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The Geldart classification reported in 1973 is widely acknowledged as one of the seminal papers on fluidization.
Today, it remains the most used classification for particle fluidization. This is a simple comparison of the dif-
ferential between particle and air densities versus Sauter-mean diameter, which successfully demarcates all
particles into four distinctly different fluidization behaviors. To commemorate the 50th anniversary of this
classification, an overview of the fluidization characteristics of the four Geldart groups is presented along with

other such classifications, providing perspectives on why the Geldart classification is so universal. Some of the
precautions that need to be considered when using this classification are also highlighted. This study is a tribute
to the Geldart classification and is expected to be valuable as a summary of the advancements in the under-
standing of the Geldart groups to date.

1. Introduction

In 1972, an absurd paper was submitted to Powder Technology. It
was accepted and published in 1973 [1]. The path to publication was not
easy, and the author had to navigate through some rejections and re-
visions [2]. Today, it is one of the most referenced papers and used tools
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in fluidized beds and fluid-particle systems. Of course, this is the paper
entitled “Types of Gas Fluidization” by Derek Geldart [1].

The fact that this paper had challenges may sound surprising today,
but back in 1973, it was not wholly unfounded. Geldart’s paper pro-
posed that the fluidization behavior can be determined from the density
difference and particle size. It seems back then to be an

Received 13 May 2023; Received in revised form 25 July 2023; Accepted 1 August 2023

Available online 2 August 2023

0032-5910/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jia.chew@chalmers.se
www.sciencedirect.com/science/journal/00325910
https://www.journals.elsevier.com/powder-technology
https://doi.org/10.1016/j.powtec.2023.118861
https://doi.org/10.1016/j.powtec.2023.118861
https://doi.org/10.1016/j.powtec.2023.118861
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2023.118861&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R. Cocco and J.W. Chew

oversimplification, if even true at all. Fifty years later, this paper and the
research it is based on have thrived through the test of time, as shown in
Fig. 1. Indeed, this paper has been cited almost 3000 times, and the
number of citations continues to increase. For those involved in scaling
up fluidized and circulating fluidized beds, it is Step 1 for any design
calculation or optimization strategy.

Geldart’s publication is based on a collection of fluidization data
from different authors, the results of which are shown in Fig. 2.
Empirical observations based on the density difference (i.e., p, — py,
where p), is particle density and p is fluid density) and the particle size
(specifically, Sauter-mean particle diameter, d;,) show that the fluid-
ization behavior can be classified into four distinct groups defined as A,
B, C, and D. Particles in Group A exhibit dense phase expansion after
minimum fluidization and before the onset of bubbles. Group B particles
form bubbles at the onset of minimum fluidization. Group C particles are
the smallest in size and, thereby are most cohesive in behavior. This
group is the hardest to fluidize. The Group D particles are the largest and
tend to form stable spouts such as those indicative of spouting fluidized
beds. As long as fluidization continues to be industrially relevant, which
is clearly the case as evident in newer applications like chemical looping,
plastic pyrolysis, methane pyrolysis, etc., the prominent role of the
Geldart classification will persist.

The demarcation between the fluidization behavior of each group
was based on observations or concepts. For instance, the division be-
tween Groups C and A is based on empirical data. The division between
Groups A and B is based on proportional relationships for estimating the
minimum bubbling velocity and the criteria that the ratio of the mini-
mum fluidization to superficial gas velocity is much >1. The result is
that the density difference times the particle size, in microns, needs to be
<225. Interestingly, this demarcation is close to that proposed earlier by
Oltrogge [9]. The separation of Groups B and D is based on the bubble
rise velocities study of Pigford and Baron [13] to generate a division line
based on having the density difference multiplied by the square of the
particle size being <106.

Remarkably, such demarcations provide an excellent first guess of
the fluidization behavior. Such simplicity is unexpected, given the
complex and multiscale hydrodynamics of fluidized beds. Here we
describe the key characteristics of each Geldart group, discuss other such
classifications, and highlight some precautions when using the Geldart
chart.

Number of Citations

Fig. 1. 2785 documents have cited Geldart [1] through 2022 per Scopus.
Retrieved on May 5, 2023.
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2. Fluidization characteristics of each Geldart group

Regardless of the Geldart group, the minimum fluidization velocity
can be measured from a pressure drop versus gas velocity curve. This
method is illustrated in Fig. 3 and is based on ASTM D7742 [14].
Pressure drop monotonically increases with increasing velocity up to the
point of fluidization. At this point, the superficial gas velocity is known
as the minimum fluidization velocity (umg). At higher superficial gas
velocities, the curve dips and then levels off to a value whereby the
pressure drop across the bed corresponds to the weight of the bed
divided by the cross-sectional area. This intersection of this slight dip
and the plateaued pressure drop indicates the point of bubble formation
(ump), which may or may not coincide with uy,s. However, this is a subtle
feature, and precise determination of u,;, using the pressure drop versus
gas velocity curve is often limited. Fortunately, the bed height can be
used for such a determination, as shown in Fig. 4. While the pressure
drop versus superficial gas velocity provides the uy,y value (Fig. 3) [14],
the bed height versus the superficial gas velocity reveals the up, value
(Fig. 4). The fluidized bed height is maximum just before the onset of
bubbles. The bubbles bypass some of the gas in the emulsion, which
makes the bed become slightly collapsed.

