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Agglomeration of the bed material is one of the main obstacles for biomass utilization
in fluidized bed combustors. Especially, high-potential fuels such as fast growing energy
crops or biogeneous residues are affected because of their high content of alkaline metals.
Despite ongoing research efforts, the knowledge base on what fuels are affected is still
limited. This paper describes the design and installation of two lab-scale reactors for the
experimental determination of agglomeration temperatures. The reactor concept and mea-
surement method were developed under consideration of experiences from existing test
rigs published in literature. Preliminary tests confirmed a reproducibility of +£5°C for both
new reactors. The results of an extended measurement campaign (156 test runs of 25 fuel
species at a wide range of the operational parameters “bed particle size,” “gas velocity,”
and "bed ash accumulation”), based on "“design of experiment” (DoE) criteria, showed
high-agglomeration tendencies for residues (e.g., dried distillery grains, corn cobs) while
woody energy crops (e.g., willow, alder) exhibited very stable combustion behavior. The
operating parameters influenced the agglomeration behavior to a lesser degree than differ
ent ash compositions of fuel species tested. An interpolation within the DoE factor space
allowed for a subsequent comparison of our results with experiments reported in litera-
ture. Good agreement was reached for fuels of comparable ash composition considering

the interpolation errors of +£32°C on average.
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INTRODUCTION

The potential of biomass as a supplement for fossil fuels is strongly
dependent on suitable energy conversion paths. Fluidized bed
combustion is well suited for this task because of its inherent
advantages, such as low-combustion temperatures, high-fuel flexi-
bility, and suitability for low-calorific fuels (Khan et al., 2009). The
ash composition of biogenic fuels, especially of innovative species
like energy crops or agricultural residues, however, leads to the
well described problems of slagging, corrosion, and agglomeration
(Latva-Somppi et al., 1998). A large factor for these issues in the
case of fluidized bed combustion is the melting behavior of the ash
and also its interaction with the bed material. The appearance of a
liquid phase leads to an increase in adhesive forces and the acceler-
ated diffusion within this melt amplifies these harmful processes.
This knowledge leads to the development of a wide variety of pro-
cedures for the determination of ash melting behavior. Among

Abbreviations: \, excess air ratio [—]; BFB, bubbling fluidized bed; DDGS, dried
distillers grains with solubles; DoE, design of experiment; ds, sauter mean diameter
of bed particles (um); FT, flow temperature; HT, hemispherical temperature; IDT,
initial deformation; L.A.P.IS., lab-scale reactor for agglomeration prediction and
in situ detection of sintering; PCA, principal component analysis; PFBC, pressur-
ized fluidized bed combustion; SEM, scanning electron microscope; ST, softening
temperature; u, actual fluidization velocity (m/s); 1, minimum fluidization velocity
(m/s); Xg, bed ash accumulation (kggsh/Kgped)-

those, the ash fusion test according to ASTM D1857 or DIN 51730
is most commonly used. The process starts with the ashing of the
fuel at 815 & 10°C (DIN51719) and 550 % 10°C (DIN 14775) for
coal and biomass, respectively, followed by its compaction into a
standard shape (cylinder for DIN or cone for ASTM). The sample
is then heated at a constant temperature gradient and observed
optically for deformation caused by sintering or melting. The
temperatures of characteristic shape changes are recorded:

e initial deformation (IDT) — e.g., rounding of edges, shrinking,
etc.

e softening temperature (ST) —spherical appearance with original
sample height

e hemispherical temperature (HT) — hemispherical appearance
with half the original sample height

o flow temperature (FT) — sample height below 1/6 of original.

As the effects of ash-bed interaction or fractioning of the ash
are not considered in the process, its application to fluidized bed
combustion — in particular, for the determination of agglomera-
tion behavior — is controversial (Hansen et al., 1999; Fernandez
Llorente and Carrasco Garcia, 2005; Bartels et al., 2008). Other
agglomeration prediction methods are based on the change in
physical properties, e.g., electrical or heat conductivity (Hansen
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et al., 1999), or on the mechanical strength of ash pellets (Fer-
nandez Llorente and Carrasco Garcia, 2005). The most reliable
results for predicting agglomeration behavior could be achieved
using lab-scale fluidized bed reactors able to perform controlled
agglomeration of the bed material (Ergudenler and Ghaly, 1993;
Natarajan et al., 1998; Gatternig et al., 2009), albeit at a high cost
of material and time.

Alot of research is also dedicated toward detection of agglom-
eration during the operation of a boiler. These online methods
allow plant operators to react to harmful effects at an early stage,
and to adapt operational parameters accordingly. Thorough inves-
tigations on these methods were published by Bartels et al. (2008,
2009a,b, 2010).

