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Abstract:

CO; capture and storage (CCS) from fossil fuel fired power plants and also other large point sources is drawing
increasing interest as a potential method for the control of greenhouse gas emissions. Among the different CCS
technologies, post combustion capture of CO, using amine based solvents is the most technically viable solution.

The absorption column is the process unit that contributes to the highest cost in post combustion CO, capture.
Therefore optimization of the design parameters related to the absorption unit is very important. It is found very
few references regarding the optimum design parameters such as pressure drop, gas velocity and column
diameter in literature. In this study, a parameter optimization study for an absorption unit of an amine based CO,
capture process has been performed.

The optimization has aimed to reduce the sum of estimated capital and operating costs by investigating the
pressure drop through the packing, superficial gas velocity and hence the diameter of the absorber column. The
structured packing, Mellapak 250Y was compared with 1 and 2” metal Pall Rings. The effective interfacial area
for structured packing is varied according to some standard correlations and the packing height is dependent on
effective interfacial area. With the main assumption that Mellapak 250Y and 1” Pall Rings have an effective
interfacial area in the same order of magnitude and thus, the columns equipped with these two packings have
similar packing height, the Mellapak 250Y with 2.0 m/s was calculated to be the optimum. According to the
main assumption that Mellapak 250Y has an effective interfacial area twice the value compared to 2” Pall Rings
and thus, only half the packing height is needed. Then a gas velocity of 2.5 m/s was calculated to be the optimum
with Mellapak 250Y.

An Aspen HYSYS simulation was carried out for the absorption unit to obtain data for other calculations. A
CFD simulation was performed using ANSYS FLUENT 13.0 to visualize the initial gas mal-distribution of the
packed columns. The k-€ model was used and the packing region was modeled as a porous zone with porosity
0.95 and a viscous resistance 10° m™'. According to the results, the calculated optimum design parameters for the
absorption column showed an even distribution for the gas phase and mal-distribution occurred at low gas
velocities and low pressure drops.

The work indicates that an optimum gas velocity is in the order of magnitude 2.0 to 2.5m/s and the pressure drop
through the structured packing is in the order of magnitude 0.02 to 0.03 bar for large scale CO, capture with
traditional structured packing. To achieve more accurate optimum design parameters pilot or full scale
performance data for pressure drop, gas velocity and effective interfacial area is probably necessary.

Telemark University College accepts no responsibility for results and conclusions presented in this report.
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1 Introduction

Global climatic change has become a major problem to the present world. Many people and
organizations are discussing about the probable causes and the ways of finding solutions for
the problem. According to the decisions made on the Kyoto Conference 1997, many countries
in the world have agreed to reduce the emissions of greenhouse gases into the atmosphere or
at least to keep them at a lower level (Metz et al., 2005, Singh et al., 2003).

CO; has been identified and proven as the main gaseous component which contributes for the
greenhouse gas effect to increase of the earth's surface temperature and producing long term
climate changes. (IEA, 2012) emphasizes that, if we let the CO, emissions to take place in the
same order and would not take any actions to reduce the emissions today, the global
temperature will rise from 6 degrees by 2050. And it will probably cause a dramatic disaster

in the world in future.

Therefore, it is essential to reduce the CO, emission from large point sources such as power
plants which use fossil fuel and some other industrial applications. Today, Carbon capture and
storage is considered as the main technique for the reduction of CO, that is released to the

atmosphere due to several anthropogenic sources (Leifsen, 2007, Davison, 2007).

Even though the current world is much relying on Carbon capture and storage, it is
comparably an expensive technique (Leifsen, 2007, Rubin et al., 2007, Mores et al., 2012).
Within the main technique, post combustion capture is widely used and it generally occupies
a method of flue gas cleaning using a potential solvent as an end of pipe solution. Gas
cleaning using solvents can be identified as a common method in the industrial applications
(Chapel et al., 1999). Anyhow, the main concern is about the high investment and operational

cost related with it.

Minimization of equipment size and the energy consumption have been widely discussed to
reduce the cost associated with CO, capture from process flue gas. The attention draws
mainly to the absorption column, which can be considered as the main process unit within the

CO, post combustion capture process (Polasek et al., 1983).

1.1 Scope and the objective of the thesis

The main research task in this master thesis is to optimize the design parameters such as
pressure drop, gas velocity and column diameter, related to the CO, absorption column
occupied in the CO, capture process by evaluating the cost components related to the

11



absorption unit. It is important and reasonable to look for the available cost data and cost
estimates on the different aspects like packing cost, energy cost, liquid distribution

equipment, etc.

It is aimed to calculate the pressure drop, effective mass transfer area and mass transfer
efficiency as a function of liquid flow and gas flow by evaluating different correlations

available in the literature.

The influence of gas velocity and the pressure drop to the initial gas mal-distribution through
the packing is also checked using some CFD simulations. And an optimization and technical
parameter study for an absorber unit in the CO, capture process of the flue gas coming from a

gas power plant, using HYSYS is performed.

1.2 Structure of the thesis

The general introduction for the thesis and the task is given in this chapter. But, Chapter 2
describes the main cause or the problem behind the necessity of performing this thesis work.
One of the key points to be noted here is that the presented work is only based on the
parameters related to the absorption unit of the post combustion CO; capture process.

The most important design parameters related to the absorption column are the pressure drop,
gas velocity and the column diameter. They all are closely related to the cost of the absorption
column either in the way of CAPEX or OPEX. The basic theory about the post combustion
CO; capture together with the above mentioned design parameters, hydrodynamic factors of

the absorption unit and also the costs related to it are described in Chapter 3.

Chapter 4 looks into the available literature where the details and data are reported about the
main optimizing parameters. In addition, the possible geometries for the absorption tower are

also discussed.

A good knowledge of design correlations is essential to provide the best possible scale-up
data and to optimize the process parameters. Hydrodynamics and mass transfer correlations
for structured packed columns have been compared and evaluated to find the optimum design

configurations in Chapter 5.

Chapter 6 presents the results of Aspen HYSYS simulation performed on the absorption

column with some design parameters available in the literature.
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Initial gas mal-distribution is one of the drawbacks in structured packings. Chapter 7 contains
the results of CFD simulations which have been performed to visualize the effect of gas

velocity and pressure drop on gas mal-distribution.

Chapter 8 presents the discussion about the different factors that influences the optimum
design of an absorption column in a post combustion CO, capture and the conclusion is

presented in Chapter 9.
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2 Problem description

With the vast growing energy demand and the development of different types of industries,
the amount of CO; that is being released to the atmosphere has been increased. It has been
identified that the main sources of CO; emissions are power generation, transportation,
residential and commercial buildings, different industrial processes such as oil and gas

processing, cement, iron and steel, chemicals production etc., as shown in Figure 2-1.

= Public power & heat production (35%)
= Other energy Industries (9%)

Manufacturing & Construction (18%)
= Transport (24%)

= Residential & other sectors (14%)

Figure 2-1:Main sources of CO; emissions (Davison, 2007)

CO; is one of the key anthropogenic gases which lead to the climatic change in the world
(Senderby et al., 2013, @i, 2007, Desideri and Paolucci, 1999). Therefore, full scale CO,

capture from power plants and other large point sources is needed.

Several techniques to remove CO; from gas mixtures have been studied since 1970, but most
of them were applied to produce technical CO, as process gas, mainly for the food or
chemical industry (Desideri and Paolucci, 1999, Glasscock, 1990). But, later on, carbon
capture and storage techniques have been developed as a reasonable solution for this large
CO; emission to the atmosphere. Even though various CO; capture technologies including
physical absorption (Chiesa and Consonni, 1999, Littel et al., 1991), chemical absorption
(Rochelle, 2009, Aroonwilas and Veawab, 2004, Bishnoi and Rochelle, 2000), adsorption
(Chang et al., 2009, Merel et al., 2006) and membrane (Merkel et al., 2010, Scholes et al.,
2008) exist, there are still some challenges in achieving the global CO, abatement

requirement.

Among the different types of CO; capture and storage techniques, post combustion capture is
the most widely used technique for CO; capturing in current world (Abu-Zahra et al., 2007b).
Within the post combustion capture technology, chemical absorption of CO; is the technique
which has a well proven history in the field and viability in economical means (Billet and
Fullarton, 1995, 91, 2007, Desideri and Paolucci, 1999, Yu et al., 2012).
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On the other hand, the CO, partial pressure in the combustion flue gas is comparatively low,
which is around 3 — 15 kPa (Yu et al., 2012, Aroonwilas et al., 2003, Abu-Zahra et al., 2007b,
Chapel et al., 1999, Singh et al., 2003). The low partial pressure of CO, means that there is
only a small driving force available for separation, and large equipment is needed for the CO,
separation. The large volumes of flue gas combined with low partial pressures make the
installation costly and energy intensive. Thus, chemical absorption is the most likely used
technology for post-combustion capture because chemical solvents are less dependent on
partial pressure (Harun et al., 2012). The widely used basic model for the post combustion
CO, capture is shown in Figure 2-2.

Condensor

Purified gas

Product
(COy)

Amine cooler
Lean amine

CO,
Absorber

-9 0
Flue gas Rich amine
blower / fan

Figure 2-2:The widely used basic model for post combustion CO, capture

Amine
stripper

Amine / amine
exchanger

Reboiler

According to the literature, the absorption column in the post combustion CO; capture process
is the process unit that contributes to a higher portion of the cost associated with post
combustion CO, capture (Harun et al., 2012, Metz et al., 2005, Peeters et al., 2007, Klemes et
al., 2007) in addition to the energy cost of the reboiler and the cost of the main heat exchanger
(Kallevik, 2010, @i, 2007, Karimi et al., 2011). Hence, it is obvious that optimizing the
absorber column design is very much important in reducing the cost associated with CO,
capture (Zakeri et al., 2012, Alix and Raynal, 2009). The most important design parameters
connected with hydrodynamics of an absorption column are the pressure drop, effective
interfacial area and liquid hold up (Peeters et al., 2007, Ataki, 2006). In addition to that, the
superficial gas velocity which is strongly affect to the column diameter can also be considered

as a critical design parameter.

Therefore, it is essential to search for the low cost, new packing materials which give low
pressure drop and reduce the size of the column (Alix and Raynal, 2008, Aroonwilas et al.,

2003) in order to reduce the investment and operational costs in full scale CO, capture plants.
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Thus, this report mainly discusses about the absorption unit in the post combustion CO,
capture process and how the optimized design parameters will help to reduce the cost
associated with it. The main task is supported by some CFD simulations to predict the initial
gas mal-distribution in the absorption columns and also by an Aspen HYSYS simulation too.
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3 Theory

This chapter discuss about the basic theory of some key sub topics which are much related to
this thesis task. It is expected that the reader has a prior knowledge on CO, capture and only
relevant topics are discussed in detail here.

3.1 Post combustion CO, capture process

Among the different techniques to capture CO,, post combustion capture seems to be the
technique which has a well proven history in the field and viability in economical means as
described above. (Sgnderby et al., 2013) describe four stages of post combustion capture.

They are,
(i) Removing CO; from the flue gas by absorbing in a packed absorption column.

(ii) COg rich amine is lead to the stripper to release the captured CO; in the presence of
high heat.

(iii) CO, is compressed and transported to a geological storage site or injected into an oil

and gas reservoir.

(iv) Regenerated lean amine is fed back to the absorber.

The main source of CO; rich flue gas is the exhaust gas coming from fossil fuel fired power
plants. The exhaust gas has to be cooled before it reaches the capture plant in order to support
the absorption process. Direct contact cooler is used for that purpose and flue gas blower is
used to support the flue gas by giving the required power to overcome the pressure drop
through the absorption column. See Figure 3-1.

After passing through the cooler the flue gas is lead to the bottom of absorption tower, which
is filled with packing material. Inside this absorption unit, CO, from the raw gas is absorbed
by the solvent which is flowed counter-currently from top to bottom. . The solvent is an amine
or a mixture of amines dissolved in water, which absorb the CO, in the flue gas. In most of
the processes, mono-ethanolamine (MEA) is the widely used solvent due to its high CO;

reactivity, high limit load and low molecular weight (Desideri and Paolucci, 1999).

The dissolved CO; gas which is now in the “rich amine” stream is pumped to a stripping
column first being heated by the heat exchanger. Desorption of CO, takes place in the
desorption tower (stripper), which operates as a distillation column. MEA is regenerated in
the bottom of column using high temperature steam. The amine containing CO; flows down

the packing material in the stripping tower, while steam and CO; flow upwards. The mixture
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of steam and CO, at the top of the stripper is cooled, and most of the steam is condensed.

CO, will remain in the gaseous phase.

The amine is collected in the reboiler, where the steam used in desorption process is
generated. The reboiler possesses the largest heat duty in the CO, separation process making
flue gas blower the second. The CO, with some water is dehydrated, compressed and then

transported to the geological storage sites (Razi et al., 2012).

Flue gas
(to atmospheres)

Absorber —— Make-up water
. PR CO: to
COMPrassor
SRR AR A
LSS Regenerator
Lean
=solvent
Direct contact cooler 4

L
Condensate { Q

—_—
Flue gas - Flue gas
{from FGD) blower Rich solvent

Figure 3-1:Post combustion CO; capture process (Menon and Duss, 2012)

3.2 Pressure drop

Generally, the pressure drop is a measure of mechanical energy loss during the transportation
of a fluid through any kind of barrier. The main course for this pressure drop is the excess
liquid accumulation at the interfaces between packing elements (Alix and Raynal, 2008). At
constant gas flow, an increase in liquid to the column will result to increase in pressure drop
until the liquid flooding is attained. At this point, any excess liquid that cannot proceed
through will remain at the top of the packing, causing the entire column to be filled with

liquid and further intensifying the pressure drop. Moreover, at constant liquid flow
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downwards, increase in gas flow will lead to rise in pressure drop until flooding rate is
attained and any further increase will not permit the flow of liquid and consequently, leading
to accumulation of liquid at the top of the column and continuous increase in the pressure

drop.

(Zakeri et al., 2012) explain that the gas phase pressure drop is consisted of three major
components. Where,

(i) Gas — liquid interaction on the surface of the liquid film covering the surface.
(ii) Losses related to the abrupt direction changes of gas at the transitions.

(iii) Losses due to the interaction between gas streams at open crossings of gas flow

channels.

The Figure 3-2 illustrates the different forces which play an important role in making up the

total pressure drop across the packing due to the gas liquid interactions (Zakeri et al., 2012).

F gravity

Ffriction_ packing-gas

iqui Ffriction as-liqui
- _gas-liquid
5
———————— Fpressure

Ffriction_ packing-liquid

P
<

Ffrictign_ liquid-gas

Liquid Gas Packing

Figure 3-2:Different forces contribute to the pressure drop through the packing

It is important to have a good understanding about the pressure drop in the gas phase through
dry and wet packing (irrigated) to design and operation of an absorber efficiently
(Mackowiak, 2010). The dry pressure drop is normally lower than the wet pressure drop since
the liquid flowing through the column changes the bed structure and void fraction due the
liquid hold-up (Stichlmair et al., 1989, Gualito et al., 1997, Zakeri et al., 2012, Billet and
Schultes, 1999). Because it is obvious that, a higher pressure drop within the absorber column
may lead to a higher energy demand from the absorber blower (Peeters et al., 2007) which in

turn significantly affect the overall energy requirement of the process.
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The increase in specific area of the packing will result in a lower pressure drop in the
absorber. The pressure drop in the absorber will affect the energy consumption significantly if
the pressure loss becomes high. This is mainly due to the increased duty of the flue gas
blower. According to the studies done by (Peeters et al., 2007), they have calculated 6%

reduction in the energy penalty 3% reduction in the capital costs.

The pressure drop and the separation efficiency are greatly affected by the type and the size of
the packing. Hence, it is a well-known fact that today the trend is for newly designed packing
with improved characteristics to reduce the pressure drop of the absorption column. The
developments are primarily focused on switching from random packings to structured
packings and, in the future, possibly to membrane-based packings (Herzog and Falk-
Pedersen, 2000). But, there will be some limitations with the very high volumetric costs of
membrane packings and on the other hand, the capital costs of the absorber will be reduced

due to the lowered volume.

(Alix and Raynal, 2009) state that the capture process requires very low pressure drop since it
operates downstream of the power plants. Hence, the overall pressure drop of the absorber
including inlet and the outlet of the column should be lower than 100 mbar. (Zakeri et al.,
2012) have studied the pressure drop in different structured packing types and the influence of
the liquid viscosity. With a series of experiments and simulations, they say that the pressure
drop is slightly influenced by the liquid viscosity too. But, below the loading point, pressure
drop is not sensitive to the fluid properties such as viscosity, density etc. (Alix and Raynal,
2009).

