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ABSTRACT

The concept of the wire bundle packing is regarded as a potential alternative to common structured
packings in the chemical industry, but until now it is still in prototype stadium and its capability has to
be proven. The packing mainly consists of parallel vertical wires that are supplied with liquid separately
from a special liquid distributor. To gain insight into the fluid dynamics of the gas/liquid flow, experiments
with a single wire in a channel are conducted. Different methods are employed to measure local film
thicknesses, liquid hold-up, liquid bead velocities, load limits and pressure drop. Due to the strongly
curved surface of the wire, the film flow differs from the fluid dynamics of liquid films on plane surfaces.
The film flow shows a distinctive pattern of liquid “beads” that run on a thin basis film. When the film
is subject to a significant counter current gas flow the flow pattern changes, but the liquid hold-up and
the interfacial area are hardly influenced. This behaviour can be observed up to the load limit where
the beads disintegrate and flooding occurs. An estimation of the fluid dynamic performance of the wire
packing from the single wire experimental data is made. The results indicate that the interfacial area of
the fully wetted packing exceeds the dry packing area up to 60%. The estimated pressure drop is about
one magnitude lower than that of a comparable corrugated sheet structured packing and the load limits

are significantly higher.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Liquid films are widely used in apparatuses for heat and mass
transfer in gas-liquid systems. In packed columns for distillation or
absorption, the liquid is distributed on the surface of internal pack-
ings to provide a large interfacial area for heat and mass transfer.
Today, the most widely used structured packings in the industry
are cross corrugated sheet packings which were developed in the
1960s. They offer low specific pressure drop and high separation
efficiencies and are easy to manufacture. Their structure provides
inclined gas passages that cause intensive radial mixing of the gas
phase and an increase of the local gas velocity. In spite of all the
advantages, uniform liquid distribution in the packing is still a
problem. This is of importance since maldistribution reduces the
separation efficiency significantly.

An alternative packing concept which consists of bundles of ver-
tical wires is expected to solve the problem of liquid distribution.
Liquid is supplied to each single wire by a special liquid distrib-
utor and flows down on it as annular film. By this means a very
uniform radial liquid distribution over the whole packing height
can be achieved provided that the uniformity of the initial liquid
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distribution is ensured. This is crucial since the packing has no self-
distribution properties. Compared to corrugated sheet packings,
the paths for gas flow are straight. This reduces the effective gas
velocity and the abrupt direction changes of the gas flow inside the
packing. As a result, the specific pressure drop decreases and the
load limits increase. This effect can also be found when comparing
corrugated sheet packings with different corrugation angles.

But until now, the wetted wire concept is in experimental stage
and only few prototypes on lab scale have been built. There are
technical problems that still have to be solved for the use in practi-
cal applications such as the liquid distribution and the installation
of the packing in the column. And the most important is if the
advantageous fluid dynamic behaviour goes along with reasonable
separation efficiency.

This work focuses on the fluid dynamics of the liquid film on a
single wire. One the one hand, one gets a detailed view on the film
flow how it appears in the packing. On the other hand, it allows esti-
mating the fluid dynamic performance of the wire packing. But to
draw a conclusionif the packing is eventually feasible, mass transfer
measurements have to be performed as well.

The vast majority of investigations on falling liquid films are
made on planar surfaces, whereas curved surfaces are considered
planar when the film thickness is comparatively small to the radius
of the curvature. To avoid boundary effects, most experiments were
performed at the inner and outer walls of tubes. The first theoreti-
cal description of falling film flow in the laminar regime was given
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by Nusselt [1]. With the assumption of a developed velocity pro-
file, the theoretical film thickness can be calculated. Several authors
presented empirical equations based on experimental data for the
different flow regimes from laminar to fully turbulent flow [2-6]. It
showed that even in a pseudo-laminar regime the mean film thick-
ness of the wavy film is equal to the theoretical Nusselt solution. In
the fully turbulent region the flow shows irregular wave patterns
and the mean film thickness deviates from the Nusselt solution.
Further investigations on the wavy structure of the turbulent film
were conducted e.g. by Portalski and Clegg [7], Chu and Dukler [8]
and Takahama and Kato [9].

