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Abstract

Bubble column reactors (BCRs) are valuable in the biochemical industry for their efficient gas-liquid mass
transfer and mixing capabilities. A key performance parameter in BCRs is gas holdup, which can be
significantly influenced by components present in fermentation broths. This study investigated the effect of
the important fermentation products ethanol, n-propanol, iso-propanol, n-butanol, acetic acid, and lactic
acid on gas holdup. These components impact bubble coalescence via the so-called Marangoni effect. This
study correlates gas holdup with the dimensionless Marangoni number (Ma) in BCRs. The model proposed
by Wang et al. [1] successfully predicts 87% of the measured holdup values within a 10% error margin.
Additionally, correlations for gas holdup distribution are compared, with Schweitzer et al. [2] providing the
most accurate local predictions (70% within 10% error). This study provides a comparative overview of
gas holdup correlations relevant to BCRs and demonstrates the significance of incorporating the Marangoni
effect in predictive models.

Research on local gas holdup in BCRs often requires invasive measurement techniques. X-ray tomography
(XRT) enables measurements of gas without disruption of the flow associated with traditional methods
such as optical fiber probes. However, noise from X-ray scattering and artifacts from beam hardening still
hinder accurate quantification of gas holdup. This study presents a methodology for processing X-ray data
to overcome these challenges. X-ray data corrected for scatter and beam hardening results in tomographic
reconstructions with a gas holdup profile similar to what was found with an optical fiber probe. This
correction methodology can assist other researchers using similar X-ray setups by improving the accuracy
of gas holdup measurements in multiphase systems.
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1 INTRODUCTION

1 Introduction

Bubble columns reactors (BCRs) are a widely used multiphase reactor type. Bubble columns have appli-
cations in chemical, biochemical, petroleum and, metallurgical industries in processes like hydrogenation,
oxidation, chlorination, hydroformylation, cell growth, bioremediation, etc. [3, 4]. In these reactors, gas is
introduced into a continuous liquid phase through a sparger at the bottom of a vertical column, creating
buoyancy-driven flow and inducing liquid circulation [4]. The basic design is relatively simple (typically a
cylindrical vessel without internals) but the resulting flow is characterized by complex hydrodynamic inter-
actions. The liquid phase can operate in batch, co-current, or counter-current mode, depending on the
process requirements [5].

In the context of climate change, reducing greenhouse gas emissions from the extraction and combustion
of fossil fuels is increasingly important [6]. Bubble columns are valuable in the biochemical industry for their
efficient gas-liquid mass transfer and mixing capabilities. An important application is the fermentation of
sugars to produce bioethanol [7]. Furthermore, converting gaseous substrates such as O2, CO2, CO, H2,
and CH4 into liquid products is a promising technology for sustainable production. These gas fermentation
processes utilize low-value carbon feedstocks from industrial waste gases, syngas from gasified municipal
solid waste or biomass, and CO2 sources like industrial processes or direct air capture, often combined with
green hydrogen.

Gas fermentation processes are currently capable of producing a variety of compounds, including acids,
alcohols, diols, aromatics, and ketones [8]. To optimize and commercialize these processes, a better under-
standing of gas-liquid interactions within reactors like bubble columns is essential. While most research to
date focuses on oxygen or air in water, similar mass transfer behavior is expected for other sparingly soluble
gases [9]. As such, air is often used as a model for gases like syngas in fermentation studies [8].

A crucial parameter in the performance of BCRs is gas holdup. The term gas hold-up refers to the
proportion of the reactor volume that is occupied by gas. Models for making predictions on BCRs are
often zero-dimensional (0-D), considering only the global hold-up of the reactor, or one-dimensional (1-
D), accounting solely for holdup variations along the axial direction. More advanced models, such as
computational fluid dynamics (CFD), have very high uncertainties because the physical models used are
often based on relations from water-air systems [10]. However, components in fermentation broth can
drastically influence the gas holdup. So, two major assumptions are often made: gas fermentation only
includes air and water (1) and gas holdup is 0-D or 1-D (2). These two assumptions have major implications
for modeling BCRs.

Firstly, in fermentation processes, medium components and products (e.g. anti-foam, biomass, sur-
factants, alcohols, acids and salts) can strongly affect parameters like gas holdup and kLa. The most
significant difference is that in an aqueous solution the coalescence rate is lower than in water [11]. Even
though the effect of a wide variety of medium components on gas-liquid interactions is important for opti-
mizing and commercializing gas fermentation processes, this research only focuses on the effect of ethanol,
1-propanol, iso-propanol, 1-butanol, acetic acid and lactic acid. Those compounds are already considered
to be interesting products to scale-up production or for commercialize production [8]

Secondly, spatial variations in gas concentration, directly affect mass transfer rates and the microenviron-
ment experienced by cells. Without accounting for these local differences, reactor performance predictions
can be inaccurate, potentially leading to suboptimal process conditions and reduced yields [12]. Therefore,
this study will focus on the gas holdup distribution.

The hydrodynamic behavior of bubble column reactors (BCRs) is strongly influenced by the presence
of organic solutes, with numerous studies exploring their effects on phenomena such as bubble coalescence
and gas hold-up. Organic compounds, such as alcohols, can reduce bubble coalescence by adsorbing at the
gas–liquid interface and modifying surface properties (see Chapter 2.3). A critical mechanism underlying
this behavior is the Marangoni effect, which arises from surface tension gradients caused by variations in
surfactant concentration at the bubble interface. These gradients induce fluid motion that stabilizes the
bubble surfaces and inhibits coalescence, leading to increased gas hold-up and interfacial area for mass
transfer [13, 14, 1]. Correlating dimensionless numbers relevant to bubble coalescence to gas holdup is
promising. Therefore, this study will validate existing experimental work for a water-ethanol system by
Wang et al. [1] and extend that work for other relevant alcohols and acids.
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1 INTRODUCTION

The current study will also discuss existing correlations for the radial gas holdup distribution. Different
measuring techniques exist for measuring the local gas holdup. This study will use an optical fiber probe
(see Chapter 2.5). The technique’s affordability and portability make it ideal for industrial applications [15].
Moreover, an optical fiber probe is used in this study to validate a non-invasive method to measure local gas
holdup, based on X-ray tomography. The invasive nature of optical fiber probes impacts the hydrodynamic
behavior of the BCR. Therefore, non-invasive measurement techniques are more favorable for correlating
fluid properties with local gas holdup.

The second part of this thesis is focused on the method development of X-ray tomography for multiphase
reactors. X-ray tomography is a powerful, non-invasive imaging technique that has been applied in the study
of bubble columns to investigate their complex internal hydrodynamics. In bubble columns, gas is dispersed
through a liquid phase, leading to dynamic, three-dimensional distributions of bubbles that are difficult to
characterize using traditional optical methods. In this technique, an X-ray beam is passed through the
column, and the attenuation (see Chapter 2.6.3) of the X-rays is measured as they pass through different
materials in this case liquid and gas. Since gas and liquid have different X-ray attenuation coefficients, it
becomes possible to reconstruct three-dimensional images of the gas holdup distribution.

The current challenges for this measurement technique include X-ray scattering and beam hardening
(see Chapter 2.6.3).Campton scattering is the most dominant form of attenuation in the system used in
this study. Compton scattering occurs when an incoming X-ray photon collides with an electron, causing
the electron to be ejected from its orbit. As a result of this interaction, the X-ray photon loses energy
and changes direction, continuing to travel through the material along a new path. Instead of traveling
straight through the object to the detector as expected, the scattered photon may hit a different location
on the detector (forward scatter) or reach an entirely different detector (cross-scatter). Photons detected
at random places due to scattering add noise to the data [16]. Forward and cross-scatter result in different
types of noise.

Beam hardening results in a reduction of image intensity in the central region of the BCR. This occurs
because lower-energy photons (soft X-ray) are preferentially attenuated (see Chapter 2.6.3) over longer
path lengths. As the beam hardens and the mean photon energy increases, the corresponding attenuation
coefficients decreases along longer paths [17]. The developed set-up has been used for multiple applications
including fluidized beds and bubble columns. An earlier study showed there is no significant effect of beam-
hardening for measurements on fluidized beds [18]. However, the current work shows the effect of beam
hardening for measurements on BCRs. This work also explains a method to correct X-ray images for beam
hardening to reduce artifacts in reconstructions.
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2 THEORETICAL BACKGROUND

2 Theoretical Background

2.1 Gas Holdup

Gas hold-up can be determined by measuring the increase in liquid height in the column. In this case, ϵG
is calculated according to Eq. 1. Where Hl is the liquid height after aeration and H0 is the liquid height
before aeration [19]. This measurement technique has a high uncertainty because of the high variability of
the liquid height after aeration (e.g., because of foam formation). Measurement of pressure difference is
a more reliable measurement technique and less dependent on human interpretation. Pressure difference
measurements also enable the possibility to measure gas holdup in a specific region of the reactor. The
liquid holdup is calculated by measuring the pressure difference between two heights of the reactor and
divide that by the hydrostatic pressure of that part of the reactor. The gas holdup is then calculated by
subtracting the liquid holdup from 1 (see Eq. 2).

ϵG =
Hl −H0

Hl
(1)

ϵG = 1− 1

ρlg

(
∆P

∆Z

)
(2)

2.2 Flow Regimes

In a bubble column, fluid dynamics phenomena happen on different scales: molecular-scale, bubble-scale
and reactor scale. The molecular-scale is important to study interfacial phenomena, catalysts and gas
conversion processes, and to formulate mass transfer models. The bubble-scale is important to understand
bubble size distributions (BSDs), bubble shapes, single bubble dynamics, “non-coalescence-induced” bubble
dynamics (e.g. bouncing, sliding, deformation, or wake interactions between bubbles) and coalescence-
induced behavior. At reactor scale (e.g. laboratory-scale), the medium and large-scale circulations are
studied. Scale-up methods applied on experimental, reactor-scale facilities, can estimate the fluid-dynamics
on an industrial-scale [20].

2.2.1 Homogeneous Flow Regime

The interactions between the gas and liquid phase can be classified into flow regimes. The boundaries
between the regimes change when the system design parameters or the phase properties are changed.
However, the properties and main characteristics of the flow regimes stay the same. Three main flow
regimes can be defined: homogeneous (bubbly), heterogeneous (turbulent) and slug flow. The mono-
dispersed homogeneous flow regime is characterized by mono-dispersed BSD. An increased UG results
in more bigger bubbles with a negative lift force coefficient [21]. These larger bubbles tend to migrate
laterally inward toward the center of the column, destabilizing the flow and promoting the transition to a
heterogeneous regime. This results in coalescence induced bubbles [22].

2.2.2 Heterogeneous Flow Regime

The heterogeneous flow regime, also known as the churn-turbulent regime, happens in bubble columns
when the superficial gas velocity is relatively high. This is the flow regime most often seen in industrial
bubble columns [23]. It is characterized by strong mixing and turbulence, which cause bubbles to collide
and combine frequently. As a result, the column contains many large bubbles, leading to a wide range of
bubble sizes, unlike the more uniform and smaller bubbles seen in the homogeneous regime [23, 10]. In
this regime, the gas holdup still increases with gas velocity, but not as quickly as in the homogeneous flow.
The transition from homogeneous flow to heterogeneous flow can be detected by looking at things like gas
holdup, mass transfer rates, and pressure signals [23].

In the heterogeneous flow regime of bubble columns, bubbles are unevenly spread out, and gravity helps
create circulating flow patterns and vortices of different sizes [24]. These swirling structures are part of the
turbulent motion in the column and play a big role in how energy is spread and used. As turbulence breaks
down into smaller and smaller motions, energy is lost through dissipation, especially near the bubble surfaces
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2 THEORETICAL BACKGROUND

[25]. This process causes the liquid to move and fluctuate, which helps renew the liquid at the bubble surface
and improves how gas is transferred into the liquid [26]. Because of this, the energy dissipation rate (EDR)
is often used in formulas to describe how turbulence affects the mass transfer rate (kLa) [27]. The higher
rise velocity and bigger bubbles have a negative effect on the interfacial area (a), but heterogeneous flow
strongly enhances liquid mixing [10].

2.2.3 Slug Flow Regime

At industrial scale, the slug flow does not occur due to large diameter effects. As the column diameter
increases, Rayleigh–Taylor (RT) instabilities become increasingly dominant. Rayleigh–Taylor instability is
a type of interfacial instability that occurs when a lighter fluid is accelerated into a heavier fluid. In the
context of bubble columns, this instability occurs at the gas–liquid interface when buoyant gas regions
(bubbles or clusters) rise through a denser liquid medium. At large diameters, these instabilities disrupt the
formation and maintenance of coherent cap bubbles that are necessary for slug flow. Instead of forming
stable gas slugs, the interface between the phases becomes unstable, leading to the breakup of large bubbles
and the formation of irregular bubble swarms or clusters [20]. Rayleigh-Taylor instabilities are quantified by
the dimensionless diameter, DH (Eq. 3) [21].

D∗
H =

DH√
σ

g(ρL−ρG)

(3)

In Eq. 3, DH is the hydraulic diameter, Dc is the inner diameter of the bubble column, σ is the surface
tension, g is the acceleration due to gravity and ρL − ρG is the density difference between the two phases.
When the hydraulic diameter is larger than the critical value (D∗

H,cr = 52 [28]), coalescence-induced bubbles
appear instead of the slug flow regime. A column diameter (dc) of 13-15 cm (for circular columns at ambient
pressure and temperature) is already considered as large scale column, since these columns have a critical
hydraulic diameter above 52 [20]. Thus, the slug flow does not appear in industry. The annular flow regime
is also not observed at industrial scale since the gas velocity needed is too high to achieve at this scale
[20]. Hydrodynamic observations in air-water systems are translatable between scales for column diameters
(DC) of 15 cm or higher, and a liquid height (HL) column diameter (DC) ratio greater than 5 according
to several studies [29, 30, 31]. The aspect ratio of height to diameter does not influence gas holdup for
column with a diameter more than 20 cm and a height of 2.2 m [32].

