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Abstract

The turbulent mixing of two miscible fluids is investigated in a high pressure (HP) coflow mi-
croreactor operated at 100 bar. Ethanol and CO, are selected as model solvents to mimic the
final targeted application, i.e.: a supercritical antisolvent process at microscale (uSAS). We first
demonstrate experimentally that turbulent mixing can be reached in a microchannel using HP
microfluidics. A computational fluid dynamic (CFD) model, performed using direct numerical
simulation (DNS) down to the Kolmogorov scale has been applied for the turbulent mixing simula-
tions. The effects of the main operating parameters on the final mixing efficiency has been studied,
namely: the temperature, the fluid flowrates, the microchannel dimensions and the capillary inner
and outer diameters. According to a predefined intensity of segregation, the characteristic mixing
times are determined and used for determining mixing efficiency. The ratio of the total mixing
time to the diffusion time depends on the ratio of the kinetic energies (the outer fluid to the inner
one). The obtained micromixing times have been related to the turbulent energy dissipation rate e,
calculated directly from the velocity fluctuations. The mixing intensification is obtained with much
lower characteristic mixing times in the microreactor (one order of magnitude) than previously
reported. This fundamental study is an indispensable guidance for several processes, including the

uSAS applications.
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Nomenclature

Drp

Dop

Dy,

Rip

Rop

area
diffusion coefficient

inner diameter of capillary

outer diameter of capillary

hydraulic diameter

engulfment rate

intensity of segregation

larger side length of trapezoidal channel cross-section
smaller side length of trapezoidal channel cross-section
Total number

Péclet number for mass transfer

flowrate

ideal gas constant

inner radius of capillary

outer radius of capillary

Reynolds number

Schmidt number

temperature

molar volume

gravitational acceleration

velocity vector

first coefficient in Peng—Robinson equation of state
second coefficient in Peng—Robinson equation of state
depth of microchannel

coordinates in y and z directions

wm

wm

nm

um

um

wm

wm

wm



ki;, l;; interaction parameters in Peng-Robinson equation of state

l mixing channel length m
P pressure bar
t time s
tq time delay of the first order system s
tm mixing time S
ty hydrodynamic lifetime of vortex S
u absolute velocity in x direction m-s!
v absolute velocity in y direction m-s!
w absolute velocity in z direction m-s!
x mass fraction

Greek symbols

o « function in Peng—Robinson equation of state

€ energy dissipation rate W kg~ orm?.s73

A microscale pm

I dynamic viscosity Pa - s

v kinematic viscosity m? .51

w acentric factor

p density kg-m™3

Subscripts

0 initial conditions (initial temperature of pumps for fluid flowrates and temperature in channel for fluid
velocities)

B Batchelor

c critical point
E engulfment
EtOH ethanol

in inner fluid

K Kolmogorov



m mixture

out outer fluid



1 Introduction

Fluid mixing is a common and essential process in chemical engineering, especially for fast reactions as
competitive reactions and particles precipitation. For example, in antisolvent precipitation processes, a fast
mixing is needed in order to precipitate small and homogeneous particles, while avoiding large gradients of
supersaturation in the reactor. For this reason, it is critical to investigate the mixing of solvent and antisolvent
to meet this requirement. In a previous study, the laminar mixing of supercritical CO5 and ethanol in a high
pressure (HP) microreactor has been discussed [1]. The obtained results emphasize the capability of such
coflow micromixer to reach short mixing times in the order of the millisecond, even in laminar conditions. One
of the main limitations of classical micromixers is the difficulty to reach high flowrates to access turbulent
conditions, which greatly favor mixing. Indeed, high flowrates generate high pressure drop in the channel and
generally result in the breakup of the microchip. Nevertheless in another study [2]|, we have shown that our HP

microreactors were able to reach purely inertial (turbulent) conditions in immiscible two phase flow conditions.

According to the concentration spectrum for liquid mixtures as a function of length scales, the turbulent
mixing can be divided into three distinct stages, inertial-convective, viscous-convective and viscous-diffusive
subrange [3]|. The inertial-convective stage corresponds to fluid mixing among and inside eddies from the largest
scale down to the Kolmogorov scale Ak . Fluid kinetic energy is passed through the deformation and reduction
of eddies without molecular diffusion, so concentration variance still remains significant and the mixing is
incomplete in this stage. While the considered length is reduced in the range between the Kolmogorove scale
Ai and the Batchelor scale Ap, the viscous-convective mixing occurs mainly by laminar strain. In this subrange,
the eddies disappear and the concentration variance drops dramatically, leading to high efficient mixing. The
viscous-diffusive mixing is active for the subrange smaller than A and species mixing is achieved mostly by
diffusion. The micromixing is predominantly related to the molecular mixing in the viscous-convective range
below the Kolmogorov scale. As precipitations and chemical reactions take place at the molecular length level,

a special attention should be paid to the micromixing.

