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Abstract: This study explores the dynamics of liquid holdup in a lab-scale co-current two-phase 
upflow moving packed bed reactor, specifically examining how superficial gas velocity influences 
the line average external liquid holdup at a fixed superficial liquid velocity. Utilizing gamma-ray 
densitometry (GRD) for precise measurements, this research extends to determining line average 
internal porosity within catalyst particles. Conducted with an air–water system within a bed packed 
with 3 mm porous particles, the study presents a novel methodology using Beer–Lambert’s law to 
calculate liquid, gas, and solid holdups and catalyst porosity that is equivalent to the internal liquid 
holdup that fills the catalyst pores. Findings reveal a decrease in liquid holdup corresponding with 
increased superficial gas velocity across axial and radial locations, with a notable transition from 
bubbly to pulse flow regime at a critical velocity of 3.8 cm/sec. Additionally, the lower sections of 
the packed bed exhibited higher external liquid holdup compared to the middle sections at varied 
gas velocities. The liquid holdup distribution appeared uniform at lower flow rates, whereas higher 
flow rates favored the middle sections.  

Keywords: upflow moving packed bed reactor; line average liquid holdup; gamma-ray densitometry; 
porous catalyst 
 

1. Introduction 
Improving the quality of light products and the increasing demand for heavy oil in 

compliance with strict environmental concerns have become a challenge for petrochemi-
cal refineries. Catalytic hydroprocessing is considered one of the most promising technol-
ogies for the conversion of heavy oils into high-value products, which is a well-known 
technology to remove undesirable components (sulfur, nitrogen, organometallic, etc.) 
from hydrocarbon feed streams and has been extensively utilized nowadays in refineries 
worldwide [1]. In hydrotreatment processes, the main issues are the catalyst life and per-
formance limitation because the impurities can deposit on the catalysts resulting in rapid 
loss of its activity [2]. Under high temperatures and pressure, coking, poisoning, and sin-
tering could cause serious agglomeration and maldistribution leading to unexpected unit 
shutdowns. Various designs of residue hydrotreating reactors have been described in the 
literature for treating heavy feedstocks [3]. There are some commercial designs such as 
moving bed of catalyst (MBR), (U.S. Pat. No. 5,076,908), fixed bed reactor (FBR) (U.S. Pat. 
No. 3879642 A), Ebullating catalyst bed (EBR), (U.S. Pat. Nos. 4,571,326 and 4,744,887) have 
been reported in the last few decades. The fixed bed systems deal with middle distillate 
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feed, but they cannot deal with every residuum feed that is available. Heavy hydrocarbon 
feedstock with highly metallic contaminations (>250 ppm) makes the fixed bed catalytic 
hydrotreating system inefficient because the deposition of metals on the catalyst will re-
sult in a rapid loss of hydrogenation activity [4]. However, high-metal feeds are always 
the most economically attractive because of their relatively lower price. To deal with dras-
tic changes in heavy petroleum feed properties, moving bed technology has been devel-
oped [5]. In general, the upflow moving bed reactor has a conical bottom part that allows 
the replacement of the deactivated catalysts with fresh new catalysts. The removed cata-
lysts can be reprocessed and reinjected later on mixed with fresh catalyst from the top of 
the reactor. In this case, the upward flow fluid with a slight bed expansion could avoid 
coking and plugging and reduce the pressure drop of the system to some extent [5,6]. The 
advantages of the upflow moving packed bed reactors are the increased utilization of cat-
alysts characterized by a slight back mixing for both the catalyst and the feedstock, provid-
ing a better quality of products and higher efficiency of the process than that of an ebul-
lated bed reactor [7,8], and the periodic replacement of spent catalyst without shutdown. 
The moving bed configuration offers a relatively large catalyst migration time in compar-
ison with the liquid mean residence time, so it can be considered as a pseudo two-phase 
(gas–liquid) upflow with a fixed bed [9]. Therefore, for the sake of the hydrodynamics 
study, the moving bed reactor can be investigated as a two-phase upflow packed bed re-
actor. The liquid holdup in upflow moving packed bed reactor is one of the important 
design and operating hydrodynamic parameters. Its measurement is essential to get a bet-
ter understanding of the prediction of pressure drop, mass, and heat transfer mechanisms 
since the liquid serves as a transport of mass and heat to and from the catalyst particles. 
Moreover, the upflow packed bed reactor offers advantages for liquid-limited reaction 
[10]. For exothermic reactions, a higher liquid holdup and well distribution ensure com-
plete wetting efficiency and better temperature control, thus contributing to the preven-
tion of hot spot formation and thermal instabilities. A two-phase upflow packed bed re-
actor could be a satisfactory alternative to the classical trickle bed reactor for liquid-limited 
reactions because of increased gas and liquid interactions, thus increasing the effective-
ness of contact, leading to better heat transfer and higher overall mass transfer coefficient 
[11]. For porous catalytic packed bed reactors, the total liquid holdup (𝜀𝜀𝑙𝑙,𝑡𝑡) means the over-
all volume of the liquid phase divided by the reactor bed volume. The total amount of 
liquid consists of two parts, which are dynamic liquid (𝜀𝜀𝑙𝑙,𝑑𝑑) and static liquid (𝜀𝜀𝑙𝑙,𝑠𝑠𝑡𝑡). The 
static liquid includes the liquid inside the porous catalyst (internal static liquid, 𝜀𝜀𝑙𝑙,𝑠𝑠𝑡𝑡_𝑖𝑖𝑖𝑖𝑡𝑡) 
and the stagnant liquid attached between the catalyst particles (external static liquid, 
𝜀𝜀𝑙𝑙,𝑠𝑠𝑡𝑡_𝑒𝑒𝑒𝑒𝑡𝑡). The dynamic liquid refers to the freely flowing liquid under operating conditions. 
Experimental data on the overall liquid holdup or saturation (liquid volume divided by 
the void volume of the reactor bed) can be obtained by various techniques, such as drain-
age [12], weighing [13], tracer methods [14], and electric capacitance tomography (ECT) 
[15]. The liquid holdup measurement techniques can be divided into integral, semi-inte-
gral, and local measurement methods [16]. Integral methods provide liquid holdup infor-
mation over the entire volume of the packed bed; these methods include the draining, 
weighting, and tracer methods. Semi-integral measurement methods provide liquid 
holdup information over a section or a line integral of the packed bed, which includes 
radiation methods (e.g., gamma-ray and X-Ray) that can be applied at many axial and 
radial positions to get line-averaged information. The local measurement methods pro-
vide local liquid information by inserting a sensor (e.g., electromagnetic radiation) or a 
probe (e.g., optical fiber). Probes can be used inside the packed bed at different positions 
or using time-averaged tomography (gamma-ray computed tomography) or instantane-
ous tomography (X-ray or electrical capacitance resistive tomography). However, liquid 
draining and tracer methods can only provide the average holdup for the whole packed 
column. They cannot offer any information on how the liquid is distributed in the packing 
bed [5]. In fact, the liquid holdup can vary significantly with spatial position, and this 
information is critical for a better understanding of flow hydrodynamics and mass 
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transport in packed columns. In gas–liquid–solid systems where the catalytic bed is dense 
and opaque, it is hard to implement instrumentation inside three-phase systems. While 
noninvasive methods such as advanced radioactive measurement techniques eliminate 
the disturbances in the fluid flow during the measurements [17], these techniques can de-
termine the flow distribution over the whole reactor section with good spatial resolution 
and are not intrusive [18–20]. The radiation method is based on the attenuation of the 
radiation beam as it passes through an absorption medium, which can be obtained by 
Beer–Lambert’s equation. Non-invasive techniques have become the tools of choice for 
detailed flow structures within porous media, unlike the more traditional interfering 
probes inserted within flows [15]. Since the catalytic packed bed is opaque, some nonin-
vasive visualization techniques such as Digital Particle Image Velocimetry (DPIV) and La-
ser Doppler Anemometry (LDA) which are light-based techniques cannot measure the 
liquid–gas holdup distribution over its cross-section. Compared with other radiation tech-
niques, the gamma-ray technique is well developed and more versatile because gamma-
rays have strong energy to penetrate wide ranges of material and can be chosen depend-
ing on the test section used [21]. Therefore, gamma-ray approaches have played a major 
role and have become the tools of choice in the measurement technology for gas–liquid 
two-phase systems and gas–liquid–solid three-phase systems [22]. A summary of the lit-
erature review on the hydrodynamics studies of upflow packed bed is given elsewhere 
[23,24]. However, to the best of our knowledge, there are no studies reported in the liter-
ature that have studied liquid holdup in two-phase upflow moving beds with a conical 
bottom. The attenuation of the gamma radiation is mostly due to the presence of the liquid 
and solid compared to gas in the flow. Thus, information on the two-phase (liquid–gas) 
distribution can be obtained for flow over a fixed bed of catalyst, as the attenuation due 
to the catalyst will be fixed and the variation in attenuation is due to the flowing liquid. 
Qi et al. (2020) [25] studied dynamic liquid holdup in a trickle bed reactor (characterized 
by downward two-phase flow in a packed bed) filled with quadrilobe porous catalysts, 
using gamma-ray computed tomography (CT). They developed a method to measure the 
cross-sectional distribution of both dynamic liquid holdup and the combined liquid 
holdup inside the catalyst pores and the static liquid holdup between the catalyst joints. 
These measurements were validated through phantom of known dimensions measure-
ments. They measured the cross-sectional distribution of the combined porosity of the 
catalyst that reflects the internal static liquid holdup within the catalyst pores relative to 
the bed volume and the external static holdup at the particles’ contact points. However, 
in this work we used our gamma-ray densitometry (GRD) technique that consists of one 
collimated detector and one collimated gamma-ray source (Cs-137), which is a simpler 
and industrially used technique compared to gamma-ray tomography (CT) [22,26], and 
developed a simplified method to measure and investigate the diameter profile of the line 
average solid holdup, void fraction, liquid holdup, gas holdup, and internal static liquid 
holdup inside the porous catalyst (where the external static liquid holdup could be ne-
glected). For the cold flow laboratory packed bed used in this study, the column was 
packed randomly with commercial spherical catalyst. The flow conditions were scaled 
down from the industrial operation conditions. Owing to the distinct advantages of GRD, 
we employed it for the first time to measure the line average liquid holdup in a co-current 
gas–liquid upflow moving packed bed reactor operated under scaled-down flow rates of 
the industrial operating conditions. 

