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1. INTRODUCTION
The use of well-designed distributors, the knowledge and deep
understanding of their behavior under conventional and
nonconventional operating conditions, and their interactions
with the packing are all key points to exploit the potentialities
of the structured packing and, therefore, of the whole unit
operation. The literature offers a wide set of works aimed at
studying and optimizing the packing and the liquid distributors
without deeply analyzing their interactions. Several authors1−4

devoted their papers to the description and quantification of
liquid maldistribution in packed systems. Other authors have
demonstrated the masking effect of oversized equipment on the
gas and liquid maldistributions,5,6 also quantifying the increase
with the height equivalent theoretical plate (HETP). The
maldistribution effect is different for random and structured
packing.
With random packing, a traditional method to analyze liquid

maldistribution is based on the use of specially designed
collecting vessel, installed below the packing bed to collect
liquid falling down.5 It is frequently measured by adopting a
maldistribution factor, Mf, originally defined by Hoek and co-
workers.6,7 Interesting experimental apparatus and techniques
have been proposed in the literature by Ter Veer et al.,8 Pizzo
et al.,9 Kouri and Sohlo,10,11 and Ibrahim.12 Mechanistic13 and
statistical5 models of liquid distribution in a packing wetted by a
multipoint distributor have been proposed. A good review on
the existing models is also provided by Sun et al.,14 including
models based on the concept of random walk7,15−19 and
models with diffusion terms.7,17−19

In case of structured packing, if a good distribution of the
liquid and gas flows is realized, it is maintained for a longer bed
height than in the case of random packing. In comparison with

random packing, structured packing requires a better inlet
distribution of gas and liquid. Also, in this case, it is important
to consider that different packing configurations could lead to
different maldistribution effects. Due to this reason, Stikkel-
mann et al.20 have studied the gas and liquid distribution in
different types of structured packing, and Edwards and co-
workers21 carried out a characterization of the maldistribution
of liquid and gas flows by changing the distributor. More
recently, other authors22,23 analyzed the behavior of different
high capacity packings varying also the gas and liquid flows and
the packing height.
Regarding the gas inlet flow, in general, the commercially

available liquid distributors, specifically designed for structured
packing columns, are based on an elementary concept accepted
for several decades for random packings.3 That is, the gas does
not need additional redistribution, because the bed pressure
drop acts by itself as flow distributor.
Spiegel24 started to analyze the relation between the outflow

of the distributor and the wetting condition of the packing
immediately underneath it, which was then studied by other
authors also in different fields25,26 (e.g., trickle-bed reactors)
and is also the aim of the present paper. It is now clear how gas
and liquid mutual distribution plays a fundamental role in the
efficient operation of a packed column. Poor distributions
reduce the effective wet packing and, from a practical point of
view, they lead to reduced performances due to poor gas−
liquid contact efficiency and to reduce effective interfacial area
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for mass transfer, imposing a higher HETP to match the
expected performances.27−29

A companion paper,30 which this work is strictly related to,
reports in a more extended way a review of the available
literature.
The literature analysis evidences the necessity of studying in

a deeper way the influences of the interactions between the
liquid distributor and the underlying packing. So the attention
is here focused on studying these aspects by means of an
extended experimentation.
The literature provides some guidelines or procedures to

design and set up in practice a pilot plant. Many authors,
however, often provide the specifications of their laboratory or
pilot plants without mentioning the reasons behind their
selections, whereas other authors discuss optimal experimental
design by assuming that their experimental instrumentation is
the most appropriate one to perform optimal analyses.
Whenever the plant is nonoptimal for investigating the fluid-
dynamics or the chemical-physical phenomena, even an optimal
design of experiments can be useless. Especially for this reason,
it is necessary, first, to provide the path for the reasonable
design and construction of a pilot plant. For the specific case of
interest, an air/water system with structured packing and liquid
distribution is discussed.
According to Spekuljak and Monella,4 a well-designed liquid

distributor has to fulfill the following requirements: the largest
number of drip points, maximum homogeneity among flow
rates of the different drip points, operating flexibility, avoiding
formation of drops and mist, avoiding splashing, avoiding the
merging of single jets generated by the distributor, maximizing
the gas flow cross-section, allowing the gases to disengage,
avoiding scale or dirt deposition, being mechanically robust,
being easy to clean, and having reasonable cost compared to
that of the column.
The operation of a distillation column is strictly related to its

design. Each column has accurate operational parameters that
cannot be overcome to preserve the stability or the good
distribution of fluids and, therefore, the efficiency. In spite of
the usual industrial narrow operating conditions, the pilot plant
has to be designed to investigate the largest possible operating
region. Thus, a flexible configuration for the internal disposition
of distributor and packing must be allowed.
It has been considered interesting to design the column to

study the following cases:
1. Minimum load: the optimal operating condition is given

by the operational capacity of the liquid distributor to create

falling jets with certain ideal features to wet the packing
effectively with the minimum water flow rate. Such a case is
called the turndown condition.
2. Maximum load: this corresponds to the maximum liquid

flow that can be distributed by the liquid distributor. Such a
condition is obtained by supplying a certain liquid flow rate
that, subject to the pressure drops due to the gas flow rate, fills
the liquid distributor up to the weirs of the risers designed for
the air flow. This case is defined as the distributor overcapacity.
3. Intermediate load: this is the typical operational condition

of the system.
4. Packing loading: an experimental campaign will be devoted

to analyzing in detail the efficiency of the structured packing
under the maximum theoretical conditions of mass transfer by
means of appropriate water and air flow rates and the use of
appropriate mathematical models for both prevision and
verification purposes.31

This paper is dedicated to the experimental campaign and
phenomenological discussion of the typical operational loads
(minimum, intermediate, and maximum loads) and to the
investigation of nonconventional conditions.

