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A B S T R A C T   

Bed particle layer and crack layer characteristics at different ages were studied for quartz and K-feldspar bed 
particles from a 30 MWth bubbling fluidized bed and a 90 MWth circulating fluidized bed, both using woody 
biomass as fuel. X-ray microtomography (XMT) was utilized to determine the bed particle layer distribution on 
the bed particles’ surface. For each bed particle type, the average bed particle layer thickness as well as average 
volume fractions of the bed particle layer and crack layers to the entire bed particle volume were determined at 
three different bed particle ages by utilizing XMT analysis. Comparison of the two different bed particle types 
showed that K-feldspar retains a thinner bed particle layer in both conversion processes compared to quartz. 
Crack layers were observed extensively in quartz bed particles to the extent of 19.3 vol% and 32.1 vol% after 13 
days in the BFB and the CFB, respectively, which could cause deposition of the bed particle fragments. On the 
contrary, K-feldspar has almost no tendency toward forming crack layers.   

1. Introduction 

One of the conventional technologies for biomass energy conversion 
is fluidized beds which provide fuel flexibility, high efficiency, and low 
environmental impact [1,2]. Nonetheless, a critical operational problem 
in fluidized bed combustion is the risk for bed agglomeration and bed 
material deposition, which may vary between different bed materials 
and fuels [3–5]. In the most severe cases, bed agglomeration and bed 
material deposition might result in complete bed defluidization and 
unscheduled plant shutdown. Moreover, recurrent start-up and shut-
down cycles may reduce the working lifespan of the plant equipment 
[6,7]. One key parameter for bed agglomeration has been shown to be 
layer formation on bed particles due to the interaction between bed 
material and fuel ash [8,9]. It has been demonstrated that different bed 
particle types, such as the quartz and K-feldspar particles investigated in 
the present work, display different layer formation mechanisms in 
combustion of woody-type biomass [3,5,10–15]. 

Natural sand with quartz as the main component is conventionally 
utilized in commercial fluidized beds. In case of using woody biomass, 
reaction of quartz particles with the condensed and/or gaseous 

potassium compounds formed during the fuel conversion, initiates a bed 
particle layer build-up in the very first days of the process [11]. The 
reaction develops a sticky potassium-rich silicate melt on the bed par-
ticles’ surface. Subsequently, an outer layer forms due to the incorpo-
ration of calcium-rich coarse ash particles onto this sticky layer. Calcium 
thenceforth diffuses into the molten phase and replaces potassium in the 
silicate structure. Consequently, since calcium silicate has a higher 
melting temperature compared to potassium silicate, the layer becomes 
more rigid. Hence, the incorporation of calcium into the bed particle 
develops a protecting mantle towards the additional reaction of the al-
kali with the bed material and reduces the bed agglomeration risk 
[10,16]. Further incorporation of calcium from the outer layer into the 
inner layer transforms the molecular structure to calcium silicates richer 
in calcium (e.g., Ca2SiO4 or Ca3SiO5). In consequence, the introduced 
microstructural stress instigates inward cracks in the inner layer and 
provides new route for potassium compounds to react with the particle 
core and develop crack layers [13]. Crack layers are comparably wider 
in the vicinity of the cracks or where the bed particle layer is thinner. 
These wider crack layers are usually called inner-inner layer [3]. Prop-
agation of the crack layers throughout the bed core eventually breaks 
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down the bed particles into smaller fragments. These finer particles are 
coated with the sticky potassium-rich silicate on the exposed crack 
layers which increases the risk of bed material agglomeration. Entrain-
ment of these fragments might also cause deposition in downstream 
facilities such as hot cyclones or the return legs in circulating fluidized 
beds [13,17]. 

K-feldspar, which is frequently present in natural sand, has been 
shown to display a lower bed particle layer formation potential 
compared to quartz and further, a low tendency towards crack layer 
formation. When K-feldspar is utilized as bed material in combustion 
and gasification of woody biomass, the formation of both an inner and 
outer layer could be observed on the bed particles [4,12]. The inner 
layer comprises both Ca-Al-silicates and Ca-silicate whilst in the outer 
layer Ca3Mg(SiO4)2 and MgSiO3 could be detected. Similar to quartz, 
cracks will appear in the inner layer, likely due to the lattice mismatch of 
the produced Ca-Al-silicates and Ca-silicate phases and the K-feldspar 
particle. In a previous work on the exact same bed particle samples, the 
low tendency for crack layer formation in K-feldspar were attributed to 
the low tendency for reaction between the potassium-rich compounds 
originating from the fuel ash and K-feldspar particles which was 
concluded from thermodynamic equilibrium calculations [12]. 

