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A B S T R A C T   

This work investigates solids back-mixing in the freeboard of a circulating fluidized bed based on THz-radar 
measurements of the concentrations and velocity distributions of the solid particles along the height of the 
riser. These data allow height-resolved closure of the solids mass balance and, thereby, quantification and further 
insight of the two main mechanisms for the back-mixing of the solids entrained from the bottom region of the 
fluidized bed: (i) solids disengagement and backmixing within the core region of the riser cross-section,; and (ii) 
solids lateral transfer of from the core region to the wall layers. The experiments were carried out in a circulating 
fluidized bed riser (3.1 m in height and 0.45 m2 in cross-section), which was operated with Geldart B solids 
fluidized with air at room temperature and for different gas velocities. The experimentally-derived data are 
expressed in terms of the disengagement rate and a lateral core-to-wall layer mass transfer coefficient. From the 
results, it is estimated that the presence of disengagement-based solids back-mixing is significant all along the 3- 
m riser. The disengagement rate shows a non-linear dependency on the solids concentration, with the lateral 
solids transfer to the walls (which follows a linear dependency on the solids concentration) eventually becoming 
the dominant form of back-mixing at upper heights.   

1. Introduction 

Circulating fluidized bed (CFB) technology is a mature reactor type 
that is employed in different industrial sectors. A major application of 
the CFB technology has been for heat and power production in boilers, 
for which industrial-scale units have been available commercially for 
more than three decades. This application of CFBs has as its main ad-
vantages inherent emissions control (of NOx and SOx) and fuel flexibility 
[1,2]. In addition, energy transition and decarbonization is pushing the 
development of CFB-based applications beyond combustion, such as 
biomass pyrolysis or gasification [3], CO2 capture [4], or thermo-
chemical energy storage [5]. All these CFB applications use Geldart B 
solids (ash remaining from the solid fuel, makeup sand, limestone par-
ticles) as the bed material, yielding qualitatively different with those of 
CFB units operated with Geldart A solids (e.g., fluid catalytic crackers; 
FCC) [5,6]. With the solids flow being crucial to the closure of the mass 
and heat balances used in the design, operation, and scale-up of CFB 
units [7], extensive theoretical and experimental studies have been 

carried out to characterize the key parameters of the solids flow, such as 
solids concentration, velocity, residence time and cluster formation 
[8–11]. However, an in-depth understanding of the solids flow is still 
lacking, due to both the high computational costs of fine-grained gas- 
solids CFD modeling and the difficulties associated with collecting 
experimental data with high enough accuracy and resolution. 

At present, several measurement techniques are used to study the 
solids flow in fluidized beds. Pressure drop measurements [12–15] are 
widely used to calculate the vertical profile of the average solids con-
centrations in industrial installations, and are also commonly used in 
research units. While the pressure measurement method is simple, cheap 
and robust in terms of the hardware used, it has the following draw-
backs: (i) it is not straightforward to interpret for which spatial region 
the obtained solids concentration values are representative; (ii) solids 
acceleration influences the measured pressure values, thereby distorting 
the calculated solids concentration values [16]; (iii) the spatial resolu-
tion is often limited by the extended distance between the pressure taps 
[17] (and thus, indirectly by the sensitivity of the pressure transducer); 
and (iv) the measurement becomes inaccurate at very low 
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concentrations. More-advanced measurement methods are being 
developed that aim at higher levels of spatial resolution and accuracy, e. 
g., using optical probes [18–20], high-speed cameras [21-23], x/γ-ray 
systems [24,25], and electrical capacitance systems [26,27]. However, 
the implementation of these techniques in larger units is challenging 
with respect to achieving adequate penetration lengths and sufficiently 
high levels of spatial resolution. The solids back-mixing has been studied 
experimentally in industrial units by means of optical probes [28,29] 
and in laboratory-scale narrow units by means of advanced diagnostics, 
e.g., radioactive solids tracking [30]. However, there is in literature a 
lack of high-resolution measurement data for the back-mixing of Geldart 
B solids in CFB units under conditions relevant to industrial operation. 
Such units are typically characterized by a low height-to-width aspect 
ratio for both the riser (<10) and the bottom bed (<1); and a net 
circulating solids flux < 20 kg/m2⋅s [6]. 