Once fluidized, the distinction in the fluidization behavior becomes
apparent, as shown in Fig. 5, and is at the heart of Geldart’s classifica-
tion. The smallest Group C particles do not fluidize as they are too
cohesive. Group A and the larger Group B particles have good fluid-
ization characteristics, but the fluidization behaviors differ. The largest
particles, Group D, tend not to be fully fluidized but exhibit a spouting
behavior.

A simpler version of Fig. 2 has been presented, as depicted in Fig. 6.
Despite its simplicity, it is remarkable how these differences align with
the four groups for most particulate systems <2000 pm. Remarkable
enough that it is worth discussing the defining characteristics beyond
what is shown in Fig. 6.

2.1. Geldart Group C

Geldart Group C particles are the smallest particles in Fig. 2, spe-
cifically particles with a particle density of 1200 kg/m> having a particle
size of 45 pm or smaller. Sometimes these particles are referred to as
fines. Group C particles are defined as cohesive, which is attributable to
interparticle forces such as van der Waals, electrostatics, or monolayer
wetting (i.e., liquid bridging) [15]. What results is a poorly fluidized bed
prone to channeling. Most of the fluidizing gas does not make it into the
particle bed but bypasses it.

Fig. 3 illustrates the difficulty of fluidizing Geldart Group C material.
Using a typical cylindrical column with good gas distribution, poor
fluidization results, as indicated by the pressure drop profile after
minimum fluidization has been achieved. Ideally, this part of the curve
should be relatively flat and the pressure drop correspond to the force
needed to suspend all the particles. What results is that the gas is mostly
bypassing the bed through transient channels. The fluidization curve in
Fig. 3 is a good test for determining if cohesive forces are an issue. The
first indication is the less-than-stable pressure drop profile after mini-
mum fluidization has been achieved. The second indication is the
average pressure drop when the bed is fully fluidized, which should
approximate the weight of the bed divided by the cross-sectional area of
the column. In Fig. 3, this fell short by 32%.

To fluidize Group C particles, the gas distribution needs to be
different than what is typically used for the other classifications. Rah-
man [16] found that fluidization improved significantly by adding an
oscillating or pulse flow on top of a base flow for gas distribution. Pfeffer
etal. [17] and Quevedo et al. [18] found that adding micro-jets into the
bed significantly improved the fluidization quality. Good fluidization
was found for even nanoparticles using micro-jet distributors. The
resulting fluidization was smooth, with significant bed expansions
compared to that in a traditional fluidized bed [19,20]. Trogadas et al.
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reference: Baerns [3], Brekken et al. [4], de Jong et al. [5], Davies et al. [6], Rietema [7], Godard et al. [8], Oltrogge [9], Kehoe et al. [10], de Groot [7], Geldart [11],

and Mathur [12].
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Fig. 5. Illustration of the fluidization behavior of each Geldart group.

[21] expanded on this concept by using a multi-layered fractal distrib-
utor design that resembles the hierarchical structure found in lungs.

2.2. Geldart Group A

Group A has been the key driver for the extensive research on flu-
idized beds. These particles are the most common to fluidize for several
reasons. They are arguably the easiest to produce using a commercial
scale spray drier since particle sizes tend to range from 45 to 150 pm
with particle densities of 800 to 2000 kg/m>. Also, when fluidized, these
Group A particles have relatively high heat and mass transfer, making
them ideal for fast, exothermic reactions. Indeed, Group A particles are
at the heart of breakthrough fluidized bed technologies, including
acrylonitrile, polyolefin (Unipol), oxychlorination, and catalytic oxi-
dization [22].

The key fluidization characteristics distinguishing Geldart Group A
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Fig. 6. Interpretation of Geldart groups.

particles from the other groups are bubble hydrodynamics and perme-
ability. For Group A particles, the bubble size tends to be small, on the
order of 5 cm. In particular, the bubbles do not form at the onset of
fluidization, defined as the minimum fluidization velocity (ums). Higher
superficial gas velocities are needed for bubbles to form, the threshold of
which is referred to as the minimum bubbling velocity (ump). The region
between U and uyy, is called homogenous or smooth fluidization [23].
Groups B and D do not exhibit this behavior, as the minimum bubbling
velocity is the same value as the minimum fluidization velocity (i.e., ump
= umf)-

