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Abstract

The effect of flow regimes on the reaction yield of a chemical reaction occurring
in a T-shaped micro-reactor is investigated both experimentally and numeri-
cally by spanning different Reynolds and Damkdhler numbers. The experimen-
tal set-up is arranged in order to get in-line information on both fluid dynamics
and reaction progress along the mixing channel. Numerical simulations are per-
formed using mesh-adaption cycles to well resolve the mixing between reactants;
in this manner, the agreement between experiments and numerical simulations
is very satisfactory. For the considered reaction involving two reagents different
from water, despite flow regimes are coherent with the ones observed in case of
water mixing, significant differences arise because stratification occurs due to
the different density of the fluid streams.

The dependency of reaction yield on both Reynolds and Damkohler numbers
is strongly affected by the flow regimes. In the stratified regime, the reaction
yield decreases with the Reynolds number, because the reduced residence time
hampers the reaction progress, while in the engulfment regime, the Reynolds
number has a positive effect on the yield, thanks to the enhanced mixing.
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1. Introduction

Micro-reactor technology is gaining increasing interest for a wide range of ap-
plications, including the intensification of chemical reactions for pharmaceutical
and fine chemical industries [I][2][3]. The main reason for preferring micro-
reactors over conventional batch stirred reactors is the excellent control of the
operating conditions that micro-devices offer due to the laminar regime and
enhanced heat transfer. In particular, micro-reactors work with a well defined
residence time (strictly dependent on the flow rate and on the micro-reactor
length), which is probably the main factor to be taken into account for the
reaction optimization, especially in presence of unstable or short-lived reactive
intermediates. Moreover, the superior temperature control, due to the large sur-
face to volume ratio that micro-devices offer, makes possible to handle highly
exothermic or dangerous reactions without the need of diluting the reactants, as
conversely often required in conventional batch stirred vessels [4] [5]. The above
features result in improved yields and selectivities, as well as in the possibility
to conduct reactions that are difficult or even impossible to be performed in
batch-wise mode, and in the use of operating conditions that allow exploring
new chemical pathways. In addition, micro-reactor technology can solve one
of the main problems of conventional process design, namely the scale-up of
chemical reactors from laboratory to industrial size, by using many microflu-
idic devices working in parallel (i.e., the so-called numbering up). Therefore, as
large volume production can be attained through massive parallelization of the
micro-unit processes [0], reactor miniaturization has found many applications
in diverse branches of engineering. In particular, the pharmaceutical industry
is naturally interested in micro-reactor technology as it reduces the time that

is needed to bring a new compound or a new synthesis route from the research



lab to its industrial production stage [7].

Roberge et al. [8] estimated that around 50% of the homogeneous reactions
involved in pharmaceutical and fine chemistry industries would benefit from
continuous processes in micro-reactors. Among them, we can identify: very fast
reactions (i.e. with chemical timescale 7. < 1 s) which are then controlled by
mixing; rapid reactions (i.e, with 1 s < 7. < 10 min) which are kinetically con-
trolled but would benefit from the enhanced heat transfer; dangerous reactions.
As concerns the former types of reactions, micro-reactors well allow to explore
the potentialities of flash chemistry [9], through the conduction of extremely
fast reactions in a highly controlled manner to produce desired compounds with
high selectivity. Flash chemistry is indeed a novel concept in both organic and
sustainable synthesis as its chemical transformations are practically impossible
to be conducted using conventional batch conditions.

In this framework, in spite of the above described promising features of
micro-reactors, fundamental research is needed to fully characterize and under-
stand their behavior under different operating conditions and, hence, to optimize
their design and efficiency. In particular, the efficient mixing of the reactants in
such small devices is an issue because the flow is laminar, given the low Reynolds
number stemming from the tiny dimensions. Hence, extensive literature can be
found on the mixing performances of micro-mixers. In particular, the different
flow regimes occurring in T-mixers when increasing Reynolds number have been
described in detail and mixing occurring in each regime has been characterized
as well (see e.g. [10] for an overview). On the other hand,flow regimes occur-
ring when mixing liquids different from water are less investigated [38]. Also,
not much is available concerning the optimization of micro-reactors, despite the
fact that the coupling between mixing and chemical reaction has been widely

investigated in general [I1]], [I2]. A noticeable exception is the work by [13], [14]



which numerically simulated the reactive mixing in T-shaped micro-reactors
through a hybrid numerical approach and pointed out that chemical reactions
interact with convective and diffusive transport in a complex way. In particular,
they showed that an increase of Reynolds number, although increasing mixing,
does not necessarily lead to an improvement of the reaction yield, due to the
reduction of the residence time.

The aim of the present work is to further investigate and characterize how
the flow features and mixing impact on the reaction yield in a T-shaped micro-
reactor, for different reaction rates. To this purpose we use jointly numerical
simulations and experiments, which were carried out at different Reynolds and
Damkohler numbers, the latter describing the competition between chemical
kinetics and flow. This was possible as the chosen chemical reaction is catalyzed
by an acid in homogeneous phase, allowing to span different kinetic constants.
Moreover, this reaction is characterized by a progressive decolorization of the
mixture, as the products form; hence, the reaction yield can be computed by a
proper post processing of the experimental visualizations. The analysis is carried
out for a T-shaped micro-reactor, whose fluid dynamical performances have
been thoroughly characterized when fed with water [I5][16][I7][10]. Hence, we
preliminary discuss the flow features for the present working fluids, highlighting
differences and similarities with the flow regimes that have been identified with
water. Finally, a semi-empirical scaling of the reaction yield with the Reynolds

and Damkohler numbers is proposed in the different regimes.

