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In distillation, additive manufacturing can facilitate the design and fabrication of laboratory-scale packed columns that

overcome the existing miniaturization limits while maintaining scalability. Liquid distribution is one of the appraisal crite-

ria for new packing structures. For this purpose, a flexible 3D-printed laboratory test rig is presented. The setup offers a

wide liquid load operation range from approx. 2.5 to 20 m3m–2h–1 for column diameters of 20–50 mm. First results regard-

ing steady-state development, initial liquid distribution effect and liquid load variation are shown using a 3D-printed ver-

sion of the Rombopak 9M in a 20-mm diameter column.
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1 Introduction

Distillation is one of the most important and widely used
thermal separation technologies [1]. It can be realized in
either tray or packed columns. At the same diameter,
packed columns are characterized by considerably lower
pressure drop and higher capacity. However, since industri-
al packed columns can reach several meters in diameter,
leading to taxing capital and operational expenditure, pro-
cess development and scale-up are of particular signifi-
cance.

In the framework of distillation scale-up, laboratory test
facilities are crucial in cases of challenging separation tasks,
unfamiliar feed mixtures and/or novel substance systems.
They are used to generate vital data to determine the packed
height of the production-scale column. In order to mini-
mize scale-up errors, laboratory-scale columns should
exhibit certain scalability characteristics. On the one hand,
a separation efficiency independent of the gas load is
desired [2]. On the other hand, a high reproducibility of the
measurements is necessary. Especially inaccuracies in deter-
mining the gas and liquid loads must be minimized. How-
ever, a certain level of scale-up uncertainty is unavoidable
[3]. Various sources recommend a lower limit for test col-
umn diameters dc from 40 to 100 mm [3–5].

Miniaturization of laboratory columns beyond the rec-
ommended limits can translate to considerable economic
savings through the reductions in equipment size and
chemical holdup, as well as more lenient safety restrictions.
However, higher uncertainties arise due to the increased
wall-to-packing ratio (Aw/Ap) resulting in dominant wall
effects in terms of heat losses and liquid wall flow [3, 6]. As
challenges regarding scalability become more pronounced

and conventional fabrication methods reach their construc-
tion limits, additive manufacturing (AM) has become a
promising solution.

AM allows for higher flexibility in packing and compo-
nent design to address the aforementioned hurdles against
further miniaturization. A previous publication presented a
flexible laboratory distillation test rig for the experimental
evaluation of the separation efficiency of 3D-printed pack-
ings [2]. The aim is to obtain innovative packings, at a
diameter of 20 mm, that exhibit favorable scalability charac-
teristics in terms of a high and non-variable separation effi-
ciency. To reach such a goal, several packing development
steps are required with one major step being the character-
ization of the hydrodynamic behavior including the pres-
sure drop and liquid distribution [7].

Liquid maldistribution is a major contributor that nega-
tively affects the performance of industrial packed columns
[3, 8]. It can be classified into small- and large-scale maldis-
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tribution [9]. Small-scale maldistribution occurs on the
packing characteristic length level and includes liquid chan-
neling. Conversely, large-scale maldistribution develops on
the column size scale and comprises wall flow and nonuni-
form initial irrigation from the liquid distributor.

From industrial perspective, the rules of thumb to mini-
mize maldistribution are well researched and established
[10]. Nevertheless, the same cannot be stated for laboratory
columns with a diameter dc < 50 mm since literature is less
common. The scarcity intensifies upon the investigation of
new AM packings. Therefore, in this contribution a test rig
for liquid distribution measurements of laboratory-scale
packings is introduced and first measurement results are
provided at dc = 20 mm. The setup can flexibly perform
experiments in columns with a diameter ranging from
50 to 20 mm. This first iteration solely considers liquid flow-
ing down the packing with no counter gas flow. The detailed
and customized column components and packing struc-
tures are made possible through 3D printing by selective
laser sintering (SLS) using polyamide 12. Sect. 2 discusses
the utilized design and experimental methodologies.