A very promising alternative is the simulation of chemical reac-
tions and phase changes using thermochemical equilibrium cal-
culations. The continued increase in computational performance
made it possible to simulate multicomponent-multiphase equilib-
ria with a large number of participating species within timeframes
in the magnitude of minutes. The quality of such predictions is
strongly dependent on the thermodynamic data and algorithms
applied. A comprehensive review on this topic was published by
Lindberg et al. (2013).

Empirically determined indices that are derived from the ash
composition (Seggiani, 1999; Visser et al., 2004) or mathematical
descriptions of the phenomenon in the form of prediction models
could also be a favorable alternative for boiler designers and plant
operators facing possible agglomeration issues.

The most promising method for the investigation of agglomer-
ation behavior is controlled agglomeration tests conducted on lab
scale fluidized bed reactors. These are usually of small dimensions
(around 100 mm bed diameter), ensuring fast, and flexible test
runs. Additionally, wide ranges of particle sizes and fluidization
velocities are achievable. Electrical heating or gas burners ensure
stable, controllable temperatures while different biomass fuels are
combusted. A collection of such reactors is given in Table 1. The
evaluation of the results is commonly performed by one of three
main procedures:

e off-line analysis (“agglomeration extent”)
o defluidization time
e agglomeration temperature.

In the first, biomass is combusted for a certain amount of time
under given operational parameters and the resulting bed ash is
inspected for agglomerates. This can happen visually, by sieving, or
by SEM analyses. The findings are described and the overall behav-
ior is categorized in discrete levels of severity (Olofsson et al., 2002;
Lin and Wey, 2004). Naturally, such classifications are subjective
to some degree, which impacts reproducibility and applicability of
the results.

This criticism is answered by the two latter procedures, as they
measure a continuous physical property. In defluidization time
experiments fuel is fed (at a constant set of process parameters)
until the fluidized bed collapses because of agglomeration. This
can easily be detected by observation of the pressure drop across
the bed, or abrupt changes of the bed-temperature distribution.
The time from the start of fuel feeding until the bed collapse is

finally reported as “defluidization time” (Van der Drift and Olsen,
1999; Scala et al., 20005 Lin et al., 2003; Lin and Wey, 2004; Scala
and Chirone, 2008; Chaivatamaset et al., 2011; Yu et al., 2011).
Variations of the bed temperature or other process parameters
give results that plant operators can use as an indication of safe
operating conditions for a given fuel. One obstacle to its direct
application in large scale furnaces, however, is the lack of con-
tinuous bed renewal usually performed in commercial boilers. A
constant increase of ash content in the bed does not depict real
operating conditions, where a balance of (fuel) ash addition and
bed ash removal determines a constant ash concentration.

These considerations lead to the development of the third pro-
cedure (“agglomeration temperature”), consisting of a two-stage
process. In the first part of the experiment, fuel is combusted at
temperatures that insure agglomeration-free operation (700°C or
lower). Once a certain amount of ash has accumulated within the
bed, fuel feeding is stopped and the bed is heated electrically until
agglomeration is registered. The according temperature defines the
upper operation limit of a bed containing the given ash concentra-
tion of the analyzed fuel (Nordin et al., 1995; Ohman and Nordin,
1998; Visser et al., 2008). The influence of process parameters such
as particle size or fluidization velocity can be determined in sep-
arate test runs while keeping their settings constant through both
stages. For the determination of the onset of agglomeration, online
detection methods as described by Bartels are applied. Ohman and
Nordin (1998) reported a reproducibility of £5°C and precision
of +£30°C for this procedure. Table $4 in Supplementary Material
presents published results of defluidization times, while Tables S2
and S3 in Supplementary Material list published results for the
third type of test.

The experiments reported so far offer only very narrow range of
different operational parameters, focusing instead on different fuel
types. An estimation of the impact of operational parameters such
as bed particle size, bed ash concentration, or fluidization velocity
on agglomeration tendencies can thus not easily be deduced. Also,
the magnitude of these effects in comparison with the influence
of different ash composition is not clear. For plant designers, it
would, however, be valuable information whether were it possi-
ble to adjust to the agglomeration characteristics of new fuels by
adapting operational parameters. In addition, a better coverage of
parameter influences would facilitate the development —and con-
sequent validation — of prediction models for the determination
of agglomeration behavior.

AIM OF THE EXPERIMENTAL INVESTIGATION

The experimental investigations are therefore set to serve three
main purposes: first, to generate an exhaustive dataset for the
validation of the newly developed models (to be presented in
our upcoming publications). Second, to investigate some of the
open questions in the published agglomeration mechanisms and
finally to study the influence of the operational parameters bed
ash concentration, fluidization velocity, and particle size on the
extent of agglomerations. This resulted in the following profile of
specifications for the reactor:

e Fast and highly automated operation in order to achieve a
sufficiently large number of data points
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Table 1| List of lab scale reactors used for controlled agglomeration tests.

