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Abstract—The effect of reactor pressure in the range of 0.2-2.0 MPa on the transition between the
trickle-flow and the pulse-flow regime has been investigated for the non-foaming water—nitrogen and
aqueous 40% ethyleneglycol-nitrogen systems. Most models and flow charts which are all based on
atmospheric experiments were able to describe the transition experiments performed at 0.2 MPa reasonably
well. However, this is not so at elevated pressures. For both gas-liquid systems it is found that at a constant
superficial gas velocity and higher reactor pressures the transition of trickle flow to pulse flow occurs at
a relative higher liquid throughput. In the pressure range of 2.5-7.0 MPa the pulse-flow regime could not be
obtained for throughputs up to 1.7 cm/s superficial liquid velocity. An explanation for this effect is given
based on the dynamic liquid hold-up and pressure drop data determined at the flow regime transition.
Finally an empirical equation is proposed, relating the parameters governing the flow regime transition and
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describing the hydrodynamic conditions at the transition between trickle flow and pulse flow.

INTRODUCTION

The three-phase reactor in which a liquid phase and
a gas phase flow concurrently downward through
a fixed bed of catalyst particles is commonly called
a trickle-bed reactor. The advantages and disad-
vantages of the trickle-bed reactor compared to
other types of three-phase reactors are discussed by
Satterfield (1975) and Tarhan (1983). It is used exten-
sively in the chemical and petrochemical industry and,
especially to improve the liquid solubility of the gas-
eous reactant, it is operated at elevated pressures in
most of the applications.

In the trickle-bed reactor basically four flow re-
gimes can be encountered, depending on the gas and
liquid flow rate and the fluid and packing properties.
At low liquid and gas flow rates the liquid trickles
over the packing and the gas phase is the continuous
phase filling the remaining voids. This regime is
known as the trickle-flow regime. The pulsing regime
can be obtained at higher liquid and gas loads and
here the liquid periodically blocks the channels be-
tween the packing particles and forms plugs. Above
this liquid plug the gas pressure increases to such
values that the plug is subsequently blown down
through the column. The spray flow regime occurs at
relatively high gas rates and low liquid rates: the
liquid phase is entrained in droplets by the gas phase.
This regime is also called the mist flow regime. At low
gas and high liquid flow rates the liquid becomes the
continuous phase and the gas flows downward in the
form of bubbles: this is the dispersed bubble flow
regime. The transition between the pulse-flow and the
trickle-flow regime is sharp, while the transition to
spray flow and dispersed bubble flow is more gradual.

fAuthor to whom correspondence should be addressed.

Knowledge of the several transitions is indispens-
able in the design of trickle-bed reactors; several stud-
ies show that the pressure drop, liquid saturation,
liquid mixing and heat and mass transfer coeflicients
are affected differently in each regime [see, for
example, Specchia and Baldi (1977), Ruether et al.
(1980) and Rao and Drinkenburg (1985)].

In the literature a number of studies have been
presented on the transitions between the several
regimes and their dependence on the gas and liquid
flow rates, the liquid properties and the packing
geometry and size. Regretfully—at least to our know-
ledge—no research has yet been carried out on the
effect of the pressure of the gas phase. Hence there is
still a lag between the published experimental re-
search and industrial practice at elevated pressures.

In the present study the experimental determina-
tion of the transition of the trickle-flow to the pulse-
flow regime at varying reactor pressures and with two
non-foaming Newtonian gas—liquid systems will be
presented. To get a better understanding of the
transition phenomenon we have also determined the
dynamic liquid hold-up as well as the pressure drop at
each point of transition. With these new available
data we will test the different models, correlations and
flow charts for the prediction of flow pattern bound-
aries. Based on our experimental results at elevated
pressures we will give the hydrodynamic parameters
which are in our view governing the transition be-
tween the trickle-flow and the pulse-flow regime.
These hydrodynamic parameters will be related into
an equation which describes the hydrodynamic condi-
tion at the initiation of the pulses in the column.

LITERATURE SURVEY

In this survey we mainly focus our attention on the
transition between trickle flow and pulse flow for
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non-foaming gas-liquid systems. More extensive re-
views on the several flow regime transitions are given
by Gianetto et al. (1978) and Herskowitz and Smith
(1983).

Extensive experimental data on the transition be-
tween the trickle-flow and the pulse-flow regime are
available for atmospheric conditions. From most
studies only qualitative conclusions can be drawn on
the dependence of the flow regime transition on the
gas and liquid velocities, the physical properties of the
fluids and the packed-bed properties. In only a few
cases has an attempt been made to correlate the data.
Table 1 summarizes these studies.

