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Andrzej Górak16, Mirko Skiborowski16, Kai Groß16, Hina Qammar16

DOI: 10.1002/cite.202000076

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Modelling flow and mass transfer of thermal separation equipment constitutes one of the most challenging tasks in fluids

process engineering. The difficulty of this task comes from the multiscale multiphase flow phenomena in rather complex

geometries. Both analysis of flow and mass transfer on different scales as well as validation of models and simulation

results require advanced experimental and measurement techniques. As a follow-up to intensive discussions during the

2019 Tutzing Symposium ‘‘Separation Units 4.0’’ a wide set of available modern experimental technologies is presented.
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1 Introduction

Fluid separation processes are antetypes of multiscale multi-
phase processes. Their functional principles base on the
transfer of a species from one into another thermodynamic
phase following a thermodynamic gradient, given, e.g., by
volatility or solubility [1]. Efficiency of such processes is
bound to large contact areas between the phases as well as
enhanced convective transport near their interfaces. Conse-
quently, enormous effort is being spent to design process
devices and internals, which provide large mass transfer
areas and intensified convective transport. Recent years
have seen remarkable developments in new structured and
unstructured packings [2], trays with integrated flow guides
[3], efficient droplet separators, internals for extractors and
new concepts of process intensification, such as HiGEE
machines [4], reactive distillation and others. Beside optimi-
zation of mass transfer other important research and devel-
opment directions in modern thermal separation technolo-
gy are overall energy efficiency, prevention of fouling and
foaming, flexible operation, new in situ measurement
techniques, and handling of complex fluids, such as azeo-
tropes and fluids of high viscosity or very low surface ten-
sion.

Key aspects of modern separation technology are model-
ling and simulation. The multiscale multiphase nature of
the problem turns this into a very difficult endeavour.
Modelling strategies today typically try to couple simulation
schemes at different scales, starting from molecular dynam-
ics simulations for the thermodynamics of mass transfer,
direct numerical simulations to resolve boundary layers and
mass transfer across interfaces, and eventually multiphase
CFD and lumped-parameter models on the device scale [1].
For all the scales, experimental data are needed. Such data
are obtained from experiments in laboratory and techni-
cal-scale test facilities. Moreover, in recent years many new
measurement techniques have been made available for such
studies. Most notable are measurement techniques with
very high spatial and temporal resolution for the validation
of CFD codes and tomographic measurement techniques,
which give insight into opaque systems. Data from the
micrometer and millimeter scale can today be obtained with
novel laser-based and optical measurement techniques.
Such are for example micro-PIV and fluorescence tech-
niques. For the larger scale, tomography techniques,
reaching from wire-mesh sensors and gamma ray tomogra-
phy for large columns, to high-resolution X-ray tomogra-

phy and dynamic ultrafast X-ray tomography [5], are avail-
able.

The participants of the 2019 Tutzing Symposium ‘‘Sepa-
ration Units 4.0’’ vividly discussed existing technologies and
future trends of experimental investigations of separation
systems with the purpose to improve understanding and
modelling of multiscale multiphase transport processes. The
following chapters present a summary of the existing tech-
niques and infrastructures with a focus on German academ-
ic and industrial laboratories, owing to the nature of this
event. For an appropriate structuring of the article, we di-
vide the techniques into such for (1) packings, (2) for full
columns, trays, and feed pipes, (3) for evaporators and con-
densers, for (4) liquid-liquid extraction and (5) for inten-
sified separation technologies. For each of these techniques,
the corresponding research groups are given in the sub-
chapter headlines.

2 Experimental Techniques for Packings

2.1 Imaging Techniques for the Investigation
of Liquid Film Flow over Packing Surfaces
(TU Berlin, Hochschule Mannheim)

The geometric features of packing elements significantly
impact the separation performance of distillation and ab-
sorption towers by increasing the wettability and intensi-
fying the interaction of liquid and gas flow. However, the
underlying phenomena induced by textured packing mate-
rials are not fully understood and demand high-resolution
experimental and numerical methods.

Advances in optical measurement technologies now
enable highly detailed non-invasive analysis of mass and
momentum transport phenomena in thin liquid films. The
local influence of the packing surface geometry on momen-
tum transfer inside liquid film flow is analysed with particle
image velocimetry (PIV) by measuring statistical relevant
snapshots of the flow field enabling for the detection of
detaching eddies or recirculating flow regions and particle
tracking velocimetry (PTV) to additionally determine indi-
vidual particle path and residence times. To study the effect
of micro- and macro-structures of structured packing,
Gerke and Repke [6] applied a stereoscopic PIV to liquid
film flow over transparent mouldings with refractive index
matching. This approach allows to record the flow field
through the solid plate elements from several perspectives
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independent of the surface texture and waves.
The liquid film is seeded with micro-metre sized
solid particles, which passively follow the flow. A
pulsed laser light sheet illuminates the particles
and images are recorded from two perspectives
at defined time-steps. The statistical particle dis-
placement between the consecutive recordings is
computed using cross-correlation methods and
the spatial transformation from a volumetric
calibration resulting in a 2D3C flow field. Thus,
the pseudo stationary volumetric flow field can
be captured by successive light sheet scanning.

Kapoustina et al. [7] accomplished oxygen
concentration field measurements inside the
liquid film over a single micro-structure using
planar light-induced fluorescence (PLIF). The
micro-metre resolution allows to capture con-
centration boundary layer profiles and thus
analysis of local mass transfer coefficients. To
get a direct measurement of oxygen concentra-
tions, small amounts of the fluorescence indica-
tor based on a ruthenium-complex are homoge-
nously dissolved in the liquid and excited by a
planar laser light sheet. The recorded fluores-
cence light intensity is inversely proportional to
the oxygen concentration because the fluores-
cence is quenched in the presence of dissolved
oxygen. These measurements are straightfor-
wardly extendible to volumetric measurements
by light-sheet scanning and high-speed imaging
to capture dynamic effects. The integration of
PLIF into the SPIV setup allow simultaneous
mass and momentum transfer measurements
and extends the PLIF setup to textured surfaces
and wavy flow (Fig. 1).

The presented methods and studies contribute
to the development of separation apparatuses
and the development of innovative design meth-
ods like miniaturized representative experimental setups.
These smaller scale experiments are crucial to get an even
better understanding of the underlying flow phenomena
and provide fundamental data for the validation of more
detailed modelling and CFD simulations. In the future,
these approaches will be coupled with optimal design using
CFD and 3D printing for the engineering and manu-
facturing of innovative specifically enhanced packing geo-
metries.

2.2 Miniaturized Measurement Cells for Flow
and Mass Transfer Studies (TU Berlin,
Ruhr-Universität Bochum)

The development of miniaturized experimental set-ups
originates from the idea to reduce the dimensions of the
experimental set-ups to a minimum required size that

allows representative measurements of fluid dynamic and
mass transfer characteristics of columns with structured
packings as predominant in industrial sized columns [8].
Especially the periodic geometry of structured packings is
suitable for reducing the complexity to a small section of
the packing and to investigate all necessary parameters for
column design in a miniaturized experimental set-up.

In recent investigations, miniaturized experimental set-
ups were built to investigate the influence of the number of
packing sheets (Ruhr-University Bochum) or the influence
of the geometry of the packing sheet (Technical University
of Berlin) to find the minimum required and smallest possi-
ble dimension for such a miniaturized experimental set-up
[9]. Within the miniaturized experimental set-ups (Fig. 2),
fluid dynamic parameters like liquid hold-up, film thickness
and gas pressure loss were measured to analyze the connec-
tion between a miniaturized set-up to a structured packing
column.

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

a)

b)

Figure 1. Optical measurements in liquid film flow: a) velocity field over open
structured packing obtained with SPIV. b) Concentration fields over a single
micro-structure obtained with PLIF.
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However, other characteristic values for fluid dynamics
and mass transfer can be further determined using either
state of the art sensors for process performance values like
gas and liquid concentrations or advanced optical measure-
ments technologies like (planar-)light induced fluorescence
(P-LIF), structured light scanning (SLS), PIV, and PTV as
well as advanced flow imaging technology like wire-mesh
sensors (WMS) and X-ray tomography to gain further
insights of the two-phase flow in structured packings.

