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Abstract

1,3-Propanediol can be synthesized by the hydrogenation of 3-hydroxypropanal over a nickel catalyst. The aim of the
investigation was to obtain information about the mass transfer and degree of wetting in a trickle-bed reactor. The model for the
concentration and temperature profiles in a pilot reactor employed was based on kinetic measurements in an autoclave. Two
different approximations of the overall catalyst effectiveness factor were used: (1) the effectiveness factors of dry, half wetted and
totally wetted slabs were weighted as proposed by Beaudry, Mills and Dudukovic; (2) a new cylinder shell model was used, leading
to one-dimensional mass balance equations inside the porous catalyst particle for all possible values of the external wetting

efficiency on the particle scale.
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1. Introduction

3-Hydroxypropanal (HPA) synthesized by acid catal-
ysis from acrolein and used as a 10 -+ 0.5 wt.% aqueous
solution was employed in this investigation. The hydro-
genation reaction was carried out on a nickel catalyst
over the temperature range 308—333 K at a pressure of
20-80 bar. The reaction equations are:

H,C=CH—CHO "% HO—CH,—CH,—CHO _"2,
acrolein (AC) 3-hydroxypropanal (HPA)

HO—CH,—CH,—CH,0H
1,3-propanediol (PD)

Under these operating conditions, possible side-reac-
tions and the reversible reaction between acrolein and
HPA play only a moderate role in determining the
quality of the product. Hence, the interaction between
the reaction kinetics, mass transfer and catalyst wetting
can be described by the simple reaction scheme

vA[gaseous] + B[non-volatile] — product(I)

where reactant A is hydrogen, reactant B is 3-hydroxy-
propanal (HPA) and 1,3-propanediol (PDO) is the
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product. Thus all the model equations, presented in
Ref. [1], are applicable to the hydrogenation of HPA. It
is assumed that any deviations between the global
reaction rate in the trickle-bed reactor and the effective
reaction rate in a spinning-basket reactor per mass of
catalyst can only arise from three factors: (1) deactiva-
tion of the catalyst; (2) partial external wetting of the
catalyst; and (3) external mass transfer limitation of
hydrogen.

2. Intrinsic kinetics

The intrinsic rate of reaction per mass of catalyst
powder in a stirred tank reactor excluding any mass
transfer limitation has been adequately described by the
following rate equation [2]:

- deg K Kkne /R ope,

™ T (1% Kyen - Kata)? @

where

ca = c§4 corresponds to liquid saturated with hydrogen
cfa #1(T), in the range 38-60 °C

c¥4ocp, where p is the pressure of the pure gas phase
(Henry’s law)
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Table 1
Kinetic parameters and confidence limits for the intrinsic kinetics

Table 2
Estimated pore diffusion coefficient and tortuosity factor ¢
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Fig. 1. Kinetic measurements fitted by Eq. (1) using the values of the
parameters listed in Table 1.

c¥s #f(c 3, 0,p) corresponds to the solubility of hydro-
gen in water
cfa (40 bar) = 0.029 mol1~! [3]

Estimated values of the kinetic parameters and their
confidence limits are given in Table 1. In Fig. 1, the
measured concentration profiles are described by Eq.
(1) using the parameter values given in Table 1'.

3. Effective kinetics
The same catalyst pellets were used (characteristic

length L, =V,/O,=0.18 mm) in the spinning-basket
reactor and trickle-bed reactor. As long as excess of

[Eq. (1) and Table 1] and Bischoff’s approximation for the effective-
ness factor [Eq. (2) and Table 2).

HPA exists inside the porous catalyst (in the spinning-
basket reactor with complete external wetting this can
be decided by the criterion D, geip>» Doacia),
Bischoff’s approximation [given in Eq. (2)] can be used
for the effectiveness factor #,. Because the measured
intrinsic rate is more than three-times higher than the
effective rate, it can be assumed that the concentration
of hydrogen in the centre of the catalyst is zero.

. —EJRT 0.5
<2De,AjA K\ Kokompy € Csnla 4, )
: )]

_ (1+Kicsp + Kpen)
’7p Klekmpp € ~E/RT Cs.Bcs.A
(1 +Kjeop + Koco p)?

