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The thickness of a liquid film on the structured packing inside a distillation column
was measured at the region of counter-current flow of gas and liquid by fiber-optic
sensors. The local distribution of liquid inside a typical geometrical cell formed by the
corrugated Koch 1Y sheets was examined in this study. It is shown that, in the vicinity
of the sheet contact points inside the cell, the liquid film thickness is maximal, and pe-
culiar meniscuses are formed where liquid flow redistribution over the corrugation sur-
face occurs. A counter gas flow decreases pulsations of the liquid film thickness by a
factor of 1.5–2 on the rib and lateral surfaces of corrugation. Experimental data on
the effect of operation parameters on the local distribution of liquid in the cell and the
pressure drop in the column are presented. � 2008 American Institute of Chemical Engi-

neers AIChE J, 54: 1424–1430, 2008
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Introduction

Application of structured packing in columns increases the
efficiency of the absorption and distillation processes. A spe-
cial shape of the packing with a doubled structure of corru-
gation enlarges the specific geometrical surface of the sheets
by up to 500–750 m2/m3 and more. This increases the inter-
face surface and productivity of industrial boilers. Thus, de-
spite a relatively high cost, the regular packings are widely
used in chemical, food, oil, and other industries.1–4

There are various inner geometrical characteristics of the
regular packing setup in industry; their configurations and
arrangements have been shown in different papers.5–8 The
main advantages of these packings are small pressure drop
values and a high productivity and efficiency.

The efficiency of mass transfer processes in such columns
is connected directly with liquid spreading and the distribu-
tion over the interface surface inside the packing. The geo-
metrical characteristics of the regular packing, the physical
properties of liquid and packing material, and other factors
affect the liquid distribution inside the column, and this has

been the subject of other studies.5,9–14 Experimental data on
the effect of the operation parameters on the pressure drop,
mass transfer efficiency, and distribution of the local flow
parameters in a distillation column with a 0.9-m diameter
and a regular aluminum Koch 1Y packing are shown in
Pavlenko et al.12,13

It is shown by Nicolaiewsky et al.14 and Nicolaiewsky and
Fair15 that for the vertical plane sheets a decrease in surface
tension and contact angle improves liquid spreading and sur-
face wetting both for standard and corrugated sheets. The
surface texture and roughness of a sheet also improve its
wetting at the expense of contact angle reduction. A rise of
liquid viscosity provides the formation of the thicker films
and inhibits film spreading over the sheet surface.

The film flow of a viscous liquid over an inclined corru-
gated surface is considered by Trifonov.16 Calculations are
carried out in a wide range of Reynolds numbers and geo-
metrical characteristics of the surface. It is shown that in the
case of a single-dimensional surface there is a range of pa-
rameters where the flow is mainly determined by surface ten-
sion; for the surfaces with a double corrugation, the averaged
flow characteristics at a large embossing are determined by a
small texture geometry. It is shown in Zhao and Cerro17 that
the flow of a viscous film over a corrugated surface is deter-
mined by the Reynolds number and the capillary number.
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The structure and flow modes of the film above a corrugated
wall were studied by Vlachogiannis and Bontozoglou.18

The method of X-ray computer tomography is suggested
by Marchot et al.19 for the investigation of the liquid distri-
bution inside a structured packing (with localization of about
1 mm) and for commercial packing testing.

According to an analysis of the papers, the mechanism of
liquid distribution in the column, filled with the structured
packing, is studied insufficiently. It is necessary to determine
the interconnection between the local hydrodynamic charac-
teristics of liquid and gas flows and integral parameters of
column operation. The flows of the liquid in a small-scale
area (elementary cell) significantly effect the large-scale dis-
tribution. Inside a cell, the distribution of liquid is deter-
mined by its flow across the rib crests, contact points, and
holes in the elements of the corrugated sheets. There is no
experimental data on the effect of the operation parameters
on the local distribution of liquid inside a typical geometrical
cell that is formed in the regular packing and located in-
between the adjacent contact points of the corrugated sheets.

This work is aimed at providing experimental study of the
local liquid distribution inside a typical geometrical cell and
the effect of operation parameters on this distribution and
pressure drop in the column with the structured Koch 1Y
packing.