Reactor name/location

5kW BFB @ ETC,

5kWWOB @ ECN,

BFB @ University of

90 kW PFBC @ Lund

Consiglio Nazionale

Umea University  Delft, Netherlands = Denmark University delle Ricerche, Napoli

Diameter bed (mm) 100 74 68 102 102

Diameter freeboard (mm) 200 108 - - -

Reactor height (mm) 1000 1100 1200 3300 1625

Installation year 1995 1999 2003 2000 2008

Heating? A/B B A/D A A

Atmosphere > r<>1 > rA<>1 >

Test type® | Nl I 1] I

Agglomeration detection®  Online PCA 1 1 Off-line bed ash analysis 1/2

Reference Nordin et al. Van der Drift and Lin et al. (2003) Padban et al. (2000), Scala and Chirone (2008)
(1995) Olsen (1999), Olofsson et al. (2002)

Visser et al. (2004)

Reactor name/location

Universita degli

Technical University

Zhejiang University,

University of Technology

Chung-Hsing

Studi di Napoli of Nova Scotia China Thonburi, Thailand University, Taiwan
Diameter bed (mm) 40 255 50 90 100
Diameter freeboard (mm) - 355 - - 250
Reactor height (mm) 1000 2700 1000 1800 1100
Installation year 2000 1993 20M1 201 2004
Heating? A C A A A
Atmosphere® A>1 A< A>1 A>1 A>1
Test type Il 1 Il Il Il
Agglomeration detection®  Pressure variance  High-speed 1 1/2 1
imaging
Reference Scala et al. Ergudenler and Yu et al. (2011) Chaivatamaset et al. Lin and Wey (2004)
(2000), Chirone Ghaly (1993) (2011)
et al. (2006)

a(A) Electric wall heating, (B) Electric air preheater; (C) Propane air preheater, (D) In-bed methane combustion.
b() Agglomeration temperature, (ll) Defluidization time; (Ill) Agglomeration behavior

°(1) Bed pressure drop measurements, (2) Bed-temperature measurements.

e Flexible design to allow testing of different fuels with different
bed materials (types as well as particle sizes) under a wide range

of operational parameters
e Dependable and reproducible (possibly redundant) detection

of agglomeration

e Fasy adaptability for special purpose investigations
e Online sampling of bed material or agglomerates.

particle size are all accessible.

MATERIALS

temperature tests, i.e., the highest agglomeration-free operating
temperature, fluidization velocity, bed ash concentration, and bed

DESIGN AND CONSTRUCTION OF THE LAB-SCALE REACTOR FOR
AGGLOMERATION PREDICTION AND /N SITU DETECTION OF

SINTERING

The study of existing lab scale agglomeration reactors revealed
measurements of the agglomeration temperature to be the prefer-
able method. Investigations on agglomeration extent return only
rough (subjective) classifications, unable to validate modeling
results. The concept of defluidization time fails to separate the
parameters bed ash concentration and coating formation (or sin-
tering) time. Plant operators can influence the former (by adapting
bed renewal rates), but not the latter, so a combined value of both
is not helpful. The set of parameters returned by agglomeration

The first two specifications, fast and flexible were translated into
small build size. Small means short-heat-up times and quick bed
ash accumulation. The lower limit was imposed by the size of
the fuel particles and possible wall effects in the fluidized bed. The
demand of a high number of data points eventually lead to the con-
struction of two reactors, allowing a parallel processing of the test
matrix. This additionally delivered some degree of reactor inde-
pendence in the results by incorporating different bed geometries
(see Table 2). Finally, owing to its larger dimensions, the L.A.P.L.S.
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Table 2 | Properties of the L.A.PLS. reactors.

L.A.PLS. 1 L.A.PLS. 2 Unit
Bed diameter 55 86 (mm)
Freeboard diameter 260 220 (mm)
Reactor height 1000 1000 (mm)
Electrical heating power 3 1.1 (kW)
Max. fuel thermal power ~5 ~15 (kW)
Max. primary air supply 6 20 (Nm3/h)
Max. secondary air supply 20 20 (Nm?3/h)
Fuel size specifications Pellets; Pellets;

woodchips woodchips

(<25 mm) (<50 mm)
Bed particle sizes 50-800 50-1500 (wm)

2 reactor is able to handle larger fuel size fractions, thus, expanding
the possible range of tested fuels.

As mentioned, the primary air is pre-heated in an annular
orifice around the actual fluidized bed reactor tube. This was
implemented in order to avoid effects of temperature gradients
within the bed because of cold air injection. The small dimensions
of the reactors would exaggerate this problem, leading to results
that would have been very design specific. Another advantage of
this concept is the lowering of the wall temperatures compared to
direct radiative heat transfer from the electric oven. This would
present hot surfaces — not found in large scale plants — that could
accelerate ash melting effects. A schematic of this layout is given
in Figure 1.

