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Advances of colloidal nanomaterials for societal benefit have been hampered by
the high cost and low quality of nanoparticles (NPs). The production of high
quality nanoparticles within colloidal suspension has two related concerns; (1)
current high production rates methods of synthesizing nanoparticles result in a
larger range of particle size, which requires expensive and time consuming
separation steps resulting in high costs; and (2) the thermal and concentration
gradients within batch processes used to scale-up colloidal NP synthesis results in
products of varying sizes. Continuous flow microreactors provide a means to
minimize these gradients during the synthesis of colloidal NPs thereby providing
the potential to produce size-controlled suspensions at higher production rates
compared to conventional batch reactors. In this dissertation, a number of
microreactor mixing strategies are investigated. In addition, efforts are made to

model the thermal profile caused by the conversion of microwave energy within a
continuous flow scenario. Based on learnings, efforts are made to redesign flow
applicators to maximize energy absorption with minimal thermal gradient.
Within this dissertation, concentration gradients are controlled through the use
of different mixing schemes within the various microreactor setups. It is
demonstrated that the ability to control the mixing characteristics provides the
ability to tune the NP size. T-mixing, interdigital mixing and reverse oscillatory
flow mixing are all modeled and evaluated for mixing time. Mixing quality and
mixing time metrics are defined and used for comparison of these methods. The
scalability of these methods is explored in order to show methods which can
maintain small particle size distributions at high production rates. In particular,
a new reverse oscillatory flow (ROF) mixing system is developed for high rate NP
synthesis. The relatively large size (460 µm by 152 mm channel) produces high
production rates of nanoparticles while maintaining quality mixing through a
novel mixing method. The ROF system is shown to produce CdS nanoparticles
at a production rate of 115.7 g/hour with a coefficient of variation down to 19%.
The size distributions of this method are comparable to other methods with
production rates from 1% to 10% of the ROF method.
In colloidal NP syntheses, thermal gradients are controlled by the time scale for
heating. Here, a single mode microwave system is designed and developed for
rapidly heating the reacting flux. Rapid heating minimizes the thermal gradients
within the solution during synthesis, thereby shortening the nucleation time scale
and providing opportunity for burst nucleation. A model is developed to simulate

microwave heating which is verified over a range of operating parameters; flow
rates (15 to 40 mL/min), microwave power (150 to 300 W atts) and salinity (1 to
5 g/L). Experimental results show model predictions of the temperature profile
within 16.8% for all cases considered (averaged absolute error reported).
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DEDICATION

To all the dyslexic boys. People will not always understand you. If you see this
as an opportunity to share your insight in new and clever ways, then everyday
will be an adventure; if you see it as a constant shackle preventing you from
succeeding, then it will become just that.

Fluidic and Thermal Modeling for the High Production
Rate Synthesis of High Quality Nanoparticles

2

Chapter 1 – General Introduction
Nanoparticles (NPs) have special characteristics which can be utilized to improve
system performance within the fields of optics, heat transfer, chemical reaction,
drug delivery and others. In the production of NPs the particle diameter and
particle size distribution (PSD) of the particles greatly influences the interaction
of these particles with the local environment. The literature shows methods to
achieve lab scale production of uniformly sized NPs, attempts to scale these methods to industrial scale production has been found to compromise the quality of
the NPs with dramatic increases in the PSD (as measured by the coefficient of
variation, CV, which is the ratio of the sample standard deviation of the particle diameter and the mean diameter). Other work shows the quality of the NP
(1/CV) decreases with increased production rates using conventional methods. In
the search for methods which can achieve industrial scale production rates two
methods deserve investigation; first, producing uniformly sized NPs via fast mixing and the second, produce quality NPs by fast heating. These methods reduce
the time scale on which the nucleation event occurs which will ultimately minimize
the variation in residence time, which is equal to the reaction time in continuous
flow systems; therefore such methods can produce high quality NPs even at high
production rates.
In this work chapter 2 investigates the current continuous flow methods found in

3
the literature for the production of nanoparticles. This survey highlights three
types of methods; T-mixer, interdigital micromixers and oscillatory flow mixers.
The current production rates and scale-up attempts are investigated. The advantages and disadvantages of these methods are compared and the performance
metrics for these methods are captured which guide the later chapters of this work.
In the synthesis of uniformly sized nanoparticles and the time scale on which the
nucleation event occurs is important in controlling the size distribution of the finished particles. One phenomenon which controls that time scale is the mixing of
the two reactants. In order to better understand the mixing performance of the
above mentioned methods a detail analysis of mixing quality is undertaken in chapter 3. A number of different mixing metrics are investigated and the performance
of these three different methods is compared.
The learnings gleaned from the previous chapters assisted in the design of a new
reverse oscillatory flow method which is introduced in chapter 4. Both the production quality of the NPs and the mixing performance are reported. This method
shows NP quality (coefficient of variation) equivalent to conventional methods at a
production rate 10 to 100 times that of conventional methods. This reverse oscillatory flow method also shows the ability to produce fine particle diameters based
on the mixing quality achieved during the synthesis reaction.
Microwave-assisted methods can be developed to help control the particle size distribution by reduce the time scale of nucleation due to rapid heating of the solution
above the activation temperature. In order to estimate process conditions in the
microwave heating method, a heating model was developed to simulate the solu-

4
tion temperature as a function of space under stead-state conditions. A detailed
description of the model is given in chapter 5 along with experimental verification.
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Continuous-Flow, High Production Rate,
Liquid-Phase Synthesis of Nanoparticles

Daniel A. Peterson, Barath Palanisamy, Ravindranadh T. Eluri, C. Padmavathi
& Brian K. Paul

Dekker Encyclopedia of Nanoscience and Nanotechnology, Taylor & Francis Group,
2014
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Chapter 2 – Continuous-Flow, High Production Rate, Liquid-Phase
Synthesis of Nanoparticles
Abstract
In recent years there has been a growing interest in the use of continuous flow
microreactors for the synthesis of nanoparticles within liquid-phase chemistries.
This interest in continuous flow microreactors has been sparked in large part by the
enhanced mixing characteristics found at the micro-scale leading to better control
over size, shape and material phase as well as the potential production scalability
and integration with backend manufacturing processes. A variety of microreactor
mixing strategies has emerged including T-mixing, interdigital mixing and reverse
oscillatory flow mixing. Performance metrics for nanoparticle synthesis are defined
and used for comparison with the technical literature. Operating requirements and
chemical pathways play key roles in selecting an appropriate micromixer strategy
for a syntheses protocol. Here, guidelines are developed showing material systems
with diffusion-limited steps to be prime candidates for improved process control
via enhanced mixing. Particular attention has been paid to the scalability of the
micromixer technology while maintaining narrow particle size distributions.

7

2.1 Introduction
Current industrial-scale synthesis of nanoparticles (NPs) is accomplished in large
measure using large paddle mixers. In these setups, large gradients in both temperature and reagent concentration can lead to difficulties in controlling particle size
distribution driving the need for changes to process chemistries at each successive
scale of production or the use of expensive separation and extraction methods following synthesis. The continuous synthesis of nanoparticles within microchannels
has the potential to reduce compositional and thermal gradients within synthesis
steps leading to better particle size distributions and more economical production.
Currently the maximum mass production rate found in the technical literature for
the liquid-phase synthesis of nanoparticles within continuous-flow microreactors
(CFM) is less than 40 grams per hour which is suitable for industrial demands
on the order of kilograms per week. However, particle size uniformity is difficult to control with the scaling of CFM synthesis of nanoparticles in liquid-phase
chemistries. Figure 3.1 is a plot of the coefficient of variation (CV is the ratio
of the sample standard deviation to the sample mean) for nanoparticle size from
CFM liquid-phase syntheses within the currently available literature as a function
of production rate plotted on a log scale. Figure 1 clearly shows a correlation
between CV for nanoparticle size and production rate for CFM liquid-phase NP
synthesis. This data provides insight into the state-of-the-art for NP size CV in
current CFM practice. The CV of most protocols is between 10 and 20% with the
CV of some protocols extending below 10%. Existing syntheses involve four main
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Figure 2.1: Coefficient of variation for the size of nanoparticles as a function of production rate (plotted on log scale) for the continuous-flow microreactor synthesis of
nanoparticles in liquid-phase chemistries found in the technical literature. Symbols
show mixer type with diamonds showing interdigital mixing systems, squares represent oscillatory flow mixers, triangles denotes T-mixers and circles give tubular
design.
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reactor types. Three reactor systems involve micromixing approaches to nanomaterial synthesis: interdigital, oscillatory flow and T-mixer. The fourth type of
continuous flow reactor is a tubular reactor which requires no real-time mixing.
Typically tubular reactors are used with higher temperature chemistries where the
reagents can be premixed at room temperature without reacting. In tubular reactors, reagents are pumped by either syringe or peristaltic pumps through a small
diameter tube where the reactants are heated for reaction, usually in an oil bath.
As shown in Figure 3.1, tubular reactors do not scale well with production rate; a
large increase in CV is observed with increasing production. In tubular reactors,
higher production rates require either a larger diameter tube or an increase in the
mean fluid velocity. Larger tube diameters increase thermal diffusion times by the
square of the diameter. Alternatively, in laminar flow regimes, higher fluid velocities increase particle residence time distributions. Both approaches can cause
increases in particle size distribution for NP chemistries with fast kinetics. Further, the premixing of reagents in batch requires increasing preparation time with
the scale of the mixing apparatus effectively lowering the production rates shown
in Figure 3.1.
To investigate the effects of material system, operating temperature (K), mean particle diameter, Reynolds number and production rate [g/hr] on particle size CV, a
regression analysis was performed on a subset of the data in Figure 3.1. The data
needed for this analysis was only available from fourteen sources [1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, 14]. To linearize the data, the log (base 10) of the mean particle
diameter, Reynolds number and production rate were used in the statistical anal-
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ysis. The regression analysis found only three variables statistically significant:
material system, production rate and Reynolds number. Operating temperature
and mean particle size were not found to have a statistically significant effect on
the CV. The model is given below:
CV = 23.30% + A + B − C
A = 11.4% (M SAu ) + 16.3% (M SF eO ) + 7.91% (M SP d )

(2.1)

B = 4.94% log(P )
C = 3.09% log(Re)
where CV is the coefficient of variation of a given population, MSn is a binary
variable equal to one for the nth material system and otherwise zero, P is the
production rate in [g/hr] and Re is the Reynolds number. Zeolite was found to
not significantly affect CV.
As expected, the CV is dependent upon the chemistry used and highly dependent
on production rate and flow conditions (i.e. Re). At a production rate of 25 g/hr
and a median Re number of 15, the expected CV is estimated to be 32.8% based
on an average model coefficient for the material system. As a whole, these results
stand in contrast to claims that microchannel syntheses have the potential to scaleup without altering reaction conditions. For the purposes of improving NP size
distributions, the main finding of this work is to highlight the need to choose the
proper synthesis protocol based on an understanding of the reaction mechanisms
during nanoparticle synthesis [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. These observations and
claims are expanded upon below.
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2.2 Continuous-flow Synthesis
In any continuous-flow synthesis, the residence time of the reaction chemistry
within the reactor must be greater than the time scale needed for thermal and
chemical diffusion of reagents and chemical reaction. For reactive precipitation
chemistries, the overall reaction time for reagent mixing, NP nucleation and NP
growth can be limited by thermal or chemical diffusion or chemical kinetics [15,
16, 17, 18, 19, 20]. The process is governed by local temperature and reagent
concentrations as follows:
A+B →C

(2.2)

ri = −ki [A][B]


−EA,i
ki = Ai exp
TR

(2.3)
(2.4)

Equation 2.2 is an expression for a simple one way, two reagent reaction where
all stoichiometric coefficients are at unity. Equation 2.3 expresses the reaction
rate (ri ) of the ith reaction, where [n] denotes the molar concentration of the nth
species and ki is the rate coefficient from the Arrhenius equation. Here the negative sign represents consumption of reagents A and B. The Arrhenius equation
is given in equation 2.4 where Ai is an experimentally-derived material constant
pre-exponential of the ith reaction, EA,i is the activation energy of the ith reaction
in units of [kJ/kmol], T is the absolute temperature in [K] and R is the universal
gas constant in [(kJ − K)/kmol] [18, 21, 22]. These equations suggest that during
continuous-flow synthesis, reaction rates can be influenced by both concentration
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gradients (Eq. 2.2) and thermal gradients (Eq. 2.3). It follows that variations
in local reagent concentrations and temperatures over the course of the reactive
precipitation will lead to the broadening of particle size distributions (PSDs).
The classical treatment of precipitation provided by LaMer and Dinegar [23] is
diffusion-limited [4, 15, 24, 25, 26]. LaMer suggested that rapid changes in saturation conditions lead to burst nucleation of precipitates followed by crystal growth
as reagent concentrations fall below supersaturation conditions. In this case, the
supersaturation value, S, is defined as:

S=

[A]n [B]m
KSP

(2.5)

where [A] and [B] are ion concentrations from reagents, n and m are molar ratios,
and KSP is the solubility product constant for the product. In theory, higher supersaturation values should result in more nucleation sites and smaller precipitate
sizes. The challenge for mass transport-limited chemistries is one of mixing concentrations rapidly. The slower reagents are mixed, the larger the region of the
reactor over which nucleates are formed leading to a broadening of the PSD due to
a broadening of the residence time distribution of NPs within the reactor. Therefore, one strategy for reducing PSD in mass transfer-limited chemistries involves
the rapid mixing of reagents at the reaction temperature. Another strategy could
involve mixing reagents at low temperatures where reaction rates are low, followed
by rapid heating to supersaturation conditions for nucleation. Under LaMer mechanics, it follows that adjustments must be made to molecular residence times
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during the growth phase to ensure that each particle receives the same growth
conditions.
Not all chemistries follow LaMer mechanics [27]. The nucleation event is easier to
manage for kinetic-limited chemistries since these chemistries provide longer time
scales over which to mix reagents before reaction. Further, the growth mechanism
may be dominated more by particle coarsening. Particle coarsening by Ostwald
ripening will occur if the solution is above a critical temperature [16, 17, 18, 21, 28]
suggesting thermal mechanisms for manipulating NPs during growth. Ostwald
ripening leads to single crystal NPs. Alternatively, polycrystalline particles may
grow based on nuclei aggregation which also can be limited by diffusion or aggregation kinetics [27].

2.3 T-mixer
A typical microchannel static T-mixer schematic is given in Figure 2.2 (A)[29],
where the mixer geometry forces two inlet streams into a common outlet. The focusing of the two inlet flows produce vortex like fluid structures within the barrel
of the T-mixer. These structures cause the fluid interface to enlarge, and fall into
three types; stratified flow, vortex flow and engulfment flow. These different flow
regimes are characterized by the channel Reynolds number. Stratified flow falls
between a Reynolds number of zero and about fifty, where there is negligible advective mixing between the steams. Vortex flow occurs between Reynolds numbers
of about 50 and 150, where vortex like strictures evolve within the individual fluid
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steams which enhances the diffusional mixing of the system by introducing unmixed fluid into the interface. Engulfment flow occurs at Reynolds numbers above
150, lager vortex like structures cause the fluid from the individual streams to be
carried across the fluid interface cause both diffusion and advective mixing. Computational Fluid Dynamics (CFD) simulations of these three regimes are shown
in Fiugre 2.2 (B) [30] showing the inlet steam fluid interaction, with streamlines
shown. A detailed distribution of T-mixer can be found here [31].

Figure 2.2: (A) Schematic of a typical T-mixer with a rectangular cross-section
and (B) flow regimes of a T-mixer.

2.3.1 Effect of Mixing Quality on Nanoparticle Precipitation
Mixing quality directly affects precipitation since the particle size is controlled by
the amount and timescale of supersaturation. Blandin et al. [32] showed good
agreement between experimentally measured particle size and predicted particle
size using a population balance method. Continuous flow synthesis using a T-mixer
produced homogenous nucleation at high supersaturations while stirred batch re-
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action produced heterogeneous nucleation. A similar study was performed on the
synthesis of barium sulfate nanoparticles by Gradl et al. [33] and Cafiero et al.
[34]. Kawase and Miura [35] performed a detailed study of reactive precipitation
of various sulfide, nitrate and carbonate-based salts synthesized using a T-mixer.
For high Reynolds numbers (greater than 1,000), average particle size was found
to decrease with increasing Reynolds number [36]. Experimental and simulated
results are given in Figure 2.3. Peukert et al. [37] showed that by modifying the
particle surface through the use of repulsive double layer forces, the post-synthesis
agglomeration of particles could be reduced when precipitating barium sulfate using a T-mixer. Little research has been performed on controlling nanoparticle size

Figure 2.3: Effect of Reynolds number on precipitated particle size.
using engulfment flow regimes to date [13]. In one example, the effect of flow
regime on aerosol particle formation has been studied in T-mixers in two phase
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flow [38]. In other research, Kockmann et al. [13] reported that at Re = 200 to
400 the average particle sizes decreased corresponding to higher mixing quality.
As shown in Figure 2.4, it was reported that for the case of Re = 500, higher
average particle sizes were obtained. It can be noticed that average size is over
the nanosize regime in general suggesting that better control could be achieved.
In experiments conducted at Oregon State University, the effect of mixing flow

Figure 2.4: Particle size distribution from synthesis using engulfment flow.
regime on ceria nanoparticle precipitation was evaluated. Numerical simulations
were performed for a vendor-purchased T-mixer geometry to visualize mixing conditions within a circular mixing channel. A 3D CFD model was developed using
Fluent 12.1 (2011, ANSYS Inc.) and a mesh generated with Gambit 2.4.6 (2010,
Fluent Inc.). The appropriate Navier-Stokes equations were solved for continuity,
momentum and scalar transfer (used to evaluate reagent mixing). Figure 2.5, gives
reactant concentration (scalar field) and flow lines for the three characteristic mix-
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ing regimes [39]. Figure 2.5 (a) shows cross-sections of the mixer and resultant
concentrations near the outlet where green is well mixed. The image in Figure 2.5
(b) shows the flow lines through the reactor geometry colored by inlet surface. As
shown, the mixing conditions change from a diffusion-controlled, stratified flow to
a mixing-enhanced, advective flow. In the lowest Re number case (40), no fluid
cross-over is seen, which results in only diffusional mixing across the liquid-liquid
interface. At a Re number of 245, the fluid streams begin to cross over indicating
the onset of engulfment flow which adds an advective component to diffusional
mixing. Engulfment flow is clearly seen at a Re number of 325. Engulfment essentially reduces diffusional distances by increasing the surface area of contact and
reducing fluid plug sizes. These Re values are similar to those reported in the
literature for the onset of engulfment flow [30, 40, 41]. Subsequently these three
conditions were used for nanoparticle synthesis using a cerium nitrate and sodium
hydroxide-based chemistry. Flow conditions were generated using a 500 m ID Tmixer and a constant flow syringe pump. The assynthesized nanoparticles were
then examined using an electron microscope and the results are summarized in
Figure 2.6 [39]. The stratified flow case (Re=40) showed extensive agglomeration
yielding structures with features approaching a micrometer in scale. At the onset
of engulfment flow (Re=245), the nanoparticles no longer appear agglomerated.
The shape was found to be spherical with a large particle size coefficient of variation. The engulfment flow case (Re=325) produced a narrower PSD. The shape
remains spherical. In addition, the average particle size was found to be larger at
higher Re which is contrary to data shown in Figures 3 and 6 which suggests that
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Figure 2.5: Flow transition in static T-mixer observed in CFD numerical simulation: (a) contour maps of species mass fraction near outlet cross section/top view,
(b) streamlines colored by inlet surface front view.
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Figure 2.6: Nanoparticle size from TEM for a) Re = 40 b) Re = 245 c) Re = 325
and size distribution d) for image b and e) for image c.
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mixing is not the only phenomenon affecting PSD in these reactions.

