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Metal Wastage Design Guidelines for
Bubbling Fluidized-Bed Combustors

by

Robert W. Lyczkowski, Walter F. Podolski,
Jacques X. Bouillard, and Stephen M. Folga

Abstract

These metal wastage design guidelines identify relationships between metal
wastage and (1) design parameters (such as tube size, tube spacing and pitch, tube
bundle and fluidized-bed height to distributor, and heat exchanger tube material
properties) and (2) opel'ating parameters (such as fluidizing velocity, particle size,
particle hardness, and angularity). The guidelines are of both a quantitative and
qualitative nature. Simplified mechanistic models are described, which account for
the essential hydrodynamics and metal wastage processes occurring in bubbling
fluidized beds. The empirical correlational approach complements the use of these
models in the development of these design guidelines. Data used for model and
guideline validation are summarized and referenced. Sample calculations and
recommended design procedures are included. The influences of dependent
variables on metal wastage, such as solids velocity, bubble size, and in-bed
pressure fluctuations, are discussed.

1 Introduction

"To know what we do not know is the beginning of wisdom."
Maha Sthavira Sangharakshita

Fluidized-bed combustion (FBC) is an established means of burning high-sulfur coal and
various other difficult-to-burn feedstocks in an efficient, cost-effective, and environmentally
acceptable manner, notwithstanding the wear or wastage of in-bed components and enclosure walls
observed in many units. Erosion wear received little attention in very early investigations of FBC,
because fluidizing velocities were typically between 1 and 2 m/s, which, it turns out, are too low to
produce significant wear. Consequently, early materials testing concentrated on understanding
corrosion and corrosion/erosion processes that could result in heat exchanger and gas turbine
component failures.( 1.1, 1.2) Results of these and other studies led to the belief that, with selection
of alloys appropriate for their intended service and with careful design and operation of FBC
systems, the corrosion problem was manageable. Subsequent experience has shown this belief to
be generally true.

Nevertheless, metal wastage of in-bed components caused by means primarily other than
corrosion has been reported in a large number of units in commercial service.(1.2-1.5) "Metal
Wastage" is intended to refer to the wearing away of heat exchanger tubes by whatever erosion
and/or abrasion wear mechanisms are operating. The experience with metal wastage is widespread
but unfortunately quite varied, and the evidence with respect to a cause is frequently inconsistent.
Bubbling beds have experienced wear on in-bed and convection pass tubes and on membrane
water walls near the upper level of the fluidized bed. Circulating fluidized beds (CFBs) have
experienced wear just above the interface between the water-walls and the refractory lioing
protecting the lower portion of the combustor. In addition, some CFBs have experienced wear on



heat exchanger surfaces hung in the gas flow path high in the combustor and on refractory-lined
components, such as cyclones in the solids recirculation loop.

Useful service life, in some cases, has been reduced to one year or less; the maximum
acceptable wear rate for steel boiler tubes in a coal-f'tred utility plant is usually taken to be 50 nm/h
(0.05 mm/1000 h, 0.002 in/1000 h). The complexity of the problem is such that consistent cause-
and-effect relationships among the parameters influencing metal wear have not been established.
Presently, it is not possible to fully explain why some FBC units, or regions of a specific bed,
undergo rapid wear and others do not.

The interactions among design parameters, such as tube size and spacing, and operating
parameters, such as degree of fluidization, and the propensity for wear (by whatever mechanisms
are causing mechanical wear) determine the rate of metal wastage. Mechanical processes leading to
tube wear are the focus of this work. The hydrodynamics controlling solids and gas motion
around in-bed components is considered the main component influencing wear. Hence, detailed
knowledge of solids circulation and bubble motion is essential to understanding metal wear in FBC
units. Bubbling FBCs are considered, although the methodologies and modeling techniques that
are used apply equally well to circulating FBCs.

Corrosion can be thought of as altering the surface of the tubes, making them more prone
to wear. Tightly adherent deposits on tubes, however, can confer some protection from wear.

An eight-member cooperative R&D venture was formed in 1986 to investigate metal
wastage in FBCs. The eight parties were DOE's Morgantown Energy Technology Center
(METC), Argonne National Laboratory (ANL), Electric Power Research Institute (EPRI),
Tennessee Valley Authority (TVA), State of Illinois Center for Research on Sulfur in Coal
(CRSC), ASEA Babcock (ASEA-B), ABB Combustion Engineering Systems (ABB/CE), and
Foster Wheeler Development Corporation (FWDC). The British Coal Corporation (BCC) and
CISE Technologie Innovative joined in 1991 and 1992, respectively.

The objectives of the R&D effort are to (1) develop and validate computer models for the
prediction of hydrodynamics and erosion in FBCs, (2) develop guidelines for the design and
operation of FBC units with minimum metal wastage rates, and (3) demonstrate the feasibility of a
continuous erosion monitor(1.6) for use in pilot plant and full-scale FBC units. Figure 1.1
summarizes the modeling and supporting activities performed during the course of the R&D
Cooperative Venture.

Two-dimensional(l.7,1.8) and three-dimensional(1.9) computer models have been developed
that are capable of calculating detailed hydrodynamics of the solids and bubble motion and the
erosion of tubes resulting from the impaction and abrasion of particles. The hydrodynamic
calculations provide inputs to the EROSION/MOD 1(1.10)computer program, such as the solids
kinetic energy and direction of motion, to calculate rates from the various erosion models contained
therein.

ANL's contributions to the development of the metal wastage guidelines are to (1) provide
physical insights for correlation development, (2) develop a database of experimental findings,
(3) provide critical evaluations of correlations, and (4)develop designer-friendly procedures
using simplified and realistic models and correlations.

This document distills the details of the modeling effort down to simplified mechanistic
models leading to the development of guidelines for the design, operation, and scaleup of FBC's
having minimum erosion. These simplified models capture the essence of the detailed computer
models and, as such, represent easy-to-use tools that designers may apply to understand the



influence of various operating and design parameters on erosion. Complementing these models is
the correlative approach, which is also described.

This document is presented in a tabular loose-leaf form in order to facilitate subsequent
revisions and additions. It is intended to be a living document capable of easy revision into a
customized set of design guidelines and procedures reflecting data and experience bases particular
to an individual user or organization.

In Sec. 2, the methodologies used in developing the guidelines are outlined. Section 2
also contains sufficient background information to provide the reader a broader perspective on the
activities of the joint venture.

Section 3 sketches the development of the simplified models and describes the key inputs
and outputs.

Section 4 describes the relationships of fluidizing velocity, particle size, particle angularity,
particle hardness, and bed/tube temperature to metal wastage. Sample problems are presented that
show the reader how to use the simple models to understand the interactions between the important
variables affecting metal wastage and how to translate the model predictions into design guidelines.
Each subsection is intended to be independent of the others; however, frequent cross-references
between sections are made. The user should be able to extract the needed information without
reading the entire document. A discussion of the pertinent data used to validate the models
preceeds each subsection, and the sensitivity of the model to changes in the specific parameter is
described. Each subsection also includes discussion of the model's range of applicability and
provides caveats and warnings to the user about parameters not covered by the guidehnes.

Section 5, which is similar to Sec. 4, discusses the following design parameters: distance
of tube/tube bundle to the air distributor, tube material hardness, tube-bundle arrangement, tube
pitch spacing, tube inclination, and protective devices.

A discussion of scaling that relates small and/or cold experiments to data from larger/hot
units is presented in Section 6. Also, relationships between dependent variables (such as porosity,
bubble size, and particle velocity) and metal wastage are presented.

Section 7 describes the parameters that have uncertain effects on metal wastage. These
parameters include tube vibration, particle collisional frequency, bubble coalescence, and pressure
fluctuations.

Finally, Sec. 8 provides conclusions and offers recommendations for further development
of the design guidelines.
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ARGONNE NATIONAL LABORATORY SUPPORTING ACTIVITIES
(2-D Compuler Model)

• Numerical Analysis of Flow Equations
- Formulation of equations --- _ liT, to obtain the solids elasticity modulus
- Numerical stabillly
- Program flexibility in tube

bundle description

- Evaluation of solutions e-___ _.,_. U of I, solids velocity distribution measurements

• Erosion Analysis _ --'J"" liT, bubble motion and bed porosity measurements
- Basic erosion model _.--_.___
- Incorporalion of model into __"_--t_,,.. C.E. erosion drop test

the program
TVA, Phase I, Erosion-Corrosion Study results

° Evaluation of Erosion Calculations

. Comparison with experimental data eq.--.--_ FW- erosion and hydrodynamics of variable

Evaluation of the 2-D approach •,,..._._. thickness fluidized beds
ASEA Babcock, 3-D program for establisl_ing
conditions for which erosion data
are obtained and evaluating the need
for a 3-D program

FIGURE1.1 Erosion of FBC Heat Transfer Tubes ---Summary of Modeling and Supporting Activities
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2 Approach

"Imagination is more important than knowledge."
Albert Einstein

The methodologies used to develop metal wastage guidelines and procedures are described
in this section.

Parameters that are known to have or that are suspected of having an influence on metal
wastage in FBCs are grouped into (1) those that are related to the design of the unit and (2) those
that are related to the operation of the unit. Examples of the first group of parameters include tube
size, tube spacing and pitch, tube bundle and fluidized bed height, distributor type, and heat
exchanger tube material properties. Examples of the second group of parameters include fluidizing
velocity, particle size and distribution, and particle hardness and angularity.

Each of the above parameters can be controlled by FBC designers and, therefore, can be
considered independent. Another set of parameters, including solids velocity and flow patterns,
bubble frequency, size and flow patterns, and pressure fluctuation fl'equency, is determined by the
first set and, therefore, can be considered dependent. The interaction between the independent and
dependent variables is shown in Table 2. I. A change in any one of the independent variables will
likely result in changes in all of the dependent variables and perhaps in the amount of metal
wastage as well,

The approach taken has been to closely couple hydrodynamic and erosion modeling efforts
at ANL with experimental activities at other participating organizations in order to provide
hydrodynamic and erosion data that can be used to validate the models.

This approach adopted by ANL to develop metal wastage guidelines and scaleup
procedures can be summarized as follows:

1. Apply hydrodynamic and erosion codes to generic and specific FBC
geometries.

2. Simplify the models to their essential components and place them in
dimensionless form.

3. Define input parameters for simplified models and correlations.
4. Develop procedures and recommendations for model calculations.
5. Develop calculation procedures to relate simplified models for any geometry.
6. Validate guidelines, procedures, and scaling.

