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External wetting efficiencies were determined in a trickle-bed reactor by employing conversion
data from the hydrogenation of the anthracene contained in an anthracene oil. Reactions were
carried out at 573 K and 9.8 MPa on a sulfided Ni-Mo/γ-Al2O3 catalyst. The results were
compared with the total wetted area determined from the correlations based on the tracer method
and developed by other authors. The discrepancy between both sets of data was attributed to
the existence of a certain surface wetted by stagnant fluid whose fraction, fs, was estimated
from the comparison between tracer and reaction data. The correlations of Ring and Missen
(1991) and Al-Dahhan and Dudukovic (1995), developed for high pressure trickle-beds, were
employed to estimate fs. A geometrical model has been employed to relate the static holdup
with the fraction of surface covered by stagnant liquid which yielded an estimation of the mean
distance between particles. The product of effectiveness factor and intrinsic rate constant were
obtained for liquid- and gas-covered surfaces. Individual and overall effectiveness factors were
estimated from a liquid phase intrinsic kinetic constant obtained in a previous work, showing
that reaction took place preferably on the wetted surface.

Introduction

In trickle-bed reactors operating at low liquid mass
velocity, part of the catalyst surface is covered by liquid
and part by gas. The liquid phase flows downward
through the reactor generally cocurrently with a gas
phase that partly consists of vaporized compounds
introduced with the feed or formed during the reaction.
An essential characteristic of a trickle-bed reactor is that
the external catalyst surface is not completely wetted
except for high liquid flow rates. With respect to the
internal surface, however, it has been stated that due
to capillarity, the pore filling of catalyst pellets is
practically complete even at low liquid flow rates
(Schwartz et al., 1976; Colombo et al., 1976; Herskowitz
et al., 1979). This should be true at least when a
reasonable distribution of the liquid fraction is achieved;
most authors agreeing with this assumption (Tan and
Smith, 1980; Mills and Dudukovic, 1981, 1982; Goto et
al., 1981). Dudukovic (1977) also considered the exist-
ence of internal dry zones, but the calculation involved
an estimation of the fractional pore fill-up. The limiting
reactant may be present only in the liquid phase, and
in this case the reaction takes place on the wetted part
of the catalyst. On the other hand, when the vapor
pressure of the reactant is appreciable in reaction
conditions, the limiting reactant may also reach the
active centers on the catalyst through the dry surface.
In the latter case, it was frequently observed that the
reaction rate and the wetting efficiency followed the
opposite trend. The reason for this behavior is the
additional mass transfer resistance introduced by the
liquid phase. Harold and Ng (1987) presented a model
combining gas and liquid phase resistance. For the
reaction between a volatile and a nonvolatile compound,
they found a transition controlled by the depletion of
the nonvolatile reactant. For volatile reactants, a
contacting efficiency interpreted as external wetting

efficiency should directly relate to the reaction rate
(Herskowitz and Smith, 1983).
Two principal methods have been employed for meas-

uring the external wetting efficiency: a tracer method
developed from the works of Schwartz et al. (1976) and
Colombo et al. (1976) and a reaction method proposed
by Morita and Smith (1978). In most cases, an accept-
able agreement was found between both sets of data,
though some discrepancies have been detected for low
liquid Reynolds numbers (Mata and Smith, 1981; El-
Hisnawi et al., 1982; Herskowitz and Mosseri, 1983).
Comparisons must be handled with care because trickle-
bed reactions are normally carried out at high pressure.
On the other hand, Lakota and Levec (1990) determined
wetting efficiencies by means of solid-liquid mass
transfer coefficients obtained from the dissolution of a
slightly soluble solid in water following a procedure
previously described by Specchia and Baldi (1978). In
the present work, wetting reaction data were obtained
for the hydrogenation of anthracene, and these data
were compared with the predictions of correlations
developed by means of pulse-tracer data by other
authors.
At high pressure and high gas flow rate, both the

increase in gas density and the increase in superficial
gas velocity lead to an increase in the pressure gradient.
Even for moderate gas flow rates, an elevation of
pressure causes an increase in gas density and therefore
a higher pressure drop due to the increase in drag forces
(Larachi et al., 1991, 1994). Liquid holdup has been
reported to decrease as pressure drop increases associ-
ated with the higher gas-liquid shear stress (Al-
Dahhan et al., 1994). For the same reason the wetting
efficiency and the gas-liquid interfacial area signifi-
cantly increase, especially for higher liquid flow rates
(Larachi et al., 1992; Wammes et al., 1991a,b; Al-
Dahhan et al., 1995). It has also been shown that at
high pressure the transition from trickle-flow regime
to pulse flow regime shifts toward higher gas and liquid
loads making the trickle flow operating region wider
(Wammes and Westerterp, 1990; Wammes et al., 1990,
1991a). Wammes et al. (1991a) and Larachi et al. (1991,
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1994) determined the pressure gradient in the bed by
correlating a dimensionless friction factor to the liquid
phase Reynolds number. Holub et al. (1992, 1993)
developed a phenomenological model for estimating
pressure drop based on the Ergun equation. Although
Holub et al.’s model was initially stated for atmospheric
trickle-beds, Al-Dahhan and Dudukovic (1994) experi-
mentally found that it is also valid for predicting
pressure drop at high pressure.
The effect of high pressure on the dynamic holdup has

