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Abstract 
Self-segregation of fuel particles during devolatilization in fluidized bed 
combustors (FBCs) is detrimental to efficient and trouble-free operation. It may be 
effectively contrasted by promoting vigorous circulation of fluidized solids. As an 
example, “Gulf Stream” may be induced by controlled uneven distribution of 
fluidizing gas flow through the distributor. The present study is aimed at 
characterizing bed hydrodynamics in a pilot scale fluidized bed combustor 
revamped to optimize combustion of high-volatile solid fuels. The FBC dynamics 
was analyzed as a function of both mean fluidization velocity and partitioning of 
the fluidizing gas between the core and the annular compartments of the windbox. 
Analysis of the time series highlighted two dominant periodic phenomena: i) the 
piston-like oscillation of the fluidized bed ("natural frequency") was detected at 
1.5–3 Hz; ii) eruption of gas bubbles at the bed surface was evident at 3–5 Hz. The 
relative importance of these periodic components strongly depends on gas 
partitioning. 
 
1. Introduction 
Self-segregation of fuel particles during devolatilization is detrimental to efficient 
and trouble-free operation of fluidized bed combustors [1]. The axial segregation of 
fuel particles may be effectively contrasted by promoting vigorous circulation of 
fluidized solids. (i.e. vortices at the reactor scale). Merry and Davidson [2] 
suggested to induce vortices of scale comparable with the bed height (“Gulf 
Stream”) by means of uneven distribution of fluidizing gas through the distributor. 
This study aims at characterizing the hydrodynamics of a pilot scale fluidized bed 
combustor with a focus on the establishment of "Gulf Stream" flow patterns as a 
function of the operating conditions. A pilot scale bubbling FBC was revamped to 
optimize high-volatile solid fuel combustion. The FBC was equipped with a 
windbox splitted into two concentric sections: the gas stream rate fed at the two 
sections was measured and controlled separately. The hydrodynamic behavior of 
the pilot scale FBC was characterized by measuring pressure fluctuations. 
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Interpretation of pressure measurements is far from straightforward: the main 
limitation in understanding the nature of pressure signals lies in their intrinsically 
non-local nature, which is also their main advantage: absolute pressure fluctuations 
register many hydrodynamic phenomena (bed oscillation, bubbles generation and 
eruption, bubbles coalescence) and can yield much information about the 
hydrodynamic state of the fluidized bed [3],[4]. Time-resolved pressure along the 
fluidized bed and in the plenum chamber was measured, at ambient temperature 
and during combustion of biomass. Time series were analyzed in time and 
frequency domains [5]. The dynamics of the bed was analyzed as a function of 
both mean fluidization velocity (U) and "partition ratio" (Uc/Ua), the ratio between 
the gas flow rates fed to the inner and the annular sections of the distributor, 
respectively. This study represents a first step towards a more general assessment 
of the hydrodynamic behavior of a pilot scale FBC, which will be characterized 
more extensively through non-linear time-series analysis (state-space analysis) and 
the study of gas emissions in the splash zone of the fluidized bed. 
 