Despite numerous in-depth studies on bed particle layer formation 
on both quartz and K-feldspar, which have qualitatively explained bed 
particle layer characteristics, a detailed quantitative comparison of 
interaction volumes of bed particles with fuel ash resulting in different 
layer characteristics for quartz and K-feldspar has not been performed 
according to the knowledge of the authors. One major barrier to perform 
such a study is that the current understanding of the bed particle layer 
formation has been developed through observing cross-sections of 
typical particles from each bed material by scanning electron micro-
scopy (SEM). Although this provides invaluable information about the 
bed particle layer composition and morphology, volumetric studies of 
bed particle layers cannot be made accurately through this approach. 
The distribution of bed particle layers across entire bed particle surface 
as well as the volume fraction of the bed particle layer or crack layer to 
the entire bed particle volume remains unknown. 

Therefore, the present study aims to quantitatively investigate and 
compare bed particle layer formation and characteristics in terms of 
morphology and thickness for quartz and K-feldspar bed materials from 
combustion of woody-type biomass by using X-ray microtomography 
(XMT). This technique provides 3D reconstructions of samples that en-
ables volumetric studies on the entire bed particles. Combined with 2D 
images from scanning electron microscopy coupled with energy- 
dispersive X-ray spectroscopy (SEM-EDS), XMT provides a detailed un-
derstanding of how bed particle layers are developed and distributed on 
the bed particle surface and volumetric measurements of the interaction 
between bed particles and ash forming compounds. 

2. Materials and methods 

2.1. Bed materials 

2.1.1. 30 MWth bubbling fluidized bed (BFB30) 
1 kg bed materials comprising natural sand (80 % quartz and the 

remainder mainly consisting of K-feldspar and a smaller share of mica) 
with 700 μm average size were extracted at 1, 5 and 13 days after 
complete bed change from a 30 MWth BFB combustor. The process was 
operated at a bed temperature of 800–880 ◦C with 20 tons of bed ma-
terials and less than 3 wt% bed replacement per day. A softwood-based 
woody biomass mixture of Scots pine (Pinus sylvestris) and Norwegian 
spruce (Picea abies) containing 10 % bark, 30 % logging residues, and 40 
% wood chips was used as fuel during the campaign duration. 

2.1.2. 90 MWth circulating fluidized bed (CFB90) 
1 kg natural sand (>80 % quartz and the remainder consisting of K- 

feldspar and smaller shares of mica) with particle sizes ranging from 200 

to 500 μm were obtained at 1, 5, and 13 days after complete bed change 
from a 90 MWth CFB combustor. The process was operated at a bed 
temperature of 780–850 ◦C with 20 tons of bed materials and 10 wt% 
bed consumption per day. Sawdust was used as fuel during the campaign 
duration. Fuel ash compositions for both conversion processes are listed 
in Table 1. More information about the process details and operating 
conditions during the sampling campaigns could be found elsewhere 
[13]. 

2.1.3. Sieving 
Bed particles obtained from both conversion processes were gently 

sieved. Based on the typical particle size distribution of the two studied 
conversion processes, sieving size of 500–850 μm for BFB30 samples and 
sieving size of 200–500 μm for the CFB90 samples were selected and 
utilized for further characterization with both SEM and XMT. 