2. PILOT PLANT DESIGN AND CONSTRUCTION

In the case of packed unit operations and fluid distributors, the
most appealing system for experimental studies is the air/water
column,12,20,23,28,29,32 since it is simpler and safer with respect
to other systems that involve different chemical species. This
system, of course, implies a low wettability of the stainless steel
surface of the packing, so that water is falling as rivulets.
However, it will be shown that good water distribution is
obtained in the proposed system. Probably the interaction of
the liquid with the air should demonstrate a different behavior
with a more hydrocarbon like liquid having a lower surface
tension, so that a specific experimental campaign would be
interesting and could be the object of a further investigation.
Due to the large number of experiments performed for

studying the system (184 tests), it has been decided to adopt
only one type of liquid distributor, one type of structured
packing, and one gas−liquid system.

2.1. Liquid Distributor. According to the features above, a
gravity distributor (Figure 1) has been selected among all the
kinds of commercial liquid distributors. The distributor desk is
sieved with drip points (5 mm diameter) in rectangular grids.
Special covers are supplied over the air risers in order to
intercept the entrained drops. The risers installed on the
distributor deck have a total cross area of 30% of the overall

Figure 1. Sketch of the top (a) and bottom (b) of the gravity distributor, picture of the installed distributor in operation (c).



distributor. Their height is 20 cm. The distributor has been
installed to allow the investigation (1) of the twist angle
between the layers of the structured packing and the lines of
drip points, (2) of the distance between the distributor and the
packing below, and (3) of the effect of possible fouling (the
possibility to close 50% of the drip points has been foreseen).
2.2. Structured Packing. A Mellapak 250.Y was selected

(259 m2/m3 surface area, 98.3% void fraction, 210 mm pack
height, wiper bands and internal paths to improve the internal
distribution of liquid). Even if the packing consists of a single
structured block, in the present study a hold down and a hold
up were inserted in order to simulate at best the operating
conditions of the real packed columns and to provide a
comprehensive phenomenological description.
2.3. Liquid Collector. To measure the liquid distribution of

the water flowing out of the packed bed, a liquid collector with
nine evenly sized vessels, which are separated from each other,
is placed at the bottom of the column (Figure 2). Each one of

these containers is connected to a pipe that removes the water
and allows one to measure the water flow rate of each vessel.
The open area is necessary in order to allow the air to pass from
the bottom of the column where the gas inlet distributor is
installed.
2.4. Gas Distributor. Because of the small column

diameter, a toroid shape has been selected for the gas
distributor. The air enters through a large flange (1), impacts
toward the wall (2), and is addressed to the bottom (3). When
the torus borderline is reached, the air changes direction (4)
and starts to move toward the vessels and the column top (5).
The qualitative gas streamlines are represented by the arrows in
Figure 3.

2.5. Tray with Risers and Demister. Under certain
operating conditions, liquid entrainment occurs. For evaluating
the relevance of this effect, a tray with risers is installed to
collect the entrained liquid. This tray is placed close to the top
of the column, just under the demister. Eventually, some liquid
can achieve the demister, which carries out the final separation
between gas and liquid, allowing the gas to leave the column
and the liquid to fall down to the underlying tray. Only in very
extreme situations, out of the usual industrial operating
conditions, can liquid overcome the demister and exit from
the column top.

2.6. Column Vessel. Given the purpose of the pilot plant,
the column is realized with a transparent vessel in order to
allow visual observations of the fluid-dynamic phenomena. The
selected material is poly methyl methacrylate. A picture of the
column and a sketch of the pilot plant are reported in Figure 4.
The column diameter is 490 mm (the plant was built at SIAD
MACCHINE IMPIANTI, Italy).
A programmable logic controller (Siemens PLC) has been

provided to collect all the experimental data as well as to start
up and shut down the units in a safe mode.

3. EXPERIMENTAL PROCEDURE
An ad hoc startup procedure was adopted to start the data
acquisition. It was split into two phases: the prestartup and the
startup. Whenever the water of the previous test was
completely changed, the prestartup was needed, because the
plant operates like an air filter for the soot and the solid
particles of the air. The water was then completely replaced
after 8 h of operations. The startup procedure has been
accurately standardized in order to reach a good reproducibility
of the results. Of course, after the startup phase, 10 to 40 min
were necessary for achieving the steady-state conditions.
To better identify the tests among the wide set of the

available data, the following notation is adopted containing four
groups of information. The first one relates to the number of
active drip points of the distributor (as in Figure 5). The
second one refers to the adopted distributor to packing distance
(as in Figure 6). The third one gives the twist angle (0°, 45°,
and 90° as in Figure 7), and the last one indicates the gas
(according to Table 1) and liquid flow rate (according to Table
2, where it is possible to observe that GE3 allows lower flow
rates). For instance, GE1.D2.0.F.3.2 indicates, respectively, 36
active drip points (GE1), the distance, D2 = 26 cm, between
packing and liquid distributor, the twist angle 0°, the air flow
(F) rate (3 = 2000 kg/h), and the water flow rate (2 = 1000 kg/
h).
To generalize experimental data, the specific flow rates are

used. For the specific gas flow rate, Fs, largely adopted in the
column design, is used (it accounts for the column total cross
section, but also the gas density):

ρ=F vs gas gas (1)

where vgas is gas velocity = volumetric flow rate/column total
cross section and ρgas is gas density.

4. EXPERIMENTAL DATA AND DISCUSSION
The behavior of the liquid level in the distributor is presented
in Figure 8 as a function of the specific gas flow rate Fs and for
different specific liquid flow rates. As expected, the higher the
water load, the higher the liquid level.33 It is easy to observe
that the gas flow rate plays a significant role in the liquid level;

Figure 2. Picture of the containers for liquid collection under the
packing (a) and sketch of the collecting system (b).