2. Test case

The test reaction is the methylene blue reduction in which the methylene
blue (MB™, a water-soluble cationic dye molecule) is reduced to the colorless

leucomethylene blue (LMB™, a hydrogenated molecule), using the ascorbic acid



(AsA). The reaction can be catalysed in presence of hydrogen chloride (HCI).
MBT+AsA -LMB"+DA

where DA represents the deydroascorbic acid. The reaction kinetics was studied
experimentally at room temperature by Mowry and Ogren [I§] who suggested

the following reaction rate:

dMBT]

T (ko + k1 [HCI]) [AsA][MB*] = —k,.[MBT] (1)

where ko = 1 L/mols and k; = 5.3 L?/mol%s. The above expression indicates a
pseudo-first order reaction in case of an excess of ascorbic acid.

Such reaction was chosen for the present investigation because of the possi-
bility to exploit the decolorization of the blue reactant to visualize the reaction
progress and because this reaction has a typical timescale of the order of the
residence time in the micro-device (i.e. 7, = 0.1—10s). In addition, the kinetic
constant k, can be varied by using different concentrations of HCI, thus allowing

to span different kinetic conditions.

3. Experiments

3.1. Reactor, experimental set-up and chemicals

The micro-reactor is made of polymethylmethacrylate (PMMA) and con-
sists of three layers, which are sealed with two double-sided adhesive films and
screws. The central layer, with a thickness equal to 1 mm, has a T-shaped
cutting through. The top and bottom layers, with a thickness of 3 mm each,
are equipped with fluidic connections and allow optical access. A picture and
a sketch of the T-mixer geometry are shown in Fig. together with the
adopted frame of reference. The inlet channels have a square cross-section,

with W; = H = 1 mm, while the mixing channel presents a 2:1 aspect ratio, i.e.



W, = 2H = 2 mm, so that its hydraulic diameter is d = 4H/3. This quantity
will be used in the following text to define non-dimensional coordinates, i.e.,
X =2/d, Y = y/d, and Z = z/d. The length of the inlet channels, L; = 40
mm 2 30d, is enough to allow a fully developed flow at the confluence, while
the length of the mixing channel, L, = 60 mm = 45d, is enough to allow the

complete evolution of vortical structures [15].
[Figure 1 about here.]

The aqueous solution of MBT and HCl is fed into one inlet of the T-reactor,
while the aqueous solution of AsA enters the other inlet.

The solutions of MB™ and HCI were prepared by dissolving 17 mg/L of MB™
powder (by Sigma Aldrich) in aqueous solutions of HCI (by Sigma Aldrich) with
different concentrations of HCl. The concentration of MB™ was thus kept fixed
at [MBT] = 5.31 x 10~° mol/L, while the HCI concentration was changed in
the range of [HCI] = 0.1 — 2.19 mol/L. The concentration of ascorbic acid was
kept fixed at [AsA] = 1.7 mol/L, and was prepared by dissolving 300 mg/L
of L-Ascorbic Acid (Ultrafine Vitamin C-powder by Cutatonic®)) in deionized
water.

The values of the pseudo-first order kinetic constant k,. obtained for the different

HCI concentrations are reported in Table
[Table 1 about here.]

The two streams were introduced at equal flow rates by using a KD Scientific
syringe pump Gemini 88, equipped with two Becton Dickson plastic syringes of
60 mL. After each experimental test, the pump is stopped and then started
again to reach the desired flow rate for a new test. This was made to avoid any

hysteresis in the mixing process.



The flow topology and progress of the reaction at the T-junction and along
the mixing channel were observed with an upright microscope (model Eclipse 80i
from Nikon, Japan) with a magnifying lens of 4x and an aperture value setting
equal to N.A. = 0.13. The light source is a D-LH 12V-100W halogen lamp
and all the experiments were performed in a dark room in order to maintain a
constant level of luminosity and to minimize any reflection and shadow. The
images were collected by using the high-speed camera Optomotive Velociraptor
HS, having a square monochrome sensor with a resolution of 2048 x 2048 pixels.
The maximum frame rate of the camera is equal to 174 frames/s for the whole
sensor, which can be increased by activating only a smaller rectangular portion
of the sensor (the frame rate is inversely proportional to the number of pixel in
the horizontal direction). Thus, for the investigated flow regimes, a resolution
of 920 x 2048 pixels and a frame rate up to 387 frames/s were chosen. The
equivalent dimension of a pixel is 2.6 pm. In front of the camera a 0.5x lens
is mounted to collect a region of 1.8d x 4d in a single image. Visualizations
were made at the T-junction, in the initial portion of the mixing-channel,and

at different locations along the mixing channel.

