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In infinite time, in infinite matter, in infinite space, is formed a bubble organism,
and that bubble lasts a while and bursts,

and that bubble is Me.

— Leo Tolstoy

Fiir meine Mutter. ..
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Abstract

Methanation can be applied as part of a Power-to-Gas (PtG) concept to store renewable elec-
tricity. Using a catalytic bubbling fluidized bed (BFB) methanation reactor allows a flexible
and economic operation. Properties of bubbles rising through the fluidized bed significantly
influence the performance of such reactors. In this work, the hydrodynamics in a BFB reactor
with vertical heat exchanger tubes are investigated. The aim is to develop and verify the
experimental methods and to establish a hydrodynamic data base for the development of a
reactor model, which shall facilitate the scale-up of the process towards an industrial scale.
Independent experimental methods, namely X-ray tomography, X-ray radiography and optical
probe measurements, have been applied to measure bubble property distributions and their
correlations, and to cross verify the results. The X-ray measurements were conducted in a
cold-flow model with and without vertical internals that represent the heat exchanger tubes.
The cold-flow model matches the geometry of a pilot plant, referred to as GanyMeth, in which

the optical probe measurements were carried out, to ensure the comparability of the results.

X-ray tomography was used to reconstruct individual bubbles in a BFB. It could be shown
that the sizes, rise velocities and shapes of the bubbles are broadly distributed and correlated.
When vertical internals are present, the mean sizes and rise velocities of the bubbles decrease,
their shapes elongate on average and the mean cross-sectional bubble hold-up is reduced.
Systematic tomography simulations were performed for the case without internals, to verify
the applicability and to determine the limitations of the method. Accordingly, the results of all
measurements conducted between the heights of 16 and 56 cm for fluidization numbers in

the range of 1.5 - 6 are credible.

Radiographic X-ray imaging was used to independently verify the bubble size distributions in
BFBs that were measured by means of X-ray tomography for a chosen measurement height
and two superficial gas velocities without vertical internals. Through the measurement of
injected single bubbles, the correlations between the size, rise velocity and shape of bubbles
were also confirmed, again only for the case without internals. The evaluation of measure-
ments with internals proved to be challenging: While a reduction of the bubble sizes and rise

velocities could be confirmed, the shape of injected bubbles were observed to be flattened
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rather than elongated as expected from the X-ray tomography results. X-ray radiography was
also used to verify the optical probe methodology through simultaneous measurements of

injected bubbles, and to assess the dynamic evolution of bubbles in BFBs qualitatively.

Comprehensive hydrodynamic experiments were conducted in the GanyMeth pilot plant.
Chord lengths and rise velocities of bubbles were measured for two types of bed material,
at seven pressures between 1 and 11 bar, at six fluidization numbers between 2 to 10, at six
heights of up to 137 cm and six evenly spaced radial positions. With increasing pressures,
the chord lengths shortened, the bubble hold-up increased and an earlier onset of slugging
fluidization appeared to occur. The results at ambient pressure matched those obtained via
X-ray tomography at comparable settings. The feasibility to retrieve the volume equivalent

bubble diameters from the measured chord lengths and rise velocities could be demonstrated.

Keywords

Power-to-gas, methanation, bubbling fluidized bed, hydrodynamic investigations, bubble

property distributions, X-ray tomography, X-ray radiography, optical probe measurements
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Zusammenfassung

Methanisierung kann als Teil eines Power-to-Gas-Konzepts eingesetzt werden, um erneuer-
baren Strom zu speichern. Der Einsatz eines katalytischen blasenbildenden Wirbelschicht-
reaktors (BBW) zur Methanisierung erméglicht einen flexiblen und wirtschaftlichen Betrieb.
Die Eigenschaften der in der Wirbelschicht aufsteigenden Blasen beeinflussen die Leistung

solcher Reaktoren erheblich.

In dieser Arbeit wird die Hydrodynamik in einem BBW-Reaktor mit vertikalen Warmetibertra-
gerrohren untersucht. Ziel ist es, die notwendigen experimentellen Methoden zu entwickeln
und zu verifizieren, um eine hydrodynamische Datenbasis fiir die Entwicklung eines Reak-
tormodells zu schaffen, welches die Risiken des Scale-up des Prozesses in den industriellen
Malf3stab verringern soll. Unabhingige experimentelle Methoden, ndmlich Réntgentomo-
graphie, Rontgenradiographie und Messungen mit optischen Sonden, wurden angewandyt,
um die Verteilungen der Blaseneigenschaften und deren Korrelationen zu bestimmen und
die Ergebnisse untereinander zu verifizieren. Die Rontgenmessungen wurden in einem Kalt-
stromungsmodell mit und ohne vertikale Einbauten, welche die Warmeiibertragerrohren
reprasentieren, durchgefiihrt. Das Kaltstromungsmodell entspricht geometrisch der Pilotanla-
ge GanyMeth, in welcher die Messungen mit den optischen Sonden durchgefiihrt wurden, um

die Vergleichbarkeit der Ergebnisse zu gewahrleisten.

Mit Hilfe der Rontgentomographie wurden einzelne Blasen in einer BBW rekonstruiert. Es
konnte gezeigt werden, dass die Grof3en, Aufstiegsgeschwindigkeiten und Formen der Blasen
breit verteilt und untereinander korreliert sind. Wenn vertikale Einbauten vorhanden sind,
nehmen die mittleren Groflen und Aufstiegsgeschwindigkeiten der Blasen ab, ihre Formen
werden im Durchschnitt langlicher und die gemittelte Blasenfraktion ist geringer. Fiir den
Fall ohne Einbauten wurden systematische Tomographiesimulationen durchgefiihrt, um die
Anwendbarkeit zu tiberpriifen und die Grenzen der Methode zu ermitteln. Demnach sind die
Ergebnisse aller Messungen, die im gegebenen Versuchsaufbau zwischen 16 und 56 cm Hohe
fiir Fluidisierungszahlen im Bereich von 1,5 - 6 durchgefiihrt wurden, plausibel. Mit Hilfe der
Rontgenradiographie wurden die mittels Réntgentomographie gemessenen Blasengrof3en-

verteilungen in BBWen fiir eine ausgewihlte Messhohe und zwei Leerrohrgeschwindigkeiten



ohne vertikale Einbauten unabhingig verifiziert. Durch die Messung von injizierten Einzelbla-
sen wurden die Korrelationen zwischen Grof3e, Aufstiegsgeschwindigkeit und Form der Blasen
ebenfalls bestétigt, wiederum nur fiir den Fall ohne Einbauten. Die Interpretation der Messun-
gen mit Einbauten erwiesen sich als schwierig: Wahrend eine Verringerung der Blasengro3e
und der Aufstiegsgeschwindigkeit bestétigt werden konnte, wurde beobachtet, dass die Form
der injizierten Blasen eher abgeflacht war. Dies steht im Gegensatz zu den Ergebnisses der
Rontgentomographie, welche ein langgestreckte Blasenform erwarten lieRen. Die Rontgento-
mographie wurde auch eingesetzt, um die Methodik der optischen Sonde durch gleichzeitige
Messungen der injizierten Blasen zu verifizieren und die dynamische Entwicklung der Blasen
in BBWen qualitativ zu bewerten.

In der GanyMeth-Pilotanlage wurden umfassende hydrodynamische Experimente durchge-
fiithrt. Die Sehnenldngen und Aufstiegsgeschwindigkeiten der Blasen wurden fiir zwei Arten
von Bettmaterial, bei sieben Driicken zwischen 1 und 11 bar, bei sechs Fluidisierungszahlen
zwischen 2 und 10, bei sechs Hohen von bis zu 137 cm und sechs gleichmé@lig verteilten
radialen Positionen gemessen. Mit zunehmendem Druck verkiirzten sich die Sehnenldngen,
die mittlere Blasenfraktion nahm zu und das so genannte ,Slugging“ setzte scheinbar frither
ein. Die Ergebnisse bei Umgebungsdruck stimmten mit denen iiberein, die mittels Réntgento-
mographie bei vergleichbaren Einstellungen erzielt wurden. Es konnte zudem gezeigt werden,
dass die volumen&quivalenten Blasendurchmesser aus den gemessenen Sehnenldngen und
Aufstiegsgeschwindigkeiten abgeleitet werden kdnnen.

Schlagworter

Power-to-Gas, Methanisierung, blasenbildende Wirbelschicht, hydrodynamische Untersu-
chungen, Blaseneigenschaftsverteilungen, Rontgentomographie, Rontgenradiographie, opti-

sche Sondenmessungen
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|§ Introduction

1.1 Motivation

One of the biggest current challenges of humanity is the anthropogenic climate change, which
will have drastic effects on the living conditions in a global scale, if we cannot reduce global
warming significantly [1]-[3].

The implementation of renewable energies with the aim to reduce the emission of the green-
house gas carbon dioxide (CO,) is one of the technical strategies to slow down and possibly

stop the rise of the average global temperature.

Switzerland is committed to the Paris agreement on climate change from 2015 [4], which
states that the greenhouse gas emissions will be halved by 2030 in comparison to what they
were in 1990. It was also decided that no new nuclear power plants will be built, and that the
existing ones may continue to operate as long as their safety can be ensured. Further, the
Swiss federal council resolved to reach net zero greenhouse gas emissions also by 2050. The
Energy Strategy 2050 [5] describes the framework for the energy policies of Switzerland to
restructure the energy supply to reach these goals. Additionally, the share of renewable gases
for domestic heating purposes in Switzerland will be increased to 30% by 2030 according to
a declaration of the Swiss gas providers [6]. In the European Union, the share of renewable
energies in the gross final consumption of energy has risen from 8.5% in 2004 to 17.5% in 2017
[7] and in Switzerland it was at 23.3% in 2018 [8]. The share of renewable energy sources for
the consumed electricity was 31% for the European Union in 2017 and 55.7% for Switzerland
in 2018, with a share of 15% for the EU and 3.25% for Switzerland generated from solar and
wind [8], [9].

The transition to an increased use of solar and wind energy for the production of electricity is

a technical challenge, due to the volatile nature of these energy sources. In order to guarantee



Chapter 1. Introduction

a stable supply of electricity, it is necessary to find technical solutions to adjust the production
to the demand in long-, mid- and short-term time scales. New methods to store electricity in
times of overproduction become therefore necessary. Fluctuations of the energy production
on the minutely, hourly, daily and eventually weekly time scale can be managed reasonably by
the utilization of technologies such as batteries [10], smart grid technologies [11], pumped
hydro storage [12], compressed air energy storage [13] or industrial processes with flexible
operation modes [14]. However, the seasonal imbalance of supply and demand of electricity
that accompanies the increased use of renewable energies remains a challenge. While the
demand for electricity peaks during winter, the availability of solar energy peaks during

summer as shown in Figure 1.1 for Europe.
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Figure 1.1: Comparison of the normalized annual electricity demand (black line) and solar
generation (orange line) for Europe. Figure adapted from Gabrielle et al. [15].

Excess electricity can also be stored chemically through the electrolysis process, which uses
electricity to produce hydrogen from water. The hydrogen can then be used to generate
electric energy in a fuel cell at times of demand. However, large hydrogen storage capacities
would be necessary for seasonal storage of energy in this way. Due to the volatility of hydrogen
this is technically challenging and would require major capital investments[15], [16].

A possible solution to this issue could be the methanation process, in which the hydrogen
is converted to methane (CH,4) together with carbon dioxide (CO») via the water-gas shift
reaction, described by Equation 1.1 and the corresponding methanation Equations 1.2 and
1.3.



1.1 Motivation

CO+H,0 =CO,+H,  AH?=-41k/mol (1.1)
CO+3 Hy — CH;+H,0  AH?=-206kJ/mol (1.2)
CO,+4 Hy — CHy+2 H,O  AH? =-165kJ/mol (1.3)

The advantage of the methanation of hydrogen is that methane can be stored and transported
in the existing natural gas grid and consequentially there would not be a need to invest in
additional storage infrastructure. The concept of storing electricity chemically in form of
hydrogen or further as methane is generally referred to with the term Power-to-Gas (PtG).

At the Paul Scherrer Institute (PSI), the entire process chain of a PtG concept is being investig-
ated. This includes research on electrolysis, fuel cells, biomass gasification, gas cleaning and
upgrading, methanation as well as the techno-economic analysis of the process chain. Figure
1.2 shows the Energy System Integration (ESI) platform, which is a demonstration facility of
the entire PtG process chain that is being developed at PSI.
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Figure 1.2: Energy System Integration (ESI) platform at the Paul Scherrer Institute (PSI).



Chapter 1. Introduction

1.2 Methanation processes

Sabatier and Senderens were the first to describe the methanation reaction in 1902 [17]. The
first large scale industrial application of methanation was the removal of carbon monoxide
from synthesis gases, in the Haber-Bosch and Fischer-Tropsch processes. Later, in the 1970s
during the oil crisis, methanation was developed and later used for the production of synthetic
natural gas (SNG) from coal. Recently, as part of the global initiative to reduce the emission
of greenhouse gases, the methanation process has become popular for PtG applications and
the upgrading of gas produced through biomass gasification, which still contains significant
amounts of carbon dioxide [18], with added hydrogen from electrolysis. A comprehensive
overview on methanation can be found in the review by Rénsch et al. [19], which covers
the fundamentals, historical developments as shown in Figure 1.3, as well as recent trends.
Kopyscinski et al. [20] provides an overview of the historical development of the production
of SNG through the methanation process, which is closely related to the background of the
research that led to this thesis.
Biomass-to-Gas
PIG Jap PG Ger
Coke oven gas (CO,-meth.)
Coal-to-Gas

Methanation for gas cleaning (ammonia synthesis, later proton-exchange membrane fuel cells)

[ | |1 ! >
1902 1910 1925 1950 1973 19791984 2000 2014
Sabatier T T Fischer- o 9o @ =
[ = =2 gz
ST Tropsch 2 g 9 )
o= Z 2 3 &
g L )
o >
(3_ 1z

Figure 1.3: Historical development of methanation technology, adapted from Ronsch et al.
[19].

There is a variety of potential CO, sources for the methanation process. One option is the
application of methanation to upgrade gas obtained through the anaerobic digestion of
biomass, which is often referred to simply as biogas. Due to the high concentrations of
30-50%v CO in biogas, it is attractive for the methanation as part of a PtG concept [18].
However, biogas also contains various trace components in the ppb, — ppm,, range of sulfur
compounds, such as hydrogen sulfide (H,S), mercaptans/thiols, and others [18], [21] with
significant variations in their concentrations, depending on changes in the feedstocks of the
anaerobic digester [22]. Costly and technically challenging gas cleaning would therefore be
necessary for the catalytic methanation to avoid the deactivation of the catalyst [21], [23].
Currently the investments in biogas plants remain low in Switzerland, with 1406 TJ produced
from biomass and a combined 2497 T] from waste and waste water treatment facilities in 2020

[24]. However, there is a large potential for available wet bioenergy resources suitable for
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1.2 Methanation processes

anaerobic digestion in Switzerland, which is estimated to reach 44.3 PJ in 2035 and 45.4 PJ in
2050 [25]. Other potential CO, sources could be direct carbon capture technologies, which
can be divided into two categories: Direct air capture (DAC) technologies, which extract CO»
directly from the air, and carbon dioxide capture and use/storage (CCUS) technologies that
separate CO, from industrial flue gases [26]-[29]. Further viable options are capturing CO, as
a byproduct of the lime, clinker, steel, ammonia, ethylene and methanol production [29], [30].

For the application in PtG process chains, two general methanation concepts can be applied:
biological methanation and catalytic methanation. In biological methanation processes,
methanogenic microorganisms are used to produce methane. It is operated at low temperat-
ures below 65 °C and pressures below 15 bar, which are the necessary conditions to allow the
growth of living microorganisms. Advantages of the biological methanation are the robustness
to impurities in the reactant gas supply and the possibility for a wide range part load operation
without the necessity of complex process control systems. However, due to the low mass
transfer rates of hydrogen to the liquid phase, especially at these low pressures, biological
methanation reactors suffer from lower space-time yields and therefore significantly larger
reactors are necessary [23], [31], [32]. The research described in the present thesis is based
on a catalytic methanation process, which will be discussed in greater detail in the following.
Further information on biological methanation technology can be found in a review by Lecker
etal. [33].

1.2.1 Catalytic methanation

The methanation reaction is highly exothermic and controlled by the chemical equilibrium. It
is generally favored by lower temperatures of about 100 °C, where the conversion rate is close
to 100% [34]. However, due to the low activity of the typically used catalysts at temperatures
below 200 - 300 °C, catalytic methanation reactors are usually operated above this temperature
level, at temperatures between 200 °C and 500°C [32], [35]. The typical pressure range is
between 1 and 100 bar with higher pressures leading to increased methane yields [32]. Figure
1.4 shows CO; conversion rates as well as the H» and CH,4 contents at different thermodynamic

equilibriums for the methanation reaction.

In the order of their activity from most to least active according to Mills and Steffgen [36], the
most important catalysts for the methanation reaction are ruthenium, iron, nickel, molyb-
denum and cobalt. While ruthenium is the most active catalyst, it is rarely used due to its high
cost. Nickel is highly active and the most selective out of the named materials while also being
relatively cheap. It is therefore the preeminent catalyst material for catalytic methanation
processes. The main disadvantage of nickel is that it is cancerogenic and oxidizes in oxidizing

atmospheres [36], [37].
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Figure 1.4: Conversion rates as well as H, and CH4 contents for CO, methanation at different
thermodynamical equilibriums, adapted from Gotz et al. [32].

Commonly used reactor types for the catalytic methanation process are series of adiabatic
fixed-bed reactors, cooled fixed-bed reactors, fluidized-bed reactors, three-phase reactors
and metal or ceramic monolith reactors [19], [38], [39]. The requirements for the reactor
primarily depend on the composition and flow rates of the gas sources, as they determine the
requirements for the removal of the reaction heat and the prevention of catalyst deactivation
[20], [38], [40].

Fixed bed methanation reactors are an established method for the gas cleaning in the ammonia
synthesis process chain. In this application, relatively small concentrations of carbon oxides
have to be eliminated from the hydrogen rich feed streams. No additional cooling is required in
this case due to the large ratio between the inert gas and reactant gas volumes and the resulting
large heat capacity of the gas stream, relative to the generated heat. For the production of SNG
however, concentrations of inert gases are relatively low and cooling becomes necessary. This
can be achieved through intermittent cooling of the gas stream in between multiple fixed bed
reactor stages. Additionally, gas can be recirculated for the cooling. Adiabatic reactors require
robust catalyst materials that can withstand a broad temperature range without sintering or
cracking [41]. For the production of SNG from coal gasification gas, this reactor type is well
established and plants in the GW-scale have been realized [40]. It is also possible to directly

cool a multi-tubular fixed bed reactor with an appropriate cooling medium.

Metal monolith reactors are designed to overcome some of the drawbacks of fixed bed reactors.
They are characterized by their high specific surface area, which allows compact reactor
designs. Their metal framework, usually based on aluminum or copper, increases the radial

heat transfer, while the pressure drop is reduced significantly in comparison to fixed bed
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reactors [40], [42]. In this way, heat transfer coefficients of more than 1000 Wm2K~! can
be reached [40], [43]. However, the deposition of the catalyst material on the structured
framework is technically complex, especially when the catalyst is deactivated and the reactor
has to be re-coated with catalyst. In contrast, the application of ceramic monolith reactors,
which have similar benefits and drawbacks, is characterized by comparatively low thermal
conduction. This can be advantageous for dynamic PtG-concepts, as the heat storage within

the reactor supports a flexible process operation [44].

In three-phase reactors, also referred to as slurry bubble column reactors, the catalyst is sus-
pended in an inert liquid by the reactant gas flow. On one hand, the liquid phase is beneficial
as it facilitates the heat removal significantly, leading to almost isothermal conditions within
the reactor and allowing a dynamic plant operation where the reactor temperature can be
maintained stable due to the thermal inertia of the liquid phase. On the other hand, the liquid
phase induces an additional mass transfer resistance and needs to fulfill several specifications
such as high thermal stability, chemical inertness, low evaporation rates, low viscosity and

surface tension [40], [45].

Gas-solid fluidized bed reactors are characterized by nearly isothermal conditions resulting
from an intensive particle circulation, which facilitates the removal of the reaction heat. This is
considered to be the main advantage of this technology. Additionally, an internal regeneration
of the catalyst material was demonstrated for the methanation in a fluidized bed reactor
[46]. A commonly stated disadvantage of fluidized bed reactors is the attrition of the catalyst
material resulting from the comparatively high mechanical stress exerted on the particles
through elastic collisions with other particles or the reactor walls. Such attrition can lead to
the deactivation and elutriation of the catalyst particles, which therefore would have to be
replaced periodically. Additionally, the formation of bubbles, which are beneficial as they are
the main cause for the intensive particle circulation, may lead to a bypass of reactants through
the reactor within the bubbles and thus to an incomplete conversion of the CO; in the feed
stream. Other frequently named disadvantages are the possible erosion of internals, such as
heat exchanger tubes, varying solids residence time distributions and the frequently complex
hydrodynamics, which make scaling-up difficult [32], [47]-[49]. Choice of suited bed materials
and detailed knowledge on the fluid dynamics of BFBs allows to overcome these challenges

during scale-up.

The present thesis investigates the hydrodynamics within a BFB reactor. Consequently, the
theoretical fundamentals of this technology and their consequences for the reactor design will

be discussed in greater detail in Section 2.2.

The PtG process chain poses additional challenges for the methanation process. Ensuing its

main purpose of managing the fluctuating availability of electricity it is by definition a dynamic
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process. Large H» storage facilities would be required to enable steady state methanation at
full capacity, which would vastly reduce the overall economic efficiency of the process chain
[39], [50]. Here, switching between full and part load can be a solution for optimized operation
[51]. Another possible issue is the purity of the CO, feed stream in the biogas upgrading
application as described above.

1.3 Methanation research at PSI

Initially, beginning in the year 2000, the research of the Thermochemical Processes (TCP)
group at PSI focused on the gasification of dry biomass. First studies led to the conclusion that
the fast internally circulating fluidized bed (FICFB) gasification process, which was developed
in the group of Prof. Hofbauer at TU Vienna, was the best suited for the project [52]. Crucial
process steps, such as the gas cleaning, which is necessary to remove organic sulfur species
from the feed gas to increase the lifetime of the catalyst, were identified and developed. This
led to the construction of a 1 MWg ¢ demonstration scale plant in Giissing, Austria, which
included the entire process chain from wood to SNG. Further details on the early stages of the

fluidized bed methanation process development at PSI are provided by Schildhauer et al. [53].

Eventually, PST aimed to broaden the range of applications for the fluidized bed methana-
tion technology. This included the investigation of alternative gas sources, mainly biogas
for biogas upgrading, as well as the integration in PtG process chains. The main research
objectives are therefore to investigate the feasibility of the technology for these scenarios, to
optimize the process design accordingly and to reduce the risks that typically accompany the
upscaling of thermochemical processes. Ultimately, the goal of the ongoing research is the
commercialization of the process. The research and development at PSI can be divided into
five categories: Process modelling, process optimization, techno-economic analysis, catalyst
lifetime investigations and scale-up investigations. A brief summary of the stated research

tasks and some of the main findings are shown in the following.

1.3.1 Process development and techno-economic analysis

Kopyscinski et al. [54] modeled the process as a pseudo-homogeneous two-phase system. Sev-
eral correlations obtained from literature were implemented to describe the hydrodynamics
within the catalytic BFB reactor. For the determination of the bubble properties, a correlation
by Werther et al. [55] was applied for the determination of the bubble diameter dj,, which is
given by Equation 2.20. The bubble rise velocities were calculated with a correlation that was
proposed by Hilligardt & Werther [56], which is given by Equation 2.28. Further details on the
referenced correlations can be found in this work in Section 2.3.3. The reaction kinetics were

obtained through concentration and temperature measurements in a catalytic plate reactor
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[57] and were implemented in the reactor model in form of Langmuir-Hinshelwood type rate
equations.

The model was further modified and used for comprehensive techno-economic analysis
(TEA) by Witte et al. [58]-[60]. It could be demonstrated that the model predictions were
in accordance with experimental results from 1100 h of regular operation [60]. For the TEA,
the catalytic fixed bed methanation was compared with the catalytic BFB methanation. For
each technology, three process designs were analyzed and it was concluded that the BFB
methanation with a subsequent membrane upgrading unit can produce biomethane in a
cost-efficient way.

The work of Gantenbein et al. focused on increasing the operational flexibility of the a catalytic
BFB biogas upgrading process [23], [51], [61]. A process concept was developed that allows to
switch between a conventional membrane-based separation of CO; from the biogas and direct
methanation of biogas and subsequent H» recycling. By means of TEA, it could be shown that
the proposed concept reduces the sensitivity on electricity cost and that the catalytic BFB
methanation is about 17-19% more cost efficient than biological methanation. Additionally,
a symmetric part load operation concept was developed. The feasibility of the concept was
confirmed through simulations and in a experimental field campaign.

1.3.2 Catalyst lifetime investigations

Seeman et al. [62] showed that an internal regeneration of catalysts with carbon depositions
takes place in BFB methanation reactors operated with producer gas from wood gasification.
Accordingly, the fluidized bed reactor can be divided into three different zones. At the inlet
zone the deposition of carbon takes place due to high concentrations of CO and unsaturated
hydrocarbons (ethene, benzene). In the zone above, steam gasification and hydrogenation of
the carbon deposits or their precursors are predominant. Ultimately, an equilibrium between
carbon deposition and the regeneration of the catalyst can be reached in this way.

For the upgrading of biogas, the gas cleaning process step was identified to be of crucial
importance for the extension of the catalyst lifetime. Several studies with different feed gas
sources were conducted to investigate the deactivation of the catalysts resulting from de-
position of sulfur and trace organic compounds. Suitable absorbent materials were tested
and evaluated in preliminary studies, which were carried out in laboratory conditions with
precisely defined gas compositions provided by gas manufacturers. Subsequently, an extens-
ive long-term field study (1030 h) was conducted, which showed that the concentrations of
H,S and siloxane could be kept below required concentration limits throughout the entire
campaign, while some non-H>S sulfur compounds required specific solutions and would

eventually break through. This and another field study highlighted the problem that biogas
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may contain various contaminants of various concentrations that depend on the specific
conditions of the digester and the used biomass, which again may vary seasonally. Because
standardized solutions do not yet exist, specialized solutions have to be engineered for each
case [22], [63].

As part of a long-term field test of over 1100 h regular operation, the particle elutriation
rate of catalyst material was measured for a reactor with a diameter 5.2 cm and an original
catalyst mass of 800g. Throughout the campaign only 70 g of the catalyst were elutriated
from the reactor. The measured elutriation rate spiked when fresh catalyst material was
inserted, because fine particles are elutriated at much higher rates. It was therefore concluded
that attrition rates are low and the catalyst material has to be replaced only once per year
[60]. These findings were later confirmed for a pilot-scale reactor with a diameter of 22.4 cm,
which is referred to as GanyMeth and described in Section 3.1, in currently unpublished

measurements.

1.3.3 Hydrodynamic investigations

Understanding the hydrodynamics of BFB reactors is of great importance for the design,
scale-up and optimization of the reactor, especially in the case of the highly exothermic meth-
anation process, where efficient heat removal is essential. Rising bubbles and correlated
hydrodynamic phenomena strongly influence key properties of catalytic BFB reactors such as
the heat transfer between the bed and heat exchanger surfaces, gas-solid contacting, mass
transfer between bubbles and the bed, as well as within the bed, residence time distributions,
bed expansion, solids segregation and mixing as well as catalyst lifetime, specifically the attri-
tion and elutriation of catalysts particles [53], [64]-[67]. The most relevant bubble properties
are the diameter dp, the rise velocity of the bubble uj,, the bubble hold-up €} and eventually
the shape of the bubble, which allow an estimation of the above-mentioned phenomena.
Extensive experimental studies have been conducted over several decades that led to numer-
ous correlations that predict the bubble properties in dependence of the reactor geometry,
properties of gas and solids, gas velocities as well as axial and radial position. However, the
majority of the correlations to predict bubble properties are empirical or semi-empirical and
often are only valid for a specific range of conditions [68]. Additionally, the increase of available
computational power in recent years led to significant advancement in the field of computa-
tional fluid dynamics (CFD), which allow the investigation of fluidized bed hydrodynamics
through numerical simulations. While certain properties such as the bubble hold-up ¢y, the
average bed expansion or the minimum fluidization velocity u,, can be predicted accurately
through CFD simulations, it usually requires empirically determined tuning parameters to

reach an agreement between simulated and experimentally measured bubble properties.
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Considering the reactor design that PSI is researching, which involves vertically inserted heat
exchanger tube bundles that significantly influence the hydrodynamics, the corresponding
research is still sparse. PSI has therefore carried out profound investigations on the hydro-
dynamics in BFB reactors with vertical internals that led to three dissertations in the years
2012 to 2018 [69]-[71].

The work of Riidisiili [69] primarily focused on experimental measurements with optical and
piezo-electric probe in a lab-scale reactor model. The measurements were conducted with
various arrangements of vertical internals of different diameters. Statistical analysis and a
Monte Carlo study led Riidisiili to the conclusion that the mean chord length measured with
optical probes is a good approximation for the mean bubble diameter. For the measurements
of the pressure fluctuations with piezo-electric probes, spectral decomposition was applied to
retrieve the average bubble size. The results of these measurements were compared with the
optical probe measurements as well as with correlations from literature, and were found to be
in good agreement for given particle properties and sufficiently high gas velocities. Riidistili
also presented a modified approach for the up-scaling of fluidized bed reactors with vertical
internals, which considers defined sectors of internals as autonomous regions. With this
approach the up-scaling depends on the hydraulic diameter of the autonomous sectors alone

and is independent of the reactor diameter.

Building upon the findings of Riidisiili, Maurer [70] continued the optical probe measurements
in reactor models with an expanded range of investigated diameters between 5 and 22.4 cm.
He verified Riidisiilis sectoral scale-up approach and defined the limits for its applicability.
In cooperation with the Delft University of Technology, X-ray tomography measurements
were conducted in reactor models of two diameters with and without bundles of vertical
internals of different arrangements. Distributions of bubble properties were measured this
way and a correlation to predict such distributions in dependence of the height in the reactor,
the diameter and the superficial gas velocity was proposed. Maurer came to the conclusion
that there were no correlations between the measured bubble properties. The abrasion of
catalyst support materials was also investigated in a single 500 h experiment, which led to the
development of a simple correlation to describe the particle attrition as a function of the gas
velocity, time and particle type. Furthermore, Maurer developed and tested an optical probe
sensor, which is able to measure under reactive conditions with pressures of up to 25 bar and
temperatures of up to 400 °C, for measurements in the pilot plant GanyMeth, which was being
constructed at the time.

The dissertation of Schillinger [71] continued the evaluation of the X-ray measurements
provided by Maurer with a focus on the influence of the arrangement of the vertical internals.
It could be shown that the way the internals are arranged had no influence on the bubble
properties and that the diameter of the reactor model did not influence the observed bubble
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sizes when internals were present. This finding further supports the sectoral scale-up approach
described above, as in reference experiments without internals, the bubble properties clearly
depend on the reactor diameter. An algorithm for the evaluation of the new optical probe
sensor was developed, and first cold flow measurements in the pilot plant GanyMeth with
pressurized air and alumina particles at pressures of up to 5 bar were conducted. Additionally,
the X-ray tomography reconstructions were used to simulate the measurements of an ideal
virtual optical probe. The resulting chord lengths and rise velocities were then compared to
the bubble properties derived from the X-ray tomography reconstructions. Statistical effects
resulting from the assumed shape of the bubbles, such as chord length distributions and the
reduced probability of the optical probe to pierce elongated bubbles in comparison to oblate

bubbles, were identified and correction factors were proposed correspondingly.

1.4 Open research questions

While many of the original research questions could be answered in previous studies, some
remained unanswered and many new ones arose. One question that was identified to be
of critical importance for further hydrodynamic investigations in the pilot plant GanyMeth
originated in the scope of the work of Schillinger et al. [72]. The author describes a discrepancy
between optical measurements in the pilot plant GanyMeth and results from X-ray tomography
reconstructions for the same column geometry, same particle system, the same fluidization
number and a similar measurements height, as it is shown in Figure 1.5. While the evaluation
of the X-ray data showed large bubbles with slow rise velocities, as indicated by the yellow area
in the figure, and small bubbles with fast rise velocities, marked in green in the figure, no such

bubbles were measured with the optical probes.

As a possible explanation the author suggests that deviations of the bubble aspect ratio
from the value, which was assumed for the evaluation of the optical probe data might be
responsible for the observed inconsistency. In that case, the volume equivalent diameter
of bubbles that were comparatively elongated would be overestimated while it would be
underestimated for bubbles that were more oblate in comparison. Additionally, there would
be a bias towards oblate bubbles, because they would statistically be more likely to be pierced
by the optical probe and would therefore be over represented. The first open research objective
addressed within this thesis is therefore the investigation of this assessment and in case it is
confirmed, the derivation of the according statistical correlations, which can be applied to
the optical probe measurements to account for the phenomena. Ultimately, the optical probe
measurements need to be verified with appropriate and robust methods to reduce the risk of
false assumptions that could potentially lead to an erroneous reactor model and with that to

false implications for the up-scaling of the reactor.
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Figure 1.5: Comparison of distributions of bubble properties (bubble rise velocity and volume
equivalent diameters) obtained via X-ray tomography reconstructions in a model reactor (a)
and with optical probe measurements in a pilot plant of the same geometric dimensions (b)
at similar experimental settings (fluidization number u/u,,; = 4 and measurements heights
of 56 cm for the X-ray measurements and 62 cm for the optical measurements). [llustration
adapted from Schillinger et al. [72].

Additional open research are:

1. How does the pressure influence the development of selected bubble properties, such
as the rise velocity uy,, the volume equivalent diameter dj 4 and the bubble hold-up

€y, for the investigated reactor geometry of the pilot plant GanyMeth?

2. Is the measurement of individual bubble properties by means of X-ray tomography or
optical probes feasible?

Furthermore, the evaluation of the X-ray tomography measurements was revised, which led to
a detailed analysis of the distribution of bubble properties and their correlations. It could be
shown that the bubble shape is correlated to the bubble rise velocity u,. This brought up the
question of how these findings could be applied for the statistical evaluation of chord length
distributions measured by means of optical probes.

Beyond the scope of this work, the general goal of the hydrodynamic investigations in the
pilot plant GanyMeth at PSI is the implementation of the findings into the reactor model.
In the future, experiments under reactive conditions will be conducted in GanyMeth plant,
to validate previous findings and to expand the model to enable predictions of the reactor
performance, including concentration and temperature profiles as well as the heat exchange

rates, for the scale-up of the reactor to the industrial scale.
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¥4 Theory on fluidized bed technology

2.1 Fluidization: Definition, history and applications

Fluidization occurs, when a stream of gas or liquid flows upwards through a bed of particles
after it reaches a certain superficial gas velocity, which is referred to as the minimum fluid-
ization velocity u,,r. When u,, is reached, the drag force that the gas flow exerts on the
particles is equal to the gravitational force pulling the particles downwards. Consequently,
the particles are held in suspension, which causes the particles to behave similar to a liquid:
They can be stirred and poured; objects with a higher density than the particles will sink
to the ground of the bed, while objects with a smaller density will float on the surface. In
liquid-solid systems, increasing the flow rate above minimum fluidization usually leads to
a smooth and progressive expansion of the bed, where no heterogeneous separation of the
two phases is observed and flow instabilities are damped and thus insignificant. This can be
referred to as a homogenously fluidized bed [73]. For gas-solid fluidized beds, a heterogeneous
behavior is characteristic. Here, an increase of the flow rate usually leads to large instabilities
causing the two phases to partially separate, resulting in the formation of mostly particle
free voids, generally referred to as bubbles. This type of the fluidized bed is usually called a
heterogeneous fluidized bed or a bubbling fluidized bed (BFB). There are rare cases, where
liquid-solid beds fluidize heterogeneously. This may happen when very dense particles are
fluidized by low-density liquids. Similarly, gas-solid systems can fluidize homogenously, when
fine low-density particles are fluidized with dense gas at high pressures. In gas-liquid-solid
systems, particles are fluidized by an up-flowing liquid as a continuous phase, while a co-
current gas flow is introduced to the system, forming a discontinuous, bubbling phase. Most
of the important industrial fluidization plants, as well as the reactor discussed in this thesis,
are gas-solid systems. Therefore, this type of fluidized bed is described in more detail in the

following.
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The first industrial application of fluidization was the gasification of fine-grained coal in a
process developed by Winkler in 1922 [74]. In 1926 a first reactor, which was 13 m high and had
a cross section of 12 m?, went into operation to supply the chemical industry with synthesis

gas consisting of CO and Hs.

Until the 1940s, fluidization remained a niche technology. In the anticipation of war in Europe
in the years before 1939, the United States needed to find new ways to produce large amounts
of high-octane aviation gasoline. Since 1937, the Houdry process had been successfully
applied for the catalytic cracking of mineral oil fractions. However, since fixed bed reactors
with alumina catalysts were applied, complex intermittent operation was required for the
regeneration of the catalyst material and the temperature control. The process was therefore
not suited for the rapid up-scaling of production that was needed. With the goal to enable the
large-scale production of the required aviation fuels independently of Houdry’s patents, the
company Standard Oil of New Jersey, today known as ExxonMobil, started the development of
a catalytic cracking process in 1938, in a joint project with several other companies.

In the timespan of less than four years, the process was developed from the initial concept to
the successful commissioning of full-scale catalytic cracking plants in 1942 [75]. With around
1,000 workers involved, the project is considered by some as one of the greatest scientific
efforts directed at a single project [76], which made a significant impact on the war efforts
of the United States [77]. The developed process is referred to as fluidized catalytic cracking
(FCC). More than 30 FCC units had been built by the end of World War II. It was the first major
application of fluidization technology, which was subsequently used in virtually every major
oil refinery in the world [78].

By the mid 1940s there were attempts to use fluidization for the production of gasoline from
synthesis gas produced via the Fischer-Tropsch process, which led to the development of a
process called Hydrocol. After the successful operation at the pilot scale in a reactor with
a diameter of 20 cm, an industrial scale reactor with a diameter of 5 m was constructed in
Brownsville, Texas, USA. It was commissioned in 1951 but failed to reach the design capacities
by a significant margin, which among other reasons ultimately led to the suspension of the
plant after only six years of operation and failed attempts to optimize the plant operation [79].
This case demonstrated in a spectacular fashion the necessity of hydrodynamic investigations

in fluidized beds for the development of scale-up procedures for fluidized bed applications.

Since then, fluidized bed technology has been applied in a variety of important industrial
processes. There are purely physical applications, such as heat exchange, drying, adsorption
and desorption, granulation and coating, which benefit from the intensive gas-solid contacting
in fluidized beds. The technology has also become widely applied for catalytic reactions,

especially highly exothermic or endothermic and temperature-sensitive reactions, due to
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the exceptional temperature uniformity within fluidized beds. Additionally, fluidization is
extensively used for many non-catalytic reactions, such as combustion for energy generation,
metallurgical operations and calcination. For these applications circulating fluidized bed
(CFB) reactors have become popular since the 1980s, where no upper surface of the fluidized
bed exists and gas-solid separators are used to allow the continuous recirculation of the
particles within the reactor [66], [80].

Realizing fluidized bed reactors in the industrial scale requires a good understanding of the
hydrodynamics of a fluidized bed in relation to the reactor dimensions and the range of
operation conditions. Especially for BFB reactors, the scale-up is considered to be highly
complex, demanding and risky [81], [82]. Decades of comprehensive investigations have made
it possible that today fluidized bed reactors are among the largest commercially available
chemical reactor types. A recent impressive example is a 660 MW,; supercritical CFB boiler
that has been commissioned in China in 2020 [83].

2.2 Fundamental theory on fluidized beds

In this section, the theoretical foundation of fluidized beds, with an additional focus on
catalytic BFB reactors is presented.

2.2.1 Characterization of particles and fluids

The quality of the fluidization strongly depends on the properties of the particles and fluids. In
this context, the size, shape and density of the particles as well as the viscosity and the density

of the fluid are the most relevant characteristics.