2. Materials and Methods 
2.1. Experimental Setup 

The experimental setup used in this study is a scaled-down version of an industrial 
upflow moving packed bed reactor, meticulously designed in accordance with the princi-
ples of similarity for hydrodynamics and geometry to mirror the essential hydrodynamic 
characteristics of its full-scale counterpart. We matched the Liquid Hourly Space Velocity 
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(LHSV) to establish flow parameters and determine liquid flow rates, while gas flow rates 
were aligned with the industrial reactor’s liquid–gas ratio. Detailed scaling procedures are 
discussed in V. Alexander’s thesis [27]. The setup consists of a Plexiglas-packed bed col-
umn, a gas-supplying rotameter, a liquid cycling tank, and a pump. Its dimensions are 57 
inches in height and 11 inches in internal diameter. Figure 1 presents the schematic of the 
experimental setup and the actual photos of the moving packed bed. At the base of the 
setup, the structure is divided into two primary sections: a gas–liquid distributor plenum 
and a perforated cone. The plenum features a deflector designed to evenly disperse the 
incoming mixture of gas and liquid phases. This deflector is strategically placed at the 
plenum’s base to ensure thorough distribution. To mitigate any initial maldistribution in 
the plenum and maintain consistent phase distribution into the column, a specially de-
signed gas–liquid distributor equipped with a chimney is positioned between the plenum 
and cone sections. This distributor includes 19 holes, each with a diameter of 0.1 inch and 
a height of 1.2 inches, allowing liquid to pass through. Additionally, each chimney pos-
sesses a side hole (pitch) at the top, measuring 0.03 inches in diameter, facilitating gas 
passage. The cone section, situated between the packed bed and plenum sections, contains 
glass marbles within the space between the column wall and the perforated cone wall, 
forming a conical frustum distributor. This arrangement, along with the conical frustum 
in the cone section, is designed to provide a uniform upflow of phases into the catalyst 
bed and ensure stable bed operation. The design and photos of the internals are presented 
in Figure 1, and more details are given elsewhere [27]. The packed bed section, serving as 
the test area, is located above the cone section. It is randomly packed with a 3 mm diam-
eter porous spherical catalyst of a bulk density of ≈570 kg/m3, commonly used in the in-
dustry, extending up to 24 inches in height. The conical frustum supports the catalyst bed. 
In this setup, both gas and liquid flow concurrently and upward through the bed particles. 
For the experiments, tap water and oil-free compressed air were used as the liquid and 
gas feedstocks, respectively, sourced directly from the laboratory’s supply lines. The ex-
perimental conditions were carefully controlled, with the experiments being conducted at 
room temperature and pressure. A wide range of superficial gas velocities were tested, 
while the liquid superficial velocity was fixed based on the scaled-down velocity of an 
industrial hydrotreating unit, as summarized in Table 1. To obtain detailed measure-
ments, gamma-ray densitometry (GRD) was employed at different axial heights of the 
bed. These included the bottom (Z/D = 0.3) and the middle (Z/D = 1) sections. The hori-
zontal measurement step was set at 1 inch, including r/R = 0, 0.3, 0.5, 0.7, and 0.9, to cover 
the diameter profile along the bed under normal conditions, as shown in Figure 1. For 
quantitative analysis, each data point was measured thrice, and the average gamma-ray 
intensity value was recorded. The GRD system was moved horizontally for scanning once 
stable operation was achieved, performing scans along several chord lines parallel to the 
column’s diameter under various operating conditions, as illustrated in another figure. 
Eleven specified positions were evenly distributed along the column’s diameter, each sep-
arated by a 1-inch interval. The middle and bottom parts of the bed remained in a packed 
state. However, as observed visually, the top part may exhibit some catalyst movement 
[21,22]. The liquid holdup in the packed bed was evaluated using GRD at the same axial 
levels as the flow scans [23,24]. However, due to the dynamic movement of the three 
phases at the top section of the bed, dual sources were required for accurate measurement, 
highlighting the complexity of the experimental setup. The results for the liquid holdup, 
particularly at the bottom and middle sections of the bed, are detailed and discussed in 
the Results and Discussion Section. 

Table 1. Description of the experimental setup and conditions. 