2.3.2 Scale-up of T-mixers
T-mixers are a cheap and readily accessible means to obtain enhanced mixing
for the synthesis of nanoparticles. However, T-mixers can be difficult to scale to
higher production volumes. Schwarzer et al. [42] studied the synthesis through
precipitation of BaSO4 , and found increasing Re number correlates with smaller
nanoparticle size and distribution (for Re numbers between 255 and 3,660). The
amount of supersaturation is correlated with Re number, increased supersaturation
creates more nucleates and forms smaller sized particles measured using quasielastic light scattering, as shown in Figure 2.7 [43]. High Re numbers (between
lower limit and 8,000) T-mixer synthesis has been evaluated by others [42, 44, 45,
43]. Schwarzer et al. [42] and Azouani et al. [44] have also shown that synthesis
at high Re number (greater than 1,000) has been shown to reduces the average
particle size and the size dispersion. Within the T-mixer geometry the only metric
to control mixing quality and mixing time is Re number. In order to enhance the
mixing quality Schwarzer et al increased the average velocity within the channel
to 6.4 m/s [43]. At these high fluid velocities, slurry erosion of the channel walls
becomes a concern especially during the synthesis of hard nanoparticles. Liu et al
showed that significant erosion can arise in even in a hard structural material like
an oxide-reinforced metal (Ni) matrix composite at fluid velocities as low as 3 m/s
[46]. In order to achieve desiring mixing qualities without erosion other mixing
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strategies can be investigated.

Figure 2.7: Particle size distribution at different flow rate showing correlation of
increased flow velocity (Re number) with decreased mean particle size.

2.4 Interdigital Micromixers
Interdigital micromixers (IDMs) enhances mixing by decreasing the inlet steam
size and consequently decrease the diffusional length between the two fluids. IDM
operate by splitting incoming fluid streams into several small streams then combining the streams into a common chamber where the two fluids are mixed well.
Mixing time is a function of the inverse square of the diffusional length, therefore
decreasing the characteristic diffusional length by a factor of 2 will reduce the mixing time by a factor of 4. A detailed introduction to interdigital micromixers can
found here [31].
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2.4.1 Scales of Nanoparticle Synthesis with Interdigital Micromixer
Unlike conventional T and Y micromixers, the literature available on nanoparticle
synthesis using IDMs is limited. The majority of nanoparticle syntheses using microchannel mixers reported in literature are limited to Au, Ag, SiO2 , F e2 O3 and
quantum dots. Gutierrez et al. [47] used a slit interdigital micromixer (SSIMM)
to prepare SiO2 nanoparticles in ethanol and methanol solvents. The average
particle size remained nearly the same in both continuous flow (169.8 nm) and
batch synthesis (163.8 nm). Micromixer synthesis resulted in lower polydispersity
(0.127 compared to 0.172 in batch) and higher repeatability with shorter reaction
times. These results were attributed to good mixing of reagents before they entered
the tubular reactor. Apart from mixing, microchannel synthesis resulted in more
homogeneous temperature and also constrained solvent evaporation to eliminate
chemical inhomogenities.
Shalom et al. [1] investigated the synthesis of thiol capped AuNPs using a annular/radial interdigital micromixer. A 16 channel, glass IDM was fabricated with a
width of 150 m and depth of 60 m. Gold thiolated (1-dodecanethiol) polymer and
sodium borohydride (N aBH4 ) were used as reagents. In the case of N aBH4 , an
aggressive reduction reaction resulted in the evolution of gas which was observed
visually due to the transparent nature of the glass micromixer. It was found that
bubble formation during mixing broke the liquid laminae into smaller fragments
which enhanced mixing by increasing reagent contact area. One disadvantage of
using these aggressive reactions within IDMs is the rapid precipitation of particles
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leading to clogging. Use of the micromixer resulted in a smaller particle size (2.9
nm with mixer compared to 4.9 nm in bulk) and better PSD (standard deviation
of 0.6 nm with mixer compared to 2.1 nm in bulk). For a thiol to gold ratio of 2,
increasing flow rate from 0.4 to 0.8 mL/min also resulted in particle size reduction
from 3.70.9 nm to 2.90.6 nm which was attributed to a shorter average residence
time and faster mixing (higher supersaturation) at higher flow rates. Similarly,
Tsunoyama et al. [48][49] reported the aqueous synthesis of 1̃ nm Au cluster with
polyvinylpyrrolidone (PVP) as a capping agent. It was found that use of a slit interdigital micromixer (SIMM-V2) having a 70 m lamina thickness and a 500 m slit
resulted in enhanced mixing and finer particle size as well as narrow PSD. Finer
particle size resulted from increasing flow rate from 0.583 to 3.33 mL/min, increasing concentration of Au precursor from 1 to 10 M or a combination of the two.
Based on XRD results and the Debye-Scherrers equation, micromixer synthesis resulted in an average particle size of 0.9 nm (Figure 2.88a [14]) compared to 1 nm in
batch synthesis (Figure 2.88b [49]) . These results were also complemented by optical absorption and EXAFS results. In terms of catalytic activity, they reported a
50% increase in the rate constant for aerobic oxidation of p-hydroxybenzyl alcohol
when the AuNPs were synthesized using the IDM compared to batch synthesis. In
another report on AuNP synthesis, Luty-Blocho et al. [49] investigated the effect
of reaction kinetics on nanoparticle characteristics by selecting two different reducing agents, ascorbic acid (weak, Figure 2.88c) and N aBH4 (strong, Figure 2.88d).
Regardless of the reducing agent, higher flow rates resulted in finer AuNPs. In the
case of the weaker reducing agent, ascorbic acid, increasing flow rate from 0.1 to
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Figure 2.8: AuNP synthesized using (a, c, d, and e) SSIMM at different conditions
and (b) in a batch mode.
7.5 mL/min yielded a particle size reduction from 32.5 13.7 nm to 1.7 0.7 nm. At
0.1 mL/min, non-spherical particles were observed due to longer residence times.
Similarly for N aBH4 , increasing flow rate from 0.1 to 10 mL/min resulted in a
particle size reduction from 181 31.1 nm to 1.5 0.6 nm with accelerated reduction
at 0.5 mL/min. However, for N aBH4 , particles collected at the outlet were small
and did not show sharp peaks in plasmon absorption. After 5 hr, a sharp peak
at 520 nm alone was observed indicating spherical particles. This was attributed
to formation of very fine particles owing to enhanced mixing and the very fast
kinetics of the reduction reaction.
For the scale-up of AuNP synthesis, we developed a 40-layer, numbered-up IDM
capable of high yields and high throughput. Jin et al. [14] reported the use of the
numbered-up IDM to produce undecagold (Au11) nanoclusters from Au(P P h3 )Cl
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dissolved in tetlrahydrofuran (THF) and N aBH4 dissolved in ethanol. Even with
the velocity profile shown in Figure 8 (left bottom), Au11 nanoclusters were synthesized having an average particle size of 1.4 0.3 nm at a flow rate of 100 mL/min.
The production rate was 42.48 g/hr with 71% reagent conversion. This throughput was found to be 500 times that of the batch synthesis. The narrow particle size
distribution was attributed to the role of the capping ligand. More recently, we
have synthesized CdS nanoparticles using a numbered-up IDM designed to manage residence time within the mixing chamber. Figure 2.9 shows the TEM image
and particle size distribution of CdS NPs synthesized at different flow rates. As
expected, shorter diffusional distance and uniform residence time resulted in small
particle with narrow size distribution. Particle size CVs as low as 15.9% were obtained. Further, residence time in this mixer is not greatly affecting particle size
distribution. Higher throughputs can be achieved by numbering up the device.

2.5 Oscillatory Flow Mixers
Quality mixing can also be achieved in oscillatory flow mixers (OFMs). In such
system a mixer geometry similar to those uses by T-mixers are commonly used
with oscillatory flow inlets conditions. The temperately oscillating inlet cause a
wavy fluid interface with decrease the diffusional length. Some OFMs operate in
flow conditions which create plugs of one fluid surrounded by the other fluid which
increase the fluid interface by an factor of approximately . Some OFMs include
both enhanced diffusional mixing by the enlarged fluid interface and enhanced
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Figure 2.9: TEM image and particle size distribution of CdS NP prepared at flow
rate of (a) 50, (b) 100, and (c) 150 mL/min.
advective mixing by including geometric feature which promote velocity gradient
driven mixing. Oscillatory flow mixers are detailed in [31].

2.5.1 Oscillatory Flow Mixers Nanoparticle Production
One problem associated with the synthesis of NPs in microchannel mixers is clogging. Recently, Oregon State University developed a micromixer which combines
an extruded T-mixer with a serpentine mixing channel to enhance mixing through
advection. The height of the channel was 460 m which is an order of magnitude
larger than most interdigital micromixer dimensions making it less vulnerable to
clogging [12, 39, 50]. Two reverse oscillatory flow (ROF) inlet signals are applied
180 out of phase at the two inlets. Though the channel dimensions are large com-
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pared to other micromixers reported in the literature, the ROF signal resulted in
the formation of small packets of reagent entrained the second reagent (plugs) to
decrease the diffusional distance for mixing. In addition to the formation of plugs,
the serpentine channel improved mixing quality through advection. Further, in the
continuous flow synthesis of NPs, parabolic velocity profiles are known to increase
residence time distribution (RTD) and, thus, particle size distribution. The use
of the serpentine channel disrupted the development of a parabolic velocity profile resulting in a better RTD. Mixing quality for this design was evaluated using

Figure 2.10: Reverse oscillatory mixer design (top) and liquid plug formation and
advective mixing.
results from a CFD simulation. A scalar was used to simulate reactant concentration. A number of different flow conditions were investigated by varying the signal
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frequency and pump volumetric flow rates. Performance of the ROF micromixer
based on CFD simulations under different pumping conditions is given in Table
3.1. For all cases in which plugs were formed, the mixing time (time to achieve a
mixing quality of better than 85%) was below 200 ms. For all cases in which plugs
did not form, the average mixing time was 378 ms. For a simple extruded T-mixer
operating at the same Re number without ROF signal or serpentine channel, the
mixing time was found to be an order of magnitude longer. High pump displacement conditions resulted in a RTD CV below 29% while lower pump displacements
resulted in RTD CV of almost 36%.
Recently, Sugno et al. [11] used a three inlet geometry to create a reverse flow
at a pump frequency ranging from 40 to 800 Hz. Beyond the interface, a diffuser
geometry was used to create a thin plug of fluid. At a reverse flow ratio (the
ratio of reverse flow and forward flow) of 1:3 and pump frequency of 800 Hz, the
mixing time was found to be 2.4 ms for an overall mixing quality of 95%. Sugano
Table 2.1: ROF micromixer performance at different pump conditions.
Case Remean Stmean Remax Stmin SD of SMF tmixing RTD Plugs
12.11
52
0.77
106
0.38
0.00714
157 ms 49%
Yes
12.22
73
0.55
157
0.26
0.00800
136 ms 29%
Yes
18.11
51
1.20
99
0.62
0.00957
199 ms 36%
Yes
18.22
53
1.10
84
0.72
0.00176
264 ms 24%
No
30.11
26
3.90
37
2.70
0.00267
601 ms 42%
No
30.22
51
2.00
85
1.20
0.00162
269 ms 20%
No
et al. [51, 52] designed a Y-micromixer with a channel size of 30 m followed by
an expansion channel of 150 m and under pulsed mixing, synthesized AuNP using
a sodium citrate reducing agent. By increasing pulsing frequency from 50 to 200
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Hz, mixing time was reduced from 450 to 100 ms. Sugano et al. [11] showed the
synthesis of AuNPs with 40 nm diameters and a CV of 9.6% at a production rate
of 3.4 x 10-5 g/hr. Peterson et al., reported the aqueous synthesis of CdS NP
using a ROF micromixer and obtained a particle diameter of 6.0 nm with a CV
of 19% at a production rate of 115.7 g/hr [12]. Transmission electron microscopic
images are given for Sugano et al. and Peterson et al. in Figures 2.11 and 2.12.

Figure 2.11: (a) TEM image of AuNp synthesized at 0.96M reagent concentration
at different pulse frequency, (b) histogram of particle size and (c) mixing time
variation for different pulse frequencies.
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Figure 2.12: (a) TEM image and (b) particle diameter distribution of CdSNP
synthesized in ROF mixer.

2.6 Conclusion
All nanoparticle synthesis methods are limited by either diffusion or kinetics. Regardless, good reactor design involves establishing a residence time that is at least
as large as the reaction time. If the synthesis is diffusion-limited, then faster mixing approaches are required to speed up the reaction. In addition, faster mixing
moves the diffusion-limited reaction closer to burst nucleation and better particle
size control.
Each of the micromixers investigated here have advantages and disadvantages.
T-mixers are available off the shelf in a range of sizes and geometries, making
them the most accessible of those considered. The high mixing quality regime of
T-mixers is characterized by engulfment flow and is directly correlated with the
Reynolds number and therefore the flow velocity. Thus to rapidly achieve high
mixing quality, a critical Re number range (between 150 and 500) must be maintained. Increasing the flow significantly beyond this critical range results in erosion
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of the microchannel and limits the life of the mixer. Above a Re number of 500,
the mixing quality degrades [53]. The T-mixers found in the literature commonly
operate at maximum flow rates of around 20 mL/min.
Interdigital micromixers achieve higher mixing quality by decreasing the fluid
lamella height. While this leads to the ability to rapidly achieve high mixing
qualities, it also increases the propensity of the mixer to clog during the synthesis
of nanoparticles. The literature shows that these mixers typically operate at flow
rates below a few mL/min though strategies for scaling the flow rate have been
demonstrated.
The mixing quality of oscillatory flow mixers is driven by the creation of fluid
plugs achieved by applying coordinated oscillatory flow signals at the inlets. Creating these plugs requires advanced pumping systems which can be expensive.
However, oscillatory mixing strategies overcome the need for smaller channel dimensions avoiding clogging in mixing channels. Further, extruded mixing channel
geometries can be produced cheaply further reducing the effects of clogging. Fluid
modeling can be used effectively to select operating conditions for effective plug
creation. These mixers have been operated at flow rates up to 145 mL/min with
the potential to operate at flow rates over one liter per minute.
Table 2.2 gives the operating condition for a variety of mixers with nanoparticle
coefficient of variation. Here, the tube reactor type indicates a situation where
reagents are pre-mixed and the solution is passed through a heated tube for sufficient residence time. The reactor performance is very similar between reactor
types. Using average parameters for all reactor types, the CV is roughly 21% for

32
the interdigital, oscillatory flow and tube reactors with a T-mixer CV around 30%.
To select the proper mixing technology for a given reaction system, mixing times
should be significantly below the time for reaction kinetics in order to enable burst
nucleation. Further, care must be taken in considering the economics of using the
various mixing strategies for a required production rate.
Acknowledgements
This material is based upon work supported by the Air Force Research Laboratory (FA8650-05-1-5041) and the National Science Foundation (CBET-0654434).
The views and conclusions contained herein are those of the authors and should
not be interpreted as necessarily representing the official policies or endorsements,
either expressed or implied, of the U.S. government. The authors would like to acknowledge funding of instrumentation equipment used for results in this paper by
the Murdock Charitable Trust (2010004) within the Microproducts Breakthrough
Institute, Corvallis, USA. The authors would like to thank Anna Garrison for her
many contributions toward this work and also Pat Cunningham for his insight into
the statistical modeling.