The use of radar technology for experimental investigations of solids 
flows has advantages: non-invasiveness; extended penetration lengths; 
and high spatial and temporal resolutions [31]. The radar technology 
offers the possibility to measure remotely the velocity distribution and 
the concentration of the particulate phase within a large volume 
[32–34]. The pneumatic transport of Geldart C particles (e.g. in food 
industry) or fast fluidization of A particles (e.g. in fluid catalytic 
cracking) exhibits little back-mixing yielding to the concept of satura-
tion carrying capacity. As discussed in detail in [35], this is in contrast 
with the solids flow pattern established in the main industrial applica-
tion of fluidization for B particles (fluidized bed combustors or gasifiers), 
where under circulating conditions a significant solids back-mixing is 
exhibited all along the furnace height [36]. Baer et al. [37] demon-
strated the high accuracy attained using Frequency-Modulated Contin-
uous Wave (FMCW) radar systems in measuring by integral means (i.e. 
not spatially- resolved) the cross-sectional average solids concentration 
in a pneumatic conveying riser with Geldart C and A particles (. By 
studying the time shift between the time series of averaged solids con-
centration at two different riser heights, they derived an average solids 
velocity. Recent development of the FMCW-pulse Doppler radar has 

enabled accurate measurements of solids concentration [31] and parti-
cle velocity distributions [38], including solids flows with higher solids 
concentrations (with solids volumetric concentrations up to the order of 
0.1) [31], with sub-millimeter spatial resolution. 

This work aims to investigate, through quantitative evaluation, the 
solids back-mixing in the freeboard of a circulating fluidized bed using 
Geldart B solids. For this, an experimental investigation was carried out 
that provides height-resolved closure of the solids mass balance and 
thus, the values of the parameters governing the solids back-mixing (i.e., 
the disengagement rate and the core-to-wall layer transfer coefficient). 
The measurements of the velocity distributions and concentration of the 
solids phase along the riser height were performed using FMCW-pulse 
Doppler radar. The main novelty of this work lies in the spatially- 
resolved analysis of the solids flow, thanks to the simultaneous and 
spatially-resolved measurement of both solids concentration and ve-
locity distribution. 

The scope of this work is limited to solids flow conditions relevant to 
large-scale CFB risers such as those currently used in CFB boilers, i.e., 
risers that use Geldart group B solids and have a riser cross-section that is 
sufficiently wide to provide a solids flux that is flat over the core with 
downward-flowing solids wall layers. 

2. Theory 

2.1. Solids back-mixing: Vertical disengagement and horizontal mass 
transfer 

The macroscopic solids flow pattern in the freeboard of a CFB riser 
that is operated with Geldart B solids adopts a core-annulus pattern. In 
the core region, a net upflow of solids is established that consists of a mix 
of: (i) solids flowing downwards, e.g. larger particles (in upper, more 
dilute regions) or solids strand formations (in lower, denser regions such 
as the splash zone [39]) that are back-mixed downwards in the core 
region due to e.g. size- or density-driven solids disengagement; and (ii) 
solids flowing upwards, dragged by the gas flow while dispersing 

Nomenclature 

A Area, m2 
c0 Speed of light, m/s 
C Concentration, kg/m3 

fc Center frequency, Hz 
fd Doppler shift, Hz 
fext Scaling factor of σe 

fPSD Particle size distribution probability function 
F Solid mass flow, kg/s 
g Gravitational acceleration, m/s2 

G Solids flux, kg/m2⋅s 
h Height, m 
Hb Dense bed height, m 
hm Horizontal core-to-wall layer mass transfer coefficient, m/s 
K Decay constant in transport zone, m-1 
n Number concentration, part/m3 

r Radius of a single particle, m 
rdiseng Net disengagement volumetric rate, kg/m3⋅s 
R Radar range, m 
Pr Reflected signal power, W 
u Velocity, m/s 
V Volume, m3 

x, y, z Coordinate system orientation 

Greek letters 
α Coefficient for net volumetric clustering rate, kg/m3⋅s 

β Probability density function 
ε Volumetric concentration, m3/m3 

ρ Solid density, kg/m3 

ρs,entr Concentration of the solids entrained from the bottom 
region, kg/m3 

ρs,Hb Concentration of the solids in the dense phase, kg/m3 

σb Single-target backscattering cross section, m2 

σe Effective extinction cross section, m2 

Subscripts 
bot Bottom region 
core Core region 
down Downflowing 
g Gas 
lat Lateral 
s Solid 
top Top region 
up Upflowing 

