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h i g h l i g h t s

� Modeling of maximum agglomeration-free operating temperatures for 83 biomass fuels.
� Application of advanced regression methods based on a large set of experimental results (350 individual data-points).
� Translation of prediction error into generally applicable agglomeration probabilities.
� Validation of predictions through long-term tests.
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a b s t r a c t

Energy crops and biogeneous residues offer the highest potential for future growth in biomass utilization.
Traditional forest grown wood types, along with their consistent combustion characteristics, will thus be
replaced by fuels with highly heterogeneous composition. Reliable prediction of their combustion char-
acteristics and in particular of their ash behavior is essential for plant designers and operators trying to
harvest this potential for energy conversion. In fluidized bed combustion, the fuel–ash induced agglom-
eration of the bed materials is one such behavior that needs to be described. In this paper a black-box
model for agglomeration prediction was created through multivariate regression modeling using
R-statistics v3.0.2. It based on the input variables bed ash concentration, particle size, fluidization velocity
and fuel ash composition and predicts the maximum operable agglomeration-free temperature. Three
linear and nine non-linear modeling algorithms have been applied to the data, optimized and validated
in independent subsets. This validation was performed on results of controlled agglomeration tests,
partly performed on our own test reactors and partly derived from literature. The final data set comprises
350 test results, covering 83 different fuels tested in seven different reactors. The validation revealed
good predictive performance of the regression models, in particular of non-linear ensamble algorithms
such as random forests, or cubist. These exhibit average deviations of around 60 K between model
predictions and experimental results, which is very promising given the complexity of the system.
After transformation of these prediction errors into agglomeration probabilities, a set of operational
parameters unlikely to cause agglomeration can reliably be identified. A final evaluation of selected cases
in controlled long-term tests could confirm the validity of these predictions.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Ever since the discovery of the defluidization phenomenon in
fluidized beds of adhesive particles by Gluckman [1], attempts
have been made to predict its occurrence through mathematical
correlations. Gluckman himself postulated a linear increase of the
minimum fluidization velocity due to adhesive forces. Basu [2] fol-
lowed up on this concept and extended Kunii and Levenspiel’s [3]
equation for the calculation of the minimum fluidization velocity

by an adhesive force term (1). The influence of the coal ash compo-
sition in this case was supplied by dilatometrically determined sin-
tering temperatures. The influences of particle size and bed height
(f 1ðdpÞ and f 2ðLÞ, respectively) as well as the constant ‘‘K” for the
temperature influence were provided by regression. While the pre-
dictions were close to the experimental results provided by Basu,
its applicability to other systems is quite limited due to the close
fitting of model parameters to the specified experiments.
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Moseley [4] incorporated the granular energy of fluidized bed
particles into an agglomeration model, a concept derived from
molecular dynamics simulations. This energy can be translated
into an average velocity of the particles in the dense phase, which
was combined with an adhesive factor derived from the ash sinter-
ing temperature to determine stickiness in particle collisions. The
model is based on an energy balance of kinetic (granular) energy
and dissipative energy in molten ash layers. Models ‘‘1” and ‘‘2”
apply different approaches for calculation of the granular energy.
Numerical constants have been derived from the experimental
boundary conditions with a fitting parameter in the range of
0 > k1 > 1. The resulting increase in minimum fluidization veloci-
ties (2) follows the reported experimental data very well, espe-
cially at bed temperatures above 1000 �C as shown in Fig. 1.
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Seville [5] defined a viscous flow sintering mechanism as the
driving force for agglomeration. The model uses the static pressure
of the bed on particles in the dense phase and viscosities deter-
mined by a regression fitted Arrhenius approach to describe the
sintering behavior (Fig. 2). Knight [6] successfully applied this
approach to solid state sintering as observed in the defluidization
of small iron particles.
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Tardos [7] developed a model for the agglomeration induced
increase in minimum fluidization velocity by considering the
breaking of agglomerates through bubble forces. He defined a
stable bed to be present, if the gas flow produces bubbles strong
enough to break a cylindrical agglomerate covering the whole
bed cross section. By comparing equations for bubble force and
wet agglomerate strength, published by Livshits [8] and Rumpf
[9] respectively, he derived the following equation for the increase
in minimum fluidization velocity:

ðUmf ;s � Umf Þ
Umf

¼ k2ð1� �Þ2cm
�7=2 Wbed g

" #
qf dag Db

qp

 !0:5
Wm

qliqðd3
p Db UÞ0:5

2
4

3
5
ð4Þ

with: k2 ¼ 0:675pg0:5
Dbed

.

A comparison with in-house experiments revealed good agree-
ment of the model, a validation with literature results, however,
was not convincing [10]. The prediction model presented by Arena
[11] simulates two-particle collisions similar to Moseley’s
approach. The adhesive force in this investigation originated from
polymer coatings around quartz particles. The condition for
agglomeration was a critical coating thickness dcrit that would
diminish the particles’ kinetic energy through viscous dissipation
(Eq. (5)). While the method seems very promising, the defluidiza-
tion time (tdef ) results depending on the polymer pyrolysis rate
kðTÞ (Eq. (6)) can only predict experimental data with an error mar-
gin of ±50% (see Fig. 3).
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Lin [12] developed a model for agglomeration prediction in bio-
mass fired fluidized beds, describing SiO2=K2O coatings as the
source of adhesive forces. The model determines a critical buildup
of coating thickness, the coating viscosity – by an Arrhenius equa-
tion – and the separating force as proportional to the excess gas

Fig. 1. Modeling results reported by Moseley [4].

Fig. 2. Modeling reports by Seville [5]. Line represents modeling results.
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