The outcome of these experimental investigations can be
further applied to advanced three-dimensional column
models to accurately and cost-effectively predict the perfor-
mance of a column [9]. These three-dimensional columns
models are especially advantageous compared to today’s
state of the art plug flow models that usually do not take
small- and large-scale maldistributions of the two-phase
flow into account and comprise therefore remarkable
uncertainties. Besides the more detailed modelling, this
approach allows investigations of the real process fluid mix-
tures on the intentionally chosen packing material even at a
very early stage of the design of a column, which can further
lead into remarkable time savings [8].

2.3 Investigation of the Liquid Flow Morphology
in Structured Packings Using High-Resolution
X-ray Tomography (Paderborn University,
University of Liège)

Gas-liquid separation processes with a viscous liquid phase,
e.g., the removal of monomers from a polymer solution, are
of high relevance for the chemical industry. However, stan-
dard modelling approaches fail to predict the separation
efficiency, since required mass transfer correlations are
obtained for low-viscosity test mixtures and have limited
validity for more viscous liquids. The hydrodynamic analo-
gies (HA) approach evolving at Paderborn University does
not rely on empirical mass transfer correlations. Instead, in-
formation on dominating flow patterns within column units
is essential. The HA approach is a promising alternative for
the prediction of separation efficiency for viscous systems,
especially in packed columns, provided that the flow pat-
terns inside packings are identified. While for low viscosity,
an analogy with uniform film flow on the packing surface
can be applied, the flow morphology becomes more com-
plex for systems with increased viscosity.

The flow patterns for various liquids and packing geome-
tries have been investigated by high-energy X-ray tomogra-
phy using the facilities and methodology developed by the
University of Liège [10] (Fig. 3a). A packed column with a
diameter of 100 mm operated continuously with counter-

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Figure 2. Miniaturized experimental setup to investigate the geometry of packing sheets with the Light-induced Fluorescence Method
(top) and miniaturized experimental setup to investigate the influence of the number of packings sheets with the draining method
(bottom).
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currently flowing liquid and air has been scanned by X-ray
tomography. The projection data are converted to cross-sec-
tional images of the liquid distribution with a spatial resolu-
tion of 0.36 ·0.36 mm2. Proper modelling and interpreta-
tion of tomographic data are an important prerequisite for
their accurate application within the HA approach. As
shown in Fig. 3b, film flow is the dominating pattern in the
structured packing. It can easily be identified, since it fol-
lows the shape of the corrugated sheets. Additionally, con-
tact-point (C-P) liquid representing liquid accumulated at
the contact points of adjacent packing sheets can be ob-
served. A particular method was developed to assign each
pixel structure in the tomographic images to a certain flow
pattern by means of the Feret diameter F [11]. The latter is
a distance between two parallel tangents of the pixel struc-
ture. For film flow, which appears with a narrow and elon-
gated structure, the ratio Fmax/Fmin of the maximum and
minimum Feret diameter is considerable. Instead, C-P liq-
uid has a rather compact structure and Fmax/Fmin is close to
unity. Analysis of the hold-up fractions of different flow

patterns shows that for high viscosity, the film flow fraction
can drop below 60 %.

Recent work [12] focuses on an improved representation
of the cross-sectional images, aiming to overcome the re-
striction of limited image resolution and to obtain informa-
tion about local fluid dynamic parameters such as liquid
film thickness and degree of wetting of the packing surface.
For this purpose, use is made of a specific characteristic of
the tomographic images. All pixels representing the liquid
phase appear grey and the brightness of the grey shade
corresponds to the area fraction occupied by liquid in the
respective pixel. With this information, it is possible to
reconstruct the gas-liquid interface by the piecewise linear
interface calculation method, which has already found
application in multiphase flow simulations.

2.4 Investigation of Two- and Three-Phase Flow
in Packings with High-Resolution X-ray
Tomography (Friedrich-Alexander-Universität
Erlangen-Nürnberg)

The X-ray computed tomograph available at the Institute of
Separation Science and Technology in Erlangen allows scan-
ning of packings and other equipment at a very high spatial
resolution down to 80 mm. The used third generation X-ray
CT scanner is custom-designed for process engineering
applications and has been developed by the Fraunhofer
Development Center for X-ray Technology in Fürth. Fur-
ther information on the X-ray CT scanner and the distilla-
tion measurements are given in Schug and Arlt [13]. Fig. 4
shows the typical procedure from the measurement up to
the results. The X-ray source and detector rotate around the
vertical axis and are height-adjustable, enabling the investi-
gation of the flow in a column without influencing it. This
provides a wide range of application. While distillation has
been object of fluid dynamic investigations already for
several decades, other unit operations such as adsorption,
extraction and reaction gain importance lately [14]. Here-
after, three-phase distillation is exemplary picked out to
explain the opportunities and limitations of this measuring
device. The main limitation is the selection of a suitable
three-phase system, because it has to be possible to distin-
guish all phases on the CT images. Water/1,2-Dichloroben-
zene(DCB)/air on aluminium packings meet this criterion,
but for a quantitative evaluation an image post-processing
is necessary, which assigns every pixel to one phase. Fig. 4
shows different fluid dynamic parameters, some of them are
inaccessible with other measuring techniques. The high
spatial resolution does not only allow a precise determina-
tion of these quantities, but also an identification of the
main flow pattern and an analysis of the axial and radial
maldistribution of these fluid dynamic parameters (Fig. 4,
middle and right). In combination with novel tracer-
measurements, which enable the determination of local
residence times, it is achievable to create new fluid dynamic

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

a)

b)

Figure 3. a) High-resolution X-ray tomograph at Université de
Liège. b) Cross-sectional image of the liquid distribution inside a
structured packing. Film flow and C-P liquid are distinguished
by the maximum and minimum Feret diameter of the pixel
structure. The data is needed for HA models developed at
Paderborn University.
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parameters with increased significance. In the field of three-
phase distillation, it is therefore possible to explain the
frequently occurring mass transfer drops and the limited
operating range.

2.5 Dynamic Flow Imaging in Packings with
Ultrafast X-ray Tomography
(Helmholtz-Zentrum Dresden-Rossendorf)

Amongst others, sandwich packings are an example of a
mass transfer intensification technology for distillation
columns. They consist of alternating layers of structured
packings, one with a higher (holdup layer) and one with a
lower specific surface area (de-entrainment layer). Preferen-
tially, such packings are operated between the flooding
points of both layers, which results in zones of froth regime
and liquid film flow in each sandwich element. Knowledge
on liquid holdup dynamics over the entire operating range
up to the flooding point is essential for the design of such
packings as well as for the development of rigorous efficien-
cy models. The full dynamics of two-phase flow in such
packings can be disclosed with ultrafast X-ray computed
tomography (UFXCT), which is available at Helmholtz-
Zentrum Dresden-Rossendorf [15]. Fig. 5 shows the
UFXCT setup and working principle. Within the scanner an
electron beam is produced by a high power electron gun
and focused on an X-ray target that surrounds the column.
The electron beam is swept across the target on a circular
path by means of an electromagnetic deflection system. The
X-ray radiation traversing the object of investigation is

recorded by fast X-ray detectors and from that tomographic
images are reconstructed. The scanning speed is up to 8000
cross-sectional images per second with a spatial resolution
of about 1 mm [16].

Fig. 5 further shows snap-shots of vertical and cross-sec-
tional liquid holdup distributions in the different layers of a
sandwich packing. One can clearly distinguish film and
froth flow regimes. Film flow is characterized by low liquid
holdup being located on the packing surface only, while
channels between sheets are occasionally filled with liquid
at froth flow. The height of the evolving froth regime within
the de-entrainment layer can be determined from axial
scans. The time-resolved plots in Fig. 5 reveal intensive fluc-
tuations of the cross-sectionally averaged liquid holdup
within the froth in both layers compared to calm film flow.
These intensive fluctuations with time-scales of a few milli-
seconds are accompanied by frequent renewals of gas-liquid
interfaces and cause increased mass transfer rates and
improved separation efficiency. The interfacial area density
within this dynamic froth flow is also determined from the
UFXCT data (Fig. 5). The studies reveal that the interfacial
area density in the range of froth flow depends on the
specific surface area of the packing regardless of the gas
load.

