
2026 International Drying Symposium – IDS’26 – Paris, France  
25-28 August 2026 – Université Paris-Saclay 

Strategies for Reducing the Carbon Footprint of Drying in a Resource-Constrained World 
 

2026 International Drying Symposium – IDS’26 – Paris, France (25-28 August 2026) – page 1 

 

 
 

 

Moisture-Dependent Fluidiza�on Behavior of Zeolite 4A in Fluidized Bed Dryer 
 

Tibor Poós1* 
 

1 Department of Building Services and Process Engineering, Faculty of Mechanical Engineering,  
Budapest University of Technology and Economics, Műegyetem rkp. 3., H-1111 Budapest, Hungary 

 
*E-mail of the corresponding author: poos.�bor@gpk.bme.hu 

 
 
Abstract 

The hydrodynamic behaviour of gas–solid fluidized bed drying systems is governed by par�cle proper�es, 
superficial gas velocity, reactor geometry, and moisture content. Materials classified as Geldart Group D frequently 
exhibit non-ideal fluidiza�on behaviour, such as spou�ng, slugging, and pronounced pressure-drop fluctua�ons, which 
can adversely affect drying efficiency and opera�onal stability. In this study, the fluidiza�on behaviour of nearly spherical 
LTA 4A zeolite par�cles with diameters of 1.6–2.5 mm was inves�gated at different moisture contents, with a specific 
focus on fluidized bed drying applica�ons. Fluidiza�on curves were determined by measuring the pressure drop across 
the par�cle bed as a func�on of superficial air velocity. Par�cle mo�on and flow regimes were visually documented 
throughout the experiments. The results clearly demonstrate that increasing moisture content significantly influences 
both the minimum and maximum fluidiza�on veloci�es and leads to higher and more unstable pressure drops, indica�ng 
increasing devia�on from ideal fluidiza�on condi�ons. 

To quan�fy these devia�ons, the Fluidiza�on Index (FI), defined as the ra�o of measured to theore�cally predicted 
pressure drop, was applied. While classical correla�ons based on the Ergun equa�on provide sa�sfactory predic�ons for 
more ideal fluidiza�on regimes, considerable discrepancies were observed for the inves�gated moist, Group D material. 
To address this limita�on, an empirical correla�on was developed that expresses the FI as a func�on of the ra�o between 
the par�cle Archimedes number and a reference value corresponding to the lower boundary of Geldart Group D. This 
formula�on reflects the increasing distance from the ideal fluidiza�on regime as moisture content and effec�ve 
interpar�cle cohesion increase. The proposed correla�on showed good agreement with experimental data over the 
inves�gated moisture range. The results contribute to a more accurate hydrodynamic descrip�on of moist, nearly 
spherical granular materials and provide prac�cal guidance for the design and op�miza�on of energy-efficient fluidized 
bed dryers used for zeolite-based drying processes. 
 
Keywords: fluidized bed drying; zeolite LTA 4A; pressure drop; moisture effects; Geldart Group D. 
 
Introduction 
Fluidiza�on remains one of the most versa�le and widely applied contac�ng techniques in par�culate process 
engineering, owing to its favourable heat and mass transfer characteris�cs and its ability to handle granular solids under 
well-controlled hydrodynamic condi�ons. Despite their extensive use, fluidized beds o�en exhibit complex and non-
ideal behaviour that is strongly dependent on par�cle proper�es and opera�ng condi�ons. 
A widely accepted framework for classifying fluidiza�on behaviour is the Geldart classifica�on(Cocco & Chew, 2023), 
which groups par�cles into four categories based primarily on par�cle size and density contrast between the solid and 
the fluidizing medium. Group A and Group B par�cles typically exhibit rela�vely stable and homogeneous fluidiza�on, 
while Group C par�cles are dominated by cohesive effects that hinder fluidiza�on. Group D par�cles, which are 
characterised by large par�cle diameters and high par�cle densi�es, represent a par�cularly challenging regime. These 
materials tend to fluidize non-ideally and are prone to phenomena such as channelling, slugging, and par�al bed 
mobiliza�on. As a result, only a frac�on of the bed may ac�vely par�cipate in the fluidiza�on process, while the 

Paper ID - 232 - Go back
780



2026 International Drying Symposium – IDS’26 – Paris, France  
25-28 August 2026 – Université Paris-Saclay 

Strategies for Reducing the Carbon Footprint of Drying in a Resource-Constrained World 
 