Experiments

Experiments were carried out in the organic glass model
of the distillation column, with a height of 2 m and a cross-
section of 0.2 3 0.2 m2. The effect of the operation parame-
ters on the local distribution of liquid over the corrugated
surfaces inside a geometrical regular cell was studied to-
gether with the pressure drop in the column in the presence
of the counter-current flow of liquid and air. Distilled water
(qL ¼ 1.0 3 103 kg/m3, l ¼ 1.002 3 1023 Pa�s, rL ¼
0.0727 N/m) and rectified ethanol (qL ¼ 0.83 3 103 kg/m3,
l ¼ 1.2 3 1023 Pa�s, rL ¼ 0.0223 N/m) were used as the
working fluid in these experiments.

The scheme of the experimental setup is shown in Figure
1. The working fluid was pumped from a receiving tank into
a constant header tank, located at a height of 7 m. Liquid
from this tank passed through a flow sensor and regulation
valve into the distributor, where the liquid jets were formed
by 39 nozzles with holes 2.3 3 1023 m in diameter. For the
hexagonal pattern, the distance between nozzles was 3.5 3
1022 m. Within the operation area, the liquid jet irrigated the
mass-transfer packing, which was assembled by corrugated
sheets. The distance between the distributor and the edge of
the upper plug was 0.2 m. Then, liquid flowed into the
receiving vessel through the separator-distributor and distrib-
uting boiler. The separator-distributor was constructed
according to the principle of a hydraulic gate.

Air from the gas main was fed through a filter and flow
sensor into the separator-distributor, and then supplied into
the working part of the column. Within the working part, air
traveled along the grooves, formed by the large corrugation,
and through 3-mm diameter holes, which were distributed
uniformly over the corrugated sheets. After the working part,
air passed through special holes in the distributor and was
released into the atmosphere. The direction of the liquid and

air flows, the setup for measurement of the local liquid film
thickness by a fiber-optic sensor, and a standard sensor for
pressure drop, are shown in Figure 1 by solid and dashed
arrows.

As it is known, the area of the specific geometrical surface
of the packing can be varied over a large range by alteration
of the geometrical characteristics of embossing. In these
experiments, the Koch 1Y packing with a specific geometri-
cal area of 435 m2/m3 was tested. It consists of the structure-
forming elements, which occupy the whole cross-section of
the column. Adjacent elements are oriented at an angle of
908 relative to each other. Each element consists of parallel
corrugated aluminum sheets with a thickness of 3 3 1024

mm and 0.195 3 0.2 m2 size. The corrugation is made at a
fixed angle C ¼ 458 relative to the vertical axis and, at adja-
cent sheets, they are directed toward the opposite sides of the
column. The corrugated period is 1.4 3 1022 m, and the pe-
riod of the small-scaled horizontal texture is 1.85 3 1023 m.

It is shown by Nicolaiewsky et al.14 that a decrease in sur-
face tension and contact angle improves surface wetting by a
liquid. Therefore, the corrugated aluminum sheets were
treated by the electrochemical method.20 At that, a distilled
water droplet was spread over the aluminum surface uni-
formly, similar to ethanol, at the expense of a decrease in the
contact angle by ;(20–30)%; also, ethanol spreading became
more stable in these experiments.

The liquid flow rate in these experiments was changed
from 0.05 to 0.5 l/s, which corresponded to a liquid loading

Figure 1. Scheme of the experimental setup.
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factor CL ¼ UL 3 [qL/(qL–qV)]
0.5 ¼ (1.25–12.5) 3 1023 m/s.

In calculations done per nozzle, the liquid flow rate was
changed from 1.3 to 13 ml/s. The factor of the column load-
ing by air was KV ¼ UV 3 [qg/(qL–qV)]

0.5 ¼ (0.006–0.06)
m/s, which corresponded to an air flow rate from 6 to 60 l/s.
Here UL and UV are the liquid and air velocities reduced to
the column cross-section, and qL, qV are the densities of liq-
uid and air, respectively. The ratio of the mass flow rates of
phases (mV /mL) ranged from 0.015 to 1.5.

