of the fuels, a process termed oxidative desulfurization. This 

oxidative process is typically performed after conventional hydrodesulfurization, when 

polycyclic thiophenes are typically the only impurities remaining. Oxidation of thiophenes to 

sulfones using hydrogen peroxide results in their easy removal by taking advantage of their 

low solubility in the fuel phase. However, this is typically a slow process due to the biphasic 

nature of the system. As in the ozonolysis of alkenes, the FSR was applied to the challenge of 

accelerating biphasic reactions.27,52 The use of 5% formic acid in 1:1 30% H2O2:isopropanol to 

oxidise a 0.5% solution of benzothiophene in decane achieved 53% desulfurization in 80 s at 

10 °C, whilst conventional batch conditions required 4 hours at 80 °C to achieve 60% 

desulfurization.52 The extension of this system to the removal of other thiophenes showed 

significantly decreased desulfurization (13%-27%), including for 2-methylbenzothiophene and 

4-methylbenzothiophene, both of which are expected to be more easily oxidised than 

benzothiophene. No explanation for this unexpected result is provided, although they rule out 

the generation of both bulk and localized thermal hot spots as the cause behind the effect.27 

 
Fig. 1.5.2: The Film Shear Reactor (FSR).27 
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Like the FSR, operation of a spinning tube-in-tube reactor (STT, Fig. 1.5.3) involves the 

feeding of reactants into a thin gap, although for the STT the gap is annular in shape rather than 

flat and is slightly larger (250-380 μm) and processes a smaller volume of liquid (1.4 mL). 

Like the FSR, the STT has been used for biphasic reactions, specifically for the oxidation of 

alcohols using bleach (Scheme 1.5.4). Yields from 70% to 99% were achieved for various 

substrates, for speeds between 4000 rpm and 6000 rpm, although interestingly the yield was 

lower for speeds above or below this range.129 The solventless synthesis of ionic liquids has 

also been performed in the same system (Fig. 1.5.4), where they compare commercially 

available STTs from two different companies. The conversion increased significantly at higher 

shear rates and was comparable for the two reactors at identical shear rates (Fig. 1.5.4).130 

 
Fig. 1.5.3: The Spinning Tube-in-Tube Reactor (STT).129 

 
Fig. 1.5.4: The synthesis of imidazolium ionic liquids in STTs from Innovator and Magellan.130 
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An interesting non-laminar flow system is the Multi-Jet Oscillating Disc (MJOD) Reactor (Fig. 

1.5.5), although the authors of the reporting papers do not discuss shear rates within the reactor. 

The MJOD consists of a cylindrical tube with a piston running through the centre of the tube. 

Attached to the piston are equally-spaced perforated discs that extend out to the walls of the 

reactor. The designers typically use between 60 and 100 discs, each with 4 perforations, giving 

cavities up to 650 μL in volume for a total volume up to 38 mL. During operation, liquid is fed 

into the tube and the piston oscillates rapidly in the longitudinal direction. Consequently, the 

liquid alternates between high velocity whilst being pushed through the perforations, and low 

velocity when it enters the larger cavity between the discs. This results in vortexes and 

exceptional mixing. Surrounding the reactor tube is an additional tube allowing for the 

circulation of heating and cooling fluid. The MJOD has been used for a wide variety of 

synthetic procedures, including the two-phase synthesis of allyloxybenzene without a phase-

transfer catalyst,54 the epoxidation of alkenes,56 and other reactions.53-55 

 

 
Fig. 1.5.5: The Multi-Jet Oscillating Disc (MJOD) Reactor.54 

 

One of only two other non-laminar flow systems with a liquid-air interface is the spinning 

disc processor (SDP), which functions through the addition of liquid to the centre of a rapidly 

rotating disc, producing a film on the order of 1-200 μm. This system has been used for the 

Mizoroki-Heck Reaction.131 
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The other non-laminar flow system with a liquid-air interface is a vortex reactor recently 

reported by Martyn Poliakoff, which consists of a cylindrical vessel inside a cylindrical vessel 

with only a small gap (1 mm), with the internal cylinder rotated rapidly (up to 4000 rpm) (Fig. 

1.5.6).c Like the MJOD, a heating/cooling jacket surrounds the outer tube. Typically, the top is 

not capped, in order to allow an air-liquid interface. Like the VFD, reagents are inserted 

through the top down to the bottom using feeds, exiting the system at the top. Around the 

cooling/heating jackets are LEDs allowing for photochemical reactions. Reactions 

demonstrated for this system include the photo-oxidation of furfural and phenylboronic acid, 

both of which were produced in higher yield at high rotational speeds.132 

 

 
Fig. 1.5.6: The vortex reactor used for photo-oxidations.132 

 

In summary, continuous flow processing has a wide range of advantages for designing more 

environmentally benign reactions, often allowing the reduction in processing times and the 

utilisation of closer-to-ambient conditions. In contrast to these advantages are challenges 

related to the solubility and compatibility of reactants, intermediates, products, and byproducts. 

																																																								
c	The	volume	of	the	reactor	is	not	stated,	however,	because	the	dimensions	of	the	reactor	are	similar	to	
those	of	the	standard	VFD	design,	the	volume	is	likely	to	be	on	the	order	of	1-3	mL.	
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In addition to these system-generic capabilities, a number of specific flow systems have 

demonstrated the ability to finely control various operating conditions and restrict the localised 

accumulation of dangerous intermediates, allowing for the safer performance of greener 

reactions, whilst other flow systems have demonstrated the ability of high-shear systems to 

accelerate multi-phasic reactions. Amongst these flow systems is the Vortex Fluidic Device, 

which has demonstrated many useful capabilities for the synthesis of chemicals and nano-

carbon materials, and for probing the structure of self-organised systems. However, the VFD 

has a liquid-air interface which makes understanding and predicting its capabilities, along with 

how it compares to other systems, inherently challenging. 

 

To this end the overall aims of the research presented in this thesis are to develop a 

mathematical model predicting the shape of the thin film in the VFD, and to identify and utilise 

appropriate techniques to investigate the accuracy of the mathematical model. Further aims of 

this research are to advance the understanding of the environment within the VFD through the 

demonstration of Small Angle Neutron Scattering as a viable in situ technique for probing the 

environment within the VFD. A final aim of this research is to begin investigating whether the 

demonstrated ability of other flow systems to control selectivity through strict control of the 

residence time is an ability of the VFD.  
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Chapter 2 
Development and analysis of a mathematical model for the 

Vortex Fluidic Device 

 
Until recently, very little work had been undertaken into investigating the shape and nature of 

the thin film within the Vortex Fluidic Device (VFD), being limited to determining the average 

film thickness under various operating conditions for the VFD housing a 10 mm diameter glass 

tube,1 and determining the residence time at various flow rates for the 20 mm VFD operating 

at 6950 rpm.2 The development of a thorough model was initiated in order to better understand 

the impact of various operating parameters on different reactions, and to allow the calculation 

of useful operating conditions in order to better understand and better design specific 

applications of the microfluidic platform, in moving towards a high level of predictability of 

the outcome of any processing. 

 

All graphs include a full list of conditions used to generate the data in the figure caption. Graphs 

indicated as using “standard VFD conditions” use R = 0.00875 m, H = 0.18 m, θ = 45°, and 

g = 9.8 ms-2, unless stated otherwise. 

 

For a list of symbols used in this chapter see the symbol list at the start of this thesis and for 

step-wise derivations of equations marked with * see Appendix A. 

 

Parts of chapters 2.1, 2.2, 2.3 and 2.4 were included as part of a paper under review by Scientific 

Reports titled: ‘Neutron imaging and modelling inclined vortex driven thin films’, co-authored 

by Filomena Salvemini, Stuart Dalziel and Colin Raston. 
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Chapter 2.1 – Development of a mathematical model 
 

Chapter 2.1.1 – Force balance 

There are a number of forces that operate within the VFD, including gravity, the centripetal 

force, polarity-based interactions between the liquid and the glass, viscous drag within the 

liquid, and vibrations induced by imperfect rotation of the glass tube. Here, the net force 𝐹⃗ is 

considered to consist solely of the gravitational force 𝐹!000⃗  pulling the liquid down and the 

centrifugal force 𝐹/000⃗  pushing the liquid towards the walls of the tube  

Equation 2.1 

𝐹⃗ = 𝐹!000⃗ + 𝐹/000⃗ . 

The effect of surface tension and viscosity is recognised as being significant in some 

circumstances (particularly below 100 μm in film thickness), however, their inclusion in the 

model would add unnecessary complexity, as the purpose of the model is to allow the 

calculation of useful parameters, rather than to gain a high level rigorous understanding of the 

fluid behaviour. Additionally, surface tension and viscosity are affected by the chemical 

composition of the film, a composition which is not uniform due to the conversion of reactants 

to products. Due to the high concentrations often used within the device (up to 0.3 g/mL),3 

chemical composition is expected to significantly affect viscosity, surface tension and 

temperature, with temperature in turn affecting viscosity and surface tension. The incorporation 

of surface tension and viscosity into the model would require quantitatively understanding the 

behaviour of chemical reactions within the device, an understanding which is currently in its 

infancy. 

 

The reference frame used here is (x, y, z), where +x is towards the 

right, +y is away from the viewer, and +z is upwards. In 

considering the tilt angle θ, two approaches can be taken; 

maintaining gravity constantly in the z direction and varying the 

angle of the tube, or alternatively, keeping the orientation of the 

tube constant, but varying the angle of gravity; here the latter 

approach has been taken, where θ is the angle at which gravity 

acts in relation to the tube. The angular position is defined such that 𝜃 = 0 corresponds to 

gravity acting towards the left (-g, 0, 0) (corresponding to the VFD tube positioned horizontally 
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with the base on the right), and 𝜃 = 6
)
 corresponds to gravity acting downwards (0, 0, -g) (VFD 

positioned vertically). The force per unit volume of the liquid due to gravity is therefore 

Equation 2.2 

𝐹!000⃗ = −𝜌𝑔(cos𝜃 , 0, sin 𝜃). 

The centrifugal force per unit volume is 

Equation 2.3 

𝐹/000⃗ = 𝜌𝑟𝜔)(cos𝜙 , sin 𝜙 , 0), 

where r is the radial distance from the rotation (z) axis and ω is the rotational speed in radians 

per second. Here, ϕ is the angular position around the tube in the x-y plane, such that 𝜙 = 0 

corresponds to the x axis and 𝜙 = 6
)
 corresponds to the y axis. The net force per unit volume 

on the fluid is therefore 

Equation 2.4 

𝐹⃗ = 𝜌(𝑟𝜔) cos𝜙 − 𝑔 cos 𝜃 , 𝑟𝜔) sin 𝜙 ,−𝑔 sin 𝜃). 

Note that when 0° ≤ 𝜃 ≤ 90°, 𝜙 = 0° corresponds to the point closest to the ceiling, whilst 

𝜙 = 180° corresponds to the point closest to the floor. 

 
Chapter 2.1.2 – Determining the shape of the thin film 

The system, defined as the liquid confined in a tube, is considered only when in equilibrium, 

and consequently the net force must be exerted in a direction orthogonal to the surface of the 

liquid. The surface of the film is defined by 𝑧 = ℎ(𝑥, 𝑦), or equivalently 𝑧 − ℎ(𝑥, 𝑦) = 0.   

Here, h is the height of the surface of the liquid for a specified co-ordinate (here, in the x-y 

plane, later, in terms of distance r from the centre of the tube and angular position ϕ). The 

vector normal to the surface, 𝑛0⃗ , is therefore 

Equation 2.5 

𝑛0⃗ = 𝛻N𝑧 − ℎ(𝑥, 𝑦)O = P−QR
QS
, − QR

QT
, 1U. 

The direction of the net force must be parallel to 𝑛0⃗  and so 𝐹⃗ × 𝑛0⃗ = 00⃗ . Substituting (2.4) and 

(2.5) into the vector cross product reveals 

Equation 2.6* 
QR
QT
= W&' $*+ X

! $*+ %
, QR
QS
= − "#$%

$*+%
+ W&' "#$X

! $*+ %
. 

It is useful to use the chain rule to perform a change of variable from ℎ(𝑥, 𝑦) to ℎ(𝑟, 𝜙) noting 

that 
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Equation 2.7 

 QR
QW
= QR

QS
QS
QW
+ QR

QT
QT
QW

, 

and that QS
QW

 and QT
QW

 can be easily calculated from 𝑥 = 𝑟 cos𝜙  and 𝑦 = 𝑟 sin𝜙 , giving QS
QW
=

cos𝜙 and QT
QW
= sin 𝜙. This gives 

Equation 2.8 
QR
QW
= cos𝜙 P− "#$%

$*+ %
+ W&' "#$ X

! $*+ %
U + sin 𝜙 PW&

' $*+ X
!$*+ %

U = W&'

! $*+ %
− cos𝜙 cot𝜃, 

with subsequent integration producing 

Equation 2.9 

ℎ = W'&'

)! $*+ %
− 𝑟 cos𝜙 cot 𝜃 + 𝑘, 

giving h as a function of r, ω, g, θ, ϕ and k, where k is the distance from the base of the tube to 

the height where 𝑟 = 0 (note that k < 0). 

 

Chapter 2.1.3 – Determination of k from the volume of liquid 

In order to calculate k, equation 2.10 is used, where the volume V is calculated by integrating 

the height around the z-axis from ϕ = 0 to ϕ = 2π, and from the surface of the film (where 𝑟Z ≡

𝑟 at ℎ = 0) to the glass (R). The constant of integration k can be determined from the volume 

of fluid in the system. Specifically, 

Equation 2.10 

𝑉 = ∫ ∫ ℎ𝑟^
W_

𝑑𝑟)6
a 𝑑𝜙, 

where ri is the radius at which the film intersects the base of the tube, or zero if the fluid covers 

the entire base. For a flat-bottomed tube, (2.9) is solved for ℎ = 0 and 𝑟 = 𝑟Z, giving 

Equation 2.11* 

𝑟Z = 𝐴 cos𝜙 + c𝐴) cos) 𝜙 + 𝐵, 

where 

Equation 2.12* 

𝐴 = !"#$%
&'

 𝐵 = −)! $*+ %
&'

𝑘. 

Computing the inner integral of (2.1) is straight forward, giving 

Equation 2.13* 

𝑉 = ∫ PN^
efW_

eO&'

g! $*+ %
− P^

hfW_
h

i
U cos𝜙 cot 𝜃 + j

)
(𝑅) − 𝑟Z))𝑘U

)6
a 𝑑𝜙. 
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Substituting for ri using (2.12) and eliminating terms that contain odd powers of cos𝜙 (since 

these integrate to zero over [0, 2π]) reduces the integral to 

Equation 2.14* 

𝑉 = 6
l
P!

h "#$e %
&m $*+ %

U − 𝜋 P!
' "#$' %
&e

𝑘U + 𝜋 P!o
' $*+ %
&'

+ ^e&'

l! $*+ %
+ 𝑅)𝑘U. 

Under confined mode for a finite volume of liquid in the tube, k is solved by specifying the 

volume, yielding 

Equation 2.15* 

ℎ = &'

)! $*+ %
(𝑟) − 𝑅)) − 𝑟 cos𝜙 cot 𝜃 + ! "#$' %

&' $*+ %
+ p &'

!6 $*+%
𝑉 − j

)
𝑅) cot) 𝜃.  

This is only valid when the maximum height of the film does not exceed the height of the tube 

H, or specifically, when 

ℎ(𝑟 = 𝑅,𝜙 = 𝜋) ≤ 𝐻. 

There are two other limitations of the model (aside from limitations inherent in discounting 

viscosity and surface tension). The first is when there is sufficient volume that the bottom of 

the tube is not dry (𝑟(ℎ = 0) = 0), even if the film does not reach the top of the tube. This 

occurs at  

𝑉 ≥ 6^e&'

l! $*+ %
+ 6!h "#$e %

&m $*+ %
− 6^' "#$' %

)&' $*+ %
. 

The other limitation occurs when there is not sufficient volume to produce a film at all 

rotational positions (𝑟(ℎ = 0,𝜙 = 0) = 𝑅), occurring when 

𝑉 ≤ i
)
6!^' "#$' %
&' $*+ %

+ 6!h "#$e %
&m $*+ %

− )6!'^ "#$h %
&e $*+ %

. 

 

For 2000 rpm at θ = 45°, this volume is 56 μL, whilst at 6000 rpm this volume is 6.3 μL. 
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Chapter 2.2 – Film thickness 
 

One of the major aspects of VFD processing believed to have a significant effect on chemical 

reactions and material modifications is the small film thickness, which results in a high surface 

area to volume ratio.4 As a consequence, it is important to understand the effect that various 

conditions have on the film thickness. In order to investigate this, equation 2.15 was rearranged 

as 

Equation 2.16* 

𝑓t = 𝑅 −
𝑔
𝜔) cos𝜙 cos𝜃 

−u𝑅) −
𝑔)

𝜔l cos) 𝜃 (sin) 𝜙) + 2𝑔ℎ
sin 𝜃
𝜔) −w

4𝑔𝑉 sin𝜃
𝜋𝜔) −

2𝑔)𝑅)

𝜔l cos) 𝜃 

to give the film thickness ft. From equation 2.16 it is clear the film thickness is a function of 

two positional variables (the angular position around the tube ϕ and the height of interest h), 

three operating conditions (rotational speed ω, tilt angle θ, and volume V), one VFD design 

variable (tube radius R) and one constant but uncontrolled ‘variable’ (gravity g). 

 

For a particular set of operating conditions of the VFD, the film thickness decreases almost 

linearly as a function of increasing height (Fig. 2.2.1) and varies almost sinusoidally as a 

function of angular position around the tube (Fig. 2.2.2). Although ft is not linearly dependent 

on h, this near linear dependence arises because the effect of h on the slope yz{
yR

 is small for 

typical operating conditions. The slope of the film is given by 
yz{
yR
= − )! $*+ %

&'w𝑅2−𝑔
2

𝜔4
cos2 𝜃(sin2 𝜙)+2𝑔ℎsin 𝜃

𝜔2
−p4𝑔𝑉 sin 𝜃

𝜋𝜔2
−
2𝑔2𝑅2

𝜔4
cos2 𝜃

, 

where the sum of the blue terms is at least ten times greater than the green term. Consequently, 

for typical operating conditions, the effect of height on the slope is minimal, giving a linear 

shape. The sinusoidal effect of ϕ arises because the cosϕ term is significantly more influential 

than the sin2ϕ term. For typical operating conditions, the magnitude of the cosϕ term ranges 

from 10 μm to 70 μm, whilst the effect of the sin2ϕ ranges from 0.003 μm to 0.3 μm. Clearly, 

the cosϕ term is much more impactful, leading to a near-sinusoidal dependence of ft on ϕ. 
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Fig. 2.2.1: The effect of height h on film thickness ft for various rotational speeds ω. Standard VFD 

conditions, ϕ = 90°, V = 2 mL. 

 

 
Fig. 2.2.2: The effect of angular position ϕ on film thickness ft for various heights h. Standard VFD 

conditions, V = 2 mL, and ω = 4000 rpm. 

 

Figures 2.2.3 and 2.2.4 show that as the rotational speed is increased, the film thickness initially 

exhibits a sharp increase, followed by a gradual decrease as the rotational speed is further 

increased. The cause of this phenomenon is that initially for a height of h, the rotational speed 

is too low for the liquid to reach h. As the rotational speed is increased the film thickness 

increases rapidly from zero once the film reaches h, and continues to increase because a thicker 
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portion of the film reaches height h. However, acting against this increase in film thickness is 

the overall decrease in the average film thickness. Eventually, this decrease in film thickness 

sufficiently counters the increase, resulting in a gradual decrease.  

 

 
Fig. 2.2.3: The effect of rotational speed ω on film thickness ft for various low heights. Standard VFD 

conditions, ϕ = 90°, V = 2 mL. 

 

 
Fig. 2.2.4: The effect of rotational speed on film thickness for various high heights. Standard VFD 

conditions, ϕ = 90°, V = 2 mL. 
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Determining the rotational speed which gives the greatest film thickness is useful for 

applications where certain conditions are applied at specific points on the tube, such as the use 

of a laser for the slicing of carbon nanotubes,5 the placement of enzymes for chemical 

reactions,6 or when performing in situ analytical techniques. In order to calculate the rotational 

speed ωm at which the greatest film thickness occurs,  equation 2.16 is simplified by neglecting 

the radial component of gravity, giving 

Equation 2.17 

𝑓t = 𝑅 −w𝑅) + )! $*+ %
&'

ℎ − )
&
p!| $*+ %

6
. 

The point giving the maximum film thickness is then calculated as the point where yz{
y&

= 0, or 

where  

y
y&
})! $*+%

&~'
ℎ − )

&~
p!| $*+ %

6
� = 0. 

 

 

Solving for ωm, this gives 

− l!R $*+ %
&~h

+ )
&~'

p!| $*+ %
6

= 0, 

Equation 2.18 

𝜔� = 2ℎp!6$*+ %
|

. 

It is interesting to note that the optimised rotational speed used previously to slice carbon 

nanotubes (7500 rpm), is approximately the rotational speed calculated to give the greatest film 

thickness (8000 rpm) for the conditions used (laser height h = 9 cm, θ = 45°, V = 1 mL).5 This 

is a consistency that would be interesting to be investigated further. The calculated rotational 

speed is only applicable to confined mode of operation of the VFD for a fixed volume of liquid 

in the rotating tube, and is not valid under continuous flow operation, where an increase in 

rotational speed reduces the volume the tube can hold, consequently decreasing the film 

thickness at all points along the length of the tube. For the common confined mode operating 

conditions of V = 1 mL and θ = 45°, heights above 12 cm produce a ωm value above the 

maximum operating speed of the device, and hence the film thickness increases with rotational 

speed. Investigating the effect that radial position has on ωm (Fig. 2.2.5) reveals significant 

variation between different radial positions. This variation does not affect the utility of the 
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calculation because equation 2.18 is only useful for systems which are radially uniform (such 

as for enzymatic reactions), and for systems where a beam is passed through the ϕ = 6
)
 radial 

position, for which this calculation remains valid. Further investigation reveals an 

approximately sinusoidal relationship between ωm and ϕ (Fig. 2.2.6). It is interesting to note in 

Fig. 2.2.6 the amplitude of the sinusoidal wave approximately equals double R/h, suggesting a 

relationship of the form 

𝜔� ≈ 2ℎp!6 $*+ %
|

P1 + ^
R
cos𝜙U. 

One problem with this formula is that it results in a ϕ dependence of ωm even for θ = 90°, 

suggesting that a more appropriate relationship is of the form 

𝜔� ≈ 2ℎp!6 $*+ %
|

P1 + ^
R
cos𝜙 ∙ N√2 ∙ sin 𝜃O

�
U. 

 

 

 
Fig. 2.2.5: The effect of angular position ϕ on the film thickness ft and rotational speed ωm giving the 

maximum film thickness. Standard VFD conditions, h = 40 mm, V = 2 mL. 
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Fig. 2.2.6: The effect of angular position ϕ on ωm. Standard VFD conditions, V = 1 mL. 

 

Changing the tilt angle produces a similar effect to changing rotational speed, with Figures 

2.2.7, 2.2.8, 2.2.9 and 2.2.10 showing the same sharp increase followed by a gradual decrease. 

The tilt angle θm giving the greatest film thickness can likewise by calculated through a similar 

method, producing 

y
y%
P)! $*+ %

&'
ℎU = y

y%
})
&
p!| $*+ %

6
�, 

)! "#$ %~
&'

ℎ = "#$%~
& p !|

6$*+ %~
, 

Equation 2.19 

sin 𝜃� = |&'

l!R'6
. 

It is observed both from equation 2.19 and Figures 2.2.4 and 2.2.5 that for low speeds and high 

heights h, this angle is very close to 0°, unsurprisingly as only tilt angles close to 0° will 

produce a film at these heights for low speeds. It is, however, noted that this approximation is 

only valid for ϕ = 6
)
, as highlighted for the rotational speed calculation. One difference between 

the behaviour of θm and ωm is that it is possible for θm to give a negative film thickness under 

certain conditions. This arises because unlike the rotational speed, which has no (theoretical) 

limit, the tilt angle of the tube has a limit. Consequently, θm will give a negative film thickness 

for certain ϕ values at low rotational speeds and large h values. The conditions under which 

this occurs are not of practical interest, and hence are not determined. 
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Fig. 2.2.7: The effect of tilt angle θ on film thickness ft. Standard VFD conditions, ω = 2000 rpm, V = 

2 mL, ϕ = 90°. 