2.2. SEM/EDS analysis 

Cross-sections of bed particles from each process were obtained by 
encasing particles in epoxy resin blocks which were solidified and dry 
polished. These prepared samples were examined via SEM, using a JSM- 
IT300 (JEOL, Japan) with a backscattered electron detector (BSE) 
operating in low-vacuum mode (100 Pa). The electron microscope was 
also equipped with a X-Max 80 detector (Oxford Instruments, UK) for 
energy dispersive X-ray spectroscopy (EDS). More than 10 particles from 
each sample were analyzed by SEM/EDS for both quartz and K-feldspar. 
Due to the continuous bed exchange in the full-scale plants, younger 
particles coexisted in the fluidized bed at each time interval. To ensure 
that the analysed particles were representative for the intended ages, 
only those with the thickest observed layer in SEM images were selected 
for further analysis. To eliminate the effect of noncentral cross-sections, 
only the largest cross-sections in each SEM image were considered in the 
analysis. Furthemore, the elemental composition of the outer, inner, and 
crack layers were also examined using 4–5 EDS spots evenly distributed 
around the bed particle. 

2.3. X-ray microtomography analysis 

X-ray Microtomography (XMT) is a non-destructive imaging method 
that provides a 3D map of the interior, reflecting the densities of the 
internal features of the material [18]. Based on the XMT results, a 
quantitative characterization of the internal features could be carried 
out using a 3D image analysis software. The fact that the imaging routine 
is non-destructive makes it possible to do repeated scans, perform multi- 
scale studies, and follow structural changes/deformations in the sample 
in-situ when exposed to different loads or environments [19]. These 
features has made the technique a decent tool for 3D material charac-
terization, with a wide range of applications [20–22]. 

The data in an XMT analysis is obtained by exposing the sample to X- 
rays and collecting separate images during continuous rotation. As the 
X-rays interact with different parts of a heterogeneous sample, the im-
ages provide a map of different intensities describing X-ray attenuation 
of the constituent materials. Regions in samples that contain heavier 
elements typically display higher attenuation than lighter elements. The 
X-ray attenuation of a sample at a specific angle can then be plotted as an 
attenuation intensity map, and a total sum of such maps obtained by the 
sample can be reconstructed into X-ray attenuation intensity maps 
showing cross-sections. Hence, similar to images acquired from SEM/ 
BSE, the regions of high X-ray attenuation appear brighter in the XMT 
images and areas with lower density are darker. However, unlike the 
related SEM/EDS, this method does not provide any unique chemical 
compositional data from the sample. Therefore, it is important to 
employ this characterization technique in conjunction with techniques 
such as SEM/EDS to improve the interpretable information about the 
sample. 
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2.3.1. Data acquisition 
Xradia 620 Versa (Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA) 

with a maximum spatial resolution of 0.5 μm (in terms of 10 % modu-
lation transfer function), and the minimum voxel size of 40 nm was used 
for X-ray microtomography analysis of the bed samples. Bed particles 
from each age were encapsulated separately in Kapton tubes as shown in 
Appendix 1. The analysis of bed particles and their layers was performed 
at two different resolutions where the low-resolution analysis enabled 
statistic analysis based on a large amount of particles whereas high- 
resolution analysis was used for detailed studies on one to two particles. 

To execute the low-resolution analysis, Kapton tubes with 4.0 mm 
diameter and approximately 8.0 mm height were used as sample holder. 
The samples were scanned at 3.5 µm spatial resolution using 4.0x ob-
jectives which allowed analysis of the entire sample containing 150–250 
bed particles of which around 40 typical particles for each sample were 
selected and analysed at this resolution. Considering the continous bed 
exchange in both processes, the typical/oldest particles (i.e., particles 
with the comparably thickest layers) for each sample age, were identi-
fied by observing 2D cross-sections in three orthogonal planes from the 
reconstructed volume. 

The narrow field of view in high-resolution scans greatly reduces the 
number of particles that can be analyzed in a single scan so only 1–2 
typical bed particles for each sample and age were analyzed at this 
resolution. Therefore, it was nesseccary to identify the typical bed par-
ticles in the entire sample before operating this set of scans. Accordingly, 
before each high resolution scan, a perliminary scan (i.e., scout scan) 
were executed on the entire sample at 9.7 µm spatial resolution using 
0.4x objectives. One to two typical bed particles were then identified in 
the scout scan similar to the procedure described above for the low- 
resolution scans. The high-resolution scans were subsequently 
executed for the selected bed particles without removing the samples 
from the XMT system. Considering the average particle size of the bed 
materials in the two conversion processes, bed particles taken from 
different ages were scanned at 1.3 µm and 1.0 µm spatial resolutions 
(using 4.0× objectives) for the BFB and the CFB units, respectively. More 
detailed information on the scanning parameters for the low-resolution, 
the high-resolution and the scout scans is listed in Appendix 2. 

