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�MoS2 nano-lubricants with primary particle sizes from 60 to 135 nm were obtained.
� MoS2 nanoparticle synthesis was performed in a multi-inlet vortex micro-mixer.
� The mixer flow field was computed at a Re of the mixing chamber of 832, 4160 and 8320.
� The reactants were fully macro-mixed (mixture fraction = 0.5) already at Re = 4160.
� The micro-scale variance of the mixture fraction was 0.03 at Re = 4160 and 0.008 at Re = 8320.
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a b s t r a c t

Molybdenum sulfide nanoparticles (NP) have been successfully obtained, for lubricant applications, by
means of a wet chemical synthesis in an aqueous solution employing ammonium molybdate, citric acid
and ammonium sulfide as the reactants. The production of MoS2 NP has been performed in a multi-inlet
vortex mixer, which has the ability to ensure fast mixing, induced by a confined turbulent flow inside the
precipitation chamber, to suitably control the NP size distribution.

In particular, three inlet flow rates, corresponding to Reynolds numbers in the mixing chamber (here-
after named Rec) of 832, 4160 and 8320 were employed, which resulted in NP primary particle average
sizes of 135 nm, 84 nm and 60 nm, respectively.

The flow field of the multi-inlet vortex mixer was therefore investigated through computational fluid
dynamic simulations, in order to assess the mixing efficiency of this device, with respect to the different
operating conditions leading to these size differences in the MoS2 product.

Both laminar and turbulent (LES and RANS k–e) models were employed to simulate the profiles of tan-
gential and radial velocity inside the micro-mixer. From the comparison with lPIV measurements, it was
found that the laminar model was the most suitable one for the case at a Rec equal to 832, while turbu-
lence had to be taken into account for higher Reynolds numbers (namely 4160 and 8320).

The degree of mixing was assessed through the mean mixture fraction approach by resorting to a
micro-mixing model. The degree of segregation of the reactants was assessed at the macro-scale, as well
as at the micro-scale (i.e. the molecular level). It emerged that the only satisfactory condition in terms of
micro-mixing was the one at a Rec of 8320, which ensured that an effective mixing of the reactants down
to the molecular scale was reached within the mixing chamber.

The operating conditions ensuring optimal mixing were assessed, and the experimental results were
discussed based on these evaluations.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Advanced lubricant nanomaterials are nowadays of great inter-
est for their potential in reducing friction and enhancing protection
against wear, when incorporated in full lubricant formulations in a
stable way [1]: as a matter of fact, they can contribute to substan-
tial energy savings, as well as to reduce equipment maintenance
and lengthen the life of the machines.

Transition metal dichalcogenides with the generic formula MX2

(M = W, Mo; X = S, Se) seem to be very promising materials to be
dispersed as nanoparticles in the engine oil matrix [2].

Several nanoparticle synthesis techniques and morphologies
have been investigated: a pioneering work in this field has been
carried out by Tenne and co-workers, who first synthesized these
materials through the reaction between MO3 and H2S in a fluidized
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Nomenclature

List of symbols
Cu mechanical-to-scalar timescale ratio
Cl constant for turbulent diffusivity calculation
D hydraulic diameter of the inlet channel
Dc diameter of the mixing chamber
fn probability density function (PDF)
k turbulent kinetic energy
K number of inlet channels in the MIVM
N number of environments
pn volume fraction of the environment
Rec Reynolds number in the mixing chamber
Rej Reynolds number in the inlet channel
Rel local turbulent Reynolds number
Sct turbulent Schmidt number
huii Reynolds-averaged velocity
V mean velocity in the inlet channel
x position vector in the computational domain

Greek letters
e turbulent dissipation rate
kM micro-mixing rate
Ct turbulent diffusivity
nn local mixture fraction

nn mixture fraction
hni mean mixture fraction
hn02iLS large scale variance
hn02iSS small scale variance
v kinematic viscosity

Subscripts
n,1,2 Environments (n: generic, 1 or 2: specific)

Abbreviations
CIJR Confined Impinging Jets Reactor
CFD Computational Fluid Dynamics
DLS dynamic light scattering
LES Large Eddy Simulation
LS Large Scale
MIVM multi-inlet vortex mixer
MIVR multi-inlet vortex reactor
NP nanoparticle
PDF probability density function
PSD particle size distribution
RANS Reynolds-Averaged Navier–Stokes
SS Small Scale
lPIV micro-Particle Image Velocimetry
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bed, in a reducing atmosphere at high temperature, to obtain the
corresponding sulfide (WS2 or MoS2) [3]. The lubrication mecha-
nisms of these metal sulfides, often called inorganic fullerenes
due to their peculiar structure of spherical concentric layers, is
currently debated; however, several studies indicate that an exfo-
liation process of these layers, and the consequent liberation of
nanosheets directly inside the surface contact area, is the prevalent
lubricating mechanism for these systems [4,5].

