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A new optical approach for entrainment detection is presented using a measurement probe, which is
applicable at different axial and radial positions within the column in an industrial environment. The new
developed probe enables in-line detection and on-line analysis of entrained droplets between separation
stages respectively at the column head. Different test rigs (up to DN 450) are used for data sampling. The new
construction of the probe uses a purge gas stream to protect the front window of the probe from wetting,
providing a non-wetted and clear view, leading to better image qualities and low purge medium consumption.
A comparison of the measurement results with the Phase-Doppler-Anemometry shows a good agreement. As
expected, entrainment depends on liquid and gaseous flow rates. Capability of models from literature to cope
with the available data are discussed.

1. Introduction
Counter flow distillation and absorption columns feature a distinct operating range, in which the columns
perform the separation process with high efficiency. Outside this range, entrainment, blowing, choking and
weeping diminish the performance of the separation. Furthermore, the aforementioned conditions constitute a
serious threat to column internals and plant equipment (Staak, 2010). Entrainment describes the recycling of
liquid from lower to upper trays respectively from the last tray in the top product line and diminishes efficiency
(Kister & Haas, 1988). In addition, already Colburn (1936) recognizes that a precise estimation of entrainment
enables the design of more compact distillation systems resulting in lower investment costs. In context of this
contribution, a new approach to investigate entrainment is capable of detecting entrained droplets on a
photographic image basis within a cold flow distillation system, applying a modified version of the previously
presented Optical Multimode Online Probe (OMOP) (Mickler & Bart, 2013; Mickler et al., 2013). Experiments
refer to two different cold flow test rigs. A DN 200 absorption system generates droplets with aid of a nozzle
and serves as a test rig for validation purposes by a comparison between the measurement results of the
modified OMOP and the Phase-Doppler-Anemometry. A DN 450 rectification system generates droplets with
aid of a sieve tray. Additionally, a capture tray for entrainment quantification (Puppich & Goedecke, 1987)
enables the comparison with results of the modified OMOP. This comparison is helpful to deepen the
understanding of the complex behaviour of entrainment.

2. Theoretical Background
Souders & Brown (1934) establish a force balance between gravitational and buoyancy force acting on a
droplet based on considerations of Villamil (1917).
6

4

(1)

Concerning this equilibrium, the variable represents the diameter of the droplet, while
and
sum up for
the densities of the liquid and gaseous phase respectively.The velocity of the surrounding medium to hold a
droplet in suspension is defined as.
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Based on this consideration, a critical flow factor
∙
, can predict where a droplet is just floating
before being entrained. For a rough assessment of tray capacity
, entrainment is defined as the ratio of
of entrained liquid flow to liquid flow across the tray
entrained liquid flow to vapor flow . The ratio
gives information about the tray efficiency (Uys et al., 2012)
(3)

(4)
up to 5 % (Kister & Haas, 1988) is often tolerated, but becomes critical at high volatility
Entrained liquid
separations, where liquid concentrations between trays vary significantly. The easiest way to quantify
entrainment is achieved with a capture tray (Puppich & Goedecke, 1987). Advantages of applying a capture
tray and demister are the integral quantification of the entrained liquid and the simple reconstruction of the
column. However, the transferability of results from an experimental setup with a capture tray to a column in
industrial scale is limited, not least because a random quantity of droplets falls back by hitting the tray bottom.
Consequently, Kister & Haas (1987) underline, that correlations originating from laboratory and pilot scale
experiments possess a limited range of validity.
Another approach is the investigation of entrainment between trays directly inside the column. Experiments
only require a measurement access and can even take place in industrial scale columns. For example, the
Phase-Doppler-Anemometry (PDA) is capable of detecting and analyzing droplets precisely in terms of size,
velocity and hold-up. Measurements with PDA are non-invasive and require an access for instance via a
transparent window. A major disadvantage of this instrument is the limited industrial applicability due to high
calibration and measurement efforts, spatial and local requirements of the measurement access and specific
instruction and way of working in respect of safety and explosion-proof (Bauckhage, 1996; Lichti & Bart,
2017). Successful detections of droplets in liquid/liquid systems (Amokrane et al., 2016; Maß et al., 2012;
Mickler & Bart, 2013) and bubbles in gaseous/liquid systems (Panckow et al., 2013) identify imaging methods
as an alternative option for entrainment detection in liquid/gaseous systems. In general, imaging methods are
flexible in respect of application and measurement access. Measurement systems based on transmitted light
and telecentric optics require two measurement access points placed diametrically to each other. The
positioning of camera unit and light source generates shadowgraphic images with highest contrasts, which
facilitates the subsequent image evaluation including low calibration and measurement efforts (Bart et al.
2011, Lichti & Bart, 2017). For large diameter columns an endoscopic shadowgraphic probe was developed,
which can be operated using an existing nozzle at the column shell (Lichti et al. 2015).