When considering a film on a highly curved surface, such as a
wire, where the radius of curvature of the wetted surface is in the
order of magnitude of the film thickness the film flow can no longer
be described by the equations for planar liquid films. Grabbert
and Wiinsch [10] made a theoretical comparison between lami-
nar films on curved and planar surfaces and showed the influence
of the curvature on the fluid dynamics. When comparing laminar
films of the same film thickness, an increase in curvature causes
higher velocities and a steeper velocity profile. Besides this, the
curvature promotes the formation of waves due to the instability
caused by influence of the surface tension which was first theoret-
ically described by Rayleigh [11]. This phenomenon leads also to
the disintegration of liquid jets as described by Weber [12]. There
are several studies focusing on the instabilities of films on wires or
fibres since it has also a technical relevance for coating processes.
Goren [13] made a theoretical and experimental study for creeping
flow of thin liquid films on wires. He chose the liquid viscosities
and surface tension so high and the radius of the wire so small
that the gravitational forces could be neglected compared to vis-
cous and surface forces. He found that for a given parameter set
there is a disturbance of a certain wavelength which grows faster
than disturbances of other wavelengths. This leads to the formation
of capillary waves that appear as “beads” with a distance which is
given by this wavelength. Lin and Liu [14] made similar studies for
falling films on a wire and taking also the gravitational forces into
account. They found that the film is practically instable for all values
of the liquid Reynolds number and the ratio of film and wire radii.
Trifonov [15] calculated wavy regimes of viscous liquid films on
wires. The results showed a significant influence of the curvature
on the wave formation. Experiments by Quéré [16] showed that a
mean flow can lead to beads of constant amplitude and prevent the
break-up of the film. Recent works that include numerical simula-
tions and experiments distinguish different flow regimes [17-22].
For low flow rates and thin wires, a primary instability forms evenly
spaced beads which maintain uniform shape over the whole length
of the wire. At larger flow rates and thicker wires the flow becomes
irregular after a certain height. Due to coalescence processes, large
beads are formed which are running down with higher velocity and
swallow smaller slow-moving beads. There remains a thin smooth
basis film in their wake which again can form visible beads. As sim-
ulations revealed, inner circulation can occur in large beads so they
act like roll waves which transport mass by their motion.

An idea to use this special form of liquid films for technical
purposes was proposed by Hattori et al. [23]. They suggested a
wire packing for heat and mass transfer processes and made sin-
gle wire experiments. Further experiments on fluid dynamics and
mass transfer of films on single wires were performed by Chinju et
al. [24] and Uchiyama et al. [25]. Migita et al. [26] built a prototype
wetted wire column with an inner diameter of 70 mm and a packing
consisting of 109 parallel wires. They performed desorption experi-
ments with CO, /N, gas mixtures into aqueous monoethanolamine
solution (MEA) and also measured the specific pressure drop. It
appeared that the separation efficiency is comparable to common
packings but the specific pressure drop is about one magnitude
lower. This would make the wire packing suitable for applications

where alow pressure drop is important like e.g. vacuum distillation
or flue gas cleaning.

Most publications dealing with cylindrical film flow do not con-
sider the interaction of the film flow with a counter current gas
phase as it occurs in a packed column. In the work of Migita et al.
[26] the gas velocities are low enough that there is practically no
influence on the film fluid dynamics. Our work focuses on the two-
phase flow of annular falling films at higher gas loads where there
film flow is affected by the counter current gas flow. The aim of this
investigation is to estimate the performance of the fluid dynamics
of a wetted wire packing at higher gas loads (Fp >3 Pa%5).

2. Materials and methods
2.1. Experimental setup

The flow sheet of the experimental setup is shown in Fig. 1. The
main element is a vertical channel with a centrically fixed wire.
Liquid is pumped from a storage tank (0.5 L flask) to the top of the
channel by a gear type pump (BVP-Z 186, Ismatec GmbH, Germany).
A check valve is installed to avoid the back-flow of the liquid while
the pump is switched off. To adjust the liquid temperature, a heater
is installed. The liquid is supplied to the wire inside the channel
head and runs down as liquid film and gets into contact with the
gas phase. At the channel bottom, the liquid is caught by a collec-
tor tube and fed back into the storage tank. The collector tube and
the storage tank are connected by flexible hoses and a pressure
equalization line (not shown in Fig. 1) in such a way that they share
the same liquid level. The weight of the storage tank is measured
with an electronic balance (BL 1500 S, Sartorius AG, Germany) to
detect changes of the circulating liquid mass due to evaporation
inside the channel. Any amount of liquid which is possibly thrown
against the channel walls misses the collector tube and is drained
off separately.

The air is taken from the domestic compressed air net which is
filtered and decompressed to system pressure (up to 5 mbar above
ambient pressure) which is measured by a U-tube manometer. A
temperature controlled electrical heater (LHS System 20 S, Leister,
Switzerland) of 1 kW power heats the air to the desired tempera-
ture before it is guided into the bottom of the channel. To reduce
heat losses the airflow is insulated. After having passed through
the channel the air leaves at the top into the environment. To pre-
vent liquid droplets from being discharged into the environment,
a phase separator has been installed in the exhaust air path.

Fig. 2 shows details of the channel’s head and bottom section.
The channel is made of four glued glass sheets of 4 mm wall thick-
ness and has a quadratic free cross section of 20 mm x 20 mm and
a length of 1 m. The wire is made of stainless steel with a diameter
of 1mm and an untreated surface of technical roughness which is
carefully cleaned with acetone. It is fixed at the bottom, tightened
by a stretching device at the head and sealed at both sides. The
head body is made of acrylic glass and holds a brass insert with a
liquid feed tube of stainless steel with an inner diameter of 2 mm.
With an adjustment mechanism it is possible to limit the excen-
tricity of the annular gap between the wire and the feed tube to
+0.1 mm to achieve a uniform initial liquid distribution. The bot-
tom section contains a liquid collector glass tube (ID @ 8 mm). The
lower part of the liquid collector is made of Teflon and has g 8 mm
hose connections for the liquid outlets. Air is guided into the bot-
tom chamber via four inlet ports which are placed in the mounting
plate. An intake guide is mounted at the entrance of the channel to
ensure a smooth transition of the gas flow.