Other techniques can be used for the sulfidization of MO3 into
WS2 or MoS2, such as spray drying [6], or chemical vapor conden-
sation [7]; however all these methods are characterized by high
temperatures (800–1000 �C) in the presence of H2 or H2S, which in-
volves a certain complexity of the equipment. Milder conditions
can be used for liquid phase synthesis of the sulfides, either in
aqueous [8] or organic solution [9].

One major requirement for the application of these nanoparti-
cles as lubricant oil additives, in substitution to the currently
adopted ones, is their constraint not to produce any related harm-
ful emission, which could modify the nominal performances of the
catalytic substrates present in the after-treatment line, through
sulfur-related catalyst aging or excessive ash formation [10,11],
and possibly affect their lifetime durability.

The present study focuses on the synthesis of MoS2 nanoparti-
cles which have to be incorporated in engine lubricant oils, and
specifically on the micro-fluidic device to achieve this synthesis.
A technique has been devised [12], which is based on the prepara-
tion of an aqueous solution of citric acid and ammonium molyb-
date to form a complex of molybdenum(IV), to which a suitable
amount of ammonium sulfide was added to obtain MoS2. It is
worth mentioning that the chemistry of molybdenum and molyb-
denum compounds is quite complex and it is very difficult to pro-
vide exact and reliable reactions [13]. The ammonium molybdate is
supposed to decompose, in an acid environment, into molybdenum
trioxide and its hydrated forms, also referred to molybdic acid. The
citric acid can react with both molybdic acid and molybdenum tri-
oxide. In the first case, some various Mo-citrate complexes are
formed, the composition of which is not defined and for this reason
it is difficult to draw up univocal chemical reactions. In the second
case, the citric acid reduces the Mo (VI) to a lower (IV) valence
state, in the form of molybdenum dioxide. This compound reacts
with the ammonium sulfide with the final formation of molybde-
num disulfide.

This synthesis resorts to a simple and scalable process, and in-
volves low-cost reagents, instead of other above-mentioned com-
plex reaction methods. This synthesis route is extremely versatile
since it can be adapted for continuous MoS2 particle production,
in specific devices that allow to control the particle diameter and
obtain reproducible results in terms of particle size distribution
[12].

MoS2 precipitation is a fast process and thus the rate and exten-
sion of mixing is determining for the process outcome: because of
their ability to achieve the high mixing efficiencies necessary in the
precipitation process, passive micro-mixers are here investigated
for this application. The term micro-fluidic device strictly refers
to systems with characteristic length-scales that are in the range
of micrometers. Small dimensions lead to behaviors strictly con-
trolled by molecular phenomena [14], allowing rapid diffusive
mixing with time-scales ranging from tens to hundreds of millisec-
onds. Very interesting is also the recent investigation of large mi-
cro-mixers (with characteristics length-scales ranging from
hundreds of micrometers to a few millimeters) in which some flow
instability is allowed to develop resulting, under particular operat-
ing conditions, in turbulent flow and turbulent mixing [15]. These
devices present the main advantages of passive micro-mixers, such
as more controlled process conditions, better and faster homogeni-
zation of the feed streams, short mean residence time and narrow
residence time distribution, combined with other additional
advantages, such as limited power consumption (when compared
with traditional micro-fluidic systems) and ease of scalability for
process intensification.

Examples of these kind of mixer configuration are the T-Mixer
[16], the multi-inlet vortex mixer (MIVM) [17] and the Confined



Fig. 1. (a) Geometry of the MIVM employed for and (b) MoS2 nanoparticle synthesis.

Fig. 2. FESEM micrographs of the MoS2 nanoparticles obtained with different inlet
flow rates: (a) 2 ml/min, (b) 10 ml/min and (c) 20 ml/min.
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Impinging Jets Reactor (CIJR) [18]: these three categories of mixers
differ by the size of the mixing chamber, the number of inlets, the
position of the inlets (axially aligned or unaligned) and the size of
the outlet channels with respect to the inlet ones. Various geome-
tries and dimensions were studied experimentally by Johnson and
Prud’homme [18] and their mixing efficiency was evaluated by
means of a parallel competitive reactions scheme. Following that
work, Liu and Fox [19] applied Computational Fluid Dynamics
(CFD) in order to develop a model able to predict the extent of mix-
ing in the CIJR and found good agreement with the experimental
data. They employed the Reynolds-Averaged Navier–Stokes equa-
tions (RANS) to model the inter flow field of the micro-mixer.
The outcome of the latter investigation showed that the choice of
the turbulence model and the near wall treatment has a great ef-
fect on the final model predictions, and therefore an independent
validation of flow and turbulent field is needed. Other works em-
ployed Large Eddy Simulation (LES) to reach a more accurate pre-
diction of the internal flow-field of micro-mixer [20]. In both
studies, modeling results were validated against micro-Particle
Image Velocimetry (lPIV).