2 Design and Measurement Principles

The following subsections showcase the edge of 3D printing
in enabling the design of novel custom-made components

that permitted the experimental quantification of liquid
distribution in laboratory-scale columns down to 20 mm
diameter.

2.1 Test Rig Overview

Fig. 1 shows the process flow diagram and the constructed
setup at Ulm University. The test rig can operate at liquid
loads between 2.5 and 20 m3m–2h–1. The column diameter is
flexibly variable between 20–50 mm. However, the photo-
graph in Fig. 1 only shows a 20-mm diameter column that
is used as basis for the demonstration in this work.

A single diaphragm pump P1, GMXa 0245 from
ProMinent GmbH, transports liquid from a suction tank T1
to the top of a 3D-printed packed column C1. The packing
is irrigated using a liquid distributor LD1 and liquid flows
down by gravity. At the bottom of the packing, the liquid is
divided and accumulated into 13 cross-sectional segments
provided by a collector LC1. Liquid splits from various col-
lecting segments passes through a so-called operation-mode
switch valve (OMSV) V1. The valve is fitted with 25 labelled
chemical-resistant tubes that guide the liquid out of the col-
umn. The OMSV allows the 13 liquid splits to either be sent
back to the suction tank, i.e., closed-circulation operation, or
extracted separately to different collection bottles B1–B13 for
gravimetric measurements, i.e., measuring operation.

Chem. Ing. Tech. 2022, 94, No. 7, 1010–1016 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 1. Schematic and photograph of the experimental setup.
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All the mentioned 3D-printed components are manufac-
tured in-house except for the packing, which was printed at
Blue Production GmbH & Co. KG. A Fuse 1 SLS printer
from Formlabs GmbH is employed using polyamide 12.
The components are cleaned, sandblasted and infiltrated
with Dichtol WFT 1532 from Diamant Metallplastic GmbH
afterwards. In Sect. 2.2–2.4, the design and utilization con-
cepts of the 3D-printed components are illustrated.

2.2 Liquid Distributor and Packed Column

The packing is irrigated using a standard gravity orifice pan
liquid distributor with gas risers. Only single- and three-
point types are considered due to the dimensional limita-
tions of the 20 mm diameter. Distributors with different ori-
fice sizes are used to cover the desired operation range. The
column wall section, shown in Fig. 2, has vertical and hori-
zontal lines embossed on the external surface to act as spa-
tial orientation guides. A self-leveling laser crossbeam is
projected on the guidelines to guarantee that the column is
not tilted.

The packing structure is inserted into two column sec-
tions with a diameter dc = 20 mm. For the experimental

examination, a 3D-printed version of the Rombopak 9M
(RP9M-3D) from Kühni/Sulzer is used [11]. The detailed
dimensions of the RP9M-3D along with an accurate tongue
and groove stacking system, for proper packing orientation,
are discussed elsewhere [2]. Six packing elements are
stacked vertically to form a packed height HP= 540 mm.
90� inter-element rotation is adapted to follow the same
installation practice for the original version. The packing
rests directly on top of a segmented liquid collector with a
fixed orientation by virtue of the aforementioned stacking
system.

2.3 Liquid Collector

Liquid distribution is quantified by using a collector below
the packing. The approach is a widely implemented method
for this purpose and is inspired by past investigations
[12–14]. As shown in Fig. 3, the collector splits the column
cross section into four concentric annular segments R1–R4
and four quadrants S1–S4. This division results in a total of
13 collecting segments: 12 quarter-rings and one circle in
the middle. The concentric annular segments enable the
capturing of large-scale maldistribution in the radial direc-
tion including wall flow at the outermost ring [14–17]. The
additional four quadrants subdivision permits the detection
of the tangential distribution. Furthermore, a summary of
the distribution quality is calculated using the maldistribu-
tion factor Mf defined as follows [14]:

Mf ¼
X13

i¼1

Bi � Bc

Bc

����
���� Ai

Ac

� �
(1)

where Bi is the liquid load of a collecting segment i, Bc is the
total liquid load, Ai is the area of a collecting segment and
Ac is the column cross-sectional area. In this manner, the
maldistribution factor Mf shows the level of nonuniformity
in the distribution. It takes values of 0 at the best case and 2
at the worst case.