The liquid flow rate is governed by the calibrated rotary fre-
quency of the gear pump in a range from 10 mL/min to 90 mL/min
(corresponding to a liquid load of By =0.2...1.7m3/(mh), rela-
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Fig. 1. Sketch of experimental setup.

tive uncertainty +2%). Gas flow rates are adjusted with a throttle
valve and measured by a flow meter between 0m?3/h and 10 m3/h
(corresponding to a gas load of Fc=0...7.6 Pa%>, relative uncer-
tainty +6%). Temperatures are controlled to have the same value
at the inlet of each phase and varied from room temperature to
70°C.

A digital CMOS high-speed camera (MV-D752-160, Photonfo-
cus AG, Switzerland) combined with a synchronized pulsed back
lighting (LED element: 300 mm x 18 mm, LND-330A-DF, CCS Inc.;
LED lighting controller: PP602, Gardasoft Vision Ltd.) is used for
shadowgraphy measurements of the film flow. The camera has a
maximum frame rate of 340 fps at a spatial resolution of 752 x 582
pixels. It is possible to reduce the region of interest of the image
sensor to increase the frame rate. A telecentric lens (S5LP]J0420, Sill
Optics GmbH), which delivers magnified undistorted pictures, is
used for film thickness measurements. For the detection of the bead
velocity, a wide-angle lens (Pentax 12 mm TV lens) is employed.
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The camera is mounted on a carriage to adjust the focal plane to
the wire axis. Furthermore, the vertical position of the camera and
the lighting can be varied. The channel inlet and outlet temper-
atures of liquid and gas are measured by thermocouple sensors
(Type K, Newport GmbH). To measure the pressure loss over the
length of the channel, a differential pressure transducer of preci-
sion U-tube type (Betz GmbH) is installed between the gas in- and
outlet.

To examine the influence of physical properties, different liquids
were used. Deionised water was taken from an ion-exchange puri-
fying system. Ethanol (Merck KGaA, Germany) of synthesis grade
with a purity of 99.5% was used. Paraffin oil was used as received
from the supplier (Fauth & CO. KG, Germany); the viscosity was
measured with a rotational viscometer (Anton Paar Rheolab QC,
Haake VT 550) and the surface tension with a pendant drop type
tensiometer. An overview of the physical properties of the liquids
is given in Table 1.
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Fig. 2. Cross section of channel head.
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Table 1
Physical properties of the tested liquids at 20°C.
p [kg/m?] 7 [mPa-s] o [mN/m]

Water 9987 1.0° 72.7°
Ethanol 7902 1.22 22.3b
Paraffin oil 830°¢ 16.0¢ 28.3¢
a[28].
b [27].

¢ Own measurements.

2.2. Film thickness measurements

Due to the good optical accessibility of the channel and the
absence of optical distortions, the non-intrusive shadowgraphy
method is used to detect the film thickness. The transparent lig-
uid film is identified by its boundary, which appears as dark shadow
on the images. To get a local time-dependent thickness profile with
high temporal resolution, only a narrow region of 20 x 752 pixels
was chosen. This allowed recording image sequences with a frame
rate of fr=1000fps and a recording time of tg=5s or 10s. The
sequences were analyzed by image processing software (Image-
Pro Plus 5.1, Media Cybernetics Inc.). The diameter of the dry wire
was used as calibration length to convert the pixels into length
information with an accuracy of £10 pm, resulting in a relative
uncertainty of the film thickness of 10% at § =100 um and +1% at
8=1500 pm. To handle the large amount of data, a macro was writ-
ten which automatically exports the results into MS Excel sheets.
Fig. 3 shows an example of a film thickness profile. One can eas-
ily distinguish the beads, appearing as sharp peaks, and the basis
film. For the automatic recognition of the beads a threshold value
of §=500 wm was introduced which turned out to be valid over
the whole parameter range since it was observed that the basis
film never reaches this value. An overstepping of the threshold is
regarded as the appearance of a bead and the peak height is taken
as bead thickness. The basis film thickness was counted when the
deviation from the mean value was lower than 5% over a period of
0.02's. From these data, mean values of the bead thickness, bead
frequency and basis film thickness were determined which were
time-averaged over the recording time.
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1000 -

800 -

600 -
Threshold

Film thickness & [um]

400 ~

200 ~

O T T
0 0.2 0.4 0.6 0.8 1

Time t [s]

Fig. 3. Example of film thickness profile recording.
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Fig. 4. Sequence of the breakage of an ethanol bead.