The only unknown parameter in Eq. (2) is the effective
pore diffusion coefficient D, o, which can be determined

' The confidence limits of the kinetic parameters given in Table 1 must be seen relative to the uncertainty of the parameters employed in the
reactor model. This uncertainty results partly from the simplified reaction scheme vA[gaseous] + B[non-volatile] =+ product, on which the modelling
in this investigation is based, and from the analytical error. Some reflections about the wetting parameter /|, will show that the kinetic parameters
given above are suitable. The weighting of slabs proposed by Dudukovic and coworkers [4] intuitively gives a good approximation of the
reactor-scale and particle-scale incomplete wetting using only one wetting parameter, but nevertheless there is no exact proof of its accuracy. The
way to determine the wetting parameter by tracer methods [5-8] intuitively has a closer relationship to the cylinder shell model without
consideration for reactor-scale incomplete wetting than the model of weighted slabs. Furthermore, different investigations have shown that for one
value of f;, (in the literature often called #.,) deviations in the resulting value of the effectiveness factor 5, of more than 20% occur if different
distributions of the liquid on the outer catalyst surface are presumed {9,10]. For these reasons, the uncertainty in the kinetic parameters seems to

be acceptable as a first approximation.
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Fig. 3. Simplified scheme for the pilot trickle-bed reactor.

by regression using the models for r,, and 5, and the
measured concentration profiles versus time in the spin-
ning-basket reactor. The results are given in Table 2
and Fig. 2.

4. Global kinetics
4.1. The pilot trickle-bed reactor

Fig. 3 shows a simplified scheme for the pilot trickle-
bed reactor. The reactor consist of four segments each
146 cm in length with an inner diameter of 7.63 cm.
Many temperature and pressure sensors are distributed
along the reactor. Each segment is provided with four
appliances for taking liquid samples. The aqueous
10 wt.% solution of HPA flows cocurrently with hydro-
gen through the trickle bed. After separating the gas
and liquid, an aqueous solution of 1,3-propanediol is
obtained.

4.2. Mass and heat balances for the liquid phase

Mass and heat balances have been used to describe
the measured temperature and HPA concentration
along the reactor axis. The mass balance of HPA is
given by Eq. (3):

de .
—Uo 'alz',—B = aiﬁoﬂs"m(cfm ¢, I) 3)

In this equation, g, is the catalyst activity which has to
be introduced since there was a moderate deactivation
of the catalyst with time which had to be taken into
account.

The mass balance of hydrogen is given in Eq. (4)%

2 The whole external mass-transfer resistance of the gas is assumed
to be on the liquid side of the gas/liquid-film, as proposed in Ref. [1].

dz
In the mass balance of hydrogen, a modified effective-
ness factor 7} has been used to consider partial wetting;
the upper index | denotes liquid. The global reaction
rate a;psrm(ch s cays T) 1s equal to the consumption
of hydrogen, which in turn is equal to the whole
diffusion flux per time of hydrogen through the
outer surface of the catalyst particles; the term
anopstm(chys cpyy T) is equal to the diffusion rate from
flowing liquid through the outer catalyst surface. For
complete wetting, #} is equal to 7,. The mass balances
which lead to the exact definition of #} are given in
Ref. [1].

The heat balance of the liquid phase is given by
Eq. (5):

ka(cfa — ¢a) — Uy = aﬂ?%)ﬂs"m(cfm g 1) 4)

p d_::: ai’7o,057'm(cﬁm 90D T) AHR (5)
The values for water were used for the specific heat ¢,
and the density of the liquid phase p, of the solution
(containing 10 wt.% HPA). For a complete conversion
of 1.3mol HPA 1!, a temperature rise in the trickle-
bed reactor of about 19 K was measured. Assuming
adiabatic conditions, the heat of reaction AHy can be
estimated from:

_ ATpic,  —19K x097kgl™' x42kImol ™!
T oas 1.3 mol 1!

= —60 kJ mol~! (6)

The difference between the heat of formation of I-
propanol and propionaldehyde AH =~ —66 kJmol~!
[11] can be used as an approximation for the heat of
reaction, indicating that the assumption of adiabatic
conditions appears to be correct.

All the kinetic parameters for the hydrogenation of
HPA are summarized in Tables 1-3.

