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Abstract

The mathematical model for the multiphase steady-state processes on a partially-wetted porous catalyst slab in the conditions of the
exothermic catalytic reaction, species diffusion, phase transitions, and capillary phenomena interaction is developed. Numerical experiment
was carried out for the model reactioncoimethylstyrene hydrogenation. The impact of the external wetting efficiency on the steady-state
regimes of the slab is investigated. The partially-wetted regime is characterised by studying the width of the dry zone inside the slab; the
slab overheating, the area of the multiplicity.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction impact of vaporisation and imbibition processes on the for-
mation of the hot-spot zone inside the particle was shown.
Catalytic processes in multiphase reactors are often con- These mathematical models and some others were de-
sidered to be very prospective for industrial applications. scribed in details in the revieyil0]. It is pointed out there
This induces the particular attention to the study of multi- that, although the sufficient success in modelling mul-
phase catalytic reactions in a single particle level. Numer- tiphase processes on porous catalyst has been achieved,
ous experimental studigd—3] report the multiplicity of the more common case of exothermic reaction on catalyst
catalyst particle steady states in a multiphase catalytic pro-partially-wetted both on its external and internal surfaces is
cess. In recent researft], multiplicity of a-methylstyrene  to be developed.
hydrogenation was studied. Data reported in the cited papers evidence the following:
In literature, there are many models describing multiphase
processes on a single catalyst particle under certain condi-
tions and assumptions. In the experimental and theoretical
studieg2,5,6], it was assumed that condensation may occur
inside the particle, while the external surface of the catalyst
particle is dry. Some model§,8] considered the catalyst
particle, which is partially-wetted on its external surface but
is fully wetted inside due to the capillary forces. The lat-
ter approach may be applied to isothermal conditions but it  These three statements seem to be important and ought to
does not suit modelling exothermic reactions with volatile be considered when making the numerical experiments.
components. The modelling a non-isothermal process in a We have recently developed the mathematical model for
half-wetted slab was developed[®]. The assumption of a  the “liquid—gas—solid” stationary catalytic process on the
single pore size allowed the authors[6f to consider the porous catalyst particl¢ll]. The main objective of the
distribution of liquid and gas phases inside the particle as acurrent research is the numerical study of the multiphase
set of distinct completely flooded and gas-filled zones. The processes on a partially-wetted porous catalyst particle in
the conditions of the exothermic catalytic reaction, species

* Corresponding author. Tel+7-383-2341187; fax:-7-383-2341187.  diffusion, phase transitions, and capillary phenomena
E-mail address: v.a.kirillov@catalysis.nsk.su (I.A. Mikhailova). Interaction.

() the catalyst particle can be either dry, filled with liquid
(wetted) or partially-wetted, as well;
(i) phase transitions (vaporisation and condensation) in-
side the catalyst particle can be very intensive;
(iif) impact of the capillary forces is significant to cause the
imbibition of the liquid phase into the porous structure
of the catalyst particle.
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Nomenclature
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coefficient in the expression for
evaporation rate

dimensionless activation energy

of the reaction

permeability of gas pores @

liquid phase weight fraction

liquid phase molar fraction

heat capacity (J kgt K1)

binary diffusion coefficient (fhs1)
Knudsen diffusion coefficient (As~1)
effective diffusion coefficient in

liquid phase (rAs™1)

activation energy of the catalytic
reaction (J kmot?1)

evaporation heat (Jkg)

kinetic constant of the reaction
pre-exponential factor in the Arrenius la
intraparticle position (m)

catalyst particle size (m)

order of the reaction

molar weight of a compound (kg krmot)
gas phase flow (kmoln?s™1)

Nusselt number

pressure (Pa)

Prandtl number

coefficient in the expression for
evaporation rate

reaction heat (J kmot)
dimensionless reaction heat parameter
radius of a catalytic particle pore (m)
average radius of catalytic particle
pores (m)

R = 8314 the universal gas constant (J kmdk 1)

Re Reynolds number

R; evaporation rate (kmol ir# s~1)

S specific surface of the catalyst
particle (nfkg1)

< Schmidt number

Sh Sherwood number

Sc area of the liquid—gas interface fikg—1)

