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Abstract 

Additive manufacturing is increasingly being used to develop innovative packings for absorp-

tion and desorption columns. Since distillation has not been in focus so far, this paper aims to 

fill this gap. The objective is to obtain a miniaturized 3D printed packed column with optimized 

properties in terms of scalability and reproducibility, which increases process development ef-

ficiency. For this purpose, a flexible laboratory scale test rig is presented combining standard 

laboratory equipment with 3D printed components such as innovative multifunctional trays or 

the column wall with packing. The test rig offers a particularly wide operating range 

 0.5 0.50.15Pa  1.0PaF   for column diameters between 20mm and 50mm. First results re-

garding the time to reach steady-state, operational stability and separation efficiency measure-



ments are presented using a 3D printable version of the Rombopak 9M. Currently, further de-

veloped and newly designed packing structures are being characterized, which should exhibit 

optimized properties especially with respect to scalability and separation efficiency. 
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1 Introduction 

Distillation, as the most important thermal separation process, is usually carried out in packed 

or tray columns [1]. Packed columns have a higher capacity than tray columns of the same 

diameter, since the downcomer in tray columns, which is not contributing to separation, usually 

occupies a part of the column cross sectional area [2]. Another advantage of packed columns 

is the significantly lower pressure drop. In the chemical industry, this results in an increasing 

trend towards the construction of packed columns. However, these are characterized by greater 

uncertainties with respect to design, especially due to maldistribution [1]. For well-established 

distillation separation tasks, the risk for a failed large-scale industrial implementation has al-

ready been minimized to a large extent. Major problems arise in the development of novel 

distillation tasks with new chemicals. The number of new chemicals commercially produced 

per year ranges from 500 to 2000 [3–5]. Most of these chemicals have to be purified in distil-

lation columns after synthesis. As a result, an increasing need for optimization in process de-

velopment can be derived for the separation of components by means of distillation. 

Preliminary investigations in suitable laboratory scale test columns are often indispensable be-

fore large scale implementation. The small diameters used in this process lead to great uncer-

tainties when transferring the obtained results to industrial scale columns. As a consequence, 

high safety margins are used, which correlate with larger column heights. Conventional column 

or packing manufacturing methods have not yet been able to find an adequate solution to this 

problem. 

However, miniaturized packed columns bring a variety of advantages. Small column diameters 

are associated with a reduced amount of chemicals needed for experiments. Usually, these are 

produced in the laboratory by multi-step synthesis resulting in high costs and an increasing 

time investment. Furthermore, the test rig acquisition costs could be reduced, since these scale 



with the throughput of the column. In addition, lower safety requirements and less space in the 

usually expensive fume hood areas are needed.  

Nevertheless, the problem of miniaturized packed columns for distillation presents a number 

of challenges. For small-diameter columns, effects such as increased liquid wall flow and lack 

of adiabasia are exacerbated by an increased column wall-to-packing ratio [6]. As a lower 

scalability limit, values between 40mm and 100mm are given for the column diameter from 

various sources [7]. Conventional manufacturing processes are reaching their limits when it 

comes to miniaturizing the columns. As a solution, additive manufacturing could provide a 

remedy due to the high degree of freedom in design [8]. 

3D printing is widely used in chemical reaction engineering and catalysis [9–11]. Here, zeolites 

or periodic open-cellular structures are often used as supports for catalysts. Gradually, more 

and more publications are appearing in which novel 3D printed packing structures are used 

and/or characterized for thermal separation technology [12–14]. While the majority of publi-

cations focus on the areas of rotating packed beds [15–17] or absorption and desorption [18–

22], there are hardly any publications specifically for distillation [23]. 

This publication aims to fill this gap by presenting a laboratory scale distillation test rig spe-

cifically designed for characterization of small scale packings with the focus on additively 

manufactured structures. The test facility is characterized by a particularly wide operating 

range and a high degree of flexibility, so that even miniaturized columns can be adequately 

investigated. Gas loads between 0.50.15PaF  and 0.51.0PaF   can be realized for column di-

ameters between 20mmD  and 50mmD . Not only the packings, but the entire column apart 

from the standard laboratory equipment is manufactured additively. 3D printed multifunctional 

trays above and below the column are used for sampling, liquid inlet/outlet or insertion of 

temperature and differential pressure drop sensors. The different design approaches as well as 



the results of packing structures already tested in the plant will be presented. The original de-

sign approaches are based on the methodology of a previous publication [24]. However, this 

contribution will focus on the experimental design and operation of the test rig. 

2 Separation efficiency at total reflux 

The characterization of packings is usually performed in distillation columns operated at total 

reflux using appropriate binary reference systems [25]. Common reference systems are, for 

example, ethylbenzene/chlorobenzene, o-xylene/p-xylene or n-heptane/cyclohexane 

(nHep/cHex), which have a particularly advantageous ideal behavior and largely constant rel-

ative volatilities [26]. The content here should deal with the system nHep/cHex as an example.  

