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Highlights

Non-isothermal adsorption in near-critical binanximres was investigated by
numerical simulations.

The adsorption behavior near solvent’s criticahpbias been analyzed.
The effect of divergent properties and the pistibece were highlighted.

A strong dependence to temperature and pressuggioas in the vicinity of the
critical point was depicted.
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Numerical study of non-isothermal adsorption of Nialene
in supercritical C@: behavior near critical point

Manel Wannassj Isabelle Raspo

Aix Marseille Univ, CNRS, Centrale Marseille, M2Rarseille, France

Abstract

In this study, adsorption in a model binary mixtigenvestigated near the critical point in a
side-heated cavity. The diverging behavior of thaildrium constant and the Piston effect
are taken into account and their influence on tbsogtion process is pointed to. The
modeling is based on numerical integration of thféei@ntial equations, considering the
Navier-Stokes equations coupled with the energyraads diffusion balances. By means of
this model, the temperature, density and adsorbedentration profiles are drawn at different
times. Some fundamental concepts about the systasf®nse to the heating are illustrated.
The results reveal that the adsorption processflisenced by the combined effect of several
parameters, such as the gravity and the proxinutghe critical point. In particular, the
adsorbed amount exhibits a reversed dependendyeondll heating very close to the critical
point, which confirms the complexity of such a mss in binary systems near critical
conditions.

Keywords: Supercritical fluids; Adsorption; Pistefiect; Numerical analysis

1. Introduction

The supercritical state was first reported in 1BgBaron Gagniard de la Tour [1], but
only one hundred years later, supercritical tealesghave received increased attention and
have been used in analytical and on an industgales This state is achieved when the

temperature and the pressure of a substance aweetheir critical values. So the properties
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of a supercritical fluid range between those ofjaitl and a gas and the distinction between
the liquid and the gas phases is not possible. S properties of a supercritical fluid are
more liquid—like, whereas others are more gas—like.

Moreover, very close to the critical point, someparties diverge and others tend to
zero. In fact, a small raise in pressure remarkaidyeases the fluid density and this effect
diminishes with increasing distance from the caitipoint. On the other hand, a supercritical
fluid has a higher diffusion coefficient and lowescosity and surface tension than a liquid
solvent, which leads to a more favorable mass feanSupercritical fluids exhibit very
interesting qualities with regard to their physicemical properties as well as ecology and
economy. They are used as an alternative to ordeqim solvents in several applications
such as cleanings [2-4]. Adsorption technologiemguisupercritical fluids have been also
focused due to their potential applications inahgdanalytical extractions, activated carbon
regeneration and soil remediation. Several studiese investigated the supercritical
adsorption characteristics of many systems [5-12]hen adsorption is concerned,
thermodynamic and kinetic aspects should be ineblt@ know more details about its

performance and mechanisms.

In the framework of isothermal supercritical adsionp, there have been numerous
publications in literature dealing with the modgliaf adsorption equilibrium using the most
common adsorption isotherm models, i.e. the Langntbe Freundlich and the Redlich—
Peterson models [6-7, 13-16]. All the experimentainditions used correspond to
thermodynamic states relatively beyond the critmaiht because the adsorption equilibrium
is influenced by the system temperature, pressudebg the supercritical fluid properties in
the vicinity of the critical point. In contrast, gercritical adsorption systems close to the
solvent’s critical point have received much lespliex attention in the open literature. The

experimental studies in this area are scarce. Antb@ynamic analysis of near critical binary
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mixtures was established by Afrane and Chimowi@.[The authors studied the adsorption
thermodynamics of dilute solutes adsorbing fromhhpgessure supercritical fluid using the
Henry's law. However, set under high pressures,réselts showed an extremely weak
dependence to pressure and to the composition @f stipercritical solvent phase. In
chromatography, the proximity to the critical powés early reviewed by Van Wasen et al.
[20]. The authors pointed out the unusual behaviaquilibrium partition coefficients in the
near-critical region. Many other works also showsdresting features of data in this region
[21-22]; in particular, papers by Schmitz et a3][2and Klesper and Schmitz [24] provided
striking evidence of the highly nonlinear behawdrequilibrium coefficients with respect to
pressure and temperature variations, as the ¢naiat of the fluid phase is approached. We
believe that an adequate explanation of the theymadic basis of these phenomena in
adsorption process taking into account both temperaand pressure effects is necessary.
And it is also important to show the influence bé tdivergent character of thermodynamic
properties and transport coefficients in near-galtsystems on adsorption system behavior.
This is precisely the aim of this paper. For thispmse, adsorption of a model solute
from supercritical C® was investigated in a small side-heated cavitynisans of 2D
numerical simulations. Naphthalene was chosenmasdel solute because its phase equilibria
with CO, has been thoroughly studied [18-19]. There arerestte data available for this
system that have been confirmed. The first seafdhe paper is devoted to the mathematical
modeling of the problem and the numerical methaatidsr the simulations. The modeling of
the adsorption reaction at the solid boundariesxj®sed in details. Then, the effect of the
mass fraction and the proximity to the critical goare discussed for wide temperature and
pressure conditions. The results show a strong mdkgmee to temperature and pressure
variations when the critical point is approachede ¥hded up with the effect of Damkdhler

number on the adsorbed mass fraction.
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2. Mathematical modeling
2.1 Problem under investigation

The problem we consider is that of a dilute soliNaphthalene in this case, named
species 2) in supercritical GQnamed species 1). The physical properties of gaock
compound are given in Table 1. The Naphthaleng-@Rture is enclosed in a square cavity
of heightH=1mm and subjected to the earth gravitational fieldhe cavity vertical walls are
made of activated carbon (see Fig. 1). The activasebon was chosen as a model adsorbent
for this problem allowing as considering an adgorpteaction at the solid-fluid interface.
Here, we emphasize that the chosen mixture asdberlzent material is only generic since
the aim of this study is to qualitatively investigahe influence of the proximity to the critical
point on an adsorption reaction. Initially, the ifluis considered in thermodynamic

equilibrium at a constant temperatufeslightly above the mixture critical temperature
T, =307.65K such thatT, = (1+¢) T,,, wheree defines the dimensionless proximity to

the critical point €<<1), and the density is equal to the mixture criticknsity
0., =470kg.m™. The critical propertiesT,,and p,,correspond to the LCEP (“Lower
Critical EndPoint”) of the mixture and are slightgbove the critical point of GO

(T.,=304.21K p_., = 467.&g m?). A weak gradually heating is then applied at sotid
plate (x=0). The hot temperature is noled=T, + 0T wheresT is about hundreds mK, while
maintaining the other side at its initial temperatli;, (notedT_ ). An adiabatic boundary

condition was applied to the non-reactive walls.
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Non-reactive wall

adiabatic V=0

A
o) ]
s 9 g
= > . S
o Supercritical CO, + Naphthalene =2
= (@)
O 193
% o, H=1 mm
g Ti = (1+S) Tcm ﬁ g
Q —
g Pi = Pcm &
y = ¢
T—» ¢ g
\/
X
adiabatic V-0
Non-reactive wall
Fig. 1. Physical configuration
Tablel
Pure component properties
T(K)  pekgm® P (bar) M (kg.mol™) o v, (cm’mol?) Ea(J mol™)
CO, (1) 304.21 467.8 73.8 4.401 10 0.225 -
Naphthalene (2) 748.40 314.9 40.5 1.282 10t 0.302 155 101.4

2.2 Governing equations

The mathematical model is based on the 2D timesugrg and compressible Navier-
Stokes equations, coupled with energy and massusiiffi equations including the
supplemental Peng-Robinson equation of state.dardo reduce computational costs, a low
Mach number approximation is used [25]. This appnation is valid since Mach numbers

about 10 are obtained. Thus, the total pressure is sptit two parts: a homogeneous

thermodynamic paR, (t), which appears in the equation of state and iretfexgy equation
and only depends on timeand a non-homogeneous dynamic pgr(x, y,t), appearing in

the momentum equation and which varies with timé gpace. In this study, the dynamic

pressure is strongly smaller than the thermodynarart. Consequently, the total pressure is

little different from the thermodynamic pressurel ahe evolution ofP, governs that of the
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total pressure. In [38], a modification of the L&ach number Approximation was proposed
to account for the strong stratification of fluigeear the critical point. We tested this
modification and we noted that, for the presenbfem, the results obtained with and without
the modification were the same. Therefore, theimaigapproximation [25] was used for the

simulations reported in this paper.