Table 2.2: Performance Results for Different Reactor Types.
Group
Year Flow Rate CV System
Re
Production
Type
[mL/min] [%]
Number
[g/hr]
Shalom et al.
2006 5.50E-01
20
Au
1.38E+01
1.71E-01
Interdigital
Jin et al.
2010 1.00E+02 23
Au
3.50E+01 4.25E+01 Interdigital
Sugano et al.
2011 2.40E-03
20
Au
9.12E-03
3.42E-05
Oscillatory
Peterson et al.
2011 1.45E+02 23
CdS
6.31E+01 5.01E+00 Oscillatory
Salazar-Alvarez et al. 2005 5.00E-01
31
FeO
2.12E+01
2.40E-01
T-mixer
Wagner et al.
2004 2.71E+01 16
Au
3.05E+03
9.62E-02
T-mixer
Kockmann et al.
2008 7.90E+00 44 BaSO4 3.78E+02 1.83E+01
T-mixer
He et al.
2008 3.67E-02
10
Ag
2.59E+00
4.00E-03
Tube
Lin et al.
2004 1.67E-01
15 Zeolite 4.20E+00
1.25E-01
Tube
Pan et al.
2009 3.71E+00 27
Zeolie 1.31E+02 3.16E+01
Tube
Toft et al.
2008 5.39E+00 14
TiO
1.58E+01 2.07E+00
Tube
Yang et al.
2006 6.00E+00 39
Au
1.27E+02
1.56E-01
Tube
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Chapter 3 – Micromixing Strategies for Continuous-Flow
Liquid-Phase Reacting Chemistries
Abstract
There is great interest in quality mixing within continuous flow microfluidics reactors, especially for the synthesis of nanoparticles within liquid-phase chemistries.
Concentration and temperature gradients play key roles in chemical reaction; these
gradients are reduced when production is moved into the micro-scale. In addition
to controlling these key reactor characteristics microreactors provide; greater production scalability and direct integration into a manufacturing process. These
controls have created a growing interest in micromixing in recent year. Here three
micromixing systems are investigated; T-mixing, interdigital mixing and reverse
oscillatory flow mixing. The chief metrics use to evaluate these micromixers are
mixing quality and mixing time as defined by the technical literature also considered is scalability defined by flow rate (or production rate where appropriate).
Advantages and disadvantages of these micromixers are explored in detail.
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3.1 Introduction
Nanoparticle (NP) synthesis is taken as a case study where mixing (reactant concentration gradients) plays an important role in the production of uniformly sized
NP. Most industry large scale production of nanoparticles (NPs) utilizes batch
processing with paddle mixers. The large scale of these syntheses methods leads
to large gradients in both reagent concentration and temperature which result in
larger variations of NP diameter both within a single batch and between batches.
Figure 1 plots coefficient of variation (CV is the ratio of the sample standard deviation to the sample mean) against production rate plotted on a log scale (for
nanoparticle synthesized from Continuous-Flow mixers (CFM) liquid-phase). Figure 1 shows a strong correlation between CV for nanoparticle size and production
rate for CFM liquid-phase NP synthesis (p-value of 5.51E-6). This data provides
insight into the state-of-the-art for NP size CV in current CFM practices. The CV
of most protocols is between 10 and 20% with the CV of some protocols extending
below 10%.
Of the four common synthesis methods only on Tubular is not a micromixing technique. Tubular methods are usually use for synthesis of Nanoparticle with high
temperature recipes, where reagents can be pre-mixer then heated above the reaction temperature, which is typically reach by using an oil bath. This method is
limited by tube size, for reagent concentrations and thermal gradients grow by the
square of the tube diameter. This poor scalability is seen in Figure 1, where the
CV increases greatly with increasing production rate. Also high production rates

37

Figure 3.1: Coefficient of variation for the size of nanoparticles as a function of production rate (plotted on log scale) for the continuous-flow microreactor synthesis of
nanoparticles in liquid-phase chemistries found in the technical literature. Symbols
show mixer type with diamonds showing interdigital mixing systems, squares represent oscillatory flow mixers, triangles denotes T-mixers and circles give tubular
design.
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will cause increase the volume of fluid in the per-mixing phase, which increase total
processing time. The other three synthesis methods are explored in the following
sections as mixing methods and in general as synthesis methods of Nanoparticle
production in [54].
The effects of material system, operating temperature (K), mean particle diameter, Reynolds number and production rate (g/hr) on NP diameter distribution
(expressed by CV) is consider by the creation of a regression model from a subset
of the data shown in Figure 3.1. Due to the detail nature of this analysis only fourteen source gave sufficient information [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14].
Data linearization was performed on the mean particle diameter, Reynolds number and production rate; the log (base 10) of these three factor are used in the
model. Of those five candidate explanatory variables, three are found statistically
significant; material system, logged production rate and logged Reynolds number.
Any effect on CV from operating temperature and mean particle diameter are not
found to be statistically significant (large p-value). The regression model is given
here:
CV = 23.30% + A + B − C
A = 11.4% (M SAu ) + 16.3% (M SF eO ) + 7.91% (M SP d )

(3.1)

B = 4.94% log(P )
C = 3.09% log(Re)
where CV is the coefficient of variation of a given sample, MSn is a binary variable
equal to one for the nth material system and otherwise zero, P is the production
rate in [g/hr] and Re is the Reynolds number. Zeolite was found to not signifi-
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cantly affect CV.
The sample CV is highly dependent on the material system synthesized, production rate and other flow conditions (i.e. Re). This model forecasts that with a
production rate of 25 g/hr and a Re number of 15 (median of the data), a CV
of 32.8% is expected (where the material system factor is taken to be the average
model coefficient for the all material systems). As seen above for the synthesis
of uniformly sized Nanoparticles microreactors performance vary as a function of
production rate, this stands opposed to some claims of unaffected performance
during scale-up. The thrust of this work is to highlight the need of selecting an
appropriate micromixer for the continuous flow chemical reaction in question, to
following section detail the advantages and disadvantages of all three micromixers
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10].

3.2 Literature Summary
3.2.1 Mixing Metrics
As suggested above, mixing of reagents can play a vital role in determining particle size distribution (PSD) particularly for diffusion-limited reactions. Two critical
outcomes in mixing are the mixing quality and the mixing time. Computational
fluid dynamics (CFD) models can help to quantify these parameters prior to fabrication of mixers accelerating development cycles. CFD models have been shown
to be powerful tools for interpreting the fluidic conditions influencing NP synthesis
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and have been verified experimentally (as discussed below) under simple mixing
conditions [55, 56, 57, 58, 59, 38, 60, 61, 62]. Mixing quality is a measure of how
narrowly the reagents are distributed across the plane orthogonal to the direction
of flow [38, 63, 30]. For a simple two reagent system, the reagent concentration
can be modeled as a numerical scalar (θ) which can be set to a value of one for one
reagent and zero for the other reagent. A numerical model of reagent concentration
within the mixing geometry can be developed based on the diffusion coefficient.
The ideal distribution is a uniform scalar value of 0.5, (θ = 0.5 for systems with
equal reagent usage) with a standard deviation of zero. Under these conditions,
mixing quality is defined as:
s
MQ = 1 −

1
N

PN

i=1 (θi

− θ̄)2

θ̄

(3.2)

where N is the number of control volumes in the data set (cross sectional plane)
analyzed; θi is the numerical scalar value (species concentration) of the ith control
volume, θ̄ is the volume-weighted (and mass-weighted assuming an incompressible
fluid) numerical scalar value of 0.5. Mixing quality benchmarks are dependent on
system parameters and range between 40% and 90% which is expressed as a decimal
or percent [55, 56, 57, 58, 59, 38, 61, 62, 63, 30, 64, 29, 65, 66, 67, 68, 42, 69].
Elsewhere, the mixing quality metric has been given as:
√
MQ = 1 − σ 2

(3.3)
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where is the sample standard deviation of the scalar on a particular cross-section.
This metric goes to unity as the scalar converges to a particular species concentration for a particular cross-section. Mixing quality has also been assessed by
measuring the mixing residual (r) as given in Equation 3.4:
1
r=
A

Z
|θ(x, t) − 0.5| dA

(3.4)

S

where A is the cross-sectional area of the flow domain under investigation and
θ(x, t) is the scalar (concentration) at a radial location x and time t. For inlet
concentrations of 0 and 1, a mixing residual of one half (r = 0.5) indicates no
mixing and a value of 0 indicates complete mixing [70].
Two additional parameters have been used for assessing mixing quality. The degree
of mixing (Dm) has been used to evaluate mixing performance:
s
Dm = 1 −

(θi −θ̄)2
i=1
n

Pn

vi
v̄



θ̄

(3.5)

where, vi is the local velocity and v̄ is the mean velocity. Dm is similar to MQ with
an extra term to scale the mixing effects based on the amount of fluid processed.
The mixing metric using by Deshmukh et al. [71] for oscillatory flow mixing was
the mixing parameter (σmix ) which is very similar to the Dm and is given as:
R
σmix = 1 − 2

S

|θ(y) − 0.5| v(y)dS
R
v(y)dS
S

(3.6)
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Mixing time is defined as the time from the beginning of reagent mixing until the
mixing quality benchmark is reached. Typically this time is found from the ratio
between fluid length from the start of mixing to the plane at which the mixing
benchmark is met and the mean velocity of the fluid in the section, as seen below
[38, 63]:
tmixing =

lmixing
v̄

(3.7)

where, tmixing is the characteristic mixing time, lmixing is the length from the beginning of the mixing to where the fluid reaches the critical mixing benchmark and
v̄ is the mean velocity of the mixing section. Both of these outcomes are important
metrics in controlling PSD within diffusion-limited systems.

3.2.2 Experimental Evaluation of Mixing Quality
In addition to fluid dynamics-based simulations, several experimental techniques
have been used to evaluate mixing quality as a function of time. Measurement
of wall shear rates can be used to identify near wall disturbances caused by flow
impingement. The appearance of vortices is generally associated with improved
mixing and can be tracked with the use of a non-intrusive probe on whose surface an electrochemical reaction occurs. In microchannel mixers, these vortices
are typically not associated with turbulent flow; rather they are a product of the
mixer design. Here vortex flow is distinguished from turbulent flow because of the
presence of axis symmetry. The two inlets split and constitute four vortices in the
outlet channel symmetric about the outlet axis as established elsewhere [30, 29].

43
The reduction of ferricyanide ions on a gold microcathode mounted on the channel
wall is used to obtain wall shear rates and correlated with flow pattern measurements. One such measurement for a cross-shaped micromixer with a hydraulic
diameter of 500 m is shown in Figure 3.2 [72]. The flow transition with increasing
Re can be observed from the calculated wall shear rates (Sy) chosen as the metric
to delineate flow transitions and measured using the electrochemical probe. S1,
S2, S3, S4 are four probes mounted close to mixing zone with S1 and moving up
the outlet with S4 close to the exit. Dotted lines indicate CFD results and it can
be seen to comply with the experimentally validated shear rates. A flow transition
from vortex to engulfment flow is signified by the change in slope around Re 325
in both experimental and CFD results, indicating this measurement technique to
be viable [73].
Another reaction commonly used to characterize flow patterns is the VillermauxDushman iodide-iodate reaction which forms a combination of iodate and elemental
iodine; the relative amount of both is a function of mixing time. The reactions
occur on different time scales, therefore mixing time can be approximated based
on the precipitate formed [74]. Elemental iodine forms on a shorter timescale.
Therefore, a mixer which produces more iodine shows the mixing time to be less
than the timescale of the iodate reaction such that the reactants are consumed
before the iodate can be formed. This has been effectively utilized in studying
mixing quality by Kockmann et al. [13] and Ehrfeld et al [57].
Flow imaging can be produced by particle imaging velocimetry (PIV) where fluorescent or high contrast particles are injected into the fluid stream and tracked
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Figure 3.2: Change in mean shear rate with Reynolds number.
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optically using a microscope. The principle involves detection of evanescent waves
from the total internal reflection of laser-induced fluorescence of small spherical
particles detected optically [75, 76]. Velocity fields can be measured for a large
range of Re and at various locations in the microchannels. Figure 3.3 shows the
appearance of vortices detected using this technique [13]. An advancement in PIV

Figure 3.3: Vortex flow detection using nanoparticle imaging velocimetry.
involves the use of 300 nm spheres and down to 40 nm sized spheres providing a
depth resolution on the order of 200 nm over liquid-solid interfaces in microchannels with diameters as small as 5 µm which is suited for boundary layer flow
visualization [76, 77]. One drawback of PIV is the need to use optically transpar-
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ent channels.
In another approach [78], the amount of agglomerates deposited in a dead volume
was used to quantify mixing quality mix. The parameter is defined as:

ηmix = 1 −

m
mmax

(3.8)

where m is the mass of agglomerated particles and max is the maximum mass of
agglomerates measured in the trials. Best mixing is observed when the mixing
quality equals unity. The mass of the dried agglomerates was measured using
gravimetric technique.

3.3 T-mixing Strategies
Static microchannel T-mixers operate by forcing two inlet steams into a common
outlet channel. The flow consolidation creates a fluid interface across which the
fluids diffuse and become mixed. Figure 3.4 (A) gives a schematic of a common T-mixer design [29]. Within such devices, the flow is typically laminar with
Reynolds numbers (Re) below 1,000. Static T-mixers have been widely used due
to their ease of manufacturing and general availability [79]. Three mixing regimes
have been reported in T-mixers (1) stratified flow, (2) vortex flow and (3) engulfment flow. These regimes are found to be a function of the Reynolds number
[80, 81, 78, 82, 83]. Stratified flow occurs at Re numbers less than 50 in which the
fluid streams are stratified resulting in diffusion-controlled mixing which is rela-
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Figure 3.4: (A) Schematic of a typical T-mixer with a rectangular cross-section
and (B) Flow regimes in a T-mixer.
tively slow. Vortex-like structures start to form at Re numbers between 50 and
150. A plane of symmetry is still observed about the axis of the T-intersection
and advective mixing is limited within each fluid stream. This regime increases
mixing quality as a function of time by introducing new fluid to the interface which
preserves the high concentration difference across the interface. Growth of these
vortex-like structures leads to fluid crossing over the T-mixer center plane at the
onset of engulfment flow. Transition into this regime has been reported at Re
numbers between 150 and 300 [13, 59, 30, 29]. Engulfment flow provides the best
mixing. The simulated flow transitions for a 300 m depth T-mixer is shown in
Figure 3.4 (B) [30].
The mixing quality of a T-mixer as a function of Re number was simulated by
Engler et al [30] and is shown in Figure 3.5. The figure was generated from several
CFD simulations (geometry similar to that given in Figure 3.4 with channel dimensions of 600 300 300 µm) where α = 0% signifies poor mixing and α = 100%
signifies perfect mixing. As shown, the poorest mixing quality occurs at lower
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Figure 3.5: Flow regimes showing transition with increasing Re number.
velocities. At low velocities, the mixing quality in the stratified flow regime shows
a slight improvement over higher Re. This is due to the longer residence times at
very low velocities. A sharp transition is shown from vortex flow to engulfment
flow with Re numbers over 150 providing the highest mixing quality.
Figure 3.6 depicts the change in mixing quality with Re number by evaluating the
mass of agglomerates formed. Again a sharp drop in the number of agglomerates
is observed at a Re number of approximately 150. The transition to engulfment
flow is marked by a stable pressure drop with increasing Re as opposed to changing pressure at lower Re [78]. Engulfment flow mixing was initially identified by
Baadyga and Bourne [84] operating at moderately high Reynolds numbers which
have flow structures similar to turbulent flow. Further increase in Re number be-
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yond the engulfment regime results in breakdown of the well-ordered vortex-like
structures and results in chaotic pulsating flow with worse mixing characteristics
due to the increasing size of fluid plugs [85]. It is to be noted that even higher
Reynolds numbers >1000 is caused to have turbulent flow behavior in T-shaped
micromixers and reported to have been beneficial in mixing [36]. Based on the

Figure 3.6: Change in mixing quality with increasing Re number.
reports in literature, the exact transition from the vortex flow to engulfment flow
regimes appears to be a function of the mixer geometry and is especially sensitive
to the aspect ratio between the height and width of the channel.