Abbreviations 
CFB Circulating fluidized bed 
CFD Computational fluid dynamics 
FCC Fluid catalytic crackers 
FMCW Frequency-Modulated Continuous Wave 
HDPE High-density polyethylene  
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horizontally and thus possibly being at some point transferred to the 
annulus region, consisting of downflowing wall-layers which back-mix 
such transferred solids externally to the core region. Measurements in 
industrial-scale CFB boilers show that the downwards solids phase is 
almost completely absent in the upper regions of such riser furnaces 
(typically having heights in the tens of meters) [8]. Further measure-
ments indicate that there is a net transfer of solids from the core region 
to the riser walls, creating downward-flowing layers of solids with 
increasing solids concentration and thickness as one moves down along 
the riser walls [40]; through this mechanism, solids are recirculated 
back into the bottom bed [8,41,42]. This internal solids circulation 
caused by the back-mixing to the wall layers is for CFB boilers much 
greater than the external circulation of solids that takes place through 
the primary cyclone and loop seal [43]. 

To quantify this internal circulation, a differential mass balance of 
the solids can be formulated over a horizontal slice of the core region in 
the freeboard, as shown in Fig. 1 and described previously [42]. In this 
mass balance, there is a solids upflow and a solids downflow with 
transfer of the solids population in the two directions between these two 
phases, i.e., downflowing solids can be re-entrained by the upflowing 
gas. At the same time, the trajectories of some of the upflowing solids 
will cause them to end up in the wall layers at a rate that reflects the net 
transfer from the upwards solids phase to the wall-layer solids phase, i. 
e., the solids back-mixing by horizontal mass transfer. With the existing 
limitations in relation to experimental diagnostics, the phenomenon of 
solids disengagement has been mostly studied through modeling (see for 
example [44]). However, as this is a key event in the gas-solids mo-
mentum transfer, it needs to be fully understood (e.g., through sub-grid 
models). As for the solids back-mixing via lateral mass transfer to the 
wall layers (Flat in Fig. 1), it has been suggested that this is governed by a 
turbophoresis process (see for example [41]). 

The rather flat horizontal solids flow profiles in the core region of 
wide CFB risers differ from the parabolic shapes that are characteristic of 
narrow risers [43,45]. This flat profile of solids flux across the core re-
gion has been verified for the setup used in this work, through previous 
radar measurements acquired using a horizontally oriented beam [46]. 
Therefore, it can be said that, at a given height, the local solids con-
centration and vertical velocity distribution are representative of the 
whole core region. 

According to the mass balance in Fig. 1, the net volumetric disen-
gagement rate is the solids downflow mass change per unit volume, 
which can be calculated through the mass balance for the downflowing 
solids phase: 

rdisengV = Fdown,bot − Fdown,top =
(
Gdown,bot − Gdown,top

)
Az,core (1)  

Assuming that the horizontal cross-sectional area of the wall layers is 
small compared to that of the core region, this yields: 

rdiseng =
Gdown,bot − Gdown,top

Δz
(2)  

Note that the net disengagement rate represents the net balance between 
the rates of disengagement and reengagement. The value of rdiseng can be 
calculated for every position in the vertical direction based on the in-
formation on the solids concentration and solids velocity acquired 
through radar measurements, using Eq. (2). 

The second solids back-mixing mechanism, i.e., the core-to-wall 
layer transfer of solids (represented by Flat in Fig. 1), can be solved 
from the overall mass balance as: 

Flat =
( (

Gup,bot-Gdown,bot
)
-
(
Gup,top-Gdown,top

) )
Az,core (3)  

This lateral transfer of solids from the core region to the wall layer can be 
described by means of a mass transfer coefficient for the core-to-wall 
layer solids back-mixing as: 

Flat = hmAlat,core Cs = hm(2(Lx,core + Ly,core)Δz)ρsεs,core (4)  

Note that Eq. (4) expresses the core-to-wall solids transfer as a function 
of the solids concentration in the core and disregarding that in the wall 
layers. The reason behind this is the fact that this transfer mechanism 
has been shown to be not driven by a concentration difference (which 
indeed would yield a net transfer from the denser wall layers to the more 
disperse core region, contrary to experimental observations) but by 
turbophoresis [42], with the net transfer strongly dominated by the 
highly fluctuating solids flow in the core region depositing into the wall 
layers characterized by solids with very small velocity fluctuations. 