Table?2

Initial parameters

T (K) pi (kg.m™) n(W.mtK?Y Cv; (J.kgtK™ i (Pa.s) (Do) (M2sY
307.75 470 0.098332532 1325.839 3.33828%10 2.19525 x16
308.15 470 0.096196327 1306.27 3.34016%10 2.19686 x16
309.15 470 0.091343811 1269.32 3.34485%10 2.20090 x16
311.15 470 0.083368892 1214.86 3.35423%10 2.20895 x16¢
318.15 470 0.066814297 1074.57 3.38700%10 2.23679 x16

The dimensionless formulation was obtained usigg as characteristic temperaturg, as
characteristic densityp, (R/ Ml)Tcm (with R is the perfect gas constant (R=8.3145 J'rH0

1)) as characteristic pressurd, as characteristic length, the time scale of tiséopi effect as

characteristic timet . = !

(ym _1)2 |

wheret is the characteristic time of thermal diffusion,

¥, the capacity ratio of the mixture (see Appendix @&)d H was taken as the

tPE
characteristic velocity. The transport propertieshsas the dynamic viscosijty the isochoric

specific heat capacit¢y, the thermal conductivity and the diffusion coefficienD,, were

dimensionless, relative to their respective initiglues (A ‘Cvi’(Dﬂ)i) . Thus, the
governing equations in a dimensionless form are:

0
2 +0fpv)=0 (2)
ot

ov 1 1 1

—+pV.0V=-0P, +—AV+—0(0V)+— 2
Poa °°P Y Re 3Re( ) mr P @)
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pgz+pv£ﬁ=-Sﬁbyﬂﬁﬁcq(ﬂilwﬁﬂv)

ot C, aT
4 Ré’ Prm.( aom) {(UQ —U’}) +(c:0 (% —])(F,; —T(%le(vz —\_/*1)} 3)
e o)
p%—vtv+pV.DW =mD.(nglﬂw) @)

V is the velocity of componentsandv in thex- andy-directions respectively, w is the mass

fraction, y is the ratio of the isobaric and isochoric specifieats calculated from the

equation of state (see Appendix A) wigg andC,, corresponding to the values for a perfect

gas(y,=1.3 ,C,,= 3R /M,). The value ofC,; for the initial state was taken from the NIST

(see Table 2). The dimensionless numbers are rasggc the Mach numbévla, the
Reynolds number Re, the Froude number Fr, the Bramchber Pr and the Lewis number Le

and are defined as:

2
Ma:\/i, Re:inPE H . Fr= Vee , Pr_:uiycvi Le = /]i

Co 4 g H A pyG (D)

wherec, =./y,(R/ M)T,, is the sound speed akg. = "% is the characteristic velocity
PE

of the piston effect.

Table3
Characteristic times (piston effeggtthermal diffusiond, mass diffusionyy, adsorptiongy)

Ti(K) tee () ty () tya () ta (9

307.75 0.1999 115.6989 45.5530 45.5530°x10

308.15 0.2367 106.9022 45.5194 45.5194°x10

309.15 0.3333 91.1253 45.4359 45.4359°x10

311.15 0.5404 73.0746 45.2704 45.2704°10

318.15 1.2621 49.2332 44.7069 44.7069°x10
8
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In EQ. (3),5; andV , are respectively the dimensionless partial moltarnal energy and

partial molar volume expressed as follow:

Uw=U«/(MC,T,.) and V=V /(M,lp) fork=1,2.

vi ' cm

The expressions &f « andV « calculated using the Peng Robinson equation of sirat

given in Appendix B.

The following relationship is used fdt(w ):

H(W):1—(1—%)w

2

with M; andM, (kg mol™) are respectively, the molecular weight of &@d Naphthalene

(see Table 1).
The superscript (*) refers to dimensionless paramet

For thermal conductivity (W.m™*.K™), the following correlation is used [26]:
A(T.p)=4(T)+ A () +2A(T.p).

The first termA, (T ) corresponds to the limit of small densities anebigressed as follow:
A(T)=-7.6683x 10°+ 8.032% @°T

The second term, (,0) is the excess property and is expressed as follow:

A (p)=3.0990x 10°p + 55782 IOp?+ 2.5990 10p°

And the third term is the critical enhancement:

1.6735 2
A (T,p)=| —————-0.2774+ 7.4218 10T -C(p-
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C=6.711 1C° if p<
198 with{ P=Pa

C=6.9818 10° if p>p,

199 The binary mass diffusion coefficienD,; (m* s%), is calculated with the Wilke-Chang

200 equation [27]:

201 D, =7.4x 1o VO 1OM, (@ 10M, :

Uy

202 with &, (cn® mol™) the molar volume of Naphthalene at boiling poith,the association
203 factor (@ =1 for CQ).
204  The thermodynamic state of the mixture is descritpedthe Ping-Robinson equation of state

205 in the framework of the one-fluid theory. We caertlcompute the thermodynamic pressure

206  as follow:

_ Tpow) a(T,w)e
"1-b (w)pl8(w) 1+20° (w)p /6(w)-b (W) F 16(w)’

207

(%)

208  Where:
200 @ (T.w)=d,(T)(1- W) + 28,(T) w(1- W+ a( 7 W,

210 b’ (w)=b,(1-w)*+2b,w(1- w)+ b, ,

R e R B

cm cl

212 a*z(T):1.487422%hﬂ[}ﬁz( EJT(T., 7fcz))}2

2 'cm pCZ

213 b, :0.25307{&] with j=(1,2)

c

10
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227

228

229

230

a*lZ(T): aj1(T) é'2(T) (1_ kiz)’

. 1(,. M .

2

B, =0.37464+ 154226 - 0.2698% (j=1,2)

with w the acentric factor (Table 1). The binary intemactiparametersk, and |, are

determined so as to minimize the error betweenctieulated and experimental solubility
data. These two parameters are temperature depeade@rthey are obtained through these

formulae [28]:

, . (308.15
k12 = k12+ klz(_l_— _1)

o . (308.15
|12_|12+I 12 T -

The values of the binary interaction parameterdipted by a least square method are then:

k,=0.0395,k,= 0.0114,,,=- 0.113@nd [,,=- 0.31(

As it can be noted, the equations (1) — (5) arelaslfor a given time step. This coupling
can be reduced by using an explicit scheme to atakline convective terms in Eq. (3). But
the energy source term involving V must be implicitly evaluated because it accounts fo
the piston effect, namely the thermoacoustic effesponsible for fast heat transfer near the

liquid-gas critical point. So in order to decougie energy equation (Eq. (3)) and the Navier-

11
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244

245

246

Stokes equations (Egs. (1)- (2)), the velocity dieece, must be calculated using only the

thermodynamic variables as explained by [29-30].

As part of the low Mach number approximation andtfe dimensionless equations and if we
consider the equation of state written in the gainkerm Py,=F (T, p, w), the total derivative

of F with respect to timéleads to the relation:

oF )\ dp  dP, (()Fj dw
R 7.{.7- - -
dr _ \0p ), dt dt ow ;. , dt
dt (GFJ
T ),

Moreover, the continuity equation (1) can also logten in the following form:

(6)

%= —p(ov) 7)

Then, inserting Eq. (6) in the energy equation §).using Eq. (7) for the computation of
do/dt and Eq. (4) for the computation @#v/dt, lead finally to the following expression for the

velocity divergence:

pdﬁ_L(a_Fj D.()I*DT)— (OFJ __1 A(U\T)(a_':j
dt RePRaT ), ow ), 6(w) oT),,

x{m D.(,OD;DW)}

(8)

win A0"Y)=(02-0)+ S5 10-3) -7 ) [«(vvi
pwW

12
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263

The expressions c(fa—Fj , (O—Fj and oF are reported in Appendix C.
oT ), \Oow ) .

Thanks to Eq. (8), we are now able to solve theegung equations in two uncoupled
steps, namely the energy equation and the equatistate on the one hand and the Navier-

Stokes equations on the other hand. The algorithaetailed in section 2.4.

In this study, only the gravity effect was consetkrthe stratification of the fluid was not
taken into account, because we have tested saam@a$ with stratification and no effect was

observed.