The inner reactor tube was constructed to be removable for
both reactors. This has proven to be valuable for the removal of
totally defluidized and heavily sintered bed material in between
tests. The sealing of the connection between inner and outer
reactor was realized with high-temperature (mica) gaskets. The
necessary sealing force was applied through a bayonet-type lock
at the top and a threaded connection at the bottom of the inner
reactor on Lapis 1 and Lapis 2, respectively.

In order to investigate the progress of coating formation, the
L.A.PLS. 2 reactor can be opened during operation for online-
sampling of bed material. This was realized through a fuel feeder
assembly that can be elevated and rotated. The connection to the
main reactor was designed as a contact free seal similar to labyrinth
types. The bottom plate fixed on top of the freeboard and the
upper plate as part of the fuel feed assembly slide into each other
and provide an elevated pressure loss due to the closely contacting
surfaces. Sealing air injection through the middle rim enhances
this effect.

The final assembly of the reactors is shown in Figure 2 (actual
image). The basic design is very similar with the main differences
being the larger dimensions and removable fuel feeder of Lapis
2. The control elements are also labeled in the pictures with the
touch-panel being the main interaction point for the user.

The fuels that were tested for agglomeration tendencies are
commercially available for either heating purposes (wood pellets),
for small animal bedding (corn, hay, hemp, and wheatstraw), or
for BBQ-smoking applications (alder, beech, birch, hickory, maple,

PN

Inner reactor —7Outer reactor

Tube furnace

Air pre-
heating anulus

plat
Temperature
sensor
FIGURE 1 | Internal structure of the L.A.PI.S. showing the electrical

heating, outer and inner reactor walls. Primary air is pre-heated in the
annulus between inner and outer reactor.

T
%l’ube furnace

Fluidized bed 7]

Threaded
sealing joint

mesquite, and robinia). The two types of short-rotation coppice
were collected directly from the producer in western Styria (region
Birnbach). All fuels were characterized through proximate analy-
ses and ultimate analyses of their ash components by different
labs —as stated in Table 3 — in order to reduce the bias of lab testing.
Samples of dried distillers grains with solubles (DDGS), rapeseed,
vinyard prunings, wastewood, and wheatstraw were provided for
testing from the AshMelt project along with corresponding fuel
analyses.

The physical shape of the fuels ranged from pellets of
~5mm X 30 mm to 15mm x 50 mm, to wood chips of 10 mm
up to 50 mm edge length. Larger fractions were treated in cutting
mills until the desired size was reached. All resulting size fractions
were fed into the reactor (i.e., no sieving of fines was performed).

The bed material used for the bulk of the experiments
was quartz sand retrieved from Quarzwerke Gruppe GmbH
(Amberger Kaolinwerke), composed of a minimum of 97% of SiO,
(the remainder being mostly composed of feldspar). The compo-
sition of the tested alternative bed materials is given in Table 4.
Particle sizes of all bed materials are stated for the individual
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conditioning
unit

N

FIGURE 2 | L.A.PLS. reactors in operational condition (V2 on the left, V1 on the right).

»

15

test runs in the Supplementary Material (TablesS2 and S3 in
Supplementary Material) as Sauter mean diameter.

PROCEDURE OF AGGLOMERATION TEST RUNS (METHODS)
The agglomeration temperature was determined using a three-part
sequence as displayed in Figure 3. An initial mass of 150-300 g
(depending on the fuel’s ash content) was inserted into the fur-
nace. Then the reactor was electrically heated to 550°C, followed
by a fuel feed and combustion period until the desired ash con-
centration (X,) in the bed was achieved. During this period, the
bed temperature was kept close to 550°C through adaptation of
the excess air ratio (k >> 1). Finally, the fuel supply was stopped
and the fluidized bed was heated in steps of 25K using the tube
furnace until agglomeration was detected by the pressure variance
method [published by Scala and Chirone (2006)] and confirmed
by visual inspection. Upon cooling of the reactor, the bed, and fly
ash were weighed to determine the mass gain and consequently the
ash concentration of the bed. This was backed up by analysis of the
phosphorous content of the bed as tracer for the ash concentration
performed for one fifth of the total runs. Agreement to gravimetri-
cally determined bed ash concentrations was good and revealed a
constant 70% of the supplied fuel ash to be captured in the bed. The
choice of phosphorous as tracer was based on findings of Obern-
berger et al. (1997) and Valmari et al. (1999), who determined
Ca, Mg, and P to be the elements with the lowest evaporation
and elutriation rates. Calcium and magnesium were disregarded
as tracers, since they make up the major fraction of some of the
alternative bed materials to be tested (e.g., lime or olivin).