In our research activity, the use of the Vortex-shaped micro-
mixer, called multi-inlet vortex mixer (MIVM) or multi-inlet vortex
reactor (MIVR), has successfully been employed to synthesize
MoS2 nanoparticles, in continuous mode, and with the possibility
to tune the particle sizes according to the fluid-dynamics inside
the reactor [12]. In this work, an insight on the flow-field of the
MIVM being used for the experimental activity is attempted: com-
putational fluid dynamic simulations were used to provide detailed
predictions of spatial distributions of reactant concentrations,
through which the effectiveness of the achieved mixing can be as-
sessed at the different operating conditions selected for the exper-
imental investigations.

The flow-field of the MIVM was simulated with a laminar model
and a turbulent one based on the Reynolds Average Navier–Stokes
equations (RANS) approach, depending on the operating conditions
and the resulting flow regime. Among the different options, the k–e
turbulent model was mainly used in this work. The proper selec-
tion of either laminar or turbulent models with respect to the inlet
conditions was validated against experimental measurements
based on lPIV available from [20], dealing with a very similar
geometry of the MIVM, later detailed in this work.

The ability of this MIVM to bring the two separate reactants,
namely the solution containing the molybdenum(IV) complex with
citric acid and the one of ammonium sulfide, into close (i.e. molec-
ular) contact to obtain MoS2, was computed through a molecular
mixing model called DQMOM–IEM: this approach describes mix-
ing in terms of the mixture fraction probability density function
approach by using the Direct Quadrature Method Of Moments
(DQMOM) coupled with the Interaction and Exchange with the
Mean (IEM) [21–22].



Table 1
Average diameter of the MoS2 primary particles, calculated by FESEM micrographs.

Flow rate (ml/min) Average diameter of primary particle (nm)

2 135 ± 42
10 84 ± 17
20 60 ± 11

Fig. 3. Detail of the computational volume of the reference MIVM used for CFD
validation, based on the geometry described in [20].

S. Bensaid et al. / Chemical Engineering Journal 238 (2014) 66–77 69
The present article is organized as follows: in Section 2, the tur-
bulence and micro-mixing models employed in this work are de-
tailed; then, in Section 3, the geometry of the mixer, the
investigated operating conditions, and the numerical details of
the performed simulations are given; lastly, the simulation results
are presented and discussed with respect the experimental find-
ings described in [12] and here recalled.
2. Modeling approach

For the three-dimensional simulations of the MIVM flow-field,
the most suitable model to describe the internal flow field inside
the mixer, at the given operating conditions, was selected based
on the experimental velocity profiles from lPIV available in [20].
The experimental data were very close to the Reynolds of our work,
and the results of the performed simulations could therefore be ex-
tended to our system. The system in [20] was simulated under
laminar conditions for low Reynolds number cases, while both
the standard k–e RANS and Large Eddy Simulation (LES) models
were instead employed for the simulations performed at higher
Reynolds numbers. The full set of simulation results are later pre-
sented and discussed in this work, but it can be anticipated that the
RANS model was quite satisfactory in predicting the internal flow
field of the MIVM, and was therefore selected as the most suitable
turbulent model for this study. Hence, although LES allows a more
accurate prediction of the internal flow-field of this micro-mixer,
the implementation of the micro-mixing model was limited to
RANS, because it is computationally much cheaper.

DQMOM–IEM model resolves the system micro-mixing dynam-
ics through the use of a functional form for the presumed probabil-
ity density function (PDF) fn of the mixture fraction n. The mixture
fraction is a non-reacting scalar that lies between zero and one and
quantifies, in our case, the amount of fluid coming from the MIVM
inlets containing the solution of molybdenum(IV) complex with
citric acid with respect to the ones containing ammonium sulfide.
In particular, a quadrature formula is used for describing the mix-
ture fraction PDF, each node representing a fluid environment with
a specific value of volume fraction or weight, pn, and local mixture
fraction, nn for a total number of nodes or environments equal to N,
a corresponding the following functional form:

fnðx; nÞ ¼
XN

n¼1

pnðxÞdðn� nnðxÞÞ; ð1Þ

in which (x) is the position vector. The solution of the full set of
transport equations for pn(x) and pnnn(x), allows to completely char-
acterize the mixing dynamics at all scales [21–23]. In particular, the
transport equation relative to the probability of the first environ-
ment p1(x) is written as follows:
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¼ 0; ð2Þ

where huii is the Reynolds-averaged velocity and Ct is the turbulent
diffusivity, the latter being defined as:

Ct ¼
Cl

Sct

k2

e
; ð3Þ

with Cl = 0.09, and calculated through a turbulent Schmidt number,
Sct, equal to 0.7 [24]; k and e denote the turbulent kinetic energy
and turbulent dissipation rate, respectively, and are computed using
the k–e model.

In the p1(x) balance expression the density does not explicitly
appear since it is considered to be constant, as only aqueous solu-
tions with equal and constant density are considered in this work.
If N = 2, then p2(x) is simply 1�p1(x) by definition, because the sum
of all environment volume fractions is equal to the unity.

