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A B S T R A C T

The macroscopic convective transport of solids in fluidized bed systems is vital for efficient heat and mass 
transfer in solids-looping and solids-throughput processes. While risers are a conventional setup to promote 
solids convection, emerging applications demand higher solids flux and more compact, energy-efficient alter-
natives. This study investigates five solids conveying mechanisms in a fluid-dynamically down-scaled cold flow 
model using Geldart B-type solids. The system features a closed circulation loop, interconnecting a bubbling bed 
with a conveying module that induces net horizontal solids crossflow.

Each conveying strategy is driven by a distinct mechanism: (i) Free solids splashing relies on bubble bursts at the 
bed surface to eject particles; (ii) Confined solids splashing amplifies this effect within a narrow geometry through 
turbulent interactions to enhance particle lift; (iii) Slugging induces transport via the rise and collapse of gas slugs 
in vertical ducts; (iv) Solids entrainment achieves lift by elutriating particles from the dense bed through high gas 
velocities; and (v) Directed gas injection imparts lateral momentum via angled nozzles.

The solids flow rate is measured using magnetic solids tracing technique. Conveying efficiency is assessed by 
comparing energy imparted to solids with energy input from fluidization gas. Free solids splashing and directed gas 
injection achieve the highest upscaled transport rates (5 × 10− 2–2 × 103 kg/m2⋅s) at gas velocities of 1.9–4.3  m/ 
s, outperforming conventional risers. Free solids splashing also offers the highest energy efficiency, while slugging 
and directed gas injection offer intermediate performance. Confined solids splashing and solids entrainment show the 
lowest efficiency.

1. Introduction

The macroscopic convective transport of solids within fluidized bed 
systems is essential for the efficient transfer of mass and energy across 
various reactors or reaction zones, ensuring optimal interaction between 
gas and solid phases. This feature is particularly important in processes 
that involve solids cycling, such as biomass indirect pyrolysis/gasifica-
tion, chemical/calcium looping, and catalytic cracking, as well as in 
solids throughput applications like drying and iron reduction (Grace 
et al., 2020; Kunii and Levenspiel, 1991). Traditionally, the flow of 
solids in these systems has been forced by pneumatic transport mecha-
nisms, typically through riser configurations. An example of this is found 
in dual fluidized bed (DFB) systems, which are integral to processes 
employing solids cycling, such as chemical synthesis, cracking, and 
biomass conversion, due to their effectiveness in achieving controlled 
mass and energy transfer between reactors (Kunii and Levenspiel, 1991). 
A key characteristic among current DFB configurations is the 

incorporation of at least one riser (also called circulating fluidized bed, 
CFB) whose particle elutriation drives the solids circulation rate in the 
system. Such a CFB is combined with the second bed reactor, which can 
be either a second CFB or a bubbling fluidized bed (BFB) (Kunii and 
Levenspiel, 1991). However, incorporating a CFB to induce convective 
transport introduces design requirements, such as a large riser vertical 
dimension (proportional to the solids throughput) and higher energy 
demand due to the increased gas velocities required compared to 
bubbling beds. Both factors are pivotal for process performance (Grace 
et al., 2020; Kunii and Levenspiel, 1991). Thus, new applications 
requiring higher solids circulation rates may benefit from alternative 
fluidized bed designs that explore non-conventional configurations for 
inducing and controlling the macroscopic solids flow, offering more 
compact designs and improved energy efficiency.

Within the field of fluidization technology, various potential con-
figurations have been explored and shown capable of achieving net 
solids transport. These configurations have been designed and operated 
with the aim of exploiting the characteristics of specific fluidization 
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regimes. In short, fluidization regimes categorize the distinct states 
observed when a fluid (liquid or gas) flows through a bed of granular 
material at varying velocities (Grace et al., 2020; Kunii and Levenspiel, 
1991). The transition between these regimes is primarily influenced by 
the gas velocity and the properties of the gas and the solids. For Geldart 
B solids, increasing the gas velocity beyond minimum fluidization shifts 
the system into the bubbling regime, which is distinguished by the pres-
ence of rising gas bubbles whose size (and thus the magnitude of pres-
sure fluctuations) increases with fluidization velocity. For beds with a 
high aspect (height-to-width) ratio, as gas bubbles grow with height the 
system can evolve into the slugging regime, which is characterized by the 
formation of gas pockets that span the entire cross-section, yielding the 
rise (and sometimes even the collapse) of solids packets. With a higher 
fluidization velocity, the system eventually enters the turbulent fluid-
ization regime, where individual bubbles become indistinguishable, 
resulting in a highly mixed state with intense particle-gas interactions 
and reduced pressure fluctuations. However, the exact boundaries of 
this regime are often disputed, as it is not universally defined and can 
vary depending on the system’s scale and design (Bi et al., 2000). 
Increasing the gas velocity beyond this regime yields states (fast bed 
regime, pneumatic regime) where the solids upward entrainment by the 
gas is significant, establishing circulating conditions.

Literature covers solids circulation in fluidized bed systems, with 
vertical circulation in CFBs and DFBs being well-studied, while hori-
zontal circulation is far less explored. The summary below categorizes 
solids conveying configurations into four types: BFB-BFB (horizontal), 
compartmentalized BFB (horizontal), BFB-CFB (vertical), and slugging 
(vertical). Further, the influence of gas injection on achieved solids flow 
rate is also highlighted, as nozzle design and placement play a crucial 
role in controlling solids transport and mixing within fluidized bed 
systems.

Regarding BFB-BFB configurations aimed at transporting solids be-
tween distinct bed reactors, Adánez et al. (Adánez et al., 2006) imple-
mented solids transport in their chemical looping combustion system by 
integrating interconnected BFB reactors, utilizing a pressure difference 
created by the distinct fluidization conditions. This setup, when com-
bined with a loop-seal system and a solids valve, facilitates a controlled 
overflow of partially reduced oxygen carrier particles from the fuel 
reactor into a U-shaped fluidized loop seal, with subsequent transfer of 
the solids to the air reactor.

Compartmentalized BFBs are designed to circulate particles across 
different compartments within a single bed container (Kuramoto et al., 
1986; Snip, 1996; Foscolo et al., 2007; Reichhold and Hofbauer, 1995; 
Rubio et al., 2004). Kuramoto et al. (Kuramoto et al., 1986) studied 
solids transport in a two-dimensional fluidized bed divided by a 

partition with an opening, creating two sections with different superfi-
cial gas velocities. They found that the solids circulation rate between 
these sections was influenced by the gas velocity in the high-velocity 
upward-flowing bed section and the opening-to-downcomer area ratio, 
enabling an effective control of net solids transport by adjusting these 
parameters. Snip et al. (Snip, 1996) described an Interconnected Flu-
idized Bed (IFB) reactor technology that is characterized by multiple 
dense-bed and lean-bed sections. Solids transport occurs through 
consecutive compartments with alternating aeration velocities, such 
that high-velocity fluidization causes the solids to splash over a weir, 
while low-velocity aeration facilitates their flow through an orifice. A 
similar design study was conducted by Foscolo et al. (Foscolo et al., 
2007), in which the solids circulation in an IFB gasifier was driven by a 
pressure difference across two fluidized beds that are separated by a 
partition plate. Reichhold et al. (Reichhold and Hofbauer, 1995) 
developed an internally circulating fluidized bed (ICFB) system 
featuring two adjacent bubbling fluidized beds separated by a partition 
with horizontal openings. This arrangement, when combined with the 
use of varying fluidization rates, allowed for controlled circulation of the 
bed material between the two sections. Rubio et al. (Rubio et al., 2004) 
achieved controlled circulation of solids in an ICFB system by creating a 
pressure difference between two zones of different bed porosities sepa-
rated by a vertical partition with an orifice of adjustable size.