also been investigated by Wammes et al. (1991b) and
Larachi et al. (1991). They reported that the liquid
holdup decreases when the pressure increases at con-
stant gas and liquid superficial velocities. Recently, Al-
Dahhan and Dudukovic (1994, 1995) employed the
draining method to determine the liquid holdup in high-
pressure trickle-bed operation. Their results were
described in the form of several limiting cases according
to Holub et al.’s model. The static holdup was measured
as residual holdup by van Swaaij et al. (1969) by
weighing the liquid that remained in a wet packing after
draining for 10 min. They found that the static holdup
was not affected by the reactor pressure but depended
only on the liquid density included in the Eötvös number
and proposed that at a low Eötvös number the residual
holdup is limited by a value given by εâres ) 0.05, where
ε is the porosity of the packed bed. This limit has also
been accepted by Wammes et al. (1991c). Sáez et al.
(1991) also measured the liquid that remained after a
draining period and obtained a similar equation for
determining the static holdup. They performed experi-
ments at Eötvös numbers as low as Eö ) 0.03 and
proposed εâres ) 0.11 as the limiting value when
gravitational effects become negligible. Al-Dahhan and
Dudukovic (1994) have also found that static holdup is
not affected by reactor pressure.
The variables employed by Specchia and Baldi (1977)

and Wammes et al. (1991a) to calculate dynamic or free-
draining holdup were also used by Mills and Dudukovic
(1981, 1982) and El-Hisnawi et al. (1982) to correlate
the external wetting efficiency in trickle-bed reactors.
They employed atmospheric tracer data to evaluate
contacting efficiencies by assuming that the latter were
directly measured by the square root of the ratio
between the effective diffusivity of a tracer in two-phase
flow and the same at liquid-full operation. Baldi (1980)
and Sicardi et al. (1980) considered that the square root
gives a better estimation of the effectively wetted
surface than the ratio of the mentioned diffusivities
previously employed by Colombo et al. (1976). For
trickle beds operating at high pressure, it has been
pointed out that the increase in pressure gradient leads
to an increased gas-liquid interfacial drag and therefore
causes an increase in the catalyst wetting efficiency (Al-
Dahhan and Dudukovic, 1995). Ring and Missen (1991)
found that the measured wetting efficiency for high-
pressure trickle beds lay significantly below the values
given by correlations developed from atmospheric data.
Ring and Missen (1991) employed tracer data obtained
at 10 MPa to correlate wetting efficiency with linear
liquid velocity. Al Dahhan and Dudukovic (1995), also
employing tracer techniques, developed a model-based
correlation that relates wetting efficiency to liquid phase
Reynolds and Galileo numbers and the dimensionless
pressure gradient (∆P/FLgZ). The method based on
catalytic liquid-solid chemical reactions has been less
frequently employed than the aforementioned pulse-
tracer technique to determine wetting efficiencies.

However it has been recognized that it has several clear
advantages over the tracer method (Herskowitz and
Smith, 1983). A proper formulation of this method
requires an adequate reactor model, the main difficulty
of which lies in axial dispersion. The classical approach
to the axial dispersion phenomena in trickle-bed reac-
tors was established by Mears (1971). He proposed a
criterion to obtain a conservative estimation of the
minimum reactor length above which the deviations
from plug flow could be neglected. A much less strin-
gent but very similar criterion was previously proposed
by Petersen (1965). The method required an estimation
of the Bodenstein number that has often been performed
by the correlation of Hochman and Effron (1969). It has
been noted that this correlation underestimates the
effect of viscosity on the Bodenstein number and un-
satisfactorily predicts the influence of particle diameter.
These restrictions have been overcome by correlating
the Bodenstein number with ReL/GaL, a dimensionless
group directly arising from the dimensionless Navier-
Stokes equation (Herskowitz and Smith, 1983; Stege-
man et al., 1996).
The purpose of this work was to determine the

external wetting efficiency in a trickle bed by analyzing
conversion data from the hydrogenation of the an-
thracene contained in a light fraction of anthracene oil.
It was assumed that a part of the catalyst surface did
not participate in the chemical reaction, most probably
the fraction that corresponded to the surface covered
by stagnant liquid. Wetting data obtained in this way
were compared with those from the correlations based
on tracer data. The derivation of the overall effective-
ness factor was also discussed. The next section de-
scribes in some detail the theoretical background of the
method as employed in this work.

