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Research assignment

1 Research assignment

1.1 Introduction

Distillation is a very common mass transfer technique, not only in the chemical industry,
but also in the food and pharmaceutical industries, where liquid and vapour phases are
brought into contact. The so called pálinka distillation process, which is quite common
in everyday life, is carried out by batch distillation, where a mixture of ethyl alcohol
and water is distilled, resulting in a final product with an alcohol content of around
50%. Distillation has separation limitations, therefore the practice of multi-stage distil-
lation, known as rectification, has become widespread. In industrial areas, continuous
rectification is more often used, the equipment for this operation being the so-called
columns.

In the dissertation, firstly I will briefly introduce the rectification and distillation
process and its equipment. In the literature review, research on ethane-ethylene and
propane-propylene separations will be presented, including various alternative meth-
ods to reduce energy consumption. Therefore, I will present research results on the
increasingly prominent use of CFD simulations for column studies.

The part of the thesis presenting my own work can be divided into two main top-
ics. In the first part, I studied the separation of ethylene-ethane and propylene-propane,
which have a great importance in the chemical industry. The distillates from these tech-
nologies (ethylene and propylene) are very important products of olefins production
and essential raw materials for plastics production. My choice of this topic is justified
by the importance of these products. In practice, the separation of the C2 and C3 com-
ponents is done by rectification, but this is a very energy- and cost-intensive process.
Ethane-ethylene separation is a cryogenic, high-pressure process and requires about
100 stages. Due to the small boiling point difference between the components, propane-
propylene separation is a high-pressure process with an extremely high reflux ratio,
requiring up to 200 stages. Because of their industrial importance, as mentioned above,
these products need to be produced in high purity, which justifies the use of a very large
number of stages.

During my doctoral studies I performed parameter studies of the separation of the
above described low-carbon hydrocarbons using UniSim Design® and ChemCAD® pro-
cess simulator software. Furthermore, the effects of varying the reflux ratio on the di-
ameter and number of trays, and hence on the material costs, are presented for the
investigated columns.

In the second part, I dealt with the determination of the hydrodynamic processes
in the equipment and the dry tray pressure drop on the trays. The pressure drop in a
column affects the mass transfer and the efficiency of the column. One part of the re-
sulting pressure drop is the dry tray pressure drop, which can be determined if only the
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vapour/gas phase flows in the column. In order to determine this parameter, we have
set up an experimental device in the laboratory of the Institute of Energy Engineering
and Chemical Machinery, which contains 4 trays made with 3D printing technology.
The measurement results were compared with the results of correlations in the litera-
ture and CFD simulations.

In addition, a CFD simulation study was carried out to determine the dry tray pres-
sure drop of straight bore and inclined bore trays with different inclination angles.

1.2 Objectives

The reason for my choice of topic, as I mentioned earlier, is that propylene and ethylene
are products and feedstocks of great importance in the chemical industry, and therefore
it is important to produce them in large quantities and quality. The aim of my research is
to carry out a parameter analysis of operating ethane-ethylene and propane-propylene
columns and to find a solution with a small modification of the existing system to re-
duce the amount of energy usage while achieving the desired mole fraction of the more
volatile component in the overhead product. Accordingly, the effects of varying the
different operating parameters - pressure, reflux ratio, location of feed - on the energy
consumption of the system and for the composition of the distillate are investigated.

When operating columns, the reflux ratio is a very important parameter, which can
be varied to determine the minimum point of cost function. Using the tray-by-tray cal-
culation method of columns, my aim is to determine the effect of increasing the reflux
ratio on the theoretical number of trays and the diameter of the columns. Taking into ac-
count the required wall thickness, I want to determine the material costs of the columns.
I will compare the results of the calculations with the literature.

The hydrodynamic analysis of the trays is a key element in the study of the oper-
ation of a column. The resulting pressure drop is a parameter that also influences the
efficiency of the mass transfer and the operation of the column, one of the most impor-
tant parts of which is the so-called dry tray pressure drop. For this reason, my aim is to
determine the dry tray pressure drop of different types of sieve trays, using literature
correlations, CFD simulations and in some cases measurements, and to compare the
results of these methods.