3.3 Gas velocity

The rate of exhaust gas from the process or in other terms, the gas velocity through the
absorber is a main parameter which determines the absorber size (i.e. the diameter of the
absorber) to be used. The scrubber should be designed so that the gas velocity through it will
promote good mixing between the gas and liquid phases. If liquid flow rate is specific, the gas

velocity can be increased by using smaller diameters for the absorber.

But, the pressure drop over the absorber column may be increased by increasing the gas
velocity. Even though the degree of contact between gas and liquid phases becomes stronger
with increased gas velocity, the gas flow or the gas capacity in an absorption column is
limited by pressure drop, loading or flooding. Since each mbar of pressure drop saved results
in considerable savings in operating cost (Duss and Menon, 2010), it is important to have a

good understanding about these terms.
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3.3.1 Liquid Holdup

Generally, the hydrodynamic performance of a packed column is expressed by the pressure
drop through it and also with the liquid holdup. Liquid holdup is defined as the amount of
liquid on the surface of packing, or liquid drops in the space between of the packing segments
(Razi et al., 2012). Knowledge of liquid holdup is important to determine the column
dynamics and will affect both pressure drop and mass transfer in the column, in addition to
having direct implication on column operating weight and thus support structure design. It is
also related to the liquid residence time within the packing and will thereby affect reactions
like absorbent degradation.

3.3.2 Loading

The loading point can be defined as the point where mass transfer efficiency drops
significantly if the flow increases. The loading point is reached when liquid holdup in the
packing starts to increase with increasing gas velocity. With further increase in gas velocity
the liquid will eventually become the continuous phase and gas will bubble through the
column. This undesirable condition is referred to as flooding and causes a large pressure drop
over the column.

3.3.3 Flooding

When the inlet gas flow rate is so high that it interferes with the downward flow of the solvent
liquid, it may cause an upward flow of the liquid through the tower. This is known as flooding
(Razi et al., 2012). Flooding is undesirable because it can cause a large pressure drop across
the packed column as well as other effects that are detrimental to the performance and
stability of the absorption process. Hence, in the design of the absorption packed column,
many parameters need to be considered for efficiency to be attained and also avoid flooding
problem. Flooding corresponds to the maximum hydrodynamic capacity of the system
depending on the packing type and physical properties of the system. Most absorbers are
designed to operate at no more than 70% of the maximum gas velocity that can cause
flooding. Besides a high inlet gas flow rate, low circulation rates and small diameter towers
could also lead to flooding.

Flooding conditions in random packings depend on the method of packing (wet or dry) and
settling of packing. Flooding velocities for structured packings will generally be considerably
greater than for random packing (Treybal, 1980), i.e. structured packing is more resistant to

flooding.
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The effect of the gas flow rate is normally taken into account through the superficial gas
velocity, or rather as a gas load factor defined as the superficial gas velocity times the square
root of the gas density. The hydrodynamics of packed columns with counter-current gas—
liquid flow can be divided into three regions as shown in Figure 3-3 (Razi et al., 2012) which
can be named as below the loading point, in the loading zone and at or above the flooding.
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Figure 3-3:Three regions of hydrodynamics in packed columns

3.4 Column Diameter

The other important parameter in the design of absorption columns is the column diameter,
which may be calculated when the maximum superficial gas velocity is determined. This
maximum velocity is depending on type of packing and this information is available from the
vendor for most packings (Leifsen, 2007). Once the operational velocity of the gas phase is
established, the column area (and from here the diameter) is calculated as a function of the
largest volume flow of gas in the column and the specified maximum gas velocity as shown in
Equation 3-1.

A= Voo 3-1

v

sup
The relation between the superficial gas velocity and the absorber column diameter can be

presented by rearranging the Equation 3-1.

4-V,,,
Vaup = m 3-2
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And hence, the diameter can be written as,

4.V
D= |—9% 3-3
7T Veup

(Leifsen, 2007) says that an optimum absorber column should be designed with a diameter
large enough to prevent flooding through the column. He further describes that, a too large
diameter will not favor the energy consumption very much, and other factors will be more

decisive when the column diameter is chosen.

Additionally, the diameter of packed columns is usually based on flooding correlations which
are shown below (Leifsen, 2007).
G*Fv*!
32'2pg(pl _pg)

Flow capacity factor =

0.5
Relative flow Capacity é[&}
P

The flow capacity factor includes a packing factor (F), which is a characteristic of the packing
configuration. Acceptable packing factor values for most packings are made available by the
packing vendor or in open literature.

There are some other ways also in literature (Chapel et al., 1999) to approximate the absorber

column diameter in CO, capture as shown in Equation 3-4.

D=K- |- 3-4
%CO,

Here, m is the CO; recovered rate [ tonne/day ] and %CO, represents the volume percentage

(wet basis) of CO, in the flue gas before cooling. The constant K has the value of 0.56 at 3%
CO; and a value of 0.62 at 13% CO,. This equation is applicable for conventional circular
absorber vessels. For very large plants, larger vessels may be economical but, always there is

a limit to increase the diameter because the liquid load [m3/m2 -h] is reduced and may
become insufficient to wet all the packing, thus reducing the effective contact area. Then, the
height of packing is needed to be determined by the contact area, specific effective area of the
packing and the column diameter. Furthermore, for the flue gas to be absorbed, the liquid
surface must meet the gas. The absorption column is designed for the gas to ascend in contact
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with the solvent descending. Hence, the intensity of the liquid purification area desired

determines the height of the column.

When it comes to gas sweetening, establishing multiple feeds to the absorber unit will
significantly help to reduce the diameter of the column which in turn helps to reduce the
investment cost (Polasek et al., 1983). But yet, for very large plants, larger vessels may be
economical and the vessel may be more cost effective if constructed with a rectangular cross
section (Duss and Menon, 2010). This will be discussed in the next chapter. According to
some literature, the maximum diameter of the absorbers is more or less set, which means that
no additional reduction in power requirement can be achieved by applying larger column
diameters (Chapel et al., 1999).

3.5 Column internals: Different types of packings

Process units used as mass transfer equipment can be of different types like packed columns,

spray or tray towers.

Packed columns or towers are preferred over spray and tray towers for gas/liquid contacting
when minimizing pressure drop and maximizing mass transfer are important. Packed columns
could be packed randomly or structured. The pressure drop in packed towers is considerably
less than in tray towers and they are often less expensive. However, channeling may occur at

low flow rates.

When it comes to the plate or tray columns, it will probably not be practical for columns with
large diameters more than 15 m since large plates will need extensive mechanical support,
and horizontally flowing liquid will need long flow paths for each plate. But, when fouling is
a problem, tray towers are preferred because they can be cleaned more easily. Spray towers
are used for processing corrosive gases and liquids but typically have a poorer performance
than packed towers. According to a comparison done among the different plate types, random
and structured packings, (Gualito et al., 1997) state that structured packings show excellent
performance in vapor capacity, liquid capacity, efficiency, pressure drop and flexibility etc,

over the other types.

In this report, packed columns and the advantages of traditional structured packings over
random packing are mainly discussed. It can be said that, the packing material is the heart of a
packed column. Because, it is the surface over which the liquid and gas flow to be absorbed,
and it presents a large area for mass transfer. On the other hand, packing material is

responsible for the largest material cost of a packed column. Anyhow, selection of a specific
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packing material for an industrial application is done depending on the nature of the
contaminants, geometric mode of contact, absorber size and also with other objectives of
absorption. Generally, the main aspects which are considered when selecting the packing
materials are cost, pressure drop, corrosion resistance, specific area, structural strength,
weight, design flexibility etc,.

3.5.1 Random packings

Random packings are simply dumped into the absorption column during installation and
allowed to fall at random. Random packing will have lower investment than structured
packing, and might be an economical alternative even though the pressure drop is higher.

Some of the common types of random packings are shown in Figure 3-4(Mackowiak, 2009).

When we consider both operating and capital costs being important factors in implementing
carbon capture and storage on a large scale it is very important to improve the efficiency of
the CO, absorption process while keeping the cost of the equipment to a minimum. Therefore
a randomly packed column with novel internals has the potential to achieve improved
performance with lower operating costs while minimizing capital costs. (Lehner and
Hofstetter, 2012) say that the pressure drop through random packing increases with the

thickness of the random packing.

3.5.2 Structured Packing

Structured packings are considered to be revolutionary column internals that offer an
excellent mass transfer performance while maintaining a lower pressure drop than the
classical random packings (Aroonwilas et al., 1999, Zhao et al., 2011). Owing to their
favorable performance, the structured packings have been received great attention and have
been used in several applications, mostly in distillation (Olujie et al., 2003, Spiegel and
Meier, 2003, Rocha et al., 1996). But, there are also many applications reported in the
literature which the structured packings are used in the CO, absorption process.

According to (Gualito et al., 1997), two generations in structured packings could be
identified. The first kind of structured packing was Sulzer BX packing made up of metal
gauze (woven wire cloth). It has been extensively used earlier, but due to their expensiveness,
several sheet metal structured packings such as Mellapak, Glitsch, Flexipac, Intalox, Maxpak,
Montz etc.,came into play in the 1970’s and currently they are commercially accepted widely
(Fitz et al., 1999, Gualito et al., 1997). The ability to get completely wetted is one important
advantage in Sulzer packing. Because of this reason, (Bravo et al., 1985) assume the effective
interfacial area of Sulzer packing is equal the packing area of it and presents the first model
for the analysis of mass transfer in structured packings.
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Pall ring, Pall ring, Pall ring,
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Raschig ring, Bialecki PSL ring, Nor-Pak Nor-Pak
ceramic ring, metal metal (NSW), plastic  (d#h), plastic

Hiflow saddle, Intalox saddle, Intalox saddle, Supper saddle,
plastic plastic ceramic plastic metal metal

Hiflow ring, Hiflow ring(6)  Hiflow ring(4) Hiflow supper, Ralu-Ring,
plastic 1982, ceramic 1988, ceramic metal plastic plastic

Tellerette Dtnpac size Glitsch CMR Glitsch 304, McPac ring, R-Pac,
sizel, plastic 1/2, plastic ring, plastic CMR ring, metal metal ceramic

Hackette, Envipac size 1, Envipac size 3, Raschig Super SR-Pac,
plastic plastic plastic ring, plastic ceramic

Figure 3-4:Different types of random packings (Mackowiak, 2009)

It has been observed that, apart from few number of drawbacks such as the possibility of
plugging, high economic factor, demand for an excellent initial distribution etc. (Wilson,
2004), structured packings are much advantageous due to their low pressure drop for the gas,
higher efficiency and also higher capacity (Kooijman et al., 2002, @i, 2012, Gualito et al.,
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1997, Leifsen, 2007, Wang et al., 2012, Arachchige and Melaaen, 2012). Because of these
benefits, nowadays most of the absorption and distillation columns are designed with
structured packings and the prevailing columns with random pakings and plates are retrofitted
with structured packings (Gualito et al., 1997).

In this current analysis, traditional structured packing called Mellapak 250Y of Sulzer
Chemtech is mainly considered. Mellapak 250Y made up of corrugated stainless steel sheets
placed side by side with opposing inclination of the ridges. 250 in the designation means the
nominal surface area in m%m?> of the packing and Y means the corrugation angle which is 45°
from the vertical (Fitz et al., 1999, Duss and Menon, 2010, Schpigel and Meier, 1994). Figure
3-5 (a) shows a Mellapak 250Y packing element for approximately 1 m diameter column
(Spiegel and Meier, 2003) and Figure 3-5 (b) shows a situation where Mellapak 250Y

packing is positioned into segments for large diameter column (Schpigel and Meier, 1994).

(@) (b)
Figure 3-5:Mellapak 250Y (a) one element (b) positioned into segments for larger diameter

Generally, Pall Rings and Mellapak 250Y are considered as some standard types of packings.
More speculated packing types are available today which probably give low pressure drops
but more expensive. For an instance, the structured packing with curved element ends such as

Mellapak Plus of Sulzer Chemtech can be mentioned.

3.6 Effective interfacial area

The effective interfacial area is one of the main parameters which determine the efficiency of
a multiphase contacting process equipment such as an absorption column (Ratnam and
Varma, 1991, Alix and Raynal, 2009), as it directly relates to the mass or heat transfer rate
between the phases. Hence it is important for the design of gas—liquid contacting equipment
(Aroonwilas et al., 2003).
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There are several definitions of interfacial area per unit volume of packed beds (Weimer and
Schaber, 1997);

(i) The actual interfacial area between gas and liquid.

(ii) The actual interfacial area between the liquid and the solid packing, i.e. the wetted
surface area of the packing.

(iii) The active interfacial area for gas side controlled mass transfer.

(iv) The active interfacial area for liquid side controlled mass transfer.

(v) The active interfacial area for evaporation of liquid.

(vi) The active interfacial area for mass transfer in presence of a chemical reaction.

(vii) The effective interfacial area of a packing depending on the process.

According to (Wang et al., 2005, Razi et al., 2012, Weimer and Schaber, 1997), the effective
interfacial area includes not only films on the packing surface but also drops, jets and sprays
which flow through the voids of the packed bed. Among several parameters determining
interfacial area, wetted surface area is particularly important in two phase flow packed
columns, and can be taken as a reference surface area when considering experimental mass
transfer results. Actually, the wetted area can be divided into two parts: one occupied by the
liquid film flowing over the surface of the packing and the other, the stagnant liquid. In gas
absorption, the fraction of the wetted area occupied by the stagnant liquid soon becomes
saturated with gas, and as renewal of that liquid is insignificant; it does not contribute to mass

transfer.

Sometimes effective interfacial area (a.q) is higher than the specific geometric area (a,) of a
packing. It means that the effective area of the drops and jets trickling in the free volume of
the packing in this case is some greater than its specific surface area. Results of (Wang et al.,
2012) show that the effective area increases with liquid flow rate and is essentially
independent of gas flow rate.

There are three main methods for measuring the effective area (Nakov et al., 2007). They are;
» The method of van Krevelen
» The method of Shulman

» The method using chemical reaction of a pseudo-first-order, proposed by Danckwerts

It is a well noted observation that the maximum interfacial effective area is a specific value,
which varies from packing to packing. For instance, (Aroonwilas et al., 2003) depict that the
maximum interfacial areas for Mellapak 500Y and Mellapak 500X structured packings are
260 and 225 m*/m°, respectively. And, (Weimer and Schaber, 1997) say that, the effective
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interfacial area of stainless steel Mellapak 250Y packing is about 80 — 90% of its geometric
surface area. (Alix and Raynal, 2009) say that the effective interfacial area of random packing
is much higher than the geometric area of it and linked to the flooding percentage. According
to study done by (Nakov et al., 2007, Weimer and Schaber, 1997), they state that all metal
packings have greater effective interfacial area than all plastic ones with the same specific

dred.

3.7 Gas mal-distribution within the packed beds

Among the many industrial applications such as distillation, gas absorption, catalytic reactors,
adsorber beds etc., which require gas to flow through a packed bed, initial gas ditribution is a
very important fact that has to be considered carefully. In most of the industrial distillation
and absorption columns which are filled with regular packings, there is a possibility of
occuring initial gas mal-distribution and longitudinal mixing which results in the reduced
seperation efficiency. Actually, this mal-distribution is not only associated with gas phase but
also with liquid phase too within the column. Thus, they form some deviations of the
production rate, purity or seperation from the parameters calculated for the ideal conditions of

uniform distributions.

Therefore, it is essential to identify what causes the problems in uniform distribution in both
liquid and gas phases and should take the actions. For an instance, To reduce the effect of
liquid mal-distribution on the separation efficiency in tall columns, it is recommended to
install liquid redistributors in certain intervals along the column height and also some form of

gas distributors are also used.

When the gas phase distribution within the column is considered, in most of the applications
gas becomes uniformly distributed across the column cross section when the length or the
depth of the bed is several times greater than its diameter. How ever, the preformance is
suffered from gas mal-distribution when the gas needs to move through a shallow packed bed
(Porter et al., 1993). Here, a shallow packed bed is defined as a column which contains a bed
whose bed diameter is greater than the packed height. Shallow packed beds are used
according to the requirements such as to reduce the pressure drop or due to large gas flows

which cliaim a larger diameter.