T temperature (K)

u imbibition velocity (ms1)

W catalytic reaction rate (kmoln?s1)

X; gas phase molar fraction

z co-ordination number

Z effective heat of liquid evaporation

Greek letters

o phase volume fraction

Bij mass-transfer coefficient (M%)

BT heat-transfer coefficient (Wnf K1)

&

catalyst particle porosity

YL permeability of liquid-filled
pores (M Pals)
o dimensionless catalyst activity parametey
10 wetting angle
A heat conductivity
"w viscosity (Pas)
v stoichiometric coefficient
0 (T — Tp)/bcTpdimensionless temperature
0 density (kg nT°)
o surface tension at the liquid—gas

interface (J m?)
T tortuosity of pores

&=I/IL dimensionless intraparticle position
Subscripts

b reactor bulk

cat catalyst particle

G gas phase

i, j = 1-3 components: 1, # 2, hydrocarbon
reactant ¢-methylstyrene); 3,
hydrocarbon product (cumene)

L liquid phase

2. Mathematical model

The mathematical model is based on the following main
assumptions:

(1) Catalyst particle is a one-dimensional porous slab and
distribution of pores by radii is given by a density func-
tion f(r):

rexp(—r/r)
(7)?

(2) The left side of the slab contacts with the liquid—gas
film, the right side with the gas—vapor phase.

(3) All parameters and variables are considered for each
value of intraparticle position, as average values for all
elementary volumes i;( 4-dl). For each, liquid-filled,
aL (1), and gas-filledg (1), volume fractions are defined
as follows:

fr) = 1)

S £ 07
a () = W,
ag(l) =1—a (), r*()isacritical pore radii 2)

(4) Both gas phase and liquid phase contain three compo-
nents.

(5) Exothermic catalytic reaction of hydrogenation occurs
in both gas and liquid phases.

(6) Rates of phase transitions are taken into account and are
determined by the molecular-kinetic thedy?].

(7) Mass-transfer in liquid phase is submitted by effec-
tive diffusion and convective motion. It is taken into
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account that gas phase contains components with suf-u — _ <dﬁ _ chap) .

ficiently different binary diffusion coefficients. We use d da )’

the Dusty Gas Moddl3] for describing mass-transfer 20 COSp 2

in gas phase. cap= T 5 N = 8t /L (o) (8)
(8) Temperature is equal for the co-existing phases in every

point of the slab; heat transfer is performed by thermal dr* _ wuL + y(dPg/dl) ©)

conductivity (including gas, liquid and particle thermal di 320 cosp/(r*)2

conductivity) and convective motion of liquid and gas.
(9) Boundary conditions include: (i) mass-transfer in gas

phase deduced from the Stefan—Maxwell equatjdis 3

at both sides of the slab; (i) heat-transfer at both sides 9 [A dT] — {ZaGN,-MiC,,G. + MLOJLPLCpLi| ar

The energy balance is presented by Hue (10)

of the slab; (iii) mass-transfer in liquid phase at the dI d P dr

left side; (iv) the fixed value of external wetting effi- 3

ciency at the left side. It is assumed that the bulk gas W, W _ RiM:H =0 10
and bulk liquid are in equilibrium at the left side of the clc+ M O ; e (10)
slab. B

. . _ Here,
The mathematical model includes the overall equations of

the mass balances in gas and liquid phases, correspondingly;, = sagig + s AL + (1 — €)Acat