3.4 Interdigital Micromixers
Another type of liquid-liquid microchannel mixers are interdigital micromixers
(IDMs). The principle mechanism in these micromixers is the splitting, interleaving
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and recombining of two fluidic streams. The inlet streams are split into multiple
smaller streams, called lamellae, which are interleaved with one another, separated
by fins. At the exit to the interleaved channels, the lamellae come in contact
with one another in a mixing chamber [70, 86]. The shorter diffusional distances
reduce the mixing time by the square of one half the lamellae thickness according
to the diffusion equation. By varying the lamellae height, mixing times can be
tuned to match application requirements. Like the other microchannel mixers
discussed in this paper, IDMs are classified as passive mixers owing to the absence
of any external active elements [80]. IDMS have been fabricated in a variety of
materials including glass [70, 86, 80], metal [14, 57, 87], silicon [72], and polymer
[88] based on chemistry compatibility, process conditions, and economics. Figure
3.7 shows some of IDM designs reported in the literature [11, 57, 86, 89, 90, 88].
Depending on the inlet flow directionality, these mixers are classified into two
categories namely co-current flow (either planar or radial) and counter-current flow
IDMs. First generation IDMs had channel dimensions greater than 100 m yielding
mixing times on the order of seconds. For applications requiring shorter mixing
times [91, 92], researchers have developed IDMs with thinner lamellae capable of
mixing times on the order of milliseconds. Volker et al. [87] reported the fabrication
and experimental characterization of various IDMs (Figure 3.7) including those
incorporating hydrodynamic focusing [92] and geometric focusing [91, 93] with the
aim to decrease mixing times. At Oregon State University, we have developed
scalable, metal IDMs (Figure 3.8 [70]) compatible with microchannel lamination
methods and capable of 37.5 m diffusional distances. These designs are easy to
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Figure 3.7: Different interdigital mixer designs reported in literature.
scale by adding metal laminae. In addition, we have designed headers with the aim
to reduce residence time distribution through the mixing chamber for reducing the
particle size distribution (PSD) of nanocrystals with fast kinetics. Increasing the
Re number through the slit-shaped zone, flow lamellae cross-sections in the focusing
zone became increasingly more U shaped (Figure 3.8 middle center). This can be
attributed to larger flow velocity distributions between the outlets of the channels
and the slit-shaped zone at higher Re number leading to higher momentum which
caused thinning in the center of the lamellae. The use of higher Re numbers (2,160)
resulted in intertwining of lamellae and also formation of recirculation zones just
inside the slit entrance (Figure 3.8 middle right). Mixing residuals obtained in the
mixing channel for different IDMs, with respect to distance and time are given in
Figure 14 (bottom). A clear distinction exists between the mixing residuals of slit
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Figure 3.8: (Top) Streamlines and mixing residuals in triangular focusing zone.
(Middle) Flow behavior in (left) slit-shaped focusing zone; (center) cross-sections
across slit-shaped focusing zone showing the effect of Re on lamellae shape; and
(right) 3D view of flow along symmetry plane as it enters the slit-shaped focusing
zone. (Bottom) Comparison of different geometries with respect to mixing residual
versus distance and time.
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and superfocus mixers compared to the rectangular and triangular mixers. This is
due to the thinning of the lamellae leading to shorter diffusional times caused by
focusing of the lamellae in the slit and superfocus micromixers. As suggested above,
the diffusional time is related quadratically with the diffusional distance. Focusing
into a narrow mixing chamber also has the potential to reduce the residence time
in the mixer due to higher average velocities. Ziegenbalg et al. [72] also found a
mixing quality of 95%, i.e., a mixing residual of r = 0.025, in a time frame of 1
ms for a slit-shaped IDM. In another study, Kalus Stefan et al. [94] used a semianalytical approach to eliminate ND in CFD analysis to optimize the superfocus
mixer design. They reported that a mixing quality of 99% over a short mixing time
could be achieved by reducing the height of the focusing region while increasing
the height of the mixing channel. These changes reduce the residence time in the
focusing region while managing the pressure drop through the mixer. Lb et al.
[89] achieved throughputs on the order of 1,666 mL/min using a superfocus mixer
with a focusing ratio (ratio of initial lamellae thickness to the thickness after the
focusing section) of 165:1. At Oregon State University, we have investigated the
use of microchannel lamination architectures [81] to scale-up the production rates
of IDMs. The resulting IDM designs provide the ability to manage scale-up by
numbering-up the quantity of channels and laminae. Figure 3.9 shows two lamina
designs for IDMs [82, 14]. In this design, cylindrical pillars were used to provide
structural support during fabrication. Figure 3.9 (left bottom) shows the flow
distribution for the left lamina design at 300 µm into the mixing chamber. The
flow velocity profile shows significant variation with an order of magnitude change
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in velocity across the profile. Only 13% of the velocities were within 20% of the
average velocity (Vavg ). For nanoparticle syntheses with fast kinetics, better flow
profiles were needed to provide better residence time distributions (RTDs) inside
the mixer and, therefore, better PSDs. Through the use of CFD, our research
group evaluated different lamina designs in terms of their effect on RTD. It was
found that careful design of channel headers can create a nearly uniform flow profile
within the mixing chamber. The inlet was moved to the center of the device to
reduce the variation in fluidic path length. The velocity profile was flattened by
increasing the flow resistance in the channels near the center of the device. This
was done by making the pillar size in the middle of the header larger than those
on the outside of the header in an effort to manage pressure drop across the mixer.
The velocity profile was significantly improved having 51% of the flow within 20%
of Vavg . More recently, the cylindrical pillars were replaced with flow channels and
ribs of varying widths to further increase flow resistance near the center of the
channels. Using CFD, tracer particles were injected at the beginning of mixing
zone. It was found that the coefficient of variation for residence time at the outlet
was less than 25% for all flow rates between 1.2 to 4.8 mL/min per lamina. Devices
with over 40 laminae have been fabricated.

3.5 Oscillatory Flow Mixers
In oscillatory flow mixers (OFMs), oscillating inlet velocities can be used to form
fluid plugs where one reagent is entrained by the other reagent. Coordinating the
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Figure 3.9: CFD results for numbered-up interdigital micromixers designed at the
MBI.
phase of the two inlet velocity profiles leads to an increased surface area of contact
between the two reagents and decreased diffusional distances which enhance mixing. Researchers have investigated the effect of inlet pulsation on mass transfer or
molecular diffusion within continuous flow micromixers. This strategy has been
implemented on the macro scale [66, 83, 95, 96]. Thomas et al. [97] and Jackson
et al. [98] found mixing to be enhanced with the use of oscillatory flow signals
leading to the creation of a wavy liquid-liquid interface and increased diffusional
mixing.
Glasgow et al. [66, 96] used two pumps, operating alternately at device inlets, to
cause crescent flow and enhance mixing of fluids at the fluid interface. Glasgow et
al. [95] realized pulsation flow in microfluidic systems using time-pulsed inlet flow
rates to enhance mixing. The geometry in which the mixing was performed was a
modified T-mixer. CFD simulation results are shown in Figure 18. Reagent con-
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centrations were measured in the mixing channel 2 mm from the confluence point
(as seen in Figure 3.10 [66]) to calculate the degree of mixing (see section 3.2.2).
The degree of mixing is similar to mixing quality in that they both increasing with
better mixing. The degree of mixing has an extra term to scale the mixing effects
based on the amount of fluid processed.
Several pulsing signal velocity profiles are given at the top of Figure 3.10. A pumping configuration with constant inlet velocity conditions gives a degree of mixing
of 12%. Changing one inlet to an oscillatory signal resulted in an increase in the
degree of mixing to 22%. Scalar profiles obtained from CFD analysis at different
pulsing conditions are given at the bottom of Figure 18. When pulsing was given
to both inlets, a degree of mixing of 56% was obtained at a phase difference of
180o , and 59% with a phase difference of 90o . As suggested, the oscillatory configurations create a larger liquid interface which enhances the mixing within the
reactor. To further extend their understanding, Glasgow et al. [95] studied the
influence of various dimensionless numbers, pulse shape and geometry on mixing
quality. To characterize the inlet pulsation the Strouhal number (St) was used.
The St number is the ratio of the fluid residence timescale and inlet frequency
timescale defined as:

√
l v̄
fl
=
St =
1/f
v̄

(3.9)

where l is the reactor length and f is the inlet frequency. Figure 3.11 shows the
relationship between mixing quality and Strouhal number. Best mixing was observed when both inlets were oscillatory. A phase difference of 90o resulted in
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Figure 3.10: Velocity and concentration profiles of T-mixer with different inlet
conditions; mixed constant and oscillatory velocity inlets and two oscillatory velocity inlets, 180o out of phase. (a) Inlet velocities as a function of time for mixed
inlet case, (b) inlet velocity temporal profile 180o out of phase (c) concentration
profile for mixed velocity case with concentration profile taken at 2 mm, and (d)
concentration profile shown for several time steps for two oscillatory inlet case and
2 mm concentration profile.
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slightly better mixing compared to 180o [66, 83, 96]. Both T and Y mixer geometries were investigated. The T-mixer was found to perform slightly better; a degree
of mixing of 66% compared to 62% [96]. Degree of mixing was not significantly
influenced by changing pulse shape from sinusoidal to square at constant Strouhal
number and pulse volume ratio. Phelan et al. used particle tracking in the + and

Figure 3.11: Contours of species concenration with inlets 90o out of phase at
a Strouhal number of (a) 0.094 and (b) 1.5. Degree of mixing at (c) different
Strouhal numbers for a PVE=1.88 and (d) two PVR at a St=0.375.
star type geometries shown in Figure 3.12 [99, 100]. This mixing method operated
by employing pulsed inlet fluid conditions (90o out of phase). Periodic stretching
and folding of the fluid interface resulted in improved mixing. The + geometry
showed an inconsistent relationship between the degree of mixing and the St num-
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ber, this is due to the creation of a poorly mixed fluid island (Figure 3.12 a & b).
The star geometry showed that the degree of mixing was insensitive to Strouhal
number due to the slow growth rate of islands (Figure 3.12 c & d). For constant
Strouhal number, the degree of mixing in the star configuration was sensitive to
the average velocity such that mixing was better at lower velocities. Poor mixing
quality at higher flow rates was partially attributed to the nonuniform residence
time distribution (RTD) of particles. This behavior makes this mixing strategy a
poor option for NP synthesis. Elsewhere, Mao et al. [101] studied T-mixing with
oscillatory inlets 180o out of phase and found there to be a target range for the St
number below which poor mixing would ensue. Deshmukh et al. [71] introduced
oscillatory flow with constant inlet velocity by incorporating posts, and reported
flow behavior changed significantly as a function of Re numbers. Steady flow for
Re numbers much less than 1, recirculation flow from Re numbers between 2 and
6 and unsteady flow for Re number between 40 and 50. Behavior outside these Re
number ranges was not addressed. Increasing the Re number increases the size of
the largest eddies around the posts [12]. As expected mixing improved with increases in mixing channel length and splitting fluid inlet streams as seen in Figure
3.13 [71]. The mixing metric using by Deshmukh et al. was the mixing parameter
(σmix ) which increases with improved mixing similar to the degree of mixing used
above.
The base case (no posts, mixing channel length of 1.25 cm) was found to have a
mixing parameter of 20%. A doubling in mixing channel length in combination
with the addition of posts corresponds with an increase in mixing parameter to

60

Figure 3.12: (a) tracer particle movement and (b) degree of mixing for + type
mixer, (c) tracer particle movement and (d) degree of mixing for a star type micromixer at different Strouhal numbers.
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50%. Dividing the inlet fluid streams into six, which increases the number of interfaces from one to five, with a single row of posts gave a mixing parameter of
64%. Figure 3.13 shows a top view of the mixer.
Deshmuckh et al. [71] developed a micromixer with asymmetric triangular features in the channel, such that the channel walls formed a saw tooth shape. With
the assistance of a PZT (piezoelectric lead-zicronate-titanate) crystal, oscillations
were created in the flow at different flow rates. It was observed that mixing quality
was significantly enhanced from 20% to 80% due to recirculation of the fluid just
before the staggered triangular structure. Increasing voltage, and thereby flow
rate, resulted in relatively poor mixing quality due to the higher average flow rate
and shorter residence time. One problem associated with the synthesis of NPs in

Figure 3.13: Mixer cross-sections of (a) base case, (b) long (2.5 cm) mixing channel
length and (c) split fluid steam colored by scalar value. Mixing parameters are;
20%, 50% and 64%, respectively.
microchannel mixers is clogging. Recently, Oregon State University developed a
micromixer which combines an extruded T-mixer with a serpentine mixing channel
to enhance mixing through advection. The height of the channel was 460 µm which
is an order of magnitude larger than most interdigital micromixer dimensions making it less vulnerable to clogging [12, 39, 50]. Two reverse oscillatory flow (ROF)
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inlet signals are applied 180o out of phase at the two inlets. Though the channel
dimensions are large compared to other micromixers reported in the literature,
the ROF signal resulted in the formation of small packets of reagent entrained the
second reagent (plugs) to decrease the diffusional distance for mixing. In addition
to the formation of plugs, the serpentine channel improved mixing quality through
advection. Further, in the continuous flow synthesis of NPs, parabolic velocity profiles are known to increase residence time distribution (RTD) and, thus, particle
size distribution. The use of the serpentine channel disrupted the development of a
parabolic velocity profile resulting in a better RTD. Mixing quality for this design

Figure 3.14: Reverse oscillatory mixer design (top) and liquid plug formation and
advective mixing.
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was evaluated using results from a CFD simulation. A scalar was used to simulate
reactant concentration. A number of different flow conditions were investigated by
varying the signal frequency and pump volumetric flow rates. Performance of the
ROF micromixer based on CFD simulations under different pumping conditions
is given in Table 3.1. For all cases in which plugs were formed, the mixing time
(time to achieve a mixing quality of better than 85%) was below 200 ms. For all
cases in which plugs did not form, the average mixing time was 378 ms. For a
simple extruded T-mixer operating at the same Re number without ROF signal
or serpentine channel, the mixing time was found to be an order of magnitude
longer. High pump displacement conditions resulted in a RTD CV below 29%
while lower pump displacements resulted in RTD CV of almost 36%. Recently,
Table 3.1: ROF micromixer performance at different pump conditions.
Case Remean Stmean Remax Stmin SD of SMF Mixing time RTD
12.11
52
0.77
106
0.38
0.00714
157 ms
49%
12.22
73
0.55
157
0.26
0.00800
136 ms
29%
18.11
51
1.20
99
0.62
0.00957
199 ms
36%
18.22
53
1.10
84
0.72
0.00176
264 ms
24%
30.11
26
3.90
37
2.70
0.00267
601 ms
42%

Plugs
Yes
Yes
Yes
No
No

Sugno et al. [11] used a three inlet geometry to create a reverse flow at a pump
frequency ranging from 40 to 800 Hz. Beyond the interface, a diffuser geometry
was used to create a thin plug of fluid. At a reverse flow ratio (the ratio of reverse
flow and forward flow) of 1:3 and pump frequency of 800 Hz, the mixing time was
found to be 2.4 ms for an overall mixing quality of 95%.
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3.6 Conclusion
The micromixers investigated have advantages and disadvantages. T-mixers are
available off the shelf in a range of sizes and geometries, making them the most
accessible of those considered. The high mixing quality regime of T-mixers is characterized by engulfment flow and is directly correlated with the Reynolds number
and therefore the flow velocity. Thus to rapidly achieve high mixing quality, a
critical Re number range (between 150 and 500) must be maintained. Increasing
the flow significantly beyond this critical range may result in erosion of the microchannel and limits the life of the mixer. Above a Re number of 500 the mixing
quality degrades [53]. The T-mixers found in the literature commonly operate at
maximum flow rates of near 20 mL/min.
Interdigital micromixers achieve higher mixing quality by decreasing the fluid
lamella height. While this leads to the ability to rapidly achieve high mixing
qualities, it also increases the propensity of the mixer to clog during the synthesis
of nanoparticles and other continuous-flow chemical reactions involving a growth
phase. The literature shows that these mixers currently operate at flow rates below
a few mL/min though strategies for scaling the flow rate have been demonstrated.
The mixing quality of oscillatory flow mixers is driven by the creation of fluid
plugs achieved by applying coordinated oscillatory flow signals at the inlets. Creating these plugs requires advanced pumping systems which can be expensive.
However, oscillatory mixing strategies overcome the need for smaller channel dimensions avoiding clogging in mixing channels. Further, extruded mixing channel
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geometries can be produced cheaply further reducing the effects of clogging. Fluid
modeling can be used effectively to select operating conditions for effective plug
creation. These mixers have been operated at flow rates up to 145 mL/min with
the potential to operate at flow rates over one liter per minute [12].
Table 3.2: Mixing Quality Results for Different
Group
Year Flow Rate
Re
MQ*
[mL/min]
number
[%]
Cook et al.
2010 2.91E+00 1.82E+01
49
Sugano et al.
2011 2.40E-03
9.12E-03
90
Glasgow et al. 2003 1.44E-03
3.08E-01
58
Goullet et al.
2000 1.44E-03
3.08E-01
87
Deshmukh et al. 2005 4.96E+00 7.50E+01
64
Sheen et al.
2006 1.50E-02 1.27E+00
82
Engler et al.
2004 5.10E+00 1.99E+02
28
Wong et al.
2004 1.95E+00 4.28E+02
52
Dreher et al.
2011 1.28E+01 5.00E+02
71
Galletti et al.
2012 2.69E+00 2.10E+02
39

Reactor Types
tres
Type
[s]
4.77E+01 Interdigital
1.26E+01 Oscillatory
2.00E+00 Oscillatory
2.00E+00 Oscillatory
1.45E-01 Oscillatory
3.30E-01 Oscillatory
3.82E-03
T-mixer
1.63E-04
T-mixer
3.37E-03
T-mixer
2.09E-03
T-mixer

Table 3.2 gives the operating condition for a variety of mixers with mixing quality
[11, 30, 41, 66, 71, 83, 88, 102, 103]. The literature measures mixing in a variety of
ways,therefore the MQ column gives a value close to the metric given in equation
3.2. There are variations in mixing quality within mixer type category, but there
is little overlap between the T-mixers and oscillatory types (interdigital mixers are
poorly detailed in the literature). The literature suggests that T-mixer operate a
the lowest mixing quality and oscillatory mixers perform the best with interdigitial mixer fall in-between. The characteristic device residence time for these mixers
are 32, 3 and 1.4 seconds for intergidital, oscillatory and T-mixers, respectively.
To select the proper mixing technology for a given reaction system, mixing times
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should be significantly below the reaction kinetics timescale. Further, care must
be taken in considering the economics of using the various mixing strategies for a
required production rate.
Acknowledgements
This material is based upon work supported by the Air Force Research Laboratory (FA8650-05-1-5041) and the National Science Foundation (CBET-0654434).
The views and conclusions contained herein are those of the authors and should
not be interpreted as necessarily representing the official policies or endorsements,
either expressed or implied, of the U.S. government. The authors would like to acknowledge funding of instrumentation equipment used for results in this paper by
the Murdock Charitable Trust (2010004) within the Microproducts Breakthrough
Institute, Corvallis, USA. The authors would like to thank Anna Garrison for her
many contributions toward this work and also Pat Cunningham for his insight into
the statistical modeling.