The use of a CFB is a common practice to induce solids flow in flu-
idized bed systems. In this setup, a riser (a bed operated at fluidization 
velocities beyond the turbulent regime to achieve significant solids 
entrainment from the bottom region) drives the convective transport. 
Many examples of such configurations are found in the literature. Lin-
derholm et al. (Linderholm et al., 2008) utilized a CLC reactor system in 
which the gas velocity in the air reactor (the riser) drives the circulation 
of particles between this bed and the other one, a bubbling bed acting as 
the fuel reactor. Solids are entrained in the gas flow, separated in a 
cyclone, and returned to the bubbling fuel reactor via a downcomer, 
together constituting a mechanism for continuous and controlled 
transport of solids. Xu et al. (Xu et al., 2009) devised a system that in-
tegrates a pneumatic riser combustor and a two-staged fluidized bed 
reactor. The lower stage served as a bubbling bed gasifier, while the 
upper stage, designed with an expanded cross-section, enhanced the gas 
residence time and curtailed fuel particle elutriation. An overflow pipe 
was used for interstage particle transfer, ensuring precise control of 
particle circulation. Charitos et al. (Charitos et al., 2010) examined a 
cold model of a DFB system, in which the riser features an “abrupt” 
inclined exit. The system was completed by a double exit loop seal with 
an adjustable orifice for controlling the solids circulation rate, and a 
BFB. In the DFB system investigated by Hawthorne et al. (Hawthorne 

Nomenclature

A Cross-sectional area [m2]
Ar Archimedes number [-]
C Concentration [kg/m3]
Ds Solids lateral dispersion coefficient [m2/s]
Dt Tube diameter [m]
d32 Sauter mean diameter [μ m]
dp Mean particle diameter [μ m]
E Energy flux [J/s]
g Gravity constant, 9.81 [m/s2]
H Settled bed height [m]
Hmf Bed height at minimum fluidization [m]
L Length [m]
ṁs Solids mass flowrate [kg/s]
P Pressure [Pa]
Q Volumetric flowrate of gas [m3/s]

Rep Particle Reynolds number [-]
t Time [s]
u0 Fluidization velocity [m/s]
umf Minimum fluidization velocity [m/s]
ums Minimum slugging velocity [m/s]
umt Transition velocity to turbulent fluidization regime [m/s]
us Solids velocity [m/s]
x Horizontal position [m]

Greek letters:
γ Isentropic expansion factor [-]
εs Solids volume fraction [-]
η Solids conveying efficiency [-]
μf Gas viscosity [Pa•s]
ρb Bulk density [kg/m3]
ρf Gas density [kg/m3]
ρs Solids density [kg/m3]
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et al., 2012), solids transfer between the CFB regenerator and the BFB 
gasifier was attained through an L-valve and a hydraulic connection. 
This configuration enables controlled particle entrainment and circula-
tion, ensuring effective material exchange between the two reactors. 
Nguyen et al. (Nguyen et al., 2012) utilized a configuration that in-
tegrates a BFB gasifier with a riser, connected by a loop seal. This setup 
enabled an efficient integration of the gasification and combustion 
processes, with the riser facilitating continuous particle transport. Bao 
et al. (Bao et al., 2013) designed a dual BFB reactor system, in which a 
riser transports solids between a fuel reactor (FR) and an air reactor 
(AR), using a cyclone for gas-solids separation. Secondary air was 
introduced at the top of the AR to enhance particle entrainment, and U- 
shaped loop seals were used to prevent gas leakages between the re-
actors, ensuring effective circulation of the particles. Li et al. (Li et al., 
2018) have described an indirect steam gasification setup that utilizes a 
BFB-CFB arrangement. Parameters such as the aeration flowrate, nozzle 
placements, and pressure variances exert substantial influences over the 
solids circulation rate. Their results indicate that beyond some point, 
higher gas velocities in the riser result in diminished solids circulation 
rates due to decreased solids concentration, while increased pressure 
drop substantially enhances solid circulation flux. In a similar configu-
ration, Luo et al. (Luo et al., 2019) investigated the solids transport 
dynamics between a fast fluidized bed and a BFB, controlling the solids 
circulation rate through adjustments in the system’s solid inventory. 
Their findings indicate that both the solids circulation rate and fluctu-
ations thereof increase with increased solids inventory, presenting 
challenges in relation to operational stability.

Slugging has also been investigated as basis for alternative configu-
rations to attempt convective transport of solids. In most fluidized bed 
operations, slugging is a phenomenon that typically needs to be avoided 
due to its potential to disrupt steady state conditions, reducing the gas- 
solids contact, leading to uneven temperature profiles, and causing 
mechanical wear or damage to the reactor internals (Grace et al., 2020; 
Kunii and Levenspiel, 1991). Despite these challenges, slugging can have 
specific applications in advanced designs and may support solids 
transport in the dense phase. For instance, Fan et al. (Fan and Toda, 
1983) introduced the Multi-Solid Pneumatic Transport Bed (MPTB), a 
reactor with a bimodal solids size distribution where fine particles 
follow the flow pattern of a circulating fluidized bed, while coarse 
particles establish a dense bed that operates either in turbulent or 
slugging mode. It operates by ensuring the gas velocity through the bed 
is greater than the terminal velocity of the circulating particles but less 
than that of the dense particles, thereby enabling the effective transport 
of solid. The slugging regime in interconnected fluidized beds has been 
the focus of a limited number of research efforts. Foscolo et al. (Foscolo 
et al., 2007) observed in a sectionized BFB that slugging, occurring in the 
up-flowing bed (UFB) section at a fluidizing velocity of around 3umf, 
enhances the vertical distribution of biomass fuel, thus counteracting its 
segregation at the bed surface. This results in more uniform and rapid 
heating of fuel particles, reducing fine particle elutriation, and conse-
quently improving the yield and quality of the product gas. Luo et al. 
(Luo et al., 2020) observed slugging specifically in the riser section of a 
DFB gasifier by assessing the bubble characteristics. The authors noted 
that the slugging flow regime exhibited larger and more numerous 
bubbles, which led to an enhanced upward transport of the particles 
compared to the bubbling regime.

Gas injection has also been observed to impact the flow patterns of 
solids in fluidized beds. In particular, the design of nozzles has received 
attention due to its potential to influence the transport and mixing of 
solids across different types of fluidized bed systems. Dawe et al. (Dawe 
et al., 2008) explored the dynamics of sonic gas jets in a 2.5D gas-solids 
fluidized bed system, demonstrating how nozzle geometry and gas 
flowrate influence the penetration depth and expansion angle of the gas 
jets, and thereby the solids transport and distribution within the re-
actors. In their study of a DFB system, Fang et al. (Fang et al., 2009) 
highlighted the critical roles of solid injection nozzle design and 

placement in governing material transport between reactors. Kaewluan 
et al. (Kaewluan and Pipatmanomai, 2011) investigated a BFB gasifier, 
implementing a nozzle-type air distributor that was designed for optimal 
gas and solid recirculation while preventing bed aggregation. Youn et al. 
(Youn et al., 2022) detailed an experimental CFB system that in-
corporates what the authors refer to as a ‘fast fluidized bed’ riser, along 
with upper/lower bubbling beds, and a U-bend loopseal. Aeration noz-
zles are positioned at specific locations to regulate the solids flow from 
the lower BFB to the riser, emphasizing the controlled movement of 
solids. Werner et al. (Werner et al., 2023) studied gas injection in a 
cylindrical gas-fluidized bed using a nozzle-type distributor, focusing on 
the impacts of orifice angles on fluidization and flow patterns. The study 
highlights that nozzles with horizontal or near-horizontal outlets are 
highly effective for achieving consistent and rapid solids recirculation, 
indicating the potential for controlled solids transport.

