
Vol. 7, No. 1, 2004       High Temperature Degradation by Erosion-Corrosion in Bubbling Fluidized Bed Combustors 71Materials Research, Vol. 7, No. 1, 71-80, 2004. © 2004

*e-mail: pyhou@lbl.gov
Presented at the International Symposium on High Temperature Corrosion
in Energy Related Systems, Angra dos Reis - RJ, September 2002.

High Temperature Degradation by Erosion-Corrosion in

Bubbling Fluidized Bed Combustors

Peggy Houa*, Stuart MacAdamb, Yan Niuc, John Stringerd

aLawrence Berkeley National Laboratory,
1 Cyclotron Rd. MS: 62-203 CA 94720 Berkeley, USA

bData Preference Pte Ltd
107A Sophia Road 228172 Singapore

cInstitute of Metal Research, Chinese Academy of Sciences
Wencui Road 62, 110015 Shenyang, China

dElectric Power Research Institute
3412 Hillview Ave, CA 94304 Palo Alto, USA

Received: September 2, 2002; Revised: September 4, 2002

Heat-exchanger tubes in fluidized bed combustors (FBCs) often suffer material loss due to
combined corrosion and erosion. Most severe damage is believed to be caused by the impact of
dense packets of bed material on the lower parts of the tubes. In order to understand this phenom-
enon, a unique laboratory test rig at Berkeley was designed to simulate the particle hammering
interactions between in-bed particles and tubes in bubbling fluidized bed combustors. In this de-
sign, a rod shaped specimen is actuated a short distance within a partially fluidized bed. The
downward specimen motion is controlled to produce similar frequencies, velocities and impact
forces as those experienced by the impacting particle aggregates in practical systems. Room tem-
perature studies have shown that the degradation mechanism is a three-body abrasion process.
This paper describes the characteristics of this test rig, reviews results at elevated temperatures
and compares them to field experience. At higher temperatures, deposits of the bed material on
tube surfaces can act as a protective layer. The deposition depended strongly on the type of bed
material, the degree of tube surface oxidation and the tube and bed temperatures. With HCl present
in the bed, wastage was increased due to enhanced oxidation and reduced oxide scale adherence.
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1. Introduction

The fluidized bed combustion of coal or other fuels as
an energy production technology has received widespread
usage. The excellent solids mixing in these reactors gives a
number of advantages over conventional combustion tech-
niques. The results are more efficient combustion at a lower
temperature so as to reduce NOx formation and the ability
to reduce sulfur emissions by adding into the bed a sorbent
material, such as limestone (CaCO3). One of the approaches
to these systems is a bubbling fluidized bed, where the gas
velocity in the bed is only a little greater than the minimum
velocity required to fluidize it; the excess gas flow appears
as voids resembling bubbles in a bed which is relatively

dense. Despite the widespread usage of fluidized bed com-
bustors (FBCs), there is a problem in that both the walls of
the combustor and the in-bed heat exchanger tubes in bub-
bling beds may suffer loss of section. The term ‘wastage’ is
commonly used for this phenomenon, which is generally
accepted to be a result of erosion or abrasive wear that may
be accelerated by oxidation or high-temperature corrosion1-3.

The wastage of heat-exchanger tubes in bubbling FBCs
has been an area of interest for many years. The practical
problem is that wear rates are very variable from unit to
unit for reasons that are not clear. Furthermore, small op-
erational changes often can cause large changes in wear
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behavior, again for reasons that have proved elusive. The
use of Cl-containing coals, for example, is one key area
with conflicting plant and laboratory results4-9. To resolve
these issues, it is desirable to have some knowledge of the
mechanisms of tube wastage, and to identify the relative
importance of various factors in a FBC environment that
may contribute to the wastage process. To achieve this, a
special test rig was constructed at Berkeley to study the ero-
sion and corrosion phenomena in a simulated FBC envi-
ronment where the conditions are known and controllable.