However, it is quite difficult both experimentally and numerically to observe directly the micromixing in
a turbulent flow down to microscales. Therefore, experiments implying the use of competitive reactions have
been designed for detecting the micromixing by an indirect way among which is the iodide iodate reaction, also
known as Villermaux-Dushman protocol [4]. Based on experimental results, several micromixing models have
been proposed: the generalized mixing model (GMM) [5], the interaction exchange with the mean (IEM) [6-§]
or the engulfment, deformation and diffusion model (EDD) [9]. These models have been compared and applied
to qualify the micromixing [10] but experiments are always needed to validate modeling results. The EDD
model has been proven to be capable of providing more precise results compared to other models [11]. So, the
micromixing time, as a criterion to characterize mixing quality accepted by most researchers in this domain, is
the engulfment time of the EDD model. It is based on the fluid deformation and diffusion in micromixing scales

[12], and defined as:

tm = — = 17.24(2)2 (1)
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with E the engulfment rate, v the kinematic viscosity of fluid and € the energy dissipation rate of the turbulent
flow. The coefficient 17.24 results from the engulfment rate and this coefficient has been deduced by Baldyga
and Bourne from the hydrodynamic lifetime of the corresponding vortex (a value of this coefficient of 12 is

theoretically admitted) [3].

The objective of the present work is to study the turbulent micromixing of CO5 and ethanol in a homemade
silicon-Pyrex microreactor with a coflow geometry selected to provide correct guidance for the uSAS process
[13], which consists in a fast precipitation process resulting from fluids mixing. The originality of this study is
that the turbulent coflow mixing has been performed and first observed experimentally in the microreactor at
100 bar and further characterized and investigated with a numerical simulation in order to quantify the mixing.
Thanks to the small dimensions of the microchannel, the direct numerical simulation (DNS) or quasi DNS has
been used to describe the hydrodynamics of turbulent mixing under isothermal conditions. This approach allows
for catching all (or almost all) mixing scales involved in the process, and specially the micromixing scale. This is
made possible by the use of a High Performance Computing code developed in our laboratory. The CFD model
has been validated in a previous work. Based on the simulation results, several operating parameters have
been examined, namely: the temperature, the initial velocity ratio, the Reynolds number and the microchannel

dimensions. The characteristic mixing time is estimated and compared to the micromixing time (Equation 1).

2 Experimental section

The turbulent mixing of ethanol and COs has been observed in a coflow high pressure microreactor at 20
°C and 100 bar to demonstrate experimentally that turbulent regimes can be reached in those conditions in a

confined environment.

2.1 Experimental set-up and procedures

The microreactor has been designed for uSAS precipitation so that a full 3D coflow geometry was selected
to prevent plugging due to particles formation and potential interactions with the walls. The configuration was
printed on a mask for the UV exposure of a spin coated photoresist layer on the surface of a silicon wafer.
Then, the 2D microchannel design was extruded in the third dimension by a wet etching procedure on silicon.
Eventually, a top transparent Pyrex cover, offering optical access for the camera, was anodically bonded to seal
the device. The final microreactor is illustrated in Figure 1. The microreactor is then inserted into a general
set-up described on Figure 2. The CO5 used in the experiment is purchased from Messer company and the 96%
ethanol is supplied by Xilab. The COs injection is performed with an ISCO 100 DM pump equipped with a
cooling jacket in which the temperature is constantly maintained at -5 °C by a cooling fluid and the ethanol is
injected by a Harvard PhD 2000 high pressure syringe pump. Another ISCO pump of the same model is used as
a back pressure regulator to control the downstream pressure fixed at 100 bar. A high speed camera, Phantom

Miro Lab340 of Vision Research company, is implemented in the set-up, which has a maximum resolution



of 2560 x 1600 with a pixel pitch down to 10 gm and a minimum exposure time of 1 us. This camera is
connected to a ZEISS Axiovert 200M microscope with a 20x magnification objective. The COs is injected into
the microreactor inside a preheating channel to ensure that it reaches the desired temperature conditions. Then,
it is allowed to encounter the ethanol flow, which is injected through a capillary inserted inside the observation
microchannel, resulting in a full 3D injection mixer (see Figure 1, cross-section view). The silica capillary outer
diameter was selected to fit with the internal dimension of the channel. After its insertion, it is epoxy-glued to

the microreactor to ensure a perfect sealing and a use at high pressure up to 150 bar.

CO, inlet
fo

CO, preheating channel

Ethanol inlet

o
Mixture outlet

Silice capillary

Figure 1: Illustration of the high pressure microchip made of silicon-Pyrex and the trapezoidal channel with an inserted
capillary.
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Figure 2: Experimental set-up for the observation of the turbulent mixing in the microreactor under high pressure.

2.2 Turbulent mixing observation in the microchannel

An instantaneous view of the turbulent mixing occuring at the capillary tip is shown on Figure 3. The
dense COs, the outer fluid, encounters the inner fluid ethanol at 20 °C and 100 bar. The fluid flowrates are
7000 and 800 pL/min for the CO4 and the ethanol, respectively, resulting in an analytical average velocities of

3.78 m/s for CO5 and 1.70 m/s for ethanol. Eddies and vortices can be seen clearly thanks to the high speed



camera with a recording rate of 10000 images per second (see video 1 in supplementary data).