Calculation of the values for the solids flux [Eqs. (1)–(3)], the 
disengagement volumetric rate [Eq. (2)], and the net core-to-wall layer 
mass transfer coefficient [Eq. (4)]), requires the vertical profiles of the 
solids concentration and distributions of the solids axial velocity in the 
core region, which can be obtained from the high-frequency radar 
technique [31,47], as detailed in the next section. 

2.2. Radar diagnostics for solids fluxes 

The present work employs radar-Doppler measurements along the 
height of the riser to derive the vertical profiles of the solids concen-
tration (see Eq.5 below) and the vertical velocity distributions (by 
Doppler effect) of the solids. The particle concentration is calculated 
from the radar reflection signal, Pr, through Eq. (5) which takes into 
account the signal processing gains and losses [31]. The reflected radar 
signal, Pr, depends on the total solids cross section, i.e. in a combination 
of the particle concentration (through ns) and particle size (through the 
particle cross section, σe). As a consequence, the reflected signal depends 
on the particle size distribution, fPSD, as seen from the integrated func-
tion in the second exponential term in Eq. (5). 

Pr =
K
R4

R
nsVradar

∫ r=rmax

r=rmin

fPSD(r) σb(r) dr exp
− 2
∫ l=R

l=0
(fext ns(l)

∫ r=rmax

r=rmin
fPSD(r) σe(r) dr)dl

(5)  

Through Eq. (5) the particle number concentration, ns (part/m3), can be 
solved from the sampled reflected radar signal and later converted to the 
normalized solids volumetric concentration, εs, through Eq. (6): 

εs = nsVpart (6)  

Having the normalized solids volumetric concentration and mean ve-
locity, the net solids flux can be calculated as: 

Gnet = ρsεsus (7)  

Previous studies of the fluidized bed freeboard have assumed a fully 
Fig. 1. The solids mass balance over a horizontal slice in the core region of the 
CFB freeboard. 
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dispersed solids flow, so as to motivate setting the axial velocity of the 
solids to be equal to the difference between the gas velocity and the 
single particle terminal velocity, ug-ut [13,48]. However, owing to solids 
acceleration and non-fully dispersed conditions, the axial velocity of the 
solids varies with height, especially in the lower freeboard where solids 
entrainment by the gas flow and disengagement from the splash zone 
ballistic-like flow pattern occur [39]. This work disregards the 
assumption of perfectly dispersed solids flow, as radar measurements 
yield the distributions of the axial solids velocity along the height 
[46,47]. 

Given a solids suspension with a certain concentration, Cs, and dis-
tribution of axial velocities expressed as probability density function, 
β(uz), the upward and downward fluxes of solids can be calculated from 
integration of the solids velocity distribution. 

Gdown = Cs

∫ 0

− ∞
β(uz) uzduz (8)  

Gup = Cs

∫ ∞

0
β(uz) uzduz (9)  

from which the net upwards flux of solids can be calculated as: 

Gnet = Gup − Gdown (10)  

3. Experimental setup 

Fig. 2 presents a schematic of the circulating fluidized bed unit used 
in this work, which is described in further detail elsewhere [49]. The 
unit is composed of acrylic glass and the riser has a cross-section of 0.5 
× 0.9 m2 and a height of 3.1 m. The circulating solids loop consists of a 
primary cyclone and a loop seal. The bed material used consists of glass 
beads with a density of 2,486 kg/m3 and mean (Sauter, i.e. surface- 
based) particle diameter of 106 μm (d10 = 75 µm, d90 = 160 µm), i.e., 
Geldart B solids, yielding an average value of the single particle terminal 
velocity of 0.64 m/s. The unit is operated at room temperature and 
fluidized with air. Note that the experimental conditions in the present 
study do not apply any fluid-dynamic scaling, i.e., the solids flow 
established in the unit is only intended to represent qualitatively the 
solids flow in industrial, wide CFB risers. Although solids back-mixing 
by means of disengagement is expected to predominate along most of 
the riser, its significance should decrease with height, thereby allowing 
also observations of the solids back-mixing by means of lateral core-to- 
wall layers transfer. 