Overall, the literature presents various examples of configurations 
designed to induce macroscopic solids circulation in fluidized bed sys-
tems, demonstrating a wide range of fluidization regimes, conditions, 
and designs. However, the above review reveals that a systematic 
assessment and comparison of solids conveying mechanisms’ perfor-
mance has yet to be conducted.

The aim of this work is to examine methods for inducing macroscopic 
convective transport of solids in fluidized bed systems. Specifically, the 
objective is to evaluate various solids conveying config-
urations—alternative to the conventional riser—in terms of efficiency, 
controllability, and flexibility. Five distinct mechanisms are investi-
gated, each based on a different principle: free solids splashing, confined 
solids splashing, slugging, solids entrainment, and directed gas injec-
tion. The novelty of this work lies in the systematic and quantitative 
comparison of these alternative conveying mechanisms, providing new 
insights into their potential for enabling more compact and energy- 
efficient fluidized bed designs. The investigation is performed in a 
fluid-dynamically down-scaled cold-flow model. The solids mass flow 
rate is measured using the magnetic solids tracing (MST) technique, 
which—combined with horizontal pressure drop measurements—allows 
for evaluation of solids conveying efficiency. The scope of this study is 
limited to systems operating with Geldart group B-type solids.

2. Theory and methodology

2.1. Experimental setup

This works applies a cold flow model using Glicksman’s simplified 
set of scaling laws (Glicksman, 1988; Glicksman et al., 1993) to replicate 
the fluid dynamics of typical fluidized bed processes for thermochemical 
conversion. Fluid-dynamic scaling, based on the chosen set of laws, is a 
validated method (Glicksman et al., 1993; Mirek, 2016; Djerf et al., 
2021) that enables the study of gas–solid flows in large systems oper-
ating at high temperatures and/or pressures by reproducing their 
behavior in small-scale, room-temperature systems. Cold-flow models 
offer design flexibility, simplified diagnostics, and safer, more cost- 
effective experimentation.

The cold flow model used (see top view in Fig. 1a and isometric view 
in Fig. 1b) is designed as a closed-loop circuit in which Geldart B-type 
solids, fluidized under bubbling conditions, are transported horizontal-
ly. The unit features in its center a rectangular section (hereinafter 
referred to as the centre box) which creates a closed loop. The transport 
of solids occurs in the clockwise direction around this centre box. A 
specific segment of the loop is designated for the placement of the 
different solids conveying configurations to be assessed (referred to as 
the conveying zone or CZ). The air supply to this conveying zone is 
controlled independently of the fluidization air flow supplied to the rest 
of the loop (referred to as the transport zone, or TZ), which is maintained 
under bubbling conditions at a fluidization number (u0/umf ) of 3. For 
further schematic details of the experimental setup, see Appendix A.

Table 1 provides the fluid-dynamic scaling of the main parameters, 
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including the operational conditions and bed materials used in both the 
cold flow model and the large-scale hot unit being reproduced—a flu-
idized bed for thermochemical conversion where silica sand is fluidized 
with air or flue gases at 800 ◦C. As shown, scaling based on Glicksman’s 
simplified set of scaling laws (Glicksman, 1988; Glicksman et al., 1993) 
yields a length scaling factor of 0.12 (Farha et al., 2023). Accordingly, 
the experimental unit has a total width of 0.5 m, depth of 0.4 m and 
height of 0.5 m. The loop for the horizontal transport of solids has a 
length of 1.24 m (equivalent to 10.35 m on an up-scaled basis). Note that 
the hot unit mentioned in this work represents a reference large-scale 
framework for envisioned applications involving Geldart B solids 
under hot conditions, rather than representing an existing facility.

2.2. Solids conveying mechanisms

The various solids conveying mechanisms studied in this work are 
designed based on the principles behind different fluidization regimes, 
aiming to exploit their respective governing factors. Fig. 2 shows the 
solids conveying configurations examined in this study: (a) Free solids 
splashing; (b) Confined solids splashing; (c) Slugging; (d) Solids 
entrainment; and (e) Directed gas injection.

2.2.1. Free solids splashing
This configuration (Fig. 2a), designed to operate under the bubbling 

regime (Grace et al., 2020), seeks to exploit the fact that gas bubbles 
drag solids upward in their wakes as they rise in the dense bed. Upon 
bursting at the bed surface, these bubbles expel solids into the freeboard 
in a phenomenon known as splashing (Grace et al., 2020; Zenz and 
Othmer, 1960; Davidson et al., 1985). This splashing event is charac-
terized by brief, localized increases in the gas and solids velocities at the 
surface of the dense bed, resulting in a high flux of solids being ejected 
(Djerf et al., 2021). The ejected solids display a wide range of velocities 
and ejection angles, eventually forming a ballistic backmixing pattern 
(Santana et al., 2005).

To facilitate solids conveyance, the system employs a confined 
conveying area, enclosed by both a barrier threshold—extending from 
the bottom plate to the dense bed surface—and a partially immersed 
hanging wall. A gap above the gas nozzle allows solids to enter the 
conveying area. The confined area is fluidized at a gas velocity sufficient 
to induce significant solids splashing, propelling a portion of the 
splashed solids over the threshold and thereby generating a horizontal 
net solids flow. An inclined surface is affixed to direct the trajectory of 
splashing solids, thereby enhancing overall solids conveyance. The 
threshold prevents solids from backmixing into the conveying zone, 
either through mixing within the dense bed or back-splashing.

2.2.2. Confined solids splashing
This configuration (Fig. 2b) utilizes the solids splashing occurring 

just above the dense bed surface, similar to the free solids splashing 
setup described earlier, but with a much smaller space between the 
threshold and the hanging wall. In other words, the geometry of the 
conveying section is strongly confined in the horizontal direction. This 
allows operation at higher superficial gas velocities, covering not only 
the bubbling but also the turbulent fluidization regimes, thus including 
the point of maximum pressure fluctuation. In the turbulent regime, gas 
bubbles persist to some extent, but they are less well-defined and 
irregularly shaped compared to those in the bubbling regime. This re-
sults in an increase in the kinetic energy introduced by the gas phase, 
resulting in chaotic and intense particle movement that can be exploited 
to induce forced convective transport through vigorous solids splashing 
(Grace et al., 2020; Davidson et al., 1985).

Fig. 1. Fluid-dynamically down-scaled cold flow model used for the experiments, shown in (a) top view and (b) isometric view. A flow of solids (moving clockwise) is 
forced in the conveying zone, where a solids conveying configuration is inserted.

Table 1 
Main parameters used in the fluid-dynamically scaled model.