Theoretical Considerations on the Reaction
Method

Sedriks and Kenney (1973), and thereafter a number
of authors, proposed that the reaction rate could be
obtained as a function of the fraction of the catalyst
surface that is effectively wetted. For a second-order
irreversible reaction, the rate expression may be written
as follows:

With substitution of the generic reactants the global
reaction rate becomes

In this expression, external wetting was represented
as fc to indicate that it was obtained from chemical
conversion instead of tracer data (ftd). In what follows,
axial dispersion for the dynamic liquid phase is ne-
glected, an assumption whose adequacy is discussed
below. Also considering that the wetting efficiency
remains constant throughout the reactor, a mass bal-
ance leads to

r ) f(ηk)LCA,LCB,L + (1 - f)(ηk)GCA,G CB,G (1)

r ) fc(ηk)LCANT,LCHYD,L + (1 - fc)(ηk)GCANT,GCHYD,G
(2)

W )

∫0xANT,f NANT,O dx

fc(ηk)LCANT,LCHYD,L + (1 - fc)(ηk)GCANT,GCHYD,G

(3)
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Anthracene was the limiting reactant and therefore
NANT ) NANT,O(1 - x). If the reaction is performed in
the absence of a liquid phase (f ) 0), the product of the
intrinsic rate constant and the effectiveness factor for
the gas phase (ηk)G may be determined from conversion
data as follows:

On the other hand, if an experiment could be performed
so that a complete liquid coverage of the catalyst surface
(f ) 1) is ensured, the following expression may be
employed to determine (ηk)L:

Ruecker and Akgerman (1987) stated that by taking
(ηk)G and (ηk)L as determined by the preceding equa-
tions, wetting efficiencies may be calculated by means
of eq 3. This procedure was employed by Huang and
Kang (1995) for the hydrogenation of naphthalene and
by Ruecker and Akgerman (1987) for the hydrogenation
of biphenyl. However, two important assumptions
underlie the preceding equations:
1. The entire wetted surface is assumed to be uniform

even though a part of the catalyst is wetted by stagnant
liquid with low liquid renewal. Effective external
wetting is in general different from physical external
wetting due to the presence of zones that contribute very
little to mass transfer (Sicardi et al., 1980).
2. It has been stated before that internal wetting,

defined as the fraction of intraparticle volume filled with
liquid, is considered to be complete due to capillarity.
A violation of this assumption means that ηG also
depends on the fraction of internal volume wetted as
noted by Dudukovic (1977).
The concentration of hydrogen in both the liquid and

gas phases may be expressed as a function of the inlet
molar flow rate of hydrogen, NHYD,O, the vapor to feed
molar ratio, λ, the vapor-liquid equilibrium relation-
ship, ΠHYD, and the superficial liquid and gas velocities
at reaction conditions as indicated thereafter. The
number of moles of hydrogen in the gas per mole of
hydrogen in the liquid can be obtained from the men-
tioned variables as ΠHYDλ(1 - λ)-1. From this, the
quotient between the moles of hydrogen in the gas phase
and the total number of moles of hydrogen in the system
is 1 + (1 - λ)(ΠHYDλ)-1. If one multiplies this result by
the inlet molar flow rate of hydrogen and divides by the
volumetric flow of gas at reaction conditions, the con-
centration of hydrogen in the gas phase is given by

Similarly, the following expression for the concentration
of hydrogen in the liquid phase may be obtained:

The concentration of anthracene has been expressed as
a function of RANT. This parameter was defined as the
liquid mole fraction of anthracene divided by the total

mole fraction of anthracene and is a function of the
vapor to feed molar ratio and ΠANT:

Experimental Section

Catalysts and Reactants. The catalyst was a
commercial Shell NiO-MoO3 on γ-alumina supplied as
1/16 in. extrudates crushed and sieved to 360-500 µm
particles. The characteristics of the catalyst in the
oxidized form are given in Table 1. Textural properties
were determined by nitrogen adsorption methods em-
ploying a Micromeritics ASAP 2000 analyzer and fol-
lowing standard procedures.
The liquid feed for the hydrogenation runs consisted

of 20 wt % of a light fraction of anthracene oil dissolved
in toluene (purity >99.5%). Anthracene oil was supplied
by NalonChem (Asturias, Spain), and its major identi-
fied components are given in Table 2. Further details
are given in a previous paper (Rosal et al., 1992a).
Equipment and Reaction Experiments. The hy-

drogenation reactions were carried out in a cocurrent
downflow high-pressure trickle-bed reactor. The ex-
perimental system used in this investigation is shown
in Figure 1. The reactor was a stainless steel tube of 9
mm i.d. and 450 mm length placed inside an electrically
heated furnace. Five thermocouples measured the
temperature at different reactor heights. The temper-
ature of the reaction zone, located in the center of the
bed, was kept constant at the desired value. The
hydrogen gas flow rate was controlled by a Brooks
5850TR/X-5879E mass flowmeter and controller. The
liquid feed was supplied by a Kontron LC T-414 pump.
The pressure inside the reactor line was maintained by
a Tescom back-pressure regulator. The reactor effluent

Table 1. Characteristics of the Catalyst Employed

Chemical Composition (wt %)
NiO 2.8
MoO3 13.5
Na2O 0.04

Physical Characteristics

surface area, BET, m2/g 171
pore volume less than 1460 Å, cm3/g 0.48
pore volume BJH ads. 17 to 3000 Å, cm3/g 0.49
mean pore diameter, Å 110
catalyst particle diameter, µm 360-500
shape approx spherical

Table 2. Composition of the Anthracene Oil (wt %)

naphthalene 3.2
acenaphthene 5.5
dibenzofuran 3.1
fluorene 6.2
9,10-dihydroanthracene 0.9
phenanthrene 17.7
anthracene 6.0
carbazole 5.5
fluoranthene 11.2
pyrene 9.0