Speculations revolving around the physical origins of homogeneous
fluidization of Group A particles remain incompletely resolved, with
some attributions to hydrodynamics related to fluid-solid interactions
while others to solid-solid interactions. Regarding hydrodynamics, Garg
and Pritchett [24] were able to simulate homogeneous fluidization
behavior by adding any force proportional to the spatial gradient of
particle concentration to the particle momentum equation. Foscolo and
Gibilaro [25] formulated a hydrodynamic criterion for the onset of
bubbling based on the relative magnitudes of voidage propagation and
elastic wave velocities, while Verloop and Heertjes [26] presented
another such criterion based on the elasticity modulus calculated from a
drag force - interparticle distance relationship. Menon and Durian [27]
found particle motions and fluctuations to be minimal in homogeneous
fluidization, while Cody et al. [28] related average granular temperature
to differences in fluidization behaviors between Groups A and B. As for
interparticle forces, Rietema [29] demonstrated that cohesion and fric-
tion can result in an effective elastic modulus that maintains a stable
bed, while Tsinontides and Jackson further provided evidence that yield
stresses from solid-solid contacts are responsible for the stabilization
[30]. Foscolo and Gibilaro [25] and Pandit et al. [31] had similar ar-
guments. Further evidence was shown by Valverde et al. [32,33], in
which the addition of fumed silica to the bed caused the bed to display
homogenous behavior over a wider range of velocities due to the
reduced cohesion. If interparticle forces are at play for homogeneous
fluidization, particle clustering also plays a role. Royer et al. [34]
showed that adding fumed silica to larger particles reduces the cohesive
forces, leading to diminished clustering caused by increased surface
roughness increasing the translational momentum [35,36]. A recent
study demonstrated the homogeneous fluidization behavior to be due to
both hydrodynamics and solid-solid interactions [37].

Bubble behavior is different for Group A particles compared to Group
B or D particles. Generally, as shown in Fig. 7, bubbles start small at the
bottom of the bed and grow as they rise through the bed. w et al. [38],
Werther [39], and Cai et al. [40] have empirical models to estimate the
bubble growth in a fluidized bed. Werther’s correlation requires an
initial bubble size that can be captured from the work of Kobayashi et al.
[41] and Miwa et al. [42]. Regardless of the bubble growth model, the
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maximum or equilibrium bubble size needs to be considered for Group A
particles. Geldart [43] estimated this based on the terminal velocity.
Fig. 7 illustrates this type of bubble growth in a fluidized bed, specif-
ically that the bubbles grow to their maximum bubble size with splitting
and coalescence in equilibrium. In short, Group A particles can only
support a maximum bubble size before it becomes unstable and breaks
up or resist any additional gas. The maximum bubble size is due to the
lower bed permeability of Group A compared to the larger particles of
Group B or D. Smaller particles have a higher surface-to-volume ratio
than larger particles, and the higher particle surface area contributes to a
greater drag force. This limitation makes it more difficult for the gas in
the bubble to exchange with the gas in the emulsion. As a result, a more
stable configuration for the fluidization of Group A particles is more
small bubbles and less large bubbles, as depicted in Fig. 7.

Such behavior can also be seen by adding fines (d, < 44 pm; Group C)
to a fluidized bed of Group A particles. The bed expands, the fluidization
becomes more stable, and bubbles get smaller [44,45]. The presence of
fines holds more gas or fluid due to its higher surface area and the
resulting drag force. These fines are more mobile in the bed and can
move more gas into the emulsion phase. As a result, the bed expands to
account for the increase in gas volume in the bed, which means there is
less gas for the bubbles [46].

Notably, a bed of Group A particles devoid of fines has been shown to
exhibit the opposite effect. Bubbles are larger and the fluidized bed is
more chaotic. An extreme case of this would be gas bypassing. Gas
bypassing results from one or more streams of very fast-moving bubbles
rising upwards in the bed. Since most of the gas is in the form of these
streams, which represents the path of least resistance, the remaining
portion of the bed is nearly defluidized [47]. It is a phenomenon that
occurs with Group A particles in deep or dense beds. The bed’s low
permeability combined with the higher pressure at the bottom of the bed
due to the deep or dense bed results in instability. At this point, any
trigger can form these stable but transient streams of fast-moving large
bubbles. One of the solutions to mitigate gas bypassing is the addition of
fines to the bed. According to Issangya et al. [47], increasing the bed
fines content from 4 wt% to 8 wt% can expand the bed height from 1 m
to 2 m, because adding fines allows more gas to be moved into the
emulsion and thus mitigates the precursor for these gas streams [48].

Another distinguishing characteristic of Group A particles is the rate
of defluidization when the fluidizing gas is shut [7]. This defluidization
behavior is shown in Fig. 8 for Groups A and B particles. The rate of bed
collapse or the rate at which the bed height comes to rest depends on the
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and plenum. The column diameter is 0.3 m.

bed’s permeability. For Group A particles, the rate of collapse is much
longer than that of other groups. For Group B particles, because of the
much higher gas permeability in the bed, defluidization is quick [49].
For example, as shown in Fig. 8, in a 0.3-m diameter column with a 0.5-
m deep bed, Group A particles could take >15 s to defluidize, whereas
Group B particles would be defluidized in <5 s. Geldart and Wong re-
ported that the de-aeration times of Group A particles is most affected by
particle density, followed by particle size, fines fraction, gas viscosity
and gas density [49]. Simulation studies subsequently showed that
solids modulus is the dominant factor affecting deaeration, and that two
different hydrodynamic models, two different drag models and solids
rheology have negligible effect [S0]. More studies are needed to fully
understand the physical basis.