— Uy P1C

AHyg

4.3. Solid-phase mass balances for the model of
weighted slabs [1]

The mass balances for an infinite catalyst slab are
given in Egs. (7) and (8):
de
De,A E)—C% = aipprm(CA: CB) (7)

2
c
De.B a;% = aipprm(CA) CB) (8)

Table 3
Kinetic parameters

AHg (kI mol™") -~ 60
ps (€17 300
e, (g171) 1330
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As shown in Ref. [1], there are three possibilities for
calculating the effectiveness factor of a single particle,
and in each case two may be used to control the
numerical solution. Only one example is given here.

The effectiveness factor #,, of a half-wetted infinite
slab, which is dry at x =0 and wetted at x=2L_, can
be calculated from Eq. (9):

deg A, deg
e,B N e,B
dx v=2L, 2 _ dx x=2L,

Vpaipprm(cl*:A: CI.B) 2Lcaipprrn(cfA’ Cl,B)

D

Toaw =

©)

For calculating the overall effectiveness factor, the
effectiveness factors for the half-wetted and totally
wetted slabs are calculated and weighted as proposed
by Dudukovic [Eq. (10)]*:

Ho =ﬁv77cw+2(l ~fw)fwr/hw+(1 _fw)zrlnw (10)

4.4. Solid-phase mass balances for the cylinder shell
model

The mass balances for a cylinder shell are given by
Egs. (11) and (12) [1]:

d*, 1 dc
De,A<ﬁ -+ ; ’ _d—xé> = a[pprm(CAa CB) (1 1)

2 1 de
De,B(% + ; ’ d_x]%> = aipprm(CAs CB) (12)
Here, the overall effectiveness factor is equal to the
effectiveness factor of the cylinder shell, which can be
calculated for example from the diffusion flux of hydro-
gen through the wetted surface at x = R, and through
the unwetted surface at x = R;:

de de
b eﬁ(d? A= d; R Af>
Nt lx=R, x=R;

Vpafpp"m(cfm Cip)

dea dea
DE'A<EC—'\.=R4fW_ dx (1 fw)>

v=R;
— a — - i (1 3)
Loapyrp(cta, as)

Ho=

4.5. Numerical solution of the model equations

The numerical solution of the model equations starts
with the single pellet mass balances at the beginning of
the catalyst packing. For the balance equations relating
to diffusion and reaction in the pores of the catalyst, a
discretization by central differences (12-80 interpola-
tion nodes) was made and the resulting system of
non-linear equations was solved by Newton-Kan-

3 The effectiveness factor of a completely unwetted slab is zero
because there is no HPA in the slab.

torowitch’s method (4~10 iterations were necessary).
After calculation of the required effectiveness factors,
the mass and heat balances of the flowing liquid [Eqgs.
(3)—(5)] were solved by forward integration; the single-
pellet mass balances had each to be solved for
Az =5cm while integrating Eqs. (3)~(5) from the be-
ginning to the end of the catalyst packing, because #,
varies with the temperature and with the concentrations
of the reactants.

4.6. Experimental results and model predictions

4.6.1. The different experimental series

Three series of experiments under trickle-bed opera-
tion were carried out. In the first and second experi-
mental series, the catalytic activity was in the same
range and about two-times higher than in the third
series.

It was necessary to investigate the effect of tempera-
ture on the global reaction rate in a laboratory trickle-
bed reactor (first experimental series) before
experiments in the pilot plant were commenced. The
results may be expressed in the form of an apparent
activation energy E,,, = 12 kJ mol~'.

The second experimental series was carried out in the
pilot trickle-bed reactor described above to determine
the effect of liquid superficial velocity 1 on the global
reaction rate. Some results from these experiments will
be described later together with the predictions of the
reactor model. As a result of these experiments, an
increase in the global reaction rate with increasing ug
was established,

Unfortunately there was a considerable loss of cata-
lytic activity between the second and the third experi-
mental series. Thus, after the experiments had been
completed, it was found by AAS analysis that the
catalyst pellets had lost nickel, possibly as a result of
acids formed in the HPA aqueous solution, Hence the
third experimental series was not suitable for modelling.
Nevertheless, the pressure dependence of the reaction
studied in the third series — expressed by an ‘order 1.,
ie.