3.2. Flow topology & reaction yield visualizations

The color-fading reaction was followed by analyzing the images captured
by the camera. Among MB™, HCl and AsA, the only light absorbing species
is MB™. The light emitted from the lamp crosses the specimen and hence the
resulting intensity, captured by the camera, depends on the MB™ concentration.
Preliminary calibration runs were performed to assess the relationship between
the MB™ concentration and light absorbance. These were performed by filling
the reactor with various sample solutions of known levels of MB™ concentration
(in the range 0 — 6.25- 10~ mol/L), acquiring images for all these solutions and

analyzing pixel by pixel the light-intensity image of each set (100 images per



set). Then the relationship of light absorbance with concentration was estimated
for every individual pixel in the image. The procedure is the same as the one
reported in Mariotti et al. [I6][19][20] where a dye was used to investigate the
mixing behavior of the T-mixer. The Lambert-Beers linear relationship between
the MBT concentration and light absorbance was found to hold for the MB™
case, with our experimental set up and operating conditions. Thus, during the
reaction experiments, normalized depth-averaged MB™ concentration images
were derived from the light intensity images by using the following equation

applied for each (ij)-th pixel of the images:

In(Ipiank,ij) — n(Ixi5) _ Chij
In(Iniank,ij) — In(Ima,ij) Co

(2)

where, I}, ;; is the instantaneous value of the light intensity, Cj ;; is the
instantaneous value of the MB™ concentration, Iyank,i; is the value of light
intensity acquired when the mixer is full of only the blank solution, and Cj is
the concentration when the mixer is full of the Cy = 5.3 - 107° mol/L MB™
solution. The acquisition of the references, Ipiank,ij and Inae,q; (light intensity
of the blank solution, i.e. the solution with zero MB™ content, and of the
solution with the highest MB™ concentration, respectively), was necessary for
each set of experiments before using the two streams together. In order to
limit the uncertainty related to time fluctuation of pixel intensity, the references
Tpiank,ij and I, ;5 are chosen to be their arithmetic mean values over 80 frames
each. For the computation of I}, ;;, during the reaction experiments, 600 images
with a frame rate of 387 frames/s were acquired for each Re step. An off-line
automatized procedure was developed to post-process the images, so that pixel
intensity maps were directly converted into distributions of normalized depth-
averaged MB™ concentration.

The refractive index of the two streams differs a little (about 1.33 for the



MB™ solution, compared to 1.36 — 1.37 for the ascorbic acid solution, [21]).
Therefore, the optical rays are somewhat diverted in their course across the
specimen due to refraction resulting from the refractive index differences be-
tween the two solutions. Consequently, at the contact fronts of the two different
fluids, darker or brighter streaks compared to the rest of the image, can be ob-
served. Proper focusing of the condenser (with regard to height in relation to the
objective) and aperture adjustments of the condenser and the field diaphragms,
allowed us to either minimize the presence of streaks in the collected images
(that would otherwise offset the concentration measurement during the reac-
tion yield visualizations), or instead deliberately highlight the streaks; in this

way streaks are exploited to visualize the flow topology and vortical structures.

4. Numerical model

The flow is incompressible and, in the considered range of Reynolds numbers,
it is also steady. The problem can thus be described by the Navier-Stokes
together with transport /reaction equations for all chemical species except water
(i.e, for MBT, HCl, AsA, LMB™ and DA), written in the following in non-

dimensional form:

V-u=0 (3)
u-Vu= VP4 —v2ut g (4)
B Re Frg
VY = vy, 4+ g (5)
u k= Pe k prk

where length and velocities are normalized with the mixing channel hydraulic

diameter d and the inlet bulk velocity U. P is the modified non-dimensional



pressure and g is the non-dimensional gravity, i.e. § = %. Re is the Reynolds

number, Re = pTUd7 where p is the density and v is the dynamic viscosity.
Fr is the Froude number, i.e. Fr = [gj—‘i, and Pe is the Peclet number, i.e

Pe = %7 where D is the molecular diffusivity. Y is the mass fraction of the
k-th chemical species, while wy, represents its rate of consumption or production
due to chemical reactions. The presence of the acid catalyst was implemented

in the code by using two parallel reactions, i.e.:

MB*+AsAFSTMBY+DA
MB*+AsA+HCI*SLMBT +DA+HCI

where all chemical species are in aqueous solution. Accordingly, the source term
for the k' chemical species is Wy, = Zi:o,l Vi ik Hj=1,5 (pY;)"7*, where k; is
the kinetic constant of the *" reaction, Vg, is the stoichiometric coefficient of
the k*" chemical species in the i reaction and v ; is the order of the i reaction
with respect to the j** chemical species.

We can also define a Damkdhler number for each species, Day, as the ratio
between the formation or destruction rate and the convective flux along the
mixing channel, i.e. Day = Lowy/UpY). In particular, according to this defi-
nition, the conservation equation for the methylene blue can be rearranged as
follows:

1 d
u-VYyp+ = EVQYMB+ + fODaYMB+ (6)

In the above equation the Damkohler number is estimated using the reaction
rate of the methylene blue, thus leading to Day = Lownrp+/UpYyp+ = Lok /U
according to the pseudo-first order reaction rate defined in Eq. (1). The viscosity
w1 and density p of the liquid mixture are both taken to be a function of the

ascorbic acid concentration as follows:

1= po (1+1.0605Y454 + 5.7219Y3, 4) (7)
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p=po (1+0.39070Y 54 + 0.1617Y%, 4) (8)

where po and py are the density and the viscosity of water at 20°C, as the
properties of the MB™ acidic solutions are assumed to be close to those of
water[22]. It is worth noting that the effect of the ascorbic acid on the physical
properties is not negligible. The density and viscosity of the aqueous stream of
ascorbic acid entering one inlet channel are approximately 1.117 and 1.7 times
larger than those of the MB™/HCl aqueous solution, respectively, i.e. p% =1.117
and i =1.7.