Figure 3. Gas distributor and qualitative streamlines.



in fact, higher loads lead to higher pressure drops across the
distributor deck, of course at the expense of liquid level. The
lines corresponding to the lowest water loads have a linear
trend; on the contrary, as the liquid load increases, the gas
pressure drops on the distributor assume an about quadratic
trend. This is clear for the intermediate loads; actually, the
effect of the water flow rate is more evident because of the
higher liquid level. The dotted line corresponding to 200 mm

represents the maximum liquid level. For the higher liquid load,
Fs is limited in range.
Figure 9 shows the effect of the gas load on the pressure

drops. It can be observed that, with small air flow rates, the
pressure drops are almost the same for all the liquid loads. On
the other hand, when the air load increases, the effect is not
anymore negligible. Analyzing first of all the reference test,
where the trend is related only to the gas flow rate (no liquid
load), it is possible to quantify the energy dissipated by the air

Figure 4. The column and a sketch of the pilot plant.

Figure 5. Outflow geometries (black drip point means open/active).

Figure 6. Distance between the structured packing and the distributor deck: 5 cm (D1), 26 cm (D2), and 50 cm (D3).



passing through the risers. By introducing the water in the
countercurrent, the pressure drops monotonically increase, but
the deviation is quite small for low liquid loads, since the
profiles are almost parallel. The larger flow rates (>10 000 kg/
h/m2) generate a pressure increase immediately below the
distributor deck, with a subsequent increase of the pressure

drops. This is mainly related to the adherence of the air to the
falling jets generating a detrimental effect over the air
movement toward the risers.
Figure 10 reports the corresponding pressure drops of the

structured packing. Also in this case, they are strictly related to

the gas load. This is due to the high void fraction of the
Mellapak 250.Y, which allows a good internal distribution while
enough space is still available for the small gas flow rate
supplied. When the liquid flow rate increases, the cross-section
of the channels is progressively reduced and the profile of the
pressure drops assumes a nonlinear trend. When the gas flow
rate is sufficiently large, the so-called loading condition is
approached. It is well-known that near the loading conditions,
the pressure profile shows a sudden, exponential, increase.
The amount of liquid entrained by the gas flow rate is

illustrated in Figure 11. It is possible to highlight several
important aspects to clarify the quasi-quadratic profiles of these
results:
1. A low liquid flow rate leads maldistributions and

instabilities of the falling film; moreover there is an increase
of the droplets generated and entrained. An inversion of the
trend of the entrainment phenomenon, which is more apparent
with smaller air flow rates, can be observed. This happens since
the smaller the air flow rate, the lower the liquid level on the
distributor deck for the reduced pressure drops and, hence, the
more significant the instability of the falling jets (with droplet
generation). Indeed, the higher the gas flow rate, the higher the
pressure drop on the distributor and the higher the liquid level.
This unavoidably leads to higher outflow velocities and more
stable jets of liquid (reduced entrainment and weeping
problems).

Figure 7. Twist angles.

Table 1. Gas Flow Rates (kg/h)

1 2 3 4 5 SL

1100 1500 2000 2300 2700 4500

Table 2. Liquid Flow Rates (kg/h)

1 2 3 4 5 6

GE1 (36 drip points) 600 1000 1400 2000 2600 3500
GE3 (18 drip points) 600 1000 1400 1800 2000

Figure 8. Liquid level in the distributor as a function of Fs.

Figure 9. Pressure drops on the liquid distributor.

Figure 10. Load profile on the structured packing.



2. At large liquid flow rates, the entrainment becomes more
and more significant since the structured packing is
approaching the loading, and then flooding, conditions.
3. At average liquid flow rates, the entrainment is negligible,

since the liquid flow is enough to preserve the liquid film
stability and continuity. Moreover, the column operates under
or close to the loading conditions so that the entrained liquid is
surely less than in case 2.
4. Of course at low gas flow rates, there is not relevant

entrainment independently of the liquid load since the gas flux
is too weak to raise the liquid droplets up to the distributor.
4.1. Hydraulic Tests. 4.1.1. Analysis of the Liquid

Distribution on the Packing. A proper liquid distribution
coupled together with the effectiveness of the structured
packing leads to the best conditions for mass transfer and the
highest efficiency. From a hydraulic viewpoint, the effects of the
twist angle, the distance between the distributor and the
packing, and the different geometrical arrangement of drip
points can be evaluated by maintaining the packing
configuration and only modifying the geometrical parameters
of the distributor. Some experiments have been addressed to
define the optimal installation of the distributor. The test was
based on the acquisition of the data related to the liquid
distribution underneath the packing using the specific
collectors. Hereinafter, the liquid distribution below the
packing is reported for different geometries. The wetting
profiles of the packing are evaluated by accounting for gas flow
rate, liquid flow rate, and entrainment effect. Each figure is
coupled with a table reporting the experimental flow rates of
each vessel and the evaluation of the Maldistribution Factor
(Mf) that is here defined, accordingly with Marcandelli et al.,34

as
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where N is the number of experimental points, Qi the
volumetric flow rate of each vessel, and Q̅ the averaged flow
rate of the nine vessels.

The figures have been obtained by using the measured flow
rate in each vessel, the column inlet flow rate, and the
entrainment flow rate. The reported profiles have been
obtained starting from the massive flow rate of each vessel.
By assigning coordinate x,y to the center of each vessel (see
Table 3), the corresponding z coordinate indicates the massive
flow rate. In order to obtain a smoother profile and avoid
jumping, among vessel 1, 2, 5, and 6, a point having the average
massive flow rate of the four considered vessels is reported. The
same has been done for the vessels 1, 2, 3, and 7; 1, 3, 4, and 8;
and 1, 4, 5, and 9. Starting from these points, an interpolation is
performed together with a normalization to the total massive
flow rate (including entrainment).
Figure 12 refers to moderate air and water flow rates, i.e.,

under “ideal” conditions. A sufficiently uniform distribution of
the liquid below the packed bed means that this configuration
has a very good hydraulic behavior. If the liquid flow rate is
increased, at a constant gas flow rate, the wetting profile does
not change significantly, except for the liquid level, as expected
(Figure 13). Conversely, keeping a constant liquid flow rate and
increasing the gas flow rate, the liquid distribution starts
deviating from the ideal profile, as shown in Figure 14.
Apparently, the profile seems to maintain a uniform
distribution on the whole cross-section, but the measured
entrainment effect is relevant. Actually, looking at the two-
dimensional view, it is possible to see that the profile is below
the ideal wetting condition (horizontal line in the two-
dimensional view and disk in the three-dimensional view)
because a large part of the liquid is entrained and lost at the top
of the column. The crossed plane represents the level
connected to an ideal wetting of the package.
The worst distribution condition is obtained with a large gas