2.2.4 More Flow Regimes

More recently, some researchers claim there are six flow regimes: (1) the mono-dispersed homogeneous
flow regimes; (2) the pseudo-homogeneous flow regime; (3) the transition flow regimes without coalescence-
induced structures; (4) the transition flow regimes with coalescence-induced structures; (pseudo-heterogeneous
flow regimes; and (6) the pure-heterogeneous flow regime. The different flow regimes can be observed by
increasing the superficial gas velocity (UG) [33].

2.3 Impact of Alcohols and Acids on BCR Hydrodynamics

Bubble coalescence plays a crucial role in determining the overall performance of bubble column reactors.
When two bubbles approach each other in pure water, the liquid film between them typically drains rapidly,
leading to coalescence. However, organic molecules dramatically alter this process through several mecha-
nisms. The inhibition of bubble coalescence by organic molecules directly impacts the overall performance
of bubble column reactors, particularly through their effects on gas holdup and flow regime transitions.

2.3.1 Mechanisms That Inhibit Coalescence

Protective Layer
Alcohols and other organic compounds inhibit bubble coalescence primarily by forming a protective layer at
the gas-liquid interface. These molecules behave like hydrophobic materials and are rejected from the bulk
solution, causing them to adsorb strongly at bubble surfaces [34]. This adsorption creates a physical barrier
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2 THEORETICAL BACKGROUND

that prevents bubbles from merging when they come into contact. The effectiveness of this protective
layer increases with the carbon chain length of the alcohol, as longer-chain alcohols demonstrate stronger
surface activity [35, 36]. This explains why higher alcohols like pentanol, hexanol, and octanol show more
pronounced coalescence inhibition effects than methanol or ethanol at equivalent concentrations [35].

The Marangoni Effect
Surface-active substances decrease the mobility of the gas–liquid interface and suppress bubble coales-
cence, leading to an increase in gas holdup and interfacial area for mass transfer. This effect is known as
the Marangoni effect [13, 14]. The Marangoni number (Ma) is a dimensionless number that represents
the relative importance of surface tension gradients to viscous forces in a fluid. It is used to quantify the
Marangoni effect, which arises from surface tension gradients caused by variations in surfactant concentra-
tion at the gas-liquid interface. Wang et al. defines the Marangoni number (Ma) according to Eq. 4.

Ma =
(∂σ∂Γ )Γeq

C
2/3
a σ

(4)

• ∂σ
∂Γ represents the surface tension gradient with respect to the surface concentration of the surfactant.

• Γeq is the surface concentration of the surfactant at adsorption equilibrium.

• Ca is the dimensionless capillary number, defined as Ca = µbV
σ , where µb is the dynamic viscosity of

the gas, V is the approach velocity of bubbles in the bubble coalescence model, and σ is the surface
tension.

When two bubbles meet each other, a dimple starts to form [37]. That is the liquid pocket between two
bubbles. Surfactant-like molecules (e.g. ethanol molecules) trapped in the dimple, migrate towards the gas-
liquid interface. As a result, the dimple is depleted from surfactant molecules. The surface tension of water
is higher than the surface tension of organic compounds. Thus, the depletion of surfactant molecules in the
dimple results in a surface tension gradient with a relatively high surface tension in the dimple and a low
surface tension in the bulk liquid. The surface tension gradient is the driving force for liquid to move from
the bulk towards the dimple. This prevents bubbles to coalesce [38, 1]. When the concentration exceeds
a certain threshold, the difference between the bulk and dimple concentrations disappears, diminishing the
surface tension gradient. As a result, pressure gradients and capillary forces drive bubble coalescence [1].

Wang et al. [1] described the effect of increased ethanol concentration on various characteristics that
influence the hydrodynamics of a system, including bubble coalescence time, kLa and ϵg in an internal
loop airlift reactor (ILAR) with elevated pressure. It was found that these increased for an increased mol
fraction of ethanol up to a mol fraction of 0.012. Then the values decreased dramatically for an increasing
mol fraction up to 0.03. Addition of more ethanol resulted in a less dramatic linear decrease of bubble
coalescence time, kLa and ϵg. Wang et al. [1] describes that the Marangoni effect is responsible for the
effects of ethanol on bubble coalescence time, kLa and ϵg. Their model accounts for both the velocity of
film drainage and the mass transfer occurring between the interface and the surrounding liquid film [1].

In the semi-empirical correlations proposed in the study [1], a modified Marangoni effect number for
gas holdup (1+ 3000Ma2.0Pe−4.2)4.6) and for the mass transfer coefficient (1+ 3000Ma2.0Pe−4.2)3.1) is
used, where Pe is the film Peclét number. The exponents of Ma and Pe were adjusted to obtain a number
that exhibits a similar trend to the variation of bubble coalescence time with ethanol mole fraction. The
film Peclét number (Pe) is defined as Pe =

ReqV
Dl

, where Req is the radius of the bubble in the bubble
coalescence model and Dl is the bulk diffusion coefficient.

Critical Transition Concentration
The mechanisms discussed above—surface adsorption and the Marangoni effect—are highly dependent
on the concentration of organic additives. A particularly interesting concept is the existence of a critical
transition concentration (ct) at which coalescence behavior changes dramatically. Zahradńık et al. [39]
found that coalescence is reduced from 100% of bubble pairs coalescing to less than 10% of bubble pairs
coalescing in a very narrow alcohol concentration range. The concentration at which this sharp change
of coalescence behavior appears is called the transition concentration (ct). The transition concentration
is correlated as function of number of carbon atoms in the alcohol molecule (nc) in ct = anb

c [39]. With
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fitting parameters a = 31 and b = −7.2 for aqueous solutions of alcohols. This correlation is based on
alcohols with 1 alcohol group on the first carbon atom [39]. It remains uncertain if this relation is valid
for alcohols that do not have these characteristics (e.g. iso-propanol). Such correlations improve the
prediction of coalescence in BCR, but lack information about the effect of complex fermentation broths
including alcohols. Some understanding of the coalescence inhibiting mechanism is required.

2.3.2 Effects on Reactor Hydrodynamics

Enhanced Gas Holdup
The addition of alcohols and organic acids to water significantly increases gas holdup in bubble columns
by reducing bubble coalescence and decreasing bubble size [40, 11]. This effect is especially noticeable in
the heterogeneous flow regime at higher gas velocities, as shown by Krishna et al. [41] in their studies
with ethanol. They investigated the influence of elevated pressure and alcohol addition on gas holdup and
found that gas holdup increased significantly at higher ethanol concentrations, particularly under high Ug

where flow is heterogeneous [41]. Alcohols prevent coalescence by adsorbing at the gas–liquid interface,
forming a protective monolayer around the bubbles [41, 34]. Because these molecules are hydrophobic,
they are rejected from the bulk liquid and accumulate at the bubble surface, especially on the lower side as
the bubble rises. This creates a surface barrier that resists merging with other bubbles and also increases
drag, reducing the bubble rise velocity [41]. These effects help maintain smaller bubbles and contribute to
stabilizing the bubbly flow regime, which in turn increases gas holdup. The observed increase in gas holdup
can be explained by a shift in the regime transition point caused by reduced coalescence. For concentrations
relevant to gas fermentation, the effect of alcohols on gas solubility is considered negligible [42]. However,
the relationship between ethanol concentration and gas holdup is not linear. Wang et al. found that gas
holdup increases with ethanol concentration up to a mole fraction of about 0.012, after which it decreases
with further addition.

Flow Regime Transition
Organic molecules significantly affect the transition between flow regimes in bubble columns. In pure water
systems, bubble columns typically transition from a homogeneous (bubbly) flow regime to a heterogeneous
(churn-turbulent) regime as gas velocity increases [40, 23]. The addition of alcohols and other surface-active
compounds delays this transition, extending the homogeneous flow regime to higher gas velocities [3]. This
delay in regime transition occurs because surface-active compounds stabilize smaller bubbles and prevent
their coalescence into larger bubbles that would drive the shift to heterogeneous flow [10, 3].

A recent study shows quantitative correlations that predict the transitional superficial gas velocity (Ug,t)
and gas holdup at the transition (ϵg,t, and these correlations incorporate the liquid properties that are
affected by the addition of surface-active compounds (Eq. 5 and Eq. 6), thereby attempting to quantify the
delay or shift in the transition point caused by these additives [23]. Other researchers also discuss the factors
influencing the transition, such as liquid viscosity and the addition of alcohols, and note that they affect
the transition velocity and flow regime stability [43]. Nedeltchev et al. [44] discusses identifying transition
velocities using a new parameter (NHI) and compares its findings to existing empirical correlations from
other researchers, but notes these existing correlations are not always effective.

Ug,t = 1.803ρ0.155g ρ−0.628
l η−0.216σ−0.306 (5)

ϵg,t = 1.452ρ0.273g ρ−0.536
l η−0.184σ−0.0181 (6)

Differential Effects of Alcohols and Organic Acids
While both alcohols and organic acids inhibit bubble coalescence, their effects on bubble size and gas holdup
differ in magnitude. Carboxylic acids produce more pronounced decreases in bubble diameter than alcohols
[45, 34]. This difference is attributed to the stronger surface activity of organic acids compared to alcohols
with similar carbon chain lengths. The differential effects extend to gas holdup as well. Short-chain organic
acids like acetic and propionic acids generate stronger increases in gas holdup compared to alcohols with
similar molecular weights [11].
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2.4 Mass Transfer

Research in the field of gas fermentation focuses on improving the transfer of mass from the gas phase to
the liquid phase, since gas-to-liquid mass transfer and low concentrations of dissolved gas are considered
limiting factors [9]. The speed with which a gas can dissolve into a liquid per unit of volume in a system
is given by the volumetric mass transfer coefficient (kLa). This parameter consists of two parts: kL and
a. kL is the mass transfer coefficient for the gas-liquid interface. The rate at which a gas dissolves in the
liquid is the unit area of the gas-liquid interface. The higher kL, the faster the gas can transfer to the
liquid. a is the specific interfacial area. The gas-liquid interface area is the area available for mass transfer
per unit volume of the liquid. The value of kLa is influenced by many factors. Important factors are the
d32 and gas holdup (ϵG). The d32 is calculated using Eq. 7, where Vb,i is the volume of the bubble i, Ab,i is
the surface area of the bubble and db,i is its chord length. The d32 provides a meaningful average diameter
that accounts for both the surface area and volume of bubbles.

d32 = 6

∑
i Vb,i∑
i Ab,i

= 6
4
3π
∑

i (
1
2db,i)

3

4π
∑

i (
1
2db,i)

2
(7)

The specific area is strongly affected by organic compounds because they affect both gas holdup and
bubble diameter. Experimental research found that addition of organic solutes increases the surface area
and decreases the average bubble diameter [38]. For a wide variety of alcohols, it is possible to increase
the kLa five times within a small range of concentrations. This phenomenon is explained by a two-fold
increased ϵG [34] and a decreased d32 (from 4 mm to 1 mm) [46] according to the relation of the specific
area in Eq. 8 [34].

a =
6ϵ

d32
(8)

2.5 Fiber Probe

In the present study, fiber probe is used to determine local gas holdup and bubble size distribution in a BCR.
The fiber optic Doppler probe is a sensor designed for investigating gas-liquid flows at the microscale. The
probe operates on two fundamental principles: phase detection and Doppler-based velocity measurement
[47].

In phase detection mode, coherent light is injected into the fiber, and part of it is reflected at the tip.
The intensity of the reflected signal is strongly influenced by the refractive index of the surrounding medium,
resulting in high signal levels in gas (in this study air) and significantly reduced signal levels in liquids (e.g.,
water). This contrast allows for accurate detection of whether the fiber tip is in a gas or liquid phase. By
applying signal amplitude thresholds, bubble entry and exit events can be detected, enabling the calculation
of gas residence time at the probe tip [47].

Simultaneously, the probe utilizes the Doppler effect to measure the velocity of moving gas-liquid inter-
faces. When a bubble or interface approaches the tip, light reflected from the moving surface experiences
a Doppler shift. This shifted light interferes with the light statically reflected at the fiber tip, producing a
modulated signal whose frequency (Doppler frequency) is proportional to the interface velocity along the
probe’s optical axis. The probe is sensitive only to bubbles that travel straight toward the conical tip [47].

2.6 X-Ray Tomography

2.6.1 X-Ray as Measurement Technique

Process tomography, including X-ray and gamma tomography, is described as a non-intrusive technique
capable of measuring phase distribution inside multiphase equipment without disturbing normal operations
[48, 49], unlike some other measurement techniques for bubbly flows, which can be intrusive, like fiber probe
measurements. Additionally, X-ray measurements enable to quantify opaque multiphase flow fields [48].
X-ray tomography, often referred to as Computed Tomography (CT) is an imaging method used to infer
the interior of an object from a series of X-ray radiographic projection measurements, taken from different
angles. Essentially, it aims to reconstruct an object from its projections [50].
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To understand what’s inside an object, CT systems take many X-ray measurements from different angles.
The goal of X-ray computed tomography (CT) is to reconstruct the internal structure of an object using a
series of X-ray images taken from different angles [51]. Mathematically, this is known as an inverse problem,
because we’re working backwards from the measurements to figure out the internal structure [50].