RANT ) 1
1 - λ(1 - ΠANT)

(8)

CANT,G )
4λΠANTRANTNANT,O(1 - xANT)

πνGdr
2
ε

(9)

CANT,L )
4(1 - λ)RANTNANT,O(1 - xANT)

πνLdr
2
ε

(10)

(ηk)G ) 1
W∫0xANT,f

NANT,O dx
CANT,GCHYD,G

(4)

(ηk)L ) 1
W ∫0xANT,f

NANT,O dx
CANT,LCHYD,L

(5)

CHYD,G )
4NHYD,O

πνGdr
2
ε [1 + λ(ΠHYD - 1)

λΠHYD
] (6)

CHYD,L )
4NHYD,O

πνLdr
2
ε [ 1 + λ
1 + λ(ΠHYD - 1)] (7)
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flowed into a 1000 mL stainless steel cylinder acting as
a gas liquid separator and a reservoir for liquid reaction
product. A two-valve system allowed periodical with-
drawal of liquid samples to the analytical equipment.
The catalyst was sulfided in situ before use by passing
a mixture of 10% of H2S in H2 at 673 K over it during
4 h at a flow of 30 cm3(NTP)/min. An additional 1 wt
% CS2 was added to the liquid mixture to maintain the
catalyst in the sulfided form. A total amount of 2.4 g
of catalyst was introduced in the central zone of the
reactor diluted with low-area inert alumina (Jansen) of
the same granulometry. The reactor was also filled with
alumina both above and below the reaction zone, the
length of which was 40 mm.
The hydrogenation reactions were carried out at 573

K and a total pressure of 9.8 MPa. The experiments
were performed by varying the liquid flow rate and the
hydrogen mass flow rate measured under laboratory
conditions. The superficial mass velocities of liquid and
gas at reaction pressure and temperature were calcu-
lated as indicated below and defined an experimental
region given by the following limits of superficial mass
flow rates: 0.0277 kg‚m-2‚s-1 < L < 1.91 kg‚m-2‚s-1

and 0.0150 kg‚m-2‚s-1 < G < 0.819 kg‚m-2‚s-1. Figure
2 shows the range of Reynolds numbers experimentally
covered in this work. The lines defining the boundaries
of hydrodynamic flow regions were taken from the work
of Fukushima and Kusaka (1977a,b) and are shown for
reference. The Galileo number varied from 4.5 × 102
(low ReL) < GaL < 1.5 × 104 (high ReL).
Analysis. Feed and liquid product samples were

analyzed by gas chromatography in a Hewlett-Packard
apparatus equipped with a 30 m long, 0.25 mm i.d. fused
silica column with a 0.5 µm film thickness nonpolar
stationary phase (SE-30). Peak assignment was per-
formed by GC-MS in a Hewlett-Packard 5987A ap-
paratus.

Results and Discussion

Density, viscosity, and thermal conductivity of both
vapor and liquid phases were calculated under reaction
conditions by employing a method based on the corre-
sponding states principle. The reference component was
methane, for which a state equation is available over a
wide range of pressure and temperature. Gas-liquid
surface tension was calculated by means of the Macleod-
Sugden expression as recommended by Reid et al.
(1977). Liquid and gas phase compositions and vapor
to feed molar ratio were calculated by assuming that
vapor-liquid equilibrium was established for each set
of reaction conditions. The liquid-vapor equilibrium
relationship (Πi) was determined by the method of
Grayson and Streed (1963), which is based on the
correlation of Chao and Seader (1961). The vapor-to-
feed molar ratio, λ, was defined as the ratio between
the number of moles in the gas phase at equilibrium

Figure 1. Flow diagram of the trickle-bed hydrogenation unit: (1) hydrogen buffer; (2) filter; (3) mass flowmeter and controller; (4) feed
pump; (5) pulse damper; (6) reactor; (7) rupture disk; (8) gas-liquid separator; (9) graphic recorder.

Figure 2. Experimental conditions covered by the data. The lines
correspond to the boundaries proposed by Fukushima and Kusaka
(1977a,b).
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and the total number of moles at the reactor inlet. For
low liquid velocities, an increase in vapor fraction was
observed combined with an elevation of liquid density
due to the vaporization of the lighter and more volatile
components.
Under the reaction conditions at which the experi-

ments were performed, the only component of the
reaction mixture that was hydrogenated to a certain
measurable degree was anthracene. It was previously
reported that the reaction rate for the hydrogenation
of anthracene is at least 1 order of magnitude greater
than that of any other component of anthracene oil
(Rosal et al., 1992b). Under the reaction conditions
employed in this work, the hydrogenation of anthracene
was essentially irreversible:

In the same work, Rosal et al. (1992b) determined that
second-order kinetics adequately represent the hydro-
genation of anthracene so that the global reaction rate
may be effectively determined by means of eq 2. Figure
3 plots the conversion of anthracene as a function of
space time expressed in kg of catalyst‚s‚kg of feed (liquid
+ gas)-1. Anthracene conversion increased for increas-
ing space time and , additionally, it showed a practically
linear dependence with GaL/ReL. The correlation of
Spechia and Baldi (1977) and other similar to it, show
that dynamic holdup follows the same trend as ReL/GaL
because the exponents of ReL and GaL are reported to
be practically equal in absolute value. Therefore, an-
thracene conversion decreased following the opposite
pattern to dynamic holdup.
Stegeman et al. (1996) showed that the Bodenstein

number decreased with ReL/GaL until a lower limit of
Bo ≈ 0.3 was reached. Considering this lower limit and
using Mears’ criterion for the most adverse conditions,
a minimum length for negligible dispersion was ob-
tained that was very close to the effective length of the
bed employed in this work (L ) 40 mm). Consequently,
deviations from plug flow have been neglected. The
experimental data available for high vapor-to-feed molar
ratio (i.e. at low liquid mass flow rate) were substituted
in eqs 6-10, and the resulting concentrations of hydro-
gen and anthracene in expression 4. An extrapolation

to λ ) 1 provided a calculated value of (ηk)G ) 1.80 ×
10-1 L2‚mol-1‚s-1‚kg of catalyst-1. In a similar manner,
using data taken at the low vapor fraction (i.e. high
liquid mass flow rate), the extrapolation of expression
5 to λ ) 0 led to (ηk)L ) 1.48 × 10-2 L2‚mol-1‚s-1‚kg of
catalyst-1. The substitution of these values in eq 3 with
the concentrations given by eqs 6-10 permitted the
calculation of fc from the conversion of anthracene xANT,f.
The calculations described above followed the usual
pattern found in the literature (Ruecker and Akgerman,
1987; Huang and Kang, 1995). However, comparison
with the available information obtained from tracer data
revealed some discrepancies. Figure 4 plots the values
of the external wetting efficiency obtained in this work
from eq 2 and those calculated following the correlations
of Mills and Dudukovic (1981), Ring and Missen (1991),
and Al-Dahhan and Dudukovic (1995), all of which were
obtained with the pulse-tracer method. The correlations
of Ring and Missen (1991) and Al-Dahhan and Duduk-
ovic (1995) yielded similar values, whereas that of Mills
and Dudukovic (1981), like others developed for atmo-
spheric trickle beds, such as El-Hisnawi et al. (1982),
gave wetting efficiencies somewhat in excess. Under
the experimental conditions employed in this work, the
pressure drop was determined essentially by liquid mass
velocity. The gas flow rate was low enough to neglect
the effect of its variation on the pressure drop and
therefore on wetting efficiency. For this reason, the
experimental data, shown in Figure 4 as a function of
superficial mass liquid velocity, show no dispersion even
though they correspond to different gas flow rates. This
behavior is in good agreement with theoretical predic-
tions and has been observed before (Holub et al., 1992;
Al-Dahhan and Dudukovic, 1994, 1995). The observed
differences for low liquid flow were consistent with the
findings of other authors who employed the reaction
method (Mata and Smith, 1981; Herskowitz and Mos-
seri, 1983). A possible explanation for this may come
from the assumption that the part of the catalyst surface
wetted by stagnant liquid may be excluded from par-
ticipating in the chemical reaction but is revealed as
wetted in the tracer technique. Sicardi et al. (1980)
showed that the values of the wetting efficiency obtained
from the square root of the ratio of the effective
diffusivities reveal the total wetted fraction of the
packing area. Colombo et al. (1976) also pointed out
that tracer-derived wetting efficiencies decreased with

Figure 3. Anthracene conversion plotted vs space time (kg of
catalyst‚s‚kg of feed-1).

anthracene + hydrogen f hydroaromatics
(mainly 9,10-dihydroanthracene and

1,2,3,4-tetrahydroanthracene)

Figure 4. External wetting efficiencies derived from the correla-
tions of Mills and Dudukovic (J), Ring and Missen (E), and Al-
Dahhan and Dudukovic (B) and wetting efficiencies obtained in
this work (G) by directly employing eq 3.
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increasing the molecular diffusivity of the tracer. The
overall mass-transfer rate must be calculated consider-
ing the contribution of the rate through the static and
the dynamic area. In general, mass transfer takes place
between in parallel between solid and stagnant or
dynamic liquid and also between stagnant and dynamic
liquid. Whereas for slow reactions the existence of
stagnant liquid affect the global rate very little, for
relatively high reaction rates, a considerable difference
in reactant concentration should exist between the static
and dynamic liquid phases. In such circumstances one
might assume that the effective liquid-solid contacting
area would be lower than the total wetted surface
reflecting the fact that only the wetted surface covered
by non stagnant fluid contributes to conversion. In fact,
for relatively rapid reactions the contacting area could
be identified with the surface wetted by the dynamic
holdup. The total wetting efficiency, represented by ftd,
and the unit fraction of effectively wetted surface
introduced in eqs 1 and 2 and denoted by fc, are related
to fs by means of the following expression:

Figure 5 plots the wetting efficiency ftd derived from the
correlations proposed by Ring and Missen (1991) and
Al-Dahhan and Dudukovic (1995) and from the conver-
sion data obtained in this work and recalculated by
means of eq 11 under the assumptions stated above. The
value of fs was calculated by minimizing the quadratic
deviations between the wetting efficiencies obtained
from anthracene conversion and those given by the
indicated correlations: ∑[fc(1 - fs) + fs - ftd(calcd)]2. The
value obtained employing both Ring and Missen’s and
Al-Dahhan and Dudukovic’s expressions was practically
the same and their arithmetic mean, fs ) 0.16, was
considered a good estimation of the unit fraction of
surface that did not participate in the chemical reaction.
The chemical wetting involved in eqs 2 and 3 was

calculated without considering the part of the catalyst
surface wetted by stagnant liquid. For this reason, the
expressions leading to the product of effectiveness factor
and intrinsic rate constant for wetted and dry surfaces
must be recalculated for them to have their usual
meaning:

In accordance with these arguments, the following
values were calculated by means of the preceding eqs:
(ηk)L ) 1.8 × 10-2 L2‚mol-1‚s-1‚kg of catalyst-1 and
(ηk)G ) 2.1 × 10-1 L2‚mol-1‚s-1‚kg of catalyst-1. The
difference with the values obtained previously revealed
the importance of carefully determining the chemically
active surface so as to obtain reliable kinetic measure-
ments from trickle-bed data. Only a fraction of the
outer surface is covered by liquid, and therefore unsym-
metrical concentration profiles exist inside the particle
(Morita and Smith, 1978). It has been stated that if
the limiting reactant is present in both phases, the
reaction rate on the gas-covered surface should be
greater than that on the wetted surface (Ring and
Missen, 1986). The reason is that the mass transfer
resistance between the gas and the liquid existing inside

the pores of the catalyst is lower than that between bulk
and pore liquid. If so, the effectiveness factor for the
gas-covered surface should be greater than that for the
wetted part of the catalyst. Ramachandran and Smith
(1979) proposed an expression for the effectiveness
factor in partially wetted particles assuming complete
internal wetting:

In the present work, it has been assumed that even for
experiments performed at the lowest liquid coverage, a
stagnant holdup existed that resulted in a constant
fraction of unreactive surface. In the case of runs
performed at high vapor fractions, it could have been
assumed that no stagnant liquid holdup existed, in
which case eq 4 would yield overestimated values for
the gas side rate constant. The wetting efficiency (ftd)
was clearly related to the vapor fraction under reaction
conditions. Wetting increased sharply as the vapor
fraction decreased and a practically total wetting was
attained for values of λ lower than 0.2. Figure 6 plots
the results obtained in this work for 8 < ReG < 20. The
same figure also plots the wetting efficiency calculated
from the correlation of Ruecker and Akgerman (1987)

ftd ) fc(1 - fs) + fs (11)

(ηk)L ) 1
W

1
(1 - fs)
∫0xA,f NAO dx

CA,LCB,L
(12)

(ηk)G ) 1
W

1
(1 - fs)
∫0xA,f NAO dx

CA,GCB,G
(13)

Figure 5. External wetting efficiencies obtained from Ring and
Missen (J) and Al-Dahhan and Dudukovic (E) compared with those
obtained in this work and recalculated with eq 11 (fs ) 0.16 as
indicated in the text).

Figure 6. Wetting efficiencies calculated from anthracene reac-
tion data and eq 12 as a function of vapor to feed molar ratio (λ).
The solid line corresponds to the values obtained from the
correlation proposed by Ruecker and Akgerman (1987): 0.24
kg‚m-2‚s-1 < L < 1.91 kg‚m-2‚s-1, 0.25 kg‚m-2‚s-1 < G < 0.62
kg‚m-2‚s-1, and 15 < ∆P/FLgL < 50.

ηTB ) fηL + (1 - f)ηG (14)
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modified by the assumption that a surface fraction of fs
) 0.16 was not reactive. The comparison shows that
for increasing liquid superficial velocity, a sharper
increase in wetting efficiency was obtained in this work
with regard to the conditions tested by Ruecker and
Akgerman (1991). Though no information is given on
pressure drop in the work of Ruecker and Akgerman
(1991), the reason for the difference could be attributed
to the higher values of the dimensionless pressure
gradient, in the range of 15 < (∆P/FLgL) < 50 in the
present work, excluding some extreme values. The
results presented here showed that total wetting of the
0.43 mm particles was achieved for a superficial liquid
mass velocity slightly above 1 kg‚m-2‚s-1. This result
is in good agreement with those reported by other
authors. Mills and Dudukovic (1981, 1982) and Al-
Dahhan and Dudukovic (1995) also found that super-
ficial liquid mass velocities in the range of 1-10
kg‚m-2‚s-1 were necessary to completely wet catalyst
particles of similar sizes. Figure 7 plots the total
external wetting efficiency (ftd) based on anthracene
conversion for the different superficial liquid mass
velocities employed in this work.
In order to employ eq 14 to calculate the overall

