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Abstract

It is now well established that the large compiabi of supercritical fluids is
responsible for the strong enhancement of the therooustic heating, leading to the
speeding up of the heat transport thanks to therpisffect instead of the expected
slowing down. We show in this paper, through nugerisimulations, that the
hydrodynamics behavior of supercritical fluids atsmples with the critical behavior of
the solubility of solids to cause the release beterogeneous reaction at solid surfaces

in dilute binary supercritical mixtures.
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1. Introduction

A supercritical fluid is any substance set abowe tdmperature and pressure of its
gas-liquid critical point. In this quite speciabt, the physical properties of the fluid
are intermediate between those of liquids and gdisezhibits a liquid-like density but
mass transport properties, such as viscosity, lase ¢o those of gases improving its
mass transport rate. Moreover, as the critical tp@napproached, the isothermal
compressibility and the thermal expansion coeffitieliverge, while the thermal
diffusivity tends to zero. As a consequence, dgnsiitanges significantly for minor

variations of pressure or temperature. More prégisewe note £ = (T - T, )/T, (with
T, the critical temperature) the dimensionless dis#ao the critical point on the critical

isochore, relative density perturbations are®* times larger than the temperature
ones in thermal diffusion layers, especially neathermal boundaries (Zappoli et al.,
1990). The strong compressibility and dilatabilifysupercritical fluids induce several
specific behaviors, in particular a very fast heatsport, due to thermo-acoustic effects
(known as Piston Effect), whereas heat diffusiomeisy slow. Indeed, the heating of a
confined supercritical fluid provokes a very thinffusion boundary layer which
strongly expands and compresses adiabaticallyeteof fluid. This process results in a
very fast and homogeneous increase of the temperahd pressure in the whole fluid.
The piston effect was theoretically predicted fopuae supercritical fluid in the early
nineties by several teams (Boukari et al., 199QKbat al., 1990, Zappoli et al., 1990),
and then it was extensively studied in microgravatyd normal gravity conditions
(Garrabos et al., 1998, Guenoun et al., 1993, Kagah Meyer, 1998, Straub et al.,

1995, Zhong et al., 1997). Since the strong consgviity of supercritical fluids deeply
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changes the leading mechanism of heat transfavast most likely that the induced
pressure and density variations might also havesemurences on the behavior of an
interface reaction, and associated mass transfessipercritical mixtures and our aim
was to check this assumption. More precisely, weewsterested in the case of an
adsorption-desorption reaction taking place betwaesolid interface and an active
compound in a dilute binary supercritical mixtuidow, the solubility of solids in
supercritical fluids is very sensitive to small ngas of temperature and pressure near
the solvent’s critical point. Indeed, the phasegthan of binary mixtures of interest to
explore this kind of heterogeneous reaction in sugEal mixtures exhibits a crossing
point (named the Lower Critical EndPoint (LCEP))tvibeen the solid-liquid-vapor
coexistence line and the critical line of the mietstarting at the solvent’s critical point
(Fig. 1). Above this crossing point and up to tipper critical endpoint (UCEP), there
exists a phase equilibrium, in the whole rangerekgure and composition, between a
pure solid phase of one of the compounds and tperesritical mixture. At the LCEP,
the solubility of the solid changes with an infeglope as a function of temperature on
the isobar and as a function of pressure on thimesm. So, just above this critical
endpoint, small changes of temperature or pressatse large variations of the
solubility, and the LCEP temperature is usually eav fKelvin above the critical
temperature of the solvent. Therefore, in the viginf the LCEP, the change of
pressure induced by the piston effect should imibeethe reaction at the solid-
supercritical fluid interface because it will cawsstrong change of the solubility of the
solid. Moreover, the behavior of the solubility siflids in supercritical fluids is made
more complex by the existence of the retrograden@menon, namely the decrease of
the solubility with an isobaric increase of tempera for a certain range of pressures

including the LCEP pressure. Since the beginninthefeighties, the solubility of solids
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in supercritical fluids was extensively studied,t hbese studies were essentially
devoted to measurements of the solubility of vaiocompounds and to the
development of thermodynamic models allowing toaobta good correlation of
experimental data (see the review paper of Higaslal., 2001). Several papers were
also published concerning measurements or modealfngdsorption equilibrium of
various solutes in supercritical fluids (Afrane a@kimowitz, 1995, Uchida et al., 1997,
Tapia-Corzo et al.,, 2000, Jha and Madras, 2004)tHmse models did not take into
account hydrodynamics. To the authors’ knowledge,jnvestigation was previously
performed on heterogeneous reactions in supedlritiixtures, taking into account at
the same time the specific supercritical hydrodyicarand the critical behavior of the
solubility of solids in supercritical fluids. A 8t attempt using asymptotic analysis was
published by Zappoli and Carles (1996) but the w&mple model, based on the van der
Waals equation of state with linear mixing rulesl dot take into account the critical
behavior of the solubility with respect to pressangl neglected the solubility variations
with temperature. In this paper, by means of nucaérsimulations based on the
solution of the complete Navier-Stokes equatiors shwow that, close to the LCEP, the
piston effect, coupled with the critical behavidrtioe solubility, can be responsible for
the release of a heterogeneous reaction at a chyractive surface in a dilute binary

supercritical mixture.