 

 
Fig. 2.2.8: The effect of tilt angle θ on film thickness ft. Standard VFD conditions, ω = 4000 rpm, V = 

2 mL, ϕ = 90°. 
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Fig. 2.2.9: The effect of tilt angle θ on film thickness ft. Standard VFD conditions, ω = 6000 rpm, V = 

2 mL, ϕ = 90°. 

 

 
Fig. 2.2.10: The effect of tilt angle θ on film thickness ft. Standard VFD conditions, ω = 8000 rpm, V = 

2 mL, ϕ = 90°. 
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a small film thickness for all radii, however this trend extends to 2000 rpm only for higher radii 

of the tube. The last parameter to be considered is gravitational acceleration, which varies from 

9.764 m∙s-2 at the summit of the Huascaràn mountain in Peru, to 9.834 m∙s-2 at a point in the 

Arctic Sea.7 The effect that this variation has on the film thickness is on the order of 1 μm, and 

hence local variation in gravitational accelerations can be ignored. It is observed, however, that 

were g to vary significantly, the effect would be similar to that observed for varying the tilt 

angle, however, without the potential for gm to give a negative film thickness. 

 

 
Fig. 2.2.11: The effect of volume V on film thickness ft. Standard VFD conditions, ϕ = 90°. 

 

 
Fig. 2.2.12: The effect of tube radius on film thickness. g = 9.8 m∙s-2, ϕ = 90°, V = 2 mL.   
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Chapter 2.3 – Maximum film height, volume, and residence time 
 

Film thickness is not the only useful quantity that can be obtained from the model. Other 

information that can be obtained includes the maximum film height, the volume of liquid under 

continuous flow, and the residence time in various sections of the tube. In addition to these 

calculable values, the mathematical model also allows the conversion between operating 

conditions whilst maintaining certain variables constant in order to investigate the effect of 

specific operating parameters of the VFD. 

  

The height of the top of the film hm is also of interest, as this is for the maximum volume that 

the tube can hold without the liquid interacting with the cap or exiting the tube. The maximum 

height is obtained by using equation 2.15, and setting ℎ = ℎ� and 𝑟 = 𝑅; 

 

ℎ� = &'

)! $*+ %
(𝑅) − 𝑅)) − 𝑅 cos𝜙 cot 𝜃 + ! "#$' %

&' $*+ %
+ p &'

!6 $*+ %
𝑉 − j

)
𝑅) cot) 𝜃. 

Equation 2.20 

ℎ� = ! "#$' %
&' $*+ %

− 𝑅 cos𝜙 cot𝜃 + p &'|
!6$*+ %

− j
)
𝑅) cot) 𝜃. 

 

It is interesting to note that the magnitude of the effect of angular position is relatively small at 

typical operating conditions, with ω ≥ 4000 rpm and V ≥ 1 mL,  R~(X�jga°)f	R~(X�a°)
R~(X��a°)

≤ 0.14. 

Given the relatively small effect of angular position on hm, a useful approximation is neglecting 

this dependence, giving 

Equation 2.21 

ℎ� = 𝜔p |
!6 $*+ %

. 

The maximum volume the tube can hold without interference from the cap (or before the liquid 

begins to exit the tube under continuous flow) is given by setting hm as the length of the tube 

H, and rearranging to give  

Equation 2.22 

𝑉 = �'

&'
𝑔𝜋 sin 𝜃. 

Both equations 2.21 and 2.22 are fairly straight forward to use, although it is observed that 

these equations do not feature the radius, and hence the maximum film height and volume are 
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independent of the radius. It is also noted that decreasing the rotational speed can dramatically 

increase the volume within the tube, which also increases the residence time for the VFD 

operating under continuous flow. Calculating the residence time from the volume is simple, 

using τ = VQ-1, allowing the consideration of the question “Given that rotational speed changes 

both the residence time and shear forces, how does one maintain constant residence time whilst 

changing the rotational speed in order to investigate the effect of shear forces?”. The answer to 

this question is to calculate the flow rate Q using 𝑄 = �'

&'�
𝑔𝜋 sin 𝜃. This can be rearranged into 

the form of transitioning from ω1 and Q1 to ω2 and Q2: 

𝑄) =
&�'

&''
	𝑄j. 

The disadvantage of changing the flow rate according to this formula is that changing as such 

affects the ability of backflow to occur within the device, potentially affecting reactions where 

selectivity is a concern. The other option is to change the tube length according to 𝐻 =

𝜔p ��
!6 $*+ %

, which significantly limits the rotational speeds that can be tested based on the 

availability of VFDs housing tubes of different lengths, however, this would be a way to 

investigate the effect of shear forces on the selectivity of reactions under continuous flow. It is 

recognised that without a thorough understanding of the shear regimes within the VFD, which 

would be a major research project in its own right, this may be an undertaking of limited value.  

 

A less straightforward calculation is that of residence time for liquid within a specific portion 

of the tube. This calculation is important for setting up multi-stage processing within and along 

a single tube. In order to do this, the cross-sectional area for a particular height is calculated, 

followed by integration from h1 to h2. 

𝜏 =
1
𝑄
� 𝜋𝑅) − 𝜋𝑟)
R'

R�
𝑑ℎ 

𝜏 =
𝜋
𝑄
� �−2𝑔ℎ

sin 𝜃
𝜔) + w

4𝑔𝑉 sin 𝜃
𝜋𝜔) �

R'

R�
𝑑ℎ 

𝜏 =
𝜋
𝑄
�−𝑔(ℎ)) − ℎj))

sin 𝜃
𝜔) + (ℎ) − ℎj)w

4𝑔𝑉 sin 𝜃
𝜋𝜔) � 

When considered under continuous flow operation of the VFD, this produces 

 

 



	64	

Equation 2.23 

𝜏 = !6 $*+ %
�&'

Nℎj) − ℎ)) + 2𝐻(ℎ) − ℎj)O. 

 

The application of equation 2.23 to two commonly used operations of the VFD is considered: 

multi-step reactions, and the use of a laser to slice carbon nanotubes. For a two-stage reaction, 

the first reaction occurs from h = h1 = 0 to h = h2, whilst the second occurs from h = h2 to h = 

h3 = H. Increasing the height of the start of the second reaction h2 only marginally increases the 

residence time for step 1, producing diminishing returns as h2 is moved further up the tube, as 

shown in Fig. 2.3.1. On the other hand, increasing the height of h2 reduces the residence time 

for the second step dramatically. For constant flow rate and two sections with the same 

residence time, the second step should start at ℎ) = N1 − √0.5O𝐻 ≈ 0.29𝐻 . This can be 

generalised as ℎ) = 𝐻N1 − √1 − 𝐾O where K is the fraction of the residence time in the bottom 

section of the tube, or as  

ℎ) = 𝐻�1 − w1 −
𝐾𝑄j

𝐾𝑄j − 𝐾𝑄) + 𝑄)
� 

when Q1 ≠ Q2. 

 

 
Fig. 2.3.1: The effect of height of h2 on the residence times τ1 and τ2 for two sequential reactions. 

Standard VFD operating conditions, ω = 6000 rpm, Q = 1 mL/min.  
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It is noteworthy that there is a minimum h2 that is practical to ensure there is sufficient 

separation to circumvent potentially interfering backmixing. The minimum fraction of 

residence time Km in the lower portion of the tube for a given height, occurs when 𝑄) = 𝑄j 

𝐾� = R'
�
P2 − R'

�
U. 

 

Application of this model to the two previous multi-stage reactions in a single tube affords 

interesting insights. The first is the three-step process of the synthesis of Lidocaine, involving 

the amidation of dimethylaniline with chloroacetyl chloride in chloroform, followed by a 

solvent exchange to replace chloroform with DMF, and the second amination with 

diethylamine to produce Lidocaine. Interestingly, when both reaction steps were performed in 

separate sequential VFDs, a yield of 85% was obtained, whilst performing all three steps in a 

single tube resulted in a rather low yield of only 15%.8 

 

Performing these reactions in a single tube used a total flow rate at the base of the tube (h1 = 

0 cm) of Q1 = 0.024 mL/min, the addition of DMF at h2 = 5 cm at ΔQ1→2 = 0.05 mL/min to give 

Q2 = 0.074 mL/min, and the addition of diethylamine at h3 = 9.5 cm at ΔQ2→3 = 0.1 mL/min to 

give Q3 = 0.174 mL/min, with H = 0.18 cm and ω = 6950 rpm.8 Inputting these values into 

equation 2.23 reveals the following residence times: τ1 = 26.5 minutes, τ2 = 5.3 minutes, and 

τ3 = 1.7 minutes. This gives a total residence time of 33.5 minutes, significantly more than the 

13 minutes originally reported using the total flow rate. It is informative to note that for the 

slower amination reaction step, only a small amount of time was allowed, whereas for the faster 

amide formation reaction, an extended period of time was allowed. This possibly explains the 

low reported yield for the lidocaine synthesis in a single tube. That said, there was also a 

challenge in this reported work, in maintaining a high temperature in a heated portion of the 

tube without heating the rest of the tube, for the amination step. It is also noted that the amide 

formation step is more efficient at lower temperatures and heat leaking towards this part of the 

tube likely to reduce the percent conversion for the reaction. It is not currently possible to 

adequately maintain separate controlled temperatures at different points on the VFD. However, 

once equipment is developed capable of doing that, there is still a limitation on the residence 

time for the second step. If the procedure is simplified by assuming the ability to perform the 

solvent exchange simultaneously with the aminationa, and a minimum h2 of h2 = 3 cm is 

																																																								
a	The	justification	for	the	solvent	exchange	is	the	inefficiency	of	the	amination	in	chloroform,	rather	than	
solubility	issues,	meaning	simultaneous	solvent	exchange	and	reaction	should	be	possible.	
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assumed (this is probably an underestimation of the minimum h2 that can be used without 

backflow), and concentrations are adjusted such that 𝑄j ≈ 𝑄). This gives: 

𝜏 =
𝑔𝜋 sin 𝜃
𝑄𝜔) Nℎj) − ℎ)) + 2𝐻(ℎ) − ℎj)O 

 

𝜏)
𝜏j
= 	
Nℎ)) − 𝐻) + 2𝐻(𝐻 − ℎ))O
N0 − ℎ)) + 2𝐻(ℎ) − 0)O

=
(ℎ)) + 𝐻) − 2𝐻ℎ))

2𝐻ℎ) − ℎ))
=

(𝐻 − ℎ)))

ℎ)(2𝐻 − ℎ))
= 2.27 

 

Evidently, even under optimal design conditions, the residence time for the slower step can 

only be a little over double that for the faster step, unless a longer VFD tube is used and a 

suitable multi-stage heating unit is developed. 

 

The second multi-stage reaction performed in a single VFD tube is the synthesis of an α-

aminophosphonate from aniline, benzaldehyde and diethylphosphite. This involved the 

addition of aniline and benzaldehyde in methanol at h1 = 0 cm for a total Q1 = 0.2 mL/min, 

followed by a solvent exchange to replace methanol with DMF at h2 = 4.5 cm and ΔQ1→2 = 

0.1 mL/min to give Q2 = 0.3 mL/min, followed by the addition of diethylphosphite at h3 = 8 cm 

and ΔQ2→3 = 0.1 mL/min to give Q3 = 0.4 mL/min, finally with the addition of I2 in at h4 = 10.5 

cm with ΔQ3→4 = 0.1 mL/min to give Q4 = 0.5 mL/min. Applying mathematics reveals: τ1 = 

2.9 minutes, τ2 = 1.1 minute, τ3 = 1.3 minutes and τ4 = 0.46 minutes, giving a total residence 

time of 5.8 minutes, shorter than the 7.4 minutes originally reported. This procedure achieved 

80% yield, close to the multi-VFD yield of 87%, indicating that although the mathematical 

model provides additional information about the reaction, there is limited scope for it to provide 

insights into tracking towards higher yields.3 

 

The other processing capability of the VFD considered is applying effects at different positions 

along the tube, for example laser irradiation, a magnetic field, or a neutron beam.5 In this 

instance, a laser beam of fixed width z can be placed at different heights up the tube. The effect 

of changing this height for a fixed width is considered, with Fig. 2.3.2 revealing a linear 

decrease in residence time for liquid passing through the beam as the height is increased, as 

predicted by equation 2.23. 

Equation 2.23 

𝜏 = )�!6 $*+ %
�&'

(𝐻 − ℎ). 
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Fig. 2.3.2: Residence time within a zone of fixed width and variable position. Standard VFD, ω = 6000 

rpm, Q = 1 mL/min, z = 1 cm. 

 

In addition to these applications and calculations, the mathematics that have been developed 

allows several simple formulas for converting between conditions which are equivalent in a 

particular manner (for example, having the same residence time or the same film thickness at 

a particular height). When optimising conditions for reactions in plug-flow reactors, each 

parameter is varied separately, safe in the knowledge that each controllable parameter only 

influences a single behaviour of the fluid system. However, in the VFD, this is not the case. In 

confined mode of operation of the device, there are four controllable variables: tilt angle, 

rotational speed, volume, and height of laser (if used). Factors that can be important are the 

shear forces within the device, the maximum film height as it affects the surface area to volume 

ratio, and film thickness at the height of the laser (if used). Additionally, the choice of volume 

of liquid in the tube is important, especially for cases where there is a minimum volume that 

must be used (this can be due to maximum solubility of substrate and the minimum quantity of 

substrate required for analysis). Under confined mode of operation of the VFD, varying the tilt 

angle will affect the maximum volume, the film thickness, and the maximum film height, and 

may alter the shear forces. Varying the rotational speed varies all of these four factors. In 

addition to varying rotational speed whilst keeping residence time constant, there are other 

useful conversions, outlined below. 
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Maintaining constant film thickness under confined mode at a specified height whilst changing 

the rotational speed requires changing the volume per: 

 

𝑉) = 𝑉j
&''

&�'
�1 + ℎ P&�

&''
− j

&�
Up6! $*+ %

|�
�
)

. 

This would be useful when investigating the effect that rotational speed has on the slicing of 

carbon nanotubes independent of film thickness. 

 

Given the recent intra-research group interest in developing larger vortex fluidic devices for 

high throughput applications, a consideration in designing such platforms is needing to ensure 

that a thin film is maintained under continuous flow without increasing the rotational speed to 

speeds which are difficult or expensive to achieve. In order to calculate the rotational speed 

required to produce a thin film of maximum thickness ft, equation 2.16 is set to continuous flow 

conditions, the height is set to 0, and the formula is rearranged to give the rotational speed 

required to achieve a set film thickness at the base of the tube under continuous flow conditions: 

𝑓t = 𝑅 −p𝑅) − )�
&'
𝑔 sin 𝜃, 

𝑅) − )!� $*+ %
&'

= 𝑅) + 𝑓t) − 2𝑅𝑓t, 

𝜔 = p)!� $*+ %
)^z{fz{'

≈ p!� $*+ %
^z{

. 

 

This allows the determination of the speed required for a specific radius and length VFD tube 

to achieve a film of desired thinness. It is an interesting observation that this speed is higher 

for longer VFDs, but shorter for wider VFDs. Rearranging this equation to one which allows 

the calculation of the length required to achieve both a desired film thickness and a desired 

volume, for a VFD of certain radius yields 

𝑉 = �'

&'
𝑔𝜋 sin 𝜃, 

𝐻 ≈ |
6^z{

. 

  



	69	

Chapter 2.4 – Comparison of the mathematical model with 

experimental results 
 

Some early work on the VFD involved measuring the average film thickness within a 10 mm 

VFD, which was performed by measuring the film height for various rotational speeds and 

calculating the average film thickness from there.1 The resultant equation is 

𝑓t = 𝑅 − w𝑅) −
c𝑔𝑉 sin 𝜃
𝜔√𝜋

 

Comparing the prediction to previous experimental results1 indicates that the predicted values 

are within experimental error for 3000 rpm and above, and almost within experimental error 

for 2000 rpm (Fig. 2.4.1). However, the predicted average film thickness for 1000 rpm is 

significantly higher than measured. This deviation is not surprising given that the mathematical 

model is less reliable at lower speeds where viscosity becomes more important. 

 

 
Fig. 2.4.1: Average film thickness as measured in a R = 0.00475 m VFD, compared to average film 

thickness predicted by the model. 

 

The second set of experiments performed previously involved measuring the residence time as 

a function of flow rate for the 20 mm VFD at a rotational speed of 6950 rpm.2 These 

experiments found a relationship between the flow rate and residence time of 𝜏 =

152.37𝑄fa.�il , corresponding to an R2 value of 0.9831. Reanalysis of the original data 
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revealed that a relationship of 𝜏 = 158.57𝑄fj results in a greater R2 value of 0.9894, and a 

precisely inverse relationship between residence time and flow rate, which is consistent with 

the theoretical model. One difference between the experimental and predicted mathematical 

model is that the experimental measurements included time spent for the liquid entering and 

exiting the Teflon housing unit at the top of the tube, whilst these are not accounted for in the 

model. Consequently, the residence time can be predicted from the model as 

𝜏 = P𝑉� +
!�'6 $*+ %

&'
U𝑄fj, 

where VE is the volume of liquid within the system that is external to the tube (including in the 

Teflon housing unit, which is only partially filled). Equating this to the equation determined 

from experimental data results in a calculated VE of 1.16 mL, which is a reasonable amount to 

be in the Teflon housing unit and plastic pipette. This consistency of the model with 

experimental data lends further credibility to the model developed in this chapter. 

 

Although very little work has previously been done on the film within the VFD, other literature 

provides five relevant similar systems. The first system is that of liquid mirror telescopes, 

which are used as relatively cheap astronomical telescopes. Liquid mirror telescopes involve 

rotating a large dish of mercury at low rotational speeds to form a paraboloidal reflective film 

on the surface of the dish, the perfect shape for a telescope because all reflected light will pass 

through a specific point.9,10 In the case of a liquid mirror telescope where 𝜃 = 90° and ℎ = 0 

is defined as the base of the parabola, equation 2.15 reduces to: 

ℎ = W'&'

)!
, 

which is consistent with the equation derived for liquid mirror telescopes.9 

 

The second system is a set of experiments published in 1981, which investigated the variation 

in film thickness in a horizontally aligned rotating tube.11 In the system investigated, a 

horizontally aligned glass tube containing various liquids was rotated, whilst a laser was 

directed down the centre of the tube. The laser was reflected off a mirror placed within the tube 

and directed through the film towards a photodiode attached to the outside of the tube (Fig. 

2.4.2). The photodiode signal was amplified and recorded as the system rotated. The typical 

output depicted in the paper is shown in Fig. 2.4.3, indicating a sinusoidal influence of angular 

position on film thickness, as determined by the mathematical model developed here. 
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Fig. 2.4.2: The setup of a horizontal spinning tube, with a laser pointed down the centre of the tube, 

reflected from a mirror, detected by a photodiode, and its intensity recorded.11 

 

 
Fig. 2.4.3: The output of the visicorder as depicted in Fig. 2.4.2.11 

 

The third relevant system of interest is presented in a paper from 1972, which discussed the 

behaviour of thin films inside rotating tubes and focused on the volume within horizontally 

aligned rotating tubes. The authors assume that the film thickness is not dependent	on	ϕ,	and	

derive	a	generalised	formula	for	film	thickness	of	the	form ℎ = 𝑎𝑓t + 𝑏 �
j
)
ln �

Pj��{  U
'

jf�{  �
�{
'

 '

¡ +
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√3 arctan }
'�{
  fj

√i
� + 6

)√i
¡, which is not neatly solvable for the film thickness. The inability to 

readily solve this equation for the film thickness did not interfere with their focus on the 

behaviour of the fluid in a horizontally aligned tube, however, it does mean that their 

generalised formula cannot be compared to the formulas derived in this chapter.12  

 

The fourth relevant system is an investigation by Lubarda in 2013, who theoretically modelled 

liquid behaviour in a rotating vertically aligned tube with a focus on surface tension, 

considering only the conditions where the base of the tube is not dry. A part of this involved 

noting the produced formula in the absence of surface tension, giving (rewritten using our 

notation) 

ℎ = ^'&'

l!
P)W

'

^'
− 1U + ℎW, 

where hr is the height of the liquid relative to the rest height of the liquid such that ℎW =
|
6^'

, 

giving ℎ = &'

)!
P𝑟) − j

)
𝑅)U + |

6^'
, which is different to that produced by our equation here, ℎ =

&'

)!
(𝑟) − 𝑅)) + p&'

!6
𝑉. The reason for this difference is that their equation is only valid for 

ℎ(𝑟 = 0) ≥ 0, whilst ours is only valid for ℎ(𝑟 = 0) ≤ 0. Under the specific condition of 

ℎ(𝑟 = 0) = 0, corresponding to the base of the parabola meeting precisely the base of the tube, 

both equations are valid. Under this condition, they both converge to the same result. 

For theirs: 

0 = −^'&'

l!
+ |

6^'
, 

𝑉 = 𝜋𝑅) P^
'&'

l!
U = 6^e&'

l!
. 

For ours: 

0 = −^'&'

)!
+ p&'|

!6
, 

𝑉 = P^
'&'

)!
U
) !6
&'
= 6^e&'

l!
. 

Consequently, their result is consistent with ours.13 

 

The final relevant system involves investigating the behaviour of liquid in partially filled 

rotating inclined pipes, reported by Chatterjee, et al., looking at when the fluid transitions from 

a pool to a film. This work could provide some insights into the intrafluid behaviour within the 
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VFD, although it is noted that the systems investigated involved larger tubes (R = 27 mm, 22 

mm and 17 mm), and only investigated speeds up to 1200 rpm, and flow rates up to 1000 

mL/min. Their focus was on operating parameters outside of what we are interested in, and did 

not involve theoretical modelling, but could nonetheless provide useful insight into some of 

the intrafluid behaviour.14 

 

Overall, the literature provides support for the mathematical model in cases where investigated 

systems have some overlap with ours, and importantly, none of the literature contradicts the 

results obtained involving the mathematical model here. 
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Chapter 3 
Film Thickness and Neutron Imaging 

 

The utility of a mathematical model describing the film shape and related information is 

enhanced if there are experimental results supporting the accuracy of the model. Attempts to 

use spectroscopic measurements and the Beer-Lambert Law were unsuccessful because the 

non-parallel alignment of the liquid with the surface caused refraction, as discussed below in 

Chapter 3.1. Attempts to use Neutron Imaging to measure the film thickness were successful, 

however experiments were reliant on the availability of the DINGO Neutron Tomography 

Station at ANSTO, limiting the quantity of experiments that could be performed. 

 

Parts of chapters 3.3 and 3.4 were included as part of a paper under review by Scientific Reports 

titled ‘Neutron imaging and modelling inclined vortex driven thin films’, co-authored by 

Filomena Salvemini, Stuart Dalziel and Colin Raston. 
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Chapter 3.1 – Attempted spectroscopic measurements 
 

Attempts to use spectroscopic techniques to determine the film thickness according to the Beer-

Lambert Law resulted in implausibly high film thicknesses. This occurs because the film 

surface is not parallel to the surface of the tube, resulting in refraction. This refraction causes 

a significant portion of the emitted light to miss the detector, an effect which from the 

perspective of the detector, is indistinguishable from absorption. To demonstrate that this effect 

is large enough to be impactful, the distance travelled by light along the axis of the tube (Δh) 

is calculated. The path of the light is depicted in Fig. 3.1.1 as the red line, with Δh being the 

sum of the black lines (being, from left to right, d1, d2 and d3). When setting up spectroscopic 

measurements in the VFD, the light source and detector are positioned at ϕ = 0° and ϕ = 180° 

respectively. Consequently, the film shape can be treated as axisymmetric because the 

asymmetry has an effect on the order of < 1 μm for the two positions considered here. To 

simplify the calculations further, the film is treated as linear instead of parabolic, a reasonable 

approximation as demonstrated in Chapter 2, and the hemispherical shape of the base is 

discounted, as usual. Note also that Fig. 3.1.1 is not drawn to scale. 