67

High Production Rate Synthesis of CdS
Nanoparticles Using a Reverse Oscillatory Flow
Method

Daniel A. Peterson, C. Padmavathi & Brian K. Paul

ASME Journal of Micro- and Nano-Manufacturing, Submitted

68

Chapter 4 – High Production Rate Synthesis of CdS Nanoparticles
Using a Reverse Oscillatory Flow Method
Abstract
A reverse oscillatory flow (ROF) mixing system is discussed having a reaction
channel 460 µm high by 152 mm wide for high flow rate processing of nanoparticle
chemistries. The ROF system is demonstrated to produce CdS nanoparticles at
a production rate of 115.7 g/hour with a coefficient of variation for particle size
down to 19%. These production rates are substantially higher than those achieved
using other microchannel mixers while maintaining comparable size distributions.
Advantages of the ROF approach include the use of larger microchannels which
make the reactor easier to fabricate and less vulnerable to clogging.

4.1 Introduction
Nanoparticles (NPs) are utilized in a wide range of applications including joining
[104], catalysis [105] photovoltaics [106] and drug delivery [107] to name a few. One
challenge in scaling up the synthesis of nanoparticles for these applications involves
control over the particle size distribution (PSD) [108]. In each of these instances,
particle size affects the properties and behavior of the synthesized nanoparticle
and, therefore, PSD is a concern.
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Batch synthesis methods are often used in industry to scale the production of
NPs. Batch synthesis is characterized by large temperature gradients, low mixing
quality, high energy costs (due to heating and mixing) and cleaning time delays
between each cycle [109, 61]. Large temperature gradients and low mixing quality
can lead to larger PSDs in certain NP chemistries requiring binning steps involving
the separation of the particles into particle size subsets which can be expensive.
Continuous-flow microchannel reactor technology provides an opportunity to minimize temperature and concentration gradients over shorter timescales due to the
shorter diffusional distances and, therefore, faster heat and mass transfer available
within microchannels. One advantage of using microreactor technology for the
synthesis of NPs is the on-site synthesis of NPs which reduces the risk and cost
of material transport. Also, microreactor synthesis of NPs has the potential to
directly integrate NP synthesis into manufacturing steps, reducing human contact
with NPs and diminishing possible health risks [109].
Theoretically, another advantage of microchannel reactor technology is the ability to scale production by the arraying of microchannels. However, the current
technical literature for the microreactor synthesis of NPs shows increasing PSD
with increasing flow rate across a wide array of NPs[54]. Further, few papers
exist reporting the microreactor synthesis of NPs above 10 g/hr and no papers
report production above 100 g/hr. As has been shown, one way to characterize
PSD is using the sample coefficient of variation (CV) which is the ratio of the
sample standard deviation and the sample mean. Above 10 g/hr, only one paper
reports a CV below 20% with the remainder having CVs between 20% and 30%.
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Regardless of flow rate, one disadvantage of microchannel synthesis methods is
channel clogging. Interdigital mixers enhance diffusion by layering thin films of
fluid. Nanoparticles have been synthesized using interdigital mixers operating at
flow rates of 0.5 mL/min [1], 3.3 mL/min [48], 10 mL/min [49] and 100 mL/min
[14]. However, typical dimensions for interdigital micromixers are several tens of
micrometers making them susceptible to clogging in a matter of hours depending
on the chemistry. Static T-mixers are available with barrel dimensions down to
500 m. In T-mixers, these larger diffusional distances are compensated for using
engulfment flow [59]. However, T-mixers are difficult to scale-up. Forward and reverse oscillatory flow (ROF) is an alternative technique for accelerating mixing in
microchannels. In ROF, larger diffusional distances are compensated for by the coordination of reverse oscillatory signals on both inlets creating smaller fluid plugs
in the flow direction. By increasing the contact area between the two reactant
streams, diffusional mixing is accelerated. Further, ROF retards the development
of a parabolic velocity profile within the growth region of the reactor which is helpful for managing the residence time distribution of NPs and its impact on PSD
[66, 110]. Prior work has shown that ROF strategies can be implemented using
piezoelectric approaches [11]. Synthesis of nanoparticles using this ROF approach
has yielded CVs as low as 10%. However, production rates for these strategies
are small (3.4 x 10-5 g/hr) having channel dimensions around 25 m making the
approach vulnerable to clogging. The objective of this paper is to develop an ROF
mixing strategy that is easier to scale-up. ROF strategies are implemented using
a channel height of 460 m and channel width of 152 mm. Because of the larger
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dimensions, the reactor is easier and cheaper to fabricate. Computational fluid
dynamics (CFD) models are employed to develop ROF mixing strategies for CdS
NP synthesis.

4.2 Nomenclature
CV
N
MQ
θi
θ̄
ρ
un
p
µ
D
PD

Coefficient of variation, [%]
Sampling size, [1]
Mixing quality, [1]
Species concentration of the ith control volume, [1]
Mean species concentration, [1]
Fluid density, [kg/m3 ]
Velocity vector, [m/s]
Pressure, [Pa]
Fluid viscosity, [kg/s-m]
Scalar diffusion coefficient, [m2 /s]
Predicted mean particle diameter, [nm]

4.3 Methods
Reactive precipitation has been described by LaMer [23, 111] as having three characteristic phases: (1) mixing of reactants; (2) localized particle nucleation; and
(3) crystal growth [23, 25, 42, 111]. As shown in Figure 4.1, nucleation is a localized event conditioned on sufficient concentrations of both reagents and adequate
available energy i.e. an operating temperature above the critical reaction temperature [15, 16, 17]. Under a set of conditions, when the concentration of the limiting
reagent (CLR) is rapidly increased beyond supersaturation, nanometer-scale nuclei
are produced via burst nucleation. After nucleation, concentrations dive below supersaturation and particles grow through reagent reaction on the particle surface,
particle combination and coarsen. The growth reaction continues until consump-
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tion of one reactant or the reaction is quenched. During burst nucleation, the faster

Figure 4.1: Schematic of a LaMer process showing (1) reagent mixing, (2) particle
nucleation and (3) growth phases.
supersaturation is achieved and the higher the supersaturation level, the smaller
the nuclei and subsequent particles. The technical literature shows two chief methods for achieving burst nucleation by (a) rapid heating or (b) rapid reagent mixing
[23, 24, 26, 110].
For this paper, a diffusion-limited synthesis was chosen, involving the reactive precipitation of CdS nanoparticles from 0.004M N a2 S and 0.004 M Cd(N O3 )2 in
aqueous solution [112, 113, 114]. The CdS reaction has a short kinetic timescale
which is useful for the characterization of mixing effects. Further, the low reaction temperature 25o C minimizes thermal gradients within the reactor making the
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quality and speed of mixing the vital metric in determining the reaction rate and
final particle size and distribution.

4.4 Mixing Time
Local reagent concentrations are the driving term in reaction rate equations. The
mixing quality (MQ) is a metric used to evaluate the mix by using local reagent
concentration, which is given in Equation 4.1.
s
MQ = 1 −

1
N

PN

i=1 (θi

θ̄

− θ̄)2

(4.1)

where N is the number of control volumes in the plane analyzed; θi is the numerical scalar value (species concentration) of the ith control volume, θ̄ is the mean
numerical scalar value (which is 0.5 for this case). Values of MQ typically vary
between systems but range between 0.5 and 0.9 [59, 61, 62, 66]. MQ is a measure
of the width of the reagents distribution in the plane orthogonal to the direction of
flow i.e. the larger the MQ value the narrower the reagent profile [30, 31, 62, 63].
MQ can only be determined by modeling mixer systems using computational fluid
dynamics (CFD) [56, 57, 59, 61, 62]. The system is modeled using a numerical
scalar (θ) whose value is between zero and one. Assigning the diffusion coefficient appropriately, results in a numerical model of reagent concentration. Perfect
mixing results in a uniform distribution at a scalar value of 0.5 (for two reagent
systems with equal reagent concentration) with a standard deviation of zero which
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consequently makes the mixing quality equal to one.
Ultimately, the speed with which a desired MQ is achieved dictates the behavior
of the burst nucleation (phase 1). One means of quantifying this mixing speed is
to determine the time (tmix ) needed to achieve a certain level of mixing quality. In
this study, a mixing quality criterion of 90% was used for comparing mixing times.
Alternatively, within a given mixing geometry, tmix can be assessed by measuring
the MQ at the same point for two different scenarios under the same bulk flow
conditions. In this study, mixing qualities were calculated 600 m from the mixer
exit to mitigate end effects. Under these conditions, the higher MQ suggests short
mixing times. The exit MQs for interdigital mixers have been reported between
0.40 and 0.85 (at time scales between 0.1 seconds to 1 minute) [115].

4.5 Experimental Facility
ROF mixing requires two oscillatory flow inlets which are 180o out of phase to
create plugs. Plugs are discrete phases of one reagent completely surrounded by the
other reagent. These plugs result in shorter diffusional lengths and greater contact
area between reagents which speeds up mixing [51, 66]. Figure 4.2 shows results
from a CFD simulation at the point of plug creation within the ROF mixer. The
colors in Figure 4.2 represent the concentration profile of reagents (assuming no
reaction, pure mixing) with red and blue representing reagents A and B and green
representing well-mixed regions. Plugs are created at the T-junction as sinusoidal
velocity waveforms are joined from the two fluid inlets operating 180o out of phase
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of each other (Figure 4.2.A). Contact area and plug creation are controlled by
the ratio of the inlet velocity amplitude and mean velocity. A newly formed plug
is shown in 4.2.B where one reagent is surrounded by the other reagent. The
diffusion of these plugs can be seen by comparing the size of plugs 4.2.B and 4.2.C.
A system schematic and picture are provided in Figures 4.3 and 4.4. Reagents

Figure 4.2: CFD rendering of mixing characteristics showing the formation and
diffusion of plugs. The contour colors denote the species concentration. Green
represents well mixed. Image taken from Case 12.11 (see table 4.3).
are pumped into opposite sides of the mixer as seen in Figure 4.5. Pumps are
synchronized using sprockets. To collect NP samples, the product is quenched in a
collector as it emerges from the slotted bottom of the micromixer. After synthesis,
the system was flushed with water for several minutes.

Figure 4.5 shows the

mixer cross-section with associated terminology. The entry length was 1.67 mm,
the advective region length was 13.45 mm and the exit length was 3.0 mm. The
theory of operation was first to limit nucleation to as small a zone as possible
adjacent to inlets using fast mixing. Decreasing the size of the fluid plugs shortens
diffusional distances leading to faster mixing. Contact area and plug creation
were controlled by the ratio of the inlet velocity amplitude and mean velocity.
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Figure 4.3: Schematic of ROF system. The two pumps are 180o out of phase which
promote mixing within the micromixer. Cuvette is shown which allows for sample
collection for UV-Vis, TEM analysis.

Figure 4.4: Experimental facility including reagent reservoirs, pumps and micromixer.
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At concentrations below supersaturation, particles enter a growth phase where
residence time distribution (RTD) was important. The advective section was to
help perturb the parabolic laminar flow profile providing a more uniform RTD. The
T-joint of the fabricated micromixer is shown in Figure 4.6. The extruded design
was produced using wire EDM, which allows fast and relatively cheap fabrication
of the micromixer. The reverse oscillatory flow signal within the ROF system was

Figure 4.5: Microreactor schematic with terminology.
achieved using two oscillating piston-driven pumps (Fluid Metering, INC. Q-line
90VDC Duplex Plus V300) capable of operating with variable displacement at
a frequency between 0.3 and 30 Hz. Preliminary characterization of the pumps
showed that an oscillatory signal with both forward and reverse components could
be achieved under certain pumping frequencies and piston displacements [12].

4.6 Computational Fluid Dynamics
A CFD model was developed to investigate the design of the mixer geometry prior
to fabrication of the mixer. A simplified model was developed to find the mean
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Figure 4.6: Magnified image of micromixer, showing a realized channel height of
454 µm which is within 2% of the desired height of 460 µm.
and variable components of the flow rate as a function of piston displacement and
pumping frequency [12]. This model was used to determine an inlet velocity for
the CFD model. Six pump configurations were investigated. Pumping conditions
were denoted as “Case x.yz” where x is the pumping frequency (in hertz) and y &
z are the piston displacements for inlets A and B, respectively. Experiments were
carried out for frequency conditions of 12, 18 and 30 hertz and piston displacements of 10% and 20% of full piston reach. These six configurations provided three
conditions with plugs and three conditions without plugs permitting a large range
of mixing quality to be investigated. According to the CFD model, cases 12.11,
12.22 and 18.11 all created plugs, the other three cases did not (more information
is given in [12]).
The governing equations used for CFD simulations were the incompressible, un-
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steady, isothermal, two-dimensional, Navier-Stokes equations (Equation 4.2 & 4.3)
solved in parallel with the scalar transport equation (Equation 4.4):
Continuity:
∂
∂
(ρ) +
(ρuj ) = 0
∂t
∂xj

(4.2)

Momentum:
∂p
∂
∂
∂
(ρuj ui ) = −
+µ
(ρui ) +
∂t
∂xj
∂xi
∂xj



∂
uj
∂xj


(4.3)

Species:
∂
∂
∂
(θ) +
(θ) = D
∂t
∂xj
∂xj



∂
θ
∂xj


(4.4)

where ρ is fluid density, un is the velocity vector, n is the tensor index (i or j for this
two dimensional study), p is the pressure, µ is fluid viscosity, θ is the numerical
scalar and D is the scalar diffusion coefficient. Gravitational effects are assumed
negligible, as is often done in micro systems [29, 41, 56, 65, 69, 105]. Changes in
concentrations due to reaction were not considered. These models were developed
purely to quantify mixing and residence time effects of mixer geometry and pump
conditions.
Inlets enforced temporally dependent velocity boundary conditions. The mean inlet velocity for each inlet was assigned uniformly (spatially) to the inlet control
volumes in the surface normal direction (positive and negative velocity magnitudes
were assigned as appropriate). Inlet velocities values were found experimentally
from the pumping system. To achieve the required inlet velocity the pressure profile
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was iteratively solved such that the exit pressure is zero gauge. Reagent tracking
was handled with a numerical scalar, which was assigned an appropriate diffusion
coefficient. The numerical scalar was set to one for inlet A and zero for inlet B. A
no-slip condition was applied at all walls (uwall = 0). The scalar gradient at the
surfaces in the surface normal direction (n̂) was assigned to zero at all walls and
the reactor exit. Table 4.1 summarizes the boundary conditions used in this study.
The software package used to simulate these results is Fluent 14.0.0 (2011, ANSYS
Table 4.1: Boundary conditions for the CFD model.
Boundary
Velocity
Pressure Species
Inlet A
ui = ~u = [0, uinlet,A (t)]
N/a
θ=1
Inlet B
ui = ~u = [0, uinlet,B (t)]
N/a
θ=0
∂θ
Wall
ui = 0
N/a
=0
∂ n̂
∂ui
∂θ
=0
p=0
=0
Exit
∂ n̂
∂ n̂
Release Version 14.0). The following simulation parameters were used in modeling;
finite-volume pressure-based solver, SIMPLE pressure-correction algorithm, second
order implicit discretisation method, 2-dimensional laminar time-dependent simulation with double precision data storage. The maximum Reynolds number was
well within the laminar regime (approximately 160). The 2-dimensional assumption was made owing to the very large aspect ratio (approximately 330) which
allows the end-effects to be neglected. Under-relaxation parameters were 0.3 for
pressure, 0.7 for momentum and one for all additional variable fields.
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4.7 Nanoparticle Characterization
Nanoparticle size, morphology and size distributions were analyzed using a STEM
(Phillips CM12) operated at 120 keV. Images were used to obtain particle diameter and diameter distribution. The CdS NPs were also analyzed using a UV-Vis
spectrometer (Avantes 3648) in a wavelength range of 300-800 nm and correlated
the properties with TEM sizes. Lattice planar spacing was measured using high
resolution TEM (FEI Titan FEG-TEM) operated at 300 keV.
To obtain a dispersion of particles for TEM analysis, various sample preparation
techniques were investigated. Initially, a drop of as-synthesized CdS NP suspension
(Case 12.22) was dispensed onto the carbon film of a TEM grid (Formvar stabilized copper grid, TED PELLA, 200 mesh) followed by lamp drying for 4 hours.
Due to the hydrophobic nature of the carbon film, few NPs were observable under
TEM and those that remained caused holes in the film due to NP excitation during
drying. To overcome this, sample grids with NPs were air dried which served to
improve imaging but resulted in poor contrast (Figure 4.7.a). In a related method,
after dispensing NPs, the grid was washed in methanol and air dried for 5 min providing better contrast. However, the NPs were found to be agglomerated forming
chain links (Figure 4.7.b). A third method involved modifying the original synthesis recipe by precipitating particles in acetone followed by centrifuge, washing with
methanol and dispersion in methanol. After dispensing a drop of the methanol
suspension on the grid, the sample was air dried, heavily agglomerated particles
were seen during TEM imaging (Figure 4.7.c). The final protocol involved improv-
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ing the hydrophilicity of the Formvar side of the TEM grid by applying a negative
charge using a glow discharge technique in the presence of air. Afterwards, a drop
( 5µL) of CdS NPs synthesized and suspended in aqueous chemistry was dispensed
on the Formvar side of the grid placed on a filter paper and air-dried for 5 min
at room temperature. Prior to TEM analysis, a distribution of fine droplets was
visibly observed on the grid. During analysis, when the electron beam was focused
on the droplet, the water vaporized leaving dispersed CdS NPs on the grid (Figure
4.7.d).