Particle properties

The size of the particle is usually expressed as a diameter, which can be determined through
sieving of the material or through specific analytical devices such as a laser diffraction particle
size analyzer, which was used in this work. To account for irregular particles shapes and the
consequently unclear definition of the diameter, the Sauter diameter is usually applied, which
is defined by Equation 2.1, where V), is the volume of the particle and A, is the exterior surface

area.

VP
dy, =6-L 2.1)
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In practice, the particle size distribution (PSD) is not monodisperse and consists of particles
of various size fractions. Therefore, the mean Sauter diameter is usually determined by its
weighted mean as shown in Equation 2.2, where w; is the weight fraction of particles with a

Sauter diameter dp; .

3
2 wi dp,i 1

P = 2y W
Zwldp,i de,i

(2.2)

Additionally, it is important to measure the amount of fine particles with diameters in the
range of 50um and less, as even small weight fractions of fine particles may significantly
impact the behavior of the fluidized bed [84], [85].

The particle shape can be described with the sphericity ¢, which is the ratio between the
surface area of a sphere with the same volume as the particle and the exterior surface area of

the particle, as it is defined by Equation 2.3.

AReq
Ap

¢ = 2.3)
Itis difficult to determine the sphericity of particles. Often, the measurement of two-dimensional
projections through a microscope is used under the assumption that the particles are sym-
metric in all three spatial dimensions. In that case, the sphericity is approximated as the ratio
between the perimeter of a circle with the same area as that of the particle projection and
its actual perimeter. In general, the sphericity is only a simplified description of the particle
shape as one value of the sphericity can describe particles with completely different complex
shapes.

Catalyst particles are usually porous to increase the active surface area. The density p, of
particles depends on the particle porosity €, and the density p; of the particle material itself

as shown in Equation 2.4.

pp = ps(1-¢p) (2.4)

The particle porosity €, can be measured directly e.g. via nitrogen physisorption as it was done
in this work. When the particle density is known, the bulk voidage can be calculated according
to Equation 2.5, where py,;x is the density of a bulk of particles which can be determined

easily through weighing a defined volume of loosely packed particles.
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bulk
€pulk = 1_p_u (2.5)

Pp

The distinction between loosely and tightly packed material and an appropriate preparation
of the samples for the determination of its characteristics is important as the corresponding
bulk densities may differ significantly. A very commonly used characterization of particles
in the context of fluidization was proposed by Geldart [86], who classified the solids into for

groups (A-D) according to their fluidization behavior:

Group C: Powders of this group are very fine grained with diameters smaller than 30 pm,
where interparticle cohesive forces dominate over the drag force exerted by the fluid stream.
Accordingly, such particles tend to agglomerate, which makes fluidization difficult. Without
the application of fluidization aids, such as agitators [87], vibrators [88], flow pulsators [89],
[90] or flowability additives [91], the gas usually flows through fissures or channels that form
in the particle bed when a gas flow is initiated. Typical examples for group C powders are flour

or starch.

Group A: Interparticle forces are relevant but they do not dominate the fluidization behavior
of this particle class. Group A particles have diameters in the range of 30 - 150 um and particle
densities below 1500 kgm™3. They are characterized by an easy fluidization, which initially
is smooth and homogenous with a uniform bed expansion, even when the superficial gas
velocity u is increased beyond the minimum fluidization velocity u,, ¢. With further increase
of u, the fluidized bed eventually destabilizes and bubbles start to form once the minimum
bubbling velocity u,,,;, is reached. The minimum bubbling velocity is dependent on the density
and viscosity of the gas as well as on the content of fine material in the bed [92]. The bubbles
rise at velocities significantly above that of the gas flow in the dense phase and coalesce as
they rise, which leads to larger bubbles. A dynamic equilibrium between coalescence and
breakage of bubbles is eventually reached resulting in an upper limit for the bubble sizes,
which is usually less than 10 cm [73]. Even when only few bubbles are present, a gross particle
circulation is reached [73]. It has been reported that internals do not improve the fluidization
of group A particles considerably [73]. Catalysts for FCC applications are typical examples for
group A materials.

Group B: For group B material the interparticle forces are neglectable in comparison to the
drag forces. Particles of this group have moderate particles sizes in the range of 40 - 500 pm
and moderate densities in the range of 1500 - 4000 kgm™3. They fluidize well and bubbles start
to form immediately when the bed reaches the fluidized state (u;, =~ Uy, ). This immediate
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onset of bubbling after fluidization begins is the criterion defined by Geldart to distinguish
between the groups A and B [86]. As with group A particles, the bubbles rise at velocities
much above the dense phase gas velocity. They coalesce as they rise upwards but unlike the
bubbling fluidization of group A powders there is no upper limit for the growth of the bubbles
and highly dynamic bubbling action occurs resulting in a substantial circulation of particles.
Eventually the bubble diameters approach the diameter of the fluidization vessel and bubbles
rise in form of what is referred to as slugs. The bed expansion in fluidized beds of group B
material almost entirely results from the formation of bubbles, while the void fraction of the
dense phase stays nearly constant [93]. Most gas-solid reactions are operated with group B
material, as it is simply represents the most commonly available PSD of feed particles [73]. A

typical example for this particle class is sand.

Group D: Particles of this group are coarse and comparatively large with diameters in the
range above 0.5 mm. The fluidization of these particles is difficult, especially for deep beds.
Similar to group B particles, bubbles start to form immediately once the bed is fluidized.
However, the quality of the bubbles differs significantly. They coalesce rapidly, growing to
large sizes and tend to rise with slower velocities than the interstitial velocity of the gas stream.
Gas from the dense phase flows through the bubbles, which is the phenomenon that defines
the boundary between group B and D powders according to Geldart [86]. The bubbles often
behave inconsistently; spouting, severe channeling, slugging and large bubble eruptions are
common occurrences [73]. A stable bubbling operation can be achieved with shallow beds and
superficial gas velocities only slightly above u,; r. Additional measures, such as vibration, can
facilitate the fluidization further [94]. A typical application for group D particle fluidization is

the drying of agricultural products, such as peas or corn.

A graphical implementation of the particle classification as it was proposed by Geldart is
shown in Figure 2.1, which shows the boundaries between the particle groups in dependence
of the average particle diameter and the density difference between gas and particle. The exact
definition of the shown boundaries has been debated [66], [91], [95]. Especially the boundaries
between the groups C and A as well as A and B are not clearly defined, as they depend on
particle properties that influence the interparticle forces, such as the compressibility and
roughness, dielectric properties and Hamaker’s constant [66]. Furthermore, the original
classification was obtained through analysis of data that was measured at ambient pressures
and temperatures with only air used as the fluidization medium. However, it has been reported
that the particle group boundaries may shift at elevated pressures and temperatures or for
other gases than air. For instance, some particles that behave like group B powders at ambient
pressures, can behave like group A powders at elevated pressures [95]. Consequently, various

modifications for Geldart’s particle classification have been suggested.
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Valverde Millan [91] proposed to apply the equilibrium between interparticle forces and the
particle weight, as shown in Equation 2.6, for the definition of the AB boundary.

Sum of interparticle attractive forces

Granular bond number = - - =1

2.6
Particle weight (26)

An empirical dimensional correlation of the AB boundary was suggested by Grace [95], based
on a various experimental datasets that were measured at a broad range of pressures and

temperatures and with a variety of gases. This is shown in Equation 2.7.

101,uap0092 0

dp,AB = )0.759

g5 (op— 0g

For the definition of the BD boundary, Grace [95] suggests a correlation, which is based on
the conditions where the inertia term of the pressure gradient of the dense phase starts to
dominate the viscous term, for which Grace proposed the boundary at a constant Archimedes

number of Ar = 145,000. The proposed modifications from above are also shown in Figure

2.1.
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Figure 2.1: Powder classification group boundaries according to Geldart including proposed
modifications for the fluidization with air at ambient conditions. Adapted from Grace et al.

[66].
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Yang [96] also investigated the consequences for fluidization behavior at elevated pressures
and temperatures and proposed a reinterpretation of Geldart’s classification. He suggested
plotting a dimensionless density, (p, — pg)pg, against the Archimedes number for Geldart’s
classification group boundaries. In this way, particles that behaved like group B powders at
low pressures and like group A powders at elevated pressures were classified correctly.

Additional important particle properties and their influence on the fluidization are briefly

summarized in the following:

* The surface roughness affects the frictional resistance between particles, the drag force
from the fluid flow, the heat transfer from particle to particle and particle to wall and
the interparticle van der Waals and electrostatic forces [66].

¢ The coefficients of restitution (particle to particle and particle to wall) describe the
elasticity of particle collisions with other particles or the wall, which influence the
motion of gas and particles within the fluidized bed according to the preservation of
kinetic energy after collisions [97], [98].

¢ The terminal settling velocity u; determines the onset of particle entrainment in a
fluidized bed.

Gas properties

The density of gases increases with pressure and decreases with temperature. With higher
gas densities, the drag on the particles is enhanced which leads to an earlier onset and an
increased intensity of fluidization. The viscosity of the gas is only relevant for small particles,
which experience increased drag forces with increased viscosity. An increase of the pressure
does not affect the viscosity of the gas, whereas the viscosity increases with temperature.
Additionally the humidity as well as the possible adsorption of the gas on the surfaces of the
particles can affect the fluidization behavior [66].

2.2.2 Minimum fluidization velocity

A fixed bed becomes fluidized once the superficial gas velocity reaches the minimum fluid-
ization velocity. Then, the flow pressure drop Apy.4 through the fixed bed, which can be
described with the Ergun [99] equation (Eq. 2.8), is equal to the buoyancy-reduced gravita-
tional force applied to the cross-section of the vessel Ag (Eq. 2.9).
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Equating the two expressions allows the calculation of u,,r. Wen and Yu [100] provided a
simplified equation, which is shown in Equation 2.10. It can be used in case the sphericity ¢

and the bed voidage €4 at minimum fluidization is unknown.

nf
prdp

U = (\/33.72+0.0408Ar - 33.7) 2.10)

Here, Ar is the Archimedes number, which describes the ratio of the gravitational to the

viscous forces as defined in Equation 2.11.

3
ar= P18 =Py _pr)d” 2.11)
nf
The minimum fluidization velocity u,, s is one of the most important characteristics of fluid-
ized beds. Many of the hydrodynamic properties of fluidized beds, such as the local bubble
hold-up or their sizes and rise velocities, depend on the ratio between the superficial gas
velocity and the minimum fluidization velocity. This ratio u/u,,y is also referred to as the
fluidization number. Anantharaman et al. [101] provide a comprehensive summary of more
than 100 correlations for the minimum fluidization velocity in gas-solid fluidization. Their
key conclusion was that the considered correlations are highly empirical and system-specific.
Accordingly, uy, s is usually determined experimentally by measuring pressure drop Appeq
over the bed in dependence of the superficial gas velocity u. While the particles are in a fixed
bed stage, the pressure drop is proportional to the superficial gas velocity until fluidization is
reached. Increasing the superficial gas velocity further eventually leads to the entrainment
of particles which causes the pressure drop to decrease. In practice, it is very likely that the
pressure drop first peaks at a value above that of the fully fluidized bed when the bed is first
fluidized. This is explained by the interlocking of the particles in the fixed bed, which requires
additional drag force to overcome. Such a hysteresis may disappear, when a certain amount of
fine particles is present in the bed [84]. When the bed is fluidized and the superficial gas velo-
city is decreased, then the transition back to the fixed bed state happens without the pressure
drop increasing first. The transition may occur abruptly, which is the case for monodisperse
particle systems, or smoothly when the PSD is wide and partial fluidization may occur for
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smaller particles within the gaps between larger particles. Usually, the minimum fluidization
velocity is determined as the intersection of the linear extension of the fixed bed pressure
drop and the linear extension of the static pressure drop of the fluidized bed. This is indicated
in Figure 2.2, which shows the pressure drop over the superficial velocity for the transition
between fixed bed and fluidized bed as it was described above.

Fixed Fluidized
bed bed

/ = A
/7

Pressure drop Ap

mf . . .
Superficial velocity u

Figure 2.2: Illustration of the determination of the minimum fluidization velocity u,, .

2.2.3 Fluidization regimes

Fluidized beds can be operated in different flow regimes depending on the superficial gas
velocity and the characteristics of the gas and particles as they were described in Section 2.2.1.
The fluidization regimes influence various characteristics of the fluidized bed such as the
heat and mass transfer, mixing and overall reactor performance, which can be beneficial or
detrimental depending on the application. As described in Section 2.1, the bed first fluidizes
when the superficial gas velocity reaches the minimum fluidization velocity u,, s and particles
behave similar to a liquid as they are held in suspension by the fluid flow. Depending on the
combined characteristics of the bed material and the fluid, bubbling may occur immediately
after fluidization has been reached (u;,r = u;,p), as it is the case for Geldart groups B and
D powders. For Geldart group A material, a further increase of the superficial gas velocity is
required to reach the minimum bubbling velocity u,,;. In that case, a bubble-free fluidization
regime exists, which is characterized by a smooth uniform expansion of the bed and only
locally limited particle motion. A correlation by Abarahamsen and Geldart [92], which is
shown in Equation 2.12, can be used to predict u,,;. Here, Fy5 is the fraction of particles

smaller than 45 pm.
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(2.12)

Accordingly, the onset of bubbling may be delayed with increasing temperatures and pressures,
which is confirmed by the observation, that Geldart B group material can behave like Geldart
A group material at elevated pressures and or temperatures as discussed in Section 5.1. Once
the minimum bubbling velocity is reached, bubbles start to form near the gas distributor.
The bubbles coalesce as they rise towards the surface, which leads to increasing bubble
diameters and reduced numbers of bubbles at higher positions in the fluidized bed. The
surface of the fluidized bed is well defined and periodic bubble eruptions can be observed,
which are accompanied by the ejection of particles into the zone above the fluidized bed.
Depending on the size and the rise velocity of the erupting bubble, particles can experience
a significant vertical acceleration as they are being ejected, which may cause entrainment
and elutriation of particles in the freeboard region of the reactor [102]-[104]. With increasing
superficial gas velocities, the bubble sizes increase. Once the bubble volume-equivalent
diameter reaches about 10% of the column diameter, wall effects begin to significantly impact
bubble properties such as its shape and rise velocity [105]. A further growth of the bubbles to
volume-equivalent diameters dj ¢4 that are similar to the column diameter D, e.g. dpeq > 0.6D
[105] or dpeq > 0.5D [73], defines the onset of the slugging fluidization regime, where the
bubbles are significantly influenced by wall effects. Such bubbles are referred to as slugs.

In general, one can distinguish between two types of slugging regimes: Slugging with axisym-
metric round-nosed slugs, or so-called wall slugs, which appear like half round-nose slugs that
rise against the wall, is typically observed for Geldart group A material, while square-nosed flat
slugs are typical for Geldart group B and D powders [48], [106]. Slugging significantly affects a
variety of characteristics of the fluidized beds. Bubbling fluidized beds (BFB) are characterized
by specific bubbling patterns that lead to an intensive particle circulation and with that to
radial and axial transport of both gas and solids. The bubbles themselves are responsible for a
significant axial solid mixing as they transport particles in their wake. In the slugging regime
however, the hydrodynamics differ substantially from that of BFBs. Slugs continue to coalesce
until the distance between the individual bubbles equals twice the column diameter or more.
From then on, the flow pattern stabilizes and a distinctive periodic behavior can be observed.
The bed expansion increases smoothly until a slug reaches the surface, which then collapses
and starts to expand again through the formation and rise of the new slugs. For round-nosed
slugs, the particles are pushed upwards by the slug and flow downwards in the narrow space
between the slug and the wall, whereas for square-nosed slugs the particles “rain” through
the slug. Due to a decreased transport of particles in the wakes of slugs, in comparison to
that of bubbles in BFBs, and the locally restricted paths for drifts at the walls of the column,
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the vertical particle transport is slower than that in BFBs [107]. No particle drift flows occur
for square-nosed slugs, which are also significantly slower than bubbles in BFBs which leads
to a further decrease of gas and solids mixing. Therefore, slugging is undesired for catalytic
fluidized bed reactors and it is important for the reactor design to determine the conditions
for the onset of slugging.

With a further increase of the superficial gas velocity to values slightly below the terminal
free-fall velocity u; of the particles, the fluidized bed eventually reaches the fluidization regime
referred to as turbulent fluidization. This regime is characterized by a highly dynamic and
irregular turbulent flow pattern. There is no clear distinction between bubble and dense
phase but rather a gradually transformation into a continuous phase [108]. Finally, when the
superficial gas velocity u exceeds the terminal free-fall velocity u; of the particles, entrainment
of particles takes place resulting in the pneumatic transport of the particles with the gas flow.
Both turbulent fluidization and the pneumatic transport are well outside the operation range
of the BFB reactor investigated in this thesis and are therefore only briefly mentioned. Further
information on gas-solid turbulent fluidization can be found in the comprehensive state-of-
the-art review provided by Bi et al. [109], whereas the work by Molerus [110] provides a good
overview on the pneumatic transport of solids. An illustrated overview of the fluidization

regimes described above is shown in Figure 2.3.

2.3 Bubbling fluidized beds

This work focuses on the investigation of the hydrodynamics within a catalytic BFB reactor,
more specifically on the determination of the bubble properties in dependence of the bed ma-
terial, the superficial gas velocity u, the position within the reactor and the pressure. Bubbles
play a crucial role in catalytic BFB reactors as they significantly influence key properties of
the fluidized bed, such as the heat and mass transfer, the mixing of gas and solids as well as
elutriation of bed material. Rising bubbles transport particles in their wake, which causes
an intensive particle motion resulting in a uniform temperature profile of the fluidized bed
and an intensive heat transfer between the bed and cooling or heating surfaces. However,
the intensive particle circulation also has drawbacks as they may cause an increased attrition
of the bed material as well as an erosion of the surfaces within the reactor. In the case of
heterogenous catalytic reactions, such as the one investigated in this thesis, bubbles pose the
risk of bypassing reactant gas through the reactor inside the bubble phase and thus reducing
the overall conversion rate of the reactor. A profound understanding of the BFBs is therefore
necessary to optimize the reactor design. There have been extensive experimental and the-
oretical studies in the field of BFBs. A selection of some of the most important findings in

respect to the topic of this thesis are presented in the following.
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Figure 2.3: Illustration of fluidization regimes in dependence of the superficial gas velocity u.

2.3.1 Two phase model

BFB reactors are usually modelled as a two-phase system, based on the work of Toomey and
Johnstone [111]. In the two flow model (TFM), the bed volume is divided into two separate
phases: the bubble phase, which is considered to be mostly particle free, and the dense phase,
which represents the homogenous gas-solid emulsion. The total gas flow V;,;; entering the
system is described by Equation 2.13, where A is the horizontal cross section of the bed and

u is the superficial gas velocity.

Vtoml =Acsu (2.13)

In the classic TFM, it is assumed that once the bed is fluidized at the minimum fluidization
velocity u,, ¢, any additional gas flow resulting from a further increase of the gas velocity enters
the bubble phase, as described by Equation 2.14, where A, j, is the horizontal cross section,

that is occupied by the bubble phase.
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V= Acsplp = Acs€p(U— ) (2.14)

Whereas the gas flow through the dense phase is described by Equation 2.15.

Va= Acsatta = Acs (1 —€p) Uy (2.15)

The mass transfer between the two phases can be described by two mechanisms: Diffusion
and convection. Diffusion describes the mass transfer resulting from concentration gradients
at the interface between a bubble and the dense phase. The diffusive mass transfer rate
between the two phases is therefore strongly dependent on the specific surface area of the
bubbles and with that on their sizes and shapes. Convective mass transfer results from the
throughflow of gas from the dense phase into the bubble phase and vice versa. This transport
mechanism is especially relevant for volume contracting reactions, such as methanation,
where the reduction of the gas volume in the dense phase leads to an increased convective
mass transfer from the bubbles into the dense phase. Additional assumptions of the classic
TFM are that the voidage of the dense phase stays constant after fluidization is reached, even
with a further increase of u and that the bubble phase is homogeneous for a given height
within the bed. However, since the TFM was first proposed, several adjustments of these
assumptions have been made and a various new correlations for the description of the two
phases have been proposed in the literature, some of which are shown in Section 2.3.3. An
illustration of the TFM is shown in Figure 2.4.
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Figure 2.4: Illustration of the two-phase model of a BFB according to Toomey and Johnstone
[111].
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2.3.2 Hydrodynamics in bubbling fluidized beds

Similar to the development of turbulences in single-phase flow, the formation of bubbling is
explained as the consequence of growing flow instabilities [112]-[114], which, depending on
the properties of the gas and solids, can occur immediately after the bed has been fluidized
or with a further increase of the superficial gas velocity. Davidson et al. [115] described the
remarkable similarity between bubble properties in liquids and in fluidized beds. In both
cases the bubble shapes can be described as spherical-cap shaped as can be seen in Figure
2.5. Their time averaged rising velocities can be described with Equation 2.16, where ay, is the

radius of the curvature of the bubble top.

upr = 0.67\/gay (2.16)

Additionally, the motion of the dense phase around the bubbles as they rise, the coalescence
and bubble breakup mechanisms as well as the wake structure are very similar for bubbles in
liquids and in fluidized beds [115].

Bubble wakes and particle transport

One of the most important aspects of bubbles in fluidized bed is the vertical transport of
particles in the wake of the bubble, which is the main reason for the pronounced particle
circulation in BFBs [73], [116], [117]. For small bubbles, the wake can be approximated by
the volume that would be necessary to complete the sphere of the spherical-cap shaped
bubble and is often described by the wake angle ® as shown in Figure 2.5. Rowe and Partridge
[118] measured the wake angles for a variety of bed materials and bubble sizes by means of
X-ray projections and observed that the volume of the wake is 25% of the bubble volume
on average with a tendency to increase with decreasing particle sizes and more spherical
particle shapes. Grace [119] used the measured wake angles to estimate the apparent dense
phase viscosity, following the above-described similarity between bubbles in liquids and
fluidized beds. Particles are continuously fed into the wake as the bubbles rise and shed
periodically from the wake into the dense phase for which bubble coalescences seems to be
mainly responsible [116], [117]. Besides the vertical transport of particles inside the bubble
wake, they also are displaced by the drift of the bubble, which is qualitatively similar to the
drift of a sphere moving through an inviscid fluid and the resulting return flow [116], [120],
[121].
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Figure 2.5: X-ray image of a bubble in a fluidized bed including illustrations of the spherical-
cap shape, the wake and the wake angle.

Davidson model of bubble flow

The Davidson model [122] describes the characteristic flow pattern of bubbles as they rise
upwards in the fluidized bed. Accordingly, the flow patterns depend on the rise velocity of the
bubble in relation to the gas velocity within the dense phase. This ratio can be expressed by a

parameter a as shown in Equation 2.17.

Bhr  _ Ubr (2.17)

Umf€mf Uqg

a =

Depending on the value of a the flow patterns of rising bubbles can be vastly different. This
has significant implications for the gas-solid contacting in BFBs. Generally, a distinction
can be made between slow rising bubbles, with a < 1 and fast rising bubbles, with a > 1.
For the case a < 1, a significant throughflow of gas occurs that enters the bubble from the
bottom and exits it again at the top, while only part of the gas recirculates within the bubble.
The other case, where a > 1, is characterized by the formation of a thin layer of suspension,
often referred to as “cloud”, that surrounds the bubble. In this layer the gas of the bubble
recirculates while comparatively little throughflow takes place. The thickness of the cloud and
the corresponding ratio between throughflow and recirculating flow depends on «a. Figure
2.6 shows the resulting bubble flow patterns for various values of a as presented by Kunii and
Levenspiel [73]. Accordingly, bubbles in fluidized bed materials of Geldart group D typically
show significant throughflow, whereas most gas recirculates within the bubble for Geldart

group A and B material.
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Figure 2.6: Typical flow patterns of bubbles rising at different velocities in relation to the
velocity of the gas in the dense phase. Illustration adapted from Kunii and Levenspiel [73].

The gas flows through and around bubbles according to the pressure gradients that are shown
in Figure 2.7, where the pressure within the bubble equals the static pressure of the bed at the
height of the center of weight of the bubble [123].

Bubble interactions, coalescence and breakup

The bubbles in BFBs dynamically interact with each other as they experience the drift flow
of other bubbles causing them to follow the direction of the drift and accelerate towards the
leading bubbles, which usually results in the coalescence of the bubbles. Such coalescence
events are highly dynamic: the upper bubble typically experiences a moderate widening,
whereas the lower bubble substantially accelerates, distorts and elongates throughout its
approach towards the leading bubble [124], [125]. During the early stages of coalescence, a
thin layer of particles separates the bubbles. This layer eventually collapses when the lower
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Figure 2.7: Pressure profile of a single rising bubble in a fluidized bed. [llustration adapted
from Kraume [123].

bubble finally merges rapidly into the upper bubble [124]. Dynamic bubble interactions
and coalescences in particular cause an increased interphase mass transfer between the
bubble phase and the dense phase, which is especially pronounced immediately prior to
the coalescence of the bubbles [126]. The dynamics in BFBs also enhance the interphase
mass transfer through an increased throughflow in comparison to that of isolated bubbles
[126], [127]. Due to the porosity of the bed, gas can also flow from one bubble to another
without coalescence happening [128]. Further, coalescences near the bed surface can cause
the ejection of particles into the freeboard at significantly increased velocities, which may lead
to particle entrainment [103]. By means of bubble coalescence, the mean bubble diameter
increases with increasing height in the bed. However, the net growth of the mean bubble
size also depends on the rate of bubble break-up. For the explanation of bubble break-up,
the so-called wake collapse theory and roof collapse theory are often discussed. The wake
collapse theory was first proposed by Davidson and Harrison [129]. It states that particles are
lifted upwards from the wake into the bubble once the toroidal gas circulation, which occurs
within rising bubbles due to the relative downward motion of the particles surrounding the
bubble, reaches the terminal velocity u; of the particles. Clift and Grace [130] proposed the
roof collapse theory, according to which bubbles also break through what they referred to as
a knife or curtain of particles descending through the bubble roof into the bubbles, which
eventually splits the bubble. This is explained by the Taylor instability [131], which states that
irregularities occur at horizontal interfaces between phases if the upper phase has a higher
density than the lower phase. Taylor instabilities typically lead to the formation of bubbles
or drops and are also said to be the principle behind the formation of bubbles in fluidized
beds [130]. Figure 2.8 shows a sequence of dynamic bubble interactions, in which a first

bubble splits into two separate bubbles followed by a rapid coalescence with a trailing bubble.
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The X-ray images show a controlled sequence of two bubble injections that were captured
at a framerate of 22 Hz in column with a diameter of 22.4 cm filled with Geldart group B bed
material as described in Sections 3.3, 3.3.1 and 3.3.3. A detailed description of X-ray imaging

of controlled bubble injection experiments is presented in Section Section 4.6.5.

Figure 2.8: Sequence of X-ray images captured at a framerate of 22 Hz that show the breakup
of a bubble followed by the coalescence with a trailing bubble.
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Bubble and particle flow patterns

Even when bubbles are distributed evenly at the bottom of the fluidized bed, their radial
distribution shifts towards the middle through a series of coalescences, as bubbles at the wall
can only coalesce vertically or away from the wall. A non-uniform distribution of bubbles with
an increased bubble frequency close to the wall has often been reported for the zone right
above the gas distributor [132], [133]. As a result of the non-uniform spatial distribution of the
bubbles and the above described motion of the dense phase induced by the rising bubbles,
specific particle circulation patterns develop. These flow patterns also depend on the aspect
ratio of the bed, the bed material and the gas distribution and reported experimental results
were not all consistent [73]. Therefore, a generalized pattern for relatively deep beds and
Geldart B material, as it is described by Kunii and Levenspiel [73] and illustrated in Figure 2.9,

is presented in the following.

There are two regions in which particles circulate. In the region immediately above the gas
distributor, a relatively weak circulation occurs, in which the particles are transported upwards
close to the walls and downwards at the center of the bed. Due to the shift of the bubble
locations towards the center at higher heights, a second zone of particle develops as a direct
result of the vertical particle transport in the wakes of bubbles as well as in their drifts. In this
zone, the particles move downwards near the walls and upwards in the central region of the
bed. The particle flow is directed upwards in the region where bubbles rise predominantly,
while only few bubbles, if any at all, are found in regions were the particle flow downwards.

Understanding the flow patterns within a fluidized bed is important for the description of the
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mixing of gas and solids, whereas axial and radial dispersion mixing models tend to perform

poorly [128].

Predominant particle
circulation gulf
stream

Relatively
dead region

Relatively weak
particle circulation

T

Figure 2.9: Schematic of a typical non uniform spatial distribution of rising bubbles in bubbling
fluidized bed and the resulting particle circulation patterns. Adapted by Grace [128] and
customized according to additional reports [73], [132], [133] and results of the present work.

2.3.3 Bubble properties

Bubbles are the dominant feature of BFB reactors and the precise description of their prop-
erties is necessary for the development of accurate models to describe their impact on the

reactor performance.

Bubble size

The diameter of a bubble can be defined in various ways. Often the diameter that is equivalent
to that of a sphere with the same volume as the bubble is used, which in this work is referred

to as the volume-equivalent diameter dj, ¢4, as shown in Equation 2.18.

16V}
db,eq =y Tb (2.18)

The hydraulic diameter dj, ;4 is also often used. It is defined by Equation 2.19, where Sj, is the
horizontal cross-section and Py, the horizontal perimeter at the center of weight of the bubble.
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2.3 Bubbling fluidized beds

4S8y,
db hvdr = — (2.19)
,nyar Pb

Other times, only specific characteristic sizes such as the mean chord length or width of the
bubble are stated. This is usually the case, when the method used to measure the bubble sizes
is restricted, for example when optical probes are used that can only measure the vertical
chord length of a bubble.

There are many correlations available in the literature for the determination of the bubble
diameter. Here, some popular choices are presented which according to a comprehensive
review by Karimipour et al. [68] performed well on average. Correlations by Werther [55], Mori
& Wen [134] and Darton et al. [135] were chosen.

Werther [55]:

dpeq = do [1+0.272 (11— )] ™ (1+0.06841) 2! (2.20)

0.610 for Geldart group A material
do=14 0.853 for Geldart group B material
1.230 for Geldart group D material

Mori & Wen [134]:

dpm —d 0.3h
Aom — %y _ (__) (2.21)
dpm — dpo
dpo = 0.00376 (1 — )’
dpm = 0.652[ AR (U= Uy )1"°
Darton et al. [135]:
dy = 05480 (=t )" (h+440"5)"° (2.22)
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Bubble shape

It is important to correctly describe the shape of the bubbles, especially for the calculation
of the mass transfer between the bubble phase and the dense phase, which requires the
knowledge of the specific surface area of the bubble a,, that is the ratio between the surface
area and the volume of the bubble. Knowing the bubble shape is also important for the
evaluation of locally constricted methods for the measurements of bubble properties, such as
optical probes or capacitive probes. A transformation of a measured chord length distribution
to the bubble size distribution by means of statistical methods is only possible if the bubble
shape is known [136]. Often, a spherical cap shape is assumed, as it is shown in Figure 2.5, with
wake angles in the range of 120° - 135° [118], [137]. Hemispherical, ellipsoidal and truncated
ellipsoidal shapes are also common assumptions [118], [138]-[140]. Werther [141] proposed
a correlation for a shape factor a, as shown in Equations 2.23 and 2.24, which describes the
ratio of the vertical to the horizontal diameter. By definition, the shape factor a is always less

or equal to one and experiments showed values for the form factor between 0.8 and 0.9 [142].

a=(1-03exp[-8(u—uns)])e " (2.23)

@=72(u—upms)exp[—4.1(u— tp )] (2.24)

Bubble rise velocity

Another important property of bubbles in a BFB is their rise velocity as it determines the
residence time of the bubble and with that the contact time between the dense phase and the
bubble phase and the corresponding mass transfer. The bubble rise velocity also influences
the intensity of the particle circulation and thus the mixing of the solids and the heat transfer
between the fluidized bed and the surfaces of the walls or internal heat exchanger surfaces.
Davidson and Harrison [143] proposed a correlation, which is shown in Equation 2.25 and is

often used to calculate the rise velocity of single bubbles.

upr =0.7114/ gdp, (2.25)
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Rowe and Partridge [118] adapted the correlation and distinguished between particles of
Geldart group A and B:

upr =k gdb_eq (2.26)

f 0.926 for Geldart group A material
1.020 for Geldart group B material

For the determination of the rise velocity of bubbles in freely bubbling beds, the correlations
have been expanded by an additional term (u — uy, f), which can be regarded as a correction
term which accounts for dynamic bubble interactions when the bubbles rises as part of a
swarm of bubbles [144]. Equation 2.27 shows the adaptation.

up = upr+ (U—tpy) (2.27)

Hilligardt and Werther [56] expanded the correlation to account for different heights, reactor

geometries and bed materials:

up= Y (u—tyg)+up, (2.28)
For Geldart group A particles:
=028 (2.29)
9=0.7D3 (2.30)
For Geldart group B particles:
0.67 hiD <1.7
VY =4 051vVh/D for: 1.7< h/D <4 (2.31)
1 hiD >4
9=0.2D% (2.32)

For the calculation of the bubble size as well the rise velocity of bubbles, there are many more

correlations available in the literature. Karimipour et al. [68] provide a detailed review of 25
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bubble size correlations and 16 bubble rise velocity correlations from literature, including a
ranking of their performance in comparison to experimental data available in the literature.

Bubble hold-up

One of the most fundamental ways to characterize the bubble phase in a fluidized bed is the
bubble hold-up €j, which describes the ratio of the volume of the bubble phase to that of the
entire bed, as defined in Equation 2.33.

v
g, = —total (2.33)

Vbed
The bubble hold-up can be defined for the entire bed or for a defined volume, area or location
within the bed. The cross-sectional bubble hold-up describes the spatial distribution of the
bubble phase at a horizontal cross-section of the bed for a specified height, whereas the local
hold-up describes the bubble-hold up at a specific point in the fluidized bed. Usually, the time
averaged value of the bubble hold-up is used.

2.4 Scale-up of bubbling fluidized bed reactors

One of the biggest challenges of any chemical reactor development are the various non-linear
dependencies between reactor characteristics and the reactor scale. The limiting step and
therefore the performance of the reactor may vary with the scale. A simple example for this is
the ratio between the surface area and the volume of a reactor. While the surface area increases
with the reactor diameter Dy squared, the reactor volume increases cubic with Dg. This can
have significant consequences, e.g. for exothermic reactions, where heat can be removed
sufficiently via cooling through the reactor wall for reactors with large specific surface areas.
This may not be the case for an increased reactor diameter and the resulting reduced specific

surface area.

Determining the scale dependencies experimentally, is considered particularly difficult for
fluidized bed reactors, due to the manifold scale dependent design parameters, such as the
bubble growth, mass and heat transfer, particle properties, and flow patterns [145], [146].
Fluidized bed reactors also often show scale dependent wall effects (e.g. slugging) which
can significantly impact the reactor performance and may occur at small reactor scales and
disappear for larger reactor diameters. A detailed scale-up procedure is especially important

for catalytic fluidized bed reactors, where the economic risks are very high [147].
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2.4.1 General scale-up approach

The scale-up of processes typically involves several development stages at plants of increasing
complexity. According to the recommendations by Kelkar and Ng [148], Chen et al. [149], Ellis
and Botero [147], Knowlton et al. [81] and Riidisiili [146], a general approach for catalytic
fluidized bed reactors typically involves the following steps:

Screening

In the screening phase, the general suitability of fluidization regimes and reactor designs are
investigated. It involves generic reactor models and requires basic knowledge on the reaction
kinetics and physicochemical properties of the process. The reaction kinetics can typically be

determined in a micro-scale fixed bed reactor.

Lab-scale investigations

Initial hydrodynamic investigations are carried out in lab-scale units to determine basic
characteristics of the fluidized bed, such as its ability to fluidize, the minimum fluidization
velocity, particle attrition and elutriation, or bed expansion. Such investigations are often
carried out in non-reactive systems that are referred to as cold-flow models. Cold-flow systems
are usually operated with air as the fluid and a substitute material for the catalyst, typically the
catalyst carrier. The kinetics of possible side-reactions and catalyst deactivation are usually
also determined in a lab-scale reactor. Usually, the diameter of lab-scale reactors is in the

range of 1 - 5 cm for fixed bed investigations and 5 — 20 cm for fluidized bed investigations.

Scale-up

Pilot-scale units with diameters in the range of 20 — 60 cm are typically used for scale-up
investigations [147]. The required diameter depends on the type of used bed material. For
Geldart group A material, diameters in the range of 15 - 30 cm are usually sufficient, whereas
larger diameters in the range of 60 - 100 cm are recommended for Geldart group B material
[81]. Certain aspects of the hydrodynamics, such as the bubble growth, flow patterns, effects
of internals, effect of the feed compositions, influence of elevated pressures and temperatures,
pressure, temperature and concentration profiles, and the distributor design can only be
investigated adequately in the pilot-scale. Another purpose of pilot-scale investigations is
to confirm the reliability of the reactor design, which usually requires long term continuous

operation in the range of 1,000 or more hours at reactive conditions.
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Typical concerns in this context are: the attrition and elutriation of bed material, the attrition
of reactor surfaces, the deactivation of catalyst, and the reliability of equipment and process
control. Knowlton et al. [81] suggests developing a larger cold-flow model to demonstrate the
hydrodynamic similarity, which is given when two reactors of different scales are designed
and operated with identical non-dimensional parameters and their dependent variables are
identical throughout the entire bed [148].

Demonstration plant

A demonstration plant with a diameter that usually is in the range of 80 — 150 cm and a similar
height to that of the designated commercial plant size may be built to further confirm the
long-term operational stability. Demonstration plants are typically designed to verify the
cost-effectiveness of the plant and are therefore usually optimized for economic viability,
whereas pilot plants are normally designed in a more robust way, considering the level of
uncertainties encountered at that stage of the process development. There are two common
approaches for the scale-up of equipment. One is the application of the Buckingham Pi-
Theorem [150], which states that if n independent parameters e.g. density, viscosity, etc.
can be identified to completely describe a physical process, then a relationship of (n — p)
dimensionless parameters, where p is the number of fundamental dimensions, such as time,
length or mass, is sufficient to fully describe the process. The other approach is inspectional
analysis, which is a method to transform the governing equations and boundary conditions of
a physical process in a non-dimensional form. Ultimately, they both yield the same results if
applied correctly [151]. However, applying the Buckingham Pi-Theorem can be problematic
if not all relevant parameters can be identified. It is also considered to be not well suited for

open systems, which are common in chemical engineering [146].

2.4.2 Hydrodynamic scale-up bubbling fluidized bed reactors

Glicksman [67] identified the full set of relevant dimensionless numbers, through transforma-
tion of the equations that describe the motion and conservation of mass of both gas and solids
in fluidized beds to their non-dimensional form. Accordingly, the following dimensionless
groups have to be matched to obtain similar hydrodynamic conditions for different reactor

scales:

uped, u? D d
M, el , Pe , — £ , ¢, dimensionless PSD (2.34)
n gD pp H D

Here, the first term represents the Reynolds number and the second term represents the

Froude number. One issue with this full set of parameters is its constrictivenes, which can
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lead to scenarios where the hydrodynamics within large hot reactors cannot be investigated in
a lab-scale cold-flow reactor of reasonable dimensions and a similarly scaled cold-flow model

to fulfill the dimensionless group critiria [146].

To overcome these constraints, Glicksman [152] proposed a reduced set of scaling laws by
adapting the Ergun equation. Accordingly, the scaling laws can be reduced by removing
parameters containing the fluid density for Re, < 4 for air at ambient conditions, where
viscous forces are dominant, whereas the parameters containing the fluid viscosity can be
removed for Rey, > 1,000, where inertial forces are dominant. Additionally, the ratio between
the particle and the reactor diameter were replaced by the fluidization number u/ uy, .

Riidisiili et al. provide a comprehensive review on the scale-up of bubbling fluidized beds,
which includes a detailed list of scale-up validation studies. The author notes that many of the
early studies showed successful applications of the scaling laws, in contrast to more recent
studies, which were more critical and find the applicability of the proposed scaling laws to
be limited. Sanderson et al. [153] reports that Glickman’s scaling laws are only accurate for
smaller scales. A computational investigation by means of CFD, where two fluidized beds with
diameters of 15 and 30 cm were simulated, was conducted by van Ommen et al. [154], which
showed that neither the complete nor the simplified scaling laws lead to complete similarity.
Surprisingly, the simplified set outperformed the full set of scaling laws in that study. Leckner
et al. [155] applied the scaling laws for the hydrodynamic scaling between a small-scale solids
test rig and a large boiler relatively successful. The authors emphasized that a general scaling
approach is not practical and differentiated between fluid-dynamic, combustion and boiler

scaling.