2. Experimental facility 
The pilot scale 200 kW FBC has been used to carry out steady-state tests under 
atmospheric conditions both at ambient temperature and during combustion. The 
AISI 310 stainless steel fluidization column has a circular section (370 mm ID) for 
almost all its height (5.05 m) whereas the upper part of freeboard is characterized 
by a larger internal diameter of 700 mm and it is high 1.85 m (total height of 6.9 
m). The lower section of the column is equipped with a windbox splitted into two 
concentric sections: the core (annulus) section characterized by the 30% (70%) of 
the fluidized column cross-section. The distributor plate is equipped with 55 bubble 
caps. The fluidization column is fitted with several ports for temperature, pressure 
and gas concentration probes. Two cyclones, the first with medium and the second 
with high efficiency, are used for flue gas de-dusting. A probe is installed at the 
exit of the second cyclone for gas sampling. The entire vessel is thermally insulated 
by a ceramic wool blanket. The heat exchange is accomplished thanks to: i) a 
water-cooled external jacket for a height of about 0.3m from the distributor plate; 
ii) an array of horizontal bayonet-type tubes whose adjustable penetration into the 
bed controls the heat removal rate; iii) an air-cooled exchanger located inside the 
upper part of the freeboard (ID 700 mm) to prevent the operation of cyclones at 
high temperature. The cooling air can be used as fluidizing gas to quicken the 
fluidized bed heating during plant start-up. The FBC is equipped with a continuous 
over-bed feeding system. Fuel particles are fed by means of a belt-type device 
which is held up by a mass balance to measure the fuel mass flow rate. Particles 
fall down directly on the bed surface at an elevation from distributor plate z = 1050 
mm. The combustor start-up is accomplished thanks to a propane premixed burner 
located into the annulus section of the plenum chamber. Pressure fluctuations 
inside the bed are measured by 2 pressure probes located at an elevation from 
distributor plate z = 170 mm. The probes are made of AISI 304 stainless steel tubes 
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(6 mm OD, 4 mm ID): the “core” probe is located in correspondence of the center 
of the core section, while the “annulus” probe is located in correspondence of the 
center of the annulus section. Fine mesh net is inserted at the tube tip to keep bed 
solids out of probe tube. Plenum pressure measurement is accomplished by means 
of a pressure probe located in the annular region of the windbox. Quartz (0.950 mm 
Sauter diameter) has been used as inert material during tests. The bed inventory 
was kept constant at 40 kg, corresponding to a static bed height of 0.28 m. 
Combustion tests are carried out using wood pellets as fuel. 
 
3. Experimental procedures 
Tests at ambient temperature were carried out for 4 different mean fluidizing 
velocities: 0.7 m/s, 0.8 m/s, 1.0 m/s, 1.2 m/s. Tests during combustion were carried 
out for 3 different mean fluidizing velocities: 0.8 m/s, 1.0 m/s, 1.2 m/s; fuel mass 
rate, during combustion tests, was adjusted to work with a constant air excess for 
each mean fluidizing velocity (45% < ea < 50%). The dynamics of the bed was 
analyzed as function of the partition ratio, Uc/Ua. Temperatures and pressures are 
measured in various points of the fluidization column. Flue gas concentrations (O2, 
CO2, CO, CnHm (as equivalent carbon) and NO) are measured at the exhaust by a 
sampling probe connected to 5 ABB AO2020 analyzers. All the measurement 
signals are on-line monitored and recorded using a data acquisition system. Visual 
observations of the bed surface are possible through a quartz window located at the 
top of the column and video recordings were made both at ambient temperature 
and during combustion using a Canon XH-A1 video camera. Piezoresistive 
transducers (DRUCK PMP 4160) are adopted to measure the time-resolved 
pressure signals in the core, annulus and plenum section. A National Instruments 
9215 16-bit analog input module, coupled with a National Instruments cDAQ-9174 
USB chassis was used as A/D converter. The sampling frequency and the number 
of data points were 1 kHz and 120000, respectively,  for each time series. 
 
4. Results and discussion 
 
4.1. Ambient temperature experiments 
Visual observations: Figure 1 shows two sequences of snapshots of bed surface 
captured at ambient temperature, mean fluidization velocity (U) equal to 0.8 m/s 
for two different partition ratio Uc/Ua=0.04 and 24.4. It can be observed, as 
expected, that for low values of Uc/Ua the bubbles formation (and eruption) seems 
to be mainly concentrated in the annular section of the bed, whereas for high values 
of the partition ratio, when most of the fluidizing air is fed to the core section, a 
continuous ejection of bed solids in the central region of the fluidized bed is 
established, probably the result of the eruption of a bubble chain. 
Time-resolved pressure measurements: Pressure fluctuations analysis allows to 
distinguish different hydrodynamic phenomena present in the fluidized bed. In 
particular, they can be defined as follows: i) a “global” phenomenon is a 
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hydrodynamic phenomenon which affects the entire mass of the bed at the same 
time; ii) a “local” phenomenon originates in a portion of the fluidized bed; iii) a 
“coherent” phenomenon [6] generates a pressure wave able to propagate up to the 
plenum and be recorded anywhere in the bed and in the plenum (a “global” 
phenomenon is always “coherent”); iv) an “incoherent” [6] phenomenon generates 
a pressure wave that is unable to propagate up to the plenum. Incoherent 
phenomena can be further divided into "exclusive incoherent" phenomena (the 
pressure wave generated can be measured just near its origin) and “joint 
incoherent” phenomena (the pressure wave generated has enough power to be 
measured at a certain distance from its origin, but not in the plenum) [4]. 