2.3.2. Data analysis 
The tomography reconstruction was carried out using Zeiss recon-

struction software (Filtered Back Projection algorithm), with standard 
settings for artefact correction and removal. To analyze the results, 
reconstructed XMT data were exported to Dragonfly Pro software 
(Version 2022.2 developed by ORS, Montreal, QC, Canada) for 3D 
visualization and quantitative analysis. The software allows exploration 
across the entire planes in any desired axes to investigate every arbitrary 
cross-section of the subjected material in 2D and 3D views. The software 
is equipped with the “Object analysis” toolbox that aids to measure 
surface area [23] and volume of the separate regions. Via “ROI tools” it 
is also possible to measure the thickness of a selected region of interest. 

Difference in the density of the two bed types (i.e., different in-
tensities in the XMT images) along with the previous knowledge of their 
appearance form the SEM images were used to identify and separate 
quartz and K-feldspar bed particles in each scan before further processes. 
Different regions of interest (outer, inner, and crack layers) in each bed 
particle were subsequently identified in the XMT images by using the 
standard thresholding procedure which enables volume fractions of the 

internal phases to be analyzed. Accordingly, these regions of interests 
(ROIs) were segmented by means of the difference in their densities. 
Hence, by adjusting the corresponding intensity range which covers the 
entire region of interest, bed particle layers and crack layers were 
selected and separated for further measurements (Fig. 1). As the 
chemical composition and accordingly the density of the crack layers 
and the inner-inner layer were the same which resulted in a similar in-
tensity range in the XMT images, both were segmented together and 
considered as the crack layers in the analyses. 

The low-resolution scans allowed determination of the bed particle 
layer distribution on the bed particle surface and also were utilized to 
acquire the average overall bed particle layer thickness (δt), the average 
volume fraction of the bed particle layers to the entire volume of the bed 
particles (ηt), and the average volume fraction of the crack layers to the 
entire volume of the bed particles (φt). On the other hand, a set of high- 
resolution scans were conducted to observe the inner and outer layer 
distinctly, to spot the cracks in the inner layer and to measure the 
average thickness of the inner and outer layer (δi and δo), separatly. 

The bed particle layer thicknesses were measured in Dragonfly, 
where the pre-identified ROIs were transformed to a mesh grid and their 
thicknesses were then automatically determined. The average bed par-
ticle layer thicknesses (δt, δi and δo) were calculated by importing the 
thickness measurement histograms from Dragonfly into MATLAB and 
processing them numerically. The average volume fraction of the bed 
particle layers to the entire volume of the bed particles (ηt), and the 
average volume fraction of the crack layers to the entire volume of the 
bed particles (φt) for each bed sample were also calculated by measuring 
the corresponding ROI volumes, divided by the entire volume of the bed 
particles. 

3. Results & discussions 

3.1. Bed particle surface morphology 

The different sample ages and processes were compared using both 
SEM/BSE and XMT reconstructed volumes. The comparison can be 
observed in the images available in Appendix 3. Quartz and K-feldspar 
bed particles had comparably smooth surfaces at the early ages, in both 
conversion processes and minor convex and concaved-shaped areas 
were noticed on the bed particles’ surface. Over time, the convex and 
concave geometries on the bed particle became more pronounced on the 
surface. This was more frequent with higher sample age, and also more 
readily observed in quartz particles compared to K-feldspar particles of 
the same age. 

The average bed particle volume and specific surface area of the 
nearly fresh bed particles are shown in Table 2. A higher specific surface 
may enhance the interaction between the bed ash compounds and the 
bed particles as theoretically the mass transfer rate is directly propor-
tional to the surface area. Further, it could be used to indirectly measure 
surface roughness of bed particles since higher surface roughness pro-
vides a higher surface area for an equal volume of the bed material with 
similar geometry. The results shown in Table 2 indicate that quartz 
provided a slightly higher specific surface area for an equal volume of 
the studied bed particles than K-feldspar. It should be noted that the 
surface properties of the bed particles strongly depend on their origin 
and preparation method. So, while the reported numbers are valid for 
quartz and K-feldspar bed particles studied in the present work, bed 

Table 1 
Main ash forming elements and ash content (% dry substance) of the used fuel, adapted from He [10].  