Charpentier and Favier (1975) proposed a flow map
based on an empirical coordinate system originally
developed by Baker (1954) for gas—liquid flow regime
transitions in empty horizontal pipes. The reactor
pressure has been incorporated in the gas mass flux G.
The parameters A and ¢ are empirical dimensionless
numbers which contain the physical properties of the
gas—liquid system as related to the air—water system.
The boundary line in the flow diagram separating the
trickle-flow from the pulse-flow regime is based on
atmospheric experiments and several gas—liquid sys-
tems. The gas density has been varied between 0.15
and 1.8 kg/m* by using helium and carbon dioxide
gas.

The coordinate system of the flow map proposed by
Talmor (1977) is based on a semi-theoretical ap-
proach. Which flow regime is encountered depends on
the ratio of the superficial gas to liquid velocities and
on the ratio of the inertia and gravify driving forces to
the viscous and surface tension resisting forces. For
the definitions of the dimensionless numbers in the
x-coordinate we refer to Talmor (1977). For non-
foaming systems five different flow regimes are distin-
guished: the transitions are indicated by curves based
on his own experimental data and those of several
other authors. The line separating the trickle-flow
regime from the pulse-flow regime is mainly based on
data obtained with air and water—glycerol mixtures.

Fukushima and Kusaka (1977) investigated the
transition between flow regimés in a column with
8—10 particles on a diameter. It is obvious that—if the
dimensionless number (D,/d,)°>° in Table 1 plays
a role—the contribution of the wall flow to the hy-
drodynamic behaviour was relatively large. No influ-
ence of D, /d, on the hydrodynamics was found by
Blok et al. (1983) and Sicardi et al. (1979). According
to Herskowitz and Smith (1983) the effect of the wall
flow can be disregarded at D,/d, > 18.

Sicardi et al. (1979) and Sicardi and Hofmann
(1980) considered the trickle bed as consisting of par-
altel channels with constrictions. They assumed that
the pulse-flow regime occurs when large waves on the
liquid surface occlude the constrictions. A dimension-
less correlation was derived by which the ratio of the
wave amplitude to the mean liquid film thickness
(A/8),. is described as a function of the tangential
stress on the liquid surface at the point of transition,
the surface tension and the constriction geometry. The
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two constants in eq. (3) in Table 1 were determined by
means of transition experiments with several types of
packing.

Blok et al. (1983) have found experimentally the
mean actual liquid velocity u; to be constant at each
point of transition between trickle and pulse flow.
Therefore they postulated that the initiation of pulses
is determined by a critical minimum value of the
Froude number, based on the mean actual velocity u,
[see eqs (4) and (5) in Table 1]. For the air—water
system and for several types of packing the critical
value was experimentally found to be 0.09.

The model of Ng (1986) is based on theoretical
considerations about the hydrodynamics at the scale
of a particle in the packed bed. A pulse is formed in
the pore neck of the constriction between two par-
ticles due to the fusion of the two rippled liquid films
on the particles. An expression is derived for the
actual gas velocity in the pore neck, u,,,, just before the
pulse formation. To calculate the value of the para-
meter ¢, the fraction of the pore constriction occupied
by the liquid, Ng (1986) used the liquid hold-up cor-
relation of Wijflels (1974), which has been developed
in the absence of gas flow. Therefore the value of
Bior and hence the value of a will be overestimated. In
this model the role of the gas density is explicitly taken
into account by eq. (6) in Table 1. However, this
model does not consider that at the same time the
total liquid hold-up and hence a in eq. (8) also depend
on the gas density: an increase in p, will result in
a higher pressure drop over the bed and therefore in
a decrease in the liquid hold-up. It can be seen easily
that the effects of the gas density on u,,, and « affect v,
in opposite ways [see eqs (7) and (8) in Table 17].

EXPERIMENTAL INSTALLATION

The major problem in the design of a gas-liquid
installation suitable for a large range of pressures is
the large variation of gas mass fluxes necessary to
obtain sufficient high superficial gas velocities under
each condition. We sclved this problem by recycling
the gas phase around the reactor.

A flow sheet of the experimental installation, which
has been designed for hydrodynamic experiments up
to pressures of 7.0 MPa, is given in Fig. 1. Two
gas—liquid systems are used in this study: water—nitro-
gen and aqueous 40% ethyleneglycol-nitrogen. The
physical properties of both liquids, the reactor dimen-
sions and the operating limits are listed in Table 2.