The second and third transport equations to be solved are rela-
tive to the weighted mixture fraction in the first and second
environment:
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The first term on the right hand side is the micro-mixing term
according to the IEM model, in which the micro-mixing rate cM ap-
pears, and the last term is the correction term, that originates from
the finite mode representation, and ensures that scalar variance is
correctly predicted. The expression of the micro-mixing rate is:

cM ¼
Cu

2
e
k
: ð6Þ

The nominal value of the mechanical-to-scalar timescale ratio
Cu is a function of local turbulent Reynolds number Rel, defined as:

Rel ¼
k

ðsvÞ1=2 ; ð7Þ

and has a polynomial expression reported in [24].
As a result, the two terms in right hand sides of the p1n1 and

p2n2 balance equations represent micro-mixing; if these terms
are negligible, i.e. the variation of n1 and n2 is the mixing chamber
is limited, then no mixing occurs on the molecular level and thus
no reactions take place.

From the computed values of pn and nn, the mean mixture frac-
tion hni can be calculated; for N = 2, it is calculated in the following
expression:
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hniðxÞ ¼
Z 1

0
fnðx; nÞdn ¼ p1ðxÞn1ðxÞ þ p2ðxÞn2ðxÞ: ð8Þ

The difference between hni and its value corresponding to com-
plete mixing, �n, can be calculated in each computational cell is
called the Large Scale (LS) Variance:

hn02iLSðxÞ ¼ ðhniðxÞ � �nÞ2; ð9Þ

and represents the level of mixing at the macro-scale. On the other
hand, the Small Scale (SS) Variance, hn02iSS, contains information
concerning the level of segregation at the micro- (or molecular)
scale, and is calculated as:

hn02iSSðxÞ ¼
Z 1

0
ðn� hniÞ2fnðx; nÞdn ¼ p1ðxÞp2ðxÞðn1ðxÞ � n2ðxÞÞ2:

ð10Þ
3. Operating conditions and numerical details

3.1. Experimental method

The geometry of the investigated MIVM for MoS2 production
(Fig. 1a) is characterized by four tangential circular inlets, each
Fig. 4. Radial and tangential velocity profiles of the reference MIVM in Fig. 3, compute
chamber height, for Rej of 53 (dots: experimental lPIV values; blue solid line: simulatio
legend, the reader is referred to the web version of this article.)
one with an internal diameter of 1 mm, and a reaction chamber
of 4 mm in diameter and 1 mm in height. The channels and the
chamber have the same height and no cross flow area reduction
is induced in the flow which enters the chamber. The product is
discharged in a 2 mm diameter duct, perpendicular to inlet radial
flows. The four inlets were connected by means of polypropylene
pipes to four 20 ml syringes, and driven by a KD Scientific
KDS220 infusion syringe pump. The syringes were filled in pairs
with the two reactant solutions: a solution of molybdate tetrahy-
drate and citric acid (1:3 Mo:citrate molar ratio) at 27%wt in water,
and solution of ammonium sulfide at 20%wt in water. The solu-
tions were fed to the four channels (Fig. 1b) alternating the molyb-
date tetrahydrate and citric acid solution with the ammonium
sulfide solution, to maximize the mixing efficiency.

The described MIVM was employed for the synthesis of MoS2

nanoparticles. The particle size distribution (PSD) of the produced
nanoparticle aggregates was measured by dynamic light scattering
(DLS) with Malvern Nano ZS90 [12], but not directly used in this
modeling activity because it allows to estimate the aggregate
PSD size only. The micro-structural characterization was per-
formed through a field emission scanning electron microscopy
(Leo Supra 40) equipped with an EDS probe, which allowed to esti-
mate the mean diameter of the primary particles [12] (Fig. 2): it
d on a radial segment lying on horizontal planes at 1/4, 1/2 and 3/4 of the mixing
n with laminar model). (For interpretation of the references to colour in this figure



Fig. 5. Radial and tangential velocity profiles of the reference MIVM in Fig. 3, computed on a radial segment lying on horizontal planes at 1/4, 1/2 and 3/4 of the mixing
chamber height, for Rej of 240 (dots: experimental lPIV values; green solid line: simulation with LES model; red solid line: simulation with RANS standard k–e model). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was found that the dimension of the primary particles was consid-
erably reduced by increasing the inlet flow rate, which could be
tuned to obtained the desired nanoparticle sizes. The data of the
primary particle diameters (gathered in Table 1) obtained in [12]
were taken as a measure of the overall mixing efficiency in the
MIVM. In fact, faster mixing leads to higher values of super-satura-
tion, which in turn increases the nucleation rate of the primary
particles. High nucleation rates increase the number of primary
particles being formed, and consume at a greater extent the
MoS2 precursors subsequently involved in particle growth phe-
nomena, thus generally leading to smaller primary particles than
in cases characterized by low super-saturation degrees [25]. There-
fore, smaller primary particles indicate a higher degree of mixing at
all scales (including the molecular level which is the most difficult
to achieve especially in liquid systems). To this end, the mixing in
the MIVM was simulated with the aim of demonstrating that the
control of the MoS2 primary particle size, through the manipula-
tion of the inlet flow rates, was due to the discriminating effect
of the achieved mixing degree. It is worth mentioning that the tur-
bulence of the system could either increase the size of the primary
particle aggregates by enhancing the collision frequency, or keep
the overall dimension of the aggregate low if the shear stresses ex-
erted by the fluid on the aggregate exceed the inter-particle forces.
However, these latter aspects were not modeled here, since only
macro- and micro-mixing phenomena were investigated in this
work.