Commonly stated critique of Glicksman’s scaling rules are the lack of a particle pressure
term, which is necessary for the description of homogeneous fluidization [156], the omission
of interparticle forces, which may be critical for Geldart group C and sometimes group A
powder [147], and particle collisions, which have been proven to significantly influence the
hydrodynamics of fluidized beds by means of CFD simulations [157]-[159]. Another commonly
cited scale-up approach, which also applies dimensional similitude, was proposed by Horio et
al. [160]. The method requires two conditions to be fulfilled: similarity in bubble coalescence

and similarity in bubble splitting and interstitial flow patterns.

2.4.3 Scale-up of reactive bubbling fluidized bed reactors

The scaling rules by Glicksman were derived for non-reactive systems. Therefore, they do not
include the equations related to the reaction and heat transfer. While the hydrodynamics can
be maintained for a change in scale if the dimensionless parameters maintain unchanged, this

may not apply for the heat and mass transfer. This is especially relevant, when the reaction
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kinetics is limited by diffusive or intraparticle mass transfer, in which case changing the particle
diameter could significantly influence the reactor performance. Consequently, it is necessary
to determine which mass transfer mechanism, convection or diffusion, is rate-determining.
Davidson and Harrison [129] proposed a correlation for the mass transfer coefficient ky,,
shown in Equation 2.35, where D* is the molecular diffusivity. Horio et al. [160] derived a
factor B from ky,, as shown in Equation 2.36 to determine whether convection or diffusion is
dominant. For the case < 0.1 the mass transfer is dominated by diffusion, whereas > 10
indicates that convection is rate-determining. The reactor diameter significantly influences
the value of 8, which scales proportional to D~%7° [148].

lmf VD" g0%
kpe =4.5 , +5.85 dé~25 (2.35)
\/ﬁ 0.25
p= % (2.36)
umfdb'

2.4.4 Sectoral scale-up of bubbling fluidized bed reactors with internals

Riidisiili et al. [161] developed a sectoral scale-up method that can significantly simplify the
scale-up procedure, if vertical internals are present. In this approach, the hydraulic diameter
dpyaq of a unit cell of vertical tubes is used as the characteristic length scale for the complete
set of scaling laws by Glicksman [67], rather than the reactor diameter. Therefore, the scaling
is independent of the absolute scale of the reactor and of particle sizes. This is one of the
great benefits of the approach, as it removes challenging constrictions from Glickman “s
full set of scaling laws and allows to directly transfer the particle mass transfer mechanisms
derived at the lab-scale to larger scales. The sectoral approach can be applied, given that the
hydrodynamics in a defined sector are autonomous. Here, the hydraulic diameter is defined
by the free cross-sectional area between internals and their wetted perimeters as described by
Equation 2.37 and shown in Figure 2.10.

2
4|12 —n—dim
48 4

dpya = = (2.37)
Y Puet,int ndint

Maurer et al. [162] expanded the sectoral approach and determined the representative size of
a sector by means of optical probe measurements. Accordingly, a pattern of 4 x 4 internals is

necessary for further up-scaling as illustrated in Figure 2.11.
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Figure 2.10: Ilustration of a unit cell of vertical tubes including labeled parameters used for
the definition of the hydraulic diameter.
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Figure 2.11: Tllustration of the sectoral scale-up in comparison to the traditional scale-up.
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8] Experimental setups

In this chapter, the experimental setups that were used to obtain the results presented in
Chapters 4 and 5 are described. All experiments were carried out at ambient temperatures,
using pressurized air for the fluidization. A BFB reactor in the pilot scale, referred to as
GanyMeth or GAM, is equipped with a variety of sensors. Those that are not relevant for the
present work are mentioned briefly in the following. Additionally, a detailed description is
provided for the optical measurement lances that were used in the scope of this work for the
measurement of rising bubbles at elevated pressures. Due to the unique reactor design with a
inserted vertical heat exchanger tube bundle, significant wall effects have to be considered
and comprehensive efforts were made to account for them in the experiments. A Perspex®
column, referred to as cold-flow model, was used for several experimental campaigns. The
cross-sectional geometry of cold-flow model equals that of the GanyMeth plant. It was used
to elucidate the uncertainties of the measurements in the GanyMeth and to expand the
general understanding of the respective hydrodynamic phenomena by utilizing additional
experimental methods. This included the application of a variety of auxiliary equipment,
such as optical probes, vertical internals representing heat exchanger tubes, a heated vertical
internal equipped with heat flux sensors, a single bubble injection mechanism and two

independent X-ray tomography setups.

3.1 Pilot-scale plant GanyMeth

In the following, the general concept of the reactor design and auxiliary equipment with an
additional focus on the measurement technology required for the experiments described
in Chapter 5 is explained. The pilot-scale fluidized bed methanation reactor GanyMeth is
designed to produce a nominal output of 180 kW of SNG at temperatures of up to 400 °C and
pressures of up to 12 bar. It is 250 cm high, has an inner diameter of 22.4 cm and includes a

system of vertical internals, which are connected to the cooling circuit. The main objective of
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the plant is the measurement of the hydrodynamics of the fluidized bed at reactive conditions
at a representative scale. Ultimately, the GanyMeth plant will be used to verify the reactor
model that is currently being developed at PSI.

3.1.1 Functional description of the pilot plant GanyMeth

A gas panel provides defined mixtures of the gas components H,, CO,, CO, CHy, C2Hy, He, N»
and air. The preheating of these gases is possible via two electrical heater rod bundles with
a heating power of up to 15 kW each. There are two operation modes available available for
the gas flow; one is designed for the accurate control of the mass flow of mixtures of inert and
burnable gases in the range up to 200 kgh™! while the second enables large airflow rates of up
to 350 kgh™!. The flow rates were measured with Coriolis flow meters by Endress & Hauser and
the mass flow was controlled with with Metso Neles rotary globe control valves. A perforated
gas distributor plate, manufactured by Tridelta Siperm GmbH, made from sintered steel with a
mean pore size of 6 um and a porosity of 33-38 % was used to ensure an even gas distribution.

The reactor has 22 flanges for the insertion of analytical and measurement devices, shown in a
technical drawing in Figure 3.1. A measurement lance is inserted vertically into the reactor at a
central location (Flange N9). The measurement of the vertical temperature profile is possible,
whereas the measurement of the vertical concentration profile of the gas phase through gas
probing and subsequent online analysis via gas chromatography is not yet available. The
sampling of catalysts at reactive condition will also be possible by means of a sampling device,
which will be inserted vertically (Flange N10). There are two pressure sensors; one is installed
upstream of the gas inlet (Flange N1), while the other one is placed downstream of the outlet of
the reactor (Flange N2). The temperature of the reactor is measured at the gas inlet below the
gas distributor plate (Flange N3), in the lower zone of the bed (Flange N11) and in the freeboard
of the reactor (Flange N14). For the hydrodynamic investigations, two measurement principles
can be applied for the GanyMeth plant: pressure fluctuation and optical probe measurements.
While the origin of pressure fluctuations that accompany rising bubbles in fluidized bed is
still debated [163], it has been demonstrated that they can be used to determine characteristic
lengths that are proportional to the bubble size [82]. However, it is not possible to distinguish
between several individual bubbles passing the sensor at the same time and to identify their
individual properties when applying this method. In addition, no information on the radial
position of the bubbles can be determined by such measurement. Optical probes allow the
measurement of the pierced chord length dj, .1,,r4 and the rise velocity uy, of individual
bubbles as well as the bubble frequency and bubble hold-up & at the position the sensor is
placed. While the measurement of pressure fluctuations is non-intrusive and therefore does
not influence the hydrodynamics of the fluidized bed, optical probes are inserted which may
have an impact on the measured bubble properties.
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3.1 Pilot-scale plant GanyMeth

There are eight flanges (N24-N31) at which pressure fluctuation sensors (Kistler® Type 7261)
can be installed and eight flanges (N15-N22) at which optical probe sensors can be installed.
In total, there are six pressure fluctuation sensors and six optical probe sensors available. In
the present work, the optical probes were applied for extensive experimental investigation,
while no pressure fluctuations measurements were conducted. The design and functionality
of the optical probes are therefore discussed in detail in the next section.
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Figure 3.1: Technical drawing of the pilot-scale reactor GanyMeth with dedicated measure-
ment locations.
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The vertical heat exchanger tube bundle is arranged in a circular pattern that enables the
insertion of the optical probe, shown in Figure 3.2. Additionally, the positions of the vertical
lance, the catalyst sampling and the measurement and the chosen positions of the optical
probe are shown. The measurement positions were chosen to cover the entire reactor radius,
distinguishing between locations that are on or in between the circles on which the heat
exchanger tubes are placed. This is done to investigate the observation from X-ray measure-
ments that bubbles seem to rise in preferential pathways in the zones in between the three

circular heat exchanger arrangements [164].

Heat exchange tube

Optical probe
measurement position

Vertical measurement
lance position

Catalyst sampling
position

[10] 192

Figure 3.2: Horizontal cut showing the circular arrangement of vertical heat exchanger tube
bundle installed in the pilot plant GanyMeth.

3.2 Horizontal optical probes

An in-house developed optical probe sensor system [70], as depicted in Figure 3.3, allows
the measurement of the rise velocity as well as the pierced chord length of rising bubbles
within the reactor. Each of the probes consists of two steel casings that are vertically coupled
in a fixed distance of Asge,s0r = 1 cm. Inside of each of the steel casings are two optical fiber
bundles. One consists of seven the other of twelve individual glass fibers. The bundles are
fixed at the tip of the sensor against a sapphire glass window in a way that the seven fibers
form a central hexagon with the other 12 fibers arranged around it as shown in Figure 3.3. A
spring mechanism is applied to ensure that the optical fibers remain fixed against the sapphire
glass during operation, since a gap between the fiberglass could strongly reduce the signal
intensity. Laser light is transmitted through the central fiber bundle and the sapphire glass at
the end of the casing into the reactor [165]. If reflective particles are in front of the sapphire

glass, the light is reflected back and transmitted via the other glass fiber bundle onto a photo
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transistor. If there is a bubble present, little or no light will reflect back. Thus, a virtually binary

signal for the presence of bubbles is measured.

() Light path from laser
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Figure 3.3: Schematic illustration of optical probe details:
a) Arrangement of glass fibers inside the optical probe.

b) Vertically coupled optical probe.

Since the distance between the coupled sensors is known, the bubble rise velocity uy, can be

determined via the time difference between the corresponding signals of each sensor. Once

upr is known, it can be multiplied with the time duration of the signal and thus, the pierced

chord length of the bubble can be determined. This is shown in equations 3.1 & 3.2 and

illustrated in Figure 3.4.
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Figure 3.4: Schematic example of vertically coupled optical probe signal.
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The optical probes were developed and built by PSI as described in the dissertation of Maurer

[70]. They are designed to withstand temperatures of up to 400 °C and pressures of up to 25 bar.

In addition, they are technically tight, which is necessary to ensure the safe operation under

reactive conditions where toxic and explosive gases as well as carcinogenic catalyst particles
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are present in the reactor. One problem for the measurements at reactive conditions is that the
nickel catalyst is black and therefore absorbs most of the light. To account for this, the optical
probes were originally designed to enable the attachment of a small mirror in front of the
sensor tip while leaving a gap through which the fluidized particles can flow. An illustration of
this is shown in Figure 3.5.

Figure 3.5: Sensor tip of the optical probe with attached reflector screw. Illustration adapted
from Maurer [70].

However, in the course of comprehensive preliminary measurements, which are presented
in Section 5.2.5, it could be shown that the reflector attachments significantly influenced the
measurements. Therefore, they were removed from five of the available sensors prior to the
experimental campaigns, leaving only one sensor with a reflector attachment for possible
future measurements under reactive conditions. A test bench was developed to carry out
evaluations of the sensor system under laboratory conditions, which led to an overhaul of
the electronic hardware of the sensor system. A detailed description of these preliminary

investigations can also be found in Section 5.2.5.

Ultimately, the electronic components described in the following have been used for the
hydrodynamic experiments presented in this work. Laser diodes of the type L785P25 that
are manufactured by Thorlabs GmbH, were used as light sources. They generate laser light
with a typical wavelength of 785 nm at a typical output power of 25 mW. Potentiometers were
installed to adjust the diode forward voltage and with that, the optical power of the laser. This
made it possible to calibrate each individual sensor system, so that the signal to noise ratio
of the photodiode voltage output is maximized and consistent for all used sensors. Photo
transistors of the type BPY 62-4 that are manufactured by Osram Licht AG, were selected for the
light detection, as they are highly sensitive to light emitted from the chosen laser. The photo
transistors transform the light intensity into a voltage signal which is read with a framerate of

5kHz. A description of the evaluation of the voltage data is provided in Section 5.2.2.
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3.3 Cold-flow model

Several Perspex® columns with diameters in the range of 5-22.4 cm were used for fluidization
experiments. A variety of vertical Perspex® tube bundles are available to represent the heat
exchanger tubes of the reactor. Since the influence of the diameter and the different arrange-
ments of the vertical internals have already been investigated thoroughly in previous studies
[133], [161], [164], [166], [167], only the column with an inner diameter of 22.4 cm, which from
here on will be referred to as cold-flow model, and a circularly arranged tube bundle, which
both match the design of the GanyMeth plant, are used for the experimental studies in this

work.

The cold-flow model was originally designed for a first series of X-ray tomography measure-
ments at TU Delft in the scope of the dissertation of Maurer [70] in 2014, with the goal to
obtain further knowledge on the hydrodynamics of the GanyMeth plant that could not be
achieved with optical probes or pressure fluctuation measurements. For the experiments
conducted in this work, the column has been slightly modified. The following description of

the cold-flow model refers to its current stage.

This thesis also includes the evaluation of X-ray tomography experiments that were obtained
prior to these adaptations in the work of Maurer. The modifications that may influence the
measurements are specified accordingly. The column is 80.8 cm tall, has an inner diameter
of 22.4 cm and a wall thickness of 10 mm. Slotted holes, which allow the insertion of the
optical probes used in the GanyMeth plant, are placed vertically aligned with a spacing of
10 cm between their centers starting at a height of 10 cm above the gas distributor plate. Two
additional holes, one of which is placed 5.5 cm below the lowest slotted hole while the other
is placed horizontally aligned at the other side of the column, allow the insertion of bubble
injection nozzles. The internals have a diameter of 2cm and are connected by so-called
U-connectors at a distance of 3 cm above the distributor plate. There are three tube spacers,
which are used to keep the internals in their designated positions along their entire length.
Similar tube spacers are installed in the GanyMeth plant. Figure 3.6 shows a comparison
between the heat exchanger tube bundle, including the tube spacers, which is installed in the
pilot plant and the internals and tube spacers which are used in the cold-flow model.

For the X-ray tomography experiments, it is important to ensure that the internals do not
change their position during the measurements. Even a slight rotation may impact the
measurements because the evaluations are based on calibrations with the intensity profiles
from the original orientation of the internals. Therefore, the top tube spacer was designed
with a raised height of 2 cm to increase the stiffness and an additional outer ring that is fixed
between two flanges at the top of the column. The gas distributor plate is identical to the one

that is installed in GanyMeth plant. An additional Perspex® cylinder, which is often referred
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Figure 3.6: Series of images showing various perspectives of the vertical heat exchanger
tube bundle including the tube spacer, as they are installed in the GanyMeth plant (images
(a),(b),(c)), the vertical tube bundle, as it can be inserted in the cold-flow model (image (d)) as
well as the respective tube spacers. Image (e) shows the top tube spacer and image (f) shows
one of the lower tube spacers.

to as plenum chamber or windbox, is installed below the gas distributor plate. The gas feed
is directed centrally downwards through a pipe into packing material inside of the windbox.
This is done to assure a uniform distribution of the air flow through the distributor plate.
However, preliminary measurements have shown a significant maldistribution of the gas flow.
For this reason, the filling material, the gaskets between the perforated plate and the flanges
as well as the perforated plate itself have been replaced for the measurements conducted in
the scope of this thesis. As a result, no further maldistribution was observed. It is unclear if the
observed maldistribution was already present during the measurements as part of the work
of Maurer et al. and Schillinger et al. [133], [164], [167]-[169] which are also evaluated in this
work. However, the measured cross sectional bubble hold-up ¢, at lower heights, which are
shown in Sections 4.3.2 and 4.5.2, indicate that this is likely the case.

In this work, the cold-flow model has been used in combination with a variety of experimental

setups that are described in the following.

3.3.1 X-ray measurement setups

In this work, experimental results from two independent X-ray tomography setups are presen-
ted. To distinguish between the two, the setup described in the following section will hence-

forth be referred to as X-ray tomography line detector (XR-LD) setup, while the setup described
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3.3 Cold-flow model

further below, will be designated as X-ray tomography area detector (XR-AD). A detailed de-
scriptions of the fundamental principles of X-ray measurements is provided in Section 4.1.

X-ray line detector tomography setup (XR-LD)

Throughout the research on the hydrodynamics of BFB reactors, a close collaboration between
PSI and the Delft University of Technology (TU Delft) developed. In 2014, the first joint X-ray
tomography experiments were conducted, where a fast double X-ray tomography scanner
was applied to measure the cross-sectional solid distribution in two parallel measurement
planes [133]. Figure 3.7 shows the setup, which consists of three X-ray sources positioned
at angles of 120° around a fluidized bed and two sets of three horizontal detector arrays,
which were installed opposite of the sources at two heights separated by 40 mm. In this way,
two measurement planes were formed with vertical distances between 15.5 mm and 21 mm

resulting in an average vertical distance of 18.2 mm.
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Figure 3.7: Schematic illustration of the X-ray tomography setup. Left: Reduced representation
of the setup showing the fluidized bed with only one of the X-ray sources and its corresponding
detector arrays. Right: Top view of the complete setup. Adapted from Mudde [170].

The X-ray sources were manufactured by Yxlon International GmbH and provide a maximum
X-ray energy of 150 keV. For the experiments evaluated in this work, the sources were usually
operated at currents of less than 1 mA [133]. Each of the horizontal X-ray detector arrays con-
tains 32 individual detectors, which consist of CdAWO, scintillation crystals that are optically
coupled to a PIND photodiode. The detectors have a crystal size of 10 x 10 x 10 mm and were
manufactured by Hamamatsu (type: S 1337 — 1010BR). They are arranged with a curvature
so that the distance between the individual detectors and the focal point of the X-ray source

is consistent. Only 30 detectors of each array are used for the tomography measurements,
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while the other two are used for the alignment of the fluidized bed column and to monitor
the proper functioning of the setup by measuring the unattenuated X-ray intensities. The
transmitted X-ray intensity is measured at a frame rate of 2.5 kHz. A detailed descriptions of

the tomographic reconstruction procedure is provided in Sections 4.2.1 and 4.2.3.

X-ray area detector tomography setup (XR-AD)

In this work, a second experimental X-ray campaign was carried out using a new X-ray tomo-
graphy setup at TU Delft. While the X-ray sources remained the same as the ones used in
the XR-LD setup described above, new high-resolution X-ray flat panel area detectors were
placed opposed to the X-ray sources. The detectors were manufactured by Teledyne DALSA
(type Xineos-3131) and consist of monolithic crystalline silicon. The panels apply the comple-
mentary metal-oxide-semiconductor (CMOS) active pixel technology and produce images
with a resolution of 1,548 x 1,524 pixels for an active area of 307 mm x 302 mm. Their fram-
erate is 22 Hz for measuring images at full resolution. The resolution can be reduced in one
dimension of the detector panel to increase the framerate. A maximum framerate of 220 Hz
can be achieved when the resolution is reduced to 100 x 1,524 pixels, which essentially turns
the detector into a high-resolution line detector that can be applied in the same way as the
XR-LD setup described above.

In comparison to measurements with the XR-LD setup, the application of high-resolution
X-ray flat panel area detectors allows the observation of entire bubbles, rather than pseudo
three-dimensional representations that are based on the frame-by-frame stacking of the
reconstructed bubble cross sections and are dependent on the assumed bubble rise velocity
upy. In this way the dynamic evolution of the bubble as it rises in the fluidized bed can
be observed. The shape and rise velocity of individual bubbles fluctuate significantly in a
bubbling fluidized bed as they experience the draft of other bubbles, the draft of the circulating
particles, the shedding of particles carried in their wake and pressure fluctuations. Additionally,
this method allows the observation of highly dynamic bubble coalescence and breakage events.
In a partnership with the Dutch national research institute Centrum Wiskunde Informatica
(CWD), TU Delft is currently working on an algorithm that will allow the three-dimensional
reconstruction of bubbles from single frames. While first results are promising, the high
computational demand for the reconstructions makes it unfeasible for the evaluation of the

experiments conducted for the present work.

For this thesis, the XR-AD setup was used to measure shape, size and rise velocities of individu-
ally injected bubbles, to verify results obtained with the XR-LD setup and to support various

assumptions made throughout the thesis to explain experimental results.
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3.3.2 Single bubble injection setup

The injection of single bubbles with specified volumes in a fluidized bed that is not yet
bubbling allows the investigation of single bubble properties in a controlled environment.
When two injection nozzles are installed, it is possible to inject two bubbles with defined
spatial and temporal distances to observe the evolution of dynamic bubble interactions. By
injecting single bubbles it is possible to measure bubble properties with the XR-AD setup
without requiring complex tomographic reconstructions but through the comparatively simple
evaluation of the bubble projection images. Assuming symmetry and by imaging the bubbles
from multiple angles allows the determination of the dynamic evolution of the shape, volume
and rise velocity of the measured bubble.

For the present work a setup has been developed with the purpose to verify the applied
measurement techniques that were used in the experimental studies and to further investigate
the results from XR-LD measurements. A framework was constructed, which enables the
installation of the horizontal optical probes that were used in the measurements at the pilot
plant GanyMeth, described in Section 3.2. In this way, the optical probe measurements and the
corresponding evaluation methods can be verified through the simultaneous measurement of
the bubble properties with the XR-AD setup.

Figure 3.8 shows an illustration of the framework, which enables the insertion of three optical
probes with distances of 20 cm between each of them. The column is placed on a lifting
platform to position it at the chosen height for the measurement and is fixed to the frame with

ratchet straps.

Figure 3.8: Framework that enables the insertion of the horizontal optical probes into the
cold-flow model.
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The single bubble injection mechanism is illustrated in Figure 3.9. It includes a pressure vessel
with a volume of 2.5 L which is connected to an air supply at a pressure of 2-3 bar and served
as a pressurized air reservoir to ensure consistent injection volumes. A mass flow controller
(MFC) of type EL-FLOW Select F-201CV manufactured by Bronkhorst is installed upstream of
the pressure tank. In this setup, the MFC is not used to control the flow rate, it is simply set
to “always open”. However, the MFC allows the measurement of the flow rate of pressurized
air into the pressure vessel. This is possible when bubbles are injected with a frequency that
causes a semi steady air flow due to the inertia of the flow system. In this way, the volume of
each specific injection can be calculated.

Downstream of the pressure vessel the air stream is split into two pathways leading to high-
speed solenoid valves of the type 166B-871JM manufactured by Mac Valves Europe Inc. The
solenoid valves are able to open with a time delay of 2 ms and close with a time delay of 7 ms.
A LabVIEW® program controls the valve opening times according to provided experimental
settings. The settings include the injection times for each nozzle, the time gap between
each injection of each individual nozzle, the time gap between the injection of one nozzle in
relation to the injection of the other nozzle as well as the total amount of injections. Pneumatic
silencers of various sizes that are made from sintered metal are used as nozzles to reduce
the formation of air jets during the injections and to stabilize the generated bubbles thereby.
In the experimental series described in Section 4.6.3, it is shown that injection times as low
as 20 ms were possible, which allowed the consistent generation of bubbles with a volume
equivalent diameter dj, o, of about 2 cm. The upper limit of dj, .4 for stable and reproducible
bubbles is 10 cm.

Cold-flow model

LabVIEW®
Injection
time 0
m series A Q

i Bubble injection nozzles
Pressurized m Pressure {i}
vessel

air 6 bar
MFC Pressure (2-3 bar) Solenoid valves
regulator valve

Figure 3.9: Simplified and stylized P&ID flowsheet of the bubble injection setup.
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3.3.3 Heat flux measurements

A new setup that has been developed for this work allows the measurement of the local heat
flux within a fluidized bed. For this, a jacketed pipe has been constructed from stainless
steel where the inner pipe has an outer diameter of 1 cm and a length of 11 cm and the outer
pipe has an outer diameter of 2 cm and a length of 12 cm. The wall thickness of both pipes
is 1 mm. The jacketed pipe is connected to a circulation thermostat manufactured by Julabo
GmbH (type 12 MC) which is operated with water. It is able to control the temperature with a
precision of + 0.01 °C and can be operated with circulation flowrates of 11-16 Lmin™!. This
results in a change rate of the water volume within the pipe of 0.14 - 0.2s~!. The temperature
of the water within the pipe can therefore be assumed as constant. The local heat flux is
measured by thermoelectric sensors, which consist of thermocouples that are connected in
series referred to as differential-temperature thermopiles. By integrating the thermopiles
within a filling material, a thermal resistance layer is created through which heat is conducted
when the opposing sides of the layer have different temperatures. This is described by Fourier’s
law shown in Equation 3.3, where ¢ is the specific heat flux, A is the thermal conductivity of
the sensor material, AT is the temperature difference at both sides of the sensor and ¢ is the

thickness of the thermal resistance layer.

) AT

q=-A— 3.3)
The thermopiles are arranged in a way so that they form thermocouple junctions at either side
of the sensor layer. This is depicted in Figure 3.10. As a consequence of the Seebeck effect
[171], a voltage is generated for each of these junctions which is directly proportional to the
applied temperature difference. By connecting multiple thermocouples in series, the voltage
is amplified which increases the overall signal to noise ratio of the sensor. The response time
of such sensors depends on the thermal inertia of the sensor layer and thus on its thickness

and conductivity.
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Figure 3.10: Illustration of the heat flux sensor showing the arrangement of the thermopiles.

For the experiments presented in this thesis, heat flux sensors of the type Mircro-foil 27036-1
that were manufactured by RdAF Corporation were chosen. They are suited to measure the
influence of single bubbles on the local heat flux between the fluidized bed and the heated

jacketed pipe due to their small size of 6.5 x 18 mm and their fast response time of 50 ms as
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a consequence of their thickness of only 0.07 mm. The sensors also measure the outer wall
temperature of the heated pipe. Additionally, thermocouples of the type PT-100 are used to
measure the bed temperature. Therefore, the bed temperature, the wall temperature of the
heated pipe as well as the specific heat flow can be measured within the fluidized bed at a
specific position which allows the calculation of the local heat transfer coefficient @ according
to Equation 3.4, which is derived from Fourier’s law.

g = aAT (3.4)

By measuring simultaneously with the optical probes described in Section 3.2, it is possible
to correlate the time resolved heat transfer coefficient with the measured bubble properties
respectively. In addition to that, a correlation between the time averaged heat transfer coef-
ficient and the experimental settings, namely the measurement height, the radial position,
the fluidization number u/u,, ¢ and the local bubble hold-up ¢;, can be derived. The jacketed
pipe can be installed in the vertical tube bundle described in Section 3.3 by removing one of
the Perspex® internals at the desired measurement position and replacing it with the heated
pipe. Three heat flux sensors are available, which are positioned vertically aligned on the
heated pipe in distances of 20 cm to allow the simultaneous measurement with three optical
probes. The 3D-printed tube holder includes four designated radial positons, as shown in
Figure 3.6 (e), where the heated pipe can be placed and fixed. By attaching a Perspex® pipe,
the jacketed pipe can be extended by 10 cm, which allows the measurements at a total of six

different height positions ranging from 10 - 60 cm in increments of 10 cm.

3.4 Bed material

For all experiments, porous y-alumina (y-Al,O3) particles, which were manufactured by Sasol
Germany GmbH, were used as bed material. Two types of particles are available, that can
be classified as Geldart A and an intermediate between Geldart B and A, according to their
particle densities and sizes according to the respective categorization by Geldart [86], which
was described in Section 2.2.1. The properties of the chosen bed materials are shown in Table
3.1. Following the labels provided by the manufacturer, the Geldart A material will from now
on be referred to as SCCa and the Geldart B material as NWa. The table includes values that
were provided by the manufacturer and values that were measured at PSI, marked in blue.
The pore volumes of the material was measured via nitrogen physisorption on an Autosorb-1
analyzer manufactured by Quantochrome Instruments in liquid N> at a temperature of 77 K.
The samples were outgassed over a period of at least 3 h in dynamic vacuum. By applying the
Brunauer-Emmett-Teller (BET) model [172] the specific surface area could be determined

and the total pore volume was determined at a relative pressure pp,, 1> 0.99. The bulk density

58



3.4 Bed material

was determined by filling a 10 mL flask with the material while applying vibration and then
weighing it. Once the pore volumes and the bulk densities of the materials as well as the
density of Alumina are known, their voidage can be calculated. The particle density can then
be calculated by dividing the bulk density with the respective solid fraction. The minimum
fluidization velocity u,,; was determined with the method described in Section 2.2.2 at a
pressure of 1.14 bar in the GanyMeth plant. Some particle properties have been reported in
a previous publication by Riidisiili et al. [173]. The particle sphericity was determined via
scanning electron microscopy (SEM) imaging and the internal angle of friction was calculated
with what is referred to as bin flow method [174].

Type Puralox® NWa-155 Puralox® SCCa-150/200
Manufacturer Sasol Germany GmbH  Sasol Germany GmbH
Material v-Al,O3 v-Al, 03

Mean Sauter diameter dp [um] 289 60-150

Particle density pp [kg/m3] 1350/1390 1340

Bulk density pp,,,;x [kg/m3] 800/800 700-1150/850

Loose bulk density pp ik, 100se lkg/m3] 760 600-850

Pore volume Vporg[cmglg] 0.467 0.35-0.5/0.5413

Bulk voidage €max [-] 0.424 0.325

Loose bulk voidage € [-] 0.453 not available (n.a.)
Voidage at fluidization Emf [-] ~0.5[173] n.a.

Geldart classification [-] A/B A

Minimum fluidization velocity [m/s] 0.03 0.01

Sphericity [-] 0.59 [173] n.a.

Internal angle of friction [°] 33 [173] n.a.

Table 3.1: Properties of the particles used in this work. Values that are marked blue were
measured as part of this work or previous works, others were provided by the manufacturer.

For the NWa material additional efforts were made to specify its properties and elutriation
rates. A laser diffraction particle sizer of the type LA-950 manufactured by Horiba was used
to determine the particle size distribution of the bed material as it was delivered as well as
after specified durations of fluidization. Figures 3.11 and 3.12 show the measured particle size
distribution for the fresh bed material and after 100 h of operation. It can be seen, that the bed
material originally contained a small mass of fine particles in the size range of 2-15 um, which
could not be detected after the specified duration of fluidization. Additionally, an analytical
filter was installed in an isokinetic line in the outlet of the reactor to capture elutriated bed
material, which was also analyzed with the laser diffraction particle sizer. All experiments
described in this thesis where NWa material was used, were executed with bed material that

had been fluidized for more than 100 h prior to the measurements.
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Figure 3.11: Particle size distribution of alumina NWa-155 particles as delivered and after 100
hours of fluidization.
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Figure 3.12: Particle size distribution of alumina NWa-155 particles in the range of 2-15 um as
delivered and after 100 hours of fluidization.

60



X-ray measurements

Multiphase flows are omnipresent in process and energy industries as over 99% of the applied
reactors in industry branches, such as petroleum processing, energy generation, pharmaceut-
ical production, food processing, waste water treatment, agricultural production, chemical

production and biological processes, are multiphase systems [175], [176].

For the design and optimization of multiphase reactor systems, it is necessary to understand
their fundamental hydrodynamics and transport phenomena to derive appropriate reactor
models [177]-[179]. Hence, precise measurement techniques are required to characterize

multiphase systems.

Multiphase flows, particularly fluidized beds, are opaque and therefore require either invasive
probe measurements, which are locally constricted and may influence the multiphase flows,
or appropriate non-invasive measurements, that are able to distinguish between the phases
despite their opaqueness. Tomographic imaging techniques, such as magnetic induction
tomography [125], [180]-[182], electrical resistance [183], [184] and capacitance tomography
[185], [186], ultrasonic measurements [187], [188] or X-ray and y-ray tomography [170], [189]-
[191], can be applied for this purpose. They have become increasingly available in recent years,
as part of the ongoing digitalization of the industry, benefitting from increased availability of
powerful computers that are typically required for evaluation of tomographic measurements
[192]. A comprehensive review on various fast tomographic imagine techniques was provided
recently by Hampel et al. [192].

X-ray measurements are well suited for the visualization of fluidized bed flows. They are
non-invasive and non-destructive, the scattering of X-ray radiation as it crosses the phase
interfaces is negligible [176] and their readiness for densiometric measurements, resulting
from more than 120 years of development for medical applications [193], allows the precise

determination of the cross-sectional bubble hold-up in fluidized beds.
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Non tomographic imaging, such as X-ray radiography, can also be applied to visualize mul-
tiphase flows. Due to the fact that the projection of the entire multiphase flow is captured in
such images, it is difficult to distinguish between multiple overlapping elements of the flow
structure, such as individual bubbles or drops, whereas tomographic reconstructions enable
the visualization of the spatial distribution of the phases, given an adequate spatial resolution
and number of viewing angles. However, for simple flow structures, such as single bubbles
rising in a fluidized bed, such methods are useful as they are readily available and do not

require complex and computationally expensive reconstructions.

In this work both X-ray radiography and tomography are applied to visualize BFB flows and
to measure individual bubble properties such as their shape, rise velocity, size and radial

position.

4.1 X-ray attenuation measurements of bubbling fluidized beds

Due to their short wave length in the range of 0.01 — 10 nm and the corresponding energies
of 145 eV to 124 keV, X-rays may traverse through long distances of dense material, without
being entirely absorbed or scattered. This can be described by the Lambert-Beer law, shown
in Equation 4.1. Accordingly, for monochromatic X-rays the intensity I of the transmitted
X-ray radiation depends on the X-ray intensity I before the penetration of the object, the
distance x the radiation travels through the object and the linear attenuation coefficient p,

which depends on the density of the material and the wavelength of the radiation.

I=Iye ™9 (4.1)

Based on the assumption of the TFM, which states that fluidized beds consist of two phases, a
dense phase representing suspended bed material with a defined voidage and a relative high
density and a particle free bubble phase with a significantly lower density, the Lambert Beer

law can be applied to calculate the bubble hold-up of a fluidized bed.

The attenuation coefficient can be determined as described in the following. The intensity of
X-rays that are transmitted through a defined length x;.4 of a bubble free fluidized bed with
a superficial gas velocity u, slightly below the minimum bubbling velocity u,,, is measured.
This intensity is from here on referred to as Igy (full). Using the same X-ray source, the
intensity of X-rays that traversed the empty column, from here on referred to as Igr (bright),

is also measured. Then, the attenuation coefficient can be calculated as follows:
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In practice, it is not necessary to explicitly determine the attenuation coefficient, as the bubble
hold-up for each pathway between X-ray source and detector can be directly determined if
the reference intensities Ir, and I, of the bubble free fluidized bed and the empty column
are available. Then, the bubble hold-up for a specified pathway through the fluidized bed can
be calculated with Equation 4.3, where Ij/r is the measured intensity of the BFB.

(4.3)

However, this approach is only accurate if the X-ray intensities are monochromatic. In reality
the applied X-ray radiation often consists of a spectrum of wavelengths and corresponding
energies. High energy X-rays are referred to as hard X-rays, whereas the spectrum of X-rays
with relative low energies are called soft X-rays. Hard X-rays are absorbed at lower rates than
soft X-rays, which leads to an alteration of the X-ray spectrum as the X-rays traverses through
the bed material. Consequentially, the attenuation coefficient changes as well [194]. This
is referred to as “beam hardening” and requires corrective measures, such as a multipoint

calibration as it was applied for the measurements shown in Section 4.3.

4.2 X-ray tomography

Tomographic reconstructions of the spatial distribution of the bubble hold-up require X-ray
measurements of the fluidized bed from multiple angles. This can be achieved by installing
multiple X-ray sources and their associated detector arrays around the column, as it was done
in the setup developed by the team of Mudde [170], which was used for the measurements
shown in this work. A detailed description of the setup can be found in Section 3.3.1, as well as
in publications by Mudde [170], [195]. Alternatively, a moving X-ray source that rotates around
the fluidized bed with a sufficient frequency can be used. Examples for this are the X-ray
tomography setups of the Helmholtz-Zentrum Dresden Rossendorf, where electron beam
guns are used that are rapidly swept across a semicircular metal ring covering 240° to generate
X-rays from a moving focal spot [191], [196]-[199]. This method allows frame rates of up to
10 kHz with 240 viewing angles but is restrictive regarding the possible column diameters.
Currently, measurements of objects with a maximum diameter of 19.5 cm are possible, while a
new setup is under development allowing diameters of up to 40 cm.
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The main concern of the methods applied for the measurements shown in this work is that only
three viewing angles are available, which restricts the spatial resolution and may cause artifacts.
This problem is further discussed in the next section and its impact on the measurements is

systematically investigated in a series of tomography simulations shown in Section 4.4.1.

The results of the experiments have been released in previous publications by Maurer et al.
[133], [168], [200] and Schillinger et al. [164], [169], which also included measurements with
a smaller column. However, numerous changes have been implemented in the evaluation
algorithms that lead to significantly different results. The changes concern the pseudo three-
dimensional image reconstruction procedure and are explained in detail in the Section 4.2.3.

4.2.1 Tomographic reconstruction of the cross-sectional bubble hold-up

As a first step for the tomographic reconstruction, the line averaged solid fraction needs to be
determined from the X-ray attenuation measurements according to the methods described in
Section 4.1. To account for beam hardening, a seven-point calibration was performed for each
of three X-ray source and their associated detector arrays by dividing the column into seven
equally spaced sections, which were step-wise filled with bed material for the calibration
measurements as shown in Figure 4.1. In this way, the deviation from the Lambert Beer law
for the X-ray attenuation can be accounted for. Further details on the calibration procedure
can be found in the dissertation by Maurer [70].
Seven equally spaced
segments that are

stepwise filled with bed
material

xrayl

Detector

source array

X-ray o — '

Column

Figure 4.1: Tllustration of the seven-point calibration required for tomographic reconstructions
of the X-ray measurements

For the measurements with vertical internals the calibration procedure needed to be adapted
to account for different attenuation coefficient of the walls of the internals. Maurer [200]
proposed a mathematical correction to convert the measured intensities with vertical internals
into an intensity profile that would have been measured without the internals. The proposed

correction factor f;,, is defined by Equation 4.4, where the intensities without internals is
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divided by the intensities with internals, both measured at minimum fluidization. A more
detailed description of the seven-point calibration and the correction for measurements with

internals can be found in the corresponding publication by Maurer et al. [200].

foor = Lithout internals _ Iy exp(_IJIAS)(;eXp(_NIAh)G (4.4)
cor Iwith internals IO exp(_ﬂlAS)seXp(_NZAh)B

Either iterative or analytic methods are used to reconstruct the cross-sectional phase distri-
bution from multiple X-ray projections. Filtered back projection is an analytical method that
is often applied, as it is relatively fast and less prone for the generation of artifacts. However,
it is not well suited for reconstructions from limited projection angles, where it suffers from
poor spatial resolution [201]. In such cases algebraic reconstruction techniques (ART) per-
form better, but they are more complex and computationally expensive. The Simultaneous
Algebraic Reconstruction Technique (SART) method is one of the most popular choices and
was also used for the reconstructions shown in this work. Applying a SART algorithm reduces
what is referred to as salt and pepper noise, which typically occurs with ART algorithms, at
the cost of increased computation time [170]. A detailed description of the reconstruction
procedure, as it was applied in this work, was provided by Mudde [170], which is summarized

in the following.

