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ABSTRACT

In this work, we present a study of the adsorption for dilute solute (Naphthalene) in supercritical CO2 enclosed
in a rectangular cavity. The effect of proximity to the critical point on mass transfer is numerically investigated.
The numerical model is based on the resolution of the Navier-Stokes equations coupled with the energy and
mass diffusion balances. The velocity field, the mass fraction perturbation as well as the temporal evolution of
the mean Sherwood number is presented for various temperatures. The results show that close to the mixture
critical point, the homogeneous adsorption of the solute is obtained. Additional key findings include that closer
we get to the critical point, the better is the mass transfer on the adsorbent plate.
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GLOSSARY

Symbols:

P Pressure, Pa

T temperature, K

V velocity, m/s

Re Reynolds number

Cv heat capacity, J.kg.K*

Fr Froude number

Ra Rayleigh number

w mass fraction

H charactrestic heigth, mm

L cavity length, mm

Ma Mach number

Pr Prandtl number

Le Lewis number

R perfect gas constant, J/kg.K
Sh Sherwood number

t time,s

u velocity component in the x direction, m/s
PE piston effect

v velocity component in the y direction, m/s
X cartesian axis direction, mm

D21 binary mass diffusion coefficient, m?/s
Greek letters:

p density, kg.m®

¢ dmensionless proximity to the critical point
p dynamic viscosity, Pas

3t dimensionless time step, s

B thermal expansion coefficient, K*

y ratio of heat capacities

A thermal conductivity, W-m*- K

Indices / Exhibitors:

c critical property

i initial value

th thermodynamic part

h heat

(*) dimensionless parameters




1. INTRODUCTION

The supercritical fluid (SCF) is a fluid for which temperature and pressure are larger than those of the critical
point. In this zone of the phase diagram, the physical properties of the fluid (density, viscosity, diffusivity) are
intermediate between those of liquids and gases [1, 2]. Supercritical fluid deposition (SFD) is a promising
technique aiming to prepare supported metallic nanoparticles or metallic films and has been the subject of
several researchs and publications [3, 4, 5]. In this technique, supercritical CO2 (scCO2) has been used in most
of the depositions because it is hon-flammable and non-toxic. Using supercritical fluids (SCFs) to deposit metals
and metaloxides on surfaces has been attracting due to the attractive properties of supercritical fluids.
Supercritical fluid deposition (SFD) in particular using supercritical carbon dioxide (scCO2) is attractive because
no liquid the waste is generated, no solvent residue is left on the substrate and the mass transfer rates are fast
compared to the liquids [4]. In addition, the rate and the velocity of the substrate deposition can be controled by
the changing of the pressure and temperature of solvent presented here by the supercritical carbon dioxide
(scCO2). In this paper, Naphthalene was chosen as a model solute because its phase equilibria with CO; has
been thoroughly studied [3, 6, 7]. There are extensive data available for this system that have been confirmed.
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FIGURE 1 Physical configuration

The physical model consists of a dilute solute (Naphthalene-scCO;) mixture enclosed in a rectangular cavity
with a heated and adsorbent plate on the bottom boundary so showed in figure 1 of height H=1mm. An adiabatic
boundary condition was applied to the non-reactive vertical and upper walls. Its temperatures are maintained
fixed to Ti. The fluid is considered in thermodynamic equilibrium at a constant temperature T; slightly above a
particular mixture critical temperature Ten= 307.65 K and Ti=(l+g), where &=( Ti-Tem)/ Tem defines the
dimensionless proximity to the critical point. The critical propertie Ten corresponds to the Lower Critical
EndPoint of the mixture and is slightly above the critical point of CO,. A weak gradually heating is then applied
at the solid bottom plate (y = 0 for H<x<L-H).

2. MATHEMATICAL MODEL

The mathematical model is based on the 2D time-dependent and compressible Navier—Stokes equations, coupled

with energy and mass diffusion equations including the supplemental Peng—Robinson equation of state. In order

to reduce computational costs, these equations are solved in the framework of the low Mach number

approximation [8]. Thus, the total pressure is split into two parts: a homogeneous thermodynamic part Pu(t),

which appears in the equation of state and in the energy equation and only depends on time t, and a non-
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homogeneous dynamic part Pay(X, Y, t), appearing in the momentum equation and which varies with time and
space. The dimensionless governing equations are therefore:
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V is the velocity of components u and v in the x- and y-directions respectively, w is the mass fraction, y is the
ratio of the isobaric and isochoric specific heats calculated from the equation of state with y and Cuo
corresponding to the values for a perfect gas (y,= 1.3, Cvwo= 3R/M1). The dimensionless numbers are respectively,
the Mach number Ma, the Reynolds number Re, the Froude number Fr, the Prandtl number Pr and the Lewis
number Le and are defined as:

Ma =2PE ; Re =PeeH Fr=VLZE
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where Co = [, (%) T.m is the sound speed and Vee=H/t; is the characteristic velocity of the piston effect [6, 7,

9]. It must be noted that the divergence of the infinite-dilution properties of the solute is not specific of
Naphthalene but it is a universal behavior for dilute mixtures [3].

3. RESULTS

Simulations were performed for a heating AT=10mK and three initial temperatures Ti=308.15K, 309.15K and
318.15K, which correspond to distances to the mixture critical point equal to 0.5K, 1.5K and 10.5K respectively.
The mixture is saturated, which means that the initial mass fraction w; corresponds to the solubility of
Naphthalene in CO,. The values of the various properties and transport coefficients at the initial states
considered are given in Table 1. As already said in section 2, since the binary mixture is very dilute because of
the low solubility of the solute, we can assume that the transport coefficients of the mixture are those of the pure
solvent. Thus, the thermal expansion coefficient f and the ratio of heat capacities y were calculated from the
Peng-Robinson equation for pure COs,.