The initial and boundary conditions in dimensioslésm are:

Cl: t=0
T, =1+¢
p =1
w; fixed
P: (1+£) w,) a (1+ew,)
' b (w,)/8(w;) 1+20"(w,)/6(w,)-b (w ) /6(w)’

BC:

No-slip wallswere considered so =v =0 at the two plates.
Atx=0 T, =1+&+JT’

with 8T =T /T,

Atx=1 T, =1+¢

Aty=0, 1 zl =0 (adiabatic walls)
y

13
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264 2.3 Modeling of the adsorption reaction

265 At the interfaces x=0 anéH, an adsorption reaction of Naphthalene on activate
266  carbon is considered. The choice of such adsorglystem can be explained by the extensive
267 use of activated carbon as new-type high-efficieadgorbent due to its high adsorption
268  capacities and high mass transfer rates. Howevenniodel description can be applied to any
269 other adsorption system. The main objective heréoisee how a supercritical mixture
270  behaves in the vicinity of reactive wall. So, wdlviocus essentially on the fluid side rather

271 than on what happens in the solid itself.
272 The species diffusion equation, (Eq. (4)), can bi&ew in this form:

ow ow ow
273 —+ou—+ov—=0.{poD,.0w
Po TG (pD,0w)

274  whereu andv are the velocity of components in theandy-directions respectively.
275  The boundary conditions are:
276 At the horizontal non-reactive walls

277 ow _ 0 for y=0 and yH
oy

278 At the vertical reactive wallsa first order kinetic adsorption model is used:

279 D21% =K, w
on

280 where n is the normal to the surface at x=0 and &aad Kz=Kky/S,c with k, the adsorption rate

281 constant (Mkgt.s?) and S the specific surface area of activated carbon kai').

282  Assuming small variations of temperature and presg€, can be approximated by the first-

283  order term of its Taylor series in the vicinity (@i, P):

s K=K, (R) (5] (o) (G2 (P ©

14
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291

292

293

294

295

296

297

298

299

300

The adsorption rate constakf can be computed bk, = K,.k, whereK,is the adsorption
equilibrium constant (fhkg?) and k, is the desorption rate constant obtained throigh t

Arrhenius law:

Ky = Aexp(—Ej
RT

with E; the activation energy and A the pre-exponentigtdiaof Arrhenius.

The first term of Eq. (9) can be then considered as

The partial derivatives of with respect to temperature and pressure areswr#s follow:

(&), 3], R (5

(aKaj =i(6kaj _ kg (Ti)Kz('I'i,E’)(aLnsz

oP ), S,.\0P S, 0P

Thus Eq. (9) becomes:

9= o] e (255 (1) (- ) (250 (T B B o

The partial derivatives of Kwith respect to temperature and pressure are nmutaby
equating differentials of the logarithm of the geldugacity in the fluid and solid phases

[31]:

+a" (11)

aanz _(hzlG _Fern)'l'AHgds
( oT jp_ RT?

15
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322

(aszj :z92 pr (12)
oP ) RT

where AH 2 =h, - h/® is the heat of adsorption of the solute on thédsplate, h> and

hzare the infinite-dilution partial molar enthalpie$ solute in the mobile and stationary
phases, respectively,® is the enthalpy of the solute in the ideal gasast_%ff’m is the infinite-

dilution partial molar volume of the solute in migbphase andr™,«™ are respectively, the

volume expansivity and the isothermal compressybili

The infinite-dilution residual partial molar entpgl (h,° —F\rzn) of the soluteg™,x™and

9;" are obtained using the Peng-Robinson equation ak sand they are reported in

Appendix D.

As shown by Eqg. (10), the derivatives of the equilim adsorption constant,,Kwith respect
to temperature and pressure are directly involvethé definition of the boundary condition
at the solid-fluid interface. So, it is importantdssess the effect of temperature and pressure

on these derivatives. A strong sensitivity to terapge and pressure can be guessed from

Egs. (11) — (12) since the infinite-dilution resadipartial molar enthalpy,h® - hz ), the

infinite dilution partial molar volume of the soéyt 95", the isothermal compressibility,™ ,

and the volume expansivityy™, diverge near the solvent critical point. Thiswaaption is
confirmed by Fig. 2 which shows the, Klerivative profiles as a function of pressure for
different temperatures. The profiles show a shammum which becomes more important
when the critical temperature is approached. Thes minimum is shifted to the high
pressure domain and becomes less significant aveely the critical point especially for
T=318.15 K. In this region (high pressure domaihg effect of the temperature on the

isothermal derivative is less pronounced. In theesavay, the isobaric derivative of the

16
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d(LnK2)/dP

323

324

325

326

327

328

329

0.0E+00

-5.0E-07
-1.0E-06
-1.5E-06
-2.0E-06
-2.5E-06
-3.0E-06
-3.5E-06
-4.0E-06
-4.5E-06
-5.0E-06

331
332

333

334

335

336

337

338

339

340

equilibrium constant as a function of temperatsrshown in Fig. 3 for different pressures.
For pressures close to the critical one, namegl8 P09 MPa, a divergence of the derivative is
observed as the critical temperature is approachieeh, from 9 MPa, a behavior change can
be depicted with the appearance of a maximum whadreases and is shifted to the high
temperature domain when the pressure increasesc&nalso notice a similar trend for high
pressures and high temperatures. Therefore beyencritical point the effect of the pressure

and temperature is no longer noticed.

S-OF-01 P=8.672MP
J ——P=8. a
1 7.0E-01 4 ——P=8.740MPa
| 6.0E-01 - ——P=8.909MPa
5.0E-01 | ——P=9.221MPa
| ——T1=307.75k 4.0E-01 7 _Efg'gmg
1 — T=308.15K 5 Joeon — P-10.395MPa
| ——T=309.15K = 20E-01 - =10.
] —T-311K £ 10601 -
| —T=318.15K = 0.0E+00
. . . -1.0E-01 . : . . . .
8 9 10 1 1 307 309 311 313 315 317 319 321
P(MPa) T(K)

Fig 3. Equilibrium constant derivative temperature
Fig. 2. Equilibrium constant derivative pressure

330

For this reason, a particular attention was paithe effects of temperature and pressure on
the equilibrium adsorption constant in this stueicduse a wide range of temperature and
pressure were considered. Moreover, changes ndaaafrom the critical point will help us

to explain our results later.

It must be noted that the divergence of the indhaiilution properties (residual partial molar
enthalpy and partial molar volume) of the solutenat specific of Naphthalene but it is a
universal behavior for dilute mixtures [32-33]. Té#®re, the results obtained in this paper for
Naphthalene in supercritical GQre likely to be observed in all dilute binary moves, at

least on a qualitative point of view. Moreover, theture of the adsorbent material appears
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341 only through the heat of adsorptiofH 3, in Eq. (11), and therefore just for the variatifn
342 K, with respect to temperature. We compared the &wolsi of d(LnK2)/dT for soil AH 2=

343 -46054.8 J/mol) and for activated carbakH(:**= -83736 J/mol) as adsorbent material. The

344 same variations were observed in both cases witlkim@a occurring for the same
345 temperatures but with slightly different values: &xample, the maximum for P= 9.221 MPa
346 was equal to 0.52383 Kfor soil and 0.47643 K for activated carbon. These identical

347  variations can be explained by the fact that thelugon of d(LnK2)/dT is governed by the
348  very large values of the infinite-dilution residygartial molar enthalpy, r¢° —ﬁ;ﬂ), and of

349  the volume expansivityg™, near the critical point. And these two properaes completely
350 independent of the characteristics of the adsorlmeaterial. Consequently, the results
351 presented in this paper for adsorption on activat@don are also relevant for any other

352 adsorbent material.