In most cases, the separation efficiency of a packing is indicated by the height equivalent to a 

theoretical plate (HETP) or its reciprocal, the number of theoretical stages per meter packed 

height (NTSM). The standard representation of the separation efficiency is given by the plot of 

the HEPT value over the gas load (F-factor). 

Accordingly, the HETP value is dependent on the F-factor in the column. The F-factor is de-

fined in Equation (2.1), where 
Gu  represents the superficial gas velocity and 

G  the gas density. 
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Knowing the gas mass flow rate 
Gm , usually measured at the top of the column, and the column 

cross-sectional area 
CA , or rather the column diameter 

Cd , the gas velocity 
Gu  can be calculated 

according to Equation (2.2). 
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The gas density 
G  can be calculated to a good approximation for the common reference sys-

tems at atmospheric conditions using the ideal gas law (see Equation (2.3)). Here, p  represents 

the pressure and 
GM  the molar mass of the respective gas phase, w the mass fraction and 

cHexM  

and nHepM  the molar mass of the pure components cHex and nHep. 
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After calculating the liquid densities 
L  from the pure densities as shown in the Attachment A 

(see Equation (A.1) and (A.4)) at the top of the column, the liquid load B can be calculated 

according to Equation (2.4). 
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It can be deduced from Equation (2.3) that the gas density along the column is not constant, 

since the molar mass of the mixture, the temperature and the pressure vary over the column 

height. The symbols marked with a superscript T describe the condition at the top and the sym-

bols marked with a superscript B describe the condition at the bottom of the column. Accord-

ingly, the gas densities must be determined for the top and the bottom of the column, as shown 

in Equation (2.5). Here, the universal gas constant is represented by R and the temperature by T

. Since the pressure p  is usually set at the top of the column, the pressure drop Δp of the packing 

also appears in the calculation of the gas density at the bottom and must be taken into account 

accordingly. 
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The different gas densities result in different F-factors at the top and the bottom of the column. 

The assumption of constant enthalpies of evaporation of both components leads to constant 

molar flows along the column when operating under total reflux. However, there is another 

effect that must be taken into account. For analysis purposes and for measuring the mass flow 

at the top of the column, the distillate stream is often led out of the column and returned to the 

top of the column again. In this process, the liquid is usually subcooled to a certain extend. The 

subcooled liquid leads to additional condensation of the rising vapor in the column, which 



influences the liquid and gas flow accordingly. The latent heat of condensation brings the pre-

viously subcooled liquid to boiling temperature. At the top of the column, the leaving gas mass 

flow rate and the liquid mass flow rate reentering the column are equal. The latter can be de-

termined in the distillate circuit. The gas mass flow at the bottom of the column, on the other 

hand, can be calculated by Equation (2.6), taking into account the degree of distillate subcool-

ing [27]. Variables with a superscript R refer to the state of the distillate reflux flow stream. In 

Equation (2.6), the mass flow at the bottom is corrected by considering the enthalpy difference 

of the top and of the reflux relative to the enthalpy of evaporation 
VΔh  at the bottom. While the 

temperatures 
TT  at the top and 

RT  of the reflux are usually measured, the according specific 

heat capacities T

p,Lc  and R

p,Lc  can be calculated on the basis of pure component correlation equa-

tions as explained in Attachment A. 
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By combining Equations (2.1) and (2.2) and averaging over the top and bottom of the column, 

a representative average F-factor is obtained as shown in Equation (2.7). 
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For the common test systems, the Fenske equation [28] can be used with good approximation 

to calculate the theoretical number of stages 
thN  for distillation columns operated with total 

reflux. This is shown in Equation (2.8), where avg  is the average relative volatility, T

cHexx  repre-

sents the low-boiling-component molar fraction in the distillate and B

cHexx  in the bottom, respec-

tively. 
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Due to the fact that the relative volatility   usually cannot be assumed to be constant over the 

column height, it has to be averaged over the considered concentration range with m supporting 

points, as shown in Equation (2.9). 
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The corresponding relative volatilities 
i  are obtained from the experimental data of the equi-

librium curve of the considered system and can be calculated according to Equation (2.10). The 

index i refers to supporting points i, by means of which the averaged relative volatility is cal-

culated. 
cHex,iy  and 

cHex,ix  describe the molar fractions of the gas and liquid phases of the light 

boiling component (cHex) in equilibrium. 
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The vapor liquid equilibrium of the system nHep/cHex can be described with the experimental 

data of Onken et al. [26]. To calculate the average relative volatility 
avg , several supporting 

points i can be used in the concentration range considered. If many supporting points are se-

lected, the error can be minimized. Since the height of the packing 
PH  is known, the 

HETP value of the packing can be determined according to Equation (2.11) knowing the theo-

retical number of stages 
thN  from Equation (2.8). 
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3 Distillation test rig 

The test rig for the characterization of additively manufactured (3D printed) packings is illus-

trated in Figure 1. While the piping and instrumentation diagram (P&ID) on the left gives a 

detailed overview of the plant features, the photo of the plant shown on the right provides a 

more detailed idea of its implementation and the design. The test facility is located inside an 

aluminum framework on rolls within a conventional walk-in fume hood with an effective 



height of 2.45m. The process control system is easily adaptable by using the software Lab-

VIEWTM. The plant is currently operated with the system cHex/nHep. However, other standard 

reference systems can also be investigated at a later stage. The plant is operated under atmos-

pheric conditions, but later also under vacuum. The denotation of the test rig components in 

the following sections always refers to the P&ID diagram in Figure 1. 