2. Physical problem and modeling

2.1. Problem under study

The Naphthalene-COmixture was chosen as a reference system wittaltoge-

mentioned phase diagram because of the wide expetaindata on solubility which can
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be found in literature, allowing an easier validatiof our thermodynamic model
(Nicolas et al., 2005). The physical propertiegath pure compound are given in table
1. We consider a dilute mixture of Naphthalene (theority species, named species 2)
and supercritical C®(named species 1), confined between two infiroled plates that
are spaced by a distande=lcm and made of pure solid Naphthalene (Fig. 2).
Naphthalene can be adsorbed or desorbed at thelétes following a diffusion-limited
reaction. The fluid is initially at rest, in therohgnamic equilibrium at a uniform
temperaturd;, slightly above the LCEP temperaturieep=307.65 K (Tsekhanskaya et

al., 1962), T; = (1+&)T, cep With £ = (T, = T,cep )/ Tocer <<1 the dimensionless distance

to the LCEP on the isochore = p, gp), at the LCEP densitp cer=470 kg.m® (which

is not very different from the critical density 600,) and in equilibrium with the solid
plates. We note thafi cep is only a few Kelvin above the critical temperatwf CQ.
Then, the temperature of the solid plate= is gradually increased up o+ AT (with

AT about some mK) whereas the other onexat) is kept at the initial temperature. In
order to suppress the buoyant convective transpariassume that the system is under
zero gravity conditions. In such a case, the sydssentially evolves in the direction of

the temperature gradient and a one-dimensional headebe rightfully considered.

2.2. Governing equations

The evolution of the system is governed by the dineensional time-dependent and
compressible Navier-Stokes equations, coupled vetiergy and mass diffusion
equations. An equation of state completes the mao8iice we are interested in
phenomena occurring at the time scale of the pisftect which is much longer than

the acoustic one, the Low Mach number approximaRaolucci, 1982) is used to filter
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acoustic waves, allowing to strongly reduce comanal costs. This approximation
leads to a splitting of the pressuPeinto a homogeneous thermodynamic [aglt),
appearing in the equation of state and in the gneggation, and a non-homogeneous
dynamic parp(x,t),appearing in the momentum equation. For the probteated here,
the dynamic pressure is extremely small comparethéothermodynamic part (about
10° times smaller). As a consequence, the total presBuis almost equal to the
thermodynamic pressur®y,. This latter is computed through the global mass

conservation. The governing equations are thus:

%+ (pu)=0 e
%(pU)+%(pUU)=-%+%(f7%j @)
ow)+2 (puw)=2( 50, %) @
%(pAT)+%(pu/\T)=—R%%(A%j—rﬂpml%q @

where u is the velocity,w is the mass fraction of Naphthaleng,is the dynamic
viscosity, A is the thermal conductivityp,; is the diffusion coefficient of Naphthalene
in supercritical CQ andA and/ are respectively a function of jow) and a constant
that are given in appendix A. We supposed thatrdnesport properties of the mixture
are those of pure GOwhich is a valid assumption for a dilute mixtre<<1). The
following correlations are then used for the thdromnductivity A (W.m™*.K™) and the

dynamic viscosity; (Pa.s) of CQ(Arai et al., 2002):
AT, p) = 20(T)+ Ae(p) + DA(T, ),

n(p) =1y +ne(p).
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where the first term corresponds to the limit ob#irdensities:
A,(T)=-7.6683x10° +8.0321x10°T and 77, = 1.5305x10°,
the second term is the excess property:

Ao(0) = 3.0990x107° p + 55782x10°8 p? + 25990x 107 p°,

o(p) = 55934x107° p + 6.1757x10 1 p? + 2.6430x107Y7 p*,

and the third term is the critical enhancementcig neglected here for the viscosity:

_( 16735 4 IPCYINRY
AAC(T,,O)—(T_2914686 0.2774+7.4216x 10 Tjexp( C?(p pcl))

with: JC = 6.7112x 107 if p<py _
C=6.9818x10"% if p>py

The diffusion coefficient of Naphthalene in supdical CO, D, (m?.sY), is calculated

with the Wilke-Chang equation (Higashi et al., 2001

Dy = 7ax10715 VML (5)
0.6
1Vp2

with Vu2 (cn.mol™) the molar volume of Naphthalene at boiling poipthe association
factor (=1 for CO,) andM; (expressed here in g. ilthe molecular weight of CO