ros0.(80 bar) /80 bar)\"
rg.SO%(4O bar) B 40 bar

— was close to zero rather than unity. However, un-
published experimental results on the hydrogenation of
xylose in aqueous solution using a pilot plant in this
laboratory indicate a similar effect concerning the influ-
ence of reactor pressure on the global reaction rate,
although simulations indicated an external mass-trans-
fer limitation of hydrogen. Hence the pressure-depen-
dence of a gas-limited reaction seems to be significantly
lower than that predicted by modelling using correla-
tions for ka and f, from the literature.
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Fig. 4. Fitting the model to the measured concentration and temper-
ature profiles.

4.6.2. Determination of the parameters of the reactor
mode!

The parameter with the greatest uncertainty in the
reactor model is the degree of catalyst deactivation a,.
Observation of the activity of the catalyst under trickle-
bed operation and repeating experiments in the spin-
ning-basket reactor gave some idea of the degree of
deactivation, but no exact value for g, could be ob-
tained. The first value of g¢;=0.5 was obtained by
fitting the model to the experimental results*.

As discussed later, this value of g; is confirmed by the
temperature-dependence of the global reaction rate.

For the determination of the parameters ka and £,
three different possibilities exist: (1) simultaneous fitting

S a3e
b 4
1.2 4
] s r
E 325
1.0 ~ L
i o HPA-concentration [
— 4 8 & temperature E
> 08 A p = 680 bar L 320
[+] 1 U, = 0.15 em/s L E
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3 i ka = 0.015 g L 5
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Fig. 5. Predictions of the model (using correlations from the litera-
ture) and measured concentration and temperature profiles.

4 Fitting the three model parameters g;, ka and f,, to the three
experimental runs taken from the second experimental series (with
three different liquid superficial velocities) resulted in approximately
the same value for ;. For these calculations, the model of weighted
slabs as proposed by Dudukovic and coworkers was used.

of the global model to the measured {(cg, T)=1{{(z)
profiles; (2) evaluation of correlations for ke and f,
given in the literature; and (3) modelling of an ideal
trickle-bed reactor with ka= o0 and f, = 1.

Measured concentration and temperature profiles and
model predictions

In Fig. 4 the reactor model has been fitted to the
measured concentration and temperature profiles in the
trickle-bed reactor while in Fig. 5 correlations given in
the literature have been used in the model equations
{overall effectiveness factor calculated from the model
of weighted slabs)>®.

Fig. 6 shows that the global reaction rate is greatly
overpredicted by the model of an ideal trickle-bed
reactor’. At this point it could be advanced that a
better description of the measurement can possibly be

330
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] S g
1.0 ] :-325
~— ] a E
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o) ] & temperature r —
] B3
E B p = 80 bar —
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Fig. 6. Modelling of an ideal trickle-bed reactor and measured con-
centration and temperature profiles.

5 Better agreement between simulation and measurement with the
parameter value f, =0.3 (Fig. 4) than with the parameter value
Sy =0.66 (Fig. 5) must not be interpreted as indicating that Bur-
ghardt’s correlation is wrong. There is a great uncertainty in the
simultaneous determination of three parameters from only one mea-
sured (cg, T) = f(z} profile.

6 The formation of a new correlation requires the consideration of
more than one measurement. The use of (¢, T) =f(z) profiles mea-
sured at different pressures would be best for this purpose, because
the parameter values should be nearly independent of the reactor
pressure. However, the first aim of the experiments (second experi-
meéntal series) was to analyze whether there was a local maximum in
the global reaction rate in its dependence on the liquid superficial
velocity, Because the experiments in the pilot plant required large
amounts of material (20001 of HPA solution were consumed) and
work time, the investigations had to be completed with the third
series. Hence the aim of the present investigation was not to give a
new correlation for the wetting efficiency, f,,.