In addition, I also wanted to investigate how the thickness of the tray influences the
dry tray pressure drop.
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2 Scientific preliminaries

2.1 Simulation study of distillation

Distillation columns are important units of operation in chemical plants, forming a sys-
tem in themselves, in which complex processes take place. The distillation operation is a
highly researched area of the chemical industry, and various measurement and process
simulator methods have been used to investigate column operation. In the following, I
will demonstrate some research results related to and beyond the topic of this thesis.

G. S. Soave et al. [1] investigated a cryogenic methane distillation column with
the aim of reducing the energy requirements of the condenser and the reboiler. To
do this, they tested the original system and their proposed feed-splitting technique
in a Hysysys® software environment. Ennek lényege, hogy a betáplálás két különálló
anyagáramként kerül az oszlopba, amelyek közül az egyiket hővisszanyerős hőcserélő
előhűti, a hidegebb közeg pedig az oszlop desztillátuma. This modification reduced the
energy demand of the condensator by about 10% and the reboiler by 1.2%.

The separation of ethylene and propylene (collectively known as olefins) from ethane
and propane in petrochemistry is often achieved by cryogenic distillation. However,
this technology has a high energy demand, so by finding and using alternative solu-
tions, not only the energy demand but also the costs can be reduced. J. A. Caballero et
al. [2] investigated a hybrid system (consisting of a distillation column and a membrane
separation unit in parallel) for ethane-ethylene separation. From the simulation results,
it was found that a hybrid system could mean up to 30% less energy use and up to 20%
cost savings.

S. M. Mauhar et al. [3] have worked on the optimization of a propane-propylene
separation column using Aspen Plus® process simulator software and SRK thermody-
namic model. The aim of the optimisation was to minimise the energy consumption of
the reboiler while maintaining the desired purity of the distillate, by finding the right
combination of pressure and reflux mass flow. The authors determined the efficiency of
the column and investigated the possibility of increasing the column capacity.
In a parametric study, the amount of reflux was varied and the effect on reboiler perfor-
mance and propylene purity was investigated. There is a linear relationship between
the mass flow of reflux and the power of reboiler. Reducing the amount of reflux will
also reduce the power of the reboiler and the propylene content of the distillate.

Truong et al. [4] presented some techniques for distillation column modelling and
simulation and investigated a laboratory-scale continuous binary distillation column
model. It was found that the response due to change in the composition of the feed
requires a larger gain than the response due to change in the amount of feed.

The difficulty in separating ethane-ethylene and propane-propylene is the similar
physical properties of the molecules. However, an alternative solution is needed to
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reduce the high energy demand.
Several researchers have compared conventional distillation, membrane separation

and hybrid solutions for these separations. EIn the latter case, several options have been
investigated, whereby the feed is first passed through a membrane and the membrane
permeate and products leaving the retentate side are passed to the appropriate stage of
the column. Or, after distillation, the overhead product is passed into a membrane to
increase its purity. From the studied cases, it was concluded that the hybrid process is
preferable in terms of both energy and cost.

M. Benali and B. Aydin [5] investigated ethane-ethylene and propane-propylene
separation by hybrid membrane distillation to reduce the high cost of columns. Sev-
eral membrane configurations were investigated, which can be located at the top, mid-
dle and bottom of the distillation column. A silver nitrate membrane was used and
ChemCAD® software was used to investigate the different configurations. Their best
configuration achieved economic savings of around 36% when one membrane was
placed at the top and one at the bottom. They also found that a two-stage membrane
cascade system can achieve a high purity of distillate for ethane-ethylene separation.

2.2 Investigating columns with CFD simulation

R. Krishna and J. M. Baten [6] performed 2D and 3D CFD simulation studies to inves-
tigate the behaviour of sieve trays. It was found that the use of CFD techniques is an
effective testing and design tool for trays. During their investigation, they have demon-
strated that CFD simulations can describe hydrodynamic changes and have shown that
large diameter trays have a plug flow character of fluid.

S. Singh and A. Bansal [7] investigated the calculation of concentration and tem-
perature distributions on sieve trays of a benzene-toluene distillation columns using
Fluent® software. Two-phase modelling was used to model the mixing of a dispersed
gas phase and a continuous liquid phase, and to investigate the momentum, heat and
mass transfer between the phases. The main objective of their study was to find the ex-
tent to which CFD can be used as a computational tool for behaviour, concentration and
temperature distributions of sieve trays. The results show that CFD is an effective tool
for tray design, analysis and troubleshooting and can be considered as a new approach
in efficiency calculations.