To diagnose different flows of phases in the column, the
multichannel measurement system, consisting of four stand-
ard pressure sensors and four fiber-optic sensors of the reflec-
tion type, was developed. A special application for OS Win-
dows, providing acquisition, presentation, and treatment of
experimental data in real time, was developed. The following
values were measured in the experiments: liquid and air flow
rates, pressure drop in the column; local thickness of a liquid
film over the corrugated surface, both averaged in time and
its pulsation characteristics. Besides, the probability of a liq-
uid film or a dry spot existence for the vicinity of probes
location was obtained for studies regimes.

The scheme of the measurement channel of the fiber-optic
sensor (a) and the picture of corrugated Koch 1Y sheet with
four sensors mounted at the level of fine texture crests (b)
are shown in Figure 2. The operation principle is as follows.

Light from a halogen lamp of the 100-W power was sent
through a probing light guide into the studied zone of the liq-
uid film. Light, reflected from the film, was sent through the
receiving light guide to an avalanche photodiode. The diame-
ter of a probing light spot on the liquid film surface did not
exceed (3–4) 3 1024 m. An electron signal from a photode-
tector was sent to a PC. In contrast to a standard two-fiber
sensor,8 a glass sheet (3) with a thickness of 2 3 1023 m
was glued on the modified fiber-optic sensor. This way, the
ambiguity between the film thickness and the electric signal
of the two-fiber sensor was eliminated. The method of film
thickness measurement by means of a fiber-optic sensor is
described in detail by Krohn21 and Evseev.22 The liquid film
thickness d was calculated in real time by the electric signal
of the fiber-optic sensor at the PC, using a special program
that considers the results of each sensor static calibration.

Investigation Results

The dependence of the reduced pressure drop in the col-
umn DP (Pa/m) on the F-factor is shown in Figure 3 for
three liquid flow rates, where F ¼ UV 3 (qV)

0.5. Solid lines
in the diagram (Curve 1, 2, 3) indicate measurements of DP
for water and ethanol; they almost coincide. The error of the
DP measurement in the experiments was (65)%. According

Figure 2. Block diagram of measurement channel (a) and a picture of the corrugated Koch 1Y sheet with
sensors (b).
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to visual observations, a drastic increase in DP is caused by
the transition of the counter-current liquid and gas flow into
the flooding mode. In most experiments, this mode started to
develop from film breakup at the lowest element of the pack-
ing. Then, with a small increase in the gas velocity, flooding
rapidly propagated upward to all elements until complete
‘‘flooding’’ in the column. The measurements have shown
that, with an increase in the liquid flow rate, the transition to
the flooding mode occurred at relatively lower gas flow rates.
It is possible that relatively thicker liquid films can be easily
removed from the structured packing by a counter-current
gas flow.

Similar results for a column of 0.3-m diameter with corru-
gated Sulzer Mellapak 250Y sheets25 are shown in the dia-
gram for comparison (Curve 4, 5), together with the data for
the 1-m column with Sulzer Mellapak 250X sheets23 (Curve
6, 7), obtained at the counter-current flow of water and air.
As we can see, the pressure drop DP in the mentioned col-
umns is significantly less, and the transition to the flooding
mode starts at a higher F-factor. These differences can be
explained by a larger contact area of the tested Koch IY
sheets, which has a specific geometrical area that is signifi-
cantly larger than that of the Sulzer Mellapak 250Y and
Sulzer Mellapak 250X sheets. For the distillation processes,
the Sulzer Brasers Ltd. (Winterthur, Switzerland) Company
has developed several types of commercial packing, includ-
ing the Mellapak, whose operation characteristics are pre-
sented in Shpigel and Mayer5 for four types of packing:
125Y, 250Y, 350Y, and 500Y. The commercial Koch 1Y
packing has almost the same characteristics as the Mellapak
500Y. The reference designation of the packing type includes
two geometrical parameters: Y is the value of the angle C ¼
458, and the number is the specific geometrical area of the
packing in m2/m3.

The model for the calculation of the pressure drop in the
column, using the analogy of a gas flow along tubes, is
offered by Brunazzi and Paglianti.26 This model assumes that
the pressure drop is determined by the friction of gas flowing
along the channels of a structured packing as along a tube.
The liquid phase, occupying some part of space, reduces the
packing cross-section for the gas phase, affecting the pres-
sure drop in the column. This approach to analyzing the
results of the pressure drop in the column can be useful for
hydraulic modes without flooding.