Conversion process Ash content 
(%dry substance) 

Ash forming elements (% dry substance) 

K Na Ca Mg Fe Al Si P S Cl 

BFB 1.80 ± 0.51  0.11  0.01  0.44  0.04  0.12  0.02  0.12  0.03  0.02  <0.01 
CFB 0.80 ± 0.15  0.07  0.00  0.29  0.03  0.01  0.02  0.04  0.02  0.01  <0.01  
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Fig. 1. Segmentation of the regions of interest in high-resolution (1.3 µm) XMT. The cross-section of a quartz bed particle taken from the BFB30 at 13 days after the 
complete bed change (left) was used to identify the combined outer and inner layer volume and the crack layer volume based on optical density (right). 

Table 2 
Average bed particle volume and specific surface area for nearly fresh bed materials calculated from the samples taken at 1 day after complete bed change measured 
over around 40 bed particles for each sample.  

Bed Particle Conversion Process 

BFB CFB 

Average particle volume 
(mm3) 

Average particle-specific surface (mm2 

/mm3) 
Average particle volume 
(mm3) 

Average particle-specific surface (mm2 

/mm3) 

Quartz 0.12 ± 0.01  12.1 0.08 ± 0.03  15.0 
K-feldspar 0.14 ± 0.01  10.7 0.10 ± 0.03  14.0  

Fig. 2. Backscattered SEM images of typical cross-sections from quartz and K-feldspar bed particles found in the samples taken from the BFB at different ages from 
the complete bed change. 
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particles taken from other sources might have different surface proper-
ties which require further exploration. 

3.2. Bed particle layer characteristics 

Overall, the bed particle layer characteristics were in line with pre-
vious findings [3,11,12]. Figs. 2 and 3 show SEM/BSE images of cross- 
sections from typical quartz and K-feldspar particles taken at different 
ages from the BFB and the CFB units, respectively. After 1 day, the 
formation of a thin homogeneous layer on all bed particles could be 
observed. The dominating elements (excluding O) for this layer identi-
fied by SEM/EDS analysis conducted in the present study were found to 
be the same as mentioned in previous studies on the exact same bed 
particle samples; Si, Ca and K for quartz [3] and Si, Ca, Al and K for K- 
feldspar [12]. 

After 5 days, a thin outer layer with a brighter appearance was 
observed, along with the development of inward cracks in the inner 
layer for both quartz and K-feldspar particles. The outer layer majorly 
consisted of Ca and Si (excluding O) for quartz [3] and Ca, Si and Al for 
K-feldspar [12]. Older particles displayed thicker outer layers. Particles 
taken from the CFB boiler had a thinner outer layer compared to those 
taken from the BFB unit with a similar age, most likely because of the 
high erosion rate in the CFB process. 

K-feldspar bed particles showed almost no tendency towards for-
mation of the crack layers. However, for quartz, crack layers were 
observed in some bed particles from day 5. After 13 days, majority of the 
quartz bed particles contained crack layers that had been bridged and 
started to split the bed particle into smaller fragments. It seemed that 
bed particles were more vulnerable towards crack layers in the CFB unit 
in comparison to those taken from the BFB unit. 

Both SEM/BSE (Figs. 2 and 3) and the high-resolution XMT images 
(Fig. 4) show that the inner layer in K-feldspar contains comparably few 
inward cracks whereas the frequency of cracks in the inner layer for 
quartz is noticeably high. This might be a consequence of the thinner 
inner layer in K-feldspar compared to quartz. Thicker inner layer in 
quartz bed particles produces a longer mass transfer distance which 
causes a higher concentration gradient for Ca. This instigates more 
heterogeneity in the produced Ca compounds with a different molecular 
structure that may trigger formation of the cracks in the inner layer. 

Graphical demonstrations of the overall bed particle layer thickness 
(i.e., inner and outer layer) measured through the 3D XMT images of 

typical quartz and K-feldspar bed particles from the BFB and the CFB 
conversion processes are shown in Figs. 5 and 6. Comparing the outer 
layer thickness for both bed materials in the two conversion processes 
showed a considerably thinner outer layer in the CFB unit, probably due 
to the higher erosion rate. It could also be observed that detachment of 
the bed particle layer from the surface was considerably higher in par-
ticles taken from the CFB. Even in the old quartz particles, this allows 
alkali to access and react with the bed material to form K-rich inner- 
inner layers [3]. 