2.6 Study of Mass Transfer in Packing with CO2

Absorption/Desorption (Paderborn University)

Carbon capture from industrial point sources is a very rele-
vant topic with respect to reduction of greenhouse gas

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Figure 4. Procedure for X-ray computed tomography in three-phase distillation. CT scan and experimental setup (left), followed by
image segmentation and analysis (middle), and analysis of, e.g., interfacial area over packing height (right).
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emissions. CO2 capture is typically realized by a closed loop
comprising an absorption and a desorption column and
based on aqueous solvents. At Paderborn University, a pilot
plant [17] is available to investigate new and innovative sol-
vents and column internals for CO2 absorption. The pilot
plant (Fig. 6a) is designed as a multi-purpose and flexible
setup. It consists of two glass columns (inner diameter of
0.1 and 0.3 m), while the smaller column is used for absorp-
tion and the larger column for desorption or fluid dynamic
studies. Experiments can be carried out in different opera-
tion modes, namely, in the absorption, desorption and in

the closed loop mode. Furthermore, fluid dynamic analyses
can be performed.

A particular feature of the plant is that full axial profile
data can be obtained, i.e., temperature and both liquid-
phase and gas-phase CO2 concentration profiles. This is es-
sential for the capturing of nonlinear absorption/desorption
phenomena in the columns. Samples are taken with the aid
of specially developed sampling flanges (Fig. 6b) placed at
0.5 m intervals along the packing height. These flanges are
installed between two glass sections, and each flange has
two boreholes to insert devices for liquid and gas sample

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

Figure 5. Ultrafast X-ray tomography scanner and exemplary vertical and cross-sectional liquid holdup distributions in a sandwich
packing, from which holdup and interfacial area density profiles have been extracted.

a)

c)

b)

Figure 6. a) Photo of the upper part of the CO2 absorption/desorption pilot plant at Paderborn University. b) Drawing of the flange with
the liquid-phase and gas-phase sampling devices. c) Exemplary gas-phase temperature and CO2 concentration profiles.
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taking. The liquid trickles into the upper tube at the tip of
the device, flows through the chamber and trickles out of
the lower tube. Thus, liquid holdup in the chamber is
always renewed. With a syringe, the liquid can be taken
from the chamber and analyzed offline. For gas-phase
sampling, a tube is inserted into the flange. This tube is con-
nected to a gas chromatograph via a system of heated pipes
and a vacuum pump, so that the gas phase CO2 concentra-
tion can be analyzed online. A Pt100 resistance thermome-
ter is inserted into the tube to measure the temperature at
each sampling point. Examples of gas-phase temperature
and CO2 concentration profiles obtained for the system
CO2/aqueous monoethanolamine are shown in Fig. 6c. Ex-
perimental results from the pilot plant are used to test new
solvents or column internals to evaluate whether they are
competitive and to validate process models for further sim-
ulations for industrial-scale CO2 capture [18].

3 Experimental Techniques for Large
Columns, Trays, and Feed Pipes

3.1 Liquid Distribution Analysis in Columns with an
ATEX Proven Gamma Ray Tomograph
(Linde AG)

Gamma ray tomography is a tomographic imaging method
of choice for large process equipment. At Linde such a setup

is operated at a facility that is run with iso-hexane and ni-
trogen as fluids as their fluid properties at room tempera-
ture are comparable to liquid air components at cryogenic
condition [19]. Since a leakage of iso-hexane could create
an explosive atmosphere, the whole setup was designed
according to ATEX regulations. All non-ATEX-proof com-
ponents are placed inside a purged Plexiglas housing
(Fig. 7a) so that the tomograph can be safely operated inside
an ATEX zone. A Cs-137 isotope inside a collimated source
container creates a pencil beam detected by an opposite
CsI(TI) scintillation detector. The source-detector pair can
be moved horizontally, vertically and rotated around the
test object using suitable actuators. This gives the projection
data that is required for subsequent tomographic image
reconstruction. The reconstruction of this data into cross-
sectional images of the column is done with standard to-
mography algorithms. The maximum test object size is
Ø 750 mm, the obtainable resolution about 4 mm.

To determine liquid distribution within a static object the
ratio of the measured data with liquid flow to the equivalent
data for a dry object is used. Fig. 7b, shows an exemplary
liquid distribution in a 440 mm column. The tomograph
data can be used for optimization of liquid distributor
geometry. Other research topics include the investigation of
the effect of packing inaccuracies on liquid maldistribution.
These results can then be used to define quality limits dur-
ing packed column production.

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a) b)

Figure 7. a) View of the pilot plant with gamma ray scanner at Linde Pullach. b) Exemplary images of liquid distribution in a packing
(right).
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3.2 Investigation of Phase Distribution in Packed
Columns (Ruhr-Universität Bochum)

The optimal design of packed columns for resource efficient
absorption and distillation processes is of crucial interest
for the chemical industry. To date column design is still
based on the assumption of superficial velocities for the gas
and liquid phase flow. Despite this, maldistribution espe-
cially of the liquid phase is a well-known phenomenon.
Therefore, the combination of non-ideal operation behavior
and its theoretical analysis based on ideal flow patterns
results in an unconfident design basis.

An experimental approach to determine radial maldistri-
bution in packed columns based on a wire-mesh sensor has
been established at Ruhr-University Bochum [20]. It is
complementary to the thermal measurement approach by
TU Munich described later (Fig. 8a). The wire-mesh sensor
directly measures the liquid and tracer concentration distri-
bution below packings. An integral characterization of the
phase distribution below the packing is possible by measur-
ing the change in capacitance caused by liquid flowing
through the sensor. Changes in liquid conductivity can be
measured and applied to determine the internal mixing of
the liquid within the packing using tracer solutions such as
sodium chloride (Fig. 8b). Both techniques offer the possi-
bility to set up parameters of advanced column models for
absorption and distillation processes considering non-ideal
phase distributions.

3.3 Investigation of Two-Phase Flow on Column
Trays (Helmholtz-Zentrum Dresden-Rossendorf)

For modelling and improvement of column tray efficiency,
knowledge about the two-phase flow including distribution
of holdup, clear liquid height and residence time on indus-
trial-scale cross-flow trays is required [21]. For this purpose,
researchers at Helmholtz-Zentrum Dresden-Rossendorf
developed a novel conductivity-based sensor array for flow
studies (Fig. 9a) [22]. It is installed above a test tray with
13.6 % fractional free area inside a DN 800 column mockup
as shown in Fig. 9b. Air and water are used as working
fluids for the column operation. The sensor array comprises
of 776 electrodes that are uniformly distributed over the
tray deck with a spatial resolution of 21 mm ·24 mm. Dur-
ing column operation, the sensor obtains holdup profiles
for liquid and gas and concentrations of ionic tracer at a
very high acquisition rate of 5000 frames per second. Multi-
ple axial measurements at each elevation give a full 3D view
of the tray cross-flow. Fig. 9b shows such profiles for eleva-
tions up to 80 mm for tray loadings of 3 m3h–1 (water) and
1.6 Pa0.5 (air). In this example, low liquid fraction in the
froth due to jet formation and weeping as well as higher
liquid holdup in the upper planes resulting from reduced
air pressure and jet breakup can be observed. Statistical
analysis of the sensor data in the spray zone allows the de-
termination of the froth height, which can otherwise only
be estimated from visual observation. The occurrence of
higher gas holdup near the tray deck also questions the clear
liquid height measurement based on manometer data. Inte-
grating the holdup data at each probe up to the froth height

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

a) b)

Figure 8. a) Liquid maldistribution in a randomly packed column. b) Application of the wire-mesh sensor for the determination of radial
phase distribution in packed columns.
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allows quantifying the average holdup and clear liquid
height accurately. The sensor further permits identifying the
liquid flow profiles (i.e., residence time distribution) on the
tray via salt tracer studies.