The Berkeley test rig was built10-12based on the belief
that the energetic process within the bed capable of gener-
ating the kind of damage observed in practice is the impact
of dense packets of bed material on the lower parts of the
tubes13-16. These packets may be the wakes of rising bub-
bles within the bed. They may also result from the coopera-
tive motion of large volumes of the bed generating a proc-
ess resembling cavitation beneath the tubes. The wakes strike
the bottoms of the tubes with a considerable force, which is
easily detected and measured by appropriate sensors17-18, at
least for beds operating at atmospheric pressures. Cold
model studies have shown that upon bubble collapse, a block
of essentially unfluidized bed particles is thrown against
the tube bottom, and then drops away or slides upward across
its surfaces19-20.

To achieve such conditions in a laboratory, a horizon-
tally held cylindrical specimen was allowed to actuate a short
distance vertically within a minimally fluidized bed10-12,21.
The downward specimen motion is controlled to produce
similar frequencies (0.25 - 2.75 Hz), velocities (0.5 - 2 m/s)
and impact forces (100 - 600 N) as those caused by the
impacting particle aggregates in practical bubbling fluid-
ized beds (BFBCs). Typically, the specimen is in motion
for between 20 and 40 ms. Between these periods of high
particle loading, a relatively long period of inaction follows.
This simulates the intermittent nature of the aggregate im-
pacts found in practical situations.

The first rig was built to operate at room temperature.
Results from these earlier tests verified the similarity in
wastage behavior obtained from the actuation process of
the rig and from BFBC cold tests10-12. The mechanism of
wastage was identified to be that of low cycle fatigue re-
sulting from three body abrasion22. A high temperature rig
was later constructed so that operations at bed temperatures
up to 900 °C became possible, and the entire system uti-
lized a PC-based data acquisition, control, and analysis sys-
tem23-24. The ability to internally cool the specimen to achieve
a temperature difference between the bed and the specimen
surface was later added to the high temperature rig, by pass-
ing water, air or a mixture of the two through the inside of
the tube specimen25. In doing so, a reaction tube 18% larger
in diameter was installed in order to accommodate the fix-
tures that connected the cooling lines to the ends of the speci-

men. Details of the coolant supply and temperature meas-
urements of the tube outer and inner surface can be found
in reference 25. These fixtures were later taken down and
the apparatus was further modified to add HCl gas to the
fluidizing air26.

The purpose of this paper is to summarize the results
that have been obtained from the high temperature rig
simulations. The main focus is placed on tests performed at
different temperatures with and without the presence of HCl
in the bed. Emphases are placed on the effect of tempera-
ture, bed condition and bed material deposits on wastage.

2. Experimental Procedures

A schematic drawing of the high temperature rig that is
presently in operation is shown in Fig. 1. A single specimen

Figure 1. Schematic of the Berkeley laboratory erosion test rig.
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is held horizontally in a stirrup that is immersed in a par-
tially fluidized bed of sand particles. During a test, the speci-
men and holder assembly, which is actuated via an air cyl-
inder, is plunged quickly downward within the bed a dis-
tance of 1 cm. It is then slowly drawn up to its rest position;
this cycle is repeated at a frequency of 1 Hz.

The fluidizing air velocity is set and controlled with a
mass flow controller. The air enters at the bottom, passing
through a pre-heater, and into the bed through a number of
downward facing orifices on the air distributor. The impact
environment of the rig is one that the underside of the speci-
men experiences a periodic, brief impact of an aggregate of
bed particles as the specimen is actuated. From the forces
exerted onto the specimen and the distance it travels within
the bed, an impact energy per stroke can be calculated. Since
the impact energy against the rod surface is determined by
the resistance of the bed material, small changes in the flu-
idizing condition can strongly affect the impact energy. The
desired energy level is therefore set at the start of a test and
is monitored and controlled automatically throughout the
test, by small adjustments in the gas flow velocity, to
within ± 10% about the set value.