flow rate combined with a large liquid flow rate (Figure 15).
This test shows a profile that is significantly lower than the ideal
distribution (Mf = 0.105), indicating that yet a relevant portion
of the liquid is entrained and lost. Moreover, the distribution is
clearly heterogeneous since the liquid profile presents a kind of
crown effect, which is due to two interacting causes:
• At high gas flow rates, the velocity profile is not uniform on

the cross-section. In fact, a bell-like profile is to be expected
below the packing where the lower peripheral velocities are due
to the friction with the column vessel and flange that supports
the internal devices. Although it has been tried to minimize the
effect, it results in a stronger frictional force with respect to the
center of the column.
• Because of the previous phenomenon, the falling liquid

prefers to flow down in the peripheral regions; the wiper bands
try to oppose to this behavior, leading to the crown effect.
In addition, the larger liquid flux in the peripheral zones

further amplifies the crown effect on the distribution, forcing
the gas toward the central region of the packing.

4.1.2. Effect of the Outflow Geometry. Two different
numbers of active drip points have been adopted: 36 for all the
runs GE1 and 18 only for the runs GE3. Moreover, three
different twist angles and three distributor-to-packing distances
have been adopted. The geometry influences the liquid level

Figure 11. Results of entrainment tests.

Table 3. Coordinates of the Center of the Vessels

vessel no. 1 2 3 4 5 6 7 8 9

x [mm] 245 135 355 355 355 0 245 490 245
y [mm] 245 135 135 355 135 245 490 245 0



over the distributor deck, the pressure drops of the distributor
and of the packing as well, the entrainment, and the liquid
distribution below the packing. Figures 16−21 report the
results of these experiments.
Specifically, Figure 16 shows the effect of the geometry on

the liquid level over the distributor. Note that for low liquid
flow rates, the level is more or less the same, although the level
for GE3 is more influenced when the gas flow progressively
increases. With large liquid flow rates and small gas flow rates,

of course, it can be observed that a flow of GE3 is equal to

about half a flow of the GE1.
This simple consideration is not any more valid as the gas

flow rate increases; the deviation becomes more relevant when

Fs > 2.8. Figure 16 shows that in case of fouling of the holes of

the distributor, the liquid flow rates have to be reduced for high

gas flow rate in order to avoid reaching the distributor

overcapacity.

Figure 12. GE3.D3.00.F.1.2, liquid distribution below the packing.

Figure 13. GE3.D3.00.F.1.4, liquid distribution below the packing.

Figure 14. GE3.D3.00.F.4.1, liquid distribution below the packing with high gas flow rates and low liquid flow rates.



Figure 17 shows the behavior of the liquid entrainment
corresponding to the selected geometries. A first, obvious,
consideration is that no entrainment is present at low Fs.
Looking at the two curves obtained with different geometries
under the same operating conditions, it is possible to observe a
dependence on the liquid flow rate, which is more or less close
to the loading condition of the packing, as well as on the
outflow velocity of the liquid and its possible instability. GE3
configuration, having to distribute the same quantity of liquid
with half the number of drip points, generates splashing of the
liquid jet because of its increased velocity. So the conclusion
rising from Figure 17 is that in the case of severe distributor

drip points fouling, even if uniformly distributed as in our case,
the entrainment increases with a loss in efficiency of the system.
The liquid distribution below the packing corresponding to

the two configurations is reported in Figures 18−20. The
comparison is made taking into account the velocity outflow
from the drip points of the distributor that has to be the same.
So for the GE1 configuration, the liquid flow rate is about
double that for the configuration GE3. Under this point of
observation, it is possible to observe that the two configurations
show the same order of magnitude of maldistribution both for
low and high liquid flow rates. In the GE1 configuration, a
tendency to dislocation of the liquid toward the column wall
because of the higher liquid hold-up on the packing is evident.

4.1.3. Effect of the Twist Angle. To assess the effects of the
twist angles, the geometry GE3.D2.zz.F.x.y with zz = 0°, 45°,
and 90° and x and y as in Tables 1 and 2 has been tested.
Figure 21 shows that the effect of the twist angle on the liquid
level is practically negligible. However, in general the twist
angle of 0° shows the lowest holdup. The twist angle 0° induces
also reduced pressure drops on the distributor. Clearly, this is
due to the disposition of the risers (rather than to the position
of the drip points); in fact, the risers have a rectangular cross-
section, and whenever the longer side is parallel to packing
layers, the gas flow can enter the risers without significantly
changing its path.
Figure 22 includes two air−water flow rate configurations

with the three selected twist angles. It is possible to observe that
for the lower air flow rate (about one-half of the liquid flow
rate) the liquid is well distributed in all of the configurations.
When the air flow rate is much higher than the liquid flow rate,
maldistribution is the same in all the situations so that it is
possible to affirm that the twist angle has no particular influence
in this system of the liquid distribution, while it has an impact
on the liquid level of the distributor.

4.1.4. Effect of the Distributor to Packing Distance. The
selected geometry for the sensitivity analysis of the (distributor-
packing) distance is the GE1.Dz.90.F.x.y with z = 1, 2, and 3
and x and y as in Tables 1 and 2. The adopted distances are 5
cm (D1), 26 cm (D2), and 50 cm (D3). D2 and D3 have equal
trends. Then the effects due to the distances D1 and D2 are
provided in the following.
From Figure 23, it is possible to observe that at the lowest

liquid loads the liquid level is, in practice, independent of the
distance and the gas loads. However, a relevant variation in the
slope of the curves appears for the distance D1 when the liquid

Figure 15. GE3.D3.00.F.4.4, liquid distribution below the packing for high liquid and gas flow rates.