Argonne National Laboratory has developed a computer code named
"FLUFIX/MOD2"(2.1) to predict hydrodynamics in fluidized-bed combustors. This code is based
on a hydrodynamic model of fluidization and can be used to predict frequency of bubble formation,
bubble size and growth, bubble frequency and rise-velocity, solids volume fraction, and gas and
solids velocities. The results of the hydrodynamic model are used as inputs to ANL's
"EROSION" computer program, which contains various erosion models,(2.2,2.3) including the
monolayer energy dissipation (MED) erosion model developed by ANL in this project.(2.4,2.5)

Babcock & Wilcox (B&W), with ASEA-B funding, developed the FORCE2(2.6) computer
code, which is a three-dimensional transient and steady-state version of FLUFIX/MOD2.(2'1)
ANL has implemented the FORCE2 computer program on its CRAY X-MP/18 vector
supercomputer and has performed quality assurance and validation using some of the experimental
results. Good agreement of the computed overall solids flow patterns, major porosity and pressure



frequencies, bubble sizes and frequencies, and time-averaged porosity profiles with experimental
data has, been achieved.(2.2-2.5,2.7-2.10)

Advanced graphics have been implemented that serve to speed up the wdidation process
and to render the computer simulations more comprehensible to the users of the FLUFIX,
FORCE2, and EROSION computer programs.

In part of the experimental work, data on erosion rates at particle sizes, velocities, and
loadings typically found in FBCs were obtained in the Ash Erosion Test Facility at ABB/CE.(2.11)
In these experiments, sand and/or crushed quartz was dropped through a vertical tube onto a heated
carbon steel target in order to determine the erosion rate as a function of particle size, loading, and
impact velocity.

Other experiments sponsored by the consortium provided hydrodynamic and erosion data
from several fluidized beds. Experiments at the Illinois Institute of Technology (liT) measured
fluctuating and time-averaged porosities in a thin, "two-dimensional," fluidized bed containing
single obstacles of various shapes.(2.12) A Computer Aided Particle Tracking Facility (CAPTF)
was employed at the University of Illinois at Urbana-Champaign (UI-UC) to track the movement
of a radioactive tracer particle in two- and three-dimensional fluidized beds containing single
obstacles that were round, square, or rectangular in cross sectio_.(2.11) Other experiments
employed small arrays of round tubes immersed in the fluidized bed. In addition, pressure
fluctuations were measured at numerous locations in both two- and three-dimensional beds.
Eru_on of tubes in the three-dimensional experiment was also measured. The particle motion data
were processed to provide direction and speed distribution infomlatio,_.

Experiments in a variable-dimension (dimensions varied between experinaents), large-scale
cold model fluidized bed at FWDC provided information on the significance of erosion data from
experiments in small-scale fluidized beds.( 2.1!) Metal wastage of tubes in small arrays were
measured and compared with calculated erosion rates. The simulation of the most recent
experiments at FWDC are a basis from which the sensitivity of metal wastage to changes in various
parameters are assessed in Sec. 5.1.

A comparison of model predictions with other data reported in the literature has resulted in
order of magnitude and better agreement with wastage rates and correct prediction of observed
trends.(2.2-2.5,2.13) The comparison of mtxtel predictic,,ns with data involves the simulation of each
experiment to obtain detailed hydrodynamic and erosion predictions. Each simulation requires
extensive computer time and subsequent analysis of ti_edetailed computations in order to present
results that can be directly compared with data. This type of analysis was necessary in order to
validate the models and to develop confidence in their predictive capability and to provide insights
used to simplify the models for design applications.

A simplified, yet mechanistic, means of developing design guidelines is necessary to
provide design engineers with easy-to-use procedures and to avoid the necessity of detailed
computation for each design variation. Therefore, the detailed hydrc,:tynamic and erosion models
were distilled down to contain the essential parameters in dimensionless form. When results
obtained using the simplified models were compared with the detailed model calculations,
agreement was close. Thus, the simplified models can, with a small amount of hand calculation,
capture the essence of the detailed models and provide the means for developing design guidelines.

The dimensionless erosion rates calculated using the simplified models can then be
translated into erosion rates by using :_ppropriate constants as shown in Sec. 3.



Because all of the parameters listed in Table 2.1 are not explicitly contained in the
simplified model, a primarily empirical approach is taken in Sec. 5 to understand the influence of
the design parameters on erosion. The empirical approach can, in principle, be validated by
performing sensitivity studies using the detailed models. The simplified models can then be
extended to incorporate the results of these sensitivity studies.

The subsections in Secs. 4 and 5 are written as if the parameters are independent of each
other, and the reader can refer to a specific subsection when seeking information on the influence
of that parameter on erosion. Where there is significant interdependence between variables, the
reader is cautioned to not neglect the effect of the other variables on erosion. Studies by Foster
Wheeler Power Products(2.14) indicate no single parameter is solely responsible for metal wastage,
but rather the wastage in a particular location is related to a combination of the main parameters.
Some parameters, principally fluidizing velocity, are more important than others. No simple
remedy exists, and only by careful consideration of all the parameters, in the correct combination,
can acceptable solutions be offered.

The discussions in each subsection describe the data that were used to validate the
guidelines and the limitations on the range of applicability. The final validation of the models and
the guidelines develope,t from them will be achie, ,..',Jwhen they are compared with field data. in
order to accomplish tim final validation, some d tails of the hydrodynamics, as well as erosion,
must be determined from units in the field.

Finally, parameters that have uncertain effects on metal wastage and the remaining
information gaps are identified in Sec. 7.
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TABLE 2.1 FBC Metal Wastage Dependencies

IndependentVariables DependentVariables

DesignParameters

Tube size
Tube spacing/pitch
Tube shape/flowdisruptors
Tube bundle/bed height
Tube inclination
Heightfromdistributor
Type of distributor Solidsvelocity

Bubble frequency Metal wastage
QDeratlnaParameters Bubblesize

Bubblevelocity
Particlesize/sizedistribution Pressurefluctuations
Partioleshape/angularity
particle hardness/density
Fluidlztngvelocity
Bed/tube temperature
Chemicalenvironment

I ....
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3 Description of Sirnpllfled Models

"As far as the laws ot mathematics refer to reality,
they are not certain; as far as they are certain,

they do not refer to reality."
Albert Einstein

This section describes the simplified monolayer energy dissipation (MED) erosion model
and a suggested empi,rical complementary approach that relies upon data correlations. Also
included is a brief description of the input parameters required for each approach.

There have been several attempts to develop simplified models of fluidized bed
hydrodynamics and erosion.(3.1"3.5) Soo's(3.3) and Wood and Woodford's(3.4) were discussed by
Lyczkowski et a1.(3.6); Staub's(3.2) was discussed by Wood and Woodford(3.4) and Parkinson
et a1.(3.7)

Energy-dissipation erosion models, which relate the particles' energy dissipation rate
adjacent to the eroding surfaces to erosion, were derived and used by Bouillard et a1.(3.8,3.9) and
Lyczkowski et al,(3.!0, 3.i 1) In these models, the authors initially used the empiricism that 10% of
the dissipated energy in a monolayer of particles next to the surfaces causes erosion. Later, they
showed this factor is accounted for by the coefficient of restitution. (3.9)

Other fluidized-bed erosion models have recently appeared in the literature. Yates(3.12)
derived a simple erosion model that showed the erosion rate to be proportional to the fourth power
of the bubble diameter. Levy and Stallings(3.12) developed an erosion model by considering the
impact of bubble wakes on the tube resulting from the coalescence of bubble pairs. They found
very strong effects of the bed geometry and bubbling conditions on the computed erosion rates.
Gansley and O'Brien(3.14) have used Finnie's single-particle-impact erosion model in conjunction
with Davison's bubble model to calculate erosion in FBCs. However, the bubble size, bubble rise
velocity, and bubble frequency have to be assumed in the calculations.

Bouillard and Lyczkowski developed a simplified mechanistic erosion model from the
monolayer energy dissipation (MED) erosion model.(3.8) A modification of that model is utilized
herein to assist in developing metal wastage design guidelines and procedures.

3.1 Simplified MED Erosion Model

The erosion rate from the simplified quasi one-dimensional MED model, ]_EIX?F,(3'8) may
be written in the form, modified for hydrodynamic model B:(3.8)

K(e- E_d)IEDC:.F= (I- e)(E-egd)+ (U-EV )2 2
e e (3.1)

where the erosion rate group, 1_o,is given by

l_o = (1 - e2) 75gg gxd
(_sdpEsp) (3.2)
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and

K = (1 - e2) 0.875gxdp__
Esp . (3.3)

The units ofl_o are in terms of a velocity; e.g., ram/1000 h and K is dimensionless.

In Eqs. 3.1-3.3, above,

I.tg = gas viscosity, Pa.s;
g = acceleration due to gravity, m/s2;
Xd = characteristic distance, m;

_s = particle diameter, m;p = an erodent (target) material property related to hardness, Pa;
e = coefficient of restitution, ratio of rebound and approach particle velocities;
e = porosity (fluid volume fraction);
egd = porosity in the densest region of the bed;
0 s = partical sphericity;
U = superficial gas fluidizing velocity, m/s; and
Vs = solids velocity, m/s.

Expe6mental evidence(3.15) strongly supports the additional approximation that the solids velocity,
Vs, in the vicinity of tubes is close to the superficial gas velocity, U. With the approximation
Vs = U, Eq. 3.1 may be written in the strikingly simple dimensionless form as

= f(e)(l + 0.01 167Re) (3.4)

where the Reynolds number, Re, is defined in the usual way as Re=(0sdp)pgU/ktg
and

(1 - e)(e- EgO)f(e) =
2

e . (3.5)

Note that the erosion rate group I_ohas the dimension of velocity and acts as a natural
scaling parameter for metal wastage. The additional scaling parameters are the Reynolds number

and the porosity dependence through f(e). Equation 3.4 clearly shows that metal wastage
measurements performed in laboratory experiments will scale to field units if the average bed
porosity, Reynolds number, and erosion rate group given by Eq. 3.2 are the same for both units.
These are the first mechanistic erosion scaling equations known to these authors.

Not all design parameters are contained explicitly in Eq. 3.4. They are, however,

contained implicitly in the porosity dependence, f(e). For example, different tube spacing would
cause a different porosity for the same fluidizing velocity. Therefore, Xdcan be taken to be the tube
spacing to explicitly account for this effect.
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!
3.2 Correlative Erosion Model

Complementing the simplified mechanistic approach is the correlative approach where
laboratory data are curve fit to various empirical or semi-empirical expressions. Section 4
discusses several correlations developed mainly by changing one operating parameter at a time,
keeping all others constant. Section 5 also contains data that be correlated. Once the individual
correlations are established, a master calculation can be developed of the form:

_ = C,uadbp(c2-*s)l_l_E_(Hv/Hh)e...

1_o Et (3.6)

where the new variables are the solids mass flux,/Vls, the particle hardness, Ep, target material
property related to hardness, Et, and the vertical and horizontal center-to-center spacing (pitch) of
the tubes, Hv and Hh, respectively. Other features (such as tube inclination, square versus
staggered pitch) can be added as the correlations of the raw data are developed. Such an approach
has been adopted by Zhu et al.,(3.16)utilizing tube data for metal wastage. A further discussion of
such models is described in Sec. 6.