The precise dimensions of the annular segments follow
the column diameter dc and can be calculated using Eq. (2).

dj ¼ 0:25dcj� k (2)

dj is the inner diameter of ring j and k represents the wall
thickness, which was set to 0.8 mm to ensure mechanical
robustness and minimal liquid crossover between collecting
segments. Realizing this segmentation at dc = 20 mm using
a conventional collector design proved to be problematic on
accounts of the limited space to fit sufficient liquid drain
holes, excessive height requirement, and impracticality in
cleaning and post-processing. Additionally, reducing the
OMSV below 50 mm is unattainable due to its high level of

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 7, 1010–1016

Figure 2. Column wall section with embossed orientation
guides.

Figure 3. Liquid collector segmentation.
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detail as shown in Sect. 2.4. Hence, a solution is needed to
achieve the desired diameters.

Additive manufacturing proves its versatility and flexibil-
ity by enabling the fabrication of a novel collector. Illustrat-
ed in Fig. 4 is a two-part liquid collector. The first part is an
expander joint that connects to the smaller diameter col-
umn at one side and conically expands to join a 50-mm
diameter extension part, which allows a smooth fit to the
OMSV. In Fig. 4a, the top of the expander joint is mapped
according to a 20-mm diameter segmentation while the bot-
tom is depicted according to a 50-mm diameter segmenta-
tion. Moreover, the lower end of the expander part is
designed so it can be interlocked and glued to the extension
part. The two parts are glued with chemical-resistant two-
component epoxy. It is worth noting that splitting the col-
lector into two was inevitable for accessibility reasons in the
cleaning process. In the end, all the column components
discussed in Sect. 2.2 and 2.3 are connected using small
flanges from Leybold GmbH. However, the collector is not
flanged to the OMSV but only rests on it.

2.4 Operation-Mode Switch Valve

Operating the column for a period of
time in closed circulation is indispens-
able for prewetting and steady-state
development purposes. As mentioned in
Sect. 2.1, flexible tubes are used to drain
the liquid out of the column. This results
in unacceptable errors upon measuring if
13 tubes were to be fitted to the collector
because they would need to be simulta-
neously manually moved from the suc-
tion tank T1 to the collection bottles
B1–B13. Therefore, an unconventional
component is required to enable instan-
taneous switching between closed-circu-
lation operation and measuring opera-
tion with minimized manual movement.

Fig. 5 shows the OMSV and its segmentation. It is
designed to permit the shift between operation modes upon
rotating the part by 45� around its longitudinal axis. The
OMSV follows the same segmentation as the liquid collec-
tor using a column diameter dc = 50 mm with a further
diagonal subdivision of the four quadrants S1–S4 as shown
in Fig. 5b. This results in each of the 12 quarter-ring collect-
ing segments to be divided into two halves (or ‘‘eighth-of-a-
ring’’ segments): one half leads the liquid to the suction
tank, marked by light grey holes, while the other half guides
the liquid to the respective collection bottle. Therefore, the
OMSV drain pipes are sleeved with a total of 25 labelled
tubes. 12 tubes are permanently assigned to the suction tank
T1 while another 12 tubes are placed in their respective
measuring bottles. The remaining tube belongs to the center
circular segment R1 which is not considered by the OMSV
switching effect. Therefore, R1 drain tube requires manual
movement from the suction tank to its measuring bottle.

Moreover, in the segmentation shown in Fig. 5b, the walls
highlighted in dark grey have the same height and are in
contact with the collector base upon assembly. In contrast,
the non-highlighted inner walls are deeper than the drain
pipes of the collector. In this manner, the OMSV is allowed
to rotate by 45�, thus switching between the eighth-of-a-
ring segment pairs. This results in instantaneous shift from
closed circulation to measuring operation with only moving
the tube of the R1 segment to its designated bottle.