Figure 16. GE1.D2.00.F.x_axis.y_axis versus GE3.D2.00.F.x_axi-
s.y_axis, liquid level on the distributor.

Figure 17. GE1.D2.00.F.x_axis.y_axis versus GE3.D2.00.F.x_axi-
s.y_axis, entrainment flow rate.



flow rates rise. This phenomenon takes place at relatively low Fs
for the larger liquid loads. The consequence is the impossibility
to obtain data for Fs > 2 due to the distributor overflow. This
effect depends on the pressure drops on the distributor (Figure

24). Actually, when the pressure drops have a relevant increase,
the slope of the liquid level dramatically changes. Qualitatively
speaking, particularly for the lowest distance D1, the gas
streamlines are forced to anticipate their deflection already into

Figure 18. Liquid distribution below the packing with reduced water and air flow rate and different plugging of drip points.

Figure 19. Liquid distribution below the packing with reduced water flow rate and different plugging of drip points.



the packing. This allows the gas to reduce its dissipation of
kinetic energy while moving toward the gas risers. This
originates maldistribution of the flow inside the packing
together with the drastic pressure increase under the distributor
that induces the liquid level to increase above it.
The accumulation of liquid at high flow rates is also

responsible for entrainment (Figure 25). If B is the minimum
riser width and D the distance between the distributor and the
packing, the configuration D1 is characterized by a ratio D/B =
1, whereas D2 has D/B = 5. As a preliminary qualitative
analysis, it is possible to observe that whenever this ratio is less
than or equal to 5, some negative fluid-dynamic problems occur
with a consequent increase of entrainment and overflow
conditions. As a side effect, a decrease of the packing efficiency
has to be expected because of the stream line deviations
bypassing a part of the packing. These negative effects are
validated by data in Figure 26. The liquid distribution after the

packed bed clearly shows a significant maldistribution for the
configuration D1, especially for high Fs where the peripheral
zone is overwetted while the center is quite dry.
It is interesting to observe now Figure 27, where the

experimental maldistribution is reported as a function of the
ratio between air and water flow rate (massive flow). It is the
only case we have found where the influence of gas flow rate is
evident and correlated to the air flow rate.

4.2. Humidification Tests. The last set of experiments is
focused on the humidification at the top of the packed column.
The humidification of air is a relatively simple way and an
important measure to infer the efficiency of the mass transfer
with respect to the selected geometries.
The column layout has been partially modified (Figure 28) in

order to reduce the effect of the water running out of the
packaging. The water collector has been removed. The gas
distribution is not anymore affected by the presence of vessels.
Accordingly, the instrumentation has been repositioned.
The humidification tests compare GE1.Dz.90.F.x.y.SV with z

= 1, 2. Figure 29 shows two different trends of the
humidification related to the distributor to packing distance.
In the configuration with the distance D1, that is, the minimum
one, the profiles show a decrease of the humidification with the
air flow rate increase. This is due to the phenomena already
discussed in the section devoted to the effect of distributor to
packing distance, i.e., to the maldistribution of air along the
packing related to the need of the air streamlines to reach the
risers with a convenient orientation. Experimental data for
distance D2, which has been indicated as the optimum one,
emphasize the dependence on the water flow rate (assigned the
air flow rate, the larger water flow rate, the higher
humidification) as well as on the air flow rate (the larger the
air flow rate, the larger the humidification). The dependence on

Figure 20. Liquid distribution below the packing with higher water flow rate and different plugging of drip points.

Figure 21. GE3.D2.zz.F.x.y, liquid level on the distributor.



the liquid load is easy to explain since the larger content of
water in the structured packing, the larger the mass transfer.
The increase of the air humidification is due to the well-
distribution of the air along the column, which is mainly related
to the space availability between the distributor and the
packing. Such behavior has the effect of exploiting at best the
potentialities of the overall packed bed, without any shadow
region at the top due to the convenient orientation of the air
streamlines within the packing. The humidification tests show
that in configuration D2, even if a nonoptimal liquid
distribution is always assured (as demonstrated in the previous
figures), the air humidification is assured and a good exchange
among phases is performed. This is due to the fact that no dry

areas are present on the packing and also to the contribution to
the mass transfer given by the raining effect in the sections
where the packing is absent.

5. ENTRAINMENT
The following part of the paper will be devoted to the
investigation of nonconventional situations such as the
entrainment phenomenon and the loading condition.
Liquid can be entrained by the gas. A portion of the liquid

phase fed to the column (i.e., the one coming from the
condenser) is entrained directly toward the top of the column,
without entering the packing. The overall efficiency of the

Figure 22. Liquid distribution below the packing as a function of twist angle and air and water flow rate.

Figure 23. GE1.Dz.90.F.x.y, liquid level on the distributor. Figure 24. GE1.Dz.90.F.x.y, pressure drops on the distributor.



column is unavoidably reduced since a smaller mass transfer
takes place in the structured packing.
Considering the air/water system,12,20,23,28,30,32 the entrain-

ment problem is not so relevant since the outlet air at the top of
the column has an already high humidity due to the entrained
water. On the other hand, in more sophisticated industrial
systems, such as the cryogenic towers for air fractionation,35,36

if in the low-pressure column there is a too high oxygen
concentration, for instance larger than the 0.5%, large economic
losses are expected since the final product is not pure.
Some of the reasons for the phenomenon have been already

discussed in the literature,28,37−48 such as the liquid outflow
instability, the generation of droplets, the high velocity of the
liquid outflow, and its splashing on the packing, and the excess
of air flow-rate with consequent loading and flooding of the
packing or the liquid distributor as well.
The theory of falling jets and films, the studies on the droplet