 

Figure 1: Piping and instrumentation diagram (left) and photograph (right) of the test rig for characterization of 

additively manufactured packings. 

3.1 Reboiler 

The reboiler HEx1 is designed as a glass container with two heating rods. The maximum heat 

duty is 1.8kW, which is available for the evaporation of about 2.5l of the system. For safety 

reasons, it would be advantageous to implement the evaporator by means of heating hoods or 

by using thermal fluids. However, the necessary heating capacity for flexible operation for 

columns with diameters between 20mmD  and 50mmD  could only be realized with heat-

ing rods due to the limited space. The intention was to be able to provide sufficient vapor 

corresponding to a F-factor of at least 0.51.0PaF   also at the maximum column diameter of 



50mmD . For smaller column diameters correspondingly larger gas loads can be realized. 

This operating range is typical for small-scale laboratory test columns. The TIR01, designed 

as a Pt100, can be used to record the temperature in the HEx1 during operation. A sample S01 

can be taken via the valve V01. Valve V02 is used to drain the reboiler. Valve V03 is used to 

inject nitrogen for initial inertization of the system, so that an explosive environment is 

avoided. Further connections for filling or retrofitting are available. 

3.2 Additively manufactured components 

The multifunctional tray MFT1 below the packing, MFT2 above the packing and the col-

umn C1 with shell and packing shown in Figure 1 were produced using 3D printing. The com-

ponents were manufactured using the selective laser sintering (SLS) method with polyam-

ide 12 (PA12) as printing material and infiltrated afterwards at the external 3D printing pro-

vider Blue Production GmbH & Co. KG. Additive manufacturing from plastic was preferred 

over metal printing, as the latter is far more expensive. However, polyamide is well suited for 

the use in a distillation test rig and for the operation with the standard reference systems, as the 

melting range is around 175°C and there is a high chemical resistance to organic solvents [29]. 

Depending on the exact 3D printing material specification, it has been observed that residuals 

of the powder can accumulate in the reboiler during column operation. For this reason, it is 

advisable to infiltrate the 3D printed column components. Particularly advantageous for quick 

adaptation of the components is that they can be designed within a few seconds via the VBA 

plugin in Autodesk® Inventor using simple dimensioning parameter adaptation. This has been 

implemented for all 3D printed column components such as the column C1 and the multifunc-

tional trays MFT1 and MFT2. 



3.2.1 Multifunctional trays 

The two multifunctional trays below (MFT1) and above the column C1 (MFT2) are available 

for connecting all 3D printed components with standard laboratory equipment. For this pur-

pose, 3D printed connection types namely ground joints, small flanges and conventional 

flanges with flexible dimensions were implemented. In addition, threads were subsequently 

added after the printing process to allow threaded connections. The MFTs shown in Figure 2 

thus allow connections with temperature and differential pressure sensors, as well as fluid inlets 

and outlets. 

A standard ground joint is used to connect the reboiler HEx1 and the multifunctional 

tray MFT1. Good tightness was observed when using the 3D printed connection. Above the 

MFT1 is column C1, which can be connected vacuum-tight via small flanges from Leybold 

GmbH. The same connection can be observed at the lower connection of the MFT2. The upper 

connection of the MFT2 was adapted to the flange connection with a PTFE bellow, which is 

located below the condenser HEx2. 

The internal design of both multifunctional trays is based on chimney trays. These are meant 

for collecting the liquid that trickles down. In the process, the gas generated in the re-

boiler HEx1 can flow upwards through relatively large recesses in the neck. Threads were cut 

into the 3D printed components to connect the nozzles with vacuum-tight screw joints from 

Bohlender GmbH. While in MFT1 the liquid flows back to HEx1 via the neck of the chimney, 

in the MFT2 it is fed into the distillate circuit via the upper right nozzle. The lower right nozzle, 

on the other hand, acts as a re-entry point for the liquid above the packing. The other nozzles 

are used for the introduction of Pt100 for temperature measurement (TIR02 and TIR03), as 

well as for the future planned measurement of differential pressure drops in the column. To 

measure the separation efficiency of the packing, it is important to be able to take samples 

directly above and below the packing, so that the calculated HETP value only refers to the 



packing itself, without including the reboiler. While sampling of the MFT1 can be done directly 

at the right nozzle, sampling of the distillate is done in the distillate circuit, which is described 

in Section 3.3. The details of sampling and analytics are described in Section 3.4. 