3.2. Numerical simulations

Initially, the lPIV experimental data described in [20] were
modeled through CFD to check the suitability of the laminar and
turbulent (k–e RANS and LES) models to describe the system. The
geometry of the micro-mixer in [20], which is depicted in Fig. 3,
is characterized by a rectangular shape of the four inlet channels
(height:1.53 mm, width:1.19 mm), a cylindrical mixing chamber
of 6.26 mm in diameter, and an outlet channel diameter of
1.4 mm. It is worth mentioning that the circular geometry of the
inlet channels of the MIVM for MoS2 synthesis allows an easier
cleaning maintenance of the micro-device, while the inlet chan-
nels’ rectangular shape designed in [20] was functional to lPIV
experimental data acquisition. The operating conditions, at which
the micro-mixer in [20] was simulated, were at a ‘‘jet’’ Reynolds
numbers in the inlet channels of 53 and 240. The definition of a
‘‘jet’’ Reynolds number is:



Fig. 6. Detail of the computational volume of the MIVM for MoS2 synthesis, and of
the three radial segments, lying on horizontal planes at 1/4, 1/2 and 3/4 of the
reacting chamber height.
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Rej ¼
qDV
l

ð11Þ

where D is the hydraulic diameter of the channel and V is the mean
velocity in each channel.

Conversely, in the mixing chamber, the Reynolds number can be
calculated as [26]:

Rec ¼
Xk

i¼1

qDcVi

l
ð12Þ

where Dc is the chamber diameter, Vi is the mean velocity in each
channel, and K is the number of inlet channels (K = 4 in our sys-
tems). As a result Rec is 4 times the ratio between Dc and D. There-
fore Rej equal to 53 and 240 correspond to Rec of 991 and 5140,
respectively.

The computational grid, which was built with design modeler
and mesh, has 1,389,992 hexahedral cells: this was checked to lead
to the grid independency of the obtained results. The grid com-
prised the whole micro-mixer, and no geometrical symmetries
were used to reduce to size of the grid, in order to catch the insta-
bilities and non-symmetrical profiles arisen from lPIV. In particu-
lar the LES model was aimed at this purpose, due to the unsteady
solution it provides.

The laminar model was adopted for Rej = 53; whereas, RANS
standard k–e turbulence model coupled with enhanced-wall treat-
ment (the maximum value of y+ was 3.93), and LES model using
the Smagorinsky–Lilly sub-grid model, were employed to model
the flow field at Rej = 240. Only for LES simulations, the time step
was 0.001 s. These evaluations allowed to check the accuracy of
both models in describing the velocity profiles experimentally
measured by the lPIV. A second-order upwind scheme was em-
ployed for the momentum discretization in the RANS standard k–
e turbulence model, while the Bounded Central Differencing was
adopted in the LES simulations. The pressure–velocity coupling
was solved with the SIMPLE algorithm.

After having established the most suitable models to describe
the flow field at Rej = 53 and Rej = 240 obtained from the lPIV,
the velocity profiles of the MIVM used for MoS2 synthesis were
computed: the selected flow rates are equal to 2, 10 and
20 ml/min in each of the four inlet channels (D = 1 mm), corre-
sponding to ‘‘jet’’ Reynolds numbers in the inlet channels Rej of
52, 260 and 520, respectively (assuming that the aqueous solutions
are both characterized by the density and viscosity of water at
ambient conditions). This leads to a Reynolds number in the cham-
ber Rec of 832, 4160 and 8320, respectively (Dc = 4 mm in this
case). It can be seen that the conditions at which the validation
of the model against lPIV are fully representative of the ones
adopted in this work for MoS2 synthesis, although some differences
in the geometry of the two MIVM still occur.

The computational grid of the MIVM for MoS2 synthesis, which
accounts for only half of the total volume for symmetrical proper-
ties of the geometry, has tetrahedral 1,187,580 cells, which was
checked to lead to the grid independency. In this case, since only
laminar and RANS models were adopted, the symmetry of the
geometry is also accompanied by a symmetry of the flow. The lam-
inar model was adopted for Rej = 52 (2 ml/min), while the RANS
standard k–e turbulence model, coupled with enhanced-wall treat-
ment (the maximum value of y+ was 2.63), was employed to model
the flow field at Rej = 260 and 520, corresponding to the conditions
at 10 and 20 ml/min, respectively. A second-order upwind scheme
was employed for spatial discretization, and pressure–velocity
coupling was solved with the SIMPLE algorithm.