The thermodynamic state of the mixture is descripethe Peng-Robinson equation

of state in the framework of the one-fluid theory:

L _(RM)T pol) AT w) p?
" 1B} w) 1+ 2b(u) 0/ ow) - bwl? 7 6w

(6)

whereR is the perfect gas consta®=8.3145 J.mot.K™Y) and:
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8(w)=1-(1-M1/My)w, aT,w)=ay(T){L-w)* +2ay, (T)w(l-w)+a,(T)w?,

b(w) = by (1-w)” + 2by, w(1-w)+b, M1/ M) w?,

2
T.
a (T)=148742~ 9|14 511~ |1 || b =025307 1,
M; o T Jox

¢j

B; = 0.37464+1.54226w, -026992w”, (j =1,2)

alZ(T) =4 al(T)aZ(T) (1‘ k12), by, = %(bl% + sz (1‘ |12)'

2

with M, (kg.mol?) the molecular weight of Naphthalene amdhe acentric factor. The

binary interaction parameteks, andl;, are determined so as to minimize the error
between the solubility (or equilibrium mole fraaticyg) calculated by the model and

the experimental data, using a least squares metock precisely, the minimized

objective function is:

2
Fobj _ ZN: (yg )iexp 5e£>;§ )ical |

(7)
=1 (yg i

exp cal
[

whereN is the number of experimental values a{y@) and (yg) are respectively

[
the experimental values and those estimated bynibdel. Nicolas et al. (2005) have
shown that temperature dependent binary paramateresecessary to obtain a reliable

correlation of solubility data in a wide range efmperatures. Therefore, the following

formula was considered f&g, andli2:

, , [ 30815
kip =Kip + klz[ - j

(8)

. ..(30815
lip =112 +11; -
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The model consists in determining the solubilil;;g of Naphthalene in

supercritical CQ from the equilibrium condition, namely the equalitf Naphthalene
fugacity in the solid and supercritical phases.sTéguilibrium condition leads to the

following equation for the solubility:

o _ 20T PSO)PROT) {VS(P— P;“b(T))} o

Y2
Pg,(T,P,Y5) RT
where P,°"{T) (computed by the Antoine equation) is the subliomatpressure of

Naphthaleneand v,° its molar volume at temperatufg it is assumed that,® is

independent on pressure The fugacity coefficient®, (T, P25”b) and ¢, (T,P,y5) are

respectively those of Naphthalene as a pure spatRs"{T) and in the supercritical
mixture at pressurB; they are estimated using the equation of statev(@en for the

total pressur® (instead oPy,) and for the molar variableg; andv, which are linked to
specific variables by the formula:

:Ml W - Ml
My 8(w) " 8w)o

Y2 (10)

In fact, since the fugacity coefficient, (T, PZS’”b) differs little from 1, it was

approximated by 1 in Eq. (9). A mean relative daeraof 8.4% between experimental
values and those calculated with Eqg. (9) was obthim the temperature range
[308.15K, 328.15K] in which solubility data are dable. The values of the binary
interaction parameters are therk’;,=0.0395, k”1,=0.0114, I'1,=-0.1136 and

I” 1,=-0.3103. The solubility of Naphthalene, predictgdtte model with these values,
versus pressure is drawn for three isotherms in Figrhis figure clearly shows the

zone of strong variation of the solubility arouhe tCEP pressure. Since the heating of
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the plate is very small (some mK), the binary pastrsk;, andl,, are calculated for

the initial temperature using Eq. (8) and, thereyttare kept constant during the

simulation.

2.3. Solid-fluid interface reaction

The reaction at interfaces=0 andx=L is supposed to be diffusion-limited. Thus,
the fluid phase is assumed to be locally in eqaiin with the solid interface at any

time, namely the partial density of Naphthaleneegual to its equilibrium value

05(T,P) leading to the following boundary condition fer

we (T, P)
K , 11
plx=00rL,t)/ picep -

w(x = OorL,t) =

with we(T,P)= p$(T,P)/p cep the equilibrium mass fraction for the critical gy
Acep- The equilibrium partial density of Naphthalenec@mputed from its solubility
y:(T,P) by pf =M, y¢/v, with v the molar volume of the mixture given by the Peng-
Robinson equation fof, P, and y£(T,P). That is why it is necessary to accurately
represent the solubility behavior. The boundarydaton for the velocity is obtained

through the Fick’s law:

Dy, a—W = QOorlL,t 12
w(x = OorL,t)-1 an(x orL.) (12)

u(x = OorL,t)=-

with n the outer normal to the boundary.
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2.4. Numerical method

The governing equations (1)-(4) and (6) are solved dimensionless form using

Ticer as reference temperaturp,cep as reference densityp ceo(R/M, )T cep @S

reference pressurk,as reference length, the time scale of the pisftact as reference

time (t,e = (t,/Pr)e**, wherePr=7C_ /A is the Prandtl number for GQwith C, the

specific heat at constant pressure that is cakadilxom the Peng-Robinson equation of
state (see appendix B), ahndis the characteristic time of thermal diffusiomjdathe
corresponding velocity (i.&/tpg) as reference velocity.