It needs to be noted that when using Fig. 2 to discern if a particle
behaves according to Group A or C behavior, the Geldart Classification
Chart provides less predictive accuracy. The broader boundary denotes
A/C behavior, and if the particle falls in this region, it could behave like
Group A or C [1]. Only experimental testing will reveal its actual
fluidization behavior, which should probably be done under actual
operating conditions [49,51,52]. However, even if the particles are
characterized as Group C from testing, they could behave as a Group A
particle at elevated temperatures [53] or with a higher viscosity gas
[54]. The opposite may be true at higher pressures [55].

2.3. Geldart Group B

Geldart Group B particles have particle sizes ranging from 150 to
1000 pm, for the most part. Typically Group B particles do not exhibit
significant cohesive behavior primarily due to their large size domi-
nating the fluidization hydrodynamics (i.e., body forces dominate over
surface forces). The fluidization of such particles is typically described as
having much larger bubbles and much faster defluidization rates than
Group A or C particles. Sand is a good representation of a Geldart Group
B particle.

Arguably, the most interesting characteristic of Group B particles is
the bubble growth. As shown in Fig. 7, bubbles in a fluidized bed of
Group B particles continue to grow, with no equilibrium bubble size
being reported. In tall commercial units, bubbles can grow to the order
of meters [44]. Such large bubbles could be an issue with commercial
applications of Group B particles. If the bubble size increases enough,
slugging could result [23]. The vibrational stresses on such units could
be concerning.

With the permeability of Group B particles being significantly higher
than for Group A or C particles, the fluidization behavior is notably
different. The lower drag and the relative absence of cohesive forces
drive this lower permeability. The gas can more easily flow around the
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particles; thus, more gas is needed to suspend the particles. As a result,
bubble formation occurs at the point of fluidization (i.e., tpms = ump), and
the fluidized bed height tends to be lower than that for Group A particles
or a well-fluidized bed of Group C particles. Indeed, one discerning test
for characterizing a particle as Group B is measuring the agreement of
the minimum fluidization and minimum bubbling velocities (Fig. 4).

The commercial applications involving Group B particles are less
than that of Group A ones. The larger bubbles contribute to a lower mass
transfer which for heterogeneous processes could be limiting. The higher
superficial gas velocities needed reduce the gas residence time, which
can also be a limiting factor. Another issue is that the making of Group B
particles is more challenging than with Group A. These particles tend to
be harder to spray dry in commercial units, a common method for
making Group A particles, and it is expensive to mill Group B particles
from extrudes.

However, Group B particles have seen prominent applications in
gasification and pyrolysis. Natural Group B materials such as quartz or
silica sand can provide the mixing and thermal stability needed for such
reactions in a fluidized bed. Since the reactions are homogeneous,
bubble size is less of an issue for these applications.

2.4. Geldart Group D

Group D particles tend to have particle sizes larger than 1000 pm and
are characterized as spoutable. Very dense particles can also be char-
acterized as Group D, even with particle sizes smaller than 1000 pum (e.
g., metal particles). Bed densities tend to be higher for Group D particles,
which limits mixing. Like Group B particles, Group D particles tend to
have large bubbles. Geldart [1] noted that all but the largest bubbles
tend to rise slower than the gas in the emulsion. Unlike Group A or B
particles that form fast clouded bubbles (i.e., bubble rise velocity is
higher than interstitial gas velocity, and gas circulates between bubble
and cloud), Group D particles tend to form slow cloudless bubbles (i.e.,
interstitial gas velocity is higher than bubble rise velocity, and emulsion
phase gas flows through the bubble phase from bottom to top with
negligible circulation) [56].

The gas flow through a bed of Group D particles must be high to
fluidize the bed. As a result, Group D applications tend to be limited to
particle processing, not gas processing. Gas residence times are too short
for most practical applications whereby the gas effluent would be the
product. Also, unlike Group B particles, increasing the gas velocity
through a fluidized bed can form a jet or spout, as shown in Fig. 5
[57,58]. Such behavior is exploited with particle coating/treatment and
granulation operations. The spouting jet can be controlled and stabilized
using a conical fluidized bed and/or draft plate [59,60].

3. Geldart Classification versus other classifications

The inevitable question is, in view of the lack of in-depth mathe-
matical analysis and basing just on bubbling behavior observations, why
did the Geldart chart persist to be the dominant chart for classifying
particles into Groups representing different fluidization behaviors? A
straightforward answer is the sheer simplicity to use it. To further
address this, it is necessary to review other available classifications. A
commonality in these alternatives appears to be on additionally ac-
counting for the gas phase, since the Geldart classification essentially
ignores gas phase properties. More specifically, even though p; is
accounted for on the y-axis (Fig. 2), the term p, — p; negates any effect of
ps as py is typically three orders of magnitude larger than p; for fluid-
ization by gas.

In 1984, Rietema [54] presented a dimensionless version of the
Geldart chart to additionally factor in cohesion, gas viscosity and
gravitational acceleration. As shown in Fig. 9a, the x-axis accounts for a
cohesion factor C (whereby a characteristic value for C was given as 4 N/
m? for particle diameter (dy) = 100 pm, fluid viscosity (u) = 2 x 107
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Ns/m? and superficial gas velocity (1) > 0.1 m/s), while the y-axis is
Archimedes number (Ar; ratio of gravitational force to viscous force):

ar = 8500 = 1)
u

where g is gravitational acceleration, d, is particle diameter, and y is
fluid viscosity. The A-B boundary was defined based the premise that
homogeneous expansion is possible only when the elastic compensating
force exceeds the continuity wave force and is dependent on packed bed
porosity (&,). As for the A-C boundary, the negative slope reflects the
dominance of cohesion as well as the corresponding impact of gas vis-
cosity; however, it was indicated that the exact position and slope need
further investigation.