Figure 4.7: TEM image of CdS NPs synthesized using Case 12.22 and prepared
by (a) dispensing a drop on carbon film, (b) dispensing a drop on carbon film and
washed with menthol, (c) dispensing a drop of methanol suspension on carbon film
and (d) dispensing a drop on Formvar film.
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4.8 Results and Discussion
4.8.1 Effects of Advection on Mixing
Prior to fabrication of the mixer, preliminary CFD studies were used to evaluate the
mixing performance of the ROF mixer with and without the serpentine advective
region. In the case without, the advective region was replaced with a straight
channel section of identical length. The mixing qualities of the serpentine and
straight-channel mixers for the case studied are given in Table 2. The table reports
the mixing quality (MQ) at the reactor exit and the mixing time needed to achieve
an MQ of 90% (tmix ) for the serpentine and straight-channel mixers. As shown, all
cases were well mixed by the exit from the serpentine mixer. As illustrated in Table
4.2, the mixing quality is dependent on both the reactor geometry and the inlet
profile. Therefore, one inlet profile will not result in the same mixing quality when
applied to a different reactor geometry. Further, all mixing times were less than 200
ms for the serpentine mixer. The mixing quality for the straight-channel mixer was
Table 4.2: Mixing quality of the ROF micromixer with and without an
region.
Serpentine
Straight-Channel
Difference
Case MQ tmix M QROF M Qtime tmix M QROF M Qtime
#
%
ms
%
%
ms
%
%
12.11 98
61
76
77
313
26
24
12.22 97
62
76
93
91
24
4
18.11 98
72
83
90
569
16
9
18.22 95
114
59
74
1,471
47
26
30.22 96
120
56
69
1,651
52
33

advective

tmix
%
411
46
693
1192
1276
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calculated at a length (M QROF ) and flow time (M Qtime ) equivalent to the length
and average residence time used for calculating MQ in the serpentine mixer. The
difference columns report the percent difference in mixing quality for the length
and time equivalencies and the percent increase in mixing time for the straightchannel mixer compared to the serpentine mixer. In general, the serpentine mixing
region was found to have a profound effect on the mixing quality and mixing time
to reach an MQ of 90%. Case 12 showed the best mixing conditions particularly
without the advective region. Figure 4.8 illustrates cases 12.11 and 33.22; the best
and worst cases using the serpentine micromixer. The difference in the mixing
quality is due to the formation of fluid plugs. Flow parameters for both case 12.11
and 12.22 result in plug formation for both the serpentine and straight-channel
micromixers. Plug formation is responsible for the improved performance of case
12 over case 30.

Figure 4.8: Concentration contour plot of reagents for (a) Case 12.11 and (b) Case
30.22.
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4.8.2 Mixing Effect on Particle Size
Based on pump characterization and CFD results, three pumping frequencies (12,
18 and 30 hertz) and two pump displacements (10% and 20% of full piston reach)
were found to be viable. Consequently, six operating conditions or cases were
selected for analysis. The first five cases were run with equal flow rates of both
reagents [N a2 S and Cd(N O3 )2 ] at concentrations of 0.004 M in aqueous solution.
The sixth case is denoted with an H since a higher concentration (0.04 M) was used
for both reagents. Table 4.3 gives the simulated and experimental results for each
case including the mean flow rate [mL/min] and single amplitude (expressed as the
ratio of the inlet amplitude and mean flow rates). As expected, according to CFD
results, the cases with plug creation resulted in better mixing quality. Interestingly,
there is a very strong correlation between inlet amplitude ratio and mixing quality
with an R2 value of 0.975, when mixing quality is plotted against amplitude ratio
[66, 51]. The strong correlation between the mixing quality and amplitude ratio
is due to the enhanced mixing which occurs when fluid plugs are formed which is
a function of the amplitude of the incoming fluid. Figure 4.8 shows the effect of
amplitude ratio where figure 4.8.a has a ratio of 3.04 and figure 4.8.b has a ratio
of 0.62. The plugs are formed with higher amplitudes as showing figure 4.2. The
synthetic products for the first five cases were characterized under TEM with cases
12.11 and 18.22 using two different sets of synthetic products for each. Figures 4.11
– 4.14 shows the resulting TEM images and histograms of the samples analyzed
including Case 12.22H which was run using a higher concentration of reagents
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Table 4.3: Mixing quality of the ROF micromixer with and without an advective
region.
Case Flow Rate Amplitude Production MQ Sample Mean PD CV
[mL/min]
[g/hr]
%
Size
[nm]
[%]
12.11
239.2
3.04
8.27
98.3
419
3.8
27
12.22
334.7
2.00
11.57
97.2
162
5.6
25
18.11
234.1
2.78
8.09
97.7
214
4.6
23
18.22
242.6
0.61
8.38
95.3
917
7.0
27
30.22
232.9
0.62
8.05
95.7
177
5.2
24
12.22H
334.7
2.00
115.7
97.2
432
6.0
19
during synthesis. Where multiple TEM images were collected for a given case, the
image with more NPs is shown. NP diameters were measured with the help of
ImageJ software (1.44o, National Institutes of Health, USA).
In all cases, uniformly dispersed, isolated and non-agglomerated particles were
observed. This suggests that sodium polyphosphate effectively capped the particles
to maintain them in dispersion without agglomeration. The high resolution TEM
analysis of a CdS NP obtained under case 30.22 with 0.004 M is given in Figure
4.9. This micrograph shows a highly crystalline NP with interplanar spacing of
2.1 Å (Figure 4.9.i). This was attributed to the spacing between the (220) planes
and growth along the [220] direction of a cubic CdS nanoparticle.
TEM results are summarized in Table 4.3 and Figures 4.11 – 4.14. The sample
size for each NP population is shown along with the coefficient of variation (CV).
The data in Table 4.3 shows a correlation between mixing quality and particle
diameter, with an increase in mixing quality correlating with a decrease in PD.
Regression of the mean particle diameter for the five low concentration cases as a
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Figure 4.9: HRTEM micrographs of CdS NPs obtained at 30.22 with 0.004 M.
function of mixing quality provided the following equation:

P D = 82.334nm − 79.664nm(M Q)

(4.5)

The R2 value of this equation was found to be 0.757 suggesting a fit between the
mixing quality and the mean particle diameter. Applying Equation 4.5 to the 5
samples collected gives an average error of 8.2%. These results can be explained
by faster mixing leading to higher supersaturation and a smaller critical radius for
nucleation.
The CV for all five samples was found to be nearly constant. At higher concentration, condition 12.22H yielded a mean particle diameter of 6.02 nm with a CV
of 19% compared with the same pumping condition at lower concentration (12.22)
which provided 5.35 nm and 25%, respectively. The increase in diameter at higher
concentrations is likely due to increases in the reaction rate. The larger particle
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also helps explain the smaller CV.
The highest mean production rate for the continuous synthesis of CdS found in
literature is 3.15 g/hr. The literature shows that particle uniformity worsens with
increasing production rate. The production rate reported here for case 12.22H is
over 36x the average rate found in the literature. The CV actually improved at a
higher production rate.

4.8.3 Spectroscopic Analysis
As shown in Figure 4.10, the diagrams clearly show weak broad absorption shoulders below about 500 nm exhibiting a blue shift relative to the absorption edge
for bulk CdS at around 515 nm. Further, the diagrams show the emergence of
excitonic peaks associated with the quantum confinement of excitons as the particles approach the Bohr radius of an exciton which for CdS is about 3 nm [116].
These results are consistent with UV-Vis spectroscopy results found elsewhere
[117, 118]. The flatter excitonic peaks at smaller diameters are indicative that the
particle size distribution is not narrow showing multiple exciton peaks appearing
at different wavelengths correpsonding to different-sized nanoparticles. The TEM
results in Table 4.3 are comparable to those predicted in the UV-Vis analysis. The
UV-Vis spectroscopy in shows that the high concentration case 12.22H produced
larger particles than the low concentration case. For the five low concentration
(0.004M) samples, the UV-Vis results of mean particle diameter ranks the cases in
the following order (smallest to largest) 12.11, 12.22, 18.22 and 30.22. These are
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Figure 4.10: UV-visible absorbance spectra of as-synthesized CdS NPs showing
the (a) effect of pump frequency, (b) effect of pump displacement, and (c) effect of
concentration.
largely consistent with TEM measured results in that 7 of the 10 relative diameter
predictions are consistent with TEM results.

Figure 4.11: Case 12.11, PD=3.8nm, σ = 1.0nm, CV=26.6%
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Figure 4.12: Case 18.11, PD=4.6nm, σ = 1.1nm, CV=23.2%

Figure 4.13: Case 18.22, PD=7.0nm, σ = 1.9nm, CV=26.9%
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Figure 4.14: Case 12.22H, PD=6.0nm, σ = 1.1nm, CV=19.0%

4.9 Conclusions
This paper reports a forward-reverse oscillatory flow method shown to achieve a
production rate of 115.7 grams per hour which is 10x more than the highest production rates found in the literature. Furthermore, 6 nm NPs were produced at
this rate with a CV of 19% which is smaller than most CVs found in the literature
produced at lower production rates. Results show strong statistical correlation
between mixing conditions and particle diameter. The technique uses a mixer produced using wire EDM with 460 m high channel dimensions.
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Chapter 5 – Experimental Verification of a Numerical Simulation
for Heating Continuous Flow Reactions Using Single-Mode,
Continuous Microwave Heating
Abstract
A single-mode microwave system creates an electro-magnetic field with very sharp
peaks that can provide high power densities for heating, continuous process fluids
rapidly on a much shorter time scale than by convection. Here a model is developed to simulate the heating of a saline solution under continuous flow conditions
using varied flow rates (15 to 40 mL/min), microwave power (150 to 300 W atts)
and salinity (1 to 5 g/L). Different concentrations of saline are used to change
the dielectric properties of the fluid. The temperature change across a microwave
heating zone was measured using in-situ fiber optic temperature probes. The microwave energy was provided by a Sairem single-mode magnetron at 2450 M Hz.
The process fluid was passed in front of the microwave beam using an alumina
tube applicator with an inner diameter of 9.53mm. Results show the model was
able to predict the temperature with an average error envelope of 16.8% for all
cases. The model is used to investigate the implications of applicator diameter on
the effectiveness of the system with suggestions for future work.
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5.1 Introduction
Microwave heating methods are ideal for rapidly changing reaction temperatures
for flow chemistries. Applications include microwave-aided production of high quality quantum dots [119], alternative fuels like biodiesel [120], organic compounds like
Benzamide [121, 122] and mass-produced food products [123]. Microwaves can be
rapidly absorbed and their absorptivities tuned over a wide spectrum based on the
solvent used. Other benefits include higher synthesis yields, more efficient fluid
heating, and reduced operating complexity. However, transverse thermal gradients (i.e. hot spots) within the flow chemistry may extend from non-uniformities
in the absorbed dosage within the flow cross-section due to variations in: 1) the
mode of the microwave source; 2) the microwave intensity across the beam; 3)
microwave intensity in the applicator direction 4) attenuation of the beam within
the flow cross-section. These thermal gradients result in variations in reaction
temperatures (i.e. hot spots and cold spots) within the reaction volume. Figure
5.1 illustrates the directions of interest in constructing this model.
The synthesis of chemical species is often governed by chemical reaction rate
equations involving Arrhenius functions. Reaction rates are typically a function
of precursor concentrations and operating temperatures. For chemical products
which are dependent upon fast reactions (e.g. size of nanocrystals in reactive
precipitation), variations in temperature across the reaction volume must be minimized. It is difficult to measure the spatial resolution of temperature within a
continuous flow reaction volume. Therefore, in order to minimize thermal gradi-
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Figure 5.1: Schematic of applicator in microwave cavity. There are four directional components to consider 1) a-d line which is dependent on the mode of the
microwave source, the waveform is comprised of either; one standing wave in single mode systems or many waves of different frequencies in multimode systems.
2) Along the c-f line which is the microwave intensity across the beam and 3) the
b-e line which is the microwave intensity in the applicator direction; the combination of these two directions creates either; a hemispherical distribution in a single
mode systems or a nearly uniform distribution in multimode systems. Finally 4)
the attenuation of the beam within the flow cross-section in the a-d line direction
between the walls of the applicator.
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ents and use microwave heating most effectively, accurate modeling of the process
is needed across different flow rates, microwave powers and dielectric properties.
In this paper, a numerical model is presented that is verified over a range of conditions. Dielectric properties are varied by using different concentrations of saline
solution as the process fluid.
Most applications of microwave heating consist of a static reaction volume exposed
to a multimode microwave system. Therefore, most of the modeling to date does
not consider single-mode flow schemes. The chief advantage of a multimode system is the uniformity of the microwave field which leads to more uniform heating.
Campanone [124] showed good agreement between his model and experimental
results for the multimode heating of gels and a whole potato. The temperature
profile into the sample was solved using a Crank Nicolson method to solve for
the time dependence. Kopyt [125] modeled a multimode microwave system with
experimental verification and introduced a coupling approach for solving both the
thermodynamic and dielectric properties iteratively.
Prior researchers have modeled single-mode systems which produce a microwave
field with extreme peaks producing relatively small areas of very high heating which
can be utilized to rapidly heat a targeted location within the microwave cavity.
Zhoa [126] applied Maxwells equations to the heating of a static sample (this simulation was without continuous flow) in a single mode microwave cavity. Plazl [127]
investigated the microwave heating of a continuous flow catalytic reaction, where
the electromagnetic field was approximated by the solution of Maxwells equation.
The flow passed through a porous catalyst, this geometry causes different fluid
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flow behavior compared to continuous flow through tubing.
There are few models given in the literature for the continuous flow heating within
a multi-mode system. Zhu [123] modeled the heating of a continuous flow process
in the production of food products. This model investigated the effect of the size
and location of the applicator in the heating of apple sauce, skim milk and tomato
sauce. The numerical model is built on solving both Maxwells equations and the
Navier-Stokes equations along with the energy equation. However, no physical
experiments were carried out to verify the model.
In more recent work, Zhao [126] solved a model for a continuous flow application
in which the difference between the reacting and non-reacting flows were compared. The investigation used numerical experiments to compare the two flows.
The applicator geometry use was a signal tube, all runners were carried out with
on applicator diameter. Salvi [128] developed a numerical model using COMSOL
which solved Maxwellian, Navier-Stokes and energy equations. The work was verified for two different dielectric fluids where the temperature profile is compared
at a number of locations along the flow direction, all experiments used the same
applicator geometry (a signal tube). These papers give a foundation from which
to draw conclusions about the numerical methods used. Neither paper builds a
model which can be quickly changed to assist in the design of an applicator.
This study uses a different method for solving the temperature profile within a
continuous process fluid. In the development of these models, some have characterized the system performance using an engineering variable, called the heating
efficiency, which is the ratio of fluid heating to total energy available. Bilen [129]
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defined this variable as:
HE =

ṁCp ∆T
Pin

(5.1)

Solving the temperature profile through the use of the full Navier-Stokes and energy equations are computationally expensive and time consuming. The approach
presented here solves the microwave heating and temperature profile for a process
fluid exposed to a single-mode microwave system within a continuous flow loop
using the heating efficiency to calculate the temperature. This method is easier to
implement and more computationally and time efficient.
Further, the temperature of a fluid is known to affect its dielectric properties.
Therefore, Pakee [130] implemented temperature dependence in the modeling of
a static sample within a multi-mode system where both the dielectric constant
and the loss tangent. Knyazev [131] used a thermal mixing model to report the
penetration depth.
In this work, a numerical model was developed to help understand the thermal
distribution resulting from the absorption of single-mode microwave energy within
a flow chemistry. This model was built to assist in the design of microwave applicators. Conventional model requires a full fluid model and meshed geometry
to calculate the effect of microwave heating. This model is used to assist in the
design of a multi-tube applicator which allows the production rate to be increased
while introducing only small increases in the thermal distribution within the fluid
cross-section. No multi-tube applicators are recorded in the literature to date.
To improve the accuracy of the model, the dielectric properties of the solvent were
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determined as a function of temperature and used within the modeling results.
Computational results were verified over a range of solvent dielectric properties
by changing the concentrations of the saline solution. The verified model is used
to provide insight into approaches to reduce thermal gradients during high rate
chemical processing.