3.3 Utilization of Erosion Models

Both the simplified mechanistic model given by Eq. 3.4 and the master correlation given
by Eq. 3.6 can be used to renormalize erosion data and to extrapolate it. In the first case, erosion
data taken under different conditions can be renormalizcd to the same conditions and compared
for consistency. In the second case, erosion data taken under one set of conditions can be
extra.polated to different conditions and used to develop trends without the need of many
experiments. The assumption is, of course, that the equations are valid in the range of interest.

Both approaches require input parameters that must either be measured or estimated. In the
case of Eq. 3.1, these include the sphericity, restitution coefficient, bed porosity, and the
appropriate target material property related to hardness. The physical constants can be obtained
from the ideal gas laws and other correlations.

I

Several caveats must be kept in mind in applying these two approaches:

1. Only mono-sized particles are considered having a mean diameter for the size
range used. The effect of the addition of small amounts of very large particles
that may increase erosion rates cannot be accounted for yet,

2. Sphericity may not truly represent angularity effects. The hypothesis that it can
should be tested for particles of different shapes. Nevertheless, sphericity is
used as a first approximation to characterize particle angularity in this study.

3. The reader/user must keep in mind that the input parameters are not truly
independent. For example, when the particle size changes, the minimum
fluidizing velocity, Umf, changes and, thus, the quantities (U/Umf) or (U-Umf)
would change.

4. No chemical effects have been considered.

5. Only a limited number of model calculations have been used to check the
validity of the simplified mechanistic model, the correlation, and the empirical
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effects since the detailed computations are time-consuming and expensive. An
analytical sensitivity study using the FWDC experiment described in Sec. 5 is
under way.



16

References

3.1 Martin, H., Fluid-Bed Heat Exchangers -A New Model for Particle Convective Energy
Tran,qer, Report No. 80-HT-60, ASME/AICLE National Heat-Transfer Conference, Orlando,
Florida, July 27-30 (1980).

3.2 Staub, F.W., Solids Circulation in Turbulent Fluidized Beds and Heat Transfer to Immersed
Tube Banks, ASME Journal of Heat Transfer, 101(3):301 (August 1979).

3.3 Soo, S.L., A Note on Moving Dust Particles, Powder Technology, 17:259-263 (1977).

3.4 Wood, R.T., and D.A. Woodford, Tube Erosion in Fluidized Beds, General Electric Co.
Report 11/ET-FUC79, U.S. Energy Research and Development Administration Report 81-12
(December 1980).

3.5 Gansley, R.R., and T.J. O'Brien, A Model for Bubble-Induced Erosion in Fluidized-Bed
Combustors and Comparison with Experiment, Wear, 137:107-127 (1990).

3.6 Lyczkowski, R.W., J.X. Bouillard, D. Gidaspow, and G.F. Berry, Computer Modeling of
Erosion in Fluidized Beds, Argonne National Laboratory Report ANL/ESD/TM- 1, Argonne,
IL, July 1986 (January 1990).

3.7 Parkinson, M.J., A.W. Jury, B.A. Napier, T.J. Kempton, and J.C. Holder, Cold Model
Erosion Studies in Support of Pressurized Fluidized Bed Combustion, Electric Power
Research Institute Draft Final Report for Project 1337-2 (April 1986).

3.8 Bouillard, J.X., R.W. Lyczkowski, S. Folga, D. Gidaspow, and G.F. Berry,
Hydrodynamics of Erosion of Heat Exchanger Tubes in Fluidized-Bed Combustors, Canadian
Journal of Chemical Engineering, 67:218-229 (April 1989).

3.9 Bouillard, J.X., and R.W. Lyczkowski, On the Erosion of Heat Exchanger Tube Banks in
Fluidized-Bed Combustors, Powder Technology, 68:37-51 (1991 ).

3.10 Lyczkowski, R.W., S. Folga, S.L. Chang, J.X. Bouillard, C.S. Wang, G.F. Berry, and D.
Gidaspow, State-of-the-Art Computation of Dynamics and Erosion in Fluidized Bed Tube
Banks, Proceedings of the 10th (1989) International Conference on Fluidized Bed
Combustion, A.M. Manaker, ed., Vol. 1, pp. 465-478, American Society of Mechanical
Engineers, New York (1989).

3.11 Lyczkowski, R.W., and J.X. Bouillard, State-of-the-Art Review and Status of Erosion
Modeling in FluidSolids Systems, Proceedings Corrosion-Erosion-Wear of Materials at
Elevated Temperatures, Berkeley, CA, January 31-February 2, 1990, A.V. Levy, ed., pp.
27-1 to 27-66, National Association of Corrosion Engineers, Houston, TX (June 1991).

3.12 Yates, J.G., On the Erosion of Metal Tubes in Fluidized Beds, Chem. Eng. Sci., 42:379-380
(1987).

3.13 Levy, E.K., and J.W. Stallings, Tube Erosion in Bubbling Fluidized Beds, 1lth Conference
on Fluidized Bed Combustion, E.J. Anthony, ed., Vol. 3, pp. 1139-1144, American Society
of Mechanical Engineers, NY (1991).



17

3.14 Gansley, R.R., and T.J. O'Brien, A Model for Bubble Induced Erosion of Fluidized-Bed
Heat Transfer Tubes, Wear, 137:107-127 (1990).

3.15 Zhu, Jingxu, Tube Erosion in Fluidized Beds, Ph.D Thesis, Department of Chemical
Engineering, The University of British Columbia (May 1988).

3.16 Zhu, J., C.J. Liu, J.R. Grace, and J.A. Lund, Tube Wear in Gas Fluidized Beds - I!. Low-
Velocity Impact Erosion and Semi-Empirical Model for Bubbling and Slugging Fluidized
Beds, Chem. Eng. Sci., 46(4):1151-1156 (1991).



18

4 Operating Parameters

Operating parameters (such as fluidizing velocity, particle size and size distribution, panicle
shape, and panicle hardness) have been studied extensively in order to determine their effect on
in-bed tube wear. In this section, information that is available in the literature on the effect of each
parameter on erosion is compared with model predictions in order to determine the accuracy of
prediction, particularly the prediction of the correct trends. The sensitivity of the model to changes
m each parameter is assessed by predicting erosion at the limits of the range of realistic values of
the specific parameter and, where possible, comparing predictions with data. The envelope within
which bubbling beds operate is described below. A similar discussion concerning the mechanical
design envelope for bubbling beds is found in the beginning of Sec. 5.

Three types of bubbling beds define the operating envelope for the sensitivity studies;
namely, "conventional" AFBCs, such as the 20 MWe and 160 MWe units at TVA; a pressurized
FBC, such as the Tidd demonstration plant; and the external bubbling bed heat exchanger in some
circulating fluidized beds (CFB).

Velocity Range

The low-end of the velocity range is typified by the external CFB heat exchanger. The cold
model experiment at FWDC simulating such a design specifies a velocity of 0.6 ft/s in one half of
the fluidized bed, The high-end of the velocity range, around 8 ft/s, is defined by "conventional"
AFBCs, such as at TVA.

Particle Diameter ,,Range

The low end of particle size range is defined by the CFB external heat exchanger -
150-2(X) ram. The high end is defined by the 3200-_tm (l/8-in.) feed size typical of AFBC and
PFBC bubbling beds.

Particle Shape Range

Particle shape is frequently discussed as a significant parameter in tube wear. It is
conjectured that angular or sharp particles cause more wear than rounded particles. In this work,
the particle shape is defined by the parameter sphericity as first defined by Wadell (see Sec. 4.3),
which ranges from a value of 1 for spherical particles to approximately 0.8 for particles typically
found in fluidized beds.

Particle Hardness Re_nee

The particle hardness ranges from relatively soft limestone to the harder alumino-silicates,
quartz, and pyrite found in coal ash. The hardness of the limestones used by Air Products in the
Stockton CFB unit was determined to be about 160 HV (kg/mm2), while the silicon-rich particles
had hardness numbers up to 2040 HV,(4.1)

Primary Experiment $our,ce_ of,, Erosion Data

Five significant literature sources ;ire referred to frequently in Sees. 4 and 5. of this
document. The first two describe a very comprehensive experimental study of metal wastage by
Zhu et al. in a cold, three-dimensional fluidized bed having a rectangular cross section of

203 x 216 mm.(4.2,4.3) Figure 4.1, reproduced from Ref. 4.2, uses a multi-axis representation
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to succinctly and graphically summarize the parameters that were varied in these erosion studies.
In addition to experiments in a fluidized bed, drop-tube erosion experiments were also perfomaed.
The third literature source is a reanalysis of some of the Parkinson et al.(4.4) data by
Wheeldon.(4.5) The fourth and fifth literature sources are that of Nieh et al.(4.6) and l.,ee,(4.7)
which describe a systematic study of the effect of tube bundle height and configuration (triangular
versus in-line) on erosion and that attempt to correlate erosion rates with particle impaction
frequency.

In the early sections of this document, the discussions are probably longer than desired by
the reader; however, they provide background for subsequent sections that refer to the same
experiments.
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Center point:
32 mm single tube, 308 mm above the distributor,
Tube hardnes= 98 -- 276 kg/mm t, LO mm Mllca

sand and exces= air veloclty of 1.31 m/s

FIGURE4,1 Multi-Axes Designof Zhu's Room Temperature Three-Dimensional Bed Experiment,,;(4,2)
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4.1 Fluldlzlng Velocity

4.1.1 Discussion

Because the gas fluidizing velocity is under direct control of the experimenter or field
operator and is the easiest operating parameter to change, its effect on erosion has been studied far
more than any other. Varying any other parameter, especially the design parameters, such as bed
geometry, requires dismantling, modifying, and reassembling the fluidized bed, Furthermore, the
fluidizing velocity appears to be the variable with the greatest effect on erosion.

The dependency of metal wastage on fluidizing velocity can be expressed in several ways.
One could plot the local erosion at a point, the average erosion for a single tube, or the average
erosion for an entire tube bundle versus the fluidizing velocity, U, the ratio of the fluidizing
velocity to the minimum fluidization velocity, U/'l.Jmf,the difference between the two, (U-Umr), or
a derived parameter (such as the bed porosity). Additional expressions include U/UT, where UT is
the terminal velocity, or the fluidization index given by

FI = ln(U/Umf)/ln(UT/Umf), (4.1.1)

which varies from 0 for a bed at minimum fluidization to 1.0 for complete particle entrainment
when U = UT.

4.1.1.1 Parkinson et al. Experiments

Parkinson et al.(4.1.1.,4.1.2) studied erosion in a cold, scaled atmospheric fluidized bed.