2026 International Drying Symposium – IDS’26 – Paris, France (25-28 August 2026) – page 2 

 

remainder remains in a quasi-sta�c state. This present study focuses explicitly on Group D par�cles, 
for which experimental data and predic�ve models are considerably more limited compared to finer 

par�cle classes. 
The behaviour of a fluidized bed is commonly described by the fluidiza�on curve (Fig. 1), which relates the pressure 

drop across the bed to the superficial fluid velocity. At low gas veloci�es, the bed behaves as a fixed porous medium, 
and the pressure drop increases linearly (A-B), then quadra�cally (B-C) with velocity. Upon reaching the minimum 
fluidiza�on point (D), the drag force exerted by the fluid balances the apparent weight of the par�cles, and further 
increases in velocity no longer lead to a significant rise in pressure drop. Instead, bed expansion and structural 
rearrangement occur, reflec�ng changes in porosity and par�cle mobility (D-E). For Group D systems, devia�ons from 
the idealised fluidiza�on curve are frequently observed, including reduced pressure drop levels and extended transi�on 
regions. The pressure drop remains constant un�l the maximum gas velocity is reached (F), where the pneuma�c 
transport carries the par�cles out of the system (F-G). 

 
Fig. 1. Pressure drop of the fluidized bed as a function of superficial gas velocity 

The pressure drop of sta�c bed phase of Group A and B par�cles can be calculated using the Ergun-equa�on (Ergun, 
1952), which general form is the following: 

∆𝑝𝑝𝑃𝑃
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

= 150
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𝜇𝜇𝐺𝐺𝑣𝑣𝐺𝐺
𝑑𝑑𝑃𝑃
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𝜌𝜌𝐺𝐺𝑣𝑣𝐺𝐺2

𝑑𝑑𝑃𝑃
�  . (1) 

The pressure drop across the fully fluidized bed has to equal the apparent weight of the par�cles, since they are 
suspended only by the gas flow. The general form of this equa�on is (J. M. Coulson et al., 2002): 

Δ𝑝𝑝
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

= (1 − 𝜀𝜀)(𝜌𝜌𝑃𝑃 − 𝜌𝜌𝐺𝐺)𝑔𝑔 . (2) 

Although the pressure drop is constant across this phase, the height of the bed con�nuously increases, which can be 
interpreted as an increase in porosity. 
The onset of pneuma�c transport occurs when the gas velocity reaches the single-par�cle terminal velocity, however in 
some cases the terminal velocity calculated for the whole porous mass provides a beter approxima�on (Jones & 
Williams, 2008). The equa�on for the single-par�cle terminal velocity is: 

𝑣𝑣𝐺𝐺,𝑚𝑚𝑚𝑚𝑚𝑚 = �
4𝑔𝑔𝑑𝑑𝑝𝑝
3𝐶𝐶𝑑𝑑

�
𝜌𝜌𝑝𝑝 − 𝜌𝜌𝐺𝐺
𝜌𝜌𝐺𝐺

�  . (3) 

The change in porosity can be approximated, knowing the minimum fluidiza�on velocity (𝑣𝑣𝐺𝐺 ,𝑚𝑚𝑚𝑚𝑚𝑚) and the terminal 
velocity (𝑣𝑣𝐺𝐺 ,𝑚𝑚𝑚𝑚𝑚𝑚), using the Richardson-Zaki equa�on (Richardson & Zaki, 1954), which can be writen in the following 
form: 

𝐿𝐿∗ = 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
1 − 𝜀𝜀0

1 − � 𝑣𝑣𝐵𝐵
𝑣𝑣𝐺𝐺,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑣𝑣𝐺𝐺,𝑚𝑚𝑚𝑚𝑚𝑚

�
1
𝑛𝑛

 , (4)
 

where 𝑣𝑣𝐵𝐵 = 𝑣𝑣𝐺𝐺 − 𝑣𝑣𝐺𝐺,𝑚𝑚𝑚𝑚𝑚𝑚 . The bubble velocity (𝑣𝑣𝐵𝐵) is the excess volumetric flow, that is not ac�vely used to suspend the 
bed, over the empty cross sec�on of the fluidiza�on chamber. 
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Fluidiza�on curves and porosity-change curves of zeolite par�cles were determined at different 
moisture contents based on data measured in laboratorial circumstances. 