 

The light beam (red) enters the glass tube perpendicularly to the surface of the glass at a height 

of h0, and then enters the liquid at the same height, travelling a distance of f1 through the film, 

meeting the liquid-air interface an angle of θ1. This angle is determined using 

tan(𝜃j) =
R~fR¤
z�

= R~
z¤

, 

where hm is the maximum height of the film and f0 is the film thickness at the base of the tube. 

The light exits the film at an angle of θ2, calculated using Snell’s Law as 

sin P6
)
− 𝜃)U =

��
�'
sin P6

)
− 𝜃jU, 

where n1 is the refractive index of the liquid, n2 is the refractive index of air, and n3 is the 

refractive index of the glass. In order to calculate d1, the intersection between the path of the 

light and the second film is determined. The path now taken by the light is described by 

(𝑓j + 𝑘 cos(𝜃j − 𝜃)) , ℎa − 𝐿 sin(𝜃j − 𝜃))), where L is the distance travelled by the light since 

exiting the first film (noting that 𝑑j = 𝐿 sin(𝜃j − 𝜃)) ). The path of the second film 

(approximated as linear) is P z¤
R~
ℎ + 𝑅 − 𝑓a, ℎU , where h is the height of the liquid. The 

intersection of the light with the second film occurs when these two lines intersect: 

ℎ = ℎa − 𝐿 sin(𝜃j − 𝜃)), 
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𝑓j + 𝐿 cos(𝜃j − 𝜃)) =
z¤
R~
(ℎa − 𝐿 sin(𝜃j − 𝜃))) + 𝑅 − 𝑓a = 𝑑j 

𝐿 Pcos(𝜃j − 𝜃)) +
z¤
R~
sin(𝜃j − 𝜃))U =

z¤R¤
R~

+ 𝑅 − 𝑓a − 𝑓j, 

𝑑j =
$*+(%�f%')

"#$(%�f%')�
�¤
¦~

($*+(%�f%'))
Pz¤R¤
R~

+ 𝑅 − 𝑓a − 𝑓jU 

The angle at which the light meets the second film θ3 is calculated as follows 

𝜃i = 2𝜋 − 𝜃) − 2 ∙ P𝜋 − tanfj
R¤
z¤
U = 2 tanfj PR¤

z¤
U − 𝜃). 

The angle θ4 at which the light enters the second film is calculated from Snell’s Law, 

sin P𝜃l −
6
)
U = �'

��
sin P6

)
− 𝜃iU, 

𝑑) = 𝑓a tan P𝜃l − tanfj P
R¤
z¤
UU. 

The angle θ5 that the light strikes the glass is calculated from 

𝜃§ =
6
)
− tanfj Py'

z'
U, 

where f2 is the film thickness at h = h0-d2. The angle θ6 at which the light enters the glass is 

calculated from 

sin P6
)
− 𝜃¨U =

�h
�'
sin P6

)
− 𝜃§U, 

𝑑i = 𝐿© tan P
6
)
− 𝜃¨U, 

where LG is the thickness of the glass tube. 

 

Fig. 3.1.2 and Fig. 3.1.3 show the distance along the tube axis travelled by a beam of light for 

various heights, as a function of rotational speed ω for the standard VFD with 1 mL of liquid 

at 45° tilt angle. The wall thickness LG is 1.25 mm, the beam of light is positioned at a height 

of 4.5 cm, and the refractive indexes for air, water, and glass are 1, 1.33 and 1.5 respectively. 

At lower rotational speeds the movement is up to 89 μm at the upper end of the film, whilst 

even at higher speeds it can reach above 20 μm. This is sufficient movement to cause significant 

misalignment of the light and detector. 
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Fig. 3.1.1: Diagram of refraction of a ray of light through a VFD tube with a thin film. 

 

 
Fig. 3.1.2: The movement along the axis of the tube by a beam of light, for various heights of interest. 

Standard VFD conditions, ϕ = 90°, V = 1 mL. 
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Fig. 3.1.3: Fig. 3.1.2 presented on a logarithmic-logarithmic scale for clarity purposes. The movement 

along the axis of the tube by a beam of light, for various heights of interest. Standard VFD conditions, 

ϕ = 90°, V = 1 mL. 
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Chapter 3.2 – Neutron Imaging Theory 
 

Neutrons are uncharged particles with a mass of 1.6749∙10-27 kg and interact primarily and 

(usually) non-destructively with atomic nuclei. One type of neutron-nuclei interaction is 

absorption of the neutron, the extent to which is described in terms of the absorption cross-

section. The absorption cross section varies widely between adjacent elements on the periodic 

table, and even varies widely between different isotopes of the same element. Consequently, 

neutron imaging provides a useful contrast to x-ray imaging, which can easily distinguish 

between sample regions of different densities but struggles to distinguish between regions of 

similar density. One particular pair of cross sections that is useful is that for 1H (0.3326 b), and 

that for 2H (0.000519 b). The ability for 1H to absorb neutrons much more readily than 

deuterium allows for the differentiation between deuterated compounds and non-deuterated 

compounds. The cross sections of 12C and 18O are 0.00353 b and 0.00016 b respectively, and 

consequently are sufficiently small enough that they do not interfere with the ability to 

distinguish between samples containing 1H and 2H.1,2 

 

Neutron detection methods involve the absorption of neutrons by nuclei and subsequent 

emission of a more easily detected (and usually charged) particle. These charged particles then 

interact with a scintillator, which emits light. This light is then reflected using a mirror at a 45° 

angle to a detection camera. The use of a mirror ensures the detection camera is not in the 

neutron beam path. The most common nuclei used as neutron imaging are lithium-6, boron-10, 

and gadolinium.3 Lithium-6 has a relatively large cross section (940 barns) and does not 

produce any gamma radiation ( naj + Lii
¨ → Hji + He)

l ), reducing the noise produced by the 

detector. The two most common forms of 6Li used for neutron detection are 6Li glass and 
6LiF/ZnS, both of which combine the neutron absorber and the scintillator into a single 

material. 6Li glass is not often used for neutron imaging for several reasons: the thickness 

required for good efficiency is more than 1 mm and limits the spatial resolution, it is more 

sensitive to ambient gamma radiation than desirable, and the number of photons produced per 

neutron (approximately 8000) is considered low for neutron imaging. 6LiF/ZnS, however, has 

photon/neutron ratios on the order of 160,000, and high spatial resolution can be achieved using 
6LiF/ZnS films with thickness below 50 μm, although films of this thickness sacrifice high 

absorption efficiency in order to obtain high resolution. 
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Like 6Li, Boron-10 has a high neutron capture cross section (3835 barns), however, unlike 6Li, 

gamma radiation is produced as a by-product of its degradation ( naj + B§ja → He)
l + Lii

¯ + γaa ), 

increasing the level of background noise. The other challenge when using Boron-10 is that the 

products are more difficult to detect because their low velocity results in a shorter range. 

Gadolinium is of interest because of the very large absorption cross section of non-isotopically 

pure gadolinium (49700 b), however, unlike the other nuclei discussed, it does not release a 

charged particle, instead releasing only high-energy gamma radiation. Gadolinium oxide 

detectors are of particular interest because of the high resolution they can afford, as recently 

demonstrated at the Paul Scherrer Institut in Switzerland.4 

 

The neutron imaging facility in Australia is DINGO,a and is situated on the HB2 thermal 

neutron port of the Open-Pool Australian Lightwater (OPAL) Reactor at the Australian Nuclear 

Science and Technology Organisation (ANSTO) site at Lucas Heights, near Sydney. 

Construction of DINGO (Fig. 3.2.1) was completed in June 2013, becoming operational in 

2014, and is capable of operating in either high flux or high resolution configuration.5-7 DINGO 

contains two neutron beams, a high flux beam with flux of 5.33×107 neutrons/cm2/s, and a low 

flux beam for high resolution with flux of 1.1×107 neutrons/cm2/s. Six different scintillation 

screens are generally available for neutron imaging, consisting of 6LiF/ZnS coated on 

aluminium with 6LiF/ZnS thicknesses from 50 μm to 200 μm for areas of either 200x200 mm2 

or 100x100 mm2. Two cameras are available for use, an Andor IKON-L CCD camera for 

standard operation, and an Andor NEO 5.5 sCMOS camera for fast data acquisition. 5 

 

 

 

																																																								
a	The	convention	used	widely	at	ANSTO	is	for	instrument	names	to	be	written	in	capitals.	
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Fig. 3.2.1: The DINGO Neutron Tomography Station at Lucas Heights. The parts of the image outlined 

in blue are, from right to left: a pipe through which the neutron beam passes through from the reactor; 

a movable and rotatable sample stage; a box containing the neutron detector; and lead shielding.7 

 

 

 

  

`	
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Chapter 3.3 – Dynamic Camera Methodology 
 

Neutron imaging experiments were performed at the DINGO imaging station at ANSTO, using 

the high flux beam. The scintillation screen used was the 100 μm thick 6LiF/ZnS screen, and 

the camera used was the Andor NEO 5.5 sCMOS camera. The acquisition time used was 1 s, 

which was determined to provide a sufficient balance between image quality and temporal 

resolution. An additional 0.02 s was required to transmit the data from the camera to the 

computer, resulting in 1120 acquisitions over 1140 s, a frame rate of 0.982 Hz. Five no-beam 

acquisitions were collected as a background. 

 

The Vortex Fluidic Device was positioned on the sample stage and 5 empty-tube acquisitions 

with the VFD rotating but without liquid were recorded. This step was necessary before each 

experiment because any slight movement of the device during tube changeover would result in 

slight misalignment interfering with the ability to subtract the background images from the 

experimental images. The VFD was set to run at a sequence of 60 rotational speeds in 50 rpm 

increments for 10 seconds each, with 10 seconds stationary between each speed. The limitation 

of a sequence of 60 speeds was due to the programming of the device at the time. Additionally, 

because the VFD was controlled from within the instrument enclosure, there was a delay of 

approximately 55 seconds between the start-up of the device and when safety measures allowed 

acquisition of the first image. Consequently, only 57 speeds could be recorded in a single 

experiment (a range of 2800 rpm). One consequence of the acquisition process was that the 

first image would be acquired partly whilst the VFD was stationary, and partly whilst the VFD 

was rotating.  

 

Experiments for speeds above 4800 rpm resulted in a film thickness on the order of less than 6 

pixels and yielded no reliable data. The images used to measure the film thickness were 

processed in the following manner using the program ImageJ: the sets of background images 

and the empty-tube images were each averaged to produce a single background image, along 

with an empty-tube image for each experiment. The despeckle function of ImageJ was then 

applied to each image to reduce the noise, and the background image was then subtracted from 

the experimental and empty-tube experiments. The experimental images were then divided by 

the appropriate empty-tube image. The brightness and contrast were then auto-adjusted to 

produce easily interpretable images.  
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Chapter 3.4 – Dynamic Camera Experiments 
 

Water (1 mL) was inserted into the VFD tube and the VFD was operated as described in 

Chapter 3.3. The VFD is depicted stationary in Fig. 3.4.1 a), whilst in b) the VFD is shown 

during spin-up to 4000 rpm across t = 0 s to 1 s, and in c) the VFD is shown post spin-up to 

4000 rpm across t = 1 s to 2 s, at which point the film appears stable. The time taken to reach 

a stable state can be determined by subtracting from each image the previous image to show 

the difference, as seen in Fig. 3.4.2, a) shows a very large difference between stationary and 

during spin-up, as expected, b) shows a significant difference because the fluid is still very 

much moving towards equilibrium, c) shows only a slight difference distinguishable from 

noise, indicating that the film is nearly stable, whilst d) shows no difference that can be 

differentiated from noise. Consequently, it can be concluded that the film reaches stability 

within 2 s. To determine if the short time required to achieve stability is maintained at higher 

speed, the same process was used to analyse data acquired for 7000 rpm, with the subtractions 

presented in Fig. 3.4.3. As can be seen in e), the film is stable (within detectable noise limits) 

after 3 s. Blue ovals indicate the regions where differences exist but may be difficult to identify 

visually. 

 

 
Fig. 3.4.1: 1 mL of water in the VFD during spin-up at ω = 4000 rpm: a) before spin-up; b) during spin-

up (t = 0 s to 1 s); c) after spin-up (2s). 

 

a)	 b)	 c)	
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Fig. 3.4.2: Subtractions of the VFD operating at ω = 4000 rpm (H2O, V = 1 mL) at various time points: 

a) During spin-up minus stationary; b) t ≈ 0 s minus during spin-up; c) t ≈ 1 s minus t ≈ 0 s; d) t ≈ 2 s 

minus t ≈ 1 s. 

 

 

 

a) b) 

c) d) 
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Fig. 3.4.3: Subtractions of the VFD operating at ω = 7000 rpm (H2O, V = 1 mL) at various time points: 

a) During spin-up minus stationary; b) t ≈ 0 s minus during spin-up; c) t ≈ 1 s minus t ≈ 0 s; d) t ≈ 2 s 

minus t ≈ 1 s. 

a) b) 

c) d) 
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Fig. 3.4.3: Subtractions of the VFD operating at ω = 7000 rpm (H2O, V = 1 mL) at various time points: 

e) t ≈ 3 s minus t ≈ 2 s. 

 

The time required for a biphasic system of water and toluene to stabilise was also investigated 

by using D2O and toluene to investigate the toluene stability, and H2O and d8-toluene to 

investigate the water stability. Fig. 3.4.4 shows the subtraction series for the VFD operating at 

2500 rpm with 0.5 mL of D2O and 0.5 mL of toluene. It can be clearly seen that the film has 

reached stability within 2 s, whilst Fig. 3.4.5 shows that the same system set at 7000 rpm 

reaches stability within 3 s. In contrast, Fig. 3.4.6 shows the subtraction series for 0.5 mL H2O 

and 0.5 mL d8-toluene at 2500 rpm, showing that it does not reach equilibrium within 8 s. 

However, at 7000 rpm the system reaches stability within 2 s (Fig. 3.4.7). Investigation of the 

individual speeds shows that from 2050 rpm to 2600 rpm, the VFD does not reach stability 

within 8 s, whilst it takes about 5 to 7 s to reach stability for 2650 rpm to 2950 rpm and reaches 

stability within 2 or 3 s for 3000 rpm and above. Consequently, it is concluded that the time 

required for a single phase to reach an equilibrium state is generally less than 3 seconds, 

however, it can take longer for biphasic systems to reach equilibrium, particularly at lower 

rotational speeds. 

 

e) 
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Fig. 3.4.4: Subtractions of the VFD operating at ω = 2500 rpm (D2O, V = 0.5 mL + toluene, V = 0.5 

mL) at various time points: a) during spin-up minus stationary; b) t ≈ 0 s minus during spin-up; c) t ≈ 1 

s minus t ≈ 0 s; d) t ≈ 2 s minus t ≈ 1 s. 

 

a) b) 

c) d) 
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Fig. 3.4.5: Subtractions of the VFD operating at ω = 7000 rpm (D2O, V = 0.5 mL + toluene, V = 0.5 

mL) at various time points: a) during spin-up minus stationary; b) t ≈ 0 s minus during spin-up; c) t ≈ 1 

s minus t ≈ 0 s; d) t ≈ 2 s minus t ≈ 1 s. 

a) b) 

c) d) 
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Fig. 3.4.5: Subtractions of the VFD operating at ω = 7000 rpm (D2O, V = 0.5 mL + toluene, V = 0.5 

mL) at various time points: e) t ≈ 3 s minus t ≈ 2 s. 

 

e) 
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Fig. 3.4.6: Subtractions of the VFD operating at ω = 2500 rpm (H2O, V = 0.5 mL + d8-toluene, V = 0.5 

mL) at various time points: a) during spin-up minus stationary; b) t ≈ 0 s minus during spin-up; c) t ≈ 1 

s minus t ≈ 0 s; d) t ≈ 2 s minus t ≈ 1 s. 

a) b) 

c) d) 
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Fig. 3.4.6: Subtractions of the VFD operating at ω = 2500 rpm (H2O, V = 0.5 mL + d8-toluene, V = 0.5 

mL) at various time points: e) t ≈ 3 s minus t ≈ 2 s; f) t ≈ 4 s minus t ≈ 3 s; g) t ≈ 5 s minus t ≈ 4 s; h) t 

≈ 6 s minus t ≈ 5 s. 

e) f) 

g) h) 
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Fig. 3.4.6: Subtractions of the VFD operating at ω = 2500 rpm (H2O, V = 0.5 mL + d8-toluene, V = 0.5 

mL) at various time points: i) t ≈ 7 s minus t ≈ 6 s; j) t ≈ 8 s minus t ≈ 7 s; k) during spin-down minus t 

≈ 8 s. 

 

 

 

 

i) j) 

k) 
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Fig. 3.4.7: Subtractions of the VFD operating at ω = 7000 rpm (H2O, V = 1 mL + d8-toluene, V = 1 mL) 

at various time points: a) during spin-up minus stationary; b) t ≈ 0 s minus during spin-up; c) t ≈ 1 s 

minus t ≈ 0 s; d) t ≈ 2 s minus t ≈ 1 s. 

 

To determine if the film thickness observed through neutron imaging was consistent with the 

film thickness predicted by the mathematical model along the length of the tube, the film 

thickness was measured using the processed images, as seen in Fig. 3.4.8a. The start and end 

a) b) 

c) d) 
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of the film was determined visually and the distance between the start and end of the film was 

measured using ImageJ. The external width of the tube was used for internal calibration, giving 

a pixel size of 66 μm. Due to the low resolution and the relatively high amount of noise, the 

film thickness was measured at four points (Fig. 3.4.8b), with each point measured twice. The 

average of these 8 measurements was then compared to the average film thickness of the four 

points as predicted by the mathematical model. Fig. 3.4.9 shows reasonable correlation given 

the significant noise, resulting in an R2 correlation coefficient of 0.686. The height reached by 

the film was also measured, with the average of the two sides compared to the average predicted 

by the model (Fig. 3.4.10). The height reached by the thin film shows good correlation with 

that predicted by the mathematical model, giving an R2 coefficient of 0.959. 

 

 
Fig. 3.4.8: a) Processed image of the thin film in a Vortex Fluidic Device (H2O, V = 1 mL, ω = 2000 rpm), taken 

using neutron imaging; b) points on image a) used to measure the film thickness. 

 

 

a)	 b)	
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Fig. 3.4.9: The film thickness measured by the dynamic camera compared to theoretical. 

 

 
Fig. 3.4.10: Measured maximum film height compared to theoretical. 
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Chapter 3.5 – High Resolution Camera Methodology 
 

Neutron imaging experiments were performed at the DINGO imaging station at ANSTO, using 

the low flux beam. The scintillation screen used was a 10 μm thick gadolinium oxide screen, 

and the camera used was the Andor IKON-L CCD camera. The acquisition time used was 90 s, 

which was determined to provide sufficient image quality. Five no-beam acquisitions were 

collected as a background. For these experiments, the field of view within the camera is 

approximately 1 cm x 1 cm. Consequently, it was necessary to record multiple images at 

different positions in order to acquire a full image of the VFD. A program was written using 

the DINGO operating language in order to allow the automated collection of the required 

images. This program is summarised as performing the following steps: 

1) Start timer (at this point, the VFD was also started). 

2) Collection a 90 s acquisition. 

3) Move the sample stage to the next higher VFD position. 

4) Repeat steps 2 and 3 until 11 images have been acquired, and not moving the sample 

stage after the 11th image. 

5) Wait until the timer reaches t = 1374 s (at this point, the VFD switches speeds). 

6) Repeat steps 2 through 5 but moving the sample stage downwards. 

7) Repeat steps 1 through 6 until complete images have been acquired for all desired 

speeds. 

 

The procedure for performing the experiments was to set the DINGO sample stage to the start 

position, and to run the above program for an empty tube spinning at approximately 1000 rpm. 

The desired sample was then inserted into the VFD (whilst not spinning), the tube was capped, 

and the program was run for the desired set of speeds. The 1374 s timer was required because 

the high precision of motor position required for neutron imaging may result in the motor 

restarting its movement several times in order to reach a sufficiently precise position. A 

consequence of this is that the exact time required for the sequence of acquisitions was slightly 

variable, and the total time required for each speed was slightly variable. 

 

The images were processed in the following manner using the program ImageJ: the five no-

beam background measurements were averaged to produce a single image. The despeckle 

function of ImageJ was then applied to each image to reduce the noise, the remove outliers 
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function was applied, and the background image was then subtracted from the experimental 

and empty-tube experiments, followed by despeckle a second time. The experimental images 

were then divided by the appropriate empty-tube image. Each set of images for a single sample 

and speed were then merged into a single image using the program Avizo, producing images 

of the type depicted in Fig. 3.5.1. 

 

 
Fig. 3.5.1: Processed image of the Vortex Fluidic Device, V = 1 mL (toluene), ω = 1000 rpm, taken 

using a high resolution neutron imaging configuration. 

 



	99	

 
Fig. 3.5.2: The neutron intensity across the thin film as a function of position for V = 1 mL (toluene), ω = 1000 

rpm, h = 7.5 mm. 

 

The film thickness for each image was determined by taking a 1D cross-section at a given 

height on the VFD tube (h = 7.5 mm and h = 15.8 mm, using the two o-rings as guides) and 

plotting the intensity as a function of position, producing graphs of the type depicted in 

Figure 3.5.2. From left to right, the intensity starts high before the film is present, then drops 

sharply as the neutrons are passingly tangentially through the film, until the thickest part of the 

film is reached at the air-liquid interface. The intensity then increases where the neutrons are 

passing through the film perpendicularly. This shape is then mirrored on the other side. The 

film thickness is the width of the decrease in intensity. Due to the uncertainty of the locations 

of the start and end of each side of the film, a range for the film thickness was determined. 

Achieving a reduction in noise may be possible through an increase in acquisition time. 

 

The hydrophobic coating on a quartz tube used for these experiments was prepared in the 

following manner. The quartz tube was washed extensively (water) and dried extensively (150 

°C). The quartz tube was then soaked in piranha solution (3:1 conc. H2SO4:H2O2) for 1 hour, 

then rinsed extensively (water) and dried at 120 °C for 1 hour. The tube was then submerged 

in a toluene-filled measuring cylinder, to which several drops of trichlorooctadecylsilane were 

then added. The measuring cylinder was then sealed, and the tube was allowed to sit overnight. 

The tube was then rinsed extensively with toluene, resulting in a hydrophobic coating as 

determined through visual inspection.  
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Chapter 3.6 – Effect of viscosity 
 

Viscosity is an important property of liquids when describing their behaviour, however, due to 

the complexity of including it in the above mathematical model, the effect of viscosity was 

ignored when developing this model. Nonetheless, it is a reasonable expectation that within a 

certain viscosity range, the effect of viscosity is negligible. In order to determine this range, 

the film shape of four liquids was recorded, with kinematic viscosities ranging over three orders 

of magnitude at 25 °C. These four liquids were toluene (ν = 6∙10-7 m2s-1),8 1:1 H2O:glycerol (ν 

= 4∙10-6 m2s-1),9 propylene glycol (ν = 4∙10-5 m2s-1)10 and glycerol (ν = 7∙10-4 m2s-1).9 In selecting 

a solvent for the lowest viscosity, water was considered, however having already confirmed 

the appropriateness of the model for water (albeit to the precision of the dynamic camera), it 

was determined that using an alternative solvent would allow the confirmation of the reliability 

of the model for a second solvent.b Experiments that are excluded from the analysis because a 

stitched image could not be successfully produced are glycerol at ω = 3000 rpm, propylene 

glycol at ω = 9000 rpm, and 1:1 water:glycerol at ω = 9000 rpm. 