Figure 3: Instantaneous view of the COsz-ethanol turbulent mixing, captured by the high speed camera, for conditions
Qco, = 7000 puL/min, Qrtor = 800 puL/min, T = 20 °C, P = 100 bar.
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Figure 4: Processed images of CO2z-ethanol turbulent mixing in the microchannel: a. intensity field; b. contour field.

The images of turbulent mixing were post processed with the Matlab software to obtain standardized color
intensity field (between 0 and 1) shown in Figure 4a. This allows a better observation of turbulent structures,
specially in Figure 4b, which represents the color intensity contours. If 2D observation allows for emphasizing
the intense mixing due to turbulent flows, it becomes irrelevant for obtaining precise data on the mixing
phenomenon. That’s why we propose to study the mixing of this system by numerical simulation. Indeed, HPC
code allows for describing, at the smallest scales, the mixing of the species. This approach can be considered as

a real "numerical experimentation".

3 Numerical modeling

We consider a direct numerical simulation as the chosen grid size is in the order of magnitude (1075 m)
of the Kolmogorov scale. In the studied conditions the pressure (100 bar) is above the critical pressure of the

mixture COg-ethanol, so the flow is considered completely monophasic.

3.1 Hydrodynamics

In this study, the fluid is far from the mixture’s critical point so the isothermal compressibility is relatively
low (between 10~% and 107 Pa~!). The comparison of simulations between an incompressible and a compress-
ible formulation [14,15] has shown that the results were very close. Because CPU time is much lower with the

incompressible formulation, we consider in this study the following incompressible model for the continuity and



Navier-Stokes equations, it reads [16,17]:

V-u=0 (2)

p(%; +u-Vu)=-Vp+ V- (u(Va+V'u)) (3)

The species conservation equation includes classical advection and diffusion. Rigorously, the non ideal mixing
of the species should be taken into account. Some authors [18-21| have shown that in the case of diffusion-
predominant mixing close and above the critical point of the mixture, the effects of the non ideal mixing driving
force is significant, especially at high temperature. In our case, we checked that the effects of the non ideal
mixing driving force were negligible. This is due to the fact that the diffusive contribution in the mixing is much
less important than the convection. Indeed, the Peclet number in the simulations vary from 9000 to 25000.
For this reason, we have neglected the non-ideal mixing in our simulations and the diffusion term is classically

modeled by the Fick’s law, it reads:

8p‘rEt,OH

ot +V- (prtOHu - pD"Lv'rEtOH) =0 (4)

T =1—=z

COq EtOH

3.2 Mixture thermophysical properties

Since the mixture composition changes due to mixing in the channel, the mixture thermophysical properties
must be provided to solve the equations listed above, which are the density, the viscosity and the diffusion

coefficient.

Thanks to the Peng Robinson equation of state (PREOS) (Equation 5), which is classically adopted to
estimate a binary mixture density at high pressure, the density of the fluid COs-ethanol is calculated in the
model, depending on the composition, the temperature and the pressure. The Van der Waals mixing rule

(Equation 6) is selected. The interaction parameters k;; and [;; vary according to the temperature [22].

_RT _ Ay,
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The viscosities of the pure COg and ethanol are obtained from the NIST database [23] and then the mixture

viscosity is evaluated by a logarithmic mixing rule, according to Equation 7:

I o = T pyop M figon + Lcoy In Heo, (7)

The diffusion coefficient of ethanol in CO3 is estimated by the Hayduk-Minhas correlation (Equation 8) [24,25].
The molar volume of pure ethanol V,,,,, is calculated by the PREOS.

10.2
Dm — 1.33 . 10—7 . T1447 . V—0.71 . Mgg;oH —0.791 (8)

EtOH

3.3 Numerical method

The equation of continuity, the NS equation and the species transport partial differential equation are
numerically solved through “Notus”, an open-source CFD software developed at the 12M/TREFLE Department.
The finite volume method is adopted in the CFD code. The 3D simulation results provide the fluid velocity
field and the species mass fraction field in the microchannel with a specific asymmetric shape. The mixture
properties are equally calculated at each time step based on the equations mentioned in the former section. The
formulation employed is totally explicit except the pressure correction step in the velocity-pressure coupling
algorithm. The second order scheme in space (total variation diminishing with superbee limiter function (TVD
superbee) [26]) is preferred for all terms in the partial differential equations. The linear system is solved by a

massive parallel iterative solver (HYPRE BiCGSTAB II) [27].

At the cross-section x = 0 the COy velocity is fixed to its corresponding mean value according to the
fluid flowrate; whereas, the ethanol velocity profile in the capillary is imposed as a Poiseuille profile, based on
Equation 9 (the Reynolds number of the inner fluid ethanol is always less than 300). The silica capillary is
considered to be fixed at the center of the trapezoidal channel (Figure 5b). The initial mass fraction of ethanol

is set to be 1 inside the injector (1/j2 + k2 < Drp), and 0 for the outside of the injector, occupied by pure CO,

(v/j?+ k2> Dop).