When testing the effect of chlorine, 50 - 400 ppm HCl
gas was introduced into the bed immediately before the dis-
tributor from a cylinder of HCl and N

2
 mixture. The bed

material used was commercial silica sand with an average
size of 800 µm that also contained some K, Ca and Al-mixed
silicates. New bed particles underwent a conditioning proc-
ess prior to testing, where they were fluidized at a relatively
high velocity for a long period to reach a stable particle
shape and size. The same conditioned bed particles were
used for multiple tests. Between tests, about 2.5% of the
bed material was removed and replaced with fresh parti-
cles. The bed was then fluidized vigorously for about 1 h to
remove excess fine dusts in the bed and to mix in the re-
plenished material. In order to achieve a 2.5 J/stroke energy
level (maximum force of 300 N) on the specimen, the bed
was partially fluidized at about 70% of the fluidizing veloc-
ity. Tests were conducted under the “low” or “high-dust”
conditions24where every 4 or 10 min the air velocity was
increased by 1.7 times for 20 s to thoroughly mix the bed
and to reduce the fine dust particles in it. Three thermocou-
ples were placed at locations above the distributor, immedi-
ately below the bed and next to the specimen to monitor
and control the bed temperature.

Different metals and alloys were used in the early tests
at room temperature to characterize the rig and distinguish
the wear mechanism in the absence of corrosion10,11. Later
tests at elevated temperatures concentrated on 1018 mild
steel rods24 or tubes25 that were 100 or 108 mm long and
19 mm in diameter. Before testing, the specimen surface
was machined on a grinder to produce a fine surface finish
of about 1 µm. Specimens were heated in the bed to the

desired operating temperature. The test began by starting
the actuation and introducing the HCl gas when needed.
Total test duration was between 40 - 70 h, after which the
HCl flow would be stopped and the airflow was increased
to quickly cool the bed.

The degree of wastage was determined by surface
profilometry around the entire specimen surface, but most
of the time, concentrating only on the lower half. Measure-
ments were made relative to a center region of the speci-
men that was masked during testing. The morphology of
the specimen surface around the circumference was char-
acterized by scanning electron microscopy (SEM) both in
cross sections and in surface views. The surface of bed par-
ticles was also closely examined by SEM. Energy dispersive
X-ray spectrometry (EDS) and X-ray diffraction were used
to determine the species present in the bed particles, the de-
posit layer and the oxide that formed at higher temperatures.

3. Results and Discussions

3.1 Temperature dependence of wastage

The erosion behavior of 1018 mild steel at temperatures
from ambient to 540 °C was studied. A typical wastage dis-
tribution about the lower half of the specimen, measured in
degrees that are referenced to 0° at the rod top, is shown in
Fig. 2. The maximum material loss is between 25° and 30°
on either side of the bottom. Near the sides from the bot-
tom, there was a thickness increase caused by the buildup
of a continuous agglomerated deposit layer. The layer con-
sisted of the bed material and its thickness increased with
increasing bed temperatures. Over the entire top half of the
specimens, there was never any wastage, but there existed a

Figure 2. Typical circunferential distribution of wastage over the
bottom half of the specimen rods, where the bottom is at 180°.
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continuous measurable oxide layer at temperatures of 300 °C
and above.

This wear profile, where the maximum wastage occurred
to the sides of the bottom, is observed in cold models, and
occasionally in practical FBCs where entrained flow pre-
vails, and has been labeled a “Type A” wear pattern27. In the
majority of cases, however, the maximum wear in FBC is
found at the bottom of the tube, decreasing away from this
location on either side to zero close to tube mid-section,
labeled a “Type B” wear pattern27. The fact that this rig does
not produce the Type B pattern was found to be due to the
constrained vertical motion in the bed. When the constraint
is relaxed, as shown by a computer simulation study28and
by experiments21, the Type B wear pattern more commonly
found in bubbling beds could be generated.

The maximum wastage rate for the Type A wear pattern
is plotted in Fig. 3 as a function of specimen temperature.
Three sets of data were obtained under the “low-dust” con-
dition, where the frequency of high air flow through the
bed was greater such that the amount of particle fines re-
tained in the bed during testing was relatively low24. One
set of test was done in the “high-dust” condition with more
fine particles remaining in the bed. The data include results
obtained using three different batches of commercial sand.
While most of the sand contained SiO

2
 particles, some K,

Ca and Al silicates were always present. The relative amount
of these softer materials increased from batches 1 - 3 from
about 6, 16 to 22% respectively. At low temperatures, be-
low 300 °C, the wastage rates were between 0.9 - 3.5 mm/yr,
which are similar to practical experience, and they were
slightly lower when the bed contained larger amounts of
silicates. In the intermediate temperature range, around

450 °C, the rate could either drop to zero or increase quickly
with temperature. This transition from wastage to protec-
tion occurred when the bed contained more silicates and
when testing were performed under the “high-dust” condi-
tion. A similar drop in wastage rate at these intermediate tem-
peratures has been found in some practical applications but
not all29. Above 475 °C, in the high temperature regime, wast-
age rates increased with temperature under all conditions.