effectiveness factor values for the intrinsic rate constant
must first be obtained. A liquid phase kinetic study
performed by Rosal et al. (1992b) with the same feed
and a very similar nickel-molybdenum catalyst might
yield an estimation of kL. These authors hydrogenated
anthracene oil in a batch liquid phase reactor with
experimental conditions in the range 563-623 K and
9.4-13.6 MPa, which included those employed in this
work. The reaction rate for 573 K and 9.8 MPa was kL
) 0.052 L2‚mol-1‚s-1‚kg of catalyst-1. The kinetic
constant kG may be rewritten by introducing Henry’s
law constants to give kL ) kGHANTHHYD. Henry’s law
constants can be calculated from equilibrium data as
mentioned above. Figure 8 shows the calculated overall
effectiveness factor as a function of external wetting
efficiency (ftd). The effectiveness factor increased with
liquid coverage as expected if the reaction took place
only or preferably in the liquid phase (Sakornwimon and
Sylvester, 1982). The value of ηTB ) 0.3 is in good
agreement with those encountered by several authors
in hydrodesulfurization reactions (Yentekakis and Vay-
enas, 1987; Ring and Missen, 1989). The effectiveness
factors for the gas covered surface were in the range
0.05 < ηG < 0.21. For relatively high wetting efficien-
cies, the reaction behaved as if anthracene was non-

volatile and was confined to the liquid phase. However,
for high gas flow rates, the amount of anthracene that
reacted on the part of the catalyst externally covered
by gas was not negligible.
Sicardi et al. (1980) presented a geometrical model

to calculate the fraction of surface wetted by static
holdup, fs. The packing was considered to be adequately
represented by a regular array of equal spheres with a
number n of contact points where stagnant liquid
accumulates. It was assumed that still liquid is en-
countered wherever two spheres are physically in
contact and that stagnant zones do not overlap. This
model, in the light of the values of static holdup obtained
by Sáez et al. (1991) at low Eötvös numbers, yield very
high values for fs. A more realistic approach may be
that of considering that the bed can be represented by
a random packing of equal spheres in which a given
particle is characterized by a mean number of total
contacts, nt, and a number, nc, of close contacts, the
difference, nt - nc, being near contacts (Bernal and
Mason, 1960). If the meniscus curvature is neglected,
these ideas may be integrated to determine a relation-
ship between the static holdup, âs, the unit fraction of
surface wetted by stagnant liquid, fs, the total number
of contacts, nt, and the mean distance between particle
centers, denoted as dpc:

Haughey and Beveridge (1966) evaluated the total
number of contacts as nt ) 7.1 for random packings of
equal (or narrow size distributed) spheres. In this case,
dpc is determined only by bed characteristics. Therefore,
the stagnant holdup would cover a surface whose limit
for a low Eötvös number should be constant irrespective
of other variables. In the present work, the experiments
were performed at Eötvös numbers in the range 0.14 <
Eö < 0.50, low enough to assume that static holdup
reached its maximum value. All the particles sur-
rounding a given one would be connected by stagnant
liquid. From eq 11, employing the limit for stagnant
holdup proposed by Sáez et al. (1991), a value of dpc )
1.14dp was obtained. With this value, some additional
information about bed structure may be obtained. If
the bed is homogeneous and the particles are randomly
distributed, the mean space between particles is usually
transformed so as to be expressed as a packing param-
eter ú defined as

Figure 7. Wetting efficiencies calculated from anthracene reac-
tion data as a function of superficial liquid mass flow rate L: 0.015
kg‚m-2‚s-1 < G < 0.819 kg‚m-2‚s-1 and 1.5 < ∆P/FLgL < 90.

Figure 8. Dependence of the overall effectiveness factor (ηTB) on
wetting efficiency.

âs )
nt(1 - ε)

ε [3fs2nt
2

-
4fs

3

nt
3

+ 6(dpcdp - 1)( fsnt -
fs
2

nt
2)] (15)
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This parameter represents the space available for flow
and can be related to the pressure drop across the bed.
From this work, an estimation of ú ) 0.96 was obtained
upon substitution in eq 16. Pressure drop measure-
ments in fixed beds also permitted an accurate deter-
mination of the bed structure that led to the value of ú
) 0.95 (Molerus, 1993).

Conclusions

The partial external wetting of the catalyst particles
in a trickle bed was studied by employing the chemical
reaction method. The external surface was considered
to consist of a dynamic and a static or stagnant area.
The latter has been viewed as a consequence of the
accumulation of a part of the liquid at the points of
contact between bed particles. A geometrical model has
been proposed on the basis of the work of Sicardi at al.
(1980), to reconcile the observed discrepancies between
wetting efficiencies from the chemical reaction method
and from pulse-tracer data. For low Eötvös numbers,
the stagnant holdup reached a constant value deter-
mined by bed characteristics. Assuming that the ac-
cumulation of liquid takes place only at the contact
points between bed particles, a simple relationship has
been established between âs and fs by means of a
parameter dpc that represents the mean distance be-
tween particles. In this work, a value of dpc ) 1.14dp
was obtained in good agreement with measurements of
packing geometry from pressure drop data in beds of
equal spheres. Irrespective of the complex phenomena
involved in high-pressure trickle-bed operation, wetting
efficiency determined from tracer data, chemical reac-
tion data and basic knowledge about the structure of
random beds yielded a consistent picture.
Some correlations were obtained during recent years