The above set of equations was discretized using ANSYS Fluent, which is
based on the finite volume method. In our recent works, the performance of
this code was successfully tested against both experiments [16] and a spectral
element code [23] for the prediction of the mixing process in the same T-shaped
micro-reactor.

A steady solver with a second order upwind interpolation scheme was used
along with the SIMPLE algorithm for the pressure-velocity coupling [23]. Con-
vergence was assessed by monitoring the MB™ concentration in four locations
along the mixing channel as well as by checking the steadiness of residuals with
iterations. In specific, at convergence normalized residuals were all below 1079,
As for the boundary conditions, no-slip velocity is set at the channel walls, while
uniform velocity and concentration is imposed at the entrance, as the inlet chan-
nels are long enough to provide a fully developed flow at the T confluence. A
pressure outlet condition with ambient pressure is given at the exit of the mixing
channel.

The starting computational grid is fully structured with 4.7M cells. The cells
are cubical at the confluence region, whereas they elongate towards the inlets

and outlet. Details on the grid independence study, carried out in non-reactive
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conditions, may be found in previous works [16] [23]. This starting grid was also
adapted and refined in regions of high reaction rates, in order to better capture
the mixing of reactants. The importance of mesh adaptation in the numerical
simulation of micro-reactors was als pointed out in previous works (see e.g. [24]
[25]). The grid refinement is carried out herein by using sequential adaption
cycles. In each cycle, the cells in which the reaction rate is higher than a given
threshold are identified and the additional cells are created locally by dividing in
two parts each edge of the previously marked cells. Typically, three cycles were
sufficient to get results which were independent of further refinements. After
the mesh adaption, the number of cells was usually in the range of 10 — 12M.
Figure [2| compares the original (on the left) and the adapted grid (on the right)
showing details in the confluence region of the T-shaped micro-reactor. Colors

correspond to the reaction rate of MB™.

[Figure 2 about here.]

5. Results

5.1. Flow regimes and mixing

Since the HCI concentration has a negligible influence on the flow patterns for
the investigated range of compositions, as the mixture properties depend mainly
on the ascorbic acid content, which was kept fixed in all the three considered
cases, the different flow regimes will be analyzed showing their features only for
the case with an acid concentration [HCIl] = 1.00 mol/L (i.e. test n.2 of Table
).

Figs. Bh-d show experimental flow visualizations for Re = 10—60, while Figs.
—h the corresponding experimental concentration of MB™ averaged over the re-
actor depth and, finally, Figs. —l the MB™ concentration obtained in numerical

simulations in different cross-sections of the mixing channel for —20 <Y < —0.5
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(this last information is not available in experiments). The MB™ concentration
is reported herein and in the following of the paper in non-dimensional form,
being 1 the non-dimensional concentration when the mixer is full of the MB™
solution. The Reynolds numbers of Fig. |3| correspond to the so-called segre-
gated regime, in which the two streams remain segregated and mixing occurs
only by diffusion at the interface. Compared to the case of a T-mixer operating
with a single fluid, in which the two streams flow side by side in the mixing
channel and the interface is parallel to the side walls of the mixing channel (see
e.g. [10]), stratification occurs in the present case due to the higher density of
the aqueous solution of ascorbic acid. Indeed, it can be seen from Figs. [3}-1
that the aqueous solution of ascorbic acid (white stream, incoming from the
right) moves towards the bottom of the microdevice while the methylene blue
aqueous solution (shown as black on the cross-section and light grey in the rest
of the device, entering the mixing channel from the left) tends to occupy the
upper part of the channel. The lower is the Reynolds number, and, thus the
mean convective velocity, the more upstream stratification occurs in the mixing
channel. As a consequence, when visualizing the MB™ concentration averaged
over the microdevice depth, as in Figs. [Bp-h, the two streams appear as they
were almost perfectly mixed in the mixing channel, but this is only the effect of
the previously discussed stratification. Figs. [Bp-h also confirm how the stratifi-
cation occurs more downstream in the mixing channel as the Reynolds number
is increased. Finally, it is interesting to note how the streaks, originating from
optical rays refraction, in Figs. [Bh-d help in identifying the interface between
the two streams. For instance, the two semi-elliptical dark lines, one for each
inlet, appearing in all Figs. [Bh-d, which originate from refraction of the optical
rays crossing media with different fluid density and refraction index, separate

the inlet regions, where just one fluid is present, from the outlet channel in which
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the refraction index changes, because the two fluid streams come into contact
and stratify (compare also with panels e-h). At Re = 60 a longitudinal streak
is also observed in the experimental image (see Fig. ) in correspondence of
the vertical mid-plane in the upper part of the mixing channel; it identifies the
interface between the two streams, which at this Re remains almost vertical in

the first part of the mixing channel (see Fig. )
[Figure 3 about here.]