The numerical method, which is based on finite m@uapproximations, is very
similar to that developed by Amiroudine et al. (IR9The time scheme is fully implicit
with the power-law scheme used for the discretiratif the convective terms. On the
other hand, the unsteady terms are approached¥ader backward Euler scheme
whereas a °l order scheme was used by Amiroudine et al. We as@dn-uniform
staggered mesh: the scalar variables are computée aells centre while the velocity
is defined at the cells faces. The mesh, whichubhes 201 points, is refined near the
boundaries so as to accurately represent thin tayrdyers (about 20% of grid points
inside the boundary layers). The velocity-pressooeipling of the Navier-Stokes
equations is treated by the SIMPLER (SIMPLE-ReVisaltjorithm and numerical

stability in terms of time steps and grid sizes lbesn carefully checked.
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3. Results and discussion
3.1-General description

Simulations were performed for initial temperatufigsanging from 307.75K to
323.15K (i.e. a dimensionless distance to the LCERanging from 32x107* to

5x107?) and a temperature increadB=2mK, 5mK and 10mK at the plate=0. It must
be noted thal; =307.75K (that is only 0.1K above the LCEP tempes is out of the
temperature range for which the model parameterd,;, were fitted on solubility data.
The values of the binary parametgys |2 are computed from Eq. (8) but the accuracy
of the model at this temperature cannot be evaluaiace there is no available
solubility data. The values of the initial pressBrend mass fraction of Naphthaleng
respectively obtained through the equation of steie the equilibrium condition (9),
are given in table 2 for each initial temperaturable 2 also presents, for each initial
states, the values of the thermal diffusivityof CO, calculated from the model as
explained in appendix B, of the diffusion coeffiti®,; of Naphthalene in supercritical
CO, calculated with Eqg. (5), and various characterisimes, namely the thermal
diffusion timety, the mass diffusion timg,y and the time scale of the piston effegt

It can be noted that the diffusion coefficidb4;, as the thermal diffusivity, is very
small (about 18) but, unlikea, it littte changes in the temperature range that w
considered. In fact, some measurements revealeththainary diffusion coefficient in
supercritical fluids strongly decreases in thenitgi of the LCEP (Higashi et al., 1998,
Nishiumi et al., 1996, Tsekhanskaya, 1971) but \tfitke-Chang equation does not
represent this decrease. As a consequence, thactdrastic time of mass diffusidgyg
remains almost constant for all the valuesToand it is about 1h10min. Table 2 also

shows that the time scale of the piston effecteis/\much smaller than the two other
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characteristic times. In particulatze is about 45 thousand times smaller than the
characteristic time of mass diffusion BE308.15K and it remains 252 times smaller

thantyg atT;=323.15K, i.e. at 15.5K above the LCEP.

In all the cases, the same phenomenon was obsénVedliscuss here the case
Ti=308.15K and4T=10mK. The temperature of the plate0 is gradually increased

using a cosine law duringhe.=10tpg, i.e. approximately 1s. More precisely, the

temperature increase is defined by:

t .
054T|1-cos i1 ift<t
() = [ { theatD heat

AT if t>theat

As in the case of a pure supercritical fluid, theundary heating induces a thin
thermal diffusion layer, associated with a largedsity gradient, near the heated plate.
Due to the high dilatability of the fluid, this bodary layer strongly expands and
compresses adiabatically the rest of the fluid ilepdo a fast and homogeneous
increase of its temperature by the piston effed.(B). The fluid near the isothermal
boundary is then warmer than the solid plate aselcand thermal boundary layer forms
near this latter where diffusion cools the fluidheTfluid layer is therefore divided into
three zones: two thermal boundary layers, assaCiaith large density gradients (Fig.
5), and the isothermal bulk of the fluid (Fig. ¥ye noted that the velocity profiles are
also similar to those obtained in a pure supecaiitfluid. Therefore, the thermo-
mechanical response of the mixture to the heatirigeoplate is the same as that of the

pure supercritical fluid.
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We consider now the chemical response of the systethe heating of the plate.
Since the temperature increasea0 is very small, the boundary condition (11) Vor

can be written at first order as:

Hf’g;} (n.e)] (Plx=0:)-R)- 2 (plx=00)- ). .
with:
O N AR C

-W Bp, (T.R)

LG ) ] L

+Wi )(T,yz(Ti'PI)

where v,(T;,R)=(dv/dy,); p(T;.R) is the partial molar volume of Naphthalene

(which is negative),Bp y, (T, R) = (0v/0T)p . (T, R)/v is the thermal expansion

coefficient at constant composition for y, = yS(Ti , P,), and

X1y, (Ti,R)=-(0v/oP); , (Ti,R)/v; is the isothermal compressibility at constant

composition fory, = y5(T;,R).