 

Figure 2: Multifunctional tray MFT1 right below the packing (left) and MFT2 right above the packing (right). 

3.2.2 Column wall with packing 

Just like the upper connection of the MFT1 and the lower connection of the MFT2, the addi-

tively manufactured column walls are also connected to each other with small flanges from 

Leybold GmbH. The diameters of the column wall can be continuously varied and automati-

cally fitted with the appropriate small flange. The design using small flanges also allows the 

columns to be disassembled and reassembled quickly, making packing changes particularly 



efficient. Currently, the column is insulated with two 13mm thick layers of high temperature 

synthetic latex isolation (Armaflex HT). However, an optimized variant of the insulation is 

already being worked on. 

An important focus in the development of miniaturized scalable distillation columns is on the 

development of novel packing structures to obtain constant and high separation efficiencies 

over a wide operating range. Several different packings have already been tested in this test 

rig. As an example, the procedure and implementation will be presented using a 3D printable 

version (RP9M 3D) of the original Rombopak 9M (RP9M) from Kühni/Sulzer [30]. For this 

purpose, the basic structure of the RP9M has been parameterized in a way that the crosspiece 

angle, the height of a unit cell, and the diameter and packing height can be changed quickly. 

The most important parameters of the RP9M 3D are shown in Table 1 and illustrated in Figure 

3. The main differences to the original RP9M are, on the one hand, the significantly larger 

crosspiece thicknesses of 0.8mmd   (due to the minimum wall thickness for the SLS method) 

compared to the approximately 0.1mm thick metal sheets of the original structure, and, on the 

other hand, that wall wipers were not included. Furthermore, the two structures differ in terms 

of their surface structure. While the original Rombopak 9M is profiled at certain intervals on 

the crosspieces, in the 3D printable variant (RP9M 3D), these are approximated by a sinusoidal 

profile. 

Table 1: Packing parameters of the 3D printable version of the RP9M. 

Parameter Value 

Height 
UCH  of one unit cell in mm 30 

Broadness b  of one crosspiece in mm 6 

Thickness d  of one crosspiece in mm 0.8 

Crosspiece angle   in ° 45 

Height k  of the vertical connector in mm 3.5 

Number n of sine waves on one crosspiece 5 

Amplitude s of sine waves in mm 0.3 



Packing diameter 
PD  in mm 50 

Spec. geom. surface area 
geo,Pa  (only packing) in m-1 358.4 

Spec. geom. surface area 
geo,PWa  (with wall) in m-1 429.0 

Void fraction   in % 88.2 

One packing element as shown in Figure 3 on the right consists of three layers stacked on top 

of each other. Accordingly, this is 9cm high. A tongue and groove system allows packings to 

be accurately twisted by 90 from packing element to packing element. This approach is not 

limited to this structure. In addition, the lower ring of the lowest packing element can rest on a 

support ring in the column shell so that the packing does not slip through the column jacket. 

The maximum packing height in the plant is one meter, which is usually fully utilized (depend-

ing on the packing used). 

 

Figure 3: Illustration of the important RP9M 3D parameters (left) and photograph of the RP9M 3D (right). 



3.3 Distillate circuit 

The condensation of the rising steam takes place in the heat exchanger HEx2 manufactured by 

BASF SE, which is operated with cooling water at 18°C. A heat exchange surface of 

20.48mA  is provided in a confined space by a triple coil in an inclined design. The condensate 

enters the distillate circuit via the multifunctional tray (MFT2). The distillate then flows 

through the distillate container DC1, which was also manufactured at the BASF SE. To meas-

ure the level in the distillate container DC1, a float of the type TORRIX NT from the company 

Fafnir GmbH is used. The float itself is made of titanium and is suitable for liquids with a 

density of 3

kg

L m
500  . A constant level is set (LIRC01) in the distillate container DC1, via the 

gear pump P1 from the company Gather Industry GmbH. All signals are coordinated via the 

process control system in LabVIEWTM. A sample from the distillate S03 can be taken between 

the gear pump P1 and the distillate container DC1 via the valve V05. Since the particularly 

wide operating range with variable column diameters between 20mmD  and 50mmD  also 

requires a large flow measuring range, a coriolis mass flow meter from Siemens is used. This 

has a measuring receptacle of the type SITRANS FC MASS2100 and a transmitter of the type 

SITRANS FCT030. In order to ensure the desired measuring range for F-factors of

0.5 0.50.15Pa 1.0PaF   for the variable column diameters mentioned above, it must be possi-

ble to measure volumetric flows between roughly l
h

0.05  and l
h

20 . This corresponds to a ratio 

of 1
400

 from minimum to maximum distillate volume flow. This large operating range must 

also be able to be covered by the gear pump P1. The pump is capable of handling volume flows 

between l
h

0.2  and l
h

20 . By using a bypass, which partially diverts the pumped liquid back into 

the distillate tank, less liquid is effectively fed into the column via the coriolis mass flow meter. 