The primary goal of the experiments was to determine agglom-
eration temperatures for a large number of fuels under a wide

range of the three process parameters particle size, ash content,
and fluidization velocity. A total of 26 fuels could be acquired for
this purpose; their ash compositions are listed in Table 3. In order
to even out the possible influence of the analysis lab, the fuels were
tested in four different institutes as stated in the table.

The selection of values for the process parameters was per-
formed using “design of experiment” (DoE) techniques as defined
by Fisher (1971). This allowed me to reduce the amount of
experiments while still retaining good information on the effect
of parameter changes. Assuming non-linearity in the parameter
influences, I chose to investigate 10 levels for each parameter (these
are called “factors” in DoE). With the four relevant factors (10 lev-
els for ds, X,;, and u/ug, plus 26 ash compositions), this would result
in 26 x 310 =1.535.274 test runs for all possible combinations. An
optimized response surface model [a DoE model capable of rep-
resenting non-linear factor influences; for details refer to Sicbertz
etal. (2010) or Fisher (1971)] was able to reduce this number to the
156 runs represented in Table S2 in Supplementary Material. The
setup and evaluation of the experimental design were performed
in “Design Expert v8”!, a software package commonly applied for
DoE. The criteria and settings chosen for my setup are listed in
Table 5.

RESULTS
A preliminary set of experiments was performed to determine
the influence of reactor-specific operational parameters on the

Design Expert (version v8.0). MS Windows 7. Stat-Ease Inc. Available at: http:
/Iwww.statease.com/software.html
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Table 3 | Composition of the tested biomass ashes (kg/kgash).

Fuel Na,O K20 CaO MgO SiO, Al,O3 Fe, 03 P,05 Analysis lab
Alder 0.036 0.015 0.137 0.097 0.404 0.128 0.172 0.011 ASG
Beech 0.005 0.365 0.474 0.088 0.019 0.002 0.007 0.039 ASG
Birch 0.004 0.238 0.543 0.076 0.042 0.011 0.023 0.063 ASG
Corn-cob STR 0.004 0.303 0.034 0.025 0.539 0.020 0.021 0.056 ASG
Corn-cob pellet 0.020 0.003 0.573 0.185 0.018 0.005 0.006 0.191 BIOS
DDGS 0.133 0.283 0.029 0.101 0.063 0.001 0.000 0.389 AshMelt
Hay ALG 0.020 0.210 0.184 0.069 0.303 0.054 0.026 0.133 ASG
Hay COB 0.014 0.239 0.102 0.054 0.385 0.056 0.024 0.127 ASG
Haypellet 0.007 0.103 0.049 0.028 0.627 0.097 0.056 0.033 BIOS
Hemp pellet 0.008 0.170 0.459 0.114 0.124 0.007 0.007 0.112 ASG
Hickory 0.002 0.139 0.752 0.059 0.010 0.010 0.004 0.022 ASG
Maple 0.007 0.007 0.557 0.221 0.062 0.021 0.031 0.094 ASG
Mesquite 0.074 0.399 0.044 0.057 0.269 0.018 0.016 0.123 ASG
Oak 0.003 0.242 0.629 0.045 0.029 0.005 0.011 0.037 ASG
Popplar 5years 0.001 0.299 0.432 0.080 0.036 0.002 0.003 0.146 BIOS
Rapeseed 0.060 0.236 0.176 0.120 0.012 0.001 0.000 0.395 AshMelt
Robinie 0.000 0.238 0.666 0.045 0.016 0.005 0.009 0.020 ASG
Sugar beet residues 0.074 0.352 0.230 0.114 0.153 0.021 0.01 0.045 AEE
Vineyard prunings 0.004 0.198 0.419 0.078 0.188 0.035 0.000 0.077 AshMelt
Wastewood 0.040 0.039 0.183 0.032 0.640 0.055 0.000 0.011 AshMelt
Wheatstraw 0.004 0.227 0.092 0.024 0.610 0.017 0.000 0.026 AshMelt
Wheatstraw GR 0.022 0.309 0.097 0.019 0.505 0.005 0.004 0.039 ASG
Wheatstraw pellet 0.002 0.232 0.095 0.036 0.574 0.008 0.004 0.049 ASG
Willow 3years 0.002 0.180 0.428 0.072 0.095 0.017 0.012 0.193 BIOS
Woodpellet FAU 0.016 0.070 0.682 0.100 0.043 0.015 0.022 0.052 ASG
Woodpellet GENOL 0.007 0.209 0.5623 0.105 0.087 0.006 0.015 0.048 AEE
Table 4 | Composition of tested alternative bed materials (kg/kg). of specific ash components (mostly alkali metals) at higher ashing
temperatures. In accordance to the regulations for ash fusion
Bed Na;0 K0 CaO MgO SiO; Al,Os Fe203 P20s  emperatures, a value of 550°C during combustion was adopted.
material The effect of the excess air ratio — in the investigated range — is neg-
Dolomite 0.000 0.000 0575 0382 0020 0.006 0017 0.000 lig.ible, permitting us to contrgl combustion temperature through
Mulite  0.000 0.003 0006 0000 0270 0690 0.031 0.000 this parameter without affecting the Fesults. The final parameter
Basalt 0015 0.040 0640 0094 0130 0014 0020 0015 ('temperature step) shovxfed a smaller 1nﬂuence.than the combus-
Kaoline 0002 0003 0005 0000 0510 0450 0030 000z lon temperature but still comparable. to t‘he 1nﬂuence of u/uQ.
Olivine 0002 0003 0.005 0000 0510 0450 0030 0.002 The steeper temperature ramp, resulting in an increase of this

