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Microscale reactors capable of generating turbulent flow are used in Flash NanoPrecipitation, an
approach to produce functional nanoparticles with unique optical, mechanical and chemical
properties. Microreactor design and optimization could be greatly enhanced by developing reliable
computational models of the nanoprecipitation process. A microscale multi-inlet vortex
nanoprecipitation reactor was investigated using microscopic particle image velocimetry and
computational fluid dynamics. Velocity data such as the mean velocity and turbulent kinetic energy
displayed good agreement between experiment and simulation over flow conditions ranging from
fully laminar to turbulent, demonstrating the accuracy of the simulation model over the entire
turbulent transition range. © 2009 American Institute of Physics. [DOL: 10.1063/1.3125428]

Functional nanoparticles are increasingly important
in developing  materials  for dyes,1 cosmetics,
pharmaceuticals,zf5 and numerous other applications,&8 re-
sulting in great interest in techniques for controlling stability
and size range in their production. For example, colloidal
drug carriers such as liposomal and micellar dispersions con-
sisting of particles 50-400 nm in diameter have potential use
in formulatin% anticancer therapeutics that can selectively
target tumors.

Flash NanoPrecipitationlO_ —an approach to produce
functional nanoparticles stabilized by amphiphilic copolymer
self-assembly—has shown promise for producing nanopar-
ticles for such uses. In addition, nanoparticles encapsulated
by copolymer also make it possible to afford long circula-
tions. Ligand-decorated immunoliposomes capable of evad-
ing the reticuloendothelial system can be developed using
hydrophilic polymer (i.e., polyethylene glycol) stabilization
to prevent adsorption of components of the immune system
and increase the binding and circulation time." As illustrated
in Fig. 1, Flash NanoPrecipitation employs rapid mixing of
solvent and nonsolvent to create high supersaturation to ini-
tialize precipitation; rapid mixing uncouples the mixing pro-
cess from the particle aggregation process and therefore a
narrow size range of nanoparticles is attained. This process
has been demonstrated in microscale devices such as con-
fined impinging jet reactors (CIJRs)'®'*'> and multi-inlet
vortex reactors (MIVRs).16 MIVRs are of special interest due
to their flexibility in the flow rates of the incoming reactant
streams.

An MIVR consists of a cylindrical reaction chamber and
four tangentially arranged injectors. At high flow rates, tur-
bulence is generated by the strong collision and redirection
of the injected streams. As the injected streams form a swirl-
ing vortex pattern instead of an impingement zone (as in a
CIR), an MIVR does not require equal inlet momenta. Thus,
the choices of chemicals are more flexible and different in-
tensities of supersaturation can be attained by injecting dif-
ferent amounts of solvent and antisolvent in the inlet
streams. The nanoprecipitation is highly dependent on the
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fluid dynamics within the reactor. Hence, in order to under-
stand the mixing and nanoprecipitation mechanisms within
the MIVR, the flow was investigated using microscopic par-
ticle image velocimetry (microPIV), a technique for measur-
ing instantaneous velocity fields in microfluidic devices,'”
and computational fluid dynamics (CFDs). This work repre-
sents the first step in developing a reliable computational
model for the Flash NanoPrecipitation process in a MIVR
capable of predicting output products and therefore improv-
ing reactor design and operation.

A schematic of the microPIV experiment is shown in
Fig. 2. A microscale MIVR was fabricated with an optical
window to allow the light from a frequency doubled neody-
mium doped yttrium aluminum garnet (Nd:YAG) laser to
illuminate 2 wm diameter fluorescent seed particles and for
images to be captured with a charge coupled device (CCD)
camera attached to an inverted fluorescence microscope. The
reactor and channel height was 1.53 mm, the inlet channel
width was 1.19 mm, the reactor diameter was 6.26 mm, and
the outlet diameter was 1.40 mm. The flow was imaged using
a 4X0.13 numerical aperture objective and a 0.45X cou-

Supersaturation

Non- \
solvent
Water

Precipitation

FIG. 1. (Color online) Illustration of MIVR applied to Flash NanoPrecipi-
tation. Drug and polymers are dissolved in solvent and injected to mix with
nonsolvent to create supersaturation and therefore precipitate the particles.
Protected nanoparticles are obtained after the stabilization by copolymer
self-assembly.

® 2009 American Institute of Physics
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FIG. 2. (Color online) Schematic diagram of micro PIV setup. The reactor
was illuminated by a dual pulse Nd:YAG laser and images were captured
using a microscope and CCD camera. The images was divided into small
interrogation windows and vectors were calculated by correlating two im-
ages taken at different times.

dual pulse
Nd:YAG laser

pling, resulting in a measurement depth (i.e., depth of
correlation)'®" of 86 pm and an in-plane vector spacing of
57.6 um. The fluid used in the experiments was de-ionized
water. For each flow condition and location investigated, an
ensemble of 1200 velocity field realizations were acquired.
Further details of the microPIV system and the experimental
methodology can be found in the literature '

The microPIV data were used to evaluate the accuracy of
using existing CFD models in simulating the flow within the
MIVR. Laminar simulations were performed for low Rey-
nolds number cases, and large eddy simulations (LESs) using
the Smagorinsky—Lilly subgrid model”>* were performed
for the higher Reynolds number cases. LES was chosen due
to its lower computational cost compared to direct numerical
simulation. The grid in the simulations consisted of
1513 324 cells. Three-dimensional simulations were per-
formed using inlet conditions matching those measured in
the experiments.