5.2 Model Development
The modeling approach used involves solving for the intensity of the microwave
field in space by simplifying Maxwells equations, calculating the amount of energy absorbed within the process fluid using the Beer-Lambert law and coupling
these results with the energy equation to determine a resulting temperature profile
within the process volume. This approach is readily applicable for a single-mode
microwave system where a standing wave can be formed in a waveguide and applied to the fluid within an applicator. [111, 123, 124, 127, 128]. Specifically, a
three kW , 2450M Hz microwave processing system (Sairem) was used within this
study. A schematic of the system is shown in Figure 5.2. A picture of the system is
shown in Figure 5.3. The width (X direction) is 4.3 cm and height (Y direction) is
2.15 cm and the full cavity length (Z direction) is 18 cm. The applicator is made
of alumina with an inner diameter of 9.53 mm and in positioned normal to the
XY plane and centered in the middle of the cavity. At the far left of figure 5.2, the
microwaves are generated by a magnetron located within the 2.45 GHz three kW
microwave source (a) (serial number: 24.20.12). The microwaves travel through
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Figure 5.2: Schematic for a typical microwave system.
the isolator (b) (serial number: 2986), which protects the magnetron from the
reflected wave, then passes through the waveguide (c) (serial number: 520.20.12)
with the three stub tuner (d) and enter the microwave cavity (e) (serial number:
123.20.12) where they interact with the process fluid flowing through an applicator
(g) inside the chimney (f) (serial number: 123.20.12). The chimney is designed
to allow the applicator to intersect the path of the microwaves while preventing
any microwaves from escaping the system. When tuned properly, a short-circuit
reflector (i), attached by a housing (h) (serial number: 313.20.12), reflects any
unabsorbed microwaves back through the waveguide traveling in the opposite direction and in phase with the original standing wave. After passing through the
process fluid, the unabsorbed wave is directed into a dummy load of water (j) by
the isolator where it is absorbed, protecting the magnetron from damage by unabsorbed microwave energy.
While passing through the waveguide, the tuning knobs can be used to shape
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Figure 5.3: Image of the microwave system from Sairem. All major components
are labeled. Note, in this image, the waveguide has only one tuning stub. The
system used in this paper has three.
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the microwave profile by changing the standing wave ratio (SWR) i.e. the ratio
of the maximum and minimum voltage along the waveguide. For this work, the
tuning knobs were set to zero, so that the microwave profile was not modified as
it traveled through the waveguide.
The solution to Maxwells equations coupled with the energy equation must be

Figure 5.4: Diagram showing the five modeling steps and associated equations
solved at each step.
solved iteratively to account for the temperature dependence of the electromagnetic and thermodynamic properties of the dielectric fluid. There are five steps
in iterating the solution of the temperature profile as shown in Figure 5.4. To
begin, the amount of heat generated in the system is set to zero and the starting
temperature is set to the ambient value measured at the time of the experiments.
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The first iterative step involves updating all properties where the electromagnetic
and thermodynamic properties are found as a function of the bulk mean temperature of the solution within the applicator. Next, the electromagnetic (EM) field
is solved within the cavity which involves solving Maxwells equations for a two
dimensional rectangular field in the XZ plane (orthogonal to the flow direction
of the applicator) as shown in Figure 5.3 this XZ plane is at the center line of
the system in the Y direction. Then the absorbed power is determined as the
difference between the original microwave field without attenuation and the unabsorbed microwave energy which passes through the sample determined using the
Beer-Lambert law. This is followed by solving the energy equation, with absorbed
microwave energy accounted for as a source term, yielding a change in temperature. Finally, a new estimated temperature profile is calculated which is the sum of
the incoming sample temperature and the change in temperature from microwave
heating at each locale within the process volume. The difference between the new
estimated temperature and the temperature of the previous iteration is compared
to a convergence criterion to determine if the solution has converged on a solution.
If the difference is less than the convergence criteria, then the estimated temperature profile is reported as the final temperature profile. Otherwise the numerical
process starts again using the newly approximated temperature profile to update
the dielectric fluid properties. The initial five modeling steps and the subsequent
iterative steps are shown in Table 5.1. The starting and iterative steps are described in more detail in Table 5.2.
Maxwells equations can be solved in either two or three dimensions [126]. As

Table 5.1: Model iteration steps
Event
Initial
Iterations
Solve energy
(1) q=0
(6) Determine the amount of absorbed energy
by EM field subtracting the unabsorbed
field from the original equation
Calculate the
(2) T = Tin
(7) Solve the energy equation to determine the
temperature field
temperature change; Add temperature change to
previous temperature; Apply convergence criteria
Update properties
(3) Determine values
(8) Assuming no convergence, find the new
at Tin
property values at the new temperature
Solve EM field
(4) Solve for the ideal
(9) Solve for the new ideal field
EM field
Calculate the
(5) Solve Beer-Lambert
(10) Solve Beer-Lambert law with the
absorbed power
law for unabsorbed energy
updated properties
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stated above, a two-dimensional solution is considered across a rectangular field
corresponding to the XZ plane in Figure 5.3. The microwave field in the X and
Y dimensions has a profile of one half of a sine period symmetric about the center
of the waveguide so that the maximum amplitude is along the centerline axis of
the waveguide. The microwave profile is allowed to vary in this manner in the X
direction across the width of the waveguide. For the purposes of simplifying the
model, the changes in the microwave profile in the Y direction were considered
negligible since the change in field strength across the profile is small relative to
the peak amplitude of the field strength. The standard XZ plane used to calculate
the heating efficiency was the center line, plane in the Y direction. The microwave
profile is allowed to vary in the transmission direction (Z) assuming that the maximum peak of the standing wave is symmetric about the center of the applicator
axis. In solving Maxwells equations, one must first apply the correct boundary
conditions. For the 2D case, the waveform solution is constrained by the edges
of the waveguide. It is well documented that in the direction orthogonal to the
microwave transmission direction (x), the waveform is concave approximated by
one half of a sine period. Here, in the microwave transmission direction (z), the
waveform is also approximated by a sine wave, with the period corresponding to
the microwave frequency. The complete expression for the energy is the product of
the x and z wave intensity times the initial energy intensity of the EM field. For a
system with a reflected signal, the total energy intensity at any point is the square
root of the sum of the squares of the energy intensity for the first and second passes
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Table 5.2: Numerical model steps and descriptions
Steps Description
(1)
Set the initial heat generation to zero throughout the system. q = 0
(2)
Set the initial temperature uniformly to Tin .
(3)
Set the temperature dependent properties at Tin .
(4)
Solve Maxwells equations with appropriate boundary condition with
not solvent in the applicator (the ideal magnetic field). See
equation 5.4.
(5)
Solve Beer-Lambert law using the solvent properties to calculate the
amount of energy absorption (signal attenuation). See
equation 5.5.
(6)
Use the solution of Beer-Lambert law and the ideal magnetic field
to give an expression of the energy coupling (heating efficiency),
the product of the heating
efficiency and heat supply is the amount of heat generation. See
equation 5.8.
(7)
Solve the energy equation to give the temperature field. Calculate
a term measuring the current and previous temperature field to be
used in establishing convergence. See equations 5.10 - 5.12.
(8)
Update the temperature dependent variables with the new
temperature field.
(9)
Solve the ideal magnetic field with the updated dielectric properties.
See equation 5.4.
(10) Solve Beer-Lambert law using the solvent properties to calculate
the amount of energy absorption. See equation 5.5.
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[126]. These expressions are given as follows [130, 132]:

E1 (x, z) = Ein sin

 πx 

E2 (x, z) = Eref sin
r
E0 (x, z) =

Lx

sin(2πf z)

 πx 
Lx

sin(2πf z)

E12 (x, z) + E22 (x, z)
2

(5.2)

(5.3)
(5.4)

where E1 (x, z) and E2 (x, z) are the energy fields for the first and second passes,
respectively; Ein and ERef are the energy intensity at the beginning of the waveguide and at the point of short circuit reflection, respectively; x is the direction
orthogonal to the microwave transmission and process flow; Lx is the width of the
waveguide in the x direction; Z is the microwave transmission direction; f is the
frequency of the microwaves; and E0 (x, z) is the ideal energy field for the geometry
of interest assuming no attenuation.
After the ideal field is calculated the effect of the solution must be accounted for
by calculating the energy absorption by the sample. The absorption is calculated
by applying the Beer-Lambert law to the ideal energy field. The microwave energy
is attenuated down the length of the sample in the z direction [131]. The l(x, z)
term below is the length where the microwave signal has made contact with the
sample including both the first and second passes for a given x position along the
z direction.
E(x, z) = E0 (x, z)e

−l(x,z)
Dp

(5.5)
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where E(x, z) is the energy field intensity at position (x, z) and Dp is the penetration depth of the sample being processed. The penetration depth is the length of
sample required to absorb 63.2% (1 − e(−1) ) of the energy. This penetration depth
can be approximated by the following expression [127]:

Dp =

c
rq
√
f π 2ε0
1+

, tan(δ) =
ε0
ε00



−1

ε00
ε0

(5.6)

where c is the speed of light; ε0 and ε00 are the real and imaginary components of
the permittivity of the solution (also called the relative dielectric constant and the
effective loss factor, respectively); and tan(δ) is the loss tangent which is a measure
of how resistive (lossy) the sample is at the current environmental condition. The
heat generation can be written in terms of the energy field and the dielectric
properties as follows [123, 133]:

q(x, z) = 2πf ε0 ε0 (tanδ)E 2 (x, z)

(5.7)

where q is the heat generated due to microwave attenuation and ε0 is the free space
permittivity.
The heating efficiency can be used to approximate the amount of energy used to
heat the sample versus how much energy is available without a sample and can
be calculated by finding the ratio of the absorbed energy and the total available
energy. The heating efficiency is written as the difference between the ideal energy
intensity and the energy intensity after accounting for attenuation all over the ideal
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energy intensity. Canceling like terms yields Equation 5.8:
RR
RR
qabs (x, z)dxdz
2πf ε0 (tanδ) (E02 − E 2 )dxdz
∆U
RR
HE =
= RR
=
∆T Pin
q0 (x, z)dxdz
2πf ε0 (tanδ) E0 dxdz
RR
HE =

RR 2
E02 dxdz −
E dxdz
RR
E0 dxdz

(5.8)

(5.9)

where U is the change in the internal energy of the sample, t is the time duration,
qabs is the heat absorbed by the sample and q0 is the ideal heat available. Each of
the heat source terms are integrated over the sample cross section. As explained
above, to simplify the math, the relative change in the microwave intensity XZplane profile along the Y direction has been assumed negligible.
The energy equation includes energy transfer in convection and conduction as well
as heat generation as shown in Equation 5.10 [123]:

ρCp

∂T
∂T
+v
∂t
∂y


= O(kOT ) + q(x, z, t)

(5.10)

where ρ is the sample density, Cp is the specific heat of the sample, v is the fluid
velocity in the y direction, O is the Del operator used here to find the thermal
gradient, and k is the fluid thermal conductivity. The heat generated due to microwave heating is equivalent to the amount of power converted into heat defined
by the heating efficiency. Applying the equation to a steady state process, neglecting the conductive heat transfer in the flow direction and solving the equation for
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a control volume equal to the entire applicator, the energy equation becomes [126]:

q(y) = HE(Pin ) ∴ ρCp v

∂T
ṁCp ∆T
= HE(Pin ) ∴ HE =
∂y
Pin

(5.11)

where ṁ is the mass flow rate and Pin is the operating power of the microwave
system. Note that converting the system into a three dimensional system turns
the velocity term into a volumetric flow rate term. The solution of the energy
equation can be arranged to give an expression of the bulk mean temperature at
the exit of the applicator.

Tout = Tin +

HE(Pin )
ρV̇ Cp

(5.12)

where, Tout is the sample temperature at the exit of the applicator, Tin is the solution temperature at the inlet of the applicator, and V̇ is the volumetric flow rate.
To implement, a numerical model was coded in MATLAB (version 7.11.0.584, 64bit, 2010) using a two-dimensional uniform Cartesian mesh with 250 grids in each
direction aligned with the XY plane. The grid was intended to cover the full width
of the microwave cavity but was truncated in the length (Z) to create a square domain centered about the center of the applicator. A grid refinement study found
that the selected grid introduced error (1.48x10−4 ) on the order of the convergence criteria. Numerical convergence of the model was measured by tracking the
residual exit temperature. The difference of the ratio of the difference of the exit
temperature of the current iteration and the pervious iteration and the current
exit temperature was found and compared to the convergence criteria (10−4 ). Also
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the bulk mean temperature was found and used to update the properties of the
next iteration.
n−1
n
Tout
− Tout
T =
n
Tout

(5.13)

n
+ Tin
Tout
=
2

(5.14)

∗

T̄

n+1

where the superscript gives the iteration count of the model. Therefore, T ∗ gives
a measure of the error in the model and T̄ is the mean temperature of the sample.
The dielectric properties of the fluid were allowed to vary with both temperature
and salt concentration while the fluid density and specific heat varied only with
temperature (see appendix for further details).
The numerical approach taken in this work is similar to the approach taken by
others [128, 134], there are a few chief differences which make this a better tool
for designing applicators of varying size (and even applicator arrays). The conventional approach requires the following steps for each candidate design; (1) build
a mesh model of the applicator geometry (this may include constructing a solid
model), (2) importing the mesh into a commercial (or privately developed, though
this is not seen in the literature) CFD package and assigning proper boundary
conditions and solving parameters and (3) solving the model, the convergence
timescale can be hours for complex models. The total time scale for each design is
on the order of hours to days. The model developed here has two time saving advantages; (1) changing the diameter of the applicator tubing (or adding an addition
tube to the applicator array) is as easy as changing/adding a tube centerline and
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tubing diameter to the code, then running the code (convergence is on the order
of seconds to minutes) and (2) the heating efficiency of the microwave system is
calculated and applied to the thermal field of the fluid instead of solving the full
continuity, momentum, energy and microwave heating coupling equations. This
simplified approach reduces the time of model construction and convergence and
accomplishes the solution with a smaller error than reported by the full model,
17% compared to 18 to 20% [128].

5.3 Model Verification
The temperature change through the microwave cavity is used to verify the accuracy of this model. Numerically the temperature difference between the inlet and
exit is solved using equ. 5.12, the inlet temperature is set equal to the measured
inlet temperature from the experiment and the system parameters are set the same
as the experimental setup, therefore both the change in temperature and the exit
temperature can be calculated directly from the numerical model. The experimental temperature change is measured as the difference between two thermal optical
probes. The two optical probes are fed into the tubing through the T-union seen in
Figure 5.5.c, the length between the T-union and the inlet/outlet was measure out
on the optical probes to insure temperature reading at the desired location. Both
the inlet and exit temperature were recorder, which can be used to calculate the
change in temperature. The temperature was allowed to be recorded only after 5
seconds of stable readout (temperature range less than one tenth of a degree over
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5 seconds). The experimental order was randomized (in order to minimize any
nuisance variables like, system warm-up) each experimental run was carried out
three times the average temperature change as used to verify the model.
Model validationverification experiments were performed to determine the accuracy of the numerical model developed above. Experimental conditions were selected to be easily achievable by both the experimental facility and the numerical
model. Various concentrations (0 to 5 g/L) of saline solution were flowed through
the test loop at different flow rates and microwave powers. Saline solution was
chosen as it is a good dielectric fluid for use in exercising a wide range of dielectric
properties [135, 136]. The inlet temperature of the incoming fluid was used to
start each numerical model. Therefore, experiments were carried out first, then
simulations were run for each experimental condition. Experiments were run until
the temperature reached steady state, usually within 60 seconds. After each trial,
the inlet and outlet temperatures were recorded. After both experiments and simulations were conducted, the resulting temperatures and heating efficiencies were
compared.
Both the dielectric and thermodynamic properties are strongly a function of temperature. The models used to approximate the fluid properties are noted in the
Appendix. Numerically, these sensitivities were accounted for by solving the numerical model iteratively until the outlet temperature converged. Experimentally
this sensitivity was accounted for by running each test three times and averaging
the resulting outlet temperature. (The standard deviation was 2.82o C which is
less than 6% of the measured value.)
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To conduct useful experiments, several key variables were controlled during experiments. Based on the model developed, the energy coupling between the microwave system and the sample was found to be chiefly affected by the sample
temperature, applicator diameter, applicator location (within the EM field) and
sample composition (saline concentration). The thermal effects on the sample were
found to be dependent on the flow rate, microwave power and dielectric properties of the fluid as a function of temperature and composition. These variables
were accounted for in the following ways. The experimental result of interest is
the sample exit temperature from the microwave cavity section and the resulting
heating efficiency which is a derivative of the change in sample temperature. A
fiber optic sensor was placed at both the inlet and exit of the microwave cavity and read by a 4 channel receiver. The bulk mean temperature was used to
find the properties of the dielectric fluid (dielectric constants, sample density and
specific heat) and was set to be the average of the sample inlet temperature as
measured and the exit temperature as calculated by the numerical model. All
experimental temperatures were measured using a fiber optic temperature sensor.
Sensors were calibrated according to vendor requirements. The microwave power
was controlled using the microwave source. The saline concentration was changed
in-line using a T-mixer to mix incoming lines of pure water and high concentration
saline. The flow rates of the two samples were controlled to achieve the desired
sample concentration. The flow rate was controlled through the use of peristaltic
pumps which were calibrated by catch and weigh. For this study the applicator
diameter and location within the microwave cavity were held constant, measured
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and used within the numerical model. The applicator diameter and position were
verified by caliper measurements. Figure 5.5 shows a schematic of the test loop

Figure 5.5: Experimental test loop; microwave system details given in figure 2
and 3. Components of interest include: (a) peristaltic pump, (b) T-mixer used
to achieve well mixed saline solutions at desired concentrations, (c) T-union used
to insert the fiber optic probes (not shown), (d) applicator inserted to microwave
cavity with fiber optic prove to measure applicator wall temperature.
used in this experiment, which shows (a) the peristaltic pump, (b) T-mixer, (c)
T-union and (d) applicator. The peristaltic pump is used to achieve the desired
the flow rate, pumps verified by a catch and weight method before experiments
were ran. The T-mixer was used to run multiple line with a single pump which;
increase flow rate reachable by a signal pump and allows a range of saline solution
concentrations without premixing each concentration. The T-union allow for the
insertion of the fiber optic probes which are places at the beginning and end of the
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microwave cavity. The figure show the applicator entering the microwave cavity
with a fiber optic probe used to measure the wall temperature of the applicator.
After passing through the cavity the water/saline is collected (collection system
not shown). The design rationale for this test loop is explained elsewhere [119].
The experimental protocol was as follows. At the beginning of the run, the water

Figure 5.6: Curve illustrating the relationship between the bulk mean temperature
and the heating efficiency for the 300 Watts condition. (Experimental data shown)
cooling system was turned on which provides cooling water to the dummy load and
cools the microwave cavity. Then the system was primed with water to degas the
applicator. It is important to degas the applicator to avoid the interference from
air bubbles which would affect temperature readings. Next, the fiber optic sensors
were placed within the applicator at the inlet and exit of the microwave cavity
and the microwave power and flow rates were set to provide the proper quantity
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and concentration of saline solution. Next, the microwave system was turned on
and checked for microwave leakage using an IFP 05C Surveymeter. Finally, the
experiment was run under the desired operating parameters by starting the pumps
and turning on the magnetron. The experimental run was stopped once the temperature stabilized for at least 5 seconds. Each operating condition was carried
out in triplicate and the average is reported below. The order of the runs was
randomly assigned to eliminate any bias due to the system warming up over time.
All operating condition where ran in triplicate to insure accuracy.