Accordingly, the required liquid volume flow of l
h

0.05  can be realized. The bypass flow can 

be manually adjusted via the shut-off valve V10 and the fine metering valve V11 so that the 

pump operates in an appropriate performance range. 



The need for the gear pump and distillate container results from a relatively large pressure drop 

in the coriolis mass flow meter at higher flows. The hydrostatic pressure would not be sufficient 

to transport the distillate back to column C1 via the coriolis mass flow meter. In addition, it 

must be ensured that no cavitation occurs in the gear pump P1, as the distillate circuit initially 

has a temperature near the boiling point. For this reason, cooling water can flow around the 

HEx3 cooling tube and the double-walled distillate container DC1 or they can be bypassed. 

Directly before the distillate stream re-enters column C1, the degree of subcooling is measured 

with a Pt100 (TIR04). To be able to remove the liquid completely from the distillate circuit, 

the valves V6, V9, V14, V15 and V16 are available. The two valves V14 and V15 are used for 

venting so that the liquid can drain out of the lines. The check valve V8 provides a sufficiently 

large back pressure, which is necessary for proper pump operation. 

3.4 Sampling and analytics 

In the distillation test rig, liquid samples can be taken at the reboiler HEx1 (S01), below the 

packing at the multifunctional tray MFT1 (S02) and in the distillate circuit (S03). The sample 

in the distillate circuit has the same composition as the liquid directly above the column in the 

multifunctional tray MFT2. This ensures that only the packing without the impact of the re-

boiler is considered in the separation efficiency calculations. Since the pilot plant is also to be 

operated under vacuum conditions in the future, sampling is carried out using gas-tight glass-

PTFE syringes. When a sample is to be taken from the system, the syringe is coupled to the 

system via a Luer Lock connection and the corresponding valve V01, V04 or V05 is opened. 

The syringe is drawn up and the first two samples are initially placed in a beaker. Only the 

third sample is used for analysis so that the influence of dead volume is prevented as far as 

possible. Residues of 3D printing powder might accumulate in the evaporator, which is why 

the analysis injection is carried out via syringe filters with a pore size of 0.25μm. After the 

analysis is performed, the residual liquid from the syringe and from the beaker is returned to 



the system at the same sampling point. This ensures that only very small amounts of the mix-

tures are removed from the system and thus the equilibrium remains largely unaffected. 

For the analysis the gas chromatograph GC-2030 ATF of the company Shimadzu with a semi 

polar column and a flame ionization detector is used. However, for fast analyses, a A.Krüss 

Optronic GmbH refractometer of the type DR6300-T is also used if necessary. Accuracy stud-

ies showed that when using the GC with the deposited calibration curve, relative errors of less 

than 2% can be expected. With the refractometer and the deposited calibration curve, on the 

other hand, errors 5%  are observed. For both methods, the error becomes more pronounced 

in the diluted edge regions. 

4 Pilot plant operation results 

Prior to operation of the plant, about 2.5l of the system cHex/nHep are prepared with a molar 

fraction of the light boiling cHex of 10%. After the plant has been filled with the mixture, it is 

inertized with nitrogen. The plant is then ready for operation. The results presented in the fol-

lowing sections all refer to an operation of the plant with a column diameter of 50mmD  and 

atmospheric conditions. 

4.1 Stability and performance tests 

Figure 4 shows typical curves of important key parameters with regard to the stability and 

performance of the plant. In order to approach different operating points of the plant, the duty 

of the reboiler HEx1, shown as a dashed line, is specified. The gear pump adjusts the duty, 

shown as a light gray solid line, so that the specified liquid level in the distillate container DC1, 

shown as a dotted line, of 10% is set. While the resulting mass flow, measured in the coriolis 

mass flow meter FIR01, illustrated as black solid line, is assigned on the left side in Figure 4, 

all other parameters are assigned to the scale on the right. 



 

Figure 4: Illustration of key parameters regarding the operational stability of the plant, exemplified by a typical 

plant operation program to determine the separation efficiency of a packing. 

The left part of Figure 4 shows the start-up of the plant. To the right of this, various operating 

points were approached. The shutdown is indicated on the far right, but data logging is usually 

already aborted here and this process is completed quickly. The start-up of the column takes 

about one hour. First, the power in the reboiler HEx1 is increased step by step. This process 

should not be carried out too quickly, otherwise there is a risk that the heating rods, consisting 

of quartz glass, will crack due to too rapid heating. Over a period of 30 minutes, the system 

fills with gas until finally the first distillate droplets are formed and the distillate container DC1 

gradually fills with liquid. Once a certain liquid level has been reached in the distillate con-

tainer DC1, the gear pump P1 is switched on, which in turn regulates the liquid level to the 

specified set point of 10%. Only now can the distillate mass flow be registered by the flow 



meter FIR01. To ensure that the initial conditions in the system are always the same, it is ini-

tially operated at a reboiler duty of 100% for a period of about 30 min, so that the entire packing 

installed can be wetted. The indicated plateau in the course of the distillate mass flow and the 

gear pump duty, as well as a constant liquid level in the distillate container DC1 mark the end 

of the start-up phase. 