. QEto i\ i 2
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Figure 5: Geometry of the microchannel in the simulations: (a). 3D numerical geometry of the simulated microchannel
(b). geometry for the boundary conditions (c). schema inside the microchannel with the original point O (x=y=z=0) at
the center of the injector.

3.4 Criteria for mixing quality and estimation of the mixing time

3.4.1 Intensity of segregation [, and mixing time ¢,,

The intensity of segregation I,,, defined by Danckwerts [28], has been selected to be the main criterion for

this study, calculated in the fluid flow direction x based on the time average mixture composition by:

oo (ae(i) — (i)

with z;(7) the time average of the ethanol mass fraction in the grid in the i*" cross-section with coordinates
j and k for y, z directions, x(i) the spatial average ethanol fraction of the i*" cross-section and N the total
number of elements in the i** cross-section. The mean time fields are computed after the transitional time,
by averaging instantaneous local values during 10 000 time iterations. I, has the similar meaning than the

coefficient of variation, both implying the difference between the sample values and their mean, but I,,, varies

from 0 to 1, indicating respectively a homogeneous mixture (I,, = 0) and a total segregation (I, = 1).

Another important criterion for the mixing characterization is the characteristic mixing time. For that, we
consider that the segregation intensity can be simply modeled by a dynamic first order system model without
(ox e~/7) or with time delay (oc e~ (#=%4)/7) [29]. In this case, the time constant of the mixing can be deduced by
the fitted curve of the first order system, indicated in Figure 8. The time axis is derived from the microchannel

length [ or the distance from the capillary outlet and the mean velocity of the inner fluid ethanol in the capillary

U0piom+

(11)



QEtOH (TO)pEtOH (TO)
- 12
Hoseon Peion (T) ' Am ( )

where the Q is the volume flowrate of ethanol, A;,, the inner circular area of the capillary, Ty the temperature

EtOH
inside the cooling pump at -5 °C and T the one in the microchip. We have considered that the use of the pure
ethanol velocity is appropriate, implying the injected and mixed quantity of ethanol. The characteristic time

determined by this method is a simple way to qualify chemical process, as characteristic reaction time [30,31].

Once the segregation intensity curve is derived, the mixing efficiency can be quantified by this mixing time.

3.4.2 Micromixing time and turbulent energy dissipation rate ¢

The estimation of the energy dissipation rate is generally challenging and most of the time calculated
assuming hypothesis. In our study, the use of the direct numerical simulation allows for calculating instantaneous
and mean velocity fields. So the energy dissipation rate e is directly calculated from the derivatives of the velocity

component fluctuations and the local kinetic viscosity according to:

;2 ;2 ;2 7 ’ 7 ’ ’ ’
du,, v, dw, du, v, Ou, Ow,  Ov, dw,
€= (8m)+(87y) +(8z) ay% 0z Ox dz Oy
2 2 72 ;2 2 2 (13)
du,, ou,, v, v, ow, ow,
(G2 +(52) + (5D +(GH +(52) +(5)
u;:umfuix vly:vyf@ w;:wsz*z

The fluctuations of the velocity components u;, v;, w; are the difference between the instantaneous and the

mean time velocity components.

The micromixing time can be then estimated according to Equation 1 in each node of the mesh. A more
representative or global micromixing time can also be calculated for each simulation by considering the global
mean viscosity and the average energy dissipation rate € in the mixing zone. We defined it as the zone comprised
from the tip of the injector to the coordinate corresponding to the characteristic mixing time in the fluid flow

direction.

4 Results and discussion

4.1 Grid sensitivity analysis

In order to ensure that we catch all the relevant scales of the mixing, we performed a convergence study
in space. As a first approximation, the rate of the turbulent kinetic energy can be estimated classically by

e=ug,, ... /Dip. Consequently, the Kolmogorov scale (Equation 14), in our range of the study, is of the order

A = (VS)}1 (14)

12

of the micrometer.



Furthermore, the estimation of the Batchelor scale obtained by Equation 15, with a Schmidt number between
1 and 9, informs that this important scale varies from Ag to 0.3\g, i.e., approximately in the same order of

magnitude than the Kolmogorov scale.

Ap = (”m)i = Aff (15)

T (b) T T
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Figure 6: Grid size convergence study with time axis calculated by Equation 11 for (a). velocity component u, on the
center line (y=0, z=0); (b). mass fraction of ethanol on the center line of the channel.

Therefore, the grid sensitivity analysis has been performed for a uniform mesh. The 4 grid sizes tested are
the following: Az = Ay = Az = 6.75 pm (mesh = 900000 cells), Az = Ay = Az = 4.5 ym (mesh = 3 million
cells), Ax = Ay = Az = 3 pm (mesh = 11 million cells) and Az = Ay = Az = 2 pm (mesh = 37 million cells)
and for a simulation with the higher mean Reynolds number (Re > 5000 of No.9 in Table 3). The Figure 6
represents the evolution of the time averaged velocity component u, and the mean mass fraction of ethanol
at the center midline of the channel. The Figure 7 represents the instantaneous ethanol mass fraction field in
the plane z=0 (the longitudinal section of the channel center representing the depth along with the fluid flow
direction x) for the 4 selected grid sizes. Based on these results, the velocity profiles seems to converge for grid
sizes around 5 pm but for the ethanol mass fraction, the convergent length is smaller, about 3 pm. It indicates
that the Kolmogorov scale is closed to 5 pm and a finer mesh is required to catch probably the Batchelor scale.
This result satisfies the relation between the 2 characteristic lengths (Equation 15). Indeed, the ratio of the two

characteristic length 5 ym / 3 pm is close to vSc (= 1.6) estimated for the relevant conditions.