At larger Reynolds numbers the flow undergoes a change in flow topology
with the onset of the so-called vorter regime, which is characterized by the
presence of vortical structures in the mixing channel. This regime has been
largely investigated in case of water mixing (see, for instance, [26], [27], [28], [29],
[30], 311, [32], [10]). In particular it has been found that this regime exhibits the
presence of two U-shaped vortical structures, whose top parts are located at the
confluence of the two inlet streams, and stem from two flow recirculation regions
formed near the top wall. The legs of the U-shaped structures are counter-
rotating and develop in the mixing channel. In case of devices operating with a
single fluid, these vortical structures are perfectly symmetric, thus leading to a
flow field which is characterized by two reflectional symmetries. As a result, also
in this regime mixing occurs only by diffusion and, hence, remains quite low. The
flow visualizations obtained for the present case in the vortex regime are shown
in Figs. [h-c for Re = 80, 100 and 120. The corresponding vortical structures,
as identified from the numerical simulations through the Ao criterion [33], are
reported in Figs. [[d-f. As in the case of devices operating with a single fluid,
the presence of two U-shaped vortical structures having a head which is almost
perpendicular to the inlet streams, can be observed. However, the intensity of
the vortical structures in the mixing channel is not equal in the two sides due

to the different density and viscosity of the two fluid streams; this can be seen,
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for instance, in the different length of the vortex legs in Fig. [@ld. Therefore, one
of the two reflectional symmetries is lost. This leads to a noticeable although
small effect of the velocity induced by the 3D vortical structures on the mixing
between the two streams, as it can be seen, for instance, in Figs. [fg-i, reporting
the MB™ concentration obtained in numerical simulations in different cross-
sections of the mixing channel for —20 < Y < —0.5. Indeed, the interface in
the first part of the mixing channel, where stratification is not yet completed,
takes a more wavy shape, due to the signature of the vortical structures present
in the channel. Once again, complete stratification of the streams occurs more

upstream for lower Re.
[Figure 4 about here.]

By further increasing the Reynolds number, the flow undergoes the so-called
engulfment regime which has been extensively characterized in case of single-
fluid mixing (see, for instance, [16] [26] [30] [29] [32] [34][35] [10]) as this regime
has a practical interest because it strongly enhances mixing. A key role is played
by the recirculation regions at the confluence of the inlet streams, leading to a
tilting of the top parts of the U-shaped vortical structures, thus resulting in a
loss of the double reflectional symmetry as one of the two legs of each vortical
structure is more fed by the incoming fluid than the other. As a result, only
the two strongest legs, which are co-rotating, survive further away in the mixing
channel, while the two weakest legs rapidly vanish. The two co-rotating vortices
enable mixing through convection and produce S-shaped flow patterns in cross-
sections of the mixing channel, with each inlet fluid stream being able to reach
the opposite wall. The experimental images as well as the vortical structures
and the MB™ concentration at different cross-sections obtained in numerical
simulations for the present case in the engulfment regime (Re = 150, 180, 230

and 280) are reported in Fig.
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[Figure 5 about here.]

The flow features are similar to those of the single-fluid mixing case described
above, with a tilting of the top head of the U-shaped vortical structures and
a consequent loss of symmetry of the vortical legs. The two strongest vortical
legs survive in the mixing channel, while the weakest legs soon disappear. As
previously observed, in contrast to the single-fluid mixing case, here the inten-
sities of the two weak and of the two strong legs are different from each other,
due to the different properties of the inlet fluids. The tilting angle of the U-
shaped structures augments with increasing Reynolds number from Re = 150
to Re = 280 (compare for instance Fig. |5 and Fig. ), with a consequent
more pronounced asymmetry of the vortical legs. Moreover, for large Reynolds
numbers, i.e. Re = 230 and Re = 280, the strongest co-rotating vortical legs
in the mixing channel are swirled. Note how, especially at the largest Reynolds
numbers (see, e.g. Figs. —d)7 the streaks in the experimental visualizations
identify the signatures of the co-rotating vortical structures in the mixing chan-
nel and of their swirling as well as those of the top parts of these structures
near the device top wall. The effects of the two-rotating vortical structures
in improving the mixing between the two streams, which are pushed towards
the opposite wall, is clearly visible in Figs. [5j-1. Some stratification effects are
present, since the aqueous solution of ascorbic acid (white color) tends to move
towards the bottom of the mixing channel more than that of methylene blue
(dark). However, stratification is less important than in the segregated and
vortical regime, since here convective effects dominate.

Further increasing the Re number, the flow becomes unsteady and time-
periodic. This unsteady flow has been characterized both experimentally and
numerically in case of water mixing, pointing out the presence of two topologi-

cal flow patterns, i.e. the unsteady asymmetric and subsequently the unsteady
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symmetric regimes, the latter showing a strong degree of symmetry which ham-
pers the mixing process (see for example [36],[37] [I6],[17]). These unsteady
regimes will not be analyzed here, but both of them were found to occur also
in the present reactive case. The unsteady asymmetric regime was found for
Re = 320 — 450, whereas the unsteady symmetric regime occurred in the range
Re = 500 — 650.