In 1986, Grace [61] presented a fluidization regime map super-
imposed with new boundaries for the Geldart groups (Fig. 9b). The
boundaries for Groups A-B and B-D were modified to account for gases
other than air as well as for non-ambient temperarure and pressure, and
also to include studies reported since the Geldart chart was published.
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Similar to Rietema [54], the axes are dimensionless. While the x-axis is
dimensionless particle diameter (d;), the y-axis is dimensionless super-
ficial velocity (u*):

« 1 pg(/’ _P) 1
dp:Aﬂ:dF{f;izf];

B pj% 1
U =u|l———— |3
K8 (p, = py)

Based on classifying data into Groups A if u,,, > 1.2u,,s and Group B if
Uy < 1.1y, the new A-B boundary established is such that Group A
and B particles remain in the same classification in the same gas at
different temperatures and pressures. As for the new B-D boundary, the
physical bases are the distinction between fast cloudy bubbles for Group
B and slow cloudless bubbles for Group D, and the ability to spout for
Group D. It was noted that the boundary does not account for changes of
gas physical properties since such data were not available.
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Fig. 10. (a) Geldart classification with boundaries per Molerus [62], reproduced with permission from Elsevier; (b) Goossen’s classification on a log-log plot of Ar

versus Re [63], reproduced with permission from Elsevier.
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In 1993, Molerus [62] showed that consideration of the relative
magnitude of the inter-particle adhesion forces with respect to the drag
forces results in a classification similar to that of Geldart [1], as illus-
trated in Fig. 10a. Based on the limiting isostatic stress in a random-
packed bed, the average tensile force per particle was defined by:

r Fy
Fr=--24
"6 ¢
where Fy; is the adhesion force per particle contact (e.g., 7.71 x 1077 N
for polypropylene, 8.76 x 108 N for glass beads) and « is bed porosity.
In particular, Fy is affected by the surface geometry of the particles in
contact, nature of the inter-particle interaction force and the hardness of
the particles. To express drag force, the Euler number for fluidization,
which is the ratio of drag per particle to fluid dynamic pressure, was
used:
4 pp - pf dpg

EUF] = 5

2
3 op ¢

and u is superficial gas velocity. The A-C boundary is characterized by
the non-dimensional group of maximum drag force normalized by
average tensile force, based on the premise that the predominance of
inter-particle cohesion forces of Group C particles suppresses free par-
ticle motion. The broader boundary is underlain by the hardness of the
particles, with the left-hand limit for harder particles and the right-hand
limit for stronger adhesion forces associated with less hard particle
surfaces. The same argument applies to the A-B boundary, based on
adhesion forces being negligible relative to drag forces for Group B. As
for the B-D boundary, the limit was based on the tendency to spout when
the dynamic pressure of the fluid exceeds a critical value at the onset of
fluidization.

In 1998, Goossens [63] proposed a classification based on Ergun’s
popular summation of laminar and turbulent constituents in packed-bed
flows [64], and it was indicated to be generally valid for any tempera-
ture and pressure. Specifically, based on the relative dominance of
laminar and turbulent phenomena, a classification on a log-log plot of Ar
versus Re was reported, as shown in Fig. 10b. The Reynolds number (Re;
ratio of inertial force to viscous force) is calculated by:

_ Ppdyu
u

Re

Four boundaries are set based on the relative dominance of laminar
and turbulent effects: (1) the C-AC boundary is defined at the entrain-
ment benchmark whereby the laminar effects are 1000 times that of the
turbulent ones, giving Ar; = 0.97; (2) the Group A-B boundary is defined
at the minimum fluidization benchmark and similarly at the critical
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laminar-to-turbulent ratio of 1000, giving Arp = 88.5; (3) the Group B/D
boundary is defined such that the laminar and turbulent effects are equal
at the onset of fluidization, giving Arg = 176,900; and (4) the Group AC-
A boundary is defined based on considerations that at least 1% of the
hydrodynamics is turbulent since local cohesion has to be overcome by
fluid inertia forces, giving Ars = 9.8.

Comparing the resulting classification with Geldart’s in Fig. 11a in-
dicates agreement on the boundaries except for the A-B one, which has
been tied to different perspectives of the onset of bubbling. As for the
comparison between the Goossen and Molerus classifications, Fig. 11b
indicates better agreement between the former basis on the Archimedes
number, and the latter experimental basis on bubbling and heat transfer
phenomena. In brief, the Goossens boundaries representing Ar values of
0.97, 9.8, 88.5, and 176,900 divide the particles into five categories
corresponding to Geldart Groups C, AC, A, B and D. This classification
converges with the Geldart classification [1] for fluidizing with ambient
air, which the latter was experimentally developed for.