 

Comparing the measured range of the film thickness for ϕ = 0° and ϕ = 180° for toluene, it is 

observed that for h = 0.75 cm, the measured film thickness ranges for both ϕ positions overlap 

for all speeds. Even across all 64 measurements for the four liquids, there was overlap in all 

but 2 instances (propylene glycol, h = 7.5 mm, ω = 7000 rpm; toluene h = 15.8 mm, ω = 1000 

rpm). This is in contrast to the predictions of the mathematical model, which predicts that the 

difference in film thickness should be greater than 100 μm up to 3600 rpm, a clearly detectable 

difference, particularly at 1000 rpm where the difference should be 1263 μm. This deviation 

between the model and reality is unsurprising, given that viscosity and surface tension would 

both pull the liquid around the tube, resulting in a more uniform film thickness than would be 

predicted by ignoring both effects. Fig. 3.6.1 compares the predicted film thickness (averaged 

between ϕ = 0° and ϕ = 180°) with the measured film thickness (averaged between ϕ = 0° and 

ϕ = 180°). It is observed that for most measurement points the predicted thickness is below the 

measured range. Looking more closely at the images, it is observed that the film is significantly 

blurry at both interfaces. This is likely the result of an imperfect axis of rotation. Measurements 

																																																								
b	Although	water	was	tested	in	chapter	3.7	using	the	high	resolution	configuration,	it	was	part	of	a	different	
allocation	of	beam	time	and	comparison	of	Neutron	Imaging	experiments	between	different	beam	time	
uses	is	avoided	where	possible.	
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of the radial movement of the tube during rotation reveal a fluctuation in position of 

approximately 100 μm. This fluctuation would result in a slight blurring of the film, increasing 

the apparent film thickness by 100 μm. Adjusting the measured film thickness by this amount 

results in a significantly closer agreement between the measured and predicted values (Fig. 

3.6.2). This process also produces measurements usually in good agreement with predicted 

values for 1:1 water:glycerol (Fig. 3.6.3) and propylene glycol (Fig. 3.6.4), as well as for 

glycerol at speeds above 2000 rpm (Fig. 3.6.5). For h = 1.58 cm, the correlation is not as good, 

but still reasonable (Fig. 3.6.6). 

 

 
Fig. 3.6.1: Measured film thickness compared to theoretically predicted. Standard VFD, V = 1 mL (toluene), θ = 

45°, h = 7.5 mm. 
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Fig. 3.6.2: Measured film thickness adjusted for imperfect rotation compared to theoretically predicted. Standard 

VFD, V = 1 mL (toluene), θ = 45°, h = 7.5 mm. 

 

 
Fig. 3.6.3: Measured film thickness adjusted for imperfect rotation compared to theoretically predicted. Standard 

VFD, V = 1 mL (1:1 water:glycerol), θ = 45°, h = 7.5 mm. 
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Fig. 3.6.4: Measured film thickness adjusted for imperfect rotation compared to theoretically predicted. Standard 

VFD, V = 1 mL (propylene glycol), θ = 45°, h = 7.5 mm. 

 

 
Fig. 3.6.5: Measured film thickness adjusted for imperfect rotation compared to theoretically predicted. Standard 

VFD, V = 1 mL (glycerol), θ = 45°, h = 7.5 mm. 
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Fig. 3.6.6: Measured film thickness adjusted for imperfect rotation compared to theoretically predicted. Standard 

VFD, θ = 45°, h = 15.8 mm: a) V = 1 mL (toluene); b) V = 1 mL (1:1 water:glycerol); c) V = 1 mL (propylene 

glycol); d) V = 1 mL (glycerol). 

 

Consequently, it can be concluded that for the standard VFD, the average film thickness across 

all radial positions predicted by the model is in good agreement with the measured film 

thickness at the radial positions ϕ = 90° and ϕ = 270°, for solvents up to a viscosity of ν = 4∙10-

5 m2s-1 at ω ≥ 1000 rpm, and for solvents up to a viscosity of ν = 7∙10-4 m2s-1 at ω ≥ 2000 rpm. 

This indicates that the radial dependence of the film thickness is not as strong as predicted by 

the model, presumably because of the effect of viscosity, which would impede the ability of 

the film to produce a non-radially-uniform shape.  

 

Measurement of the maximum film height shows predicted results being within 1 cm of the 

measured results for toluene, whilst for glycerol:water, propylene glycol, and glycerol, the 

mathematical model over predicts the film height by on average of 0.9 cm, 1.2 cm, and 1.9 cm 

respectively (Fig. 3.6.7). One method to take into account viscosity is to treat viscosity as 
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affecting the effective rotational speed. The effective rotational speed ωe can be calculated by 

determining the rotational speed required to achieve a certain maximum film height: 

𝜔² = ℎ�p
6!$*+ %

|
. 

This can be used to produce a relationship between rotational speed and effective rotational 

speed for each solvent measured. A linear relationship shows good correlation for toluene (ωe 

= 1.034ω + 0.3, R2 = 0.996), glycerol:water (ωe = 1.032ω - 486, R2 = 0.98) and glycerol (ωe = 

0.7926ω +149, R2 = 0.989), but a much poorer correlation for propylene glycol (R2 = 0.90). 

Attempts to fit the propylene glycol data using other common functions gives reasonable 

correlation for exponential fit (ωe = 1.45.6e0.0002ω – 650, R2 = 0.96), power fit (ωe = 0.017∙ω1.44 

+ 700, R2 = 0.95),  and quadratic fit (ωe = 0.0002ω2 - 0.27ω +1370, R2 = 0.97), whilst for a 

logarithmic fit it gives a poor correlation (ωe = 2354∙ln(ω)-15854, R2 = 0.75). 

 

  
Fig. 3.6.7: Measured maximum film height compared (dots) to theoretically predicted maximum film height 

(lines). Standard VFD, θ = 45°, h = 15.8 mm. a) V = 1 mL (toluene); b) V = 1 mL (1:1 water:glycerol); c) V = 1 

mL (propylene glycol); d) V = 1 mL (glycerol). 
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This results in an adjusted film thickness equation of: 

𝑓t = 𝑅 −w𝑅) + )!R $*+ %
(³&�´)'

− )
(³&�´)

p!| $*+ %
6

, 

Where a and b are experimentally determined coefficients for each solvent. Utilisation of this 

model for further comparison with the film thickness data results in slightly better agreement 

between experimental and theoretical film thicknesses for toluene and propylene glycol, but 

slightly worse agreement for glycerol for ω ≥ 4000 rpm. Consequently, it is concluded that 

viscosity can be taken into consideration through the experimental determination of an 

effective rotational speed linearly related to the actual rotational speed.   
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Chapter 3.7 – Effect of hydrophobic surface 
 

Several projects involving the VFD have shown an effect caused by switching from an 

uncoated tube with a hydrophilic surface, to a tube coated with a hydrophobic surface. 

Consequently, it is of interest to compare the behaviour of water in a hydrophobic tube to in a 

hydrophilic tube to determine the effect of surface tension on the film shape. In order to 

investigate this, images were recorded for 1 mL of water in an uncoated tube and a tube coated 

with trichlorooctadecylsilane, at speeds from 1000 rpm to 9000 rpm in 1000 rpm increments. 

Additionally, images were recorded for 4 mL of water in the same tubes for 1000 rpm to 5000 

rpm in 1000 rpm increments. As with the investigation into the effect of viscosity, the film 

thickness was measured for h = 7.5 mm and h = 15.8 mm, and ϕ = 0° and ϕ = 180°. In some 

recorded images the film thickness was unable to be measured, for a variety of reasons. These 

reasons were: the film did not reach the height at which the film thickness was being measured 

(uncoated tube, V = 1 mL, h = 15.8 mm, ω = 1000 rpm), a timing error resulted in part of the 

image being acquired whilst the tube was stationary (hydrophobic tube, V = 1 mL, h = 7.5 mm 

and 15.8 mm, ω = 1000 rpm), and the conditions failed to produce a dry hemisphere, falling 

outside the scope of the mathematical model (uncoated and hydrophobic tubes, V = 4 mL, h = 

7.5 mm and 15.8 mm, ω = 1000 rpm). This resulted in 98 usable film thickness measurements, 

with no difference in film thickness being observed between ϕ = 0° in comparison to ϕ = 180°, 

for any of the images analysed. 

 

Measurements of these film thicknesses determined using the method described previously 

show good agreement with the mathematical model for the uncoated tube for both 1 mL (Fig. 

3.7.1 and 3.7.2) and 4 mL (Fig. 3.7.5 and 3.7.6), as well as good agreement for the hydrophobic 

tube with 4 mL (Fig. 3.7.7 and 3.7.8). However, it does not show agreement for the 

hydrophobic tube with 1 mL (Fig. 3.7.3 and 3.7.4), with the theoretical model consistently 

under predicting the film thickness. This is unsurprising because the increased contact angle 

between water and a hydrophobic surface would decrease the height that the liquid is able to 

reach, feeding liquid back down to increase the film thickness. It is interesting that this 

phenomenon is only detected for the lower volume, but not the greater volume. A possible 

explanation for this is that the feeding of liquid back down towards the base of the tube is more 

significant near the top of the film than near the base, and by increasing the volume, this effect 

is diminished for the measured points because of their proximity to the base of the tube. 
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Fig. 3.7.1: Measured film thickness at h = 7.5 mm in an uncoated tube, adjusted for imperfect rotation 

compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, V = 

1 mL (water), θ = 45°. 

 

 
Fig. 3.7.2: Measured film thickness at h = 15.8 mm in an uncoated tube, adjusted for imperfect rotation 

compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, V = 1 

mL (water), θ = 45°. 
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Fig. 3.7.3: Measured film thickness at h = 7.5 mm in a hydrophobic tube, adjusted for imperfect rotation 

compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, V = 1 

mL (water), θ = 45°. 

 

 
Fig. 3.7.4: Measured film thickness at h = 15.8 mm in a hydrophobic tube, adjusted for imperfect 

rotation compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, 

V = 1 mL (water), θ = 45°. 
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Fig. 3.7.5: Measured film thickness at h = 7.5 mm in an uncoated tube, adjusted for imperfect rotation 

compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, V = 4 

mL (water), θ = 45°. 

 

 
Fig. 3.7.6: Measured film thickness at h = 15.8 mm in an uncoated tube, adjusted for imperfect rotation 

compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, V = 4 

mL (water), θ = 45°. 
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Fig. 3.7.7: Measured film thickness at h = 7.5 mm in a hydrophobic tube, adjusted for imperfect rotation 

compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, V = 4 

mL (water), θ = 45°. 

 

 
Fig. 3.7.8: Measured film thickness at h = 15.8 mm in a hydrophobic tube, adjusted for imperfect 

rotation compared to theoretically predicted and averaged between ϕ = 0° and ϕ = 180°. Standard VFD, 

V = 4 mL (water), θ = 45°. 
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Comparison of the maximum theoretical height with the measured heights reveals that for 1 mL 

in an uncoated tube, the results agree well with the model for low rotational speeds. However, 

the model tends to under predict the height for higher speeds (Fig. 3.7.9) and this is explained 

by the favourable surface-water interactions spreading water up the tube in order to decrease 

the contact angle. This effect is observed only at higher rotational speeds because the 

magnitude of the effect is greater there. For 4 mL in an uncoated tube, the model fits the 

experimental data for 2000 rpm and 3000 rpm, but over predicts it for 4000 rpm (Fig. 3.7.2b). 

This is unexpected and deserves further investigation. For a hydrophobic coated tube, the film 

does not reach as high as predicted by the model, unsurprisingly for reasons stated above 

(Fig. 3.7.2c and d). For 1 mL of water, the film reaches about 55% to 60% of the predicted 

height, whilst for 4 mL of water it reaches about 70% of the predicted height. Using the 

previous method to generate linear relationships between ω and ωe gives the relationships of 

ωe = 1.1063ω - 92.6 for an uncoated surface (V = 1 mL, R2 = 0.99), ωe = 0.5961ω -48.7 for a 

hydrophobic surface (V = 1 mL, R2 = 0.998), ωe = 0.7632 ω + 550.3 for an uncoated surface 

(V = 4 mL, R2 = 0.97) and ωe = 0.6566ω + 124.4 for a hydrophobic surface (V = 4 mL, R2 = 

0.999). Aside from the useful numbers this produces, it is noteworthy that the constants a and 

b are volume-dependent. Comparison of the newly predicted numbers gives equally good 

agreement for an uncoated surface for V = 1 mL and significantly better agreement for a 

hydrophobic surface for V = 1 mL, but significantly worse agreement for a hydrophobic tube 

for V = 4 mL. This is an interesting result because it indicates that the effect of a hydrophobic 

tube cannot be modelled simply by an alteration to the effective rotational speed. The finding 

is unsurprising given viscosity is affects the whole liquid, whilst surface tension only directly 

influences liquid at the surfaces. One method that may allow the adjustment of the film 

thickness formula to account for different surface tensions involves setting 𝑓t(ℎ = ℎ�) ≠ 0, 

which would require adjustment of equation 2.10 to 𝑉 = ∫ ∫ ℎ𝑟^
W_

𝑑𝑟)6
a 𝑑𝜙 − ∫ ∫ Nℎ −^

^fz~
)6
a

ℎ(𝑟 = 𝑅 − 𝑓�)O𝑟 𝑑𝑟 𝑑𝜙 , where fm is the minimum film thickness as a function of ϕ. The 

adaptation of this is left for future work. 
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Fig. 3.7.9: Measured maximum film height hm in an uncoated tube averaged over ϕ = 0° and ϕ = 180°, 

compared to theoretically predicted. Standard VFD, V = 1 mL (water), θ = 45°. 

 

 
Fig. 3.7.10: Measured maximum film height hm in a hydrophobic tube averaged over ϕ = 0° and ϕ = 

180°, compared to theoretically predicted. Standard VFD, V = 1 mL (water), θ = 45°. 
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Fig. 3.7.11: Measured maximum film height hm in an uncoated tube averaged over ϕ = 0° and ϕ = 180°, 

compared to theoretically predicted. Standard VFD, V = 4 mL (water), θ = 45°. 

 

 
Fig. 3.7.12: Measured maximum film height hm in a hydrophobic tube averaged over ϕ = 0° and ϕ = 

180°, compared to theoretically predicted. Standard VFD, V = 4 mL (water), θ = 45°. 
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Further experiments that would be of interest include investigating the behaviour of other 

solvents in uncoated and hydrophobic coated tubes, including toluene and short-chain alcohols 

like methanol and ethanol. It would be particularly interesting to investigate how a hydrophobic 

tube used under continuous flow (with water) affects the film thickness. For this design, the 

flow rate would need to be low enough that the dropping of liquid droplets and their 

incorporation into the film occurs rarely enough to not show under the 90 s acquisition time of 

the camera. Performing this under high resolution may be challenging due to the necessity of 

setting up syringe pumps on a mobile stage. Unfortunately, it is not possible to include a real-

time camera of the setup (other than the neutron camera), because light in the instrument 

enclosure is limited during operation to reduce noise caused by stray photons.  
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Chapter 3.8 – Biphasic systems 
 

The growing interest in using the VFD for biphasic reactions makes the investigation into the 

arrangement of biphasic systems within the VFD important. One of the easiest biphasic systems 

to observe is water and toluene. Attempts to use H2O/d8-toluene resulted in images with no 

apparent separation between the two phases because the darkest liquid, H2O, is present at all 

parts of the film viewable. In contrast, the D2O/toluene system resulted in clear images 

(Fig. 3.8.1), however, attempts to measure the film thickness of each solvent using the previous 

method resulted in graphs where the interface was not easily discernible. The likely cause of 

this is the slight imperfections in the tube, resulting in a slightly off-axis rotation and a blurred 

interface. Although quantitative results cannot be obtained from the biphasic system, useful 

qualitative information can nonetheless be obtained. As can be seen in Fig. 3.8.1, the water lies 

only in the lower section of the tube, whilst the toluene forms a film on top of the water, both 

closer to the axis of rotation and further up the tube. It is likely that the space occupied by the 

0.5 mL of water is the same space it would occupy if it were the only solvent in the tube, 

however, the images here are not clear enough to support or disprove this. Comparing the 

behaviour of the biphasic system in an uncoated tube (Fig. 3.8.1) with a hydrophobic tube (Fig. 

3.8.2) indicates that the water does not reach as high in a hydrophobic tube, a result of the 

unfavourable water-surface interactions working to reduce their contact area. Additionally, it 

appears that the amount of toluene lying on the surface of the water is minimal. Another 

interesting observation is that the contact angle at the base in the hydrophobic tube is 

noticeable. 
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Fig. 3.8.1: Standard VFD. V = 1 mL (0.5 mL toluene + 0.5 mL D2O), ω = 1000 rpm, uncoated tube. 
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Fig. 3.8.2: Standard VFD. V = 1 mL (0.5 mL toluene + 0.5 mL D2O), ω = 1000 rpm, hydrophobic tube. 

 

It may be possible to obtain more useful information from biphasic systems under neutron 

imaging by extending the acquisition time. Additionally, in order to obtain usable images, the 

densest liquid must have the lowest neutron absorption cross-section. For liquids consisting 

solely of hydrogen, oxygen-16, and carbon, this is easily arranged by using the deuterated form 

of the densest liquid. However, the absorption cross-sections of nitrogen-14 and chlorine-35 

are significantly higher than hydrogen-1, causing complications attempting to view systems 

where the denser liquid contains one of these isotopes. The use of solvents with nitrogen-15 or 

chlorine-37 would enable the viewing of these difficult biphasic systems, however isotopically 

enriched solvents are expensive, particularly so in this instance because the isotopically 
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enriched solvent would also need to be deuterated. An alternative would be to use an additive 

to the less dense solvent, however the addition of a compound with a high absorption cross 

section may be technically challenging, and may result in a highly radioactive sample, resulting 

in long periods of time between experiments in order to safely handle the activated sample. If 

the use of biphasic processing conditions in the VFD is continued, which it should be given it 

is one of the major advantages of the VFD, the ability to obtain useful information through 

neutron imaging should be investigated further. 

 

For future experiments, it would be of interest to alter the VFD to reduce imperfections in the 

surface of the tube and to increase the precision of the axis of rotation. Until this is done, there 

is minimal benefit to increasing the resolution of the images. Additionally, few neutron 

imaging stations around the world are capable of comparable resolution, with only six 

beamlines providing resolution < 50 μm: ICON (Villigen, Switzerland), NEUTRA (Villigen, 

Switzerland), ANTARES (Munich, Germany), CONRAD (Berlin, Germany), NIF (NIST, 

USA), and DINGO (Sydney, Australia). Out of these instruments, the only instruments to have 

achieved a pixel size <10 μm are ICON and NEUTRA at the Paul Scherrer Institut, which is 

not accepting new proposals until early 2020 after the completion of an upgrade program.11 

The other option is ODIN, the new imaging facility at the European Spallation Source that is 

expected to become operational in 2019.  



	120	

Chapter 3.9 – References 
 

1	 Bilheux,	 H.,	 McGreevey,	 R.,	 Anderson,	 I.	 Neutron	 Imaging	 and	 Applications.		
(Springer,	2009).	

2	 Squires,	 G.	 L.	 Introduction	 to	 the	 Theory	 of	 Thermal	 Neutron	 Scattering.	 3	 edn,		
(Cambridge	University	Press,	2012).	

3	 Lehmann,	E.	H.,	Vontobel,	P.,	Frei,	G.	&	Brönnimann,	C.	Neutron	imaging—detector	
options	and	practical	results.	Nuclear	Instruments	and	Methods	in	Physics	Research	
Section	A:	Accelerators,	 Spectrometers,	Detectors	and	Associated	Equipment	531,	
228-237,	(2004).	

4	 Morgano,	M.	et	al.	Unlocking	high	spatial	resolution	in	neutron	imaging	through	
an	add-on	fibre	optics	taper.	Opt.	Express	26,	1809-1816,	(2018).	

5	 Garbe,	 U.	 et	 al.	 Industrial	 Application	 Experiments	 on	 the	 Neutron	 Imaging	
Instrument	DINGO.	Physics	Procedia	88,	13-18,	(2017).	

6	 Garbe,	 U.	 et	 al.	 A	 New	Neutron	 Radiography	 /	 Tomography	 /	 Imaging	 Station	
DINGO	at	OPAL.	Physics	Procedia	69,	27-32,	(2015).	

7	 Klose,	 F.,	 Constantine,	 P.,	 J	 Kennedy,	 S.	 &	 A	 Robinson,	 R.	 The	 Neutron	 Beam	
Expansion	Program	at	the	Bragg	Institute.	Vol.	528	012026	(2014).	

8	 Gonçalves,	F.	A.,	Hamano,	K.,	Sengers,	J.	V.	&	Kestin,	J.	Viscosity	of	liquid	toluene	in	
the	 temperature	 range	25–75°C.	 International	 Journal	of	Thermophysics	8,	 641-
647,	(1987).	

9	 Shankar,	P.	N.	K.,	Manoj;.	Experimental	determination	of	the	kinematic	viscosity	of	
glycerol-water	 mixtures.	 Proceedings	 of	 the	 Royal	 Society	 of	 London.	 Series	 A:	
Mathematical	and	Physical	Sciences	444,	573,	(1994).	

10	 Bajić,	D.	M.	et	al.	Densities,	viscosities,	and	refractive	indices	of	the	binary	systems	
(PEG200+1,2-propanediol,	 +1,3-propanediol)	 and	 (PEG400+1,2-propanediol,	
+1,3-propanediol)	 at	 (288.15	 to	 333.15)K	 and	 atmospheric	 pressure:	
Measurements	and	modeling.	The	Journal	of	Chemical	Thermodynamics	57,	510-
529,	(2013).	

11	 Institut,	 P.	 S.	 Call	 for	 Proposals	 |	 Paul	 Scherrer	 Institut	 (PSI),	
<https://www.psi.ch/sinq/call-for-proposals>.4/11/2018	



	121	

Chapter 4 
Small Angle Neutron Scattering (SANS) 

 

In situ analysis of systems within the Vortex Fluidic Device (VFD) is wrought with challenges 

because the most useful and widely available analytical techniques are incompatible with in 

situ analysis. The only techniques adapted for in situ analysis within the VFD thus far are UV-

Vis spectroscopy, fluorescence spectroscopy, and neutron imaging. The first two provide 

information about the molecular composition of the film, whilst the third can only give 

information down to the 100 µm scale and is unable to investigate the internal behaviour of the 

liquid. The possibility of inserting various probes down the centre of the VFD tube has oft been 

suggested, however, there is large uncertainty about the impact this would have on the air flow 

within the VFD, and whether this in turn would interfere with the fluid behaviour. If the 

insertion of probes within the VFD significantly affects the fluid behaviour, then any data 

obtained from inserted probes would have limited usefulness until those effects are better 

understood. In order to partially fill this gap in analytical scale, Small Angle Neutron Scattering 

(SANS) has been used here to investigate the in situ effect of the VFD on macromolecular 

structures on the scale of 10-100 nm. The aim here was to determine if structures within the 

thin film can be successfully detected using SANS, using Pluronic P-123 micelles as a model.  
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Chapter 4.1 – Small Angle Neutron Scattering (SANS) theory 
 

A consequence of quantum mechanics is that matter typically treated classically as particles 

(such as protons, neutrons, and electrons), can also be described as waves and can exhibit 

behaviour typical of waves. One of these behaviours is diffraction, which results in scattering 

at small angles. The diffraction of neutrons by atomic nuclei occurs when a neutron with 

momentum k travelling towards a nucleus interacts with the nucleus, and experiences a change 

in momentum q, scattering at an angle 2θ (Fig. 4.1.1). This change in momentum q can be 

calculated from k and θ (and hence from the neutron wavelength λ and θ) through 

𝑞 = |𝒒| = 2|𝒌| sin 𝜃 = l6
º
sin 𝜃, 

where q is the magnitude of the change in momentum.a The extent to which a specific nucleus 

scatters neutrons away from itself is called its scattering length, and is given in units of 

angstroms. It is usually more convenient to talk about scattering length per volume, termed 

scattering length density (SLD) 𝜌, given in units of Å-2. 

 
Fig. 4.1.1: Small Angle Neutron Scattering occurs when an incident neutron beam (black) interacts with 

a sample scatters with a vector k' (blue) compared to its original vector k (green), with a scattering 

vector of q (orange). q is related to the scattering angle 2θ through the equation 𝑞 = 2𝑘 sin𝜃 =
l6
º
sin𝜃, where λ is the wavelength of the incident neutron beam. 