2.3. Liquid hold-up measurements

As can be seen in Fig. 1, the collector tube and the storage tank
are interconnected and thus have the same liquid level. When the
pump is switched off, the remaining liquid film on the wire drains
into the collector tube and causes a strong increase in the weight
of the storage tank which is recorded by the electronic balance.
The additional liquid volume in the collector tube caused by the
level rising is not detected by the balance. Therefore it is estimated
by means of the liquid surface area ratio of storage tank and sam-
ple tube. The step response is characterized by a steep rise in the
beginning which is caused by fast draining beads of the mass AMg.
Thereafter, the remaining basis film drains and causes a slow rise of
the curve until the film is ripped up and the drainage is stopped. A
small amount of liquid remains at the wire in the form of adherent
drops in the range of few microliters.

The averaged value of ten jumps gives a mean liquid mass on the
wire that is converted to a mean liquid hold-up HU; = A Mot /(01-Lw)
which is referred to the length of the wire (relative uncertainty
+8%). This quantity can be interpreted as the mean cross-sectional
area of the film.

2.4. Load limit measurements

The load limits are identified by visual observation. At a cer-
tain gas load some of the largest beads start to break up into small
droplets which are entrained by the gas flow (see Fig. 4). Thus, this
point is regarded as the onset of entrainment. A further increase of
the gas load causes the flooding of the channel which is character-
ized by the complete retention of the liquid. The phenomenon of
bead breakage is more pronounced in the case of ethanol while the
bead breakage of water leads directly to the flooding of the channel.

2.5. Bead velocity measurements

The bead velocity is observed with the high-speed camera
equipped with the wide-angle lens. The image size covers about
12 cm of the channel height. A scale which is attached to the chan-
nel serves as calibration length. To analyze the image sequences, the
same image recognition software is used as for the film thickness
measurements. In order to detect the beads as discrete objects and
distinguish those from the basis film areas of interest are arranged
in the images on each side of the wire. By this means, only the
bead crests which extend into these areas are recognized. A track-
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ing function of the program is used to follow the path of the beads
as they move downwards. The relative uncertainty of this measure-
ment method is £5%.

2.6. Pressure drop measurements

The measured pressure drop is mainly caused by friction of the

rise in the pressure drop when the wire is loaded with liquid (up
to 10Pa). When dividing the definition equations for the friction
factor for wetted and dry condition (Appendix B), the increase of
the friction factor due to the counter current film flow can be cal-
culated:

channel walls and the additional channel inlet and outlet resis- dic _ APl,c(l —hye)? dhj 1)
tances (relative uncertainty +2%). Anyhow, there is an observable e Apc T dnc
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Fig. 7. Basis film thickness (a), bead thickness (b) and bead frequency (c) depending on the gas load at different vertical positions z=A 130, ¢ 330, O 730 mm; water,

Bw=0.2m3/(mh), T=20°C.
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3. Results and discussion
3.1. Film thickness

In the measured liquid load range, the film flow shows an irreg-
ular pattern of beads of different sizes. Therefore, the film thickness
data was averaged over the recording time. The results of the film
thickness measurements are shown in Figs. 5-7. The mean basis
film thickness, mean bead thickness and mean bead frequency are
plotted against the gas load F¢. The plots are showing the variation
of the liquid properties, the liquid load By and the running length z
of the film. When considering the influence of the gas load, common
phenomena can be observed for all parameter variations:

e The basis film thickness shows almost no influence of the gas load.
¢ The bead thickness is increased significantly with rising gas load.
¢ The bead frequency is reduced at high gas loads.

Comparison of different liquid properties (Fig. 5)

The basis film thickness shows a significant influence of the liq-
uid properties. Due to higher viscosity, paraffin oil shows a higher
basis film thickness than water at different temperatures. Interest-
ingly, the variation of the temperature of water does not have a
clear effect on the basis film thickness. The water film shows the
largest bead thicknesses, which is assumed to be caused by its large
surface tension compared to ethanol and paraffin oil. For ethanol,
there is a maximum value at medium gas load. The reduced fre-
quency at low gas loads is caused by a drippy liquid flow from the
nozzle which is changed into a smooth flow at higher gas loads. In
summary it can be concluded that a higher viscosity of the liquid
causes a thicker basis film and at higher surface tensions the film
tends to form larger beads.

Comparison of different liquid loads (Fig. 6)

An increase of the liquid load leads to slightly larger basis film
thicknesses, whereas the bead thickness is clearly enhanced. More-
over, the bead frequency rises considerably with increasing liquid
load. This means that at higher liquid loads a greater portion of
the liquid is transported by the beads. Anyhow, a clear distinction
between basis film and beads cannot be made as Chinju et al. [24]
already stated. When regarding numerical results from Duprat et
al. [21] of the internal streamlines for the regular bead flow on a
wire, large recirculation zones appear inside a bead at higher liquid
loads in which liquid volume is trapped and transported as the bead
runs down. The parallel streamlines of the basis film are widened
underneath the recirculation zone. This can be interpreted in such
a way that the basis film is accelerated as the bead runs over it (the
bead then only consists of the recirculation zone). When regarding
the bead at large, it can be interpreted that the basis film enters the
bead and leaves it after a certain residence time while there is no
exchange with the liquid volume of the recirculation zone. For the
irregular bead flow the internal flow is more complicated and it is
assumed that the recirculation zone holds a significant potion of
the drop volume and thus most of the liquid volume is transported
inside these recirculation zones.