Thus, summarizing, in the present reactive cases, the same flow regimes as
in devices working with a single fluid are observed when increasing Reynolds
number; their features are also very similar to those of the single-fluid case, the
only differences are due to stratification depending mainly on the ascorbic acid
content. Since, it was kept fixed in all the three cases considered herein, the
previously described flow features apply to all the reaction rates that will be
analyzed in the following.

In the case of a single fluid, the mixing in the different regimes has been
quantified in the literature by using different possible indicators (see [10]). We
consider herein the degree of mixing, d,,, defined as in [38]. Fig. 6 shows d;,
as a function of the Reynolds number for the device operating with water. It
is compared with the degree of mixing numerically estimated for the present
working fluids, by running numerical simulations with a negligible &, (i.e. k, =
0.01s7!) and thus letting the methylene blue behave as a dye, i.e. a passive
tracer; this in order to avoid any ambiguity in the computation of ¢,, due to the
presence of reaction products. It is worth noting that the graph does not show
a steep increase of the degree of mixing at the onset of the engulfment regime
as observed for the water mixing case, as some degree of mixing is present also
in the vortex regime. This is due to the stratification of the two streams which
leads to an increase of the mixing because of the loss of symmetry occurring

already in this regime. However, also in the present case it is clear that the
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degree of mixing in the engulfment regime (Re > 150) is significantly higher

than in the other ones.

[Figure 6 about here.]

5.2. Validation

In the previous Sec. the flow and mixing characteristics with varying
Reynolds numbers have been described by using experimental and numerical
results. Sec. also shows that there is a very good qualitative agreement
between experiments and simulations. Before analyzing the behavior of the re-
action yield in the different flow regimes, a quantitative comparison between
experiments and simulations is provided herein. To this aim, numerical re-
sults were post-processed to determine the depth-averaged concentration of the
methylene blue.

Fig. [7| compares the experimental and numerical profiles along the z coor-
dinate of the depth-averaged concentration of the methylene blue at Re = 30
and [HCI] = 1.00 mol/L. The top panels show the corresponding concentration
over the considered cross-section, for the sake of clarity. It can be seen that
the quantitative agreement between experiments and predictions is very satis-
factory. The same comparisons have been made for different Reynolds numbers
and for all the three considered concentrations of HCI; in all cases the agreement

is very good (not shown here for the sake of brevity).
[Figure 7 about here.]

In order to give an idea of the effects of grid refinement, Table [2] shows the
average of the methylene blue concentration over the cross-section at Y = —25
obtained in numerical simulations with different levels of grid refinement for
three Reynolds numbers in the previously described regimes, together with the

corresponding values measured in experiments. Grid independences was reached
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when differences on the non-dimensional average MB+ concentration at the
Y = —25 cross-section are below 1% for all the considered Reynolds numbers.
It can be seen that grid independence is reached at the third grid refinement as

well as an excellent agreement with the experiments.

[Table 2 about here.]

5.3. Reaction yield

The reaction progress can be monitored by looking at the evolution over
the mixing channel axis of the methylene blue concentration averaged over the
corresponding cross-section; we remind that as the reaction progresses the con-
centration of methylene blue decreases. Numerical and experimental results are
shown in Fig. [8| for the three [HCI| concentrations, corresponding to different

reaction rates, k., and are divided according to the flow regime.
[Figure 8 about here.]

First of all, note the very good agreement between the numerical results
and the experiments. The experimental error bars were computed using the
following relationship:

20

- — 9
err 1 9)

where N is equal to the number of realizations of the same measurement (in the
present work N = 600 and o indicates the root mean square deviation).

Let us analyze, then, the behavior in the different regimes. In the stratified
regime (Figs. |8h-c), the methylene blue concentration decreases more slowly
along the mixing channel with increasing Re, for all the investigated k., thus
indicating a reduction of the reaction progress. This can be explained by con-
sidering that in the stratified regime, the contact area between the two streams

is scarcely affected by the velocity; however, the residence time diminishes with
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increasing Re leading to a reduction of the reaction progress and thus to an
increase of the final methylene blue concentration. As for the effect of the ki-
netic constant k,, its increase leads to a faster reaction and hence to a lower
methylene blue concentration at the outlet of the mixing channel for a given
Reynolds number.

In contrast, in the vortex regime (see Figs. —f) the MB™ concentration
decreases faster along the mixing channel axis with increasing the Reynolds
number. Indeed, in such regime the Reynolds number affects the strength of
the vortical structures and thus has a positive effect on the contact area between
the two reactant streams. Such positive effect overcomes the negative effect of
Re on the residence time, ultimately leading to an improvement of the reaction
progress.

Finally, the engulfment regime (see Figs. [8g-i) is the one which provides,
as expected, the largest decrease of methylene blue concentration and thus the
highest reaction yields. As in the vortex regime, an increase of Re enhances
the contact area between the two fluid streams and thus improves the reaction
yield, as confirmed by the reduction of methylene blue concentration.

As an example, Fig. [J] shows the region of high reaction rates for the three
regimes, highlighting the effect of the vortical structures on the contact area

between the two streams in both vortex and engulfment regimes.
[Figure 9 about here.]