In all of these applications it is most important to ensure that the gas is uniformly distributed
across the cross section throughout the packed bed. If it is not achieved in the applications
such as distillation and absorption where the gas is in countercurrent contact with a liquid, a

variation in the ratio of gas to liquid flow can result in reduced driving forces for mass
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transfer and a reduced separation. (@i, 2012) states that low pressure drops within the
absorption column may lead to initial gas mal-distribution and it will result in reduced
absorption efficiency of the column.

According to (Duss and Menon, 2010), if the appropriate initial liquid and gas distribution is
assured, there will be no effects from coulmn diameter or wall effects on the packing
performance. For an example, when a structured packing such as stainless steel Mellapak is
used, the maximum packing height is not restricted by the mechanical strength of the packing.
But, the main limitation and the attention must be paid to the formation of mal-distribution.
(Duss and Menon, 2010) state that this issue can be qualitatively assessed by performing a
mal-distribution susceptibility analysis which is based on the hydraulic behaviour of the

system.

From their experimental observations, (Porter et al., 1993) suggest that, ‘‘mal-distribution
factor” can be used as an indication to have an idea of up to which extent the mal-distribution
exsists within the packed bed. The mal-distribution factor is calculated from measurements of
the velocity of the gas emerging from the top of the packed beds at several hundred different

positions. Thus, the mal-distribution factor can be expressed as shown in Equation 3-5;
\ N b

¢={Z(1——"H 3-5
5 1%

The mal-distribution factor is large at short packed depths for a badly distributed flow, and
reduces to a minimum value as the packed height is increased.
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4 Literature review on different design values and
cost data

When it comes to the design of mass transfer equipment like absorption columns, the column
type (e.g., structured or random packing, valve or sieve trays) and the size of the mass transfer
region (i.e., height of packing, number of trays) are important design variables. In addition to
that, the optimal design is not immediately apparent and involves a trade-off between cost,
availability, and performance. Therefore, the parameters such as pressure drop through the
column, gas velocity and also the column diameter can play important roles in optimization of

an absorption column which is in commercial use.

As it was mentioned in the introduction also, this thesis is mainly discussing about the
absorption column which is used in the post combustion capture. Out of the different
absorption column configurations, a packed column where the two streams (gas and liquid)
flow in a counter current manner is considered. Figure 4-1 shows a counter current flow of a

packed tower.

™ Mist eliminator

Liquid sprays

—— Packing

Figure 4-1: A counter-current packed absorption column (Billet and Fullarton, 1995)
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It is obvious that, there are some pilot scale as well as commercial scale post combustion CO;,
capture plants available currently. But, the technical and the economic data about those
operating plants are not published to the public access. Even the data available in the open
literature are very limited. Therefore, this chapter aims to present a literature review on
different design parameters mainly on pressure drop, gas velocity and column diameter values
which are available in the open literature, and also about some cost data regarding to post
combustion CO; capture.

4.1 Available values for absorption column pressure
drop

The usual way of defining the pressure drop within the absorption column is that, the
absorption pressure is set to atmospheric pressure at the outlet and atmospheric pressure plus
pressure drop at the inlet. The low pressure drops in the absorption columns will lead to low

energy consumption by flue gas blower / fan and hence the lower cost of the fan.

When the partial pressure of CO; is increased, the absorption rate in the absorber is also
increased. That gives an idea that, an increase in feed pressure should increase the mass
transfer rate in the absorber. But, there is a penalty in the form of blower power associated
with this. Therefore, these two competing factors must be taken into account in determining

the optimum pressure for the absorber.

In literature, some researchers have reported the pressure drop of the column directly and
some have reported it as the inlet flue gas pressure to the absorber column. The following

values for the absorber pressure drop are available in the literature.

» (Desideri and Paolucci, 1999) have used a pressure drop of 0.2 bar (20 kPa) for the
simulations to validate their CO;, removal model and compared with the data available

in the literature for case studies and pilot plant experimental results.

* (Rao and Rubin, 2006, Rao et al., 2004) have used a value of 0.14 bar (14 kPa) for the
pressure drop in the absorber column in their simulations as the Amine System
Performance Model parameters.

» (Wiggins and Bixler, 1983) have stated about a pressure loss of the absorber as 0.138
bar (13.8 kPa) of the plant at Lubbock, Texas.

= (i, 2012) states that he has used 1.1 bar as the inlet gas pressure in their simulations

and the typical values found in the literature for pressure drop in absorbers are 0.1 to
0.2 bar.
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(Abu-Zahra et al., 2007b) have mentioned that the flue gas from a 600 MW coal fired
power plant which they considered for their simulations, has a inlet pressure of 1.016
bar (101.6 kPa).

According to (Dave et al., 2009), they have used a value of 1.05 bar (105 kPa) inlet
gas pressure for their simulations.

A CO; recovery plant for a 500 MW LNG power plant is conceptually studied by
(Yagi et al., 1992) and the inlet gas pressure was atmospheric.

(Bozzuto et al., 2001) state that the absorber inlet pressure is 0.12 bar (12 kPa) in their
study.

An absorber inlet gas pressure of 1.1 bar has been used by (Greer, 2008) for his study.

(Yu et al.,, 2012) state that the operation pressure of the absorption unit in post

combustion CO;, capture in the order of magnitude of 1 bar.

According to the study done on capital costs and energy considerations of different
alternative stripper configurations for post combustion CO, capture by (Karimi et al.,

2011), 1.1 bar has used as the absorber inlet gas pressure.

(i, 2007) has used an absorber pressure drop of 0.1 bar for his Aspen HYSYS

simulations.

In the study done by (Leifsen, 2007), the total pressure drop for the absorber was 0.05
bar in the base case.

In a parametric study of the technical performance of CO, capture plants based on
mono-ethanolamine, the absorber has been simulated at 1.1 bar (110 kPa) with a
pressure drop of 0.048 bar (4.8 kPa) (Abu-Zahra et al., 2007b).

(i and Vozniuk, 2010) have used 1.11 bar as the absorber inlet gas pressure for the

base case in their simulation study.

(Freguia and Rochelle, 2003) have reported the typical value for the absorber inlet

pressure as 1 atm.

An upper bound pressure drop of 0.1225 bar (12.25 kPa) for ten stages is considered
by (Mores et al., 2012) as the maximum allowable value reported in literature. And,
1.013 bar (101.3 kPa) has been used for the absorber inlet gas pressure.

(Ziaii et al., 2011) have used 1 bar as the operating pressure for their simulations.

(Chakma et al., 1995) have examined the effect of absorber pressure on the cost of
CO; removal by varying the absorber pressure from 1.15 to 2 atm and reported that

there is no cost benefit in operating the absorber column at higher pressure.

An inlet absorber gas pressure of 1.113 bar and an outlet gas pressure of 1.023 bar
(which means a pressure drop of 0.09 bar) have been used by (Schach et al., 2010) for

their simulations.
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» (Singh et al., 2003, Hassan, 2005, Hassan et al., 2007) have used a value of 1.2 bar for

the absorber pressure in their simulations.

» (Razi et al., 2012) have reported that the inlet flue gas pressure for the absorber unit is
1.016 bar (101.6 kPa) for both coal fired and natural gas fired power plants.

» An operating pressure of 1.013 bar (101.3 kPa) for the absorber has been used by
(Alie, 2004) for his simulation study.

» An inlet flue gas pressure of 1.1 bar for the absorber from both coal fired and gas fired

power plants, has been used by (Chapel et al., 1999) for the simulations.

= (Kallevik, 2010) has used the absorber inlet gas pressure as 1.21 bar (121 kPa) and the
outlet gas pressure as 1.06 bar (106 kPa) in his simulation study. Therefore, he has

used defined a pressure drop of 0.15 bar through the absorber column.

» (Peeters et al., 2007) have assumed a short term pressure drop of 0.048 bar in the

absorber unit.

Therefore, it can be easy to get an idea that the optimum pressure drop for an absorber unit in

a post combustion CO; capture process is around 0.1 bar according to the literature.

4.2 Available Values for the gas velocity

As it described in the section 3.3, superficial gas velocity is a very important parameter which
has to be optimized in order to achieve an economical post combustion CO; capture process.
It is true that the degree of contact between gas and liquid phases becomes stronger with
increased gas velocity. But, the gas velocity within the absorption column is limited by
pressure drop of the column i.e., the pressure drop over the absorber column is increased by
increasing the gas velocity.

Reduction of gas velocity helps to reduce the pressure drop. Reduction in 1 mbar of pressure
drop results in considerable savings in operating cost. Therefore, it is very important to have a
good understanding about the optimum values for the gas velocity. Because, there should be a
balance between minimizing the pressure drop by decreasing the velocity and increased
process throughput and smaller tower diameter by increasing the velocity (Greer, 2008). The
usual practice in the industry is that the lower and upper bounds for the superficial gas
velocity are also set in such a way to avoid flooding problem and a bad gas—liquid
distribution. Actually, (Brunazzi et al., 2002) illustrate that computing the absorption column
diameter by selecting the gas velocity in the column as the gas velocity at the loading point
might be inadequate.
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The reported values for the gas velocity used in the absorption of CO; processes in open

literature are very low. This sub chapter tries to present some of the gas velocity values which

are reported in literature.

(Duss and Menon, 2010, Menon and Duss, 2012) from Sulzer Chemtech AG, have
used a superficial gas velocity of 2.1 m/s for their study.

(Vozniuk, 2010, @i and Vozniuk, 2010) have used a value of 3 m/s for the gas phase
superficial velocity through the absorption column in their simulation study.

(Menon and Duss, 2011) has used 1.6 m/s as the gas superficial velocity in their
OPEX analysis.

According to the study done by (Leifsen, 2007) for the Mellapak 2X, a maximum
velocity of 3 m/s is recommended. Furthermore, he states that the maximum
acceptable superficial gas velocity is a quality of the packing in terms of at which
flooding can occur.

(Mores et al., 2012) state that the optimum values for the gas velocity range from 70 to
80% of the flooding velocity of the system according to literature.

According to (Billet and Fullarton, 1995), the gas flow within the packed absorption
column is typically between 1 to 4 m/s.

(Kallevik, 2010) has used a value of 3.6 m/s for the vertical gas flow velocity in his
simulation study.

(Hussain et al., 2012) have managed the value of column diameter in their simulations
in order the gas velocity to be higher than 1.5 m/s.

According to a study done by Kansai Electric Power Cooperation (KEPCO) Inc. and
Mitsubishi Heavy Industries (MHI) Ltd, a gas superficial velocity in the range of 1.92
to 3.29 m/s has been found to be optimum for the special type of packing called KP-1
(Mimura et al., 2002).

Some values for gas superficial velocity within the absorption columns range from
0.75 to 3 m/s have been reported in the review study done by (Razi et al., 2012). Most

of them belong to experimental analyses.

According to the above reported values found from literature, gas superficial velocities range

from 2.0 to 3.0 m/s seem to be the optimum range.

4.3 Available values for the column diameter

In the design of an absorption column, the amount of gas to be purified and the extent of

purification which affects the height of the column are two basic factors which determine the
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size of an absorption column. Generally, the first problem to solve is to identify the column

dimensions that allow the minimum total cost to be obtained.

The absorbers to handle high gas flow rates have to be designed accordingly. That means, due
to the mechanism of mass transfer with chemical reaction, it is not favorable to design such
absorbers at its hydraulic limit (Duss and Menon, 2010). Therefore, most absorption columns
are designed with an increased diameter, which in turn help to reduce the packing height and
hence the pressure drop associated with it. When it comes to the packed columns, it is
assumed that absorber diameter should be ten times greater than the nominal diameter of
packing (Seider et al., 2009).

And also, a change in absorber size will directly affect the energy requirements and capital
costs of the flue gas blower, which is responsible for about 10% of both the energy penalty
and the overall absorption plant costs. It is very important to conserve the absorption rate
when the other parameters such as chemical binding energy of the solvent, are changed
(Peeters et al., 2007).

Similar to that of gas velocity, absorption column diameter values are also very rare to find in

the open literature. Some of the few reported values in the literature are mentioned below.

= (Menon and Duss, 2012) from Sulzer Chemtech AG, has reported an internal
absorption column diameter of 23 m for a CO; capture plant, where the flue gas comes

from a typical 800 MW coal-fired power plant.

*= A value of 17 m for the absorption column diameter has been used in a simulation
study done by (Leifsen, 2007).
* (Rao et al., 2004) have used some values of column diameters for their simulations

range from 7.92 to 12.8 m.

= 12.8 m has been reported as the maximum column diameter by (Mores et al., 2012,
Chapel et al., 1999) according to literature.

* A column diameter of 15.2 m has been used by (Kallevik, 2010) for the simulation
analysis.

* (Vozniuk, 2010) has used a value of 17.3 m for a simulation study in the base case
without split stream configuration.

* In the conceptual study done by (Yagi et al., 1992) for a CO, recovery process of a
500 MW LNG power plant, 8 m diameter absorption column is considered with a 47
m packing height.

= (Greer, 2008) has used 16 m as the absorption column diameter in their simulation
studies.
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* (Duss and Menon, 2010) from Sulzer Chemtech AG states that, if a single train is
used, a 16 m diameter absorption column can handle a flue gas flow rate of 1.5x10°
m?/h.

» (Mores et al., 2012) have used an optimum absorption column diameter of 12.2 m in
their simulation study done on different CO, removal targets.

» (Singh et al.,, 2003) have used four trains of absorbers in their study, where the
columns are about 10 m in diameter in order to eliminate the structural uncertainties.

Because, a single train has resulted in a calculated column diameter of about 19 m.

* (Simmonds et al., 2002) have reported that their design called for four absorbers of

10.3 m in diameter.

4.3.1 Importance of the absorber column geometry: Circular
Vs Rectangular

One of the highly discussing topics with regarding to the absorption column diameter
optimization is the geometry of the absorber. Because, in order to reduce the packing volume
and the pressure drop, the circular absorption columns are designed with an increased column
diameter. But, then a question arises whether the design is structurally acceptable or not. To
overcome this issue, some of the companies tend to design the commercial scale absorption

columns with a rectangular geometry.

CO; capture has a high priority on the agenda of the Norwegian government today. A
collaboration between the government, Gassnova and several major industrial companies with
Aker Kvaerner as one of the leading members has resulted in the project called “Just Catch”
with objective of reducing the operating costs and improving the efficiency of CO, capture
plants. The aim is to offer a competitive technology for the Norwegian market as well as the
international market. The topic of rectangular shaped absorption column is a highly discussed
topic within the “Just Catch” (de Koeijer et al., 2011).

(Duss and Menon, 2010)) from Sulzer Chemtech say that, the absorption columns used in
CO, capture process can be built with either circular or in rectangular shape. But, it is up to
the Process Licensor or the Engineering Contractor to analyze the advantages and

disadvantages of the chosen geometry.

Because, in all most all the cases we target to achieve a cost optimized design for the
absorption column being one of the most expensive equipments of the capture process. In that
sense, the materials of construction, choice of beam support options, wind loads, required
throughput per unit etc., for a particular geometry might lead us to a different result than what
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we were thinking to achieve. For example, when the dimensions of the absorber column
increase further, the challenge to properly distribute the phases also increases. In particular,
vapor distribution needs special attention. Therefore, selection of the desired geometry for an
optimum design is very critical.

So far, the possibility of constructing the absorption column with rectangular geometry has
gained wide attention from all over the world. (Menon and Duss, 2011) say that they are
working very closely with all major Process Licensors at the grass root level and presents a
large list of references where they have performed in post combustion capture field. Among
them, two major plants have been constructed so far using the rectangular geometry for the
absorption column. One is for Norway using plastic structured packings in 2010 and the other
one is for Canada using metal structured packings in 2010. Figure 4-2 shows a typical CO;

absorption column with a rectangular geometry.

Absorption section — typically
consisted with 2 — 3 sections.

Packing height is around 12 — 30m

Figure 4-2:Typical CO, absorption column with rectangular geometry (Menon and Duss, 2011)

According to (Duss and Menon, 2010), absorber units with large dimensions are not very far
from the limits of experience for column internals. For instance, assuming a single train to
handle a flue gas flow rate of 1.5x10° m%h, the dimensions of CO, absorber column for

different geometries can be calculated as shown in Table 4-1:
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Table 4-1:Dimensions of a CO, absorber for different geometries

Geometry Dimensions

Circular 16 m (Diameter)

Square 14 m x 14 m (Length)
Rectangular 20 m x 10 m (Length x Width)

(de Koeijer et al., 2011) state that, the absorber design in Mongstad Technology Centre has a
rectangular outer wall with the internal dimensions of 3.5 x 2 x 62 m which is made up of
concrete with internal polymer lining. According to a study done by (Kamijo et al., 2004),
they conclude that large scale CO, absorbers for capacity of 5000 - 10000 Metric ton/day can
be realized with the use of rectangular geometries for the absorbers. Figure 4-3 shows the 1

m? rectangular shaped absorber column used for their experimental analysis.