 

This scattering has two components, coherent scattering, and incoherent scattering. Coherent 

scattering is the result of interference between scattering waves from different nuclei, whilst 

incoherent scattering is the result of scattering waves that do not interfere with waves from 

other nuclei. Coherent scattering is strongly q dependent, and provides structural information 

about the system, whilst incoherent scattering is neither q dependent nor provides structural 

																																																								
a	It	is	common	to	see	Q	used	in	place	of	q	in	the	literature.	Some	articles	also	present	scattering	patterns	in	
terms	of	k	instead	of	q.	
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information about the system. The coherent scattering intensity I(q) for a monodisperse system 

of particles is described by 

𝐼(𝑞) = (𝛥𝜌)) ∙ 𝑃(𝑞) ∙ 𝑆(𝑞),b 

where m is the number of scatterers, Δ𝜌 is the difference in scattering length density of the 

solvent and the particles, P(q) is the particle form factor describing the shape of the particles, 

and S(q) is the structure factor describing the interactions between the particles. P(q) tends to 

1 at low q, whilst S(q) tends to 1 at high q or at low concentration.1 

 

The ability of neutrons to easily penetrate the electron cloud and the significant differences in 

attenuation ability between elements and isotopes with similar atomic masses makes neutrons 

a useful and unique probe for investigating a variety of systems.2-4 Structures with a size range 

of 1 nm to 100 nm can be investigated using small angle neutron scattering (SANS), whilst 

structures with a size range of 100 nm to 1000 nm can be investigated using ultra-small angle 

neutron scattering (USANS). Analysis of SANS data typically involves the development of a 

model which fits the observed scattering pattern. SANS data is commonly plotted either on a 

standard linear-linear scale,1,5 or on a logarithmic-logarithmic scale.6,7 For ease of comparison 

with literature, both types of plots are presented here. 

 

 

  

																																																								
b	This	equation	is	often	written	as	𝐼(𝑞) = 𝑁 ∙ (𝛥𝜌)) ∙ 𝑃(𝑞) ∙ 𝑆(𝑞)	when	the	data	is	presented	after	the	
intensity	is	normalised	to	a	standard.	
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Chapter 4.2 – SANS Methodology and background experiments 
 

The SANS experiments presented here were performed on the QUOKKA beamline (Fig. 4.2.1) 

at the Open-Pool Australian Lightwater (OPAL) Reactor at the Australian Nuclear Science and 

Technology Organisation (ANSTO) in Lucas Heights, New South Wales, Australia.8 The VFD 

was attached to the sample stage using clamps and was aligned with the neutron beam such 

that there was a 5 mm space between the top of the VFD tube holder and the bottom of the 

neutron beam. This positioning corresponds to a neutron beam height of 35 mm from the base 

of the VFD tube. The usual borosilicate glass tubes were replaced with quartz tubes due to the 

high absorption of neutrons by boron, and the usual polycarbonate safety shield was replaced 

with an aluminium shield in order to reduce the background noise caused by incoherent 

scattering.9 The neutron wavelength used was 5 Å with a resolution of 0.1 Å. Experiments were 

performed with a detector distance of 20 m and q range of 0.000158 Å to 0.042928 Å in 

increments of 0.000317 Å. Transmission experiments were performed to produce scattering 

patterns independent of the flux of the neutron beam. Ordinarily the data would also be divided 

by the film thickness to give data independent of the path length, however, this requires 

knowledge of the film thickness to a precision of 1%. Although the film thickness can be 

predicted to a precision of 1% using the mathematical model described in Chapter 2, the 

reliability of the model to a precision of 1% has not been demonstrated.  

 

Scattering patterns of the beam without a sample (Fig. 4.2.2), the aluminium shield (Fig. 4.2.3), 

quartz VFD tube (Fig. 4.2.4), and aluminium shield with quartz tube (Fig. 4.2.5) were recorded 

at low q. The very low intensity at very low q is caused by the beam stop blocking the beam 

from reaching the detectors, preventing the collection of data at very small angles. This is 

followed by an increase at the start of the actual scattering, followed by a gradual decrease at 

higher q. As can be seen in the scattering patterns, neither the quartz tube nor the aluminium 

shield significantly affect the scattering pattern. Consequently, it should be possible to 

successfully perform in situ SANS in the VFD. 
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Fig. 4.2.1: The small angle neutron scattering instruments QUOKKA (grey) and BILBY (red).10 

 

  
Fig. 4.2.2: Small Angle Neutron Scattering: Background of QUOKKA (neutron beam with no tube or 

VFD shield) shown as a linear-linear plot (left) and a logarithmic-logarithmic plot (right). 
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Fig. 4.2.3: Small Angle Neutron Scattering: Vortex Fluidic Device aluminium shield shown as a linear-

linear plot (left) and a logarithmic-logarithmic plot (right). 

 

  
Fig. 4.2.4: Small Angle Neutron Scattering: Vortex Fluidic Device quartz tube (shown as a linear-linear 

plot (left) and a logarithmic-logarithmic plot (right). 
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Fig. 4.2.5: Small Angle Neutron Scattering: Vortex Fluidic Device aluminium shield with quartz tube, 

spinning at ω = 2000 rpm (shown as a linear-linear plot (left) and a logarithmic-logarithmic plot (right). 
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 Chapter 4.3 –  SANS of Pluronic P-123 Micelles 
 

The establishment that neither the quartz tube nor the aluminium shield produced a significant 

scattering pattern allowed the investigation of the scattering pattern produced by samples. 

Block copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) form 

micelles when the concentration and temperature are above the critical micelle concentration 

and critical micelle temperature.1,5-7,9 These micelles usually take the form of a spherical 

hydrophobic core containing PPO surrounded by a hydrophilic shell containing PEO, and 

scattering patterns are simple, easily modelled, and well understood. Although the assumption 

of complete segregation of the PPO and PEO chains is not precisely accurate, the presence of 

some PPO chains in the shell and some PEO chains in the core does not generally affect the 

scattering pattern due to the similar scattering length densities and mass densities of the two 

chains.1,5 

 

A 5% w/w solution of Pluronic P123 (PEO20PPO70PEO20) was prepared in D2O, and scattering 

patterns were obtained for 1 mL of liquid in the VFD at a tilt angle of 45° and operating at 

3000 rpm, 5000 rpm and 7000 rpm. Fig. 4.3.1 shows the scattering pattern for Pluronic P123 

at 3000 rpm, 5000 rpm, and 7000 rpm, with the empty tube + shield measurement subtracted 

from the presented data. Data points for q < 0.005 are not considered in the analysis because 

of interference from the beam stop (q < 0.0025) and the high background at low q (0.0025 < q 

< 0.005), whilst, data points for q > 0.0417 are not considered because the error bars for the 

measurements are relatively high (> 3%). Given that the datasets for 3000 rpm, 5000 rpm and 

7000 rpm are almost identical, only the analysis for ω = 3000 rpm is presented here, whilst the 

analyses for ω = 5000 rpm and ω = 7000 rpm are presented in Appendix C. 
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Fig. 4.3.1: SANS of 5% w/w Pluronic P123 in D2O in the VFD at rotational speeds of 3000 rpm, 5000 

rpm and 7000 rpm, with SANS data of Empty tube and VFD aluminium shield subtracted, presented as 

a linear-linear plot (top) and a logarithmic-logarithmic plot (bottom). 

 

The broad curve observed over the q-range is caused by scattering from the micelles. The form 

factor P(q) and structure factor S(q) equations for a spherical micellar system are  
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where ϕ and G are 

𝜙 = (/f/ÌÍÌ)l6^Æh

iÎ
, 

and 

𝐺 = j
l
(j�)X)'

(jfX)e
(sin(2𝑞𝑅Ð) − 2𝑞𝑅Á cos(2𝑞𝑅Á))(𝑞𝑅Á)f) −

i
l

XPj�È'U
'

(jfX)e
(4𝑞𝑅Á sin(2𝑞𝑅Á) +

(2 − 4𝑞)𝑅Á)) cos(2𝑞𝑅Á) − 2)(𝑞𝑅Á)fi +
j
¨l

X(j�)X)'

(jfX)e
P−16𝑞l𝑅Ál cos(2𝑞𝑅Á) +

4N(12𝑞)𝑅Á) − 6) cos(2𝑞𝑅Á) + (8𝑞i𝑅Ái − 12𝑞𝑅Á) sin(2𝑞𝑅Á) + 6OU (𝑞𝑅Á)f§. 

 

Here, ρc is the SLD for the hydrophobic core, ρs is the SLD for the hydrophilic shell, ρsolv is the 

SLD for the solvent, Rc is the radius of the core, Rs is the radius of the shell, c is the 

concentration in units of number of molecules per Å3, cCMC is the critical micelle concentration, 

and N is the aggregation number, or the number of molecules within each micelle. A procedure 

for analysing pluronic micelles under SANS is described by Goldmints et al., where four 

models based on different distributions of D2O within the micelle are investigated to determine 

which models produce a scattering pattern which fits the observed data.1 Model 1 forbids the 

presence of D2O in both the micelle core and shell. Model 2 allows for the presence of D2O in 

both the core and shell but requires the volume fraction of polymer in each to be equal. Model 

3 allows D2O in the shell but not in the core, and Model 4 allows for different amounts of D2O 

in the core and in the shell. All four models make the assumptions that the micelles are 

spherical, that polydispersity is minimal, and that the hydrophobic parts of the micelle are 

located solely in the core, whilst the hydrophilic parts are located solely in the shell. The 

assumptions made for the various models result in Model 1 having only 1 independent variable, 

Models 2 and 3 having 2 independent variables, and Model 4 having 3 independent variables 

(all in addition to a scale multiplier m and a background level B). 

 

The variables of ρc and ρs can be calculated from Rc, Rs, and N (as well as known constants) 

using the following equations: 

 

𝜌/ = 𝑎j𝜌ÒÒÓ + (1 − 𝑎j)𝜌ÁÃÄÅ , 

𝜌Á = 𝑎)𝜌Ò�Ó + (1 − 𝑎))𝜌ÁÃÄÅ, 

𝑎j =
iÎ|ÔÔÕ
l6^ h

, 

𝑎) =
iÎ|ÔÖÕ

l6N^Æhf^ hO
. 
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Here, ρc and ρs are calculated as the volume average of the SLD of the contents of the core and 

shell respectively, where a1 is the volume fraction of PPO in the core, a2 is the volume fraction 

of PEO in the shell, ρPPO is the SLD of PPO, and ρPEO is the SLD of PEO. The volume fractions 

themselves can be calculated as the fraction of the volume occupied by polymer in their 

respective sections. The assumptions made by the first three models result in the following 

simplifications: 

Model 1 

𝜌/ = 𝜌ÒÒÓ , 

𝜌Á = 𝜌Ò�Ó, 

𝑁 = l6^ h

i|ÔÔÕ
, 

𝑅Á = 𝑅/pP1 +
|ÔÖÕ
|ÔÔÕ

Uh , 

𝑅/ =
^~

j�p�j�
×ÔÖÕ
×ÔÔÕ

�
h

;	

Model 2 

𝑅Á = 𝑅/pP1 +
|ÔÖÕ
|ÔÔÕ

Uh ; 

Model 3 

𝜌/ = 𝜌ÒÒÓ , 

𝑅/ = piÎ|ÔÔÕ
l6

h . 

In order to determine the fit of Model 1, the R2 values were determined for 1 ≤ Rm ≤ 200 Å in 

increments of 1 Å. A scale factor m and background factor B were included in the equation and 

allowed to vary freely in order to allow for background noise and an uncertain film thickness. 

The m and B combinations producing the best fit for Rm ≤ 84 Å involve m < 0, which would 

require a film thickness less than 0, and hence are unrealistic. The micelle radius above 84 Å 

giving the best fit, as determined by calculation of the R2 values is 116 Å (Fig. 4.3.2). The 

model for Rm = 116 Å is plotted in Fig. 4.3.3, which clearly does not fit the data well and gives 

an R2 = 0.86. Consequently, Model 1 is insufficient to describe the shape of micelles in the 

solution. Hence it is concluded that there is some D2O in the micelle core and/or the micelle 

shell. 
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Fig. 4.3.2: R2 values of Model 1 fitted to SANS data of 5% w/w Pluronic P123 in D2O in the VFD at ω 

= 3000 rpm. 

 

 
Fig. 4.3.3: Best fit of Model 1 (Rm = 116 Å) for 5% w/w Pluronic P123 in D2O in the VFD at ω = 3000 

rpm, compared to experimental data. 

 

Model 2 allows for the presence of water in the micelle, however, it includes the limitation of 

requiring the volume fractions of polymer in the core and in the shell to be equal. The R2 values 

were determined for all combinations of Rm and N in the range 1 Å ≤ Rm ≤ 200 Å and 1 ≤ N ≤ 

200 in increments of 1 Å and 1 respectively. The scale factor m and background B were allowed 

to vary freely, as for Model 1. Although the greatest R2 value is above 0.99, plotting the 
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corresponding best-fit against the experimental data shows that although the fit is significantly 

better than for Model 1 (Fig. 4.3.4). Despite this, the differences between the modelled data 

and experimental data are greater than is expected for SANS data, indicating that the model is 

insufficient to accurately describe the shape of the micelles. Consequently, it is concluded that 

not only is there D2O in either the core, the shell, or both, but additionally that the volume 

fraction in the core is different to the volume fraction in the shell. 

 

 
Fig. 4.3.4: Best fit of Model 2 (Rm = 91 Å, N = 103) for 5% w/w Pluronic P123 in D2O in the VFD at 

ω = 3000 rpm, compared to experimental data.  

 

Model 3 allows for the presence of water in the micelle shell but not in the micelle core. For 

Model 3, the R2 values were determined for all combinations of Rm and N in the range 1 Å ≤ 

Rm ≤ 200 Å and 1 ≤ N ≤ 200 in increments of 1 Å and 1 respectively. The scale factor m and 

background B were allowed to vary freely, as for Model 1. Similar to Model 2, the Rm and N 

combination giving the greatest R2 correlation gives a correlation of R2 > 0.99, however, unlike 

for Model 2, this combination of Rm and N (Rm = 97 Å, N = 171) produces a scattering pattern 

which fits the experimental data (Fig. 4.3.5). A list of all Rc and N combinations giving R2 > 

0.998 (Table 4.3.1) reveals 43 combinations, all in the range of Rm = 97 ± 3 Å and N = 2.5 · Rm 

- 72 ± 5. Manually checking these 43 combinations to identify the combinations which align 

the theoretical and experimental peak (an alignment which does not significantly affect the R2) 

reveals only 9 which could be reasonably described to fit well (highlighted in Table 4.3.1), all 

with R2 > 0.9986. Together, this gives the result of Rm = 97 ± 1 Å and N = 171 ± 5. 
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Consequently, the volume fraction a2 of polymer in the shell is 0.208 ± 0.006, the radius of the 

micelle core Rc is 58.5 ± 0.5 Å and the shell thickness ts is 38 ± 1 Å. 
Table 4.3.1: Table of Model 3 parameter combinations which give R2 > 0.998. Parameter combinations 

which give a reasonable fit are highlighted. 

Rm (Å) N R2 Rm (Å) N R2 

97 171 0.99901 96 170 0.99851 

97 170 0.99900 95 166 0.99846 

98 174 0.99897 95 163 0.99838 

98 173 0.99896 99 179 0.99838 

97 172 0.99889 96 165 0.99837 

96 168 0.99888 99 174 0.99832 

96 167 0.99886 100 180 0.99832 

98 175 0.99885 100 179 0.99832 

97 169 0.99884 97 174 0.99828 

98 172 0.99881 98 177 0.99824 

96 169 0.99876 95 167 0.99821 

99 177 0.99874 100 181 0.99820 

99 176 0.99873 100 178 0.99819 

96 166 0.99870 96 171 0.99813 

97 173 0.99864 94 162 0.99812 

99 178 0.99862 94 161 0.99809 

98 176 0.99860 98 170 0.99808 

99 175 0.99860 97 167 0.99808 

95 165 0.99858 95 162 0.99804 

95 164 0.99856 99 180 0.99803 

97 168 0.99854 94 163 0.99800 

98 171 0.99852    
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Fig. 4.3.5: Best fit of Model 3 (Rm = 97 Å, N = 171) for 5% w/w Pluronic P123 in D2O, in the VFD at 

ω = 3000 rpm, compared to experimental data. 

 

Model 4 allows the additional freedom of separating Rc from Rm, resulting in 3 variables, Rm, 

Rc and N. Calculation of all R2 values in the realm of 1 Å ≤ Rc ≤ 100 Å, 1 Å ≤ Rm ≤ 100 Å and 

1 ≤ N ≤ 200, with increments of 1 Å, 1 Å and 1 respectively, resulted in 42 values with R2 > 

0.9986, 29 of which are considered to fit the data well (Table 4.3.2). These modelled fits result 

in the following determination for the parameters, all of which are similar to those obtained for 

Model 3; Rm = 97.5 ± 2 Å, Rc = 60 ± 1 Å, N = 167 ± 9, ts = 36.5 ± 1.5 Å, a1 = 0.92 ± 0.08, a2 = 

0.208 ± 0.006. Combining the parameter ranges for Models 3 and 4 gives the following final 

values: Rm = 97.5 ± 2 Å, Rc = 59.5 ± 1.5 Å, N = 167 ± 9, ts = 36.5 ± 2.5 Å, a1 = 0.92 ± 0.08, a2 

= 0.208 ± 0.006. 
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Table 4.3.2: Table of Model 4 parameter combinations which give R2 > 0.9986. Parameter combinations 

which give a reasonable fit are highlighted. 

Rm (Å) Rc (Å) N R2 Rm (Å) Rc (Å) N R2 

97 59 170 0.99900 97 61 165 0.99872 

97 59 171 0.99898 96 60 162 0.99872 

97 59 169 0.99896 96 60 164 0.99872 

97 60 167 0.99890 98 60 169 0.99871 

97 59 172 0.99888 96 59 168 0.99871 

98 60 171 0.99887 98 61 167 0.99870 

97 60 166 0.99886 96 59 164 0.99868 

96 59 166 0.99885 98 61 169 0.99868 

98 60 172 0.99884 99 60 175 0.99867 

97 59 168 0.99883 96 61 160 0.99866 

98 60 170 0.99883 99 60 176 0.99864 

98 59 172 0.99882 97 62 161 0.99864 

96 59 167 0.99882 99 60 174 0.99863 

96 59 165 0.99881 97 61 162 0.99863 

97 61 164 0.99877 97 59 167 0.99863 

96 60 163 0.99876 96 61 159 0.99862 

97 60 169 0.99874 98 59 171 0.99862 

97 61 163 0.99874 97 62 160 0.99861 

97 60 165 0.99874 96 61 161 0.99860 

98 60 173 0.99873 96 60 161 0.99860 

98 61 168 0.99873     

 

Table 4.3.3: Literature values for Pluronic P123 dimensions, in comparison to those reported here. 

T (°C) C (w/w%) Rc (Å) Rs (Å) Rm (Å) N ac as Ref. 

20  61 30 91 81 0.43 0.13 11 

30 15 49 26 75 80 0.81 0.23 12 

30 10 45 45 90 58 0.76 0.08 13 

45 10 47.5 52.5 99 67 0.75 0.06 14 

≈ 20 5 59.5 36.5 97.5 167 0.92 0.21 Here. 
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There are four literature sources that give details on the measured micelle information using 

SANS, summarised in Table 4.3.3, with the polymer content in the core and shell calculated 

using 𝑎j =
iÎ|ÔÔÕ
l6^ h

 and 𝑎) =
iÎ|ÔÖÕ

l6N^Æhf^ hO
. As can be seen in Table 4.3.3, the micelle dimensions 

determined are consistent with the varying literature values, although the aggregation number 

and core polymer content are significantly higher than in the literature. This suggests that the 

VFD is inhibiting water-hydrophobic interactions. Unfortunately, time constraints prevented 

the performance of conventional SANS experiments of the same samples, so it cannot be 

confirmed that the differences observed here are due to the VFD rather than the concentration 

used, and further experiments are vital in order to confirm this observation. Despite this 

uncertainty, it is encouraging that this conclusion is consistent with other work performed in 

the VFD, where the ability of the VFD to influence solvent-substrate interactions has been a 

hypothesis consistently produced.15,16 

 

It would be worthwhile to reproduce these experiments with conventional SANS for the same 

samples in order to confirm the tentative conclusions made here, but the time scale for this in 

securing beam time and subsequent experiments is beyond the scope of the PhD research 

program. Additionally, it would be interesting to conduct experiments at different temperatures 

and concentrations. Unfortunately, temperature controlled VFD-SANS is not currently 

possible because it would require a heating unit with a very thin piece of aluminium positioned 

at the desired height instead of a heating element. One VFD attachment currently in the 

conceptual phase is a segmented heating and cooling unit with interchangeable blocks to allow 

for heating and cooling different parts of the tube to different temperatures. It should be 

possible to include a segment for SANS in this interchangeable unit. 
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Chapter 5 
Controlling and Scaling-Up Organic Reactions in the VFD 

 

A variety of organic reactions have been previously performed in the VFD. However, these 

reactions have not been investigated for larger-scale synthesis, nor has there been significant 

investigation into any control over selectivity that the VFD may afford, a capability that has 

been demonstrated by some other continuous flow systems. Here, a mathematical model has 

been developed to design a scaled-up process for the synthesis of several compounds 

previously prepared within the Raston group, and an investigation into the ability of the VFD 

to control the synthesis of N-substituted piperazines over N,N-disubstituted piperazines was 

performed. 

 

The VFD used for the synthesis of N-substituted piperazines is designed for a 20 mm external 

diameter tube with length of 20 cm. The device has four pins to allow the precise placement of 

a heating unit with a gap of several millimetres between the heating unit and the tube. The 

tubes used are made from borosilicate glass with an internal diameter of 17.5 mm. All 

chemicals used in this project were purchased from either Sigma-Aldrich or ChemSupply. 
 

All 1H NMR spectra were recorded using a 600 MHz Bruker NMR spectrometer with a 

relaxation time of 1 s and 128 scans. All 13C NMR spectra were recorded using the same 

spectrometer with a relaxation time of 2 s and 2048 scans. 

 

Parts of chapters 5.1 and 5.4 were included as part of a paper under review by Scientific Reports 

titled ‘Neutron imaging and modelling inclined vortex driven thin films’, co-authored by 

Filomena Salvemini, Stuart Dalziel and Colin Raston. 
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Chapter 5.1 – Scaled up synthesis 
 

The ability to scale reactions in flow systems up to greater production rates is of interest to 

industry. Scaling up continuous flow reactions in the VFD is possible through 3 methods: the 

utilisation of multiple units, re-optimisation of conditions for higher flow rates, and translation 

of the reaction into a larger VFD. The first method is not ideal because it increases the number 

of other units required, such as syringe pumps, whilst the second is not ideal because re-

optimisation requires a significant amount of additional work. Here, a new VFD with an 

extended tube (H = 380 mm) was used to scale-up two previous reactions: the formation of 

imines and amides. The scaled-up conditions were determined using the mathematical model 

to identify the conditions allowing the greatest volume, conditions which in turn allowed the 

greatest flow rate. Equations 2.17 and 2.22 demonstrate that lower rotational speeds allow a 

greater volume in the tube, and that for a VFD with R = 8.75 mm and H = 380 mm, a thin film 

will be produced for rotational speeds above 2504 rpm. The actual speed used was 2970 rpm 

because a slightly higher speed was desired to ensure that surface tension and other effects did 

not act to prevent the formation of a thin film at the utilised speed. Using these conditions, the 

flow rate required to achieve the same residence time is calculated using 

𝑄) =
�''!6 $*+%

��&''
= 𝑄j �

�'&�
��Ø'

�
)
. 

 

For the synthesis of imines (Scheme 5.1.1) where the original conditions were ω = 6950 rpm, 

θ = 45°, H = 180 mm, and Q = 0.45 mL/min, with a calculated residence time of 3.0 min, the 

scaled-up conditions suggest a new flow rate of 11 mL/min (reduced slightly to 10 mL/min). 