Chinju et al. [24] and Uchiyama et al. [25] reported that the bead
size does not increase with rising liquid load. Furthermore, they
measured smaller bead sizes but higher bead frequencies than in
the present study. The main difference is that they measured at
lower liquid loads whichresulted in aregular bead pattern, whereas
in this study the liquid loads where higher than the critical value at
which anirregular bead pattern arises. One can conclude that in the
regular flow regime an increasing liquid flow rate leads to a higher
density of equally sized beads on the wire. At higher liquid load the
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Fig. 8. Liquid hold-up and portion of the bead hold-up.

flow becomes irregular and the faster beads swallow the slower
ones which results in an increase of the mean bead thickness but
also in lower bead densities.

Influence of the running length (Fig. 7)

The basis film thickness shows no significant influence of the
running length at the chosen positions. The bead thickness is
slightly higher at the position z=130mm whereas there is no
apparent difference between the values at 330 mm and 730 mm.
The bead frequency is lower at 130 mm but the values at 330 mm
and 730 mm also show no significant difference. This indicates that
at a vertical position of 330 mm the flow structure is already fully
developed and does not change further downwards.

3.2. Liquid hold-up

The liquid hold-up for water and ethanol at 20 °C in dependency
of the gas load for different liquid loads is shown in the upper dia-
gram in Fig. 8. It indicates that ethanol has a higher liquid hold-up
than water. This is mainly a result of its lower density and the lower
bead velocity which leads to a larger number of beads momentarily
on the wire when considering similar bead frequencies. An increase
of the liquid load understandably results in higher hold-up values.
Remarkably, there is no increase in the liquid hold-up with increas-
ing gas load. This behaviour is also known from packed columns at
operation conditions below the load limit.

The results of the film thickness measurements revealed that
the beads change their shape with increasing gas load (see Fig. 9).
This affects the step response profile after liquid shut-off. With
increasing gas loads there is the tendency that the steep rising
edge has a greater portion on the step height. This is caused by
the drainage behaviour of the beads. Apparently, when the beads
are of compact shape the film drainage is completed fast. With
streak-like beads the duration of the drainage is extended and the
rising edge is steep in the beginning and then slowly decays to the
terminal value. As a result, the liquid hold-up portion ascribed to
the beads rises with increasing gas and liquid load (lower diagram
in Fig. 8).
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Fig. 9. Bead deformation due to counter current gas flow (ethanol, 20°C).

The liquid hold-up can also be determined from the film thick-
ness data with the geometric model explained in Appendix A. The
mean value calculated from film thickness data from the verti-
cal positions z=130 mm, 330 mm and 730 mm were taken for the
wire packing estimation to be consistent with the interface area
calculation.

3.3. Bead velocity

The results shown in Fig. 10 indicate that there is no clear influ-
ence of the gas load on the bead velocity while a rising liquid load
causes an increase in bead velocity. It turned out that the number
of beads that were detected and also the resulting mean velocity
depend strongly on the parameters of the tracking algorithm. The
crucial parameters were the size range of the objects and the search
radius, which defines the radius in which the object is searched on
the following image. Since the objects often change their shape
during their passage as they interfere with each other, not all of the
beads can be tracked over the whole image height. In most cases,
only 40% of the number of beads that were detected by the film
thickness measurements could be tracked completely. This also
explains the high deviation of the measurement values at high lig-
uid loads. Since the bead velocity has only a weak influence on the
value of the film surface area this can be accepted. A sensitivity anal-
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Fig. 10. Bead velocity against gas load at different liquid loads.
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Fig. 11. Film surface area against gas load at different liquid loads.

ysis of the model revealed that an error of 25% in the bead velocity
at wg = 400 mmy/s results in a surface area deviation of 1%.

The constant bead velocity in conjunction with a decreasing
bead frequency (see Section 3.1) means that the distance between
the beads increases atrising gas loads. When considering a constant
liquid hold-up (see Section 3.2) over the gas load this means that the
bead volume increases because the liquid volume distributes across
fewer beads. This is consistent with the observation of increas-
ing bead thickness at rising gas load. One the other hand, it was
observed that the beads deform to a more compact shape what
also leads to higher bead thicknesses.

3.4. Interfacial area

The model used to calculate the interfacial area is explained in
Appendix A. Fig. 11 displays the calculated film surface area from
film thickness data against the gas load for different liquid loads.
It shows that the estimated effective film surface area is signifi-
cantly higher than the surface of the dry wire Aw and rises with
increasing liquid load By. The results indicate that the gas load has
no significant influence on the film surface area. The comparison of
the surface area to that of a volumetric equal liquid cylinder reveals
that the surface area of the wavy filmis slightly lower. It is explained
by the fact that the liquid concentrates in the beads which have a
lower volumetric surface area than a cylindrical annular film. This is
in contrast to the plane film where waves always lead to an increase
of the surface area.