The Geldart classification was developed using fluidization with
ambient air, which brings into question the applicability for industrial
operations that involve gases other than air, and are typically at high
temperatures and pressures. The experimental results of Grace [61] and
Oltrogge [9] suggest that the Group A-B boundary is more depressed
than that initially proposed by Geldart [1]. Grace devised a new Ar-
based A-B boundary for such data [61], which agrees with that of Gel-
dart. Specifically, Ar, which represents the ratio of body forces to viscous
forces, can better account for differences in the hydrodynamics due to
changes in gas density and viscosity. Later on, Goossens [63] also pro-
posed using Ar. Additionally, instead of merely density difference,
normalized density difference (i.e., normalized with respect to the gas
density) was noted to better reflect gas pressure effects. Correspond-
ingly, the Group A-B boundary was described with the Archimedes
number of 88.5, and the transition from homogeneous to bubbling
fluidization or laminar to turbulent flow effects can be better captured
[63]. Fig. 12 shows Yang’s [19] re-evaluation of Fig. 2 in terms of the
normalized density and the Archimedes number proposed by Goossen
[63], along with the boundaries proposed by Grace [61] and Oltrogge
[9]. The Group A-C boundary is more curved. The Group A-B boundary
is less discrete, and there is no reason not to expect the B-D boundary to
be as discrete either. Accounting for gas properties, the general
consensus is that Group B particles tend to behave as Group A at high
pressure, and even Group D fluidizes as Group A at sufficiently high
pressure. More on this chart is discussed in the subsequent section on
precautions needed when using the Geldart Chart for high-temperature
and high-pressure systems fluidized with fluids other than air.

In 2023, a new classification was presented, serving as a testament to
the continued interest in classifying particles into different fluidization

(a) £ (b)
5x10% \ 5x10%
\
Ar=176,000 Ar=176,000
1x10* 1x10* £
“g 5000 \Ar=88.5 “¢ 5000 Ar=88.5
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Q. Ar=9.8 \ Y Ar=9.8
® 1000f 1% 1000p
500 500 |
C——— YTAC— A— X B D C——\— AC ~\+—A— B D
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Fig. 11. Goossens classification [63], with (a) the Geldart classification embedded [1], and (b) the Molerus classification superimposed with broader demarcations

[65]. Modified and re-used with permission from Elsevier.
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Fig. 13. Zhou et al. [20] classification with a new Group C*. Modified and re-
used with permission from Elsevier.

behaviors [20]. The relative influences of cohesion and gravity on
minimum fluidization velocity (uyy) result in the classification in Fig. 13.
A new group (namely, Group C*) was reported. Specifically, the original
Group C particles were surface-modified to reduce cohesiveness and
thus become fluidizable. This is reminiscent of the earlier studies on
adding of fumed silica nanoparticles to mitigate cohesion [32-34]. The
minimum fluidization velocity (uyy) of the new Group C* was found to
increase with a revised Archimedes number (Ars") that factors in a
cohesion index (¢"; ratio of cohesion to gravitational forces):
. odpe

Aro 77

where

. Fs

680{; o€

Fo dp,g dp,g

where ¢ is cohesion measured by the FT4 instrument with unit of Pa, F,
is cohesive force, Fg is gravitational force. Fig. 13 thus modified the
Geldart classification by adding (i) a new fluidizable Group C*; and (ii)
the different corresponding uy, calculations based on the dominance of
cohesive force for Group C* while gravitational force for Groups A and
B:

TS & for Group C*
Uy = F%*7 for Groups A and B
4. Analogous to Geldart classification: pneumatic conveying

In 2005, Kalman et al. [66] classified particles into three different
zones based on their pickup velocity (up,) in pneumatic conveying in
both gas and liquid. Specifically, pickup velocity is defined as the critical
velocity to move the particles at rest [67], which is important for pre-
dicting the velocities required for such applications. Fig. 14 depicts the
three-zone model. For the y-axis, a modified Reynolds number was used
to account for the effect of pipe diameter on uy,,. The relationship be-
tween the u,, values in various pipe diameters and those in a pipe
diameter of 50 mm was found to be:

b/Dso

u,
14— 0.8¢ 13
Upu.50

where D is pipe diameter and the subscript 50 refers to the reference pipe
diameter of 50 mm. Accordingly, the modified Reynolds number was
expressed as:

Re' — pfdpupu
P D/Dsy
u(1.4 —0.8¢% )

Regarding the three zones, Zone I is for free-flowing sand-like ma-
terials, Zone II is for particles with non-negligible cohesive forces and
lower permeability, while Zone III is for particles with significant
cohesive forces and thus cannot be picked up individually. Clearly,
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Kalman et al. [66], Cabrejos and Klinzing [69-71], and Hayden et al. [72].
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Fig. 15. Effect of particle sphericity on the modified Geldart classification of fluidization behavior.

Zones 1, II and III correspond to Geldart Groups B, A and C. For nano-
particles, it was further found that, although nanoparticles belong in
Zone III, they are described by the correlation for Zone I particles in
pneumatic conveying due to agglomeration [68].