d(acNi) — v We+R: i=1-3 A3) The reaction kinetic rate$\ic andW_, in Egs. (3), (4) and
d (10) are estimated as
d dc:1  d We = keag(Pe)™™2(x1)™1 (x2)"%;
— | DLagpL —— | == [uraL pL Ci]+vi M; W —R; M; = 0, E
a [ LeLAL } dl[ LaL oL Ci]+vi M; WL —R; M; ke = koeexp(—R—.T.) (11)
i =1-3 4)
E
The dusty gas flux relations are formulated as WL = kLa (C))™1(C3)™2; ki = koL exp (—R—.T.> (12)
Pc dx; 3 xiN; —x;N; N; The rates of the phase transitions depend on the internal
RT) di — Z _ x - D_ﬁ( liquid—gas surfaceS g, adopted from15], as well as on
j=Lij#i ) the difference between the current value of a mole fraction,
. ( BoP P . i ilibri eq,
i < of'G l) d 6. ;_-1-3 5) X;, and its equilibrium valuey; ™
RT /,LGDi*k o}
q 1 eq
Ri = Aj——— PGS | —— (¥ 13
3N _ BoPs 3y dPg ©) l "1-05¢ ° LGPk | RT (™ = ) (13)
LoD RTug“~D; dl
i=1 "k i=1 "k PY(T 20V; co
=y ¢ )exp(— i Sgp) (14)
Here, Pg RTr
0 L7 AeSay (1 — of Y
_p.f po_pofe (T Sig = L L 15
Dj=Dj—. Dyj= Dij5e (70) ; T T = 2@ = &)1+ sing) (13)
. 2erg |8RT e(rg)? The model was completed by the boundary conditions de-
k=377 Bo= g, scribed later.
' At the left side of the slabl (= 0), Egs. (16)—(20)
The Eqg. (7) follows from (4), if Zleci = 1 and P 3
38 viM; =0 Ny = R—T,BlZ(xlb —x1) + ilZNi (16)
i=1
d 3
——|uLaLpL] = R; M; 7 .
gl Zl iM; @ Ni = P g b =) % (B1a/ o) — )
N o . 7 TRT (B12/B23) + x1(1 — (B12/B23))
The Eq. (9)for the critical pore radius is derived from the 3
Darcy’s equation for liquid phase and the equation for the +ngNl.; j=223 (17)

capillary pressure, i=1
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dr 3 At the right side of the slall & L), Egs. (23)—(27)
hgr = | AT+ D_Cpo;MiNjac +arpru Cp | (T = Th) . 5
j=1 -
N1 = —p12(x1 — x1p) + ¥1) _N; (23)
(18) RT 2
p %G = (k+u )(C; —Cip); i=1-3 (19)
L T T T e e N, = B g, G0 = xie) % (0= (Ba/Foa)) (31 — x1b)
Po = Pap,  aL = aLp (20) /O RT (B12/B23) + X1(1 — (B12/B23))
3
Ip Egs. (16).and (17)x; corresponds to the concen;ra_— +)szN,-; j=273 (24)
tion of species transferred by the Stephan flux within i—1
the boundary layer. In principle;; lies betweenx;, and
Xjli=o, we consideredy; = x;,. Mass-transfer coeffi- 3
cients gjj, entering these formulas, are found from the , d7 —|p _ZC MiNiag—aypLuLCy, | (Th — T)
traditional correlation for Sherwood number calculations = di T ~ Pe; I HGTALALEL Bp | 1D
see, e.g[16]): B
(see, e.g[16]) 25)
Shij Djj 0.5c.0.33
- . T .50 dc;
ﬂl] L s Sq” 2 + 0.6Re 3:” P d_ll — 0’ i =1-3 (26)
nG . .
Stj=—— =23 i #] (21) e
PEHI Pg = Pgp; FZO (27)
Heat exchange coefficie@ty is found from the correlation
similar to (21): The detailed dimensionless description of this mathemat-
ical model is reported if11l]. The model parameters val-
Br = Nu(eghrc +aLiL) NU = 2 + 0.6Re®5p0-33 ues corresponding ta-methylstyrene hydrogenation on a
L ' ' porous catalyst slab are providedTable 1
Mezs_lcpe,xi The non-linear model is solved using the original software
Pr = 1= d (22) ; ;
pG(aGAG + aLAL) packagd17]. The procedure of the parameter continuation
Table 1
Parameter values used for the model result performance
Description Parameters
Catalyst particle parameters L=5x103m;7=10°%m; S=10"m?kg%; ¢ = 0.5; 7 = 1.5; pcar = 1000kgn73; ycar = 0.3WnT 1K1

Reaction conditions parameters Pgob = 10°Pa; Tp = 405K; X1p = 0.6; Xop = 0.4; C1p = 0.4 x 1074 Cop = 1 — Cyip; Re = 100