generation, and the splashing phenomena all together play a
fundamental role for the generation of the entrainment. The
liquid jets leaving the drip points of the distributor deck can
preserve their stability until they achieve the packing, but if the
distance from the origin is sufficient, they can also break
forming drops (Plateau−Rayleigh instability).47,48 These drops
can subsequently generate subdroplets by splashing against the
packing, and finally the smallest droplets can be entrained.
Other phenomena can give a relevant contribution. For
instance, when the gas flow rate rises, the film laying on the
packing surface can flow in the gravity direction or follow the
gas on its free surface with the consequent generation of waves
and, next, droplets and entrainment.
More difficult is the characterization of phenomena

governing the droplet/packing surface interactions. They have
been investigated by many authors, and several reviews of the
subject are available.37,40,42 The theoretical studies of droplet
and surface interaction started with the analysis of the impact of
a single droplet. Roisman et al.44 proposed a theory for droplet
on a dry surface where the splash depends on the density and
surface tension of the liquid, the droplet diameter, and the
impact velocity. The theory was subsequently extended to the
case of wet surfaces, to two droplets43,45 and, next, to multiple
droplets with many numerical solutions of the problem.41,46

The fluid flow associated with impinging droplets is rather
complicated and not yet fully understood. Various phenomena
can occur when a droplet impacts a surface, and the outcome
depends on the droplet and surface properties. As reported by
Sikalo and Ganic,45 the number of independent parameters
governing the process can be reduced to a set of dimensionless
groups, particularly on Weber number. Other studies proposed

more detailed characterization of the droplet splashing38,39 by
separating the effects of kinetic energy and viscous dissipation.
Unfortunately, if the aforementioned phenomena have been

singularly investigated, their interactions and the relationships
among the entrainment, the loading, and the flooding
conditions are not yet well understood. So now the aim is to
provide a comprehensive interpretation of dedicated exper-
imental data sets by means of a phenomenological discussion.

6. WEEPING (OR DRIPPING)
As said before, the instability of the liquid outflow from the
distributor desk generates entrainment, influencing the packing
efficiency.4,10,49

The weeping tests are aimed at investigating what is the
maximum distributor to packing distance for having a stable
film. Two different geometries have been selected for the
weeping tests: with 36 drip points (in the following GE1) and
18 drip points (in the following GE3). Moreover, to allow the
reproduction of the tests, it is worth saying that the preferred
twist angle is 90°, the distributor to packing distance is 26 cm
(D2), and there is a null specific air flow rate. With a specific
liquid flow rate of 7950 kg/h/m2 (1500 kg/h), the minimum
liquid level for the distributor is 30 mm. The weeping tests have
been performed directly within the packed column with zero air
load and different water loads. Measurements are made by
means of an internal dedicated flange.
The undisturbed length of the jet has been derived by

Rayleigh and reported, for instance, by Levich.50 The length
prior to breakup depends on the outflow velocity vL, the density
ρL, the liquid surface tension σL, and the drip point diameter D:

ρ σ= · ·L D v8.46 /L
3

L L (3)

The proposed relation is not affected by the presence of a
countercurrent gas. Assigning an average predefined liquid load
to the distributor, the outflow velocity is evaluated from

=v C gh2L c L (4)

where CC is the outflow coefficient, hL is the liquid level (in m),
and vL is the outflow velocity (in m/s). The outflow coefficient
has a value of 0.6. The liquid level in the distributor is also a
function of the gas flow rate. The pressure drop (in Pa·H2O
cm) can be evaluated with the following expression:
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where Wgas is the volumetric gas flow rate, Scolumn is the column
section, and ε is the fraction of the column section devoted to
the risers. The total liquid level to be used in eq 4 is solely
related to the liquid velocity corresponding to the liquid
volumetric flow rate divided for the total drip points section.
The undisturbed liquid jet length is reported in Figure 30 as

a function of the liquid level in the distributor in the case of
zero gas flow rate. It is possible to observe that an adequate
reduction of the operational range can ensure the stability in
the outflowing liquid film. Nevertheless, once a certain load is
defined, the constraint of minimum liquid level on the
distributor must be satisfied (vertical line). The horizontal
lines define the distributor to packing distances adopted in the
weeping tests. Too small distances do not have enough space to
generate droplets, but as already demonstrated, they generate

Figure 25. GE1.Dz.90.F.x.y, entrainment flow rate.



serious problems for the gas that is rising in the column and are
not taken into consideration.
Figure 31 shows the liquid jet obtained in different water. In

Figure 31a, it is worth noticing that the distributor is not fully
operating since, the liquid level being smaller than the limit of
30 mm (normal conditions), some drip points are not irrigated
(see on the top-right of the figure).
Figure 31b shows the formation of the droplet; nevertheless,

the instability appears several centimeters above. Figure 31c

underlines that the outflowing liquid is still influenced by the
limit condition of a liquid level approaching 30 mm; actually,
the jet generates droplets. Figure 31d shows the liquid under
the same conditions of the previous point. In this case, the jet
seems to be more stable. In Figure 31e, the outflow is more and
more stable. In Figure 31f, the liquid jet is completely stable.
To work properly, the liquid distributor must be placed on a

horizontal support. The solders, the punching, the installation

Figure 26. Liquid distribution below the packing for distance D1 and D2.



of the risers, and especially the weight of the same distributor
can lead to out-of-plane configurations.

Supports are usually installed for the industrial distributors to
prevent these deformations. The distributor used in the
experiments does not require these construction devices since
the column internal diameter only is 490 mm, but it was
decided to insert the support to simulate at best the industrial
cases. The mechanical support of the liquid distributor needs to
resist some hundreds of kilograms for high loads; thus, it
consists of stainless steel tubular bars with a rectangular cross
section. If the bars are installed too close to the drip points,
they can intercept the liquid jet, leading to earlier droplet
generation. Finally, Figure 32 relates to a specific liquid flow
rate of 4000 kg/h/m2. The liquid jets are well-developed for the
first 8 cm, but the two jets closer to the support structure are
subject to a wall, inducing the earlier generation of droplet, and,
consequently, an increase of the entrainment I.