2.5 Experimental Procedure

Experiments are conducted using n-heptane ( ‡ 99 %) from
Carl Roth GmbH + Co. KG at room temperature. Prior to
measuring, the column is operated in closed circulation at
high liquid load (Bc = 32 m3m–2h–1) for at least 5 min to
ensure the internals are thoroughly wetted. Subsequently,
the pump is stopped and the appropriate liquid distributor
is installed based on the desired operation point. There-
upon, the column is operated in closed-circulation at the
desired setpoint for a predetermined period of time. The
waiting time is selected based on steady-state testing shown

Chem. Ing. Tech. 2022, 94, No. 7, 1010–1016 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 4. Interlocking collector: a) 20 to 50 mm expander joint
and b) 50 mm diameter extension.

Figure 5. Operation-mode switch valve and its segmentation.
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later in Fig. 6. Afterwards, the OMSV is rotated to allow for
measuring operation of the test rig and the R1 segment tube
is moved to its bottle. Liquid accumulates in the 13 bottles
B1–B13 over a recorded period of time t and subsequently
the segmental liquid load Bi can be determined as follows:

Bi ¼
mi

rAit
(3)

where mi is the collected liquid mass in segment i and r is
the density of n-heptane.

3 Results and Discussion

The presented results show the effects of steady-state devel-
opment, initial distribution and liquid load variation on the
liquid distribution under the aforementioned experimental
conditions.

3.1 Steady-State Verification

Prior to any investigations, it is important to know at which
point in time the test rig operation can be assumed steady
state. Accordingly, several measurement points are per-
formed in a chronological manner at the lowest possible liq-
uid load and using a single-point distributor. Fig. 6 illus-
trates how the liquid load in each segment and the
maldistribution factor vary over time. A stable liquid distri-
bution is developed within the first few minutes and time-
related variations are practically negligible. Hence, it is justi-
fied to assume steady state is reached within 6 min for the
RP9M-3D. However, a change in column size or packing
type requires additional steady-state verification. Following
this conclusion, the effect of the initial distribution is dis-
cussed.

3.2 Initial Irrigation and Liquid Load Effects

In the previous section, only a single-point distributor is
utilized and thus an intuitive progression is to compare and
further investigate the effect of a multipoint distributor.
Fig. 7 shows the distribution spectra for single- and three-
point initial irrigation patterns at low and high liquid loads.
At the low liquid load, switching from a single-point to a
three-point distributor leads to the deterioration of the mal-
distribution factor from 0.77 to 0.90 as shown in Fig. 7a and
7b. Due to the limited size of the 20 mm diameter column,
the three-point distributor provides initial distribution clos-
er to the wall in comparison to the single-point one. This is
illustrated by the increase of the ratio between the flow in
the outermost ring to the total flow ( _VR4= _Vc) from 82 % to
88 %. At the high liquid load, the effect of the initial distri-
bution appears to be negligible. Fig. 7c and 7d show almost
no change in either the maldistribution factor or in how the
liquid is divided at the collector. Finally, it is paramount to
highlight that the analysis is performed at the bottom of the
540 mm packed height with no knowledge on how the dis-
tribution naturally develops over the height.

The increase in liquid load results in deterioration of the
maldistribution factor in both initial irrigation cases. Utiliz-
ing a single-point distributor, Mf increased from 0.77 to
1.02 which can be explained by inspecting Fig. 7a and 7c. At
the lower liquid load, shown in Fig. 7a, better radial distri-
bution is observed as evident by the less steep change in liq-
uid load values between the concentric rings in comparison
to the higher liquid load, shown in Fig. 7c. Moreover, the
outermost ring flow accounts for approx. 82 % of the total
flow in the low liquid load case compared to almost 95 % in
the high liquid load case. This implies that, at such small
column diameter, this significant deterioration in liquid dis-
tribution can be again attributed mainly to the increased
wall flow. The same effect is observed using three-point dis-
tributor but with less magnitude. This behavior is different
compared to larger diameter columns.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 7, 1010–1016