Column dimensions 
Bed height 57 inches 
Column diameter (inner) 11 inches 



ChemEngineering 2024, 8, 54 5 of 20 
 

Dimensionless axial measurement posi-
tions (Z/L) 

Z/L = 0.38 (bottom), and Z/L = 1 (middle)  

Dimensionless radial positions (r/R) 0, +0.5, −0.5, +0.9, −0.9 
Experimental conditions 
Superficial gas velocity  Ug = 0.6, 1.2, 3.8, 7.7 cm/s 
Superficial liquid velocity Ul = 0.017 cm/s (constant) 
Catalyst properties 
Geometry Spherical, 3 mm in diameter 
Bulk density 570 kg/m3 

 
Figure 1. Experimental setup: (a) schematic representation, (b) photo of the setup, (c) lab-scale TBR, 
and (d) internals. 
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2.2. The Measurement Technique 
Gamma-ray densitometry (GRD) was used in this work to obtain the line average 

phase holdups, enabling maldistribution identification and discerning various flow re-
gimes. A comprehensive methodology for the GRD technique has been implemented for 
the measurement of the dynamic liquid holdup and static holdup integrated with the 
static holdup model. The GRD technique comprises an encapsulated 250 mCi Cs-137 
gamma-ray source with an energy of 660 keV, a collimated NaI scintillation detector, and 
an online data acquisition system. The gamma-ray source and the detector face each other, 
and their positions can be adjusted both vertically and horizontally to span the column 
through a computerized system and structure, as shown in Figure 2. Collimation of the 
gamma-ray source is achieved through the use of a small aperture, creating a focused 
beam that penetrates the column section and is detected by the collimated detector, which 
utilizes a 1 mm aperture in a 1-inch-thick lead piece. The radiation that is transmitted and 
subsequently captured by the detector is integral to the measurements taken. For data 
acquisition, an Osprey USB interface is used, integrated with a higher-voltage power sup-
ply (HVPS), a preamplifier, and a digital multi-channel analyzer (MCA). Due to its favor-
able efficiency and energy resolution, a thallium-activated sodium iodide (NaI (Tl)) detec-
tor is widely employed for the detection of gamma-rays and other ionizing radiations. 
Photons imping on the scintillation detector induce impulse signals via a sensitive photo-
multiplier tube. Once collected, these signals are amplified and shaped by the amplifier 
and discriminated against by the MCA, which sets a specific threshold to translate radia-
tion intensity into a measurable analog signal for further analysis. The ProSpect® Gamma 
Spectroscopy Software is then used to analyze the detector’s count data. The principle of 
the attenuation of gamma-rays in matter is harnessed by GRD, where the degree of resid-
ual radiation that reaches the detector is indicative of the material’s density through which 
the gamma-ray has passed. The principle suggests that a low-density absorber will atten-
uate less radiation compared to a high-density absorber due to a higher probability of 
interaction with the radiation. The variation in the amount of residual radiation that is 
detected is indicative of different flow regimes within the column, reflecting their unique 
properties. In our analysis, we collected photon count data over a 2 min duration at a 
sampling rate of 25 Hz, yielding around 3000 data points for each measurement. The at-
tenuated radiation passing through the column material varying with the flow’s density 
was recorded, and valuable data on flow dynamics as phase distribution and holdups 
were measured, providing insights into the complex behaviors of multiphase flow within 
the reactor. Without flow (dry conditions), photon counts were relatively high, indicating 
lesser attenuation as the radiation was primarily absorbed by the solids and the column 
wall. Upon introducing flow, particularly increasing superficial gas velocities while main-
taining a constant liquid velocity, the signal’s character shifted, showing wave-like fluctu-
ations with photon counts ranging from 60 to 100. This variation is linked to the presence 
of gas and liquid phases and the transition to a pulse flow regime, where the interplay 
between gas and liquid phases creates more complex interactions, leading to signal insta-
bility. As the gas velocity rose, the signal exhibited larger fluctuations due to the increased 
presence and size of bubbles, which significantly affected the attenuated path of γ-rays. 
This nuanced response underlines the system’s sensitivity to changes in flow conditions 
and underscores the utility of photon count data in assessing flow behavior and proper-
ties. More details on the signal analysis supported by raw data can be found elsewhere 
[24,27]. The GRD technique has been rigorously validated and calibrated against a pre-
cisely designed phantom, consisting of three acrylic glass columns with predetermined 
wall thicknesses. This calibration process, facilitated by a bin, was essential for adjusting 
the detector’s signal and accurately estimating the total wall thickness. Similarly, a com-
parable phantom was employed in validating and calibrating gamma-ray computed to-
mography, as Qi et al. [25] detailed. 
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Figure 2. (a) Schematic diagram of GRD showing the arrangement of source, the packed bed, the 
collimators, and the detector, and (b) radial scanning points. 

2.3. The Principle of the Holdups’ Measurements and the New Methodology for Measuring 
External and Internal Liquid Holdups and Catalyst Porosity 

As mentioned earlier, the principle of the gamma-ray densitometry technique meas-
urement for the holdups and bed structure is based on the absorption of gamma radiation 
along the beam path as it passes through the tested material [23]. The attenuation of the 
gamma-ray beam depends on the radiation energy of the source, the density and the thick-
ness of the absorbing material that the radiation beam passes through, and the mass at-
tenuation coefficient (Al-Dahhan 2009) [19,24]. This dependency of the reduction in the 
radiation intensity from I₀ (at the source) to I can be described by Beer–Lambert’s law 
according to the following equation [25]. 

𝐼𝐼 = 𝐼𝐼0 𝑒𝑒−𝜇𝜇𝜇𝜇𝜇𝜇   

This equation states that the intensity of the detected radiation 𝑰𝑰 is directly propor-
tional to the intensity of the incident radiation 𝑰𝑰𝟎𝟎, and varies exponentially with the thick-
ness of the absorbing medium 𝑳𝑳 and its density 𝝆𝝆 and the mass absorption coefficient 𝝁𝝁. 
The attenuation ratio (𝒍𝒍𝒍𝒍 𝑰𝑰𝟎𝟎

𝑰𝑰
) is called (𝜜𝜜), and can be calculated by the natural logarithm 

sum of the measured attenuation 𝑰𝑰 and 𝑰𝑰𝟎𝟎 along the gamma-ray beam bath [28] as fol-
lows: 

−𝐴𝐴 =  𝑙𝑙𝑙𝑙
𝐼𝐼
𝐼𝐼0

=  −𝜇𝜇𝜇𝜇𝜇𝜇  

𝐴𝐴 = ln
𝐼𝐼𝑜𝑜
𝐼𝐼

  = 𝜇𝜇𝜇𝜇𝜇𝜇  

Equation (2) is the general form of the GRD beam attenuation by different materials. 
Hence, the attenuation ratio will be different by introducing two phases inside the column, 
where (𝑰𝑰𝟎𝟎) is the incident radiation intensity and (𝑰𝑰) is the detected radiation intensity, 
which is different for each scan and depends on the constituting materials of the attenu-
ating medium. Once the attenuation ratio (𝑨𝑨) is obtained for each case, the line average 
holdup of the phases can be estimated as discussed below. As mentioned earlier, the study 
utilizes a three-phase system with a stationary solid catalyst and both gas and liquid 
phases flowing co-currently upward. Hence, the attenuation ratio (𝑨𝑨) will be the summa-
tion of the line attenuation of the individual phases. For three phases in the operation of 
gas–liquid–solid system, the attenuation ratio (𝑨𝑨) will be: 
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𝐴𝐴𝑠𝑠𝑙𝑙𝑠𝑠 = ln
𝐼𝐼0
𝐼𝐼𝑠𝑠𝑙𝑙𝑠𝑠

=  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 +  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (1) 

where 
𝝁𝝁𝒔𝒔, 𝝁𝝁𝒍𝒍, and  𝝁𝝁𝒈𝒈: mass attenuation coefficient of solid, liquid, and gas in (𝒄𝒄𝒄𝒄

𝟐𝟐

𝒈𝒈
). 