 
 

Figure 1. Images of bed surface captured at ambient temperature (U=0.8 m/s). a) 
Uc/Ua=0.04; b) Uc/Ua=24.4. 

 
Figure 2 reports the Power Spectrum Density (PSD) function of pressure signals 
measured in the core (Fig. 2a) and the annulus (Fig. 2b) section of the fluidized bed 
as a function of Uc/Ua (U=0.7m/s). PSD analysis highlights two dominant 
oscillating phenomena: i) the piston-like oscillation of the fluidized bed ("natural 
frequency") was detected at 1.5–3 Hz; ii) eruption of gas bubbles at the bed surface 
was evident at 3–5 Hz. The relative relevance of the two phenomena changed with 
gas partitioning at the windbox. They are coherent phenomena because they are 
registered also by pressure measurements in the plenum. The oscillation of the 
fluidized bed is also a global phenomenon. The value of power density of the first 
peak has a non-monotonically trend, while the power density of the second one is 
monotonically increasing: the eruption of gas bubbles at the bed surface is more 
and more relevant increasing partition ratio when most of the fluidization air is fed 
to the core section as expected by video recordings reported in Figure 1b. 
Following the spectral decomposition of the pressure signals, the standard 
deviations of the incoherent part of pressure signals measured inside the bed [6] 
have been evaluated (Fig. 3a): standard deviation of the “core” signal increases 
with partition ratio, while standard deviation of the “annulus” signal is inversely 
proportional to Uc/Ua. The incoherent part of pressure fluctuations represents the 
local dynamics near the pressure probes (i.e. bubbles passage and coalescence); 
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standard deviation of the incoherent part of a signal represents the “power” of that 
part of the signal. The trend of the incoherent part of the two signals (Fig. 3a) 
demonstrates that the number and the size of the bubbles can be increased in one of 
the two sections (core or annulus) favouring the establishment of “Gulf Stream” 
circulation simply by tuning the partition ratio. 

 
 

Figure 2. PSD function of pressure signals measured by: a) the core probe; b) the 
annulus probe (ambient temperature, U=0.7 m/s). 

 

 
 

Figure 3. Standard deviations of the incoherent and joint-incoherent part of 
pressure signals measured inside the bed (U=0.7 m/s). 

 
The joint incoherent standard deviation [4] of core and annulus signals was also 
evaluated (Fig. 3b): it shows that there is a “coherent local” phenomenon 
increasing with the partition ratio. This phenomenon is probably the coalescence of 
bubbles in the central region of the bed, which is enhanced by increasing the air 
feeding in the core section. Bubbles coalescence generates a pressure wave of 
moderate power, which is measured by both the probes located in the bed, but is 
not registered by the plenum probe. Experiments carried out at U different from 0.7 
m/s showed similar results. 
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4.2. Combustion experiments 
Figure 4 shows two sequences of snapshots of bed surface during wood pellet 
combustion captured at U=0.8 m/s and for two different partition ratio, namely 0.2 
and 43.7. It is noteworthy that the flames generated by volatile matter combustion 
are present mainly in the region where bubbles erupts more frequently: in the 
annular region for low values of partition ratio (Fig. 4a) and in the central region 
for high Uc/Ua (Fig. 4b). In the latter case, a quasi-continuous flare is evident in the 
splash zone. The analysis of time-resolved pressure signals during combustion tests 
highlighted results similar to those obtained at ambient temperature and they are 
not reported. Flue gas concentrations, namely CO and un-combusted hydrocarbons, 
measured at the exhaust do not seem to be significantly correlate to the partition 
ratio Uc/Ua and, as a consequence, to the bed hydrodynamics. This result probably 
depends on the thermal history that gaseous species experience in the freeboard and 
which typically varies with the partition ratio. Further experiments carried out with 
flue gas sampling in the splash zone are necessary to study the influence of Uc/Ua 
on gaseous emissions. 

 
 

Figure 4. Images of bed surface captured during wood pellet combustion (U=0.8 
m/s): a) Uc/Ua=0.2; b) Uc/Ua=43.7. 
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