3.4 Investigation of Two-Phase Flow in Feed Pipes
(Helmholtz-Zentrum Dresden-Rossendorf)

Feeding distillation columns with a two-phase mixture may
lead to heavy droplet entrainment in the column, which is
highly detrimental to separation efficiency. The selection of

proper inlet devices that control the flow and capture drop-
lets requires knowledge of the flow conditions upstream.
Short pipe lengths, complex pipe routing as well as varying
operating conditions and fluid properties encountered in
feed pipes hinder reliable prediction of the flow morphology
and demand validated novel modelling approaches, such as
CFD simulations or reduced order models. High-resolution
flow imaging in complex feed pipes has been achieved with
wire-mesh sensors (Fig. 10a). With that, 2D cross-sectional
images of the phase distribution can be obtained at sam-
pling rates up to 10 kHz. Analysis and visualization tech-
niques are used to determine local flow parameters such as

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a)

b)

Figure 9. a) Multi-probe flow sensor for column trays. b) 3D liquid holdup distribution for an air-water column mock-up with sieve
trays.

a)

c)

b) d)

e)

Figure 10. a) DN 50 feed pipe with wire-mesh sensors. b) Measured cross-sectional and axial phase distributions. c) Corresponding pseu-
do-3D representation. d) Flow morphology prediction by a conventional flow map and e) a novel classification method.
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interfacial area, wetted wall fraction or power spectra.
Figs. 10b and 10c show exemplarily results for the evolving
flow in a feed pipe configuration. Conventional classifica-
tion tools, such as flow regime maps [23], were tested
against the encountered morphologies. The main flow
regimes, that is, stratified, annular, intermittent, and dis-
persed bubbly flow (black symbols in Fig. 10d), are properly
predicted while transitional regimes (colored symbols in
Fig. 10d) deviate from the map. For more complex pipe
configurations the flow morphology becomes more versa-
tile. Here, the flow takes various morphology types along
the pipe that are contrary to the static flow regime predic-
tion by a flow regime map. Therefore, we developed a fuzzy
identification algorithm [24] to reliably assign the spatio-
temporal phase distribution to certain flow morphologies.
In this novel morphology classification, every flow pattern
is expressed in terms of degrees of membership to the four
main regimes and five transitional morphologies (Fig. 10e).

3.5 Liquid Flow Analysis with Collector Techniques
(TU Munich)

For the characterization of the liquid flow and maldistribu-
tion within packed columns, liquid collectors are frequently
used. This measuring device enables the detection of the
actual liquid volume flow instead of providing only an indi-
cation of it. Its common usage is also based on the fact, that
measuring with a liquid collector is technically quite easy
and inexpensive in its realization. For getting the absolute
volume flows, and therefore the extent of maldistribution
within a packed column, liquid collectors are one of the
most accurate measuring techniques. There are a few re-
strictions for operating collectors, e.g., they can be installed
only at the column bottom. Hence, this generates the need
of varying the packing height if the liquid distribution
should be analyzed relating to the liquid run length in the
packing. Furthermore, it is impossible to get conclusions on
the actual local mass transfer with a liquid collector only. As
a result, the liquid distribution and therefore the fluid
dynamics in the column without conclusions on mass
transfer are gained.

TU Munich is operating a packed column test rig with an
industrial relevant diameter of 1.2 m using a liquid collector
as shown in Fig. 11a. The collector itself consists of seven
concentric rings, which provide an annular structure. Each
ring, except the undivided innermost one, is divided into
three equal-sized sections. In total, this leads to 19 collector
segments. In the collector segments, gas chimneys are in-
stalled to guarantee a uniform distribution of the gas in the
whole cross-section of the packing. To avoid any interfer-
ence of the collector with the flow in the packing, the gas
chimneys are distributed according to their fraction of the
total cross-sectional area. The 1.2 m diameter column pro-
vides feasible packing heights of 1.0, 1.5, 2.5, and 3.0 m.
With the test rig liquid loads of uL = 0...80 m3m–2h–1 and

gas loads of F = 0...4.7 Pa0.5 are possible [25]. The packed
column is operated with water and saturated air in a coun-
tercurrent flow. The powerful blower facilitates the exceed-
ing of loading conditions and even flooding. This provides
the possibility to analyze roughly the complete operating
range of the packed column. Different packing types and
sizes can be analyzed in the experimental apparatus. To gain
insights into the flow condition during the experiments the
column consists of several column sections made of trans-
parent plastics. To characterize the liquid flow within the
packing optimally, different liquid distributor types are
employed, such as uniform and single point distributors.
The liquid flow at the bottom of the column is collected in
the 19 collector segments.

The measurement of the volume flow through each of the
collector segments is realized with the measuring cells
shown in Fig. 11b. One cell consists of a container and a
V-shaped outlet frame. This frame ensures a constant low
level measuring error even at very low volume flows. In
each measuring cell the liquid level is detected. With a cor-
relation between liquid level and outlet flow it is possible to
measure the liquid level and calculate the volume flow of
the liquid in one collector segment [25]. The test rig pro-
vides simultaneous measurement of the liquid volume flows
through the 19 collector cells. This leads to a closure of the
mass balance with only a slight error of ±5 % for 95 % and
±2 % for 63 % of more than 8500 recorded operating points
[25]. The high degree of automation enables short measur-
ing times and therefore the generation of a large database,
which already allowed an improvement of modelling the
liquid distribution [26]. Distribution data is available upon
request.

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

a)

b)

Figure 11. a) Liquid collector of the Ø 1.2 m packed column at
TU Munich [25]. b) Measuring cell for determination of liquid
flows [25].
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3.6 Liquid Flow Analysis with Thermal
Measurement Techniques (TU Munich)

To visualize the distribution of the liquid phase within a col-
umn, temperature measurements have been proven success-
ful. The characterization of the phase distribution of water
is based on the temperature profile within the column,
which is induced by mass transfer processes. The partial
evaporation of warm water causes a temperature decrease
within the packing. This temperature decrease is relatively
easy to detect. It is necessary that the temperature measure-
ment within the column does not have any effect on the liq-
uid and gas countercurrent flow. The main advantage of
thermocouples is that they are only a few millimeters in
size. Therefore, they are minimal-invasive for the fluid dy-
namic characteristic in the packing itself. Besides their small
size, one of the main advantages of the temperature mea-
surement with thermocouples is its indication of the local
mass transfer within the packing. Thus, not only conclu-
sions about the liquid flow, but also findings on the mass
transfer, the actual interesting value itself, can be gained.
Furthermore, it is possible to calculate the global separation
efficiency of the packed column.

The Institute of Plant and Process Technology at
TU Munich is operating a test rig with thermocouples. The
measurement principle was originally used by Stichlmair
[27] to determine the liquid flow on column trays. Besides
trays, the method was also frequently applied with success
to analyze the liquid distribution of the system water/air
within packed columns [28]. The current test rig at
TU Munich is a packed column operated with warm water
and air in a countercurrent flow. At the column head, the
water is fed on the packing, at the column bottom unsatu-
rated air is injected. During an experiment, water is heated
up by steam to about 43 �C before entering the packing at
the column head. Different initial distribution types such as
uniform or single point distributions are possible. The
unsaturated air is warmed up because of the compression in
the blower. To guarantee comparable initial conditions for
each experiment, water is injected in the gas stream to cool
down and humidify the airflow before it enters the packing
evenly distributed. The column has an inner diameter of
0.634 m and a maximum packing height of 6.82 m. It con-
sists of 11 transparent plastic column sections, each with
0.580 m in height, and 12 measurement flanges, each with
0.040 m in height, lying in-between. In each measurement
flange 61 iron-constantan thermocouples, also known as
thermocouples type L, are positioned in an equilateral trian-
gle pattern. Thus, there are, in total, 732 thermocouples
installed within the packed column. Each thermocouple is
covered with a small piece of fabric, which gets soaked with
water to ensure the temperature is taken only from the
liquid and not the gas phase.

Fig. 12 shows a graphical visualization of the liquid distri-
bution and with that the maldistribution in form of iso-
therms. In case of a perfectly distributed liquid phase, the

isotherms appear in horizontal lines. The more the iso-
therms are curved the greater is the inequality of the liquid
distribution and therefore the maldistribution. In Fig. 12 the
unequal distribution and the effect of the wall flow is em-
phasized in the curved and therefore strongly non-horizon-
tal isotherms.