resulting agglomeration temperatures that could impede the
transferability of the results. The reference fuel used in the whole
set was sugar beet residue (for composition see Table 3), the bed
material was quartz sand with a Sauter mean diameter of 270 wm.
Parameters to be investigated were the excess air through lambda,
the combustion temperature, and the gradient of the tempera-
ture ramp. The range of these parameters is given in Table 6, the
results can be seen in Figure 4. The operational parameter “u/ug”
was added to the experiments in order to determine the relative
impact of the internal parameters.

The most influential reactor relevant value was determined
to be the combustion temperature. Higher combustion temper-
atures produce higher agglomeration temperatures. This is in
agreement with findings published by Gilbe et al. (2008), showing
higher ash melting temperatures, resulting from the vaporization

parameter also affects residence times, which could explain the
shift toward higher agglomeration temperatures. Consequently,
this parameter was kept at a moderate value of 25 K with holding
times of 300 s for the rest of the experiments.

Finally, the reproducibility between runs and between reactors
was tested. For the former, seven runs with hemp pellets, quartz
sand of 640 um, X, of 10%, and u/uy of five were performed.
The runs resulted in a mean agglomeration temperature of 857°C
and a SD between runs of only 5°C. To compare Lapis 1 and 2,
three runs on each reactor were performed with corn-cob gran-
ules, d; =508um, X, = 5%, u/up = 3.8, returning 839°C as mean
and only 1°C as SD of the agglomeration temperature. With these
values, the results from both reactors can confidently be compared
and used in the subsequent modeling.

In order to validate the DoE evaluation, a series of experiments
were performed to directly identify the parameter influence. In
these runs, one parameter was changed +70% from a reference
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FIGURE 3 | Data-log of an agglomeration experiment showing the
three phases of heat-up, ash accumulation (fuel feed), and step-wise
temperature increase to induce agglomeration. Detection of
defluidisation is based on evaluation of pressure variance as described by
Scala and Chirone (2006).

point, while the fuel and the remaining two parameters were kept
constant. The parameters X,; and u/uy were tested with hemp
pellets, and d; with mesquite. The process parameters (Figure 5,
right-hand side) behaved as expected, with higher ash contents
causing lower agglomeration temperatures while particle size and
fluidization velocity elevate these temperatures when increased.

A variation of the parameters from the same reference points
was consequentially performed in DesignExpert. Figure 5 demon-
strates a very good agreement between both methods, reinforcing
the value of the DoE approach. Only the X, value is slightly incon-
clusive (albeit still within the error margins of the DoE plot), this
could have been caused by a high-reference point, resulting in sat-
uration effects. Lower ash amounts might produce a more distinct
shape of the plot.

The results of all test runs are reported in Table S2 in Supple-
mentary Material. A statistical analysis returned a reproduction
error of 19K (deduced from the performed replicate tests) for the
experimental procedure. The signal-to-noise ratio (termed “adeq.
precision” in DesignExpert) equals 15.6, which is sufficiently high
for discerning parameter effects from random errors. Further-
more, the experimental design shows good orthogonality with
variance inflation factors below a value of 2.4 for all factors. Out-
lier detection was performed with DFFITS and Cook’s distance
methods — for details see Siebertz et al. (2010) — and revealed no
critical points. The most extreme values — though still far below
critical thresholds — were returned by the test runs with robinia
and wheatstraw pellets. Their results have been double checked
subsequently, making sure that no mistakes have been made in the
experimental procedure.

The influence of individual fuels on agglomeration tenden-
cies is given in Figure 6. In order to compare them directly, the

Table 5 | Criteria for experimental design and applied settings for
DesignExpert v.8.