When an X-ray beam is sent through the object, some of its energy is absorbed or scattered by the
material. This energy loss is described by attenuation, which depends on the properties of the material the
beam passes through. The total attenuation along a beam’s path is the sum (or integral) of all the small
attenuations it experiences inside the object [50].

Detectors on the other side measure how much the X-ray beam has been weakened after passing through
the object. At each projection angle, this gives us a one-dimensional profile (like a shadow) showing how
much X-ray energy was absorbed across the detector. This profile is called pγ(ξ), where γ is the projection
angle and ξ is the position along the detector [50].

However, one projection is not enough to reveal what’s inside. It only shows a flattened view. To
get a complete picture, the system rotates the object (or the source-detector setup) and collects these
shadow-like profiles from many different angles, usually covering at least 180 degrees. When we plot all
these 1D profiles side by side, with angle on one axis and detector position on the other, we get a pattern
called a sinogram. This sinogram is the raw data from which the internal structure can be mathematically
reconstructed [50].

Figure 1: Illustration of X-ray projections through three homogeneous objects with quadratic intersection areas.
The objects are exposed to X-rays at two projection angles, γ1 and γ2. Each projection results in a specific
attenuation profile pγ(ξ), corresponding to the integral of attenuation along each ray in the detector array. Dashed
lines indicate the geometric boundaries of the resulting shadows. The profile at angle γ1 alone does not provide
sufficient information to determine the number or arrangement of distinct objects, highlighting the need for multiple
projections in CT imaging. This figure was adopted from Buzug [50]

2.6.2 SIRT

There are different reconstruction methods to solve the inverse problem. The current study makes use of
Simultaneous Iterative Reconstruction Technique (SIRT). SIRT is an algebraic technique useful in situations
with a low number of projection angles [52]. In the X-ray setup used in this study only has 3 angles are
used, which is fewer than normally used in CT. This makes the reconstruction challenging, and traditional
methods like filtered back projection (FBP) do not give good results [53].
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The mathematical model that connects the measured X-ray data to the unknown 3D image is shown
in Eq. 9[53].

A · x = y (9)

Where A is a linear operator (matrix) that models the line integrals. It encodes the geometry of the
setup. x is a vector denoting the reconstruction. It is the image we are trying to reconstruct. y is a vector
containing the measured data. So, all pixels from the three detectors.

The equation (Eq. 9) means that for a known image x with known geometry A, it is possible to predict
measurements y. In the case of CT, we have the measurements y and the system A and we want to find the
image x. SIRT solves this inverse problem iteratively. It starts with a rough guess for the image and then
keeps adjusting it to better match the actual measurements [53, 54]. So, from the image guess x(k) (at
iteration k), it predicts projections (Ax(k)). Then it compares the projections from the measurements (y)
with the predicted measurements by subtracting the prediction from the real projection (y−Ax(k)). Then
the image guess is updated based on the difference between the guess and the measurement. Too many
iterations can result in overfitting to the noise of the measurements. Mathematically the update steps are
defined as in Eq. 10 [54].

x(k+1) = ΠΛ

(
x(k) + CATR

(
y −Ax(k)

))
(10)

Where ΠΛ includes the constraint set, forcing x(k+1) between 0 and 1, and sets x(k+1) to zero outside
the column (also referred to as the masked area). R is a diagonal matrix containing reciprocals of row sums
of A. So, R acts like a weight. C is a diagonal matrix of column sums, which preconditions the gradient
descent solver. The solver optimizes a constraint weighted least-squares minimization problem (Eq. 11)
[53].

x⋆ = argmin x∈Λ∥Ax− y∥2R (11)

Where x⋆ is the least-squares solution, and Λ enforces x between 0 and 1 inside the column and x=0
outside the column (in the masked area).

The result SIRT is a sequence of 3D volumes that approximate the internal structure of the object,
enabling the visualization and analysis of dynamic phenomena such as bubble formation and movement in
fluidized beds. In the current study SIRT is used to make time-averaged reconstructions of a BCR.

2.6.3 X-ray attenuation

When X-ray travels through a material, it attenuates, meaning it loses intensity. There are different
mechanisms resulting in X-ray attenuation. Three main mechanisms causing attenuation are Rayleigh
scattering, Compton scattering and photoelectric absorption. Pair production and photodisintegration are
other processes causing attenuation. However, due to the high energies involved, these mechanisms can be
neglected in radiography [55].

The mechanism that most prominently contributes to attenuation depends on the incident energy of
the X-ray [56]. Compton scattering is most prominent for photon energies beyond 100 keV (see Fig. 2).

Compton scattering occurs when an incoming X-ray photon collides with an electron, causing the
electron to be ejected from its orbit. As a result of this interaction, the X-ray photon loses energy and
changes direction, continuing to travel through the material along a new path. Throughout this process,
both energy and momentum are conserved. The amount of energy lost by the photon depends on the angle
at which it is scattered, rather than the type of material it interacts with. Because the scattered photon has
lower energy, it has a longer wavelength and reduced penetrating power compared to the original incident
photon [55].

The change in direction has implications for X-ray measurements. Instead of traveling straight through
the object to the detector as expected, the scattered photon may hit a different location on the detector
(forward scatter) or even reach an entirely different detector (cross-scatter). Photons detected in unexpected
places due to scattering add noise to the data [16]. The direction of the scattered beam is not completely
random but depends on the energy of the source [57]. Forward and cross-scatter result in different types
of noise.
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Figure 2: Attenuation as a result of scattering. This figure was adopted from Fuss et al. [56].

2.6.4 Beam Hardening Theory

Beam hardening is a phenomenon that occurs in X-ray imaging systems, particularly in Computed To-
mography (CT), when a polychromatic (broad energy spectrum) X-ray beam passes through an object
[17]. Classical X-ray tubes and linear accelerators typically emit X-rays with a range of energies due to
bremsstrahlung radiation, where electrons are decelerated and emit radiation. The degree to which materials
attenuate X-rays is energy-dependent, with higher energy photons being attenuated less than lower energy
photons. As the X-ray beam travels through a material, the lower energy photons are absorbed more readily
than the higher energy photons, resulting in a shift of the beam’s energy spectrum [17, 58]. This selective
absorption increases the relative proportion of higher energy photons as the beam passes through thicker
material, causing the X-ray beam to become ”harder,” or shifted toward higher energies. This change in
the energy spectrum within the material is the core effect of beam hardening [17].

The impact of beam hardening on X-ray imaging is significant, especially when it comes to using the
Beer-Lambert law, which assumes a constant attenuation coefficient. For a polychromatic beam, however,
the attenuation coefficient varies with the energy of the photons, and the standard law becomes invalid.
The total attenuation in such cases must be calculated by integrating over the energy spectrum, considering
energy-dependent attenuation coefficients and the initial spectrum of the X-ray beam. To address this, an
effective attenuation coefficient (µeff ) is used, which takes into account the material, its thickness, and
other factors such as the X-ray setup and detector sensitivity. This coefficient is not a constant material
property, but rather a function of the beam energy spectrum and the experimental conditions [17].

Beam hardening also leads to projection errors and artifacts in CT images. The reduced attenuation
of higher-energy photons means that the total attenuation is underestimated, especially in dense materials.
This discrepancy results in beam hardening artifacts, such as cupping (a decrease in measured density toward
the center of a homogeneous object) and streak artifacts (dark or bright bands between dense structures),
which reduce the quality of reconstructed images [59].

Implications for BCR Studies
In a water-filled column imaged using a polychromatic X-ray source, beam hardening leads to a characteristic
artifact where the reconstructed image appears brighter at the edges and darker in the center as found by
multiple studies [60]. This occurs because lower-energy X-ray photons are attenuated more strongly than
higher-energy photons as they pass through the material. Near the edges of the column, where the path
length through water is short, the beam undergoes minimal spectral shift, and attenuation appears relatively
high. However, toward the center, where the beam traverses a longer path, more low-energy photons
are absorbed, and the beam becomes more ”hardened” with higher-energy photons that are attenuated
less. As a result, the reconstructed center appears darker than the periphery, even though the material is
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Figure 3: Examples of cross scattering (A) and forward scattering (B). Figure A shows a schematic top view of the
X-ray setup and B shows a schematic side view of the setup. In A, an X-ray (purple line) from source 1 hits detector
3. In figure B, an X-ray from source 3 outside the measurement range of detector 3 hits detector 3. These are two
examples of noise caused by scattering for detector 3.

homogeneous. This cupping artifact, a direct consequence of beam hardening, visually manifests as a radial
gradient in grayscale intensity, misrepresenting the true uniformity of the water-filled column [60].

Beam Hardening Corrections
To mitigate beam hardening, several correction techniques are employed. Hardware methods include pre-
filtration, which involves placing a thin sheet of metal between the X-ray tube and the object to absorb
low-energy photons, and dual-energy X-ray sources, which use two different X-ray energies to compute
monochromatic attenuation values. Monoenergetic sources, such as synchrotron beamlines or γ-ray sources,
provide a single energy beam that eliminates beam hardening by definition, though they have limitations in
terms of sample size and contrast for certain materials [58].

Software methods for beam hardening correction include linearization, where projection data is trans-
formed to a linear relationship using polynomial fitting [58, 61]. Another correction method is iterative
reconstruction, which incorporates beam hardening models into the reconstruction algorithm to correct
artifacts. Other techniques, such as using consistency conditions or Monte Carlo simulations, are also used
to model and correct beam hardening, though they can be computationally intensive [58].
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3 Materials and Methods

3.1 Experimental Setup

3.1.1 Bubble Column Setup

The bubble column used in this research was made of polycarbonate and has an inner diameter (Dc) of 19
cm. The column consists of four different parts (see Fig. 4, A, B, C and D). The bottom compartment (A)
is the wind-box, where air enters the BCR. The tubing from the mass flow controller was split. Two 12
mm Festo tubes were connected to the splitter and to two openings in the wind-box. The wind-box was
connected to the second compartment (Fig. 4, B) of the bubble column. The two parts were separated by
a stainless steel sparger plate (Fig. 5, H0).

Figure 4: Schematic overview of the bubble column
setup. The BCR consists out of four parts: the wind-
box (A) where gas enters the BCR, the main part (A)
where different probes and tubing is connected, the top
part (C) to extend the height of the bubble column and
the cap (D) to risk of overflowing liquid or foam. The
sparger plate is located between A and B at H0. Pressure
probes are placed at H1 (37.5 cm from sparger plate)
and H2 (57.5 cm from sparger plate). An optical fiber
probe is placed at H2. Compounds are added via a
syringe atached to the BCR at H3 (75 cm above sparer
plate).

Figure 5: Image of the sparger plate. The sparger plate
has 12 open orifices with a diameter (do) of 3 mm. The
distance between the orifices (pitch) is 40 mm.

The main compartment of the BCR (Fig. 4, B) has nine ports to connect tubing or probes to the
column. Three ports are located 37.5 cm above the sparger plate (Fig. 4, H1), three ports are located 57.5
cm above the sparger plate (Fig. 4, H2) and the upper most ports are located 75 cm above the sparger
plate (Fig. 4, H3). The lower ports are used for a pressure probe and a 12 mm Festo tube with a valve to
empty the column. The middle ports are used for a pressure probe and fiber probe. One of the top ports is
used to connect a polytetrafluoroethylene (PTFE) tube to a syringe. The column was placed on a rotation
table for calibration purposes. The tilt of the column was adjusted to less than 4 mm per meter with 3
stabilizing arms. The offgas was vented through a PVC pipe to a fume hood (see Fig. 4, Gasout). The top
part of the column (Fig. 4, C) was connected to the main part (Fig. 4, B). This part has a wide metal cap
(Fig. 4, D) to reduce the risk of overflowing liquid or foam.
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3.1.2 Fiber Probe

A Doppler optical fiber probe was utilized to measure the void fraction and bubble size distribution (BSD)
(see Chapter 2.5). The void fraction was measured through continuous measurements at 31250 kHz over a
period of 45 seconds. The second type of measurement is the BSD measurement. For BSD measurements,
at least 1000 bubble chord lengths were measured

The fiber probe was connected to the column via one of the middle ports (see Fig. 4, H2). Nine positions
from the column wall to the tip of the probe were determined (see Table 1).

Table 1: Positions of the fiber probe

Position Distance from one side (mm) Distance from column center (mm) Dimensionless radius (r/R)

1 22 73 0.77
2 42 53 0.56
3 59 36 0.38
4 77 18 0.19
5 96 1 0.01
6 115 20 0.21
7 135 40 0.42
8 153 58 0.61
9 174 79 0.83

3.1.3 Pressure Probes

The pressure probes (Fig. 4, H1 and H2) were calibrated with static liquid height (see Eq. 12).

P = ρgh (12)

where P is the pressure exerted by the fluid, ρ is the density of the fluid (in this case, water), g is the
acceleration due to gravity, and h is the height of the water column above the probe. By systematically
varying the height of the water column and recording the corresponding voltage output from the probe, a
calibration curve was established. This curve was later used to convert voltage readings into pressure values
during the experiments. The pressure measurements were used to determine gas holdup between the the
two pressure probes according to Eq. 2.

The pressure probes were not well grounded for the experiments conducted for a system with ... .
Therefore, the pressure probe data from does experiments required some extra data analysis. It was found
that the pressure fluctuations followed a Gaussian distribution. Before the pressure probes were correctly
rounded, there were low voltage signals (noise) influencing the mean holdup measurements. The real data
was overlapping with the noise data. Splitting the data into 3 distinct Gaussian distributions resulted in a
clean dataset with the noise removed.

3.1.4 X-ray setup

The bubble column was placed in the middle of three continuous X-ray sources and three CMOS detectors
arranged in an equilateral triangle (see Fig. 6). The current was determined iteratively by changing the
current and comparing the intensity detected on each detector. The voltage and currents used in the
experiments are shown in Table 2. The frame-rate of the detector was set to 22 Hz (see Table 2).