The bed for Tasks I and III of their study was 0.3 x 0.3 m in cross section and contained 17
PVC tubes (33 mm o.d.) in the IEA Grirnethorpe tube bank "el" configuratic_n, with a vertical
pitch of 80 mm (2.4 tube diameters) and a horizonval pitch of 89 mm (2,7 tube diameters) by
eight rows high. The air distributor had 16 standpipes on a 75-ram 2 pitch. E_tch standpipe had
20 round holes, 10 of which were 3.2 mm in diameter and 10 of which were 4 mm in diameter

for a total open area of 2.()6 cm 2. Fluidizing velocities ranged from 0.3 to 4.8 m/s for bed
material consisting of ().4-mm- to 1.3-ram-diameter silica sand. The run durations were 48 h for
the 0.7-, 1.0-, and 1.3-mm-diameter particles and 200 h for the 0.4-mn_-diameter particles. The
ratio, U/Umf, varied from 2.6 to 10.1, and the excess gas velocity, U-Umr, varied from 0.18 to
4.29 m/s.

The Parkinson et al.(4.1.2) average mass loss data are shown in lzigs. 4.1.1 through 4.1.4

plotted versus U, U/Umf, U-Umf, and porosity, c, respectively. Note that 1 g of loss per tut_ for
the 0.7-, 1.0-, and 1.3-mm-diameter particles corresponds to approximately 0.56 mm/l(XX) h and
0,13 mm/l(X)O h for the 0.4-mm-diameter panicles, respectively. The 0.4-ram-particle data were
not included in Ref. 4.1.1. We have drawn dashed lines through the data in Fig. 4.1.3 tbr the
four different particle sizes. The particle size dependency will be discussed in Sec. 4.2.

The total mass loss data of Parkinson et al.(4.1,2) are shown to the left of Fig. 4.1.4
plotted versus the bed lx_rosity (not reported for the 0.4-mm-dian_eter particles). Although the data
are scattered, smooth dashed curves have been drawn through the data for each particle size.
These smooth curves more clearly show that maxima in the erosion rates exist and that they cx:cur
at porosities around 0.6. The solid curve is a normalized modification of a relationship developed
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by General Electric. This normaliza|ion and derivation of tt_e rehitionship is described by
Parkinson et al, (4,1,2)

The erosion rates predicted fiom the I:_R()SI()N compute_ _t)rogram for ().S-ram.diameter
particles using the fllil MED erosion mc_el are shown to the right of l;ig. 4.1.4 for altlminunl tu_
material, Details of the calculations are presented in Rcfs. 4, l 3 and 4,1.4. The dashed curve is a

plot of the predicted erosion rates versus time-averagcc! bed poro_i!ies esti_nated from predicted
expanded bed heights. The solid curve used the time-averaged porosities in the vicinity of the
tubes. These computations also suggest that a maximum exists in tile erosion rates around a
porosity of 0.6; however, furlt_er calculations need to be performed.

The simplified MED erosion model predicts a maxitnum erosion rate to exist at

_gd
r= ...................... (4,1.2)

(I+

With t'gd =. cmi = 0.4, the maximum erosion rale {_ct'tlrs Itl t, = 0.57. The en_sion rates
predicted by ttle full MFI) erosion tmntel shown to the right t_t Fig. 4.1.4 arc in re_lsonable
agreement with the rates if,me multiplies the cr_sion rate by a factor _I'6, which ix roughly the

ratio of the hartt_less of altlmint, trn tt, PV(?.(4.1 ,_) ArJ er(,sion rate of 0.5 retail()()()h predicted
near the probable tnaxitnurn for ,lltmlintl|n corrc sl_<mtls to atq_r<_ximately "_,t)mm/lO_X) h for Pk, C
ttlb¢_material, while the data lie in the range of 2.52 tt_ 2.8 retail(l(}() h.

The maxitnttln erosion rates measured anywhere by Pxrkinstm et _ll.(4.1.I)are compared
with the predictions in Figs. 4.1.5 and 4.1.h. As c_lll be sccll in lhe figures, tl_is time a ma:,_ilnurrl
d(_s not t_ccur, at least twer the range of Iluidizing veltwitics covered, lx_gically, there should be a
maximutn in the erosion rate because tl_c bed is bcc_>n_io}gtliluh,. As lhc bctl empties itself of
material at ,,'cry high l,l/I_Imf, the erosion rate shtmld aPl_rt_ach zcrt_, si_t'c the so,lids h_ading :_iso

approaches zero, as tcinfomlcd by t:q. (3.5) (t' --+ 1) l't_r this xi_plit'icd Mlil) croxitm n]ottcl. A
slightly more general version of the simplified MI-I) on,sirra _nt_lcl given by l_tl. 3.1 does a
reasonable job of corrcl_lting the data us ir_dicatcd by the x_lid linc.s marked "tl_cory. ''(4' 1.3)

l:igurc 4.1.7 shows a plt_t _t" the prt'dictcd cn,xion rates R,r tl_rec dif'ICrcnt erosion

tmxlcls(4.1.4) ;isa functitm _ff t1/tlm I. At higher flt_idizing vchwiticx, the rate levelx _t'f. 'l't_e shape

of the curve is remarkably similar to the i_;.trkinson ct al. (.'1.I.,'?.!d;.lta show|l in Fig. 4.1.2 l'_n'
().4-ram- to l,()-illlll-dialllClCf Ix_rticles. l:or n_ore drt_lils of the calctli:ltitmx, refer to l,yczkowski
el al.(4.14)

Wood amt Woodt'_wd 1'1.1,5)did not observe a fluidizing vehwity dependence because they
estimated that they were well into wi_at ix h_xclv termed tt_c "turtmlcnt" Iluidization regime. Most
of their data were in a range of porosities ((l.9 >i." > ().7) where the crositm rate ix a maximum (as
shown in l:ig, 4.1.6) and not changing rapidly.

l_;_rkinson ct 11.1.(4.1, 1,4,1.2) developed etnpirical cxprcsxi_.,; to dcscribc their tl_ta. The

first one relates the average wcigl_t Ios,_, AW, to the ll¢_ktizi_g v¢l_.'ity, l.l, as:

AW = 1.20 tJ - (I.91 (,I 1.31

_,,hcre
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AW - mass loss, g, and
U = fluidizing velocity, m/s.

This curve is shown in Fig. 4.1,1 compared with the data, The data for the 0,7-ram particles
indicate a decrease In erosion rate with increasing fluidizing velocity, U, above 2 m/s anddeparts
from the curve fit. A threshold velocity of about 0.7 m/s is suggested, The minimum fiuidizing
velocities vary from 0.13 to 0,73 m/s,

The average mass loss data were correlated with Ufl_Jmfand panicle diameter as:

AW = 0,66 (dp)l.5(U/Umf - 1.3) (4,1,4)

where

AW = mass loss, g;

i_ = particle diameter, ram;= fluidizing velocity, m/s; and
Umf = minimum fluidization velocity, nVs,

See Sec. 4,2, l for an expanded discussion and Figure 4,2.4,

The total mass loss was correlated with the excess fluidizing velocity, (U-Umf), as:

AW = 1.38 (U-Umf) - 0.35 (4.1.5)

where

AW = mass loss, g;
U = fluidization velocity, m/s; and
Umf = minimum fluidization velocity, tWs.

This curve is plotted in Fig. 4.1.3 and compared with the data, Clearly, this curve only
approximately fits the 1.0- to 1.3-mm-diameter particle data.

Wheeldon(4.t.6) reanalyzed some of the Parkinson et al.(4.1.2) PVC tube erosion data with
a different approach using local metal thickness losses. The data were correlated using the excess
fluidizing velocity (U-Umf). Tile data are shown in Figs. 4,1.8 and 4.i.9 for tube 2 at three
different locations: 180, 90/270, and 145/215 ° as measured clockwise from the top center of the
tube, The ()o location showed no clear trend. The time interval for the measurements was 48 h
(I(X) microns/48 h = 2.1 ram/1000 h).

The curve fits developed to correlate the metal thickness loss, dL, are:

_180° location

dL = 35.2 (U-Umr)2 (4.1,6)

90/270° .....!o_.catLons

dL = 17.0 (U-Umf) (4.1.7)
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i_45/215 ° locations

dL: 60.0 (U-UmO1.5 (4.1.8)

In Eqs, 4,1.6 through 4.1.8,

dL = material loss, microns;
U -- fluidization velocity, nVs; and
Umf = minmmm fluidization velocity, nVs,

The curve, fits given by Eqs, 4,1,6.4,1.8 are plotted in Fig, 4.1,8 and at the top of Fig. 4, 1.9,
together with the data.

Tile dependency of the PVC thickness loss, dL, at the 145/215 ° locations on the 1,5 power
of the excess velocity su,ggested that the wastage might be due to a combined erosive (square) and
abrasive (linear) mechanism. The data were refit as:

dL= 24.0 (U-Umf) 2 + 36.1 (U-Umf). (4.1,9)

The units are the same as those for Eqs, 4.1.6-4.1.8. The curve fit given by Eq. 4.1.9 is as good
as Eq, 4.1,8, as shown in the bottom and top of Fig. 4.1.9, respectively,

All of tt!e curve fits given by Eqs. 4.1.3 through 4.1.9 appear to disregard clear
experimental indications of maxima and leveling off of the erosion rates, as shown in Figs. 4.1.2,
4.1.3, 4.1.4 (left), 4.1.9, and 4.l,lO, and as predicted by the simplified MED erosion model.
These trends are indicated by the dashed lines roughly drawn through the data in Figures 4.1.3,
4.1.4 (left), 4,1.9, and 4.l.10.

4.1.1.2 Lee's Experiment

Lee(4,1.7) studied the effect of fluidizing velocity and distance to the distributor in a cold
model consisting of a single 17-ram-diameter wax cylinder mounted in the center of a 21 x 2 l-cm
(cross section) fluidized bed containing 0.55-ram glass beads. The tube was placed at 3 and 5 cm
(1.76 and 2.94 tube diameters) above the perforated plate distributor with 1,025 orifice holes, each
with a diameter of 0.8 mm in a triangular pattern. The n'dtlinaum fluidization velocity was
determined to be 19 cm/s. The slumped bed height was fixed at 12.5 cm. The length of each test
run was four hours. Results of specific weight loss are plotted versus the excess air velocity (U-
Umf) in Figure 4,1.8. Note that significant erosion occurred above a fluidizing velocity, U, of 26
cm/s. The threshold velocity of 26 cm/s was found to be close to the bubbling velocity (slightly
above the minimum fitxidization velocity) of the test particles,

Lee curve fit his data to an expression of the form

_-_- - (Ate) = C(U.Umfyn (4.1.10)A 2

where

A_W_Aand (A_A_I,,i= specific weight loss above and at U = 26 cnVs, respectively, mg/cm2;
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U = fluidizing vehx:ity, cnVs; and

Umf = tninimum fluMization veltx:ity, cm/s.

The curve fits to Eq. 4.1.10 are compared with data in Figure 4.1,10. An erosion rate can be

obtained by dividing _W over the four-hour test run by the target density of 0.91 g/cm 3
(I mg/cm 2 = 2.74 mnv'lO(X)h). Cx'_mpanson'with the Parkinson et al. PVC data at comparable
fluidizing velocity and panicle diameter from Figure 4,1.3 suggests that wax erodes al'x3ut20 times
faster than PVC. l.ee claimed that his results were reprcvducibie and consistent within an accuracy
of 15%. Similar results were Rmnd at circumferential locations around the tube, with the
maximum erosion occurring at the bottorn section, btlt 11ocurve fits were given, The effect of
height above the distributor will be disctlssed in Sec, 5.1,1.