Now, the operating point for the lowest liquid and gas load is set by reducing the reboiler duty. 

After an approximately constant plateau has been established for all key parameters from Fig-

ure 4, it is assumed, that a steady-state behavior is reached. A more detailed consideration of 

when steady-state conditions are reached is discussed in Section 4.2. The sample is then ana-

lyzed in the GC. Finally, the liquid in the beakers is injected back into the system at the same 

location where the sample was taken so that the equilibrium is affected as little as possible by 

the sampling. During this process, slight fluctuations in the liquid level of the distillate con-

tainer DC1 can be observed in Figure 4. Within a few seconds, however, the level is adjusted 

to almost exactly 10% liquid level. During steady-state operation, the fluctuations amounted to 

0.02%  in the liquid level. In addition, very low oscillating operating points can occur (see 

Figure 4 at a time of 5.5 hours), which are mainly reflected in the measured mass flow. Since 

the liquid level in the distillate container DC1 is constant at 10%, the error can be largely ex-

cluded by averaging all measured values over a certain period of time. Now, the next operating 

point can be approached by increasing the reboiler capacity. This procedure is repeated until 

the desired operating range has been covered. The pilot plant can then be shut down. 

4.2 Steady-state test 

This section examines at what point the assumption of steady-state operation is considered 

justified. To ensure stationary conditions in the plant, the liquid in the distillate circuit and in 

the column must be renewed several times. The residence time is an important key parameter 

with regard to achieving steady-state conditions. Since the holdup in the plant can only be 



estimated very roughly, a steady-state test can provide clarity. For this purpose the packing is 

wetted as well as possible by setting the maximum reboiler duty, as described in Section 4.1. 

Afterwards, other operating points can be approached. As an example, Figure 5 shows the trend 

of the HETP value over a period of 4 hours exemplary for two different packings at two differ-

ent operating points. After the start-up phase with complete wetting of the packing, a random 

steady-state operating point was set. After sampling at this point, the reboiler duty was adjusted 

at time 0 mint   resulting in an F-factor of 0.50.34 0.06PaF    for packing 1 and 

0.50.09 0.02PaF    for packing 2, calculated according to Equation (2.7). During 4 hours of 

plant operation, analytical samples were collected at times 0mint  , 10mint  , 20mint  , 

60mint  , 120mint  , 240mint  . Regarding the HETP value trend, one notices that the val-

ues for the first packing at the moderate F-factor do not change significantly after a time period 

of 30 minutes. The second packing, on the other hand, shows a slightly decreasing HETP value 

over the time interval. As expected, it was found that at lower gas loads, it is necessary to wait 

longer in order to reach steady-state conditions. This results from a significantly increased res-

idence time of the liquids in the distillate circuit. Accordingly, in the range of very low F-fac-

tors a correspondingly longer time is waited before sampling. The exact idle time depends on 

how low the gas load is and how accurate the result should be. However, a time of 30 minutes 

is set as the minimum idle time before a steady-state operating point is assumed. The course 

shown in Figure 4 reflects this procedure. Accordingly, the first sample was taken after a wait-

ing time of 1h, the second after a waiting time of 45min and all further samples after 30min in 

this specific example. To evaluate the results presented, the error bars are illustrated in this 

section. More detailed information on the error calculation can be found in the following sec-

tion or in Appendix 7.2. 



 

Figure 5: Trend of the HETP value of packing 1 and packing 2 over a four hour period. 

A suitable operating mode could be identified for operation at a column diameter of 50mm.D  

For operation at smaller column diameters and fundamentally different packings, new station-

arity tests should be performed accordingly to ensure the accuracy of the measurements. Sub-

sequently, the waiting times until stationary operating conditions are reached must be adjusted 

accordingly. 

4.3 Mass transfer measurements 

The separation efficiency of the measured packing shall be described in this section with the 

HETP value, which was obtained at a certain gas load in steady-state. Here, the average F-fac-

tor was calculated according to Equation (2.7). This equation corresponds to an averaging over 

the two extreme states above and below the packing. The gas mass flow above the packing T

Gm  

corresponds to the mass flow measured in the distillate circuit. The mass flow rate below the 



packing B

Gm  is calculated according to Equation (2.6) in Section 2. Due to the small packed 

height of one meter, the pressure drop was assumed to be negligible (below 10mbar). Corre-

sponding pure parameters like heat of evaporation 
VΔh , liquid heat capacities 

p,Lc  and the molar 

mass M  as well as with the approaches to calculate the respective values of the mixtures have 

been gathered in Equations (A.2), (A.3), (A.5) and (A.6) in Appendix 7.1. Relevant measured 

variables for the calculations are, on the one hand, the mass flow in the distillate circuit (FIR01) 

and, on the other hand, the temperatures at the sampling points and in the distillate circuit 

directly before re-entry into the column (TIR01, TIR02, TIR03 and TIR04). These quantities 

were averaged over a certain period of time after reaching a largely steady-state operating point 

according to Section 4.2. 