The flow field of the liquid and gas inside the plugs of
regular sheets can be divided into similar geometrical cells
whose key elements include corrugation geometry and con-
tact points between the sheets and the holes. Therefore, ex-
perimental studies on the local distribution of liquid at the
counter gas flow can be carried out inside a single geometri-
cal cell. It can be assumed that, in geometrically similar cells
inside the working plugs of corrugated sheets, the local dis-
tributions of liquid will be identical. Our measurements were
carried out at the phase flow without flooding.

It is known that the processes of liquid flow in cells,
which determine the liquid flow across the rib crests, contact
points, and holes in every element, significantly affect the
large-scale distribution. However, there are no published
quantitative characteristics of the liquid flow in the cell and
profiles of the liquid film thickness.

Let’s consider the mechanism of liquid distribution in a
boundary cell, which is available for observation and video
recording, at the irrigation of an element of 10 corrugated
sheets of the Koch 1Y by a single jet of ethanol. The flow
rate of ethanol was 4 3 1026 m3/s. The jet flowed from
a nozzle with a 2.3 3 1023 m diameter from a height of
7 3 1022 m above the element center. The typical pattern of

Figure 3. Pressure drop in the column for different flow
rates of gas and liquid.

With corrugated Koch 1Y sheets, CL ¼ 0.25 3 1022 m/s
(Curve 1); CL ¼ 0.75 3 1022 m/s (Curve 2); CL ¼ 1.25 3
1022 m/s (Curve 3); with corrugated Mellapak 250Y sheets,
at d ¼ 0.3 m, (Meier et al.,23), CL ¼ 1.67 3 1022 m/s,
(Curve 4); CL ¼ 1.12 3 1022 m/s, (Curve 5); with corru-
gated Mellapak 250X sheets, at d ¼ 1.0 m, (Suess P. and L.
Spiegel24), CL ¼ 2.08 3 1022 m/s, (Curve 6); CL ¼ 2.8 3
1022 m/s, (Curve 7).

Figure 4. Spreading of ethanol film over a boundary
geometrical cell on the Koch 1Y sheet.
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liquid distribution in a boundary cell over the corrugated
sheet surface is shown in Figure 4. According to visual
observations made near every contact point on the ribs of
corrugated sheets (e.g., points A and B), the liquid forms two
peculiar related meniscuses, where the film thickness is max-
imal, but not identical. The lower ‘‘ceiling’’ meniscus is
larger than the upper ‘‘bottom’’ one because of the liquid
downflow under the action of gravity. Further down the flow,
liquid from meniscus A flows mainly over the lateral surface
under the action of Coand’s effect, forming a third meniscus
C inside a dihedral angle of corrugation. Some part of the
liquid flows over a rib. It can be assumed that this mecha-
nism of liquid redistribution occurs at every contact point of
corrugated sheets inside each element.

Measurements of the liquid film thickness d by a fiber-
optic sensor, its RMS pulsations r, and the probabilities of
liquid presence on the corrugated sheets (Pwet) were carried
out inside a cell in the center of the working part of the col-
umn equipped with three elements, i.e., in the geometrical
middle of the second element.

The factors of column loading by ethanol and air in these
experiments were: CL ¼ (2.5–15) 3 1023 m/s and KV ¼
(0.008–0.035) m/s. The results of measurements on a rib
inside the central cell are shown in Figure 5a,b,c (KV ¼
0.008 m/s) for two flow rates of liquid. Here X is a dimen-
sionless distance along a rib between contact points of the
sheets. The step between the sheet ribs k ¼ 1.4 3 1022 m
was chosen as a scale along the axis X, i.e., X ¼ X/k. Coor-

dinates of a measurement point on a rib were changed by the
choice (shift) of an adjacent sheet for the same sheet with
glued fiber-optic sensors. For a low liquid flow rate (Figure
5a, CL ¼ 5 3 1023 m/s) in the central cell, the rib is dry,
the ‘‘ceiling’’ meniscus (X � 0.22) is slightly larger than the
‘‘bottom’’ meniscus X � 0.78), and the intensity of pulsations
of the film thickness r (Figure 5b) is almost zero. The proba-
bility profile of the liquid film presence Pwet on a rib (Figure
5c) has the shape of a trench. Near the points of the sheet
contact, liquid in the menisci is always available with a prob-
ability of 100%, and the film thickness is maximal. In the
central zone of a rib, Pwet is almost zero. It should be noted
that the fiber-optic sensor was mounted at the level of the
crests of the fine horizontal texture. At that, a very thin
liquid film could streamline the sensor without wetting its
sensitive glass surface.