When the translation from the X-ray attenuation data to the solid fraction for each pathway
between X-ray source and detector is established, the tomographic reconstruction through the
SART method is possible. For this, the reconstruction grid has to be defined, which represents
the spatial resolution of the reconstructed image. Here, a grid resolution of 55 x 55 pixels
was chosen following previous publications in their assessment of the trade-off between
required computation time and spatial resolution [71], [170]. A solid fraction a(x, y) that best
describes the measured total solid fraction p; for each line between detector and X-ray source
is reconstructed for each of the pixels of the grid by the SART algorithm. The solid fraction p;
can be estimated as

N
pi=)Y Wja; (4.5)
j=1

Here, a; is the pixel-based solid fraction and W; ; the weighting factor, which is the length of
the intersection of the ray with the pixel j, for the i-th ray transmitted through the bed, as
illustrated in Figure 4.2.
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i-th ray

dj_l/q

W;; = length of intersection

Figure 4.2: [llustration of grid parameters used in the SART algorithm. Adapted from Mudde
[170].

The iterative SART algorithm is defined by Equation 4.6, where a ;‘“ is the solid-fraction of the
pixel j for the iterative step n+ 1 and M different rays on N pixels [170].

a™l=a+ PiZPiy, 4.6
j ITwWe Wi, (4.6)
with
M-M
Weji= ) W 4.7)
j=1
N-N
Wip=) W (4.8)
j=1

Additionally, the so-called one-step-late (OSL) algorithm [202], shown in Equation 4.9, is
added as an further step for each iteration, which effectively removes salt and pepper noise
while maintaining sharp edges of larger objects [170].

1
n+l _ n+l1
Xosr,j = - viod [ a; (4.9)
Xosr,j — V€ (“OSL,]')
1+8
Med(agSLj)

Here, the median filter Med (@ ;) corrects the value of the j-th pixel by the median of its 3 x
3 pixel neighborhood. The weight of the correction is controlled by  which is set to 0.1 for
the reconstruction presented in this work. In this way, the SART algorithm reconstructs a
matrix of solid fractions for given attenuation profiles, which can be interpreted as the spatial
probability distribution for the positions of the bubbles represented as an inverted gray scale
image. This reconstruction procedure has not been changed for the present work, as it has

been proven to work reliably in numerous publications [195], [203]-[205].
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4.2.2 Experimental methods

The X-ray tomography experiments were conducted using the cold-flow model, presented
in Section 3.3, and the XR-LD setup introduced in Section 3.3.1. The cold-flow model was
placed in the center of XR-LD setup with distances of 71.4 cm between the center of column
and the X-ray source and 53.2 cm cm between the center of column and the X-ray detector
array. For all measurements the X-ray energy was set to a maximum level of 150 keV. The data

was recorded with a frame rate of 2.5 kHz.

To decrease the required time of the computationally intensive evaluation of the measure-
ments and to reduce the effect of noise, a data set with a reduced frame rate of 250 Hz was
generated by averaging 10 sequential measurements. The measurements were conducted over
a time frame of two minutes to ensure statistical relevant sample sizes at fluidization numbers
of 1.5, 2, 3, 4 and 6 and measurement heights of 6, 9.6, 13.2, 16, 19.7, 23.2, 26, 36, 46 and 56 cm.
According to the findings of Rautenbach et al. [206] measuring spans of 45 s are required to
reliably measure mean bubble rise velocities and 25 s are sufficient for the determination of
mean bubble volumes using the same XR-LD setup. The chosen SART reconstruction grid of
55 x 55 pixels corresponds to a spatial resolution of 0.4 cm x 0.4 cm considering the column

diameter of D =22.4 cm.

4.2.3 Pseudo three-dimensional image reconstruction

The cross-sectional bubble hold-up images that were reconstructed with the SART algorithm
can be stacked into three-dimensional representations, where the horizontal dimensions
represent the cross-section of the column at the respective measurement height and the
vertical dimension represents the time series of the measurements. This three-dimensional

matrix can be processed to extract the properties of individual bubbles.

Since the three-dimensional bubble reconstruction is achieved through stacking of a sequence
of two-dimensional slices, this procedure will henceforth be referred to as pseudo three-
dimensional reconstruction. Actual three-dimensional reconstructions are only possible with
setups that capture two-dimensional projections of the BFB from multiple angles, e.g. the XR-
AD setup presented in Section 3.3.1. The applicability of this method has been demonstrated
through the measurement of an air-filled cylinder of known size, which was pulled upwards
through the unfluidized bed with a constant velocity [170].

As a first step for the pseudo three-dimensional reconstruction, the cross-sectional bubble
hold-up images are filtered with a median filter applied on the 5 x 5 neighbourhood of each
pixel to remove noise. After that, the images are binarized to enable the characterization of

the bubble properties. An illustration of the described procedure is shown in Figure 4.3.
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/ : % SART @ Filter @Binarize @
O
= N

Figure 4.3: Image processing of reconstructed cross-sectional bubble hold-up images.

Previously, a fixed threshold was applied for the binarization, which was determined through
the optimization of the tomographic reconstruction of hollow Perspex® tubes that represent
the bubbles [70]. However, the analysis of the resulting data showed that this would often
lead to a significant inconsistency between the bubble hold-up directly derived from the
X-ray intensities or via independent measurements and that of the binarized images [133].
Additionally, it often happened that separate individual bubbles would be identified as a
single one. These problems would occur more often when multiple bubbles were present in
the measurement plane. The issue is a consequence of the limited X-ray detection angles,
which is discussed and systematically investigated in Section 4.4. Given the limited data, the
SART algorithm cannot always identify the positions of the bubbles unambiguously. In such
cases, the reconstructed images can be interpreted as a broadened probability distribution of
possible bubble locations with generally lower pixel-wise probabilities than reconstructions of
single bubbles would produce. This may lead to situations, where regions of the dense phase
are falsely ascribed to the bubble phase, which creates artifact bubbles or merges individual
bubbles.

To improve the quality and consistency of the reconstructions, a new method was therefore
applied in which the threshold is adapted for the binarization of each individual gray scale
image, with the condition that the bubble hold-up of each frame does not change through
the binarization. An example of this procedure and the results of the different binarization
methods can be seen in Figure 4.4, where the binarization with a fixed threshold results in the
merging of two individual bubbles, whereas the adaptive threshold does not. The suitability of
this new method is verified systematically by means of tomography simulations in Section
4.4.1.

To retrieve pseudo three-dimensional reconstructions of each bubble, the binarized images are
concatenated to form a three-dimensional matrix, where the third dimension thus represents
the time steps of the measurements. Individual bubbles and their geometric properties can be
identified within these matrices, through the application of the Matlab function regionprops3,
which identifies and characterizes coherent regions in three-dimensional binary matrices.
Since two measurement planes are evaluated, two individual pseudo three-dimensional

matrices are available for each experimental setting. A linking algorithm is used to identify the

68



4.2 X-ray tomography

Filtered Binarization Binarization
SART with adaptive with fixed
output threshold threshold

t1=0ms

t,=32ms

Figure 4.4: Comparison of the reconstruction and binarization of bubbles in the measurement
plane. Top: Only a single bubble is present. Bottom: Same measurement 32 ms later, when an
additional bubble appeared, resulting in a blurred reconstruction.

same bubble in both matrices. For this, the center of weight of the bubble measured in the
lower measurement plane is determined and the matrix representing the upper measurement
plane is scanned for bubbles that are within a specified sub-matrix corresponding to a min-

1 a maximum rise velocity of 3m s~! and a maximum

imum bubble rise velocity of 0.1 ms™
lateral movement of 3 cm. If multiple suitable bubbles were identified, the closest one is
linked. Once a bubble has been identified in both measurement planes, its rise velocity uy, is

determined. Three methods to calculate the time of flight of the bubbles were applied:

1. The time difference of the centroid of each identified bubble passing through the meas-

urement planes.

2. The time difference between the first moment the bubble entered each measurement

plane.

3. Application of a cross correlation method on the horizontal cross section time series of
the identified bubble in each measurement plane. With this method, one of the signals
is shifted on the time axis until the deviation between the two signals is minimized. The
shift of the time series equals the time of flight of the bubble.

The rise velocity uy, can be calculated by dividing the mean distance between the measure-

ment planes by the time of flight. Ultimately, the time of flight of the centroids was used to
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determine uy, for the results shown in this thesis, while the other definitions were applied to
identify and remove problematic reconstructions due to dynamic bubble events or limitations
of the experimental setup. Additionally, the mean of u;, was determined independently from
individual bubble reconstructions by applying the cross-correlation method directly on the
cross-sectional bubble hold-up time series of both measurement planes. In the following this
value will be referred to as iy, .

Determination of the bubble geometry

Once uy, is known for an individual bubble, it can be applied on the bubble geometry to
translate its time dimension to the vertical spatial dimension, resulting in the actual geometric
description of the bubble. This step was neglected in previous evaluations of the data set, prior
to the onset of the work described in this thesis. There, the scale of the vertical dimension has
been assumed to be constant, equal to the scale of the horizontal dimensions of the images.
This led to erroneous reconstructions, where the rise velocity that would be required to achieve
a vertical spatial length equal to the horizonal pixel dimensions would be around 1 ms™!,
which is significantly larger than most of the measured mean rise velocities, which were in the
range of 0.35 - 1 ms~! depending on the measurement height and the fluidization number as
shown in the experimental results presented in Section 4.3.3. Consequently, a large fraction of
the bubbles have been wrongly elongated in previous publications. Overall, bubbles with rise

velocities faster than 1 ms™!

were flattened and slower bubbles were elongated in comparison
to their actual shapes. As a result, the volume-equivalent diameters of relatively slow bubbles
were increased, whereas those of relatively fast bubbles were decreased leading to significantly

distorted bubble size distributions.

Once the vertical dimension of each bubble is determined, the pseudo three-dimensional
binary sub-matrix representing that bubble can be translated into a polygon model with
the correct geometric dimensions. For this the Matlab function isosurface is applied, which
generates vertices with uniform horizontal and vertical distances with values of 1 following the
structure of the given matrix. The distances between the vertices in each dimension can than
be adjusted according to the determined values of the horizontal and vertical dimensions. An
illustration of this procedure is shown in Figure 4.5.

Then, the Matlab function alphaShape is applied on the polygon reconstruction of the bubble,
which creates a bounding volume that envelopes a set of three-dimensional points and allows
the direct determination of the surface area and the volume of the polygon. In the next step
an ellipsoidal shape is fitted to each bubble with the purpose to simplify the description
of bubble shapes and to enable the analysis of how the bubble shape is correlated to other
bubble properties, the fluidization number, the measurement height, its radial position and
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Figure 4.5: Translation of a pseudo three-dimensional binary matrix of an individual bubble
into its geometrically correct polygon representation.

so forth. For this, a function called Ellipsoid fit [207] was applied, which fits an ellipsoid
shape for a given polygon by minimizing the difference of the fitted points from the actual
data. Due to the typical spherical-cap shape of bubbles, the bottom part of the fitted ellipsoid
often extends beyond the bubble shape. To solve this, the fitted ellipsoids were truncated
accordingly. An example of a bubble that was reconstructed following the procedure described
above, including the fitted truncated ellipsoid and a summary of their geometric properties
can be seen in Figure 4.6.

Geometric bubble properties

V:Volume r: Radius
A: Surface area a: Shape factor
a: Specific surface area Q: Truncation factor

X-Ray tomography reconstruction:

V,=59.18 cm3
T A, =117.97 cm?
] a,=1.99
Fitted truncated ellipsoid:
V,=50.31cm? r,=2.38cm
A, =104.36 cm? r,=2.69cm
a, =2.07 r,=2.18cm
a=0.95
Q=0.73

Figure 4.6: Example of a reconstructed bubble (blue) and the associated fitted ellipsoid (red)
together with a description of the geometric bubble properties of the shown bubble.

Note, that the fitting procedure leads to slightly smaller wake angles, than the procedure
suggested by Rowe and Partridge [118] as it was described in Section 2.3.2. This is due to
the fact, that the fitting is defined by the minimization of the error between all points of the
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original data and the fitted shape, which leads to shapes with comparatively reduced truncated
volumes and thus smaller wake angles.

For each experimental setting (measurement height H and fluidization number u/u,, [l the
distributions of a chosen set of bubble properties, which can be found in Table 4.1, are
fitted to a selection of 18 commonly used distribution functions. The used distribution
functions are: normal, exponential, gamma, logistic, t location-scale, generalized Pareto (GP),
uniform, extreme value (EV), generalized extreme value (GEV), Rayleigh, beta, Nakagami,
Rician, inverse Gaussian, Birnbaum-Saunders, log logistic, log normal and Weibull. The
selected bubble properties were chosen under the assumption that they were sufficient for
typical hydrodynamic reactor models as well as for the verification of CFD models. Other
important properties such as the surface area and the bubble volume can be directly derived

or approximated from the selected parameters.

up, (m/s] Bubble rise velocity

d, beq [cm] Sphere-equivalent bubble diameter

liw (-] Aspect ratio length to width

rp [cm] Radial position of the bubble in the column

Table 4.1: Experimental settings for the X-ray tomography measurements in the 22.4 cm
cold-flow model.

The goodness of fit was rated via the log likelihood as well as the Akaike criterion. Accordingly,
GEV distribution is overall the best suited function to describe the four distributions. To
describe the multivariate distributions of various bubble properties, so called t-copulas can be
used. They are favorable in scenarios where dependent extreme values are observed in the data
[208], which is the case here. A kernel estimator of the cumulative distribution function (CDF)
is used to transform the experimental data to the unit square copula scale. Then, the t-copula
is fitted to the transformed data via the Matlab function copulafit, resulting in a correlation
matrix p describing the correlations between the bubble properties and the estimated degrees
of freedom parameter v for each experimental setting. In this way, a set of distribution and
copula function parameters is derived for each of the chosen bubble properties listed in Table
4.1 and each of the experimental settings (measurement height H and fluidization number
ulumy), as presented in Section 4.2.2.

4.3 Results of X-ray tomography measurements without vertical

internals

The main purpose of the X-ray measurements presented in this section is to establish and
verify the tomographic reconstruction methodology in a setup without vertical internals. Then,

the results can be compared with correlations from literature which usually do not consider
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internals. Another purpose of the experiments is to provide a comprehensive data set of
correlated bubble properties that could serve as a benchmark for future CFD simulations. For

this purpose, the simpler case without vertical internals is more accessible.

4.3.1 Cross-sectional bubble hold-up

One of the main characteristics of bubbling fluidized beds is the cross-sectional bubble hold-
up €, which describes the bubble phase fraction of the bed cross section at a given height.
X-Ray tomography is known to be a precise way to measure not only the cross sectional mean
value of the bubble hold-up €, but also its spatial distribution [209]. Figure 4.7 shows that
the values for ¢, are fairly consistent over all measured heights for each fluidization number.
However, it must be noted that the bubble hold-up measured at lower heights often is lower
than that measured at higher heights. This is a deviation from the expectation to find an
increased bubble hold-up at lower heights as a consequence of the slower rise velocity of
smaller bubbles. The likely reasons for this are that very small bubbles cannot be detected due
to the limited spatial resolution and that small bubbles are tendentially reconstructed slightly
reduced in size, whereas larger bubbles tend to be reconstructed with slightly increased sizes.

The significance of these issues is investigated in detail in Section 4.4.
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Figure 4.7: Cross-sectional bubble hold-up ¢, derived by means of X-ray tomography for
various measurement heights and fluidization numbers u/ .

To verify the accuracy of the method and the applied calibration, the values of €} that were de-
termined via X-ray tomography and averaged over all heights were compared with values that
were determined through measurements of the bed expansion in an independent experiment

as presented in Figure 4.8. The results show slightly higher values for the estimation from the
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bed expansion, which is feasible, since the bed material is classified between the Geldart types
A and B and a homogeneous bed expansion could occur before bubbles appear. According to

the X-ray measurements, €; can be described with the polynomial shown in Equation 4.10.

2
u u
€p=-0.059 +0.059—— - 0.0032 (—) (4.10)
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Data Measured via bed expansion —— Measured via X-ray tomography Polynomial fit (X-ray data)

Figure 4.8: Comparison of the cross-sectional bubble hold-up ¢, measured with two inde-
pendent experimental methods: X-ray tomography and measurement of the expanded bed
height.

4.3.2 Pseudo three-dimensional visualizations

An example for the visual representation of the reconstructed, filtered and binarized BFB at a
measurement height of 36 cm and a fluidization number of u/u;, s = 3 is given in Figure 4.9,
which shows an orthographic and an isometric view of a 3.2 s data sample. Note that the shapes
do not necessarily represent the actual bubble shapes as the vertical dimension of the images
is the time. Depending on the rise velocity of the individual bubble, the vertical dimension of
the actual bubble shapes may be elongated or flattened. The individually reconstructed slices
of each bubble are visible with overall seemingly consistent bubble shapes that fit the often
observed spherical-cap description for bubbles in fluidized beds.
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12 0 12 Yan

Figure 4.9: 3.2 s sample of reconstructed bubbles that were measured at measurement height
of 36 cm and a fluidization number of u/uy,r = 3.

Figures 4.10 and 4.11 show randomly selected 0.9 second samples of the pseudo three dimen-
sional reconstructions together with the corresponding time averaged cross sectional bubble
hold-up g, representing the full two-minute measurements at measurement heights of 6, 16,
26, 36, 46 and 56 cm and fluidization numbers of u/u, r = 2 and 4. The hold-up profiles show
that the bubbles are predominantly located close to the wall at the bottom of the column. A
possible explanation for this could be bubble and particle flow patterns that typically occur as
described in Section 2.3.2 and shown in Figure 2.9. A leakage of gas flow bypassing the gasket
between the porous plate and the column is also a plausible explanation. With increasing
heights and fluidization numbers, the bubbles move towards the center of the column and
become bigger. It appears that there might be a slight maldistribution of the air flow through
the porous plate, with a zone of reduced bubble hold-up, which can be seen in the lower left
sections of the bubble hold-up images of the lower measurement heights. However, the appar-
ent maldistribution seems not to be significant as €, is symmetrically distributed at heights
of 26 cm and higher. For the measurements at a height of 6 cm one can see an unexpected
triangular pattern of ;. This is likely the result of the triangular arrangement of the X-ray
sources and the detector arrays combined with the limited sensitivity for the measurement of
small bubbles, which are presumably more affected by beam hardening, X-ray scattering or
noise for radiation pathways through the central region of the bed, where the ratio between
bubble and dense phase is significantly larger than it would be for bubbles of the same size for
pathways closer to the wall. Additionally, it can be seen that many of the bubbles measured at
H=6cmand u/u,,s = 4 appear to be merged together, resulting in shapes that differ from the

expected spherical-cap shapes.
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Figure 4.10: Samples of the pseudo three-dimensional reconstructions and the spatial distri-
bution of the respective bubble hold-up for the measurement heights of 6, 16, 26, 36, 46 and
56 cm at a fluidization number u/u,, f = 2.
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Figure 4.11: Samples of the pseudo three-dimensional reconstructions and the spatial distri-
bution of the respective bubble hold-up for the measurement heights of 6, 16, 26, 36, 46 and
56 cm at a fluidization number u/u,, s = 4.
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This problem becomes more apparent in the selected cross-sectional bubble hold-up recon-
structions shown in Figure 4.12. It is very likely the result of the limited measurement angles
and the many small bubbles that are present at this height, due to which the individual bubble
locations cannot be determined unambiguously. By means of tomography simulations, shown
in Section 4.4.1, this explanation could be confirmed. Accordingly, all measurements at heights
lower than 16 cm were not considered, with measurements at 16 cm still affected by this issue,

however not significantly.

\ .

Figure 4.12: Selected cross-sectional bubble hold-up reconstructions from a measurement
height of 6 cm that are likely the result of limited measurement angles.

4.3.3 Statistical evaluation of the measured bubble properties

In total, 105,590 bubbles were reconstructed successfully, representing about 77% of the total
bubble hold-up. Unsuccessful reconstructions are those that could not be linked in both
measurement planes according to the constraints defined in Section 4.2.3. Following the
observation described in Section 4.3.2 that the measurements at heights below 16 cm are likely
significantly erroneous, from here on only measurements at heights of 16 cm and above are
considered. Additionally, only the measurements at increments of 10 cm are included in the
following to preserve the clarity of the presented results. A total of 38,481 bubbles belong
to this reduced set of experimental settings. After the filtering according to the methods
described in Section 4.4.5 there are 26,753 bubbles left in the reduced data set, which represent
65% of the total measured bubble hold-up for these settings. Unfortunately, the raw data at
the height of 36 cm and u/u,, s = 1.5 was corrupted and could not be retrieved and therefore
is not included in the results. Considering the large number of experimental settings, the

missing data does not affect the evaluation.

The summary statistics for the selected experimental settings are shown in Table 4.2. Besides
the cross sectional mean bubble hold-up €5, the summary includes the arithmetic mean,
the relative standard deviation (RSD) and the relative standard error (RSE) of various bubble
properties. These include the volume equivalent diameter dj, ¢4, the bubble rise velocity uy,,
the aspect ratio / : w (Ilength to width), the specific surface areas a; and a, of the bubble
reconstructions and the corresponding fitted ellipsoids, for which the volume weighted means
are shown instead of the arithmetic, as well as the number n of reconstructed bubbles for

each setting. Additionally, the mean of the ratio between the reconstructed volumes of the
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individual bubbles for each of the measurement planes, where the larger of the two volumes is
divided by the smaller one is listed. This ratio is from here on be referred to as Vi, j4x/ Vi, min.
The mean values of V}, 45/ Vi min show that the deviation between the reconstructed volumes
of each measurement plane decreases with the measurement height and fluidization number.
This could be another indication for the limitations of experimental methods and will also be
discussed in Section 4.4. For all experimental settings except one (height = 6 cm; u/ uy, r = 1.5),
all of the mentioned variables had a relative standard error of RSE < 5% and were therefore

considered as statistically representative samples.
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4.3 Results of X-ray tomography measurements without vertical internals

Correlations to predict mean values for bubble properties, mainly the mean bubble diameter
and bubble rise velocity, are often used in reactor modeling to calculate various process
characteristics, such as the mass transfer between the dense phase and the bubble phase, the
heat transfer between the fluidized bed and the reactor walls or inserted heat exchangers or the
residence times of both solid and gas phase [54], [68], [210]. In the following, the experimental
results are compared to popular correlations from the literature, which according to a literature
review by Karimipour et al. [68] are well suited for particles of Geldart type B. All selected

correlations are presented in Section 2.3.3.

Figure 4.13, shows the comparison between the chosen literature correlations and the probab-
ility density of the volume-equivalent bubble diameters dj, ¢, and the corresponding bubble
rise velocities uy, for all evaluated bubbles belonging to the reduced set of experimental
settings defined above. Accordingly, the correlation by Davidson and Harrison, shown in
Equation 2.25, describes the mean values of measured bubble rise velocities for the respective
bubble diameter very well. However, the experimental data shows a significant variance for

this correlation.

0.6 - Data
D Experimental Data
<
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5 041 Literature Correlations
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—— Davidson & Harrison
===+ Rowe & Partridge
0.2 1

T
0.0 2.5 5.0 7.5 10.0
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Figure 4.13: Comparison between experimental data measured via X-ray tomography and
correlations by Davidson & Harrison [143] and Rowe & Partridge [118] of the correlation
between the size and rise velocity of bubbles.

Correlations by Werther [55], Mori & Wen [134] and Darton et al. [135] were chosen for
the prediction of the bubble diameter. The comparison between the predictions from the
literature correlations and the experimental data for the volume-equivalent bubble diameter
dp,eq are shown in Figure 4.14. While the measured bubble diameters are in the range of the
correlations by Darton et al. and Mori & Wen for u/u,,f < 2, they are generally significantly

larger than all investigated correlations predict for higher fluidization numbers. For example,
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Chapter 4. X-ray measurements

the deviations of the measured mean of dj ¢, from the predicted values for u/u;,; = 6 and
H =36 cm are in the range of about 40-70%, which translates to a deviation of the respective
mean bubble volumes between 270% and 490%. The correlations by Mori & Wen and Darton
et al. show similar gradients to those of the respective experimental data for u/u,, s < 3 but are
less steep for higher values of u/u,, . Overall, the gradients of the correlation by Mori & Wen
are the most comparable to those of the measured data. At heights H > 46 cm and u/u,,r = 4
aswell as at H=36 cm and u/u;, ¢ = 6 the mean bubble diameters reach values of 10 cm and
more. The bubbles are then in the range of 50% of the bed diameter D which typically defines
the onset of slugging fluidization [73], [105]. It is to be expected that all measured bubbles are
influenced by wall effects, as it is said to occur for bubbles with dj, .; = 0.1D, which defines
the lower limit of bubbles sizes that can be detected with the X-ray setup [170].
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Figure 4.14: Comparison between the mean values of bubble diameters as they were meas-
ured via X-ray tomography to the predicted diameters according to literature correlations by
Werther[55], Mori & Wen [134] and Darton et al. [135].

To compare the measured bubble rise velocities, the bubble sizes determined by the cor-
relations mentioned above were used in combination with correlations that describe the
dependency of the rise velocity of a bubble to its volume-equivalent diameter, as it is typic-

ally done in hydrodynamic models of fluidized beds [54], [211], [212]. For the prediction of
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4.3 Results of X-ray tomography measurements without vertical internals

the mean single bubble rise velocity uy,, the correlation by Davidson & Harrison [143] was
chosen, as it could be shown above that it describes the measured data well on average. The
correlation by Mori & Wen was chosen for the prediction of the mean of dj, ¢4, which provided
the best match to the experimental data, though it still deviated significantly. In the literature,
a distinction is made between the rise velocity u;, of single bubbles in a fluidized bed and
the rise velocity u; of bubbles in a freely bubbling bed [68], [128] as described in Section
2.3.3. Correlations predicting the rise velocity u;, are often based on up, and expanded by
an additional term that includes (v — uy,¢) [56], [73], [122], [213], which can be interpreted
as a correction to account for dynamic bubble interactions [144]. Here, the correlations by
Davidson & Harrison and Hilligardt & Werther, shown in Equations 2.25 and 2.28 were chosen
for the comparison. In Figure 4.15 the experimental data is compared to the respective single
bubble rise velocities u,, and the predicted rise velocities uy, for freely bubbling beds. To
improve the clarity of the plot, the data set was further reduced to only include data for the
heights 16, 36 and 56 cm.
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Figure 4.15: Comparison between the mean values of the bubble rise velocities as they were
measured via X-ray tomography and predicted single bubble rise velocities according to
the combination of the correlation by Mori & Wen that predict the bubble diameter and
correlations predicting the rise velocity u, of single bubbles and u; of bubbles in freely
bubbling beds.
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Chapter 4. X-ray measurements

Here, it is not surprising that the measured rise velocities do not match the predictions from
literature correlations well for u/u,, s > 2, considering the deviation that was found between
the measured diameters and those predicted from literature which are direct inputs of the rise
velocity correlations. The correlation by Davidson & Harrison for the prediction of the rise
velocity uy, in freely bubbling beds deviates the least from the measured values. If the bubble
diameters that were measured are used in combination with the correlations to determine
up, then there is little deviation between the measured and predicted values of u;. This
can be seen in Figure 4.16, where a comparison between the measured mean bubble rise
velocities and those predicted from the literature correlations are shown in form of a parity
plot. Accordingly, the correlations by Davidson & Harrison describe the measured data very

well.
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Figure 4.16: Parity plot showing a comparison between the mean values of the bubble rise ve-
locities up as they were measured via X-ray tomography and as they were predicted according
to correlations by Davidson & Harrison and Hilligardt & Werther.

In conclusion, it could be shown that the chosen literature correlations are not well suited
to predict the mean of the measured values of dj, .4, whereas the correlation by Davidson &

Harrison predicts the mean of the measured bubble rise velocities accurately.

4.3.4 Bubble property distributions and their correlations

One of the ambitions of this thesis is to provide correlated distributions of bubble properties
instead of simply their mean values, which may improve the accuracy of reactor models.
Additionally, such distributions would provide excellent benchmarks for CFD simulations. For
the evaluation of the measurements, the focus was put on the equivalent bubble diameter
dp,eq, the bubble rise velocity uy,, the aspect ratio [ : w and the radial bubble position 5,
because they allow the derivation of most other important bubble phase properties such

as the specific surface area a, the bubble residence time and the spatial distribution of the
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4.3 Results of X-ray tomography measurements without vertical internals

cross-sectional bubble hold-up ¢j,. In the following, a selection of scatter plots is presented,
which show the results of each individual experimental setting in the reduced range selected

in Section 4.3.3 for a combination of the selected bubble properties.

Figure 4.17 shows the scatter plots of the bubble diameter dj, ., over the bubble rise velocity
uyp for each selected experimental setting. Note the logarithmic scale for dj, o, to allow a
qualitative assessment of the distributions of both large and small bubbles. The mean values
from literature correlations that were introduced in Section 4.3.3 and from the experiments
are also shown. The comparison of the comparatively broad range of the bubble properties to
their mean values indicates that it may not be sufficient to model the hydrodynamics of BFB
reactors with just mean values of bubble properties. For instance, for catalytic fluidized bed
reactors fast and large bubbles may pose the risk of bypassing reactants through the reactor
due to mass transfer limitations while this may not be the case for bubbles with the mean
rise velocity and size. The correlation between the shown bubble properties can also be seen,
with large bubbles being faster on average than the small ones, as it was described in detail in

section 4.3.3.
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Figure 4.17: Scatter plots including density contour lines of the equivalent bubble diameter
dp,eq over the bubble rise velocity uj, in comparison to mean values predicted by a combina-
tion of chosen literature correlations for a selection of experimental settings.
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Chapter 4. X-ray measurements

Another important bubble property is the shape of the bubble as previously discussed in
Section 2.3.3. Not only does the knowledge of the bubble shape allow the correct calculation
of the bubble surface area Ay, given that its volume-equivalent diameter dj, ¢4 is known. It
is also very important for the measurement of bubble properties with locally constricted
methods, such as optical or capacitance probes, where the bubble sizes are derived from
pierced chord lengths through statistical methods that require bubble shape assumptions
[136], [214]. Also, in case the shape of a bubble correlates with other bubble properties such
as its rise velocity, radial position or size, this has to be accounted for in such measurements.
Otherwise, there would be a bias towards the properties of oblate bubbles in comparison
to elongated ones, which are more likely to be pierced by the probes. This issue is relevant
for many of the correlations and experimental data found in literature, where the bubble
shapes were often assumed to be constant in general or for a given height and fluidization
number [141], [142], [215], [216] and approximated with a variety of shapes such as spherical,
spherical-cap, ellipsoidal or truncated ellipsoidal shapes [118], [138]-[140], [217].

In this work, the aspect ratio ! : w is defined by the ratio between the maximum vertical chord
length and the circle equivalent diameter of the maximum horizontal cross section of the
bubble. According to the measured data, there is a dependency of the mean aspect ratio from
the measurement height and the fluidization number as shown in Figure 4.18. The majority of
the measured bubble volume exists in shape of elongated bubbles for fluidization numbers of
4 and 6, while the majority is oblate for lower values of u/u;, r. The widely applied assumption
of mostly oblate spherical cap shaped bubbles is therefore not suited to describe these results.
For instance, Werther proposed a correlation for a shape factor p, as shown in Equations 2.23
and 2.24 in Section 2.3.3, which describes the ratio of the vertical to the horizontal diameter,
analogue to the aspect ratio / : w in this publication. By definition the shape factor p is always
less or equal to one. Accordingly, p calculates to values in the range between 0.65 and 0.81
for the selected measurement heights and fluidization numbers of the X-ray tomography

measurements.

Further, the scatter plots presented in Figures 4.19 and 4.20 show that there is also a broad
spectrum of bubble shapes for each experimental setting and that the aspect ratio of a bubble
is correlated to its size and especially to its rise velocity. Considering the measurements at
heights and fluidization numbers where wall effects are supposed to occur as described in
Section 2.2.3, it is likely that the bubble shapes are influenced by this as well. Additionally,
the fact that the settled bed height was 62 cm after fluidization suggests that bubbles in the
upper regions of the bed may experience an acceleration towards the bed surface and with
that an elongation of their shape, especially in case of large bubbles, as it has been reported
to take place [124], [181]. However, it is also known that bubbles experience an elongation in
the draft of other bubbles [115], which likely partially explains the variety of observed bubble
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4.3 Results of X-ray tomography measurements without vertical internals

shapes, given the fact that coalescence frequently occurs which includes such dynamic bubble

interactions.
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Figure 4.18: Volume weighted mean of the aspect ratio / : w dependent on the measurement
height and the fluidization number.
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Figure 4.19: Scatter plots including density contour lines of the aspect ratio [ : w over the
equivalent bubble diameter d, ¢4 for a selection of experimental settings.
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Figure 4.20: Scatter plots including density contour lines of the aspect ratio / : w over the
bubble rise velocity u;, for a selection of experimental settings.

The assumption of the bubble shape can have significant consequences for the calculation of
the specific surface area a;, of a bubble. Therefore, the measured values of a; were compared
with those resulting from the typically used assumptions of spherical-cap and hemispherical
shapes as well as spheroid shapes according to the shape factor correlation shown in Equation
2.23 by Werther. For this, the measured volume weighted mean of dj, ., was used and the
different shape assumptions were applied on the corresponding bubble volume. The results
of this comparison are shown in Figure 4.21. While the hemispherical shape assumption
leads to values for aj, that are up to 3.8 times higher than what was measured, assuming a
spheroid shape according to the shape factor proposed by Werther produces values that are
up to 2.3 times lower than the measured data. From the considered shapes, the assumption of
a spherical-cap shape with a wake angle of 120° resulted in the smallest difference between
measured and estimated values of a; especially for higher values of u/u, . This shape

assumption is therefore the most accurate representation for the measured bubbles.
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4.3 Results of X-ray tomography measurements without vertical internals

In Figure 4.22 a comparison between the volume weighted mean of a; derived from the

measurements and the corresponding fitted ellipsoidal shapes is shown, which are in good

agreement with the measured values of a;, for lower values of u/u,, r and lower measurement

heights. Likely due to the resolution of the reconstructions, only larger bubbles may have

a somewhat rough surface area, which may explain the slightly increased values for a; in

comparison to the fitted ellipsoids, which are modeled perfectly smooth.
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Chapter 4. X-ray measurements

The fact that the experimental results show a broad distribution of shapes for a given measure-
ment height and fluidization number that can differ significantly from the presented shape
assumptions, further highlights the importance of taking the bubble property distributions
in account rather than just their mean values. Knowing the correlated distributions of the
bubble volumes, their rise velocities and their shapes allows the calculation of the fraction
of the bubble phase volume that is located in bubbles with a certain specific surface area
and a certain rise velocity for each experimental setting. For the measured data of this work
this is depicted in Figure 4.23, where the cumulative volume of the measured bubbles for
each combination of a;, and u;, is shown. Note that an additional dimension, the radial
distribution of the bubble volume, could also be accounted for. The volume weighted mean
values of the measurements and the predicted mean values according to the combination of
the literature correlations by Mori & Wen for the bubble diameter dj, ., and by Davidson &
Harrison for the bubble rise velocity u; together with the spherical-cap shape assumption
with a wake angle of 120° are shown as well. Here, the deviation between the predictions from
literature correlations and the experimental values are not significant for most experimental
settings. This is surprising, considering the large differences that were observed between the
means of the measured diameters and rise velocities and those predicted by the respective
correlations, as discussed in Section 4.3.3. The broad distributions of a; and u;,, indicates
that the mean values might not sufficiently describe possible mass transfer limitations. For
all measurements a significant fraction of the total bubble volume belonged to bubbles with
lower values of aj and higher values of i, than their respective mean values. Implementing
these findings in a reactor model could improve mass transfer predictions in comparison to

calculations with mean values.

One noteworthy aspect of the methods applied for the presented X-ray tomography meas-
urements is, that the rise velocity of each individual bubble was evaluated and applied to
determine the vertical length of the respective bubble. Similar experimental investigations de-
scribed in literature often apply mean rise velocities of each experiment on the corresponding
experimental data to determine the vertical bubble dimensions [218], [219]. Others determine
the volume-equivalent bubble diameter completely independently from the rise velocity by
measuring the cross section of the bubbles for each frame and averaging cross-sectional
diameters over all frames to retrieve the equivalent diameter [220]. A detailed description
of their measurements of bubble properties by means of capacitance probes was provided
by Werther & Molerus [218], who state: "The fact that the instantaneous rise velocity of a
bubble is virtually a stochastic quantity makes the measurement of individual rise velocities
pointless. Instead, the local state of fluidization is better described by the mean rise velocity
uy, of the bubbles at the point of the probe." Consequently, the authors derived u; through
correlation techniques and applied it on all individual signal durations associated with the

presence of a bubble at the tip of the probe to determine the distribution of pierced chord
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Figure 4.23: Distribution of the cumulative bubble volume respective the specific surface area
ayp and the bubble rise velocity uy, as it was measured by means of X-ray tomography.

lengths. This method would reduce the chord lengths of bubbles that were rising faster than
up, while increasing those of bubbles with rise velocities slower than uy,. Indeed, this will not
make a difference for the determination of the mean pierced chord length if the fluctuations

in rise velocities were simply due to random stochastic factors.

Potentially, one has to consider the fact that large bubbles rise faster than smaller ones on
average, as it has been reported to occur in numerous publications [118], [122], [181], [221]
and it has been observed in this work as well. If there was a significant variance in bubbles
sizes for a given fluidization number and measurement position than large bubbles would
on average be reduced in size, the resulting bubble size distribution should be narrowed and
the possibility of fast and large bubbles bypassing reactants may not be identified. A similar
problem would occur if there generally was a broad variation of rise velocities. Figure 4.24
shows the resulting normalized probability densities of dj, ¢, for each of the two described
methods. It can be seen that the deviations between both methods are negligible in most cases.
Only for u/u,, s = 4 the application of mean bubble rise velocities for the size determination
leads to broadened bubble size distributions rather than a narrowed one as expected.
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derived through the application of the mean bubble rise velocity u; and of the individual
bubble rise velocities uy, for the determination of the vertical lengths of the bubbles.

4.3.5 Fitted correlated bubble property distributions

According to the methods described in Section 4.2.3, GEV distribution functions were fitted
to the measured bubble property distributions for each experimental setting and t-copula
functions were fitted to account for the correlation between the bubble properties. The
resulting set of parameters can be found in the Appendix A. In the following, samples from
the fitted correlated distributions are compared to the experimental data for four exemplary
settings (Heights: 16 and 36 cm, Fluidization numbers: 2 and 4). The comparison of the
respective bubble property distributions is shown in the form of probability density contour
plots in the Figure 4.25. Overall, the fitted distributions match the experimental data including
their correlations very well. As indicated by the analysis of the scatter plots of the experimental
results in Section 4.3.4, the linear correlation matrices p describing the t-copulas show a
strong correlation between the volume-equivalent bubble diameter, bubble rise velocity and
shape of the bubbles. The fitted distributions can be used to generate large samples for Monte

Carlo simulations as it was done in the present work for the tomography simulations shown
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4.3 Results of X-ray tomography measurements without vertical internals

in Section 4.4.1. Additionally, they can serve as a basis for the development of a statistical

model that represent the experimental results and allow the interpolation for other settings.

CFD models can be validated directly with the experimental data or with larger data samples

generated with the fitted set of correlated distribution functions presented in this section.
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Figure 4.25: Comparison between fitted correlated distributions and the experimental data.
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4.4 Verification of the applied X-ray tomography methods

In this section, different approaches to assess the limitations of the experimental methods
applied in this work as well as the feasibility of the results are presented, based on which

appropriate post-processing steps are derived.

4.4.1 Tomography simulations

The simulation of X-ray intensity profiles of known solid fraction distributions can be a helpful
tool to quantify the limitations of the applied X-ray tomography reconstruction methods.
Given a defined ground truth for the spatial distribution of artificially generated phantom
objects that represent bubbles in a fluidized bed as well as the spatial arrangement of the setup,
then the Lambert Beer law can be applied to calculate the corresponding X-ray attenuation
profiles for each detector, as described in Section 4.2.1. The resulting X-ray intensity profiles
for the six detector arrays can then be reconstructed and evaluated with the methods described
in Sections 4.2.1 and 4.2.3.

In Section 4.4.2, simulations of the reconstructions of single frames of randomly distributed
bubble shapes that were sampled systematically are shown and evaluated to investigate the
limitations of the experimental setup for the static case. Additionally, an algorithm, referred
to as 3D-Bubblesampler, which generates randomized pseudo three-dimensional bubbles,
where the vertical dimension represents the time, was applied for pseudo three-dimensional
tomography simulations. In that case, the bubbles were sampled from fitted distribution
functions of the correlated bubble properties, as they were presented in Section 4.3.5, for the
two measurement planes. This study is shown in Section 4.4.4.