Figure 6 shows an example of the HETP value of the 3D printable Rombopak version RP9M 

3D plotted against the F-factor. To calculate the error bars shown here and also in Figure 5, the 

error propagation law was applied to Equation (2.1) and Equation (2.11) combined with Equa-

tion (2.8). For this purpose, the standard deviation was used as the error for gas densities, the 

gas mass flow and the relative volatility. For the measurement errors during determination of 

the mass fractions of the components in the GC, an error of 2% was assumed.  

The relatively large errors of the F-factor can be described using the error calculation in Ap-

pendix 7.2. The averaged F-factor is determined by the average mass flow and the average gas 

density above and below the packing. Higher subcooling of the reflux stream in the distillate 

circuit makes the discrepancies at the top and bottom more pronounced. For smaller F-factors, 

the absolute error is smaller than for high F-factors, despite greater subcooling. This results 

from the significantly smaller reflux mass flow that has to be brought back to boiling temper-

ature in the column. Depending on the operating point, the degree of subcooling is around 20K 

for high F-factors and around 45K for very small F-factors. The differences in the internal 



mass flows due to heat losses via the column wall are not yet taken into account in the error 

calculation. 

 

Figure 6: Separation efficiency of the 3D printable version of the Rombopak 9M. 

When comparing both series of measurements shown in Figure 6, it becomes clear that a real-

istically good agreement and reproducibility of the results can already be achieved. The original 

Rombopak 9M has a decreasing separation performance in the considered operating range. 

This trend was also observed for the 3D printable version of the Rombopak. [31] In general, 

however, the separation performance was significantly lower compared to literature data. This 

could be due to the lack of wall wipers, the fact that the replica is not perfectly true to the 

original and that data was only found for the system chlorobenzene/ethylbenzene for the 

RP9M. 



5 Summary and outlook 

Due to the increasing application fields of additive manufacturing, many new design ap-

proaches for packings in the field of thermal separation technology as outlined in Section 1 are 

presented in the literature. This contribution focuses on the experimental setup of one of the 

first distillation columns for characterizing additively manufactured packings. The test facility 

is characterized by a particularly wide operating range. This enables the characterization of 

additively manufactured packings with diameters between 20mmD  and 50mm.D  Gas 

loads of at least 0.51PaF   can be achieved for all column diameters, which covers the standard 

operating range of laboratory columns. The experimental plant exhibits remarkably stable op-

eration and also reaches steady-state correspondingly quickly. However, the smaller the inter-

nal mass flows get, the longer the time until stationarity is reached. The investigations were 

presented as an example using a 3D printable version of the Rombopak 9M developed by 

Kühni/Sulzer [30]. By parameterizing all structures, a wide variety of packings can be created 

within a few seconds using the VBA plug-in in Autodesk® Inventor. The packings are addi-

tively manufactured from PA12 rather than metal, mainly for cost reasons. They can be accu-

rately inserted into the column jacket, which is also 3D printed. Two additively manufactured 

multifunctional trays were also presented, which function as sampling points, for diverting the 

distillate stream, or as connection points to various measurement sensors. All these 3D printed 

components are either coupled with each other or with conventional laboratory equipment via 

standard connection systems, such as ground joints, flanges, small flanges and threads. 

However, the overall goal of the project is to reduce the packing diameter as much as possible 

while maintaining scalability to industrial scale columns. Scalability problems are mainly 

caused by increasing wall-to-core ratios in the column at reduced diameters. Accordingly, new 

types of packings are currently also being developed with the aid of CFD simulations, among 



other things, which have the best possible fluid distribution, are characterized by high separa-

tion efficiency and still have an acceptable pressure drop. More detailed investigations will 

then be carried out in experimental plants at the Technical University of Munich and in the 

distillation test rig presented in this paper at Ulm University. To achieve even better results, 

the addition of a further heat exchanger for distillate preheating before reentry into the column 

is already on the agenda. In addition, the test plant is to be supplemented by the necessary 

measuring equipment so that the pressure drop of the packings can also be determined experi-

mentally. In order to be able to carry out a further reproducibility study, vacuum operation 

down to 25mbar is also to be made possible. Currently, various packings have already been 

investigated at diameters of 50mm. The experimental setup is also designed for studies at 

smaller column diameters. However, these measurements have not been conducted yet. 