The following boundary conditions of the flow were adopted:
flat profile of Vi at the channel inlets, and equal to 0.048 m/s,
0.241 m/s and 0.482 m/s for 2, 10 and 20 ml/min, respectively; dis-
charge pressure at ambient conditions.

For the micro-mixing model, the inlets carrying one of the two
solutions (for example the one which has the molybdenum(IV)
complex with citric acid as key component) are characterized by
p1 = 1, n1 = 1 and n2 = 0, while in the other two inlets (characterized
by the ammonium sulfide as key component, and thus by the ab-
sence of the solution carrying the molybdenum(IV) complex), the
boundary conditions are p1 = 0, n1 = 0 and n2 = 0.

The micro-mixing model equations for scalar quantities trans-
port were solved after independently computing the internal flow
field of the mixer, thus decoupling the computational effort of the
two operations.

All simulations were performed with the CFD commercial code
FLUENT 13, with DQMOM–IEM implemented with user-defined
subroutines and scalars [23].
4. Results and discussion

As above-mentioned, the first step of this study was the compu-
tation of internal flow-field of a reference micro-mixer (Fig. 3),
whose velocity profiles were measured by means of lPIV. The
selection of the most suitable model (either laminar or turbulent)
was based on the agreement between the velocity profiles re-
corded by the lPIV, and the computed ones.

The experimental measurements of the velocity profiles in the
micro-mixer were available in terms of radial and tangential veloc-
ity. In particular, these two components of the velocity vector were
reported for three segments lying on horizontal planes, the first
one being at 1/4th of the reacting chamber height, the second
one at one half, and last one at 3/4th.

As far as the experimental point at Rej = 53 is concerned, a lam-
inar model was found to provide a satisfactory agreement of the
simulated and experimental points, perfectly agreeing with the
profiles and conclusions enunciated in [20]: the radial and tangen-
tial velocity profiles computed with our grid and the ones mea-
sured through lPIV, are depicted in Fig. 4. Although the
magnitude of the velocity is very low, which makes the accuracy
of the experimental measurements difficult, the laminar model



Fig. 7. Radial and tangential velocity profiles of the MIVM in Fig. 6, computed on a radial segment lying on horizontal planes at 1/4, 1/2 and 3/4 of the mixing chamber height,
for Rej of 52 (a and b), 260 (c and d) and 520 (e and f).
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was able to fully catch the patterns of the flow at each investigated
plane height, with minor deviations.

On the other hand, the experimental point at Rej = 240 was
found to require a turbulent model to be described. In fact, a lam-
inar model strongly smoothes the swirling patter of the flow, and
underestimates the magnitude of the tangential velocities. Con-
versely, turbulent models are more suited to this operating condi-
tion: the radial and tangential velocity profiles computed with our
grid through RANS and LES models were therefore compared to the
ones measured through lPIV, and the results of these simulations
are depicted in Fig. 5. This result is again in agreement with the
conclusions of [20], who demonstrated that even at Rej = 93 (corre-
sponding to Rec � 1600 in our system) some unsteady motions of
the fluid in the vortex core result from flow instabilities, and there-
fore turbulent flow occurs. This conclusion is very relevant, be-
cause it allows to apply a turbulent model in the description of
the MIVM used for MoS2 for all conditions investigated above
Rec � 1600.

It can be seen that LES is more accurate in predicting the non-
uniformity of the radial profiles in transient conditions, which
leads to non-symmetrical flow patterns (see lPIV experimental
points at 1/4th in Fig. 5a), although both the geometry and the
boundary conditions are indeed symmetrical. This acknowledges
the fact that turbulent instabilities occur, and the flow is no longer
laminar. RANS standard k–e turbulence model was less accurate
than LES in radial velocities computation at 1/4th and 1/2nd
(Fig. 5a and c), but equally accurate at 3/4th (Fig. 5e). Concerning
the tangential velocities, LES tend to overestimate the experimen-
tal value, while RANS to underestimate it, especially in the core of
the mixing chamber. Given these results, the performance of the
RANS model was considered as satisfactory in replicating the inter-
nal flow field of the micro-mixer; furthermore, RANS models has
clear advantages in terms of computational effort with respect to
LES, which makes it the most suitable choice for this kind of study.
This is particularly important for the future steps of our work that
will involve the simulation of the entire precipitation process.
Since the precipitation kinetics for this specific systems are not
known, the different unknown parameters will have to be identi-
fied; this identification would not be possible with a LES model
whereas it definitely affordable with a RANS model.