The FMCW-pulse Doppler radar [50] utilized in this work operates at 
0.34 THz (center frequency) and acquires the solids concentration and 

the distribution of axial solids velocity with a spatial resolution of 5 mm 
and a time resolution of 0.2 s. As shown in Fig. 3, the radar setup gen-
erates a horizontal radar beam, which by means of a metal mirror is 
redirected to penetrate the unit in the vertical direction from the riser 
roof (composed of high-density polyethylene to minimize signal atten-
uation) and extends itself along the vertical centerline of the riser. The 
radar beam penetrates the riser from the roof (see Fig. 3 [47]). In the 
measurement of both concentration and velocity, the accuracy depends 
mainly on the signal-to-noise ratio, which is strongly related to the 
central frequency and the particle sizes. Previous investigations with the 
same radar set-up in the same unit [31] revealed a good optimization of 
the central frequency and a mean difference to pressure-derived con-
centrations the measurement relative mean error is less lower than 25 %, 
with radar data showing clearly higher consistency and robustness, 
especially in the dilute regions.. 

The riser pressure drop is kept constant at 1.3 kPa, while two su-
perficial gas velocities (0.8 and 0.9 m/s, yielding u/ut = 1.25–1.41) are 
applied to investigate the impacts of the gas velocity on the solids back- 
mixing mechanisms. These operational conditions optimized the per-
formance of the radar measurement technique in terms of allowing 
penetration along the full height of the riser for the given bed material 
and radar frequency used – more details on the penetration ability of the 
radar signal can be found in [31]. The THz-radar measurement involves 
a sampling time of 1800 s over which data is time-averaged, ensuring 
statistical robustness. 

4. Measurement procedure 

The solids concentration values along the riser height are obtained 
from radar measurements according to Eqs. (5) and (6), yielding the 
profiles shown in Fig. 4. In Eq. (5) the Sauter mean size of the solids is 
used rather than the particle size distribution. This approach has been 
earlier been validated in previous studies with the same set-up: pressure 
drop measurements were carried out simultaneously to the radar sam-
pling, revealing good agreement between both (see detailed analysis of 
several cases in [46]) and the better robustness of the radar technique at 
lower solid concentrations. 

As shown, the solids concentration gradually decreases with height 
in the riser, with relatively strong decay along the freeboard regions 
immediately above the bottom region in CFB units operated with Gel-
dart B solids, typically known as the ‘splash zone’ [42]. The exponential 
decay in solids concentration observed in previous experimental studies 
(for a compilation, see [39]) is for the current tests seen to be established 
at heights h > 1 m. At the top exit region (roughly h > 2.5 m), the solids 
concentration profile exhibits a strong decay related to effects from the 
riser exit. 

Regarding the vertical solids velocity, Fig. 5 exemplifies the data 
acquired by the radar-Doppler with the example of a distribution 
measured at a height of 2.25 m for the 0.9 m/s case. Positive velocity 
values represent upwards solids flow, and vice versa. The markers in 
Fig. 5 show the measurement data acquired, while the solid line repre-
sents the fitted polynomial function used for later calculations [Eqs. (8) 
and (9)]. For data such as plotted in Fig.5, the fraction of the area below 
the curve located on the positive side of the x-axis indicates the share of 
particles flowing upwards (70.5 % in this case, meaning 29.5 % of the 
solids concentration at that location is flowing downwards). The solids 
flux upwards results from combining the velocity distribution data such 
as that in Fig.5 with the solids concentration (see Eq.9), which for the 
data in Fig.5 results in 1.22 kg/m2s. Analogously, for the downflowing 
solids (Eq.8), a solids flux of 0.27 kg/m2s is obtained. The net flow can 
be calculated as the difference between these two, or directly by 
expanding the integration limits to the whole x-axis. Note that data in 
Fig.5 indicate that occasionally solids with a vertical velocity as high as 
2 m/s are detected. This is a consequence of the operation combining a 
low pressure drop gas distributor (to resemble those used in industrial 
CFB boilers, see details in [36]) and a pressure drop allowing the Fig. 2. Schematic of the circulating fluidized bed unit used in this work.  
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presence of a dense bed, which yields strong pressure fluctuations in the 
air plenum, and thus instantaneously very high local gas velocities at the 
dense bed surface (Olowson and Almstedt [51] measured gas velocities 
up to 10 m/s for excess gas velocities of only 0.6 m/s) which persist to a 
minor extent at upper locations in the riser. 