353 In the framework of the Low Mach number approximatithe boundary condition for the

354 mass fraction w on x=0 aridl can then be expressed as:

355 D21a— =KD, (T,R,)w

356 with D, (T,th)=1+[RE;2 o 2 ,E)}(T—T){a;”ﬁﬂ (T.P( P P

357 In the dimensionless form, it will be written as:

358 ——a = I gy (13)
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363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

with D, =D,,/(D,),, W =(w-w;)/w and Da is the Damkohler number defined as the

ratio of the characteristic fluidic time scale {ddion characteristic time) and chemical time

scale (adsorption characteristic time):

Atx=0 w' +—2 —>— =1 (14)

W* - - - =1 (15)

2.4 Numerical method

The numerical integration of the model equations heen carried out using a second
order semi-implicit scheme [34]: the convectivarierare evaluated by an Adams-Bashforth
scheme, and then the time integration of the nesulifferential equations has been done
with an implicit second order backward Euler schefee space approximation is performed
using the Chebyshev-collocation method with Gausisatio points. For the computation of
the convective terms, the derivatives are calcdlatehe spectral space and the products are
performed in the physical one; the connection betwie spectral and the physical spaces is
realized through a FFT algorithm. On the other haneé spectral differentiation matrices are

used for the derivatives in the diffusive terms.

The computation of the velocity divergence by EB). dllowed a decoupling between the
thermodynamic variable3, p, Py, w and that of the dynamic field. Consequently, the
discretized equations can be solved in two suceessteps: first, the thermodynamic

variables are computed through the algorithm pregdsy Ouazzani and Garrabos [29] and
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382

383
384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

then the Navier-Stokes equations are solved usiagnodified projection method developed

in [35] and extended to variable density flows. §&évo steps are detailed bellow.
2.4.1 Computation of the thermodynamic variables (P w ™)

The discretised energy and diffusion equations mamwritten as Helmholtz equations with
time-dependent coefficients. In order to solve thasing the diagonalization technique
developed in [36] for Helmholtz equations with ctamg coefficients, the density and the

transport coefficientsi” and D,, are split into a constant part equal to the ihitelue and a

time-dependent part:

a™ :1+(a“+1—1) foro=p, A", D,
So, the discretized energy equation for examplainbtl as Helmholtz equation with constant

coefficients is written as follow:

n+ 3 n+l 3 n+ n+ *ne nt
ReyprAT T 1_5([) e RJ; PrD'(()l -9o7™)

1 _4T n +T n-1
P 23t

j+AB(,0V.DT)"’"_1

}(D.v)“l

(16)

n+l

C 0P,

+ v O _1 Pn+1 _T n+1 _th
C, (Vo )l: th (GT jpw
W

o™

A (U*”ﬂ ,\7* n+ D'(pn+1 D2*1n+1D W n+1)

) (y-1)°Le
where& is the time-step and the notatidB(.) means an Adams-Bashforth evaluation of the

guantity:

AB(w)n,n—l - 2¢n _ ¢n_l.
The diagonalization process of the Helmholtz operaith constant coefficients is executed
only once in a preprocessing stage. After thataah time step, the solution of Eq. (16) is

reduced to matrix products, leading to a very gffitsolution technique.
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400 Thus, the solution of the energy Eq. (16), theuditbn equation and the equation of state

401 is performed through the following iterative algbm:

402 1. The variablesT®Y, P<%, g1, w' ™ and (OV )X are initialized at their values at the
T

403 previous time step;

404 2. The temperatur® is obtained by the solution of the Helmholtz etprat

405
RLAT 3 g =i(pk‘1—1)T - Y p((ae-107)
e Pr Dt 2t Re Pr
+Pk_l(¥;(-rn_lj+AB(pV.DT)"’"_l
EA TS
_ 0(\,";’;_1) A (U*“ ,\Tk'l)—(y_ll)2 ~ 0.(p* Dy 0w’ <)

407 3. The mass fraction "™ is obtained by the solution of the Helmholtz eprat
408

1 *k *k 3 k- * k4 1 k41 ki Foka
— MWW= (pt Wt - O((p" D 10w )
(y-1)Le 23t 26t ( ) (v-1)°Le -
409 ) s
k-1 4w n +WwW n »\N,N-1
+p (T]+AB(pVDW)
410 with the following Robin boundary conditions on adsng walls:
411
*k * k4 * (k-1)
412 w™ +i6w _14 1 Dy :kl_l ow for x=0
Da 0x Da Da D] 0Xx
*k *(k-1)
213 RS SUL Y J N T L, ]
Da odx Da D, 0X

414 4. The couple(Ptﬁ,,ok) is computed from the constraint of global massseovation and the

415 equation of state. This computation must be perorthrough an iterative process;
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416

417

418

419

420

421

422

423
424

425

426

427

428

429

430

431

432

433

434

435

436

437

5. The thermal conductivity™ and the diffusion coefficienD,; are updated.

6. The velocity divergencf]V )¢ is computed by Eqg. (8).

The steps 2 to 6 are repeated until convergeneehgved on temperature, thermodynamic
pressure, density and mass fraction. The conveegeriterion used is MdResT, ResResw,
ResP) < 10",with Res=Max(( - “)/ ) for =T, ,w,P,, and the maximum number of

th?

iterations is fixed to 250.

2.4.2 Solution of the Navier-Stokes equations

The second step is the solution of the Navier-Saquations. At the current time step
(n+1), temperature, density and velocity divergencekavn. A projection-type algorithm
such as those developed for the solution of incesgble Navier-Stokes equations can then
be wused. In the present work, the original progectimethod of Hugues and
Randriamampianina [35] was modified to accountvariable density flows [30, 39]. The
advantage of this method compared to other progjectiethods is that it allows improving the
accuracy on pressure and reducing the slip veloktityonsists in solving the Navier-Stokes

equations by three successive steps.

1% Step: Computation of a preliminary pressure

The preliminary pressurf’dggl is computed from a Poisson equation, derived ftben

discretized momentum equation, with Neumann boyndanditions obtained by the normal

projection of the momentum equation on the boundary
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438

439

440

441

442

443

444

445

446

447

448

449
450

451

452

453

454

455

456

457

n _y\/n-1
AR =0 { AB(pv.OV)"™" p(uj *ipmg}

20t Fr )
+1 -1 n Q
+34R A(DV)n+1 ﬂ(sO —g +,0 J
o (17)
P e n+l _ pgn n-1
Fom — | —aB(pv.Ov)" - pr| Mo “WV AV T ey
on 20t Fr
onoQ

4 1 n.n-1
+§D(D V) EeAB(Dx(va)) }

with Q the computational domaine]-1,+1[x]-1,+1[), 0Q2 its boundaryVg ™1 the boundary
conditions of the velocithv"**, d/on the normal derivative andl.Vis calculated from

thermodynamic variables and notgidV)_ .

In Eq. (17) , the termV™** was decomposed in the boundary condition usindotmeula:
av ™ =0y ™ )-ox([oxv ™)
and the rotational term was evaluated using an AdBashforth scheme.

2"Y Step: Computation of a predicted veloaity

The predicted velocity field” is computed implicitly from the momentum equatisith

the gradient of the preliminary pressure insteadhatt of the actual pressu “*1. The

predicted velocity therefore satisfies the follogioroblem:

3V*—4V”+V”_1 nnl 1 1 n+1 .
n+t +AB(pV.00V —-OP™+ — AV +—0O(0OV "y inQ
P 20 % ) Y Re 3Re (BV) p g

Vo=Vt onoQ
(18)
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458

459

460

461

462

463

464

465

466

467
468

469

470

471

472

473

474

475

476

Here again, we have to solve Helmholtz equationth wariable coefficients for each
velocity component. As for energy and mass diffasigquations, the density** is split into
a constant part and a time-dependent part andtlevfng Helmholtz equation with constant

coefficient is solved iteratively:

iAV*" _i
Re 2t

* 3 n+ n+
IOOV ! :ﬁ(p ' _po) V i +Ddenl
_pn+1£4V” A

o5 j+AB(pV.DV) ' (19)

1 n+1 1 n+1
-——0O(a.v —
3Re ( ) Fr p9

The convergence is achieved when fResu, Resvk 10°with Res=Max(( - ")/ ") for

=u, v.Only 3 or 4 iterations are necessary.