Figure 4-3:Rectangular absorption column used in an experimental analysis

(Kamijo et al., 2004)

4.4 Available cost data and cost estimates

In most of the cases, the goals of high CO, emission reduction efficiencies are however,
penalized by the very high capital and operational costs of the removal plant. Largest
influence on costs must be attributed to the absorber and stripping columns, which have a

large size and require considerable construction and installation work.

According to (Mariz, 1998) the most promising areas for achieving operating cost savings

within post combustion CO; capture are;
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» Reduction of the absorber packing pressure drop

* Reduction of steam consumption

» Integration of power generation with the stripper reboiler
And the most promising areas for capital cost savings are;

= Absorber vessel size

= Absorber and flue gas cooling vessel materials

» Economics in scale up procedures

» Improved oxidation inhibitors

Since each mbar of pressure drop which can be saved, results in considerable savings in
operating cost (Duss and Menon, 2010), it is very important to look into details about which
cost components are the main contributors for a high total cost, particularly with regarding to

the absorption unit.

4.4.1 Cost of packing

This sub chapter presents some cost data for different types of packing available in the open
literature. Similar to the other parameters like gas velocity and column diameter, packing cost
data are also very limited. Table 4-2 lists some volumetric costs of packing for both random

and structured packings. The year for the currency index can be found from the year of the

reference.

Table 4-2:Volumetric cost of packing available in literature
Packing Type Material Volumetric cost Reference
Structured packing AISI 316 2375.70 [€/m°] (Brunazzi et al., 2002)
Structured packing Polypropylene 3356.97 [€/m°]
Raschig Ring2”  AISI 316 1291.14 [€/m’]
Raschig Ring 2”  Polypropylene  206.58 [€/m"’]

Pall Rings 0.5”
Pall Rings 1”
Pall Rings 1.5”
Pall Rings 2”
Pall Rings 0.5”
Pall Rings 1”
Pall Rings 1.5”
Pall Rings 2”

Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Polypropylene
Polypropylene
Polypropylene
Polypropylene

130 [$/m’]
118 [$/m’]
92 [$/m°]
76 [$/m’]
33 [$/m’]
29 [$/m’]
21 [$/m’]
8 [$/m’]

(Loh et al., 2002)
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Mellapak 250Y Metal 5940 [€/m?] (9i and Vozniuk, 2010)

Raschig Ring 2” N/A 1740 [€/m’] (Peeters et al., 2007)
Structured packing N/A 3637 [€/m’]

Raschig Ring 17 Ceramic 510 [$/m’] (Mulet et al., 1981)
Raschig Ring 1”7 Metal 840 [$/m’]

Raschig Ring 2” Ceramic 360 [$/m°]

Raschig Ring 2” Metal 600 [$/m°]

Intalox Saddles 17 N/A 510 [$/m’]

Intalox Saddles 1”7 N/A 360 [$/m’]

Pall Rings 17 Metal 840 [$/m’]

Pall Rings 2” Metal 600 [$/m’]

It is an obvious fact that, the cost of the structured packing is higher than the random packing
(Senderby et al., 2013, Wilson, 2004) but, in most of the cases, structured packings can save
energy and reduce the investment and operational costs significantly by offering low pressure
drops through the packing (Brunazzi et al., 2002). As packing height increases, total surface
area and residence time increases, enhancing absorption. However, more packing necessitates

a larger absorption system, which increases capital cost.

4.4.2 Other cost components regarding to post combustion
CO, capture

According to (Klemes$ et al., 2007) the absorption unit and the compressors are the
equipments with largest impact to the cost in CO, capture, but the contribution percentage of
each equipment is slightly influenced by the CO, removal target. That is confirmed by the
study done by (Mores et al., 2012), where the cost component related to the absorption
column which contributes to the total plant cost of CO; capture is increasing when the target

or the percent CO, reduction is increased.

Some cost data and estimated cost values for the absorption columns and flue gas blowers are
presented in Table 4-3. It is true that these cost values are depended on the size and also the
capacity of those equipments. But, they are listed in the same manner as they were reported in
the literature and also the year for the currency index can be found from the year of the

reference.
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Table 4-3:Estimated cost data for absorption columns and flue gas blowers in literature

Item

Cost

Reference

Absorber (for Base case)

Blower pump (for Base case)

Absorber

Gas Blower

Absorption columns (4 Nos)

Flue gas blower + motor

Absorber column
Absorber column
Gas blower

Absorber column

Gas blower

4.81 [Million $]
0.42 [Million $]
10.94 [Million €]
3.10 [Million €]
29.53 [Million $]
0.988 [Million €]
1227 [€/m?]
4.557 [Million $]
1.709 [Million $]
16.32 [Million $]
2.04 [Million $]

(Karimi et al., 2011)
(Abu-Zahra et al., 2007a)
(Singh et al., 2003)

(i and Vozniuk, 2010)
(Peeters et al., 2007)

(Mores et al., 2012)

(Fisher et al., 2005)

From the above mentioned cost data and estimations reported in literature, it is obvious that
the right choice of mass transfer equipment is of great importance. The attention must be paid
that, the volumetric cost of structured packing is higher than the random packing. But,
considering about the long term operation structured packing offers an excellent solution

because it reduces the column dimensions (capital expenses, CAPEX) and provides low

pressure drop (operational expenses, OPEX) over the CO, absorber.
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5 Evaluation of correlations for calculation of
optimum parameters

In all aspects of industrial activity, one must continuously try to improve the performance and
it is common to aim at a target for ultimate or “best” operating point. Hence, in all most all
the engineering applications, optimization problems can be reduced to a minimization of cost

or maximization of profit.

It is true that, a good knowledge of design correlations is essential to provide the best possible
scale up data. It will help to know and remove technical risks related to the design and
operation of a full scale CO, capture plant. In this analysis, hydrodynamics and mass transfer
correlations for structured packed columns have been compared to take into account of the
impact of operating conditions and hydraulics of a packed column in a large scale CO,
capture plant. Normally, an average sized power station releases large volumes of flue gas to
the atmosphere. Since coal based and gas based power stations are main emitters of CO,, the
analysis below is restricted to the flue gas released from such a conventional combined cycle

natural gas based power station.

Hence, this chapter presents an overview and evaluation of different correlations available in
the current literature to estimate the important design parameters regarding to the absorption
column. The economic analysis of the packed absorption column, discussed in this chapter

will take into account both the investment costs and the operating costs.

5.1 Optimization analysis

In this optimization analysis, it is aimed to find out the most economical type of packing and
the optimum design parameters for the absorption column based on some assumptions. And

specially, the absorber is considered as a circular tower with usual column internals.

The analysis will be limited to two widely used traditional packing types. They are Mellapack
250Y to represent structured packing and 1”and 2” metallic Pall Rings to represent random
packing. The same approach can be easily extended to all other packings available in the
market. For the convenience of referring, results are presented as two different cases as

follows;
Case 1: Comparison between 17 Pall rings and Mellapak 250Y
Case 2: Comparison between 2” Pall rings and Mellapak 250Y
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5.1.1 Assumptions and other specifications

In the following analysis the estimation of operating costs have been limited to the following

items:
= Power necessary to move the gas phase has been computed using the pressure drop in
the packing.
» An energy cost of 0.05 €/kWh and an efficiency of 0.75 have been assumed.

The investment or the capital costs have been computed by taking into account the following

items.
» Cost of the packing has been evaluated by multiplying the volume of the packing for
the volumetric packing cost (See Equation 5-2).

C =A-H-C 5-1

packing
Assuming the absorption column to be cylindrical,

r-D?
Cpacking = [ 4 ] -H - C 5-2

In addition to that,

» The volume flow rate of gas (Vg ) is considered to be constant.

as
* The volume flow rate of liquid (Vliquid) is considered to be constant.

* Total area of the column (A,

ool ) 1S CONStant.
» The superficial gas velocity and liquid velocity are directly proportional.
» Effective interfacial area is a function of liquid velocity and also gas velocity.

» Packing height is dependent on effective interfacial area of the packing used.

In every calculation, three main superficial gas velocity values were considered and the
variation of the other design parameters was analyzed according to that. Gas superficial
velocity of 2.5 m/s was considered as the base case and the other two values were 2.0 m/s and

3.0 m/s. The other specifications are presented in the Table 5-1.
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Table 5-1:Specifications used in optimization analysis

Specification Value Reference / remarks

Gas volume flow rate, V,,, [m’/h] 2.547.10° (Vozniuk, 2010)

Gas density, p, [kg/m’] 1.02 (@i, 2012)

Liquid density, p, [kg/m®] 1050 (i, 2012)

Liquid viscosity, g, [kg/(m-s)] 0.0023 (921, 2012)

Liquid superficial velocity, v,[m/s] 0.0041 (9i, 2012), for the base case
Height of the column, H[ m ] 10 Assumed, for the base case
Operating time, T [ years ] 10 Assumed

Operating hours, h, [ hours/ year ] 8000 Assumed

Cost of structured packing, C [€/m’] 5940 (Qi and Vozniuk, 2010)
Electricity cost, C, [ €/kWh] 0.05 (9i and Vozniuk, 2010)
Efficiency of the absorber fan, 77[-] 0.75 Assumed

5.1.2 Estimation of effective interfacial area

As it was mentioned in sub chapter 3.6, the effective interfacial area is one of the main
parameters which determine the efficiency of an absorption column. It directly relates to the
mass transfer rate between the phases. Therefore, it is very important for the design of

absorption columns.

It was mentioned already, that the effective interfacial area is mainly depend on the liquid

superficial velocity within the absorption column. In other words, it can be said that the

effective interfacial area (a,; ) is a function of the superficial liquid velocity (v,). Many

researchers have done several reviews about different correlations to emphasize the

relationship between the effective interfacial area and the superficial liquid velocity.

For an instance, (@i, 2012) has used three different correlations from literature to estimate the
effective interfacial area of Mellapak 250Y stainless steel structured packing from Sulzer
Chemtech as a function of the superficial liquid velocity. Figure 5-1 shows the calculated
effective relative interfacial area as a function of superficial liquid velocity using three
correlations of (Billet and Schultes, 1999, de Brito et al., 1992, Rocha et al., 1996).
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Figure 5-1:Calculated effective relative interfacial area of Mellapak 250Y as a function of

superficial liquid velocity

For the current analysis, the “deBrito et al. (1992)” correlation for the effective interfacial
area has been used which is presented in Figure 5-1. The use of the deBrito correlation shown
in this figure is illustrated in the calculation of Appendix 2: Correction for the height based on
effective interfacial area and the newly calculated effective interfacial areas according to the

new superficial liquid velocities are tabulated in Table 5-2.

Table 5-2:Calculated effective interfacial areas for the three velocities

Superficial gas Superficial liquid Effective interfacial
velocity [m/s] velocity [m/s] area [m?/m°]
2.0 0.00328 0.78
2.5 (Base case) 0.00410 0.86
3.0 0.00492 0.94
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5.1.3 Column height variation with effective interfacial area

It is a well noted observation that the maximum interfacial effective area is a specific value,
which varies from packing to packing. This sub chapter describes how the different effective
interfacial areas of different packings will affect the column height.

5.1.3.1 Effect of interfacial area to Case 1

In Case 1, 1” metal Pall Rings and stainless steel Mellapak 250Y are compared. It is
necessary to look into the effective interfacial areas of those two types of packings reported in

literature.

According to literature, the specific geometric surface area (a,) of Mellapak 250Y is 250
m?/m> (Billet and Schultes, 1999, Arachchige and Melaaen, 2012, Razi et al., 2012, @i, 2012)
and the effective interfacial area (a.) of that packing is around 80 — 90% of its geometric
surface area (Weimer and Schaber, 1997). For 1” Pall Rings, the specific geometric surface
area (ap) is around 210 — 225 m?*m> (Billet and Schultes, 1999, Arachchige and Melaaen,
2012, Aroonwilas et al., 1999, Wilson, 2004, Wang et al., 2012, Mackowiak, 2009, Stichlmair
et al., 1989) and the effective interfacial area (a.f) of that packing is around 100 — 110% of its
geometric surface area (Sahay and Sharma, 1973, Menon and Duss, 2011).

It seems that, the effective interfacial areas for both 1” Pall Rings and Mellapak 250Y lay in a
close range and they both work in a similar efficiency. But, when we consider the different
superficial gas velocities, that will more or less affect the mass transfer rate and the efficiency
of the column and furthermore, it will demand some height changes. Hence, a correction for
the packing heights at different superficial gas velocities was done based on the different
effective interfacial areas. See Appendix 2: Correction for the height based on effective

interfacial area. The newly calculated column heights are tabulated in Table 5-3.

Table 5-3:Newly calculated column heights according to the effective interfacial area

Superficial gas velocity [m/s]  Column height [m ]

2.0 8.82 (calculated)
2.5 (Base case) 10.0 (assumed initially)
3.0 10.97 (calculated)
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5.1.3.2 Effect of interfacial area to Case 2

In Case 2, 2” metal Pall Rings and stainless steel Mellapak 250Y are compared. According to
literature, the specific geometric surface area (a,) and the effective interfacial area (as) of
Mellapak 250Y are as mentioned above. But, for 2” Pall rings, the specific geometric surface
area (a,) is around 110 — 115 m*m”> (Billet and Schultes, 1999, Aroonwilas et al., 1999,
Wilson, 2004) and the effective interfacial area (a.f) of that packing is around 90 — 100% of

its geometric surface area (Weimer and Schaber, 1997, Menon and Duss, 2011).

Therefore, a clear conclusion can be made by looking at the above mentioned values. That is
the effective interfacial area of Mellapak 250Y is twice that value of 2” metal Pall Rings. That
means, it indirectly reveals that the mass efficiency of the structured packing column is twice
of randomly packed column. Hence, the height of the absorption column was assumed for the

two types of packings as follows:
H (When Mellapak 250Y is used) = 10 m
H (When 2” Pall Rings is used) = 20 m

5.1.4 Pressure drop correlations for structured packing

It was mentioned in the early chapters also that, the pressure drop is mainly depend on the
superficial gas velocity within the absorption column. In other words, it can be said that the

column pressure drop is a function of the superficial gas velocity (v, ). Many researchers

sup
have done several reviews about different correlations to emphasize the relationship between

the column pressure drop and the superficila gas velocity.

For an instance, (@i, 2012) has used three different correlations from literature to estimate the
dry pressure drop through Mellapak 250Y stainless steel structured packing from Sulzer
Chemtech for the flue gas coming from a gas based power plant. Figure 5-2 shows the
calculated pressure drops as a function of gas velicity using the three correlations of (Rocha et
al., 1993, Billet and Schultes, 1999, Stichlmair et al., 1989).

As another example, (Razi et al., 2012) have used ten different correlations from literature to
estimate the wet pressure drop through Mellapak 250Y stainless steel structured packing for
the flue gas coming from a gas based power plant. Figure 5-3 shows the calculated wet

pressure drops as a function of gas velicity.
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For the current analysis, the “Billet & Schultes (1999)” correlation for pressure drop has been

used which is presented in Figure 5-2. According to the graph, the pressure drops can be read

as mentioned in Table 5-4.
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Table 5-4: Calculated pressure drops for structured packing according to gas velocity

Superficial gas velocity [m/s]  Pressure drop, dp/dl [mbar/m]

2.0 2
2.5 (Base case) 3
3.0 4

5.1.5 Pressure drop calculation for random packing

The pressure drop for the random packing at specific gas velocities was obtained using
““Tierling online calculator” (Tierling, 2006) which contains a number of key chemical and

plant engineering calculations for various process equipments.

The required input data for the online calculator are mentioned in Table 5-1. In addition, the
packing factor for 17 Pall Rings and 2” Pall Rings were set as 269 m™ and 131 m™
respectively (Naike, 2013). The liquid flow rate, bed depth and bed diameter are according to
the calculations presented in Appendix 2: Correction for the height based on effective
interfacial area. The calculated pressure drops for the different random packing sizes are
tabulated in Table 5-5.