Fig. 6 shows the curves for the velocity distributions (and their 
corresponding mean values) at four different heights for a given gas 
superficial velocity. For these specific conditions, a height of 0.72 m falls 
within the splash region, in which strong ballistic-like solids back- 
mixing yields a mean value of the solids axial velocity of close to 
0 (albeit still positive, since there is a net solids upflow). As the height 
increases, the mean axial velocity also gradually increases, indicating 
that the solids upflow is more significant than the solids downflow. Note 
also the presence of particles with axial velocities higher than the gas 
velocity at all heights. As shown by Djerf et al. [49], even in cases where 

the low solids inventory yields the absence of a dense bed region, a 
splash zone is established with a relatively strong decay in solids con-
centration and both spatial and temporal fluctuations of the gas velocity. 
This fluctuating pattern with gas strokes and local high velocities even in 
absence of a dense bed with bubbles is believed to be originated by the 
use of a low pressure drop hole plate as gas distributor, yielding flow 
instabilities in the bottom region which are observed all along the height 
of the riser in the form of local temporary high velocity strokes (so-called 
ghost bubbles in literature, see [52]). Fig. 7 shows the axial upward 
particle velocity distribution in the riser for a gas superficial velocity of 
0.9 m/s. The acceleration area is mainly distributed in the splash zone at 
the height of 0.5–1.0 m. Due to the influence of riser outlet, the particle 
velocity rapidly decreases above the height of 2.5 m. It is necessary to 
consider the acceleration and deceleration effects in the splash zone and 
riser outlet to correct the pressure-derived concentration values. While 

Fig. 3. Schematic of the experimental setup used for radar measurements [45].  

Fig. 4. Vertical profile of the radar-measured volumetric solids concentration 
in the core region. The region comprised between the blue dashed lines in-
dicates the main zone of analysis, cropping out the bottom (splash) and exit 
regions. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 5. Radar-measured probability density function of the vertical solids ve-
locity at a height of 2.25 m (markers), together with the corresponding poly-
nomial fitting (solid curve). ug = 0.9 m/s. 
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in the freeboard zone, the acceleration effect can be ignored. 

5. Results and discussion 

5.1. Axial solids flux 

Fig. 8 shows the vertical profiles of the upward (dashed lines) and 
downward (solids lines) solids fluxes, calculated according to Eqs. (8) 
and (9), for different fluidization velocities. As seen from the solids flux 
profiles in Fig. 8, there is for both cases a significant presence of 
downflowing solids phase in the core region. The measurements were 
restricted to the height interval of 1.0–2.5 m (see Fig. 4), since the focus 
is on the region for which the flow is developed. As expected, both the 
upflow and downflow solids fluxes decrease with height, in similarity to 
the solids concentration. It is clear that an increase in fluidization ve-
locity yields higher solids flux values at a given height in the riser. Fig. 9 
shows the vertical profiles of solids flux in both axial directions as a 
function of the solids concentration. As seen, the gas velocity has little 
impact on the curves and in average the upwards solids flow at a higher 
absolute velocity than the downwards solids. 

Fig. 10 shows the variation of the downward-to-upward flux ratio in 
the core region with height. This directional ratio is close to 1 at the 