Levels ds Xa u/ug Fuel nominal
discrete  continuous continuous
1 15 1 2 Alder
2 130 Beech
3 215 Birch
4 250 Corn-cob STR
5 316 Corn-cob pellet
6 415 DDGS
7 427 Hickory
8 508 Hay ALG
9 640 . . Hay COB
10 855 20 12 Haypellet
i Hemp pellet
12 Maple
13 Mesquite
14 Oak
15 Popplar 5years
16 Rapeseed
17 Robinie
18 Sugar beet residues
19 Vineyard prunings
20 Wastewood
21 Wheatstraw
22 Wheatstraw GR
23 Wheatstraw pellet
24 Willow 3years
25 Woodpellet FAU
26 Woodpellet GENOL
Design expert settings
Response surface (optimal) Model points 106
Coordinate exchange To estimate lack of fit 14
Quadratic model Replicates 10

Optimality: IV Additional center points 1

Table 6 | Parameters investigated for sensitivity analysis.

Parameter a b c d
Fluidization number u/ug 1.5 2 25 2.75
Combustion temperature (°C) 550 650 750 850
Temperature step (K) 10 15 25 50
Excess air ratio A 0.85 1 1.25 1.5

process parameters were set to constant values (of ds =400 pm;
X4z =0.06 kg/kg; u/up =5) and the according agglomeration tem-
peratures were interpolated in DesignExpert. The resulting error
margins of this interpolation are displayed in Figure 6 as blue bars.
They amount to 32 K on average, which is in good agreement with
prediction errors reported by Ohman and Nordin (1998) for direct
measurements and only slightly above the reproduction error of
our experimental procedure (i.e., 19 K).
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The interpolation function of DesignExpert also allows us to
compare the results generated on the Lapis reactors with agglomer-
ation temperatures published by other authors. Figure 7 illustrates
this comparison for different fuel classes. In order to display

u/u0 O Comb. Temp
A Lambda © Temp.-step
Linear (u/u0) Linear (Comb. Temp)
— = = Linear (Lambda) = « = Linear (Temp.-step)
15 1
10 -
o) _ -
f— 5 1 - il - -
X - = gm=eT
:‘ 2, o =Y -
8 r T T n\.u- = T T 1
l.q.: - i v -
w-60. 4077 2 ) 20 40 60
- s _5 -
-~ A
A g0 - A
© 15 -
Parameter change [%]
FIGURE 4 | Result of operating parameter sensitivity analysis showing
the effect of internal parameters on agglomeration temperature.
u/u, = fluidization velocity; Comb.Temp, combustion temperature during
the fuel feed phase; Lambda, excess air ratio; Temp.step, gradient of the
temperature ramp;

different fuel species in these diagrams, the abscissa is calculated
from the ratio of specific ash components:

(NazO+KzO + CaO+PzO5)
X =
(Si0+Al,03+Fe; 03) + (Na, O+K, 0 + CaO+P,0s)

The ratio was determined to return the best correlation with
agglomeration temperatures. Negative and positive correlations
were attributed to the numerator and denominator, respectively,
or removed if their effect on the R? value (between x and tagglo)
was negligible (as in the case of MgO).

During the experimental campaign, I have encountered four
distinct types of agglomerates as pictured in Figure 9:

Fuel particle shaped

Refluidizable oligo-grains
Completely sintered bed (poly grain)
Fused, glassy structure.

The first type is closely connected to melt induced agglomera-
tion (but not exclusively so). Bed particles adhere to the burning
fuel typically at significant excess temperatures over the bed. Once
the combustion reaction is complete, these temperatures decline
and cause the liquid bridges to solidify, thereby conserving the
original shape of the fuel particle. Hollow structures and char
remains are often found in such agglomerates. If bed temperatures
are increased after agglomerate formation of this type, structures
as shown in Figure 9D can be formed due to further reaction of
the remaining char.

Figure 9B shows results from coating induced agglomeration.
In this case, few (2.10) bed material grains form clusters that
increase the effective particle size and thus lead to defluidization
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FIGURE 5 | Comparison of DoE evaluation of the whole test matrix
(left) and independent test runs (right). Solid line represents a linear
trendline, dotted lines show the DoE confidence intervals. Reference
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points equal: X, case: d, =640 pm; X, =5.8%; u/u, =5; u/u, case:
d; =640 pm; X, =5%; u/u, =74, d; case: d;=480um; X, =5%;
ufu,=3.
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FIGURE 6 | DoE evaluation of experimental results with error bars in blue (Fuel type influence at d; =400 um; X, =0.06 kg/kg; u/u, =5).
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FIGURE 7 | Comparison of our own (interpolated to d, =225 pm; X, =0.1kg/kg; u/u, =4) results with original test runs published in literature (as
listed in Table S2 in Supplementary Material).