An equation similar to Eq. (13) (without the ternuedto the temperature

perturbation) can be written fow(x=L, t). Equations (14) and (15) show that the

derivatives ofwg depends not only on the solubility derivatives ighhare very large
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near the LCEP) but also on the thermal expansia@ificent and on the isothermal
compressibility that are also very large since #wvent is supercritical. The

contribution of these two coefficients increase® tterm due to the solubility

derivatives, so that the derivatives of are about 4 times larger than the solubility
ones. For T;i=308.15K, we have (ayg/aT)P('l'i,P,): -378x10°K ™! and

(ayg/aP)T (T, R)= 221x108Pa™; therefore a temperature change of 1K (namely

about 0.3%) induces a solubility variation equal3t@8x10° (namely about 142% !)
and a pressure change of 1bar (namely about 1%¢ésda solubility variation equal to

2.21x10° (namely about 83% !).

Equation (13) shows that the evolution of the nfasstion of Naphthalene at the

solid interfaces is governed by three mechanisms:

1. The critical behavior of the solute solubility witlespect to temperature and

pressure through the very large values of the dbaves (awf/aT)P and

(awg/ap)r, respectively in the terms due to the temperatanel pressure

perturbations; of course, the critical behavior tbé solubility with respect to

temperature acts only at the heated plate;

2. The strong compressibility of the supercritical idluthrough the derivative

(awg/ap)r , and the piston effect, that results from it, thglb the pressure variation;

3. The strong dilatability of the supercritical fluwhich plays through the derivative

(awg/aT)P and through the density variation.
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So, the term due to the temperature perturbatisalteefrom the coupling between
the critical behavior of the solute solubility witBspect to temperature and the strong
dilatability of the supercritical solvent, and ttexm due to the pressure perturbation
results from the coupling between the critical heétvaof the solute solubility with
respect to pressure and the strong compressibilitlye supercritical solvent, especially
the piston effect that it causes. It can be noteat the term due to the density

perturbation tends to increaseat the platex=0 and to decrease at the platex=L. Due

to the retrograde phenomenon, the deriva(ﬂwaﬂce/aT)P, that is very large, is negative.

Moreover, it is much larger than(aw("f/aP)T (in dimensionless form,

T (awf/aT)P (T.,R)=-496 whereasl1>|(6w§/<3P)T (T.,R)= 0175). As a consequence,

the term due the temperature perturbation is thget one in Eq. (13). Thus, the
temperature increase of the plate0 leads to a strong decreasewdk=0, t) as it is
shown in Fig. 6. At the same time, the piston éffgenerated by the boundary heating,
provokes a fast, strong and homogeneous increabe piressure in the whole cell (Fig.
7), leading to a strong increase of the term dutheégoressure perturbation in Eq. (13).
Since the increase of the plate temperature is demg a cosine law, this temperature
increase is weaker near the end of the heatingeplhas fort approachindnea) and the
terms due to the pressure and density perturbatieosme then the largest ones so that
w(x=0, t) begins to increase again before the end of thengephasetEthea) (Fig. 6).
From t=10s, w(x=0, t) slowly keeps on increasing towards an asymptadices The
maximum perturbation oiv at the heated plate(x = 0,t) = w(x = 0,t) - w;, which is
obtained about 0.05s before the end of the heatiage, is equal to -7.6973x0.e. it
corresponds to a decrease about 1% of the mas®ifra¢ Naphthalene for an increase

of 0.0032% of the plate temperature. The pertuobatof the mass fraction of
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Naphthalene is therefore 312 times larger thandhé&&mperature. Since the diffusion
coefficient of Naphthalene in supercritical £© very small, the strong decrease of the
mass fraction at the plake0 due to the heating induces a thin diffusion baupdayer
that grows very slowly, at the mass diffusion spések Fig. 8). To summarize, the
leading mechanism governing the evolution of thesrfaaction of Naphthalene at the
heated plate is the critical behavior of the sditybivith respect to temperature. We
have just induced a change of the mass fractioNagfhthalene at the plate=0 by
modifying the parameters of the interface react{i@e. by increasing the plate
temperature), exactly as in the case of a perfastngixture. However, the response of
the system is very different from that of a perfges because of the retrograde
solubility phenomenon that is specific to supelcait fluids (Raspo et al., 2005).
Moreover, the perturbation of the mass fractionultesy from the temperature

perturbation is much larger than that obtained pedect gas mixture.