In this section, we have determined the appropriate grid size, 3 um, close to the Kolmogorov and Batchelor
microscales to well describe the turbulent mixing. This value is a good compromise between precision of

resolution and CPU time of the simulations (see video 2 in supplementary data).

13



1.00

—0.50

0.75

Y-Axis (x10"-6)

X-Axis (x10°-3)

Figure 7: Instantaneous field of ethanol mass fraction in the plane z=0.
4.2 Simulation cases and characteristic mixing times

4.2.1 Influence of operating conditions

Based on the mixing conditions for uSAS processes, we have performed a set of simulation cases listed in

Table 1.

Two temperatures were selected, 20 and 40 °C. The volumetric flowrates chosen for the simulations vary and
are realizable experimentally in the microreactor. The mixture properties are calculated in an overall manner
for the fluid mean velocity, mean density, mean viscosity and the fraction of CO5 as well as the dimensionless

numbers. The ratio of CO4 in the system is first estimated by:

Uoco, Aoutpc~02 (T)
Wpion AinPrion (T) + Uoco, Aoutpco2 (T)

COy(wt. %) = (16)

The average density p is then calculated by Peng-Robinson equation of state for the corresponding COs ratio.
The mean viscosity [z is estimated similarly by the logarithmic correlation. The fluid mean velocity is calculated
by:

— WgonAinprion(T) + U0co, Aoutp002 (1)

u = 17
Achannelp(T) ( )

by considering the mean density p at the tested temperature as described just above. The segregation intensity
curves are plotted with time axis related to the pure ethanol velocity in the capillary (Equation 11) and we
are able to determine the characteristic mixing times ¢,, as previously explained (examples shown in Figure 8a
and 8b). In Figure 9, we have represented the micromixing time (Equation 1) calculated locally and the evo-
lution of the mean mass fraction of ethanol in the median x-y plane of the reactor. The mean mass fraction

allows for locating easily the intense mixing zone. The local micromixing time values allow for comparing (and

14



Table 1: Conditions and fluid global properties of simulation tests with pressure fixed at 100 bar (for both ethanol and
COx the initial velocities ug at the capillary outlet are calculated from the fluid flowrates, considering temperatures in
the pumps and in the microchannel). The coefficient of diffusion is 1.55 x 107% m?-s7! at 20 °C and 2.45x 1078 m? .5~ "
at 40 °C

e T Qopon Qoco, Umon Yoo, Uogo, CO2 u P I tm

"~ (°C)  (uL-min’) (m-s) Weion  (wt.%) (ms?) (kgm?®) (uPas) (ms)
1 200 3000 0.43 2.38 5.50 95.3 1.25 701 47 0.360
2 300 3000 0.65 2.38 3.67 93.0 1.21 740 50 0.280
3 400 3000 0.87 238 275 909  1.19 769 53 0.370
4 500 3000 1.08  2.38 220 889  1.19 791 57 0.160
5 40 600 3000 1.30 2.38 1.83 87.0 1.19 808 60 0.108
6 700 3000 1.52 2.38 1.57 85.2 1.19 821 63 0.105
7 800 3000 1.73 2.38 1.38 83.4 1.20 832 67 0.102
8 1200 3000 2.60 2.38 0.92 77.0 1.27 856 81 0.186
9 1300 5000  2.81 397 141 837  2.00 830 66 0.064
10 200 5000 043 397 917 971 217 659 44 0.139

i 300 4500 0.64 243 381 953 149 881 84  0.580

12 400 4500 0.85 2.43 2.86 93.8 1.50 892 87 0.530
13 500 4500 1.06 243 229 923 1.50 901 91  0.480
14 20 600 4500 1.27 2.43 1.91 90.9 1.51 909 94 0.380
15 700 4500 1.49 2.43 1.63 89.6 1.53 915 98 0.187
16 800 4500 1.70 2.43 1.43 88.3 1.54 921 101 0.109
17 1300 4500 2.76 2.43 0.88 82.2 1.63 936 120 0.186
18 300 7250 0.64 3.91 6.14 97.0 2.40 865 80 0.230

validating) the global value of the mixing time obtained simply by the evolution of the segregation intensity.
Indeed, both values are in good agreement. The mixing times are posted in Table 3 with dimensionless numbers

calculated by using the global average properties and hydraulic diameter.