3.7 Analysis of Liquid Entrainment Assisted by
Optical Imaging Techniques (TU Kaiserslautern)

Entrainment phase slip of liquid droplets above trays and
packings lowers separation efficiency and constitutes a
severe threat to column internals and connected down-
stream equipment. While previous research considers
entrainment only as a consequence of changes in operation
conditions or internal design, the application of an image-
based in-line measurement technique [29] allows to under-
stand local hydrodynamics and to make reliable predictions
on integral changes. A new image-based telecentric probe
developed by TU Kaiserslautern is used to analyze
entrained liquid above trays and packings in two DN 450
columns (Fig. 13a). In dependence on internals, operation
parameters and measurement position, droplet size distri-
butions reach from the micrometer to the millimeter scale.
For this purpose, an adjustment of the probe’s measurement
volume allows to prevent particle overlapping. Shadow-
graphic images, rich in contrast, enable an analysis of the
entrained droplets with respect to shape, size and velocity
[30]. Experimental results reveal a strong correlation be-
tween droplet size and operation parameters but also on
column and equipment design. The share of large droplets
within a droplet size distribution increases (decreases) with
advancing gas (liquid) loads when trays are operating in the
froth regime. In contrast, the share of large droplets above

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Figure 12. Temperature
distribution in the
Ø 0.634 m packed column
at TU Munich. Hiflow� ring
25-7 plastic at a liquid load
of uL = 5.8 m3m–2h–1 and a
gas load of F = 1.2 Pa0.5 with
uniform initial liquid distri-
bution. The dots (.) repre-
sent the positions of the
thermocouples.
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packings increases with advancing gas and liquid loads. Fur-
thermore, repositioning of the probe reveals a homogenous
droplet size distribution across the column cross section
with respect to sieve trays, while fixed valve trays and pack-
ings generate a higher share of larger droplets in the column
center. As mentioned before, a precise image analysis also
enables the estimation of the droplet velocity by a cross-cor-
relation of two following images. Results reveal as expected
higher velocities for smaller particles but also average parti-
cle velocities lower than the superficial gas velocity. In con-
clusion, the knowledge of particle size and velocity facili-
tates a determination of the local entrainment rate within
the examined measurement volume. The consideration of
multiple measurement positions enables an extrapolation of
local entrainment rates to an integral value covering the
whole column cross-section. A comparison between en-
trainment rates predicted by image analysis and those
quantified by the conservative capture tray method shows
good agreement (Fig. 13b) [31]. To sum up, in-line image
analysis not only enables a better understanding of the hy-
drodynamics within columns by having a look into the pro-
cess, but also to detect process changes earlier, to predict
undesired operation conditions and to reduce costs by
savings of material and labor due to substitution of conser-
vative measurement methods.

4 Experimental Techniques for Evaporators
and Condensers

4.1 Residence Time Measurement in Wiped Film
Evaporators Using Near-Infrared Sensor
Technology (TU Braunschweig, Hochschule
Mannheim)

Due to their low liquid hold-up, good heat transfer charac-
teristics and short residence times wiped film evaporators
(WFE) are particularly suitable for the evaporation of ther-
mally sensitive substances as well as fast chemical reactions.

A proper assessment of the thermal
stress exerted to a sensitive product as
well as the estimation of conversion rates
for chemical reactions builds on the reli-
able quantification of the residence time
behavior of WFE under process condi-
tions. For a tailored design and operation
of WFE, knowledge on the influence of
physical properties, equipment charac-
teristics as well as operating conditions
on residence time distributions (RTD) is
essential. However, RTD are typically in-
vestigated under non-boiling conditions
and atmospheric pressure [32], [33]. To
reach a better insight on fluid dynamic
effects during the evaporation within a
wiped film apparatus two near-infrared

(NIR) probes are used to investigate the residence time be-
havior under different evaporating conditions. A steam-
heated stainless steel WFE with an evaporation area of
0.0643 m2 and a typical throughput of 5 to 30 kg h–1 is ex-
amined regarding its RTD characteristics. The feed flow
consists of monoethyleneglycole with propylene carbonate
as tracer. Measuring the tracer injection and outlet peaks al-
lows a determination of residence time distributions for var-
ious operating conditions. An appropriate light excitation is
implemented using LED light sources with a fixed wave-
length of 1550 nm. The detector consists of broadband pho-
todiodes and an amplifier board. Four fiber optic cables –
two for each measuring position – with a diameter of
400 mm connect the light sources with the plant. The dis-
tance between each pair of NIR probes is adjustable to se-
cure an equal voltage base line that guarantees linearity be-
tween the measuring signal and propylene carbonate
concentration. The feed probe is installed directly after
the manual tracer injection at the evaporator entrance
(Fig. 14a). The bottom probe is situated after the outlet cone
of the WFE corpus in a slightly inclined piping element to
secure a sufficient wetting at the measurement point.
Fig. 14b shows a typical diagram of both signals from the
injection and outlet zone. Further data processing of the
raw data sets is needed to extract characteristic values like
mean residence time, the median value and variance.

4.2 Performance Investigation of Pillow-Plate
Condensers (Paderborn University)

Advanced heat exchanger concepts are gaining more and
more importance in view of rising energy prices and
increasing environmental awareness. Among the most
promising concepts are pillow-plate heat exchangers
(PPHE), with their fully welded and hermetically sealed
construction, high structural stability, compactness and
lightweight. A unique pilot plant for studying condensation
in PPHE has been built at Paderborn University and further

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

b)a)

Figure 13. a) In-line probe with variable gap. b) Comparison of local and integral
entrainment rate analysis [31].
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developed within the large consortium project InnovA2

[34]. The main components of the condensation circuit are
a reservoir, an evaporator, two pillow-plate condensers con-
nected in series and containers collecting condensate (CCC,
Fig. 15a). The evaporator is linked to the heating circuit,
while the two pillow-plate condensers are linked to the

cooling circuits. Vapor partly
condenses in the upper partial
condenser (PC). Full condensa-
tion of the remaining vapour
takes place in in the total con-
denser (TC). Both condensers
comprise three parallel, vertically
oriented pillow-plates. The enter-
ing condensing steam flows from
top to bottom in the outer chan-
nels between the pillow-plates,
whereas the cooling medium
flows countercurrently through
the inner pillow-plate channels.
The influence of inert compo-
nents on the condensation behav-
ior can be investigated, when an
adjustable non-condensable gas
stream (nitrogen) is continuously
added to the steam line ap-
proaching the PC (Fig. 15a). After

leaving the PC, the inert gas is removed at three different
points to avoid accumulation.

The plant can be used to investigate the thermohydraulic
condensation behavior and to determine overall heat trans-
fer coefficients and pressure drop during the condensation
of pure substances and binary mixtures, while three

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a)

b)

Figure 14. a) Implementation of NIR probes. b) NIR signal intensity at injection and outlet zone
over time.

a)

c)

b)

Figure 15. a) Simplified scheme of the condensation plant. b) Condensation heat transfer coefficients as a function of heat flux density:
measurements for water at film Reynolds numbers between 10 and 60 (adapted from [34]). c) Ratio of overall heat transfer coefficients
with (UN2) and without (U) nitrogen evaluated for varied nitrogen volume fraction: single-phase heat transfer coefficients in outer chan-
nels ho1>ho2>ho3 (adapted from [35]).
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different methods are used to record the accumulated con-
densate mass flows. Pure substances as well as binary mix-
tures containing a non-condensable substance have been
studied under different operating conditions [34, 35]. Using
another experimental setup allowing heat transfer in the
cooling channels to be determined [36], individual heat
transfer coefficients in both, inner and outer channels, can
be evaluated.

In the InnovA2 project, several experimental studies on
the condensation of water, iso-propanol and their mixtures
with nitrogen have been carried out [34, 35]. In the experi-
ments with pure water shown in Fig. 15b, the condensation
heat transfer coefficients increased with rising heat flux
density, but film Reynolds numbers remained low. This
effect is attributed to the special design of the pillow-plates,
which allows a better condensate drainage compared to
normal vertical plates [34]. This results in a thinner con-
densate film thickness and therefore in a better heat transfer
and condensation heat transfer coefficient due to a lower
thermal resistance. Condensation performance worsens
substantially when non-condensables are present (Fig. 15c)
resulting in a significantly lower overall heat transfer coeffi-
cient [35]. This effect can be explained by diffusional effects
in a boundary layer built up by the non-condensable com-
ponent at the vapor-liquid interface.