Parameter Unit Hot unit Cold model

Bed geometry m LHOT 0.12⋅LHOT

Temperature ◦C 800 24
Fluidization gas − Air or flue gases Air
Gas density (ρf ) kg/ 

m3
0.359 1.187

Gas viscosity (μf ) m2/s 1.4 × 10− 4 1.54 × 10− 5

Minimum fluidization velocity (umf ) m/s 0.31 0.108
Bed material − Silica sand Bronze
Particle density (ρs) kg/ 

m3
2650 8770

Mean particle diameter (dp) μm 950 125
Gas superficial velocity (u0) m/s u0,HOT

̅̅̅̅̅̅̅̅̅̅
0.12

√
u0,HOT

Minimum fluidization velocity (umf ) m/s 0.31 0.108
Horizontal solids mean velocity (us) m/s us,HOT 0.347⋅us,HOT

Solids lateral dispersion coefficient 
(Ds)

m2/s Ds,HOT 0.042⋅Ds,HOT
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Fig. 2. Solids conveying configurations studied: (a) Free solids splashing, (b) Confined solids splashing, (c) Slugging, (d) Solids entrainment, and (e) Directed 
gas injection.
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2.2.3. Slugging
This configuration (Fig. 2c) aims to utilize the potential of rising 

solids slugs, driven by gas drag, to achieve vertical transport of solids. 
These slugs induce a pronounced pulsating flow pattern of the solids, 
and upon collapsing, create a solids recirculation pattern within the bed 
(Grace et al., 2020; Davidson et al., 1985; Leva, 1959). The module 
comprises of six thin vertical ducts, with their lower ends positioned a 
few centimeters above the fluidization plate and their upper ends 
extending slightly above the bed height of the transport zone. The small 
diameter and high fluidization velocity are designed to promote slug 
formation within each duct. A threshold, similar to that used in the 
previous configuration, is included to prevent backmixing of the 
conveyed solids.

2.2.4. Solids entrainment
This configuration (Fig. 2d) exploits the phenomenon of solids 

entrainment as the transport mechanism. Entrainment, which occurs 
when relatively dispersed solids are vertically transported by the gas 
stream, is a phenomenon that can be observed in various fluidization 
regimes (particularly in fast fluidization and pneumatic regimes) and 
intensifies notably with increased gas velocity (Grace et al., 2020; Kunii 
and Levenspiel, 1991). The use of gas velocities exceeding the terminal 
velocity of the solids blurs the distinction between the dense and dilute 
solids regions. In this regime, the gas phase flows predominantly as jet 
streams and throughflow, rather than in clearly defined bubbles (Grace 
et al., 2020; Kunii and Levenspiel, 1991; Davidson et al., 1985), leading 
to significant drag of the solids by the gas stream. In closed circulation 
systems, the solids elutriated from the riser necessitate the use of solids 
separation devices, such as cyclones (Grace et al., 2020; Kunii and 
Levenspiel, 1991; Davidson et al., 1985), along with a feedback 
arrangement. To induce solids entrainment, the module features ducts 
similar to those in the slugging configuration but taller and with a 
restricted cross-sectional area to achieve higher gas velocities. Addi-
tionally, a gas-solids separator ensures continuous solids flow by 
directing entrained and separated solids into the transport section.

2.2.5. Directed gas injection
In this configuration (Fig. 2e), inclined nozzles are used to inject the 

fluidizing gas in the conveying zone. This design introduces a horizontal 
component to the trajectory of gas bubbles, which in turn imparts a net 
horizontal velocity to the solids dragged in the bubble wakes (Klinzing 
et al., 2010; Hilgraf and Hilgraf, 2024).

2.3. Measurement of the solids flowrate

The cold flow model is instrumented with magnetic solids tracing 
(MST) coils (Guío-Pérez et al., 2017), tailored to evaluate the solids 
flowrate under different operational conditions. The MST technique 
measures the change in the impedance of a coil when a magnetic ma-
terial enters its magnetic field, with signal strength proportional to the 
concentration of magnetic material within the sensed volume. Fig. 3a 
shows a schematic of the experimental setup; the cross-section used to 
measure the solids flowrate is highlighted and marked as the ‘measuring 
zone’. An example of a typical transient concentration profile obtained 
from the measurements is presented in Fig. 3b. By positioning MST coils 
at various points along the solids pathway, the peak injection of tracer 
solids can be accurately tracked, and the resulting transient signals are 
used to determine the mean horizontal velocity of the solids flow (Guío- 
Pérez et al., 2017; Farha et al., 2024). As illustrated in Fig. 3a, four coils 
are placed sequentially along the solids flow direction, spaced 0.05 m 
apart. The coils have a rectangular shape and frame the cross-sectional 
area of the channel. The coils are as wide as the channel and have a 
height sufficient to ensure that the magnetic field covers the range of bed 
heights used in the study.

The measurement procedure is initiated by the introduction of a 
small batch of tracer material 0.14 m upstream of the first coil. The batch 
of tracer material corresponds to 200 g of ferromagnetic powder (rep-
resenting roughly only 0.3 % of the total solids mass) with a magnetic 
susceptibility of 0.9. This tracer material is chosen to have fluid- 
dynamical properties similar to the bed solids, to mimic accurately the 
flow pattern. It is injected homogeneously across the entire bed height 

Fig. 3. Experimental setup used for the magnetic solids tracing method, together with the transient concentration profiles obtained. a) Top-view of the unit setting 
indicating the tracer injection point and the position of the four sensing coils. b) Example of transient profiles of the measured tracer concentration at different coils. 
Conditions: FNTZ = 3, H = 0.08 m, QCZ = 1.43 × 10− 2 m3/s.
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using a customized cylindrical probe. Further description of the injec-
tion probe can be found in (Farha et al., 2024). The acquisition system 
measures, at a sampling frequency of 100 Hz, the impedance change 
caused by the tracer particles when transversing through the coils. The 
signal is converted to tracer concentration using a calibration curve 
previously obtained for each coil under various operational conditions 
(fluidization number and bed height), as detailed in Appendix A of 
(Farha et al., 2023). The calibration coefficient depends on the tracer 
material’s properties—particularly its relative magnetic per-
meability—and the coil’s sensitivity to tracer presence within the spatial 
region influenced by its magnetic field. Examples of the transient re-
sponses in each coil following tracer injection are given in Fig. 3b.

Table 2 provides a comparative analysis of the physical properties of 
both the bed and tracer materials, along with their dimensionless par-
ticle sizes (Ar1/3). The experimental apparatus utilized in this study was 
constructed with a length scaling factor of 0.12. Further, the cold flow 
model is designed to simulate large-scale hot conditions, where silica 
sand, with an average particle size of 950 µm, is fluidized using flue 
gases at 800 ◦C.

Subsequent fitting of the data acquired from the MST experiments to 
the convection–dispersion transport equation Eq. (1) facilitates the 
determination the horizontal velocity, us, and dispersion coefficient, Ds, 
of the solids flow (details regarding the fitting procedure can be found in 
(Versteeg and Malalasekera, 2007): 

∂C
∂t

=

(

Ds
∂2C
∂x2

)

− us
∂C
∂x

(1) 

2.4. Assessment of solids convective transport

The energy flow provided by the conveying gas is expressed as: 

Ecz =
γ

γ − 1
PAtmQcz

[(
PPlenum

PAtm

)γ− 1
γ
− 1

]

(2) 

where PPlenum is the pressure within the gas plenum and Qcz is the 
volumetric air flow injected into the conveying zone. The pressure was 
recorded for every volumetric flowrate of the fluidization agent inputted 
to the conveying zone. Data was acquired for 3 min and time-averaged.

The energy flow carried by the conveyed solids is calculated from the 
horizontal pressure drop experienced by the solids flow along the 
transport zone as: 

Es = us Amz ΔPtz (3) 

The solids velocity is derived through the procedure outlined in Section 
2.3., with AMZ defining the cross-sectional area in the measurement 
zone. This is defined as the flow area perpendicular to the direction of 
the solids flow and is calculated as the product of the channel width and 
the expanded bed height under specific fluidization conditions. The net 
pressure drop across the transport zone, ΔPTZ, is measured using pres-
sure probes (Huba Control, piezoelectric type, precision > 0.5 % fs, 

range ± 20 mbar) at a 5 Hz sampling rate. Pressure data are time- 
averaged over a 3-minute period for each experimental run, after veri-
fication of steady-state conditions.