An increase in the liquid flow rate at KV ¼ 0.008 m/s
(Figure 5a, CL ¼ 1.5 3 1022 m/s) provides an insignificant
rise of the menisci and the generation of a thin liquid film in
the center of a rib. The profile of RMS pulsations r (Figure
5b) has two maxima, which are located near the meniscus
boundaries. Pulsation intensity near the ‘‘bottom’’ meniscus
is almost twice as high as that of the ‘‘ceiling’’ meniscus,
which indicates the more intensive process of liquid redistrib-
ution in this zone of the rib inside a cell. Thus, the probabil-
ity of liquid film formation Pwet in the central zone of the rib
increases up to ;55% (Figure 5c).

An increase in the gas flow rate in the column (KV ¼
0.035 m/s) provides a slight redistribution of liquid inside a
cell and some leveling of meniscuses together with the for-
mation of a thin film in the rib center at CL ¼ 5 3 1023 m/s
(Figure 6a). The intensity of the liquid film pulsations over
the whole length of a rib becomes uniform, and the ampli-
tude decreases by a factor of two (Figure 6b). The gas flow
stabilizes the liquid film. Thus, the probability profile Pwet on
the rib changes slightly (Figure 6c).

Therefore, the distribution of liquid over a rib inside the
central geometrical cell corresponds qualitatively to results of
visual studies of the liquid distribution inside a boundary cell
(see Figure 4).

Distributions of the liquid film thickness and its RMS pul-
sations in a valley and over the lateral surfaces of corruga-
tion in the central cell vs. operation parameters are shown in
Figure 7a,b for KV ¼ 0.009 m/s. It is shown in Figure 7a
that, with a rise of the liquid flow rate, the film thickness
increases gradually in the cell valley (Curve 1) and over the
lateral surfaces of corrugation (Curve 2, 3). On the ‘‘bottom’’
surface of corrugation (Curve 2), the film thickness is (10–
20)% less than that on the ‘‘ceiling’’ surface (Curve 3).
Pulsations of the liquid film thickness in the valley and over
lateral surfaces of corrugation equal zero up to CL � 7.5 3
1023 m/s. A rise of CL up to 5 3 1023 m/s leads to a growth
of r of up to ;(5–6) 3 1024 m on the lateral surfaces of
corrugation and, in the valley, it reaches ;5 3 1025 m
(Figure 7b). The flow over the lateral surfaces of corrugation
is less stable than in the valley, which is probably connected
with the process of liquid flow across the corrugation ribs.

An increase in the gas flow rate in the column up to KV ¼
0.0273 m/s provides the growth of the liquid film thickness
in the cell valley by (10–20)% (Figure 8a). On the ‘‘ceiling’’
surface of corrugation, the film thickness also increases by

Figure 5. Ethanol film thickness on a rib between adja-
cent contact points in the central cell (a),
root-mean-square pulsations of the film
thickness (b) and probability of liquid pres-
ence (c) at KV = 0.008 m/s and CL = 0.005
m/s (1), CL = 0.015 m/s (2).
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(10–20)%, and on the ‘‘bottom’’ surface of corrugation, it
decreases insignificantly (Figure 8a). The intensity of film
thickness pulsations on the lateral surfaces of corrugation
decrease almost by a factor of two, i.e., the effect of film
surface stabilization by the counter air flow is observed
(Figure 8b).

According to the analysis of the experimental results, the
film thickness near the contact points changed slightly at the
liquid flow rate reduction. With a rise of the liquid flow rate,
these changes are more significant, i.e., hysteresis is observed
at liquid spreading over a corrugated sheet, as by Nicolaiew-
sky et al.14 The measurement results at a decreased flow rate
are taken as a basis because of their stability. According to
our observations, the liquid near the contact points moves—it
is not stable. A comparison of the film thickness near the
contact points, in valleys and slopes of corrugation, demon-
strates that at relatively low flow rates the amount of liquid
passing through the contact points is almost the same as that
flowing along the valleys of a corrugated sheet.