Despite successful accomplishment of the measurements
within InnovA2, further investigations of condensation be-
havior are required. Such investigations are to be carried
out in the context of the recently started collaborative proj-
ect funded by the Federal Ministry for Economic Affairs
and Energy, in which Paderborn University works together
with partners from Kassel, Braunschweig and Munich. The
pilot plant is now being used to investigate systems comple-
mentary to those from InnovA2. Among
others, experiments with binary conden-
sable mixtures will be carried out and
further measurements of systems con-
taining inert components are foreseen.
The new project will provide sufficient
and reliable process data necessary for
the understanding of complex condensa-
tion process in pillow-plate heat ex-
changers.

4.3 Assessment of Condenser
Performance Based on Temper-
ature Profile Measurements
(TU Braunschweig)

Knowledge on internal temperature pro-
files in reactors, fluid separation columns
or heat exchangers provides insights into
the process and enables for a better as-
sessment of process as well as equipment
performance [37]. Tube side condensa-

tion in straight vertical tubes especially at vacuum condi-
tions still presents a major source of uncertainty in equip-
ment design and operation typically compensated by
significant overdesign and increased operating costs. The
temperature profile along the condensation path combined
with reliable information on vapor-liquid equilibrium is a
valuable indicator for the operating status as well as heat
transfer performance of the equipment. Fiber optic temper-
ature measurements have therefore been used to determine
the axial temperature profile in a pilot scale condenser
(Fig. 16a) at typical process conditions. A spatial resolution
of about 1 cm at a frequency of 1 Hz was achieved, proving
more than sufficient.

Condensation was performed in a five tube vertical con-
denser with tube geometry of OD ·s ·L = 20 ·2 ·1800 mm.
Cooling water was used as service medium on the shell side
with a constant inlet temperature of 60 �C. Fig. 16b presents
the axial temperature profiles for the condensation of
1-hexanol vapor at a total pressure of 400 hPa with varied
nitrogen flow. It is evident that without added nitrogen the
condensation of the hexanol is completed after about 1 m
tube length and the exit temperature pinches out with the
cooling water inlet temperature. As nitrogen as non-con-
densing component is added condensation is not completed
when bulk temperature has fallen below condensation tem-
perature of pure hexanol. The product side temperature
stays above 100 �C. An increased nitrogen flow is accompa-
nied by an increased turbulence of the vapor side flow thus
resulting in lower exit temperatures. This information may
be used to design tailored tube geometries for effective con-
densation services as well as their quantitative performance
assessment. Similar measurements at the evaporation side
of a thermosiphon reboiler were less successful [38]. The

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

a)

b)

Figure 16. a) Sketch of the pilot scale condenser at TU Braunschweig that is equipped
with fiber sensor technology. b) Axial bulk temperature profiles for the condensation of
1-hexanol inside vertical tubes with varied nitrogen content.
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mechanical stress by the turbulent two-phase flow exerted a
significantly stronger elongation of the glass fiber than the
thermally induced expansion. So more research and devel-
opment work is needed for this type of applications.

4.4 Resolving Local Fouling Kinetics Using Fiber
Optic Temperature Measurements
(TU Braunschweig)

The unwanted deposition of material on heat and/or mass
transfer surfaces, referred to as fouling, presents a severe
problem in many processes of the petrochemical, chemical,
pharmaceutical and food producing industry, causing sig-
nificant penalties in the energy efficiency of these processes.
Its effect on the heat transfer performance of equipment
is typically quantified via (thermal) fouling resistance.
Although fouling kinetics shows different characteristic pat-
terns and local variations, it is most frequently assessed with
a single constant value for the fouling resistance giving an
overall measure for the reduction of heat transfer due to the
built-up of the fouling layer.
However, a deeper understanding
of the governing fouling mecha-
nisms requires a quantitative spa-
tial and temporal resolution of
the fouling progress. Only this
will allow tailoring equipment
design and operating conditions
for minimized fouling and maxi-
mum process energy efficiency.

Optical fiber technology allows
for temperature measurements
with high temporal and spatial
resolution without or minimum
interference with the actual pro-
cess conditions. Depending on the
respective technology, a spatial
resolution of one to several centi-
meters at a data frequency of 1 Hz
and higher is possible. With a giv-
en local heat flux, the local ther-
mal fouling resistance may then
be determined. A double pipe heat
exchanger has been equipped with
a fiber optic temperature mea-
surement to determine the axial
profile of the tube side wall tem-
perature, see Fig. 18a [39]. The
heat exchanger has dimensions
OD ·s ·L = 20 ·2 ·2000 mm for
the inner tube and OD ·s ·L =
54 ·2 ·2000 mm for the shell
tube. It is operated in counter-
current mode with an aqueous
CaSO4 solution on the tube side

and hot water as service medium on the shell side. Product
inlet temperature is 42 �C and hot water inlet is 80 �C. Fig. 17
b depicts the evolvement of local fouling resistances at nine
different positions. As expected, the fouling build-up starts
from the hot end of the tube. Characteristic for crystallization
fouling, an undershoot with negative values of the thermal
fouling resistance can be seen in the initial phase, which is
attributed to roughness and constriction effects of the grow-
ing crystal fouling layer [40]. Based on an assessment of
the influence of roughness and constriction on local heat
transfer, the fouling resistances can be corrected in an addi-
tional step to yield positive values [41]. This information
may now be used to develop a mechanistic model for fouling
kinetics as a function of component system properties, fluid
dynamic conditions and equipment characteristics. Ulti-
mately, this will allow for an improved design and operation
of fouling-prone heat exchangers for increased process
energy efficiency.

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a)

b)

Figure 17. a) A double pipe heat exchanger has been equipped with a fiber optic temperature
measurement to determine the axial profile of the tube side wall temperature, see Fig. 17a [39].
b) Local fouling resistances over time for calcium sulphate crystallization fouling in a double
pipe heat exchanger.
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5 Liquid-Liquid Separation Systems

5.1 Non-Invasive Measurement of Mass Transfer in
Reactive Liquid-Liquid Systems (RWTH Aachen)

Reliable mass transfer data between two liquid phases is
crucial for column modelling and design, but is often diffi-
cult to obtain in presence of a reaction. A tailor-made lab-
scale reactor with a design according to Nitsch et al. [42]
enables a decoupled investigation of reaction kinetics and
mass transfer (Fig. 18a) [43]. As the cell material is Hastel-
loy C22, measurements with corrosive media, like inorganic
acids at high temperatures up to 423 K and high pressures
up to 15 MPa are possible. The cell is equipped with two in-
dependent stirrers for the convection of both liquid phases
and glass internals to provide stable flow conditions. The
rotational speed of the stirrers is adjusted so that the
Reynolds number of both phases match. All biphasic ex-
periments are thereby carried out with a stable phase
boundary, which can be visually controlled through two
sapphire glass windows. This allows a separate determina-
tion of the mass transfer kinetics and the phase boundary,
since the latter can be calculated from the diameter of the
cell. Subsequent biphasic reaction experiments follow the
same procedure in presence of the catalyst. As the mass
transfer was previously determined, direct conclusions on
the reaction kinetics can be drawn from the results. Inline
concentration measurements are performed by an FTIR-
spectrometer equipped with a fiber-optic IN350-T silicon
ATR-probe (Bruker Optik GmbH, Ettlingen, Germany) and
a Raman spectrometer equipped with a fiber-optic short
focus immersion sapphire probe (Kaiser Optical Systems,
Ann Arbor, MI, USA). Compared to offline-analytics, it is
beneficial that there is no need for sampling that disrupt the
system or might be unstable. As the measurements are
made in short intervals, nearly continuous concentration

profiles are obtained and the partition of a transition com-
ponent can be observed. Fig. 18b shows the molar con-
centrations of 5-hydroxymethylfurfural (5-HMF) over time
for a mass transfer experiment in the two-phase system
2-methyltetrahydrofuran (2-MTHF)/water as an exemplary
case. Using the mass transfer coefficient as a fitting param-
eter, a rate model describes the measured values accurately.
The detailed description of 5-HMF mass transfer was
included in a reaction kinetic model for the dehydration of
5-HMF from fructose. The resulting model allows an accu-
rate prediction of the biphasic reaction kinetics and was
integrated in the model-based design of a tailored reactor
unit [43].