The trickle-bed reactor

The trickle-bed reactor (4)—the numbers refer to
Fig. 1—consists of three cylindrical tubes of 1 m
length and an inner diameter of D, = 51 mm. The top
and bottom sections have been made of 316 stainless
steel tubes and the middle section is of a transparent
polycarbonate material. The top and bottom sections
are thermostatted at 293 K by heated water flowing
through a coil.

The shape and the dimensions of the transparent
section are outlined in Fig. 2. We have tested the tube
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DPT differential pressure transmitter
EV electronic valve

LI  level indicator

PC  pressure controller

PI  pressure indicator

PT  pressure transmitter

TT temperaturc transmitter
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Fig. 1. Flow sheet: 1 = liquid storage vessel, 2 = liquid pump, 3 = air-chamber, 4 = trickle-bed reactor,
5 = gas—liquid-separator, 6 = demister, 7 = gas booster, 8 = gas buffers, 9 = orifices, 10 = system back
pressure, 11 = level-controlled liquid buffer vessel. .

Table 2. Reactor dimensions, operating limits and physical properties of the liquid phases.

Reactor dimensions

d, = 3 mm (glass spheres) e =0.39
(% 10° Ns/m?) 6; { x 10° N/m)

L =262m D, = 51 mm
Physical properties p; (kg/m?)
Water 1000
40% ethyleneglycol 1050

Limit values in our installation
v, < 1.8 x 1072 m/s

1.0 72
29 60

v, <31 x 107?m/s P, < 7.5MPa

up to a pressure of 10 MPa and measured the increase
in length and outer diameter as a function of the
pressure. The expansion of the material was found to
be elastic in the applied pressure range. At 10 MPa
the increase in length, the smallest and largest outer
diameter was, respectively, 1.2, 0.5 and 0.2 mm. Be-
cause of the material expansion at elevated pressures
the suspension of the tube has been made flexible.
Glass spheres of d, =3 + 0.5 mm are used as the
packing material. Before loading the reactor the
spheres are thoroughly cleaned with acetone. The
support grid for the packing is located 8 cm above the

bottom flange. A well-packed bed has been estab-
lished by loading the reactor in batches of one-third of
the total amount of packing material and vibrating
the column after loading each batch until the height of
the bed has become constant. The final height of the
packed bed is L = 2.62 m and the bed has an overall
porosity of ¢ = 0.39.

A spray device with 40 holes of 0.75 mm is used to
obtain a uniform distribution of the liquid at the top
of the packed bed. The device is positioned at such
a height above the bed that the liquid is evenly distrib-
uted without spraying it on the wall of the reactor.
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Fig. 2. Dimensions and shape of the polycarbonate tube.
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A pressure transmitter and a thermocouple are con-
nected to the reactor wall at a location near the top of
the packed bed. At several positions on the wall of the
reactor provision has been made to connect a differen-
tial pressure transmitter. The stability of the reactor
operation can be observed accurately by a continuous
recording of the pressure drop signal.

The liquid circulation system

The liquid is kept in a 60 1 storage vessel (1) which is
thermostatted at 293 K and pressurized at 0.05 MPa
N,. From this vessel the liquid is pumped to the
installation by means of a Lewa-membrane pump
type EL6000. The pump (2) has a maximum capacity
of 40 ml/s and the liquid flow is controlled by varying
the stroke length of the piston. It can be adjusted
either manually or electronically. For calibration two
burettes, one for high and one for low liquid flow
rates, are available. At the discharge side of the pump
an air-chamber (3) with a volume of 51 is installed to
prevent pulsations in the liquid flow. The liquid level
can be regulated by means of a venting pressure
regulator. After the liquid has passed the reactor it is
separated from the gas phase and fed to a level-
controlled buffer vessel (11), from which it is returned
back to the low-pressure storage vessel (1).

The gas circulation system

The experimental installation is pressurized with
nitrogen from the general-purpose nitrogen feed sys-
tem of the laboratory which is maintained at 300 bar.
The pressure in the trickle-bed installation is
manually adjustable by a Tescom 1100 series pressure
regulator and a Tescom 1700 series back pressure
regulator (10).

The gas phase is circulated by means of a Haskel
gas booster (7) type AGD-7 which is driven by com-
pressed air and has a maximum volumetric capacity
of 2.3 actual m3/h. In order to separate entrained
liquid droplets from the gas phase a metal demister
sponge is installed in the gas-liquid-separator (§) and
another one in a second demister vessel (6).