7 The *ideal trickle-bed reactor’ is defined in Ref. [1].
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obtained by reducing the factor ¢; in the model of an
ideal trickle-bed reactor. But this objection may be
rejected by analyzing the influence of the operational
parameters on the global reaction rate. If the assump-
tions leading to the model of an ideal trickle-bed reac-
tor are right, then the apparent activation energy E,,,
in the trickle-bed reactor would have to be in the range
of E,/2 to E, (E, is the activation energy of the intrinsic
kinetics given in Table 1); in fact a value of
E,pp=12kJmol~" was measured and not E,=33-

66 kJ mol %,

4.6.3. Significance of the parameters of the reactor
model

From the decrease in the global reaction rate in
trickle-bed operation together with the loss of nickel
from the catalyst, it can be concluded that g, is a
significant parameter in the reactor model. From the
temperature-dependence (E,,, < E,/2), it can be con-
cluded that in addition to the inner mass-transfer limi-
tation of hydrogen (which has already been established
in the spinning-basket reactor) in trickle-bed operation,
there must be a further mass-transfer resistance: partial
external wetting or stagnant liquid pockets possibly
lead to an increased mass-transfer resistance for HPA
and the external liquid film possibly offers a significant
mass-transfer resistance for hydrogen.

As reported above, the experimental results obtained
at different temperatures can be expressed by an appar-
ent activation energy E,,,=12kJmol~'. Evaluating
the change in the calculated global reaction rate with
temperature gives a result which can also be expressed
by an apparent activation energy. With a,=0.5, differ-
ent combinations of (kya; f,,) can approximate the mea-
sured global reaction rate and — neglecting the
temperature-dependence of the diffusivity — all these
combinations result in an apparent activation energy
E,,~9kImol~'. Hence, if we assume in addition a
slight temperature-dependence of the diffusivity, the
response to temperature change in the model and in the
experiment agree well. These calculations confirm the
value of @;=0.5, but they give no information as to
whether the decrease in the temperature-dependence in
the trickle-bed reactor relative to the rotating-basket
reactor is caused by an increased mass-transfer resis-
tance of hydrogen, of HPA or of both reactants.

For liquid superficial velocities uy=0.12-
0.48 cm s~!, as used in the second experimental series,
correlations for external wetting efficiency in the litera-
ture give values in the range f;, = 0.6-1.0 [12]. If these
values for £, are correct, it can be concluded that for
the highest liquid velocity the catalyst is nearly com-
pletely wetted externally so that hydrogen is the only
limiting reactant, while at lower liquid velocities both
reactants are limiting. Using a weighted multi-response
regression employing the model of weighted slabs and

1,50
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Fig. 7. Global reaction rate in the hydrogenation of 3-hydroxy-
propanal.

the measured (¢, T) = f(z) profiles in the trickle-bed
reactor, values of f,, = 0.3-0.6 were obtained. As men-
tioned above, such a regression cannot be very reliable
since neither the reactor pressure nor the initial condi-
tions were varied in the experiments reported here.
Nevertheless, an initial indication of lower external
wetting efficiencies than given in the literature arises,
which seems to be confirmed by some of the following
considerations.

In the discussion concerning the activity a; given
above, the responses to changes in temperature in the
reactor and in the reactor model were compared. In the
following explanations, attempts will be made to obtain
information about kg and f, in a similar manner, i.e.
for different combinations (ka, f,,), the response of the
model to changing the operational parameters uy and p
will be analyzed and compared with the experimental
results from the trickle-bed reactor.

Fig. 7 shows the average global reaction rate for a
conversion of 50% for different liquid space velocities.
In the first experimental series in the laboratory reactor,
as Uy increased an increase in rysg, occurred (dashed
line). Increasing the liquid space velocity from
0.12cms™! to 0.24 cms~! gave an additional signifi-
cant increase in the reaction rate. The further increase
of uy from 0.24cms~! to 0.36cms™! led to only a
moderate increase in ry soy,. The lower value of rg 5oy at
up;=0.48 cms™! has been placed in brackets because
all attempts to reproduce it failed. A strong increase in
the pressure drop while increasing wuy in the range
0.45-0.50 cm s~!, interpreted as corresponding to tran-
sition from the low interaction regime to the high
interaction regime, led to unstable operation of the
reactor which was very sensitive to slight variations in
the liquid velocity.
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The correlation between the global reaction rate and
the liquid velocity agrees well with Satterfields findings
in different reaction studies. On initial inspection only
the very uncertain value of rgsg, at uy =048 cms™!
agrees with Herskowitz’ theory of improved mass trans-
fer with decreasing u, relative to f,, for a gas-limited
reaction. However, it should not be concluded at this
point that Herskowitz’ theory might be wrong, because
it is also possible here that the non-volatile reactant
HPA becomes limiting on decreasing u,, relative to f,,.