3. Material
3.1 Applied measurement instruments
The modified OMOP represents a constructive enhancement of the original OMOP first introduced by Mickler
& Bart (2013). The probe is suitable for the measurement of dispersed liquids in a gaseous phase. The
modified OMOP is capable of preventing entrained droplets coalescing at the inspection window with aid of a
pneumatic purging system, as wipers likewise in a car are not applicable. A transmitted light technique allows
generating high-contrast images of entrained droplets. A telecentric lense enables a distance independent
imaging of droplets within the measurement area. An integral coverage of the inner column diameter is
achieved by a measurement section, which contains accesses on different heights and allows a radial
adjustment of the probe within the column (from wall to middle). The PDA constitutes an established
measurement method (Bauckhage, 1996), which is suitable for a comparison with the modified OMOP in an
air-water system.
3.2 Pilot scale test rig
The pilot scale test rig consists of a DN 200 glass column (De Dietrich Process Systems GmbH), with gaseous
feed entrance at the column bottom and a full cone injection nozzle (Lechler GmbH) at the center of the
column body. The column top contains a wire mesh separator (Raschig GmbH). A measurement section for
the modified OMOP and PDA is implemented below the separator respectively above the nozzle. The second
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test rig consists of a DN 450 glass column (DE Dietrich Process Systems GmbH), with gaseous feed entrance
at the column bottom and liquid feed entrance at the column top. The column can be equipped with a
maximum of three trays (sieve and fixed valve; spacing 500
) to guarantee a homogeneous flow or 1.5
of structured (RMP S250) or random packings (Pall Rings). Experiments conducted for this contribution were
;
= 50
;
= 0.139
). One measurement section
executed with two sieve trays ( = 11
above the last separation stage allows measurements with the modified OMOP and PDA from TSI (Innova
70C series ion laser) at different axial and radial positions. The aforementioned capture tray (Raschig GmbH)
represents the column top and allows an exact quantification of the entrained liquid. Both test rigs are cold
flow systems running with unsaturated air and water. Figure 1 represents a basic outline of the DN 450 test
rig.

Figure 1: Basic illustration of the DN 450 test rig equipped with two trays plus capture tray and demister

4. Experimental Results
4.1 Comparison of modified OMOP with PDA in DN 200 test rig
The comparison between both measurement methods given in Figure 2 is performed with the aforementioned
nozzle at a liquid flow rate of 0.36 /
. The graph shows a strong accordance between both measurement
methods. The PDA tends to detect a higher amount of smaller droplets in a range of 5 to 40
, while the
modified OMOP detects larger droplet sizes on a range of 100 to 260
. Both measurement methods identify
droplets with a size of 60
as the most prevalent droplet size at this volumetric flow rate.

Figure 2: Comparison of PDA and modified OMOP measurements results at 0.36 L/min H2O flow

754

4.2 Entrainment measurements with capture tray and modified OMOP in DN 450 test rig
Measurements in the DN 450 test rig were performed with H2O loads up to 2.92 m ⁄hm and gaseous loads up
to F-Factor 2.5 √
with the aforementioned sieve tray. Figure 3 depicts the entrainment rates quantified by
). The graph shows a negative effect of the H2O load on entrainment. The
capture tray and demister (
amount of entrained liquid decreases by increasing H2O loads, which is in line with results of Kister & Haas
(1987, 1988). According to Staak (2010) this behavior is reasonable, as a higher amount of liquid on the tray
results in a broader energy dissipation of the gaseous flow. Consequently, droplets erupting out of the liquid
phase hold less kinetic energy and will less often reach the next tray. An additional explanation could be an
enhanced coalescence to bigger droplets being more difficult to entrain. Figure 3 also reveals a strong
dependence of entrainment rates on gaseous loads, which corresponds to the findings of many authors (Fair,
1961; Souders & Brown, 1934; Stichlmair, 1977). In this case, the gaseous flow accelerates the droplets
erupting out of the liquid much stronger. Accordingly, these droplets will more likely reach the next tray leading
to higher entrainment.