Figure 6. Temporal progression of a) the maldistribution factor Mf and b) the liquid loads in different seg-
ments at Bc = 2.8 m3m–2h–1.
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Past studies show that higher liquid loads lead to slightly
more uniform liquid distribution in bigger columns [9, 14].
This can be owed to the better enrichment of the packing
bulk by the liquid. In the presented results, however, the dif-
ference in geometric scale can justify the reversal of this
effect. If the RP9M-3D is to be fitted in a hypothetical
0.5-m diameter column, the wall-to-packing ratio (Aw/Ap)
would be 2.3 % in comparison to 56.4 % at the 20-mm
diameter column. This implies that upon increasing the
liquid load in the current study, there is more wall surface
to enrich in comparison to packing bulk. This reasoning is
supported to an extent by the miniaturization challenges of
laboratory-scale columns discussed in Sect. 1.

Finally, a detailed elaboration on the segmental liquid load
Bi would be incomplete without considering the geometric
distribution of the packing solid parts over the collector cross
section. In a large-scale column, such consideration is not
significant since each collector segment has sufficiently larger
area to accommodate several packing solid parts resulting in
a more uniform geometric distribution on average [18]. Con-
versely, it is inevitable to have inhomogeneous geometric dis-
tribution in a 20-mm diameter column. Therefore, a new
evaluation method, utilizing an optimal segmental liquid
load Bopt,i that considers the distribution of the packing solid
parts, is proposed and discussed in a separate contribution
[18]. The results from the new evaluation method are used as
one of the bases for packing design improvement.

4 Summary and Outlook

Aiming to overcome the existing
miniaturization limits of labora-
tory distillation columns, a
3D-printed test rig for liquid
distribution measurements is
successfully commissioned. The
setup is able to characterize lab-
oratory-scale packings in flexible
column diameters from 20 to
50 mm owing to the innovative
components enabled by 3D
printing. Furthermore, experi-
ments are conducted with a col-
umn diameter of 20 mm using
an additively manufactured ver-
sion of the Rombopak 9M. First
results indicate that a three-
point initial distribution directed
the liquid more towards the
walls compared to a single-point
one at low liquid load. However,
no practical variations were
observed at a higher liquid load.
Additionally, the increase in liq-
uid load led to less uniform dis-
tribution due to the high wall-
to-packing ratio and the more

pronounced wall effects in terms of dominant wall flow.
This study provides enticing prospects in illustrating

how miniaturized laboratory columns are different to their
large-scale counterparts regarding liquid distribution.
Hence, proper motivation is established for further investi-
gations and development. Firstly, experiments are planned
to study the effects of the liquid distribution development
over the packed height. Secondly, measurements of new
packing structures, addressing the aforementioned chal-
lenges, are currently in progress. Thirdly, the test rig is uti-
lized for the validation of computational fluid dynamic
simulations to be presented in an upcoming publication.
Finally, an expansion of the experimental setup to include
counter gas flow is planned for better depiction of distilla-
tion hydrodynamics.

Open access funding enabled and organized by Projekt
DEAL.

Symbols used

A [m2] Cross-sectional area
B [m3m–2h–1] Liquid load
d [mm] Diameter
H [mm] Height

Chem. Ing. Tech. 2022, 94, No. 7, 1010–1016 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 7. Liquid distribution spectra for a single-point distributor at a) Bc = 2.8 m3m–2h–1 and
c) Bc = 15.6 m3m–2h–1 and for a three-point distributor at b) Bc = 3.0 m3m–2h–1 and
d) Bc = 15.5 m3m–2h–1.
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k [mm] Thickness
m [g] Mass
Mf [–] Maldistribution factor
t [s] Time
_V [L h–1] Volumetric flow rate
r [kg m–3] Density

Sub- and Superscripts

c Column
i Collecting segment identifier
j Ring segment identifier
opt Optimal
P Packing
R4 Outermost ring segment
w Internal wall

Abbreviations

3D Three-dimensional
AM Additive manufacturing
OMSV Operation-mode switch valve
RP9M Rombopak 9M
SLS Selective laser sintering
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