5.2 Optical In-Line Particle Analysis for Liquid-
Liquid Systems (TU Kaiserslautern)

Image analysis of droplets in liquids is done at TU Kaisers-
lautern with a telecentric probe. It bases on a shadowgraphic
technique [29] where independent from position the true
droplet size is detected and thus a calibration is not required.
The first variant of the shadowgraphic probe consists of two
invasive tubes with glass windows in the front. Both tubes
form a measurement volume where the particles are cap-
tured. One tube contains the illumination (LED) unit gener-
ating a parallel light bundle and the other side is the camera
unit with a telecentric lens. Hence, the camera system gener-
ates high contrast images that can be easily analyzed by im-
age processing. Additionally, the telecentric lens provides an
optical imaging where the size of the particles does not de-
pend on the position or distance in the field of view, result-
ing in a real measurement volume instead of a small focal
plane. Measurement flanges for various kinds of apparatuses
are used to integrate the measurement system (Fig. 19a).
Starting from droplets an extension was to ellipsoid bubbles

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 7, 926–948

a)

b)

Figure 18. a) Hastelloy
reactor for mass transfer
and kinetic experiments:
1,2: stirrer for heavy and
light phase, 3: flow inter-
nals, 4: glass window, 5,6:
Raman and FT-IR probes, 7:
sampling port, 8: inlet for
HPLC pump. b) Concentra-
tion profile for a mass
transfer experiment of
5-HMF in the two-phase
system 2-MTHF/water. [43].
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with different probe size according to apparatus (DN 100 to
DN 450) and pipe (DN 25) dimensions. In addition to the
conventional image processing procedures, like binarization,
segmentation and detection, a convolutional neural network
has been trained for droplet analysis. Computer generated
images with known droplet size have been used to train the
algorithm. The neural network improves segmentation at
higher phase fractions and has been tested up to phase frac-
tions of 25 vol % [30] To simplify the integration of the mea-
surement system and therefore to get access to industrial
scale, a one-sided probe has been developed retaining the
full functionality of the telecentric shadowgraphic measure-
ment principle. The probe is fully adjustable, regarding mea-
surement volume and position in the apparatus and is inte-

grated via a DN 80 flange. In order to
decrease invasivity, a more compact
probe for a DN 50 flange is being devel-
oped (Fig. 19b).

The probe is easily applicable for ex-
traction columns, stirred vessels and
phase separators to control entrainment
or validate simulations. The later relies
on population balances in a user-friendly
GUI as depicted in Fig. 20, here in a
start-up period. One can select process
and simulation parameters and below
turn up online images of the telecentic
probe. On the right-hand side in the top
is the simulation (white line) of the parti-
cle diameter versus conductivity mea-
surement (green line). The diagram

below shows holdup simulation (blue line) versus measure-
ment (brown line) and a prediction horizon (white line). In
both diagrams the simulated predictions are given by dottet
lines. In the bottom there is holdup (white line) and particle
diameter (red line) and the other side the actual droplet size
distribution [44]. In conclusion, this measurement tech-
nique offers broad application, such as in rectification col-
umns (sieve, trays and packings in section 2.7), extraction
equipment (mixer-settlers, columns, pumps), crystallization
and has also been successfully tested in solid-gas-liquid sys-
tems. It is a powerful tool when it comes to the inline deter-
mination of particle characteristics, even in an industrial
environment.

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

a) b)

Figure 19. a) Installation view of the telecentric probe. b) CAD drawing of a single-sided
probe.

Figure 20. Droplet distribution
on-line monitoring via LabVIEW.
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5.3 Analysis of Extraction and Crystallization
Processes with Raman Spectroscopy Techniques
(TU Bergakademie Freiberg)

Still today, the projection of apparatuses for liquid-liquid
extraction and for crystallization is largely based on experi-
mental experience. Often, several upscaling steps are re-
quired for a reliable provision of an industrial-scale process
that meets the desired specifications. Here the application
of in situ Raman spectroscopy can help accessing in real-
time the efficiency of separation stages, not only in single-
phase systems, but also in multi-phase systems. As electron-
ic compounds, such as lasers, spectrometers and computers
have become smaller, more reliable, more robust and better,
Raman spectroscopy is well suited for permanent process
monitoring, also under harsh conditions in industrial envi-
ronments.

Fig. 21b shows a Raman probe developed for the in situ
monitoring of the supercritical carbon dioxide (CO2)
extraction of hops. The probe resists pressures up to 600 bar
and can be directly screwed into a steel pipe via an NPT
thread. Other connectors, such as flanges, or Swagelok
fittings have been realized too. With a temporal resolution
of up to 1 Hz (faster is possible) the fraction of alpha-acid
in the extract stream was monitored, as it is shown for a
reduced sampling rate in Fig. 21b. As the properties of natu-
ral products vary depending on the harvesting period, the
growing region, the storage conditions and many more, the
extraction of each batch is more or less specific. Based on
the in situ measurements the operator of the extraction
plant can optimize the extraction process (duration) to the
extraction yield [45].

The Raman spectra of many compounds depend on their
chemical environment. Thus, the position, the widths or the
shape of certain Raman peaks provides information about
the chemical environment the compound is dissolved in.
With respect to liquid-liquid systems, where one com-
pounds is partitioned over two liquid phases, the two liquid
phases are different with respect to their composition and
thus feature different chemical environments. Thus, one
can deduce the partition of the compounds over the phases
from the Raman spectrum of the multi-phase mixture. Con-

sequently, mass transfer processes are accessible in situ and
even in multi-phase liquid-liquid systems.

What is reported above for the partition of one com-
pound over two liquid phases is also true for the partition
of one compound over a liquid and a solid phase and thus
is relevant for crystallization. Figure 22a shows Raman
spectra of a drug acquired during the crystallization of the
drug from a solution. Here the peak of the drug in its crys-
talline solid form is left-shifted with respect to the drug in
the dissolved state. Therefore, from the growth of the crys-
talline drug peak and the shrinkage of the dissolved drug
peak one can extract information about the growth of the
solid phase or the conversion of the dissolved drug into the
solid drug. Fig. 22b shows the kinetics of the growth and the
shrinkage of both peaks. With respect to the three examples
provided above, the successful realization of the Raman
measurements depends to a certain extend on the specific
design of the Raman probe and on the processing of the
obtained raw Raman spectra, which are main competences
of the research team of Andreas Braeuer at TU Bergakade-
mie Freiberg [46, 47].

5.4 Characterization of Liquid-Liquid Phase
Separation by Ultrasound Scanning Technology
(Bayer AG)

Bayer AG develops a new experimental setup and proce-
dure combining ultrasound scanning technology with stan-
dard settling tests for the characterization of phase separa-
tion behavior of liquid-liquid systems. For the validation of
both, experimental setup and method, two standard organ-
ic/aqueous test systems (cyclohexanone/water and butylace-
tate/water) as well as one technical system, where conven-
tional visual methods cannot be applied, were investigated.
The results show that this method allows the determination
of the required phase separation parameters for the design
of gravity settlers for opaque systems, using standard scale-
up procedures as well as the complete automatization of the
measuring technique.

The characterization of phase separation of liquid-liquid
dispersions is of major importance for the design of indus-

trial equipment (batch and conti operated
equipment as liquid decanters, mixer-settlers,
extraction columns). Unfortunately, modelling is
up to now not able to cope with the prediction
of the settling behavior for multicomponent and
technical liquid-liquid mixtures. Therefore, ex-
perimentation is a must in order to obtain the
required phase separation parameters. Bayer AG
uses standardized batch-settling trials based on
the experimental setup and procedure developed
by Henschke [48] to obtain the necessary data
for the design of gravity settlers, based on sedi-
mentation and coalescence curves. However,
over the last years, more and more cases of
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Figure 21. a) Photograph of a Raman probe with NPT thread for pressures up
to 600 bar. b) Temporal evolution of the alpha-acid weight fraction in the
extract stream during the supercritical CO2 extraction of hops.
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‘‘dark-dark’’, opaque or very turbid systems have been
noted. It is therefore required to develop an alternative stan-
dardized non-visual method – not only to determine the
phase separation times, but also to separately define the sed-
imentation and coalescence curves and identifying the
‘‘dense packed zone’’ for further determination of the drop
size. Based on the difference in physical properties of the
two liquid phases (e.g., density, viscosity, speed of sound) an
alternative measuring technology can be used to overcome
the limitations of visual methods. Based on the previous
work developed by Pfennig et al. [49] and Shaw et al. [50],
Bayer AG develops a new experimental setup and proce-
dure combining ultrasound scanning technology with the
standard settling cell developed by Henschke [48]. This
method allows the determination of the required phase sep-
aration parameters for non-transparent systems, using stan-
dard scale-up procedures as well as the complete automa-
tization of the measuring technique.