Material and methods 
Material 
During the experiments, zeolite par�cles were examined. Zeolite is mainly used a desiccant or a catalyst in process 
engineering. Zeolite can have different forms; it is an alkali or alkaline-earth metal that contain microcapillaries and has 
a crystal structure. Different types of zeolites are hydrated aluminosilicate minerals. This means that the grid of zeolite 
has a nega�ve charge, but it can be neutralized by ca�ons (Petrov & Michalev, 2012). The general structural formula of 
zeolite is the following: 

𝑀𝑀𝑥𝑥/𝑛𝑛�(𝐴𝐴𝐴𝐴𝑂𝑂2)𝑥𝑥(𝑆𝑆𝑆𝑆𝑂𝑂2)𝑦𝑦�𝑤𝑤𝐻𝐻2𝑂𝑂 , (5) 
where 𝑀𝑀 is the alkali or alkaline-earth ca�on, 𝑛𝑛 is the valence of the 𝑀𝑀 ca�on, 𝑤𝑤 is the number of water molecules per 
cell, 𝑥𝑥 and 𝑦𝑦 are the number of tetraethers per cell (Petrov & Michalev, 2012). In this specific case zeolite LTA 4A was 
used, its structural formula is the following (László, 2023): 

𝑁𝑁𝑁𝑁12[𝐴𝐴𝐴𝐴12𝑆𝑆𝑆𝑆12𝑂𝑂48]27𝐻𝐻2𝑂𝑂 . (6) 
In LTA zeolite types 𝐴𝐴𝐴𝐴/𝑆𝑆𝑆𝑆 = 1, and is considered to be in the low 𝑆𝑆𝑆𝑆-content group. When this material is synthesized 
with 𝑁𝑁𝑁𝑁, and the number of 𝑁𝑁𝑁𝑁,𝐴𝐴𝐴𝐴 and 𝑆𝑆𝑆𝑆 atoms in the tetraether are equal, it can be called 4A zeolite. 
The material proper�es of this specific type of zeolite were determined during other researches carried out by my 
research group. Zeolite par�cles were sorted, with a vibra�ng screen, into different groups based on their diameter. Two 
groups had sufficient amount of material to carry out measurements, the diameter ranges of these groups were: 𝑑𝑑𝑃𝑃1 =
1.6 − 2  𝑚𝑚𝑚𝑚 and 𝑑𝑑𝑃𝑃2 = 2 − 2.5 𝑚𝑚𝑚𝑚. The par�cles were cleaned using a Petkus K293A type air separator. This allowed 
par�cles with different aerodynamic proper�es, such as drag coefficients, to be removed, as well as the par�cles to be 
cleaned. 

Moisture content of the samples was created by drying the material to achieve the smallest water content possible, 
then adding dis�llate water to the samples, and leaving them for 24 hours to achieve equilibrium. During this �me, the 
agita�on of the samples was done mul�ple �mes, to achieve the desired consistency. 
Measuring equipment 
The measurements were carried out in the Stokes Laboratory of the Department of Building Services and Process 
Engineering in Budapest University of Technology and Economics. The laboratory is equipped with a fluidized bed dryer 
shown on Fig. 2. It is a closed-loop system to ensure that during non-drying applica�ons, the only moisture loss is due 
to the sample achieving equilibrium with the air that is inside the system. During measurements no hea�ng device was 
used to increase the temperature of the air. This equipment has a rotary drum dryer sec�on as well but was closed off 
with valves during the experiments. 
The air current is created by a side channel blower (C-101), that can be controlled by a frequency changer located above 
it. For more precise control of volumetric flow, a buterfly valve (hv-101-03) is installed right before the fluidiza�on 
chamber (D-101). The volumetric flow can be measured using an orifice located on the lower segment is pipe. Next to 
the orifice is a T-type thermocouple that measures the air temperature that is equivalent to the ambient temperature 
of the laboratory. Upon pneuma�c transport the air and zeolite par�cles are separated in a cyclone (DC-101). Zeolite 
par�cles are transported to the tank (TK-102) by a rotary valve, while air circulates back to the blower. Any remaining 
dust or zeolite par�cles are filtered (CF-101) before entering the blower. 
The wet material can be loaded in at the top of the fluidiza�on chamber by removing the lid that is held in place by a tri-
clamp collar. The chamber has a diameter of 100 𝑚𝑚𝑚𝑚. For measuring the pressure drop of the fluidized bed, the 
difference of pressure is measured using two pressure sensors on the botom and at the top of the chamber. All of these 
sensors are connected to an Ahlborn ALMEMO 2590-9 type data collector and using IMPERIUM Laboratory Informa�on 
System Apollo (Interconnect Magyarország K�., 2023) module, the data sets are recorded to a central server, with a 
sampling rate of 5 𝑠𝑠. 
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Fig. 2. The fluidized bed dryer (C-101: Blower; D-101: Fluidization chamber; DC-101: Cyclone separator;  