The solids conveying efficiency attained during each experiment is 
calculated as the ratio of the energy flow imparted to the fluidized solids 
(associated with the net horizontal movement) to the energy inputted to 
the conveying configuration through gas injection: 

η =
Es

Ecz
(4) 

2.5. Kernel density estimation

The fluidized bed dynamics are quantified through pressure fluctu-
ations, which indicate various operational states such as bubbling, 
slugging, turbulent, and dilute phase transport (Yates et al., 2016; 
Hartman and Trnka, 2008; Bai et al., 1996; van Ommen et al., 2011). 
The characteristics of these pressure fluctuations are analyzed using 
their probability density function (PDF) shape (Fan et al., 1981). A 
unimodal, symmetric PDF typically reflects stable bubbling behavior, 
where bubble formation, rise, and eruption occur in a relatively uniform 
and periodic manner (Bi et al., 2000; Fan et al., 1981; Xiang et al., 2018). 
This leads to consistent pressure fluctuations around the mean value. In 
contrast, bimodal or multi-modal PDFs suggest alternating or coexisting 
flow regimes, such as bubbling–slugging transitions or shifts between 
dense and dilute regions. These regimes exhibit irregular pressure 
fluctuations and more complex bed dynamics, as confirmed in earlier 
studies (Bi et al., 2000; Fan et al., 1981; Xiang et al., 2018). The width of 
the PDF reflects system variability. A broad PDF, with high variance in 
pressure fluctuations, indicates a chaotic state with significant kinetic 
energy transfer from gas to solids (van Ommen et al., 2011; Fan et al., 
1981; Winter, 1968; Xiang et al., 2017). Conversely, a narrow PDF 
typically corresponds to more stable conditions, such as those observed 
in the slugging regime, where energy transfer is less erratic (Jaiboon 
et al., 2013; Chen et al., 2015). In this work, the pressure fluctuations in 
the plenum of the conveying zone are analyzed using the Kernel Density 
Estimation (KDE) method (see Appendix B for details on the equations 
applied). This is a non-parametric method that is ideally suited to esti-
mating the probability density function (PDF) of continuous random 
variables, and it is especially advantageous when the distribution is 
unknown, as is the case in this study (Silverman, 2018).

2.6. Test matrix

Each of the five conveying mechanisms described in Section 2.2. 
was subjected to evaluation under different operational conditions, with 
variation of both the settled bed height (range of 0.08–0.10 m, corre-
sponding to 0.67–0.83 m on upscaled basis) and the flowrate of 
conveying gas (in the range 0.001–0.125 m3/s, or 0.06–2.86 m3/s on 
upscaled basis). The upper limits are set to prevent the loss of bed ma-
terial due to entrainment and to remain within the gas supply capacity of 
the laboratory. Conversely, the lower limits correspond to the minimum 
velocity required to maintain the functionality of the conveying mech-
anisms tested. In total, the investigation encompassed 62 different 
combinations of the operational parameters, each performed three times 
to ensure the robustness of the results.

With this, the expected operational regime for each mechanism 
studied (except for the slugging-based one) can be predicted by plotting 
the operational conditions on the Grace’s fluidization regime map (Bi 
and Grace, 1995; Grace, 1986; Geldart, 1973), as presented in Fig. 4. The 
axes on the flow regime map are dimensionless, with the x-axis signi-
fying the dimensionless particle diameter (the solids utilized here 
yieldAr = 8.386, as detailed in Table 2) and the y-axis representing the 
dimensionless superficial gas velocity achieved in the conveying zone. 
Equations (5) and (6) present the mathematical formulations of these 
quantities (Kunii and Levenspiel, 1991; Grace, 1986): 

Table 2 
Comparison of the materials used in the bed and magnetic tracer.

Parameter Unit Bed Tracer

Material − Bronze Iron-based alloy
Particle density (ρs) kg/ 

m3
8,770 7,988.3

Bulk density (ρb) kg/ 
m3

5,522.1 4,520

Particle size (d10 − d50 − d90) µm 80–112 − 132 25–69 − 123
Sauter mean particle size (d32) μm 126 102
Ar1/3 − 8.386 6.127
Minimum fluidization velocity (umf ) m/s 0.074 0.039
Magnetic susceptibility − 0 0.9
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d*
p = dp

[
ρf
(
ρs − ρf

)
g

μ2
f

]1
3

= Ar
1
3 (5) 

u* = u0

[
ρ2

f

μf
(
ρs − ρf

)
g

]1
3

=
Rep

Ar
1
3

(6) 

Regarding the solids conveying mechanism involving slugging, a 
different approach is used to tailor the design and operation to yield 
slugs. A crucial criterion for slugging to occur is that the height of the 
bed at the point of minimum fluidization must exceed a specific 
threshold, beyond which bubble coalescence leads to stable slug for-
mation. According to Baeyens et al. (Baeyens and Geldart, 1974), this 
condition is expressed as: 

Hmf > 1.3D0.75
t (7) 

Furthermore, Stewart et al. (Stewart and Davidson, 1967) have formu-
lated a criterion for the superficial gas velocity and defined the so-called 
minimum slugging velocity as: 

ums = umf +0.07(gDt)
0.5 (8) 

A critical assumption in this analysis is that the slug volume fraction is 
one-sixth of the total bed volume for a given cross–section (Bi and Grace, 
1995; Stewart and Davidson, 1967). Furthermore, as the gas velocity is 
increased, a shift from slug-like formations to turbulent fluidization is 
observed. To ensure that the operations remain within the slugging 
fluidization regime, this transition must be avoided, i.e., the gas velocity 
must be kept below the transition velocity, umt (Bi et al., 2000; Cai, 
1989): 

umt
̅̅̅̅̅̅̅
gdp

√ =

[(
0.211
D0.27

t
+

0.00242
D1.27

t

) 1
0.27

(ρs − ρf

ρf

)(
Dt

dp

)]0.27

(9) 

For the solids and bed geometry utilized in this study, the minimum 
slugging fluidization velocity and the transition velocity were calculated 
to be 0.096 m/s and 1.974 m/s, respectively. Accordingly, the fluid-
ization velocities employed in the slugging configuration ranged from 
0.108 m/s to 1.769 m/s. In addition, visual observations were con-
ducted during operation to verify the attainment of the intended 

slugging regime.
Note that, as depicted in Fig. 2, both the slugging and solids 

entrainment configurations utilize a tubular module design, with the 
primary difference being the height of the module. Specifically, the 
module used for solids entrainment is twice as tall as that used for 
slugging. The slugging configuration is subject to a height limitation; 
beyond a certain module height, slug formation becomes unsustainable, 
either collapsing due to insufficient energy for upward movement or 
disintegrating into the turbulent regime at higher gas velocities.

3. Results and discussion

3.1. Pressure fluctuations analysis

Fig. 5 presents the (vertical) gas pressure drop (measured in the gas 
plenum) characteristic across the five different solids conveying mech-
anisms tested. As expected, the pressure drops follow a monotonously 

Fig. 4. Operational conditions for the different conveying mechanisms evaluated in this study, as displayed in Grace’s fluidization regime map (Bi and Grace, 1995; 
Grace, 1986).