3" Step: Correction step
The converged velocity fiel * is then corrected by taking into account the pness

gradient at the current time stept() so that the final velocity field satisfies thentiouity

equation:

( Nyt _ oty ) (d”;nl Pd'ynl) in Q 00Q

24

V™ n=v§in on 0Q (20)
n+l n-1

30 g,; +p" + D.(,OnHV n+1): 0 )

This system is solved through the following Poissproblem for the intermediate

variableg = 25[( Pivn — P d';}',l) 3:
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477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

n+l

_4pn +pn—1

pg=0(pmy )+ 22

% = on 0Q
on

2a

inQ

(21)

The actual velocity field and pressure at the curtine step1f+1) are finally calculated in

Q[0Q by the formulae:

n+1_ * _ 1
vrrav' - long
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3. Results and discussions
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Fig. 4 Profiles of the temperature perturbation at several Fig. 5. Profiles of the density perturbation atesev
times for F308.15 K andAT=100 mK in the case g=0 times for Ti=308.15 K andT=100 mK
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Fig. 6. Profiles of the mé&s&tion perturbation at several times
for F308.15 K and\T=100 mK in the case g=0

The system’s response to the heating of the leftica¢ wall is explained in this

26

section. The analysis below is based on simulatt@nsed out at various initial temperatures
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532 T ranging from 307.75 K to 318.15 K and which cop@®d to dimensionless distance®

i
533 the critical point ranging from 3.280* to 3.41x10°. The values of the different

534  characteristic times of the problem are given ibl&a3. It can be noted that, as the critical
535 temperature is approached, the thermal diffusich raass diffusion times strongly increase
536 whereas the characteristic time of piston effecrelses. For all the simulations, the left side

537  of the cavity (at x=0) is gradually heated follogia cosine low expressed as:

0.54T| 1- cos 7—— || if t<t,,
538 ST(t) = t

heat

AT if t>t

heat

539 whereAT is the temperature increase apg:is the heating phase time corresponding to 200
540 time steps. The influence &T will be discussed later for different casesr (=50, 100, 150

541 and 200 mK).
542 3.1 General description

543 In the first part, the case of=308.15 K and AT =100mK, is discussed. The

544  Damkohler number is fixed to Da=%Gand the initial mass fraction;worresponds to the

545  solubility of Naphthalene in CO

546  The evolution of temperature and density distrimsgi between the walls and at the cavity
547  mid-height are illustrated in Figs. 4 and 5 forex@times (t=0.5s,1s,2.5s,4sand 30 5s)
548 in the absence of gravity. Because of the very Isthatmal diffusivity near the critical point,
549 the heating of the wall causes ultra-thin boundaygrs at the wall-fluid interface. Due to the
550 high isothermal compressibility, the fluid close tiee heated side expands upward and
551 converts some of the kinetic energy into thermaérgyn This results in compressing
552  adiabatically the rest of the fluid and leadingaoquick increase of the thermodynamic
553  pressure which induces a fast and homogeneousbeadtthe cavity bulk by thermo-acoustic
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554  effects (piston effect). During the heating phasepperature, and therefore density, at the
555 heated wall change at each time step and, as aqoersce, temperature and density gradients
556  near this wall increase more and more. As the tariperature grows, and since the right wall
557 (at x=H) temperature is maintained at its initial valuesodd boundary layer settles near the
558  right wall where the fluid contracts. The contranticauses an expansion of the bulk and
559  reduces the bulk temperature. The behavior of lthd fs the result of these two competing
560 processes, heating by hot boundary layer and apoby cold boundary layer. The
561 temperature field is then divided into three distizones: two thermal boundary layers
562 associated with large density gradients (Fig. ®h@lthe vertical walls and the isothermal
563  cavity bulk. Therefore, the temperature and thestigrprofiles exhibit the same behavior,
564 dominated by the piston effect, as in pure flui-@b]. In the rest of the paper, we denote as
565 bulk the fluid region, which does not include theubdary layers. The homogeneous bulk
566 temperature and density fields of a supercritizatifoccur at a time that is much shorter than
567 the thermal diffusion time gt=0.23 s and4t107s). They are the signature of the piston effect
568  which was identified a long time ago as respondiimdast heat transport in near-critical pure
569 fluids [47-49]. However, the piston effect playsimmportant role only for short times because
570 of the disappearance of sharp temperature gradier@go the action of thermal diffusivity.
571 For an advanced time (30s), the system’s respaastien markedly different from that
572 observed for shorter times. A similar trend to tludt a perfect gas characterized by
573  equilibrium can be depicted. It must be noted teatperature equilibrium is achieved on a
574  time much shorter than the diffusion time. Thipisbably a consequence of the evolution of
575 mass fraction in the cavity bulk, since w influesitlee temperature evolution as a source term

576  of the energy equation.

577  The mass fraction field exhibits a different aspetshown in Fig. 6. In order to explain the

578 typical behavior of the supercritical mixture ne¢be two reactive walls, we focus on the
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579  boundary conditions developed in section 2.3. Téy@eddence to temperature and pressure of
580 the adsorption rate can be depicted from Eg. ($0)ce the partial derivative of ;Kwith

581 respect to pressure is negative (see Fig. 2), tesspre term tends to reducg &d as a
582  result, to diminish the adsorbed amount. On thienehted wall, the effect of the temperature
583 increase is amplified by the diverging derivativieke with respect to temperature (see Fig.

584  3), leading to an important amount of Naphthalessoebed at the warm side.

585 The phenomenon occurring at the isothermal right iwdotally different. The strong density
586 gradient near the boundary <Fig. 5), generated by the piston effect, goes@with an
587 increase of the amount of Naphthalene neat thistiveawall leading to an increase of the
588 adsorbed quantity. Finally, the strong and homogeseéncrease of the pressure, induced by

589 the piston effect in the whole cavity, reducesatisorbed amount at both reactive walls.

590

591

592

593

594

595

596
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601 Fig. 7. Isosurfaces of the temperature variatiors&veral times (a) 1s, (b) 2.5s, (c) 4s and (d) 8% T=308.15 K and

602 AT=100mK in the presence of gravity

603 We consider now the case when the mixture is stdgjeio the gravity. In this case,

604 side heating initiates gravity-driven convectiontire fluid phase and the temperature and
605 density fields obtained are completely two-dimenaloon the contrary to the mainly 1D
606  solutions previously observed in the absence ofityraln Fig. 7, instantaneous temperature
607 fields are plotted in the (x,y) plan for severahéis (1 s, 2.5 s, 4 s and 30 s). During a short

608 time, the cavity bulk is heated rapidly due to pirgon effect. As a result, upstream rises near

30
Page 30 of 50



609

610

611

612

613

614

615

616

617

618
619

620

621

622

623

624

625

626

the left warm surface and a hot spot at the lefh@oof the cavity can be depicted after 1s and
then it is convected progressively along the tofl fea longer times. As in Fig. 4 for g=0, a
cool boundary layer forms near the right isothermall, due to the piston effect. As a result,
a jet moving down appears near the right wall frdfm s. The hot and cold thermal plumes
along the top and the bottom sides develop progedgsn time as shown in Fig. 7. We can
clearly see the homogenous increase of the bullpeesture induced by the piston effect.
This aspect is different from the perfect gas eelsere thermal boundary layer is formed only

near heated side which leads to a single streaim [50

0192

without gravity
0191 4\  mmmeee- with gravity

019

0.189

(w-wi)/wi

0.188

0187

0186

0.185 T . . . T . . . .
0 0.0005 0.001

x (m)

Fig. 8. The effect of the gravity on the mass fatperturbation
for T;=308.15 K andA\T=100 mK at t=500s

For the sake of comparison and in order to highltgke effect of Earth’s gravity, we
analyze in the following the Naphthalene mass imacevolution with and without gravity
(Fig. 8). The difference previously observed betwdlee hot wall and the cold wall has
disappeared. Gravity in this case tends to baldyaé sides. Conversely, the amount
adsorbed is remarkably lower at the two sides é@mat cold) compared to the case without
gravity. On the other hand, the mass fraction &t t¢hvity centre has increased. These

observations can be explained as follow:
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0.189

0187

0.185
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637
638

639

640

641
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643

644

For the case without gravity, thermal diffusion gges is the only highlighted. The
characteristic time of thermal diffusion is mucllrer than the time scale of the piston effect.
Such a long process allows keeping a high temperatuthe vicinity of the heated wall.
Consequently, as seen above, the divergence opdh&al derivative of the equilibrium
constant with respect to temperature near thecatipoint is believed to affect the mass
fraction rate at the hot side. However, in the oagh gravity, density variations generate a
plume which expands upwardly (as shown in FigTh)s intensive plume moves hot fluid to
the top boundary and thus decreases the temperaardghe warm side. Therefore, the effect
of the derivative with respect to temperature duoed. Such a phenomenon can explain the

reduction of the mass fraction when gravity is takeo account.