𝝆𝝆𝒔𝒔 𝝆𝝆𝒍𝒍, and 𝝆𝝆𝒈𝒈: density of solid, liquid, and gas, respectively, in ( 𝒈𝒈
𝒄𝒄𝒄𝒄𝟑𝟑). 

𝒍𝒍𝒔𝒔 = length occupied by solid (catalyst) among the total length (𝒄𝒄𝒄𝒄). 
𝒍𝒍𝒍𝒍 = length occupied by liquid (water) among the total length (𝒄𝒄𝒄𝒄). 
𝒍𝒍𝒈𝒈 = length occupied by gas (air) among the total length (𝒄𝒄𝒄𝒄). 
𝑳𝑳 = total length that is occupied by the gas, liquid, and solid along the GRD beam path, 
including the length of air outside the column (𝒄𝒄𝒄𝒄) and the thickness of the column wall. 

Since the path of air outside the column and the column wall are the same in each 
scan that we performed, and these will be canceled in the steps of manipulating the equa-
tions, the attenuation due to this medium and lengths are not included in the following 
equations. Therefore, in the following equation and their manipulation, only the materials 
inside the column of solid, gas, and liquid are included. 
where: 𝜇𝜇 =  𝑙𝑙𝑠𝑠 + 𝑙𝑙𝑙𝑙 + 𝑙𝑙𝑠𝑠, 𝑙𝑙𝑠𝑠 =  𝜀𝜀𝑠𝑠 𝜇𝜇, 𝑙𝑙𝑙𝑙 =  𝜀𝜀𝑙𝑙  𝜇𝜇, and 𝑙𝑙𝑠𝑠 =  𝜀𝜀𝑠𝑠 𝜇𝜇, 
𝜺𝜺𝒔𝒔,𝜺𝜺𝒍𝒍, and 𝜺𝜺𝒈𝒈 = the holdup for solid, liquid, and gas, respectively. 
The attenuation ratio (𝑨𝑨) for the two phases will be as follows: 
• Gas–solid system: 

𝐴𝐴𝑠𝑠𝑠𝑠 = ln
𝐼𝐼0
𝐼𝐼𝑠𝑠𝑠𝑠

 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 +  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (2) 

• Liquid–solid system: 

𝐴𝐴𝑙𝑙𝑠𝑠 = ln
𝐼𝐼0
𝐼𝐼𝑙𝑙𝑠𝑠

 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (3) 

• Gas–liquid system: 

𝐴𝐴𝑠𝑠𝑙𝑙 = ln
𝐼𝐼0
𝐼𝐼𝑠𝑠𝑙𝑙

 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙  (4) 

The attenuation ratio (𝑨𝑨) for a single phase will be as follows: 
• Gas phase: 

𝐴𝐴𝑠𝑠 = ln
𝐼𝐼0
𝐼𝐼𝑠𝑠

 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (5) 

• Solid phase: 

𝐴𝐴𝑠𝑠 = ln
𝐼𝐼0
𝐼𝐼𝑠𝑠

 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (6) 

• Liquid phase: 

𝐴𝐴𝑙𝑙 = ln
𝐼𝐼0
𝐼𝐼𝑙𝑙

 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙  (7) 

In this study, a new methodology is developed for gamma-ray densitometry (GRD) 
to measure the line average external void space and catalyst bed external liquid holdup 
(dynamic liquid holdup with neglecting external static liquid holdup) in void space and 
the line average internal porosity with respect to the bed volume of the catalyst which is 
equivalent to the internal liquid holdup. All GRD measurements are carried out at the 
same axial and radial locations, as mentioned in the experimental setup section, with dif-
ferent materials inside the column, as described below. All GRD scans contain the 
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attenuation value of the column wall, which is constant. We removed the wall attenuation 
by subtracting the wall attenuation ratio (𝐴𝐴𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙) from each attenuation ratio (𝐴𝐴). The cata-
lyst bed was fixed during our experiment except for the top of the bed, where the catalysts 
are fluidized. Therefore, the liquid holdup, the void holdup of the bed, and the internal 
liquid holdup and porosity of the catalyst were measured by performing the following 
GRD scans, which follow a similar procedure to Qi et al. [25], but a simpler one since the 
line beam is used where the static external liquid holdup would be neglected: 
I. Without column. 
II. The empty column for the wall attenuation. 
III. The column is filled only with water for the liquid attenuation. 
IV. The column is filled with packed bed for a dry catalyst representing the attenuation 

of the gas and solid phases. 
V. The packed column is filled with water first, then it is drained where the scan was for 

a wet catalyst attenuation (internal liquid holdup in the pores + static liquid holdup 
if any). 

VI. The packed bed is filled with water representing both liquid and solid attenuation. 
VII. Scanning the gas–liquid–solid flow under the desired operation at the same position 

where the holdups for all three phases can be obtained. 
GRD scanning procedures for different constituting materials and flowrate condi-

tions were followed as reported by [5,29,30]. A new simpler methodology for gamma-ray 
densitometry (GRD) has been developed following Qi et al.’s [25] approach for gamma-
ray tomography (CT) to accurately measure the line average liquid holdup in void spaces, 
and the liquid holdup within catalyst pores. The new method is processed as follows: 
I. Scanning without column (absorbing medium) 𝑰𝑰𝟎𝟎  (i.e., air only). In this scanning 

case, the GRD beam passes through the atmosphere from the source to the detector 
without any absorbing medium in between them. The obtained attenuation 𝑰𝑰 is due 
to air only (𝑰𝑰𝒈𝒈 ) which represents the incident radiation (𝑰𝑰𝟎𝟎 ) [31]. The gamma-ray 
source is placed on one side, and the scintillation detector is on the other side. 