Table 5-5:Calculated pressure drops for random packings according to gas velocity

Superficial gas velocity Pressure drop, AP [bar ]
[m/s] 1” Pall Rings ~ 2” Pall Rings
2.0 0.155 0.096
2.5 (Base case) 0.416 0.202
3.0 0.954 0.422

5.2 Estimation of investment, operating and total cost

The values from literature (@i, 2007, @i and Vozniuk, 2010) and some other relevant
specification data as mentioned above were subsequently used in an Excel based model,
describing the relationship between the different correlations, the most important design

parameters and their influence on capital and operating costs as described.
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5.2.1 Case 1: 1" Pall Rings and Mellapak 250Y at different gas
velocities

Total cost was estimated for the 10 years operation of an absorption column when it is filled
with 1” metal Pall Rings and Mellapak 250Y. The optimum superficial gas velocity was
determined by considering the three velocities of 2.0, 2.5 and 3.0 m/s. Sample calculations for
structured packing and random packing are shown only for the base case in section 5.2.1.1
and section 5.2.1.2 respectively. The overall result of Case 1 is presented below that.

5.2.1.1 Total cost estimate for the structured packing

For the base case;

Gas superficial velocity, v, =25 m/s
According to Equation 3-3, colum diameter, D =19 m
Accoring to Equation 3-1, column cross sectional area, A = 283 m?

According to Table 5-4, pressure drop per unit length, dp/dl= 0.003 bar/m

bar

Hence, the total pressure drop, AP = 0.003— -10m
m
= 0.03 bar
; 2547-10° m’
Effect of the absorber fan, W, = AP-V = 0.0310° pg - =2 - T
3600 S
= 2122.5 kW
Assuming the efficiency of the absorber fan to be 0.75,
: hours
Fan effect for 10 years of operation = [2122.5 kW - 8000 -10years] /0.75
year
= 226,400,000 kWh
Assuming the cost of electricity to be 0.05 €/kWh
Electricity cost for the operation of 10 years = 226,400,000 kWh - 0.05 €/kWh
= 11,320,000 €
Volumetric packing cost, C = 5940 €/m’
Cost of packing = 5940 €/m> - 283 m”-10 m

= 16.81 Million €
Negelecting the A (Cost of the absorber fan),

11.32+16.81 Million €
28.13 Million €

Total cost estimate (Electricity cost + Packing cost)
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5.2.1.2 Total cost estimate for the random packing

For the base case;

Gas superficial velocity, v, =25 m/s
According to Equation 3-3, colum diameter, D =19 m

Accoring to Equation 3-1, column cross sectional area, A = 283 m’

According to Appendix 3: Pressure drop calculation snap shots for Random packing using

Tierling calculator, pressure drop per unit length, dp/dl= 0.0416 bar/m

Hence, the total pressure drop, AP = 0.0416 bar . 10 m
m
= 0.416 bar
; 2547-10° m’
Effect of the absorber fan, W, = AP-V_ = 0.416-10° Pa - 2547107 m°
3600 s
= 29432 kW

Assuming the efficiency of the absorber fan to be 0.75,

hours

Fan effect for 10 years of operation = [29432 kW - 8000 -10years] /0.75

year
= 3,139,413,333 kWh

Assuming the cost of electricity to be 0.05 €/kWh,
Electricity cost for the operation of 10 years = 3,139,413,333 kWh - 0.05€/kWh

= 156,970,667 €

Volumetric packing cost for 1” Pall Rings, C (Duss et al., 1997)

—_
~

= 5940 €/m’-

=
N

= 7213 €/m’

Cost of packing = 7213 €/m>. 283 m’ - 10 m
= 20.41 Million €

Negelecting the A (Cost of the absorber fan),

Total cost estimate (Electricity cost + Packing cost) = 156.97 +20.41 Million €
= 177.38 Million €

Including the above two sample calculations, the total cost estimation results for the three gas

velocities of Case 1 can be summarized as follows.
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Table 5-6:Results of the total cost estimate for Case 1

I II III

Parameter

Ry S R; S R; S
Gas superficial velocity [m/s] 2.0 2.0 2.5 2.5 3.0 3.0
Column Diameter [m] 21.2 21.2 19 19 17.3 17.3
Cross sectional area [mz] 353.8 353.8 283 283 235.8 235.8
Column height [m] 8.82 8.82 10 10 10.97 10.97
Pressure drop, dp/dl [bar/m] 0.0176 0.002 0.0416 0.003 0.087 0.0043
Pressure drop [bar] 0.1552 0.0176  0.416 0.03 0.9544 0.0438
Fan effect for 10 years of
operation [GWh] 11715 133.12 31394 226 7202.46 331.18
Electricity cost for 10 years
of operation [Million €] 58.574  6.656 156.97 11.32 360.12 16.557
Cost of packing [Million €] 22504 18,532 20.412 16.809 18.66 15.367
Total Cost Estimate
[Million €] 81.078 25.188 177.38 28.13 378.78 31.924

R; — 17 Metal Pall Rings S — Mellapak 250Y

According to the results shown in Table 5-6, the superficial gas velocity 2.0 m/s shows the

optimum value for an economical absorption column design with Mellapak 250Y structured

packing based on the assumptions mentioned above.

5.2.2 Case 2: 2” Pall Rings and Mellapak 250Y at different gas
velocities

In this case, total cost was estimated for the 10 years operation of an absorption column when

it is filled with 2” metal Pall Rings and Mellapak 250Y. The optimum superficial gas velocity

was determined by considering the three velocities of 2.0, 2.5 and 3.0 m/s. Sample calculation

for random packing is shown only for the base case in section 5.2.2.2. The overall result of

Case 2 is presented below that.
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5.2.2.1 Total cost estimate for the structured packing

In this case, the height of the column was varied according to the description given in the
section 5.1.3.2. That means,

Height of the colum, H (When Mellapak 250Y is used) = 10 m
Height of the colum, H (When 2” Pall Rings is used) = 20 m

Since the calculation for the total cost estimate of the base case is similar to that of Case 1
presented in section 5.2.1.1, it is not repeated here. The results are summarized at the end of
the sub section.

5.2.2.2 Total cost estimate for the random packing

For the base case;

Gas superficial velocity, v,,, 2.5 m/s

According to Equation 3-3, colum diameter, D 19 m

Accoring to Equation 3-1, column cross sectional area, A = 283 m?

According to Appendix 3: Pressure drop calculation snap shots for Random packing using

Tierling calculator, pressure drop per unit length, dp/dl= 0.0101 bar/m

Hence, the total pressure drop, AP = 0.0101 bar . 20 m
m
= 0.202 bar
; 2547-10° m’
Effect of the absorber fan, W, = AP-V_ = 0.202:10° pq - === M
3600 s
= 14291.5 kW

Assuming the efficiency of the absorber fan to be 0.75,

h
Fan effect for 10 years of operation = [14291.5 kW - 8000 ours

-10years] /0.75
year

= 1,524,426,667 kWh

Assuming the cost of electricity to be 0.05 €/kWh,
Electricity cost for the operation of 10 years = 1,524,426,667 kWh -0.05 €/kWh

= 76,221,333 €

Volumetric packing cost for 1” Pall Rings, C (Duss et al., 1997)

=

= 5940 €/m3-1

N

54



Cost of packing

Negelecting the A (Cost of the absorber fan),

Total cost estimate (Electricity cost + Packing cost)

4243 €/m’

4243 €/m>. 283 m* - 20 m
24.015 Million €

76.221+ 24.015 Million €
100.236 Million €

Including the above sample calculation, the total cost estimation results for the three gas

velocities in Case 2 can be summarized as follows.

Table 5-7:Results of the total cost estimate for Case 2

I II 111

Parameter

R> S R, S R, S
Gas superficial velocity [m/s] 2.0 2.0 2.5 2.5 3.0 3.0
Column Diameter [m] 21.2 21.2 19 19 17.3 17.3
Cross sectional area [m2] 353.8 353.8 283 283 235.8 235.8
Column height [m] 20 10 20 10 20 10
Pressure drop, dp/dl [bar/m] 0.0048 0.002 0.0101 0.003 0.0211 0.004
Pressure drop [bar] 0.0962 0.02 0.202 0.03 0.422 0.04
Fan effect for 10 years of
operation [GWh] 725.989 150.933 15244 226.4 3184.69 301.866
Electricity cost for 10 years
of operation [Million €] 36.299 7.546 76.221 11.32 159.234  15.093
Cost of packing [Million €] 30.017 21.012 24.014 16.809 20.011 14.008
Total Cost Estimate
[Million €] 66.316 28.558 100.235 28.13 179.245  29.101

R, — 2” Metal Pall Rings S — Mellapak 250Y

According to the results shown in Table 5-7, the superficial gas velocity 2.5 m/s shows the

optimum value for an economical absorption column design with Mellapak 250Y structured

packing based on assumptions mentioned above.
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5.3 General Remarks on the optimization analysis

From the above analysis, we came to know that the mass transfer columns equipped with
structured packings are more economical than those equipped with random packings when
long term operation is considered. Not only that, even the optimum superficial gas velocity is

also very important when thinking about an economical design.

The analysis confirms the idea that the capital cost or the investment cost for the columns
equipped with structured packings are higher than the cost for columns equipped with random
packings due to the high cost of structured packings. But, the operating costs are higher for
columns equipped with random packings. This can be visualized from the following graphs
in Figure 5-4 and Figure 5-5, which illustrate the idea of the above cost estimation.
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Therefore, if structured packings are used, it is possible to use smaller column diameters since

then the investment cost will be reduced due to the reduction of the volume of the column.

In this present analysis, we have used both random and structured packings made up of metal.
But, there have been some studies done in the literature, where the economic performances
vary with the material of the packing type as well (Brunazzi et al., 2002).

It is necessary to point out that in the above economical analysis the cost to install the
equipment has not been taken into account. Actually, installation costs can be identified as a
function of the country where plant is built. This is a great simplification but, it is necessary
to underscore, that the main objective of present work is to show that the correct design of an
absorption column cannot be done, taking into account only technical details (e.g. capacity,
loading point or flooding point), but it is necessary to take into account also the economical
point of view. Therefore if some details are available on the cost necessary to install the

equipment, it is sufficient to introduce another cost item for the above estimate.

And another important fact is that, the depreciation has not been taken into account in this
study. If we consider the depreciation also, the result will tell us some more information about
the costs according to the time period we consider. For an instance, (Brunazzi et al., 2002) say
that, the result of their study is quite surprising since if the depreciation period is short, the
operating costs have a negligible effect and the total cost is essentially due to the capital costs.
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6 Simulation of a CO, absorber using Aspen
HYSYS

6.1 General overview of the simulations

It is obvious and natural to use process simulations to evaluate new processes since the testing
is much expensive and time consuming. Therefore, process simulation and modeling have an
important role to play for system optimization and in evaluation of the various process
alternatives. Aspen HYSYS and Aspen Plus are two of the well proven process simulation

softwares to simulate such type of dynamic process plants.

However, the available literature on process simulations on CO; removal from exhaust gas at
atmospheric pressure is very limited. In literature, it is found some articles where Aspen
HYSYS has been used to simulate the CO, removal by amine absorption together with some
cost estimates (Vozniuk, 2010, @i, 2007, Leifsen, 2007). A CO, removal and liquefaction
system, which separates carbon dioxide from flue gases of conventional power plants, has
been modeled using Aspen Plus by (Desideri and Paolucci, 1999). The work of (Plaza et al.,
2009, Freguia and Rochelle, 2003) also focus on the development of Aspen Plus rate based
model of an absorption / stripping process for CO;, removal while (Abu-Zahra et al., 2007b,
Abu-Zahra et al.,, 2007a) have performed an optimization and technical and economical
parameter study for a CO, capture process using ASPEN Plus with the RADFRAC

subroutine.

Calculation of the thermodynamic properties and also the selection of the Amines Property
Package (Leifsen, 2007, @i, 2007) are very important in these types of process simulation
softwares. The Amines Property Package in HYSYS is a property package designed
especially for modeling of alkanolamine treating units in which H,S and CO; are removed
from gas streams. The package contains data to model the absorption/desorption process

where aqueous solutions of single amines and aqueous solutions of blended amines are used.

When it comes to a complete process simulation of a gas based power plant together with a
CO; capture plant, it needs to define all the adiabatic efficiencies of compressors, gas turbines
and steam turbines etc., to achieve the intended results. Other parameters such as amine
circulation rates, absorption column height, absorption temperature, steam temperature etc.,
can be varied in order to achieve a targeted CO, removal efficiency or energy efficiency of

the plant. Description of thermodynamics and absorption efficiency, convergence and total
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energy or cost optimization etc., can be identified as the major challenges in simulation of

CO; absorption and desorption processes (Ji, 2007).

The steady state simulation is not sufficient to study the dynamic operability of a power plant
with CO; capture since transient changes in the daily operation of the power plants will affect
the dynamic performance and operation of the CO, capture process. A complete
understanding of the dynamic operability of the power plant with CO, capture using amine
scrubbing is fundamental to successfully implement this process in commercial scale power

plants.

According to the task given in this thesis, the absorption unit within a CO; capture plant is
mainly focused. Therefore, the Aspen HYSYS simulation presented in this report is only
based on the absorption column with the optimum design parameters available in the
literature (Vozniuk, 2010, @i, 2007).

6.2 Aspen HYSYS simulation of the absorption unit

A steady state simulation for the absorption unit within a post combustion CO; capture plant
was performed using Aspen HYSYS V7.2, based on some literature data. The basic model of

the absorption column with its in and out streams are shown in Figure 6-1.

Lean MEA Sweet Gas

Sour Gas

Rich_MEA
Figure 6-1:The basic model of an absorption column

Flue gas from a natural gas based power plant is used as the source of CO, for the simulations
and necessary inputs were fed to achieve a CO; capture efficiency of 85%. Sour gas coming
from the power plant enters the absorption column from the bottom section while the solvent
(i.e. mono-ethanolamine or MEA in this study) stream enters the column from the top section
of the column. During the upward flow of the sour gas inside the absorber, most of the CO, in
the gas stream reacts with MEA solution to produce CO; rich MEA, which flows to the
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bottom of the column. The flue gas leaving at the top of the absorber column called as the
“sweet gas” contains very small amount of non-reacted CO,, Nitrogen, water vapor and trace
amount of MEA.

6.2.1 Parameters and specifications

The simulations were performed to achieve a CO, removal efficiency of 85%. The parameters
which were used in the simulation are listed in Table 6-1(di, 2007).

Table 6-1:Parameters and specifications used in HYSYS simulations

Specification Value
Inlet gas temperature [°C] 40
Inlet gas pressure [ bar ] 1.1
Inlet gas flow rate [ kgmole/ hr ] 85000
CO; in the inlet gas [ mol% ] 3.73
H,O0 in the inlet gas [ mol% ] 6.71
Lean_MEA temperature [°C] 40
Lean_MEA pressure [ bar ] 1.1
Lean_MEA flow rate [ kgmole/ hr ] 120000
MEA content in Lean. MEA [ mass% | 29
CO; content in Lean MEA [ mass% | 5.5
Number of stages [-] 10
Murphree efficiency [-] 0.25

The model was developed in Aspen HYSYS and the absorption column was specified with 10
stages where each stage with a Murphree efficiency of 0.25. That means, an estimated
“Height Equivalent to a Theoretical plate” (HETP) of 4m, is equivalent to 0.25 an efficiency
for each meter of packing. The Kent Eisenberg model is selected in the Amines Property
Package (@i, 2007). Modified HYSIM Inside-Out algorithm was used as the convergence
criteria and a value of 0.273 was used as the initial damping factor. The column top pressure
was specified as 1.101bar. The Aspen HYSYS model for the absorption column in CO,

removal is presented in Figure 6-2.
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Sour_Gas

Absorber

Figure 6-2:Aspen HYSYS model of the absorption column for CO, removal

6.2.2 Results

The results with the compositions of the in and out streams are mentioned in the .....It can be
seen that the CO2 composition in the “sweet gas” stream is very low. The calculated

efficiency results in = 86%.

Table 6-2:Results from the HYSYS simulations

Feeds Products
Component
Lean. MEA Sour gas Sweet gas Rich. MEA
Flow rate [ kgmole/ hr ] 120000 85000 85207.78 119792.2
MEA [mass% ] 0.1121 0 0.0004 0.1120
H,0 [ mass% ] 0.8584 0.0670 0.1010 0.8356
CO; [mass%] 0.0295 0.0373 0.0051 0.0524
N, [ mass% ] 0 0.8957 0.8935 0
Inlet CO, flow rate = 85000%*0.0373 kgmole/ hr
= 3170.5 kgmole/ hr
Outlet CO; flow rate = 85207.78+0.0051 kgmole/ hr

= 434.557 kgmole/ hr
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3170.5-434.557
3170.5

.. COy removal efficency = ( )-100%
=8

6.29 %

Figure 6-3 and Figure 6-4 show the pressure and temperature variation within the absorption
column top to bottom. The defined pressure drop of 0.09 bar can be clearly seen from the
pressure profile in Figure 6-3. Acording to Figure 6-4, the temperature within the absorption

column has become maximum in between the 3™ and 4™ stages from top.