G. Gesit [8] investigated the determination of the efficiency of sieve trays using CFD
techniques with steady-state simulations.In the models, the author considered three-
dimensional, two-phase flow, in which the two phases were treated by separate trans-
port equations in an Euler-Euler framework. For CFD modelling Ansys® software was
used. The author determined the Murphree and point efficiencies for ten stages for
pure liquid height and vapour phase. The CFD simulation results were consistent with
selected existing correlations, predictions for the high-pressure fluid system. For the
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low-pressure systems, the CFD predictions were consistent with the used correlation
prediction, with an average error of 4.1% for the Murphree efficiency and 5.5% for the
point efficiency.
Experiments with trays are very complicated and time-consuming. This may be the
reason why few experiments are available to determine the hydrodynamic and mass
transfer behaviour of sieve trays.
The author has concluded from his research that CFD modelling is an effective tool for
the study of mass transfer in a sieve tray, and can be used as a suitable tool for the
analysis and design of a tray.

9



Investigation methods

3 Investigation methods

3.1 Parameter analysis of low-carbon hydrocarbons

In my thesis, ethane-ethylene and propane-propylene separation columns were investi-
gated using UniSim Design® and ChemCAD® process simulator software with SRK [9]
thermodynamic model.

These components are the most important products in the olefin industry, and there-
fore these have great importance in the chemical industry. Polyethylene and polypropy-
lene are produced by polymerisation from ethylene and propylene, which are used as
raw materials for various plastic, paper and textile products [10]. Ethane can be used
for heating purposes and ethylene can also be produced from it [5, 11].

In my research I investigated the effects of modifying pressure, reflux ratio and feed
location, the parameters investigated were in all cases the purity of the volatile compo-
nent in the distillate and the energy demand of the condenser and/or reboiler.

Figures 1 and 2 show the relationship between the parameters studied for ethane-
ethylene separation.
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Figure 1: Relationship between feed
pressure and the heat flow of the reboiler
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Figure 2: Relationship between reflux
ratio and purity in head products

Figures 3 and 4 show the relationship of the parameters investigated for propane-
propylene separation.
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Figure 3: Influence of the location of feed on the studied parameters
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Figure 4: The effect of modifying the reflux ratio on the distillate and the condenser

The results also show that increasing the reflux ratio ensures a cleaner distillate, but
at the same time the energy demand of the heat exchangers increases.

From the results of the simulations, it can be concluded that a tray number interval
can be determined for the location of feed that ensures a lower heat flow in the heat
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exchangers and the desired or cleaner head product yield, and that the temperature
profile of the column is suitable for the process.

In the case of propane-propylene separation columns, a slight modification of the
system under investigation can be achieved to provide a distillate of sufficient purity
and a lower condenser heat flow than the original one, with a lower reflux ratio.

Using UniSim Design® software, I performed a dynamic simulation of the ethane-
ethylene separation column in the event of a disturbance causing a quantitative change
in feed. I found that the used one-point control structure could not ensure the purity
of the distillate, the lower the amount of feed, the more the ethylene content of the
distillate decreased. With the used two-point control structure, the desired composition
of the distillate can be achieved. In both cases, I determined the amount of feed that
caused the flooding of trays, rendering the column inoperable.

3.2 Determining the material cost of columns

I also investigated the ethane-ethylene (E-E) and propane-propylene (P-P) columns us-
ing the tray-by-tray method. As the reflux ratio increases, the required number of trays
decreases and the diameter of the column increases, which will increase the required
wall thickness. Taking these changes into account, I determined how the material cost
of a given column changes with increasing reflux ratio when using 1.4404 austenitic
steel. I compared the results with the result of literature on the cost of purchasing [12]. I
found that the purchase cost functions obtained from the literature and the material cost
functions I calculated show a similar nature. It can be observed that within the reflux
ratio interval under study, the material cost of the ethane-ethylene column under study
is on average 13.53 times (Figure 5), while the material cost of the propane-propylene
column under study is on average 8.3 times (Figure 6) lower than the total column pur-
chase cost.
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Figure 5: Costs as a function of reflux
ratio for E-E column
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For each of the two columns, I stated a similar relationship to the literature formula
for determining the cost of materials. These relations apply to the case where I take into
account from the strength calculation the minimum wall thickness without allowances
in the column material costs.