𝐴𝐴𝑠𝑠 = ln
𝐼𝐼0
𝐼𝐼𝑠𝑠

 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 = 𝑙𝑙𝑙𝑙
𝐼𝐼0
𝐼𝐼0

 = 𝑙𝑙𝑙𝑙 1 = 0 (8) 

II. Scanning the empty column for the wall attenuation 𝑨𝑨𝒄𝒄  of plexiglass (air inside only, 
baseline). In this scanning case, the GRD beam passes through the empty column, 
and the attenuation is due to the wall of the column and the gas (air) inside it. The 
obtained attenuation 𝑰𝑰𝒄𝒄 is due to wall column and air. The mass attenuation coeffi-
cient of the air (𝝁𝝁𝒈𝒈) is negligible compared to the Plexiglas (𝝁𝝁𝒄𝒄), due to less interaction 
of air in comparison with Plexiglas. Hence: 

𝐴𝐴𝑐𝑐 = ln
𝐼𝐼0
𝐼𝐼𝑐𝑐

 = 𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐+ 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (9) 

𝐴𝐴𝑐𝑐 = 𝑙𝑙𝑙𝑙
𝐼𝐼0
𝐼𝐼𝑐𝑐

 = 𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐 (10) 

where 
𝑰𝑰𝒄𝒄: represents the attenuation coefficient due to the column wall. 
III. Scanning the column full of water for liquid attenuation 𝐴𝐴𝑙𝑙 (i.e., water inside only, 

liquid phase). In this scanning case, the same packed column is filled with water only 
in which the GRD beam passes through the column wall and the water. The obtained 
attenuation is due to the wall of the column and the liquid inside it: 

𝐴𝐴𝑙𝑙𝑐𝑐 = 𝑙𝑙𝑙𝑙
𝐼𝐼0
𝐼𝐼𝑙𝑙𝑐𝑐

 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙+ 𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐 (11) 

Subtracting (Equation (10)) from (Equation (11)) yields the net attenuation of liquid (𝐴𝐴𝑙𝑙): 
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𝐴𝐴𝑙𝑙 = 𝐴𝐴𝑙𝑙𝑐𝑐 −  𝐴𝐴𝑐𝑐 (12) 

Al =  μlρlll+ μcρclc −  μcρclc (13) 

𝐴𝐴𝑙𝑙 =  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 =  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝜇𝜇 (14) 

The attenuation of the gas phase, representing the air outside the packed column, is ne-
glected as illustrated in step number II of the previous page. 𝒍𝒍𝒍𝒍 =  𝑳𝑳  in this case. 
IV. Scanning the column packed with dry solid catalyst as 𝑨𝑨𝒅𝒅𝒔𝒔 𝒈𝒈 𝒄𝒄  (i.e., dry catalyst in-

side only, dry solid phase). In this scanning case, the same packed column was 
packed with dry solid particles only in which the GRD beam passes through the col-
umn wall, the dry catalyst, and the gas in voids of the bed. The obtained attenuation 
is due to the wall of the column, the dry solid catalyst, and the gas in voids between 
solid catalysts and in porosity, where the latter is negligible: 

𝐴𝐴𝑑𝑑𝑠𝑠 𝑠𝑠 𝑐𝑐 = 𝑙𝑙𝑙𝑙
𝐼𝐼0

𝐼𝐼𝑑𝑑𝑠𝑠 𝑠𝑠 𝑐𝑐
 = 𝜇𝜇𝑑𝑑𝑠𝑠𝜇𝜇𝑑𝑑𝑠𝑠𝑙𝑙𝑑𝑑𝑠𝑠 + 𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐 = 𝐴𝐴𝑑𝑑𝑠𝑠 +  𝐴𝐴𝑐𝑐 (15) 

By subtracting (Equation (10)) from (Equation (15)), the net attenuation of dry solid cata-
lyst (𝐴𝐴𝑑𝑑𝑠𝑠) is obtained as follows: 

𝐴𝐴𝑑𝑑𝑠𝑠 = 𝐴𝐴𝑑𝑑𝑠𝑠 𝑠𝑠 𝑐𝑐 −  𝐴𝐴𝑐𝑐 (16) 

𝐴𝐴𝑑𝑑𝑠𝑠 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠  (17) 

where 𝑰𝑰𝒅𝒅𝒔𝒔 represents the attenuation coefficient due to dry solid catalyst, and 𝝁𝝁𝒅𝒅𝒔𝒔 ˃˃ 𝝁𝝁𝒈𝒈, 
and hence, 𝝁𝝁𝒈𝒈𝝆𝝆𝒈𝒈𝒍𝒍𝒈𝒈 ≅ 0 
V. Scanning the column packed with wet solid catalyst, 𝑨𝑨𝒘𝒘𝒔𝒔 𝒈𝒈 𝒄𝒄  (i.e., wet catalyst inside 

only—wet solid phase). The same packed bed, which has the dry solid catalyst par-
ticles, was filled with water for a sufficient time and then the column was left to drain 
for a number of hours to ensure that the external static liquid became negligible. The 
external static liquid holdup in this step is negligible as proper draining ensures that 
there is no liquid outside of the catalyst pores present in the measured line-averaged 
location. Additionally, the measurement is conducted using a line beam gamma-ray, 
penetrating only through catalyst particles or spherical particles within certain con-
tact points. Consequently, it is logical to either disregard external static liquid holdup 
or to consider its impact minimal. Or it could be lumped within the measured inter-
nal static liquid holdup in case there is a need to account for it, which can be reason-
ably estimated by correlations reported in the literature. However, the work of Qi et 
al. [25], where cross-sectional measurements of liquid holdup were conducted, indi-
cate that external static liquid holdup should not be overlooked and is combined with 
the internal liquid holdup within the pores of the catalysts. This approach suggests 
that aggregating internal liquid holdup with external static conditions at the contact 
points may correspond to the actual conditions within the catalyst bed [25]. Hence, 
in this measurement, the only liquid left is detained inside the catalyst's pores due to 
the capillary force [16]. In this scanning case, the GRD beam passes through the col-
umn wall, the wet catalyst, and the void space of gas. The obtained attenuation is due 
to the wall of the column, the solid catalyst, the liquid inside the catalyst (porous), 
and the gas in voids between solid catalysts, where the latter is negligible: 

𝐴𝐴𝑤𝑤𝑠𝑠 𝑠𝑠 𝑐𝑐 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 +  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  cat.  pores + 𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐 (18) 

The obtained attenuation of the air is also neglected in this case, as illustrated in step II. 
The net attenuation of wet solid catalyst (𝑨𝑨𝒘𝒘𝒔𝒔) is obtained (from Equation (18) Ac = 𝝁𝝁𝒄𝒄𝝆𝝆𝒄𝒄𝒍𝒍𝒄𝒄) 
by subtracting (Equation (10)) from (Equation (15)), where 𝝁𝝁𝒈𝒈𝝆𝝆𝒈𝒈𝒍𝒍𝒈𝒈 ≅ 𝟎𝟎. By subtracting 
(Equation (10)) from (Equation (18)) Aws can be obtained (Equation (19)) 
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𝐴𝐴𝑤𝑤𝑠𝑠 = 𝐴𝐴𝑤𝑤𝑠𝑠 𝑠𝑠 𝑐𝑐 −  𝐴𝐴𝑐𝑐 (19) 

𝐴𝐴𝑤𝑤𝑠𝑠 = 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  𝑐𝑐𝑤𝑤𝑡𝑡.  𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒𝑠𝑠 (20) 

VI. Scanning the column packed with solid and liquid, 𝑨𝑨𝒍𝒍 𝒔𝒔 𝒄𝒄  (water—catalyst inside, liq-
uid–solid phase). The same packed bed, which contains a wet solid catalyst inside, 
was filled with water, so the voids between the particles are currently filled with wa-
ter. In this scanning case, the GRD beam passes through the column wall, the solid 
catalyst, and water. The obtained attenuation is due to the wall of the column, the 
solid catalyst, the liquid inside the catalyst (porous), and the liquid outside the cata-
lyst in voids between solid catalysts: 

𝐴𝐴𝑙𝑙 𝑠𝑠 𝑐𝑐 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  𝑐𝑐𝑤𝑤𝑡𝑡.  𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒𝑠𝑠 + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑒𝑒𝑒𝑒𝑡𝑡.  𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 +  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 + 𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐  (21) 

𝐴𝐴𝑙𝑙 𝑠𝑠 = 𝐴𝐴𝑙𝑙 𝑠𝑠 𝑐𝑐 −  𝐴𝐴𝑐𝑐 (22) 

𝐴𝐴𝑙𝑙 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.cat.  pores +  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑒𝑒𝑒𝑒𝑡𝑡.  𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 + 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (23) 

where here lext. void represents the whole void length occupied with liquid. 
By subtracting (Equation (10)) from (Equation (21)), the net attenuation of liquid–solid 
(𝑨𝑨𝒍𝒍𝒔𝒔) is obtained in Equations (23) and (24) and since 𝒍𝒍𝒆𝒆𝒆𝒆𝒆𝒆.𝒗𝒗𝒗𝒗𝒗𝒗𝒅𝒅 =  𝜺𝜺𝜷𝜷𝑳𝑳. Also, here: 𝝁𝝁𝒈𝒈𝝆𝝆𝒈𝒈𝒍𝒍𝒈𝒈 ≅
𝟎𝟎. Therefore, Equation (23) can be rewritten as in Equation (24): 

𝐴𝐴𝑙𝑙 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  cat.  pores +  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙  𝜀𝜀𝛽𝛽𝜇𝜇 + 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (24) 

where (𝜺𝜺𝜷𝜷) is the line average void holdup, which is completely occupied by the liquid, 
and is equal to the bed void, and 𝒍𝒍𝒆𝒆𝒆𝒆𝒆𝒆.𝒗𝒗𝒗𝒗𝒗𝒗𝒅𝒅 =  𝜺𝜺𝜷𝜷𝑳𝑳. 
VII. Scanning the column with the desired operation of gas and liquid phases, 𝑨𝑨𝒍𝒍 𝒔𝒔 𝒈𝒈 𝒄𝒄 

(air–water–catalyst, gas–liquid–solid). In this scanning case, the GRD beam passes 
through the column wall, catalyst, liquid, and gas as a three-phase liquid–solid–gas 
attenuation. The obtained attenuation is due to the wall of the column, the solid cat-
alyst, the liquid inside the pore, the total liquid in the external void (dynamic + static), 
and the gas phase: 

𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 𝑐𝑐 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.cat.  pores +  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑡𝑡.  𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 +  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 +  𝜇𝜇𝑐𝑐𝜇𝜇𝑐𝑐𝑙𝑙𝑐𝑐 (25) 

The partial length of the void is occupied by liquid here (𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑡𝑡.𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑), whereas the other 
partial length of the void is occupied by gas (𝑙𝑙𝑠𝑠 𝑒𝑒𝑒𝑒𝑡𝑡.𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑), where 𝝁𝝁𝒈𝒈𝝆𝝆𝒈𝒈𝒍𝒍𝒈𝒈 𝒆𝒆𝒆𝒆𝒆𝒆.𝒗𝒗𝒗𝒗𝒗𝒗𝒅𝒅 ≅ 𝟎𝟎 
Subtracting (Equation (10)) from (Equation (25)) yields the net attenuation of liquid–solid–
gas (𝑨𝑨𝒍𝒍 𝒔𝒔 𝒈𝒈): 

𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 = 𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 𝑐𝑐 −  𝐴𝐴𝑐𝑐 (26) 

𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.cat.  pores + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑡𝑡.  𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 + 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (27) 

where 𝑙𝑙𝑠𝑠 =  𝜀𝜀𝑠𝑠 𝜇𝜇, 𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑡𝑡.𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 =  𝜀𝜀𝑙𝑙 𝜇𝜇, and the 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 𝑒𝑒𝑒𝑒𝑡𝑡.𝑣𝑣𝑜𝑜𝑖𝑖𝑑𝑑 gas is neglected. 

𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  cat.  pores + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙  𝜀𝜀𝑙𝑙𝜇𝜇 +  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝜀𝜀𝑠𝑠 𝜇𝜇 (28) 

To measure the bed void distribution, subtract (Equation (20)) from (Equation (24)): 

𝐴𝐴𝑙𝑙 𝑠𝑠 − 𝐴𝐴𝑤𝑤𝑠𝑠 =  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝜀𝜀𝛽𝛽𝜇𝜇 =  𝜀𝜀𝛽𝛽𝐴𝐴𝑙𝑙 (29) 

Bed void can then be estimated as follows:  
where 𝝁𝝁𝒍𝒍𝝆𝝆𝒍𝒍𝑳𝑳 = 𝐴𝐴𝑙𝑙 (Equation (14)) 

𝜀𝜀𝛽𝛽 =  �
𝐴𝐴𝑙𝑙 𝑠𝑠 −  𝐴𝐴𝑤𝑤𝑠𝑠

𝐴𝐴𝑙𝑙
� (30) 
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This represents the void between the bed catalyst particles that are randomly packed. To 
measure the total liquid holdup in external void space (dynamic and static liquid holdup). 
Therefore, subtracting (Equation (20)) from (Equation (28)) yields the following: 

𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 − 𝐴𝐴𝑤𝑤𝑠𝑠 =  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝜀𝜀𝑙𝑙𝜇𝜇 =  𝜀𝜀𝑙𝑙 𝐴𝐴𝑙𝑙 (31) 

𝜀𝜀𝑙𝑙 =  �
𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 −  𝐴𝐴𝑤𝑤𝑠𝑠

𝐴𝐴𝑙𝑙
� (32) 

Due to the capillary force and in the absence of surface reactions, the catalyst pores are 
always intact (and filled) with the liquid (16). To measure the catalyst porosity fraction 
with respect to the total bed volume, which is equivalent to the internal liquid holdup 
inside the catalyst particle, the subtraction of (Equation (17)) from (Equation (20)) gives 
the following: 

𝐴𝐴𝑤𝑤𝑠𝑠 − 𝐴𝐴𝑑𝑑𝑠𝑠 =  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  cat.  pores  =  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝜀𝜀𝑖𝑖𝑖𝑖𝑡𝑡. 𝜇𝜇 (33) 

𝐴𝐴𝑤𝑤𝑠𝑠 − 𝐴𝐴𝑑𝑑𝑠𝑠 =  𝜀𝜀𝑖𝑖𝑖𝑖𝑡𝑡. 𝐴𝐴𝑙𝑙 (34) 

𝜀𝜀𝑖𝑖𝑖𝑖𝑡𝑡. =  �
𝐴𝐴𝑤𝑤𝑠𝑠 −  𝐴𝐴𝑑𝑑𝑠𝑠

𝐴𝐴𝑙𝑙
� (35) 

where 𝜺𝜺𝒗𝒗𝒍𝒍𝒆𝒆. is equivalent to the catalyst porosity fraction with respect to the bed volume. 
The line average gas holdup can be measured by 𝜺𝜺𝜷𝜷 − 𝜺𝜺𝒍𝒍 = 𝜺𝜺𝒈𝒈 . Therefore, subtracting 
Equation (27) from Equation (24) gives the following: 

𝐴𝐴𝑙𝑙 𝑠𝑠 −  𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.  cat.  pores + 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙  𝜀𝜀𝛽𝛽 𝜇𝜇 + 𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠   −  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑡𝑡.cat  𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒𝑠𝑠 −  𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙  𝜀𝜀𝑙𝑙  𝜇𝜇 −  𝜇𝜇𝑠𝑠𝜇𝜇𝑠𝑠𝑙𝑙𝑠𝑠 (36) 