(a) (b)
1.0 : : : : 1.0 —
\ No.5 at 40 °C| ——No.11 at20 °C_|
0.8 | 0.8 1
0.6 | 0.6 |
_F _E
0.4 . 0.4 4
0.2 1 0.2 1
0.0+ B 0o+
0.0 05 1.0 15 2.0 25 0 1 2 3 4 5
b = 010854 (g tgely = 1.05ms  t(ms)

Figure 8: Segregation intensity curves of the simulations with characteristic mixing times of the first order system :
(a). test case No.5 in Table 1 at 40 °C without time delay; (b). test case No.11 with time delay.

As a first remark and the most importantly, the mixing time is of the order of magnitude of 10~ s. This

means that the operating conditions allow for obtaining a very fast mixing with a mixing time smaller than
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Figure 9: Instantaneous micromixing time fields calculated by Equation 1 in the plane z = 0 and mean time average
ethanol mass fraction field: (a). test case No.5 in Table 1 at 40 °C without time delay; (b). test case No.11 with time
delay.

those reported in the literature in micromixers [32]. Globally, the mixing times are comprised between 0.03 and
0.58 ms. The series of 40 °C tends to provide faster mixing due to an improved diffusion, proceeding that the
segregation intensity curves fall more quickly compared to the simulations at 20 °C. In general, higher flowrates
result in lower mixing times, because of a relatively higher energy dissipation rate. For a large change of the
Reynolds number, the difference of mixing times is evident. Nevertheless, let us note that the global Reynolds
number is also influenced by the mean mixture viscosity, which depends on the mixture composition. Therefore,
for small variations of this value, the trend of mixing time is not so clear. As yet mentioned in our previous
study, the effects of individual parameter are difficult to rationalize because most of parameters are correlated

among them.
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Table 2: Simulation conditions and tested data for microchannel and capillary dimension.

Dimension T QOEtOH Q0002 W0 R0 H ’LL()002 D[D DOD Lp d LS Dh tm

No change (°C) (pL-mint) (m-s!) (pm) (ms)
19 3.09 430 170 173 199 0.250
20 2.65 430 200 131 212 0.122
21 2.29 430 260 41 219 0.132
22 3.01 400 230 53 202 0.219
23 3.77 400 170 143 190 0.180
24 Channel 40 600 3000 1.30 3.24 100 170 400 200 100 200 0.160
25 2.99 400 260 O 197 0.226
26 2.17 450 230 102 225 0.117
27 2.73 450 170 198 206 0.340
28 2.37 450 200 150 218 0.116
29 2.03 450 260 60 229 0.126
30 40 600 3000 231 210 75 150 0.195
31 40 600 3000 8.12 2.10 40 150 0.031
32 40 600 3000 8.12 1.73 40 105 0.035
33 Capillary 40 1200 3000 4.62 2.10 75 150 430 230 90 219 0.123
34 40 1200 5000 4.62 3.50 75 150 0.098
35 20 800 3000 3.02 1.43 75 150 0.226
36 20 1600 3000 6.04 1.43 75 150 0.040

4.2.2 Influence of microchannel dimensions

As our numerical model provides precise evidences for fluid mixing in high pressure monophasic conditions,
the influence on mixing time related to the microchannel dimensions can be determined to help the experimental
design. To do so, several trapezoidal cross-sections have been considered in the simulation. The trapeze area
can neither be too small for the capillary insertion nor too large for moderate microfluidic scales. Another
constraint of the microchannel designing is due to the wet etching of silicon during the microfabrication leading
to a fixed angle between the larger base and the hypotenuse of the isosceles trapezoid (58.4°) no matter what
the depth is. The tested geometries are posted in Table 2 with the test No.5 as reference for most cases (40 °C,
100 bar, ethanol flowrate at 600 pL/min and COs flowrate at 3000 pL/min). The characteristic length of the
microchannel is its hydraulic diameter, defined as D), = 4A/P, with A the area and P the wet perimeter of the

trapezoidal cross-section.

For test No.19 to No.29, the cross-section changes by keeping the same capillary and the depth varies from
the outer diameter (Dop) 170 pm to 260 ym. In some extreme cases, the cross-section shape is tuned to a
triangle as the depth d reaches to a high value (No.25). For test No.30 to No.36, the trapezoidal shape is the

same of the simulations in Table 1 (Figure 5b) and different diameters of capillary are examined.

Based on the mixing times in Table 2, the channel depth d of 200 pm results in a slightly faster mixing.
The difference is not much obvious except the cases of d = Dop at 170 pm, in which the ethanol is not

fully surrounded by CO; at the beginning of the mixing, leading to a longer mixing time. As observed, the
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microchannel dimension influences less than the capillary diameter. The decrease of the inner diameter Dop
from 100 to 40 pm induces a tremendous increase of the ethanol velocity for the same flowrate (from 1.30 to
8.12 m/s). The ethanol rushes into the mixing zone and generates strong energy dissipation rates (2533.3 W /kg
for No.31 and 2174.7 W /kg for No.32), leading to smaller mixing times.

Table 3: Results of simulation tests: global dimensionless numbers, average turbulent kinetic energy dissipation rate,
micromixing times, ratio of mixing time to diffusion time and order of magnitude of the kinetic energy (CO2 to ethanol).