3.3 Determination of the dry tray pressure drop of perforated trays

I have also investigated the determination of the pressure drop of sieve trays. In the
laboratory of the Institute of Energy Engineering and Chemical Machinery, we have
developed a measuring circuit for determining the dry tray pressure drop of an exper-
imental device consisting of 4 pcs of sieve trays. For the equipment, the trays and the
bottom flat plate were manufactured using 3D printing techniques. I compared the mea-
surement results with the results of CFD simulations in the literature and Ansys Fluent®

environment, which showed good match. During the measurements and simulations,
air was the gas stream fed into the column.

Then I made CFD simulations for straight perforated and inclined perforated trays
with different inclination angles.From the simulation results it can be determined that
the smaller the angle of the perforations with respect to the plane of the tray, the higher
the dry tray pressure drop and turbulence intensity during the passage of the gas flow
(Figure 7).

20 30 40 50

Volume flow [m3/h]

0

200

400

600

800

1000

1200

1400

1600

D
ry

 t
ra

y
 p

re
s
s
u
re

 d
ro

p
 [
P

a
]

Straight perforated

75° inclined perforated

60° inclined perforated

45° inclined perforated

20 30 40 50

Volume flow [m3/h]

0

1

2

3

4

5

6

7

T
u
rb

u
le

n
c
e
 i
n
te

n
s
it
y
 [
%

]

Straight perforated

75° inclined perforated

60° inclined perforated

45° inclined perforated

Figure 7: Column pressure drop and turbulence intensity in case of different trays

Based on the literature [13] I have determined a relation for each type of investigated
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trays, which can be used to determine the dry tray pressure drop of a tray at a flow rate

of 20 - 50
m3

h
, a tray thickness of 5 mm and a tray free cross-section of 15%.

I simulate the effects of tray thickness on dry tray pressure drop for straight-perforate
and inclined-perforated plates with a 75° inclination angle. For this I used tray thick-
nesses of 2.5, 5 and 10 mm for the mentioned tray types. The result is that increasing the
thickness of the tray reduces the resulting dry tray pressure drop. Based on literature
relations [14, 15], I determined the relations for the investigated trays, which take into

account the tray thickness for a flow rate of 20 - 50
m3

h
and a tray free cross-section of

15% (Table 1).

Table 1: Pressure drop as a function of tray thickness

Flow rate
[m3/h]

Pressure drop [Pa]
Straight perforated tray Inclined perforated tray (75°)

t = 2.5 mm t = 5 mm t = 10 mm t = 2.5 mm t = 5 mm t = 10 mm
20 125.59 115.99 109.92 128.22 119.47 108.28
30 280.99 262.40 245.60 294.09 274.09 247.66
40 496.43 469.41 439.15 516.93 494.64 441.41
50 787.24 734.31 692.31 819.66 776.40 690.34
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4 New scientific results

T1. I applied a parameter analysis method to investigate the distillation separation of
low-carbon hydrocarbons (ethane-ethylene, propane-propylene) by simulation,
focusing on the modification of distillate purity and heat exchanger heat flow and
established the following scientific results.
Related publications: (1) (2) (3) (4) (5) (7).

(a) For the investigated ethane-ethylene separation column, I found that chang-
ing the feed temperature from -55°C by +20% does not cause a significant
change in either the condenser heat flow or the purity of the distillate.

(b) I found that in the investigated ethane-ethylene separation column, the de-
sired purity could not be achieved below a reflux ratio of 1.9, a reflux ra-
tio of 2.3 and above would not result in a purer overhead product. I have
found that in the propane-propylene separation column under investigation,
a plant reflux ratio of 93% is sufficient to achieve the desired distillate purity
and reduce the energy requirements of the condenser.

(c) By testing the propane-propylene separation column under investigation, I
have demonstrated that the same interval of tray numbers in the column can
be used to obtain the highest purity in the distillate and the lowest heat flow
of the heat exchangers when modifying the feed location.
I have demonstrated that, when feed other location than the original one, an
appropriate separation can be achieved in the column based on the resulting
temperature profile.