Holdup was determined by comparing X-ray images of the operating bubble column with reference
images of the empty and water-filled column (no gas). To reduce the impact of random noise in X-ray
detection, the empty and full column measurements were averaged over 10 seconds. The dynamic bubble
column was imaged over a period of 2 minutes to account for hydrodynamic fluctuations, enabling a
more representative time-averaged reconstruction of the flow field. The static system does not have any
hydrodynamic fluctuations. Therefore, the measurements time was set to 10 seconds.
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Specification Notes
X-ray source

Model Yxlon Y.TU 160-D06
Voltage 120 kVp Maximum source voltage is 150 kVp
Current 0.65, 0.68, 0.75 mA For source 1, 2 and 3

Detector
Model Teledyne Dalsa Xineos 3131

Resolution 1548x1524 pixels 0.2 mm/pixel
Surface area 307x302 mm
Framerate 22 Hz Options between 22 to 200 Hz

Bubble column
Material Polycarbonate

Inner diameter 19 cm
Outer diameter 20 cm
Height wind-box 14.8 cm Including 2.3 cm of bottom part
Height main part 120 cm
Height top part 50 cm Excluding metal cap

Sparger plate
Geometry Circular with holes in hexagonal grid pattern 12 open holes, 7 closed hole
Thickness 5 mm

Type Stainless steel sieve plate
Nuts Praxis, Sencys RVS INOX M3x16mm With rubber seal

Fiber probe
Brand A2 Photonic Sensors
Model M2 Bubbly Flow Analyzer

Size range From 100 µm (no upper limit)
Velocity range 0.01 to 80 m/s

Pressure probes
Model TDX 716-900 From TC Direct

Accuracy 0.5% F.S
Range 0-1 bar
Output 0-10 V

Distance to sparger plate

Mass flow controller
Brand Bronkhorst

Capacity 250 ln/min

Table 2: Specifications of the equipment and instrumentation used in the experimental setup for gas holdup
distribution measurements in a bubble column.
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Figure 6: X-ray setup used in experiments.

3.1.5 Liquid Compositions

Hydrodynamic effects of the addition of the following compounds to a tap water-filled BCR were tested
in the lab: ethanol, 1-propanol, iso-propanol, 1-butanol, acetic acid, and lactic acid. To capture the same
range of effects for the different compounds of interest, the concentrations were scaled. Keitel and Onken
[34] found relations for different molecule types between the number of carbon atoms (nc) and the limiting
concentration (ct). The limiting concentration is the concentration above which the coalescence becomes
significant. The ideal maximum concentration found after scaling the concentrations with the relation
by Keitel and Onken [34] can be found in Appendix B, Table 8. Ideally, the concentration is increased
exponentially since the most dramatic effects are of concentration on the hydrodynamics is expected for
relative low concentrations [1]. Therefore, more data-points are preferred for low concentrations.

Even though the ideal maximum concentration would possibly reveal the most important hydrodynamic
changes, it was not possible to test in our set-up due to formation of foam. To test in heterogeneous
bubble regime, the superficial gas velocity must be at least 0.05 m/s. The ideal maximum concentration of
1-propanol in water has the lowest surface tension [62, 63]. Therefore, it was expected that this compound
would create the most foam in our system. It was found that the maximum reachable concentration at a
superficial gas velocity of 0.05 m/s was 0.36 mol/l. Therefore, the maximum concentrations were scaled
again to accommodate for foaming (Appendix B, Table 8). The actual maximum target concentrations
were different due to evaporation and drainage via the sparger plate during the experiments.

Based on the target concentration an added amount of compound per concentration was calculated.
The concentrations at which the experiments were conducted are shown in Appendix C. The concentrations
were determined with high-performance liquid chromatography (HPLC).

3.1.6 Properties

The cocentration of the samples was determined using a Vanquish Core HPLC [64]. The surface tension
was dynamically determined using a bubble pressure tensiometer from Krüss [65]. The density and viscosity
were determined using a Rolling-ball viscometer: Lovis 2000 M/ME from Anton Paar. The properties of
the chemical compositions studied in this research are tabulated in Appendix C.

3.2 Experimental Procedure

3.2.1 Scatter Characterization

To characterize X-ray scatter for each detector, each individual detector signal was quantified over 30
seconds, with the X-ray source inactive, and the other two sources active (see Fig. 6).
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Figure 7: Relations between the number of carbon atoms (mc) per molecule type and coalescence limiting concen-
tration (c0). This figure was adopted from Keitel and Onken [34].

Scatter characterization is performed for water and for 1-propanol at a concentration of approximately
20 g/l. The holdup was increased by increasing the volumetric gas-flow. The measurements were set to 30
seconds (662 frames). This measurement time is shorter than for the actual measurements of the dynamic
system. The scattering is determined for all three detectors for a wide range of hold-ups.

The scattering was also determined for the other compounds. Since it was found that holdup did
not significantly influence scattering, the scattering was only determined for a static system for every
concentration. The measurement time was set to 10 seconds to determine an acceptable mean intensity
for every pixel (see Appendix D.2).

3.2.2 Measurements Concentration Series

Each experimental day was dedicated to testing a single compound. The liquid height was set to 100 cm
above the sparger plate. This results in a H/D ratio of more than 5. Literature found that hydrodynamic
parameters are translatable between scales for systems with an H/D ratio>5 and D>15 cm [31, 66, 67].
A sample was taken to quantify contamination from previous experiments. The compounds were added to
the BCR via a syringe. After addition, the liquid level was adjusted back to 100 cm with tap water. The
compound was mixed for at least one minute at a superficial gas velocity of 0.05 m/s.

X-ray and pressure measurements were first conducted without gas flow, including scatter characteriza-
tion. During all X-ray measurements, pressure probe signals were recorded simultaneously. Subsequently,
gas was introduced at 80 L/min. Once foam stabilized, X-ray and pressure data were collected for 2 minutes.
This averaging time provides a reliable mean pressure (see Appendix D.1). Void fraction was then measured
at positions 1, 3, 5, 7, and 9 (1), and BSD was measured at these positions for the highest concentration of
each compound. At the highest concentration, void fraction was also recorded at all nine positions. After
fiber probe measurements, liquid height was noted and a sample was taken. The concentration was then
increased for the next measurement cycle. An overview of the workflow is shown in Fig. 8.

3.3 Correlations

3.3.1 Correlations Global Gas Holdup

Many correlations for gas holdup in bubble columns exist. The current study investigates the correlations
for global gas holdup from Hughmark [68] (see Eq. 13), Kumar et al. [69] (see Eq. 14), Hikita and Kikukawa
[70] (see Eq. 15), Hikita et al. [71] (see Eq. 16), Reilly et al. [72] (see Eq. 17), Bekish et al. [73] (see
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Figure 8: Workflow of measurements for the concentration series. This workflow was used for ethanol, 1-propanol,
iso-propanol, butanol, acetic acid and lactic acid. The measurements with bubbles were conducted at a volumetric
gasflow of 80 l/min which corresponds in this setup to a superficial gas velocity of 0.05 m/s.

Eq. 18), Anastasiou et al. [74] (see Eq. 19) and Azizi et al. [75] (see Eq. 23). Many of the correlations are
of the general form aUn

g . Moshtari et al. [76] states that the fitting parameter n tells us something about
the flow regime for which the correlation is applicable. Generally 0.7 < n < 1. is used for the homogeneous
regime and 0.4 < n < 0.7 is used for the heterogeneous regime [76].

Hughmark (1967)
The correlation from Hughmark [68] is an empirical formulation developed from a wide experimental
database covering various gas–liquid systems and column diameters. The correlation is stated to be a
function of the superficial gas velocity and is primarily applicable to the bubbling regime in co-current
systems.

ϵ = Ug · 0.3038
(

62.4

ρl · 16.0185
72

σ · 0.001

)1/3

(13)

The numbers in bold in Eq. 13 are added to the equation to convert to the metric system.

Kumar et al. 1976
Kumar at al. [77] published a correlation suitable for a wide variety of systems (Eq. 14), including

the dispersed (homogeneous) flow regime and heterogeneous flow regime. They used data from different
process conditions with superficial gas velocities up to 15 cm/s. They found an average deviation of ±8.34%
[77].

ϵg = 0.728U − 00.485U2 + 0.0975U3 (14)

with

U = Ug

(
ρ2l
σ

(ρl − ρg) g

)1/4
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Hikita and Kikukawa (1974)
The correlation from Hikita and Kikuwaka (Eq. 15) [70] was validated in heterogeneous flow regime. Their
correlation includes some physical properties of the system.

ϵ = 0.505U0.47
g

(
0.072

σ

)2/3(
0.001

ηl

)0.05

(15)

Hikita et al. (1980)
Hikita et al. [71] published a correlation applicable for turbulent systems (Eq. 16) with superficial gas
velocities ranging from 0.042 to 0.38 m/s [72]. The correlation is for pure liquids or non-electrolyte
solutions.

ϵ = 0.672U0.574
g ρ0.069l ρ0.062g σ−0.185η−0.053

l η0.107g g−0.131 (16)

Reilly et al. (1986)
The correlation presented by Reilly et al. [72] was correlated statistically for the transition and the turbulent
region. The authors aimed to obtain a generalized correlation for the heterogeneous flow region (Eq. 17).

ϵg = 296U0.44
g ρ−0.98

l σ−0.16ρ0.19g + 0.009 (17)

Behkish et al. (2006)
Behkish et al. [73] proposed a generalized correlation for total gas holdup (Eq. 18) derived from an
extensive data set including various gas–liquid and gas–liquid–solid systems. This model incorporates
multiple operating and design parameters including pressure, temperature, superficial gas velocity, column
diameter, solid loading, and sparger type.

ϵg = 4.94×10−3

(
ρ0.415l ρ0.177g

η0.174l σ0.27

)
U0.553
g

(
PT

PT − PS

)(
D

D + 1

)−0.117

Γ0.053 exp[−2.231CV −0.157(ρP dP )−0.242XW ]

(18)

with

Γ = (KdNod
ϵ
o) ,

ξ =
100Nd2o

D2

Γ represents the effect of the sparger plate. Kd is the distributor coefficient, No is the number of
orifices in the sparger, and do is the diameter of the orifice. For the perforated plate in the current study,
Kd is 1.364 and α is 0.303. The last term in Eq. 18 represent the effect of biomass. The volumetric solid
concentration (CV ) is 0, since there are no solids. In the case of bubble column reactors ρP , and dP are
also zero. The weight fraction of the primary liquid in the mixture (XW ) was set to 1, since the BCR is
almost entirely filled with water. An estimation of the vapor pressure (PS), and total pressure (PT ) are
2 · 10−3 MPa and 0.103 MPa, respectively.

Anastasiou et al. (2010)
Anastasiou et al. [74] developed a set of gas holdup correlations focused on systems employing porous sparg-
ers and surfactants. For non-ionic surfactant systems, they provided a specific correlation in dimensionless
form (Eq. 19). It was derived from experimental data in the pseudo-homogeneous regime and accounts for
the effects of surfactant type and concentration. Constants for this equation are system-dependent, and the
reported version applies to non-ionic surfactant systems, showing deviations below 20% from experimental
data.
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ϵ = 0.0034

(
Fr0.6Ar0.15Eö1.85

(
ds
dc

)0.2(
dp
ds

)−0.3
)0.52

(19)

This correlation uses the Froude number (Fr) (Eq. 20, similar to Eq. 35), the Eötvos (Bond) number
(Eö) (Eq. 21), the Archimedes (Galileo) number (Ar) (Eq. 22), the ratio of the sparger diameter over the

column diameter ds

dc
and the ratio of the mean pore diameter over the diameter of the sparger

dp

ds
.

Fr =
U2
g

dcg
(20)

Eö =
d2cρlg

σ
(21)

Ar =
d3cρlg

η2l
(22)

Azizi et al. (2019) Azizi et al. [75] proposed a coupled model for total gas holdup in which the mean
bubble diameter serves as the characteristic length scale in the dimensionless formulation:

ϵg = 1.1 · 10−3Re1.12dm
Eo−0.89

dm
(23)

The mean bubble diameter is predicted through a separate correlation that incorporates sparger type
and operating conditions. The correlation shows good agreement with experimental data in both the homo-
geneous and heterogeneous regime but its accuracy is dependent on the quality of bubble size estimation.

3.3.2 Correlations Holdup Distribution

The number of correlations for gas holdup distribution are limited in literature [75]. Due to the absence of
universally applicable fundamental equations for predicting radial holdup profiles, empirical models remain
essential. In this work, four different radial gas holdup correlations were selected. These correlations were
implemented and evaluated against experimental data obtained in a lab-scale air–water bubble column to
assess their accuracy and applicability.

Ueyama and Miyauchi (1979)
The correlation from Ueyama and Miyauchi [78] is an early empirical formulation based on extensive exper-
imental observations. The radial profile was assumed to follow Eq. 24.

ϵg(ξ) = ϵ̃g

(
n+ 2

n

)
(1− ξn) (24)

with n ≈ 2

This model was used qualitatively, as no explicit correlation for c or n based on operating conditions was
provided. Several values of n (typically between 2 and 8) were tested based on literature ranges. In the
current study n was chosen to be 2.5 to better fit the results. ϵ̃g is the radial chordal average gas holdup.

Wu et al. (2001)
This model (Eq. 25) introduced a normalized formulation that accounts for variations in the holdup profile
shape through correlations of n and c with standard dimensionless groups.