No g Re Sc ‘ s b fm M b - D -10°
(°C) (W-kg) (ms) PoonWmon®  Dn’
1 4095 2.72 49.1 0.636 0.443 0.360 23.37 18.40
2 3926 2.76 81.3 0.497 0.346 0.280 10.39 14.31
3 3773  2.83 127.8 0.402 0.279 0.370 5.84 18.91
4 3633 2.92 196.5 0.329 0.229 0.160 3.74 8.18
5) 40 3506 3.03 439.6 0.224 0.156 0.108 2.60 5.52
6 3389 3.15 509.0 0.212 0.148 0.105 1.91 5.34
7 3282  3.28 575.8 0.204 0.142 0.102 1.46 5.20
8 2932 3.86 601.6 0.216 0.150 0.186 0.65 9.52
9 5505 3.25 2429.8 0.099 0.069 0.064 1.54 3.26
10 7072 2.74 641.7 0.177 0.123 0.139 64.92 7.11
11 3444 6.14 66.1 0.653 0.455 0.580 16.21 18.69
12 3358 6.32 82.7 0.593 0.412 0.530 9.12 17.08
13 3277 6.51 68.6 0.660 0.459 0.480 5.83 15.47
14, 8201 671 1423 0465 0324 0.380 4.05 12.24
15 3130 6.91 301.5 0.325 0.226 0.187 2.98 6.01
16 3062 7.13 671.2 0.221 0.154 0.109 2.28 3.52
17 2778  8.30 696.7 0.234 0.163 0.186 0.86 6.00
18 5718 5.96 283.4 0.311 0.216 0.230 42.06 7.41
19 3720 3.03 2340 0307 0214 0250 438 1545
20 3610 3.03 608.6 0.190 0.133 0.122 3.20 6.67
21 3417 3.03 438.5 0.224 0.156 0.132 2.41 6.78
22 3720 3.03 368.8 0.245 0.170 0.219 4.14 13.09
23 3950 3.03 610.5 0.190 0.132 0.180 6.50 12.17
24 3828 3.03 609.3 0.190 0.132 0.160 4.80 9.81
25 3620 3.03 353.9 0.250 0.174 0.226 4.11 14.21
26 40 3391 3.03 422.0 0.229 0.159 0.117 2.15 5.68
27 3574 3.03 194.1 0.337 0.235 0.340 3.41 19.71
28 3480 3.03 506.0 0.209 0.145 0.116 2.57 5.98
29 3300 3.03 359.8 0.248 0.172 0.126 1.88 5.92
30 3506 3.03 270.2 0.286 0.199 0.195 0.64 9.97
31 3506 3.03 2533.3 0.093 0.065 0.031 0.05 1.58
32 3506 3.03 2174.7 0.101 0.070 0.035 0.03 1.79
33 2932 3.86 1266.4  0.149 0.104 0.123 0.16 6.29
34 5612 3.17 1774.2 0.114 0.079 0.098 0.44 5.01
35 20 1886 5.07 206.8 0.423 0.294 0.266 0.25 8.58
36 1575 7.07  4070.3  0.113 0.078 0.040 0.06 1.29
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The change of channel shape and capillary type produces fluid velocity variations, which is a key factor

discussed specifically in the next part for optimizing the mixing process in the studied device configuration.

4.3 Mixing condition analysis

Since most of parameters are strongly intercorrelated to each other, it is impossible to vary only one
parameter while keeping the others constant. For instance, temperature change in the channel induces fluid
density variations, especially for CO2. As a consequence, for the same flowrates Qop,ons Qopions the initial
velocities u,

U are different at the injector outlet. It is the reason why we choose to analyze a general

0EtOH Y0COy

behavior of fluid mixing. We can show in Figure 10 that the ratio between the characteristic mixing time and
the diffusion time ¢,,,, (7)) = D;,?/D(T) behaves similarly as a function of the kinetic energy ratio between CO
and ethanol (reported in Table 3 for pure fluids before mixing). The normalization of the characteristic time

by the diffusion time allows for analyzing the only influence of the inertial effects in the microchannel.
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Figure 10: Evolution of the time ratio (mixing time to diffusion time) as a function of the kinetic energy ratio (CO2 to
ethanol), with 5 different regimes.

Similarly to a previous study related to two phase flows in a microfluidic device [2], we can distinguishe 5
zones of mixing behaviors. The velocity components v, and w, perpendicular to the fluid flow direction x can
also explain different regions as a function of the ratio of this kinetic energy. These two velocity components
affect strongly the form of the ethanol jet at the injector outlet and they play an important role for the species
dispersion, which can be observed in Figure 11 which represents the velocity vector field in y and z directions.
When the ethanol energy dominates (ratio less than 0.1, No.31), it strikes into the CO4 environment, engendering
velocity drop and massive energy dissipation in the mixing zone. This phenomena is less intense for a ratio

between 0.1 and 1 (No.8) because the COz accompanies the inner fluid ethanol, flowing downstream with less
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Figure 11: Instantaneous velocity vector fields in the planes of y = 0 and z = 0 for simulation tests in the mixing zone
(a). No.31; (b). No.8; (c). No.7; (d). No.11; (e). No.10.