Fig. 5. Pressure drop in the gas plenum with respect to the injected gas flow-
rate for the solids conveying mechanisms studied. The presented values 
are downscaled.
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increasing function with the volumetric flowrate of the conveying gas 
injected. Notably, the free solids splashing configuration exhibits the 
lowest pressure drop at any specified flowrate. Conversely, the slugging 
configuration is unique in its ability to operate at lower flowrates that 
are not attainable by the other configurations, although it exhibits a 
higher pressure drop at higher flowrates. This configuration also fea-
tures a flatter pressure drop curve. The directed gas injection configu-
ration displays a steep pressure drop curve, indicating that increased 
flowrates substantially increase energy costs. It must be noted that the 
comparison made here is indicative, and different nozzle designs may 
result in varying relationships between volumetric gas flow rate and 
pressure drop. Lastly, the confined solids splashing and solids entrain-
ment configurations exhibit similar pressure drop profiles due to their 
identical flow areas and number of gas injection nozzles.

Fig. 6 depicts the probability density function (PDF) curves for 
pressure fluctuations across the different solids conveying mechanisms, 
for a selected bed height and flowrate of injected gas. Both the free solids 
splashing and slugging configurations exhibit unimodal distributions, 
meaning the pressure signal remains primarily close to its mean value 
rather than peaking at a non-zero value. This results in low variance, 
indicating consistent and predictable pressure fluctuations. This aligns 
with previous literature stating that bubbling fluidization at low gas 
velocity creates regular, small pressure fluctuations from bubble for-
mation and bursting (Jaiboon et al., 2013; Falkowski and Brown, 2004; 
Bi, 2007; Johnsson et al., 2000), while slugging fluidization produces 
large, repetitive fluctuations due to the periodic rise of large gas slugs 
(Jaiboon et al., 2013; Chen et al., 2015). In contrast, confined solids 
splashing, solids entrainment, and directed gas injection configurations 
show bimodal distributions, reflecting the dominance of pressure values 
far from the mean and distinct fluctuations, and higher variance 
(Jaiboon et al., 2013; Falkowski and Brown, 2004; Bi, 2007; Johnsson 
et al., 2000). The data from the confined solids splashing configuration 
proves its design and operation aim to provide the largest pressure 
fluctuations, while the solids entrainment configuration also exhibits a 
pressure signal dominated by the fluctuating components. Although 
these fluctuations are of lower magnitude than those of confined solids 
splashing, they arise from the dynamic interplay between the gas flow 
and the solid particles being intermittently lifted and then settled (van 
Ommen et al., 2011; Jaiboon et al., 2013; Chen et al., 2015; Falkowski 
and Brown, 2004; Bi, 2007; Johnsson et al., 2000). Lastly, the PDF 
distribution for directed gas injection captures pressure fluctuations 

caused by pulsating gas streams, resulting in alternating high-pressure 
zones during forceful injection and lower-pressure zones as the gas 
dissipates (Klinzing et al., 2010; Guo et al., 2001).

This analysis further explores the impacts of operational conditions 
on pressure fluctuations. Fig. 7 summarizes the results, displaying the 
standard deviations of the fluctuations across four operational condi-
tions (characterized by (settled) bed height and volumetric flowrate in 
the conveying zone) for each solids conveying mechanism tested. In 
general, an increase in the gas flowrate injected into the conveying zone 
correlates with an increase in the variance of the pressure fluctuations. 
This is due to the higher kinetic energy imparted to the system, which 
enhances turbulence and intensifies the interactions between gas and 
solid particles, leading to greater variability in pressure changes 
(Falkowski and Brown, 2004; Bi, 2007; Johnsson et al., 2000). However, 
with the slugging configuration, an increase in bed height has the 
opposite effect. This suggests that while slugs continue to form and 
ascend, the higher bed height results in more-stable slug dynamics, 
thereby attenuating the intensity of the pressure fluctuations typically 
associated with their movement (Falkowski and Brown, 2004).

3.2. Solids conveying efficiency

Fig. 8 shows the correlation between the horizontal solids velocity 
(which is indicative of the forced solids circulation rate) and the volu-
metric flowrate of conveying gas, for the five different mechanisms 
tested. The highest solids velocity, 0.06 m/s (0.18 m/s in upscaled 
conditions) is attained in the free solids splashing configuration oper-
ated at the maximum gas flowrate (0.014 m3/s). The directed gas in-
jection configuration also attained a notable solids circulation, with a 
solids velocity of 0.03 m/s (upscaled to 0.09 m/s) when operated at its 
maximum gas flow rate of 0.01 m3/s. The remaining mechanisms 
generally exhibit lower solids convective transport rate, up to 0.01 m/s 
(upscaled to 0.03 m/s). Furthermore, an increase in settled bed height 
causes an increase in solids velocities in all five mechanisms, particu-
larly for the free solids splashing configuration. This is because, in the 
bubbling regime, a taller bed height allows bubbles to grow larger, 
leading to increased solids displacement induced by the bubble flow 
(Grace et al., 2020; Kunii and Levenspiel, 1991; Davidson et al., 1985; 
Leva, 1959).

To evaluate the operational characteristics of the tested solids 
conveying mechanisms, three key parameters were considered: flexi-
bility, controllability, and data reliability. Flexibility—defined as the 
ability to generate a range of solids circulation rates from a single con-
figuration—was quantified based on the circulation rates achieved 
across the tested gas flow rates. Controllability, defined as the ability to 
achieve a specific solids circulation rate by adjusting the air injection 
flow, was assessed using the normalized maximum slope of the ṁs–Qcz 
curve. This was calculated as the ratio of the maximum local slope to the 
mean slope across all available data points; higher values indicate that 
the solids response is concentrated within a narrow flow range, 
reflecting less uniform sensitivity to gas flow changes and, consequently, 
reduced controllability. Reliability reflects the consistency and repro-
ducibility of the experimental results, quantified by the coefficient of 
variation of the solids circulation rate. This metric indicates the con-
figuration’s ability to maintain stable control over the solids flow rate. 
Table 3 summarizes these findings through a ranking system for each 
parameter, while Appendix C provides more detailed information on the 
analysis of these operational metrics.

Among the tested mechanisms, free solids splashing exhibited the 
most favorable overall performance. Directed gas injection also per-
formed strongly, with high flexibility and controllability, though reli-
ability was moderate. Solids entrainment showed a balanced profile, 
with moderate flexibility and controllability, and high reliability. In 
contrast, slugging and confined solids splashing both demonstrated low 
performance across most or all metrics, indicating limited operational 
range, poor responsiveness, and low measurement consistency.

Fig. 6. Probability density functions of the pressure fluctuations across the five 
conveying mechanisms studied. Conditions used: H = 0.08 m, QCZ = 1.58 ×
10− 3 m3/s. The presented values are downscaled [Length scaling factor = 0.12].
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To enable a comparison in terms of energy efficiency Eq. (4), beyond 
the attained solids flow, this study evaluates the capabilities of the 
different mechanisms to transfer energy from the injected gas to an 
effective macroscopic convective transport of solids. Fig. 9 plots the 
energy flow, represented by the conveyed flow of solids Eq. (3), as a 
function of the energy supplied by the gas injected into the conveying 
zone Eq. (2). Note that the values are in logarithmic scale, and there are 

larger observed differences between some of the mechanisms. The free 
solids splashing configuration exhibits the highest energy transfer to 
solids convective transport for a given energy flow input within most of 
the studied range (5–1000 J/s). The slugging and directed gas injection 
configurations display similar intermediate results, with slugging out-
performing the others for energy inputs below 10 J/s. The solids 
entrainment configuration performs the poorest at high energy flow 
inputs (>1000 J/s) but shows intermediate performance otherwise. 
Notably, the confined solids splashing configuration is the least effective 
at converting energy into effective horizontal convective transport of 
solids.