After having validated the employed models for the computa-
tion of the internal flow filed of the micro-mixer described in



Fig. 8. Mean mixture fraction hni, depicted on the plane at 1/2 of the mixing chamber height (a,c,e) and computed on a radial segment lying on horizontal planes at 1/4, 1/2
and 3/4 heights (b,d and f), for Rej of 52 (a and b), 260 (c and d) and 520 (e and f).
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[20], the applications of these models was implemented in our sys-
tem, to evaluate the micro-mixing occurring in the MIVM during
MoS2 production.

The MIVM profiles of radial and tangential velocity are here re-
ported for each of the inlet flow rates investigated in this work for
the synthesis of MoS2. The same computation of the velocity pro-
files was adopted in this case, i.e. the components of the velocity
vector were reported for three segments at 1/4th, 1/2nd and
3/4th of the mixing chamber height (Fig. 6).

For the flow rate of 2 ml/min, corresponding to a Rej of 52, a
laminar model was employed. The profiles of radial velocity appear
quite different from one another, thus resulting in a less intense
homogenization of the flow patterns (Fig. 7a). The velocity at the
1/4 and 1/2 planes always assume negative values, which means
that the velocity is directed towards the center of the mixer while,
the radial velocity at 3/4 is slightly positive towards the outlet duct
(0.005 m/s), in any case indicating a simple flow pattern from the
inlet to the outlet of the MIVM. The tangential velocities express
the swirling flow which is established in such vortex micro-mixer
(Fig. 7b).

At 10 ml/min, corresponding to a Rej of 260, turbulent instabil-
ities are relevant to the computation of the flow, as suggested by a
Rec of 4160. It clearly appears that, in contrast to what happens for
2 ml/min, the fluid at 1/4 is sucked in the outlet channel resulting
in positive radial velocities, and tends to diverge against its walls,
until a properly developed flow is established inside the duct
(Fig. 7c). The tangential velocities tend now to overlap, as a result
of turbulent fluctuations (resulting in large turbulent viscosity val-
ues) which produce stronger interactions between the fluid ele-
ments (Fig. 7d).

Finally, the profiles at 20 ml/min show a behavior which follows
the ones already described for 10 ml/min, but with more negative
values of the radial velocity at 1/4 (Fig. 7e), as well as accelerating
tangential velocities at 1/4 (Fig. 7f).



Fig. 9. Large scale variance hn02iLS of the mixture fraction, depicted on the plane at 1/2 of the mixing chamber height (a and c) and computed on a radial segment lying on
horizontal planes at 1/4, 1/2 and 3/4 heights (b and d), for Rej of 260 (a–b) and 520 (c–d).

Fig. 10. Small scale variance hn02iSS of the mixture fraction, depicted on the plane at 1/2 of the mixing chamber height (a and c) and computed on a radial segment lying on
horizontal planes at 1/4, 1/2 and 3/4 heights (b and d), for Rej of 260 (a and b) and 520 (c and d).

S. Bensaid et al. / Chemical Engineering Journal 238 (2014) 66–77 75



76 S. Bensaid et al. / Chemical Engineering Journal 238 (2014) 66–77
Fig. 8 depicts the values assumed by the mean mixture fraction
hni in the 1/2 horizontal plane and in the vertical section of the out-
let channel (Fig. 8a,c and e), along with its profile with respect to
the radial coordinate computed on segments belonging to the
1/4, 1/2 and 3/4 planes (Fig. 8b,d and f). hni is always comprised be-
tween 0 and 1 assuming in this particular case a value of 0.5 when
mixing at the macro-scale has been completed, resulting in com-
plete homogenization of the reactant solutions. From Fig. 8a, it
can be inferred that the homogenization of the reactant concentra-
tions is poor inside the mixing chamber, while it considerably in-
creases under turbulent conditions (Fig. 8c and e). More
precisely, one can see that hni assumes very different values in
the three planes at Rej = 52; in particular, at 1/4 and 1/2, it ap-
proaches the value of 0.5 only close to the symmetry axis of the
mixer (Fig. 8b), meaning that under these conditions mixing is very
slow and nanoparticles precipitation occurs in a very inhomoge-
neous environment. Conversely, at Rej of 260 and 520, hni ap-
proaches 0.5 already inside the mixing chamber, which reflects
the above-given considerations on the radial and tangential veloc-
ity profiles (Fig. 8d and f).

As already mentioned, macro-mixing can be assessed in terms
of the large scale variance, hn02iLS, reported in Fig. 9: for high Rey-
nolds numbers, hn02iLS vanishes well before the exit and almost
no difference can be observed between Rej of 260 and 520
(Fig. 9a and c), and from the almost identical patterns of hn02iLS at
different heights of the mixing chamber (Fig. 9b and d).