On the other hand, the piston effect, coupled withcritical behavior of the solute
solubility with respect to pressure, is actuallg tlieading mechanism governing the
evolution of the mass fraction of Naphthalene atiothermal plat&=L. Indeed, the
term due to the temperature perturbation disappleans Eq. (13) since temperature
remains unchanged. The piston effect induced byhiwting of the opposite plate
provokes a strong and homogeneous increase ofrdssyse in the whole cell, and
therefore at the isothermal interface. Thus, duthéocritical behavior of the solubility
with respect to pressure, this strong increaserefsure induces a fast and strong
increase ofv at the platex=L through the term due to the pressure perturbatidg.
(13) (Fig. 6). At the end of the heating phasetits), the perturbation ofv at the

isothermal plate, am(x = L,t)=w(x=L,t)-w, is equal to 5x18. Therefore, it

corresponds to an increase about 0.65% of the fnasson of Naphthalene, i.e. a
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perturbation 203 times larger than that of tempeeatSo, we induced a change of the
mass fraction at the isothermal platel by modifying the parameters of the interface
reaction (namely the pressure) but this modificaigenerated by a perturbation that
is applied at the opposite side of the system hatldffects the plate=L thanks to the
non-local character of the piston effect. Therefdhe phenomenon occurring at the
isothermal plate is specific to supercritical flslidThe behavior of the system is
completely different from that of a perfect gas tane (Raspo et al., 2005). As at the
heated plate, the increasevefx=L, t) induces, since the beginning of the simulation, a
thin diffusion layer which grows at the mass diftus speed (Fig. 8). There is a very
fast mass transfer at the isothermal plate, aseahéated plate, which is illustrated by

the evolution of the mass flug® = p D,;0w/on (with n the outward normal to the

boundary) at the two reactive interfaces in Figindleed, the mass flux exhibits a very
large peak at the end of the heating phésa). On the other hand, the mass transfer
from the plate towards the bulk of the fluid is wstow due to the very small value of

the binary diffusion coefficient of Naphthalenesupercritical CQ.

To summarize, thanks to the piston effect (affectrery rapidly the whole system
since its characteristic time is less than 0.1& heating of the plate=0 causes the fast
release of the heterogeneous reaction at the dpp@date, kept at the initial
temperature, because of the critical behavior efsihiute solubility. The behavior of the
interface reactions at the two plates results, ftbm very beginning of the heating
phase, in a mass fraction field divided into thzeaes just like the temperature field:
two thin diffusion boundary layers near the solldt@s and the bulk of the cell where
the mass fraction of Naphthalene remains unchagigied 8). After the heating phase
(i.e. for t>thea), the mass fraction of Naphthalene at the reagilates slightly evolves

and Naphthalene slowly diffuses in the bulk of ¢eé.
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3.2- Proximity of the LCEP

The above-described behavior of the mass fractiomMaphthalene at the two
reactive interfaces was observed for all the cared initial temperature3; and
temperature increased. However, the proximity of the LCEP influences tlaue of
the mass fraction at the reactive interfaces, asrtaximum of the mass flux, since the
derivatives of the solubility become smaller anel piiston effect becomes less effective
as one moves away from the LCEP. Distances to @H_ranging from 0.1K to 15.5K
were considered. FAi=307.75K, 308.15K and 309.15K, the heating phads kEsout
1s (more precisely 12&, 1Qpe and 2pe respectively). On the other hand, figr 311K,
318.15K and 323.15K, the characteristic time of gigton effect is larger than 1s (see
table 2) and the plate temperature is graduallgemsed duringtde, since the behavior
of the reaction at the isothermal plate is govenmgdthe piston effect. Figure 10 shows

the ratio between the relative perturbation of thass fraction at the two reactive
interfaces (i.e.|owW/w with dwv=w(x=0orL,t)-w) at t=tpexx and that of the
temperature at the heated plate (0&,/T; ) as a function of the dimensionless distance
to the LCEP,¢g for AT=5mK. We noted that, for a given value gfthis ratio little
changes with4T; its variation from the value obtained fdf=5mK does not exceed