7. SPLASHING EFFECT ON THE STRUCTURED
PACKING

As demonstrated above, the liquid jet can be continuous or
scattered in droplets. In the latter case, it is necessary to assess
how the single droplet impacts and what happens, once it has
achieved the wetted, oblique, and waved surface of the
structured packing. The dynamics of the impact on the surface
depends on the drop diameter, its terminal velocity, the
physical characteristic of the fluid (viscosity, density, surface
tension), and the surface roughness. In order to have the splash
of the drop, the Weber number (ρLvrel

2D/σ) has to overcome at
least a value of 80. Below this limit, the drop bounces. Stow and
Stainer found that the splash-product diameters are distributed
according to a log-normal function, and that the number of
droplets produced by a splash increases with surface roughness,
impact velocity, and drop size but decreases with a reduction of
the surface tension.
Here, the purpose is just to put into light the contribution to

entrainment of possible drops splashing over the packing
surface. An estimation of the number of subdroplets generated
after the splashing is obtained through the experiments to
evaluate their volumes and, with a momentum balance, the
fraction entrained by the specific air load.
The kinetic energy of the falling droplet is a function of the

liquid properties, of the velocity, and of the shape. The kinetic
energy is almost totally dissipated in the impact on the packing
surface. This dissipation is mainly due to the viscous and
inertial frictions. The remaining energy is transformed into
kinetic and surface energy of the subdroplets, which are
generated in the impact. The energy dissipation is evaluated by

Figure 27. Maldistribution versus air/water mass flow rate.

Figure 28. Packed column layout modification for reliable humidity
measures. This layout is identified with the suffix SV in the geometry
code.

Figure 29. GE1.Dz.90.F.x.y.SV with z = 1, 2; humidity trend.

Figure 30. Stability (limit of film length): comparison of experimental
data with eq 3.



means of a nondimensional parameter, called breaking
efficiency, which is given by the ratio of the value 12 (this
value is an average critical value of the We number of the drops
after their formation) and the We number:

η σ
ρ

= =
‐We v D

12 12

L rel
2

sub droplet (5)

where σ is the interfacial tension of liquid, ρL the liquid density,
Dsubdroplet diameter of the formed subdroplet, and vrel is the gas−
liquid relative velocity. This parameter allows evaluating the
total volume of the subdroplets that are formed after the
impact.

Regarding the diameter of the subdroplets, some specific
tests have been performed to identify their average size. Thanks
to a relatively high resolution photo camera (250 fps), it has
been possible to obtain a sequence of images of the droplet
splashing on a metallic surface very similar to the one of the
structured packing (see Figure 33). The sequence shows that a
set of subdroplets are originated from the splashing of a single
droplet. The subdroplets separate from the crown generated by
the impact at the photogram (c). It is possible to count the
subdroplets. After many tests with different mother droplets,
the average of subdroplets generated has converged to 15.7.
Thus, the average diameter of the subdroplet is 0.7 mm.
The structured packing Mellapak 250.Y does not have a flat

surface, but it is characterized by layers of metallic sheets at 45°.
Hence, the same analysis has been performed on a stainless
steel surface at 45°, and the photograms are reported in Figure
34. A first important difference with respect to the previous
case is that the crown originated by the impact is deformed.
The angle of inclination of the metallic surface deflects the
droplet toward the slope, and the kinetic dissipation is less
drastic since the droplet tends to slide on the wetted oblique
surface. The number of subdroplets is 14.1 in this case, with a
diameter of 0.6 mm.
Using the experimental diameter, it is possible to provide a

reasonable estimation of the subdroplets formed by the
splashing. It is therefore possible to estimate the efficiency of
breaking of the droplet by evaluating the relative velocities
between the fluids in the column under the different operating

Figure 31. Jet stability at different water loads. (a) 2100 kg/h/m2; (b) 6900 kg/h/m2; (c) 7960 kg/h/m2; (d) 7960 kg/h/m2; (e) 9950 kg/h/m2; (f)
10100 kg/h/m2.

Figure 32. Stainless steel support for the industrial distributors.



conditions. The efficiency assumes, in the present study, the
following values:

η< <0.01 0.1 (6)

The average diameter of the droplets can be calculated for
several values of the efficiency by assuming that 14 droplets are

forming (this is the case of Mellapack 250Y or other packings
having the corrugations inclined 45° with respect to the
horizontal plane and with an air−water system):
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Figure 33. Droplet splashing sequence (horizontal surface).

Figure 34. Droplet splashing sequence (45° surface).



where Vdrop is the volume of splashing drop.
To check if the subdroplets are entrained by the air load, a

momentum balance is performed, by supposing a spherical
shape:
• Buoyancy force:

ρ̇ =F V gG air droplet (8)

• Gravity force:

ρ⃗ =F V gP droplet droplet (9)

• Impact force

ρ
π

⃗ =
·

F C v
D1

2 4T air D rel
2 droplet

2

(10)

where CD is the drag coefficient taking into account also drop
deformation, deduced by using the theory introduced by
Bozzano et al.51

The entrainment condition is, obviously

⃗ + ⃗ > ⃗F F FG T P (11)

8. EFFECT ON ENTRAINMENT OF LOADING
CONDITION OF THE STRUCTURED PACKING

As stated in the literature, the loading condition corresponds to
about the null velocity at the gas−liquid interface. To assess if a
correlation between the loading conditions, which are the most
favorable for the mass transfer, and the entrainment
phenomenon exists, it is necessary to identify which operating
conditions generate the loading (Figure 35). The gas flow rate

needed to determine the loading phenomenon increases
together with the liquid load. The liquid load that corresponds
to the loading slowly increases for small gas flow rates, whereas
it has an exponential increase for large gas flow rates. It is linear
with respect to the specific gas load up to Fs = 2.25, whereas the
exponential trend with large Fs is related to the shear stresses
generated by the gas flow rate. The curve has been calculated
by using the model of Bozzano and co-workers.31

While the liquid load increases, the average thickness of the
liquid film within the packing increases too, and the holdup
rises. Beyond certain liquid and gas loads, the only extreme
condition is the flooding, where an exponential increase of
pressure drops, efficiency losses for the mass transfer (due to

the formation of prevalent channels for liquid flows), and
increase of the entrainment are observed.
To detect the operating regime of the packed column, for

instance, close to the loading or over the entrainment, it is
necessary to compare the flow rate entering the column with
respect to the calculated loading condition. Considering some
cases shown in Figures 36−38, note that with an increasing

ratio of loading specific flow rate and liquid specific inlet flow
rate, the entrainment approaches zero. Changing the geometry
of the liquid distributor, for instance the twist angle, the result is
the same since an increase in the liquid flow rate leads to

Figure 35. Liquid loading with respect to gas flow rate.