4.1.1.3 Zhu et al. Experiment

Zhu et al, (4.1'8,4.1.9)comlucted erosion experiments in a cold 11uidized bed having a cross

section of 203 x 216 ram. A single 32-ram tut_ was located 308 mm ab_we a perforated plate
consisting of 182 3-ram Imles spaced 15 mm apart. Using l.O-mm-particle-diameter silica sand,
the superficial velocity, U, was varied from 088 to 2.51 m/s. The minimum fluidization velocity,
Umf, wus 0.55 m/s. Therefore, the excess velocity (tl-Umi) varied from 0.33 to 1.96 m/s and
U/Umf varied from 1.6 to 4.6.

The results are shown in Fig. 4. !. I I. Clearly, tile crosion rate for each of the materials
increases with fluidization velocity. The superficial velocity, U, was converted to a slug or void
rise velocity, {Is, using stan&lrd formulae.( 4,1.8,4.1._) The data ;ire replotted in Fig. 4. I. 12. The
slug and SUlXrrficialvelocities are nearly identical.

The erosion data silown in Fig 4.1.12 were curve tit using the expression:

I'_- C {Us)" (4. I. 11)

where

g = erosion rate, iLlm/l(}()h,and
Us = slug or wild velocity, m/s.

Table 4.1.1 lists tile consliillls, Ii and C, detemlined lrc)m least StlUures fits for tile various
materials, along with the correlation coefficients for Eq. 4.1.11. The curve fits are plotted in
Fig. ,1.1.12. The average value of the slug velocity exponent, n, was found to be 2.1, close to
that obtained Dr their drop-tutx, erosi¢m data. (4.18)

4.1.2 Recommended Design Guidelines and Procedures

a, design guideline of a qualitative nature generally known in the tluidizati_m community is
to k_..epthe lquidizing velocity below 2 nl/s. (4.1.11)) l:igtttc 4.1,13 shrews, for tile seven shallow

tube banks studied by Ellis and Armitage,(4,1.111) how the maximum wear rate reduced to
acceptable levels at t'luidizing velocities below 2.() m/s. In c(_lt]n_c_dcltests('l. I. II ), increasing the
fltlidizing velocity from 1,5 m/s to 2.5 mls caused a three-foM increase in tube wear. The data of
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Parkinson et al.(4,1.2) corroborated this finding. Figure 4.i.6 shows that reducing the bed
porosity from 0.75 (U~3 m/s, U/Umf'-'4) to 0,50 (U,-,1 m/s, U/Urnf-.'2) reduces the maximum
metal wastage by almost an order of magnitude. However, Fig 4.1.4 (left) shows that the bed-
average erosion rate goes through a maximum (-.3 ram/1000 h) upon decreasing the bed porosity
from 0.75 to 0.55, changing by a factor of 5 on either side of the maximum.

At values of U/Umf less than 2, an erosion threshold may exist. Figure 4.1.10 shows that
erosion ceases at about U/Umf = 1.5 (Umf = 19 cm/s) where the erosion decreases over an order of

magnitude to.essentially zero, Dorr Oliver, as reported by Stringer,(4.1.12) defines 1.8 m/s as the
critical fluidlzing velocity below which there t's essentially no metal wastage. The data of
Parkinson et al. shown in Fig, 4.1.1 suggest a value of 0.8 m/s (U/Umf ~ 1.5 in Fig. 4.1.2).

Brains and Michner(4.1.13) recommended that good operating practice should be observed.
In particular, the fluidlzing velocity should be kept below 2.5 m/s and preferably below 2 m/s.
The fluidizing velocity is the stngle most important parameter in its effect on wear rates,

The in-kind data reports received from the British Coal Corporation Coal Research
Establishment addressing the dependence of erosion rates upon fluidization velocity corroborated
previous findings, When the fluidizing velocity, U, was reduced from 0.8 to 0.6 m/s and the
mean particle size of the bed material, dp, from 0.75 to 0.4 mm, a large reduction (--60%) in the
tube loss was recorded.(4.1.14) For these conditions the highest tube loss was about the same as
that measured for the tubes in the lowest rows of the 'D' bank when U was 0.8 m/s and
dp = 0.75 ram. It was felt that further tests were needed to ascertain whether the large decrease
in tube wear is caused principally by the reduction in fluidizing velocity or in mean particle size.
Localized wastage of tubes should also be studied in greater detail.

These tests were performed later for Test Series 1, and it was found that for a fixed bed
material and particle size, the measured tube wastage rates were directly proportional to
(U-Umf).(4.1.15) Still later tests(4.1.16)for test series A2 gave further confirmation that tube wear
for a given mean ptu'ticle size of bed material is directly proportional to (U-Umf).

Design guideline procedures are now given in the fonn of step-by-step examples.

Example 1: Assessment of Erosion Rates Based Upon Computed Bed
Hydrodynamics

Equation 3.4 may be used to quickly assess the effect of fluidizing velocity on the metal
wastage for a given particle size. In this first example, we will use "experimental" data obtained
from the CRE few tube simulations using the FLUFIX computer program.(4.1.3) The "data" used
will be the expanded bed height, a parameter fairly easy to measure in the field from wall static
pressure probes.

Column 3 in Table 4,1.2 lists the time-averaged expanded fluidized bed height as a
function of U/Umf and U.

Step 1: Compute Minimum Fluidlzatlon Porosity

Measure or estimate the porosity at minimum fluidization, emf. Lacking any data, the

following expression may be used to estimate I_mf:(4,1.17)



28

Emf-..{14_s)-1/3 (4.1,12)

where_)sisthesphericity(seeSec.4.3),Usingasphericityof1,0,Eq.4.1.2yieldsE:mr= 0,41.

Step 2: Compute the Average Bed Porosity

Obtain the fluidized bed porosity as a function of expanded bed height, H, from the
following solids overall mass conservation equation:

e = 1 - Hmf I_smf/l"l (4.1,13)

where esmf is the solids porosity at minimum fluidization and Hmf is bed height at minimum
fluidization.

Step 3: Evaluate Eq. 3.4 with the following parameters: 25'C,
1.01 k Pa

I.tg = 1.82 × 10-5 Pa.s;

pg = 1.83 kg/m3;
Esp = 294 MPa;
dp = 0,05cm;
xd = 55mm;
e2 = 0.9; and

egtl =0.4.

horizontEs°alcorresponds to the hardness of pure aluminum (30 kgf/mln2), Xd is the nlinimum !spacing between tubes (89 mm- 33.7 mm- 55.3 ram) for Grimethorpe tube
bank "C1"(4.1.2), and e2 is the square of coefficient of restitution.(4.1.3) The results of the
calculations are listed in Table 4,1.2 and are plotted in Fig. 4.1.14, where they are compared with
the full MED erosion model results. As can be seen, the agreement is excellent. Also shown is the
sensitivity of the results to a three-fold increase in the apparent hardness of aluminum due to
surface oxidation. Also plotted are roughly renormalized erosion data for aluminun_ and aluminum
alloy (90 kgf/mm2). In spite of the diverse sources of the data, the agreement with the simplified
MED erosion model is remarkable, The simplified MED erosion model takes a few minutes to
compute on a pocket calculator instead of a month on a mainframe computer using the FI,UFIX
and EROSION computer programs.

Example 2 Extrapolation of Erosion Rates from Experimental Data

The erosion rate dependency on U/Umf may be detemlined another way - by renomlalizing

the simplified MED erosion model to calculate 1_,,from an experimental erosion rate. In this
example, the experimental erosion rate at Ll/Umf = 1.12 is 0.18 ram/1000 h as shown in

Fig. 4,1.15. The values of l_Et)C'r:for values of U/Umf greater ttlan 1.12 are determined from

Table 4.1.2 by ratioing the experimental value of 1_o (0.18/0.075 mm/10(X) h) by the calculated

values of I_EDCF_o. For example, the erosion rate at U/Umf = 1.7 is 0.18 x (0.203/0.075) =
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0.48 mm/lO00 h; similarly, those at U/Umf = 2.3 and 2.7 are 0.65 and 0.71 mm/1000 h,
respectively. The results are plotted in Fig 4.1.15.

An alternative is to renorm_ize ,atthe maximum erosion rate so that l_.dEmax= 1. Then all of
the other values are obtained by ratios.

Example 3: Estimate Bed Expansion Given Fluidizing Velocity and
Bubble Diameter

In this example, the bed expansion is determined from the two-phase theory of
fluidization(4.1.18) via

H-Hrnf _ U-Umf (4.1.14)
Hmf Ub

where Ub, the bubble rise velocity, is given by a correlation. For example,

Ub - 0.71 {deg )1/2(4'1'18) where de is the equivalent sphere bubble diameter (see Sec. 6, Eq. 6.3).

One can also use the Babu et al. correlation.(4.1.19) A particularly easy way to obtain the bed
expansion is fYom Ho and Park's menu driven floppy disk program called FBCAD, which
contains these formulas, as well as others.(4.1.20)

Example 4: Estimate Tube Lifetime

Estimate the lifetime of a 32-ram carbon steel tube (CS1020) subjected to a fluidizing

velocity of 2 m/s for 10(X)-lam sand particles using Eq. 4.1.11 and Table 4.1.1, of Zhu, et al.
Zhu's curve fit given by Eq. 4.1.11 with the values given in Table 4.1.1 is somewhat simpler to
use than the simplified MED erosion model. It can also be used to renormalize data and predict the
trends.

E = 0.59(2) 2.14 = 2.6 lain/100 h
= 0.026 mm/l(X_0 h

= 0.23 mm/yr

Assuming a 50% safety factor, for a 4.5-ram tube Parkinson et al.(4.1.2) wall thickness, the tube
life would be

4.5 x 0.5
= 9.78 yr.

t3.23

This may represent the upper bound since Zhu et al.(4.I.8,4.1,9) found a 6{)%.reduction in erosion

for a tube array versus a single tube and Lee (4.1.6) found an order of magnitude decrease.

The maximum wear for PVC tubes in the Grimethorpe "CI" tube bank cold model
e',:periment may be used to compare with the above estimate, assuming that PVC is approximately
140 times more erosion prone than carbon steel. Use Fig. 4.1.5 with U/Umf = 2/0.56 = 3.57 to

obtain Ii_ = 3 mnv'l(XX) h for PVC tubes. Then the erosion rate for carbon steel tubes is given by

I_ = 3/140 = ().()21 mm/I(XX) h or about the same estimated lifetime.
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Example 5: Rework Example 4 Using the Simplified MED Erosion Model

If we assume the 32-ram carbon steel tubes (CS 1020) are in a bundle of vertical pitch of
about 4-tube diameters (13 cm), one can estimate the erosion rate 1_from the simplified MED

erosion model using Eqs. 3.2, 3.4, and 3.5. 1_ois given by

7.5 pg gxd
1_o=(1 -e2)x

(_sdp) Esp

or, with _s = 1,

1_o= 0.1 x 75 × 1.8 10.5 x 9.8 x 0.13 = 4.3 × 10.9 m/s

10.3 x(40x 106)

for plastic tubes of 40 MPa hardness, or

1_o= 15.5 mm/1000 h.