𝐴𝐴𝑙𝑙 𝑠𝑠 −  𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙  (𝜀𝜀𝛽𝛽𝜇𝜇 −  𝜀𝜀𝑙𝑙𝜇𝜇)  = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝜇𝜇 (𝜀𝜀𝛽𝛽 −  𝜀𝜀𝑙𝑙) (37) 

where 

𝜀𝜀𝑠𝑠 = 𝜀𝜀𝛽𝛽 − 𝜀𝜀𝑙𝑙 (38) 

The attenuation will be different between the phases as the densities are different, which 
depends on the interaction of the gamma-ray with the absorbing material. By subtracting 
the attenuation of the liquid–solid phase from the attenuation of the three phases, we can 
get the gas holdup: 

𝐴𝐴𝑙𝑙 𝑠𝑠 − 𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠 = 𝜇𝜇𝑙𝑙𝜇𝜇𝑙𝑙𝜇𝜇 (𝜀𝜀𝑠𝑠) (39) 

𝜀𝜀𝑠𝑠 =  �
𝐴𝐴𝑙𝑙 𝑠𝑠 −  𝐴𝐴𝑙𝑙 𝑠𝑠 𝑠𝑠

𝐴𝐴𝑙𝑙
� (40) 

The solid holdup then can be obtained from the following: 

𝜀𝜀𝑠𝑠 =  1 −  𝜀𝜀𝑙𝑙 −  𝜀𝜀𝑠𝑠 (41) 

It is important to highlight that the above-developed methodology has been validated by 
Qi et al. [25] since the measurement using gamma-rays in packed bed is applicable to any 
two-phase flow in packed beds, regardless of the mode of operation—whether down-
ward, upflow, or countercurrent.  

3. Results 
In this section, the line average diameter distribution of the parameters like solid 

holdup and the internal liquid holdup inside the catalyst is presented. All these parame-
ters are fixed for a packed bed unit irrespective of the operating conditions. The methods 
used to obtain these parameters have been discussed in the previous section of the princi-
ple of measurements. 
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3.1. Diameter Profile of the Void Fraction with Wet Catalyst 
Figure 3 presents the line-averaged radial profiles of the void fraction in a wet catalyst 

bed at two distinct axial locations, Z/D = 0.3 and Z/D = 1, following the water drainage in 
the pre-wetting stage. The bed’s random packing results in varying void fractions across 
the column’s diameter, indicating non-uniformity in the distribution of void spaces. 

At the midpoint of the column (Z/D = 1), the void fraction profile diverges more no-
ticeably from the bottom (Z/D = 0.3), suggesting a non-uniform distribution of the catalyst. 
The percentage deviation in the void fraction was calculated using the following formula: 

𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒 𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑙𝑙 =
max(𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑝𝑝𝑙𝑙) − min(𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑝𝑝𝑙𝑙)

max(𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝑝𝑝𝑙𝑙)
 (42) 

The analysis yielded a deviation of approximately 15% at the middle axial location 
and 13% at the bottom, highlighting the presence of radial non-uniformities that can sig-
nificantly affect the flow distribution and catalyst efficiency. These variations are signifi-
cant as they suggest the presence of flow maldistribution along the radial direction for 
both axial positions, which could potentially impact the flow distribution and, conse-
quently, the catalyst’s efficiency. A higher voltage structure within the bed can lead to a 
path of less resistance, promoting a more streamlined flow. This, in turn, could mitigate 
the issues of channeling and bypassing, which are often precursors to flow maldistribu-
tion, as indicated in reference [29]. It is crucial to address these variations to enhance the 
reactor’s performance and ensure the even distribution of reactants across the catalyst bed. 

 
Figure 3. Diameter profile of external catalyst bed void space (εβ). 

3.2. Diameter Profile of Line Average Internal Liquid Holdup 
Figure 4 presents the line average internal liquid holdup related to the catalyst po-

rosity since it is filled with liquid due to the capillary force [16]. The data reveal an uneven 
distribution of the internal static liquid holdup across the radial direction of the column. 
The percentage deviation shows a variation of about 18 percent at the middle axial loca-
tion and approximately 8 percent at the bottom. These discrepancies are attributed to the 
assumed neglection of the static external liquid holdup, which assumes that the internal 
liquid holdup in the filled pores of the catalyst is lumped together with the static external 
liquid holdup relative to the random nature of the packed bed’s distribution [24]. The 
finding is consistent with the work of Qi et al. [25], which also confirms and validates the 
measurements. It is critical to note that this parameter is not dependent on the flow rate 
for a fixed bed reactor; rather, it is influenced by the catalyst’s characteristics and the ar-
rangement of the bed material [13]. The averaged line value of the internal liquid holdup 
with respect to the bed volume is consistent with the catalyst porosity and density pro-
vided by the manufacturer if it is made with respect to the bed volume. 
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Figure 4. Radial distribution of line average internal liquid holdup which is equivalent to the vol-
ume of the porosity of the catalysts with respect to the bed volume. 

3.3. Radial Distribution of Solid Holdup (𝜺𝜺𝑠𝑠) 
Figure 5 illustrates the line average radial profile of solid holdup, which exhibits a 

random distribution attributable to the bed’s random packing. The average solid holdup 
is approximately 0.348. The calculated percentage deviations show about 8 percent at the 
middle and around 17 percent at the bottom. When the solid holdup is combined with the 
average internal porosity (≈0.27), it gives a total of ≈0.62. This results in a bed voidage per 
unit bed volume of 0.38 (1 − 0.62 = 0.38), which aligns with the typical values for spherical 
bed voidage. A comparative study that measured line average solid holdup in a packed 
bed using GRD, employing a similar random bed structure in a 30 cm ID column with 3.2 
mm alumina (nonporous) particles, reported an average solid holdup of approximately 
0.66 [32]. It is important to note, however, that the catalyst referenced in this study was 
non-porous. This aggregate value ensures a geometric similarity between non-porous and 
porous catalysts. Also, it confirms further the validity of the developed methodology for 
measuring solid holdup, liquid holdup, and bed voidage per bed volume [24]. 

 
Figure 5. Radial distribution of solid holdup (εs). 

3.4. The Line Average Total External Liquid Holdup 
In this methodology, the total external liquid holdup is defined as the sum of the 