Similar tomography simulations concerning the same experimental setup have been conduc-
ted by other authors. Yang et al. [222] investigated the performance of two reconstruction
algorithms. He compared the SART algorithm with the Adaptive Genetic Algorithm (AGA) by
means of tomography simulations of specific constellations of two or three phantom bubbles
and concluded that the SART algorithm produced more accurate reconstructions at comparat-
ively high resolutions but was more susceptible for noise. Mudde et al. [189] simulated the
reconstruction of the two-dimensional bubble hold-up in a fluidized bed with a diameter of
40 cm. The authors investigated the influence of noise and the spatial resolution for different
arrangements of one or two bubbles in close proximity with one another or the wall for two
fan beam configurations consisting of either five or three X-ray sources and detector arrays.
They decided that the reconstructions using only three sources was poor and focused on
the case with five sources for which they confirmed a temporal resolution of 10 ms and a

spatial resolution of 10 mm. Additionally, they found that noise significantly influenced the
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measurements due to the short sampling time of 10 ms. In later studies conducted at higher
frame rates it could be shown, that by averaging 10 sequential measurements the effect of the

noise could be reduced considerably [170].

Among others, the XR-LD setup has been used to measure bubble property distributions of
freely bubbling fluidized beds [223]-[225] including publications [133], [164], [168], [169],
[200] that are based on the data set, which is also evaluated in this work. However, to the
best of our knowledge, the limitations of the system concerning the measurement of multiple
bubbles that are present in the measurement plane simultaneously, has not been investigated
systematically yet.

One of the main issues of the experimental setup is what is referred to as limited data problem
in CT applications [226]. Due to the fact, that only three detector arrays and thus only three
observation angles are available for each measurement plane, the location of bubbles cannot
always be determined with sufficient certainty. This may cause the misinterpretation of
individual independent bubbles as a single larger one or the occurrence of artifacts that
may erroneously be interpreted as bubbles. To investigate the magnitude of these issues, a

systematic series of tomography simulations was conducted.

4.4.2 Two-dimensional tomography simulations

A set of images that represent the cross-sectional distribution of bubbles, from here on referred
to as phantoms, in a virtual measurement plane, was randomly generated with a systematic
variation of the phantom bubble hold-up ¢, ,;, and the mean cross-sectional phantom bubble
diameter dj, ;. Analogue to the measured RSD of dj, .; shown in Table 4.2, the RSD for each
generated distribution of dj, ,;, was set to 25%. For each combination of dp, ,;, and €, 1, a
statistically representative sample sizes of 100 images was generated. The selected values of
dp,pn are 2, 3, 4, 6, 8 and 12 cm, which were chosen according to the measured mean values
of dj ¢4 shown in Table 4.2. At a height of 56 cm and a fluidization number u/u,,r = 6 the
measured time resolved cross-sectional bubble &3 hold-up peaked at values of around 0.4.

Hence, the ¢, ;,, was varied with values between 0 and 0.4.

The tomography simulation algorithm was applied on the phantom images and the resulting
distributions of the diameters of the reconstructed phantom bubbles were compared with
the original images. Some typical examples of successful and incorrect reconstructions are
shown in Figure 4.26. It can be seen that the quality of the reconstructions depends on the
number of bubbles and the way they are aligned in relation to the detector angles. The top
row of the figure shows an example for an erroneous reconstruction of many small bubbles,
where the SART algorithm is unable to determine the bubble locations, leading to significantly

wrong positions, shapes and sizes of the reconstructed objects. In the second row, an example
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of three bubbles being specifically aligned in relation to the detector angles can be seen,
which lead to the generation of artifacts that may be wrongly interpreted as bubbles. The
third row shows that multiple medium sized bubbles can be reconstructed well, although
the individual shapes are slightly distorted. With increasing diameters and thus a reduced
number of individual bubbles, the ability of the algorithm to reconstruct images at even larger
hold-ups improves, as can be seen in the bottom row of the figure.

Original SART Reconstructed
phantom image output Phantom image

Figure 4.26: Comparison between original phantom images, the simulated output of the SART
algorithm and the resulting binarized reconstructed image for typical faulty reconstructions
(top two rows) and typical successful reconstructions (bottom two rows).

It could also be shown that the reconstruction procedure leads to reduced diameters of the
reconstructed bubbles in comparison to the original phantom bubble diameters, if they were

smaller than 2.5 cm. Very small bubbles would often times not be recognized at all.
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Large bubbles however, would often be reconstructed slightly increased in size. One example
for each of these cases can be seen in Figure 4.27.

Original SART Reconstructed
phantom image output Phantom image

Figure 4.27: Comparison between original phantom images, the simulated output of the SART
algorithm and the resulting binarized reconstructed image showing one example of the typical
size reduction occurring for the reconstruction of small phantom bubbles (top row) and the
slightly increased size of a reconstructed larger bubbles (bottom row).

These phenomena also influence the overall reconstructed mean cross-sectional bubble hold-
up as can be seen in Figure 4.28, which shows the ratio between the bubble hold-up of the
original phantom images and that of the reconstructed images in dependency of the mean of
dp,pn averaged over all samples. If mostly smaller bubbles < 2.5 cm are being reconstructed,
€p,pn is reduced through the reconstruction, while it is increased slightly when bubbles that

are larger than 2.5 cm are reconstructed.

The complete results of the simulations are shown in Figure 4.29 in form of probability density
distributions of the diameters dp, ,, of the original phantom data and their reconstructions for
each category of mean bubble diameters and bubble hold-up.

In the figure, the effect of the limited data problem can be seen. Often, the algorithm is not
able to correctly reconstruct bubbles when there are too many individual bubbles present
in the measurement plane. In those cases, the variance of the distributions increases with
the mean typically shifting towards larger bubble sizes, as individual bubbles are merged
together through the reconstruction. Therefore, the bubble size distribution for settings with
larger bubble hold-ups can only be reconstructed well if the mean diameter implies a small
number of individual bubbles. For the mean values of dj, ,, there is a significant deviation
between original images and their reconstructions for settings with bubble hold-ups of €, ,;, <
0.3. Besides that, the mean diameters of the reconstructions match the original data very

well. If the simulation results are compared to the experimentally determined time averaged
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Figure 4.28: Ratio between the hold-up of the original phantom images and that of the
reconstructed images in dependency of the mean d, ,j, of the phantom bubbles.

cross-sectional bubble hold-ups and the corresponding mean diameters at the different
measurement heights, as presented in Section 4.3.3, than the reconstruction quality can be
estimated for each setting. In this way it can be determined that for any measurement heights
of 26 cm and above, the bubble size distributions can be reconstructed well, while the height
of 16 cm can be rated as a borderline case. For instance, at u/u,, s = 1.5 and 2 the measured
hold-up is typically below 5%, while the mean bubble sizes are in the range of 2 - 6 cm for all
measurement heights = 16 cm. It can therefore be assumed that the measured distributions
are likely correct for these settings. At u/u,,s = 3 and above however, it is likely that the
measured distribution at 16 cm is affected more noticeably from the limited data problem.
Generally speaking, with lower bubble hold-ups or with higher measurement heights, where
bubbles typically are larger and less in number, the quality of the reconstructions increases.
Note that the experimentally measured bubble property distributions shown in Figures 4.17,
4.19 and 4.20 in Section 4.3.4 show larger variances at lower measurement heights, which
could be explained this way. However, the general trends for the mean values, the variance
as well as the correlations between different bubble properties are consistent throughout all

shown experimental settings.

4.4.3 Dynamic bubble events

While the method shown in Section 4.4.2 is a suitable tool to analyze the limited data problem
for the static case, additional efforts may be necessary to investigate how the highly dynamic

situation in a bubbling fluidized bed affects the measurements. Bubbles of different sizes,
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Figure 4.29: Probability density plots showing the comparison between the distributions
of original sampled bubble phantoms and their reconstructions for various mean bubble
diameters and bubble hold-ups.

with different rise velocities entering and leaving the measurement planes at different times
may increase the potential of independent bubbles being connected through an erroneous
reconstruction at some point in time. Figure 4.30 shows a case, which is possibly a failed
reconstruction due to the alignment between bubbles and detectors. However, in other
cases the reconstructions appear to show bubbles that potentially are coalescing while rising

through the measurement planes as can possibly be seen in the example shown in Figure 4.31.

Such uncertain and potentially highly dynamic bubble events highlight a drawback of the
described reconstruction method and a potential source for false reconstructions, which is the
dependency of the vertical bubble dimension on the measured bubble rise velocity. If bubbles
change their shape and/or rise velocity during the measurement, which may occur especially
during coalescence or breakage events but also due to erroneously merged bubbles as a result
of the limited data problem described above, it could lead to a false determination of their rise
velocity. Affected bubble events therefore need to be identified and removed from the data set,

leaving only the ones that were sufficiently stable and consistent during the measurement.

99



Chapter 4. X-ray measurements

Settings: ulun,If = 3.33, height = 26 cm, Bubble ID = 542
u_=056m/s,r, =9.82cm,r =10.69cm, r_=3.07cm
br X y z

Settings: qumf =3.33, height = 26 cm, Bubble ID = 1302
u, = 0.33m/s,r, =291 cm,r_ =7.59cm,r_=3.27 cm
r X y z

dz [cm]
S o N B O

dx [em]

8
0 dy [cm] dy [cm] ! dx [cm]

Figure 4.30: Three-dimensional reconstruction Figure 4.31: Three-dimensional reconstruction
of a bubble that is possibly an example of an er- that is possibly showing the coalescence of two
roneous reconstruction resulting from the lim- or three bubbles.

ited data problem.

4.4.4 Pseudo three-dimensional tomography simulation

One way to investigate parts of the issues described above is to expand the tomography simu-
lation studies by also implementing the time dimension. The 3D-Bubblesampler algorithm, as
it was introduced in Section 4.4.1, was applied to create two sets of phantom data. For this,
two three-dimensional matrices containing only zero entries were generated. Note, that the
horizontal dimensions of these matrices represent the spatial dimensions of the measurement
plane, while the vertical dimension represents the time steps of the measurement. Next, a
random sample from a given bubble property distribution is generated, in which the bubble
geometry is represented with a binary matrix, where values of one represent the bubble phase.
This sub-matrix is then placed at a random vertical position within the matrix representing
the lower measurement plane, under the condition that there is no overlap with other bubbles.
If the bubble cannot be placed anywhere within 1000 iterations, the next sample is generated.
Each bubble that is placed in this way, is also placed in the matrix representing the upper
measurement plane corresponding to it’s rise velocity and assuming no lateral movement and
no change of velocity or shape. Bubbles may exhibit a broad range of rise velocities, which can
lead to bubbles overlapping in the upper measurement plane.

While this approach certainly falls short to fully capture the highly dynamic situations in
fluidized beds, it is useful to verify the ability of the applied pseudo three-dimensional recon-

struction methods to distinguish between individual bubbles with various rise velocities and
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spatial arrangements. Additionally, the simulations allow to compare the performance of the
reconstruction algorithm applying the adaptive threshold, as it was introduced in Section
4.2.3 in comparison to using a fixed threshold as it was previously done. For the results shown
in this work, the phantom data was sampled from the fitted distributions presented in Section
4.3.5.

Samples of the original experimental data, the generated phantom data and the corresponding
reconstructions with both discussed methods are shown in Figure 4.32 for measurement
heights of 26 and 46 cm and fluidization numbers of 2 and 4. The color coding in the following
figures is as follows: Blue indicates experimental data, orange indicates phantom data, green
indicates reconstructed data that was binarized with an adaptive threshold, while data that

was reconstructed with a fixed threshold is shown in purple.
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Figure 4.32: Comparison between 0.9 s samples of the pseudo three-dimensional visualizations
and the corresponding bubble hold-up data of the experimental data, the used samples from
the fitted distributions and the reconstructions of the X-ray tomography simulations for two
exemplary experimental settings.
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Overall, the reconstructed shapes and the bubble hold-ups agree well with those of the ori-
ginal phantom samples. As expected from the results of the two-dimensional tomography
simulations presented in Section 4.4.2, the reconstruction of single large bubbles appears be
to be more accurate than those that are measured as part of a swarm of bubbles that passes
the measurement plane simultaneously. For the latter, some small artifacts were generated,
some bubbles appear to have merged, while others were not reconstructed at all. However,
these cases do not seem to significantly influence the reconstructed bubble distributions over-
all. The reconstructions that were binarized with a fixed threshold appear to have a slightly
increased rate of generated artifacts and the mean cross-sectional hold-ups are also slightly
increased. Furthermore, the pseudo three-dimensional data that was generated from the

fitted distributions appears to represent the experimental data well.

To evaluate the applicability of the overall presented tomography methodology, the resulting
bubble property distributions of the sampled phantom data and the corresponding recon-
structions have to be compared with the original experimental data. Figure 4.33 shows the
correlated probability density distributions of the chosen bubble properties and their correla-

tions, as they were suggested in Section 4.3.4.

Generally, the sampled and reconstructed data represent the experimental findings very
well. The differences resulting from the individual experimental settings far exceed the com-
paratively small differences between experimental data, sampled phantom data and the
corresponding reconstructions for a given setting. There is a slight difference between the
experimental data and the sampled phantom data, with the distributions of the latter showing
marginally broader variances. However, it is more important to note that the reconstructed
distributions accurately represent their ground truth, that being the phantom data, especially
when the adaptive threshold was applied. One difference between the different data sets is the
distribution of the aspect ratio. The aspect ratios of the phantom samples are more likely to be
oblate in comparison to the experimental data and the corresponding reconstructions tend
to be even more flattened. Some of these deviations between the experimental data and the
phantom data may be explained by the way the pseudo three-dimensional representations
were generated. For example, if a fast bubble, which tend to be elongated, gets merged with a
slow bubble, which tend to be oblate, then the impact of the fast bubble, which counter intuit-
ively is relatively flattened in the pseudo three-dimensional representation, on the properties
of the newly formed bubble is insignificant in comparison to that of the oblate slow bubble,
which exists far longer in the measurement plane as it is elongated in the time dimension.
Since the velocity of the bubble is determined by the time of flight of its center of weight, it
will be much closer to the value of the slow bubble, due to its comparatively large pseudo

three-dimensional volume.
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Figure 4.33: Probability density contour plots comparing the experimental data with the
sampled data from distribution functions that were fitted to the experimental data and their
simulated tomographic reconstructions where a fixed threshold and a adaptive threshold were
used.
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This would explain the slightly increased percentage of oblate bubbles for the phantom data
and more so for the reconstructions as bubbles that are close to each other are more likely to

get merged through the reconstruction.

4.4.5 Post processing of the X-ray tomography measurements

Two filtering methods were applied in this work to account for the identified limitations of the
experimental methods. First, the three different definitions of the rise velocity, as they were
described in 4.2.3 were compared. Any bubble for which the difference between any of the
three velocity definitions exceeded more than 30% were removed from the results. For the
second filter, the ratio Vy, ;;,4x/ Vi, min between the larger and the smaller reconstructed bubble
volume between the upper and lower measurement planes, as it was introduced in Section
4.2.3, were compared. Figure 4.34 shows the median of Vj, ;,4x/ Vi, min for all experimental

settings.
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Figure 4.34: Median of the ratio of reconstructed bubble volumes V}, 45/ Vi, min for all experi-
mental settings.

The data indicates that the problem occurs more at lower heights and lower values of u,, ¢.
Small values for Vi, ax/ Vi, min Will always occur due to the dynamic behavior of the bubbles,
which may result in shape transformations or a change of the rise velocity during the meas-
urement. However, larger values for Vj, 45/ Vp,min are more likely to represent erroneous
reconstructions. It was decided that bubbles for which the reconstructed bubble volumes

differed by more than 100% between the two measurement planes were removed from the
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data set. This may appear to be a rather generous threshold but one has to consider that a
doubling of the volume only leads to a 26% increase of the equivalent diameter dj ;. The
potential error is also further halved by using the average volume between the lower and upper
measurement plane for the calculation of dj, 4. Additionally, this filter method mostly affects
the lower spectrum of the measured bubble sizes with equivalent diameters in the range of two
to three cm, for which the accuracy of the experimental setup and the described tomography

reconstruction methods is known to be limited anyway, independent of the bubble dynamics.

It is challenging to determine the threshold values for the proposed filters systematically, as it
remains unclear how to automatically estimate the goodness of reconstructions, which would
be necessary given the several ten thousand bubbles that were reconstructed and evaluated.
Additionally, it has to be avoided that such filtering leads to biased results. Ultimately, the
filtering thresholds were selected through manual examination of randomly sampled pseudo
three-dimensional reconstructions, which were filtered as a result of systematically step wise
adjusted threshold values. To assess the effect of the filtering on the resulting bubble property
distributions, the unfiltered data needs to be compared with the distributions resulting from
different filtering thresholds. Figure 4.35 shows the resulting probability density distributions
for two different filter settings. Filter 1 corresponds to the thresholds described above, while
Filter 2 is set with more drastic values. Here, any bubbles for which the rise velocity definitions
differ by more than 10% or the ratio Vj ;4x/ Vi, min €xceeds the value 1.25 are excluded. The
unfiltered data set consists of 38,481 bubbles for the chosen measurement heights. Filter 1
reduces the number of bubbles to 26,675 and Filter 2 only leaves 12,864 bubbles. While Filter 2
removes roughly two thirds of bubbles, the resulting distributions do not change significantly.
As expected, small bubbles are affected more often. It was therefore concluded that while it is
necessary to filter the data to remove the impact of significantly erroneous reconstructions, it
is not useful to drastically reduce the database by further filtering.
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Figure 4.35: Comparison of the impact of different filter settings for the X-ray tomography
data without internals.

4.5 Results of X-ray tomography measurements with vertical intern-
als

After the X-ray tomography methods have been established and the limitations of the methods
have been identified, in the following section the results of the measurements including
vertical internals are compared to the case without internals. The implementation of the
vertical internals may present additional challenges for the tomographic reconstructions, as it
could be shown in Section 4.4.2 that the SART algorithm is less accurate if many small bubbles
are present in the measurement plane. Considering the presence of vertical internals, it is to
be expected that bubble interactions are more restricted leading to less coalescence and thus
smaller bubble sizes on average as well as to more complex shapes of the individual bubbles
around the internals. Additionally, the attenuation of the X-rays through the bed cannot
be considered to be linear anymore, given that the density of the bed is not homogenous
due to the presence of vertical Perspex® internals that are filled with packed bed material.
Maurer [70] suggested a mathematically derived correction factor, as shown in Equation

4.4, to account for the presence of vertical internals under the assumption, that difference
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in densities between the bed and the internals filled with particles is small. Alternatively,
the measurements with vertical internals could have been calibrated by the seven-point
calibration method presented in Section 4.2.1, which would have required considerable efforts
given the irregular circular arrangement of the internals. The SART algorithm has also been
expanded for the reconstruction of measurements with vertical internals in the work of Maurer.
By implementing a constraint that the solid fraction at pixels where internals are present are
set to a value representing the dense phase in each iteration step, it would be assured that
no bubble hold-up would be assigned at the positions of the vertical internals. However, the
evaluation of the data showed that this often did not work as intended. While the local bubble
hold-up would be reduced significantly at the designated positions of the internals, it still was
not zero and the bubble phase could be assigned to these positions through the binarization.
To overcome this, the positions of the internals were additionally accounted for during the
pseudo three-dimensional reconstruction procedure. In previous works, any bubble hold-up
that was located at a designated position of an internal was removed from the binarized image.
Considering the fact that about 30 % of the cross-section of the bed consists of internals, this
would lead to a significant reduction of the bubble hold-up and individual bubble sizes. For
the present work, the positions of the internals were accounted for prior to the binarization
step. The images were then binarized with an adaptive threshold, as it is described in detail in
Section 4.2.3, which maintained the originally measured bubble hold-up. The problem can be
seen in Figure 4.36, where two individual reconstructions of the measurements with internals
at a height of 36 cm and u/u,;, ¢ = 3 are shown.

Raw Filtered and Binarized
SART masked with adaptive
output SART output threshold

I
IS

Figure 4.36: Samples of binarization procedure of tomographic reconstructions of X-ray
measurements with Internals ata H =36 cm and u/u, ¢ = 3.

In the top row of the figure, bubble formations that appear to be wrapped around several

internals can be seen. Here, the implementation of the internals seems to work reasonably
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well, though theoretically it is possible that several individual small bubbles have been recon-
structed as single bubbles. The bottom row shows a case, where the internals were located at
locations, which the SART reconstruction had assigned to the bubble phase. Regarding the
limitations of the applied X-ray tomography methodology, as they were established in Sections
4.4.2 and 4.4.4, it becomes clear that the spatial resolution of the setup is not sufficient to dis-
tinguish between clusters of individual small bubbles rising in close proximity to one another
in between the internals and large single bubbles that are wrapped around the internals. In
case these bubble formations were clusters of small bubbles, it is likely that their individual
volumes communicate and are somewhat connected, as they rise in a compact formation with
the same rise velocity. However, considering that such clusters of small bubbles would have
significantly larger surface areas, which could influence mass transfer rates in comparison to
individual single bubbles representing the same volume, underlines the necessity to further
investigate the issue. For the mass transfer, one also has to account for the fraction of the
bubble surfaces that are in direct contact with the internals and therefore are not available
for mass exchange with the dense phase. The problem of the limited spatial resolution and
viewing angles becomes more obvious for higher gas velocities as can be seen in Figure 4.37,
where two reconstructions of the measurements at a height of 36 cm and u/uy, f = 6 are shown.
Here, the broadly distributed gray-scale values produced by the SART algorithm indicate a
reduced certainty of the exact spatial distribution of the bubble hold-up, which ends up being
assigned to the most probable areas that include positions were internals would be present.

Raw Filtered Binarized
SART SART with adaptive
output output threshold

L

3

Figure 4.37: Samples of binarization procedure of tomographic reconstructions of X-ray
measurements with Internals at a H=36 cm and u/u, ¢ = 6.

In general, the bubble size distributions that were reconstructed with inserted internals show
significantly smaller values of dj ¢, in comparison to the measurements without internals.

Given the fact, that the reconstruction of small bubbles is less accurate and more likely to
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4.5 Results of X-ray tomography measurements with vertical internals

be impacted by artifacts and considering the impact of the internals mentioned above, a
reduced reliability of the measurements with internals must be assumed and an independent
verification of the results is necessary. For the interpretation of the results presented in the

following, the mentioned concerns have to be considered.

4.5.1 Cross-sectional bubble hold-up

In Section 4.3.1 it was established that the XR-LD setup is able to measure the cross-sectional
bubble hold-up well, with slightly smaller values than what was estimated from the meas-
urement of the bed expansion. A small overprediction was observed for the reconstruction
of large individual bubbles, whereas small bubbles would be reduced in size through the
reconstruction which lead to reduced values of €j. In Figure 4.38, a comparison between the
measured cross-sectional bubble hold-up averaged over all measurement heights for the case
with and without internals is shown. It can be seen that a considerably smaller hold-up was
measured when internals were present. Analogous to the measurements without internals,
the bubble hold-up was additionally estimated via the measurement of the bed expansion.
Note, that the measurement of the expanded bed height with internals must be regarded
as an estimate, because at lower fluidization numbers the bed height was not very uniform
and therefore the margin for error is increased for relatively small increases of the bed height.
Overall, the measured bed expansion is slightly higher than the X-ray measurements of the

bubble hold-up in both cases with and without internals.

0.15 - Method
T ® Measured via bed expansion
:?5— 0.10 - A Measured via X-ray tomography
k=)
o
c
(]
= Data
o 0.054
3 Without internals
With internals
0.00

2 4 6
u/umf [_]

Figure 4.38: Comparison of the cross-sectional bubble hold-up &3, measured with two inde-
pendent experimental methods, X-ray tomography and measurement of the expanded bed
height, for the cases with and without vertical internals.
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It is known that the measured mean bubble rise velocities decrease when internals are present
in comparison to the measured values without internals [133]. This could also be verified
in the analysis of the data for the present work shown in Section 4.5.3 and was additionally
confirmed by independent single bubble experiments presented in Section 4.5. Reduced rise
velocities usually indicate that the hold-up should increase due to the longer dwell times of
the bubbles. It is therefore surprising that the overall bubble hold-up was reduced through the
presence of internals, which suggests that more gas flows through the dense phase than in the
case without internals. Potentially this can be explained by the considerably larger wall surface
area that the fluidized bed is in contact with, which may stabilize the bed resulting in an
increase of minimum bubbling velocity u,,;, as it was confirmed in numerous measurements

that the minimum fluidization velocity u,, r is not affected by the presence of internals.

4.5.2 Pseudo three-dimensional visualizations

Figure 4.39 shows a comparison between the tomographic reconstruction of a 3.2 s sample
without internals on the left side and with internals on the right side for a measurement height
of 26 cm and a fluidization number of 3. The internals are not shown but their impact on the
bubble sizes and their shapes is visible. It can be seen that the presence of internals leads to a
significant reduction of the bubble sizes in comparison to the case without internals.

1z ~Qy; . 0((\\
18 [ij 4 ,a*\s S

J/~Q\, ’
I A\
len, 7 4R

Figure 4.39: 3.2s sample of reconstructed bubbles that were measured at a measurement
height of 26 cm and a fluidization number of u/u,, r = 3. The left image shows the case without
internals and the right the case with vertical internals present.
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4.5 Results of X-ray tomography measurements with vertical internals

Figures 4.40 and 4.41 show comparisons of 0.9 s samples of reconstructed data and their
corresponding time averaged cross sectional bubble hold-ups for the measurements with and
without internals for two fluidization numbers and three measurement heights. Analogous to
the observation described above, the presence of internals leads to a reduction of the bubble
hold-up and of the bubble size. The shape of the bubbles appear more irregular with internals.
The positions of the internals are easy to recognize in the time averaged visualizations of
€p, which show similar patterns to those measured without internals. Areas with increased
hydraulic diameters, as defined by Equation 2.37, appear to show increased local bubble
hold-ups in comparison to areas, where the spacing between the internals or between the
internals and the wall is smaller. The presence of internals seems to restrict the movement of

bubbles towards the center of the column with increasing heights and fluidization numbers.

In Figure 4.42 the evolution of the cross-sectional hold-up for a measurement height of 56 cm
and all investigated gas velocities is shown for the measurements without internals (row A)
and with internals (rows B and C). For the measurements with internals, two cases of the
binarized SART output are shown. For the images shown in row B the positions of the internals
were not masked prior to the binarization, whereas row C shows images that were binarized
after accounting for the positions of the internals under the constraint to maintain the overall
bubble hold-up resulting in a increase of the bubble hold-up between the internals. While the
hold-up is more gradually distributed for the case without internals, more abrupt transitions
between regions of high and low local bubble hold-ups can be seen for the case with internals.
This may imply, that the internals restrict the lateral movement of the bubbles or reduce their
tendencies to coalesce in lateral direction, and that the bubbles are more likely to move in

preferential vertical leading to a reduction of the overall coalescence rate.
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Figure 4.40: Comparison of samples of the pseudo three-dimensional reconstructions and the
spatial distribution of the respective bubble hold-up for the measurement heights of 16, 36
and 56 cm at a fluidization number u/ uy, = 2.
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Figure 4.41: Comparison of samples of the pseudo three-dimensional reconstructions and the
spatial distribution of the respective bubble hold-up for the measurement heights of 16, 36
and 56 cm at a fluidization number u/u, ¢ = 4.
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Figure 4.42: Comparison of the evolution of the bubble hold-up measured with (B,C) and
without internals (A), for increasing values of u/u,, r at a measurement height of 56 cm. For the
images shown in row B, the positions of the internals were not masked prior to the binarization,
whereas row C shows images that were binarized after accounting for the positions of the
internals under the constraint to maintain the overall bubble hold-up.

4.5.3 Statistical evaluation of the measured bubble properties

A total of 28,494 bubbles were reconstructed from the measurements with internals, which is
about 25% less than the 38,481 that were reconstructed for the same experimental settings
without internals. After the filtering of the data according to the methods described in 4.4.5,
there are 13,858 bubbles left, which is about 50% of the original data. The summary statistics
are formatted analogous to those presented in Table 4.2 in Section 4.3.3 and are shown in Table
4.3. No bubbles were reconstructed for the measurement at a height of 16 cm and u/uy, f =
1.5, and only five bubbles were reconstructed for the measurement height of 26 cm and the
same fluidization number, which can therefore not be considered statistically representative
and are consequently excluded from the results.
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Chapter 4. X-ray measurements

The measured rise velocities with internals present are reasonably well described by the cor-
relation by Davidson & Harrison [143], given in Equation 2.25. This can be seen in Figure 4.43,
which shows the probability density of u;, and dj, ¢4 of all evaluated bubbles independent
from the fluidization number or the measurement height. For the measurements with intern-
als, there is a shift towards slower velocities, especially for smaller bubbles, in comparison to
the correlation by Davidson & Harrison and the data measured without internals.

0.6
Data
Y Without internals
E
5 0.4+ —— With internals
=3
—— Davidson & Harrison
0.2

T
0.0 25 5.0 7.5 10.0
db,eq [Cm]

Figure 4.43: Comparison between experimental data measured via X-ray tomography with
and without internals and the correlation by Davidson & Harrison [143] for the correlation
between the size and rise velocity of bubbles.

A notable difference in comparison to the measured data without vertical internals is the
significant reduction of bubble sizes, as shown in Figure 4.44. The gradients of the bubble sizes
in dependency of the fluidization number is similar to those measured without internals for
fluidization numbers of up to 4. From there on, the gradients appear less steep. It is possible
that the internals reduce the degree of freedom for the lateral movement of the individual
bubbles and with that, their likelihood to coalesce with other bubbles would decrease as well.
The arrangement of the internals could lead to preferential pathways for the bubbles in areas,
where the spacing between the internals is wider than in others. This could result in less
friction between the wall and the dense phase and facilitate the fluidization locally. One also
has to consider the tube spacers that were installed at two heights inside the fluidized bed, as
shown in Section 3.3, which may split bubbles and thus the mean bubble diameter decreases.
This was observed to occur during the single bubble measurements presented in Section 4.5.
Note, that the shown position of the tube spacers in Figure 3.6 does not necessarily represent
the configuration used in the experiments evaluated in this section, since the tube bundle

fixation was overhauled since then and the original state was unfortunately not documented.
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4.5 Results of X-ray tomography measurements with vertical internals

It is also possible that the quality of the reconstructions is affected by the presence of the
internals and the corresponding heterogeneous density distribution within the bed. There
could be pathways between X-ray source and detector, where the density deviates significantly
from what it would be without internals. In that case, it could be that single bubbles are
reconstructed as multiple individual ones when parts of it are not recognized. A similar effect
could occur through the placement of the internals after the tomographic reconstruction,
which may separate individual bubbles into multiple ones. However, the magnitude of the
difference in the mean bubble size measured with and without internals is significant and
the visualizations presented in Figures 4.40 and 4.41 show clearly distinguishable bubble
shapes, which on average are smaller than those measured without internals, especially
considering the volume that is occupied by internals. The impact of erroneous or corrupted
reconstructions is therefore assumed to not be significant and unlikely to explain the reduced

bubble sizes.
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Figure 4.44: Comparison between the mean values of volume-equivalent bubble diameters as
they were measured via X-ray tomography with and without internals.

The mean rise velocities of the bubbles are also significantly lower than those measured
without internals as shown in Figure 4.45. Interestingly, the rise velocities at measurement
height of 16 cm are substantially lower than those at all other measurement heights, which
show very little variance for each fluidization number. In general, the gradients of the mean
values of uy,, in relation to u/u,, s appear to be very similar to those from the measurements
without internals. The rise velocities at heights between 26 and 56 cm with internals are in
between those measured at heights between 16 and 26 cm without internals. This aligns well
with the measured bubble diameters at the respective heights with and without internals, as

shown in Figure 4.44, which can be seen as an additional indication for the correctness of the

117



Chapter 4. X-ray measurements

reconstructed bubble sizes, given the correlation between the size and the rise velocity of a
bubble.

Height [cm]
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Figure 4.45: Comparison between the mean values of bubble rise velocities as they were
measured via X-ray tomography with and without internals.

In Figure 4.46, the comparison of the aspect ratios measured with and without internals can
be seen. Generally, the bubble shapes are more elongated when internals are present with
similar gradients in relation to u/u,, . Interestingly, the bubbles measured with internals at
a height of 26 cm are more elongated on average than those measured at higher heights for
most gas velocities, which is a deviation of the trend of the measurements without internals.

For all heights > 36 cm the mean aspect ratio appear to not change for a given value of u/uy, .

4.5.4 Bubble property distributions and their correlations

The comparison of the mean values of the bubble properties measured with and without in-
ternals clearly demonstrates the significant influence the internals have on the hydrodynamics
of the BFB. However, as elaborated in Section 4.3.4, mean values alone may not be sufficient for
the description of the hydrodynamics within the catalytic BFB reactors. Broad variances of rise
velocities and bubble sizes may impose mass transfer restrictions that potentially could not
be determined from the respective mean values. For the scope of this work, in consideration
of the optical probe measurements in the pilot plant GanyMeth presented in Section 5.3, a
special focus was put on the accurate description of the bubble property distributions and
their correlations, especially concerning the bubble shapes.

In Figure 4.47 the correlated density distributions of the volume-equivalent diameters dj, ¢4

and the bubble rise velocities 1, measured with and without internals are shown for each
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Figure 4.46: Comparison between the mean values of bubble aspect ratios as they were
measured via X-ray tomography with and without internals.

combination of u/u,,r and the measurement height. It can be seen that in all cases the
maximum diameters of the bubbles measured with internals are below the maxima of those
measured without internals. The distributions measured with internals at higher heights
and fluidization numbers are also much broader in comparison to those measured without
internals. At most heights, a significant fraction of the bubbles measured with internals have
volume-equivalent diameters in the range of 2 - 4 cm, whereas the measurements without in-
ternals show much more narrow size distributions for u/u;, s = 3. A clear correlation between

dp,eq and up, can be seen for both data sets.
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Figure 4.47: Density contour plot of the equivalent bubble diameter dp, o4 over the bubble rise
velocity uy, for X-ray measurements with and without vertical internals

Figure 4.48 shows comparisons of the correlated density distributions of the aspect ratio /: w
and the rise velocity up, between the measurements with and without internals. In both cases,
a clear correlation between 1, and the aspect ratio can be seen, which appears to be more
pronounced and to have a steeper gradient for the data measured with internals. For the case

with internals comparatively higher values for [ : w are measured for a given value of uy,.
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Figure 4.48: Density contour plot of the bubble aspect ratio [ : w over the bubble rise velocity
up, for X-ray measurements with and without vertical internals.

As mentioned before, one concern of catalytic BFB reactors is the possible breakthrough of
reactants in bubbles. Figure 4.49 shows the cumulative volume of bubbles with a defined rise
velocity and specific surface area for the measurements with internals, analogous to Figure
4.23 shown in Section 4.3.4 for the measurements without internals. The mean values of both
cases, with and without internals, are shown as well. One can see that the comparatively
decreased bubble sizes lead to significantly increased specific surface areas. There are also less
critical bubbles that are fast and large in comparison to the measurements without internals.
However, one still has to consider that about 30% of the cross section consists of internals and
therefore also roughly 30% of the bubble surface areas are in contact with the internals and
consequently do not participate in the diffusive mass transfer between the bubbles and the
dense phase.
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Figure 4.49: Distribution of the cumulative bubble volume respective the specific surface

area ay and the bubble rise velocity 1, as it was measured with internals by means of X-ray
tomography including mean values of the measurements with and without internals.
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4.6 X-rayradiography measurements

One obvious shortcoming of the X-ray tomography experiments described in Sections 4.2, 4.3
and 4.5 is the restriction of the XR-LD setup to one-dimensional measurements of the trans-
mitted X-ray intensities and the corresponding two-dimensional tomographic reconstructions
of cross-sectional bubble hold-up. A three-dimensional reconstruction of individual bubbles
is only possible by means of stacking the individual reconstructed cross sections of a bubble
and applying the measured rise velocity for the determination of the vertical length of the
reconstructed slices of the bubble. While this may be sufficient for bubbles that rise statically
through the measurement planes without changing their shapes and rise velocities, it could
be problematic for more dynamic bubbles and could lead to a distortion of the reconstructed

bubble properties, as it was described more detailed in Section 4.4.3.

One of the findings of the evaluation of the tomographic measurements was that the there is
broad variance of bubble shapes which are correlated to the rise velocity of the bubble with
elongated bubbles typically being faster than oblate ones. Given the fact that the vertical
dimension of each reconstructed bubble is directly proportional to its measured rise velocity,
due to the applied pseudo three-dimensional reconstruction method, there is the risk of
an artificial correlation between the rise velocity and the bubble shape. If the rise velocity
of a bubble was overestimated, this would lead to an elongation of its shape, whereas an
underestimation would flatten the bubble vertically. The observed range of shapes and
its correlations to other bubble properties was determined to be a relevant finding for the
measurements with optical probes in the pilot plant GanyMeth, as the transformation of the
measured chord-lengths to bubble size distributions depends on the assumed bubble shape
[136], [214].

Additionally, through a detailed series of tomography simulations presented in Sections 4.4.2
and 4.4.4, it could be shown that the limited available angles of the XR-LD setup may generate
artifact bubbles or falsely merge individual bubbles through the reconstruction. It was demon-
strated that this problem would only affect the measured bubble property distributions if
many small bubbles were present and that the effect is probably negligible for the majority of
the measurements. This is especially the case for the determination of the mean values of the
bubble sizes. However, this was only investigated in detail for the measurements without in-
ternals and solely by means of simulation. The measurements with internals are more likely to
be affected by this problem due to the significantly smaller bubble sizes in comparison to the
measurements without internals. The simulations also could not account for other possible
issues such as beam hardening, noise, dynamic bubble interactions and the heterogeneous

density distribution when vertical internals are inserted in the bed.
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To elucidate the above mentioned uncertainties and to verify the results from the X-ray tomo-
graphy measurements, additional X-ray measurements were conducted with the XR-AD setup
described in Section 3.3.1, which allows the observation of the dynamic behavior of entire
bubbles as they rise towards the surface by means of X-ray projections. Additionally, synchron-
ized measurements with optical probes were conducted to allow the direct comparison of the
two measurement techniques and thus to verify the optical probe evaluation methods that

were developed in this work.

For the experiments presented in this section, alumina particles of the type NWa that can be
considered an intermediate between Geldart Type A and B particles, as described in Section 3.4,
were used as bed material. Air at ambient conditions was used as the fluid for the fluidization in
the cold-flow model as it was described in Section 3.3. The experiments include measurements
of BFBs or individually injected bubbles and were either conducted with three area detectors
arranged around the column or with just two area detectors in place when the optical probe
was inserted. In Figure 4.50, different variants of the experimental setup are shown. Sub-figure
(A) shows the setup with internals inserted and all three detectors (1) in place around the
column. Sub-figure (B) shows the inserted optical probe (2) as well as one of the bubble
injection ports (3), that connects one of the solenoid valve of single bubble injection setup
presented in Section 3.3.2 to a vertical nozzle inside the column that can be moved radially. A

second identical bubble injection nozzle is installed on the opposing side.

4.6.1 X-rayradiography calibration and evaluation

For the measurements presented in this section a two-point calibration was carried out, which
was shown to be sufficient in unpublished independent experiments at TU Delft, where results

of two-point calibrations were compared with results of 15-point calibrations.

However, the evaluation of the data showed that this assessment was likely not applicable for
the used materials. For the experiments shown in this work, the exact determination of the
bubble hold-up is not necessary, nonetheless it is important to discuss the applicability of
the used method for future measurements or the further evaluation of the data shown in this

work.