T; Wi Li Ai Cuvi (D21)i Bi Y

308.15 7.6751x10° 3.3402x10° 9.6172x102 1306.27 2.1969x10® 2.3134x10*! 16.75
309.15 8.0713x10° 3.3448x10° 9.1322x102 1269.32 2.2009x10°® 1.7465x10! 13.95

318.15 1.2557x102 3.3870x10° 6.6804x10% 1074.57 2.2368x10® 5.4955x10? 6.51

TABLE 1. Initial values of temperature, mass fraction and transport coefficients.
3



The Damkohler number was fixed to Da=10", which is a pertinent value for an adsorption reaction. Figure 2
shows the isolines of temperature and mass fraction perturbation at two times for the three initial temperatures.
The first time corresponds to 2.5tpe for all the cases. The solutions obtained for the various values of T; are
similar. The temperature field at this time is governed by the Piston effect, as in pure CO; [10], with three
distinct zones: a hot boundary layer along the heated plate, cold boundary layers along isothermal walls and the
cavity bulk which is homogeneously heated by the Piston effect. In addition, as in pure CO, the thermal
boundary layers are thinner when approaching the critical point because of the strong decrease of thermal
diffusion.
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FIGURE 2. Isolines of temperature (left column) and mass fraction perturbation w-w; (right column) for the three
initial temperatures.

In the same way, the isolines of the mass fraction perturbation reveal the existence, along the adsorbent plate, of
a thin boundary layer which becomes thinner when approaching the critical point because of the decrease of the
mass diffusion coefficient D2; (Table 1). Figure 2 also presents the steady solution obtained for each initial
temperature. Concerning the mass fraction, it must be underlined that, although the isoline map does not evolve
anymore, the values of w-w; keeps on increasing while the adsorption reaction still goes on. As expected, the
temperature field is very different depending on the proximity to the critical point. Indeed, because of the
diverging behavior of the thermal expansion coefficient  (Table 1), the Rayleigh number strongly increases as
approaching the critical temperature: Ra=3683 for T;=318.15K, Ra=21938 for T;=309.15K and Ra=34139 for
Ti=308.15K. As a consequence, the convective flow is much more intense for T;=308.15K (Fig. 3.(a)), allowing
a better mixing inside the cavity. The distribution of the convection cells directly affects the mass fraction field
as it is revealed in figure 3 showing the velocity field together with the isolines of w-w;. The jet flow between
contrarotative rolls is much weaker for T;i=318.15K (Fig. 3.(b)) allowing the development of a high mass fraction
“plume” rising at the middle of the heated plate (Fig. 2). For T;=308.15K, in contrast, the very intense
convection flow restricts the diffusion of the solute in the boundary layer along the plate. The mass fraction field
obtained for Ti=309.15K is intermediate between those previously described (Fig. 2).
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FIGURE 3. Velocity field together with the isolines of w-wiin the central part of the cavity (above the heated
plate) for (a) Ti=308.15K and (b) Ti=318.15K.

The convection flow has also a strong influence on the adsorbed amount of solute. Figure 4 presents the profile
of the relative mass fraction perturbation (w-w;)/w; on the bottom boundary for the three initial temperatures.
Although the maximum amount adsorbed on the plate increases when moving away from the critical point, the
profiles reveal that the adsorption of the solute is strongly inhomogeneous for Ti=318.15K, with a peak of
adsorption in the middle of the plate. On the other hand, close to the critical point (Ti=308.15K), the peak at
x=L/2 is less pronounced, leading to a more homogeneous adsorption of the solute and, therefore, a more
homogeneous material in the framework of SFD processes for example.

Finally, the effect of the proximity to the critical point on the mass transfer at the adsorbent plate was
considered. For this purpose, we calculated the mean Sherwood number on the plate. This dimensionless
number, which characterizes the mass transfer at a boundary, is defined by:

Sh = J il D,
= - 215
plate (Dyq); (w(x, 0,t) — W(x,%, t)) oy

dx

Figure 5 shows the temporal evolution of the Sherwood number for the three initial temperatures. A Strong value
of Sh is observed at the very beginning of the simulations because of the increase of the plate temperature from
Ti to TitAT. Then the Sherwood number rapidly decreases to reach its steady state value. The drop observed
between around 5s and 10s is due to the impact of a large cold thermal plume on the heated plate. Figure 5
reveals that the Sherwood number in the steady solution strongly increases when approaching the critical point,
with a value of Sh about 1.5 times larger at Ti=308.15K than the one at Ti=318.15K. In other words, getting
closer to the mixture critical point enables a better mass transfer at the adsorbent plate.
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FIGUREA4. Profiles of the relative mass fraction perturbation on the bottom boundary for the three initial
temperatures.
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FIGURES. Temporal evolution of the mean Sherwood number for the three initial temperatures.
4. CONCLUSIONS

In this paper, we presented a numerical study of heat and mass transfer in a dilute near-critical binary mixture
enclosed in a rectangular cavity with a heated and adsorbent plate on the bottom boundary. The Naphthalene-
CO, mixture was chosen as a model mixture because of the substantial experimental data on solubility of
Naphthalene, allowing a correct determination of binary parameters in the mixing rules of the equation of state.
However, since the diverging behaviors of transport coefficients near critical points are universal, we believe
that the conclusions of our study could be applied to any binary mixture exhibiting the same kind of phase
diagram. The results showed that, because of the divergence of the thermal expansion coefficient, a more
homogeneous adsorption profile can be obtained for a same value of the heating when moving closer to the
mixture critical point. In addition, approaching the critical point also leads to a better mass transfer at the
adsorbent plate. These two phenomena can be of great interest for SFD processes.
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