lower height levels, i.e., at the lower levels close to the splash zone, the 
radar measurements confirm that the solids flow is dominated by strong 
solids back-mixing due to solids splashes being ejected from the bottom 
region and following a ballistic flow pattern back downwards [39]. The 
downward-to-upward flux ratio decreases gradually along the riser 
height, to reach a value of 0.3 at the outlet height level. The superficial 
velocity has no significant impact on the ratio for the flow conditions in 
the unit used here. The data in Fig. 9 show that the downward-to- 
upward flux ratio remains at relatively high values in the freeboard 
(indicating dominance of the disengagement back-mixing). Industrial- 
scale measurements in tall (h > 10 m) risers [28,40] have shown that the 
downward-to-upward solids flux ratio approaches a relatively low value 
at height levels above those covered in this study, i.e., there is a low 
concentration of the downflowing phase in most of the transport zones 
of CFB boilers. Thus, it is important to note that the solids flow condi-
tions established in the experimental setup used in this work (a wide, 3 
m-tall riser with a shallow bed of Geldart group B solids) is expected to 
be representative only for the lower-most freeboards of CFB furnaces 
and not for the whole furnace height. 

The net upward solids flux profiles [Eq. (10)] are presented in 
Fig. 11. The curves reveal a descending trend with height, which is due 

Fig. 6. Probability density functions of the vertical solids velocity, at different 
heights in the riser (ug = 0.9 m/s). 

Fig. 7. Average vertical solids velocity along the riser (ug = 0.9 m/s).  

Fig. 8. Vertical profiles of the upward and downward solid fluxes, for two 
superficial gas velocities. 

Fig. 9. Upward and downward solids flux as a function of the solids concen-
tration, for two superficial gas velocities. 
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to solids back-mixing to the wall layers (since solids back-mixing by 
disengagement alone would not yield a decrease in the net solids upflow 
in the core region). For any given height level, an increase in the gas 
velocity yields faster decay with height of the net solids flow, indicating 
increased solids transfer from the core region to the wall layers. 
Furthermore, at any given height, an increased gas velocity yields an 
increase in solids net upflow, as expected, and this is due to increased 
solids entrainment from the bottom region [49]. A noticeable decrease 
in the rate of net upward solids flux occurs at the height of 1.5 m, which 
is attributed to horizontal mass transfer. 

5.2. Net disengagement rate 

Fig. 12 shows the vertical profiles of the net volumetric disengage-
ment rate, as obtained from the radar measurements [Eq. (2)]. The 
disengagement rate decreases gradually with height and increases with 

the gas superficial velocity at a given height. In order to gain further 
insights into the disengagement rate, Fig. 13 presents the measured 
disengagement rate as a function of the solids concentration, disclosing a 
coherent, strong and non-linear increase in disengagement rate with 
solids concentration. It must be noted that Fig. 13 includes data from the 
height range 0.3–2.5 m, i.e. extended towards the bottom region in 
comparison to the data shown in Fig. 12. This yields the inclusion in 
Fig. 13 of data points with much higher disengagement rate values. 
Higher solids concentrations have been reported in the literature as 
encouraging disengagement by cluster formation [53–55]. For the 
conditions investigated, as shown in Fig. 13, a higher gas velocity yields 
a higher disengagement rate for a given solids concentration. The data 
for the case with a gas velocity of 0.8 m/s (which covers the widest range 
of solids concentration) can be fitted as rclust = 1.22 Cs

2.45. 

Fig. 10. Downward-to-upward axial solids flux ratio along height of the riser, for two superficial gas velocities.  

Fig. 11. Vertical profile of the net upward solids flux, for two superficial 
gas velocities. 

Fig. 12. Vertical profile of the net volumetric disengagement rate, for two 
superficial gas velocities. 
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5.3. Solids transfer from the core region to wall layers 

Fig. 14 illustrates the horizontal transfer of solids from the core re-
gion to the wall layer by showing the vertical profiles of the net trans-
ferred solids flux (based on lateral, i.e. core-layer, interfacing area). For 
the data processing related to Figs. 14 and 15, the experimental noise in 
the vertical profiles of solids velocity and concentration was removed by 
applying a 6th degree polynomial to the curves originally obtained. The 
lateral transfer rate of the solids decreases gradually with height, and at 
a given height increases with the gas superficial velocity, i.e., with 
increased local gas velocity and local solids concentration. 