Representative SEM images of the worn surfaces and
cross sections from the wasted regions at low, medium and
high temperature regimes are shown in Figs. 4 and 5. On all
surfaces, wear scars that were made by particle impacts are
apparent. At the low temperatures, the base of the scars con-
sisted mainly of metal. Deposited bed material often ex-
isted at the ends of these scars in loose agglomerations, and
as solid compressed clumps on the surrounding surface
(Fig. 4a). Metal within the top surface region was deformed
into thin overlapping foils that were aligned in the direction
of general particle flow over the surface (Fig. 5a), similar to
that observed by Levy30. Bed materials were found between
the foils and at some locations of the surface, while other
regions had metal exposed at the surface. In the high tem-
perature regime, the wear scar grooves were shallow and
did not appear to extend to the base metal (Fig. 4c). Small
patches of spallation, such as the region part way along the
scar, were often found. There was little metal deformation;
instead an oxide layer of 2 to 5 µm existed intermittently
over the surface, and much of the oxide cracked into seg-
ments (Fig. 5c). In regions where the oxide was absent, the
metal surface was exposed. Everywhere on the wear sur-
face, there was insignificant deposition of the bed material.
In contrast, a thick deposit layer existed over the wasted
region (Fig. 5b) on specimens tested at the intermediate tem-
peratures that showed protective behavior. The deposit was
over an oxide layer averaging 2 µm thick, and consisted of
discrete micron sized bed particles held in a sintered ag-
glomeration of sub-micron particles. The impact seen on
the surface (Fig. 4b) did not gouge into the metal but only
compacted the loosely packed deposit layer.

Results shown so far clearly indicate that wastage can
be reduced by a deposit layer that forms on the specimen
surface. This type of deposit is consistent with experience
in practice, in that the higher temperature metal surfaces
are usually covered with a dense adherent coating, with a
very fine grain size31. For the 1018 steel reported here, de-
posits were only found at intermediate temperatures where
oxidation became more important, and when the bed con-
tained either higher levels of fine dust, greater amounts of
soft silicates, or as another study showed, an addition of
1vol% CaSO

4
 21. When a 304 stainless steel was tested21,

protection was only found above 650 °C with 1% CaSO
4

added in the bed, suggesting the importance of a sufficiently
thick surface oxide layer and its interaction with the bed

Figure 3. Maximum wastage rates as a function of specimen tem-
perature. Three batches of sand were used, with increasing con-
centrations of K, Ca, and Al containing silicates.
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SEM, then a specimen surface was observed in the earliest
stage of deposition. Fig. 6a shows a bed particle taken at the
conclusion of a test that showed protective behavior. The
particle is partially encased by a loosely adherent layer that
spalled easily upon cooling. At higher magnifications, the
encased layer was found to consist of fine bed particles that
had agglomerated together to form micron sized clusters.
Scoring marks on the encased layer suggest that it was formed
and compacted by compression that probably resulted from

Figure 4. Backscattered SEM images of impact scars in the maxi-
mum wastage regions on specimens tested with batch 1 sand at:
a) 300 °C, low dust condition; b) 450 °C, high dust condition;
c) 500 °C, low dust condition.

Figure 5. Backscattered SEM images of cross sections from maxi-
mum wastage regions on specimens tested with batch 1 sand at (a)
300 °C, low dust condition; (b) 450 °C, high dust condition; and
(c) 500 °C, low dust condition.

material in developing the protective layer.
To better understand the process of deposit formation,

bulk bed particles were first examined carefully under the
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impacts with the specimen or with other bulk bed particles.
The encasement increased with temperature, and more obvi-
ously, with the dust concentration in the bed24. Although gross
metal deformation was not essential for deposition to occur,
as seen in (Fig. 6b), more deposition occurred at locations of
significant impacts, as in (Fig. 6c). Protective deposit layer,
therefore, is believed to have formed by the transfer of ag-
glomerated layer segments that were first formed on the bulk
bed particles. The transferred clumps when first deposited
on the specimen are relatively loosely bonded, but are com-
pacted with repeated impacts, and a dense continuous layer
is formed. The fact that spallation of the deposit and oxide
layer occurred at the oxide/metal interface, with the overly-
ing deposit remaining attached to the oxide, suggests a rela-
tively strong bond between the oxide and the deposit. It also
implies that the initial interaction between the fine particles
and the oxide layer may be important.