CF-101: Air filter; TK-102: Tank for the outlet particles; hv-101-03: Butterfly valve for airflow) 
Methods 
For determining the fluidiza�on curves at different moisture levels, the measured pressure difference has to be divided. 
It can be divided to the pressure difference caused by the zeolite, and losses. The losses come from the fric�on of the 
wall, the inherent pressure drop of the plate that holds the zeolite in place, and any measurement devices that penetrate 
into the fluidiza�on chamber. These losses were determined together as a func�on of the superficial gas velocity. 
Expressing the losses as func�on of the superficial gas velocity allowed us to calculate the pressure drop caused by the 
zeolite par�cles easier: 

Δ𝑝𝑝 = Δ𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡 − Δ𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  . (7) 
For determining the porosity change that occurs in the bed, short videos and photos were taken with �mestamps. These 
�mestamps allowed for finding the corresponding gas velocity to the point in �me that the photos and videos were 
taken. A�er determining the bed height, and the corresponding gas velocity, knowing the chamber geometry, the 
porosity could be calculated: 

𝜀𝜀∗ =
𝑉𝑉𝑣𝑣∗

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡∗
=
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡∗ − 𝑉𝑉𝑃𝑃
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡∗

=
(𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿∗) − �𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(1 − 𝜀𝜀0)�

𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿∗
=
𝐿𝐿∗ − 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(1 − 𝜀𝜀0)

𝐿𝐿∗
 . (8) 

When talking about porosity change in group D materials, it is important to men�on that the poor quality of fluidiza�on 
also influences the homogeneity of the bed. Spou�ng is the most common fluidiza�on behaviour for group D, where a 
small cross sec�on starts fluidiza�on much earlier than it is expected, therefore crea�ng a pathway for the fluidizing 
medium to escape, making one part of the bed fluidized, the other sta�c. Using Eq. (7), only the approximate, 
theore�cally homogenous porosity can be calculated. Fig. 3. shows zeolite par�cles during fluidiza�on, the porosity is 
visibly not homogenous across the bed. 

 
Fig. 3. Wet zeolite particles during fluidization 

𝑑𝑑𝑃𝑃 = 2.25 𝑚𝑚𝑚𝑚;  𝐿𝐿∗ ≈ 0,2 𝑚𝑚;  𝑣𝑣𝐺𝐺 ≈ 1.4
𝑚𝑚
𝑠𝑠

;  𝑋𝑋 = 0.21
𝑘𝑘𝑔𝑔𝐻𝐻2𝑂𝑂
𝑘𝑘𝑔𝑔𝑑𝑑𝑑𝑑
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Results and Discussions 
In this sec�on the results are presented. 

Fluidization results 
The determina�on of fluidiza�on curves was successful for different moisture contents. The moisture content ranged 

from 𝑋𝑋 = 0.06 − 0.21 𝑘𝑘𝑔𝑔𝐻𝐻2𝑂𝑂
𝑘𝑘𝑔𝑔dP

, and the measurements were carried out with two different diameter ranges, as men�oned 