According to the Lambert Beer law, as described in Section 4.1, the bubble hold-up for each
pathway between X-ray source and detector can be calculated with reference measurements of
the transmitted X-ray intensities Igr through the empty column and Iy through the column
filled with bed material at minimum fluidization as shown in Equation 4.3.
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Figure 4.50: Images of the experimental setup showing the cold-flow model with inserted
vertical internals and three X-ray area detectors (1) in Sub-figure (A) and with the optical probe
(2) inserted, one of two bubble injection ports (3) that is connected to an external air supply,
without vertical internals and two X-ray area detectors in Sub-figure (B).
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By applying the measured hold-up on the corresponding depth of the bed for the given

(4.3)

pathway between detector and X-ray source, the horizontal length of the bubble phase can be
determined. For measurements that include vertical internals, it is not feasible to calculate
the depth of the bed for any X-ray pathway geometrically the way it can be done easily for the
simple case without internals. However, the bed depth can be calibrated from the reference
images. Given the reference images of the column, empty and filled with bed material both
with and without internals, as shown in Figure 4.51, then the bed depth can be calculated as

described in the following.

The transmitted X-ray intensity profile for the case with internals is given by Equation 4.11,
where the attenuation coefficient up and the bed depth ABj; s are unknown.

—upAB
Iry,inT1 = IR inT1 € HERPT0 (4.11)
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Figure 4.51: Illustrations of the X-ray intensity attenuation measurements of the references
for the two-point calibration and measurements of bubbles for the cases with and without
internals.

The analogous equation for the case without internals allows the calculation of the attenuation

coefficient up since the bed depth is known, as shown in Equation 4.12.

Iry,iNTO
Ipr,INTO

(4.12)
ABrnro

HB =
Then the bed depth with internals can be calculated by inserting Equation 4.12 into Equation
4.11:

Iry,INT1
IprINTI

UB

Binn = (4.13)

An example of the application of the calculated bed depth to determine the depth of a single
bubble with and without internals is shown in Figure 4.52. In the top row a case without
internals is shown, whereas the bottom row shows an example with internals. The images on
the left side show the profile of the bubble hold-up for a single bubble, the images in the middle
show the calculated bed depth profile and the images on right show the resulting bubble
depths of the same images as shown on the left. For the given example without internals, the
horizontal width of the bubble measures 9 cm, while the maximum calculated bubble depth
is only about 5.5 cm. This observation cannot be explained by an asymmetry of the bubble,
as the same observation was made from all viewing angles for all injected bubbles. It is also
unlikely that particles within the bubble phase are responsible for this deviation between the
measured width and depth of the bubbles as it would mean that for the given case roughly

40% of the bubble phase consists of particles. It was thus concluded that the Lambert Beer law
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based on a two-point calibration is not applicable to describe the attenuation of X-rays for the
given setup, likely due to beam hardening or X-ray scattering. Therefore, any radiographic
images presented in the following that show the bubble depth profile will not include the color-
coding legend, as it was shown that the calculated bubble depth is not accurate. A possible
way to achieve a multi-point calibration is to use the measured data for the single bubble
injections presented in Section 4.6.4. The X-ray attenuation could be calibrated for each size
class of injected bubbles, so that the mean bubble depth equals the mean bubble width that
was determined by means of image processing. Considering the several hundred bubbles
that were measured from two or three angles for each of the five different volume-equivalent
diameter classes in the range of 2 - 10 cm, the achievable calibration should be statistically
robust. However, for the evaluation of the experiments shown in this work, the determination

of the bubble depth was not relevant and such a calibration was therefore not attempted.

Without
internals

Bubble hold-up &,
[
Bed depth [cm]

Bubble depth [cm]

With
internals

Bubble hold-up &,
Bed depth [cm]

Bubble depth [cm]

Figure 4.52: Images that show the bubble hold-up profile on the left, the bed depth profile of
the bed without bubbles in the middle and the corresponding bubble depth profile on the
right for the cases without internals in the top row and with internals in the bottom row.

4.6.2 X-rayradiography measurements of bubbling fluidized beds

Comprehensive measurements of the BFB regime were conducted for measurement times of
two minutes and each combination of the measurement heights, frame rate and the fluidiza-
tion numbers, as shown in Table 4.4. The experimental settings are the same as those from the
measurements with the XR-LD setup presented in Sections 4.2, 4.3 and 4.5. Each of the frame
rates represents a different height of the field of view. Measurements taken at full resolution

show a section of the bed with a height of about 24 cm.
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Fluidization number u/umf[ -1 1.5,2,3,4,6
Height of detector center [cm]

16, 26, 36, 46
(200 Hz and 85 Hz measurements)
Height of detector center [cm]

10, 30,49.2

(22 Hz measurements)

Table 4.4: Experimental settings for the BFB experiments with the XR-AD setup

Images taken at increased frame rates of 85 and 200 Hz show vertically cropped sections of the

bed, with heights of 7.1 cm and 1.6 cm respectively.

The main objective of these measurements was to provide data that will allow the direct com-
parison between the pseudo three-dimensional reconstructions, the actual three-dimensional
reconstructions once they are available and the projected images themselves. Currently, the
three-dimensional reconstruction from the projected radiographic data is not feasible, due to
the substantial computational effort that is required for the reconstruction. Only a pseudo
three-dimensional reconstruction of the data, based on the methods described in Sections
4.2.3, is possible. Nonetheless, the radiographic images allow a qualitative assessment of
the dynamic evolution of the bubbles within BFB at the given settings as well as a manual
estimation of bubble properties. All images presented in this section were taken at a height of

30 cm for the center of the detector in relation to the gas distributor plate.

Figure 4.53 shows images of the BFB with and without internals that were measured for
increasing fluidization numbers. For the images with internals, the white dashed line indicates

the height of the surface from the reference image, above which the data is not calibrated.

u/u 3 u/ue=4 u/u 6

mf =

mf =

Figure 4.53: Sample radiographs of BFBs with and without internals for ©/u,,r =3, 4 and 6
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While the bubble size distributions from the measurements without internals consists of
relatively few large bubbles, there are many small bubbles in comparison when internals are

present.

To evaluate the dynamic evolution of bubbles within BFB, time series of images captured at
Ul up,r = 3 are shown in Figure 4.54. For the images without internals, shown in the top row,
one can see bubbles of various sizes, shapes and rise velocities. Throughout the time series,
multiple coalescences can be seen, where the lower of two coalescing bubbles elongates as it
accelerates towards the upper one. The interpretation of the time series captured with internals
present is more challenging, due to the many small bubbles that overlap in the field of view
and the presence of the verticals that interfere the visual appearance of the bubbles, making it
difficult to distinguish between clusters of small bubbles and large individual bubbles. The
visual evaluation confirms that the mean bubble rise velocity is reduced significantly when
internals are present. To provide an example, one bubble has been tracked manually for each
time series in the figure to determine its rise velocity. For the shown case, a bubble rising in a
bed without internals, which is marked with a green dot, rises with an average rise velocity of
0.43 ms™!, whereas the bubble from the measurements with internals, which is marked with a
yellow dot, rises with a velocity of 0.24 ms™!.

t,=0s t,=0.14s

|

59cm
g Up = S Tas = 0.43 m/s

3.3cm
g Up = = 024 m/s

Figure 4.54: Time series showing rising bubbles a BFB with and without internals. The images
include an illustration of the tracing of individual bubbles for the manual determination of
their rise velocities.
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An example of a highly dynamic bubble interaction in a BFB without internals can be seen in
Figure 4.55. The bubble on the left side, which is marked with a yellow dot, appears to just have
coalesced and is rising steadily henceforth with a rise velocity of approximately 0.45ms™!.
On the right side of the images, a highly dynamic series of bubble interactions that involves
multiple coalescing bubbles can be seen. One of the involved bubbles, marked with a green
dot, travels with a velocity of 1.05ms™! throughout the coalescence event, during which it
distorts significantly. Such examples of bubble interactions demonstrate the highly dynamic
situation within BFBs and indicate the importance of accounting for broad distributions of
bubble sizes and rise velocities rather than just their mean values. Given the frequency at
which coalescence occurs in BFB reactors, such events are not rare and effect the mass transfer

between the bubble and the dense phase [126].

t,=0s

|
14.2cm
g Ubr ® 5 1as = 1.05 m/s
6cm
é U, = m: 0.45 m/s

Figure 4.55: Time series showing dynamic bubble interactions including tracing of individual
bubbles, one of which is actively coalescing in the shown images, for the manual determination
of their rise velocities.

A manual evaluation of the projected bubble sizes was performed for the measurements at
fluidization numbers of 3 and 4, in which individual bubbles were measured in randomly
selected frames that were captured at a height of 30 cm above the distributor plate. For this,
only bubbles that were clearly distinguishable were selected and their volume-equivalent
diameter was determined assuming a symmetric bubble shape. A selection of corresponding
images, including the measured bubble diameters and markings of the heights 26 and 36
cm above the distributor plate, can be seen in Figure 4.56. For a sample size of 52 bubbles
at u/u,, s = 3 and 29 bubbles at u/ u,,r = 4, the mean values of dp, ., were 5.9 cm and 9.1 cm

respectively.
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Figure 4.56: Manual determination of the bubble size distribution from radiographic BFB
measurements.

A comparison between the manually measured bubble diameters and the results from the
X-ray tomography measurements shown in Section 4.3.4 is given in Figure 4.57. It can be
seen that the evaluated data, which represents a field of view from 18 to 42 cm above the
distributor plate, lies in between the expected range of mean dj, o, for measurement heights of
36 and 46 cm as measured by means of X-ray tomography. The manually determined bubble
diameters are therefore slightly larger than expected for u/u,, ¢ = 4. Possible reasons for this
could be the small sample size or an overestimation of the bubble sizes through the simplified

manual measurement with hand drawn ellipsoids.
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Figure 4.57: Comparison of the mean dj ., measured by means of X-ray tomography and
manually evaluated from X-ray radiograms.

Note, that the manual evaluation of the X-ray radiographic images presented in this section
can only serve as a approximated assessment of the data, considering the small sample sizes
and the limited accuracy of the manual measurements. Nonetheless, the application of X-ray
radiography allowed the independent verification of previous findings and provided additional
observations of the dynamics within BFB that support the speculated reasons for the observed
range of bubble sizes, shapes and rise velocities, which appear to be mainly the result of highly
dynamic bubble interactions. A detailed manual evaluation of the BFB with vertical internals
was not feasible due to the large number of individual bubbles that were overlapping and the
visual interference cause by the internals. This further highlights the limitations of the applied

methods for measurements with internals.

4.6.3 X-rayradiography measurements of injected bubbles

One way to overcome the challenging measurement of the hydrodynamics within BFBs is
the injection of single bubbles into a fluidized bed that is not bubbling yet. Then, the size,
shape, rise velocity and trajectory of individual bubbles can easily be measured by means of
readily available image processing tools and a tomographic reconstruction is not necessary.
By injecting two bubbles with defined spatial and temporal distances, the complex interaction
of bubbles can be studied in a controlled, reproducible and systematic manner. Controlled
bubble injections with defined volumes are especially useful for measurements when vertical
internals are inserted in the bed, as the visual interference caused by the internals as well

as the heterogeneous density distribution make the interpretation of freely bubbling beds
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challenging. Another important application of bubble injections in the scope of this work is the
independent verification of the evaluation of the optical probe measurements. The measured
bubble properties can be directly compared, by synchronizing optical probe measurements
with X-ray radiographic measurements of the injected bubbles. Additionally, the projected
images allow the assessment of how the probe influences the bubble. The setup used for
the experiments shown in this section allows the injection of stable bubbles with volume-
equivalent diameters between 2 and 10 cm, through one or two available injection nozzles
that can be positioned anywhere on a central horizontal chord through the cold-flow model
at a height of approximately 10 cm above the distributor plate. A detailed description of the
setup is provided in Sections 3.3 and 3.3.2.

Image processing

For the evaluation of the measurements, an algorithm has been written that identifies the
bubble in the projection image and tracks its center of weight, shape and size for each frame

and each viewing angle. An example of the applied image processing steps, which are ex-

plained in detail in the following, can be seen in Figure 4.58.

Figure 4.58: Binarization of an X-ray radiogram of a single injected bubble in a fluidized bed
with internals

First, a Gaussian filter is applied on the bubble depth image, which was retrieved through
the calibration with reference images according to the methods described in Section 4.6.1,
to reduce the salt-and-pepper noise. Then, the image is binarized with a fixed threshold,
which often would produce an image, in which the bubble would be clearly identifiable within

a significant amount of salt-and-pepper noise. Furthermore, for the measurements with
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internals, the binarization would sometimes lead to situations, where a cluster of multiple
bubbles would be identified instead of a single one. While it is possible, that the injected
bubble would split into multiple small bubbles, it appears less likely that this is usually the
case here, as the overall shape of the supposed cluster and its rise velocity stays steady while
rising towards the surface. This issue would mostly appear for the smaller bubbles that are
more likely impacted by the visual interference of the internals, whereas the larger ones could
clearly be identified as single bubbles in most cases. To overcome these binarization issues,

additional image processing steps had to be applied.

A series of morphological manipulations of the image was performed using the Matlab func-
tion bwmorph. The binary image was first eroded, which essentially means that a defined
thickness of the outermost layer of pixels of each object representing the bubble phase, would
be erased. In this way, any small disconnected objects would be removed from the binary
image. After that, the image is dilated again, which effectively means that a layer of pixels
with a defined thickness equal to that what was removed earlier will be added again to each
object representing the bubble phase, so that the remaining objects approximately match
their original shapes. The result of this morphological operation is shown in Figure 4.58 (C). If
any other objects are left in the image that are significantly smaller than the expected bubble

size, then they are removed from the image.

In the next step, the bubble is visualized by the convex hull that surrounds the single binarized
object that is the bubble. For this, the Matlab function bwconvhullwas used. Note that this step
only serves for visualization purposes. The geometric properties, such as the center of weight,
the total projected area, and the minor and major axis of the bubble are then determined
by applying the Matlab function regionprops on the binarized images for all viewing angles.
The mean of each bubble property is retrieved by averaging its values over all frames for a
given time step. Frames in which multiple bubbles were detected are either a sign for a bubble
that split into multiple bubbles or a failed binarization and the respective bubble properties
are excluded from the evaluation. For the measurements that included optical probes, the
bubble properties are only evaluated as long as the bubble is still below the optical probe,
which would conceal the projection of the bubble.

Experimental methods and settings

The volume of an injected bubble is proportional to the opening time of the valve. By injecting
bubbles in short intervals and including a vessel as a pressure reservoir, the pulsed flow is
dampened so that a semi-steady flow rate is established up-stream of the pressure vessel that

can be measured with a MFC.
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In this way the mean volume V}, of an injected bubble can be determined as shown in Equation
4.14, where V is the measured flowrate, At is the total measurement time and 7 is the number

of injections.

(4.14)

Additionally, the bubble volumes were determined by means of image processing as described
above. A comparison between the applied methods to determine the volumes of the injected
bubbles is shown in Figure 4.59. In addition to the two methods already described, the bubble
volumes that were also determined through the integration of the bubble depth that was

calculated from the X-ray attenuation profile as described above.
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Figure 4.59: Comparison of the injected bubble volumes as measured by means of radiographic
image analysis and mass flow controller.

One can see, that the values determined through the measured mass flows are proportional
to the injection times. The volumes that were determined through the measurement of the
projected areas match those measured with the MFC reasonably well, whereas the integration
of the bubble depth results in values that significantly deviate from the others. This was to be
expected due to the supposed beam hardening or X-ray scattering effects. For small injection
times ¢ < 100 ms, the bubble volumes determined through the projections are smaller than
those resulting from the measured mass flow. The reason for this could be that some of
the injected air dissipates into the dense phase, which is not bubbling yet indicating that
additional air may flow through the dense phase. For injection times ¢ = 175 ms the opposite is

the case, and the projected areas slightly overestimate the bubble sizes. A possible explanation
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could be that the evaluation of binarized projections does account for particles within the
bubble. The wake of a bubble typically intrudes centrally into the bottom of the bubble, as it
has been described in Section 2.3.2. This means that the part of the wake volume that is inside
of the bubble, will be assigned to the bubble phase through the evaluation of the projected
area. The same is true for particles that rain through the bubble, which seemed to occur
more often in larger bubbles. For the results presented in the following the bubble volume

determined through the projected area will be used.

The five selected injection times represent bubbles with volume-equivalent diameters that are
shown in Table 4.5. Sample images that show the corresponding X-ray projections for each
listed injection time, taken from the measurements that included the optical probe, are shown
in Figure 4.60.

Atinjection ~Meandp,, Countn

(ms] [cm] [-]
20 2.44 56
50 4.89 57
100 6.68 54
175 8.46 46
250 9.75 47

Table 4.5: Volume-equivalent bubble diameters per injection time.

Injection time: 20 ms Injection time: 175 ms

Injection time: 50 ms

Injection time: 250 ms

Injection time: 100 ms

Figure 4.60: Radiograms of bubbles that were injected over a specified duration.

For each injection time, the measurements were conducted over a period of 60 s for the case
without internals and 180 s for measurements with internals with 1s gaps in between the
injections to ensure that no bubble interactions would occur. The measurements were carried

out with and without optical probes present. The optical probe was inserted at a height of
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40 cm above the distributor plate to enable the bubble to stabilize after the injection and prior
to measurement via the optical probe. The bed height of the fixed bed was 53 cm. Additional
measurements with an increased fixed bed height of 63 cm were carried out for selected
settings with internals to investigate, if the proximity of the optical probe to the bed surface
would influence the measurements. All measurements shown in the following were carried
out at the same superficial gas velocity u that was set slightly above u,, ¢ to ensure a fluidized
bed that is not bubbling yet.

4.6.4 Results of the X-ray radiography measurements of single injected bubbles

Measuring the properties of single bubbles with defined volumes that are not influenced by
dynamic flow patterns found in freely bubbling beds in statistically representative sample
sizes allows a systematic analysis of the influence of the internals on the properties of the
bubbles. Additionally, the high-resolution projection images allow a qualitative analysis of
the dynamic evolution of a bubble as it rises and possibly interacts with the internals or the
optical probe. Figure 4.61 shows a comparison between the time series of two bubbles that

were injected over a period of 250 ms, which have a volume-equivalent diameter of roughly

10 cm, with and without internals present, measured at a frame rate of 22 Hz.

Figure 4.61: Time series captured at 22 Hz of two bubbles that were injected for 250 ms with
internals, shown in the top row, and without internals, shown in the bottom row.

One can see, that the bubble with internals present seems more irregularly shaped. The
vertical pattern of the internals are clearly visible and the bubble appears as if it consists of
multiple cylindrical shaped volumes. As stated before, it remains unclear if this appearance
is solely a visual effect or if this indeed shows a cluster of multiple elongated bubbles that
are steadily communicating with one another and thus behave similar to a single bubble.

Answering this question might be relevant for the calculation of the mass transfer between the
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bubble and the dense phase given the fact that the specific surface area would be significantly
increased if it indeed was a cluster of bubbles. The Figure also shows the difference in rise
velocities, which is indicated by the different gradients of the straights that connect the bottom

of the bubbles in each frame.

It is important that the injected bubbles are stable and reproducible to ensure statistically
representative measurements of the properties of bubbles with a defined volume. Figures 4.62
and 4.63 show five time series each of the radiographic images of bubbles that were injected
for 100 and 250 ms respectively, which were randomly selected and measured at a frame rate of
22 Hz. The inserted optical probe is also visible. One can see that the projected areas and the
rise velocities of the bubbles do not deviate significantly. The bubbles show some variations in
their shapes and stability and occasionally appear to partially split before quickly coalescing
again. In some cases, particles can be seen raining through the bubbles. This alleged instability
of bubbles appears to occur more frequently for the larger bubbles. Some interference of the
bubble by the optical probe can also be seen, especially for larger bubbles. An example for
this is shown in the bottom row of Figure 4.63, where the probe seems to initiate a temporal

collapse of the bubble roof, through which particles rain through the bubble.
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Figure 4.62: Time series of radiograms captured at 22 Hz of bubbles that were injected for
100 ms with inserted optical probe.
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Figure 4.63: Time series of radiograms captured at 22 Hz of bubbles that were injected for
250 ms with inserted optical probe.
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The measurement of injected bubbles with internals involved several additional challenges.
The bubbles often split as they pass the tube spacer, which was presented in Section 3.3, Figure
3.2. This can be seen in Figure 4.64, which shows three time series of bubble injections over
100, 175 and 250 ms respectively with a reduced frame rate of 11 Hz. After the injection, the
small and medium sized bubbles quickly stabilize as they approach the tube spacer, which is
positioned at a central height in the figure. The bubbles adapt flattened shapes and appear to
briefly stagnate below the tube spacer before splitting into multiple, dynamically interacting
and distorted bubbles. The severeness of the disturbance of the bubble flow by the tube
spacer depends on the bubble size. While the bubbles that were injected for 100 ms appear
to stabilize soon after the interaction, this is not the case for bubbles that were injected over
175 ms, which were affected the most out of all tested injection times. The bubbles that were
injected over 250 ms appeared to be less influenced as they often quickly re-coalesced after
passing the tube spacer. Depending on the specific injection time, this interaction could lead
to a broad variance of bubble sizes, shapes and rise velocities at the height at which the optical

probe was placed.

Injection
time:
100 ms

Injection
time:
VAR

Injection
time:
250 ms

Figure 4.64: Time series of radiograms captured at 22 Hz showing the interaction between the
tube spacer and bubbles that were injected for specified times.

Furthermore, the presence of internals makes it is also more difficult to assess the influence of
the probe on the pierced bubble, as the internals distort the view. Details, such as the raining
through of particles as it could be seen in Figures 4.62 and 4.63 for the case without internals,

could not be observed with internals present.
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The bubble sizes for injection times ¢ < 175ms also appeared significantly smaller than
those for the same injection times without internals, while the projected area of bubbles
that were injected over a duration of 250 ms were comparable to those measured without
internals. Theoretically, the projected areas of bubbles with a defined volume should appear
approximately 20% larger when internals are present due to the volume that is occupied by
the internals.

Therefore, it can be assumed that a larger fraction of the injected air dissipates into the dense
phase for the case with internals and the validity of a direct comparison of the bubble proper-
ties for a given injection time is questionable especially for the shorter injection times. This
assumption matches the observation that the bubble hold-up is reduced for a given fluidiza-
tion number when internals are inserted as it was presented in Section 4.5.4. A comparison of
the projections of bubbles that were injected for 100 and 250 ms for the cases without internals
and with internals is shown in Figure 4.65.

Injection time: 100 ms Injection time: 250 ms

Without
internals

With
internals

Figure 4.65: Comparison of the projected areas of bubbles that were injected for 100 and
250 ms with and without internals present.

Figure 4.66 shows five time series of X-ray projections showing rising bubbles that were
injected for 250 ms each in fluidized bed with internals. The bed height was increased to 63 cm
to avoid surface effects on the bubbles as they pass the probe. Note that the frame rate of the
time series have been reduced to 11 Hz, to show the entire interaction between bubble and

optical probe in a reasonable number of frames.
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4.6 X-ray radiography measurements

Figure 4.66: Time series of radiograms captured at 11 Hz of bubbles that were injected for
250 ms with inserted optical probe and inserted verticals.

It can be seen that the bubbles have not fully stabilized yet after they have passed through the
tube spacer and change their shape as they rise. Interestingly, the bubbles seem significantly
flattened, ultimately reaching an almost squared-nosed slug-like appearance, in comparison to
the similar sized bubbles without internals present as shown in Figure 4.63. This is unexpected
considering that the results of the tomographic reconstructions presented in Section 4.5.4
showed that the bubbles appeared elongated on average when internals were present in

comparison to the measurements without internals.
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Chapter 4. X-ray measurements

A possible reason for this could be that the observed distortion of the X-ray attenuation
profile, as it was discussed in Section 4.6.1, also affects the X-ray measurements that were
conducted with the XR-LD setup and the corresponding tomographic reconstructions. This
could potentially cause a misinterpretation of single flattened bubbles as multiple elongated

ones.

Another feasible explanation could be that the smaller bubbles are mostly elongated as they
rise in between the internals. As the bubbles grow through coalescence and reach sizes
that extend around multiple internals, they might eventually change their shape to more
flat, slug-like appearances. The reason for this could be, that the degrees of freedom for the
displacement of the particles above the bubble is reduced due to the presence of internals.
This could also increase the chance of particles raining through the bubble and thus causing it
to split, which could partially explain the comparatively reduced rate of bubble growth when

internals are present.

Therefore, it is possible that the conflicting results between X-ray tomography and radiography
show different stages of the bubble growth and that locally restricted slugging may occur when
vertical internals are inserted in the fluidized bed. This hypothesized fludization regime will
henceforth be referred to as local slugging.

In four of the five shown time series, which were randomly selected, the optical probe does
not appear to influence the bubble flow, while it is debatable for the remaining time series

shown in the third row where the bubble appears to split after it passes the probe.

The situation is different for smaller bubbles, which are significantly influenced by the probe.
This can be seen in Figure 4.67, where five time series of injections over 100 ms are shown
for a fluidized bed with the height of 63 cm. Note, that the bubble is unstable when it enters
the frame after it had just passed the tube spacer, causing it to split into multiple bubbles
and then recoalescing as described above. Consequently, the bubbles show a dynamic range
of shapes as they rise towards the probe. Their rise velocities however are stable until they
reach the probe, at which point they accelerate significantly. After the bubble has passed the
probe, it continues to rise with the same velocity it had before it reached the probe. This can
be explained by the Venturi effect caused by the narrowing of the free cross section, through
which the gas flows, by the probe.

144



4.6 X-ray radiography measurements

EPE WL T T T
B L M " A

2l A R 08
CRTNCRL] SR R ] 06
ET Y] DN E9 B

A

.

Figure 4.67: Time series of radiograms captured at 11 Hz of bubbles that were injected for
100 ms with inserted optical probe and inserted verticals.

Only injections for 100 and 250 ms were conducted with a bed height of 63 cm. For all other
measurements, the bed height was 53 cm. Unfortunately, this significantly influenced the
measurements, as all bubbles that were injected for times ¢ = 20 ms experienced an additional
acceleration towards the surface and with that an elongation of their shape during their

measurement with the optical probe. This problem was not predicted during the preparation
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of the experiments, as only through the X-ray images it became clear that a path length of
around 20 cm was not enough for the bubbles to stabilize after the injection and the influence
of the tube spacer was underestimated. With an injection point at about 10 cm above the
distributor plate, the optical probe had to be installed at a height of 40 cm and there was
not enough bed material available to account for the increased probe height. Only for the
measurements with internals, the bed height could be increased. However, to keep the
measurements with and without internals comparable, most measurements with internals

were carried out at the same bed height of 53 cm.

Measured bubble properties

Figure 4.68 shows the rise velocities 1, and the respective volume-equivalent bubble diamet-
ers dj ¢4 of single injected bubbles that are categorized by injection time measured with and

without internals present.
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Figure 4.68: Volume-equivalent diameters dj, ., and rise velocities uy,, of injected bubbles
with and without internals in comparison to the correlation proposed by Davidson & Harrison
[143].

The injections without internals show narrow size distributions, verifying the accuracy of the
injection mechanism and the reproducibility of the presented experiments. While there is a
correlation between dj, .4 and uy,, it is inadequately described by the correlation proposed
by Davidson & Harrison [143], which was introduced in Section 2.3.3, Equation 2.25 and was

proven to describe the situation of a BFB in the same experimental setup as used here well, as
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4.6 X-ray radiography measurements

presented in Sections 4.3.3 and 4.5.3. Here, the measured correlation is significantly weaker.
For the measurements with internals present, the rise velocities are for most cases roughly half
of what they are without internals present for a given bubble size. Additionally, one can see
that the size distributions are comparatively broad and outliers are frequent. Especially the
bubbles that were injected for 175 ms show a comparatively large variance and are significantly
smaller than their expected size range in most cases. Bubbles that were injected for 250 ms
also show a broadened distribution with about two thirds of the bubbles significantly reduced
in size, while the remaining third is close to the expected size range 10% above the volume-
equivalent diameters that were measured without internals. The smallest class of bubbles
that were measured, corresponding to an injection time of 20 ms, appear to be more stable
with a comparatively narrow size distribution. The measured size distributions for injection
times ¢ < 100 ms are reasonably stable and generally consist of smaller sizes when internals
are present in comparison to the case without internals. This further supports the observation
that a fraction of the injected air dissipates into the dense phase for the case with internals.
The comparatively broad distributions of bubble sizes for the injections with internals are
most likely the result of the disturbance caused by the tube spacer, as it was described in above,
which has to be considered for all shown results of the measurements with internals present.

One important finding of the X-ray tomography measurements presented in Sections 4.3.4
and 4.5.4 was the correlation between the rise velocity and the aspect ratio of a bubble. This is
especially important for the present work, considering the relevance of the shape assumption
for the evaluation of the optical probe measurements. However, it has to be considered that
the vertical length of the pseudo three-dimensional tomographic reconstructions that led to
this correlation are directly proportional to their measured rise velocity. Any bubble, for which
the rise velocity would be overestimated, would be elongated in comparison to its actual shape
and vise versa. It is therefore useful, to confirm this finding with an independent method,
such as the one presented in this section. In Figures 4.69 and 4.70, the aspect ratios / : w and
the corresponding rise velocities 1y, from the single injection bubble measurements as well
as those retrieved from the tomographic reconstructions are presented for measurements
with and without internals. The data from the tomography measurements includes bubbles
from all experimental settings but was filtered to only include bubbles with rise velocities
upr < 1ms~! and volume-equivalent diameters dp,eq < 10 cm to ensure the comparability
of the two data sets. For the case without internals, shown in Figure 4.69, it is evident that
the two independent measurements agree well. Only for the bubbles that were injected for
20 ms, no correlation between shape and rise velocity is apparent. The aspect ratios of the
injected bubbles are in the range of 0.5 to 0.8 with a mean value of 0.62, which agrees well with

reported values from literature for similar measurements [69], [141].
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Figure 4.69: Aspect ratios ! : w and rise velocities uy, of injected bubbles in a fluidized bed
without internals in comparison to the results of the X-ray tomography measurements.
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Figure 4.70: Aspect ratios [ : w and rise velocities u, of injected bubbles in a fluidized bed
with internals in comparison to the results of the X-ray tomography measurements.

For measurements with internals, shown in Figure 4.70 there is a broad distribution of aspect

ratios for the injected bubble that do not appear to be correlated to the rise velocity and are

mostly outside of the range that was measured via X-ray tomography. This is not surprising,

considering the unstable and dynamic situation of the bubbles that are actively splitting and

re-coalescing in the region above the tube spacer, where the measurements were conducted.
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4.6 X-ray radiography measurements

Additionally, it is possible that smaller bubbles appear more elongated than they are, due to
the visual interference caused by the internals.

Verification of optical probe measurements

Another main purpose of the experiments conducted with the XR-AD setup was the verification
of the optical probe measurements and the evaluation methodology that was developed in
the scope of this work. The technical details of the optical probes can be found in Section 3.2
and the applied algorithms for the evaluation of the measurements are described in detail in
Chapter 5, where the experiments under pressure in the pilot plant GanyMeth are presented.
To summarize, the optical probes measure the presence of a bubble at vertically aligned
points, with a distance of 1 cm. In this way the rise velocity and with that the pierced chord
length of the bubble can be determined. For the determination of the rise velocity, a cross
correlation technique is applied which also provides an assessment of how well the signals
of the lower and upper probe correlate, which is used to filter measured chord lengths that
likely represent bubbles that were pierced at the outer edges, where any lateral movement
significantly influences the measured bubble properties. The average pierced chord length
Ihora for a convex body is given by Equation 4.15, where V is the volume and A is the surface
area of the body [227].

lehora=4VA (4.15)

For a spherical or ellipsoidal body this results in a relation between the vertical diameter dj, ¢, ¢
and I.;,0rq as shown in Equation 4.16. A detailed mathematical derivation of the equation can
be found in the dissertation by Schillinger [71].

- 2
lenora = db,vertg (4.16)

For the results from the X-ray projection image processing, the measured values of dp, ., as
well as dp, e, are shown. In Figure 4.71, the distributions and the mean values of the chord
lengths measured by means of optical probes and those of the volume-equivalent and vertical
diameters that were determined through X-ray projection image processing are shown for
each category of injection times. The mean values of the measured pierced chord lengths were

scaled according to Equation 4.16 to estimate dp, yer -
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Figure 4.71: Comparison between pierced chord lengths measured by means of optical probes
and the corresponding volume-equivalent and vertical bubble diameters determined by
means of image analysis of X-ray radiograms.

It can be seen that rise velocities which were obtained by means of the optical probe were on
average faster and show larger variances than those obtained from the X-ray projections. The
measured chord lengths are also distributed more broadly in comparison to those measured

via X-ray.

Broad distributions of chord lengths that are smaller than the actual vertical diameters of the
bubbles were to be expected, considering that the bubbles will not always be pierced centrally
and that the projected image overestimates the vertical diameter on average. However, there
are a few outliers that are almost twice the length of the vertical diameter obtained through

X-ray. These are the result of erroneous measurements of the rise velocity, which directly
impact the determination of the chord lengths proportionally. There are also outliers with rel-
atively short chord lengths and slow rise velocities that can be explained in the same way. Once
again, this highlights the issue of the direct dependency of a measured bubble dimension, in
this case the pierced chord length, from the measured rise velocity as it was already discussed
for the X-ray tomography measurements. One could argue that erroneously determined rise
velocities are stochastically distributed and thus even out on average. Considering one of
the ambitions of this work, to determine bubble property distributions rather than mean
values to enable the identification of critical fast and large bubbles, this could potentially

cause misinterpretations of the data.
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The synchronized measurements allow the direct comparison of the measurement of in-
dividual bubbles with optical probes and X-ray detectors. Some of the X-ray images were
captured with a reduced vertical resolution at an increased frame rate of 85 Hz. While these set-
tings did not allow the image processing with the methods described above, due to the limited
field of view that is obstructed by the optical probe, they are useful for the visual analysis of the
bubbles that were measured with significantly increased rise velocities by the optical probes.
Figure 4.72 shows a time series of a bubble, which was injected for 250 ms, where the optical
measurements resulted in a rise velocity of 1y, = 1.04ms™! and a corresponding chord length
of 9.7 cm. The images include time stamps, indicating when the optical probe registered the
bubbles for the first and last time as well as a time stamp that marks the moment the bubble
has traveled 2.5 cm with u;, = 0.53 ms™!. Accordingly, the optical probe overestimated u;,,
significantly, which consequently lead to an overestimation of the chord length that should
be in the range of 6 cm. In Figure 4.73, the corresponding normalized voltage signals of the
optical probe are shown together with the shifted signal of the upper probe according to the
applied cross-correlation method that was used to determine the rise velocity. The voltage
signals appear to correlate very well, but one can see that the time difference between when
the two probes first detect the bubble deviate from the time difference between the moments
the probes last detect the bubble. Feasible explanations for this could be that the bubble was
pierced peripherally, that it was changing its shape during the measurement or that it was
moving laterally. A more thorough analysis of the optical probe signal evaluation is presented

in Section 5.2.3, where this issue is discussed in further detail.

The results for the measurements with internals are shown in Figure 4.74 for the sake of
completeness. As expected, the dynamic and unstable situation of the bubbles during the
measurement and their acceleration towards the surface make the interpretation of the results

useless.
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Figure 4.72: Time series of radiograms showing a bubble that is being measured by the
optical probe including timestamps of the optical probe registered the bubble and a manual

evaluation of the rise velocity.
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Figure 4.73: Normalized voltage signals of the optical probe for the measurement of the rising

bubble shown Figure 4.72.
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Figure 4.74: Comparison between pierced chord lengths measured by means of optical probes
and the corresponding volume-equivalent and vertical bubble diameters determined by
means of image analysis of X-ray radiograms with internals present.

4.6.5 X-rayradiography measurements of controlled bubble interactions

The bubble injection setup allows the precisely timed consecutive injection of multiple bubbles
through the same nozzle or the second available nozzle. Both nozzles can be freely positioned
on a central line inside the column with the injection point positioned at a height of roughly
10 cm above the distributor plate. In this way dynamic bubble interactions can be studied in a
controlled and reproducible manner. Bubbles of defined volumes can be injected in defined
spatial and temporal distances and observed by means of X-ray radiography. The availability of
three viewing angles enables a three-dimensional tomographic reconstruction of the dynamic
bubble interaction. An algorithm that would allow this is currently under development in a
collaboration between the Technical University Delft and the Dutch national research institute
Centrum Wiskunde Informatica (CWI). The evaluation of such measurements is also possible
by means of image processing, similar to the methods described in Section 4.6.3. However,
additional adaptations of the respective algorithms are required to track multiple bubbles
and recognize the coalescence, which will be implemented in the future. Considering the
limited field of view, only the interaction of comparatively small bubbles with injection times
in the range of 100 ms can be captured in this manner as bigger bubbles will not be completely
within the frame throughout the interaction. Nonetheless, a qualitative assessment through
visual examination of such measurements is very useful to confirm assumptions that were
made about the hydrodynamics within BFB for the evaluation of the X-ray tomography and
optical probe measurements in the scope of this thesis or to explain some of the observations.
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Additionally, the data could serve as a precise benchmark for CFD simulations, where the
highly controlled settings and the high resolution images from multiple angles would allow
an accurate comparison between the simulation and the measurements. All measurements
presented in the following were captured at full resolution with a frame rate of 22 Hz and the
center of the detectors positioned at height of 40 cm above the distributor plate. The images
show bubbles that were injected through the same nozzle.

In Figure 4.75, randomly selected time series of two bubbles that were consecutively injected
for 100 ms with a time gap of 150 ms in between the injections are shown. The top and
the bottom rows show bubbles that were fairly stable throughout the interaction, whereas
the upper bubble in the time series shown in the middle row split before the coalescence.
For the more stable situations in the top and bottom row of the figure, one can see that
the upper bubble rises with a steady velocity and maintains the typical spherical cap shape
until the moment the bubbles coalesce. However, the lower bubble accelerates and elongates
significantly as it approaches the upper bubble. Similar observations have been made by Boyce
et al. who conducted comparable experiments for which a rapid magnetic resonance imaging
(MRI) setup was applied [125]. The controlled coalescence of bubbles that were injected
for 250 ms with a time gap of 300 ms is presented in Figure 4.76 in form of three randomly
selected time series that show different stages of the coalescence. Again, the upper bubble
does not appear to be affected prior to the coalescence, while the lower bubble accelerates
and elongates. Due to the comparatively larger sizes of the bubbles one can see more details
of the dynamics of the coalescence. Especially in the time series shown in the middle row of
the figure, it seems like rigorous mixing of the dense phase and bubble phase takes place for
a brief moment. The same time series also shows that the lower bubble has split during its

approach towards the upper bubble and a second coalescence follows the first.

The described examples demonstrate the highly dynamic nature of coalescence events. Given
the rate at which the mean bubble diameters grow, in respect to the height within the bed,
indicates the high frequency at which coalescence occurs, which are known to be the main
mechanism responsible for bubble growth in BFB [73]. The acceleration and elongation of
bubbles within the drag of other bubbles likely explains part of the fast and elongated bubbles

that were measured via X-ray tomography as presented in Sections 4.3.4 and 4.5.4.

While accelerated bubbles pose the risk of bypassing reactants through a catalytic BFB reactor
due to their decreased residency time, it is known that coalescences and dynamic bubble

interactions in general enhance the mass transfer significantly.
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Figure 4.75: Time series of radiograms showing the dynamic interaction between two bubbles
that were injected for 100 ms each through the same nozzle, with a time gap of 150 ms in
between the injections.

Figure 4.76: Time series of radiograms showing the dynamic interaction between two bubbles
that were injected for 250 ms each through the same nozzle, with a time gap of 300 ms in
between the injections.
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The reason for this is an increase of the throughflow which consequently increases the con-
vective mass transfer [126], [127] as well as an enhancement of the interface diffusive mass
transfer [126] through the intensified circulation of the gas within the bubble and the fast
replacement of particles within the boundary layer of the bubble due to its fast velocity.

It is therefore not trivial to derive the risk of bypassing reactants from the bubble size and rise
velocity distributions that were measured through X-ray tomography, as bubbles that may be
considered critical due to their fast rise velocity could actually be bubbles that are actively
coalescing and thus show increased mass transfer rates. To account for the increased mass
transfer due to dynamic bubble interaction Sit & Grace [126] suggest an enhancement factor
of 1.32 for the mass transfer coefficient in BFBs.
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5] Hydrodynamic measurements at the
GanyMeth pilot plant

Fundamental hydrodynamic characteristics of BFB reactors can be measured in cold-flow
models of the reactor. However, some aspects, such as the influence of elevated pressures
and temperatures, and of reactive conditions, which in the case of the methanation reaction
cause a significant volume contraction of the reacting gases, cannot be investigated in such
model reactors. The flow patterns and general hydrodynamic properties are also influenced
by the measurement height within the bed. e.g. fluidized beds may be freely bubbling at lower
heights and reach a slugging state at higher heights after bubble sizes reach certain diameters
in the range of the column diameter by means of coalescence. Therefore, a pilot plant reactor
is required, which allows the safe operation and measurements at reactive conditions and

increased bed heights.