Chemical compounds data M; = 2kgkmol?; My = 118 kgkmot?; M3 = 120 kg kmot?
Cpey = 14,4253kg*K™L; Cpg, = 1237Ikg K™Y Cpgy = 12713kgT KL
re1 =0.181WnT1K1: Agr = 0.019Wnm iK1 ug = 0.8 x 10 °Pas
Cp =17803kg K1 AL =0.1WnT1K™L; 4 =0.74 x 10-3Pas

Diffusion coefficients DY, =0.32x 104m?s7%; DY, = 0.3210*m?s7L; DY, =0.21 x 10°°m?s7Y; DY =0.910 %9 m?s7?
. ) RT; RT,
Catalytic reaction parameters Vi =vpy = —v3 =1, bg = E—b =0.08; b = E—b =0.05

G L
Qg = 1.09 x 108 JkmolL; Q. = 1.06 x 10°Jkmot?

364430
T — 64.65
Hy = 3.43 x 10°Jkg !, Hy3 = 3.125x 1P Jkg?

¢ =60°; 0 =0.025)m?

33636 P
T — 6337

Phase transition parameters PP =0.267 x 10° Pa; P{ = 13157 exp<16.457 ) Pa; PY = 13157 exp<15.927

. . Lo C F 20 CO
Some dimensionless modules Per = # = 1.5, wherex? = ;—r u LS(p
used in the discussion oM
L BioP
Z = My 2 P2 > —203
A bGRT}
RTh L? Qg
Dy = kg L; Qw =ke—

; =k
B12Pcb A bgTh
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in a combination with the spline approximation technique Fig. 2, where
used in this package allows us to obtain a solution even in .
those cases it is not simple. _ Jo Wa(xa, x2, T, Pg) + WL(C1, C2, T))dl

n= )
(WG (x1b, X2b, Tb, Peb) + WiL(C1p, Can, Th))L

3. Results and discussion Py = ke
B12Pch

In numerical experiments, we calculate the steady-state The external wetting efficiency, , has significant influ-
distribution of liquid imbibition velocity, temperature, pres- ence on the character of this dependence. The catalyst ef-
sure, gas (or liquid) fraction, gas phase and liquid phase fectiveness decreases steadily for large values gf(e.g.
compositions along the catalyst particle. An example of the for aip = 0.62 in Fig. 2). Under these conditions, the lig-
calculated profiles is presentedfig. 1 uid flows throughout the particle at any catalytic activity, no

Studying the impact of the external wetting efficiency on formation of the dry zone is observed. The catalyst particle
the steady-state regimes of the particle, it was revealed thatis almost isothermal due to the intense heat-transfer caused
increasing the external wetting efficiency induces the liquid by the high values of the liquid hold up. The behaviour of
filling of the particle and causes almost isothermal condi- the dependencg versus®y is similar to the case of a
tions for the proceeding processes. Decreasing the externafingle-phase exothermic reaction in a particle with external
wetting efficiency results in formation of liquid—gas and dry transport limitation.
zones inside the particle. This case is illustratedrig. 1 The dependence under discussion becomes non-monotone
Curve 2 shows that while 0.34 external surface fraction of when the external wetting efficiency decreases below 0.34
the left side of the slab is wetted, the right side of the slab (curves 2-5 irFig. 2). At the intermediate values of_, =
is dry and there is a dry zone near this side. The fraction of 0.2-0.34, the dependencgversus® is not simple (curves
liquid steadily decreases along the particle to the dry zone, 3-5 in Fig. 2), i.e. multiplicity of the steady states exists
since a more intense reaction and heat generation take placér some region ofd\ values. According to the above data
in gas-filled pores. Concentration profiles also show the re- (Fig. 1) the multiplicity of the steady states means that one
action to be more rapid in the dry zone. The gas concentra-of the steady states responds to the existence of the dry
tion gradient of the organic reactant is very small within the zone inside the particle with significant overheating. For
two-phase zone due to the vaporisatiomemethylstyrene  the externally non-wetted particle the maximum value of
from liquid phase, while it is great inside the dry zone. The catalyst effectiveness is significantly exceeds 1.0 due to the
vaporisation leads to the non-monotone temperature profiletemperature rise inside the particle, which is induced by the
with a maximum value of the temperature inside the dry reaction heat. It is worth noting that the results of the nu-
zone. The greatest temperature gradient is near the point ofmerical experiments evidence that the catalyst effectiveness

the interface between the dry and two-phase zones. in partially-wetted steady state is significant but not so high
The dependence of the catalyst effectivengson the in respect to that for the dry porous structure.
dimensionless catalytic activity modulug,y, for differ- Thus, three different types of the catalyst particle steady

ent values of the external wetting efficiency is presented in States can be distinguished, when the particle constitutes:

1,0 - 1 {
S s 120 2
55 0,8“ o/ ! %
.8 g
S &£ / 15 2
T 8 0,6- O g
(L 2
) [7)]
i) g o
3 UQ_) 0,4 - -g-
2 02 :
© a

0,0+ . ; . . 0,0
0,0 0,2 04 0,6 0,8 1,0

Catalyst particle coordinate, ¢

Fig. 1. The calculated profiles along the catalyst slab: curve 1, dimensionless tempetgtaeryve 2, liquid fraction ¢ ); curve 3, mole fraction of
H in gas phasexq); curve 4, mole fraction of-methylstyrene in gas phasg). At &y = 11, upper state.
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Catalyst effectiveness, n

0‘4 T T T
0 5 10 15 20

Catalyst activity parameter, @,

Fig. 2. The impact of the external wetting efficienay,,, and the catalyst activity paramet@b,, on the catalyst effectiveness, curve 1,a1, = O;
curve 2,a1p = 0.1; curve 3,a1p = 0.2; curve 4,a1p = 0.26; curve 5, = 0.34; curve 6,0, = 0.62.

(A) practically non-wetted porous structure, where liquid it depends on the interaction between the processes of heat
contacts only external surface of the particle and is va- generation by the exothermic reaction and heat consumption
porised in the thin boundary layer (curve 1Rig. 2); by the liquid vaporisation for the case of, = 0.26. The

(B) completely liquid-filled porous structure, where liquid is dependence of the dry zone fraction on the heat generated
filtered through the particle (the curve 6 and the “lower” by the reactionQw = kg(L?/0)(Qc/bcTh), reveals that

branches of the curves 2-5 kig. 2); there is no dry zone in the regime, which corresponds to the
(C) partially-wetted (and partially gas-filled) porous struc- lower branch of the curve under discussion. The formation
ture (the “upper” branches of the curves 2—Fig. 2). of the dry zone leads to its dramatic expansion due to the

vaporisation, which is induced by the heat generated by the

catalytic reaction within the dry zone. The process shifts to

the upper partially-wetted regime. The heat consumption by
Fig. 3 shows how multiplicity occurrence is connected the liquid evaporationZ = M2H2(L/A)(,312PGb/bc.;RT§),

with the formation of the dry zone inside the particle and how also affects the possibility of the hot-spot ignition. The

3.1. The effect of the reaction and phase transitions heat

0,8

0.7+ Z=4
0,6

0,51
0,41

0,3
0,24

Dry zone fraction

0,1+

0,0

'0,1 T T T T T T M T T T N 1
0 100 200 300 400 500 600
Q,

Fig. 3. The impact of the reaction he&yy, and the effective heat of the liquid evaporati@y,on the fraction of the dry zone inside the particle. For
ap = 0.26.
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higher the value ofZ is, the more heat is to be gener- 3.3. The impact of the thermal conductivity

ated by the reaction for the ignition of the hot-spot zone

inside the particle. It is worth noting that the dry zone  Fig. 5shows the dependence of the dimensionless over-
fraction decreases significantly, as the evaporation heatheating,6|;—;, on the apparent liquid imbibition flow at

increases. the left partially-wetted side of the slakypur) @) i—o,
Whereuf = (er/8t)(20 cosp/u L). Overheating is deter-

3.2. The effect of the wetting parameters on the mined as the temperature difference between the right side

multiplicity of the steady states of the slab (which contacts with the gas flow only) and

the bulk temperatures|;—; = (T |z — Tv) Ec/R(Tp).