The free solids splashing configuration, operating under the bubbling 
regime, shows the highest efficiency for energy transfer. This suggests 
that the intense and localized interactions between rising gas bubbles 
and bed solids, which result in vigorous splashing, are particularly 
effective at converting gas energy into effective transport of solids at 
both meso- and macroscales (Hartman and Trnka, 2008; Bai et al., 1996; 
van Ommen et al., 2011; Jaiboon et al., 2013; Falkowski and Brown, 
2004; Bi, 2007; Johnsson et al., 2000). In contrast, the confined solids 
splashing and solids entrainment configurations, which rely on more 
chaotic particle movement and high-velocity gas streams, respectively, 
demonstrate lower energy transfer efficiencies. This could be due to less- 
effective energy utilization seen under these turbulent conditions, where 
energy is dissipated in maintaining fluidization and mixing at smaller 
length scales rather than being effectively transferred to the solids in the 
wake of the well-defined bubbles characterizing the flow in the free 
solids splashing configuration (van Ommen et al., 2011; Jaiboon et al., 
2013; Chen et al., 2015; Falkowski and Brown, 2004; Bi, 2007; Johnsson 
et al., 2000). Lastly, both the slugging and directed gas injection con-
figurations deliver intermediate performance levels—possibly enhanced 
by substantial yet less chaotic solid–gas interactions—compared to the 

Fig. 7. Standard deviations of the pressure fluctuations across the tested solids conveying mechanisms, for different operational conditions.

Fig. 8. Evaluation of conveyed solids velocity against gas volumetric flowrate 
for the solids conveying mechanisms tested. The presented values are down-
scaled [Length scaling factor = 0.12].

Table 3 
Comparative performance ranking of the tested solids conveying mechanisms.

Configurations Flexibility Controllability Reliability

Free solids splashing

Confined solids splashing

Slugging

Solids entrainment

Directed gas injection

M. Farha et al.                                                                                                                                                                                                                                  Chemical Engineering Science 317 (2025) 122000 

10 



more turbulent conditions of the other configurations (Jaiboon et al., 
2013; Chen et al., 2015; Guo et al., 2001). Thus, it is observed that re-
gimes producing a clear differentiation in gas flow (i.e., well-defined 
bubbles or slugs) favor higher energy transfer to the intended macro-
scopic convective transport of solids. Additionally, higher beds generally 
enhance energy transfer efficiency, with this trend being most pro-
nounced in the free solids splashing configuration.

To contextualize the solids circulation capabilities of the tested 
mechanisms, Fig. 10 compares the circulation rates achieved in this 
study (using upscaled values at 800 ◦C) with those reported for large- 
scale risers of Geldart B-type solids, namely circulating fluidized bed 
(CFB) furnaces (Mirek, 2016; Johnsson et al., 1995; Zhang et al., 1995; 

Werdermann et al., 1992; Couturier et al., 1991; Johansson, 2005; Yang 
et al., 2005) and risers in dual fluidized bed (DFB) systems (Kaiser et al., 
2003). The solids circulation flux is defined as the solids mass flow rate 
‘ṁs’ (see Appendix C) per unit cross-sectional area available for solids 
flow in the conveying zone (Acz). In addition, the figure includes a 
dashed curve illustrating the experimentally derived expression by Djerf 
et al. Eq. (8) in (Djerf et al., 2022) for large-scale CFB furnaces. This 
curve depicts solids entrainment immediately above the splash zone as a 
function of fluidization velocity, i.e., showing how much Geldart-B 
solids a gas flow can entrain from the dense region in hot large-scale 
units before backmixing to the riser or furnace walls occurs.

Note that the comparison presented in Fig. 10 is not straightforward, 

Fig. 9. Analysis of energy input versus solids energy flux for the tested solids conveying mechanisms in the present study. The dashed lines indicate the solids 
conveying efficiency (η). The presented values are downscaled [Length scaling factor = 0.12].

Fig. 10. Comparison of the solids circulation rates as a function of fluidization velocity from the current study (up-scaled) and large-scale risers operating with 
Geldart B-type solids in the literature (Mirek, 2016; Johnsson et al., 1995; Zhang et al., 1995; Werdermann at al., 1992; Couturier et al., 1991; Johansson, 2005; Yang 
et al., 2005; Kaiser et al., 2003; Djerf et al., 2022).
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as CFB furnaces are not primarily designed to maximize solids external 
circulation, but rather to ensure adequate residence time and sufficient 
heat exchange surface area along the furnace walls. This results in tall 
and wide riser designs, with typical elutriated solids rates ranging within 
1–50  kg/m2s. Furthermore, the CFB boiler data is derived from units 
with significant variations in size, and the solids circulation rates were 
inferred from a limited number of pressure measurements along the 
furnace height, without accounting for the backflow effect at the exit. 
This omission has been shown to potentially lead to significant over-
estimations of the net (i.e., external) solids circulation rate (Djerf et al., 
2021; Wu et al., 2023). Despite these limitations, such data represents 
some of the few large-scale references available for external circulation 
involving Geldart B-type particles and are included here solely to pro-
vide contextual perspective.

Data in Fig. 10 indicate that large-scale CFB risers yield lower solids 
circulation rates than all the solids conveying mechanisms tested in this 
work, i.e., the alternative conveying configurations presented here can 
potentially provide solids circulation with reduced gas compression re-
quirements. Particular note should be made of the data from the Güssing 
[8 MWth] DFB (Kaiser et al., 2003), where the CFB riser was specifically 
designed to maximize solids circulation while ensuring sufficient resi-
dence time for combustion in a DFB system for indirect gasification. This 
is evidenced by its strong alignment with the empirical correlation curve 
from Djerf et al. (Djerf et al., 2022). Thus, this should serve as a relevant 
reference for the convective transport of Geldart B-type solids on an 
industrial scale. Compared to this industrial set-up (Kaiser et al., 2003), 
both the free solids splashing configuration (operating within the 
bubbling fluidization regime) and the directed gas injection exhibit a 
significantly higher performance in terms of solids conveying efficiency, 
with up-scaled solids circulation rates ranging within 5 × 10− 2–2 × 103 

kg/m2 ⋅ s for fluidization velocities of 0.3–4.3 m/s.

4. Conclusions

This study investigates various methods to induce horizontal flow of 
fluidized Geldart B-type solids under bubbling conditions, with the aim 
of assessing various solids conveying mechanisms based on their effi-
ciency, controllability, and flexibility. The experiments utilized a closed 
horizontal loop system, operated based on fluid-dynamical scaling 
principles, where magnetic tracing of solids was employed to assess the 
solids circulation rate. Five solids conveying configurations were eval-
uated: free solids splashing, confined solids splashing, slugging, solids 
entrainment, and directed gas injection. The experimental matrix for 
each mechanism included variations in the bed height and the injected 
gas flowrate to the conveying zone. First, pressure fluctuations in the 
plenum of the conveying configurations were analyzed to characterize 
the flow dynamics. Second, the solids conveying efficiency was assessed 
by relating the convective transport of solids attained to the energy loss 
of the conveying gas flow in the form of pressure drop.

Results indicate that both the confined solids splashing and solids 
entrainment configurations exhibit the highest pressure variances, sug-
gesting strong solids agitation and efficient energy transfer from gas to 

solids. However, these configurations exhibit the lowest performance in 
effectively transferring energy to macroscopic convective transport of 
solids in the horizontal direction, as the energy is primarily expended on 
turbulent mixing rather than being effectively used for macroscopic 
convective transport. Contrastingly, configurations based on regimes 
with well-defined gas structures (bubbles and slugs) emerge as the most 
effective at converting the energy input from the conveying gas into 
solids circulation. This is attributable to the lifting and displacement of 
particles induced during operation within the bubbling/slugging fluid-
ization regime.