0193

S0mK

0192
0191
019
'£0.189
)
0188
202187
0.186

0.185
0.184 ~
0183 T . . . .

0.0005 0.001 0 0.0005 0.001

(a) (b)

Fig. 9. The effect of the solid plate temperatunelee mass fraction perturbation without gravitygad with gravity (b) for
T;=308.15 K at t=500s

The effect of heating intensity is highlighted iigF with and without gravity. For the same
proximity to the critical point and the same tinkeg. 9 shows a comparison of the mass
fraction profiles at the cavity mid-height obtainked four values of the temperature ris€=
50mK, 100mK, 150mK and 200mK: the mass fractioorel@ses with increasing heating. In
the case without gravity, a stronger heating reglueenarkably the mass fraction throughout
the entire volume while keeping the asymmetry afoaded amount between the hot and the
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645 cold walls (Fig. 9(a)). It can be noted that ths/rametry increases with the heating. A
646

similar trend can be observed with gravity (Figo)®(This surprising result can be explained
647

by the negative pressure term in the adsorptica Kat(Eq. (10)). Indeed, a stronger heating
648 of the wall induces a larger thermodynamic pressucesase by the piston effect and, as a
649

result, a larger value of the pressure term whestuces the parametegr.Krhe reduction of

650 the adsorbed amount at the walls then leads tcalesrmass fraction in the whole cavity.
0.193 0.215
50mK
0.191 021 4~ - - === 100mK )
i Sl meme- 200mK .-
20.189 ; 0.205 e .- -
3 3
20187 E
2 0.2
0185 4 e T
0195
0.183 T T T T T T T T T
0 0.0005 0.001 019 T T
0 0.0005 0.001
x (m) " (m)
(a) (b)
651
652 Fig. 10. Influence of the piston effect on the miaastion perturbation without gravity with (a) dK&/dp#0 and (b)
653 dLnK2/dp=0 in Eqg. (10) for £308.15 K and t=500s.
654 This explanation is confirmed by Fig. 10 where secaithout the pressure term in Eq.
655 (10) was tested. We can then observe that witrstihe presence of the temperature term, a
656
657

stronger heating increases the mass fraction iretiiee volume (Fig. 10(b)). Consequently,

the pressure term plays a major role in the express the adsorption rate;KEq. (10)) near
658

the critical point. The evolution of the mass frawtprofiles as a function of heating depicted
659

in Fig. 10(a) is then directly attributable to thiston effect which is responsible for the strong
660 and homogeneous increase of the pressure in thtg.cav

661 3.2 Effect of initial mass fraction
662
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664
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677

Table4
The effect of the initial mass fraction fo;=808.15 K,AT=100 mK andAT=50 mK at t=30s and
without gravity

AT=100 mK
w; w-w; (x=0) w-w; (x=H) (Wy=o-Wy=p) W0
7.6751x10°3 3.93x10% 3.88 x10* 1.48 x10°
4.22x10°° 1.65 x10* 1.62 x10* 1.97 x10
2.11x10° 7.16 x10° 6.99 x10° 2.28 x10
9.35 x10* 2.95 x10° 2.87 x10° 2.46 x10°
7.6751x10™ 2.39 x10° 2.34 x10° 2.49 x10
AT=50 mK
w; w-w; (x=0) w-w; (x=H) (Wy=o-Wy=) Wyo
7.6751x10°3 3.94 x10° 3.91 x10* 7.44 x10°
4.22x10°® 1.65 x10* 1.64 x10* 9.88 x10°
2.11x10° 7.15 x10° 7.07 x10° 1.15 x10
9.35x10 2.94 x10° 2.91 x10° 1.24 x10
7.6751x10™ 2.39 x10° 2.36 x10° 1.25 x10
Table5
The effect of the initial mass fraction fo;=808.15 K,AT=100 mK andAT=50 mK at t=30s and
with gravity
AT=100 mK
w; w-w; (x=0) w-w; (x=H) (Wy=o-Wy=) W0
7.6751x10°3 3.78 x10° 3.77 xao* 2.78 x10°
4.22x10°° 1.56 x10* 1.56 x10* 3.11 x10°
2.11x10° 6.70 x10° 6.67 X10° 3.42 x10°
9.35x10™ 2.74 x10° 2.73 x10° 3.63 x10°
7.6751x10™ 2.22 x10° 2.22 x10° 3.66 x10°
AT=50 mK
w; w-w; (x=0) w-w; (x=H) (Wy=o-Wy=p) W0
7.6751x10°3 3,82 x10° 3,81 x10° 1,83 x10°
4.22x10°® 1,58 x10* 1,57 x10* 2,00 x10°
2.11x10° 6,76 x10° 6,75 x10° 2,17 x10°
9.35x10 2,77 x10° 2,76 x10° 2,28 x10°
7.6751x10™ 2,25 x10° 2,24 x10° 2,30 x10°

The effect of the initial mass fraction on the atted amount at the two walls is
reported in Tables 4 and 5 for cases with and withgravity and for two temperature
increasesAT=50mK and 100mK. The maximum value of @@rresponds to the solubility of
Naphthalene in C© We note that the difference between the left @itk sides observed in
Fig. 8 without gravity can be quantified for eaatfitial mass fraction and for the two
temperature increase. Then, the effect of the tya confirmed in Table 5 where
equilibrium is established between the two sides @my a slight difference can be observed

between the heated and the isothermal plates. &legtanalysis of Tables 4 and 5 reveals
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that, as could be expected, the mass fractionti@riat both sides decreases with the initial

mass fraction. To better quantify the differencenaen the hot and the cold sides, the relative

variation w_, —W,_,, / W_, is reported in the third column. In the first caséthout gravity

and forAT=100mK, a difference of 1.5% can be depicted lier greater initial mass fraction.

Then this difference evolves to 2.5% for the lowedtie of w. When the heating decreases to

50mK, the difference between the heated and isothlesides is reduced (0.7% and 1.2% for

high and low initial mass fraction respectivelypwhkver, it can be noted that, for both values

of AT, the relative difference of adsorbed amount betwthe hot and cold sides increases

when w decreases and the increase is larger for the enfedhting, (71% foAT=50mK and

66% for AT =100mK). Table 5 shows that the gravity not dolyers the difference between

the two walls (only 0.27% and 0.36% of differen@n de observed for higher and lower

initial mass fraction foAT=100mK and 0.18% and 0.23% fail=50mK) but also reduces

the effect of the initial mass fraction: the in@edetween the largest and the smallest values

of w; is about 31% foAT=100mK and 26% foAT=50mK. These results then confirm the

balancing influence of the gravity previously depedby Fig. 8.

3.3 Proximity of the LCEP

Ti=307.75 K

L Ti=308.15 K
Ti=309.15 K

1 - - - Ti=311.15K

1 — - —Ti=318.15K

J

0 10 20 30

t(s)

(a)

(Pih=Pino)/Prno

4E-11
3,5E-11
3E11
2,5E-11
2E-11
1,5E-11
1E-11

5E-12

LUl g g il

Ti=307.75K
------- Ti=308.15K

Ti=309.15K
--—-=Ti=311.15K
— - - —Ti=318.15K

o

t(s)

(b)

Fig. 11. The effect of the proximity to the criticamperature without (a) and with (b) gravity aT=100 mK.
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The results presented in this section were obtawi¢id an initial mass fraction w
corresponding to the solubility of Naphthalene i@,Gt temperature Tand densityp;. The
values of w and the initial pressuregPcalculated using the Peng-Robinson equation are

reported in Table 6.

Table6

Initial mass fraction wand pressure?