for high-pressure trickle beds under conditions not very
different from those used in this work. They permitted
the calculation of the total external wetting efficiency
as a function of operating condition parameters provided
that the pressure drop can be measured or predicted.
The activity of the surface covered by nonrenewable
liquid should considerably decrease, and therefore the
chemical wetting should be lower than that calculated
from the mentioned correlations. The system studied
in this work behaved as if a fraction of the external
surface, fs ) 0.16, was not available for chemical
reaction. With this assumption, a good agreement
between the data presented here and the correlations
of Ring and Missen (1991) and Al-Dahhan and Duduk-
ovic (1995) was achieved. The consistency of this result
suggests that a combination of pulse-tracer correlations
and some insight into bed structure may allow a
reasonable prediction of conversions in trickle-bed reac-
tors.
The part of the surface excluded from chemical

conversion must be taken into account to allow the
calculated values of (ηk)L/G to have their common
meaning. This introduced an additional factor in the
derivation of the product of effectiveness factor and
kinetic constant not considered in other works that have
employed the chemical reaction method. Anthracene
and hydrogen distribute between liquid- and gas-
covered regions of the catalyst in a way that could be
calculated by means of their equilibrium relationships.

Experimental values for (ηk)L and (ηk)G have been
proposed based on the assumption that vapor-liquid
equilibrium relationships, Πi, and the value of wetting
efficiency remained constant throughout the reactor.
The conversion data obtained in this work indicated that
the hydrogenation of anthracene took place preferably
on the wetted surface. Though intrinsic kinetic con-
stants were not determined, an estimation has been
adopted from a previously published work that allowed
the effectiveness factors to be calculated. The overall
effectiveness factor increased with liquid coverage up
to a value of ηTB ) 0.29 for ftd near unity. The low
values obtained for ηG were most probably due to the
low volatility of anthracene (ΠANT < 0.05). However,
they might also be explained by incomplete internal
liquid pore filling associated with a negligible gas-solid
reaction. Finally, interface temperature differences
were determined as indicated by Herskowitz and Smith
(1983). Even for the highest conversion obtained, the
temperature increase was less than 1.5 K, and an
additional vaporization of the liquid in contact with
catalyst surface could be excluded.
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Nomenclature

CA,G ) gas phase concentration of reactant A, mol‚L-1

CA,L ) liquid phase concentration of reactant A, mol‚L-1

dp ) particle diameter, m
dpc ) mean distance between particles, m
dr ) reactor diameter, m
Eö ) FLgdp2/σL, Eötvös number
f ) wetting efficiency, dimensionless
fc ) wetting efficiency obtained from conversion data,
dimensionless

fs ) unit fraction of surface covered by stagnant fluid,
dimensionless

ftd ) wetting efficiency obtained from tracer data, dimen-
sionless

g ) acceleration of gravity, m‚s-2

G ) superficial gass mass flow rate, kg‚m-2‚s-1

GaL ) FL2gdp3/µL2, Galileo number of the liquid phase
HA ) Henry’s law constant for species A, dimensionless
kL, kG ) kinetic rate constant for a catalyst which external
surface is convered by liquid and gas, L2‚mol-1‚s-1‚kg of
catalyst-1

L ) superficial liquid mass flow rate, kg‚m-2‚s-1

n ) number of contact points between particles in the
packing

nt, nc ) number of total and close contacts between
particles in the packing

NA ) molar flow rate of reactant A, mol‚s-1

NA,o ) inlet molar flow rate of reactant A, mol‚s-1

P, ∆P ) pressure and pressure gradient, Pa
r ) reaction rate, mol‚s-1‚kg of catalyst-1

ReL ) FLvLdp/µL, Reynolds number of the liquid phase
ReG ) FGvGdp/µG, Reynolds number of the gas phase
vL ) liquid phase superficial velocity (based on the empty
cross section of the reactor), m‚s-1

vG ) gas phase superficial velocity (based on the empty
cross section of the reactor), m‚s-1

W ) weight of catalyst, kg

ú ) x1 - ε(1 -
dpc - dp

dp ) (16)
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x, xf ) conversion and conversion at the reactor outlet,
dimensionless

Z ) length of the packed bed, m

Greek Letters

RA ) liquid mole fraction of A divided by the total mole
fraction of A, dimensionless

âres ) residual liquid holdup unit fraction of the empty
space, m3 of liquid‚m-3 of void

ú ) packing parameter defined in eq 16
ε ) overall porosity of the packed bed, m3 of free space‚m-3

of reactor
ηL, ηG ) effectiveness factor for the liquid- and gas-covered
external surface of the catalyst

λ ) vapor to feed molar ratio, dimensionless
µL, µG ) dynamic viscosity of liquid and gas phase,
kg‚m-1‚s-1

ΠA ) yA/xA, vapor-liquid equilibrium relationship for
compound A

FL, FG ) liquid and gas density, kg‚m-3

σL ) gas-liquid surface tension, N‚m-1

Subscripts and Superscripts

A, B ) reactants
ANT ) anthracene
HYD ) hydrogen
TB ) trickle bed
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