static and dynamic liquid holdups. The static liquid holdup represents the volume of the 
liquid trapped within the interstices of the catalyst particles, while the dynamic liquid 
holdup pertains to the liquid flowing through the external void spaces of the catalyst bed. 
Considering the upflow reactor configuration, it is acknowledged that the static liquid 
holdup does not remain constant since the gas phase is dispersed, thus affecting the liquid 
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distribution. The decision to report the total external liquid holdup, rather than separately 
detailing the static and dynamic components, stems from the scaled-down flow rates used 
in this study, which are reflective of industrial conditions [23]. The baseline operating 
condition was chosen to emulate industrial flow rates, with the gas flow rate adjusted to 
observe its impact on the total external liquid holdup, while the baseline liquid flow rate 
remained constant. The line average total external liquid holdup, as observed, indicates 
that the reactor’s flow dynamics are sensitive to gas flow rates, which can be pivotal in 
optimizing reactor performance. Figures 5–10 show that the external line average liquid 
holdup (ε) at r/R = (0, +0.5, −0.5, +0.9, −0.9) and bottom and middle axial locations (Z/D = 
0.3 and 1). It is observed that the liquid holdup is gradually decreasing, and the decreasing 
trend is sharp after 3.8 cm/sec for all the positions except at the wall (r/R = +0.9); it is a 
phenomenon usually seen in this reactor. The decrease in the average radial porosity with 
increased gas velocity can be attributed to the dynamic interactions between the gas and 
liquid phases within the packed bed. As the gas velocity increases, the local gas velocity 
within the bed also rises, leading to a greater displacement of the liquid phase by the gas 
phase. This displacement occurs because the gas phase, moving at higher velocities, 
occupies a larger volume of the bed, effectively reducing the volume available for the 
liquid phase and thus decreasing the dynamic liquid holdup. In addition, increasing the 
gas flow rate results in a transition in the flow regime from bubbly to pulse flow for the 
gas phase. In the bubbly flow regime, the reduction in liquid holdup is not sharp as this 
regime is characterized by a low interaction between bubbles themselves, bubbles and 
packing, and also a little effect of bed porosity and geometry on these quantities [31]. As 
gas velocity is increased, the fluid turbulence and the bubble number increase, and the 
interference between bubbles and the coalescence/re-split occurs, which reduces bubble 
size and increases the gas holdup in the reactor and then reduces the liquid holdup 
sharply with an increasing gas flow rate. All the locations, irrespective of the axial and 
radial location, showed a decreasing trend of the liquid holdup with an increasing gas 
flow rate, and the same trend is observed in [32–34]. The decreasing trend calculated with 
respect to maximum holdup ((max-min)/max) for all locations varies between 15 percent 
and 33 percent. The liquid holdup (which here is the dynamic liquid holdup and is 
equivalent to external liquid holdup since the static liquid holdup is negligible) (εl(r)) 
decreases with the increase in the gas velocity due to the increase in the local gas velocity 
that drags the local liquid velocity. In this case, the flowing gas phase occupies more 
volume of the void causing the dynamic liquid holdup to decrease in the bed. If the inlet 
and the outlet of the liquid flow are closed simultaneously and then the column is drained 
for a long time, the liquid holdup represents the dynamic liquid holdup and is less at 
higher gas velocity. At the wall (r/R = +0.9) the transition of the regime is not clear due to 
the significant wall effect. The trend at both sides of the column wall, as seen in Figures 9 
and 10, is quite different behavior and this can be directly linked to the effect of the conical 
bottom and the plenums. In all the cases, the liquid holdup is higher for the bottom part, 
and this is due to external bed voidage and external porosity of the bed structure, where 
the void space is higher for the bottom location compared to the middle section. 
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Figure 6. Liquid holdup (𝜀𝜀𝑙𝑙) at (r/R = 0), center. 

 
Figure 7. Liquid holdup (𝜀𝜀𝑙𝑙) at (r/R = 0.5), right side. 

 
Figure 8. Liquid holdup (𝜀𝜀𝑙𝑙) at (r/R = −0.5), left side. 
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Figure 9. Liquid holdup (𝜀𝜀𝑙𝑙) at (r/R = 0.9), right side of the packed bed. 

 
Figure 10. Liquid holdup (𝜀𝜀𝑙𝑙) at (r/R = −0.9), left side of the packed bed. 

3.5. Effect of Superficial Velocity on the External Liquid Holdup 
The radial distribution of the external liquid holdup at the bottom region (Z/D = 0.3) 

of the packed bed was analyzed across various superficial gas velocities (Ug = 0.6, 1.2, 3.8, 
and 7.7 cm/s) while maintaining a constant liquid velocity (Ul = 0.017 cm/s). The radial 
average liquid holdup was calculated for each gas velocity, showing a decreasing trend 
with increasing gas velocity, with averages of εr = 0.3, 0.29, 0.27, and 0.24, respectively,  
as showcased in Figure 11. This decline aligns with expectations, where higher gas 
velocities contribute to more pronounced deviations in liquid holdup. Specifically, the 
percentage deviations for increasing gas flow rates were approximately 11%, 12%, 13%, 
and 20%. Higher flow rates induce more chaotic behavior of the phases resulting in more 
random flow distributions. At lower superficial gas velocities, the external liquid holdup 
distribution tends to be relatively uniform. However, as the gas velocity increases, the 
distribution becomes skewed, often shifting towards one side of the column. This behavior 
may result from the combined influence of the column’s base and distributor designs, 
which can create preferential pathways for the flow, a phenomenon that is crucial to 
consider for reactor optimization [18,26]. 
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Figure 11. Effect of superficial gas velocity (Ug) on the liquid holdup. 

The radial profile of the liquid holdup for the middle part (Z/D = 1) of the packed bed 
at superficial gas velocities (Ug = 0.6, 1.2, 3.8, and 7.7 cm/s) and at a constant liquid velocity 
(Ul = 0.017 cm/s) are shown in Figure 12. It appears in Figure 12 that with a slight decrease 
in the average, the liquid holdup values obtained for superficial gas velocities (Ug = 0.6, 
1.2, 3.8, and 7.7 cm/s) are (εr = 0.27, 0.26, 0.24, and 0.21). In comparison to the average 
external liquid holdup values at Z/D = 0.3 and Z/D = 1 for respective liquid velocity, it is 
found to be quite similar but a little higher value for the bottom part. The percent deviation 
calculated for increasing flow rates is approximately as follows (10%, 11%, 11%, and 25%) 
and is seen to be increasing due to more random behavior due to the complex interaction 
of phases. At a lower flow rate the radial distribution is quite uniform as also observed for 
the bottom part. At a higher flow rate the flow distribution is better with respect to the 
bottom part, and this is due to the flow rearrangement along the axial height of the bed 
structure. 

 
Figure 12. Effect of superficial gas velocity (Ug) on the liquid holdup at middle (Z/D = 1) of the 
packed bed at Ul = 0.017 cm/s. 

4. Remarks 
The current study investigated the effect of varying superficial gas velocity at a 

constant superficial liquid velocity on the line average external liquid holdup (dynamic 
liquid holdup) in a co-current two-phase upflow moving packed bed reactor using 
gamma-ray densitometry (GRD). The line average internal porosity of the catalyst 
particles and line average external bed porosity have been measured also. The 
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experiments were conducted in an upflow moving packed bed operated with an air–water 
system. The moving packed bed was packed randomly with 3 mm extrudate porous 
particles. The liquid holdup was measured based on the development of a new 
methodology for gamma-ray densitometry (GRD) using Beer–lambert’s equation. It has 
been found that the liquid holdup decreased as the superficial gas velocity increased at all 
axial and radial locations. The rate of decrease in liquid holdup at all locations except at 
walls is higher after 3.8 cm/sec and it is due to the transition from bubbly to pulse flow 
regime at this superficial gas velocity. The same trend was observed for reported studies 
on upflow packed bed reactors. The external liquid holdup is higher for the bottom part 
than the middle section of the packed bed for the same range of superficial gas velocities. 
At lower flow rates the liquid holdup distribution is quite uniform at both axial locations, 
but at higher flow rates the middle sections show better liquid flow distributions. The 
result shows that gamma-ray densitometry can indicate and measure the internal liquid 
holdup, and it is a reliable method for measuring the holdup inside packed beds with a 
thick wall. The comparison with available correlation on upflow packed bed showed a 
similar trend but a large absolute deviation. This necessitates further studies to develop 
predictable correlations for this kind of system. 
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