earlier. The fluidiza�on curve results show a great difference between the theore�cally calculated and the measured 
curves. 
The main differences are due to the non-deal fluidiza�on. As men�oned before, the bed becomes par�ally fluidized, 
therefore a smaller pressure drop is measured during the fully fluidized bed sec�on. The pneuma�c transport occurs 
much earlier as well, that is due to the fact that a smaller fluidized cross sec�on creates an aerodynamically less resistant 
pathway for air to flow through. This smaller cross sec�on results in local superficial gas velocity to increase that can 
reach the terminal velocity. 
For describing this unideal fluidiza�on, the fluidiza�on index (𝐹𝐹𝐹𝐹) is used. The fluidiza�on index shows the ra�o of the 
real pressure drop and the theore�cal pressure drop on the fully fluidized bed sec�on. The main goal was to be able to 
predict the measured curve, and without being able to predict the fluidiza�on index in advance, it is not possible for 
these non-ideal cases. According to R. Cocco and J. W. Chew, the boundaries of Geldart groups can be approximated 
using constant 𝐴𝐴𝐴𝐴 numbers (Cocco & Chew, 2023). A�er calcula�ng the 𝐴𝐴𝐴𝐴 number for the system, the ra�o of the system 
specific 𝐴𝐴𝐴𝐴 number and the 𝐴𝐴𝐴𝐴 number for the lower boundary of group D, and using a correc�onal term (𝑘𝑘), the 
fluidiza�on index can be successfully approximated: 

𝐹𝐹𝐹𝐹 =
Δ𝑝𝑝

Δ𝑝𝑝𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
= 𝑘𝑘

𝐴𝐴𝐴𝐴
𝐴𝐴𝑟𝑟𝐷𝐷,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

 . (9) 

This empirical equa�on works on the assump�on, that at the boundary of group B and D is corresponding to the last 𝐴𝐴𝐴𝐴 
number where fluidiza�on is considered to be ideal. The correc�onal term was fited for every moisture content, but 
separately for the different diameters. Both cases showed that by knowing this 𝑘𝑘 constant, the pressure drop for different 
moisture contents could be approximated with adequate accuracy. The values of 𝑘𝑘 are: 𝑘𝑘𝑑𝑑𝑃𝑃1 = 0.2372 [1];  𝑘𝑘𝑑𝑑𝑃𝑃2 =
0.1213 [1]. As of this paper is published, a correla�on that connects 𝑘𝑘 to physical parameters of the material or the 
fluidized system has not been found. 
The corrected force-balance equa�on is the rearrangement of Eq. (9) as the following: 

Δ𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

=
Δ𝑝𝑝𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐹𝐹𝐹𝐹 =

Δ𝑝𝑝𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑘𝑘
𝐴𝐴𝐴𝐴

𝐴𝐴𝑟𝑟𝐷𝐷,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
 . (10) 

 
Fig. 5. The fluidization curves of zeolite (𝑑𝑑𝑃𝑃1 = 1.8 𝑚𝑚𝑚𝑚) at different moisture contents (Δ𝑝𝑝/𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝐺𝐺) 
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Fig. 6. The fluidization curves of zeolite (𝑑𝑑𝑃𝑃2 = 2.25 𝑚𝑚𝑚𝑚) at different moisture contents (Δ𝑝𝑝/𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝐺𝐺) 

The results of the approximated pressure drop calcula�on can be seen on Fig. 5. for 𝑑𝑑𝑃𝑃1 = 1.8 𝑚𝑚𝑚𝑚 and Fig. 6 for 
𝑑𝑑𝑃𝑃1 = 2.25 𝑚𝑚𝑚𝑚. The calculated fluidiza�on indexes are in Table 1.  

Table 1. Approximated FI values for 𝑑𝑑𝑃𝑃 = 1.8 𝑚𝑚𝑚𝑚 (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) and 𝑑𝑑𝑃𝑃 = 2.25 (𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡) using Eq. (10). 

𝑋𝑋 �
𝑘𝑘𝑔𝑔𝐻𝐻2𝑂𝑂
𝑘𝑘𝑔𝑔𝑑𝑑𝑑𝑑

� 0.06 0.13 0.17 0.20 0.08 0.1 0.14 0.21 

𝐹𝐹𝐹𝐹 = 𝑘𝑘
𝐴𝐴𝐴𝐴

𝐴𝐴𝑟𝑟𝐷𝐷,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
 0.5138 0.5268 0.5515 0.5632 0.5015 0.5054 0.5279 0.5755 

Porosity-change results 
The determina�on of porosity-change curves was successful for different moisture contents. There is a great agreeance 
between the measured and the theore�cal values. Moisture content effects the minimum and maximum values of the 
superficial gas velocity, because the moisture increases the density of the examined material, furthermore any moisture 
on the surface increases interpar�cular forces, and agglomera�on in the bed. As men�oned, the determina�on of 
porosity change is based on photographs and short video recordings, and that means that the bed can only be seen from 
one specific angle, where the plexiglass is located. A series of photos is presented in Fig. 7. with approximate superficial 
gas veloci�es. 