Figure 3: Entrainment rates

for three different H2O loads versus F-factor

In contrast to entrainment data from literature the modified OMOP allows a quantification of the droplet size
distributions of entrained liquid at different gaseous and liquid flow rates. Measurement height is set to
247.5
above the upper sieve tray. Therefore, a distance of 252.5
between capture tray and modified
OMOP remains, which implies that optical measurements may contain rising and falling droplets leading to a
detection of entrained and re-entrained liquid. The following droplet size distributions depicted in Figure 4 at
an H2O load of 1.06 m ⁄hm and gaseous loads up to 1.94 √ show a clear dependence on gaseous loads.

Figure 4: Droplet size distributions of entrainment captured with modified OMOP at 1.54 and 1.94 √
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The graph for 1.54 √
gaseous load shows a peak at 50
and usually holds droplets larger than 100
less often than the graph for 1.94 √ . On the other hand, the droplet size distribution detected at 1.94 √
shows a most frequent droplet size of 175
and in most cases a higher frequency for all droplet sizes larger
than 100
. Theoretical considerations of equation 1 & 2 predict that droplet sizes increase with an increase
of the gaseous flow rate, due to the higher lift force of the gaseous flow. This assumption is fulfilled, as the
most frequent droplet size is 100
larger at 1.94 √ . A calculation of the critical flow factor based on
=
1.64
for
a droplet size of 175 μ
for the experiment with 1.94 √ .
equation 2 gives
√
,
Consequently, a F-factor above 1.62 √
will most likely entrain droplets larger than 175 µm. The critical flow
gaseous load is
for 50
droplets. Higher gas velocities
factor for the graph with 1.54 √
, = 0.88 √
will entrain more droplets larger than 50
, which is clearly recognizable by comparing both graphs.
According to the droplet size distributions depicted in Figure 5, at H2O loads up to 2.92 m ⁄hm and gaseous
loads of approximately 1.5 √Pa droplet sizes appear to increase with increasing H2O loads. Equations 1 & 2
suggest constant droplet sizes at equal gaseous loads and are therefore not suitable to explain this behavior.
There are three possible explanations for this contradiction. At first, the three graphs show a gas velocity
difference of only 0.07 √ , which suggests no distinct change in droplet size. This is at least correct for the
most frequent droplet size of 50
. Secondly, an increase of H2O load up to 2.92 m ⁄hm reduces the
effective tray spacing well below the mechanical spacing of 500
due to the higher liquid level on the sieve
tray. Consequently, detected droplets at a fixed measurement height are larger per se, due to the reduced
distance between liquid surface and the measurement position. In the third place, an increase of the H2O load
will most likely enhance coalescence of single droplets. Also Staak (2010) underlines that entrained liquid
becomes more likely apparent in the form of agglomerates than small droplets, if liquid loads are increased at
constant gaseous loads.

Figure 5: Droplet size distributions of entrainment captured with modified OMOP up to 2.92

⁄

5. Conclusions & Outlook
Measurement results captured with the modified OMOP show a good agreement with the established PDA
measurement method. Experiments conducted in the DN 450 test rig with a wire mesh separator and a
capture tray, show as expected high entrainment rates at high gaseous loads and low entrainment rates at
high H2O loads, which corresponds to the results of Kister & Haas (1987, 1988). Droplet size distributions at
higher gaseous loads show as theoretically expected larger droplet sizes due to the higher lift force of the
gaseous phase. Droplet size distributions at constant gaseous loads but multiple liquid loads partly confirm the
force balance model of Souders & Brown (1934). The most frequent droplet size remains constant at 50
,
due to an almost constant gas velocity. On the other hand, higher liquid loads generate larger droplets in an
area between 100
and 500
, probably due to a reduced tray spacing caused by a higher liquid level on
the tray. Another explanation may be an enhanced coalescence to larger droplets due to the increased
amount of liquid flowing over the tray.
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