T,(K) pi (kg.m™>) wi P (M Pa)
307.75 470 7.6751x10 8.67158154
308.15 470 4.22x19 8.73970242
309.15 470 2.11x1d 8.90942413
311.15 470 9.35x1H 9.22114740
318.15 470 7.6751x1D 10.3949472

A Similar behavior to that described in section &ds observed for the mass fraction for
different initial temperatures; Bind temperature increas&§. However, when we move away
from the critical point, the partial derivatives tble equilibrium constant Kwith respect to
temperature and pressure decrease (Figs. 2 amdl 3has, the mass fraction at the heated and
isothermal sides are influenced. Moreover, it ningshoted that, since the initial mass fraction
w; is fixed to the value corresponding to the soltipdt T; andp;, the resulting pressure gets
higher as the initial temperature moves away frown dritical one. As a consequence, the
initial pressure belongs to the high pressure ravgere the derivative of Kwith respect to
pressure is smaller. For all the initial temperasufT=307.75 K to T=318.15 K), the piston
effect generated by the boundary heating indudastaand strong pressure rise in the entire
volume before the pressure reaches a steady Vlhen the system is subjected to the
Earth’s gravity, convection accelerates the presswrease (Fig. 11(b)). Yet, with or without
gravity, above the critical point the piston effdcomes less effective and the pressure

plateau for a givem\T gradually decreases. For=818.15 K, steady value is much smaller
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showing that far enough from the critical point giveviously observed effects on temperature

and mass fraction will be reduced.

The effect on temperature and density can actumdlyobserved in Figs. 12 and 13
comparing the instantaneous temperature and ddiegddg near and far from the critical point
(for T;=307.75 K and jE318.15 K). For these two initial temperatures, ¢haracteristic time
scales of the piston effect arg0.19 s andpi=1.26 s respectively. On the other hand, the
characteristic time of thermal diffusion is=115.7 s for 7=307.75 K and #49.23 s for
T;=318.15 K. Therefore, far from the critical poitite piston effect decreases in favor of the
thermal diffusion as clearly shown by the temperafield in Fig. 12(b). The boundary layers
become thicker and the thermal plumes are largegs (E2(b) and 13(b)). The figures also
show that, near the critical point;£B07.75 K), top and bottom plumes reach the opgosit
plate while the reduction of the piston effect awfaym the critical point reduces this

phenomenon.

The lessening of the piston effect depicted by Eigis confirmed by Tables 7 and 8 which
show that the pressure value corresponding todbdilerium state after t=30s decrease when
moving away from the critical point for both tematre increases of 50mK and 100mK and
for the two cases with and without gravity effdttcan be also noted that the gravity has a
very little influence on the pressure evolutiomcs very close values are obtained for the
pressure with and without gravity. Tables 7 ands® ahow how the proximity to the critical
point affects the adsorbed amount at the two reaetialls. In the two cases, with or without
gravity, a change in the variation of the masstioacas a function of initial temperature can
be observed for the farest value ¢f hdeed, the mass fraction at the heated anddasut
plates regularly decreases when the system movag ftam the critical temperature up to
T;=311.15 K. Then, a strong increase of the masgidraés observed at;¥318.15 K. A

similar behavior change at the highest temperatarealso be noted on the relative gap of
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mass fraction between the two sides. For exampte\T=100mK, the difference between the

two reactive walls increases from about 1.4% ;&B307.75 K to 1.6% at;¥311.15 K and

then decreases to 1% gt318.15 K. This abrupt behavior change can bebated both to

the reduction of the piston effect (leading to aben pressure increase) and to the decrease

of the derivative of the equilibrium constant, Kvith respect to pressure. These two

phenomena lead to a decrease of the negative peesm in the adsorption rate expression

(Eq. (10)).
Table7
The effect of the proximity to the critical temptna forAT=100 mK andAT=50 mK at t=30s and without gravity
100 mK
T (K) w-w; (x=0) W-w; (x=H) (W0 W= )Wy=o (Pth-Ptho)/Piho
307.75 4.09 x10* 4.03 x10° 1.3885 x1G 3.8347 x10?
308.15 3.93 x10* 3.88 x10* 1.4824 x1G 3.8053 x10*
309.15 3.75 x10* 3.69 x10* 1.6061 x1G 3.7326 x10!
311.15 3.71 x10 3.65 x10* 1.6067 x1G 3.6028 x10*!
318.15 4.77 x10* 4.72 x10* 1.0726 x1G¢ 3.1747 x10!
50 mK
T (K) w-w; (x=0) W-w; (Xx=H) (W0 Wy=pi)/Wy=o (Pth-Ptho)/Piho
307.75 4.10 x10* 4.07 x10° 6.9607 x1G 1.9197 x10*?
308.15 3.94 x10* 3.91 x10* 7.4364 x1G 1.9046 x10*
309.15 3.75 x10* 3.72 xao* 8.0633 x1¢ 1.8675 x10*
311.15 3.70 x10* 3.67 x10* 8.0684 x1G 1.8016 x10*!
318.15 4.76 x10* 4.73 x10* 5.3793 x1G 1.5852 x10*
Table8
The effect of the proximity to the critical tempene AT=100 mK andAT=50 mK at t=30s and with gravity
100 mK
Ti (K) w-w; (x=0) W-w; (x=H) (W0 W= )/Wy=o (Pth-Ptho)/Ptho
307.75 3.94 x10° 3.93 x10* 2.6531 x1G 3.8326 x10*
308.15 3.78 x10* 3.77 x1¢o* 2.7778 x1G 3.8036 x10*!
309.15 3.58 x10* 3.57 x10* 2.9648 x1G 3.7315 x10!
311.15 3.53 x10 3.52 x10* 3.0537 x1G 3.6024 x10*
318.15 4.56 x10* 4.55 x10* 2.3868 x1G 3.1752 x10!
50 mK
T (K) w-w; (x=0) W-w; (Xx=H) (W0 W= )/Wy=o (Pth-Ptho)/Ptho
307.75 3.98 x10° 3.97 x10* 1.7511 x1G 1.9199 x10*?
308.15 3.82 x10* 3.81 x10* 1.8280 x1G 1.9049 x10*
309.15 3.62 x10* 3.61 x10* 1.9335 x16 1.8679 x10*
311.15 3.56 x10* 3.55 x10* 1.9657 x16 1.8020 x10*
318.15 4.59 x10* 4.58 x10* 1.5165 x16 1.5860 x10*!
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7> (a) (b)
758 Fig. 13. Isosurfaces of density with gravity foy T&=307.75 K and (b) 318.15 K fafT=100 mK at t=500s
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759 Fig. 14. Evolution of the mass fraction with thatieg intensity for (a) F£311.15 K at t=500s and (b)=B18.15 K at t=500s

760 The consequence of this decrease of the pressureite Eq. (10) at the highest initial
761 temperature is depicted by Fig. 14 which showsntlass fraction variation between the two
762  plates for three temperature increas€b=50, 100 and 200mK) and two initial temperatures
763  (T;=311.15 K and 318.15 K). Though the tendency fe8T1.15 K is similar to that shown in
764  Fig. 10 for §=308.15 K, the behavior of the mass fraction distiion for T=318.15 K is
765 reversed: a stronger heating of the left side ms#s the mass fraction. The effect is more
766  remarkable at the heated side than at the isothemeawhere the profiles &T=50mK and
767  100mK merge. This behavior change is due to thepetition between the derivatives of the
768  equilibrium constant Kwith respect to temperature and pressure. Far &waythe critical

769  point, the diverging behaviors of the isothermahpoessibility and of the volume expansivity

770  disappear leading to smaller variations of thewdties (9In K, /0T)p and (0InK, /0P).

771 (see Appendix D). Moreover, for a given heatingmsity, the pressure increase generated by
772 the piston effect is much lower for the highestiahitemperature. As a result, the negative
773 pressure term in Eq. (10) becomes negligible ary e temperature effect is highlighted

774  and causes the enhancement of mass fraction watinigancrease.

775
776
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3.4 Influence of the Damkdhler number

Table9
The effect of the Damkdhler number on the massifmagerturbation for JE308.15 K andAT=100 mK

Da 10* 10° 10*
w-w; (en x=H) 3.88x10° 3.88x10* 2.37x10%°
w-w; (en x=0) 3.94x10° 3.93x10* 2.33x10%°

The results presented up to now were obtained amkohler number fixed to T0
With reference to literature studies, it has beaund that the Damkoéhler number for the
adsorption of Naphthalene and other solutes su¢bl@asne or benzene can vary from>10
104 [40-44]. The Damkohler number was estimated uthiegavailable data in each research
work. For the sake of comparison, three valuewi®@Damkohler number were tested. Similar
behaviors to those reported in the previous sesteere found for temperature, pressure and
mass fraction distribution. Only the mass fracti@riations at the heated left side and the
isothermal right one are presented in Table 9. Sdrae tendency was found with high mass
fraction at the heated plate for all the Damkomambers. Whereas the Naphthalene mass
fraction is found to be very much smaller for timeaiest Damkdhler number, increasing Da

by a decade results in an increase by a decathe ofdss fraction for the larger values of Da.