 
Fig. 7. The change of bed height (𝐿𝐿) in rela�on to the superficial gas velocity (𝑑𝑑𝑃𝑃1 = 1.8 𝑚𝑚𝑚𝑚;𝑋𝑋 = 0.09 𝑘𝑘𝑔𝑔𝐻𝐻2𝑂𝑂/𝑘𝑘𝑔𝑔𝑑𝑑𝑑𝑑) 

The porosity-change curves were created using specific values for porosity ploted against 𝑣𝑣𝐵𝐵. The diagrams on Fig 8. 
and Fig. 9. show that the maximum rela�ve porosity is reached at lower bubble veloci�es with increasing moisture 
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content. This phenomenon occurs due to the increase in interpar�cular forces that enables par�cles 
to s�ck together, crea�ng a significantly bigger and non-uniform frontal area, which increases the drag 

coefficient. 

 
Fig. 8. The porosity-change curves of zeolite (𝑑𝑑𝑃𝑃1 = 1.8 𝑚𝑚𝑚𝑚) at increasing moisture contents (𝜀𝜀/𝜀𝜀0  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝐵𝐵) 

 
Fig. 9. The porosity-change curves of zeolite (𝑑𝑑𝑃𝑃2 = 2.25 𝑚𝑚𝑚𝑚) at increasing moisture contents (𝜀𝜀/𝜀𝜀0  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝐵𝐵) 
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Conclusions 
The usage of the fluidiza�on index can greatly improve the accuracy of theore�cally calculated 

pressure drop values for group D materials, however the correc�onal term (𝑘𝑘) in the empirical correla�on (Eq. (9)) is yet 
to be described as a func�on of one or more material property or system parameter. In case of fluidiza�on, the great 
agreeance between the measured values and the Richardson-Zaki equa�on allows us to trust the results of the equa�on 
even for group D materials. The increase in moisture content produced results that were expected, higher moisture will 
result in higher minimum and maximum superficial gas veloci�es, as well as increase the theore�cal pressure drop during 
the fully fluidized sec�on. This results in the porosity-change curves to flaten with increasing moisture content due to 
the higher interpar�cular forces. 
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Nomenclature 

𝐴𝐴 Cross-sec�on 𝑚𝑚2 
𝐴𝐴𝐴𝐴 Archimedes-number 1 
𝐶𝐶 Coefficient 1 
𝑑𝑑 Diameter 𝑚𝑚 
𝐹𝐹𝐹𝐹 Fluidiza�on index 1 
𝑘𝑘 Correc�onal term 1 
𝐿𝐿 Height 𝑚𝑚 
𝑛𝑛 Richardson-Zaki hindered setling index 1 
𝑝𝑝 Pressure drop 𝑃𝑃𝑃𝑃 
𝑇𝑇 Temperature °𝐶𝐶 
𝑣𝑣 Velocity 𝑚𝑚/𝑠𝑠 
𝑉𝑉 Volume 𝑚𝑚3 
𝑋𝑋 Wet basis moisture content of par�cles 𝑘𝑘𝑔𝑔𝐻𝐻2𝑂𝑂/𝑘𝑘𝑔𝑔𝑑𝑑𝑑𝑑 
𝜀𝜀 Porosity, Void frac�on 𝑚𝑚𝐺𝐺

3/𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡
3  

𝜇𝜇 Dynamic viscosity 𝑃𝑃𝑃𝑃 ⋅ 𝑠𝑠 
𝜌𝜌 Density 𝑘𝑘𝑘𝑘/𝑚𝑚3 

Subscripts, superscripts 
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Approximate value 

𝐵𝐵 Bubble 
𝑏𝑏𝑏𝑏𝑏𝑏 The fluidized bed 
𝑑𝑑 drag 

𝐷𝐷, 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Lower boundary of group D 
𝑃𝑃 Par�cles 
𝐺𝐺 Gas 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Losses 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Sta�c bed 

𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Theore�cal value 
𝑡𝑡𝑡𝑡𝑡𝑡 Total value 
𝑣𝑣 Void 
0 Star�ng value 
∗ Change of value 
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