In order to quantitatively estimate the reaction yield, the concentration of
methylene blue averaged over the Y = —25 cross-section of the microdevice
(near the mixing channel outlet) was used. More precisely, the reaction yield,
7, is defined as follows:

CBM*,out

n=1-2 (10)

Ceum+t,in
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where Cpar+ oy and Cppr+ iy, are the average methylene blue concentrations
at Y = —25 and at device inlet, respectively. Experimental and numerically
predicted yields as a function of the Reynolds number are reported in Fig.

for all the considered reaction rates.
[Figure 10 about here.]

Once again, in all cases, the correspondence between experimental and pre-
dicted yields is very satisfactory. In agreement to what observed from Fig.
two different trends are visible: for Re < 60 (segregated regime), the reaction
yield decreases with Reynolds, while for larger Reynolds (vortex and engulfment
regimes) 7 increases with increasing Re. As discussed above, the non-monotonic
behavior of  with Reynolds is due to the interplay between the contact area of
the two streams and the residence time and on how they vary with Reynolds.
As previously said, in the segregated regime the contact area is scarcely affected
by Re so that the negative effect of increasing Re on the residence time prevails,
hence leading to a reduction of the reaction yield. In contrast, in both vortex
and engulfment regimes, the remarkable effect of Re on the contact area and
on the mixing of reactants dominates over the change of the residence time,
ultimately resulting in a reaction enhancement. It is also interesting to remark
that the slope of 1 vs. Re varies with k,. in all regimes.

Based on the previous considerations, we can assume that the reaction yield
1 depends on the kinetic constant k,., on the degree of mixing J,,, which is in
turn connected with the contact area between the two streams, as well as on
the residence time 7 in the mixing channel. Since we observed that the flow and
mixing features are independent of HCI concentration, we can also reasonably
assume that the effects of k. on the degree of mixing are negligible and, hence,

the degree of mixing depends solely on the Reynolds number. Hence, we can
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write:

1N X kr Re® (11)

where k, is a non dimensional kinetic constant, i.e. k, = k,Z2%% . The above

expression can be also written as a function of the Damkohler number, repre-
senting the residence to chemical time scale ratio, i.e. Da = Lyk,/U = k: /Re

(see also Sec. []), thus leading to:

~ a+
potr

Da?

n X (12)

The reaction yield is also reported as a function of the Damkdhler number for
all the investigated cases in Fig. [I0p. For the sake of clarity, since the range of
variation of Da is huge, the Da axis is in logarithmic scale. It can be seen that
for large Da, i.e. for low Reynolds numbers corresponding to the segregated
regime, the yield values, independently of k,, all follows the same trend with
Da. Indeed, in the segregated regime, for low Re and large Da, the fitting of
the yield values shown in Fig. leads to @ = 0.3 and 8 = —0.3 and thus to

the following relationship:

~0.3

7 X o Da®? (13)

.
Re0-3

Consistently with the previous observations and considerations, in this regime
the reaction yield decreases with increasing Re and with increasing Da and
when the dependence on Da is considered, there is no explicit dependency on
k.. Indeed, the above relationship is reported by a solid line in Fig. and we
can observe that all yield values in the segregated regime well lie on this curve
despite they refer to different k,. This confirms that the mechanism controlling

the reaction yield is indeed the ratio between the residence time and the chemical
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characteristic time.
In the engulfment regime, i.e. for large Re and low Da, instead, we obtain
a = 0.5 and 8 = 0.4 and thus:

~ 0.1
~0

. k.
n o ky *Re% Daod (14)

In this regime the reaction yield increases with Re due to the enhanced mixing
due to the vortical structures. The effect of the kinetic constant &, on the yield
(ie. n I;:;Ob) is larger than the one in the segregated regime as here mixing
is strong and thus kinetics plays a more significant role than for small mixing.
For instance, the maximum yield was of only 15% for k. = 2.60 1/s (i.e., for
[HCI] = 0.10 mol/L), while it increases up to about 45% for k, = 21.43 1/s (i.e.,
for [HCl] = 2.19 mol/L).

6. Conclusions and discussion

The impact of flow features and mixing on the reaction yield in a micro-
reactor has been investigated, for different Reynolds numbers and kinetic con-
stants. Joint experimental and numerical investigations have been carried out,
which allowed mutual validation, while taking advantage of the details on the
flow, mixing and reaction given by numerical simulations.