At higher temperatures, the wastage rate became domi-
nated by oxidation, which itself was affected by the erosion
process similar to the wear enhanced oxidation regime de-
scribed by Rishel et al.32. Scales that form to a critical thick-
ness would spall as a result of repeated impacts followed
by oxide re-growth. Whether a deposit layer forms on the
specimen surface to render protection against wastage seems
to depend on two competing processes; one is the growth
of the oxide scale and the other the formation of a dense
bed material layer on the specimen surface. If the deposit
layer can build up in thickness faster than the erosion proc-
esses, it will protect the underlying metal from wastage.
The condition at which this layer forms depends on the amount
of fine dust particles retained in the bed, which is closely
related to the composition of the bed, the specimen and bed
temperatures and the oxidation rate of the specimen.

3.2 Effect of HCl on wastage

The amount of chlorine in coals can vary widely with
location33and usually increases with mining depth34. Most
of the chlorine is associated with the organic matter in the

coal. Part of it occurs as sodium chloride dissolved in pore
water and the rest is concentrated in micropores, probably
associated with hydrogen35. Upon heating of the coals, part
of the chlorine is released as HCl36. Based on the rate of
release during combustion37and from plant measurements
in boilers, about 80 ppm of HCl is released for each 0.1%
Cl in the coal.

Using the batch 3 sand under low dust condition, the
effect of 50 ppm HCl on wastage was studied from the
ambient temperature to 400 °C, and the effect of varying
the HCl content up to 400 ppm was studied at 300 °C. The
maximum wastage rates as a function of test temperature
and HCl content are shown in Figs. 7 and 8 respectively.
The wastage profile was not substantially altered by the pres-
ence of HCl, in that the maximum still occurred at 20 - 30°
away from the bottom and the profile was symmetrical on
either side of it. The only difference was the higher rate and
a wider wastage region due to the lack of a deposit layer38,39.
Wear scars on the wastage area showed that materials loss
still involved cutting by the impacting particle as it traveled
on the specimen surface. Below 200 °C, the effect on the
wastage rate was minimal with an increase of only a factor
of two. At higher temperatures the rate drastically increased,
and it was 8 and 15 times greater at 300 and 400 °C respec-
tively. This degree of increase is similar to the order of mag-
nitude higher wastage observed in the TVA’s pilot plant when
a high chlorine coal was used4.

The maximum wastage clearly increased with higher
HCl concentration. The increase was fast with initial in-
crease in HCl, then became more gradual and slowly ap-
proached a steady state level. After testing in HCl, the bed
material was apparently contaminated, because further test-
ing in the bed without any flow of HCl gas resulted in an
accelerated wastage rate. According to the dosage depend-
ence shown in Fig. 8, this contamination is equivalent to an
HCl concentration of about 20 ppm. The fact that HCl can
remain in the bed and cause a noticeable increase in wast-
age raises some practical concerns, particularly with down

Figure 6. a) SEM image of a bed particle under high dust condition; b) and c) show depositions of fine bed particles on a gold-coated
specimen tested for 30 s at 300 °C
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time corrosion where HCl can react with moisture to cause
severe pitting attack.