The erosion rate is given by Eq. 3.4, or

1_= 1_of(e) (1 + 0.0116 Re)

where

(1- e)(E- egd)f(e)=
E 2

Let us estimate the bed porosity from the bed expansion. The Babu et al. expression for the bed
expansion is given by(4.1.19)

1.95 (U- Umf) 0"74 dp pp°"38
H = 1 + (cgsunits)
Hmf Umf0.937 pg0.123

where Umf can be estimated from Figure B. 1 (about 70 cm/s). The bed expansion becomes

H_H_=1+ 1.95 (200- 70)°.74 0.1 (2.4)°-38 = 1.42.

Hmf (70) 0"94 (1.2 × 10"3) 0'123

The bed porosity is given by Eq. 4.1.13, that is

e=l 1 0.6=0.58.
1.42

The function f(c) Eq. 3.5 yields

...................................................................................... : ...... • ..................... _., ......... _._ ............... _._._ _,._
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f(0.58) = (1 - 0.58}(0.58- 0.4) = 0.22.
0.582

The Reynolds number is given by Re -_spgdpU, which yields

1.2 × 10-3×2
Re= = 133.

1,8 x 10.5

The estimated erosion rate for plastic tubes finally is

I_= 15.5 × 0.22 x(I +0.0116 × 133)= 8.7 ram/1000 h,

and the erosion rate for carbon steel tubes = i/140 x 8.7 ram/1000 h = 0.06 ram/1000 h. Note that
Eqs. 3.2, 3.4, and 3.5 tend to overpredict erosion rates when compared with those plotted in
Figures 4.1.5 and 4.1.6 (8.7 vs. -,-4 mm/lO00 h). The reason for this phenomenon is that the
curves generated by Bouillard et al, used a drag function 13,which is about E:times greater than that
assumed in Eqs. 3.2, 3.4, and 3.5 (.--0.5-0.6). When rescaled, the erosion rate, 1_, becomes

1_= 8.7 × 0.58 = 5 ram/1000 h for PVC tubes and 1_= 5/140 = 0.036 ram/1000 h for carbon steel,
or 0.31 ram/yr. These erosion rates are of the same order as those recorded at Grimethorpe. An
estimated lifetime (assuming 50% safety factor for the tubes) would be about 7.2 years.



32

References

4.1.1 Parkinson, M.J., B.A. Napier, A.W. Jury, and T.J. Kempton, Cold Model Studies of
PFBC Tube Erosion, Proceedings of the 8th International Conference on Fluidized-Bed
Combustion, Vol. II, pp. 730-738, National Technical Information Service, DOE/METC-
85/6021, Springfield, Va. (1985).

4.1.2 Parkinson, M.J., A.W. Jury, B.A. Napier, T.J. Kempton, and J.C. Holder, Cold Model
Erosion Studies in Support of Pressurized Fluidized Bed Combustion, Electric Power
Research Institute Draft Final Report for Project 1337-2 (April 1986).

4.1.3 Bouillard, J.X., and R.W. Lyczkowski, On the Erosion of Heat Exchanger Tube Banks
in Fluidized Bed Combustors, Powder Technology, 68:37-51 (1991).

4.1.4 Lyczkowski, R.W., J.X. Bouillard, S.L. Chang, and G.F. Berry, Modeling of
Hydrodynamics and Erosion in Bubbling and Circulating Fluidized Beds, in Proceedings:
Workshop on Materials Issues in Circulating Fluidized-Bed Combustors, pp. 5-1 to 5-42.
Electric Power Research Institute Report GS-6746 (Feb. 1990).

4.1.5 Wood, R.T., and Woodford, Tube Erosion in Fluidized-Beds, ERDA Report 81-12
911/ET-FUC/79), prepared for New York State Energy Research and Development
Authority by General Electric Co., Schenectady, N.Y. (Dec. 1980).

4.1.6 Wheeldon, J.M., A Re-evaluation of Tube Wastage Data Collected from a Bubbling
Fluidised Bed Cold Model, Proceedings Corrosion-Erosion-Wear of Materials at Elevated
Temperatures, Berkeley, Calif., Jan. 31-Feb. 2, 1990, A.V. Levy, ed., pp. 41-1 to 41-
13, National Association of Corrosion Engineers, Houston, Texas (1991).

4.1.7 Lee, S.W., Analysis and Modeling of In-Bed Tube Erosion in a Gaseous Fluidized Bed,
Doctoral Dissertation, The Catholic University of America, Washington, D.C. (Feb.
1989).

4.1.8 Zhu, Jingxu, Tube Erosion in Fluidized Bed3, Ph.D. Thesis, Department of Chemical
Engineering, The University of British Columbia (May 1988).

4.1.9 Zhu, J., J.R. Grace, and C.J. Lira, Tube Wear in Gas Fluidized Beds--l. Experimental
Findings, Chemical Engineering Science, 45(4): 1003-1015 (1990).

4.1.10 Ellis, F., and C. Armitage, Combating Metal Wastage in Fluidized Bed Combustors, 1988
Seminar on Fluidized Bed Combustion Technology for Utility Applications, Volume 1:
Atmospheric Fluidized Bed Combustion, Electric Power Research Institute (May 1988).

4.1.11 Brain, S.A., and E.A. Rogers, Experience of Erosion of Metal Surfaces in U.K. Fluid
Bed Boilers, Int. Specialist Meeting on Solid Fuel Utilisation, Comb. Inst. Lisbon (July
1987).

4.1.12 Stringer, J., Current Information on Metal Wastage in Fluidized Bed Combustors,
Proceedings of the 9th International Conference on Fluidized Bed Combustion, J.P.
Mustonen, ed., Vol. 2, pp. 685-6967, American Society of Mechanical Engineers,
New York (1987).



33

4.1.13 Brain, S.A. and A. Michner, Minimization of Wastage in Bubbling Atmospheric Fluidized
Bed Boilers, Proceedings on Corrosion-Erosion-Wear of Materials at Elevated
Temperatures, Berkeley, CA, Jan 31-Feb. 2, 1990, A.V. Levy, ed., pp. 40.1 to 40.16,
National Association of Corrosion Engineers, ttouston, TX (1991).

4.1.14 British Coal Corporation, Coal Research Establishment, Cold Model Studies of Tube
Wear in Support of PFBC, (December 1985-February 1986), PFBC/MOA/IX), Stoke
Orchard, Cheltenham, U.K. (April 9, 1987).

4.1.15 Parkinson, M.J., A.W. jury, B.A. Napier, N.C. Moon, and C.M. Barrety, Cold Model
Studies on the Effect of Fluidizing Velocity and Mean Particle Size on Tube Wear, Test
Series i, PFBC/MOA/P15, British Coal Corporation, Coal Research Establishment, Stoke
Orchard, Cheltenham, U.K. (June 12, 1987).

4. i. 16 British Coal Corporation, Coal Rese,'u'ch Establishment, Cold Model Studies on the Effect
of Fluidizing Velocity and Mean Particle Size on PFBC Tube Wear, Test Series A2,
PFBC/MOA/P28, Stoke Orchard, Cheheltenham, U,K. (April 21, I988).

4.1.17 Wen, C.Y., and Y.H. Yu, A Generalized Method for Predicting the Minimum
Fluidizations Velocity, AIChE Journal, 12:610 (1966).

4.1.18 Howard, J.R., Fluidization Technology, Adam, Hulger, Bristol, and New York (I989).

4.1.19 Babu, S.P., B. Shah, and A. Talwalkar, Fluidization Correlationsfi_r Coal Gas_ficvation
Materials - Minimum Fluidization Velocity and Fluidized Bed Expansion Ratio, in
Fluidization: Application to Coal Conversion Processes, AIChE Symposium Series,
74(176):176, American Institute of Chemical Engineers, New York (1978).

4.1.20 Ho, T.-C., and S.-C. Park, FBCAD Fluidized Bed Computer Aided Design, Version 1.0.
Available from T.-C. Ho, Department of Chemical Fngineering, Lamar University,
Beaumont, TX 77710 (Decemt_er 1988).

......................... ...... ............ ...................._ ........ ........... _.................._,_,_ _..........._ _ ...... _.... _ _ .......



34

TABLE 4.1.1 Constantsfrom Least Squares
Curve Fitting of Eq. 4.1.11(4.1.8)

Correlation
Material C n Coefficient

Brass 2.96 2.23 0.98
Copper 1,94 2.04 0,99
AI2011 3.02 2.22 0.97
SS304 0.31 1.83 9.95
CS1020 0.59 2.14 0,91

Mean value 2.1

Standard deviation 0.17

Conditions:

Sample size" 26 data pointsfor every material
Particles: 1,0-mmsilica sand
Particlesphericity: 0.89

The units of C = (mm/lO0 h)/[(m/s) n]

TABLE 4.1.2 Metal Wastage Predictions from SimplifiedMED
Erosion Model

. ,__

I_EI)CF

U/Umf U, cm/s H, cm e f(e) Re 15-o

1.0 0.209 44.2 0.40 0 10.5 0
1.12 0.234 46 0.42 0.066 11.7 0.075
1.7 0.355 50 0.47 0.168 17.8 0.203
2.3 0.481 55 0.52 0.213 24.2 0.273
2.7 0.564 59 0.55 0.223 28.4 0.296

Eo = 1.8 mm/1000 h.
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FIGURE 4.1.1 Average Mass Loss per PVC Tube vs. Fluidizing Velocity, U(4.1.2)
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FIGURE 4.1.2 Average Mass Loss per PVC Tube vs. (U/Umf)(4.1.2)
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FIGURE4.1.3 Average Mass Loss per PVC Tube versus (U-Umf)(4-1.2)
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FIGURE4.1.4 Comparisonof Experimental(left)(4.1.7)andComputed(right)ErosionRatesas a
Functionof Bed Porosity
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FIGURE4,1,5 PredictedMaximumRatesversusU/Umf forSeveralParticleSizesExperimentalData
fromParkinsonetal,(4'1'1)
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FIGURE4.1,6 PredictedMaximumErosionRatesversusBedPorosityforSeveralParticleSizes
ExperimentalDatafromParkinsonet al,(4,1,1)
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FIGURE 4.i .12 Erosion Rate versus Calculated Slug Rise Velocity for Single 32-mm-o.d. Tube
Exposed to 1.0mm Silica Sand of Shape Parameter 0.89(4.1.8, 4.1.9)
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4.2 Particle Size

4.2.1 Discussion

The apparent dependency of metal wastage on particle size is a function of how its rate is
plotted as a function of the other independent variables. This is clearly illustrated in Figs. 4.1.1-
4.1.4 for the Parkinson et al.(4.2,1) PVC wear data. The maximum erosion rates indicated in
Figures 4.1.1 and 4.1.4 may indicate a regime transition to "turbulence" as discussed by Zhu
et al.(4.2.2,4.2.3) and Parkinson et al.(4.2.1) Figure 4.1.1 shows that the erosion rate decreases
above a fluidizing velocity of 2 m/s for 0.7-ram panicles and levels off for 1.0-mm panicles.