For the fluidized bed methanation research in the TCP group at PS], a pilot plant, referred to
as GanyMeth, has been constructed, at which such measurements can be performed. In the
GanyMeth plant, X-ray measurements are not feasible, due to the steel walls of the reactor. To
enable hyrodynamic measurements under reactive conditions at temperatures of up to 400 °C
and pressures of up to 12 bar, an optical measurement system was developed that can sustain
such environments. A detailed description of the GanyMeth plant and the optical probes that
were used, can be found in Sections 3.1 and 3.2. Note, that all stated reactor pressures refer to
their absolute value henceforth.

In this chapter, the influence of the pressure as well as of the Geldart type of the bed material
are investigated by means of optical probe measurements. First measurements with increased
pressures of up to 5 bar have been conducted prior to this work by Schillinger et al. [72]. One of
the observations the author reported was a significant deviation between measurements that
were conducted by means of X-ray tomography in the cold-flow model and the optical probe
measurements in the pilot plant at comparable measurement heights and otherwise identical

conditions. A comparison of the results is shown in Figure 5.1, where the colored areas indicate
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deviations between the two methods. As a possible explanation, the author suggested that
elongated bubbles, marked in green, would result in small values of dj, ¢, in comparison to
the respective chord length, whereas flattened bubbles, marked in yellow, would lead to chord

lengths that are smaller than the corresponding values of dj, ¢4.
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Figure 5.1: Results from previous publications, showing a comparison of distributions of
bubble properties (bubble rise velocity and volume equivalent diameters) obtained via X-ray
tomography reconstructions in a model reactor (a) and with optical probe measurements in a
pilot plant of the same geometric dimensions (b) at similar experimental settings (fluidization
number u/ u,, ; = 4 and measurements heights of 56 cm for the X-ray measurements and 62 cm
for the optical measurements). Illustration from Schillinger et al. [72]

As stated in Section 1.4, the investigation of this contradiction is one of the main research
questions of the present work and led to a detailed overhaul of the X-ray tomography evalu-
ation methods as presented in Chapter 4. Consequently, the methodology of the optical probe

measurements are investigated in similar detail in the following.

Optical probes allow the local measurement of the rise velocity and the pierced chord length
of bubbles as well as general bubble hold-up at a specified point within the reactor. The
one-dimensional nature of such measurements is advantageous on the one hand, as it allows
the precise localization of the measured bubble properties within the reactor. On the other
hand, it is constrictive as only pierced chord lengths are measured and complex statistical
transformations are necessary to estimate the distribution of the volume-equivalent diameter
from a measured chord length distribution. It is also necessary to measure at multiple heights
and radial positions within the fluidized bed to obtain a matrix of data points that is repres-
entative for the asymmetric flow patterns that are typically found in BFBs. Optical probes
are inserted in the fluidized bed and therefore may influence the local flow. For the given
situation within the GanyMeth pilot plant, where the optical probe is inserted in between

vertical heat exchanger tubes, the influence can be significant due to the local narrowing of the
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cross sectional area. In Section 4.6.3, it could be shown that bubble with volume-equivalent
diameters dp, o4 in the range of approximately 4-5 cm accelerate significantly, as they pass the
optical probe, while larger bubbles with dj, ., ~ 10 cm appear to not be influenced. There are
also uncertainties about the influence of the vertical internals on the shape of the bubble, as
the evaluation of the X-ray tomography and radiography measurements presented in Chapter
4 produced partly inconsistent results. The X-ray tomography measurements showed that
bubbles were typically elongated when internals are present in comparison to measurements
at the same height and fluidization numbers without internals. In contrast, the X-ray projec-
tions of single injected bubbles in a fluidized bed with internals show a flattened appearance
in comparison to those that were measured without internals present. These uncertainties
require further investigations in the future to verify some interpretations made in this chapter,

specifically about the possible onset of slugging or local slugging fluidization.

5.1 Review on the influence of the pressure on the hydrodynamics
in fludized beds

It is well known that the pressure can significantly influence the hydrodynamics in fluidized
beds. Based on the ideal gas law, the density of the gas is proportional to the pressure, while the
change of the viscosity of the gas with the pressure is negligible in comparison. Accordingly,
an increase in pressure increases the drag forces exerted on the particles. The implications of
increased pressures on the fluidized bed are manifold but are not yet fully understood and
seemingly conflicting observations have been reported. For Geldart type A particles, it has
been observed that the fludization becomes smoother with increasing pressures and that the
gas velocity u,,, at which bubbling occurs as well as the bed expansion is increased [228]-
[231]. Some authors found that particles, which behave like Geldart type B material under
ambient conditions, exhibit smooth and homogeneous fluidization at elevated pressures,
therefore behaving more like Geldart type A material [95], [228], [232]. Sobreiro & Monteiro
[233] observed both a decrease and increase of u,,; with the pressure for different types of

particles.

The properties of the bubbles may also change with the pressure. It is often reported that
the bubble sizes decrease with increasing pressures [223], [229], [234]-[236] and that the size
decrease is more significant for smaller particles [234], [235]. However, some researchers
found that Geldart type B powders do not show an influence of the pressure on the bubble
sizes [237]. Kawabata et al. [238] observed, that the bubble volumes do not change with the
pressure but that the bubbles flatten in shape, which may explain why some authors measured
decreasing bubble sizes if they measured pierced chord lengths. It has also been reported
that the bubble sizes may first increase and then decrease with the pressure or vice versa for a
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given bed material [228], [236], [239], [240]. For the influence of the pressure on the bubble
rise velocities, the reports are also inconsistent. While some authors reported an increase of
the rise velocities with the pressures [241], others stated the opposite [242] and some observed
both an increase and a decrease of the rise velocity for the same bed material, depending on
the pressure levels [236], [239], [240].

A comprehensive summary of reported findings was provided in the review by Shabanian et al.
which addresses the influence of the pressure, the temperature and interparticle forces on the

hydrodynamics in fluidized beds [243].

The many conflicting reports on the influence of the pressure on fluidized bed characteristics,
which can have signficant impacts on the performance of catalytic BFB reactors and the fact
that no studies on the influence of the pressure on the hydrodynamics of BFB reactors with
vertical internals could be found in the literature, initiated the experimental investigations
presented in this chapter.

5.2 Preparation of the measurements

To ensure accurate and statistically robust measurements, comprehensive efforts were made
for the development of the experimental methodology. This included a complete overhaul
of the electronic components of the optical probe senor system, a detailed revision and
adaptation of the algorithms that were applied for the evaluation of the raw data, cross
verification with independent X-ray measurements as they were presented in Chapter 4 as

well as several series of preliminary measurements to perform the design of experiments.

5.2.1 Overhaul of the electronic components of the optical sensor system

A series of first preliminary measurements revealed several concerns towards the data quality.
There was a broad variance of the baseline voltage, which corresponds to complete reflection
of light for the 12 sensor outputs, some of which were close to the maximum measurable
voltage of the data acquisition hardware resulting in low signal to noise ratios and cut off
signals. The measurements showed unsteady baselines and unstable fluctuating signals when
a bubble was detected with significant variations of the signal quality between lower and
upper sensor head of the optical probe. Consequently the signal deviated significantly from an
ideal semi-binary signal that would be desired for the measuring a two phase system. Initially,
it was uncertain, whether these issues were caused by hydrodynamic effects, such as particles
raining through the bubbles, lateral movement of the bubbles or fluctuating distances between
the probe and the opposing edge of the bubble. Additionally, the data showed considerable

noise in general which required proportional filtering and smoothing of the signals.
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Consequently, the electronic components of the optical probe sensor system were revised
in a systematic manner. A new voltage divider was installed, so that the maximum voltage
signal could no longer surpass the maximum voltage the data acquisition system can measure.
Potentiometers were installed through which the voltages powering the laser sources and
thereby the laser intensity could be adjusted for each laser diode individually. This allowed the
calibration of the baseline, to account for variances of the optical pathway leading from the
laser source through the glass fibers to the probe head into the bed and reflected back through
glass fibers to the optical sensor. A test bench, referred to as Optimus, was built to test various
combinations of chosen laser sources and photo sensors for the measurement of the reflected
light from a white disc, which included gaps of defined width and was rotated in specified
velocities to simulate the measurement of ideal bubbles of certain sizes and rise velocities.
For the optical coupling, capsules were designed to house the laser and photo diodes, and
to fix the end of the glass fiber bundles in direct contact to the respective diode with a screw
mechanism. The setup is shown in Figure 5.2.

Figure 5.2: [llustration of the Optimus test bench. A: Optical probe including entire optical
pathway; B: Lower and upper sensor head; C: Rotating disc with gaps; D: Electronic compon-
ents of the sensor system; E: Linear guide for possible bubble depth simulations.

The tests showed, that the selected photo sensors could measure the simulated bubbles with
rise velocities of up to 5ms™! precisely. It could also be shown that the fluctuation of the
baseline voltage comes from the variation of the reflective properties of the rotating disc. This
can be seen clearly in Figure 5.3, which shows a sample measurement taken at simulated rise
velocity of 3.7ms™!, where the fluctuation of baseline is repeated precisely with every rotation.
Furthermore the amount of noise could be reduced significantly, while the signal to noise ratio

was increased significantly through the application of a more powerful laser.
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Figure 5.3: Sample of the normalized and binarized voltage signal for a measurement at the

Optimus test bench with a simulated rise velocity of 3.7 ms™!.

5.2.2 Revision of the evaluation algorithm

In the dissertation by Schillinger [71], an alogorithm for the evaluation of the optical probe
measurements at the GanyMeth plant was developed. In a first step, the signal is binarized to
distinguish between dense phase and bubble phase. Figure 5.4 shows the binarization steps,
which are briefly explained in the following. A more detailed description can be found in the

Check on
condition 1
Bandpass First Bi ignal f
Raw signal Filte': N Determination derivative of mary SEELILET
g . 5 Baseline filtered evaluation of bubble
moothing el properties
= Check on
condition 2

dissertation by Schillinger [71].

Figure 5.4: Process scheme to convert the raw signal of the optical sensors into a binary signal,
lustration from Schillinger [71].

Description of the original algorithm

In a first step, a band pass filter and subsequent smoothing of the signal is applied on the
raw voltage signal to remove low frequencies, corresponding to a drift of the baseline, and
high frequent measurement noise. Then, a histogram analysis of the signal is performed to
determine the baseline of the signal through the voltage bin that is found most often in the
signal. For the identification of the beginning and the end of bubble events, two conditions
were defined that have to be fulfilled. The first condition states that the first derivative of the
signal must exceed a specified threshold to be considered a possible beginning of a bubble
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event and must be lower than a second negative threshold to define the possible end of a
bubble event. The second condition is that the start and end of bubble events have to be close
to the baseline. Otherwise any sharp fluctuations of the signal that are not close to the baseline
and therefore clearly represent the measurement of the bubble phase would interrupt the
definition of a single bubble. The corresponding sections of the signals between identified
start and end points of bubble events are then set to a value of one for binarized signal. In
the following, the terms "lower" and "upper" signal will be used to refer to the signals that
correspond with to the lower and upper sensors that are coupled vertically in a fixed distance
for each optical probe.

After the signal has been binarized, the identified bubble events are linked by pairing any
bubble event from the lower binary signal with the bubble event from the upper binary signal
that is the closest in the time series after the lower signal bubble event. The rise velocity is then
determined through the time difference between the onset of the bubble event in the lower
and the upper binarized signal and the distance of 10 mm between the two measurement
points. Once the rise velocity of a bubble event is available, it is applied on the mean duration

of the bubble event in the lower and upper signal to receive the pierced chord length.

Identified issues within the original algorithm

In reality, a precise definition of the start and end of a bubble is not feasible, due to the random
fluctuations of the reflective properties of the bed material, random density fluctuations within
the dense phase, and the superimposed noise that affects the signal and requires filtering
which also affect the definition of the starting point of the bubble. These factors can lead to
an arbitrary random shift of the definition of the start of the signals, which is biased towards
shifting the signals in a way that favors an increase of the rise velocity rather than a decrease.
This is because a shift of the signals in a way that would increase the resulting rise velocity by
a certain factor would require a shift by less time steps than a reduction of the rise velocity by
the same factor would need. Therefore, this method would on average overestimate the rise
velocity and in consequence also overestimate the resulting pierced chord lengths. This shift
is often significant, as can be seen in the example signals presented in Figure 5.5, where the
definition of the start and end of the bubble event in the lower and upper signal cannot be
clearly determined and appear arbitrarily shifted. In this case, the start and end points of the
bubble event were identified in a way that lead to the upper binary signal beginning before
the lower binary signal, which clearly does not represent the order of the voltage signals that

show the expected order of events.
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Figure 5.5: Normalized lower and upper voltage signals of a measured bubble that are filtered
and smoothed, and the corresponding binarized signals. The shown measurement was
performed prior to the overhaul of the electronics and the evaluation algorithm.

Revision of the algorithm

A much more robust way to determine the rise velocity of a measured bubble is the application
of a cross-correlation technique. This was implemented as follows. After the start and end
points of bubble events have been identified according to the methods described above, the
corresponding lower and upper signal sections of each identified bubble event are extracted
and evaluated individually. After the lower and upper signal sections have been normalized,
their correlation is determined according to Equation 5.1, where x is the normalized lower
signal, y is the normalized upper signal, X and j are their respective mean values, and o, and
oy are their respective standard deviations. X¢o,(6) is calculated for all values 6 € [1, n], which
determines the shift of the upper signal by § time steps. For a perfectly correlated signal, the

value of X, becomes 1.

LY (i = D) Yir5 — )
a-xo-y

Xcor((s) = (6.1

The corresponding rise velocity can then be calculated according to Equation 5.2, where
dsensors is the distance between the measurement points of the lower and upper signal, f is
the measurement frequency and 6,4 is the number of time steps the upper signal has to be

shifted to maximize X, (0).

ubr — dsensorsf (5.2)

6max
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Two examples that show the normalized upper and lower voltage signals as well as the shifted

upper signal resulting from the application of this method are shown in Figure 5.6 and 5.7.

121

1+

0.8

0.6

0.4r

Normalized voltage signal

L/

w

Lower signal
Upper signal
Shifted upper signal
Lower binary signal
Upper binary signal

X

M

0

0.2</

1

1 1 1

1

1 1

-0.2
16.82 16.84 16.86 16.88

16.9
Time [s]

16.92 16.94 16.96 16.98

17

Figure 5.6: First sample showing normalized voltage signals from the measurement of a bubble
and the shifted upper signal resulting the application of the cross correlation method for the

determination of uy,.
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Figure 5.7: Second sample showing normalized voltage signals from the measurement of a
bubble and the shifted upper signal resulting the application of the cross correlation method
for the determination of uy,;.

Both examples show a comparatively high correlation between the upper and lower signal

at the end of the identified bubble events, whereas their starting points are not very well

defined and correlate less. This is especially true for the sample shown in Figure 5.6. The

reason for the differing signal quality at the start and at the end of a bubble event could be

explained by the spherical cap shape that is typical for bubbles in fluidized beds and which

was also observed by means of X-ray radiography for the given bed material, as shown in

Section 4.6.4. The bubble is first pierced in the spherical curved upper part of the bubble,
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leading to a delayed onset or more irregular shape of the signal. When the bubble end passes
the probe, the descend is abrupt due to the comparatively flattened bottom of the bubble.
This is shown in Figure 5.8, where the position of the probe relative to the bubble is illustrated

for consecutive time steps.

Dense phase
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Figure 5.8: Illustration of the beginning and end of the measurement of a bubble by means of
an optical probe.

One can argue that the end of a bubble event is better suited for the measurement of the rise
velocity as it is less affected by lateral movement of the bubble, fluctuations of the bubble
shape and shorter in duration. The application of the proposed cross correlation method,
ensures that the rise velocity is determined accordingly, especially when it is applied on the
first derivatives of the signals rather than the signals themselves, given the steep slopes of the
signals at the end of a bubble event.

Other authors have also applied such cross correlation methods [132], [142], [244] for similar
measurements, however the technique is usually applied on the entire duration of signals to
determine the mean rise velocity, which is then applied on the duration of the individually
identified bubble events to calculate the mean pierced chord length. In this work however,
in analogy to the evaluation of the X-ray tomography measurements, the rise velocity of
each bubble is determined individually. As mentioned before in the discussion of the X-
ray tomography results, it could be argued that the rise velocity of an individual bubble is
merely a stochastic quantity. However, the correlation between the rise velocity and the
shape as well as the size of the bubble that was measured by means of X-ray tomography
as presented in Sections 4.3 and 4.5 has to be considered here. As stated before, for the
transformation of pierced chord length distributions to the corresponding distributions of
the volume-equivalent bubble diameters, knowledge of the shape of the bubble is crucial and
ignoring these correlations or only applying them on the measured mean values would distort

the transformed distributions.

5.2.3 Limitations of the optical probe sensor system

For the determination of individual bubble rise velocities with optical probes, one has to

consider the limitations of such one-dimensional measurements of complex dynamic multi-
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phase flows. For instance, lateral movement of bubbles can cause false measurements of
the rise velocity, when the lower and upper probe pierce the bubble at different radial posi-
tions of the bubble. Additionally, the bubble may experience dynamic transitions during the
measurement, such as the change of its shape and rise velocity as well as bubble splitting and
coalescence, as it was discussed in Section 4.4.3 and shown to occur during dynamic bubble
interactions in the X-ray radiographic measurements presented in Sections 4.6.2 and 4.6.5.

Both, the measurement of bubbles that were pierced sideways during lateral movement of the
bubble and the measurement of dynamic bubble events as described above would typically
result in different dwell times for the lower and upper sensor. This could be identified by
determining the ratio 7 between the difference of the lower and upper signal duration of a
bubble event Atg;g,q; and their mean Isi gnal, as defined by Equation 5.3, for each individual
bubble. The value of 7 is in the range between 0, corresponding to no differences in the
lengths between the lower and upper signal, and 2, corresponding to the border case of infinite
differences between the lower and upper signal lengths. The case 7 = 1 means that one of the
signals double the length of the other.

Atg;
7= Signal (5.3)

ZSignal

Additionally, the lower and upper signals would differ qualitatively for such events. The
maximized correlation X, between the lower and the shifted upper signal would be lower in
comparison to bubbles that transited the probe solely in vertical direction with a steady rise

velocity and shape.

A filter was applied, to remove any measured bubble from the data set, according to specified
thresholds for X, and 7. Figure 5.9 shows distributions of the measured chord lengths and
rise velocities for all investigated radial positions and heights for a pressure of 1.14 bar. Further

details on the experimental settings can be found in Table 5.5 in Section 5.2.5.

Each subplot corresponds to different ranges of X, and 7 and shows the count density of the
bubble properties. The color coding signifies the overall count of bubbles in each subplot. The
distribution shown in the bottom left of the figure represents bubbles with the lowest X,
and the maximum 7, whereas the distribution in the top right represents bubbles that are the
least affected. One can see that the count density of unaffected bubbles is comparatively high
and that small and slow bubbles appear to be affected more by reduced data quality, which
indicates that lateral movement and piercing of the bubbles close to their edges is indeed the
likely cause, as it is more likely to occur for bubbles that are small in comparison to the probe

dimensions.
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Figure 5.9: Density distributions of the measured pierced chord lengths and rise velocities of

the bubbles, categorized by specified ranges of X, and 7.

To further quantify the limitations of the optical probes, a Monte Carlo study was performed
to investigate the impact of the lateral movement on the ratio of the pierced chord lengths
between the lower and upper sensor. A number of 1,000 symmetrical bubbles were simulated
for each specified category of dj j,r;; in the range of 0.1 to 15 cm. For each bubble, a random

point P;,,. was sampled as the location, where the lower sensor head pierced the bubble.

-1

Count [-]

9000
6000

3000

Then the point P p.r was determined by sampling a random angle and a random distance

I'1m for the lateral movement, which was sampled from the distributions that were measured

by means of X-ray tomography in the experiments shown in Section 4.5.4 for the given range

of bubble sizes. This procedure is illustrated in Figure 5.10.
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Figure 5.10: Determination of pierced chord lengths of the lower and upper sensor according
values of the lateral movement measured via X-ray tomography.

A sample distribution of measured lateral movements and the corresponding results of the
Monte Carlo simulations are shown in Figures 5.11 and 5.12. The results match the observation
that smaller bubbles with horizontal diameters dj, j,,r;, < 5 cm are significantly more affected
and thus further support the explanation that lateral movement is the likely cause. Given the
steep gradient of 7 for bubbles with dj, j,,ri, < 2.5 cm evidences that the optical probes are not

suited for the measurements of bubbles in this horizontal size range as their measured rise
velocity and chord lengths is likely distorted significantly.
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Figure 5.11: Distribution of lateral movement Figure 5.12: Mean values of 7 resulting from the

for all bubbles measured at height of 36 and Monte Carlo simulation of the pierced chord
uluy, f =4 by means of X-ray tomography.

lengths for lateral moving bubbles.
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To avoid such distortions of the measurements, any measured bubble for which X, < 0.6
or 7 > 0.25 were removed from the data set for the results presented in this chapter. This
significantly reduced the number of evaluated bubbles. For the NWa bed material, a total of
1,136,262 bubbles were measured. After the filtration, 256,929 bubbles were left in the data set.
A comparison between the filtered and unfiltered distributions of the measured bubble rise
velocities and the corresponding pierced chord lengths for a pressure of 1.14 bar is shown in
Figure 5.13.

It can be concluded that the optical probes are not well suited for the measurement of small
and slow bubbles, which are filtered disproportionately. However, considering the scope of the
experimental investigations of this work, where the main concern is a possible mass transfer

limitation between the bubble phase and the dense phase, such bubbles have no significant

impact.
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Figure 5.13: Comparison of the count density of the filtered and the unfiltered data set of all
bubbles that were measured for a pressure of 1.14 bar

5.2.4 Estimation of geometric bubble property distributions from optical meas-
urements

The goal of the hydrodynamic investigations presented in this chapter is to obtain the spatial
distributions of the bubbles and their properties within the BFB reactor for a given pressure
and fludization number, which will then be used for the development of a reactor model for
the prediction of the mass and energy balances. For this, the knowledge of chord lengths is
not sufficient and the spatial distributions of volume-equivalent diameter and rise velocities

are required.
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Many authors have investigated the relationship between chord length and bubble size distri-
butions and developed mathematical methods to obtain bubble size, volume or area prob-
ability density functions (PDFs) from the measured chord length distributions. Commonly
applied techniques can be divided into parametric, non-parametric and maximum entropy
estimation methods [245], [246]. In most parametric methods, the measured chord length
PDFs are approximated with distribution functions such as the Gamma or Rayleigh function
and complex backward transformations are applied to retrieve the underlying bubble geo-
metry PDFs, for which the type of the distribution function has to be known before [214],
[217]. The non-parametrical approaches do not require the a priori knowledge of the chord
length or bubble geometry PDFs for the backward transformation [136], [139], [247]-[249].
The proposed maximum entropy estimation methods are based on the maximum entropy
principle by Jaynes [250] and claim to overcome many of the shortcomings of previously pro-
posed methods as they do not require the use of a backward transform or a constant bubble
shape assumption [245], [251].

Ridisiili et al. published a detailed analysis of the methods described above, for which Monte
Carlo simulations were conducted to investigate the applicability of the methods for the
simulated measurements of given bubble size distribution in the cross-section of a fluidized
bed by intrusive probes [246]. The author describes the shortcomings of the investigated
methods, stating that they suffer from numerical instabilities, scarcity of adjustable model
parameters and the requirement of a priori knowledge of the distribution types and bubble
shapes. Additionally, the simplistic assumptions of a homogeneous bubble shape based on an
ellipsoid model and a uniform cross-sectional spatial bubble distribution are criticized. The
study concludes, that for the conducted Monte Carlo simulations none of the investigated
methods produced indisputably good results and none managed to clearly outperform the
simple approach of approximating the mean bubble size by the mean measured chord length.

The observations from the X-ray tomography measurements described in Sections 4.3.4
and 4.5.4 of this work, further support this criticism. It could be shown that that there are
broad variances of the bubble shapes, which are correlated with the respective bubble sizes
and rise velocities. Further, a non uniform spatial distribution of the bubbles across the bed

cross section was measured. These observations have to be accounted for.

Considering the statements of Riidisiili ef al. and the results of the X-ray tomography meas-
urements, a new and comparatively simple approach was developed for the evaluation of the
optical probe measurements in this chapter.

For the estimation of the geometric properties of the measured bubble chord lengths, the
following aspects are accounted for in the evaluation of the optical probe measurements

shown in this chapter:
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1. Correlation between the shape and other bubble properties

2. Ratio between mean pierced chord length and vertical diameter of the pierced bubble

3. Probability of the bubble being pierced by the optical probe

4. Weighting of the measured bubble properties according to the radial probe position to

account for the heterogeneous spatial distribution of the bubble hold-up

Correlation between the shape and other bubble properties

urements.

It was shown that the aspect ratio [ : w of a bubble is correlated to
T its rise velocity and diameter. The optical probes measure the rise

velocity as well as the vertical pierced chord length of the bubble.

‘ ) | Since both these properties are correlated to the aspect ratio, it is

feasible to estimate the bubble shape from the optical probe meas-

In Figures 5.14 and 5.15, the density distributions of dj, ,.r; and u;, in dependence of the

aspect ratio / : w are shown for all bubbles that were measured by means of X-ray tomography

as they were presented in Sections 4.3.4 and 4.5.4.
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Figure 5.14: Contour plots showing the probab-
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One can see that both, dy, ., and uy, are approximately linearly correlated with [ : w. It
is therefore reasonable to fit the correlation function by applying multiple linear regression
(MLR). The resulting functions are shown in Equation 5.4 for the case with internals and

Equation 5.5 for the case without internals.

1.38uy, N 0.082dp, yer:
mls cm

l:w=0.07+ (5.4)

0.98uy, N 0.041dp yers
mls cm

l:w=0.18+

(5.5)

To assess the applicability for the case with internals, the correlation was applied on the ex-
perimentally determined values of dj, ¢, and up, from the X-ray tomography measurements.
The resulting values of / : w were plotted in comparison to the measured values as shown
in Figure 5.16. For low fluidization numbers and low measurement heights, the correlation
does not reflect the broad variance of the measured aspect ratio distribution. However, for the

majority of the shown settings, the correlation performs well.
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Figure 5.16: Comparison between the measured aspect ratios and those determined through
the application of Equation 5.4.
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Ratio between mean pierced chord length and vertical diameter of the pierced bubble

It has to be considered that the pierced chord length does not rep-
resent the vertical length of the bubble on average. As discussed

previously in Section 4.6.4, the mean pierced chord length I.},0,4

equals 2/3 of the vertical diameter dj, .., of the bubble, given its

symmetry. Through synchronized X-ray radiography and optical

probe measurements it could be shown that this ratio can indeed be
applied on the measured pierced chord lengths to retrieve dj, ,.,; if a statistically sufficient
number of measured chord lengths is available.

Probability of the bubble being pierced by the optical probe

It is necessary to account for the probability of the probe to pierce

bubbles of certain sizes and shapes, otherwise the measurements
E would over-represent large and flat bubbles and their associated
properties. This is relevant in consideration of the broad distri-

butions of bubble sizes and aspect ratios that were measured and

especially because of the described correlation between shape and
rise velocity, which would not be represented accurately if their hit probabilities were not
accounted for. The measurement of the rise velocity allows the approximation of the aspect
ratio / : w as described above. Then the hit probability P can be estimated with Equations 5.6
and 5.7, where D is the bed diameter, n;,; is the number of internals and d;,; is the diameter of

the internals. The measurement of each individual bubble can thus be weighted accordingly.

1-5lchord

db,horiz = l— (5.6)
w
dz.
p= b,horzz2 5.7)
D2 - nimd.

int

Weighting to account for radial measurement position

The measurements also have to be weighted according to their radial
positions, to account for the heterogeneous spatial distribution of
the bubble hold-up. As shown by means of X-ray tomography in
Section 4.5.4, the time averaged cross-sectional bubble hold-up is

distributed rotationally symmetrical. Therefore, measurements at a

defined radial position are representative for all points on the same
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radius. To account for the increasing perimeter of represented points within the bed with
increasing radial measurement positions, the measurements have to be weighted according
to Equation 5.8, where W is the weighting factor, r is the radial position of the probe, d;;; is
the sum of the intersections with internals on the circle with the radius r and R is the inner

radius of the reactor.

W(r) = — 1t (5.8)

5.2.5 Design of experiments

It is crucial to design the experiments carefully to minimize the risks of systematic errors,
to understand and account for the limitations of the applied methods, and to optimize the
execution of the experiments accordingly with the goal to obtain statistically robust results with
verified methods. After the functionality of the sensor systems and the evaluation algorithms
had been confirmed, a series of preliminary measurements was conducted to establish the

experimental settings for the extensive measurements that were planned.

Influence of the reflector extension

One open question was, if the reflector extensions at the end of each optical probe, shown in
Section 3.2, Figure 3.5, would influence the measurements. Therefore one of the extensions
was removed and a series of measurements at four heights, using two probes, one with and one
without the reflector extension, were conducted over a time period of two hours to minimize
the RSE of the measurements, so that they are comparable. The fluidization number was set
to 1.6, as it is was assumed that small bubbles are more likely to be influenced than larger
ones. The distributions of the measured pierced chord lengths and rise velocities are shown in
Figure 5.17 and the summary statistics are shown in Table 5.1. Ideally, measurements with and
without the reflector extension should have been conducted at the same height. Nonetheless,
the measurements at H = 107 cm clearly show that the distributions are affected by the reflector
extension, as they are shifted towards small diameters and slower rise velocities in comparison
to the measurement without the reflector extension at a lower height, which contradicts the
well documented growth of the bubble diameters with the height in the bed. This is further
evidenced by the comparatively reduced time averaged bubble hold-up that was measured at
the height of 107 cm and the overall significantly reduced number of detected bubbles for the
probes with the reflector extension, which can be seen in Table 5.1.

Consequently, the reflector extensions were removed from all probes except one, to enable

measurements with catalyst material that will likely require the reflector attachment. It was
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Height Reflector ¢}, Mean Ichora RSD lchord RSE lhord Mean iy pop upr RSEuy, n
[cm] [cm] [m/s]

62 With 1.5% 1.51 51% 3% 0.23 30% 2% 295
82 Without 54% 2.68 64% 2% 0.35 49% 2% 1019
107 With 3.1% 2.26 59% 3% 0.27 51% 3% 408
137 Without 79%  4.12 66% 2% 0.47 59% 1% 1890

Table 5.1: Summary statistics of the preliminary measurements with and without reflector
attachment at u/u,, s = 1.6 over 2 h each.

decided to place the probe with the reflector extension at the height of 107 cm, which is the
second top measurement position, as the preliminary studies have shown that the bubble

properties change less drastically at higher positions in the bed.

Height [cm]
62 82 107 137
10.0
‘T 754
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0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6
Upy [M/s]
With reflector extension —— Without reflector extension

Figure 5.17: Comparison of preliminary measurements with and without reflector attachment
conducted at u/u,, s = 1.6 over 2 h each.

Optimization of experimental methods

To optimize the time efficiency of the experiments, a series of measurements was performed
to assess the possibility of measuring with multiple optical probes simultaneously. For this,
measurements with just one probe and all probes simultaneously inserted were conducted at
heights of 62 and 107 cm at u/u,, ¢ = 2.4 over a time period of 2 hours each. The results are
shown in Figure 5.18 and Table 5.2, which show that measurements with all probes inserted
are virtually identical to those where just one probe was used. Accordingly, the efficiency
of the experiments can be increased significantly by measuring with all six probes inserted

simultaneously.
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Height [cm]
62 107

10.0 4

5 7.5
=
=
2

o 5.0 1
2
2

2.5 4
@)

0.0 1

T T T T T T
0.2 0.4 0.6 0.2 0.4 0.6
Up, [M/S]
All probes inserted —— One probe inserted

Figure 5.18: Comparison of preliminary measurements with a single probe and with all probes
inserted at u/uy, ¢ = 2.4 over 2 h each.

Height .Probes e Mean I ,0ra RSD Iungrg RSE Lopord Mean uy,, RSDu,, RSEwy,
[cm] inserted [cm] [m/s]

62 All 9.7% 3.53 60% 2% 0.40 47% 1% 1041
62 One 9.3% 3.49 61% 2% 0.40 51% 2% 1007
107 All 11.1%  5.35 69% 2% 0.45 57% 2% 927
107 One 11.1% 5.15 66% 2% 0.46 53% 2% 1080

Table 5.2: Summary statistics of preliminary measurements with a single probe and with all
probes inserted at u/u,,r = 2.4 over 2 h each.

The required measurement times for each experimental setting were estimated through
an extensive series of long term preliminary studies. The measurements were conducted
over a period of two hours at a radial position of 63 mm for fluidization numbers u/u;, s €
[2;3;4;6;8;10] at a reactor pressure of 1.14 bar. The RSE of the measured pierced chord lengths
and rise velocities was determined for each combination of measurement height and u/ u,, f
which allowed the calculation of required measurement time for an acceptable RSE of 5%.
Since the measurements were conducted with all probes inserted simultaneously, the meas-
urement time for each setting had to be chosen according to the measurement position that
required the longest measurement time. The measurement times that were estimated in
this manner are listed in Table 5.3. For the measurements with the SCCa material, the order
of required measurement times for each fluidization number is reversed in comparison to
the required settings for the NWa material. The reason for this is that the SCCa material is
classified as Geldart Type A, for which the minimum bubbling velocity u,,; is higher than
ums. Therefore the onset of bubbling is comparatively delayed and consequently the bubbles
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Bed material ~ Unit
3 4 6 8 10

NWa [s] 600 600 600 900 900 1200
SCCa [s] 1200 900 900 600 600 600

Table 5.3: Estimated required measurement times for each fluidization number and bed
material.

at lower heights and low values of u,, ¢ are too small to be measured properly. This leads to
relatively large fractions of the bubbles being removed through the filtering at these settings

and longer measurement times are required therefore.

Determination of the minimum fluidization velocity

The values of u,, r were determined for each pressure individually, according to the methods
described in Section 2.2.2, to account for a possible influence of the pressure as it has been
reported that an increase of the pressure leads to a decrease of u,, ¢ in several studies [238],
[252]-[255]. For most of the selected pressures, the procedure was repeated at least once, due
to observed deviations of the measured u,, s for a given pressure. Especially the values of
un s that were measured for a pressure of 2 bar differed significantly, while no differences in
the execution of the measurements or the quality of the data were apparent. In Figure 5.19,
measured pressure drop curves are shown for a selection of pressures, including two repeated
measurements. A closer view of the typical turning points of the curves, which indicate the
onset of fluidization, is shown in Figure 5.20 for the same data, where the deviations between
the measurements can be seen clearly. The resulting values for u,, ¢ are listed in Table 5.4.

Pressure Umf [em/s] Umf [em/s]
[bara] (NWa material)  (SCCa material)

1.14 2.98 0.96

2 3.58 0.84

3 3.33 0.78

4.5 3.49 0.82
3.31 1.03

9 3.28 1.01

11 3.21 0.89

Table 5.4: Measured values of u,, ¢.

The correctness of listed values is debatable, given the deviations that were observed for
repetitions of the pressure drop measurements, the generally limited accuracy of the method
and expected decrease of u,, ¢ with increasing pressures. Nonetheless, it was decided to

proceed with u,, ¢ values for each pressure as they were measured.
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Figure 5.19: Pressure drop curves measured for several pressures in the GanyMeth pilot plant
with NWa bed material.
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Figure 5.20: Detail of the pressure drop curves, showing the onset of fluidization, measured
for several pressures in the GanyMeth pilot plant with NWa bed material.

For future measurements, a more reproducible and automated method should be developed

for the determination of u,, . Alternatively, the value of u,,; that was measured at 1.14 bar

could be used as the reference for all measurements as it has been measured numerous times

resulting in the same value previously and has been applied in several previous publications

and for all X-ray measurements that were presented in this thesis.
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5.3 Results of the measurements in the pilot plant GanyMeth

The experimental settings of the optical probe measurements in the GanyMeth pilot plant
presented in this section are shown in Table 5.5. Note, that for a pressure of 11 bar and NWa
bed material, the maximum fluidization number that the plant could be operated atis u/u, f =
8. In total, measurements at 2988 individual settings were carried out with durations between
10 and 20 minutes each, according to the required measurement times listed in Table 5.3 at a

measuring frequency of 5000 Hz.

Absolute pressure [bar] 1.14,2,3,4.5,6,9,11

g (-] 2,3,4,6,8,10

Heights [cm] 17,32, 62, 82,107, 137

Radial positions [mm] 18, 31, 47, 63,79, 94

Bed material NWa (Geldart A/B) and SCCa (Geldart A)

Settled bed height [cm] 170 (NWa bed material), 160 (SCCa bed material)

Table 5.5: Experimental settings of the optical probe measurements in the GanyMeth pilot
plant.

A total of 1,136,262 bubbles were measured using the NWa bed material and 761,749 using the
SCCa material. After the filtering of the data according to the methods described in 5.2.3, there
are 256,929 (22.3%) bubbles left from the measurements with the NWa material and 156,218

(20.5%) from the measurements with the SCCa material.

5.3.1 Cross verification between the X-ray and optical probe measurements

An important and unique aspect of the present work is the possibility to compare several differ-
ent techniques for the measurement of bubble properties in fluidized beds and to cross-verify
the results thereby. Each of the methods shown in this work, namely X-ray tomography, X-ray
radiography and optical probe measurements, have their own advantages and shortcomings.
The uncertainties of each method would be significantly reduced if it could be demonstrated
that each method leads to the same results for measurements with the same experimental

settings.

Comparison of the measured bubble hold-up

Since the measurements of €}, is virtually binary and does not require any further interpretation
or processing, they can be considered to be the most accurate of the determined bubble phase
properties. This also holds true for the X-ray tomography measurements of the hold-up, which
were presented in Section 4.5.1 for the case with internals. Therefore, the measured cross-
sectional mean values of €, are well suited to compare the different measurement techniques

on a fundamental level. In Figure 5.21, a comparison between the bubble hold-ups that
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5.3 Results of the measurements in the pilot plant GanyMeth

were measured by means of optical probes, X-ray tomography and bed expansion is shown.
Here, the local bubble hold-ups that were measured with the optical probes in the GanyMeth
pilot plant were weighted according to Equation 5.8 and averaged over the measurement
heights 17, 32 and 62 cm. This was done to keep the measurements comparable with the X-ray
tomography measurements, which were averaged accordingly over the measurement heights
of 16, 26, 36 and 56 cm. Likewise the bed expansion was measured in a bed with a settled
height of 55 cm. Both, the X-ray and bed expansion measurements were conducted in the
cold-flow model with internals present that match the geometry of the GanyMeth pilot plant.
The figure shows similar trends for the bubble hold-up in dependence of u/u;, . However
there is an offset between the curves for each measurement technique. For the comparison
between the optical probe measurements with the X-ray measurements, the offset is almost
precisely 0.04 for each fluidization number, whereas the hold-up measured via bed expansion
is in between the other two measurement techniques.

0.20
0
— 0.15 - Data
o
7 Cold-flow model:
k=) Bed expansion
_8 o Cold-flow model:
@ 0.10 + X-ray tomography
g GanyMeth: 1.14 bar
=]
m
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2 Vv > ™ o © A £ 9

u/umf [_]
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Figure 5.21: Comparison of the mean cross-sectional bubble hold-up, measured with optical
probes in the pilot plant GanyMeth and via X-ray tomography in the cold-flow model, and
averaged over comparable measurement heights. The estimation of the bubble hold-up via
the measurement of the bed expansion in the cold-flow model is also shown.