Figure 36. Entrainment flow rate for the geometry GE3 and twist
angle 90°.

Figure 37. Entrainment flow rate for the geometry GE3 and twist
angle 45°.

Figure 38. Entrainment flow rate for the geometry GE3 and twist
angle 0°.



relevant entrainment only if the ratio is close to 1 or higher
(beyond the loading condition).
In the series of tests with Fs = 1.49, due to the low gas flow

rate, the entrainment is always prevented (Qload/QH2O > 10).
Figures 36−38 show the entrainment for different twist angles
(90° to 45° and to 0°). Several phenomena can be deduced
with respect to the liquid flow rate:
1. The fraction of liquid entrained is almost always zero for

Qload/QH2O > 1. When the entrainment is present, it is due to
the low liquid flow rate, which cannot ensure a continuous
outflowing jet with consequent weeping, droplet generation,
and, next, entrainment formation.
2. With an assigned gas flow rate, there is a quasi-quadratic

relationship that joins the entrainment flow rate and the liquid
flow rate. In fact, at low water flow rates, the entrainment is
mainly due to the maldistribution for weeping and droplet
generation. Conversely, the outflowing jet is more stable with
larger liquid flow rates, and the droplet formation is reduced or
absent. At last, the liquid entrained increases beyond the
loading conditions.
3. With large gas flow rates (Fs > 3), the inlet liquid flow rates

are always sufficient to lead to the loading condition. The
relationship between the loading conditions (and the more
critical flooding conditions) and the entrainmentIt is definitely
evident. To quantify the effects of liquid flow rates larger than
the loading flow rates, it is necessary to calculate the fraction of
liquid holdup within the structured packing under the operating
conditions.

9. CONCLUSIONS

This work, together with the companion paper, has the purpose
to contribute to the current literature on the design criteria for
fluid distributors coupled with structured packing systems. The
sole experimental campaign required several months on the
pilot plant with dedicated human resources from both the
Politecnico di Milano and SIAD Macchine Impianti. The
activity is resulted in the collection of a large amount of data
(184 tests), which allowed a deeper process understanding and
detailed discussions.
Different geometries of the liquid distributor with respect to

the packing have been performed to assess the interactions with
the underlying packing. The highlights can be summarized as
follows:
• The selected drip points distributor has demonstrated an

optimal wetting of the structured packing. When the gas flow
rate is zero or however far from the loading conditions, the
liquid distribution is particularly uniform. Whenever Fs
increases and the system approaches the loading conditions,
the distribution is somehow compromised and the column
efficiency declines.
• The variation of the twist angle does not have a relevant

impact on the distribution efficiency of the liquid on the
structured packing. Conversely, significant phenomena are
present for the gas fluxes: if the risers are oriented as the layers
of the structured packing, the turbulence generated by the air
flow rates is reduced with a consequent reduction of the
pressure drops across the fluid distributor and of the
entrainment. The riser disposition should cover the maximum
surface so as to decrease the air contraction between the
packing and the distributor (in our plant it was covering 30% of
the distributor).

• The distributor to packing distance is a crucial parameter
with direct effects on the gas and liquid distribution. Whenever
the distributor is installed too close to the packing, the gas
fluxes must strongly deflect their path in a reduced space for
entering the risers. It causes a redirection of the gas streamlines
already within the packing, generating a kind of bypass zone
where the liquid is favored to pass in. There is a consequent
decrease of the mass transfer efficiency and a liquid
maldistribution along a part of the packing. In this case a
direct correlation between air flow increase and maldistribution
increase has been highlighted. The minimum distance between
distributor and packing has to be such that the ration between
the this distance and the risers minimum width is equal to 5.
Nevertheless, an installation of the distributor too far from the
packing worsens the hydraulic behavior for the entrainment of
the droplets on top of the packing, although the gas fluxes are
free to move and enter the risers without relevant pressure
drops. Equations 1−5 and the model that describes the droplet
generation from a liquid jet, eqs 6−11, and their consequent
entrainment allow one to evaluate the optimal distance between
the packing and the liquid distributor.
• The stainless steel support for the packing must be

soldered in order to prevent the contact of the liquid jet
outflowing drip points with the supporting bars. Actually, if the
liquid jet deviates from its vertical path, unavoidably earlier
droplet generation can take place and, with their splashing,
produce subdroplets and, consequently, entrainment.
• The liquid and gas flow rates play a fundamental role in the

liquid entrainment. Large gas flow rates lead to entrainment
phenomena also into the structured packing when loading
conditions are approached.
• The losses in the column efficiency are therefore due to the

selected packing. An increase in the gas flow rate generates a
crown effect in the packing wetting with a kind of bypass in the
central zones and a large flow of liquid in the peripheral zones.
Such bad contacting reduces the mass transfer although the
geometrical configuration works well from a hydraulic view-
point.
Finally, the set of reasons responsible for generating fluid-

dynamic problems in the packed column and liquid distributor
have been investigated. A better understanding is the basis for
the improvement of plant efficiency and the reduction of the
installation and variable costs. The present paper can be a
starting point toward further investigation of interactions
between the liquid distributor and the structured packing
when their geometries are changing. Moreover, also the effect
of fluids with different interfacial tension should be investigated.
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