The microPIV data consisted of planes of instantaneous
velocity vector fields at three different heights in the reactor:
the mid-height of the reactor, and one quarter of a reactor
height from the top and from the bottom, as illustrated in Fig.
2 Three sets of microPIV data were collected at each mea-
surement plane corresponding to three different inlet stream
Reynolds numbers: Rej=53, Rej=93, and Rej=240. The data
were transformed into polar coordinates to obtain tangential
and radial velocity components. A comparison between ex-
periment and simulation was accomplished by extracting
two-dimensional (2D) planes of data from the CFD simula-
tion results at the locations where the microPIV data were
collected. The results are presented here as velocity profiles
through the centerline of each of the 2D planes.

For the Re_,-=53 case, the flow is laminar and the flow
patterns at different heights within the reactor chamber are
quite distinct. In Fig. 3, the tangential velocity profile indi-
cates that the vortex flow swirls faster at the location closest
to the reactor top, suggesting that the flow is mainly influ-
enced by the geometry of the reactor, and also indicating an
inhomogeneous mixing area. This increase in tangential ve-
locity is to be expected, as vortex lines are stretched as the
flow accelerates toward the exit of the reactor. The radial
velocities shewn in Fig. 3 remain negative, indicating a
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FIG. 3. (Color online) Velocity profile comparison of microPIV and CFD at
Re;=53. Data extracted from mid-height of the reactor are represented by A,
quarter-top plane: [, quarter-bottom plane: <; simulation data at corre-
sponding locations are represented by a solid line (mid-plane), dashed line
(quarter-top), and dotted line (quarter-bottom).

simple flow pattern where the injected flow is directed to the
outlet without much collision and redirection (note that nega-
tive radial velocity indicates flow toward the center of the
reactor). The tangential and radial velocity components are
also roughly of the same order of magnitude, suggesting a
poorly developed vortex flow. For this case, good agreement
between experiment and simulation was only achieved when
the turbulence subgrid model was turned off (i.e., when a
laminar simulation was performed).

At Re;=93, the higher observed ratio of tangential to
radial velocity indicates a more developed vortex flow. The
tangential velocity profiles at different heights shown in Fig.
4 are very close to one another, indicating that there is more
homogeneous mixing. The lower tangential velocity at
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FIG. 4. (Color online) Velocity profile comparison of microPIV and CFD at
Re;=93, The symrol description is same ag in Fig 3
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FIG. 5. (Color online) Velocity profile and 2D TKE comparison of mi-
croPIV and CFD at Re;=240. The symbol description is same as in Fig. 3.

quarter-bottom than the other two locations suggests the flow
is still affected by the geometry; the vortex is not as strong at
the bottom of the reactor. The radial velocity profile shown
in Fig. 4 differs from the Re;=53 (laminar) case with the
presence of non-negative radial velocity at the mid-height
plane, indicating a complex flow pattern where the injected
streams do not simply swirl inward toward the outlet of the
reactor. When this case was modeled by LES (with the tur-
bulence subgrid scale model turned on), good agreement
with the experimental results was observed. Note that since
the vortex flow is more developed in this case, the radial
velocity is an order of magnitude smaller than the tangential
velocity, making the radial component more difficult to ac-
curately measure than the tangential component. Thus, the
agreement with simulation was not as good as for the tan-
gential velocity.

For the Re;=240 case, the tangential velocity profiles
shown in Fig. 5 are close to one another, indicating a homo-
geneous mixing region. Note that the profile extracted from
the top-quarter plane was slightly slower than the other two.
This is different from the Rej=93 case, which had a lower
tangential velocity at the bottom. This indicates a strong vor-
tex flow where the inlet streams collide and have an ex-
tended circulation zone reaching to the reactor bottom. The
radial velocities shown in Fig. 5 have a magnitude of only
5% of that of the tangential velocities, indicating a strong
vortex flow and also causing difficulty in measuring the ra-
dial velocities. For this high Reynolds number, the turbulent
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kinetic energy (TKE) was measured for comparison with the
simulations. Note that since only planar velocity fields can
be obtained using microPIV, only a 2D TKE can be calcu-
lated [i.e., kop=1/2(u'?+v'?), where u' and v’ are the rms
velocity components]. k,p was also calculated from planar
velocity fields extracted from the CFD simulations in order
to validate the simulation results against the experimental
data. The TKE results for the simulations agree well with the
experiments except along the axis of the reactor, where the
microPIV experiments measure a larger TKE. Because the
radial and tangential velocities are small along the reactor
axis, k,p should be low at this point. However, the observed
TKE at the axis is due not only to turbulent velocity fluctua-
tions, but also due to small unsteady motions of the vortex
core resulting from flow instabilities. Unlike the simulations,
which can have perfectly constant inlet conditions, there ex-
ist small perturbations to the experimental inlet velocity con-
ditions due to the mechanical nature of the gear pumps, and
these perturbations result in greater vortex motion, and
hence, greater measured TKE at the reactor axis in the ex-
periments.

The work presented here represents the first experimen-
tal validation of the accuracy of LES in a microscale nano-
precipitation reactor. The results show that LES is capable of
accurately modeling the flow field over the entire turbulent
transition range within the microreactor. This finding is an
important first step in the development of computer models
of the nanoprecipitation process within a microscale MIVR,
resulting in a powerful design tool for customizing reactors
to produce nanoparticles with desired characteristics.
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