ϵg(ξ) = ϵ

(
n+ 2

n+ 2− 2c

)
(1− cξn) (25)
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with

n = 2.180 · 103
(
DcUg(ρl − ρg)

ηl

)−0.598
(

U2
g

gDc

)0.146(
gη4l

(ρl − ρg)σ3

)
,

c = 4.32 · 10−2

(
DcUg(ρl − ρg)

ηl

)0.2492

.

Where ξ is the non-dimensional radius, Dc is the diameter of the BCR, g is the gravitational constant.

Schweitzer et al. (2001)
This model from Schweitzer et al. [2] is the simplest model tested in the current study (Eq. 26).

ϵ(ξ) = ϵ
(
−1.638

(
ξ6 − 1

)
+ 1.228

(
ξ4 − 1

)
− 0.939

(
ξ2 − 1

))
(26)

The fixed coefficients (from literature) define a universal profile shape. This model assumes that the
normalized radial profile is independent of operating conditions and is intended to reflect typical distributions
observed in both gas-liquid and slurry bubble columns [2].

Azizi et al. (2019)
The correlation from Azizi et al. [75] follows a ”coupled” approach where the shape parameters are linked
to the mean bubble diameter and associated dimensionless groups (Eq. 27).

ϵg(ξ) = ϵg,max(1− cϵξ
nϵ) (27)

The maximum gas holdup is defines as (28)

ϵg,max =
(nϵ + 2) ϵg

(nϵ + 2− cϵ)
(29)

with

cϵ = 0.65Re−0.30

dm
Eö0.68

dm
,

nϵ = 0.23Re−0.39

dm
Eö−0.18

dm

Where Redm
and Eödm

are the Reynolds and Eötvös numbers based on the mean bubble diameter (see
Eq. 30 and Eq. 31).

Redm
=

ρlUgdm
ηl

(30)

Eödm
=

ρlgd
2

m

σ
(31)

The mean bubble diameter (dm) was determined using BSD measurements with the optical fiber probe.
The Sauter diameter (see Eq. 7) was chosen as approximation.

3.3.3 Correlation Marangoni number and Global Gas Holdup

The correlation proposed by Wang et al. (see Eq. 33) incorporates several dimensionless numbers that
characterize hydrodynamic phenomena [1]. These include the Froude number (Fr), Bond number (Bo),
Galilei number (Ga), Marangoni number (Ma), and Péclet number (Pe). Additionally, the dimensionless
capillary number (Ca) is used in the calculation of Ma (see Eq. 4).

Wang et al. did not document all values of the dimensional numbers. Therefore, validating their work is
challenging. To validate validate and extend their work, correlating the Ma number with ϵ, three methods
were applied :
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• Method 1 implements calculations of the dimensionless numbers, differing from the original method-
ology used by Wang et al (Table 3). These computed values are then used to fit the parameters in
Eq. 32.

• Method 2 adopts the same computational approach for the dimensionless numbers as Method 1
(Table 3, ”This Study”), but applies the original fitting parameters reported by Wang et al. Eq. 33
in the correlation.

• Method 3 attempts to replicate the calculation methods of Wang et al. for the dimensionless numbers
and uses their full correlation as published (see Eq. 33).

Concretely, method 1 and 2 applies equations for Ca (Eq. 36), Ga (Eq. 37) and Bo (Eq. 38) that are
different than the equations used by Wang et al. [1]. The differences are summarized in Table 3.

ϵ = aFrbBocGad(
ρg
ρl

)e(1 + 3000MafPeg))h (32)

ϵ = 1.97Fr0.78Bo0.013Ga0.010(
ρg
ρl

)0.21(1 + 3000Ma2.0Pe−4.2))4.6 (33)

Pe =
ReqV

Dl
(34)

Fr =
Ug√
gDb

(35)

Ca =
ηlul

σ
(36)

Ga =
ρl
√
gDbDb

ηl
(37)

Bo =
∆ρgD2

b

σ
(38)

Table 3: Dimensionless numbers used in this study compared to dimensionless numbers used by Wang et al. [1]

Abbrev. Wang et al. This Study Eq.

Ca ηbV
σ

ηlu
σ Eq. 36

Ga
ρ2
l gD

3
b

η2
l

ρl

√
gDbDb

ηl
Eq. 37

Bo
ρlgD

2
b

σ
∆ρgD2

b

σ Eq. 38

Wang et al. [1] used the superficial gas velocity of the riser (Ugr) in their methodology for an ILAR.
The current study used Ug instead. Calculating Ug from Ugr is possible using Eq. 39. Where Ar is the area
of the riser and Ad is the ares of the downcomer. However, the ratio between Ar and Ad is not known for
the BCR in the current study and the ratio used by Wang et al. [1] is not applicable due to the difference
in reactor type.

Ug =
UgrAr

ArAd
(39)
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3.4 X-ray Tomography

X-ray tomography was used to investigate local gas holdup in the BCR. SIRT was used to make recon-
structions from the 2D projections (see Chapter 2.6.2). First, the geometry of the system was determined
by applying a calibration as developed by Graas et al. [53].

The beam hardening (see Chapter 2.6.4) correction required information about the distance an X-ray
traveled through the BCR. Based on the geometry found by the calibration this path length was calculated.
The methods to correct the X-ray images for scattering and beam hardening are explained in the result
section (see Chapter 5), since the goal of this thesis is to improve the methodology of X-ray tomography
for BCR.

3.4.1 Calibration

Accurate tomographic reconstruction requires a precise geometric model of the X-ray imaging system,
including the 3D positions of the X-ray sources and detectors, as well as the orientation of each detector
plane. To achieve this, a calibration method from Graas et al. [53] was applied.

The bubble column was placed at the center of the setup and imaged at multiple angles using a motorized
rotation table. Projection images were captured from all three detectors for each rotation angle. The outside
of the column walls were marked with needles and pins. These features were manually annotated across
several projection angles to establish 2D projection coordinates corresponding to known geometric elements
of the column. These marks were used as reference points for calibration.

A mathematical model was then used to match the 2D positions of these features in the images to their
3D positions in space, based on how X-rays travel through the setup. This was done using a least-squares
optimization, which automatically adjusted the estimated positions of the X-ray sources and detectors to
best fit the marked image points. This optimization also included the orientation of the detector planes.
A method called the Levenberg–Marquardt algorithm was used, which is commonly used for this type of
problem.

Since the system does not know real-world distances yet, the result of the calibration is only correct up
to a scaling factor. To fix the scale, the known diameter of the bubble column was used. A reconstruction
of the column after a full rotation resulted in a high-resolution reconstruction.

This calibration approach is efficient and accurate. It avoids the need for precise physical measurements
of the detector and source positions and significantly improves the quality of the final 3D reconstructions.

3.4.2 X-ray Path-length Through Column

Beam hardening causes the attenuation of X-rays to become non-linear when plotting the logarithm of
intensity versus the distance traveled through the material. This occurs because lower-energy photons are
absorbed more readily than higher-energy ones, leading to a deviation from the ideal exponential attenuation
expected under the Beer-Lambert law (see Chapter 2.6.4). So, the quantification and correction of beam
hardening requires to distance of an X-ray through the BCR. The calculation for the distance an X-ray
beam travels through the column is explained in this section.

The calibration of the X-ray set-up, developed by Graas et al. [53], results in the coordinates of the
source (SX , SY , SZ) and the middle of the detector (DX , DY , DZ). Besides it results in two vectors for
every detector: u is the vector from detector pixel (0,0) to (0,1). v is the vector from detector pixel (0,0)
to (1,0). The height and width of the pixels are 0.0198 cm. The detector height and width are 30.2 and
30.7 cm, respectively.

The pixels of the detector are indexed in a two-dimensional arranged in 1524 (Nr) rows and 1548 (Nc)
columns. The center of the detector is positioned at known coordinates: (DX , DY , DZ)

Each pixel is indexed by two integers. i is the row index, which describes the vertical position of the
pixel and j is the column index, which describes the horizontal position of the pixel.

Since the middle of the detector is set as the reference point (i, j) = (0, 0), the row and column indices
range symmetrically around zero:

i ∈
[
−Nr

2
,
Nr

2

]
, j ∈

[
−Nc

2
,
Nc

2

]
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where:

• i = −Nr

2 corresponds to the topmost row, and i = Nr

2 corresponds to the bottommost row.

• j = −Nc

2 corresponds to the leftmost column, and j = Nc

2 corresponds to the rightmost column.

The detector’s pixel arrangement is defined by two unit vectors:

• The horizontal unit vector u describes the direction and spacing between adjacent pixels along a
single row:

u = (uX , uY , uZ)

• The vertical unit vector v describes the direction and spacing between adjacent pixels along a single
column:

v = (vX , vY , vZ)

These vectors account for the detector’s orientation in 3D space and define the distance between adjacent
pixels. The vectors allow to determine the 3D coordinates of the pixels from the pixel indices (i, j). Using
the detector center as the reference point, the 3D coordinates (x, y, z) of a pixel at position (i, j) are
computed as:

x(i, j) = DX + j · uX + i · vX

y(i, j) = DY + j · uY + i · vY

z(i, j) = DZ + j · uZ + i · vZ
This formulation results in a complete 3D representation in Cartesian coordinates for the whole system.
To calculate the distance that an X-ray beam travels through the BCR, we model the beam as a straight

line from the source to a pixel on the detector. It is assumed that the BC is aligned along the z-axis and
centered at the origin, with radius r.

Since the coordinates of the detector pixels and the coordinates of the source are known, we are able
to define the direction vector d = (a, b, c), where:

a = x− Sx, b = y − Sy, c = z − Sz

The parametric form of the X-ray beam is then given by:

r(t) = S+ td = (Sx + at, Sy + bt, Sz + ct)

So, the X-ray beam can be expressed as three linear equation for x, y, z:

x(t) = Sx + at

y(t) = Sy + bt

z(t) = Sz + ct

The BCR is modeled as an infinite circular cylinder centered on the z-axis with radius r. The equation of
the cylinder is:

x2 + y2 = r2

To find the intersection points of the X-ray with the BC, we substitute the parametric equations for
x(t) and y(t) into the cylinder equation:

(Sx + at)2 + (Sy + bt)2 = r2

Expanding and simplifying gives a quadratic equation in t:

At2 +Bt+ C = 0
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where
A = a2 + b2

B = 2(aSx + bSy)

C = S2
x + S2

y − r2

The solutions to the quadratic equation are given by the formula:

t1,2 =
−B ±

√
B2 − 4AC

2A

The values t1 and t2 correspond to the entry and exit points of the X-ray beam through the cylinder.
These are substituted back into the parametric equation to obtain the coordinates of the two intersection
points A and B:

A = r(t1), B = r(t2)

The path length d of the X-ray through the cylinder is the Euclidean distance between points A and B:

d = ∥B−A∥ =
√

(xB − xA)2 + (yB − yA)2 + (zB − zA)2

If the discriminant ∆ = B2 − 4AC is negative, then the ray does not intersect the cylinder and d = 0
for that beam.
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4 Results: Assessment of Gas Holdup Correlations in Bubble Col-
umn Reactors

4.1 Correlating Marangoni Effect with Holdup

Wang et al. [1] showed the correlation between the Marangoni effect and gas holdup in an internal-loop
airlift reactor (ILAR) (Eq. 33). Even though the given correlation is very useful for the system they studied,
it does not apply for all other gas-liquid systems. They measured the gas holdup in a system with water
and ethanol in an ILAR. They measured the holdup at a superficial gas velocity similar to the system in the
current study (5 cm/s). The pressure in the system of tested by Wang et al. was higher (1.5 bar) compared
to the system tested in this study (1 bar). Their gas holdup results are different compared to the system
investigated in the current study (see Fig. 9). As expected, the gas holdup is lower in the ILAR than in
the BCR results, even though the system in [1] operates at higher pressure, which could also contribute to
reduced holdup due to increased gas density. However, the dominant factor appears to be the ILAR design,
which includes internal structures that promote faster bubble rise and more frequent coalescence, resulting
in less gas retention within the liquid [79].

Figure 9: Comparison of the global gas holdup of a water-ethanol system between Wang et al. (2023) [1] and this
study. The data from Wang et al. comes from experiments in an ILAR at a pressure of 1.5 bar. This study focused
on a BCR at 1 bar.

The Marangoni effect number for gas holdup (1+3000Ma2.0Pe−4.2)4.6) was calculated to validate the
correlation by Wang et al. [1] for BCRs. This is a combination of the Ma en Pe number that correlates with
bubble coalescence time [1]. With the given documentation of their study, the Marangoni effect number was
calculated for the current study. The Pe number (Eq. 34) is calculated with the radius of the bubbles (Req),
the approach velocity (V ) and the diffusion coefficient (Dl). In this study, approach velocities of around 20
cm/s were observed (see Appendix E). However, only gentle collisions of bubbles with an approach velocity
of 1 mm/s were considered [1]. The bubble radius used by Wang et al. is about 0.5 mm. However, this
study found a d32 of around 4 mm, equal to an Req of around 2 mm. Although the bubble radius likely
varies between experiments, BSD was not measured for all samples. As a result, a constant radius of 2
mm was assumed. Consequently, the Pe number is treated as constant for all experiments involving the
same compound. For the ethanol experiments, 1/Pe is calculated and compared with the 1/Pe number
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reported by Wang et al. (see Appendix F Fig. 27). The impact of using a different bubble radius is also
shown in Appendix F Fig. 27. The different Pe numbers also result in different Marangoni effect numbers
(see Fig. 10).

Figure 10: The Marangoni effect number for a water-ethanol system. The results of this study for bubbles with a
radius of 2 mm and 0.5 mm are compared to literature data by Wang et al. [1].