Figure 4.1.2 shows that when the average erosion rate is plotted versus U/Umf, the particle
size dependency is quite pronounced; the separate curves are clearly distinct for the four sizes of
particles. The same general curve shape is predicted by the full MED erosion model (as shown in
Fig. 4.1.7), and the same general trend is predicted for the other erosion models, including the
simplified MED erosion model, for a given panicle size (as shown in Figures 4.1.5 and 4.1.16).

"Fileeffect of particle size oll erosion wear in fluidized beds was investigated by Wood and
Woodford.(4.2.4) Three size grades of sand were used, 0. I, and 0.93, and 1.9 mm in diameter,
and fluidized with superficial air-flow velocities of 1.9, 3.0, and 4.0 m/s, respectively. The flow

velocities were adjusted to give a constant void fraction, 0.7, in the 0.2 x 0.2-m cross-section
fluidized bed that was operated at room temperature. Erosion-wear losses after I(X) h are
summarized in Table 4.2.1, as taken from Raask.(4.2.5) F'igure 4.2.1 is a plot of the erosion rate
for tile four softest metals (aluminum, copper, nickel, and iron). As can be seen in the figure,
there is a very nearly linear dependency of erosion rates upon p_wticlediameter over the factor of 20
particle size range,

Clearly, the erosion wear of all materials increased with particle size, but, at the same time,
the flow velocity was increased to keep the same bed density (void fraction) in the fluidized zone.
It is therefore not feasible to distinguish the relative effect of particle size from that of superficial
fluidizing velocity on erosion wear. Raask(4-2.5)claimed that the data in Table 4.2.1 could be fit to
an equation of the form:

= (rap)3 (4.2.1)

3
where mp is the particle momentum given by nap = ppVp_dp/6; where pp, Vp, and dp are the
particle density, velocity, and diameter, respectively; and ot is an erosion wear coefficient
(unfortunately, not given).

Cross-plotting the Parkinson et al.(4.2.1) erosion rate from Fig. 4.1.2 at a fixed U/Umf also
shows a nearly linear dependency (as shown in Fig. 4.2.2), which predicts that increasing the
particle size from 500 lam to 2(X)Obtm (a factor oi"four) will increase the erosion rate by a factor of
three. The full MED-erosion model, few-tube approximation of this experiment, predicts this
increase as shown in Fig. 4.2.3 at U/Umr = 1.7, indicating a particle size dependency to the 0.8
power. As shown in Fig. 4.2.4, Eq. 4.1.5 in Sec. 4.1 is a reasonable fit of the data except for

the 4(X)-lamdiameter panicles. This equation states that the wear rate depends upon the 1.5 power
of particle diameter.



47

Figure 4.1.3 shows that when the Parkinson et al. erosion rate data are plotted versus
(UUmf), a particle size dependency persists. The curve fit given by Eq. 4.1.6 ignores this fact. If
all of the excess gas velocity goes into bubble production according to the two-phase theory of
fluidization, one would expect no explicit particle size dependence. The full MED erosion model
results tend to show a higher erosion rate for the larger particles, as shown in Fig. 4.2.5. The
calculations are in the low velocity range where the particle size dependency is less pronounced, as
shown in Fig. 4.1.3. Further calculations should be performed to elucidate this phenomenon.

Figure 4.1.4 shows that to the left of the maximum, the erosion rate decreases with
increasing particle size, while to the right of the maximum, the erosion rate increases with particle
size as expected.

Wheeldon(4.2.6) refit the Parkinson et al.(4.2.1) average PVC tube wear data with an
extension of Eq. 4.1.6 as follows:

AW/(U IJmf)= 0.98 (dp)1"74- (4.2.2)

where

AW = average weight loss, g;
dp = particle diameter, mm;
U = fluidizing velocity, nVs;and
Umf = minimum fluidization velocity, nVs.

The data are replotted in Fig. 4.2.6, along with a plot of Eq. 4.2.2. Thc correlation coefficient, r,
is 0.91, and the estimate of AW/(U-Uo) has 95% confidence limits of + 0.32. When the
correlation coefficient is divided by its standard error of 0.04, it gives a value greater than 2. This
shows the relationship to be significant and not occurring by chance. Two points that fell
appreciably away from a group of data obtained with sand of similar size were considered outliers.

To confirm the validity of describing the data by means of a relationship in the fonn of Eq.

4.2.2, similar data obtained from CRE's 1.0-m x 0.5-m cold model(4.2.7) were processed in the
same manner.(4.2.6) These data are presented in Fig. 4.2.7, along with the best fit given by the
power law expression

1.93

AW/(U -Uo)= 2.07 (dp) . (4.2.3)

The units are the same as those for Eq. 4.2.2. The correlation coefficient, r, is 0.98, and its
standard error is 0.01; dividing the former by the latter yields a value greater than 2 and shows the

relationship to be significant. The 95% confidence limit for the expression is +0.36. The constant
in Eq. 4.2.3 is greater than that in Eq. 4.2.2 because of the longer tube lengths used. Although the
exponents "aredifferent, tests show that the difference is not statistically significant.

Zhu et al.(4.2.2,4.2.3)studied the effect of the particle diameter on erosion using six different
silica sands, keeping the excess gas velocity, (U - Umf), constant at 1.31 m/s. The results are
shown in Fig. 4.2.8. The erosion rates increase significa_ltly with increased particle diameter,
which agrees with the findings of Wood and Woodford.(4.2.4)
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The dependence of the erosion rates on particle size was curve fit by Zhu et a1.(4.2,3)using
least squares to an equation of the form:

1_ = C (dpn) (4.2.4)

where

1_ = erosion rate, mm/100 h, and
dp = particle diameter, mm.

The values of C and n in Eqs. 4.1.11 and 4.2.4 are not the same. The fitted values of C
and n for the different materials tested are listed in Table 4.2.2, along with the correlation
coefficients. The average value of n was found to be 1.2, not too different from a linear
dependence, but somewhat lower than a 1.5 power dependence from their drop-tube erosion
experiments.(4.2.2)

Lee(4.2.8) studied two sizes of sand particles under similar operating conditions. Large
particles (1.09 mm in diameter) were found to cause about 200% higher weight loss of in-bed
tubes than small particles (0.55 mm in diameter); see Sec. 5.1 for more information.

4.2.2 Recommended Design Guidelines and Procedures

The only practical qualitative guideline with respect to particle size effects is to keep up bed
maintenance, i.e., make sure that "rocks" do not accumulate in the unit.(4.2.9) Particles no larger
than 2000-3000 t.t m in diameter diameter should be excluded. On the basis of this analysis, it is
clear that the wear rate depends on the particle diameter raised to a power between 1 and 2. Since
particle size and fluidizing velocity are interrelated, a large change in particle size without a
corresponding change in fluidizing velocity can adversely affect fluidization characteristics.

The evaluation of erosion rates from Eq. 3.4 for the simplified MED erosion model for
different particle diameters is presented in Figures 4.1.5 and 4.1.6.(4.2.10) As can be seen in the
figures, the erosion rate increases with particle diameter for all operating conditions. An alternative
to using these curves is to use the correlations discussed above to assess the erosion rate
dependency upon the erosion rate.

The in-kind data reports received from the British Coal Corporation's Coal Research
Establishment, addressing the dependence of the erosion rate, found that when the fluidizing
velocity, U, was reduced from 0.8 to 0.6 m/s and the mean particle size of the bed material, dp,
was reduced from 0.75 to 0.4 mm, a large reduction (-60%) in the tube loss was recorded.(4.2.11)
For these conditions, the highest tube loss was about the same as that measured for the tubes in the
lowest rows of the 'D' bank when U was 0.8 m/s and do = 0.75 mm. However, it was felt that
further tests needed to be done to ascertain whether th'e large decrease in tube wear is caused
principally by the reduction in fluidizing velocity or in mean particle size. Localized wastage of
tubes should also be studied in greater detail.

Test Series 1 showed that there was a large increase in tube wear rate with an increase in
bed particle size, which coincides with the predicted change in bed behavior associated with the
change from Geldart Group B to D.(4'2.12) It was proposed that changing the operating conditions
in the Grimethorpe PFBC (U decreased from 0.8- to 0.6 m/s and dp from 0.96 to 0.7-mm) should
reduce the wear from those tubes most prone to wastage by a factor of about three. Further cold
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model tests were recommended to confirm tile validity of the assumptions made in scaling the
results froth this work.

Cold model tests were subsequently performed for tube bank "E."(4.2.13) Those cold
model tests quite clearly showed that if particle size were reduced from 750 to 440 lain (and
fluidizing velocity from 1.0 to 0.8 nt/s), then a reduction in wear rates of between 23-50% on the
vertical diameter and between 35-40% on the diagonal diameter could be obtained. However, it
was not expected that the fuel preparation plant at Grimethorpe could be changed to produce the
same reduction. The mean _d material particle size of 950-1am may only be reduced to around
7(X)-I.tm. Assuming a linear relationship between the reduction in size and the reduction in wear, a
reduction in combustor wear rates of between 18-40% on the verticle diameter and 28-36% on the
diagonal diameter would be achieved. This reduction in particle size moved the calculated
combustor fluidizing conditions from the border line of Geldart Groups B/D to firmly inside Group
B, The actual fluidizing velocity for the combustor would be 0.6 m/s to trmtch 0.8 m/s in the cold
m(_lel.

Cold model test series A2 showed that the change in mean particle size corresponding to a
change from the fluidized bed behavior asscx:iatcd with Geldart Group B malerial to that of Group
D material yielded a large increase in tube wear rate, which confirmed earlier results.( 4.1.14)

In cold model test series 11 to 16, the reduction in peak wear rates between cold mcntelTest
1 and "rest 11 was by a factor of 4 on the verticle dimension.(4.1.15) This reduction was the result
of a combination of reduced panicle size, reduced tluidizing velocity, reduced bed height, and
changes to tube bank geometry.

Several design guideline procedures are now given in the fonn of step-by-step examples.

Example 1: Estimate Increased Tube Lifetime by Decreasing Particle
Size Using the Simplified MED Erosion Model

The simplified MED erosion model given by Eqs. 3.1 or 3.4 may be used with
experimental field data on bed expansion and fluidizing velocity in a manner similar to Example 1

in Sec. 4.1 to estilnate the effect of particle size on erosion. The eRE 0.3-m x 0.3-m maximum
PVC wear data were analyzed in just this way, as shown in Figs. 4.1.5 and 4.1.6.(4.2.10) In this
case, Steps 1 and 2 in Example 1, Sec. 4.1, were eliminated. As can be seen in Figure 4.1.5,
erosion rates can be reduced roughly three-fold by reducing the particle diarneter from 1.3 to 0.7
mlTl.