Fig. 23a shows part of the experimental setup that con-
sists of the ultrasound phased-array sensors (developed in
collaboration with University of Alberta and the company
Action-NDT) attached to the settling cell, the high-speed
acquisition unit Focus PX and the associated software Focus
PC (both from Olympus). Fig. 23b shows a comparison
of experimental sedimentation and coalescence curves
determined by visual and ultrasound methods (average
values) for the system cyclohexanone/water (Vo/Vw = 2/1,
n = 250 min–1, T = 20 �C, f = 1 Hz). The diagram shows a
good match between the visually recorded coalescence and
sedimentation curve and those recorded with the applied
ultrasound scanning technology.

6 Intensified Separation Technologies

6.1 Investigation of Two-Phase Flow and Mass
Transfer in Rotating Equipment (TU Dortmund
University, Helmholtz-Zentrum Dresden-
Rossendorf)

While the exploitation of centrifugal fields for the intensifi-
cation of gas-liquid contacting has been under consider-
ation for more than 60 years, rotating packed beds (RPB)
and other so-called high-gravity equipment received a sig-
nificant increase in interest over the last 10 to 20 years, with
several industrial applications, primarily in Asia [51].
Despite a rich literature on experimental investigations for
various applications, experimental insight into the hydrody-
namic conditions and mass transfer inside of an RPB and
especially inside of the annular-shaped packing is severely
limited. However, such insight is of special importance for
reliable modelling and design of an RPB, because unlike
static packed columns, the cross-sectional area as well as
the liquid and gas velocities cannot be considered constant
with the radial depth of the packing, in which they are
counter-currently contacted. Therefore, innovative and

Chem. Ing. Tech. 2020, 92, No. 7, 926–948 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com
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Figure 22. a) Raman spectra of a pharmaceutical drug at differ-
ent times during batch crystallization. b) Evolution of the
growth or the shrinkage of the crystalline (solid) and dissolved
drug peak intensities.

Figure 23. a) Experimental setup showing ultrasound probes
attached to the settling cell. b) Example of comparison of
sedimentation and coalescence curves obtained by visual
method vs. ultrasound scanning technology (US) for the system
cyclohexanone + water with volumetric phase ratio organic to
water Vo/Vw = 2, rotational speed n = 250 min–1, temperature
T = 20 �C, and frequency f = 1 Hz.

Review 945
Chemie
Ingenieur
Technik

 15222640, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202000076 by T

echnische U
niversität H

am
burg B

ibliothek - E
lektronische M

edien, W
iley O

nline L
ibrary on [13/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



potentially tailored measurement techniques need to be de-
veloped to generate the necessary insight.

RPBs rely on a motor-accelerated rotor that is rotating at
rotational speeds between 300 and 1200 rpm, which corre-
sponds to accelerations of 10 to 250 times the gravitational
acceleration at the inner diameter of the equipment. To
quantify the local liquid holdup within the rotating inter-
nals researchers of TU Dortmund University and Helm-
holtz-Zentrum Dresden-Rossendorf applied gamma-ray
computed tomography (CT). With its high-energy isotopic
Cs-137 (662 keV) source it achieves good penetration of the
RPB materials and furthermore gives time-averaged angle-
resolved CT scans. The CT system can sample projections
very rapidly at 22 kHz and therefore has the ability to create
sharp reconstructions even at high rotational speeds of
1200 rpm. A Hall effect sensor was used for the synchroni-
zation between the RPB and the CT systems. Fig. 24a illus-
trates the setup for the gamma-ray tomography while
Fig. 24b shows exemplarily the liquid holdup for a rotor of
146 mm inner diameter, 500 mm outer diameter and 10 mm
axial height rotating at 1200 rpm. Based on the scans, the
distribution of the liquid hold-up along the radius can be
analysed and the influence of rotational speed, as well as
other factors, such as the liquid and gas flow rate, can be
evaluated (Fig. 24c). The generated data allows for the iden-
tification of operational limitations as well as the reasons
for and degrees of maldistribution, as further described in
an article of Groß et al. [52]. This information is essential
for designing and optimizing the structure of the packing in
the RPB.

The evaluation of concentration profiles along the radial
length of the packing would be of highest value for analy-
sing the mass transfer, but even temperature measurements
in the rotating packing are challenging. In order to enable
such measurements, a tailored telemetry setup for distilla-
tion in an RPB was developed by researchers of TU Dort-
mund and Caemax imc group. Wireless transmission of sig-
nals allows monitoring the temperature profile in the rotor
for different rotational speeds, vapor-liquid flow rates and
packing types. With a 16-bit resolution of the transmitter
and the receiver, a temperature change of up to 0.0025 K
can be detected with a sampling rate of 0.2 ms. For the cur-
rent setup, Pt1000 temperature sensors with an accuracy
class A (0.15 �C + 0.002�⏐T⏐) were installed. Details of the
experimental setup for total-reflux distillation in a single-
stage RPB are described in a recent article by Qammar et al.
[53].

The data on temperature change along the radial packing
depth helps to resolve the local mass transfer inside of the
rotating packing, which is an important prerequisite for the
development of scale-up and design rules for this high-grav-
ity equipment. A sketch of the sensor installation in the
rotor is provided in Fig. 24d, while the illustration of the
rotor plate provided in Fig. 24e indicates the position of the
sensors implemented along the radial packing depth. Fur-
thermore, the measured temperature data for the distillation
of an ethanol-water mixture at atmospheric pressure is
shown in Fig. 24f for a rotor with an inner diameter of
146 mm, an outer diameter of 600 mm and an axial height
of 10 mm and an implemented packing with inner and
outer diameter of 148 and 560 mm [53].

7 Summary

The compilation in this article
demonstrates the excellent capa-
bilities of different academic and
industrial research institutions to
contribute to an advanced experi-
mental analysis, understanding,
and modelling of systems and
components of industrial separa-
tion technology. Most notably, all
available experimental facilities
are equipped with state-of-the-
art measurement techniques for
phase distributions, gas and liq-
uid flow, as well as heat flux and
mass transfer analysis. This com-
prises modern laser-based flow
measurement and process analyt-
ical tools, computed tomography
scanners and distributed sensor
systems. A number of facilities
can be operated with organic
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a) c)b)

d) f )e)

Figure 24. a) Gamma-ray tomography setup. b) Cross-sectional liquid distribution measured
with gamma ray CT. c) Comparison of radial liquid hold-up for 1200 to 600 rpm rotor speed at
_VG = 60 m3h–1 and 300 rpm at _VG = 45 m3h–1 and _VL = 0.378 m3h–1 (multi-point distributor) for
the full foam packing. d) Schematic drawing of RPB. e) Position of the temperature sensors for
temperature telemetry along the radial packing depth of the rotor. f) Measured temperature
profile at 600 rpm in the ZickZack packing.
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fluids, which is a critical concern when translating experi-
mental findings to industrial separation problems. Another
key aspect is the scale-bridging concepts of such experimen-
tal technologies, which is required as industrial separation
is inherently a multiscale problem. Hence, analysis and
model development do not only require multiscale simula-
tion approaches but also true multiscale experiments and
measurement technologies. It will be an important future
concern to make synergetic use of these technologies to an-
swer open questions of industrial separation systems which
may come from new technologies and changing societal
and economic boundary conditions.
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[18] N. Hüser, M. Yazgi, T. Hugen, T. Rietfort, E. Y. Kenig, AIChE J.

2018, 64, 4053–4065.
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[20] M. Grünewald, J. Brinkmann, M. Hapke, F. van Holt, Chem. Eng.

Trans. 2018, 69, 103–108.
[21] V. Vishwakarma, M. Schubert, U. Hampel, Chem. Eng. Sci. 2018,

185, 182–208.
[22] V. Vishwakarma, E. Schleicher, M. Schubert, M. Tschofen, M. Lö-
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