Pressure vs. Tray Position from Top

110 E
109 =5
108 r/
= 107 .—/
% E
= 106 3 =c
e ]
§ 105 ; B
@ ]
ﬂh. 104 3 B
103 ; £
102 F/
101 f
1 2 3 4 5 6 7 8 9 10
Figure 6-3:Pressure profile within the absorption column
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Figure 6-4: Temperature profile within the absorption column
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7 CFD analysis of gas distribution in packed beds

The initial gas mal-distribution profiles generated within the packed beds has become a
potential drawback of further reduction of pressure drop due to the driving force reduction
(Sgnderby et al., 2013, @i, 2012). It requires excelent initial distribution to achieve the
maximum benefit of the structured packing. Promoting an uniform or even distribution of gas
and liquid is one of the main desirable requirements for the packing of distillation and

absorption columns.

(Falk-Pedersen et al., 2005) suggest membrane reactors as a solution for this gas channeling
or mal-distribution. The results of an experimental study done by (Pavlenko et al., 2009), give
an idea of the effect of the initial mal-distribution over a structured packing on the separation
efficiency of a binary freon mixture. They state that, the rotation angle of structured packed
layers have a significant effect on the efficiency of mixture separation in the case of mal-

distribution.

According to an experimental study done by (Porter et al., 1993) on gas distribution in
shallow packed beds, they illustrates how a rotating gas flow below a packed bed produces a
maldistributed gas flow within the bed and how the mal-distribution is reduced with the
increase of the bed depth. (@i, 2012) states that low pressure drops within the absorption
column may lead to initial gas mal-distribution and it will result in reduced absorption

efficiency of the column.

7.1 Use of CFD to predict gas/liquid mal-distribution

It has been widely mentioned in literature that the state of the art Computational Fluid
Dynamics (CFD) tool can be easily used in predicting the effect of column internals and other
design parameters on the single phase gas flow field (Duss and Menon, 2010, Olujie et al.,
2003, Zhang et al., 2004, Mohamed Ali et al., 2003, Spiegel and Meier, 2003). Hence, CFD
has been used to predict the gas mal-distribution within the packed bed with different design
parameter values of pressure drop and gas velocities (and column diameter) (Oluji¢ et al.,
2006). Vapor distribution is very important for large column diameters and therefore, CFD
studies are required to verify the appropriate dimensioning and location of gas inlet nozzles
and the required distance to the packing (Zhang et al., 2004). Such type of studies will help us
to avoid additional internals for vapor distribution since they increase the overall pressure

drop and overall installed costs.
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The simulation of two phase flow is still in an early stage. The reason behind it is that the two
phase flow is an intrinsic instationary process (Spiegel and Meier, 2003). The difficulty here
is to develop a correct description of the interaction between the two phases. (Raynal and
Royon-Lebeaud, 2007) also state that, it is a challenge to run computations at large scales
taking into account the gas—liquid interaction and the real geometry of the packing and
original approaches must be developed due to several reasons. But, their study proposes a
methodology that enables representative CFD calculations at large scales.

Most of the studies done using CFD with regarding to the hydrodynamics of fluid flow in
packed columns are limited to very detailed information such as wetting behavior of packings,
corrugation angles etc, for small scale packing sections in single phase (Subramanian and
Wozny, 2012, Wen et al., 2007, Chen et al., 2009, Haghshenas Fard et al., 2007). The effect
of bed structure (void fraction variation) and liquid and vapor phase dispersion have been
taken into consideration in the study done by (Yin et al., 2000) on CFD modeling of mass
transfer processes in randomly packed distillation columns. (Owens et al., 2013) states that
CFD simulation with a k—¢ turbulence model provides a wealth of data not readily accessible
by traditional experimental methods and it enables researchers to quickly determine the

regions of packing that exhibit poor flow performance.

Therefore, a 3D simulation for a single phase (gas) flow within a packed bed is performed
using ANSYS FLUENT 13.0 and the results are presented in this chapter.

7.2 CFD simulations of packed beds

A 3D absorption column was drawn in Gambit 2.4 and imported to FLUENT 13.0 to visualize
the gas flow behavior within the packed column. Since the real scale geometry is highly time
consuming in the simulations, reduced scale geometry was considered for the convenience of
simulations to do several trials. Anyhow, once the reduced scale geometry gave better results,
another simulation was performed using the real scale geometry also and the results are

presented in below sections.

7.2.1 General specifications for the simulations

The most important fact is that how we can imitate the action of the packed bed in the
simulations. As it is mentioned in the above section, there are a lot of studies carried out for
the simulation of structured packings with very detailed manner, i.e with the wetting
properties, corrugated angles of packing etc,. But they are all limited to only a very small
piece of packing with single fluid on it.
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Therefore, a separate approach was followed to define the packed bed within the column and
to create the pressure drop through it. The packing region was defined as a porous media and
the specific values for the porosity and the viscous resistance were set in order to achieve the
required pressure drop through it.

From Chapter 5, it was found that the structured packings give the more economical solution
for long term operation of packed absorption columns. Thus, in this task, it is aimed to
simulate the action of structured packing behavior using FLUENT. According to literature, it
is reported that the void fraction (€) of most of the structured packings including Mellapak
250Y is in the range of 0.90 — 0.98 (Aroonwilas et al., 2003, Brunazzi et al., 2002). Therefore,
in all the simulations, the void fraction or the porosity of the packed bed was defined to a

value of 0.95 and the viscous resistance was set to 10° m™.

The geometry for the real scale dimensions was drawn using the optimum design parameters
which were found in the optimization analysis done in Chapter 5. The reduced scale
dimensions were selected and defined arbitrarily. But, they were supported by the dimensions
provided in the diagrams of (Fluor, 2005) and the properties and specifications used in the

simulations are supported by the results of HYSY'S simulation presented in Chapter 6.

7.2.2 Simulations with reduced scale dimensions

A transient state 3D simulation of the gas flow behaviour within a packed column was
simulated in 5 m diameter column with 5 m packing height. The boundaries were set in such a

way that gas enters from the bottom and leaves from the top.

7.2.2.1 Geometry and Mesh Generation

2.5 m diameter gas inlet and outlet were combined to the packed column geometry drawn in
Gambit 2.4. It was meshed using Tetrahedron /Hybrid scheme with the mesh size of 0.25 m.
The minimum orthogonal quality of the mesh is 0.2, where the orthogonal quality ranges from
0 to 1 and O corresponds to the lowest quality. An overall view of the mesh is given for three

viewpoints in Figure 7-1.
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Figure 7-1:0verall view of the mesh for the reduced scale geometry

The geometry consisted of two main regions as the packing region and the rest of the column.
The packing region was defined as a different zone in order the FLUENT to be able to set
unique properties for that region. The properties of the geometry and the mesh drawn in
GAMBIT are listed in Table 7-1.

Table 7-1: GAMBIT properties for the reduced scale geometry

GAMBIT Property Value
Column diameter, D[ m ] 5
Packing height, H[ m ] 5)
Total column height [ m ] 20
Gas inlet diameter, d [ m ] 2.5
Gas outlet diameter, d [ m ] 2.5

Mesh Properties :
Size[ m] 0.25

Number of control volumes [-] 135600
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The boundaries were defined in GAMBIT, so that it facilitates the relevant settings to be set
in FLUENT at each boundary. The gas inlet was set to “velocity inlet” and the gas outlet was
set to “pressure outlet”. The top and the bottom layers of packing region were set as “interior”
in order to get the advantage of data acquisition and at the same time this boundary condition

does not seek for any other data input.

7.2.2.2 FLUENT simulations

The above described GAMBIT geometry was imported into FLUENT. Transient mode was
activated in order to observe the time evolution of the simulation and gravitational field was
activated vertically. Single phase general model was chosen to represent the gas flow and
standard k-€ model was activated to facilitate the turbulent effects. The properties of the gas

phase and FLUENT program used in the simulations are mentioned in the Table 7-2.

Table 7-2:Gas phase properties in the FLUENT programe

Property Value Reference /remarks

Gas density, p, [kg/m’] 1.18 (9, 2012)

Gas viscosity, u,[ kg/(m-s) ] 0.000019 (@i, 2012)

Gravitational acceleration, F [ m/ s°] 9.81 -

Packed bed porosity, ¢[-] 0.95 (Aroonwilas et al., 2003)
Viscous resistance, [1/m”] 10° Assumed

Turbulent kinetic energy, k, [ m*/s*] 1 Assumed

Turbulent dissipation rate, ¢, [ m*/s’] 1 Assumed

Four sub cases were simulated in FLUENT for the same geometry mentioned above. The
appropriate boundary values were set depending on the specific case to visualize which gas
velocities or pressure drops will result in initial gas mal-distribution within the packed bed.

The details of the four sub cases are mentioned in Table 7-3.
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Table 7-3:Boundary values for the four sub cases in reduced scale geometry simulations

Boundary conditions / values
Sub case

Inlet gas velocity [m/s]  Inlet gauge pressure [bar] Outlet gauge pressure [bar]

A 10 0.1 0
B 6 0.1 0
C 6 0.02 0
D 4 0.001 0

The discritization schemes used in all the four sub cases mentioned above are listed in Table
7-4,

Table 7-4:The discritization schemes used in FLUENT simulations

Spatial Discritization For all sub cases A, B, C & D
Gradient Least squared Cell Based
Pressure Standard

Momentum First Order Up wind
Turbulent kinetic energy First Order Up wind
Turbulent dissipation rate First Order Up wind
Transient Formulation First Order Implicit

Pressure Velocity Coupling SIMPLE scheme

7.2.2.3 Results

Since the gas volume flow rate is constant, flow through the gas inlet pipe and the absorber

column can be written as follows;

. . 2
Vgas — [ jlpe Jvm — (ﬂDzlumn vaup 7_1

Hence, the inlet gas velocities were set in such a way that, according to the dimensions of the
gas inlet pipe and the column, it will result in a required gas superficial velocity. Therefore,
the gas superficial velocities for the four sub cases can be calculated based on Equation 7-1 as

shown below.
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Table 7-5:Superficial gas velocities for the four sub cases

Sub case Inlet gas velocity [m/s ]

Superficial gas velocity [m/s ]

10

vs}

6

g 0O
A o

2.5
1.5
1.5
1.0

Figure 7-2 shows pressure profiles for the four sub cases within the column over a plane

parallel to the gas inlet. It can be clearly seen that the pressure has dropped when the gas is

moving from bottom to top.
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Figure 7-2:Pressure profiles within the absorption column for different sub cases

Figure 7-3 shows the static pressure variation within the column over a plane parallel to the

gas inlet for all the four cases. The contours are calibrated in Pa.
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Figure 7-3:Static pressure variation within the column

Figure 7-4 shows the velocity contours (velocity magnitude in m/s) of the column through a
plane parallel to the gas inlet. The four figures clearly show how the velocity has been

changed within the column when the gas moves upwards.
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Figure 7-4:Velocity contours within the column

(Mackowiak, 2009) tells that the effective gas velocity within a packed bed is different from
the superficial gas velocity below the packed bed. That is described according to the Equation
7-2.
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vsup

&

v= 7-2
That means the effective gas velocity within the packed bed is always higher than the
superficial gas velocity. That is confirmed by the Figure 7-4.

The velocity vectors throughout the whole column are shown for the four sub cases in Figure
7-5, Figure 7-6, Figure 7-7 and Figure 7-8. Some enlarged views of those figures are also
presented. The way gas behaves within the column and especially near the bottom layer of the
packing region etc, can be seen from those figures.
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Figure 7-5:Velocity vectors within the packed column for Sub case A

The sub case A was the simulation which showed a least deviation from the proper (even) gas
distribution.
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Figure 7-7:Velocity vectors within the packed column for Sub case C
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Figure 7-8:Velocity vectors within the packed column for Sub case D

The most important aspect we wanted to see is the effect of gas velocity and the pressure drop
for initial gas mal-distribution. The following figures show the enlarged views of the velocity
vectors which are originated from the bottom layer of the packing. Figure 7-9, which
represents the sub case A, shows a much better even distribution of gas from the bottom layer
of packing.
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Figure 7-9:Enlarged view of the velocity vectors at the bottom layer of the packing for Sub case A
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Figure 7-10:Enlarged view of the velocity vectors at the bottom layer of the packing for Sub case B
When it comes to the simulations with low gas velocities and low pressure drops, the

tendency to occur gas mal-distribution is higher. That can be visualized from the Figure 7-11
& Figure 7-12.
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Figure 7-11:Enlarged view of the velocity vectors at the bottom layer of the packing for Sub case C
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Figure 7-12:Enlarged view of the velocity vectors at the bottom layer of the packing for Sub case D

Therefore, it is clearly seen that the low gas velocities and the low pressure drops lead to the
initial gas mal-distribution within the packed columns which is a draw back in structured
packings. That has to be managed carefully by analyzing the operating conditions precisely

and with the use of studies similar to that has been done in this thesis work

7.2.3 Simulations with real scale dimensions

Since the results of the simulations performed using the reduced scale geometry in FLUENT
showed the idea that low gas velocities and low pressure drops lead to initial gas mal-
distribution in the packed columns, similar simulation was performed with real scale
dimensions of an absorber using the optimum value of gas velocity and pressure drop found
in the optimization analysis. A transient state 3D simulation of the gas flow behaviour within

a packed column was simulated in a 19 m diameter column with 10 m packing height.

7.2.3.1Geometry and Mesh Generation

7 m diameter gas inlet and outlet were combined to the packed column geometry drawn in
Gambit 2.4. It was meshed using Tetrahedron /Hybrid scheme with the mesh size of 0.25 m.

The minimum orthogonal quality of the mesh is 0.28, where the orthogonal quality ranges
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from O to 1 and O corresponds to the lowest quality. An overall view of the mesh is given for

three viewpoints in Figure 7-13.

Figure 7-13:0verall view of the mesh for the real scale geometry

Similar to the geometry discussed in section 7.2.2.1, the packing region was defined as a

different zone and the properties of the geometry and mesh are listed in Table 7-6.

Table 7-6:GAMBIT properties for the real scale geometry

GAMBIT Property Value
Column diameter, D[ 17 | 19
Packing height, H[ m ] 10
Total column height [ m ] 39
Gas inlet diameter, d [ m ] 7
Gas outlet diameter, d [ m ] 7

Mesh Properties :
Size[ m] 0.25

Number of control volumes [-] 3, 511, 767
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The boundaries were also defined in GAMBIT in the similar manner described in section
7.2.2.1.

7.2.3.2 FLUENT simulations

After importing the geometry into FLUENT, transient mode, gravitational field and the
standard k-€ model were activated for the single phase simulation. The properties of the gas
phase and FLUENT program used in the simulations are similar to that of mentioned in the
Table 7-2. Superficial gas velocity 2.5 m/s was used in this simulation with a pressure drop of
0.1 bar. The discritization schemes used in this simulation are similar to that listed in Table
7-4.

7.2.3.3 Results

According to the Equation 7-1, the inlet gas velocity was calculated to be 18.4 m/s and fed to
the simulation in order to achieve gas superficial velocity of 2.5 m/s. The inlet gauge pressure
was set to 0.1 bar and the outlet gauge pressure as 0 bar.

The static pressure variation (contours in Pa) along a plane parallel to the gas inlet is shown in
Figure 7-14 and Figure 7-15 shows how the pressure drops through the packed bed when gas
is moving from bottom to top of the column. The two figures illustrates that the total pressure
drop to be 0.06 bar throughout the whole column.
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Figure 7-14:Static pressure variation within the absorption colum in real scal geometry
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Figure 7-15:Pressure drop through the column in real scale geometry

The velocity contours obtained for this simulation show a very clear change in the velocities
when the gas enters to the packing region. According to the Figure 7-16, the gas velocity is a
little bit higher than the superficial gas velocity since it goes through a porous media with a
porosity of 0.95. Figure 7-17 shows the velocity vectors within the column in a plane parallel
to the gas inlet.
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Figure 7-16:Velocity contours within the column in real scale geometry
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Figure 7-17:Velocity vectors within the column in real scale geometry

It can be seen that, even though it has a higher gas velocity below the packing region to
several directions, the gas flow is moving with a even distribution from the bottom layer of
the packing. This is confirmed with the enlarged view of the velocity vectors of the bottom

layer of the packing which is presented in Figure 7-18.
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Figure 7-18:Enlarged view of the velocity vectors at the bottom of the packing in real scale geometry

From this figure we can say that, a gas superficial velocity such as 2.5 m/s is an optimum
value for an absorption column to be operated economically with an even initial gas
distribution.