Additional buffer vessels (8) with a total volume of
101 have been installed in the discharge line of the gas
booster to prevent pressure and flow fluctuations.
Suction pressure fluctuations are damped in the
gas—liquid-separation vessel and the demister vessel.
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The gas flow is regulated manually by a needle
valve in the recycle flow around the gas booster. The
gas mass flow is measured by means of an orifice
meter (9). Guidelines for the design of the orifice meter
were taken from Perry and Green (1984). Two
sharp edged orifice plates of 0.5 mm thickness with an
orifice diameter of 4 mm for the low gas mass flow
rates and 7 mm for the high ones are installed in two
parallel tubes. The gas pressure and the temperature
are measured at the orifice inlet side. The pressure
drop across the orifice is measured by a Honeywell-
smart transmitter, type STD120. The superficial gas
velocity in the reactor is calculated on the basis of the
measured gas mass flow rates at the orifice together
with the pressure and the temperature of the gas at the
bed entrance.

Automation

The operation of the experimental installation is
automated except for the pressurizing of the installa-
tion and the setting of the gas flow rate. A pro-
grammable Analog Devices umac-5000 data acquisi-
tion and control unit connected to an Apple 2C micro
computer is used for process control and monitoring.
The liquid pump and the magnetic valves at the reac-
tor inlet and outlet can be actuated by the computer.
The stroke length of the piston can be adjusted auto-
matically. The pressure, the pressure difference and
the temperature both of the trickle-bed reactor and of
the orifice meter are recorded continuously. These
data together with the calculated superficial gas and
liquid velocities in the reactor are monitored.

EXPERIMENTAL PROCEDURES

The transition between trickle flow and pulse flow
is observed visually in the transparent middle section
of the column. In the following we will use the concept
of transition point in the sense of the combination of
pressure and flow rates at which pulses are observed
with a frequency between 0.3 and 0.5 Hz. Several
methods are used to find the transition point. At
constant gas flow rate the liquid flow rate is changed
or the gas flow rate is changed at constant liquid flow
rate until the transition is observed, whereas the ex-
periment is started from either the trickle-flow regime
or the pulsing-flow regime. We noticed that after
adjusting a new operating point it could take a few
minutes before the trickle-bed installation operated
steadily again. Therefore the signal of the reactor
pressure drop is recorded continuously for at least
S min after each change to check whether the behavi-
our has become steady.

The dynamic liquid hold-up is determined at each
point of transition with the “stop flow” method. The
magnetic valves in the gas and liquid inlet pipes and
the reactor outlet are closed simultaneously by means
of the computer. Then after emptying the gas—liquid-
separator the valve between the gas—liquid-separator
and the liquid buffer vessel is closed while the reactor
outlet valve is opened. The liquid now drips out of the
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column into the separator. The column is empty of
free liquid after a certain period. Subsequently the
collected liquid is pressed out of the separator and
weighed.

To determine the minimum drainage-time and the
reproducibility of this method we performed a set of
experiments in which the leak-out time was varied
between 15 min and 48 h. For water and for the aque-
ous 40% ethyleneglycol solution a leak-out time of
30 min and 1 h, respectively, is required to obtain the
correct liquid hold-up values. The “stop flow” method
gives reproducible hold-up data with a relative error
of less than 5%. The dimensionless dynamic liquid
hold-up B4y is calculated as the ratio between the
colected liquid volume and the free volume ¢ ¥, of the
packed bed.

EXPERIMENTAL RESULTS AND DISCUSSION

The transition between the trickle-flow regime and
the pulse-flow regime is plotted in the Figs 3 and 4 as
a function of the superficial gas velocity, the liquid
velocity and the reactor pressure for the water—nitro-
gen and aqueous 40% ethyleneglycol-nitrogen sys-
tems.

It has been visually observed that for each reactor
pressure the first appearance of the pulses is located in
the lower part of the transparent column section. This
has also been reported by other investigators [e.g.
Tosun (1984) Talmor (1977)]. It is caused by the
increase in the gas velocity in the flow direction as
a consequence of the pressure gradient over the reac-
tor. After another slight increase in the gas through-
put the pulsations are observed over the entire length
of the transparent section.

The transition lines are independent of the method
used, whether—at a constant liquid velocity—the gas
velocity is varied or the liquid velocity is varied at
a constant gas velocity or whether the measurements
are started in the trickle-flow regime or the pulse-flow
regime. Hence we find the transition to be inde-
pendent on any previous operating conditions in the
column. This was also reported by Christensen et al.
(1986) and Levec et al. (1988).