at a given gas velocity. If bed temperatures remain constant, these DISCUSSION

oligo-grains are refluidizable by increasing the gas flow. Other- Among the tested fuels, corn-cob pellet and haypellets produced
wise, the closely contacting coated particles will go through a the best (highest) results, followed by woody types of wastewood,
sintering process, resulting in large agglomerates as depicted in  willow, and alder (see Figure 6). Nominally, the top two fuels, as
Figure 9C. part of the herbaceous class, would be expected to result in lower
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agglomeration temperatures. A closer look at their ash composi-
tion, however, reveals elevated values of SiO,, Al,O3, or Fe,03,
indicating contamination of the fuel with soil during the har-
vest. A comparison of their ash composition with other samples
of according fuel species confirms this observation, as seen in
Figure 8. The lowest agglomeration temperatures were produced
by another batch of corn cobs and DDGS, followed by hemp and
wheat straw. These are more in line with commonly accepted
expectations and published reports (Skrifvars et al., 1998; Van der
Drift and Olsen, 1999; Brus et al., 2005; De Geyter et al., 2007;
Grimm et al., 2011).

The influence of operational parameters as depicted in Figure 5
(left) can be ranked from high to low as d; > u/uy > X,, with
the two former showing positive and the latter showing a neg-
ative correlation with agglomeration temperature. The bed ash
concentration exhibits a pronounced saturation effect, showing
great influence in the range of X,; = 0.6% and only negligible effect
above this value. This coincides well with findings by Ohman and
Nordin (1998), who detected a large influence of X, between 3
and 6% in his experiments. In his study, the influence of d; is
only minor and that of u/uy non-existent. This discrepancy to
our results can be explained by a very narrow parameter range of
ds=180.300 wm and u/ug = 3.5 in the experiments by Ohman. A
comparison of the total extent of parameter influence (~100 K for
u/ug and ~200 K for d;) and fuel influence (~300 K for all classes)
in my experiments indicates that adjustments of the former might
not be sufficient for retaining high-combustion temperatures with
agglomeration-critical fuels. Batch quality variations within one
fuel type (e.g., 100 K for woodpellets), on the other hand, could be
manageable. One has to keep in mind, however, in what way these
changes affect fluid dynamics in other parts of the boiler, e.g., heat
exchangers or particle separators.

The comparison of our experiments with published results
of other authors (Figure 8) shows good agreement between the
woody biomass and agricultural residue classes, while the results
for our herbaceous fuels are slightly elevated. This observation
revealed a flaw in our experimental design. As can be seen in
Table 7, our experiments with herbaceous fuels were performed
with very large particle sizes and fluidization velocities. As “fuel
class” was not a criterion for the determination of the DoE test
matrix, herbaceous fuels were randomly assigned with predom-
inantly large particle sizes. Consequently, the interpolation algo-
rithm falsely attributes a part of the increase in agglomeration
temperatures to the fuel type instead of the operational para-
meters. An extension of the test matrix is therefore scheduled to
perform the missing experiments with smaller particle sizes.

CONCLUSION
The knowledge of a fuel’s agglomeration behavior is valuable
information for the design of boilers with an extended range of
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Table 7 | Comparison of average operational parameters for different

fuel classes.
Fuel class ds Xa u/ug
Mean sD Mean SD Mean SD
Agricultural own 3622 1140 0.057 0.015 4.8 1.97
Agricultural literature 235.6 43.8 0.077 0.032 4.40 1.16
Woody own 480.5 1240 0.049 0.020 4.93 1.70
Woody literature 228.7 258 0.065 0.021 599 267
Herbaceous own 5448 1222 0.058 0.016 6.66 2.06
Herbaceous literature 2474 53.4 0.067 0.033 4.20 0.88

applicable fuels. Experimental determination of this behavior in
lab scale fluidized bed reactors proved to be a reliable measure to
obtain such information. Previous publications provided results
for agglomeration extent, defluidization time, and agglomeration
temperatures. The latter is best suited for direct integration in
the boiler design process. Consequently, this methodology was
adopted for a new campaign to test the agglomeration behavior
of several fuels under a wide range of operational parameters.
To this end, two lab-scale reactors suited for agglomeration tem-
perature determination were designed and constructed at the
Chair for Energy Process Engineering. The measurement cam-
paign comprises 156 test runs of 26 different fuels under different
sets of the operational parameters “bed particle size,” “fluidization
velocity,” and “bed ash concentration.” The results revealed rea-
sonable trends for different fuel classes (e.g., woody types to be
better suited for high-combustion temperatures) and operational
parameters (particle size and gas velocity increase applicable com-
bustion temperatures, while bed ash concentration has an inverse
effect). The type of fuel with its specific ash composition had a
much higher influence on agglomeration temperatures than the
selected process parameters. A comparison with results published
in literature revealed a tendency of the applied DoE interpolation
to over-rate the agglomeration behavior of herbaceous fuels. More
experiments will therefore be performed to enhance the data set
for the combination of this fuel class with small particle sizes and
low-fluidization velocities.

The final data set of the obtained results will serve as basis
for an attempt at modeling the agglomeration behavior based on
process parameters and ash compositions that will be published
in the near future.
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