5. Precautions when using the Geldart Chart

Although the Geldart Classification chart in Fig. 2 is widely endorsed
as the first step in designing or optimizing a fluidized bed operation, it
has some limitations. Fig. 2 shows a broad boundary between Geldart
Groups A and C particles, which are sometimes classified as Group A/C
particles. Similarly, the distinctions between Groups A and B, and
Groups B and D, are less clear at the boundaries. Indeed, many factors

can impact the differentiation between Groups, such as temperature,
pressure, sphericity, roughness, cohesion, and adsorbed species. So,
some vigilance is warranted, as noted as follows.

5.1. Temperature and pressure

The Geldart classification was developed with ambient air, and
thereby caution is necessary for industrial operations. Concern was
noted by many [19,54,61], who proposed that the Geldart classification
of particles does not apply at elevated temperature and pressure when
using fluidizing gases other than air. Fluidization above room temper-
ature applies to most fluidized bed unit operations besides dryers and
heat treaters. The Geldart classification only depends on density
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difference (pp — py) and particle size. Yet, despite using the density dif-
ferences, particle densities tend to be 1000 times higher than the gas
density, which means the Geldart classification chart largely only con-
siders the particle size and the particle density. Thus, Fig. 2, in principle,
does not consider gas viscosity or gas density, which certainly impacts
the particle drag force and the damping of such drag forces [73]. With
temperature affecting both gas viscosity and density, and pressure
affecting gas density, one would expect these classifications to be
impacted.

The benefit of using Ar in Fig. 12 is that some of the temperature
effects are captured. For example, a 125-pm particle with a particle
density of 1800 kg/m? in propylene gas would be classified close to the
A-B boundary in the original Geldart Chart (Fig. 2). In Fig. 12, this
particle point would be classified as Group B at 25 °C, but Group A at
600 °C. Therefore, for classifications close to boundary lines, using the
Archimedes number may be a better approach.

The system pressure also adds complexity to the interpretation of the
Geldart classifications. At higher pressures, smaller or less dense Group
B particles may exhibit Group A behavior, whereas at lower pressure,
such behavior was observed to be clearly in line with the Group B
classification [74]. Yet, according to Fig. 2, increasing the absolute
pressure from 1 to 10 bar only changes the density differences by 1% for
a 1200 kg/m® particle density. For the log-log plot in Fig. 2, there is no
classification change at all. Notably, Liu et al. [75] reported that Group
D particles fluidized with CO5 at pressures higher than 4 MPa resulted in
homogeneous bed expansion reminiscent of Group A particles below the
minimum bubbling velocity.

5.2. Fines

The x-axis of the Geldart classification chart (Fig. 2) is surface-
volume mean diameter. Many different definitions of the mean diam-
eter are available; for the same particle size distribution, while the
number-based mean gives a smaller value due to the greater emphasis on
the finer particles, the volume-based one gives a larger value to
emphasis on the coarser particles [76]. In practical applications, the
surface-volume mean diameter is typically used due to the underlying
physical association with the ratio of drag to gravitational forces. Past
studies have shown the significant impact of fine particles on fluidiza-
tion behavior. Pell noted that fluidization becomes more stable and
bubbles get smaller [44]. Marnani et al. [77] reported that increasing
the amount of Geldart Group C particles in a Geldart Group A bed leads
to different fluidization behaviors, with notable differences including an
increase in the hysteresis between fluidization and defluidization
curves, the peak pressure drop occurring at a higher velocity, and a
decrease in bed expansion. Issangya et al. [78] showed that the presence
of more fines mitigated the gas bypassing behavior and thus allowed for
the operation of taller Group A beds. Bareschino et al. [79] investigated
the fluidization of pyroclastic particles, and found that fines promoted
homogeneous fluidization, allowing for the operation of bubble-free
fluidization over a wider range of superficial gas velocities. These
studies collectively elucidate the important influence of fines, as well as
the nature of the particle size distribution, on impacting fluidization
behavior, which cautions the use of surface-volume diameters on the
Geldart chart for predicting fluidization tendencies.

5.3. Inter-particle forces

Inter-particle forces such as van der Waals, Coulombic, and wetting
forces may need to be considered for the classification of particles. While
larger particles are less affected by such forces, past studies have shown
them to be significant in some cases. Yehuda et al. [80] showed that
adding moisture to Group D particles resulted in fluidization behavior
indicative of Group A or even Group C particles due to van der Waals and
liquid bridging forces. Seville and Clift [81] presented similar ten-
dencies, specifically that wetted Group B particles behave like Groups A
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and C.

Electrostatics is well-acknowledged to affect bed hydrodynamics
[82]. Mehrani et al. [83] found that increases in pressure and superficial
gas velocity increased the charge for polyethylene resins as measured by
a collision probe. Such charge increases would promote particle clus-
tering, which is more dominant for Group A particles than Group B ones.
Moughrabiah et al. [84] reported that Group A particles charged
significantly more than Group B, and smaller Group B particles charged
more than larger Group B ones. The different charging tendencies of
different materials lead to different fluidization behavior, and thereby
would cause the classification boundaries to shift.