030 P, - 0.2 MPa
0.20 -
Vg (m/s)
0.10 1
DBF
0.00 ML v L3 T L] )

0.006 0.008 0.010 0.012 0.014 0.016 0.018
V](m/s)

Fig. 3. Effect of the reactor pressure on the boundary lines

between trickle and pulse flow for the water-nitrogen sys-

tem: TF = trickle flow, PF = pulse flow, DBF = dispersed
bubble flow.
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In Fig. 3 for the water—nitrogen system we also
marked the transition to the dispersed bubble flow
regime. It must be considered to be only indicative
because we could not define a sharp point of
transition. In this transitional range the liquid has
a slowly pulsating behaviour and by increasing the
liquid velocity the gas phase becomes gradually more
dispersed in the form of bubbles. ,

Figures 3 and 4 show that the transition depends
strongly on the pressure in the reactor. Though the
shape of the curve is only slightly altered with varying
pressure, there is—at a constant superficial gas velo-
city—a shift towards higher liquid velocities with an
increase in the reactor pressure. With the water—nitro-
gen system we operated the reactor at 2.5, 4.0 and
7.0 MPa with different gas to liquid velocity ratios but
we could not detect visually the pulse-flow regime
anymore, at least within our operating limits.

A comparison of the transition lines for both sys-
tems at 1.0 MPa shows that for aqueous 40%
ethyleneglycol-nitrogen the transition between trickle
flow and pulse flow occurs at relatively lower superfi-
cial liquid velocities. This has also been reported for
atmospheric experiments with the aqueous 20/40%
glycerol-air system by Sai and Varma (1988).

Comparison with the literature

From the power law relation of eq. (1) as derived by
Fukushima and Kusaka (1977) one can conclude that,
if we introduce our experimental data in this relation,
the equation does not describe the pressure influence
on the transition between trickle flow and pulse flow:
an increase in the reactor pressure and therefore also
in Re, would lead to a lower value of Re, at the
transition, which is not in agreement with our obser-
vation of an increase in the superficial liquid velocity
to obtain the pulse-flow regime at higher pressures
(see Figs 3 and 4).

To test the theoretical model of Ng (1986), we first
compared the liquid hold-up correlation used by Ng
for the calculation of the fraction of the pore constric-
tion occupied by the liquid, &, with our experimental
liquid hold-up data. In all cases the correlation over-

0.40

o P, -0.2 MPa
s P, = 1.0MPa
© P; —=2.0MPa
0.30 PE
vg (m/s) 1
0.20
0.10
TF
0.00 T . Y Y
0.005 0.006 0.007 0008 0.009 0.010
vl (m/s)

Fig. 4. Effect of the reactor pressure on the boundary lines
between trickle and pulse flow for the aqueous 40%
ethyleneglycol-nitrogen system.
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estimated the liquid hold-up, probably because the
reactor pressure drop—one of the driving forces for
the liquid phase flow—is not taken into account in the
hold-up equation. Therefore our own experimental
liquid hold-up data have been used to calculate the
value of «. By substituting the hold-up and density
values, belonging to each experimental point of
transition, into the model eqgs (6) and (8) the predicted
value of p, is calculated. A comparison of the pre-
dicted v, values with the experimental data shows that
the predictions are a factor 3-10 too high.

The transition data of both gas-liquid systems at
a reactor pressure of 0.2 MPa are reasonably well
described by the flow diagram of Charpentier and
Favier (1975) and the equation of Blok et al. (1983).
However, that is not so at higher reactor pressures. In
the diagram of Charpentier and Favier (1975) the
transition line at elevated pressures shifts towards
higher values of G/A. With respect to the model of
Blok et al. (1983) the Froude number on the transition
line at an elevated pressure is not constant anymore
but increases with v,. This becomes more pronounced
at higher pressures.

The model equation of Sicardi et al. (1979) and
Sicardi and Hofmann (1980) [see eq. (3)] can be rear-
ranged to eq. (9) [see Sicardi et al. (1986)], which
relates the pressure gradient to the total liquid hold-
up at the transition:

g.a2\%45 /A P\ 045
ﬁlot.ll = 0-066( 12 u) ("_) . (9)
£ L

tr

To calculate the total liquid hold-up we estimated the
static liquid hold-up at 0.11 for both liquids by means
of the diagram given by Charpentier et al. (1968).
Equation (9) describes our transition data determined
at 0.2 MPa well. However, at higher pressures for
a given hold-up value a higher pressure drop or higher
tangential stress is necessary to initiate pulses.