80



8 Discussion

In a large scale power plant with amine based CO, capture, the absorber needs to be designed
to handle the large volumes of dilute flue gas, and producing the least possible pressure drop
while still maintaining appropriate hydraulic design. Among the many different parameters
which have to be optimized in designing absorption columns, this report mainly discusses

about column pressure drop, gas velocity and the diameter of the column.

8.1 Absorber column pressure drop

The pressure drop per transfer unit of a packing crucially governs the economics of absorption
equipment. As we discussed in the early chapters, the three parameters pressure drop, gas
velocity and the column diameter are all inter-related. Table 8-1 shows the pressure drops

which were calculated in the optimization analysis.

Table 8-1:Pressure drop for each packing at different velocities

Superficial gas Pressure drop [bar/m]

velocity {m/s] Mellapak 250Y 1”7 Pall Rings 2” Pall Rings
2.0 0.002 0.0176 0.00481
2.5 (Base case) 0.003 0.0416 0.0101
3.0 0.004 0.087 0.0211

The values mentioned in the table clearly show that the pressure drop through the column is
increasing with the increased gas velocity. And most importantly, the pressure drop in
structured packing is very low compared to that of random packing. This confirms the idea
that, structured packings offer the best performance characteristics with reduced pressure
drops in mass transfer equipment and hence reduce the operating costs associated with it. But,
it has to be mentioned here, that the pressure drop for the structured packing is calculated
using the “Billet & Schultes (1999)” correlation which gives the lowest value. There are
many possibilities to make this optimization more precise by taking the other information also

into account.
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8.2 Optimization analysis based on the correlations

In this optimization analysis based on available design correlations, two main assumptions
were made with regarding to the efficiency of the absorption columns based on the effective

interfacial area. There are;

* When the effective interfacial areas of 1” metal Pall Rings and stainless steel Mellapak
250Y are compared (in Case 1), it can be said that they both are more or less in the
same order of magnitude. This implies that, a column equipped with 17 Pall Rings and
a column equipped with Mellapak 250Y should have a similar efficiency and thus the
same column height.

* When the effective interfacial areas of 2” metal Pall Rings and stainless steel Mellapak
250Y are compared (in Case 2), it can be said that a.y of Mellapak 250Y is simply
twice as that of 2” Pall Rings . This implies that, a column equipped with Mellapak
250Y should have twice the efficiency than that equipped with 2” Pall Rings.
Therefore, a column equipped with Mellapak 250Y needs only half of the packing
height that is needed by 2” Pall Rings.

The optimum values for the gas velocity were determined based on these assumptions.

8.2.1 Optimization results

The overall results obtained in the analysis base on many design correlations are presented in
Table 8-2.

Table 8-2:The overall result obtained from the optimization analysis

Total Cost [Million €]

Superficial gas
) Case 1 Case 2
velocity [m/s]

Mellapak 250Y 1” Pall Ring Mellapak 250Y 2” Pall Ring

2.0 25.19 81.07 28.56 66.32
2.5 (Base case) 28.13 177.38 28.13 100.24
3.0 31.92 378.13 29.10 179.25

It can be clearly seen form the values that, structured packing offers a significant reduction in
total cost in comparison to the random packing. The outcome of this fact may be the designers

tend to use structured packings only when low pressure drops are necessary. Even though it
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shows very small deviations among the cost values in structured packing for the three

velocities in Case 2, it is a way low compared with random packing.

And it is observable form the results that, superficial gas velocity of 2.0 m/s is the optimum
based on the assumptions made for Case 1, and a superficial gas velocity of 2.5 m/s is the

optimum based on the assumptions made for Case 2.

8.2.2 Contributors to the total cost

In the analysis, both capital and operating costs were considered in the estimation of total
cost. It has been concluded that, structured packing offers the best economically viable
solution in both cases. But, it is important to look into the effect of cost components that
contributed to the total cost estimate.

Figure 5-4 and Figure 5-5 clearly show this difference. According to the analysis we can
clearly say that, for both cases, traditional structured packings allow reducing the operating
costs considerably compared with common traditional random packings. On the other hand,
the investment cost for the structured packings is very high compared with the random
packing. That is because of their high volumetric costs. Therefore, it is important to consider
the long term operation and also the conditions of the application according to the pressure

drop requirement.

8.2.3 Dependence on correlations

There is large number of hydrodynamics and mass transfer correlations are available in
literature for both structured and randomly packed column, where few of them have been used
in this optimization analysis too. They are built on a wide range of experimental data and
theoretical principles, and they have different accuracies, limitations, and range of
applicability. According to literature, these correlations for structured packing have been
developed base on small experimental setups. Therefore, it is important to mention that, there
is some uncertainty associated with using these correlations for the cost estimations for large
scale applications, like what is done in this thesis work.

8.3 Optimizing the column diameter

Absorber diameter is one of the major parameters which have been used to optimize the
process in this study. It is obvious that, increased column diameter will greatly reduce packing
height and then the pressure drop by reducing the investment for the packing and also the

operating costs for the flue gas blower etc. But, there are some limitations in over increasing
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the column diameter such as poor mass transfer within the column and mainly with the
structural instabilities. It is true that, the number of trains can be increased to achieve higher
CO; removal for a given flue gas flow rate. But, that does not help to reduce the overall cost.

The current trend to overcome this issue is the designing of absorption columns with square
or rectangular geometries. This has been currently on experimental level and it will be a very
big achievement for the frontiers in mass transfer equipment designing to overcome the
barriers in large scale CO, capture. But, it is clear that an improved and cheaper packing

material or a simpler absorber could reduce the cost of the overall equipment significantly.

8.4 Results from the HYSYS simulations

The HYSYS simulations were performed with the intentions of getting familiar with Aspen
HYSYS and also to get support for the CFD simulations with the data. The required task was
successfully simulated by achieving the required CO, removal of 85%. Even though only the
absorption column is considered in the simulation according to the given task in this thesis, a
more precise cost optimization can be performed for a whole CO, capture process and an

Aspen HYSY'S simulation will be more useful for that type of situation.

8.5 CFD analysis of gas distribution

The 3D, single phase simulations performed in ANSYS FLUENT were useful to see the
effect of gas velocity and pressure drop for the initial gas mal-distribution within the packed

columns.

8.5.1 Pressure drop profiles

Even though the pressure drop profiles for all the simulations look qualitatively similar in
color schemes (Refer Figure 7-3), the total pressure drops through the columns are different in

magnitude as seen from the Table 8-3.

Table 8-3:Total pressure drop through the column for the FLUENT simulations

Simulation case Total pressure drop [bar]
Reduced scale geometry A 0.0300

B 0.0075

C 0.0045

D 0.0011
Real scale geometry - 0.0060
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It can be seen that the total pressure drop has been reduced when the defined pressure drop
and the gas velocity are reduced in the simulation settings. According to the results, the sub
case C and D shows very clear trends of initial gas mal-distribution profiles which is also
shown by the very low pressure drops as mentioned in the above table.

8.5.2 Velocity profiles and gas distribution

The initial gas mal-distribution could be easily observable from the velocity vector profiles
shown in Figure 7-9 to Figure 7-12. If a clear even distribution velocity vector profile
originated from the bottom layer of packing is considered as the reference, the deviation of

the obtained results from the reference can be mentioned as in Table 8-4.

Table 8-4:Deviation from the even distribution in FLUENT simulations

Simulation case Deviation from the even distribution
Reduced scale geometry A 5%

B 15%

C 25%

D 40%
Real scale geometry - 10%

These results clearly depict the source of initial gas mal-distribution as the low gas velocities
and low pressure drops through the packed bed of an absorption column. Hence it is important
to note that, there are some restrictions within structured packing of operating in very low
pressure drops, even though that helps to reduce the operating cost significantly. Attention
must be paid about the overall efficiency and the CO, removal target also when designing an

absorption column for a post combustion CO, capture plant.
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9 Conclusion

Increased GHG problem has become a widely discussing topic among the governments and
relevant authorities around the world. CO, capture and storage is considered as a remedy for
this issue, since CO; is the largest potential contributor for the GHG effect. Power plants

based on fossil fuels account for a large amount of CO, emissions into the atmosphere.

Among the many possible techniques of CO; capturing, post combustion capture using MEA
as the solvent is widely used. It is considered as the most technically viable solution among
the others. But, the cost associated with it is very high and still the engineers have lot to do in
the area of optimization of the process in order to minimize the capital and operating costs.
Absorption unit is one of the main contributors to increase the cost associated with CO,
capture and hence, the main aim of this thesis work was to discuss about the optimization of

different design parameters regarding to the absorption unit.

Challenges when capturing CO, in post combustion applications using absorption technology
are the size of the columns and column internals, the pressure drop requirements to save
operating costs, and the overall cost of the packing and internals. This paper addresses these

challenges and the following conclusions can be drawn from this:

» Structured packing offers the best solution for the absorption process. Even though the
investment cost for the structured packing is higher compared with the random
packing, utilization of structured packing is economical in this type of long term, low

pressure drop applications.

» Among the different traditional structured packing types, Sulzer Mellapak 250Y which
has been used in the current analysis can contribute to a cost optimized solution
considering investment and operating costs when designing post combustion
absorbers. The minimized material requirement, the low pressure drop and the high
effective interfacial area offered by Mellapak 250Y are the main performance

characteristics for that conclusion.

» According to the values reported in the literature, a pressure drop with the order of
magnitude 0.1 bar is the optimum for the smooth operation of an absorption column.
This could be confirmed form the CFD analysis that a pressure drop of 0.1 bar resulted

with an even distribution within the packed bed.

» The optimization analysis mainly indicates that, the gas velocity for large scale CO,
capturing absorption columns with structured packing is in the order of magnitude 2.0
— 2.5m/s, based on some assumptions.

» Effective interfacial areas of different packings play an important role in determining

the column height which will indirectly affect the capital and operating costs.
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9.1

With some assumptions, a gas velocity of 2.0 m/s seems to be the optimum value to
have when the column is filled with Mellapak 250Y than it is filled with 17 Pall Rings.

With some other assumptions, a gas velocity of 2.5 m/s seems to be the optimum value
to have when the column is filled with Mellapak 250Y than it is filled with 2 Pall
Rings.

When comparing 1” and 2” metal Pall Rings, 2” Pall Rings show a better performance
in reduced pressure drops and low cost.

For an optimized design of an absorption column, the possibility of increasing the size
of the absorber in terms of diameter is limited since then poor mass transfer and

structural instabilities may occur.

Square or rectangular geometries for the absorber tower is one of the remarkable
technological advancements in the current industry to overcome the diameter

enlargement limitation.

Most of the proposed correlations in literature are not verified for large scale CO;
capture processes, and their application for large scale power plants which ranges
outside the domain of the tested correlations can lead to sizeable errors and deviations.
Therefore, more research work is required to standardize the models and to validate

them for large column diameter applications.

Aspen HYSYS simulations are very helpful to gain a good understanding about the

CO; capture process and also to acquire necessary data for other simulations.

CFD is a versatile tool for the prediction and testing of initial gas / liquid mal-

distribution within the packed columns.

The simulations done using ANSYS FLUENT showed that, low gas velocities and low
pressure drops within the absorption columns will lead to initial gas mal-distribution
within the packed beds.

Recommendations for Future Work

Even though the scope of this study has been limited to few parameters, further
optimization of the process would be achieved by considering some other parameters
such as absorption column temperature, packing height etc., related to the absorption
columns occupied in post combustion CO, capture.

The optimization analysis is only based on the three types of traditional packings,
namely 1” & 2” Pall Rings as random packing and Mellapak 250Y as structured
packing. This can be extended further by in-cooperating some other types of packings
also to check the most economically viable packing type with the optimum design

parameters.
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But it has to be mentioned here that there are some newly invented random and
structured packing types available in the current marked even with lower pressure
drops than Mellapak 250Y forms. But their costs may vary in a larger span and only
traditional packing types are considered for this analysis.

CFD simulations can be extended further with advanced settings to define the detailed
information of packing characteristics rather than defining the packing region as a

porous zone.

The CFD model can be modified to see the two phase flow within the packed column
where liquid and gas phases move counter currently.

Furthermore, the scope of this cost estimation has been limited to the absorption unit
in the capture plant. Performing a detailed cost analysis of the capture process by
including equipment costs, CO, compression system, solvent re-claimer, solvent waste
handling system will provide more accurate estimate of the total cost of the capture
plant and also the optimum parameters based on the overall perspective of the capture
plant.
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Appendix 1: Project description

» 3 @ %
m

Telemark University College
Faculty of Technology

FMHG606 Master’s Thesis

Title: Optimization of gas velocity, pressure drop and column diameter in CO; capture.

TUC supervisor: Associate Professor Lars Erik @i

Task Description:

1. Perform a literature review of suggested design values for gas velocity, pressure drop and
maximum column diameter in absorption columns for amine based CO; capture from
atmospheric exhaust. Find available cost estimates for different absorption packing types, and
possibly also liquid distribution equipment and exhaust gas fans.

2. Evaluate different correlations for the calculation of pressure drop, effective mass transfer area
and possibly also mass transfer efficiency as a function of liquid flow and gas flow.

3. Calculate optimum gas velocity, pressure drop and column diameter based on different sets of
specifications. Aspen HYSYS can be used as a tool for process calculations.

4. Perform CFD (Computational Fluid Dynamics) simulations to evaluate maldistribution in
packed columns dependent on gas velocity, pressure drop and column diameter.

5. Evaluate which factors are most important for the optimization of the CO; absorption column.

Background:

The most studied method for removal of CO; from atmospheric exhaust is by the help of amine
solutions. Aspen HYSYS has been much used in student projects at Telemark University
College for process simulation of CO, removal. There are several possibilities to improve the
existing models.

Adress: Kjolnes ring 56, NO-3918 Porsgrunn, Norway. Phone: 35 57 50 00. Fax: 35 55 75 47.
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Appendix 2: Correction for the height based on effective
interfacial area

Vgas = AV, cvinnnsisisisiniasisnans (1)
quuid AV (2)
V=AH .o 3)
At =(A-H) Ay e 4)

In other words, A, =(V)-a,

In this calculation Gas volume flow rate(V,,,), liquid voulme flow rate (V,,,) and the total
area of the column (A, ) are assumed constants.

Calculation of effective interfacial area ( a,; ) for the base case (where v, = 2.5 m/s):

eff

3
V,, = 2547-10° ™ (constant)
h
Vg = 2.5 ?
V as 2 .
(A),, =—2=283m" .. [From Equation (1) ]
v
g
(D),, =19.0m

(H),-= 10m(Assumed)
Assume, v, =0.0041"
Vigwid = (A5 Vi cvvverviennns [From Equation (2)]

= 283 m*-0.0041 ™
S

3

m
=116 —
S

3

m
= 4177.08 T(constant)

2

m
According to the Figure 5-1, (a,),; =0.86 —
m
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Calculation of effective interfacial area (q,; ) for the gas velocity v, = 3.0 m/s and thus

the height of the column:

m
Vg =3.0 ?
Vgas =(A) g Vg agrereeeeeeremsesees (1)
Viguia = (A)yg - Vygg wevereesseeeees (i)
Viguia = (A)y5 Vi g evvreeesneens (ii)

(A)ys Vo5 = (A)gg-V,5, [Since (ii) = (iii)]

Vgas . .
(A)ys Vios = Vi [From equation (i)]
g,3.0

v
_ g,3.0
Therefore, v, ;5= v, , - ——

g,2.5

Viso = 0.00492 %

2

According to the Figure 5-1, (a,;),, =0.94 m_3
m

Therefore, the new cross sectional area can be calculated as;

Vios L
(A);, = (A),s - —=(Since equation (ii) = (iii) )

Vizo

0.0041m/s

=283m’ —— =
0.00492m/ s

=235.83 m’
For the new height,

From Equation (4);

Agat = Vas  (Qyp )5 evenvene. (iv)
Apat = Vo (A )30emeevnnene. v)

_ (aeff )as
25
(aeff )30

[Since (iv) = (V)]

30

(@ )2,
AB.O'HS.O = A-H,;- 72
(aeff )30
H,, = H,. s s
. 25

A3.0 (aeff )3.0
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283 0.86
235.83) \ 0.94

10.97

Calculation of effective interfacial area (a,; ) for the gas velocity v, = 2.0 m/s and thus

the height of the column:

m

v, =2.0 "
Vigas = (A)gg - Vg pgeeeeeeememseseenns (vi)
Viguiad = (A) 0 Vi g eeresersserennes (vii)
Viguid = (A) g5 * Vi g5 eereeresrrinenens (viii)

(A)ysVias = (A)yy Vi, [Since (vii) = (viii)]

Vgas . .
A, . v, .= ———.V [From equation (vi)]
25 Vi2s = U 1,2.0 q
g,2.0

v
_ 9,20
Therefore, v, ,, = v, ,5 - ——

9,25

Vi, = 0.00328 ?