  



Latin symbols 

A   2m     area 

a   2 -3m m    specific surface area 

B   3 -2 -1m m h    liquid load 

b    mm   crosspiece broadness 

c   -1 -1J kg K    specific heat capacity 

D    m   diameter 

d    mm   crosspiece thickness 

F   0.5Pa    F-factor 

H    m   height 

HETP    m   height equivalent to a theoretical plate 

h   -1J kg    specific enthalpy 

k    mm   vertical crosspiece connection height 

M   -1g mol   molar mass 

m       number of supporting points 

m   -1kgs    mass flow 

N       number of stages 

NTSM  -1m     number of theoretical stages per meter packed height 

n       number of sine waves on a crosspiece 

p    Pa   pressure 

R   -1 -1J mol K   ideal gas constant 

T    K   temperature 

u   -1ms    velocity 

w       mass fraction 

x       molar fraction of the liquid phase 

y       molar fraction of the gas phase 

Greek symbols 

       relative volatility 

       crosspiece angle 



       void fraction 

   -3kg m    density 

Indices 

avg    averaged 

B    bottom 

C    column 

c    critical 

cHex    cyclohexane 

G    gas 

geo    geometric 

i    run variable 

L    liquid 

nHep    n-heptane 

P    packing 

PW    packing with column wall 

p    constant pressure 

R    reflux 

T    top 

th    theoretical 

UC    unit cell 

V    evaporation 

Abbreviations 

CAD  computer aided design 

CFD  computational fluid dynamics 

cHex  cyclohexane 



nHep  n-heptane 

PA12  polyamide 12 

P&ID  piping and instrumentation diagram 

RP9M  Rombopak 9M 

RP9M 3D 3D printable version of the Rombopak 9M 

SLS  selective laser sintering 
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7 Appendix A 

7.1 Physical properties 

The equations for the calculation of the pure component physical properties of nHep and cHex 

are given in Table A.1. 

Table A.1: Pure component correlation equations [32]. 

Physical 

property 
Unit Correlation equation Eq. 

Liquid den-

sity 3

kg

m
 

2 4
0.35

3 3

L c

c c c c

1 1 1 1
T T T T

A B C D
T T T T

 
       

                   
       

 (A.1) 

Specific heat 

of vaporiza-

tion 

kJ

kg
 

1 2
2 6

3 3

V c

c c c c c
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T T T T T

h R T A B C D E
T T T T T
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Specific heat 

capacity of 

the liquid 

kJ

kg K
 

2 3 4

p,L

c c c c

c

1 1 1 1

1

A T T T T
c R B C D E F
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 (A.3) 

The parameters for the correlation equation in Table A.1 for both components nHep and cHex 

are listed in Table A.2. 

  



Table A.2: Parameters for the calculation of the pure component properties with the correlation equations in 

Table A.1 [32]. 

Physical property Parameter nHep cHex 

Molar mass of com-

ponent j  jM  in 
g

mol
 100.21 84.16 

Critical density of 

component j  c,j  in 
3

kg

m
 225 273 

Critical temperature 

of component j  
c,jT  in K 540.3 553.8 

Liquid density of 

component j  

A 308.4582 373.9221 

B  1071.686 848.7461 

C  -1664.6321 -1261.1653 

D 990.254 815.8631 

Specific heat of 

evaporation of com-

ponent j  

A 3.33801 3.43321 

B  21.88936 14.08811 

C  -18.680507 -8.768835 

D 5.467222 0.700818 

E  -2.994395 -0.075958 

Specific liquid heat 

capacity of compo-

nent j  

A 0.6767 0.4835 

B  34.8802 28.0569 

C  -9.4333 -6.7431 

D -51.0547 -118.2361 

E  57.7955 355.2759 

F  -1.9863 -383.5819 

The properties of the mixtures were calculated using the mixing rules given in Table A.3. In 

the process, the excess contributions were neglected. 

  



Table A.3: Mixing rules for the calculation of the physical properties of the mixtures [32]. 

Physical property Unit Mixing rule Eq. 

Liquid density of the mixture 
3

kg

m
 ,L j L j

j

w    (A.4) 

Specific heat of vaporization of the mixture 
kJ

kg
 V V,Δ Δj j

j

h w h   (A.5) 

Specific liquid heat capacity of the mixture 
kJ

kg K
 p,L p,L,j j

j

c w c   (A.6) 

The equilibrium data in order to calculate the relative volatilities was calculated by a polyno-

mial trend line for the experimental data found in the Dortmund Data Bank from Onken et al. 

at ambient conditions [26], as shown in Figure A.1. The polynomial fit to the experimental data 

is described in Equation (A.7). 

 3 2

cHex cHex cHex cHex0.232007 0.864233 1.633216y x x x       (A.7) 

 

Figure A.1: Experimental equilibrium data from Onken et al. [26] with polynomial fit for the system cHex/nHep. 



7.2 Error Analysis 

F-factors and HETP values averaged over the packing were calculated using error propagation. 

In the equations for the error propagation, the standard deviations were used for the average 

gas density error and the average gas mass flow error. For the component molar fractions of 

cHex errors of 2% were assumed for every case. 

The error for the average F-factor according to Equation (A.9) was calculated on the basis of 

equation (A.8). 
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The errors for the mean gas mass flow and the mean gas density along the column were deter-

mined using the standard deviation according to Equation (A.10) and (A.11) based on the ge-

ometric mean of the corresponding parameter. 
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The error of the average HETP values was calculated according to Equation (A.12) on the basis 

of Equation (2.11) and (2.8). 
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