The dimensionless capillary number (Ca) is the ratio between viscous and interfacial stress (see Eq. 36).
Wang et al. used the viscosity of the bubble (µb) and the approach velocity (V ) (see Table 3). However,
the viscosity and velocity of the liquid is more common to use (see Eq. 36) [80, 81]. The surface tension
(σ) was measured for all the samples and plotted against the natural logarithm of the concentration (see
Appendix G, Fig. 28). The measured surface tension of ethanol was compared with literature (see Appendix
G, Fig. 29). The gradient ( dσ

dln(x) ) at the different data points were used to calculate the surface excess

(Γeq). The surface excess was calculated using Gibbs isotherm (see Eq. 40). This methodology was verified
by comparing the surface excess with literature data for the ethanol-water mixture. It was found that the
surface excess is in line with literature data (see Appendix H, Fig. 30).

Γeq = − 1

RT

dσ

dln(x)
(40)

The surface tension (σ) and surface excess (Γ) are plotted (see Fig. 11) to determine the gradient (dσdΓ )
required to calculate the Ma number (see Eq. 4).

The Marangoni numbers calculated for ethanol and water samples in this study show some discrepancies
compared to those reported by Wang et al. [1] (see Fig. 12). These differences are primarily attributed
to variations in the input parameters and calculation methods used. The Ma number calculated in this
study used the equations described in Chapter 3.3.3, Method 1. While the same general formula was used
to compute the Marangoni number (see Eq. 4), Wang et al. applied different approaches for determining
the Ca, Ga and Bo numbers (Chapter 3.3.3, Method 3). Moreover, the lack of detailed documentation in
their methodology further limits the ability to perform a direct comparison.

The dependence of the Ma number on the global gas holdup is shown in Fig. 13. The figure shows that
an increased Ma number results in a higher global gas holdup. The correlation of Wang et al. (see Eq. 32)
is fitted though this data to find new fitting parameters (see Section 3.3.3, Method 1). The correlation
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Figure 11: Surface tension measurements for different values of surface excess. A parabolic equation is fitted
through the data. The measurements are done for ethanol, n-propanol, iso-proanol, n-butanol, acetic acid and lactic
acid.

that fits the data from this study is given in Eq. 41. The predicted global holdup by Eq. 41 is for 90% of
the samples within the 10% error range from the measured global gas holdup (see Fig. 14 and Table 4).

Surprisingly, Method 2 (see Section 3.3.3) also results in a good prediction of the global gas holdup.
The methodology of calculating the dimensionless numbers in the holdup correlation are different than done
by Wang et al. Still, the correlation from Wang et al. predicts 92% of the holdup values within a 10%
error margin from the experimental data. Method 3 (see Section 3.3.3) results in an under-prediction of
the gas holdup compared to the measured holdup. This is explained by the different process investigated.
The method from Wang et al. was developed for an ILAR which results in a lower gas holdup compared to
BCRs (see Fig. 9).

ϵ = 1.97Fr0.77Bo0.232Ga−0.095(
ρg
ρl

)0.17(1 + 3000Ma2.04Pe−4.17))4.60 (41)

Table 4: Statistical comparison between the methods shown in Fig. 14. The table shows the mean absolute error
(MAE), the root mean squared error (RMSE), the mean absolute percentage error (MAPE), and the percentage of
data points within a 10% and 20% error margin from the experimental data.

With different methodology of calculating the dimensionless numbers, the correlation of Wang et al.
(Eq. 33) predicts the global gas holdup accurate for the system studied in this research. Ideally, the
calculation of dimensionless numbers are the same for different systems. The difference in process conditions
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Figure 12: The influence of alcohols and acids on the Marangoni number. The measurements are done for ethanol,
n-propanol, iso-proanol, n-butanol, acetic acid, and lactic acid.

should be embedded in the correlation or separate correlation should be used. So, one clear method to
calculate input values for a certain correlation is favored.

4.2 Comparison of Global Gas Holdup Correlation

Different correlations predicting the global gas holdup in multiphase reactors (see Chapter 3.3.1) like BCR
other than the correlation from Wang et al. [1] are compared to experimental work from this study (Fig. 15).

Table 5: Statistical comparison between the methods shown in Fig. 15. The table shows the mean absolute error
(MAE), the root mean squared error (RMSE), the mean absolute percentage error (MAPE), and the percentage of
data points within a 10% and 20% error margin from the experimental data.

Most of the correlations do not predict the mean gas holdup for the experimental conditions from the
current study. The correlations from Hughmark Eq. 13 [68] and Anastasiou et al. Eq. 19 [74] are only
applicable in the homogeneous regime according to their publications. Compared to the measurements
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Figure 13: The dependence of the Ma number on the global gas holdup. Here, the global gas holdup was determined
using pressure probes and Eq. 2.

from this study, they predict values for gas holdup well above the measured holdup. However, the trend of
increased gas holdup for mixtures with a larger Ma number is visible. The correlation of Reilly et al. Eq. 17
[72] on the other hand does not predict many variations between the different conditions.

The most recent correlation examined is from Azizi et al. (Eq. 23) [75]. Their correlation predicts
lower holdup values for mixtures with a higher Ma number. The reason for the disagreement between their
correlation and the current study comes from the difference in experimental conditions. In their study they
only used deionized water and air. The addition of surfactant molecules like acids and alcohols has a great
effect on holdup which is not well captured in this correlation. Moreover, the correlation relies on a model
predicting the mean bubble diameter. In their correlation for a system similar to the system used in the
current study they use a mean bubble diameter of over 10 mm [75]. The mean diameter of the current
study varies between the experiments due to addition of organic compounds. The d32 represents a good
normalized mean diameter of the bubbles. In this study, however, the d32 was found to be around 4 mm
(Appendix I).

The correlation proposed by Hikita and Kikukawa (Eq. 15) [70] aligns most closely with the results of
the present study, predicting 70% of values within a 10% error margin and 100% of the values in a 20%
margin of error relative to the experimental data (Table 5). It is surprising that the correlation proposed by
Hikita and Kikukawa [70] (Eq. 15) provides more accurate predictions than the later correlation by Hikita
et al. [71] (Eq. 16), especially given that the latter study noted their earlier model tends to overestimate
the influence of surface tension. The negative exponent for σ indicates that lower surface tension leads
to increased holdup. However, contrary to the claim by Hikita et al. [71], the earlier correlation does not
appear to significantly overestimate this effect. The main reason for the disagreement of the relation from
Hikita et al. (Eq. 16) is because they use a column with a diameter of 10 cm. The holdup of columns with
a diameter lower than 10-15 cm are very dependent on the column diameter [72]. The correlation form
Hikita and Kikukawa (Eq. 15) is based on experiments with a 19 cm diameter column.

The correlation from Behkish et al. (Eq. 18) [73] underestimates the holdup more than the correlation
from Hikita and Kikukawa [70]. Behkish at al. [73] validated their correlation in a large scale slurry BCR
with syngas making it most applicable for biotechnological processes like gas fermentation.

Despite some of the inaccuracies of the correlations shown in Fig. 15, the predicted holdup values by
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Figure 14: Parity plot for comparison between the method and correlation of Wang et al. [1] and the current study.
Error margins of 20% and 10% are indicated in gray.

the correlation from Behkish et al. are for 86% within a 20% error margin. It is advisable to incorporate the
Ma number in the correlation as done by Wang et al. Their correlation Eq. 33 interpreted using method
2 (see Chapter 3.3.3) shows best agreement with the experimental work from the current study,for 100%)
within a 20% error margin (Table 4).

4.3 Local Holdup Correlations

Local holdup measurements were conducted using an optical fiber probe (see Fig. 16). Addition of organic
compound results in an upward shift of the holdup distribution. However, further addition of organic
compound results in a different change in distribution. For example, it is found that alcohols and acids
increase gas holdup[10], but the distribution of the holdup becomes flatter as found by Veera et al. [82] in
an experiment with n-butanol. The correlations from Wu et al. [83] (see Eq. 25), Schweitzer et al. [2] (see
Eq. 26), Ueyama and Miyauchi [78] (see Eq. 24), and Azizi et al. [75] (see Eq. 27) predict these changes.
Fig. 17 shows how well the correlations predict local gas holdup for conditions tested in the current study.
The correlations are compared to the data for water and for the solution with the highest Ma number, in
this case 1.2 g/l 1-butanol in water, in Fig. 18.

All correlations predict a lower holdup close to the wall than in the middle of the column. From Fig. 17 it
is concluded that the correlation from Ueyama and Miyauchi (Eq. 24) overestimates the holdup across most
of the column. The shape of the distribution is very flat from the middle of the column to around r/R=0.7
(Fig. 18). Then, the curve dramatically moves towards a holdup of 0 at the walls of the column. This
shape results in an overestimation of the holdup for many locations between r/R=0 and r/R=1 (Fig. 18).
The correlation from Ueyama and Miyauchi uses a parameter n to determine the shape of the distribution.

40



4 RESULTS: ASSESSMENT OF GAS HOLDUP CORRELATIONS IN BUBBLE COLUMN REACTORS

Figure 15: Parity plot comparing different correlations for global gas holdup. Method 2 refers to the correlation
described by Wang et al. [1] (Eq. 33), with the method described in this study (Chapter ??).

They note values between 1.5 and 8 for different systems. The optimal value for n was found to be 5.8 for
the current study. A sensitivity analysis shows the impact of this value on the shape of the distribution (see
Appendix J, Fig. 40). Better fits can be found if the value n is optimized for every condition. However,
general correlations without the need of fitting parameters are desired.

The correlation from Wu et al. (Eq. 25) overestimates the holdup the most close to the walls (Fig. 17).
Fig. 18 clarifies that their correlation does not take into account that there are no bubbles at the walls of
the column. The same problem appears for the correlation from Azizi et al. (Eq. 27). Both the correlations
from Wu et al. and Azizi et al. show better predictions around the middle of the column (r/R close
to 0), but underestimate. The correlation from Azizi et al. particularly underestimates the holdup for
non-dimensional radius values (r/R) greater than 0.5 (close to the column wall). Since regions closer to
the outer wall contribute more significantly to the overall holdup due to the cylindrical geometry, accurate
predictions in this range are especially important (see Appendix K). Despite the physical principles captured
in the correlations from Wu et al. and Azizi et al., they do not accurately predict the holdup distribution
for the current process, making them not general applicable.

The correlation from Schweitzer et al. (Eq. 26) on the other hand, is relatively simple to apply. The
only input parameter in this correlation is the mean holdup in the BCR. The mean holdup determined using
the pressure probes was used for this. The correlation estimates the holdup distribution better than the
other three correlation, despite its simplicity. Overall, the correlation overestimates the holdup, but mostly
(89%) within a 20% margin (see Table 6 and Fig. 17). Fig. 18 further clarifies the good prediction ability
of Eq. 26.

None of the correlations includes the Ma number. Still the correlation perform well for Marangoni
numbers up to 5000 (Fig. 17). Fig. 17 suggests that local holdup of process conditions with Ma above
5000 are over-predicted by the models. However, statistical tests for this claim must be performed to draw
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Figure 16: Local holdup changes for ethanol, n-propanol, iso-proanol, n-butanol, acetic acid and lactic acid. The
Ma number of without addition of organic compound is set to 1.

Table 6: Statistical comparison between the methods shown in Fig. 17. The table shows the mean absolute error
(MAE), the root mean squared error (RMSE), the mean absolute percentage error (MAPE), and the percentage of
data points within a 10% and 20% error margin from the experimental data.

any conclusions.
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Figure 18: Holdup distribution fits for water (A) and 1.2 g/l 1-butanol (B) which has the highest Ma number.
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5 Results: Improvement of X-ray Tomographic Techniques for Mul-
tiphase Flow Characterization

Scattering and beam hardening remain challenges for X-ray tomography in academia. This part of the
current study will focus on the improvement of the methodology of X-ray tomography, challenging the
hurdles of scattering and beam hardening. The distance through the BCR is calculated using data obtained
from the calibration of the system using the method explained in Chapter 3.4.2. This chapter discussed a
correction for cross-scattering and a method for beam hardening is explained.

5.1 Scattering

5.1.1 Dependence of Scatter on Holdup

Attaching the top part to the middle part of the column takes some time. To save time during experimental
days. The amount of scattering was determined for the column with and without cap. It was found that
the top part did not significantly influence the scattering when it was not placed near a detector or source.

The composition of the liquid can influence the amount of scattering. Therefore, scatter measurements
(see Chapter 3.2.1) are conducted for all concentrations of all compounds. It was hypothesized that the
gas holdup would not influence the amount of noise caused by scattering up to a certain point. This was
tested by measuring scatter for a system with water at different gas flows. It was found that the gas-flow
does not significantly impact the amount of scatter detected (Appendix L,Fig. 41).

5.1.2 Cross-Scatter correction

Different parts of the detector detect different amounts of scattering (see Appendix M, Fig. 42). Therefore,
time-averaged scattering is subtracted from each pixel for each detector to obtain scatter-corrected 2D-
images. This correction is applied to images of the full column and of images of the empty column.

Reconstructions before and after scatter correction (SC) are compared by plotting the value − ln I(x)
Iempty

against the distance through the column (Fig. 19). It is shown that − ln I(x)
Iempty

is higher after SC, since

the intensity (I(x)) is lower after correcting for cross-scattering.

− ln
I(x)

I0
= µx (42)

5.2 Beam Hardening

The 2D X-ray images of the BCR must be corrected for beam hardening for accurate tomographic reconstruc-
tion. Without beam hardening, the logarithmic attenuation, as described by the rewritten Beer-Lambert
law in Eq. 42, follows a linear relationship with a slope µ. However, in the presence of beam hardening, the
effective attenuation coefficient decreases with increasing material thickness (see Chapter 2.6.4), resulting
in a curved attenuation profile rather than a straight line, as seen in Fig. 19.