2

m
According to the Figure 5-1, (a,),, =0.78 —
m
Therefore, the new cross sectional area can be calculated as;

(A)zo = (A)y5 Jizs [Since equation (vii) = (viii) ]

1,2.0

, 0.0041m/s

=283m° - ————
0.00328m/s

=353.78 m?

For the new height,

Agar = Vas (Qyp )5 evveenene (ix)

At = Voo (g )y eveeeenes (%)
V0= V,.- (@op )25 [Since (ix) = (x)]
' (aeff)Z.O
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Ay Hyy = As-Hys (@)
eff 72.0

‘ A ) (aeff )as
2.
’ Ay (aeff )20

H,, = 10- 283 ) (0.86
353.78 ) \ 0.78

Hz.o =

o

8

N

m

. (aeff )as
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Appendix 3: Pressure drop calculation snap shots for
Random packing using Tierling calculator

Pressure drop calculations for Case 1:

Gas velocity = 2.0 m/s

Percent Flood

Twsane 0% s - ,-_

Gas velocity = 2.5 m/s (Base Case)

Percent Flood

st 03 e - ,-_
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Gas velocity = 3.0 m/s

Percent Flood 2904 unitless - Bed Drop 211 mBar'm -

Tmsac 0@ s - [CHeS] [PRESH]

Pressure drop calculations for Case 2:

Gas velocity = 2.0 m/s

Percent Flood 85.3 unitlezs - Bed Drop 17.6 mBar/m -

Total Bed Drop 0.155 Bar -

Gas velocity = 2.5 m/s (Base Case)
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Gas velocity = 3.0 m/s

Percent Flood 128 unitless - Bed Dvop &7.n mBar'm -

mseows  oms e [CHHEE [PiREE]
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Appendix 4: Script codes for the CFD simulation
(Simulations with real scale simulations)

FLUENT

Version: 3d, dp, pbns, ske, transient (3d, double precision, pressure-
based, standard k-epsilon, transient)

Release: 13.0.0

Models
Model Settings
Space 3D
Time Unsteady, 1lst-Order Implicit
Viscous Standard k-epsilon turbulence model
Wall Treatment Standard Wall Functions
Heat Transfer Disabled
Solidification and Melting Disabled
Species Disabled
Coupled Dispersed Phase Disabled
NOx Pollutants Disabled
SOx Pollutants Disabled
Soot Disabled
Mercury Pollutants Disabled

Material Properties

Material: aluminum (solid)

Property Units Method Value (s)
Density kg/m3 constant 2719

Cp (Specific Heat) j/kg-k constant 871
Thermal Conductivity w/m-k constant 202.4

Material: gas (fluid)

Property Units Method Value (s)
Density kg/m3 constant 1.1799999

Cp (Specific Heat) j/kg-k constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.8999999%e-05
Molecular Weight kg/kgmol constant 28.966
Thermal Expansion Coefficient 1/k constant 0

Speed of Sound m/s none #f

Cell Zone Conditions

Zones
name id type
fluid 2 fluid
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packing 20016 fluid
Setup Conditions
fluid

Condition Value

Material Name gas

Specify source terms? no

Source Terms (mass) (x-momentum ((constant . 1) (inactive . #If)
(profile ))) (y-momentum ((constant . 1) (inactive . #f) (profile )))
(z-momentum ((constant . 1) (inactive . #f) (profile ))) (k)
(epsilon))

Specify fixed values? no

Local Coordinate System for Fixed Velocities no

Fixed Values ((x-velocity (inactive . #f) (constant . 0)
(profile )) (y-velocity (inactive . #f) (constant . 0) (profile ))
(z-velocity (inactive . #f) (constant . 0) (profile )) (k (inactive
#f) (constant . 0) (profile )) (epsilon (inactive . #f) (constant . 0)
(profile )))

Frame Motion? no

Relative To Cell Zone

Reference Frame Rotation Speed (rad/s)

Reference Frame X-Velocity Of Zone (m/s)

Reference Frame Y-Velocity Of Zone (m/s)

Reference Frame Z-Velocity Of Zone (m/s)

Reference Frame X-Origin of Rotation-Axis (m)

Reference Frame Y-Origin of Rotation-Axis (m)

Reference Frame Z-Origin of Rotation-Axis (m)

Reference Frame X-Component of Rotation-Axis

Reference Frame Y-Component of Rotation-Axis

Reference Frame Z-Component of Rotation-Axis

Reference Frame User Defined Zone Motion Function

Mesh Motion?

Relative To Cell Zone

Moving Mesh Rotation Speed (rad/s)

Moving Mesh X-Velocity Of Zone (m/s)

Moving Mesh Y-Velocity Of Zone (m/s)

Moving Mesh Z-Velocity Of Zone (m/s)

Moving Mesh X-Origin of Rotation-Axis (m)

Moving Mesh Y-Origin of Rotation-Axis (m)

Moving Mesh Z-Origin of Rotation-Axis (m)

Moving Mesh X-Component of Rotation-Axis

Moving Mesh Y-Component of Rotation-Axis

Moving Mesh Z-Component of Rotation-Axis

Moving Mesh User Defined Zone Motion Function none

Deactivated Thread no

LES zone? no

Laminar zone? no

Set Turbulent Viscosity to zero within laminar zone? yes

Embedded Subgrid-Scale Model 0

Momentum Spatial Discretization 0

Cwale 0.325

Cs 0.1

Porous zone? no

Conical porous zone? no

X-Component of Direction-1 Vector 1

Y-Component of Direction-1 Vector 0

Z-Component of Direction-1 Vector 0

P O OOOOOoOOoO ool
’_l

53
= O O
3

0]

P OO OO0 OoOOooo |
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of
of
of
of

Direction
Direction
Direction
Cone Axis

X-Component
Y-Component
Z-Component
X-Component
Y-Component of Cone Axis
Z-Component of Cone Axis
X-Coordinate of Point on
Y-Coordinate of Point on
Z-Coordinate of Point on

-2 Vector

-2 Vector

-2 Vector
Vector
Vector
Vector

Cone Axis (m)
Cone Axis (m)
Cone Axis (m)

Half Angle of Cone Relative to its Axis (deq)
Relative Velocity Resistance Formulation?

Direction-1 Viscous Resistance (1/m2)
Direction-2 Viscous Resistance (1/m2)
Direction-3 Viscous Resistance (1/m2)

Choose alternative formulation for inertial resistance?

Direction-1 Inertial Resistance (1/m)
Direction-2 Inertial Resistance (1/m)
Direction-3 Inertial Resistance (1/m)

CO Coefficient for Power-Law
Cl Coefficient for Power-Law

P OO0 OO0OOoOK OO OORFr OoORr o
()
0

Porosity

packing
Condition Value
Material Neme gas
Specify source terms? no

Source Terms ((mass) (x—-momentum) (z-momentum) (k)
(epsilon))
Specify fixed values?
Local Coordinate System for Fixed Velocities
Fixed Values ((x-velocity (inactive #f) (constant . 0)
(profile )) (y-velocity (inactive #f) (constant . 0) (profile ))
(z-velocity (inactive #f) (constant . 0) (profile )) (k (inactive
#f) (constant . 0) (profile )) (epsilon (inactive #f) (constant . 0)
(profile )))
Frame Motion?
Relative To Cell Zone
Reference Frame Rotation Speed (rad/s)
Reference Frame X-Velocity Of Zone (m/s)
Reference Frame Y-Velocity Of Zone (m/s)
Reference Frame Z-Velocity Of Zone (m/s)
Reference Frame X-Origin of Rotation-Axis
Reference Frame Y-Origin of Rotation-Axis (m)
Reference Frame Z-Origin of Rotation-Axis (m)
Reference Frame X-Component of Rotation-Axis
Reference Frame Y-Component of Rotation-Axis
Reference Frame Z-Component of Rotation-Axis
Reference Frame User Defined Zone Motion Function
Mesh Motion?
Relative To
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh

(y—momentum)

no
no

o}
= O

(m)

P O OOOOOoOOoOoOo |

5 3
= O O
o]

)

Cell Zone

Rotation Speed (rad/s)
X-Velocity Of Zone (m/s)
Y-Velocity Of Zone (m/s)
Z-Velocity Of Zone (m/s)
X-Origin of Rotation-Axis (m)
Y-Origin of Rotation-Axis (m)
Z-0Origin of Rotation-Axis (m)
X-Component of Rotation-Axis

OO OO OO oo |
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Moving Mesh Y-Component of Rotation-Axis
Moving Mesh Z-Component of Rotation-Axis
Moving Mesh User Defined Zone Motion Function
Deactivated Thread

LES zone?
Laminar zone

Set Turbulent Viscosity to zero within laminar zone?

?

Embedded Subgrid-Scale Model
Momentum Spatial Discretization

Cwale

Cs

Porous zone?
Conical poro
X-Component

Y-Component

Z-Component

X-Component

Y-Component

Z-Component

X-Component

Y-Component

Z-Component

X-Coordinate of Point on
Y-Coordinate of Point on
Z-Coordinate of Point on
Half Angle of Cone Relative to its

us
of
of
of
of
of
of
of
of
of

zone?
Direction-1
Direction-1
Direction-1
Direction-2
Direction-2
Direction-2
Cone Axis
Cone Axis
Cone Axis

Vector
Vector
Vector
Vector
Vector
Vector

Vector
Vector
Vector
Cone Axis
Cone Axis
Cone Axis

(m)
(m)
(m)

Axis (deq)

Relative Velocity Resistance Formulation?

Direction-1 Viscous Resistance
Direction-2 Viscous Resistance
Direction-3 Viscous Resistance

(1/m2)
(1/m2)
(1/m2)

Choose alternative formulation for inertial resistance?

Direction-1 Inertial Resistance
Direction-2 Inertial Resistance
Direction-3 Inertial Resistance

(1/m)
(1/m)
(1/m)

CO Coefficient for Power-Law
Cl Coefficient for Power-Law

Porosity

Boundary Conditions

Setup Conditions

wall

Condition

name id
wall 4
gas_out 7
gas_in 8
wall:009 20023

wall

pressure-outlet
velocity-inlet

wall

Enable shell conduction?

Wall Motion

Shear Boundary Condition
Define wall motion relative to adjacent cell zone?

109

none
no
no
no
yes

0.325

SO
o M -
n =
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yes

1000000
1000000
1000000

no
0
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Apply a rotational velocity to this wall?
Velocity Magnitude (m/s)

X-Component of Wall Translation
Y-Component of Wall Translation
Z-Component of Wall Translation

Define wall velocity components?

X-Component of Wall Translation (m/s)
Y-Component of Wall Translation (m/s)
Z-Component of Wall Translation (m/s)

Wall Roughness Height (m)

Wall Roughness Constant

Rotation Speed (rad/s)

X-Position of Rotation-Axis Origin (m)
Y-Position of Rotation-Axis Origin (m)
Z-Position of Rotation-Axis Origin (m)

of
of
of
of

Rotation-Axis Direction
Rotation-Axis Direction
Rotation-Axis Direction
shear stress (pascal)
of shear stress (pascal)
of shear stress (pascal)
Coefficient

X-Component
Y-Component
Z-Component
X—-component
Y-component
Z—-component
Specularity

gas_out

Condition

(¢]

o

ocNoNoNeoN S NoNoNoNeoNoNoNolNolNoNolNolls ool S iloile}

Gauge Pressure (pascal)

Backflow Direction Specification Method
Coordinate System
X-Component of Flow
Y-Component of Flow
Z-Component of Flow
X-Component of Axis
Y-Component of Axis Direction
Z-Component of Axis Direction
X-Coordinate of Axis Origin (m)
Y-Coordinate of Axis Origin (m)
Z-Coordinate of Axis Origin (m)
Turbulent Specification Method

Direction
Direction
Direction
Direction

Backflow
Backflow
Backflow
Backflow
Backflow
Backflow

is zone used in mixing-plane model?

Turbulent
Turbulent
Turbulent
Turbulent
Hydraulic
Turbulent

Kinetic Energy
Dissipation Rate

Intensity (%
Length Scale

Diameter (m)

)

(m)

Viscosity Ratio

(m2/s2)

(m2/s3)

Radial Equilibrium Pressure Distribution
Specify Average Pressure Specification

Specify targeted mass flow rate
Targeted mass flow

Upper Limit of Absolute Pressure Value
Lower Limit of Absolute Pressure Value

gas_in

Condition

(kg/s)

(pascal)
(pascal)

Velocity Specification Method

Reference

Frame
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18.42
10000

Velocity Magnitude (m/s)
Supersonic/Initial Gauge Pressure
Coordinate System
X-Velocity (m/s)
Y-Velocity (m/s)
Z-Velocity (m/s)
X-Component of Flow
Y-Component of Flow
Z-Component of Flow
X-Component of Axis
Y-Component of Axis Direction
Z-Component of Axis Direction
X-Coordinate of Axis Origin (m)
Y-Coordinate of Axis Origin (m)
Z-Coordinate of Axis Origin (m)
Angular velocity (rad/s)

Turbulent Specification Method
Turbulent Kinetic Energy (m2/s2)
Turbulent Dissipation Rate (m2/s3)
Turbulent Intensity (%)
Turbulent Length Scale (m)
Hydraulic Diameter (m)

Turbulent Viscosity Ratio

is zone used in mixing-plane model?

(pascal)

o

Direction
Direction
Direction
Direction

P RPRPPPRPRPOOOOODODOOORFHH OO0ORKrr OOO
o

o}
o

wall:009

Condition
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone?
Apply a rotational velocity to this wall?

Velocity Magnitude (m/s)

X-Component
Y-Component
Z-Component
Define wall
X-Component
Y-Component
Z-Component

Wall Roughness
Wall Roughness
Rotation Speed

of Wall Translation
of Wall Translation
of Wall Translation
velocity components?

of Wall Translation (m/s)
of Wall Translation (m/s)
of Wall Translation (m/s)

Height (m)

Constant

(rad/s)

X-Position of Rotation-Axis Origin (m)
Y-Position of Rotation-Axis Origin (m)
Z-Position of Rotation-Axis Origin (m)

X-Component
Y-Component
Z—-Component
X-component
Y-component
Z—-component
Specularity

of Rotation-Axis Direction
of Rotation-Axis Direction
of Rotation-Axis Direction

of shear stress (pascal)
of shear stress (pascal)
of shear stress (pascal)

Coefficient
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Solver Settings

Equations
Equation Solved
Flow yes
Turbulence yes
Numerics
Numeric Enabled

Absolute Velocity Formulation yes

Unsteady Calculation Parameters

Time Step (s) 1
Max. Iterations Per Time Step 500

Relaxation
Variable Relaxation Factor
Pressure 0.3
Density 1
Body Forces 1
Momentum 0.7
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8
Turbulent Viscosity 1
Linear Solver
Solver Termination Residual
Reduction
Variable Type Criterion Tolerance
Pressure V-Cycle 0.1
X-Momentum Flexible 0.1 0.7
Y-Momentum Flexible 0.1 0.7
Z-Momentum Flexible 0.1 0.7
Turbulent Kinetic Energy Flexible 0.1 0.7
Turbulent Dissipation Rate Flexible 0.1 0.7

Pressure-Velocity Coupling
Parameter Value

Type SIMPLE
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Discretization Scheme

Variable Scheme

Pressure Standard

Momentum First Order Upwind
Turbulent Kinetic Energy First Order Upwind
Turbulent Dissipation Rate First Order Upwind

Solution Limits

Quantity Limit
Minimum Absolute Pressure 1
Maximum Absolute Pressure 5e+10
Minimum Temperature 1
Maximum Temperature 5000
Minimum Turb. Kinetic Energy le-14
Minimum Turb. Dissipation Rate le-20
Maximum Turb. Viscosity Ratio 100000
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