One possible explanation for the offset could be that the X-ray measurements underestimate
the hold-up. This is plausible, as beam hardening or X-ray scattering possibly affects the
X-ray measurements, as discussed in Section 4. Additionally, it could be shown by means of
tomography simulations, that small bubbles are reconstructed reduced in size, as presented
in Sections 4.4.2 and 4.4.4. On the other hand, in Section 5.2.1 it could be demonstrated
that the optical probes are highly sensitive towards fluctuations of light intensities and may

therefore slightly overestimate the bubble hold-up, as approaching bubbles may reduce the
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intensity of the reflected light even before the bubble is actually pierced. Ultimately, one has
to consider that the distinction between the bubble phase and the dense phase is in fact not
perfectly binary. There are zones around bubbles with reduced particle densities and particles
frequently rain through the bubble phase. Generally speaking, the bubble hold-up cannot
exceed the values that result from the bed expansion. Therefore it is likely that the optical
probes overestimate the hold-up, while it is probably slightly underestimated by the X-ray

measurements.

Comparison of the measured bubble property distributions

The measurement of bubble property distributions is the central topic of this thesis and com-
prehensive efforts were undertaken for the development of the experimental methodologies,
both for the X-ray measurements shown in Chapter 4 and the optical probe measurements

presented in this chapter.

Figure 5.22 shows the pierced chord length and rise velocity distributions that were measured
in the GanyMeth pilot plant at a pressure of 1.14 bar bar, where the chord lengths are scaled
according to Equation 4.15 in comparison to the vertical bubble diameter and rise velocity
distributions measured by means of X-ray tomography at comparable experimental settings.
The optical probe data was filtered according to the restrictions of the X-ray tomography

1 were removed to make the data

data, which means that any bubbles with u, <0.18 ms™
sets comparable. Furthermore, the measured pierced chord lengths were weighted according
to their radial position, as described by Equation 5.8 and scaled by a factor 1.5 to account
for statistical ratio between mean chord length and vertical bubble diameter according to

Equation 4.16.

There is an excellent match between the compared data sets which can be considered as
strong evidence for the correctness of the data, given that the measurements were conducted
with two independent methods.

Furthermore, the volume-equivalent diameters and with that the hit probabilities from the
measured pierced chord lengths can be estimated according to the other methods that were
derived in Section 5.2.4, through the application of Equations 5.4 and 5.7. However, it turned
out that implementing the reduced hit probabilities of bubbles with comparatively small
horizontal diameters impaired the match between the data that was measured via X-ray tomo-
graphy and the resulting volume-equivalent diameters from the processed optical probe data.
The comparison between the resulting volume-equivalent diameters, without considering
the hit probabilities, with the X-ray tomography results are shown in Figure 5.23, whereas

Figure 5.24 shows the case where the hit probabilities have been accounted for.
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Figure 5.22: Comparison of the pierced chord lengths and rise velocities measured with optical
probes in the GanyMeth pilot plant with the vertical bubble diameters and rise velocities
measured by means of X-ray tomography at height. The figure on the left shows measurements
from a height of 32 cm (optical) or 36 cm (X-Ray) at u/ uy, ¢ = 3. The figure on the right shows
measurements from a height of 62 cm (optical) or 56 cm (X-Ray) at u/uy, ¢ = 4.
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Figure 5.23: Comparison of the estimated volume-equivalent diameters and rise velocities
measured with optical probes in the GanyMeth pilot plant (without accounting for the hit
probabilities) with the volume-equivalent diameters and rise velocities measured by means of
X-ray tomography. The figure on the left shows measurements from a height of 32 cm (optical)
or 36 cm (X-Ray) at u/ uy, ¢ = 3. The figure on the right shows measurements from a height of
62 cm (optical) or 56 cm (X-Ray) at u/uy,f = 4.
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Figure 5.24: Comparison of the estimated volume-equivalent diameters and rise velocities
measured with optical probes in the GanyMeth pilot plant (with accounting for the hit probab-
ilities) with the volume-equivalent diameters and rise velocities measured by means of X-ray
tomography. The figure on the left shows measurements from a height of 32 cm (optical) or
36 cm (X-Ray) at u/uy,, s = 3. The figure on the right shows measurements from a height of
62 cm (optical) or 56 cm (X-Ray) at u/uy,f = 4.

If the hit probabilities are ignored, the match between between the two data sets is very good.
The reason for the worsening of the match when hit probabilities are included has not been
understood so far. It is plausible that the X-ray tomography measurements suffer from a
low spatial resolution and small bubbles are falsely merged with larger bubbles through the

reconstruction.

The results of this comparatively simple approach to retrieve geometric bubble property
distributions from the chord length distributions demonstrate its feasibility and usefulness,
especially in comparison to what the results would be if a uniform bubble shape was assumed.
In that case, the original shape of the measured chord length distributions would be preserved
and the density of large and fast bubble would be over estimated. Further investigations
are required to verify and improve the method, which should include appropriate Monte
Carlo simulations and the application of the back transformation methods that were briefly

introduced in Section 5.2.4.

5.3.2 Measured cross-sectional bubble hold-up

Optical probes allow the precise local determination of the local bubble hold-up ¢€j,. Given a

sufficient resolution of measurement points, the spatial distribution of the bubble hold-up
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can be derived as well. In Figures 5.25 to 5.28, the measured values of ¢, that were averaged
over the cross section through the radial position weighting of the measurements via Equation
5.8 and averaged over all measurement heights are shown for all investigated reactor pressures

in separate figures for each type of bed material.

NWa bed material

For fluidization numbers u/u,, ¢ < 3 there are only small differences in the measured hold-up
for different pressures, whereas the hold-up increases significantly with increasing pressures
for higher values of u/u;,r. At the maximum measured fluidization number u/u;, = 10,
the bubble hold-up that was measured at a reactor pressure of 9 bar is more than double of
that measured at 1.14 bar. A possible explanation for this increase of the hold-up at elevated
pressures could be a reduced stability of the bubbles, caused by a reduction of the bubble
throughflow which would otherwise stabilize the bubble roof. Consequently the bubbles
split more frequently, as it has been described to occur for BFB reactors when the pressure
is increased [256]. Due to the splitting of the bubbles, they are smaller in size on average
and therefore rise with comparatively reduced velocities, which increases the overall bubble
hold-up. Another possible explanation could be an earlier transition of the fluidization regime
from bubbling to slugging or local slugging fluidization with increased pressures. Bubbles
with flattened slug-like shapes rise with comparatively slow velocities, which would increase
their dwell time and with that the value of €;. Such a decrease of transition velocities at which
fluidization regime transitions occur have been reported for increasing pressures by other
authors before for fluidized beds without internals [257], [258].

Figure 5.26 provides a more detailed impression as it shows the hold-up profiles over the
reactor heights for each pressure. One can see that the hold-up is not equally distributed
over all heights and that the shapes of the hold-up profiles for each pressure depend on the
fluidization number. At a pressure of 6 bar for example, the hold-up increases with the height
for low fluidization numbers, whereas it decreases with the height at higher values of u/u,,f.
At some pressures, for example at 4.5 bar, the hold-up is reduced at intermediate heights for
certain fluidization numbers. One reason for these observations could be that fluidized beds
typically are divided into regions with different characteristic particle flow patterns that are
often described as gulf like streams and which may influence the local bubble motion and
with that their local residence times. The location of these regions within the BFB reactor
may shift vertically in dependence of the pressure and u/u;,r. Another reason could be a
transition between different flow regimes. As mentioned above, a transition from the BFB
regime to a slugging regime is plausible, which could reduce the bubble hold-up at heights
right below the onset of slugging fluidization, as the bubbles there would accelerate towards
the comparatively slow slugs and coalesce with them.
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Figure 5.25: Bubble hold-up measured with optical probes averaged over all measurement
positions for all measured pressures and the NWa type bed material.
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Figure 5.26: Bubble hold-up measured with optical probes averaged over all radial positions
for all measured pressures, height positions and the NWa type bed material.

SCCa bed material

The bubble hold-up, which was measured with SCCa particles as bed material and averaged
over all measurements positions, is shown in Figure 5.27. Overall, the influence of the pressure
on the hold-up appears to be similar to that observed for the NWa material. The measured
bubble hold-up is generally about 50% lower than that of the NWa powder, which is most
likely a result of the increased minimum bubbling velocity u,,; and the corresponding delayed
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onset of bubbling fluidization that is typical for the fluidization of Geldart type A particles.
For a pressure of 1.14 bar, the measured hold-up deviates from the general trend, showing
higher values than other measurements at increased pressures for most fluidization numbers,
especially for u/u;, s < 3. This could be explained by an increase of u,, and the corresponding
delayed onset of the bubbling fluidization, which is known to occur for Geldart A type material

at increased pressures [228]-[231].
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Figure 5.27: Bubble hold-up measured with optical probes averaged over all measurement
positions for all measured pressures and the SCCa type bed material.

Figure 5.28 shows the cross-sectional bubble hold-ups as they were averaged for each height,
fluidization number and pressure for the SCCa material. For pressures < 2 bar one can see,
that the hold-up at height of 17 cm increases with the pressure and u/u,;, f, especially for for
ulupr = 6, and drops seemingly abrupt at the next measurement height of 32 cm. The height
at which the hold-up reaches its minimum appears to shift upwards with increasing pressures
and fluidization numbers, which can be seen for pressures = 6 bar. Again, these findings may
indicate an influence of the pressure on the transitioning between fluidization regimes or

particle circulation patterns.

5.3.3 Measured mean bubble properties

It is known, that the pressure can significantly influence the bubble properties, but reports
found in literature are often conflicting and to the best of our knowledge, no studies on the
influence of the pressure on BFB with vertical internals were published.

It could be shown, that it is possible to transform the measured distributions of pierced chord

lengths to the corresponding volume-equivalent bubble diameter distributions for ambient
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Figure 5.28: Bubble hold-up measured with optical probes averaged over all radial positions
for all measured pressures, height positions and the SCCa type bed material.

pressures. However, it was decided to only present the measured chord lengths in this section,
as it was not verified, whether the applied correlation for the estimation of the bubble shape
from the rise velocity is valid at elevated pressures and heights above those at which the
X-ray measurements were conducted. Additionally, it is also plausible that a transition from
bubbling fluidization to a slugging regime occurs, in which case the developed methods are
also not verified and less likely to be applicable.

For the mean values of the measured bubble rise velocities, two variants were determined:

1. The arithmetic mean of all rise velocities that were measured for each individual bubble.

2. The mean rise velocity determined through the application of the cross-correlation

method on the entire lower and upper signals, which is henceforth referred to as uy, cc.

Measured pierced chord lengths for the NWa material

In Figure 5.29, the chord lengths that were measured for the fluidization of NWa bed material
are shown for each pressure and measurement height categorized by u/u,, . For a pressure of
1.14 bar, one can see that the mean chord lengths increase with increasing values of u/ u, ¢, but
reach a maximum at about 8 cm at u/ u,, r = 6. A further increase of the fluidization number
leads to decreasing chord lengths at higher heights. At a pressure of 2 bar, the measured
chord lengths appear to not be influenced for u/u,,f < 4 but then drop abruptly for a further
increase of the fluidization number in comparison to what was measured at 1.14 bar. This
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trend continues for higher pressures, with earlier and seemingly less abrupt declines of the
mean pierced chord lengths with increasing pressures and fluidization number. Eventually
the chord lengths appear to reach a relatively stable value for all measurement heights with

values in the range of 5 cm.

One explanation for these observations could be, that a maximum stable bubble size is even-
tually reached where the coalescence and bubble splitting rates have reached an equilibrium.
A reduction of the measured pierced chord lengths could also be explained by a flattening of
the bubble shapes with increasing pressures, as it has been reported to occur by Kawabata et
al. [238]. However, the stated suppositions would not explain the observation that the chord
lengths first peak and then drop again with increasing fluidization numbers for the lower
pressures. A possible reason for these observations could be the onset of slugging or local
slugging fluidization, for which the bubble shapes could change significantly to what is often
referred to as squared-nosed slugs. As described in Section 4.5, when internals are present
such bubble shapes could exist, even without necessarily covering the complete cross section.

I Iy BRIy B SIS B EY SIS S
Height [cm]

U/ Up [-]
—_ 2 3 4 6 8 10
5 81 Pressure [bar]
=
S 114 — 6
% =
g : e A= 2 0
= 4+
o
% I — 3 11
% 2 /
3 —— 45
=

Figure 5.29: Mean pierced bubble chord lengths measured with optical probes averaged over
all radial positions for all measured pressures, height positions and the NWa type bed material.

Measured rise velocities for the NWa material

In Figure 5.30, the measured rise velocities for the NWa material is shown for a reduced
selection of pressures to preserve the clarity of the plot. One can see, that mean values of uy,
match well with uj, cc, which is determined from cross-correlating the entire lower and upper
signal for most settings. For higher measurement heights and fluidization numbers, the two
methods deviate more, especially for a pressure of 1.14 bar. The reason for these deviations
are not clear but the filtering of the data could be excluded, as the unfiltered data showed the
same deviations. For the following analysis of the rise velocities, the values that were measured

for each bubble individually will be used.
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The sub-figures show that the rise velocities increase with the height for u/u,,f = 2 and all
pressures. For a pressure of 1.14 bar and increased fluidization numbers, the mean rise velocity
appears to reach a maximum value of around 0.8 ms™! before it drops. The rise velocity profile
appears to not change with increasing fluidzation numbers in the range of u/u;,f = 6. For
higher pressures, the maximum value of the mean rise velocity is significantly faster at values
around 1.1 ms~! and is reached at higher fluidization numbers of u/u,, f = 8and at a higher
height. At a pressure of 9 bar, the rise velocities are lower over most heights for all u/u,r < 4
in comparison to the other shown pressures. With a further increase of the u/u,,r however,
the rise velocity profiles of the pressures 4.5 and 9 bar become increasingly similar.

These observations are somewhat surprising, as the measured chord lengths are signific-
antly smaller at 4.5 and 9bar in comparison to those measured at 1.14 bar for all heights
and fluidization numbers. This led to the assumption that the bubbles are either reduced
in size or flattened, or that there potentially could be a transition to the slugging regime.
However, for all these explanations, one would expect comparatively slower rise velocities for

the corresponding higher pressures.
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Figure 5.30: Mean bubble rise velocities measured with optical probes averaged over all radial
positions for all measured pressures, height positions and the NWa type bed material.

Measured pierced chord lengths for the SCCa material

The chord lengths that were measured with SCCa material are shown in Figure 5.31. Similar to
the measurements with the NWa material, a maximum chord length appears to be reached
at a measurement height of 137 cm and u/u,,¢ = 6 for a pressure of 1.14bar. An increase
of the pressure leads to a reduction of the measured chord lengths in comparison to the
measurements at 1.14 bar. At a height of 32 cm and u/u,, s = 3, the chord lengths are relatively
increased for the pressures = 6 bar and decreased at a height of 62 cm, whereas all other

pressures show a comparatively consistent bubble growth with the measurement height
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and fluidization number. For the fluidzation numbers u/u;,r = 6 and heights above 62 cm,
the influence of the pressure is clearly visible, with decreasing chord lengths for increasing

pressures.
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Figure 5.31: Mean pierced bubble chord lengths measured with optical probes averaged over
all radial positions for all measured pressures, height positions and the SCCa type bed material.

Plausible reasons for the observations could again be the reduction of the bubble stability with

the pressure, whereas no clear indications of a transition to a slugging regime are apparent.

Measured rise velocities for the SCCa material

In Figure 5.32, the measured rise velocities for the SCCa powder are shown.
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Figure 5.32: Mean bubble rise velocities with optical probes averaged over all radial positions
for all measured pressures, height positions and the SCCa type bed material.

For most settings, the mean values of u;,, match u, cc precisely. Only at u/u,, ¢ = 6, there is
a deviation between the two methods for a pressure of 1.14 bar. An increase of the pressure

above 1.14 bar leads to reduced rise velocities. Interestingly, the differences between the
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rise velocities profiles were insignificant between the measurements at elevated pressures in
comparison to the measurements at 1.14 bar.
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At Paul Scherrer Institute (PSI), a bubbling fluidized bed (BFB) reactor is under development
for a methanation process as part of a Power-to-Gas (PtG) concept. Methanation is a strongly
exothermic reaction, for which BFB reactors are well suited, as the bubbles cause an intensive
particle circulation which leads to virtually isothermal conditions over the entire bed height.
For the purpose of removing the reaction heat from the system, the reactor design includes a
vertical heat exchanger tube bundle. While the bubbles are beneficial for the cooling of the
reactor, they pose the risk of reducing the methane yield if reactants are bypassed through the

reactor within bubbles, if these become too big and rise too fast.

Comprehensive techno-economic studies have been conducted in consideration of the con-
flict between the availability of renewable energies and the energy demands at different
time-scales for an all-year operation of the upgrading process [51], [61]. Among others, the
studies highlighted the possibilities and requirements of part load operation of the PtG process

chain.

It is therefore necessary to conduct detailed hydrodynamic investigations to determine the
mass flow limitations of the process for different operation scenarios and to reduce the risks
involved with the scale-up of chemical reactors. A particular focus was put on studying
the influence of the vertical tube bundle on the hydrodynamics, as only a few reports on
BFB reactors with vertical internals are available in literature. A pilot plant BFB reactor,
referred to as GanyMeth, has been constructed in a scale that will allow the measurement of
various hydrodynamic details and their influence on the reactor performance under reactive
conditions. For this purpose, an optical probe sensor system has been developed at PSI.
Additionally, several series of X-ray measurements have been conducted in a cold-flow model
of the reactor to investigate the hydrodynamics with and without internals and to support the
development of the evaluation methodology for the optical probe experiments by means of

cross verification of measurements at similar experimental settings.
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6.1 Achieved results

Several unique aspects characterize the hydrodynamic investigations presented in this thesis.
Three independent methods, namely X-ray tomography, X-ray radiography and optical probe
measurements have been applied to measure bubble properties for the same bed material and
the same reactor geometries, allowing the cross verification of the results. X-ray tomography
and optical probe measurements were used to determine bubble property distributions for
BFBs. These methods require the knowledge of the bubble rise velocity for the determination
of the vertical bubble dimension. In this work, the rise velocities were determined and applied
for each bubble individually, rather than measuring a mean rise velocity and applying it on all
measured bubbles of a specific experimental setting, as it is commonly done in similar studies
found in literature. This approach makes a significant difference, as it could be shown that
the rise velocity is correlated to other bubble properties, mainly the shape and the size of the
bubble. Not accounting for these correlations would distort the resulting bubble property
distributions.

6.1.1 X-Raytomographic measurements

The reconstruction and evaluation of X-ray tomography measurements has been reexamined
and features were added, some of which significantly influenced the results. These features
included the consideration of the individual rise velocities of the bubbles for the calculation of
the vertical dimension of each bubble, the determination of the surface area and shape of each
bubble, as well as a new adaptive threshold method for the binarization of the reconstructed
void fractions, which ensures that the measured void fraction is maintained through the

reconstruction procedure.

Through a series of tomography simulations, the limitations of the reconstruction methods for
the case without vertical internals were analyzed. By means of two-dimensional tomography
simulations it could be shown that the quality of the reconstructions depends on the number
of simultaneously measured bubbles, their size and their constellation in regards to the meas-
urement angles. For example, distributions of small bubbles with mean diameters d_b,eq <4cm
can only be reconstructed accurately, if the bubble hold-up is < 5%, whereas the distributions
of bubbles with a mean diameter of d_b,eq =6 cm can be reconstructed well for hold-ups of up
to 15%. If only the mean values are of interest, it could be shown that the mean a?b,eq could be
determined precisely for all simulated bubble size distributions and bubble hold-ups smaller
30%. The simulations also showed that bubbles with dj, ., < 2.5 cm are typically reduced in
size through the reconstruction. Bubbles with dj, ., < 1 cm would experience a significant size
reduction and would often not be recognized at all. On the other hand, the reconstructions of

bubbles with dj, .4 = 5 cm were slightly but insignificantly increased in size. As small bubbles
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are not limiting the mass transfer between bubble and dense phase, these findings do not limit
the value of the results for the reactor model. Additionally, a series of tomography simulations
of semi three-dimensional bubbles that rise vertically with steady velocities was conducted.
These simulations showed that the investigated bubble size distributions could be reconstruc-
ted precisely. According to the results of the simulations, the experimental determination
of the bubble property distributions by means of X-ray tomography with the given setup is

feasible for measurement heights larger 16 cm and fluidization numbers in the range of 1.5 - 6.

After filtering, 26,753 reconstructed bubbles were evaluated for the cases without internals
and 13,858 for the case with internals. The evaluated data represents the measurement
heights 16, 26, 36, 46 and 56 cm and fluidization numbers of 1.5, 2, 3, 4 and 6. For each
setting, the bubble properties were broadly distributed and a clear correlation between the
sizes, shapes and rise velocities of the bubbles was found. It was found that the individual
bubble property distributions can be described with generalized extreme value distribution
(GEV) functions and that their correlations can be accounted for with t-copula functions.
The corresponding set of parameters needed to generate bubble property sample data that
represent the experimental results was provided for each experimental setting. Data sampled
by these distribution functions can serve as a benchmark for computational fluid dynamics

(CFD) simulations or as a foundation for the development of semi-empirical correlations.

Correlations from literature that predict the bubble size as a function of the fluidization
number, measurement height and in some case of the column diameter did not describe
the data well, especially for higher fluidization numbers. However, a good agreement was
found between the experimentally measured rise velocities and those predicted by the cor-
relation from Davidson & Harrison [143], if the measured bubble diameters were used in the

correlation.

It could be shown that the internals significantly influenced the bubble properties, as their
presence lead to a reduced bubble hold-up and smaller bubbles with reduced rise velocities.
This allows for better mass transfer between the dense phase and the bubble phase in compar-
ison to reactors without internals. Some uncertainties persist considering the measurements
with internals, as many small bubbles were measured. It was also found that the resolution
of the applied reconstruction methods was not sufficient for the setup with internals and a
correction factor was applied to account for the non-linear X-ray attenuation, which has not

been verified.

6.1.2 X-Rayradiographic measurements

X-ray radiography was mainly used as a cross-verification tool in this work. The availability

of high resolution X-ray projections of bubbles from two or three angles that were either
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individually injected with precise volumes or part of a BFB, allowed the determination of
geometric bubble properties and rise velocities through image analysis.

For the case without internals, the bubble size distributions that were reconstructed in the
X-ray tomography measurements of the BFB could be verified for the chosen settings. Addi-
tionally, the observed correlation between the shape of the bubble and its rise velocity could be
verified through the measurement of injected isolated bubbles. When internals were inserted,
the evaluation was more difficult as it was found that the installed tube spacer split the injec-
ted bubbles. It also was difficult to distinguish if clusters of multiple bubbles or single larger
bubbles were observed, when internals were present. Nonetheless, qualitative assessments
of the bubbling fluidization with internals were possible and it was observed that the same
injected volumes would produce smaller bubbles with flattened shape with internals present
in comparison to measurements without internals. Larger bubbles with dj, ¢, ~ 10 cm would
appear significantly flattened, almost squared-nosed slug-like, even though they covered less
than half of the reactor diameter. It was therefore hypothesized that local partial slugging may
occur, due to the reduced degree of freedom for the displacement of the particles above the

bubble, when vertical internals are inserted.

The radiographic measurements were also used for the verification of the optical probe
measurements. For the case without vertical internals, it could be demonstrated, that the
mathematically derived assumption that the mean pierced chord length equals 2/3 of the
vertical bubble diameter, is correct. In some cases, the rise velocities would be severely over-
or under-estimated, leading to a proportional over or under estimation of the measured chord
length. However, the majority of the measured rise velocities were in the expected range.
Similar measurements for the case with internals suffered from an experimental design error
caused by the tube spacer as mentioned above. Besides that, it could be shown for the case
with internals that the optical probe influences small bubbles, which accelerated significantly

as they passed the probe, while larger bubbles are not influenced.

For both cases, with and without internals, the attenuation of the radiation could not be
described accurately with a linear attenuation coefficient according to the Lambert Beer law.
Doing so would result in bubbles that were measured to be significantly less deep than they
were wide for all observed bubbles. Possible reasons for this are beam hardening or X-ray

scattering.

6.1.3 Optical probe measurements

Comprehensive efforts were undertaken to ensure precise measurements of the hydrodynam-
ics with the optical probes that were developed by PSI. The electronics of the optical probe
sensor system were overhauled and the evaluation algorithm was revised. The functionality of
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the system was verified through the measurement of a rotating disc with slits that simulate
passing bubbles, as well as through measurements of precisely defined injected bubbles and
the comparison of synchronized radiographic measurements. Preliminary studies showed
that the measurement durations of previously published results were too short to ensure
statistically robust results and that it was possible to measure with multiple probes simultan-

eously.

The experiments were conducted in the pilot plant GanyMeth at six measurement heights,
six radial positions, seven pressures in the range of 1.14 - 11 bar and six fluidization numbers
between 2 and 10 for two types of bed material, categorized as Geldart type A/B (NWa)
and A (SCCa) with settled bed heights of 170 and 160 cm respectively. The measurements
were conducted over 10, 15 or 20 minutes depending on the fluidization number, at a data

acquisition rate of 5 kHz.

For the two available measurement heights that were comparable between the X-ray tomo-
graphy and optical measurements, at ambient pressure and using the same bed material, an
excellent agreement between the two measurement techniques was demonstrated. Thus, one
of the main concerns of previous investigations, where the two methods produces significantly
deviating results, could be resolved.

Additionally, the feasibility of a newly developed method to transform the measured chord
length to the distributions of the corresponding volume-equivalent diameters was demon-
strated. The method is based on the correlation between the bubble size, rise velocity and
the aspect ratio, which was found in the evaluation of X-ray tomography measurements. It

enables the estimation of the bubble shape from the measured chord length and rise velocity.

The results of the measurements showed a strong influence of the pressure on the hydro-
dynamics. Increasing the pressure leads to increased bubble hold-ups and reduced bubble
sizes. Additionally, the measurements showed a growth of the measured chord lengths with
the fluidization number which peak and then decrease with a further increase of u/ u,, . This
could indicate the onset of slugging fluidization with flattened bubbles that could be partial
slugs, similar to what was observed by means of X-ray radiography, or full slugs that occupy
the entire cross-section. The onset of the presumed slugging was only observed for the NWa
material and appears to occur at lower fluidization numbers with increasing pressure. For
the SCCa material, similar trends for the growth and peaking of the chord lengths under the
influence of the pressure were observed but the presumed slugging regime had seemingly
not yet been fully reached for any of the experimental settings. There are also deviations of
the local bubble hold-up at different heights, which appear to be influenced by the pressure.
Especially for the SCCa type material, a significant increase of the hold-up with the pressure

was measured at lower heights. However, these findings could not be explained conclusively.
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Generally, the hydrodynamics differed significantly between the two chosen bed materials. For
the SCCa powder, the onset of the bubbling fluidization occurred at gas velocities above u,, ¢
and the overall bubble hold-up was significantly less with about 50% of that measured for the
NWa bed material for the respective fluidzation numbers. These findings are in agreements
with the expected behaviors of the different powders according to their Geldart classifications
(86].

6.2 Conclusions

The findings presented in this work benefit from the application of various independent meas-
urement techniques that allowed the cross-verification of the main results. The feasibility and
limitations of reconstructing individual bubbles in BFBs via X-ray tomography or measuring
bubble chord lengths and rise velocity with optical probes have been demonstrated. Appro-
priate methodologies for the evaluation of such measurements were established, which are

available for similar experiments in the future.

It could be shown that the bubble properties are broadly distributed for a given location within
the investigated BFBs. This indicates that the description of the hydrodynamics in BFB merely
by mean values of the bubble properties might not be sufficient. This is especially relevant for
the prediction of critical reactor characteristics, such as mass transfer limitations that could

be caused by bubbles that are faster and larger than the corresponding mean values suggest.

Other important findings of this work were the strong correlations between the size, the rise
velocity and the shape of the bubbles. These correlations are particularly important in the
context of measurements with optical probes or similar methods. The evaluation of such one-
dimensional measurement techniques requires sophisticated statistical methods to retrieve
the underlying bubble size distributions from the measured chord length distributions. These
methods are often based on the assumptions of uniform bubble shapes and a homogeneous
cross-sectional spatial distribution of the bubbles. These assumptions are too simplified,
considering the described correlations concerning the bubble shape and the measured spatial
distribution of the cross-sectional bubble hold-up. It could be shown that if these correlations
are accounted for, the paired chord length and rise velocity distributions can be used to

determine the underlying bubble shape and size distributions.

The influence of the internals on the hydrodynamics was found to be significant. In addition
to the reduction of the bubble sizes and rise velocities, which have been already described in
previous publications, it could be shown that the bubble hold-up is reduced and there were
indications that the minimum bubbling velocity is increased through the presence of vertical

internals. Therefore, it can be concluded that the insertion of vertical internals is beneficial for
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catalytic BFB reactors as a larger fraction of the gas flows through the dense phase and the
onset of mass transfer limitations caused by large and fast bubbles would therefore occur at

increased fluidization numbers, which allows the operation with higher gas flows.

Some observations concerning the influence of vertical internals appeared to be conflicting.
X-ray tomography reconstructions showed that bubbles are more elongated with vertical
internals present, whereas X-ray radiograms of injected bubbles showed a flattened, almost
slug-like appearance for the measurements with internals. It was speculated that the X-ray
tomography reconstructions could be affected by the presence of internals, which may cause a
erroneous reconstructions of single flat bubbles as multiple comparatively elongated bubbles.
Another plausible explanation could be that smaller bubbles rise in between the internals and
therefore adapt a more elongated shape, while larger bubbles rise in slug-like shapes. Thus,
it is possible that the conflicting results between X-ray tomography and radiography show
different stages of the bubble growth.

Experiments in a pilot-plant showed that the pressure has a significant influence on hydro-
dynamic characteristics of the BFB reactor. With increasing pressures the bubble hold-up
increases, the pierced chord lengths reduce and what appears to be the onset of slugging fluid-
ization occurs for lower fluidization numbers. The presumed transition between bubbling and
slugging fluidization appears to ensue more smoothly with increasing pressures. It could also
be shown that the mean Sauter diameter of the bed material significantly influences the fluidiz-
ation, matching the expectations according to their Geldart powder type classification. For the
catalytic methanation process, the observed influence of the pressure has several implications
for the reactor performance. The most obvious consequence of the operation at elevated
pressures is the increased throughput of the reactor, which would significantly increase the
cost efficiency of the plant if mass transfer limitations are not reached. A reduced bubble
growth rate suggests that the specific surface area of the bubble phase is increased and the
higher values of the bubble hold-up indicate longer dwell times of the bubbles. Consequently,
the mass transfer between the bubble phase and the dense phase would be increased for a
given u/u,, s for elevated pressures. However, the consequences of an earlier onset of slugging
fluidization and a possible misinterpretation of the reduced chord lengths, which also could
be consequences of a flattening of the bubbles or increased bubble breakage rates, have to be
considered. Slugging fluidization in reactors without internals is usually characterized by a
decreased transport of particles in the wakes of slugs and locally restricted particle drift paths
in comparison to what is observed for BFBs. Therefore, slugging is usually not desired for
catalytic fluidized bed reactors due to the reduced vertical particle transport and the reduced
gas and solids mixing. Another consequence of the increased bubble hold-up at elevated

pressures is a higher height of the expanded bed.

199



Chapter 6. Discussion, conclusions and outlook

This could improve the heat removal as more surface area would be available for the heat
exchange but it could also lead to increased elutriation of bed material.

In total, several ten thousand bubbles have been reconstructed by means of X-ray tomography
and several hundred thousand bubbles have been measured by optical probes. These measure-
ments were conducted for a broad range of experimental settings, the same reactor geometry,
both with and without vertical internals, and the same bed material. Additionally, a large
set of radiographic X-ray images is available, which show BFBs, single injected bubbles and
controlled bubble interactions between injected bubbles. The images were captured at various
frame rates and resolutions, many of which still have not been processed yet. A coherent data
set of this magnitude, which was captured with three independent measurement techniques,

provides an excellent base for future validation of CFD simulations.

6.3 Recommendations for further research

Various research questions could be answered throughout the work on the present thesis, while
some uncertainties persist. This section offers several suggestions for reducing remaining

uncertainties and answering newly emerged research questions.

X-ray measurements

The application of X-ray measurements has proven to be a powerful tool for the measurements

of bubble properties in BFBs. However, some limitations were discovered.

It was shown that the Lambert Beer law could not be applied to determine the bubble depth
from X-ray radiographic images following a two-point calibration. By measuring defined
phantom objects within a fixed bed, different methods to solve the issue could be investigated.
These methods include mathematical correction factors to account for X-ray scattering or
beam hardening or filtering the radiation to reduce beam hardening.

X-ray measurements of the fluidized bed with internals proved to be more challenging. The
spatial resolution is insufficient for the accurate tomographic reconstruction of the bubbles
in between the vertical internals due to the limited available angles. Furthermore, the ap-
plication of a correction factor to account for the heterogeneous density distribution was
never verified. The analysis of the X-ray radiograms indicated that the internals may distort
the X-ray measurements of the bubbles. For the radiographic measurements, it is difficult to
distinguish between clusters of small bubbles or single large bubbles, which indicates that the
X-ray tomography measurements could be similarly affected.

One way to overcome these issues could be the utilization of the X-ray tomography systems
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that are available in the Helmholtz-Zentrum Dresden Rossendorf (HZDR), which allow meas-
urements from 240 angles with a spatial resolution of 1 mm at data acquisition rates of up
to 8kHz [197]. The HZDR is currently developing a new X-ray tomography setup, referred
to as Hector (High Energy Computed Tomography Scanner Rossendorf), which will allow
such measurements for columns with diameters of up to 400 mm and therefore is suited for
experiments with the cold-flow model presented in this work.

It should also be assessed if X-ray tomography measurements at slightly increased pressures
are feasible. If so, the influence of the pressure on the bubble properties, especially the shape,
could be investigated which could be used to improve the evaluation of the optical probe

measurements at elevated pressures.

Optical probe measurements

The feasibility of the transformation from chord lengths to bubble geometries was demon-
strated, but some uncertainties persisted. The impact of the observed acceleration of small
bubbles as they pass the probe when internals are present is unclear. It was also not under-
stood, why accounting for the hit probabilities worsened the match of the volume-equivalent
diameters between the X-ray tomography reconstructions and the processed optical probe
results.

While the synchronized optical probe and X-ray radiographic measurements were successful
for the case without vertical internals, the evaluation of the measurements with internals
showed that the tube spacers as well as the limited bed height made the measurements unus-
able for the verification of the optical probe evaluation methods. It is therefore recommended
to remove the middle tube spacer and repeat these measurements with an increased bed
height. These measurements should also be conducted over longer time frames and could
include varying radial positions of the optical probes to increase the statistical robustness of
the resulting data.

It is also possible to investigate the issues by means of Monte Carlo simulations. Algorithms
and fitted correlated bubble property distributions that were developed in this work could be
used to generate three-dimensional bubble samples for simulated measurements with optical
probes.

Another available option is the tomographic reconstruction of the BFB measurements that
were conducted with the X-ray tomography area detector (XR-AD) setup with a decreased ver-
tical resolution and increased frame rate of 200 Hz. These measurements were synchronized

with optical probe measurements as well and have not been evaluated yet.

Further measurements in the pilot plant GanyMeth should be conducted to investigate the
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influence of reactive conditions, once the reactive plant operation is available. The meas-
urements at different temperatures and with different gas compositions is possible with the
present setup, if alumina particles are used as bed material. However, the measurement at
reactive conditions with nickel catalysts is not feasible with the current optical probe sensor
system, as the particles themselves do not reflect enough light and it was proven that the
reflector extensions significantly influence the measurements. It could be considered to revise
the optical probe design to overcome the issue. Potentially the problem could be solved
by using more powerful laser sources. It could also be considered to implement additional
improvements. Recently, several researchers have demonstrated the possibility to utilize
multi-fiber probes to measure not only pierced chord length and rise velocities of bubbles
but also the particle motion within the dense phase [165], [259], [260]. The available Optimus
test bench is well suited for the development and testing of such a sensor. Measurements of
the particle flow could be important for the modelling of the particle circulation within the
bed, as the influence of the vertical internals influence on the particle motion has not yet been

investigated.

Heat flux measurements

An experimental setup was built to measure the local heat flux between the fludized bed
and the vertical heat exchanger tube bundle, which was presented in Section 3.3.3. First
experiments were successful and the direct impact of individual bubbles on the local heat flux
could be measured.

However, due to time constrictions, a comprehensive measurement campaign that included
multiple heights and radial positions was not carried out. The setup should allow the de-
termination of the correlations between the local heat flux and the local bubble properties,
which are simultaneously measured with optical probes. A thermodynamic model could be
developed based on such correlations, which would allow the addition of the energy balance

in the reactor model.

These correlations could eventually be verified through the evaluation of the global heat
balance of the pilot plant GanyMeth at reactive or hot inert flow conditions.

Slugging fluidization

The experiments in the GanyMeth pilot plant indicated, that a transition from the bubbling to
the slugging fluidization regime occurred at different fluidization numbers, depending on the
pressure. This assumption should be verified.

The vertical length of the cold-flow model could be extended to allow the measurement with
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internals and increased bed heights and increased fluidization numbers. This should allow
the observation of the presumed onset of slugging fluidization either visually or by means of
X-ray measurements. The analysis of the measured reactor pressure might also indicate the

onset of slugging fluidization.

Reactor model

After the presumed onset of a slugging fluidization regime has either been verified or dis-
proved, the findings of the hydrodynamic investigations presented in this thesis and previous

publications should be implemented in the existing reactor model.

Several correlations from the literature have been tested in this work to determine their
accuracy in describing the X-ray tomography results for the case without internals. This
practice should be extended to both, the results of the X-ray tomography measurements in
the cold-flow model with internals and the results of the optical probe measurements in the
pilot plant GanyMeth. The correlations that produce the best match can be a good basis for

the fitting to the available experimental data.

In case the onset of a slugging fluidization regime is confirmed for some of the experimental
settings, the transition between bubbling and slugging fluidization needs to be accounted for
in the model as well.

For all fitted correlations, the influence of the pressure needs to be considered, as it has been
shown to significantly influence the bubble properites and likely also the transition between

fluidization regimes.

Once the heat flux measurements are evaluated and a correlation between the local heat flux
and local bubble properties has been established, these should be added to the reactor model
as well as proposed above.

Additionally, the relevance of accounting for the broad distributions of bubble properties as
they were measured should be investigated, in comparison to solely using the respective mean

values.

CFD simulations

The experimental investigations presented in this work demonstrate the difficulties and
limitations of measuring the highly dynamic multiphase flows within BFBs, especially when

one-dimensional sensor systems such as optical probes are used.
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One possible way to reduce such uncertainties are CFD simulations. The availability of mul-
tiple coherent data sets, which include a broad spectrum of experimental settings and which
were obtained by means of several independent and cross-verified experimental methods,
provides a unique opportunity for the development and validation of a CFD model. Once
heat flux and particle flow measurements are available, they could also be applied for the

verification.

Such a model could be used for the simulation of experimental settings for which X-ray
measurements are not available to support the evaluation of the optical probe measurements
at increased heights and increased pressures. Additionally, the model could be applied for
heat and mass transfer simulations, which can be helpful to improve the reactor model for the
process simulation. This is especially useful considering that the experimental measurement

of the mass transfer between bubble phase and dense phase is very challenging.
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.\ Fitted distributions for the X-Ray
tomography data

The distribution function parameters that were fitted to the bubble property distributions,
measured by means of X-Ray tomography for the case without internals as described in

Section 4.3.4, are presented in the following.

Each of the fitted bubble properties (uy;, dp,eq, I : w and rp) can be described with a GEV dis-
tribution according to Equation A.1, given the corresponding function parameters p (location),
o (scale) and ¢ (shape), and the standardized variable s = (x — u)/0o.

exp(—exp(—s)) for é=0
—1+&)7VE) 0 and &s>-1
F(S;é):<exp( 1+¢&s) ) or {#0 and ¢s AL
0 for ¢>0 and és<-1
1 for é<0 and és<-1

Given the correlation matrix p and the degrees of freedom v, random correlated samples from
the t-copula can be generated with the Matlab function copularnd. The random sample data
can then be transformed back to the original scale of the corresponding data with the Matlab
function ksdensity, for which a random sample of the same size has to be generated through

the provided GEV distribution function parameters.

In Tables A.1 to A.4 the required parameters that were fitted to all evaluated experimental data
from the X-ray tomography measurements without internals are provided. Figures A.1 to A.4
show comparisons of the probability density functions that were generated with the provided

parameters and measured experimentally for each setting (height and u/u,,f).
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