1.12
Water
119072 20°C
1.08
N
% 1.06 Bw
) 3
1.04 [m7/(m h)l
-5-0.8
1.02 otz
1 T T T
0 2 4 6 8

Gas load F¢ [Pa™]

Fig. 12. Ratio of wet and dry friction factor depending on the gas loads for different
liquid loads.
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3.5. Pressure drop

Fig. 12 shows the ratio of the wet and dry friction factor ¢;¢/¢c
for the channel gas flow depending on the gas load F¢ for two dif-
ferent liquid loads. It can be seen that the wet friction factor is
larger at higher liquid loads which can be explained by the higher
bead frequency and bead velocity. An increase of the bead velocity
raises the relative velocity of the two phases and causes an addi-
tional pressure loss. Furthermore, Fig. 12 indicates an increasing
wet friction factor with rising gas load. An explanation is that the
deformation of the beads towards larger bead thicknesses at high
gas loads leads to a larger frontal area which causes higher flow
resistance.

3.6. Load limits

In Fig. 13 the gas load at bead breakage and flooding condi-
tion is plotted against the liquid load for water and ethanol. It is
obvious that high load limits are reached compared to a common
structured packing. However, when comparing the data with a wire
packing the geometric properties have to be considered with a cor-
rection of the gas load Fc according to Eq. (21). The phenomenon of
bead breakage is more pronounced in the case of ethanol while the
bead breakage of water leads directly to the flooding of the channel.
When increasing the gas load, the bead breakage occurs before the
liquid is possibly retained. This has the effect that the portion of
liquid which is thrown against the channel walls is not accounted
in the hold-up measurement. Therefore, a loading point where the
liquid hold-up increases with rising gas load below flooding could
not be observed (see Section 3.2).

Water shows clearly higher load limits than ethanol, one rea-
son is that the larger surface tension of water stabilizes the beads.
Additionally, ethanol has a higher liquid hold-up and thus increased
effective mean gas velocities at equal gas load. The minimal load
limit, i.e. where the annular film is torn up and flows as a streak on
one side of the wire, could not be clearly determined because the
dewetting occurred spontaneously in a wide range of liquid loads
below By =0.2 m3/(mh).

4. Estimation of wetted wire packing characteristic

To achieve high specific surface area of the packing, the wire
density has to be much higher than that of the test channel. With

Table 2

Properties of wire packings with different wire densities (dw =1 mm).
Sp,sq [mm] 5.0 4.0 3.7
Spei [mm] 5.4 43 4.0
ep [-] 0.97 0.95 0.94
zp [1/m?] 40,000 62,500 72,168
ap [m2/m?3] 126 196 227

respect to the observed maximum film thicknesses, a wire distance
of 4-5 mm should be appropriate to avoid an interference of the lig-
uid films on neighbouring wires. In Table 2 the calculated properties
of wire packings with different wire densities zp, i.e. different wire
spacings in square or triangular pattern, are listed. It indicates that
a wire spacing of 4mm in square pattern and 4.3 mm in triangu-
lar pattern respectively yields a dry specific surface area of about
200 m?/m3. This is in the order of specific surface areas of common
corrugated sheet packings.

To adapt the results from the single wire measurements to the
considered wire packing, the different voidage ¢ of wire packing
and test channel (ec =0.998) has to be accounted. Since the cross-
sectional area for the gas flow is additionally constricted by the
liquid flow, the effective mean gas velocities in the channel and the
wire packing are dependent on the dry voidage € and also the liquid
fill factor h;. For equal effective velocities in the gas passages of the
channel and the wire packing the superficial gas velocities and thus
the gas loads for the wire packing are less due to its lower voidage.
This is accounted by a correction factor: Fp = fcp Fc (see Appendix B).
Since both the liquid hold-up HU, and the specific film surface area
a;w showed no significant dependency on the gas load below the
loading point, mean values from the film thickness measurements
were used for calculation.

The gas/liquid interfacial area of the packing a; p is derived from
the specific film surface area of a single wire a, -

ajp = dpy - Zp- (2)

In similar manner, the specific liquid load in the packing is cal-
culated as

Bp =Viw - 2p. (3)

Fig. 14 shows the effective phase surface area of the wire packing
depending on the packing liquid load for different wire densities.
The specific dry packing surface is plotted in dashed lines for each
wire density. It reveals that the total specific film surface of the wet-
ted wires exceeds the value of the dry packing. Measurements on
corrugated sheet packings showed that the effective surface area
can also exceed the area of the geometric packing surface [29] but
this is ascribed to additional effects like droplets, bubbles and rip-
ples. Furthermore, the effective surface area rises with increasing
liquid load which is mainly caused by curvature of the film surface
on the single wires (see Section 3.4). Obviously, when the packing is
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Fig. 14. Effective film surface area of the wire packing depending on the packing
liquid load for different wire packing densities.
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not loaded the film surface has to be zero. It is expected that the sur-
face area decreases significantly when the liquid load falls below a
certain value due to the dewetting of the wires. This lower limit will
be definitely dependent on the surface tension of the liquid and the
wettability of the wire material. Since the lower liquid load limit
could not accurately be specified for the single wires the behaviour
of the wire packing at the lower liquid limit is still uncertain. From
the observations of the dewetting of single wires can be concluded,
that the dewetting process will not occur for all wires simultane-
ously and an abrupt decrease of the effective specific packing area
is not to be expected. However, for the complete rewetting of the
packing it is most likely that it is necessary to increase the liquid
load above the lower load limit.