The flow diagram developed by Talmor (1977) gives
a good prediction for the transition of the trickle-flow
regime to the pulse-flow regime, when applied to the

1000 3 F0%ETGN, H,0-N3
a 0.2MPa 5 0.2 MPa
a 1.0MPa = 0.5MPa
e 20MPa ° 1.0 MPa
100 3 ®15M
_ A,
= B,
~ %
>°B A t
10 3
1 —

10 100

( 1+1/Frlg)/(We|g+ l/Relg)
Fig. 5. Transition points of both gas—liquid systems plotted
in the Talmor diagram: (. ..... } transition between trickle

flow and foaming pulse flow, ( ) transition between
trickle low and pulse flow for non-foaming systems.
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water—nitrogen system at elevated pressures (see Fig.
5). Our data are positioned in the pulse-flow area just
below the proposed boundary line. This is probably
due to a slightly different definition of the point of
transition. Our data obtained with the aqueous 40%
ethyleneglycolnitrogen system do not coincide with
the boundary line, despite the fact that this line is also
based on experiments with aqueous glycerol solu-
tions.

The pulses observed with the aqueous 40%
ethyleneglycol solution may be considered as slightly
foaming or cloudy pulses so we have also marked in
Fig. 5 the boundary line for foaming systems as pro-
posed by Talmor (1977). In this case a better agree-
ment is obtained between our data and the proposed
transition between the trickle-flow and the foaming-
pulse flow regime. Unfortunately there is still no pre-
cise definition nor a universal measurement method
to characterize foaminess: therefore we make the com-
parison with some reservation.

From these comparisons it can be concluded that
our data obtained at a reactor pressure of 0.2 MPa fit
reasonably well into most of the proposed models and
flow charts. However, it is obvious that our data at
elevated pressures do not fit into the model equations
or flow charts, except in the flow diagram proposed by
Talmor (1977) and then only for the water—nitrogen
data.

The reactor pressure drop and the dynamic liquid hold-
up at the flow regime transition

In our view the main effect of a pressure elevation,
at a constant superficial gas and liquid velocity, is the
influence of the increased pressure gradient over the
packed bed on the hydrodynamic state. The reactor
pressure drop and the gravitational force are the driv-
ing forces acting upon the liquid phase. For various
reactor pressures the relative contribution of the pres-
sure gradient to the total driving force for liquid flow
at the flow regime boundary is plotted in Fig. 6 as
a function of the superficial gas velocity for the
water—nitrogen system. At these operating conditions
the contribution of the pressure drop is large and
becomes more pronounced at elevated pressures due

1.0

0.9 1 PF

apn 087
AP/L+ P18 0.7 {

0.6 1 o P, =02 MPa
1 ® P —0.5MPa
0.5 1 TF |0 P -1.0MPa
1 * P,~1.5MPa
0.4 —r— '
0.00 20 0.30

0.10‘,g (mss) O-

Fig. 6. Relative contribution of the pressure drop to the total
driving force acting upon the liquid phase at the transition
points of the water-nitrogen system.
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to the higher density of the gas phase. The 40%
ethyleneglycol-nitrogen system follows a similar
trend. Hence the liquid hold-up is noticeably in-
fluenced by the value of the pressure gradient under
the operating conditions near the flow regime bound-
ary. Generally speaking, a pressure elevation at con-
stant superficial gas and liquid velocities will always
lower the liquid hold-up because of the increased
pressure gradient at higher gas densities. The influ-
ence of a reactor pressure variation on the liquid
hold-up gives us a qualitative explanation for the
observed shift in Figs 3 and 4 of the flow regime
boundary towards higher v, at elevated pressures. In
Figs 7 and 8 the dynamic liquid hold-up B4y, at the
transition for various reactor pressures is plotted as
a function of the superficial gas velocity. Figures 7 and
8 show that at a constant gas velocity v, and higher
reactor pressure only a slightly lower liquid hold-up is
required for the transition from trickle flow to pulse
flow, and at relatively higher gas velocities a lower
liquid hold-up is necessary to initiate the pulses.
When the trickle-bed reactor operates just in the
pulse-flow regime and only the reactor pressure is set
to a higher value, the liquid hold-up will decrease as
a consequence of the increase in the pressure gradient
over the bed. After the reactor is operating steadily
again the liquid hold-up at the higher reactor pressure
will have a value below the B4,,.. corresponding to
the setpoint of v, and P, (see Fig. 7 or 8). In our
opinion now the mean thickness é of the liquid film on
the packing particles, which is proportional to the
total liquid hold-up according to eq. (10) and in the
order of 0.1 mm, is too thin to collapse in the constric-
tions between the particles, so no pulses can be
formed any more:
s(ﬂdyn + Bstn)

S~ &P _ (10)
a a

v v

in which B, has a constant value.