The distribution of ethanol film thickness over the column
cross-section in the middle of the second plug is shown in Fig-
ure 9 for CL ¼ 1.5 3 1022 m/s and KV ¼ 0.008 m/s. Here, r is
a transverse coordinate and R ¼ 0.1 m is half of the distance
between the lateral column walls. The transverse coordinate r

Figure 7. Dependence of film thickness (a) and root-
mean-square pulsations of the liquid film
thickness (b) on CL at KV = 0.009 m/s; valley
(1), bottom slope of corrugation (2), ceiling
slope of corrugation (3).

Figure 8. Dependence of film thickness (a) and root-
mean-square pulsations of the liquid film
thickness (b) on CL at KV = 0.027 m/s; valley
(1), bottom slope of corrugation (2), ceiling
slope of corrugation (3).

Figure 9. Distribution of the liquid film thickness over the
column cross-section at CL = 0.015 m/s and
KV = 0.077m/s.

Bottom slope of corrugation (1), ceiling slope of corrugation
(2), rib center (3), valley (4), contact points (5).

Figure 6. Ethanol film thickness on a rib between adja-
cent contact points in the central cell (a),
root-mean-square pulsations of the film
thickness (b) and probability of liquid pres-
ence (c) at KV = 0.035 m/s and CL = 0.005 m/s
(1), CL = 0.015 m/s (2).
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was changed at the stage of element reassembling and installa-
tion of two adjacent sheets with the sensors at different distan-
ces from the column wall. The typical film thicknesses near
the contact points between the sheets (menisci) and in the cen-
tral zone of a rib change insignificantly over the column cross-
section. In a valley and over the lateral surfaces of corrugation
inside a cell, the film thicknesses decrease slightly in the near-
wall zone of the column.

Conclusions

A method for the measurement of liquid film thickness on
corrugated sheets inside a column with a regular packing
using a fiber-optic sensor has been developed.

It is shown that inside a typical geometrical cell, the maxi-
mal thickness of a liquid film is near the contact points of
the sheets, where liquid is redistributed over the corrugated
surface.

An increase in the liquid flow rate elicits growth of the
film thickness mainly in valleys and on the lateral surfaces
of corrugation inside a cell. An increase in the gas flow rate
provides insignificant redistribution of liquid inside a cell
and reduction in pulsations of the film thickness by a factor
of 1.5–2 on a rib and lateral surfaces of corrugation.

Over the cross-section, the liquid film thickness near the
sheet contact points and on a rib stays almost constant; in
valleys and on the lateral surfaces of corrugation, it decreases
insignificantly near the column wall.

The mode of film detachment from corrugated sheets by
the counter air flow up to complete flooding is accompanied
by a drastic increase in the pressure drop in the column.
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Notation

CL5 factor of column loading by liquid, m/s
KV5 factor of column loading by gas, m/s

mV, mL5mass flow rates of gas and liquid, kg/s
Pwet5probability of the liquid film presence, %

QL, QV5volumetric flow rates of liquid and gas, m3/s
S5 area of the column cross-section, m2

UL5 QL/S, liquid velocity normalized by the column
cross-section, m/s

UV5 QV/S, gas velocity normalized by the column cross-
section, m/s

X5 dimensionless distance along a rib between the
adjacent contact points of sheets

d5 liquid film thickness, averaged in time, m

qL, qV5densities of liquid and air, kg/m3

l5 liquid viscosity, Pa�s
rL5 coefficient of liquid surface tension, N/m

r ¼ ðd2 � d2Þ0:5 5 root-mean-square deviation of the liquid film thick-
ness, m

k ¼ 1.4�1022 m5distance between the ribs of corrugated sheets, m
F ¼ UV�(qV)0.55F-factor, (m/s)�(kg/m3)0.5

U, Um5operation and maximal voltage of the fiber-optic sen-
sor, V

DP5pressure drop in the column, Pa/m
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