4. Conclusion

In this paper we have presented new results anetaled analysis of adsorption in a
model binary dilute mixture, the Naphthalene-Q®@ixture, very close to the critical point.
The results of this study revealed that sufficierdlose to the mixture critical point, the
increase of the wall heating remarkably affects #ldsorbed amount at the two reactive
boundaries and the mass fraction inside the caMtye precisely, the adsorbed amount, as
the bulk mass fraction, is reduced by increasirg\all heating. This peculiar behavior is

attributed to the Piston effect, coupled with theecgent character of the derivative of the
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801 adsorption equilibrium constant with respect tosptge. Far enough from the critical point,
802 the Piston effect weakens and a classical beh&viobserved. Our results also showed that
803 this retrograde adsorption is obtained with andheut gravity. However, in the presence of
804  gravity, convection induces large thermal plumesg@lthe hot and cold boundaries and tends
805 to reduce the temperature gradients near the tvis \feading to more symmetric profiles of
806 the mass fraction. Finally, the effect of the Daimkd number was studied. The same

807 behavior was found for all the values considered.

808 All the results presented in this paper were oletifor the Naphthalene-GOnodel
809  mixture. However, we believe that this study camddevant for many dilute binary mixtures.
810 Indeed, the phenomena observed are due to thegdivee of the solvent transport properties
811 (namely the isothermal compressibility and the tierexpansion coefficient) near the critical
812 point leading to the appearance of the Piston effexl to the divergence of the solute
813 thermodynamic properties (such as infinite dilutipartial molar volume). And these
814  divergent behaviors occur in a universal way fogdaclasses of systems. Therefore, similar
815 results should be obtained for all binary dilutextuies involving a non-volatile solute near
816 the solvent’s critical point and this kind of diumixtures is relevant for many adsorption
817  processes.

818

819  Acknowledgments: The authors acknowledge the fimhrsupport from the CNES (Centre

820 National d’Etudes Spatiales).

821  Appendix A
822

823  The ratio of the isobaric and isochoric specifiatsdor pure C@ ), and for mixture,y,,,
824  are calculated from the equation of state as fallow
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2
C,p2\ 0T )\ 0P )

The derivatives are calculated using the Peng-Robirequation for pure GO

P _(R/M)p _ da
(OT jp e PlgT (A2)
0° _ R/M)
with f (p)= preyerll d—T_ 1487422(—( ¥ B( £ T.)]
1-bp)’
(Z_Igj ) ( '0) 2d f (A-3)
T (RIM)T - a(T)(1- bO)T)

df _  2p(1+bp)
dp (1+2b,0—b2,02)2

with

In Egs. (A2) and (A3)a(T) andb are the coefficients of the Peng-Robinson equatfon
state written for mass variable in dimensional form

an(T):1.48742;3(w[&,8( % )T

ci

b, =0.253076——

pci
fori =1, 2

In a similar way, the capacity ratio of the mixtugg, is calculated as follow:

T oP op
=1+—— A4
ym Cvpi (aTj [6P)TW ( )

where the derivatives are calculated using the HRofgnson equation of state for the
mixture:

(Z_ijpw = 1(? é(l\v/\l,l))jli((v\;'v)) ~f (p,w)(s—ijw (A.5)

2

P
1+ 20(w)p /6(w)- b(w) p? 16(w)*

with  f (pw)=

and(aaj _6&(1 ~w)’+2—2 qzw(l w)+ da,p
aT ) dT dT aT"

in which the derivativeg%.r are calculated as described above for pure conmpone
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842 (a_pj = (1-b(w)p/6(w)) (A.6)
v (RIM,)TO(W)- T, W)(1- H Wp/8( VQ)Z(Z;]
843 with (ij - 2p(1+b(w)p 16(w))
), (1= D(w)p 10(w) - b(w) * 10(w) ]

844  Appendix B

845  The difference of the partial molar internal enesgof the two components is expressed by:

1] m — o _ o _ 1
UZ(T’ﬂ’y)_UZ(Tﬁ’y)_ H, (To) Hl(TO)+ cg C§+2\/§5 COE
846 z9+(1_\/§)5 COE2 (B.1)
Ln — |+ ——
g+(1+v2)b | 2 +29b-b

847  with H7(T,) andH/(T,) the perfect gas enthalpy of the two componeris=298.15 K
848 and y the mole fraction of component 2, calculdtech the mass fraction by the formula:

o
o(w)

850  Cp? andCp, are the isobaric heat capacities of componentsiZLaespectively as perfect
851 gas and their difference is expressed by:

Cpi-Ca'=(A- A)(T-T)+ (8- B F- B)+3( ¢ 9( - ¥

849

852 L
+Z(D2—Dl)(T4—TO4)
853  Finally:
854 COF1= _1db a-T da) | .[oa -T 0 (oa
b dy oT oy oy\oT
y T vy )7
855

856 COF2=2|a-T[ 22 B(Vz—vl)w%
b oT ), dy
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%: —261(1— y)+ 2512(1— 2y)+ j)zy

(2-3} = -2a; (1- y) + 2a02(1- 2y) + 20y
i

d  9a _ L dag, daz,, da
( ( jyl_ 2——(1 y)+2dT(1 2y)+2d_|_y

ay | oT dT

wherea, b, a, b, a: and k. are the coefficients of the Peng-Robinson equaifiate
written in molar variables and they are defined by:

a(T.y)=a(T)(1-y) +2a(T) (1- Y+ a( D) ¥
b(y)=hi(1-y) +2b2y(1- y)+ b ¥

with

- RT,

a (T)=1.487422(m[3':3i( EYT T )T

b =0.253076_ ~

(ps1M;)
a0 (T) = Jau(T) 2(T) (1~ k,)
b2 =%(t_)1+_bz)(1— |12)

In the expression of COF2, the difference of volaraENaphthalene and G@& expressed
by:

da
RT , 2a(9-9) dbw
(19—5)2 (,92+2519_52)2 dy 92+209-b°

V2‘V1:(l—2y) —_ 25(19+B) (B.2)

(9-B) (974 2m9-)

where# is the molar volume of mixture.

Appendix C

In the expression of the velocity divergené&V ) (Eg. (8)), the derivatives are calculated as
follow:

(g_'ijpw T1-p fwg)(,\;v/) a(w) - *(p’w)[?}]w (C.1)
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2

wi (pw) = P
o ow) 1+20" (w)p /8(w)-b (W)’ o7 18(w)’

a’ and b" are those defined for Eq. (5) and are calculagiaigie, andb, in dimensionless
form (see section 2.2).

(6F lyw _ T 6(w) o (T’W)(ilv (C.2)

p (1-b (W) o /6(w))’ op

(Z—VUN = - s (wﬁ));m(w))z {,035\: +(1-2° (w)ple(w))(%—lﬂ

i (p'w)(gjv* ]T = (T,;,Wg)(;,()p’w)z x(1-b (w)plev(w)){OI b*_ b (w)( M/ Mz-l)}

(C.3)

Appendix D
In Eqgs. (11)-(12), the volume expansivity, , the isothermal compressibility, , the partial
molar volume,9; and the partial molar residual enthalﬁg, - h®, are given by:

da/loT R
199y O +2ob-D") 9(9-b)
az_(_) S bl (D.1)
J\0T ), 2a(z9+b) RT
— _\2 —\2
(92+296-b") (9-D)
1(09
K=——| —
ﬁ(apl
= ! (D.2)

(—25(z9+5)19/(z92+2z95—52m+ R /(9- 1

9-p+p (7+296-b")A-229-T) B
(9-b) (57+255 -5°) ©3

A=2a32,B=2Dbe-b

95 =K
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901
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903

904
905
906

907
908

909
910

911
912

913
914
915

916
917

918
919

920
921

- - (T (0araT)-2)(9B- 1%
ha —h® =R & - RT+

5(,92 +255-52)

9+(1-v2)b [ 43 a
1 ( )_ pdder _,_1fp0a_7)p
2J2b z9+(1+\/§)b dT b

(D.4)
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