For the synthesis of amides (Scheme 5.1.2) where the original conditions were ω = 6950 rpm, 

θ = 45°, H = 180 mm, Q = 2 mL/min and T = 60 °C, with a calculated residence time of was 

40 s (in contrast to the reported 80 s), the scaled-up conditions suggest a new flow rate of 49 

mL/min. Unfortunately, the long VFD operating at 3000 rpm is unable to incorporate liquid 

into its film at a rate of 50 mL/min, resulting in pooling of liquid in the tube, eventually 

completely filling the tube. To resolve this problem, the rotational speed was increased to 4500 

rpm, requiring an altered flow rate of 20 mL/min. Utilising these conditions, three previously 

reported imines and three previously reported amides were synthesised (Table 5.1.1). 
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Table 5.5.1: Up-scaled synthesis of imines and amides. 

Compound Isolated yield (Conversion) Production rate (g/hr) 

Original New Original New 

 
84% 82% (82%) 4.3 92 

 

81% 45% (87%)a 5.0 62 

 

95% 83% (92%) 4.5 86 

 

95% 48% 8.0 38 

 

95% 26% 8.7 22 

 

94% 28% 8.2 22 

 

 
Scheme 5.1.1: The synthesis of imines from amines and aldehydes. 

 
Scheme 5.1.2: The synthesis of amides from butyric chloride and amines. 

																																																								
a 	The	 originally	 reported	 compound	 contained	 the	 imine	 at	 the	 2-	 position	 instead	 of	 the	 1-	 position	
reported	herein.	The	originally	 reported	NMR	and	 internal	 records	strongly	suggest	 that	 the	originally	
synthesized	imine	was	misreported	as	at	the	2-	position,	and	that	the	synthesized	molecule	was	the	imine	
substituted	at	the	1-	position.	
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The conversions achieved for the imines here were determined using 1H NMR of the crude 

sample and are comparable to those originally reported.1 The production rates are significantly 

higher than in the original synthesis, due to the new designed conditions. This demonstrates 

the successful ability to scale up reactions in the VFD, using the developed mathematical model 

and a larger VFD. In contrast, the yields obtained for the amides are significantly lower.2 The 

likely explanation for this is that the improved yields obtained in the VFD compared to batch 

are caused by heat dissipation allowed by the thin film. The conditions here were designed to 

maximise the volume within the tube, requiring the maximisation of the thickness of the thin 

film, even to the extent where it cannot be reasonably described as a ‘thin’ film anymore. The 

thickness of the film is likely to have interfered with the ability of the film to dissipate heat, 

effectively resulting in batch conditions. Nonetheless, in 2 of 3 cases, the obtained yield was 

greater than the reported batch yield and was achieved using only half the residence time. From 

this, it is clear that the mathematics can be used to design scaled-up conditions of previously 

optimised reactions, however, simply maximising the volume is not sufficient for reactions 

where the utilisation of a thin film is beneficial. 

  



	143	

Chapter 5.2 – Literature procedures for the preparation of N-substituted 

piperazines 
 

Piperazine moieties are present in 81 pharmaceuticals approved by the US Food and Drug 

Administration, including ranolazine,3 buclizine4 and imatinib (Fig. 5.2.1).5-7 These 81 

pharmaceuticals include 60 which are asymmetrically substituted at one or both nitrogen 

atoms, and do not contain any substituents on any of the piperazine carbon atoms. Due to the 

symmetrical nature of piperazine, the synthesis of mono-substituted piperazines as 

intermediates for unsymmetric piperazines is challenging because both sides of piperazine can 

react, producing the disubstituted product. Traditional batch processes avoid this by either 

using protecting groups8 or several excesses of piperazine,9-13 often in conjunction with long 

reaction times,8,12-14 low temperatures,8,13 or additional reagents.15 

 

 
Fig. 5.2.1: Three pharmaceuticals containing a piperazine moiety; ranolazine (top left), buclizine (top 

right) and imatinib (bottom left). 

 

The use of piperazines in continuous flow processes has previously been minimal, and mostly 

restricted to either using methylpiperazine (such as for the synthesis of imatinib5-7 and 

olanzapine16) where disubstitution is not a concern, or have involved protecting groups.17,18 

There are, however, three examples where piperazine itself has been used under continuous 

flow, being for the synthesis of 1-(diphenylmethyl)piperazine based pharmaceuticals,4 the 

synthesis of a casein kinase I inhibitor,19 and for the synthesis of a benzylpiperazine (although 

reductive amination was performed instead of N-substitution).20 The use of piperazine for the 

synthesis of a casein kinase I inhibitor involved the arylation of piperazine (Scheme 5.2.1), 

using 20 equivalents of piperazine, 177 °C, 100 minutes, and a flow rate of 0.02 mL/min, in 

order to reach full conversion.19 The continuous flow reductive amination of a benzaldehyde 
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(Scheme 5.2.2) was motivated by a need to prepare the compound on a large scale as part of a 

drug discovery program. When performing large-scale synthesis involving piperazine, the use 

of 1-boc-piperazine is impractical due to its prohibitive cost of $2788 AUD/100g. The 

optimised conditions involved using 4 equivalents of piperazine and 70 °C, but a reasonable 

flow rate of 6 mL/min.20  

 
Scheme 5.2.1: The continuous flow synthesis of a casein kinase I inhibitor using piperazine. 

 

 
Scheme 5.2.2: Reductive amination using piperazine. 

 

 
Scheme 5.2.3: Substitution of benzyl chloride with piperazine. 

 

The third case in the literature involving piperazine under continuous flow was for the synthesis 

of the pharmaceuticals cinnarizine and cyclizine from alcohols under continuous flow (Scheme 

5.2.3).4 Here, hydrochloric acid was used to chlorinate alcohols, thereby achieving high yields 

(with 9 of 13 examples achieving 85% yield or above). The system was then connected to a 

cyclic amine dissolved in methyl carbitol for the amination reaction, achieving 96% and 97% 

yields for morpholine and N-methylpiperazine respectively, whilst a yield of only 63% was 
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achieved for piperazine. This process was used to synthesise cyclizine (using N-

methylpiperazine), and coupled with a second chlorination system for cinnarizine, and a 

buclizine and meclizine derivative. In all three cases, yields above 80% were achieved using 

1.5 equivalents of piperazine. Because of the excess of piperazine used, 2 equivalents of the 

second chloride were required to ensure full conversion to the desired product. This example 

highlights one of the disadvantages of using excess piperazine: it increases the require quantity 

of subsequent reagents.4 
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Chapter 5.3 – Piperazine alkylation using benzyl chloride 
	

Inspired by the demonstrated ability of continuous flow systems to provide a measure of control 

over chemical reactions,21 use of the VFD was applied to the challenge of synthesising mono-

substituted piperazines under continuous flow. The purpose of this investigation was twofold; 

1) to determine if the VFD is capable of the same fine control that other flow systems are 

capable of, and 2) to selectively generate mono-substituted piperazines using a minimal excess 

of piperazine, which could be immediately coupled with a second separate substitution reaction 

to form disubstituted asymmetric piperazines. Coupling flow reactors with flow purification is 

a standard procedure for many synthetic flow laboratories, with software available to aid in the 

design of flow purification, however it is not yet a capability of this laboratory. Because 

industrial utilisation of this procedure (if successful) would involve flow purification, it was 

determined that the steady-state conversion would provide a more useful comparison than the 

yield obtained after batch purification. The steady-state conversion was assumed to have been 

reached after an input of 15 mL, corresponding to the collection of liquid that entered the VFD 

at V = 12.3 mL.  

 

The selection of a model reaction (Scheme 5.3.1) involved selecting a halide expected to show 

significant reactivity and selectivity. Benzyl halides are more reactive than their alkyl 

counterparts, suggesting the use of either benzyl chloride or benzyl bromide. Benzyl chloride 

was selected in favour of benzyl bromide due to its enhanced selectivity.22 Protic solvents are 

known to be effective solvents for these types of substitution reactions, leading to the selection 

of methanol and ethanol as solvents for the initial testing.20 Moderate values of rotational speed, 

flow rate and temperature were selected as the initial operating conditions (ω = 6000 rpm, Q = 

0.5 mL/min, θ = 45°, and T = 60 °C). Solutions of benzyl chloride (1.72 M) and piperazine 

(1.93 M, 1.1 equivalents) were prepared and were injected into the VFD at equal flow rates. 

The steady-state conversion was determined through analysis of the 1H NMR spectra of the 

first three drops collected after 15 mL had been input into the VFD, with the 1H NMR spectra 

recorded immediately after sample collection. The ratios of benzyl chloride, N-

benzylpiperazine (BZP) and N,N-dibenzylpiperazine (DBP) were determined through the 

peaks at 4.56 ppm (2H, BnCl), 3.47 ppm (4H, DBP) and 3.45 ppm (2H, BZP) (Fig. 5.3.1, Fig. 

5.3.2). To confirm the correct assignment of the 3.46 ppm and 3.44 ppm peaks to the correct 
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products, their integration was compared to that the integration of the triplet at 2.83 ppm, a 

peak confidently assignable to benzylpiperazine. 

 

 
Fig. 5.3.1: 1H NMR of a crude reaction mixture containing ethanol, tripropylamine, benzyl chloride, 

piperazine, monobenzylpiperazine and dibenzylpiperazine. The selected peaks are: benzyl chloride 

(4.54 ppm, 2H), dibenzylpiperazine (3.46 ppm, 4H), monobenzylpiperazine (3.44 ppm, 2H) and 

monobenzylpiperazine (2.83 ppm, 4H). 
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Fig. 5.3.2: 1H NMR of a crude reaction mixture containing ethanol, tripropylamine, benzyl chloride, 

piperazine, monobenzylpiperazine and dibenzylpiperazine. The shown peaks are: dibenzylpiperazine 

(3.46 ppm, 4H) and monobenzylpiperazine (3.44 ppm, 2H). 

 

Initial experiments showed that using only methanol or ethanol significantly favoured 

formation of the dibenzylated product, with only ethanol showing any of the monobenzylated 

product (and only in 1 of 3 replicates) (Fig. 5.3.3). Previous work by Kommi et al.3 has shown 

that the addition of surfactants has been beneficial at enhancing selectivity for a similar system, 

particularly tetrabutylammonium bromide (TBAB). Hence, TBAB was tested as an additional 

reagent, despite the goal of avoiding additional reagents. The results showed the formation of 

benzylpiperazine for both ethanol and methanol, with ethanol producing greater conversion 

(47%) and selectivity (70%) than methanol (27% yield, 49% selectivity). Despite this 

improvement, the selectivity was still considered insufficient, and hence the use of a base was 

investigated. Sodium hydroxide and other ionic bases were avoided so to avoid the possibility 

of hydrolysis of benzyl chloride. As an alternative, triethylamine was tested as a common 

organic base, whilst tripropylamine was also tested as a higher boiling point alternative to 

triethylamine (155-158 °C compared to 89 °C). Triethylamine and tripropylamine were both 

tested in conjunction with ethanol (in a 1:1 v/v ratio), and both significantly increased the 
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selectivity towards the monobenzylated product (Fig. 5.3.3). Having developed two 

satisfactory solvent systems, temperature and flow rate were investigated in an attempt to 

increase the conversion and selectivity towards the monobenzylated product. Tripropylamine 

was selected in favour of triethylamine for further investigation because its higher boiling point 

allowed the testing of a wider range of temperatures. 

 

Fig. 5.3.3: The conversion of benzyl chloride to monobenzylpiperazine and dibenzylpiperazine in a 

range of solvents, using the VFD. 

 

The conversion and selectivity obtained for the tested temperature and flow rate combinations 

are shown in Table 5.4.1. As seen in the table, conditions that produced conversion > 30% and 

selectivity > 80% were Q = 0.1 mL/min and T = ambient (yield = 33% and selectivity = 89%) 

and Q = 0.5 mL/min and T = 60 °C (yield = 34% and selectivity = 85%). The overall trends 

observed here of increased selectivity at lower temperatures and higher flow rates are 

unsurprising, as are the trends of greater total conversion for higher temperatures and lower 

flow rates. 

 

Although further optimisation to increase the yield is left for future work, a brief investigation 

into future directions was performed, as well as a comparison between the optimised VFD 

conditions and a batch equivalent (Table 5.3.2). Firstly, the rotational speed was lowered from 

6000 rpm to 4000 rpm for both optimised conditions (Q = 0.1 mL/min, T = ambient; and Q = 

0.5 mL/min, T = 60 °C), approximately doubling the residence time. For the conditions of Q = 
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0.1 mL/min and T = ambient, both the conversion and selectivity were slightly lower for ω = 

4000 rpm than for ω = 6000 rpm, whilst for Q = 0.5 mL/min and T = 60 °C, the conversion 

was marginally higher (statistically insignificant), whilst the selectivity dropped from 85% to 

72%. The other direction investigated was use of the H = 38 cm VFD used previously in 

Chapter 5.1. A heating unit for this longer tube VFD is not yet available, so only the condition 

of Q = 0.1 mL/min, T = ambient, could be tested. This resulted in a slightly lower conversion 

than for H = 18 cm, and a much lower selectivity of 64%. Several conclusions can be made 

from this information. Firstly, decreasing the rotational speed or increasing the VFD length 

results in decreased selectivity, presumably because of an increase in back mixing. This could 

either be the result of the increased residence time, or it could be caused by the increased film 

thickness allowing additional back mixing. In order to isolate the effect for a changed rotational 

speed, the rotational speed and flow rate could be varied simultaneously to maintain a constant 

residence time whilst changing the film thickness. Similarly, isolating this effect for changing 

VFD length could be achieved by altering either the rotational speed or flow rate to achieve 

the same residence time. As a comparison to the optimised conditions of T = 60 °C and Q = 

0.5 mL/min (τ = 4 min), a batch comparison was performed at the same temperature for the 

same residence time, giving 79% selectivity and 48% conversion. The similar selectivity 

demonstrates that the flow process is not significantly increasing the selectivity of the reaction. 

The increased conversion for the batch process is likely due to the differences between the 

ability of the heating element to heat the two systems. For the batch reaction, the heating mantle 

surrounds and is in contact with the flask used. In contrast, for the VFD process, an air gap of 

about 2 mm exists between the heating unit and the tube. This air gap, in combination with the 

heating unit only heating half the radial positions, results in a tube heated to a lower temperature 

than the heating mantle. This lower temperature for the VFD system is likely to be the cause 

of the lower conversion. 

 
Table 5.3.2: The conversion and selectivity obtained for the synthesis of monobenzylpiperazine from 

benzyl chloride and piperazine at various conditions. 

VFD Rpm Q (mL/min) T (°C) Conversion Selectivity 

Standard 4000 0.1 Ambient 29% 84% 

Standard 4000 0.5 60 35% 72% 

Long VFD 6000 0.1 Ambient 31% 64% 

Batch N/A N/A 60 48% 79% 
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With a single exception, all literature methods found including a procedure for the synthesis of 

4-benzylpiperazine from piperazine and benzyl chloride utilised either piperazine 

dihydrochloride as an additive or used excess of piperazine (ranging from 2 equivalents to 10 

equivalents). The procedures using an excess are not comparable because using an excess of 

piperazine obviously increases selectivity and was deliberately avoided here. The use of 

piperazine dihydrochloride was avoided because it is only significantly soluble in water, whilst 

the solubility of piperazine in water and alcohols allowed a broader investigation.23 

Consequently, the only method reasonably comparable is the flow synthesis published by 

Borukhova. In this case, a yield of 63% was achieved, and the selectivity is not reported. 

Although the selectivity is not reported, it can be reasonably assumed that the reaction went to 

near-completion because similar reactions involving methylpiperazine and morpholine instead 

of piperazine achieved yields of 97% and 96% respectively. If it is assumed that the combined 

conversion to BZP and DBP was 95%, this gives a selectivity of only 66%, significantly lower 

than that achieved here for the VFD. 
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Chapter 5.4 – Synthetic methods and characterisation 
 

5.4.1 – Synthesis of imines 

Solutions of amine and aldehyde (55 mL) were prepared in methanol with a concentration of 

1.94 M. The 38 cm long VFD was operated at 2970 rpm (due to technical issues of maintaining 

3000 rpm for this modified VFD) and each solution was injected into the VFD at 5 mL/min for 

10 minutes. The VFD was subsequently operated for an additional 3 minutes to allow all 

injected reagents to experience 3 minutes within the device. Output from the VFD was 

quenched in 500 mL of gently stirring water. N-benzylbenzylimine and N-(1-

naphthyl)cyclohexylimine formed an oil, and the water was split into 250 mL fractions, each 

washed with ethyl acetate (200 mL x3), recombined, dried (MgSO4), and the solvent removed 

under reduced pressure and in vacuo to give N-benzylbenzylimine as a yellow oil (15.9 g, with 

3% residual aldehyde, giving a yield of 15.5 g, 83%) and N-(1-naphthyl)cyclohexylimine as a 

solid. N-(1-naphthyl)cyclohexylimine was subsequently vacuum filtered to give an impure 

yellow solid (21.1 g, 87%) which was recrystallised from ethyl acetate affording an off white 

solid (10.3 g, 45%). N-phenylcyclohexylimine formed a solid, which was filtered, dissolved in 

ethyl acetate, dried (MgSO4), and the solvent removed under reduced pressure. Cooling gave 

an impure yellow solid (17.9 g, 92%) which was recrystallised form ethanol affording pale 

yellow crystals (14.6 g, 83%). 

 

5.4.2 – Amide synthesis 

Solutions of amine (55 mL, 0.43 M) in chloroform with 7% v/v triethylamine were prepared, 

along with solutions of acyl chloride (55 mL, 0.755 M) in chloroform. The VFD housing a 

38 cm long glass tube was operated at 4500 rpm and each solution was injected into the VFD 

at 10 mL/min for 5 minutes. The VFD was subsequently operated for an additional 40 seconds 

to allow all injected reagents to experience 40 seconds within the device. Output from the VFD 

was quenched in 500 mL of gently stirring 2 M HCl. The organic layer was separated from the 

aqueous layer, dried (MgSO4), and the solvent was removed under reduced pressure, giving N-

phenylbutanamide as a solid and N-benzylbutanamide and N-cyclohexylbutanamide as liquids. 

N-phenylbutanamide was vacuum filtered and recrystallised from ethanol affording a white 

solid (3.1 g, 48%). N-benzylbutanamide and N-cyclohexylbutanamide were dried in vacuo and 

recrystallised from ethanol affording N-benzylbutanamide as a white solid (1.8 g, 26%), and 

N-cyclohexylbutanamide as a transparent solid (1.8 g, 28%). 
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5.4.3 – N-benzylpiperazine synthesis 

The optimisation experiments for the substitution of piperazine with benzyl chloride were 

performed in the following manner: 12 mL solutions of benzyl chloride (1.72 M) and 

piperazine (1.93 M, 1.1 equivalents) were prepared in the selected solvent. The VFD (H = 

18 cm) was heated to the appropriate temperature, and the solutions were injected into the VFD 

at equal flow rates for the selected total flow rate. For the optimisation experiments, the 

rotational speed used was 6000 rpm. Once 15 mL had been injected into the VFD, the output 

at that time point was collected and immediately analysed through 1H NMR to determine the 

conversion. 

 

To conclusively demonstrate the synthesis of monobenzylpiperazine, a procedure to prepare 

and purify monobenzylpiperazine was performed as follows: 12 mL solutions of halide 

(1.72 M) and piperazine (1.93 M, 1.1 equivalents) were prepared in 1:1 tripropylamine:ethanol. 

The VFD (H = 18 cm) was heated to 60 °C, and the solutions were injected into the VFD at 

0.25 mL/min each for a total flow rate of 0.5 mL/min. The rotational speed used was 4000 rpm. 

Once 15 mL had been injected into the VFD, the output at that time point was collected and 

analysed through 1H NMR immediately to determine the conversion. Once 20 mL had been 

injected into the VFD, the syringe pumps were halted, and after an additional 4 minutes the 

VFD was stopped in order to allow the last liquid injected to experience the same residence 

time as the rest. The tube was rinsed with 0.1 M HCl (40 mL) and ethyl acetate (40 mL) and 

added to the collected fraction. The two portions were separated, and the aqueous layer was 

rinsed twice more with ethyl acetate (50 mL). The aqueous layer was then basified with NaOH 

(2 g) and washed with ethyl acetate (50 mL x3). The organic layer was dried (MgSO4), vacuum 

filtered, and the solvent was removed in vacuo to yield a white powder. The identity of the 

powder was then confirmed using 1H NMR and 13C NMR to conclusively demonstrate that the 

desired product had been synthesised. 

 

The batch procedure used as a comparison to the substrate scope involved the preparation of a 

20 mL solution of piperazine (0.95 M, 1.1 equivalents) in 1:1 tripropylamine:ethanol, which 

was then heated to 60 °C on a hot plate for 30 minutes. Benzyl chloride (1.9 mL, 16.5 mmol) 

was then added to the flask and allowed to react for 4 minutes. A fraction was then collected 

and analysed through 1H NMR. The flask was emptied and rinsed with 0.1 M HCl (40 mL) and 

ethyl acetate (40 mL) and added to the collected fraction. The two portions were separated, and 
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the aqueous layer was rinsed twice more with ethyl acetate (50 mL). The aqueous layer was 

then basified with NaOH (2 g) and washed with ethyl acetate (50 mL x3). The organic layer 

was dried (MgSO4), vacuum filtered, and the solvent was removed in vacuo to yield a white 

powder. The identity of the powder was then confirmed using 1H NMR and 13C NMR to 

conclusively demonstrate that the desired product had been synthesised. 