Fig. 15 shows the vertical profiles for the mass transfer coefficient 
governing the core-to-layer solids transfer [Eq. (4)]. The calculated 
values of this coefficient decrease with height and yield roughly stable 
values at h > 1.8 m, yielding 0.0038 and 0.0135 m/s, respectively, for 
the gas superficial velocities of 0.8 and 0.9 m/s. An increased 

fluidization velocity, which yields increases in the solids concentration 
and gas velocity at a given height, increases the mass transfer coeffi-
cient. This is in good agreement with an earlier study [42] that collected 
measurement data from a wide size range (12–460 MW) of CFB furnaces, 
and that showed an increase in the core-to-layer mass transfer coeffi-
cient with the gas velocity (and the riser cross-sectional dimensions). 
While that study used measurement data with poor vertical resolution 
(typical for commercial-scale units, with very few pressure taps above 
heights of tens of meters), the present work provides measurements with 
high spatial resolution (in the mm-scale) and reveals that, for the first 
meters above the gas distributor, there is a local decrease in the lateral 
mass transfer coefficient with height. It should be noted that this trend 
cannot be directly extrapolated to the upper heights, i.e., to most of the 
freeboard in large-scale CFB furnaces. Instead, it is to be regarded as an 
observation that is representative for the lower levels in the freeboards 
of large-scale units. 

It should be noted that the calculated values of the mass transfer 
coefficient depend on the dimensions of the core region rather than 
those of the whole riser cross-section. The above values are calculated 
assuming a reference value for the wall layer thickness of 0.01 m at all 
height levels, based on the literature [8]. The sensitivity of the calcu-
lated mass transfer coefficient for the wall layer thickness is studied by 
considering also wall layer thicknesses of 0.005 m and 0.02 m, which fall 
within the typical range of observations [6]. The degree of sensitivity 
falls roughly within [-3.5, +1.8]%. 

5.4. Comparison of the back-mixing mechanisms 

The significance of each of the two solids back-mixing mechanisms 
was evaluated and exemplified by the case with the superficial velocity 
of 0.9 m/s, using Eqs. (1), (3) and (9) in Fig. 16. This revealed how the 
solids flow entrained from the bottom region (1.7 kg/s) is back-mixed by 
means of each mechanism along the height in the riser. At the lower 
height levels, solids are mainly back-mixed by means of disengagement, 
although the disengagement rate decreases relatively rapidly with 
height and eventually becomes lower than the horizontal mass transfer 
rate. In summary, for the case studied, about 10 % of the solids entrained 
from the bottom region reach the exit region, while around 50 % are 

Fig. 13. Net volumetric disengagement rate as a function of the solids con-
centration, for two superficial gas velocities. 

Fig. 14. Vertical profile of the net solids flux horizontally transferred from the core region to the wall layer, for two superficial gas velocities.  

W. Wu et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 488 (2024) 151150

9

back-mixed by means of disengagement, and 39 % are back-mixed 
through transfer to the wall layers. 

6. Conclusions 

Solids back-mixing was investigated in the freeboard of a circulating 
fluidized bed operated under ambient conditions but with a geometry 
that is characteristic of large-scale CFB risers (3 m in height and a riser 
cross section of 0.4 × 0.4 m) and operated with Geldart B solids. The 
radar technique was applied to measure highly-resolved vertical profiles 
of the solids concentration and solids velocity distributions. The mea-
surements provide closure of the mass balances across the height, 
thereby allowing determination of the vertical profiles of the net volu-
metric disengagement rate and the horizontal mass transfer coefficient. 
Two cases that differed with respect to superficial gas velocity were 
studied. Previous findings obtained through other experimental tech-
niques, mainly pressure drop measurements, have been refined using the 
more accurate and resolved radar technique, which opens up the way for 
more-detailed future analyses of the riser flow dynamics – also in other 
applications. In terms of net contribution, the following major 

conclusions are drawn from the present study: 

(1) The net volumetric disengagement rate increases with gas ve-
locity and exhibits a strong non-linear growth with the solids 
concentration 

(
rdiseng∝Cs

2.45);  
(2) The core-to-wall layer mass transfer coefficient increases with the 

gas velocity, and exhibits an initial decay with height in the riser 
before fully developing into a stable level;  

(3) For the set-up and operational conditions studied, the two solids 
back-mixing mechanisms are contributing roughly equally much. 
Extrapolation of this to CFB boiler furnaces is however not 
straight-forward, since the taller riser would weaken the relative 
significance of solids disengagement while the increased cross 
section-to-perimeter ratio would weaken that of the core-to- 
layers path for solids backmixing. 
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