0.2% for the smallest Very close to the LCEP (fai=307.75K, i.e.& = 325x 10_4),
the perturbation of the mass fraction at the healate and that at the isothermal

interface are respectively about 400 and 300 titaeger than the temperature one

which causes it. Figure 10 also shows that the l(bXM/W, )/(AT/Ti) at the heated plate

is larger than that at the isothermal interface §or 341x107, but this tendency is
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inverted for larger values of This behavior change is due to the ratio betwiben
derivative of the solubility with respect to tematerre and that with respect to pressure.
Indeed, if the contribution of the term due to temsity perturbation is neglected, we
can write:

%dN(x = O,t)% J owx=L1)

ol

For £ < 488x1073, the ratio between the relative perturbation @spure and that

(16)

of temperature is about 3, and the ratio of thévd#ves of w¢, little different from that
of the derivatives of the solubility, is larger tt&so that the relation (16) is satisfied.
For £ > 109x1072, the ratio between the relative perturbation @&spure and that of
temperature is about 2, and, fer= 504x1072, the ratio of the derivatives of¢ is

smaller than 4 so that the relation (16) is no &ngatisfied and, consequently, the
perturbation of the mass fraction becomes largénaisothermal interface than that at
the heated plate. Thus, far enough from the LCEP,heating of the plate at0
induces a quantity of matter involved in the reattivhich is larger at the opposite
isothermal plate than that at the heated plate tla@delative perturbation of the mass
fraction atx=L nevertheless remains about 20 times larger thatnofhtemperature due

to the heating.

We noticed that the ratidow/w, )/(AT/T,) at the isothermal plate behaves like

£ %72 for £> 488x10°2. However, as the LCEP is approached, this lawoisonger

true and, fore < 162x10°°, this ratio behaves only like™ 922, Solely an asymptotic
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analysis, fore - 0, could confirm this behavior very close to the LECEOn the other

hand, the ratid\di|/w; )/(AT/T) at the heated plate does not evolve as the inwdrae

power ofé&.

Finally, figure 11 shows the maximum of the mass fit the two reactive interfaces
as a function of the dimensionless distance tolL4BEP, &, for AT=5mK. As for the

relative perturbation of the mass fraction, the sriisx at the heated plate is larger than

that at the isothermal interface far< 341x1072, and the tendency is inverted for

larger values oE.

4. Conclusion

Therefore, we have shown that, by heating a sudpieat dilute mixture at one
side, the piston effect (through the strong and dgeneous increase of pressure that it
provokes in the whole fluid) causes the releasea dfeterogeneous reaction at the
opposite plate which was kept at the initial terapere. This phenomenon is possible
because of the non-local character of the pistdacefand because of the critical
behavior of the solubility of a solid in a supetical fluid with respect to pressure.
Simulations in the case of a cooling of the phat@® were also carried out and a similar
phenomenon was observed: the strong decrease giréissure caused by the piston
effect induces a fast and strong decrease of thes ffnaction at the isothermal plate,
leading to similar but reversed profiles of the masaction (Fig. 12). The route is now
opened towards the exploration of the coupling lketwconvection and heterogeneous

reactions in supercritical mixtures, including hyttrermal synthesis and crystal growth.



Notation
a

b

D21

k12, I12

L

M

P

oP

Pr

Pt

ow
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energy parameter in the Peng-Robinson equation.
covolume in the Peng-Robinson equation.
diffusion coefficient.

binary interaction parameters in the mixing rules
distance between the two reactive plates.
molecular weight.

pressure.

perturbation of the pressure.

Prandtl number.

thermodynamic pressure in the low Mach number@ppration.
dynamic pressure in the low Mach number approtiona
perfect gas constant.

time.

characteristic time of thermal diffusion.
characteristic time of mass diffusion.
characteristic time of the piston effect.
temperature.

temperature increase applied at the plate x=0.
velocity.

molar volume.

mass fraction of Naphthalene.

perturbation of the mass fraction at the reagbiates.

space coordinate.
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Y2 mole fraction of Naphthalene.

Greek letters

a  thermal diffusivity.

L thermal expansion coefficient.

X isothermal compressibility.

¢ dimensionless distance to the gas-liquid critpzht for the pure compound or to
the Lower Critical EndPoint (LCEP) for the mixture

@  association factor.

@ mass flux at the solid interfaces.

viscosity.

fugacity coefficient.

D™ I

density.

w  acentric factor.

Subscript
b value at boiling point.
c value at the gas-liquid critical point.

[ value at the initial state.

] refers to component j of the mixture.
LCEP value at the LCEP.

1 refers to CQ@

2 refers to Naphthalene.
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Superscript

cal calculated value.

e value for solid-supercritical fluid equilibrium.
exp experimental value.