In Fig. 8 the overall effectiveness factor is plotted
against the external wetting efficiency using estimated
mean values for the temperature and the HPA and
hydrogen concentrations. For complete external wet-
ting, the only difference between both models is the
geometry of the catalyst. The consideration of reactor-
scale partial wetting in the model of weighting slabs
generally leads to smaller values of #, in this model
than in the cylinder shell model. Partial wetting on the
particle scale results in a higher catalyst effectiveness
than partial wetting on the reactor scale; thus the
cylinder shell model gives the higher maximum of
1o = (/).

No indications allowing further analysis of the prob-
lem — including the parameter ka 8 — with respect to
a possible maximum in the reaction rate were found.
Nevertheless the combination of Figs. 7 with 8 leads to
the suggestion of lower wetting efficiencies in the exper-
iment than those given in literature [6,12,13].

0.40 7
0.30 7 cylinder shell model
=} h
& 0.20
mode! of weighted slabs
0.10 - a = 0.5
1 T=312 K
ca = 1.00 mol/l
cux = 0.058 mol/l
ca = gar/3 = 0.019 mol/l
0.00 Frrrrrrrr T
0.00 0.20 0.40 0.60 0.80 1.00

fu

Fig. 8. The overall effectiveness factor for different wetting models.

8 Although ka — determined by ab- and dé-sorption experi-
ments — increases with increasing ug, (relative to f£,), it cannot be
concluded that the flowing liquid is more saturated with hydrogen at
higher liquid rates since (1) kja is based on the volume of the packing
and (2) ka is related to a model assuming complete external wetting
[14].

1.00 5
0.80
3 model of weighted
3 slabs
0.60 3
A K
- 3
0.40 3 cylinder shell model
3 T(og = 308
0.20 - ce(0) = 130 mol I
3 cax = 0.058 mol
. c,, (O) = 0029 moI/I
3 0.15 cm/s
0.00 ST T T
0.00 0.40 0.60 0.80 1.00
fw

Fig. 9. The effect of external catalyst wetting on the reaction order
relative to the pressure (simulation).

The pressure-dependence also confirms the possibility
of smaller wetting efficiencies than those quoted in the
literature. As illustrated in Fig. 9, the order n, associ-
ated with the reactor pressure decreases with decreasing
values of £, in the model, since the diffusivity of HPA
becomes limiting. Values of n, close to zero — as found
experimentally — can only be obtained via the cylinder
shell model using wetting efficiencies less than those
given in the literature.

5. Conclusions

Two different approximations of the overall catalyst
effectiveness factor have been used for modelling the
hydrogenation of 3-hydroxypropanal. Both approxima-
tions, i.e. the model of weighted slabs and the cylinder
shell model, have two common advantages: (1) the
problem of partial external wetting is considered using
only one parameter and (2) the single-pellet mass bal-
ances are one-dimensional, which is very helpful in the
case of non-linear bimolecular reaction kinetics and
non-isothermal conditions where the overall effectiveness
factor y, depends strongly on the axial coordinate z.

When compared with the model of weighted slabs, the
cylinder shell model has the advantage that incomplete
external wetting on the particle scale is not restricted to
fv=10.5. On the other hand, the model of weighted slabs
also considers in an intuitively realistic way the problem
of incomplete external wetting on the reactor scale. In
the cylinder shell model, the same average wetting
characteristics are assumed for all particles.

In the hydrogenation of 3-hydroxypropanal, mass
transfer of the gas through an outer liquid film and
partial external wetting of the catalyst seem to affect the
global reaction rate. In both models mentioned above,
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parameter values of f,, = 0.6—1.0 would lead to a higher
pressure dependence and, on increasing the liquid su-
perficial velocity, to a maximum in the global reaction
rate, which has yet to be observed experimentally.
Better agreement between the response of the model
and experimental observations on changing the opera-
tional parameters may be obtained by assuming lower
values of £, so that pore diffusion of 3-hydroxy-
propanal limits the reaction rate. Calculations with the
cylinder shell model show that a low wetting efficiency
on the particle scale leads to a low pressure dependence,
as found experimentally.