Molerus [62] further proposed that surface hardness may be a sec-
ondary factor affecting cohesion. Less elastic particles may be more
susceptible to cohesive forces, resulting in Group A particles behaving
like Group C. The Group A-B boundary was instead defined with the
expression [62]:

Py = py)de

V3
0.16 ~
H

where Fy is the inter-particle force, which can be quantified with atomic
force microscopy [34]. Fig. 12 illustrates Molerus’ [62] criteria on
Yang’s [19] classification map. It does suggest a more dramatic shift in
the A-B boundary than that proposed by Grace [61] or Oltrogge [9],
reflecting the significance of inter-particle forces on fluidization
behavior.

Royer et al. [34] found that smoother particles were more prone to
particle clustering. On a per-mass basis, cluster particles exhibit less drag
than singular particles. Such behavior could shift a particle at the Group
A-B boundary towards Group B classification.

The understanding of the different interparticle forces and the con-
ditions that dictate them (e.g., adsorbed species [34,36,85], asperities or
particle shape [32], etc.) remains incomplete. Nonetheless, the impact of
such interactions on the associated fluidization behavior and the Geldart
classification is broadly acknowledged.

5.4. Particle shape

Particle sphericity should be considered. Many other correlations for
various fluidization-related phenomena, such as terminal velocity
[86-89], bed expansion [90], entrainment rates [91], and compaction
fraction [92] and Hausner ratio, take sphericity into consideration.
Caceres-Martinez et al. [93] found for biomass fluidization that, along
with particle density and particle size, the particle shape had a distinct
impact on the fluidization behavior and the fluidization quality.
Kruggel-Emden and Vollmari [94] concluded similarly the impact of
varying shapes of Group D particles, and proposed revisions to minimum
fluidization, slugging, and transitional velocity correlations.

Kunii and Levenspiel indicated that the effective particle diameter is
the product of particle sphericity and characteristic particle diameter
[23]. Spherical and elongated particles like biomass fluidize signifi-
cantly differently, specifically with respect to preferential orientations
and rotational velocities of particles with different aspect ratios at
different parts of the beds and at different superficial gas velocities
[95,96]. The non-sphericity of particles is acknowledged to affect flow
regime transition [94], drag [97], minimum fluidization velocity [98],
bubbling behavior [99], etc. As Guo et al. [100] reported, the irregular
plastic particles that were classified as Geldart Group A behaved more
like Geldart Group C. As highly non-spherical particles like biomass and
plastics become increasingly important in addressing renewable energy
and circularity challenges, the effect of sphericity on their classification
in the Geldart chart is crucial in providing accurate predictions of the
fluidization behaviors.

In terms of the drag forces, less spherical particles have lower ter-
minal velocities. Minimum fluidization velocities and other key velocity
metrics are depressed compared to the spherical counterparts. Perhaps
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some accountability to particle shape can be addressed in Fig. 12 by
using the aerodynamic particle size instead of the pure Sauter-mean
particle size. As shown in Fig. 15, this modified Archimedes number
provides the expected shift noted by Grace [61] and Oltrogge [9].
However, more data is needed to validate this approach.

For the relatively newer particles of interest like biomass and plas-
tics, not only does the non-sphericity throw the current knowledge base
off-kilter, but the low particle density also should be considered. As the
Geldart classification chart in Fig. 2 shows, no data point was available
for the Geldart B-D demarcation in the lower-density region of <1 g/
cm?®, which is the density range of relevance for biomass and plastics.
While the current extrapolation can be used as a first pass, some caution
is warranted in attempting to predict the fluidization behavior a priori
based on the Geldart chart. Indeed, the data-derived boundaries of Grace
[61] and Oltrogge [9] further indicate that caution is needed.

6. Concluding remarks

It has been 50 years since the seminal paper on the classification of
particles into different fluidization behaviors [1], which persists in
remaining the most used grouping in the fluidization community. The
classification was described earlier in 1972 [11], but it is the chart
presented in 1973 that received widespread use [1]. Specifically, based
simply on particle density and particle size, particles are divided into
four groups defined as A, B, C and D, which exhibit distinctly different
fluidization behaviors. The chart was mainly empirically based on
bubbling and aeration behaviors observed during fluidizing by air at
ambient conditions, but its application has proliferated beyond such that
it is the first question to answer in any design or optimization of pro-
cesses involving particles. This paper has been cited almost 3000 times,
and the number of citations continues to increase, testifying to its rele-
vance to date.

The exalted status of the Geldart classification is not expected to
diminish. In particular, computational fluid dynamics — discrete element
method (CFD-DEM) (and direct numerical simulation (DNS)) studies, as
well as coarse-graining methods [106,107], continue to explore how
particles of various sizes behave [85,101-105]. For the larger Geldart
Group A, B, and D particles, the results are promising. However, addi-
tional validation is needed on how the boundaries between these groups
are dependent on elevated temperatures and pressures. As for Geldart
Group C and smaller Group A particles, the underlying physics is still
under investigation, because of limited understanding of the different
interparticle forces and the conditions that dictate them (e.g., adsorbed
species [34,36,85], asperities or particle shape [32], etc.). Once
resolved, the corresponding refinements of the models would improve
predictive capability of the various phenomena in fluidized beds with
smaller particles, such as clustering, bubble hydrodynamics, and attri-
tion buffering.

The success of the Geldart classification is testament to simplicity
being the ultimate sophistication.
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