 

5.4.4 – Characterisation 

 

N-benzylbenzylimine 1H NMR (600 MHz, CDCl3): d 8.42 (s, 1H), 7.82 (m, 2H), 7.45-7.44 

(m, 3H), 7.37 (d 3J(H,H) = 4.4 Hz, 4H), 7.31-7.28 (hex, 3J(H,H) = 4.2 Hz, 1H), 4.86 (s, 2H). 
13C NMR (600 MHz, CDCl3): d 162.1, 139.3, 136.2, 130.8, 128.7, 128.5, 128.3, 128.0, 127.0, 

65.1. This is consistent with literature.14 

N-(1-naphthyl)cyclohexylimine 1H NMR (600 MHz, CDCl3): d 8.99 (s, 1H), 8.86 (d, 3J(H,H) 

= 9 Hz, 1H), 7.89-7.88 (m, 3H), 7.59-7.56 (m, 1H), 7.51-7.49 (m, 2H), 3.31 (tt, 3J(H,H) = 10.4 

Hz, 4.1 Hz, 1H), 1.87 (m, 4H), 1.71 (m, 3H), 1.44 (qt, 3J(H,H) = 12.4, 3.3, 2H), 1.33 (qt, 
3J(H,H) = 12.3, 3.5, 1H). 13C NMR (600 MHz, CDCl3):  d 157.9, 133.8, 132.2, 131.4, 130.6, 

128.6, 128.2, 126.9, 125.9, 125.3, 124.3, 70.9, 34.6, 25.8, 24.8. This is consistent with 

literature.14 

N-phenylcyclohexylimine 1H NMR (600 MHz, CDCl3): d 8.47 (s, 1H), 7.92-7.90 (m, 2H), 

7.49-7.47 (m, 3H), 7.40 (t, 3J(H,H) = 7.8 Hz, 2H), 7.25-7.21 (m, 3H). 13C NMR (600 MHz, 

CDCl3):  d 160.4, 152.1, 136.2, 131.4, 129.2, 128.83, 128.79, 126.0, 120.9. This is consistent 

with literature.14 

N-phenylbutanamide 1H NMR (600 MHz, CDCl3): d 7.51 (d, 3J(H,H) = 7.9 Hz, 2H), 7.31 (t, 
3J(H,H) = 7.4 Hz, 2H), 7.17 (bs, 1H), 7.10 (t, 3J(H,H) = 7.4 Hz, 1H), 2.34 (t, 3J(H,H) = 7.5 Hz, 

2H), 1.77 (hextet, 3J(H,H) = 7.4, 2H), 1.01 (t, 3J(H,H) = 7.4 Hz, 3H). 13C NMR (600 MHz, 

CDCl3): d 171.2, 138.0, 129.0, 124.2, 119.8, 39.8, 19.1, 13.8. This is consistent with literature.19 

N-benzylbutanamide 1H NMR (600 MHz, CDCl3): d 7.34 (t, 3J(H,H) = 7.4 Hz, 2H), 7.28-

7.27 (m, 3H), 5.67 (bs, 1H), 4.45 (d, 3J(H,H) = 5.7 Hz, 2H), 2.20 (t, 3J(H,H) = 7.5 Hz, 2H), 

1.70, (hextet, 3J(H,H) = 7.4 Hz, 2H), 0.96 (t, 3J(H,H) = 7.4 Hz, 3H). 13C NMR (600 MHz, 

CDCl3): d 172.8, 138.4, 128.7, 127.9, 127.5, 43.6, 38.8, 19.2, 13.8. This is consistent with 

literature.17 

N-cyclohexylbutanamide 1H NMR (600 MHz, CDCl3): d 5.26 (bs, 1H), 3.77 (m, 1H), 2.11 (t, 
3J(H,H) = 7.5 Hz, 2H), 1.92-1.90 (m, 2H), 1.72-1.68 (m, 2H), 1.65 (q, 3J(H,H) = 7.5 Hz, 2H), 
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1.63-1.59 (m, 1H + water), 1.36 (qt, 3J(H,H) = 12.5, 3.4 Hz, 2H), 1.18-1.07 (m, 3H), 0.94 (t, 
3J(H,H) = 7.4 Hz, 3H). 13C NMR (600 MHz, CDCl3): d 172.0, 48.0, 39.1, 33.3, 25.6, 24.9, 19.3, 

13.7. This is consistent with literature.20 

N-benzylpiperazine 1H NMR (600 MHz, CDCl3): d 7.33-7.26 (m, 5H), 3.52 (s, 2H), 2.97 (t, 
3J(H,H) = 4.9 Hz, 4H), 2.5 (bs, 4H). 13C NMR (600 MHz, CDCl3): d 137.6, 129.2, 128.3, 127.2, 

63.3, 52.8, 44.9. This is consistent with literature.9  
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Chapter 6 – Conclusions and Future Work 
 

A mathematical model describing the shape of the thin liquid film in the Vortex Fluidic Device 

was developed, which describes the film thickness as 

𝑓t = 𝑅 − !
&'
cos𝜙 cos 𝜃 −w𝑅) − !'

&e
cos) 𝜃 (sin) 𝜙) + 2𝑔ℎ $*+ %

&'
− pl!|$*+ %

6&'
− )!'^'

&e
cos) 𝜃. 

This equation is consistent with previous literature models for similar and related systems. This 

model allows the determination of useful information, including the residence time under 

continuous flow and film thickness at specific points, as well as aiding in the design of 

experiments where the residence time is kept constant and other parameters are varied. Further 

work involving the mathematical model could include advancing the model to take into account 

imperfections in the surface of the tube, an option that would require solving equation 2.10 for 

a ϕ-dependent R. Further advancement could also include taking into consideration surface-

liquid interactions and/or viscosity, however, this would require introducing additional forces 

into Equation 2.1, meaning that 𝐹⃗ = 𝐹!000⃗ + 𝐹/000⃗  would no longer be valid. The understanding 

gained by this model will also allow future investigations into the internal behaviour of fluid 

within the film, including investigating the extent of backflow within the VFD tube. This will 

reveal useful insights into how to reduce the variation in amount of time materials spend in a 

laser beam, and how far apart reaction zones must be when performing sequential synthetic 

procedures within the VFD. 

 

The accuracy of the model was confirmed using neutron imaging, with both high-speed and 

high-resolution methodologies employed. From these experiments, it was shown that for most 

systems, the film reaches stability within several seconds, and that for low viscosity systems, 

the model accurately predicts the shape of the film, although no ϕ-dependence was observed, 

even when predicted by the model. The absence of an observed ϕ-dependence is likely due to 

viscosity and surface tension, both of which would inhibit radial variation and are not 

accounted for in the model. For high viscosity systems, an adjustment to the model where ωe 

= a ∙	ω + b is used in place of ω, where a and b are experimentally determined values, was 

shown to be effective. The model was determined to not accurately describe the behaviour of 

water in a hydrophobic coated tube, and an adjustment of ωe = a ∙	ω + b was unsuccessful in 

adapting the model, although a possible method for adapting the model was proposed through 



	159	

the adjustment of equation 2.10 from 𝑉 = ∫ ∫ ℎ𝑟^
W_

𝑑𝑟)6
a 𝑑𝜙  to 𝑉 = ∫ ∫ ℎ𝑟^

W_
𝑑𝑟)6

a 𝑑𝜙 −

∫ ∫ Nℎ − ℎ(𝑟 = 𝑅 − 𝑓�)O𝑟
^
^fz~

𝑑𝑟)6
a 𝑑𝜙. These insights allow the calculation of residence time 

for highly viscous solutions, a capability that can be used when investigating processes 

involving microalgae, as well as the potential to use glycerol or propylene glycol as a green 

solvent for performing organic reactions within the VFD. 

 

Further work involving neutron imaging includes investigating a wider range of solvents and 

determining the range of solvents where ωe = a ∙ ω + b successfully alters the mathematical 

model. This would allow for the easier investigation of solvent behaviour because when ωe = 

a ∙ ω + b is assumed to be a valid adjustment for the conditions, a and b can be determined 

through experiments in a standard laboratory without the need for neutron imaging. Further 

neutron imaging work also includes investigating the behaviour of non-aqueous systems in a 

hydrophobic tube, with non-polar solvents being of particular interest. Investigations extending 

the use of the model to a wider range of systems will enable the utilisation of the mathematical 

model as a general tool for designing synthetic procedures and separating the effects that shear 

rate, film thickness and residence time have on the processing of materials. 

 

Experiments involving biphasic systems demonstrated that qualitative information can be 

obtained when the denser liquid has a lower neutron absorption cross-section, but that under 

the current methodology, quantitative information cannot be obtained. The most effective 

method for increasing the effective resolution of the images would be an increased precision 

in the tube design and in the position of its axis of rotation. This would especially benefit the 

investigation of biphasic systems because it would significantly reduce the overlap in the image 

of the two solvents. Other methods that may increase the resolution are increasing the 

acquisition time, utilising a thinner gadolinium oxide film, or utilising a neutron imaging 

station capable of higher resolution. Unfortunately, as mentioned above, only two instruments 

in the world are capable of higher resolution, both situated in Switzerland and are currently 

offline, whilst a third is set to come online in Sweden in 2019 or 2020. Another approach to 

increasing resolution could be increasing the absorption cross-section of the solvent through 

the addition of chlorinated compounds such as sodium chloride.  

 

Small Angle Neutron Scattering experiments have confirmed the viability of SANS as an in 

situ technique for analysis within the VFD, which has successfully lead to subsequent work by 
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colleagues investigating the shape of red blood cells within the VFD under SANS. The Pluronic 

P-123 micelles investigated here showed similar dimensions under shear compared to literature 

values, however, they showed higher polymer content in the hydrophobic core compared to 

literature (0.92 volume fraction in the VFD compared to 0.81 and below in literature). Future 

work involving this should include repeating the experiments with comparable conventional 

SANS, as well as variation of concentration and temperature. Future work also extends beyond 

SANS of Pluronic P123 micelles to investigating the behaviour of other macromolecular 

structures, including red blood cells, liposomes, and carbon nanomaterials. Investigating the in 

situ behaviour of these structures is likely to reveal important insights into the nature of the 

environment within the thin film. 

 

Two main conclusions were achieved from the organic synthesis experiments: firstly, the 

mathematics can be used to easily scale up reactions under flow where heat dissipation is not 

a concern, as demonstrated by the highly successful scale-up of imine synthesis, and the 

moderately successful scale-up of amide synthesis to higher production rates. Secondly, there 

appears to be too significant back mixing for control over selectivity to be achieved through 

strict control of the residence time. Further experiments of interest would be to further develop 

the selective synthesis of mono-substituted piperazines to be high yielding. Additionally, the 

further scale up of previous reactions to larger VFDs would also be of interest, particularly for 

investigating if biphasic reactions are still successful at larger scales. 

 

In general, these results provide useful information for designing synthetic procedures within 

the VFD. The mathematical model allows the calculation of residence time, allowing reliable 

comparisons between different continuous flow conditions, as well as batch processing. The 

overall understanding of the film thickness within the VFD also points the way towards 

investigations into any backmixing within the VFD, allowing the identification of conditions 

required to maintain separation between sequential reactions that may interfere with each if 

performed simultaneously. The demonstration that the model can also be used for highly 

viscous liquids allows the calculation of residence time for high viscosity green solvents such 

as glycerol and propylene glycol, and indeed ionic liquids as so-called designer solvents. The 

demonstration that although the VFD can selectively prepare N-benzylpiperazine in favour of 

N,N-dibenzylpiperazine, that this selectivity is comparable to that achieved in batch processing, 

suggests that the VFD may have limitations in controlling selectivity of this kind. The 
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demonstration that simple reactions can be easily scaled-up using the mathematics is a 

significant advance, in leading the way to designing continuous flow conditions for reactions 

over extended periods.  

 

These results are also useful for understanding materials processing within the VFD, and for 

probing the structure of macromolecular systems. Understanding how the rotational speed 

affects the film thickness and residence time is informative when explaining the optimised 

conditions for producing various materials. Further investigations using neutron imaging into 

the behaviour of biphasic systems will be informative for the numerous biphasic procedures 

developed for producing a variety of materials using the VFD. The ability to probe the in situ 

behaviour of macromolecular structures using SANS will provide insights into how those 

structures are formed. This in turn will lead to a better understanding of the environment within 

the VFD, providing insights into the generation of materials and macromolecular structures 

which cannot be investigated using SANS. 

 

Overall, the development of a mathematical model and the demonstration of its accuracy 

through neutron imaging has resulted in the successful scale-up of organic reactions. This has 

resulted in further insights into previous work, demonstrating the utility of the model as a tool 

for guiding experimental design. The model and demonstrated neutron techniques can also be 

used for further insights into how a variety of structures are prepared using VFD mediated 

processing. This understanding contributes to the ability to successfully utilise the VFD as a 

continuous flow processing platform to prepare a variety of compounds and materials using 

environmentally friendly processing, in turn contributing to the broader global goal of 

developing sustainable alternatives to current wasteful and energy-intensive processes. 
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Appendix A – Derivation of mathematical equations 
 

The derivation of Equation 2.6 starts with Equations 2.4 and 2.5: 

Equation 2.4 

𝐹⃗ = 𝜌(𝑟𝜔) cos𝜙 − 𝑔 cos𝜃 , 𝑟𝜔) sin𝜙 , −𝑔 sin 𝜃) 
Equation 2.5 

𝑛0⃗ = 𝛻N𝑧 − ℎ(𝑥, 𝑦)O = �−
𝜕ℎ
𝜕𝑥 ,−

𝜕ℎ
𝜕𝑦 , 1� 

Equating 𝐹⃗ × 𝑛0⃗ = 00⃗  gives the following three results: 

𝜌(𝑟𝜔) cos𝜙 − 𝑔 cos𝜃) ∙ �−
𝜕ℎ
𝜕𝑦� − 𝜌𝑟𝜔

) sin𝜙 ∙ �−
𝜕ℎ
𝜕𝑥� = 0 

𝜌𝑟𝜔) sin 𝜙 ∙ 1 − �−
𝜕ℎ
𝜕𝑦� ∙

(−𝜌𝑔 sin 𝜃) = 0 

−𝜌𝑔 sin 𝜃 ∙ �−
𝜕ℎ
𝜕𝑥� − 𝜌

(𝑟𝜔) cos𝜙 − 𝑔 cos𝜃) ∙ 1 = 0 

Because the purpose is to find QR
QS

 and QR
QT

 separately, the first result is ignored as it contains both 

QR
QS

 and QR
QT

, whilst the other two are simplified and rearranged to find QR
QT

 as follows, 

𝜌𝑟𝜔) sin 𝜙 ∙ 1 − �−
𝜕ℎ
𝜕𝑦� ∙

(−𝜌𝑔 sin 𝜃) = 0 

𝑟𝜔) sin 𝜙 − �
𝜕ℎ
𝜕𝑦� ∙

(𝑔 sin 𝜃) = 0 

𝜕ℎ
𝜕𝑦 =

𝑟𝜔) sin𝜙
𝑔 sin 𝜃  

and QR
QS

 as follows, 

−𝜌𝑔 sin 𝜃 ∙ �−
𝜕ℎ
𝜕𝑥� − 𝜌

(𝑟𝜔) cos𝜙 − 𝑔 cos𝜃) ∙ 1 = 0 

𝑔 sin 𝜃 ∙ �
𝜕ℎ
𝜕𝑥� +

(𝑔 cos 𝜃 − 𝑟𝜔) cos𝜙) = 0 

𝜕ℎ
𝜕𝑥 = −

cos𝜃
sin 𝜃 +

𝑟𝜔) cos𝜙
𝑔 sin 𝜃  
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The derivations of Equations 2.11 and 2.12 begin with Equation 2.9: 

Equation 2.9 

ℎ =
𝑟)𝜔)

2𝑔 sin 𝜃 − 𝑟 cos𝜙 cot 𝜃 + 𝑘 

Inserted into Equation 2.9 is the conditions of h = 0 and r = ri, giving: 

𝑟Z)𝜔)

2𝑔 sin 𝜃 − 𝑟Z cos𝜙 cot 𝜃 + 𝑘 = 0 

Which is then solved using the quadratic formula: 

𝑟Z = −
(−cos𝜙 cot 𝜃) ± p(−cos𝜙 cot𝜃)) − 4 ∙ 𝜔)

2𝑔 sin 𝜃 ∙ 𝑘

2 ∙ 𝜔)

2𝑔 sin 𝜃

 

𝑟Z =
𝑔 cos𝜙 cos𝜃 ± 𝑔 sin 𝜃 pcos) 𝜙 cot) 𝜃 − 2𝜔)

𝑔 sin 𝜃 ∙ 𝑘

𝜔)  

𝑟Z =
𝑔 cos𝜙 cos 𝜃

𝜔) ± w
𝑔)

𝜔l cos) 𝜙 cos) 𝜃 −
2𝑔𝑘 sin 𝜃

𝜔)  

This gives two solutions for ri, one of which is always negative because k < 0 causes 

! "#$X "#$%
&'

< p!'

&e
cos) 𝜙 cos) 𝜃 − )!o $*+ %

&'
, and hence is not a solution of interest. The other 

solution is of interest, and can be written more neatly by defining 

Equation 2.12 

𝐴 ≡ !"#$%
&'

, 𝐵 ≡ − )! $*+ %
&'

𝑘,  

giving Equation 2.11: 

Equation 2.11 

𝑟Z = 𝐴 cos𝜙 + c𝐴) cos) 𝜙 + 𝐵 

 

The derivation of Equation 2.13 begins substituting Equation 2.9 

Equation 2.9 

ℎ =
𝑟)𝜔)

2𝑔 sin 𝜃 − 𝑟 cos𝜙 cot 𝜃 + 𝑘 

Into equation 2.10 

Equation 2.10 

𝑉 = � � ℎ𝑟
^

W_
𝑑𝑟

)6

a
𝑑𝜙 
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to give 

𝑉 = � � }
𝑟)𝜔)

2𝑔 sin 𝜃 − 𝑟 cos𝜙 cot 𝜃 + 𝑘� 𝑟
^

W_
𝑑𝑟

)6

a
𝑑𝜙 

𝑉 = � �
𝑟i𝜔)

2𝑔 sin 𝜃 − 𝑟
) cos𝜙 cot 𝜃 + 𝑘𝑟

^

W_
𝑑𝑟

)6

a
𝑑𝜙 

The inner integral is then computed to give Equation 2.13 

𝑉 = � Ü
𝑟l𝜔)

8𝑔 sin 𝜃 −
1
3 𝑟

i cos𝜙 cot𝜃 +
1
2𝑘𝑟

)Ý
W_

^)6

a
𝑑𝜙 

Equation 2.13 

𝑉 = �
(𝑅l − 𝑟Zl)𝜔)

8𝑔 sin 𝜃 − }
𝑅i − 𝑟Zi

3 � cos𝜙 cot𝜃 +
1
2
(𝑅) − 𝑟Z))𝑘

)6

a
𝑑𝜙 

 

The derivation of Equation 2.14 beings with substituting in Equation 2.11 into Equation 2.13: 

𝑉 = �
P𝑅l − N𝐴 cos𝜙 + c𝐴) cos) 𝜙 + 𝐵O

l
U𝜔)

8𝑔 sin 𝜃

)6

a

− �
𝑅i − N𝐴 cos𝜙 + c𝐴) cos) 𝜙 + 𝐵O

i

3
� cos𝜙 cot𝜃

+
1
2 �𝑅

) − P𝐴 cos𝜙 + c𝐴) cos) 𝜙 + 𝐵U
)
� 𝑘 𝑑𝜙 

This is followed by expanding the bracketed sections 

𝑉 = � �
𝑅l𝜔)

8𝑔 sin 𝜃 −
𝐴l𝜔) cosl 𝜙
8𝑔 sin 𝜃 −

𝐴i𝜔) cosi 𝜙c𝐴) cos) 𝜙 + 𝐵
2𝑔 sin 𝜃 −

3𝐴l𝜔) cosl 𝜙
4𝑔 sin 𝜃

)6

a

−
3𝐴)𝐵𝜔) cos) 𝜙

4𝑔 sin 𝜃 −
𝐴i𝜔) cosi 𝜙 c𝐴) cos) 𝜙 + 𝐵

2𝑔 sin 𝜃

−
𝐴𝐵𝜔) cos𝜙c𝐴) cos) 𝜙 + 𝐵

2𝑔 sin 𝜃 −
𝐴l𝜔) cosl 𝜙
8𝑔 sin 𝜃 −

𝐴)𝐵𝜔) cos) 𝜙
4𝑔 sin 𝜃 −

𝐵)𝜔)

8𝑔 sin 𝜃

−
𝑅i cos𝜙 cot𝜃

3 +
𝐴i cosl 𝜙 cot 𝜃

3 + 𝐴) cosi 𝜙 cot 𝜃 c𝐴) cos) 𝜙 + 𝐵

+ 𝐴i cosl 𝜙 cot𝜃 + 𝐴𝐵 cos) 𝜙 cot 𝜃 +
𝐴) cosi 𝜙 cot 𝜃 c𝐴) cos) 𝜙 + 𝐵

3

+
𝐵 cos𝜙 cot 𝜃 c𝐴) cos) 𝜙 + 𝐵

3 +
𝑅)𝑘
2 −

𝐴)𝑘 cos) 𝜙
2

− 𝐴𝑘 cos𝜙c𝐴) cos) 𝜙 + 𝐵 −
𝐴)𝑘 cos) 𝜙

2 −
𝐵𝑘
2
¡𝑑𝜙 
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In order to simplify this, it is observed that when integrating any function from x1 to x2, 

functions satisfying 𝑓(𝑥) = −𝑓 �𝑥 + j
)
(𝑥) − 𝑥j)� for 𝑥 = 𝑥j to 𝑥 = 𝑥) integrate to zero 

because  

� 𝑓(𝑥)
S'

S�
𝑑𝑥 = � 𝑓(𝑥)

j
)(S��S')

S�
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𝑑𝑥 

= � 𝑓(𝑥)
j
)(S��S')
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𝑑𝑥 − � 𝑓(𝑥)

j
)(S��S')

S�
𝑑𝑥 = 0 

For 𝑥j = 0 and 𝑥) = 2𝜋, this condition is satisfied for the following relevant functions 

cos	 𝜙, cosi 𝜙, cos𝜙c𝐴) cos) 𝜙 + 𝐵 and cosi 𝜙c𝐴) cos) 𝜙 + 𝐵, 

simplifying the above to: 

𝑉 = � }
𝑅l𝜔)

8𝑔 sin 𝜃 −
𝐴l𝜔) cosl 𝜙
𝑔 sin 𝜃 −

𝐴)𝐵𝜔) cos) 𝜙
𝑔 sin 𝜃 −

𝐵)𝜔)

8𝑔 sin 𝜃 +
4𝐴i cosl 𝜙 cot𝜃

3

)6

a

+ 𝐴𝐵 cos) 𝜙 cot 𝜃 +
𝑅)𝑘
2 − 𝐴)𝑘 cos) 𝜙 −

𝐵𝑘
2 �𝑑𝜙 

𝑉 = }
𝑅l𝜔)

4𝑔 sin 𝜃 𝜋 −
𝐴l𝜔)3𝜋
4𝑔 sin 𝜃 −

𝐴)𝐵𝜔)𝜋
𝑔 sin 𝜃 −

𝐵)𝜔)

4𝑔 sin 𝜃 𝜋 + 𝐴
i𝜋 cot𝜃 + 𝐴𝐵𝜋 cot 𝜃 + 𝑅)𝑘𝜋

− 𝐴)𝑘𝜋 − 𝐵𝑘𝜋� 

The definitions for A and B from Equation 2.12 are used to give Equation 2.14 

Equation 2.14 

𝑉 = 𝜋 }
𝑅l𝜔)

4𝑔 sin 𝜃 +
𝑔i cosl 𝜃
4𝜔¨ sin 𝜃 −

𝑔)𝑘 cos) 𝜃
𝜔l + 𝑅)𝑘 +

𝑔𝑘) sin 𝜃
𝜔) � 

 
The derivation of Equation 2.15 begins with rearranging Equation 2.14: 

𝑘) �
𝑔 sin 𝜃
𝜔) � + 𝑘 }𝑅) −

𝑔) cos) 𝜃
𝜔l � +

𝑅l𝜔)

4𝑔 sin 𝜃 +
𝑔i cosl 𝜃
4𝜔¨ sin 𝜃 −

𝑉
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𝑘) + 𝑘 }
𝜔)𝑅)

𝑔 sin 𝜃 −
𝑔 cos) 𝜃
𝜔) sin 𝜃� +

𝑅l𝜔l

4𝑔) sin) 𝜃 +
𝑔) cosl 𝜃
4𝜔l sin) 𝜃 −

𝜔)𝑉
𝜋𝑔 sin 𝜃 = 0 

The quadratic equation is then used to find k: 

𝑘 =
𝑔 cos) 𝜃
2𝜔) sin 𝜃 −

𝜔)𝑅)

2𝑔 sin 𝜃

±
1
2
w}

𝜔)𝑅)

𝑔 sin 𝜃 −
𝑔 cos) 𝜃
𝜔) sin 𝜃�

)

− 4}
𝑅l𝜔l

4𝑔) sin) 𝜃 +
𝑔) cosl 𝜃
4𝜔l sin) 𝜃 −

𝜔)𝑉
𝜋𝑔 sin 𝜃� 
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𝑘 =
𝑔 cos) 𝜃
2𝜔) sin 𝜃 −

𝜔)𝑅)

2𝑔 sin 𝜃

±
1
2
w

𝜔l𝑅l

𝑔) sin) 𝜃 +
𝑔) cosl 𝜃
𝜔l sin) 𝜃 −

2𝑅) cos) 𝜃
sin) 𝜃 −

𝑅l𝜔l

𝑔) sin) 𝜃 −
𝑔) cosl 𝜃
𝜔l sin) 𝜃 +

4𝜔)𝑉
𝜋𝑔 sin 𝜃 

𝑘 =
𝑔 cos) 𝜃
2𝜔) sin 𝜃 −

𝜔)𝑅)

2𝑔 sin 𝜃 ±
1
2
w−

2𝑅) cos) 𝜃
sin) 𝜃 +

4𝜔)𝑉
𝜋𝑔 sin 𝜃 

𝑘 =
𝑔 cos) 𝜃
2𝜔) sin 𝜃 −

𝜔)𝑅)

2𝑔 sin 𝜃 ±
w

𝜔)𝑉
𝜋𝑔 sin 𝜃 −

𝑅) cos) 𝜃
2 sin) 𝜃  

The case of the ± being negative would result in h almost always being negative, a solution 

that is not of interest here, and hence the ± is positive. This gives 

Equation 2.15 

ℎ =
𝜔)

2𝑔 sin 𝜃
(𝑟) − 𝑅)) − 𝑟 cos𝜙 cot 𝜃 +

𝑔 cos) 𝜃
2𝜔) sin 𝜃 +

w
𝜔)

𝑔𝜋 sin 𝜃 𝑉 −
1
2𝑅

) cot) 𝜃 

 

The derivation of Equation 2.16 begins with rearranging Equation 2.15 to find r 

𝑟) }
𝜔)

2𝑔 sin 𝜃� − 𝑟
(cos𝜙 cot 𝜃) −

𝑅)𝜔)

2𝑔 sin 𝜃 − ℎ +
𝑔 cos) 𝜃
2𝜔) sin 𝜃 +

w
𝜔)

𝑔𝜋 sin 𝜃 𝑉 −
1
2𝑅

) cot) 𝜃

= 0 

𝑟) − 𝑟 �
2𝑔
𝜔) cos𝜙 cos 𝜃� − 𝑅

) −
2𝑔ℎ sin 𝜃

𝜔) +
𝑔) cos) 𝜃

𝜔l + w
4𝑔 sin 𝜃
𝜔)𝜋 𝑉 −

2𝑔)𝑅) cos) 𝜃
𝜔l = 0 

This is then solved using the quadratic equation to give: 

𝑟 = −
−2𝑔 cos𝜙 cos𝜃𝜔)

2  

±
1
2
u�−

2𝑔
𝜔) cos𝜙 cos𝜃�

)

− 4 ∙ �−𝑅) −
2𝑔ℎ sin 𝜃

𝜔) +
𝑔) cos) 𝜃

𝜔l + w
4𝑔 sin 𝜃
𝜔)𝜋 𝑉 −

2𝑔)𝑅) cos) 𝜃
𝜔l � 

𝑟 =
𝑔 cos𝜙 cos𝜃

𝜔)  

±
1
2
u
4𝑔)

𝜔l cos) 𝜙 cos) 𝜃 + 4 ∙ �𝑅) +
2𝑔ℎ sin 𝜃

𝜔) −
𝑔) cos) 𝜃

𝜔l − w
4𝑔 sin 𝜃
𝜔)𝜋 𝑉 −

2𝑔)𝑅) cos) 𝜃
𝜔l � 
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𝑟 =
𝑔 cos𝜙 cos𝜃

𝜔) ± u𝑅) +
2𝑔ℎ sin 𝜃

𝜔) −
𝑔) cos) 𝜃

𝜔l sin) 𝜙 − w
4𝑔𝑉 sin 𝜃
𝜔)𝜋 −

2𝑔)𝑅) cos) 𝜃
𝜔l  

ft is then calculated using 𝑓t = 𝑅 − 𝑟 

Equation 2.16 

𝑓t = 𝑅 −
𝑔 cos𝜙 cos𝜃

𝜔)

∓ u𝑅) +
2𝑔ℎ sin 𝜃

𝜔) −
𝑔) cos) 𝜃

𝜔l sin) 𝜙 − w
4𝑔 sin 𝜃
𝜔)𝜋 𝑉 −

2𝑔)𝑅) cos) 𝜃
𝜔l  
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Appendix B – Neutron imaging data 
 
Table B.1: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of H2O (1 

mL) in the VFD (θ = 45°), as measured according to the dynamic methodology described in chapter 

3.3. The values listed are in micrometres (μm). 

ω (rpm) Exp. Theor. Rpm Exp. Theor. Rpm Exp. Theor. 