We considered a T-shaped micromixer, where the two inlet fluids consist of
aqueous solutions of a blue dye and of ascorbic acid, that react with one another,
forming a colorless product. The flow regimes have been found to be very similar
to those well documented in the literature for T-shaped micro-devices operating
with a single fluid, except for effects of stratification due to the higher density
of the aqueous solution of ascorbic acid. Since the concentration of ascorbic
acid was kept fixed in all the three cases considered herein, the flow features

are the same for these cases. More in detail, at low Reynolds numbers, the two
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streams remain segregated with the aqueous solution of ascorbic acid stratifying
on the bottom of the mixing channel. In this regime, mixing occurs only by
diffusion and it is, thus, very low. By increasing the Reynolds number, 3D
vortical structures form leading to four counter-rotating vortices in the mixing
channel. In the single-fluid case, the flow and the vortical structures satisfy the
two reflectional symmetries of the geometry. In the present case, the intensity
of the vortical structures in the mixing channel is not equal in the two sides
due to the different density and viscosity of the two fluid streams; therefore,
one of the two reflectional symmetries is lost. This implies a noticeable increase
of mixing in this regime compared to the single-fluid case. Finally, for further
increased Re, in the engulfment regime, all flow symmetries are broken and
only two co-rotating vortical structures survive in the mixing channel, whose
induced velocity largely increases mixing compared to the previous regimes. The
engulfment flow features and mixing performances for the present case are very
similar to those of devices operating with a single fluid, with only small effects
of flow stratification.

The progress of the reaction has been monitored experimentally and numer-
ically through the evolution of the averaged concentration of methylene blue
along the mixing channel and the reaction yield has been evaluated near the
outlet of the device. The flow and mixing features have a dramatic impact on
the reaction progress and yield. Indeed, two opposite trends with Re are ob-
served in the segregated regime compared to the vortex and engulfment ones,
independently of the kinetic constant. In the segregated regime, the reaction
yield is found to decrease with increasing Re. This happens because mixing oc-
curs mainly by molecular diffusion, with a contact area between the two streams
which is only slightly dependent on the inlet velocity, and, thus, on Re. Hence,

an increase of velocity leads to a decrease of the reaction yield because the re-
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duced residence time limits the reaction progress. This is also confirmed by the
fact that the reaction yield behavior is found to be fitted by Da%3 without any
explicit dependency on k,.. This means that the residence to chemical time-scale
ratio is the key factor dominating the reaction rate in this regime. Conversely, in
the vortex and engulfment regimes the yield increases with Re because, increas-
ing Re, the contact area between the two streams becomes larger and mixing
more efficient. In particular, the reaction yield in the engulfment regime is found
to be n x I;O'SReOA. Thus, the gain in efficiency due to better mixing increases
for larger kinetic constants.

Summarizing, the present results confirm that the studies of the flow features
and mixing performances, carried out for devices operating with a single fluid
and in non-reactive conditions, provide significant information to optimize the
reaction yield in micro-reactors. In particular, in the engulfment regime the
reaction progress is enhanced because of the mixing induced by the 3D vorticity
system, molecular diffusion becoming negligible, and this leads to a remarkable
increase of the reaction yield. This behavior was observed for all investigated
kinetic constants, although, from a quantitative viewpoint, the yield gain with

increasing Re is larger for higher k..
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Figure 1: (a) T-mixer geometry; (b) experimental model.
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Figure 3: Results for [HCI] = 1.00 mol/L (test n. 2). Reynolds number (from left to right)
Re = 10,20, 30,60. Experimental flow visualizations (a—d), experimental non-dimensional
depth-averaged MB™ concentration (e—h) and numerical non-dimensional MB™ concentration
in different cross-sections of the mixing channel for —20 <Y < —0.5 (i—1).

34



0.75 0.75

2.25 2.25 |

-0.75 0 0.75 -0.75 0 0.75 -0.75 0 0.75

-2.25 -2.25
-0.75 0 075 075 0 0.75
X X
(d) (e) ®
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Figure 5: Results for [HCI] = 1.00 mol/L (test n. 2). Reynolds number (from left to right)
Re = 150, 180, 230, 280. Experimental flow visualizations (a—d), numerical iso-surface of the
vortex indicator Ao (e—h) and non-dimensional MB™T concentration in different cross-sections
of the mixing channel for —20 <Y < —0.5 (i—1).
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Figure 8: Comparison between experimental and numerical non-dimensional MBT concentra-
tion along the mixing channel for (a,d,g) [HCI] = 0.10 mol/L, (b,e,h) [HC]] = 1.00 mol/L,
(c,f,i) [HCI = 2.19 mol/L and for different Reynolds numbers corresponding to (a,b,c) the
stratified regime, (d,e,f) the vortex regime and (g,h,i) the engulfment regime.
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Figure 9: Reaction rate in different cross-sections of the mixing channel for —20 <Y < —0.5
(i—1) at: Re =20 (a), Re =100 (b), Re = 230 (c).
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Figure 10: Experimental and numerical reaction yield at the ¥ = —25 cross-section of the

mixing channel as a function of the (a) Reynolds and (b) Damkhdoler numbers. Lines represent

Eq. and Eq.
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Test | [mol/L] k. [1/s]
1 0.10 2.60
2 1.00 10.71
3 2.19 21.43

Table 1: Concentrations of HCI used in the experimental investigations and corresponding
kinetic constants of the pseudo-first order reaction.

43



Grid refinement 1 2 3 4 Experiments
Re =100 0.399 0.404 0.408 0.408 | 0.408 £ 0.007
Re =180 0.357 0.362 0.366 0.368 | 0.369 £ 0.008
Re = 280 0.343 0.346 0.350 0.351 | 0.359 £ 0.009
Table 2: Non-dimensional average MB™T concentration at the Y = —25 cross-section of the

mixing channel as a function of the grid adaption cycles for different Reynolds numbers;

[HCI] = 1.00 mol/L.
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