In the first part of the plot, where beam hardening does not play a significant role, we obtain a
linear effective attenuation coefficient (slope) of around 0.2 cm−1. The image data is corrected as if the
attenuation coefficient is constant at this value.

To correct the images, we use pixel intensities from measurements of the full liquid-filled column (i.e.,

without gas) to compute − ln I(x)
I0

as a function of path length x. A horizontal band of pixels with a
height of 100 pixels was used to fit a polynomial. This polynomial approximates the relationship between
attenuation and distance through the medium, allowing us to estimate x for any measured attenuation
value. A different polynomial is used for the left and right side of every detector.

The correction computes x from the measured intensity using the fitted polynomial, and then recalculates
the ’ideal’ attenuation using the linear Beer-Lambert relationship with µ = 0.2 cm−1 (see Eq. 43). Applying
this correction to the full-column data yields a linear attenuation profile, as expected for a system without
beam hardening (see Fig. 19).
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Icorr = Iemptye
−0.2x (43)

Figure 19: Comparison between corrected and not corrected images. The data without corrections (’Not corrected’)
is compared to data corrected for scattering (SC) and with data corrected for both scattering and beam hardening
(BHC).

The same polynomial functions are used to correct the data from experiments with gas flow. The
pixel intensity depends on how far the X-rays travel through the liquid. When gas is added to the bubble
column, we do not know exactly how many bubbles are between the X-ray source and the detector, so
the distance through the liquid is unknown. To find this distance, we use the measured intensity and the
earlier polynomial fit. Then the corrected intensity is calculated using the linear equation with a constant
µ = 0.2 cm−1. This results in images corrected for beam hardening (see Appendix N, Fig. 43).

If no correction is applied to the 2D images, a holdup profile opposite of what we expect is obtained,
with low gas holdup in the middle of the column and relatively high holdup close to the walls of the column
(see Fig. 20, ”No Correction”). Overall the gas holdup is smaller than expected, ranging up to around 0.09.

Correcting for cross-scatter results in a reconstruction with overall higher holdup values. In the recon-
struction, measurements from the BCR with and without gas flow are compared. The intensities of the not
corrected pixels are the result of the intensity from scattering plus the intensity directly from the source.
The high amount of noise due to scattering results in a relative small difference between the intensities
from the measurements with and without gas flow. Therefore, the images of the BCR with gas flow are
relatively similar to the images without gas flow. This effect appears in the reconstructions as low holdup
values for the not corrected data (Fig. 20, ”No Correction”) and higher holdup values for scatter corrected
data (Fig. 20, ”SC”).

The effect of beam hardening in BCR is characterized by a bright outer ring resulting in relatively high
gas holdups close to the wall compared to the middle of the column. This effect is most clearly seen from the
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reconstructions without any correction (Fig. 20, ”No Correction”), but is still present in the reconstructions
after correcting for cross-scattering (Fig. 20, ”SC”).

There are still inaccuracies in the reconstruction for the beam hardening corrected data. Since the
left and right side of the detector were corrected with a different polynomial, the reconstructions for

beam hardening corrected data result in different sections of intensities (Fig. 20). The value for − ln I(x)
I0

for different values of x should be the comparable for the two sides of the detector. However, often a
clear difference between the two sides was visible (see Appendix O). A deviation between the calculated
distances though the column (see Chapter 3.4.2) and the actual distance is found that could explain partly
the inaccuracies in the reconstructions. Further explanation on this deviation can be found in Appendix O.

5.3 Comparison of Holdup Measurements with Different Techniques

Applying the beam hardening correction as explained earlier in this chapter without scatter correction,
results in a reconstruction that is not physically interpretable. However, applying the scatter correction
in combination with the beam hardening correction, we obtain a reconstruction with the expected holdup
profile (Fig. 20, ”SC + BHC”). The profile is similar to the profile found with the optical fiber probe (see
Fig. 21).

Reconstructions were performed for all component concentrations after SC and BHC. The resulting
profiles were integrated to calculate the cross-sectional holdup (see Appendix K). The total holdup measured
using XRT was higher than that obtained with both the optical fiber probe and the pressure probes (Fig. 22).
The holdup distribution profiles from the X-ray reconstructions do not show a holdup of 0 at the walls. Here
the holdup has a greater impact on the overall holdup due to the cylinder geometry (see Eq. 44 Appendix
K). This could explain the over-prediction of overall holdup values for XRT.

A possible reason for the non-zero holdup at the walls comes from the inaccuracy in geometric calcu-
lations of the column (see Appendix O). This results in wrong reconstructions with higher errors close to
the walls. Another reason for the non-zero holdup at the wall of the column comes from the geometric
artifact caused by the low number of X-ray sources. Since only 3 source/detectors pairs are used for the
reconstructions, a heptagon-shaped column is reconstructed instead of a circular column. This is another
source of error which has greater implications close to the walls.

Determination of global gas holdup with different measurement techniques results in different outcomes.
Pressure probe measurements are considered to be most reliable to measure global holdup. The pressure
probes are independent of complex flow features, unlike local measurement techniques like the fiber probe
and XRT. XRT is sensitive to alignment errors, artifacts (e.g. geometric artifacts, and beam hardening),
and to noise (e.g. scatter). Fiber probe measurements results in a lower overall gas holdup. Bubbles under
100 µm are not measured by the fiber probe since they are too small to be perforated by the tip, resulting
in a underestimation of the gas holdup. Furthermore, small bubbles with low velocity are rejected from the
probe tip due to surface tension [84]. Another source of error could come from the deformation of bubbles
when they are pieced by the probe tip [85]. Additionally, the addition of surface active compounds make
the bubbles more rigid [86] and possibly harder to penetrate by the tip of the fiber probe. This results in a
lower measured gas gas holdup.

In this study the radial average holdup of one cross-sectional slice from the column is considered to be
the global gas holdup for XRT and FP measurements. Therefore, the variations in holdup along the axial
direction is neglected for these measurement techniques. Pressure differences between the top and bottom
of the BCR can affect gas holdup, because the gas expands when pressure decreases as the gas moves to
the top [87]. However, the pressure difference between the bottom and top of the BCR is considered too
small to significantly alter holdup near the sparger relative to the total holdup measured by the pressure
probes. Thus, it is assumed that axial gas holdup differences are relatively small in small bubble column.

Measurements were taken relatively close to the sparger plate. Fiber probe measurements were taken
at 57.5 cm above the sparger (Fig. 4) and the holdup determination from XRT is done for a single cross-
sectional slice between 37.5 cm and 57.5 cm. Gong et al. found that a dynamic equilibrium region was
only established 2.8 m above the bubble generator [88]. The effect of the sparger plate might be present
for the measurements conducted in this study. Even though, the holdup is dependent on the location of
the measurements, the measurements are still conducted in the same region.
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Figure 20: Reconstructions of the data without correction (No Correction), after cross-scatter correction (SC), after
beam hardening correction (BHC), and after cross-scatter correction and beam hardening correction (SC + BHC).
The reconstructions are depicted as horizontal slices (left) and vertical slices (right). Note that the color-bars have
different values, colors between images are not comparable.
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Figure 21: Comparison of the holdup distribution measurements from the fiber probe (FP) and X-ray tomography
(XRT) in a BCR filled with water at Ug = 0.05 m/s.

Figure 22: Comparison of global holdup measurements of pressure probes, a fiber probe and X-ray tomography.
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This study investigated the effect of the important fermentation products ethanol, n-propanol, iso-propanol,
n-butanol, acetic acid and lactic acid on gas holdup in BCRs. A primary objective was to correlate physical
and operational properties with global gas holdup. Analysis compared several existing correlations that
do not explicitly incorporate the Marangoni effect. Among these, the correlation by Hikita and Kikukawa
(Eq. 15) [70] aligned best with the experimental data (70% within a 10% error margin). The correlation
by Behkish et al. (Eq. 18) [73], which accounts for gas, liquid, and solid phases, also demonstrated strong
predictive performance, especially under conditions relevant to biotechnological processes. Both models
agreed with the measured data within a 20% margin (Fig. 15).

A further goal was to evaluate the influence of the Marangoni effect on gas holdup. While earlier
work by Wang et al. [1] addressed this in a water–ethanol system, inconsistent definitions of dimensionless
numbers have hindered reproducibility. This study reproduced Wang et al.’s results for water–ethanol and
expanded the approach to include additional alcohols and acids. A revised method for calculating the
Marangoni number (Method 2, Chapter 3.3.3), combined with the correlation from Wang et al. (Eq. 33),
yielded strong agreement with experimental data, with 87% of predictions falling within a 10% error margin
(Fig. 14). These results highlight the importance of including Marangoni effects in BCR modeling.

Local gas holdup distribution was also analyzed. Among the compared correlations, the model by
Schweitzer et al. (Eq. 26) [2] showed the best performance, accurately predicting 70% of local holdup
values within 10% error (Fig. 17, Fig. 18, Table 6). This model requires only the mean gas holdup as an
input, making it straightforward to apply. When combined with global gas holdup predictions, it offers a
reliable method for estimating local holdup in BCRs.

The second part of this thesis focused on improving X-ray tomography (XRT) methodologies for gas holdup
measurements in BCRs. Initial reconstructions from raw X-ray data deviated significantly from reference
measurements obtained via optical fiber probes and pressure differences. Two main sources of error, X-ray
scattering and beam hardening, were identified and addressed. A method was developed to estimate the
X-ray path length through the reactor, enabling corrections.

Cross-scattering was quantified and corrected, but this alone did not yield accurate reconstructions.
Subsequent analysis revealed that beam hardening had a substantial impact on image quality. By applying
corrections for both scattering and beam hardening, the reconstructed gas holdup profiles closely matched
those obtained from optical fiber probes. However, a consistent bias remained: XRT slightly overestimated
total holdup, while fiber probes underestimated it, compared to pressure-based measurements.

These findings demonstrate that, with proper correction techniques, XRT can be a powerful non-
invasive tool for studying gas holdup in multiphase reactors. The methodology developed here can serve as
a guideline for researchers working with similar X-ray imaging systems.
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7 Future Recommendations

This research evaluated different correlations for gas holdup in BCRs. Furthermore, this thesis showed a
method improving XRT for BCRs by showing a method to correct for scattering and beam hardening. This
chapter discusses recommendations for future work.

7.1 Correlations

Many industrial fluids are non-Newtonian or contain cells. Future studies should extend gas holdup measure-
ments to such complex systems, where bubble dynamics and holdup can differ substantially from Newtonian
single-phase liquids.

This thesis only grasped the surface of the study on bubble size distributions in bubble columns. Mea-
surements on BSD were only conducted for a small number liquid compositions. However, the change in
BSD has great impact on gas-liquid mass transfer. The specific interfacial area (a) in the volumetric mass
transfer coefficient (kLa) is directly influenced by the size and distribution of bubbles, with smaller bubbles
generally resulting in a larger interfacial area due to their higher surface-to-volume ratio.

Measurements for BSD and kLa enable the possibility to quantify the therm kL. It was shown that
alcohols reduce this value [89]. The rigid boundary layer decrease effective gas diffusivity and limit turbulence
driven mass transfer [86, 90]. The effect of some other fermentation solutes on kL like biomass and salts
is known [10]. The effect of other solutes (e.g. proteins, sugars and acids) on kL is less well studied
[10]. Disentanglement of the two parameters kL and a facilitate more advanced process performance
predictions[10].

The Marangoni effect is for a large part responsible for reduced bubble coalescence. The correlation from
Wang et al. [1] shows that global gas holdup and kLa correlate well with the Ma number. Is this thesis
an attempt was made to extend their work for other process conditions and different solutes. Future work
should focus on validating the correlation between gas holdup and Ma for more complex fermentation
compositions.

Attempts for holdup distribution correlation in BCRs, capturing complex process conditions show not
to be reliable for the system of the current study. Future work should focus on correlations that correlate
the gas holdup distribution to liquid properties and not only to global gas holdup. The correlation from
Schweitzer et al. Eq. 26 is expected not to work for more complex fermentation broths. For example, it was
shown in this research that correlations for gas holdup distribution are less reliable for process conditions
with high Ma numbers (Fig. 17).

The correlations examined in this study were evaluated only at a superficial gas velocity of 0.05 m/s,
which typically represents the minimum velocity at which the heterogeneous flow regime occurs. Future
research should aim to validate these correlations across a broader range of gas velocities.

7.2 XRT

XRT shows great potential to quantify local gas holdup in BCRs. This work, however, showed some of the
shortcomings. Reliable measurements need the BCR to be placed at exactly the same position as during
the calibration. A reliable method to reproduce the same column position is necessary. Calibration of the
set-up more regularly between experiments can also reduce the effect of displacement.

This research showed how cross-scatter can be quantified, and how to correct X-ray images for this
noise. However, forward-scatter also results in noise (Fig. 3). In the current setup, the cone-shaped
beam has a significantly wider angle than necessary, resulting in increased scatter from X-rays outside the
actual measurement region. This scattered radiation contributes to image noise and can negatively affect
reconstruction quality. By cropping the beam to the relevant angular range with a collimator, the amount
of scatter can be reduced, leading to improved signal-to-noise ratio and more accurate reconstructions [60].
Improvements on the set-up regarding a beam cropper are already on going.
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Another advantage of the collimator is that beam hardening can be quantified for small sections of the
detector. In the current study there is only a distinction between the left and right side of the detector.
In this approach beam hardening is quantified for a narrow band of pixels in a horizontal line. The beam
hardening effects detected on the entire detector are corrected for the effects measured in this narrow region.
Ideally, beam hardening is quantified for every pixel and the signal detected is corrected for every pixel.
This might be practically unfeasible, but a collimator enables the possibility to quantify beam hardening for
small areas of the detector.