2000 567 589 2950 483 453 3900 392 361 

2050 525 589 3000 467 447 3950 450 357 

2100 567 580 3050 475 441 4000 375 353 

2150 525 571 3100 475 436 4050 350 349 

2200 533 562 3150 433 430 4100 425 346 

2250 558 554 3200 458 425 4150 358 342 

2300 500 545 3250 425 419 4200 367 339 

2350 500 537 3300 492 414 4250 367 335 

2400 467 529 3350 425 409 4300 358 332 

2450 533 521 3400 450 404 4350 408 329 

2500 492 514 3450 383 400 4400 325 325 

2550 525 506 3500 417 395 4450 358 322 

2600 492 499 3550 425 390 4500 358 319 

2650 458 492 3600 442 386 4550 292 316 

2700 433 485 3650 400 381 4600 308 313 

2750 458 478 3700 392 377 4650 383 310 

2800 475 472 3750 358 373 4700 358 307 

2850 500 465 3800 383 369 4750 367 304 

2900 458 459 3850 383 365 4800 325 302 
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Table B.2: Experimental (Exp.) and theoretical (Theor.) data measured for the maximum film height of 

H2O (1 mL) in the VFD (θ = 45°), as measured according to the dynamic methodology described in 

chapter 3.3. The values listed are in millimetres (mm). 

ω (rpm) Exp. Theor. Rpm Exp. Theor. Rpm Exp. Theor. 

2000 48.21 45.65 2950 70.37 66.75 3900 89.73 87.95 

2050 49.06 46.75 3000 71.27 67.85 3950 88.20 89.05 

2100 51.16 47.85 3050 70.67 68.95 4000 90.43 90.25 

2150 52.00 48.95 3100 73.68 70.15 4050 91.07 91.35 

2200 52.92 50.05 3150 74.87 71.25 4100 92.27 92.45 

2250 54.23 51.15 3200 76.89 72.35 4150 92.84 93.55 

2300 55.99 52.25 3250 79.79 73.45 4200 90.97 94.65 

2350 56.40 53.35 3300 79.61 74.55 4250 93.60 95.85 

2400 58.10 54.55 3350 79.52 75.65 4300 94.88 96.95 

2450 57.77 55.65 3400 81.54 76.85 4350 96.62 98.05 

2500 60.57 56.75 3450 80.75 77.95 4400 96.39 99.15 

2550 60.00 57.85 3500 84.22 79.05 4450 97.71 100.25 

2600 63.81 58.95 3550 84.73 80.15 4500 99.14 101.35 

2650 63.17 60.05 3600 85.10 81.25 4550 100.25 102.55 

2700 64.22 61.15 3650 83.92 82.35 4600 99.56 103.65 

2750 66.89 62.35 3700 90.27 83.55 4650 103.10 104.75 

2800 66.23 63.45 3750 88.03 84.65 4700 102.79 105.85 

2850 68.77 64.55 3800 85.66 85.75 4750 104.88 106.95 

2900 68.42 65.65 3850 89.30 86.85 4800 103.93 108.15 
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Table B.3: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of toluene 

(1 mL) in the VFD (θ = 45°), as measured according to the high resolution methodology described in 

chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

1000 1030 1241 64 468 573 51 

2000 673 717 77 452 555 54 

3000 491 498 86 394 428 61 

4000 325 381 48 279 342 61 

5000 321 309 45 244 284 64 

6000 270 259 38 200 242 38 

7000 197 224 61 273 211 54 

8000 222 197 42 171 187 41 

9000 203 175 29 276 168 64 

 
Table B.4: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of 1:1 

water:glycerol (1 mL) in the VFD (θ = 45°), as measured according to the high resolution methodology 

described in chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

1000 1175 1241 115 No data No data No data 

2000 693 717 67 585 555 109 

3000 515 498 73 494 428 106 

4000 410 381 89 388 342 58 

5000 311 309 92 352 284 66 

6000 254 259 61 286 242 66 

7000 215 224 86 268 211 98 

8000 247 197 80 272 187 87 

9000 1175 1241 115 585 555 109 
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Table B.5: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of 

propylene glycol (1 mL) in the VFD (θ = 45°), as measured according to the high resolution 

methodology described in chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

1000 1062 1241 60 243 573 44 

2000 705 717 35 526 555 67 

3000 648 498 80 491 428 38 

4000 444 381 67 395 342 76 

5000 358 309 57 424 284 35 

6000 301 259 57 252 242 48 

7000 269 224 38 233 211 60 

8000 209 197 29 202 187 60 

9000 1062 1241 60 243 573 44 

 
Table B.6: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of glycerol 

(1 mL) in the VFD (θ = 45°), as measured according to the high resolution methodology described in 

chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

1000 860 1241 100 No data No data No data 

2000 581 717 84 397 555 64 

3000 No data 498 No data No data 428 No data 

4000 359 381 87 279 342 35 

5000 301 309 80 279 284 67 

6000 240 259 51 203 242 41 

7000 240 224 45 164 211 61 

8000 176 197 71 215 187 48 

9000 195 175 84 397 555 64 
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Table B.7: Experimental and theoretical (Theor.) data measured for the maximum film height of various 

solvents (1 mL) in the VFD (θ = 45°), as measured according to the high resolution methodology 

described in chapter 3.5. The values listed are in millimetres (mm). 

  Experimental data 

ω (rpm) Theor. Toluene 1:1 H2O:glycerol Propylene glycol Glycerol 

1000 24 24 17 22 18 

2000 46 46 35 45 39 

3000 68 71 57 44 No data 

4000 90 87 75 68 76 

5000 113 119 99 87 97 

6000 135 140 137 136 108 

7000 157 No data No data No data 135 

8000 180 No data No data No data 138 

9000 202 No data No data No data No data 

 
Table B.8: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of water 

(1 mL) in the VFD (θ = 45°) in an uncoated tube, as measured according to the high resolution 

methodology described in chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

1000 1096 1215 128 No data No data No data 

2000 743 715 81 510 554 72 

3000 487 498 62 410 428 91 

4000 362 381 131 410 342 84 

5000 315 309 66 310 284 78 

6000 325 259 94 278 242 59 

7000 269 224 119 228 211 78 

8000 247 197 84 250 187 75 

9000 278 175 84 263 168 100 
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Table B.9: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of water 

(1 mL) in the VFD (θ = 45°) in a hydrophobically coated tube, as measured according to the high 

resolution methodology described in chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

1000 No data No data No data No data No data No data 

2000 1077 715 90 797 554 183 

3000 723 498 116 611 428 87 

4000 578 381 100 476 342 100 

5000 430 309 87 443 284 55 

6000 379 259 93 379 242 80 

7000 356 224 109 302 211 93 

8000 315 197 80 308 187 74 

9000 289 175 87 305 168 71 

 
Table B.10: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of water 

(4 mL) in the VFD (θ = 45°) in an uncoated tube, as measured according to the high resolution 

methodology described in chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

2000 1651 1634 120 1487 1452 158 

3000 1066 1087 159 1018 1011 149 

4000 862 814 97 818 773 142 

5000 686 651 117 682 625 136 
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Table B.11: Experimental (Exp.) and theoretical (Theor.) data measured for the film thickness of water 

(4 mL) in the VFD (θ = 45°) in a hydrophobically coated tube, as measured according to the high 

resolution methodology described in chapter 3.5. The values listed are in micrometres (μm). 

 h = 7.5 mm h = 15.8 mm 

ω (rpm) Exp. Theor. Exp. Error Exp. Theor. Exp. Error 

2000 1838 1634 202 1494 1452 226 

3000 1198 1087 122 1110 1011 158 

4000 893 814 151 829 773 110 

5000 703 651 109 678 625 119 

 
Table B.12: Experimental and theoretical (Theor.) data measured for the maximum film height of water 

(1 mL, 4 mL) in the VFD (θ = 45°) in an uncoated tube (UCT) and a hydrophobically coated tube 

(HCT), as measured according to the high resolution methodology described in chapter 3.5. The values 

listed are in millimetres (mm). 

Volume 1 mL 1 mL 1 mL 4 mL 4 mL 4 mL 

Tube N/A UCT HCT N/A UCT HCT 

ω (rpm) Theor. Exp. Exp. Theor. Exp. Exp. 

1000 22.25 20.77 12.91 No data No data No data 

2000 44.75 43.65 24.69 89.75 89.72 64.12 

3000 67.25 76.77 37.67 134.75 134.47 94.81 

4000 89.75 102.25 52.61 179.75 158.23 123.06 

5000 112.25 124.59 65.88 No data No data No data 

6000 134.75 140.92 81.11 No data No data No data 

7000 157.25 No data 95.11 No data No data No data 

8000 179.75 No data 103.85 No data No data No data 

9000 202.25 No data 118.38 No data No data No data 
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Appendix C – SANS analysis of 5000 rpm and 7000 rpm 
 

 
Fig. C.1: R2 values of Model 1 fitted to SANS data of 5% w/w Pluronic P123 in D2O in the VFD at ω 

= 5000 rpm. 

 

 
Fig. C.2: Best fit of Model 1 (Rm = 114 Å) for 5% w/w Pluronic P123 in D2O in the VFD at ω = 

5000 rpm, compared to experimental data. 
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Fig. C.3: Best fit of Model 2 (Rm = 92 Å, N = 104) for 5% w/w Pluronic P123 in D2O in the VFD at ω 

= 5000 rpm, compared to experimental data.  

 

 
Fig. C.4: Best fit of Model 3 (Rm = 96 Å, N = 168) for 5% w/w Pluronic P123 in D2O, in the VFD at ω 

= 5000 rpm, compared to experimental data. 
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Table C.1: Table of Model 3 parameter combinations for ω = 5000 rpm which give R2 > 0.998. 

Parameter combinations which give a reasonable fit are highlighted. 

Rm (Å) N R2 Rm (Å) N R2 
96 168 0.99914 98 176 0.99857 
96 167 0.99908 97 174 0.99853 
97 171 0.99908 94 164 0.99850 
96 169 0.99907 95 168 0.99849 
97 170 0.99904 94 160 0.99842 
95 165 0.99902 99 177 0.99841 
97 172 0.99901 95 162 0.99840 
95 166 0.99896 99 176 0.99838 
95 164 0.99895 98 171 0.99838 
96 166 0.99890 99 178 0.99832 
96 170 0.99889 98 177 0.99828 
97 169 0.99887 93 159 0.99827 
98 174 0.99884 99 175 0.99825 
97 173 0.99882 93 160 0.99823 
98 173 0.99881 94 165 0.99822 
95 167 0.99878 96 172 0.99820 
98 175 0.99876 93 158 0.99817 
95 163 0.99875 97 167 0.99814 
94 162 0.99872 97 175 0.99814 
94 163 0.99868 99 179 0.99813 
98 172 0.99865 96 164 0.99812 
94 161 0.99864 95 169 0.99809 
96 171 0.99860 93 161 0.99806 
96 165 0.99858 94 159 0.99805 
97 168 0.99857    
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Table C.2: Table of Model 4 parameter combinations for ω = 5000 rpm which give R2 > 0.9987. 

Parameter combinations which give a reasonable fit are highlighted. 

Rm (Å) Rc (Å) N R2 Rm (Å) Rc (Å) N R2 
96 59 166 0.99909 95 61 156 0.99882 
96 59 167 0.99909 96 60 161 0.99881 
97 59 171 0.99906 97 61 164 0.99881 
97 59 170 0.99906 95 60 161 0.99881 
96 59 165 0.99902 95 61 157 0.99881 
96 59 168 0.99902 97 61 165 0.99879 
96 60 163 0.99900 96 61 162 0.99879 
97 59 172 0.99900 95 58 163 0.99879 
96 60 164 0.99899 96 62 157 0.99878 
97 59 169 0.99899 96 60 166 0.99877 
95 59 162 0.99896 97 61 163 0.99877 
95 59 163 0.99896 97 60 165 0.99876 
96 60 162 0.99895 95 61 155 0.99876 
97 60 167 0.99895 95 59 165 0.99876 
97 60 168 0.99893 96 62 158 0.99875 
96 60 165 0.99891 95 59 160 0.99875 
95 60 159 0.99890 96 62 156 0.99873 
96 61 160 0.99890 95 62 153 0.99873 
96 59 169 0.99890 97 60 170 0.99872 
95 59 161 0.99890 98 60 171 0.99872 
95 59 164 0.99889 96 61 158 0.99872 
95 60 160 0.99889 94 58 162 0.99871 
97 60 166 0.99889 95 61 158 0.99871 
96 59 164 0.99889 96 59 170 0.99871 
96 61 161 0.99888 98 60 172 0.99871 
97 59 168 0.99886 94 58 161 0.99871 
97 60 169 0.99886 95 62 154 0.99871 
96 61 159 0.99885 97 61 166 0.99870 
95 60 158 0.99884     

 

These modelled fits result in the following determination for the parameters, all of which are 

similar to those obtained for ω = 3000 rpm; Rm = 97 ± 1 Å, Rc = 60 ± 1.5 Å, N = 171 ± 4, ts = 

37 ± 1 Å, a1 = 0.93 ± 0.07, a2 = 0.208 ± 0.005. 
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Fig. C.5: R2 values of Model 1 fitted to SANS data of 5% w/w Pluronic P123 in D2O in the VFD at ω 

= 7000 rpm. 

 

 
Fig. C.6: Best fit of Model 1 (Rm = 114 Å) for 5% w/w Pluronic P123 in D2O in the VFD at ω = 

7000 rpm, compared to experimental data. 
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Fig. C.7: Best fit of Model 2 (Rm = 93 Å, N = 105) for 5% w/w Pluronic P123 in D2O in the VFD at ω 

= 7000 rpm, compared to experimental data.  

 

 
Fig. C.8: Best fit of Model 3 (Rm = 97 Å, N = 170) for 5% w/w Pluronic P123 in D2O, in the VFD at ω 

= 7000 rpm, compared to experimental data. 
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Table C.3: Table of Model 3 parameter combinations for ω = 7000 rpm which give R2 > 0.998. 

Parameter combinations which give a reasonable fit are highlighted. 

Rm (Å) N R2 Rm (Å) N R2 
97 170 0.99917 95 163 0.99858 
98 173 0.99915 98 176 0.99857 
97 169 0.99912 100 179 0.99852 
98 172 0.99911 100 178 0.99851 
97 171 0.9991 99 173 0.9985 
98 174 0.99906 96 170 0.99847 
96 167 0.99901 95 166 0.99845 
98 171 0.99895 100 180 0.99842 
96 168 0.99895 96 164 0.9984 
97 168 0.99894 100 177 0.99838 
96 166 0.99894 95 162 0.99835 
99 176 0.99893 99 179 0.99834 
97 172 0.99891 98 169 0.99824 
99 175 0.99891 100 181 0.99822 
98 175 0.99887 97 174 0.99821 
99 177 0.99884 97 166 0.99817 
99 174 0.99877 98 177 0.99817 
96 169 0.99877 95 167 0.99816 
96 165 0.99874 94 161 0.99815 
95 164 0.99866 100 176 0.99814 
98 170 0.99866 94 162 0.99812 
99 178 0.99864 99 172 0.99811 
97 167 0.99863 96 171 0.99807 
95 165 0.99862 94 160 0.99804 
97 173 0.99861    
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Table C.4: Table of Model 4 parameter combinations for ω = 7000 rpm which give R2 > 0.9986. 

Parameter combinations which give a reasonable fit are highlighted. 

Rm (Å) Rc (Å) N R2 Rm (Å) Rc (Å) N R2 
97 59 169 0.99915 96 61 160 0.99880 
97 59 170 0.99913 96 61 158 0.99880 
98 59 172 0.99911 98 61 165 0.99879 
97 59 168 0.99910 97 62 161 0.99879 
97 60 166 0.99906 96 60 164 0.99878 
98 60 170 0.99904 97 60 169 0.99877 
97 59 171 0.99904 98 62 164 0.99876 
97 60 167 0.99903 98 61 169 0.99875 
97 60 165 0.99903 96 60 160 0.99875 
98 60 169 0.99901 98 60 173 0.99875 
98 60 171 0.99901 96 62 156 0.99875 
98 59 171 0.99901 98 62 163 0.99874 
97 59 167 0.99899 98 60 167 0.99874 
96 59 165 0.99897 97 60 163 0.99873 
97 61 163 0.99896 99 60 172 0.99873 
96 59 166 0.99895 99 60 176 0.99872 
97 61 162 0.99893 96 59 168 0.99871 
97 60 168 0.99893 96 62 155 0.99871 
96 59 164 0.99893 98 62 165 0.99871 
97 60 164 0.99892 97 62 158 0.99871 
97 61 164 0.99892 96 62 157 0.99870 
96 60 162 0.99891 97 63 157 0.99870 
98 61 167 0.99891 96 61 161 0.99869 
98 60 168 0.99891 99 61 171 0.99869 
98 60 172 0.99891 96 61 157 0.99868 
97 59 172 0.99889 97 63 156 0.99868 
98 61 166 0.99889 97 62 162 0.99867 
96 60 163 0.99888 99 61 170 0.99867 
96 60 161 0.99887 98 62 162 0.99865 
98 61 168 0.99887 97 63 158 0.99865 
96 59 167 0.99887 99 61 172 0.99864 
99 60 174 0.99885 97 61 160 0.99864 
97 62 160 0.99884 95 59 161 0.99864 
96 61 159 0.99884 96 63 153 0.99864 
98 59 170 0.99883 97 61 166 0.99863 
97 61 161 0.99882 98 61 164 0.99862 
99 60 173 0.99882 95 59 162 0.99862 
97 62 159 0.99881 96 60 165 0.99862 
99 60 175 0.99881 96 59 162 0.99861 
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97 61 165 0.99881 95 60 158 0.99860 
96 59 163 0.99880 95 58 163 0.99860 
97 59 166 0.99880     

 

These modelled fits result in the following determination for the parameters, all of which are 

similar to those obtained for ω = 3000 rpm; Rm = 98 ± 1 Å, Rc = 60 ± 1 Å, N = 172 ± 6, ts = 38 

± 2 Å, a1 = 0.94 ± 0.07, a2 = 0.204 ± 0.005.  
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Appendix D – NMR spectra 

 
N-benzylbenzylimine – 1H NMR 
 

 
The singlets at 10.04 and 3.36 ppm indicate the presence of trace amounts of benzaldehyde and 

benzylamine respectively, and are taken into account in the yield calculation. 

 

N
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N-benzylbenzylimine – 13C NMR 
 

 
 
 

N
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N-(1-naphthyl)cyclohexylimine – 1H NMR 
 

 
The singlet at 10.42 ppm indicates the presence of trace amounts of residual 1-naphthaldehyde, 

and the broad peak at 1.58 ppm is from by HDO in the NMR solvent. 

 
 

N
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N-(1-naphthyl)cyclohexylimine – 13C NMR 
 

 
 
 
 
 

N
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N-phenylbenzylimine – 1H NMR 
 

 
The singlet at 10.03 ppm indicates trace amounts of residual benzaldehyde. The peaks at 3.72, 

1.55 and 1.24 ppm indicate the presence of residual ethanol from recrystallization (at 11% 

w/w), which is taken into account in the yield calculation. 
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N-phenylcyclohexylimine – 13C NMR 
 

 
The peaks at 58.5 and 18.5 ppm are caused by the residual ethanol as noted above. 

 
 

N
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N-phenylbutanamide – 1H NMR 
 

 
The peaks at 3.72 and 1.24 ppm indicate the presence of residual ethanol from the 

recrystallization (at 3% w/w), which is taken into account in the yield calculation. The peak at 

1.60 ppm is from by HDO in the NMR solvent. 

 
 
 

HN

O
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N-phenylbutanamide – 13C NMR 
 

 
 
 
 
 
 

HN

O
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N-benzylbutanamide – 1H NMR 
 

 
The peak at 1.56 ppm is from by HDO in the NMR solvent. 
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N-benzylbutanamide – 13C NMR 
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N-cyclohexylbutanamide – 1H NMR 
 

 
The peaks at 3.72 and 1.24 ppm indicate the presence of residual ethanol from the 

recrystallization (at 3% w/w), which is taken into account in the yield calculation. The peak at 

1.60 ppm is from by HDO in the NMR solvent and overlaps a multiplet. 
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N-cyclohexylbutanamide – 13C NMR 
 

 
 
 
 

HN
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N-benzylpiperazine – 1H NMR 
 

 
 
The peak at 2 ppm is caused by small amounts of residual acetone from cleaning the nmr tube. 
 
 
 
 

N

N
H



	197	

N-benzylpiperazine – 13C NMR 
 

 

N

N
H
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