The approach for the estimation of the specific pressure drop of
a wire packing is explained in the following. First, the pressure drop
for turbulent flow of the dry packing is calculated by an approach
of Rehme [30]:

Ap\ _ ., Pg-o 1
(F), =%,

(%) A [2.5 In (Reg (%")) +5.5] e (4)

A and G* are geometric factors witch depend on the wire distance
and the wire diameter. For a packing with in infinite extension they
are calculated as

A=1,G"= M+2.5 In 2(1+x),
1+x
x= P &(triangular). (5)
dw b

With Eq. (16) the wet specific pressure drop of the packing can
be estimated as

(2), -t (),

z)ip G (1—hpY dup\ 2

The factor (¢;p/¢p) is replaced by the ratio of friction factors
(¢1c/¢c)=f (Fc, Bw) found for the channel. Although this approach
seems to be reasonable it still needs to be verified by multi-wire
experiments as there might be an influence of an interaction of films
on neighbouring wires. In Fig. 15 the estimated wet specific pres-
sure drop of a wire packing with a wire density of 62,500 wires/m?
is plotted against the gas load for different packing liquid loads.
The pressure drop rises with increasing gas load while the curves
for increasing liquid load are shifted toward higher pressure drop.
In the considered range a loading point as observed in common
packings [31] can be not identified. The loading point is reached
when the gas load is high enough to increase the liquid hold-up.

: Ri+1
5 g
—>
Az =h

Fig. 16. Annular section model for film surface area estimation.

This causes steeper pressure drop slopes in the plot due to the
restriction of the gas phase cross-sectional area. Since the single
wire measurements showed no increase of the liquid hold-up at
high gas loads this is also predicted for the wire packing. On the
other hand, the transition region from normal operation to flooding
condition cannot be derived directly from the single wire measure-
ments. The load limit experiments on a single wire showed beads
that disintegrate into small droplet at a certain gas load. It is not
quite clear how this behaviour affects the hydraulic performance
of the packing.

For comparison, pressure drop data of a common corrugated
sheet packing of comparable specific surface area (ap =250 m2/m3)
which was calculated with model equations from Rocha et al. [32]
is added to the diagram. The predicted pressure drop of the wire
packing is about one magnitude smaller than that of the corrugated
sheet packing. This is expected because the gas passages in the cor-
rugated sheet packing have numerous direction changes and an
extended length. Migita et al. [26] compared their laboratory scale
wetted wire column (zp =32,075 wires/m?2, dy =0.88 mm) with a
comparable packed column and also found that the pressure drop
is significantly lower. However, they operated the system at very
low gas loads (vgp < 0.3 m/s) and liquid loads (Bp <5 m3/(m? h)). A
low specific pressure drop is desired but cannot be used as a mea-
sure of quality alone considering that an empty column has the
lowest possible specific pressure drop.

5. Conclusions

The investigations gave insights into the fluid dynamics of a
wetted wire column and allowed to make a prediction about the
operation characteristics. The single wire experiments showed a
liquid film which is characterized by a thin basis film and large
fast-moving beads. An increase of the gas load increases the bead
thickness and lowers the bead frequency while the basis film thick-
ness is hardly influenced. Nevertheless, the liquid hold-up and the
bead velocity are virtually constant over the observed gas load
range. This can be explained by an increase of the bead volume
and the deformation of the beads from streak-like into compact
shape. While the viscosity has an effect mostly on the basis film
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thickness, a high surface tension promotes the formation of large
beads. However, the film flow is considered to be developed after a
running length of 330 mm or less. The pressure drop measurements
revealed a rise in the friction factor ratio ) ¢/{c with increasing gas
load which is mainly a result of increased flow resistance due to
higher frontal area of the beads. Furthermore, the film surface area
is always higher than the dry wire surface area but the waviness of
the film does not increase the surface area such as for plane films.
It revealed that the flooding point is reached at comparatively high
gas loads.

When transferring the data of the single wire measurements
to a wire packing the gas loads have to be corrected for an equal
effective mean gas velocity in the gas passages. When wetted com-
pletely, a wire packing generates an interfacial area that always
exceeds the dry surface area. The predicted specific pressure drop
is about one magnitude lower than that of comparable corrugated
sheet packings. The crucial question is if the separation efficiency
is competitive to common packings which has to be examined in
further investigations. But even if the efficiency is less, the wire
packing could still be suitable for gas absorption or vacuum distil-
lation applications where a low specific pressure drop is important
and the requirements for product quality are not too high.