5.4 Results and Discussion
Overall, the model discussed above was found to achieve an average error of 17%
for saline concentrations from 0 to 5 g/L. This suggests good agreement between
the model and experimental results.

5.4.1 Effects of Flow Rate
As shown in Table 3, the pure water experiments showed good agreement with
simulated results. However, the flow rate was found to have an effect on model
accuracy. The model overpredicted the heating efficiency by 26% for the low flow
rate cases at 15 mL/min and underpredicted the heating efficiency for the high
flow rate case by 24% for the 40 mL/min cases with an average error of 0% for
cases at a flow rate of 24 mL/min. This suggests there is error introduced by
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operating this model far away from a flow rate of 24 mL/min. As seen in Figure
6 that is a strong effect of flow rate on the error term. At low flow rates the
model tends to overperdict the microwave heating. This may be due to the high
temperature condition at low flow rate for as the fluid heats the system which
contributes to greater energy lose to the environment. As the flow rate increases,

Figure 5.7: Pure water: Error between simulated and experimental difference in
inlet and outlet temperature shown as a function of both flow rate and power. The
area of the circle gives the magnitude of the error. Here the solid circles represent
positive error (model overpredicts) and the dotted circles denote negative error.
the residence time of the fluid in the microwave cavity will decrease reducing the
energy absorbed per unit volume of the sample. The decrease in power delivered
results in a smaller temperature change in accordance with Equation 5.1. The
following experiments were conducted under three power setting and seven flow
rates. As seen in Table 5.3, at each of the three power settings (150, 250 and
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300 W atts), the experiment and model both show a decrease in temperature as
the flow rate increases consistent with the conservation of energy. As more fluid
is processed, less absorbed energy is available per unit mass leading to a smaller
change in temperature. When the flow rate was increased from 15 mL/min to
40 mL/min, the temperature decreased by 38% on average. By comparison, the
flow rate increased 166%. The reason the change in temperature and flow rate are
not linearly related is that the heating efficiency changes over the interval. The
model predicts and the experiments confirm that the heating efficiency increases
as the flow rate increases. This correlation is a secondary effect. As the flow rate
increases, the bulk mean temperature (average of the inlet and exit temperatures)
decreases which results in a shorter fluid penetration depth leading to increased
energy absorption and increases in heating efficiency. This effect is highlighted by
Figure 4, where the heating efficiency is plotted against the bulk mean temperature
for the high power condition. The heating efficiency is a measure of the energy
coupling between the microwave and the sample and is highly dependent on the
penetration depth which is a function of the temperature (explored in more detail
in the appendix).

5.4.2 Effects of Microwave Power
As shown in Table 5.3, the error as a function of microwave power was found
to underpredict the heating efficiency by 4% for the 150 Watts cases and 10%
for the 300 W atts cases and overpredict the heating efficiency by 2% for the 250
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Table 5.3: Experimental and model heating results for a varying flow rate and
microwave power level with pure water.
Parameters
Experiment
Model
Error
Flow rate Power Inlet T Delta T HE Delta T HE Delta T HE
[mL/min] [Watts]
[C]
[C]
[%]
[C]
[%]
[C]
[%]
15
150
29
25
17
32
22
28
29
20
150
29
20
19
25
23
25
21
24
150
28
22
24
21
24
-5
0
25
150
30
24
29
20
23
-17
-21
30
150
30
17
24
17
23
0
-4
35
150
29
19
31
14
23
-26
-26
40
150
30
17
32
13
23
-24
-28
15
250
36
38
16
50
21
32
31
20
250
34
33
19
39
21
18
11
24
250
32
30
21
33
22
10
5
25
250
34
28
20
31
22
11
10
30
250
31
29
25
27
22
-7
-12
35
250
29
30
29
23
23
-23
-21
40
250
29
23
26
21
23
-9
-12
15
300
48
45
16
56
19
24
19
20
300
44
41
19
44
20
7
5
24
300
42
39
22
37
21
-5
-5
25
300
36
42
25
37
21
-12
-16
30
300
36
38
26
31
21
-18
-19
35
300
37
36
29
27
22
-25
-24
40
300
35
34
32
24
22
-29
-31
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W atts cases. The change in temperature is directly calculated from the microwave
power. Therefore there is a very strong relationship between the power levels and
the change in temperature. For all seven flow rates studied here, the change in
temperature increases with increasing power. This relationship is also predicted
in all seven cases by the numerical model (see Table 5.3). Figure 5.9 plots the
experimental and predicted change in temperature. A perfect fit model would give
a plot with all the points falling on a line with a slope of exactly one. Figure
5.9 shows a perfect fit line along with plus and minus 20% error lines. Nearly all
the predictions fall within the 20% error lines (one data point was excluded to
make the plot more readable). Data points for each power setting fall both above
and below the perfect fit line which indicates good fidelity between the model and
reality.

5.4.3 Effects of Saline Concentration
The error of the saline solution experiments as a function of microwave power was
found to underpredict the heating efficiency by 24% for the 150 W atts cases and
20% for the 200 W atts cases and overpredict the heating efficiency by 10% for
the 100 W atts cases. The error as a function of saline concentration was found to
underpredict the heating efficiency for all five cases. The lowest concentration case
1 and 2 g/L was found to have an error of 4% and 9%, respectively. The other
three saline solution errors were found to be 14% or 15% for the 3, 4 and 5 g/L
cases.
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Figure 5.8: Experimental verses model change in temperature for pure water, with
perfect fit and 20% error lines. One data point excluded (45, 56).
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In order to verify this model over a range of dielectric properties, a saline solution

Figure 5.9: Experimental verses model change in temperature for saline solution,
with perfect fit and 20% error lines.
was used which provides a wide change in dielectric properties as a function of
salt concentration. The dielectric properties for the saline solution as a function
of both saline concentration and fluid temperature was taken from [135] and are
detailed in the appendix. Five concentrations were selected to test the variations
in the dielectric properties. Concentrations ranged from 0 to 5g/L. The flow rate
for all these trials was 30 mL/min and the power was set at 100, 150 and 200
W atts. Over all these conditions, the average error between the experiments and
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the model predictions was 17%.
Table 5.4: Experimental and model heating results for varying microwave power
level with saline solution at 30 mL/min.
Parameters
Experiment
Model
Error
Concentration Power Inlet T Delta T HE Delta T HE Delta T HE
[g/L]
[W atts]
[C]
[C]
[%]
[C]
[%]
[C]
[%]
1
100
20.0
5.80
12
7.04
15
21
21
2
100
20.0
6.17
13
7.05
15
14
14
3
100
20.0
6.57
14
7.07
15
8
7
4
100
20.1
7.00
15
7.10
15
1
1
5
100
20.0
7.37
15
7.10
15
4
4
1
150
19.8
12.9
18
10.8
15
16
17
2
150
19.8
13.6
19
10.8
15
20
21
3
150
19.9
14.4
20
10.9
15
25
25
4
150
19.9
15.0
21
10.9
15
28
28
5
150
19.8
14.8
21
10.9
15
26
27
1
200
20.0
18.2
19
14.8
15
19
19
2
200
20.0
18.5
19
14.8
15
20
20
3
200
20.0
18.7
20
14.8
15
21
21
4
200
20.0
18.2
19
14.9
16
18
19
5
200
20.1
18.1
19
14.9
16
18
18

5.4.4 Effects of Applicator Diameter
There are two chief ways to control the heating efficiency of the system. First is
by changing the working fluid which changes the amount of the microwave energy
which chemically couples with the fluid. The second is by changing the geometry
of the flow cell. The discussion above considers the effect of working fluid. Here,
the effect of applicator geometry is considered.
The heating efficiency is directly correlated with the microwave absorption which
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is a function of both the dielectric properties and the applicator cross-section as
seen by the microwave energy. In terms of a tubular applicator design, there are
two considerations. First is the effect of the applicator diameter and the second is
the effect of the number of tubular applicators. The first three rows of Table 5.5
capture the effect of increasing the diameter of a single tube applicator at a flow
rate of 30 mL/min pure water, a microwave power of 300 W atts and a residence
time of 5 seconds. The second three rows capture the effect of larger diameter with
nearly constant average velocity i.e. equal mean residence time.
As shown, the heating efficiency is nearly the same for each of the diameter pairs.
Table 5.5: Effects of tube diameter of single tube applicator.
Diameter Applicator Area Flow Rate Res. Time Delta Temp.
[mm]
[mm2 ]
[mL/min]
[s]
[C]
5
20
30
1.7
16
10
79
30
6.8
35
15
177
30
15
53
5
20
10
5
46
10
79
41
5
27
15
177
92
5
19

HE
[%]
11
24
37
11
25
41

The slight difference in heating efficiency between the tube diameter pair is a function of the dielectric properties. For the large (15mm) diameter applicator, the
longer residence time case (30 mL/min flow rate) has a lower heating efficiency
than the short residence time case because it reaches a higher temperature and
the microwave energy couples better with pure water at lower temperatures. If
this model ignored the effects of temperature on the dielectric properties, then the
heating efficiency for the diameter pairs would be the same.
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As shown in Table 5.5, the heating efficiency increases with increased applicator
diameter regardless of residence time. This suggests that at larger diameter, the
fluid interacts with a larger cross-section of the beam. However, larger diameter
applicators also engage the beam for a longer time due to the depth of the applicator (Z axis). The deeper the applicator, the more the temperature gradient from
the front to the back of the applicator (in the axis of the beam). Larger thermal
gradients are not good for nanoparticle synthesis.
The applicator effect on temperature are similar to the effects on heating efficiency
where the applicator with the widest bean absorbance result in the highest change
in temperature. If the heating efficiency of the applicator is controlled only by
the applicator diameter, then there is a heating efficient vs. temperature change
trade-off. Small applicators have a lower heating efficiency because the applicator cross-section available for absorbance is so small compared to the total cavity
resulting in a small change in temperature. A very large applicator will have a
heating efficiency which will be near one but because the large volume, the mean
bulk temperature may be smaller than a smaller applicator. Therefore in order to
control the temperature, a simple change in applicator diameter may not suffice.

5.4.5 Effects of Multi-tube Applicator Design
Multi-tube applicators effectively increase the width of the applicator thereby increasing the cross-section of the microwave beam that is available to be absorbed
which can increase the heating efficiency. Therefore, four multi-tube applicator
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designs were considered. Two configurations were line configurations with the
tubes placed in a single row normal to the microwave beam. The other two configurations were hive configurations consisting of tubes placed in a close packing
arrangement like a beehive. Each of these configurations has a 4 tube and 7 tube
applicator design with all tubes possessing the same diameter (10 mm) and tube
thickness (1 mm). Because all designs use the same tubing, there is no differentiation between the different applicators in terms of residence time distribution.
In the cross-section of the microwave beam, the widest configuration was 8.4 cm
in width and the deepest configuration was 3.6 cm in depth. All four designs are
shown in Figure 5.10 along with a single tube applicator.
To assess the suitability of the four applicator designs for nanoparticle production,

Figure 5.10: Applicator configurations cross-section of; (a) single tube, (b) 4-tube
line, (c) 4- tube hive, (d) 7- tube line and (e) 7- tube hive. Microwaves travel from
left to right.
the designs were compared based on the volumetric flow rate, heating efficiency and
the coefficient of variation (CVM W ) within the absorbed energy field for a base case
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power condition. The base case power condition was chosen to be the microwave
power required to raise the bulk fluid temperature by 10o C at 30 mL/min using
the single tube configuration. Using the model, this power requirement was estimated to be 316.8 W .
The effect of applicator design on the volumetric flow rate required to raise the bulk
fluid temperature by 10o C using a microwave power of 316.8 W and the resulting
heating efficiency and absorbed energy distribution (CVM W ) is captured in Table
5.6. The model predicts that the heating efficiency is greater for all multi-tube
applicator designs compared to the single tube applicator. This is a result of the
multi-tube applicators engaging more of the beam. The applicator effect on flow
rate is similar to the effects on heating efficiency. Increasing the applicator width
increases the amount of microwave energy available to heat the solution. Notice
that the absorbed energy distribution ranges widely. This is due to the non-linear
distribution of the microwave field within the cavity. The wider the applicator, the
greater the difference in the amount of incident radiation on the applicator tubes.
According to these results, the hive applicator design seems to increase the heating
Table 5.6: Flow Rate of Difference Applicators (at a ∆T of 10o C).
Applicator Diameter ∆T Flow Rate HE σM W
Fig. 5.10
[mm]
[C] [mL/min] [%]
[%]
Single (a)
10.0
10.0
30.0
5.06 15.9
4, line (b)
10.0
10.0
93.5
15.8 28.2
7, line (d)
10.0
10.0
106
17.8 73.2
4, hive (c)
10.0
10.0
118
19.9 19.3
7, hive (e)
10.0
10.0
199
33.6 24.9
Single (a)
25.6
10.0
199
33.6 20.4
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efficiency with the smallest variation in absorbed energy within the channels. The
smaller applicators have a lower heating efficiency because the microwave beam
engages less fluid. The highest flow rate (199 mL/min), while maintaining the
10o C change in temperature, is expected with a 7-tube hive configuration. For
comparison, a single tube diameter of 25.6 mm was added. At the same flow rate,
the larger single tube diameter is predicted to give a smaller CVMW at 20.4% than
the 7-tube hive applicator with a CVMW of 24.9%. This suggests that the variation in the microwave beam is greater than the variation in the absorbed energy
due to microwave attenuation. Under these conditions, the results suggest that
the single large tube would be the best configuration for scaling up the production
of nanoparticles.

5.5 Conclusions
A model was presented for simulating microwave energy absorption and heating
within a continuous process fluid using a single mode microwave. Because the solution temperature has a strong effect on the dielectric and thermodynamic properties of the process fluid, the model considers these thermal effects. The model
was evaluated as a function of flow rate, microwave power and level of salinity and
found to be in good agreement with experimental results (16.8% overall). Investigating the effects of various factors shows that the error in the simulation was
randomly distributed with variations in microwave power and salinity concentration. At a flow rate between 20 mL/min and 30 mL/min, there was generally good
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agreement between the model and experiments (root mean squared error of 11%).
At high flow rates the model underperdicted the heating efficiency. Application
of the model to applicator design showed a trade-off between heating efficiency
and the coefficient of variation of absorbed energy. The model implies that larger
diameter tubes provide better overall performance for scaling up the production
of nanoparticles compared with the multi-tube configurations considered.
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Appendix
The variables allowed to vary with temperature are; fluid density, specific heat
and dielectric constants for both pure water and saline solution. The density and
specific heat for water are taken from reference table and the value is interpolated
between know values, (saline concentration was not considered when calculating
the fluid density and specific heat) [137, 138]. The temperature dependence of the
pure water was handled by varying the penetration depth, the model used here is
taken from [131]. The dielectric properties of the saline solution allowed to vary
with both salt concentration and temperature are taken from [135, 136].

131

Chapter 6 – General Conclusion
The synthesis of nanoparticles is limited by diffusion, kinetics or both. Results
from this dissertation show that size control can be demonstrated for NP reactions which are diffusion-limited (where gradients in the concentration retard the
particle nucleation and growth) when fast mixing methods are employed. For
kinetic-limited reactions, size control can be enhanced by rapid heating by reducing the time duration over which nucleation events occur.
T-mixers are highly accessible in a range of sizes and configurations. The mixing
performance of the T-mixer is directly correlated with the Reynolds number and,
therefore, the flow velocity of the reacting stream. Based on prior work, the Re
number necessary for good mixing conditions in T-mixing must fall within a range
of 150 and 500. Re numbers above this range can lead to erosion of the microchannel walls, which can shorten the lifespan of the mixer. Therefore, a volumetric flow
rate of 20 mL/min is typically the limit of the T-mixers found in literature.
Interdigital micromixers achieve higher mixing quality by decreasing the fluid
lamella height. While smaller sized microchannels allow higher mixing quality,
they also increase the propensity to clog the microreactor during nanoparticles
synthesis. These mixers are typically reported to operate at or below a flow rate
of a few mL/min although some report the ability to scale-up these mixers with
success.
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The mixing within oscillatory flow mixers is driven by the creation of fluid plugs.
Applying coordinated oscillatory flow signals at the inlets can produce these plugs
which dramatically reduce the diffusional length between reagents. These coordinated oscillatory flow signals require advanced pumping systems which can be
expensive. Oscillatory mixers overcome the clogging issue by maintaining large
channel sizes. Extruded mixing channel geometries can be produced cheaply further reducing the effects of clogging. Fluidic modeling is shown to capture the
mixing quality of these mixers, and can be used to predict operating conditions
which achieve plugs and therefore high mixing quality. Advances for diffusionlimited systems are shown by the reverse oscillatory flow method. Which reports
achieving a production rate of 115.7 g/hr which is a production rate 10x more than
the highest production rates found in the literature. This system produced NPs
of diameters 6 nm at a CV of 19% which is smaller than most CVs found in the
literature at any production rates. Mean particle diameter shows correlation with
mixing quality, suggesting that the particle size can be tuned by mixing quality
via operating parameters.
Kinetic-limited systems can benefit from applying rapid heating methods. Microwave heating can be used to rapidly heat continuous flow processes. A model
for simulating the thermal profile from microwave-assisted heating of a flow steam
is developed and validated in this dissertation. The effects of volumetric flow rate,
microwave power, salinity and applicator diameter are investigated. The model
predicts the outlet temperature to be within 17% of the experimentally-derived
temperature. The model provides insights regarding the design of future applica-
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tors for use in the microwave-assisted processing of continuous flow syntheses.
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