Thus as the result of the reactor pressure increase
the hydrodynamic regime shifts from pulse-flow to
trickle-flow because the liguid hold-up becomes too
low. If subsequently—at constant gas velocity and
reactor pressure—the liquid velocity v, is increased,
the liquid hold-up and the film thickness will grow
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Fig. 7. Dynamic liquid hold-up at the transition points for
the water-nitrogen system.
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again. When the liquid hold-up reaches the critical
film thickness corresponding to the setpoint of v, and
P,, the hydrodynamic regime will shift from trickle-
flow to pulse-flow again. Therefore at higher reactor
pressures the liquid throughput must be increased to
give a sufficiently high liquid hold-up to initiate the
puise-flow regime. The film thickness at the pulse
initiation for aqueous 40% ethyleneglycol is higher
than for water.

To develop a model which describes the flow re-
gime transition on a theoretical basis seems at this
stage to be very difficult because the understanding of
the origin of the pulses is still very limited. Many
operating variables play a role: the superficial gas and
liquid velocity, the liquid viscosity and surface ten-
sion, the particle geometry and the porosity of the
packed bed [see, for example, Sato et al. (1973), Chou
et al. (1977) and Sai and Varma (1988)]. Furthermore
from our own experimental research we concluded
that the transition is also influenced by the pressure in
the trickle-bed reactor. To derive a condition which
describes the hydrodynamic state at the start of the
pulse-flow regime we followed an empirical approach.
The critical film thickness above which the films col-
lapse and subsequently block the constrictions is not
a constant value but depends on the size of the dis-
turbances at the film surface, as was stressed by
Sicardi et al. (1979) [see eq. (9)]. These disturbances
are influenced by the liquid properties, the gas velo-
city and the gas density as can be concluded from Figs
7 and 8. For given liquid and packed-bed properties
the condition at the transition can be described as
a first approximation by :

(11)

Btot.lr =C U;z st
and for

Biot < Pronwrt Operation in the trickle-flow regime
Biot > B, ut Operation in the pulse-flow regime.

In order to calculate c,, ¢, and ¢, for both gas-liquid
systems we minimized the sum of the squared resid-
uals. The result is

Biot,c = ¢ 05 %26 p 004 (12)
0.5
a
0.4 ) PF
- d (<]
I}dyn( ) - oa -
0.3 17 o , @ a
0.2 1 TF
|[e P, =02MPa
0141= P -1.0MPa
© P. =20MPa
0.0 v r r
0.00 0.10 0.20 0.30 0.40
Vg(mIS)

Fig. 8. Dynamic liquid hold-up at the transition points for
the aqueous 40% ethyleneglycol-nitrogen system.
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with

¢, = 0.27 for water—nitrogen
¢, = 0.32 for aqueous 40% ethyleneglycol-nitrogen

and a mean relative deviation of, respectively, 3 and
4%.

It must be stressed that additional experiments in the
trickle-flow and the pulse-flow regime must be per-
formed to check whether the above-mentioned condi-
tion can be applied and that transition experiments
have to be performed with gases of different molecular
weight. Moreover, to be able to present the condition
in a dimensionless form the liquid and bed properties
must be varied.

APPLICATION TO COMMERCIAL TRICKLE-BED
REACTORS

An industrial trickle-bed reactor generally is oper-
ated at elevated pressures. From our work with nitro-
gen gas we have seen that at relatively high reactor
pressures the pulse-flow regime cannot be attained
any more at realistic liquid flow rates: due to the high
pressure drop the liquid hold-up always remains be-
low its critical value. In the case of high-pressure
processes with non-foaming systems and with a gas
phase of a molar weight comparable to or higher than
nitrogen, e.g. in the case of oxidation processes, it will
probably be impossible to operate the reactor in the
pulse-flow regime. The situation will be different for
hydrogenation processes where the pressure drop will
be much lower because of the lower gas density at
equal operating pressure and temperature. Hence we
think that for hydrogen gas the pulse-flow regime
might occur at realistic flow rates even at high pres-
sures of say 10 MPa.