S value in the solid phase.

sub value at sublimation.
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Appendix A

Coefficients/1 and/ appearing in Eq. (4) are defined by:

/\:{'61 L LI ClT—2+ Dy T—3+ Ey T—4}+W£2(T)

M, M;2 M; 3 M; 4 M; 5

. 6w) [a(tw) (da) | {1+[-V2)(lw)ew)
22 b(w)[ T (GTM - [1+(1+J§)(b(w)/9(w))2]

M My

M =Q(T,)T, + H,(To) _ Ha(To)

with T;=298.15K, H,(T,) and H,(T,) the perfect gas enthalpy of Naphthalene and

CO, respectively at temperatufe, and:
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e I Cptc L E= S L SR N LS Lo

M, My (M, MyJ2 (M, My)3 (M, M;)4 (M, M;)5

where the coefficient#\,B;,C,,D,, E; come from the expression of the heat capacity

at constant pressure for the perfect gas (Polirad,€2001):
C,(T)=A +BT+CT?+D,T*+ET"

pJ

Appendix B

The thermal diffusivityx of CO, at initial conditions is defined by the formula:

A
pCp

The specific heat at constant pressDpes computed from the specific heat at constant
volumeCy, that is fixed at its value for the perfect g&, (= Cy, = 648.04J.kg'l.K ),

using the thermodynamic equation:

2
T, (0P (0p
Cp = R B tadl
P =Cv piZ(aij(apjT

in which the derivatives are calculated using taed?Robinson equation for pure €O
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FIGURES

Fig. 1. Phase diagram of binary mixtures of inter@SP: Critical Point; LCEP: Lower
Critical End-Point; UCEP: Upper Critical End-Poirs=L: solid-liquid equilibrium
curve; SLG: solid-liquid-gas curve; dotted lines: liquidggecritical lines of the
mixture).

Fig. 2. Physical configuration.

Fig. 3. Solubility of Naphthalene in supercriticaD,, predicted by the model, versus
pressure fom=308.15K,T=318.15K andr=323.15K.

Fig. 4. Profiles of the temperature perturbatiorsexeral times foil;=308.15K and
AT=10mK.

Fig. 5. Profiles of the density perturbation at esal times forT;=308.15K and
AT=10mK.

Fig. 6. Evolution of the mass fraction of Naphtim&lev at the heated plate=0 and at
the isothermal plate=L for T;=308.15K anddT=10mK. The small figure shows the
evolution at the very beginning of the simulati@oyresponding to twice the heating
time theat

Fig. 7. Evolution of the total pressupeor T;=308.15K andAT=10mK.

Fig. 8. Profiles of the perturbation of the masgfion at several times f@i=308.15K
andAT=10mK.

Fig. 9. Evolution of the mass flux at the heatealtgx=0 and at the isothermal plate
x=L for T;=308.15K andAT=10mK.

Fig. 10. Ratio of the relative perturbation of thass fraction of Naphthalene at the two

plates, |vv(x: Oor L,theat)—vvi|/vvi , at the end of the heating phase and that of the

temperatureAT/T; , versus the dimensionless distance to the LGEBr AT=5mK.
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Fig. 11. Maximum of the mass flux at the two platessus the dimensionless distance
to the LCEPg, for AT=5mK.
Fig. 12. Profiles of the perturbation of the masstion at several times f@{=308.15K

in the case of a cooling of the plate0 for AT=-10mK.
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TABLES

Table 1: Pure component properties.

Table 2: Initial statesTI{, P;, wi) considered in the study and the correspondingesabf
the dimensionless distance to the LCEPf the thermal diffusivityx, of the diffusion
coefficientD,; and of the various characteristic times (therni@lision ty, piston effect

tpg, Mass diffusioryyg).



T. Pe M @ v Vp

(K) (kg.m‘j) (kg.mol'l) (mj.mol'I) (cm3.mol_1)
CO; (1) 304.21 467.8 4.401x10 0.225 — —
Naphthalene (2) 748.40 314.9 1.282x10™! 0.302 1.1x10™ 155

Table 1.



T; (K) € P;(MPa) wi a(m'.s’) Dy (m.s”)  ta(s)  twa(s)  te(s)
307.75 3.25x10*  7.836815  7.5216x10°  8.8941x10°  2.2298x10® 11243 4485 0.0084
308.15  1.62x107°  7.909092 7.6751x107°  9.6465x10°  2.2327x10® 10366 4479  0.094
309.15 4.88x10°  8.089188 8.0713x10° 1.1375x10°%  2.2399x10% 8791 4464  0.49
311 1.09x107  8.420040 8.8531x10°  1.4112x10°  2.2533x10® 7086 4438  1.62
318.15 3.41x107  9.666847 1.2557x107  2.1632x10®  2.3051x10® 4623 4338  9.02
323.15 5.04x107  10.503144 1.5929x10%  2.5724x10®  2.3413x10® 3887 4271  16.2

Table 2.
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