(d) I found that increasing the propylene mole fraction in the distillate from
0.9995 to 0.9999 in the propane-propylene separation column under study
resulted in a more than 1.4-fold increase in heat flow and reflux ratio.

T2. I investigated the effect of changing the reflux ratio on the number of trays using
the so-called tray-by-tray method. I have determined that the change in column
diameter as a function of reflux ratio can be described by a second-degree polyno-
mial. I calculated the cost as a function of the reflux ratio, taking into account the
diameter, the number of trays and the required wall thickness for strength. Based
on my calculations, the new proposed structural material cost functions for the
columns under study can be written as follows.
Related publications: (5) (6).
For ethane-ethylene separation the

MC = 32.73 ·
M&S
280

· 0.1138 ·D2 ·H0.936 · Fc,

while for propane propylene separation the
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MC = 35.31 ·
M&S
280

· 0.1822 ·D2 ·H · Fc

correlation can be applied to the systems under study.

T3. I developed a suitable CFD method for calculating the pressure drop of perfo-
rated trays without downcomer. In this context, I have developed a process for
the 3D printing of trays with different geometries. I built a measuring circuit to
calculate the volume flow and pressure drop. I have also developed a procedure
for numerical flow analysis of the trays used for experimental studies.
I found that for inclined perforated trays with 45°, 60° and 75° inclination angles,
the dry tray pressure drop and turbulence intensity increase with decreasing in-
clination angle. The results for straight perforated and inclined perforated trays
with an inclination of 75° are almost the same.
Related publications: (10) (13).

T4. Using measurement and simulation methods, I have developed a new relation-
ship for determining the dry tray pressure drop of straight and inclined perfo-
rated trays. The correlation can be used to determine dry tray pressure drop for
trays with a free area of 15%, 7 mm perforation diameter, and an air flow rate of

20-50
m3

h
.

The proposed correlations are the following:
For a straight perforated tray: ∆Pd = 0.8899 · ρg · u2.0053

tray

For a tray with a 75° angle of inclination: ∆Pd = 0.9023 · ρg · u2.0204
tray

For a tray with a 60° angle of inclination: ∆Pd = 1.1203 · ρg · u2.0206
tray

For a tray with a 45° angle of inclination ∆Pd = 1.749 · ρg · u1.9845
tray

I confirmed that tray thickness has an effect on the resulting dry tray pressure
drop. For the tested tray thickness values of 2.5, 5 and 10 mm, the resulting dry
tray pressure drop decreases with increasing tray thickness. Based on the litera-
ture, I developed a relation for the calculation of the pressure drop, which can be
applied for straight perforated and 75° inclined trays of the designed measuring
equipment and which takes into account the thickness of the tray in case of 2.5, 5,
10 mm.
Related publication: (13).
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5 Opportunities of development

In the future I would like to continue my research on distillation technologies, which
is a very researched area, but I think that there is a constant need for improvements
and innovations. In the future, I intend to look at several chemical technologies that
also play a key role, either with a view to minor modifications or to finding an alter-
native solution. I also aim to further develop the dynamic simulation model for the
ethane-ethylene column and to investigate other perturbations, such as changes in the
composition of the feed.

I also intend to continue the work started with CFD simulations, which I would like
to validate with measurements. In connection with the introduction of trays, I want
to investigate the dry tray pressure drop and the determination of the total column
pressure drop of other tray types and to perform single-phase and two-phase CFD sim-
ulations. Among tray designs, I would like to investigate a geometric design of a plate
where the gas phase enters the tray through a chimney-like section with perforations,
similar to a bubble-cap tray, and this chimney design is capable of downward and up-
ward movement due to the velocity of the gas phase, similar to a valve tray.

I intend to carry out further measurements with the experimental equipment in the
laboratory to test other types of trays and two-phase experiments. Preparations for the
latter have already started, for example, the design of the top flat plate for the water-
air contact has been completed and 3D printed. Its design allows the liquid phase to
be dispersed on the tray and ensures that the gas phase is removed from the column.
Waterproofing the trays is done by applying an impregnation spray.
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