As long as the ideal trickle-bed reactor remains to be
verified for a reaction not limited by the gaseous reac-
tant, and as long as the maximum of the reaction rate
as a function of liquid velocity for a gas-limited reac-
tion has not been verified experimentally, there remains
a certain doubt regarding the attainment of complete
external wetting at high liquid rates. This statement
concerns wetting as a contact between flowing liquid
(‘liquid phase’) and liquid trapped in the pores (‘solid
phase’). When industrial workers report complete wet-
ting in their trickle-beds, they often have in mind the
fact that they did not find any dry particles after
opening their reactor.

Nomenclature

a; activity factor; ratio of activity of catalyst in the

trickle-bed reactor to the activity of fresh cata-

lyst used in the rotating basket reactor, —

external surface of catalyst particles per unit

volume of packing, cm™!

A, external surface of a cylinder shell, cm?

A, inner surface of a cylinder shell, cm?

4 external surface of a catalyst pellet, cm?

Apw external not wetted surface of a catalyst pellet,
cm?

Ag reactor cross-section, cm?

c; concentration of component j (f = A, hydrogen;

j=B, HPA; j=P, 1,3-propanediol) inside the

catalyst pellet, mol 17!

heat capacity, kJ g=!' K~!

Cean  mass of catalyst per volume of liquid in the
stirred tank reactor, gl=!

Ceara  Mass of catalyst per volume of liquid in the
spinning basket reactor, g1~!

Cers ~ Mass of catalyst per volume of liquid in the
trickle-bed reactor, gl1~!

¢, concentration of component j in the external
liquid, mol 1!

cia saturation concentration of reactant A, mol 1~

C,, C, integration constants, —

D, ; pore diffusion coefficient of component - j,

cm?s!

Mhw
Taw
Ho

apparent pore diffusion coefficient, cm?s~!
activation energy of the intrinsic kinetics,
kJ mol~!

activation energy of the global kinetics,
kJ mol~!

reaction enthapy, kJ mol~!

external wetting coefficient, —

constants in the intrinsic rate equation, 1 mol=!
(in a mechanistic interpretation — which is not
relevant for this investigation — K; would be
equal to the adsorption constant of component
J)

mass-transfer coefficient from gas to liquid
based on the volume of catalyst packing, s~
reaction rate constant based on mass of cata-
lyst, mol(gcat)™'s~!' [or I(gcat)~'s™' de-
pending on the rate equation]

distance between centre and outer surface of
catalyst pellet, cm

characteristic length V,/4, of a catalyst pellet,
cm

reactor length, cm

order of global kinetics relative to reactor pres-
sure, —

external surface area of a cylinder shell, cm?
external surface area of a single catalyst pellet,
cm?

outer radius of a cylinder shell, cm

inner radius of a cylinder shell, cm

global rate of reaction based on volume of
catalyst packing, mol g cat~!s~!

average global rate of reaction based on volume
of catalyst packing, mol1=!s~!

intrinsic rate of reaction based on mass of
catalyst, mol1=!s~!

temperature, K

liquid superficial velocity, cm s~!

volume of a single catalyst pellet, cm?
volume of the reactor, cm?®

volume of a cylinder shell, cm®

coordinate inside the catalyst, cm

conversion of reactant B

coordinate in the axial direction of the reactor,
cm

Thiele modulus of a cylinder shell, -
generalized Thiele modulus

9o =Len/lmpp/ Dol =1)

bed porosity, -

porosity of a catalyst particle, —

liquid hold-up, -

effectiveness factor of a catalyst pellet —
effectiveness factor for a completely wetted slab,
effectiveness factor for a half-wetted slab, ~
effectiveness factor for a non-wetted slab, —
overall effectiveness factor, —
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v absolute value of the stoichiometric coefficient
for reactant A, -

o dimensionless coordinate inside the cylinder
shell, —

2i value of p at the inner surface of the cylinder
shell, -

01 liquid density, gl1=!

Po density of a catalyst particle, gcat1~!

Os density of catalyst packing, gcatl~!

7 tortuosity factor, —
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