The average total bed particle layer thickness (i.e., the sum of the 
inner- and outer layer excluding crack layers), measured over 40 par-
ticles for each bed type for quartz and K-feldspar particles taken from the 
BFB and CFB conversion processes is shown in Fig. 7. It could be 
observed that the heterogeneity in layer thickness increases over time 
for both bed particle types, meaning that the overall layer thickness 

Fig. 3. Backscattered SEM images of typical cross-sections from quartz and K-feldspar bed particles found in the samples taken from the CFB at different ages from 
the complete bed change. 

Fig. 4. 3D XMT image of typical quartz and K-feldspar bed particles with 1.3 
μm resolution found in bed samples taken from the BFB at 13 days after com-
plete bed change. 
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varies significantly in different surface morphologies of older particles. 
Figs. 8 and 9 represent inner and outer layer thickness measured 

through the high-resolution XMT images for typical quartz and K-feld-
spar bed particles taken at different ages from the BFB and CFB 

conversion processes, respectively. In general, the outer layer for both 
quartz and K-feldspar is comparably thinner in the CFB, which is in line 
with the previous findings [3,12]. Moreover, the outer layer thickness 
variation is lower than the inner layer as it majorly exists over the 

Fig. 5. 3D XMT image of typical quartz bed particles (upper) and K-feldspar bed particles (lower) and the corresponding overall bed particle layer thickness (bottom) 
found in bed samples taken from the BFB at 1, 5 and 13 days after complete bed change. The white areas in the thickness measurement represent areas where the 
layer is not established. 

Fig. 6. 3D XMT image of typical quartz bed particles (upper) and K-feldspar bed particles (lower) and the corresponding overall bed particle layer thickness (bottom) 
found in bed samples taken from the CFB at 1, 5 and 13 days after complete bed change. The white areas in the thickness measurement represent areas where the 
layer is not established. 
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Fig. 7. Average total bed particle layer thickness (at 95% confidence interval) for quartz and K-feldspar bed particles found in bed samples taken from the BFB and 
the CFB at different ages. 

Fig. 8. Inner and outer bed particle layer thickness (at 95% confidence interval) for typical quartz and K-feldspar bed particles found in bed samples taken from the 
BFB at different ages. 

Fig. 9. Inner and outer bed particle layer thickness (at 95% confidence interval) for typical quartz and K-feldspar bed particles found in bed samples taken from the 
CFB at different ages. 

Table 3 
Average volume fraction of the bed particle layer to the entire volume of the bed particle (ηt) at 95% confidence interval measured over around 40 bed particles for 
each sample.  

Bed Particle Conversion Process 

BFB CFB 

1 day 5 days 13 days 1 day 5 days 13 days 

Quartz 2.6 ± 1.2 % 7.9 ± 2.5 % 14.6 ± 3.2 % 4.3 ± 1.8 % 10.3 ± 2.7 % 17.3 ± 4.5 % 
K-feldspar 1.4 ± 0.9 % 3.5 ± 1.4 % 8.9 ± 2.8 % 2.1 ± 1.1 % 4.2 ± 1.7 % 11.7 ± 3.0 %  

A. Valizadeh et al.                                                                                                                                                                                                                              



Fuel 342 (2023) 127707

8

convex shaped areas on the bed particle surface. 
The volume of bed particle that has reacted with ash forming com-

pounds to form different layers is shown in Table 3. It can be noticed that 
for both processes, the relative share of bed particle layer volume is 
higher for quartz compared to K-feldspar after 5 days at a 95 % confi-
dence interval. This difference does not remain after 13 days despite a 
large separation of the actual average values. This is likely caused by 
large internal variation between bed particles of the two bed materials. 
The bed particle layer growth rate was higher on quartz than K-feldspar 
at the early stages of the process. Detailed knowledge about the inter-
action volume may serve as an aid in modelling attempts utilizing global 
equilibrium combined with diffusion–reaction modelling or molecular 
dynamics. Further, time-resolved studies with sampling at more time 
points could possibly use XMT in conjunction with chemical composi-
tion obtained by SEM/EDS or similar techniques to determine how much 
of e.g. potassium or calcium has been included in the total bed particle 
volume as a function of time. The potential for such in-depth analysis is 
shown by the results obtained here, but is beyond the scope of the 
present work. 