interaction in the y and z directions. As observed, compared to the former regime, the tests No.8 has less
velocity dispersion at the injector outlet. The coflow mixing arrives into a local optimal region, while the energy
ratio reaches about 1 to 3 (No.7). In these conditions, the COs moves rapidly into the channel, surrounding and
shearing the ethanol, which has a shorter jet length. The interaction between two fluids creates vortices in the
channel so the mixing is enhanced. When the kinetic energy of COs keeps increasing and the ratio steps into
a range of 3 to 20 (No.11), the COs, with a relative high inertial force in x direction, tends to produce longer

jet, resulting in smaller magnitudes of velocity components in the y and z directions. Almost no fluctuation
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of velocity exists in the y and z directions without velocity dispersion at the injector outlet, resulting less
interaction between inner and outer fluids, and so on, involving a slower mixing than the other cases. The last
zone, corresponding to an energy ratio more than 40 (No.10), represents an intense kinetic energy of COs. The
COg rushes into the microchannel and blocks the inner fluid of ethanol close to the tip, leading to a very short
jet length. Consequently, these conditions provoke high dispersion (or vortices) and promote very short mixing

time. This behavior has been already reported in a previous study [2].

4.4 Micromixing time & mixing performance comparison

In order to examine the robustness of our simple estimation of the characteristic mixing time, the energy
dissipation rate and its average value in the mixing zone have been calculated based on Equation 13 to determine
the micromixing time with Equation 1. As mentioned before, the mean energy dissipation rate € has been
calculated in the mixing region comprised between 0 and the length corresponding to the mixing time. The
micromixing times t,, 5 = 17.24\/7/6 and t, = 12\/7/6 are reported in Table 3, representing respectively the
engulfment micromixing time and the theoretical hydrodynamic life time of vortices. As shown in Figure 12, the
turbulent mixing times obtained in the current study are in the same order of magnitude of the two models. It
appears that an estimation of the mixing time has been proven as a simple and efficient method to characterize
the mixing performance. It has been additionally verified the capacity of capturing the micromixing in our
numerical model under tested conditions (the global Reynolds number less than 7500 in Table 3). A correlation
(Equation 18) has been determined to estimate mixing time in function of the energy dissipation rate € (blue
line in Figure 12), which conserves the same slope (-0.5) than the laminar mixing. The coefficient 0.0034 is

smaller than the laminar one 0.0075 [33], as expected, implying better mixing capacity in turbulent conditions:

ty = 0.0034 - 05 (18)

The performance of other micromixers are collected in the literature [32,34-39] and their mixing times are
mostly higher than 1 ms. It should be reminded that all experiments previously published have been performed
with water at ambient pressure as a working fluid. Under our conditions in the microreactor (above the critical
pressure of the mixture), a higher diffusivity and a lower viscosity are obtained for the system of COs and
ethanol. Our microreactor provides smaller mixing times in the order of magnitude of 0.1 ms, 10 times lower
than other micromixers, probably due to the combination of turbulent conditions with supercritical fluids. The
mixing times obtained from our pressure resistant microchip are plotted in Figure 13, for the same € range,
containing both laminar and turbulent conditions as well as laminar mixing model and turbulent correlation.
As shown in Figure 13, our mixing times are close to the theoretical ones and the microreactor seems to be

more efficient than those reported in the literature.
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Figure 12: Mixing times acquired of turbulent mixing simulations with a correlation according to the average energy
dissipation rate €, compared to micromixing times and hydrodynamic life times of vortices under same conditions.
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Figure 13: COs-ethanol mixing times at 100 bar in our microreactor for both laminar and turbulent conditions and

rough comparison to other micromixers depending on the result of Falk and Commenge [32].

5 Conclusion

In this paper, we have studied the turbulent mixing in a homemade microreactor with a coflow geometry for

the fluid mixture of CO5 antisolvent and ethanol solvent under uSAS conditions (examined temperature at 20

and 40 °C with pressure fixed at 100 bar). By applying a coupling of a microscope and a high speed camera, we

have proven that the microreactor is capable of performing fluid mixing for high pressure turbulent conditions. In
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the numerical part, validated in a previous work, the grid size has been selected to capture all the mixing length
scales, through direct numerical simulation (DNS). Through the CFD model, the turbulent mixing has been
examined for different turbulent conditions (temperature, fluid flowrates, microchannel dimension and capillary
type). The capillary dimension has a greater influence than the trapezoidal channel dimension analyzed in this
study. A general fluid mixing behavior has been detected, divided into different zones based on the relationship
between a time dimensionless number (the ratio of mixing time to diffusion time) and an energy dimensionless
number (the ratio of COs kinetic energy to the ethanol’s). The micromixing time has been equally calculated,
based on the average energy dissipation rate €. The results show that the mixing times derived from the first
order system of the segregation intensity curve are able to well represent the turbulent mixing efficiency, which
are in good agreement with the micromixing models of the literature. Compared to other micromixers, our

microreactor allows for achieving mixing intensification with much smaller characteristic mixing times.
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