Subsequently, a comparison with literature results reveals that both 
the free solids splashing and directed gas injection configurations exceed 
previously reported solids circulation rates in large-scale CFB risers 
operating with Geldart B-type solids, including those specifically 
designed to promote solids circulation. These configurations achieve up- 
scaled rates in the range of 5 × 10− 2–2 × 103 kg/m2 ⋅ s at fluidization 
velocities between 1.9–4.3 m/s. Compared to conventional riser sys-
tems, some of the tested configurations offer improved energy efficiency 
and design compactness, achieving higher solids fluxes at lower gas flow 
rates. Notably, while several mechanisms performed well in terms of 
controllability and flexibility, only free solids splashing consistently 
combined these with high data reliability. In contrast, slugging and 
confined solids splashing showed low performance across most metrics, 
limiting their suitability for steady horizontal conveying.

Furthermore, it should be noted that the conclusions drawn in this 
study are specific to Geldart B-type particles, and their applicability to 
other particle classes requires further experimental validation.
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Appendix 

Appendix A 

Figure A.1 illustrates the configuration of the cold-flow experimental unit, featuring a transport zone and a conveying zone arranged around a 
central box in a closed-loop layout. The conveying zone incorporates five interchangeable configurations (Figure A.2) to drive horizontal solids 
crossflow. Airflow to the two zones is independently regulated through a hybrid system of rotameters and mass flow controllers. Bubbling condition in 
the transport zone is maintained at a fluidization number (u0/umf ) of 3, while the conveying zone operates under varying fluidization regimes (see 
Section 2.6. Flowrates required for both zones are calculated from their cross-sectional areas and supplied via dedicated air plenums. The induced 
solids circulation flux is computed using the horizontal solids velocity (us) obtained via magnetic solids tracing (MST) technique, as described in 
Section 2.3.

Figure A1. Schematic and top view of the cold-flow experimental unit, highlighting the correspondence between system components and their physical layout.
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Figure A2. Five configurations demonstrating different ways the solids conveying zone can be modified, with flow direction and operating principles illustrated.
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Appendix B 

KDE (kernel density estimation) is a non-parametric method to estimate the probability density function of a continuous random variable 
(Silverman, 2018). It is particularly useful for data analysis where the underlying distribution is unknown. KDE is implemented using a kernel function 
that smooths out the data points across the range, providing a continuous and smooth estimation of the probability density (Silverman, 2018). The 
estimated probability density function for a set of pressure fluctuations, denoted as ̂f (Pʹ), can be expressed as shown in the equation below (Silverman, 
2018): 

f̂ (Pʹ) =
1
nh

∑n

i=1
K
(

Pʹ − Pʹ
i

h

)

(A.1) 

where ‘n’ denotes the number of data points.
The bandwidth ‘h’ in KDE is crucial, and selecting an appropriate value is essential to avoid overfitting or excessive smoothing. This can be 

achieved using Silverman’s rule of thumb (Silverman, 2018). 

h = 1.06⋅σ⋅n− 1/5 (A.2) 

where ‘σ’ is the standard deviation of the data.
K represents the kernel function, typically a Gaussian (bell-shaped) curve, which is used to weigh the data points around Pʹ (Silverman, 2018): 

K =
1̅̅
̅̅̅̅

2π
√ e−

(
Pʹ− Pʹ

i
h

)2

2 (A.3) 

Figure A.3 depicts the probability density function (PDF) plots for the pressure fluctuations observed across five distinct conveying mechanisms 
characterized by unique flow properties: free solids splashing, confined solids splashing, slugging, solids entrainment, and directed gas injection. This 
statistical method enables the identification of predominant pressure behaviors for each configuration, providing a robust basis for evaluating system 
performance. The analysis further explores the impacts of operational conditions on pressure dynamics, focusing on four operational scenarios, as 
determined by specific combinations of fixed bed heights and volumetric flowrates of the injected air. 
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Figure A3. Probability density function (PDF) plots of pressure fluctuations for the solids conveying mechanisms under various operational conditions: (a) Free 
solids splashing, (b) Confined solids splashing, (c) Slugging, (d) Solids entrainment, and (e) Directed gas injection.
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Appendix C 

Three performance metrics were used to evaluate the operational characteristics of each solids conveying mechanism: flexibility, controllability, 
and reliability. These were derived from the relationship between the solids circulation rate ‘ṁs’ and the gas volumetric flowrate in the conveying zone 
‘ Qcz’. The solids circulation rate was computed as: 

ṁs = us ρsεsAmz (A.4) 

Note that this calculation directly scales solids velocity by system parameters, so the resulting trends mirror those in Fig. 8; thus, no additional figure is 
included.

Flexibility was defined as the range of ṁs values observed across the tested Qcz, representing the operational breadth of each mechanism: 

R = max
(

ṁs

)

− min
(

ṁs

)

(A.5) 

Controllability was evaluated using the local slope of the ṁs–Qcz relationship. A normalized controllability index was computed as: 

CIṁs =

max

[

Δṁs
ΔQcz

]

mean

[

Δṁs
ΔQcz

] (A.6) 

Data reliability was assessed by calculating the coefficient of variation of the solids circulation rate: 

CVṁs =
σṁs

ṁs
(A.7) 

Table A1 summarizes the evaluated performance metrics, derived from the ṁs–Qcz relationship, across all tested conveying configurations.

Table A1 
Summary of operational performance metrics for the tested conveying configurations.

Operation metrics Flexibility Controllability Reliability

Configurations H[m] ṁs[kg/s] R[kg/s] Slope [kg/m3] CIṁs [-] CVṁs [-]

Free solids splashing 0.08 5.4 × 10− 5 – 5.4 × 10− 1 5.4 × 10− 1 43.5 ± 29.1 2.02 0.29 ± 0.22
0.10 1.4 × 10− 3 – 2.4 × 100 2.4 × 100 168.3 ± 103.8 1.71 0.43 ± 0.56

Confined solids splashing 0.08 5.4 × 10− 5 – 1.9 × 10− 1 1.9 × 10− 1 25.9 ± 28.1 2.56 0.94 ± 0.51
0.10 9.1 × 10− 3 – 2.6 × 10− 1 2.5 × 10− 1 32.0 ± 19.1 1.77 0.79 ± 0.62

Slugging 0.08 6.7 × 10− 3 – 1.5 × 10− 1 1.5 × 10− 1 20.6 ± 23.5 2.58 0.80 ± 0.57
0.10 6.8 × 10− 5 – 3.2 × 10− 1 3.2 × 10− 1 45.5 ± 59.3 2.82 0.76 ± 0.71

Solids entrainment 0.08 6.0 × 10− 2 – 3.3 × 10− 1 2.7 × 10− 1 27.6 ± 30.1 2.81 0.33 ± 0.24
0.10 3.1 × 10− 3 – 3.9 × 10− 1 3.9 × 10− 1 38.9 ± 34.2 2.26 0.45 ± 0.57

Directed gas injection 0.08 5.4 × 10− 5 – 9.2 × 10− 1 9.2 × 10− 1 92.9 ± 64.1 1.83 0.41 ± 0.24
0.10 4.6 × 10− 3 – 1.3 × 100 1.3 × 100 130.2 ± 67.4 1.52 0.52 ± 0.67

Data availability

Data will be made available on request.
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