3.3. Crack layer characteristics 

The volume fraction of the crack layers along with K-silicate-rich 
inner-inner layers [3] for quartz particles, to the entire bed particle 
volume was measured through XMT 3D images. In the BFB conversion 
process crack layers were barely observable for K-feldspar in all different 
ages and similarly for quartz after 1 day from the complete bed change. 
Further, φt for quartz was 5.2 % and 19.3 % after 5 and 13 days from the 
complete bed change, respectively. In the CFB process, no crack layer 
was observed for K-feldspar except less than 1 % volume fraction after 
13 days, while for quartz φt was 2.3 %, 11.4 % and 32.1 % after 1, 5 and 
13 days from the complete bed change, respectively. 

K-feldspar had fewer cracks in the inner layer compared to quartz. 
Considering that potassium compounds seemingly display low reactivity 
towards K-feldspar, crack layers would have to form by penetration into 
the bed particle core by reactive compounds. Hence, compared to 
quartz, where gaseous K compounds can react directly with the bed 
material to reach the bed particle core, formation of the crack layers is 
unlikely in K-feldspar bed particles. Even if cracks would permit the 
penetration of e.g. potentially molten K-silicates, they have a signifi-
cantly lower diffusion rate compared to the gaseous compounds. 

3.4. Practical implications 

Quartz bed particles displayed crack layers comprising an average 
volume fraction of 5.2 % and 11.4 % to the entire volume of the bed 
particles after only 5 days of operation for BFB and CFB, respectively. 
This supports previous work suggesting that a weekly complete bed 
replacement is recommended in wood-fired circulating fluidized quartz 
beds [13] due to the formation of sticky K-rich crack layers, which can 
result in bed material deposition. The volumetric fraction of crack layers 
to the entire bed particle volume (φt) confirms that there is a high po-
tential for the crack layer formation in the CFB conversion process for 
quartz due to the higher erosion rate, which removes the protection 
provided by the outer layer. 

On the other hand, K-feldspar exhibited almost no tendency towards 
formation of the crack layer and the inner-inner layer in either con-
version process. The results therefore suggest that K-feldspar could be an 
attractive alternative to quartz based bed materials to prevent bed 
agglomeration and bed particle deposition in hot cyclones and return 
legs in fluidized bed conversion of woody biomass fuels based on the 
interaction volume between bed ash and bed particle. 

4. Conclusions 

The application of XMT for detailed 3D studies of layer 

characteristics on bed particles is demonstrated in the present work. 
Measurements concerning layer thickness surrounding entire particles 
and volumetric interaction of ash forming compounds with bed particles 
could be obtained by means of this technique, which complements 
chemical compositions as obtained by SEM/EDS analysis of bed particle 
layers. The main findings are:  

• Despite the similarity in bed particle specific surface area of quartz 
and K-feldspar for an equal volume, the latter clearly exhibited lower 
degree of layer formation. This suggests that specific surface area is a 
poor indicator for determination of long-term reactivity between bed 
particles and ash forming elements for these bed materials. 

• Quartz bed particles displayed an average bed particle layer forma-
tion fraction up to 14.6 vol% (BFB) and 17.3 vol% (CFB) whereas K- 
feldspar bed particles had an average layer formation fraction of 8.9 
vol% (BFB) and 11.3 vol% (CFB) of the entire volume of the bed 
particle.  

• K-feldspar bed particles had almost no tendency towards crack layer 
formation while for quartz the crack layer volume fraction of bed 
particles reached 19.3 vol% and 32.1 vol% after 13 days in the BFB 
and the CFB, respectively.  

• The total sum of bed particle layer and crack layer volume fractions 
of quartz greatly exceeds that of K-feldspar, with a significant 
contribution of the crack layers. This demonstrates the high reac-
tivity of quartz bed particles with ash forming compounds intro-
duced with the fuel. 
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