Microstructural and compositional characterization of
the specimens showed that under all HCl containing test
conditions, Cl was detected on the specimen surface and its
concentration was higher near the scale/alloy interface.
Specimens tested with HCl addition showed significantly
greater scale spallation than those tested without. The phe-
nomenon was more severe with higher testing temperatures

and occurred only on the top half of the specimen where
there was no impact. Fig. 9 shows the top surface of a 400 °C
sample. Most of the scale had spalled leaving a thin layer of
iron oxide on the metal. In this thin oxide layer a small
amount of chlorine was detected. Cl-rich nodules 5 - 40 µm
in size were numerous on the spalled areas. The amount of
Cl in the scale, however, decreased with the length of time
it was stored after testing, as FeCl

2 
slowly transformed to

Fe
2
O

3
 in the presence of moisture38. The scale thickness on

Figure 7. Effect of HCl on the maximum wastage rates as a func-
tion of specimen temperature.

Figure 8. Effect of HCl dosage on the maximum wastage rate at
300 °C.

Figure 9. SEM micrograph of the top surface (near 0°) on a specimen tested at 400 °C for 24 h with 50 ppm HCl. EDS analyses show
compositions of the nodule and the thin oxide on the alloy surface.
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the worn surface was always thinner than on the top where
only static oxidation occurred; an example is given in
Fig. 10. Under static oxidation, Fig. 10a, a 3 - 4 µm thick
but non- adherent oxide layer that consisted mainly of Fe

3
O

4

formed on the surface and a thin layer of Cl-containing scale
was present at the interface. On the worn region (Fig. 10b),
the scale that remained was much thinner and cuts into the
alloy caused by the wear process were also apparent.

Comparing the static oxide thickness on the top half of
the specimen indicated that scales formed in the presence
of HCl were significantly thicker. The oxide growth rates
increased by nearly an order of magnitude39. It is not sur-
prising that HCl enhanced oxidation rate and reduced scale
adherence. The fact that its presence can increase oxidation
rates is well known40-42, and Cl at the scale/alloy interface is
generally believed to weaken it43,44. HCl probably gained
access to the scale/metal interface by passing along natu-
rally occurring micro-cracks and pores45in the oxide scales.
In the impacting condition of this test rig, such micro-cracks
must be numerous on the bottom half of the specimen. Once
at the metal surface, HCl can react with the substrate to
form FeCl2.

The combined increase in the oxidation rate and reduc-
tion in the scale adherence in the presence of HCl is be-
lieved to have caused the high wastage rates at elevated tem-
peratures. Under these conditions, the wastage process took
place by the constant removal and continued growth of the
oxide scale. The end result was a higher wastage rate caused
by a faster scaling rate. The ease of scale spallation due to a
poorer adhesion should further assist the oxide removal proc-
ess. It is not entirely clear why less deposition occurred when
testing involved HCl; only partial layers were observed at

400 °C. In light of the discussion given in the previous sec-
tion, the most probable reason is that the higher oxidation
rate and the less adherent nature of the oxide scales com-
peted with the development of this deposit layer.

4. Conclusions

The effect of temperature on the wastage of in-bed
1018 tubes, studied using a laboratory rig that simulates
dense particle impact conditions in bubbling fluidized bed
combustors, showed variable temperature dependence with
slight changes in the bed material. At temperatures up to
about 350 °C, wastage was predominantly caused by abra-
sion with a very low oxidation component. The rate was
insensitive to specimen material, but more so to bed com-
position. Above 500 °C, wastage was high and was clearly
controlled by oxidation, where an oxide layer would grow
to a limiting thickness, spall under impact, and then reform.
At intermediate temperatures, 400 - 500 °C, wastage was
very sensitive to the level of fine sub-micron dust within
the bed and to the bed composition. Rapid decrease in wast-
age occurred when the condition allowed the development
of a protective deposit layer that consisted of sub-micron
deformable bed particles on the specimen surface. These
particles deposited on bulk bed particles to form an encas-
ing layer. This material was then transferred to the speci-
men surface during particle impact.

The presence of 50 - 400 ppm HCl in the bed increased
wastage rates at all tested temperatures. With 50 ppm, the
rates were 2 - 3 times higher below 200 °C, but increased by
8 to 15 times at 300 and 400 °C respectively. A strong dosage
effect was observed at 300 °C with the greatest increase in
wastage at the initial increase in HCl concentration. The wear
characteristics were not changed by the presence of HCl. The
high rates observed at elevated temperatures were the result
of accelerated oxidation and reduced scale adhesion. Testing
with HCl also caused contamination of the bed material that
affected wastage in subsequent tests.
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