It was pointed out that at some range of the external wet- This dependence is considered for different valueRepf=
ting efficiency values the multiplicity area of the stationary LuEpL Cp /A
states exists. The imbibition processes seem to be important The theoretical shape of the discussed dependencies de-
for the origination of the above mentioned multiplicity. The picted inFig. 5, are in good agreement with the experimental
wetting angle (for the catalyst-liquid interface) is one of data reported if4] (see dashed line iRig. 5). At low val-
the parameters, which affects the imbibition velociig. 4 ues of the imbibition flow, the particle overheating slightly
shows the impact of the wetting angle, and the external  decreases. High temperature at the right side of the catalyst
wetting efficiency,a p, on the multiplicity area range (i.e. particle indicates that a dry zone inside the particle exists.
the marginal values of the catalyst activity parameday,, The contraction of this zone induces slight temperature fall
between which the multiplicity exists). The upper branch of at the dry right side of the particle until the imbibition flow
the curves corresponds to the hot-spot ignition points, the becomes sufficient to wet the right side of the particle. The
lower branch corresponding to the extinction ones. There is higher the value of parametBer is, the less liquid flow in-
the area of the multiplicity of the steady states between the duces the filling the particle with the liquid and causes the

branches. dramatic fall of the temperature at the right (dry) side of the
The multiplicity area depends on the value of the external particle.

wetting efficiencywp, as well as on the values dfy and The obtained data evidence that the imbibition of liquid

¢. For low values of the external wetting efficieney § < plays an extinction role in the multiphase process if the

0.3), a decrease in the wetting angle causes the expansion ofmbibition velocity is high. The extinction is more effective

the multiplicity area and shifts it to the higher valuesiaf. when the heat conductivity is rather small in comparison to

However, further increase of ,, leads to the contraction of  the heat capacity of the liquid phase (high value®e).

the discussed area. It is disappearing from the low values This may indicate that at low values of heat conductivity,
of the wetting angle. In this case, the large liquid hold up the temperature gradient near the hot-spot boundary is large
inhibits the dry zone formation. Thus, the wetting parameters and the catalytic reaction (i.e. heat generation) proceeds

affect a lot the range of multiplicity. mostly in the hot-spot zone. The imbibing liquid is cold
50
J )

= =
S 45- T!\‘ a, =06
= ] a, =04 1

0 40+ N R [N
© 1~ K 0,34 ", P

§ 357 TN L

@ 30 N Vo Py

o | RN ™~ NN VoA

=~y . \ . v

.“.?_? 25— \\. ~ \-\ ‘\ \\ .‘. ‘.\
= 7 = N T~ & . Lo
° 20 “w 0.3 RN RN \'\. . \ ‘.\
© | ‘< ~ - \1\ ~ \_ \
—

[
>

©
3

©
o

Wetting angle, ¢

Fig. 4. The impact of the external wetting efficienayy, the wetting angleyp, and the catalyst activity parametdry, on the multiplicity of the steady
states. The dry zone exists in the region above the lower branches of the curves. The totally wetted state of the catalyst slab exists in the region below
the upper branches of the curves. The multiplicity exists between the branches.
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\
Experimental \
\
A

T T
0,00 0,02 0,04

T
0,06

T
0,10

T
0,08

Apparent imbibition velocity

Fig. 5. The impact of the apparent liquid imbibition flow aRer on the dimensionless overheating of the right side of the catalyst partick@yAt 45.

Experimental data (dashed line) are taken frigih

when it comes to the hot-spot zone. Thus, the energy con-3.
sumption for the heating of the coming liquid flow is signif-
icant and may cause the extinction of the catalytic process.
On the other hand, at high values of heat conductivity, the
hot-spot zone is diffuse, i.e. the temperature gradient from
the “cold” liquid-filled zone to the dry one is less. The lig-

uid flow is heated gradually during its way from the “cold”
boundary of the particle. Thus, the extinction role of liquid 4.
imbibition is not so pronounced at high values of the heat
conductivity.

The wetting parameters significantly affect the range
of multiplicity. For low values of the external wetting
efficiency, decreasing the wetting angle causes the ex-
pansion of the multiplicity region and shifts it to the
higher values ofb\. However, increase in external wet-
ting efficiency leads to the contraction of the discussed
region due to the impact of the capillary phenomena.
The extinction role of the liquid imbibition is more ef-
fective when the effective heat conductivity is small.
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