This study showed time-averaged CT reconstructions. The setup used in this study has also shown to be
suitable for time-resolved reconstruction in a fluidized-bed reactor [53]. Time-resolved X-ray tomography
enables the investigation of bubble interactions. Liquid and gas circulations are very dynamic in BCRs.
Therefore, a higher frame rate is required. Since each frame is captured in a shorter time, the number of
detected photons is lower. Less detected photons results in lower resolution images and a lower signal to
noise ratio. Future studies should aim to overcome these obstacles.
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[64] Maria Grübner. Seamless transfer of a compendial LC method for impurity analysis of chlorhexidine
from an UltiMate 3000 Standard HPLC system to a Vanquish Core HPLC system, 2020.

[65] Bubble Pressure Tensiometer-BPT Mobile, . URL https://www.kruss-scientific.com/en/

products-services/products/bpt-mobile.

[66] G Besagni, F Inzoli, T Zieghenein, and D Lucas. Experimental study of liquid velocity profiles in
large-scale bubble columns with particle tracking velocimetry. Journal of Physics: Conference Series,
1224(1):012036, May 2019. ISSN 1742-6596. doi: 10.1088/1742-6596/1224/1/012036. URL https:

//dx.doi.org/10.1088/1742-6596/1224/1/012036. Publisher: IOP Publishing.

[67] P. Maximiano Raimundo, A. Cloupet, A. Cartellier, D. Beneventi, and F. Augier. Hydrodynamics and
scale-up of bubble columns in the heterogeneous regime: Comparison of bubble size, gas holdup and
liquid velocity measured in 4 bubble columns from 0.15 m to 3 m in diameter. Chemical Engineering
Science, 198:52–61, April 2019. ISSN 0009-2509. doi: 10.1016/j.ces.2018.12.043. URL https:

//www.sciencedirect.com/science/article/pii/S0009250919300612.

[68] G. A. Hughmark. Holdup and Mass Transfer in Bubble Columns. Industrial & Engineering Chemistry
Process Design and Development, 6(2):218–220, April 1967. ISSN 0196-4305, 1541-5716. doi: 10.
1021/i260022a011. URL https://pubs.acs.org/doi/abs/10.1021/i260022a011.

[69] Sailesh B Kumar, Davood Moslemian, and Milorad P Duduković. Gas-holdup measurements in bubble
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A CHEMICALS USED IN EXPERIMENTS

A Chemicals Used in Experiments

Table 7: Properties of pure compounds and stock solutions for various chemicals.

Property Ethanol Iso-
propanol

1-
Propanol

1-Butanol Acetic
acid

Lactic acid

Pure compound

Molar weight (g/mol) 46.007 60.096 60.096 74.12 60.052 90.08

Density (g/l) 789 786 803 810 1049 1209

Surface tension (dynes/cm) 22 23.3 20.9 25 27 ¿50

Vapor pressure (hPa) 58.5 44.2 19.3 ¡10 15.1 -

Henry coefficient (mol/(m3Pa)) 2.52[1] 1.2[2] 1.4[2] 1.2[2] 40[2] -

MAC (mg/m3) 260 500 200 310 25 -

Diffusion coefficient (cm2/s) 1.23e-5[3] 0.87e-5[4] 1.1e-5[4] 0.77e-5[4] 1.19e-5[4] -

Stock solution

Purity (w/w%) 99.5 98 99.5 99.9 99 99.9

Density (g/l) 790 790 804 810 1048 1209

Concentration (g/l) 786 774 800 809 1038 1208
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B MAXIMUM CONCENTRATIONS

B Maximum concentrations

Table 8: Maximum concentrations.

Compound
name

Ideal max
concentra-
tion (mol/l)

Max
concentration
after foam test

(mol/l)

Actual max target
concentration

(mol/l)

Measured
concentration

(mol/l)

Ethanol 2,2 0,72 0,62 0,597
Propanol 1,1 0,36 0,36 0,343

Iso-propanol 1,1 0,36 0,67 0,672
1-Butanol 0.54 0.18 0.26 0,254
Acetic acid 0,22 0,07 0,22 0,222
Lactic acid 0,11 0,04 0,11 0,008

62



C CONCENTRATION SERIES

C Concentration Series

Table 9: Properties of ethanol samples measured at Ug = 0.05 m/s

Table 10: Properties of n-propanol samples measured at Ug = 0.05 m/s
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C CONCENTRATION SERIES

Table 11: Properties of iso-propanol samples measured at Ug = 0.05 m/s

Table 12: Properties of n-butanol samples measured at Ug = 0.05 m/s

Table 13: Properties of acetic acid samples measured at Ug = 0.05 m/s

Table 14: Properties of lactic acid samples measured at Ug = 0.05 m/s.
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D MEASUREMENT TIMES

D Measurement Times

D.1 Pressure Measurements

The cumulative average voltage signal was calculated for both pressure probes (see Fig. 23). The figure
shows that a measuring time of 2 minutes results in a reliable average voltage.

Figure 23: The cumulative average voltage of the lower pressure probe at a flow-rate of 80 l/min.

D.2 Scatter Measurements

The average intensity of every pixel on the detector was calculated. After a measurement time of 10
seconds, the cumulative average intensity and the standard error of the mean stabilized (see Fig. 24).
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D MEASUREMENT TIMES

Figure 24: The pixel intensities of 4 pixels with the corresponding cumulative average (left) and the standard error
of the mean (right).

66



E BUBBLE APPROACH VELOCITY

E Bubble Approach Velocity

The bubble velocities were measured by the optical fiber probe. A matrix was made with all bubbles as
column and as rows. The difference in bubble velocity was calulated for every bubble-bubble pair. This
resulted in a distribution for the difference in bubble velocity. It can be assumed that the difference in
bubble velocity is the approach velocity. However, the velocity of the two bubbles in the direction towards
each other is lower than the velocity calculated here. An example of the bubble velocity (Fig. 25) and
approach velocity (Fig. 26) are shown below.

Figure 25: Bubble velocity distribution in 27 g/l ethanol with a gasflow of 80 l/min.

Figure 26: Bubble approach velocity distribution in 27 g/l ethanol with a gasflow of 80 l/min.
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F PECLET NUMBER

F Peclet Number

The Peclet number is a constant in the current study. The Peclet number is very sensitive to the choice of
the bubble radius. In the current study, a radius of approximately 2 mm is found (see Appendix I). However,
a bubble radius of 0.5 mm is mentioned in the paper by Wang et al. [1]. The impact of the bubble radius
on 1/Pe is shown in 27. Pe is defined as:

Pe =
ReqV
Dl

With Req as the radius of the bubble, V as the approach velocity, and Dl as the diffusion coefficient of
the bulk.

Figure 27: Comparison between the Pe number from Wang et al. [1] and this study and the effect of bubble radius
on the Pe number. A system with with water and ethanol is considered.
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G SURFACE TENSION MEASUREMENTS

G Surface Tension Measurements

Figure 28: Surface tension results. The measurements are done for ethanol, n-propanol, iso-proanol, n-butanol,
acetic acid and lactic acid.
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G SURFACE TENSION MEASUREMENTS

Figure 29: Surface tension of ethanol compared to literature data from Strey et al. [91] and a surface tension
model described by Phan et al. [92].
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H SURFACE EXCESS

H Surface Excess

Figure 30: Comparison of the surface excess of ethanol in water with literature data from Bagheri et al. [93] and
Bielawski and Zdziennicka [94].
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H SURFACE EXCESS

Figure 31: Surface excess
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I BUBBLE SIZE DISTRIBUTION

I Bubble Size Distribution

Figure 32: Bubbles size distribution of 13 g/l acetic acid with gasflow=80 l/min

Figure 33: d32 of 13 g/l acetic acid with gasflow=80 l/min
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I BUBBLE SIZE DISTRIBUTION

Figure 34: Bubbles size distribution of 27 g/l ethanol with gasflow=50 l/min

Figure 35: d32 of 27 g/l ethanol with gasflow=80 l/min

Figure 36: Bubbles size distribution of 40 g/l iso-propanol with gasflow=80 l/min
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I BUBBLE SIZE DISTRIBUTION

Figure 37: d32 of 40 g/l iso-propanol with gasflow=80 l/min

Figure 38: Bubbles size distribution of 4.5 g/l lactic acid with gasflow=50 l/min

Figure 39: d32 of 4.5 g/l lactic acid with gasflow=50 l/min
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J SENSITIVITY ANALYSIS UEYAMA AND MIYAUCHI

J Sensitivity Analysis Ueyama and Miyauchi

Figure 40: Sensitivity analysis of changing n in the correlation of Ueyama and Miyauchi (Eq. 24. Error-bars indicate
the standard deviation of the measurements on the water-only. ) [78].
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K CALCULATION MEAN HOLDUP

K Calculation Mean Holdup

The overall holdup (ϵ) is calculated for from a holdup distribution by integrating this profile. The geometry
of the column must be taken into account. Therefore, local holdup values close to the wall have a greater
impact on the total holdup than holdup values close to the middle of the column. Thus, the global holdup
is caluclated according to

ϵ = 2

∫ 1

0

ϵ(r)r dr (44)

It’s found by integrating ϵ(r) over the circular cross-section, weighted by the area element in polar
coordinates (2πr dr), and then normalizing by the total area (πR2).

The radius R is assumed to be 1 (i.e., values are non-dimensionalized):

ϵ =

∫ R

0
ϵ(r)2π dr∫ R

0
2π dr

=

∫ 1

0
ϵ(r)2π dr

2π 1
2

=
2π
∫ 1

0
ϵ(r) dr

π

= 2

∫ 1

0

ϵ(r)r dr
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L DEPENDENCE OF GASFLOW ON SCATTER

L Dependence of gasflow on Scatter

Figure 41: Dependence of scatter on gasflow for the 3 detectors. The scatter was determined for a column filled
with water (gray) and for approximately 20 g/l 1-propanol (orange).
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M SCATTER DISTRIBUTION DETECTORS

M Scatter Distribution Detectors

Time averaged intensity values result in a scatter distribution across every detector. Fig. 42 shows that
noise from cross-scattering is not equal for the whole detector.

Figure 42: Pixel intensity for a detector as a result of cross scatter. The figure shows where X-ray from source 1
and 2 hit detector 3.
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N IMAGE CORRECTIONS COMPARISON

N Image Corrections Comparison

Figure 43: The effect of the different corrections on the 2D images. An image without correction (No Correction) is
compared with an image with scatter correction (SC), with beam hardening correction (BHC) and with both scatter
correction and beam hardening correction (SC & BHC).
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O IMPACT OF INACCURATE GEOMETRY

O Impact of Inaccurate Geometry

The calibration of the X-ray setup was conducted as explained in Chapter 3.4.1. Since, the column was
turned a full 360 degrees, a high resolution reconstruction was made of the empty BCR. The reconstruction
of the column during calibration did not show any artifacts. So, it was concluded that the calibration was
done correctly.

The distance an X-ray beam travels through the BCR before reaching the detector was calculated using
the method described in Chapter 3.4.2. The distance of an X-ray through the column is shown in Fig. 44.
The X-ray beams hitting the sides of the detector do not go through the column (Fig. 44, x = 0). Photons
measured in the middle of the detector traveled a long distance through the column (Fig. 44, high values
x).

Figure 44: The calculated distance for each pixel. The distance an X-ray beam travels through the column when
it moves in a straight line from the source to the detector. This is an example for detector 1.

The location of the column walls are calculated using the method described in Chapter 3.4.2 does not
align with the actual column walls. Specifically, the distances calculated for the left side of the detectors
do not align (see Fig. 45).

The effect of the misalignment is visible in Fig. 46 for all three detectors. When the measured intensity
of the full column (I(x)) is larger than the intensity of that same pixel in the measurement of the empty

column Iempty, then − ln
(

I(x)
Iempty

)
becomes negative (Fig. 46, ”Not corrected”). The pixel intensity

(I(x)) is higher for the ”not corrected” data when the X-ray beam should not go through the column at
all. However, noise from scatter is more abundant in a column filled with water. Therefore, the I(x) is

higher for the ”not corrected” data resulting a negative − ln
(

I(x)
Iempty

)
.

Fig. 46 ”Detector 1” shows that the beam hardening correction works for both sides of the detector
almost equally well. This is because the calculated path lengths of the X-ray beams through the column
are all within the inner diameter of the column (Fig. 45, Detector 1). Detector 3 shows clearly the effect
of the misalignment. The difference between I(x) and Iempty is equal to zero for X-ray that traveled only
through the column wall or did not travel through the column, which is visible as horizontal data point for
low values of x. The two distinct graph shapes are the result of the non-symmetry shown in Fig. 45

The hypothesis that the column was dislocated between the different experiments was rejected by

81



O IMPACT OF INACCURATE GEOMETRY

Figure 45: A comparison between the measured column
walls (red) and the calculated walls (orange).

Figure 46: Effect of misalignment of calculated and
measured column walls for all 3 detectors.
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checking the position of the column walls for all the experiments. Fig. 47 and Fig. 48 show a comparison of
the location of the detected walls with the calculated walls. The comparison is done for the left and right
side of the detector.
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Figure 47: Comparison of left outer wall detected in the
2D-projections and the outer wall calculated based on
the geomtery from the calibration. The multiple colors
on the left show the different column walls detected for
the different experiments. The orange thicker line shows
the calculated wall.

Figure 48: Comparison of right outer wall detected in
the 2D-projections and the outer wall calculated based
on the geomtery from the calibration. The multiple col-
ors on the right show the different column walls detected
for the different experiments. The orange thicker line
shows the calculated wall.
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