However, since chemical reactions occurs between molecules
the inlet fluids in the MIVM cannot be considered completely
mixed if also the small scale variance, hn02iSS, is null. Hence, this
variable quantifies the degree of mixing at the micro- (or molecu-
lar) scale and is reported in Fig. 10. Since this quantity represents
the variance of the mixture fraction PDF that can be defined only
for turbulent systems, results are presented here only for the high-
er Reynolds numbers investigated, when the flow was turbulent.
Fig. 10 highlights that mixing is a cascade process: by introducing
the reactants in separate inlet streams the large-scale variance is
generated; subsequently, turbulent diffusion destroys the variance
at this scale and generates in turn small-scale variance. This can be
well appreciated from the comparison of Fig. 10b and d and Fig. 9b
and d. When the hn02iLS vanishes, then hn02iSS peaks, as can be seen
at a radial coordinate of around 0.0015 mm.

Finally, small-scale variance is eventually dissipated by molec-
ular diffusion. For Rej of 260 and 520, the two different turbulent
intensities indeed differentiate the patterns of hn02iSS. In fact, at
Rej of 260 is hn02iSS is about 0.03 at the planar boundary between
the mixing chamber and the outlet channel, while this value is re-
duced to 0.008 at Rej of 520 (Fig. 10b and d). This indicates
although at both Rej of 260 and 520 the fluids in the MIVM are fully
macro-mixed only for the highest Reynolds number investigated
(i.e. flow rates greater than 20 ml/min) micro-mixing is complete
when the mixing chamber is left.

These results are consistent with what reported in Table 1. In
fact, although no significant differences are detected in the
macro-mixing dynamics between 10 and 20 ml/min measurable
differences both in the average primary particle size and in the
spread of the distribution were detected. These differences can
be explained only in terms of the different micro-mixing behaviors
observed between 10 and 20 ml/min, suggesting that at these
operating conditions the precipitation process occurs at a time-
scale comparable to that of turbulent fluctuations in composition,
quantified by the small-scale variance.

5. Conclusions

In the present paper, the fluid-dynamics of the internal flow in a
Vortex-shaped micro-mixer are investigated. In fact, this device
allows tuning the degree of mixing of the chemical reactants by
modifying the inlet flow rates in the reactor, in order to control
the final particle size of the precipitated product. Therefore, the
mixing efficacy has to be carefully assessed.

Initially, the MIVM internal flow field was investigated in order
to select the proper model for viscosity estimation, i.e. laminar and
turbulent models. For this case, a reference MIVM was simulated,
and the obtained results were validated against lPIV [20]. Laminar
conditions were the most suitable ones at low Reynolds numbers
(Rej = 53), while for Reynolds above Rej = 240 a turbulent model
should be adopted. RANS standard k–e was found to provide satis-
factory results, with a much lower computational effort than with
LES. Given the strong closeness between the mixer geometry and
operating conditions between the reference MIVM [20], and the
one used in our work for MoS2 synthesis, these conclusions were
extended to our modeling activity.

The internal-flow field of the Vortex micro-mixer was simu-
lated at the same operating conditions investigated in former
experimental activity of MoS2 production. Inlet flow rates of
2 ml/min, 10 ml/min and 20 ml/min, in each of the four mixer in-
lets, were adopted. This corresponds to laminar flow in the mixing
chamber for 2 ml/min, while turbulent instabilities are established
for 10 and 20 ml/min. The radial and tangential velocities of the
swirling flow in the Vortex micro-mixer were computed: at
2 ml/min, the flow patterns are quite simple, and the flow is
straightly directed towards the center of the mixing chamber, as
can be expected in laminar flows. Conversely, in the turbulent re-
gime, the radial velocity diverts in some points from the direction
towards the center of the mixer, as evidenced by its positive value
in correspondence of the outlet channel. The tangential velocities
express the swirling intensity in the mixer and, at increasing tur-
bulence, tend to overlap due to the higher effect of viscosity.

The viscous regime has implications on the degree of mixing of
the two inlet solutions, and this has been computed in terms of
mixture fraction of the reactants at the macro- and micro-scale,
the latter through the DQMOM–IEM micro-mixing model. The
mean mixture fraction profiles denote that a very poor mixing oc-
curs at the macro-scale for the laminar flow at 2 ml/min: hni is
highly inhomogeneous in the volume of the mixing chamber, and
hardly reach 0.5, which represents the condition of no macro-scale
segregation of the reactants. Whereas, at 10 ml/min and
20 ml/min, the macro-mixing is very effective, as denoted by the
flat profile of mean mixture fraction close to the mixing chamber
exit in both conditions.

Finally, the micro-mixing was assessed to investigate the
molecular level mixing, which is the real key factor to establish
high levels of super-saturation, and thus promote nucleation. The
turbulence intensity differentiates the outcome of the condition
at 10 ml/min to the one at 20 ml/min, the latter providing consis-
tently lower segregation at micro-scale.

The coupling of such turbulence and micro-mixing model with
a MoS2 nanoparticle precipitation model, including the rates of
nucleation (which depend on local super-saturation of the reac-
tants), growth (which determine the size of the primary nanopar-
ticles at the reactor outlet) and aggregation (which depends on
particle collision frequency, based on their concentrations) will
be the object of next-future research investigation.
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