Notation

A, G*, x geometric factors of the packing, -

A area, m?

ap specific effective surface area of the packing, m?/m3

ayw film surface area on wire, referred to the wire length,
m2/m

ap specific surface area of the dry packing, m?/m3

bc cross-sectional dimension of the channel, m

Bw = Vi.w/Cw liquid load of wire, referred to the wire circumfer-
ence, m3/(mh)

By = 1] /Ap specific liquid load in the packing, referred to cross-
sectional area, m3/(m?2 h)

Cw circumference of wire, m
dw diameter of wire, m
dy, hydraulic diameter of the gas passage, m

F=vg-pg%> gas load, F-factor, Pa%>
fcp=Fp/Fc correction factor, -

fr frame rate, 1/s (fps)

h segment height, m
h;=Vj/(e Vior) liquid fill factor, -
HU; =V w/Lw liquid hold-up, mL/m

Lw length of wire, m

M mass, kg

N number of pictures in sequence

Ap pressure drop, Pa

(Ap/z) specific axial pressure drop, Pa/m

R radius, m

Reg = wgdy, pg/1g Reynolds number of the gas phase, -
Sp wire spacing in the packing, m

T temperature, °C

tr recording time, s

1% volume, m3

1% volume flow rate, m3/s

Vg superficial gas velocity, m/s

Wg mean bead velocity, m/s

w;, W mean film velocity on the wire, m/s

Wg mean gas velocity, m/s

z vertical coordinate, m

Zp packing density of wires per cross-sectional area, 1/m?

Greek letters
) film thickness, pm
& voidage, -

friction factor, -
dynamic viscosity, Pa-s
density, kg/m3

surface tension, N/m

QD I3 VY

Sub- and superscripts

B bead

BF basis film

C channel

g gas

1 liquid, wetted
P packing

R recording

ST storage tank
sq square pattern
Th threshold

tot total

tri triangular pattern
W wire

- mean
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Appendix A. Film surface area estimation

The surface area of the film on the wire is estimated from the
temporal local film thickness § and the mean bead velocity wg. To
account for the variation of the film profile and the bead velocity
over the wire length, film thickness and bead velocity data from dif-
ferent vertical positions are analyzed. With the mean bead velocity,
the time-dependent film thickness data is converted into a spatial
film profile. With this data, axially symmetric annular sections are
defined which represent the film on the wire (Fig. 16). The height
h of these elements is calculated from the mean bead velocity wg
and the frame rate fy:
R

Thus, the specific liquid hold-up HUj can be calculated by sum-
marizing the volume of the liquid elements and referring them to
the distance that the beads would have covered during the record-
ing time tg.

o T R4 R Rt + R, — (3/4)dw)
1= wp - tR .

h (7)

(8)

In a similar manner, the overall film surface area is estimated by
the summation of the lateral surface area of the elements (relative
uncertainty +2%).

N
> i m-(Ri + Rijq)

2
T (Ri = Riy1)” +h2.

(9)

with m =

Aw =Lw

With this model, the mean film thickness §; and the mean
liquid film velocity w; can also be evaluated:

i 1%

Wl,W = 71_112?1/ (10)
- HU,  (dw\? d

Sw = 71"‘ <7W> —7W~ (11)
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Appendix B. Adaptation of single wire measurement data
for wetted wire packing characteristic prediction

B.1. Estimation of specific pressure drop in the packing

The hydraulic diameters of the gas passages in the wire packing
and the channel in dry and wetted condition are calculated as

ep ep(1—hyp)
dhp=4- and dyp=4- —, 12
P Cw -zp ne aw - Zp (12)
bc’ec bc*sc(1 = hye)
do—4. and dyc=4.-C ¢~ e 13
ne 4bc + Cw e 4bc +aw (13)

The specific pressure drop for the wire packing and the channel
in dry and wetted condition are described with
Ap  pg-5 1 Apy . pg_o 1
7_;“-7wga and ?_gl-ngld—hl. (14)
The effective mean gas velocity in wetted condition can be cal-
culated as

_ _ 1

WgJ:Wg.?]’ll' (15)
This is different from the assumption from Buchanan [31] wg =

\/'vgdhz/dhl2 which is only valid for two phase flow in tubular

channels. By dividing wetted and dry specific pressure drop and

introducing Eq. (15) the following equation is achieved:

Ap_ & 1 dn (16)

Ap ~ ¢ (1—n) du’
The hydraulic diameters are inserted according to Eqs. (12) for
the wire packing and (13) for the channel.

B.2. Correction factor for superficial gas velocity

The mean effective gas velocities in the packing (P) and the chan-
nel (C) are dependent on the voidage ¢ and the liquid fill factor
hl:

_ Vg,C _ Vg,p
=5 = . 17
Vo= T ) VP a(d — hyp) (a7
The fill factors are calculated as
_ Hy, _HU
hl.C = ScAc and hl,P = €pAp . (18)

Ac is the cross-sectional area of the channel and Ap is the cross-
sectional area of a cell defined by the pattern of wire spacing (square
or triangular):

V3
Ac= bC2 and Apsq = SP,sqzv Ap i = 7SP,tri2- (19)
The wire density of the packing zp can be calculated as
Zp = € (20)
PE A

Assuming equal effective gas velocities in both the channel and
the wire packing, the corresponding superficial gas velocity and the
gas load for the wire packing result in

ep(1 —hyp)

ec(1—hye) 21)

vgp =fop-vgc and Fp=fcp-Fc with fep =
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