In the foregoing we have presented results and
conclusions on the basis of experimental research in
a small-diameter column. Although the wall effects
are likely to be negligible on the overall hy-
drodynamic behaviour some remarks must be made
when applying data from small-scale laboratory col-
umns to the large industrial trickle-bed reactors. In
the small-scale columns it is observed that at the onset
of the pulse-flow regime the puises span the entire
column diameter. Christensen et al. (1986) investig-
ated the hydrodynamic behaviour in a trickle-bed
reactor with a rectangular cross-sectional area of
0.46 x 0.05 m?. They reported that at the flow regime
transition the pulses did not span the entire cross-
section despite the good gas-liquid distribution at the
top of the bed: considerably higher flow rates were
necessary to obtain pulses spanning the entire cross-
section. In the case of very large column diameters it
might be that only local pulses occurs. The operating
conditions at the onset of the local pulses were found
to be comparable to the flow regime transition condi-
tions in small-diameter columns. Sicardi et al. (1979)
experimented with columns up to 0.3 m in diameter
but the existence of local pulses was not mentioned by
them.
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Furthermore two major differences must be re-
marked—besides the likely existense of local pulse
formation—when applying the results from laborat-
ory scale to a commercial trickle-bed reactor. First of
all in the large industrial columns it is difficult to
obtain a uniform packed bed when loading of the
catalyst. Second, in the commercial reactors the reac-
tions are mostly exothermic. Because of the low capa-
bility to remove the heat of reaction the trickle-bed
reactors are operated more or less adiabatically in
contrast to the isothermal conditions under which the
hydrodynamic behaviour is studied in the laboratory.
Hence the physical properties of the gas—liquid system
in the axial direction can vary greatly if there is
a temperature gradient over the column. These two
differences lead to varying hydrodynamic states in the
axial as well as the radial direction throughout the
reactor.

Despite the differences in the experimental condi-
tions between laboratory and industrial practise we
are convinced that the results obtained from small-
diameter columns are very helpful in predicting the
flow regime in a large industrial trickle-bed reactor
taking the aforementioned differences into account.

CONCLUSIONS

Up till now experimental research of the transition
between the several hydrodynamic regimes in the con-
current gas-liquid trickle-bed reactors has been re-
stricted to atmospheric conditions. This is in contrast
to industrial practice where a vast majority of the
trickle-bed processes are operated at elevated pres-
sures. In our study the transition between the trickle-
flow regime and the pulse-flow regime has been in-
vestigated with water—nitrogen and aqueous 40%
ethyleneglycol-nitrogen systems at elevated pressures
up to 7.0 MPa and by means of visual observation.
For this purpose a reactor section of 1 m length has
been constructed of transparent polycarbonate mater-
ial and tested up to 10 MPa. From measurements
with both gas—liquid systems it was found that the
flow regime boundary shifts towards higher superfi-
cial liquid velocities when the reactor pressure is in-
creased. This effect was explained as follows: an in-
crease in the reactor pressure—at constant superficial
gas and liquid velocities—results in a higher pressure
drop over the packed bed due to the higher density of
the gas phase. The pressure drop is a driving force
acting on the liquid phase, besides the gravitational
force, and thus decreases the dynamic liquid hold-up.
The mean liquid film thickness, which is proportional
to the hold-up, becomes smaller and subsequently the
liquid films cannot collapse any more to initiate the
pulses. Therefore at an elevated pressure a higher
liquid throughput is necessary to obtain a sufficiently
high liquid hold-up for pulse formation. In the pres-
sure range of 2.5-7.0 MPa the pulse-flow regime could
not be detected visually for the throughputs up to
1.7 em/s superficial liquid velocity.

From the different flow charts and equations
proposed in the literature only the flow diagram of
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Talmor (1977) gave a good prediction for the
transition at elevated pressures, regretfully only for
the water—nitrogen system.

When applying the information on the flow regime
transition based on research performed in small-scale
laboratory set-ups to the industrial practice several
differences must be regarded. At this moment it is not
possible to give accurate predictions of the flow re-
gime boundary in commercial reactors because of the
lack of information on the additional hydrodynamic
effects on a large scale, such as local pulsing. However,
the aforementioned results on the pressure effect
might be helpful in estimating the flow regime bound-
ary in the large-scale reactors operating at elevated
pressures.
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NOTATION
specific packing surface area, m2?/m3 of
packed bed '
wave amplitude, m
constant
equivalent particle diameter, m
reactor diameter, m
Froude number [uf A(gd,)]
gravitational acceleration, m/s2
gas mass flux, kg/(m? s)
liquid mass flux, kg/(m? s)
reactor length, m
reactor pressure, MPa
pressure gradient, N/m3
Reynolds number (pvd,/n)
geometric packing area, m?2
actual or interstitial velocity, m/s
superficial velocity based on empty cross-
section, m/s
reactor volume, m?
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Greek letters
o fraction of the pore constriction occupied by
the liquid phase
dynamic liquid hold-up, m3/m3 reactor void
volume
total liquid hold-up, m3®/m?® reactor void
volume
mean liquid film thickness, m
porosity of the packed bed
dynamic viscosity, N s/m?
density, kg/m?
surface tension, N/m
tangential stress at the gas-liquid interface,
N/m?
Subscripts
referring to the gas phase
l referring to the liquid phase
pn referring to the pore neck between particles
tr referring to the transition between pulse and
trickle flow

ﬂ dyn
Btol

A ®me

W. J. A, WAMMES et al.
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