Evaluate Eq. 3.1 with the various particle diameters, 0.7, 1.0, and 1.3 mm and Esp = 40
MPa. The other parameters in Step 3, Example 1, Scc. 4.1 remain the same. The solids velocity
is computed from(4.2.10)

Vs =[g Xd(C- Cgd)/(1-C)] 1/2 (4.2.5)

instead of setting it to the fluidizing velocity. As can be seen, the agreement with the maximum
wear data is good and the correct trend is predicted _ increased particle diameter increases the
wear rate. For details about the generation of Figures 4.1.5 and 4.1.6, refer to Bouillard and
Lyczkowski.(4.1.10) Alternatively, Wheeldon's or Zhu's correlations (Eqs. 4.2.2-4.2.4) may be
used.
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Example 2: Estimate Tube Lifetime from Zhu's Correlation

Estimate the increased life of a 32-mm carbon-steel (CS 1020) tube if the particle size is

reduced to 500-I.tm from 1000-I.tmat a fixed excess fluidizing velocity of i.31 m/s,

Using Zhu's correlation (Eq. 4,2.4 and Table 4.2.1), the wear rate for the i000-1am
particles is given by:

1_ = 2.10 (1.0)1.09;

= 2.1 lam/100 h; and
= 0.184 mm/yr.

Assuming a 50% safety factor, for a 4.5-mm-tube wall thickness,

4,5 x 0.5
life = 0.184 = 12.22yr.

If the particle size is reduced to 0.05 ram,

(1.0 i1'°9
life = 12.22 × _/

life = 26.0 yr.

Example 3: Assess Tube Bundle Erosion Rate for Babcock-Hitachi
Fluidized Bed

Babcock-Hitachi (Japan) designed a cold FBC model equipped with a tube bundle
geometry (as shown in Figure 4.29) to measure tube bundle erosion rates.(4.2.16) These tubes are
made of aluminum, and preliminary erosion data indicate tube losses of about 4 _m after 38 h of
operation.

1. Estimate predicted maximum erosion rates from MED Model.
2. Compare prediction with Babcock-Hitachi experimental data.
3. Estimate stainless-steel tube lifetime, assuming the same operating conditions.
4. Assess effect of particle diameter on erosion rates.

(1) Prcdicte41M_xim_m Erosion Rates From MED Model

First estimate the minimum fluidizing for the 0.7-ram-diameter (dp) particles from Figure
B. 1, which is about 50 cm/s. An operating fluidizing velocity of 3 m/s represents a U/Umf ratio of
6. To estimate the tube erosion rate, one can refer to Figure 4.1.5 for dp ~ 0.7 ram. A maximum
erosion rate of about 4 mm/l(YO0 h for PVC tubes can be inferred. Note that these erosion rate
computations were made for a vertical tube spacing of 160 ram. Since the erosion rate is
proportional to the vertical spacing, the erosion rate for the Babcock-Hitachi tube bundle would be

about 4 mm/1000 h × 0.35 × Esr_/Esp,, where Espp/Espa is the hardness ratio between PVC and
aluminum. Assuming a hardness ratio of about seven, a maximum erosion rate of about
0.2 ram/1000 h is predicted.
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(2) Comparison with Dl,_ta

The experimental erosion rate is about (4 × 10.3 ram/38 h) x 1000 h, or approximately
0.1 mm/l(X)O h. Hence, we find, to our satisfaction, that

t_exp = 0.!m_ < max predicted (Fig. 4.1.5) I_-- 0_3_n_lnl10(X)h i(KK)h '

(3) Estimate Stainless-Steel Tube Lifetime

If the aluminum tubes were replaced by stainless-steel tubes with the same operating
conditions, one can assess the tube lifetime, assuming a tube thickness of 3.5 ram. The stainless
steel tube would wear away after

x __L_ × 70 x 3.5 = 1.7 x 105 = 7,252 days _. 20 years,4 0,35

assuming a hardness ratio between stainless steel and PVC of about 70.

(4) Assess Effect of P_r_k;!eSize

If unsuspectedly larger 1.3-htm-diameter particles are introduced in the unit, let us try to
assess what erosion rate increase we can expect. From Figure B. 1, we estimate that the minimum
fluidization vekx:ity for these particles is alxmt twice that for 0.7-t4m-diameter particles. Assuming
that the two particle sizes act independently, and that the fluidizing velocity remains the same,

U/'omf is approximately 3. From Figure 4.15, it is seen, therefore, that the erosion rate roughly
doubles, thereby reducing the unit lifetime to about 10 years. Costly maintenance, repairs, and
downtime could occur after 10 years of service and have to be factored into the plant management
and planning. In this example, it is clear that by keeping the inventory of large particles to a
minimum in the fluidized bed, one could expect a much longer tubc lifetime.
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TABLE4.2,1 ErosionWear of Metal andAlloySpecimens
In FluidlzedSand Bed(4.2,4,4.2,5)

Erosionwear (ram/100h)

Specimen Test la Test 2b Test 3c

Metals
Aluminum 4 51 i 17
Copper 0.8 9 31
Nickel 0.8 5 20
Iron 0.7 4 14
Cobalt 0.5 2 9

Alloys
SA213-Til alloy 0,5 3 9
SS 316 steel 0,9 2 4
6B stellite 0.6 2 5
A 286alloy 0,4 2 4
High-speedsteel 0,9 2 4

apartlclesize0ol ram;fluldlzingvelocity1,9 m/s.
bparticlesize0.93 ram; fluldizlngvelocity3,0 rrVs.
Cparliclesize 1.9 ram;fluidizingvelocity4.0 rrVs.
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TABLE 4.2,2 ConslanlsfromLeast SquaresFittingof
Eq, 4,2,4(4,2.3)

Correlation
Material C n Coefficient

Brass 14.42 1.58 0.98
Copper 9.50 1.15 0.96
A12011 15.05 1.09 0.96
SS304 1.18 1,13 0.94
CS1020 2.10 1.09 0,97
Mean value 1.2

Standarddeviation 0.21

Conditions:

Samplesize'. 24 data pointsforeverymaterial.
Excessair velocity:1.31 rrVs.
Particles: silicasand
Particlesphericity:0.89.

TheunitsonC are (_m/lO0 tl)/(mmn).
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4.3 Particle Angularity or Sphericity

4.3.1 Discussion

A particle having an extremely rough surface and a sphericity close to unity, such as quartz
sand, may cause significantly increased metal wastage. On the other hand, a particle such as
silicon carbide or molochite that is highly angular and that does not have an extremely rough
surface may also cause significantly increased metal wastage. In the absence of other quantit_tive
information, sphericity will be used as a first approximation to characterize increased metal wastage
caused by angular particles. The concept of sphericity was introduced by Wadell(4.3.1) and is
defined as tile square root of the projected area of the particle divided by the area of the smallest
circumscribing circle. For extremely rough particles, the surface area per area of an equivalent
sphere may be a measure of the increased metal wastage caused by such particles.

In order to study the effect of various particle properties affecting metal wastage, Zhu
et al.(4.3.2,4.3,3)used six different silica sands and kept the excess gas velocity, (U-Umf), constant
at 1.31. m/s. The experimental setup is described in Sec. 4.1.1. Five experiments were run using
1.O-ram-diameter particles having different shape parameters. The shape parameter was
characterized by an approximation to the sphericity determined from enlarged photographs. (4.3.2)
The shape parameter was varied by wearing the particles for increasing experiment times. The
particles became rounder as they accumulated more time in the fluidizcd bed.

The results are shown in Fig. 4.3.1. The results for a sphericity of 1.0 were obtained by
using glass beads with a diameter of 0.89 ram. The hardness of the glass beads is 340 kgf/mm 2
(3332 MPa), which is very close to that for silica sand, 350 kgf/mm 2 (3430 MPa). The erosion
rates were "corrected" for particle size by using Eq. 4.2.4 in Sec. 4.2. That is, the erosion rates
for the 0.89-mm-diameter glass beads were renomaalized to those for 1.0-ram-diameter glass beads
according to the formula:

)"EI.0 mm= E0.89rum(dp 1.0mm/dp0.89m,n (4.3.1)

where n is between 1-1.5. Any units may be used in Eq. 4.3.1.

Clearly, the erosion rate increases significantly as the particles become more angular, i.e.,
the sphericity becomes smaller as shown in Fig. 4.3.1. This same phenomenon was noted in
Zhu's drop-tube metal wastage experiments.(4.3.2) Figure 4.3.1 indicates that even spherical glass

beads ((I),= 1)can produce wear rates comparable with those of angular sand particles (*s < 1).
Other investigators, including Tilley,(4.3.4) Drennen and Zera(4.3.5), and Ninham et al.(4.3.6) Zhu et
a1.(4.3.2,4.3.3)noted similar findings in that the wastage rate of fresh angular panicles was higher
than that for particles that were in the bed for some time. ]'hese observations are consistent with
the findings of Ninham et al.(4,3.6)

The dramatically increased metal wastage rates for the ABB/CE drop-tube data for crushed
quartz versus sand is shown in Fig. 4.3.2.( 4.3.5) The wastage rate increases more at the higher
velocities for the crushed quartz than it does for sand. Only runs 2 and 7 held the velocity and
particle diameter constant. The sphericity was not measured. Zhu's drop-tube data(4.3.2) taken at 5
m/s for brass t_rget material suggest that the crushed quartz sphericity in the A BB/CE drop-tube
experiment was less than 0.8. This estimate was obtained by equating the roughly factor of 10
increase in wastage rate at 5 m/s in Fig. 4.3.2 with a similar increase for the Zhu(4.3.2) drop-tube
data. Zhu found a much higher wastage rate for the drop-tube experiment, but the velocity was
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higher (5 m/s) than in any of the fluidized bed experiments. If Eq. 4.1.11 (Sec. 4.1) is
extrapolated to 5 m/s, a wastage rate of about one-half to one-third of the drop-tube data results.
Raask(4.3.7) has tables of particles and their associated sphericities that can be used to estimate this
parameter.

Zhu(4.3.2) correlated the metal wastage data as a function of sphericity with ,_nequation of
the form:

1_ = C3(C4-_s) (4.3.2)

where

1_= erosion rate, ktnV100 h.

The fitted values of C3 and C4 are listed in Table 4.3.1, along with the correlation
coefficients. The curve fits are plotted in Fig. 4.3.2. The sphericity correlation given by
Eq. 4.3.4 can be thought of as a correlation for the parameter involving the restitution coefficient
(1-e2) in the simplified MED erosion model discussed in Sec. 3. The less spherical the particle, the
lower the restitution coefficient, e, and hence the higher the erosion rate. The implication is that
more energy is transferred from the particles to the target as they become more angular because of
the increased possibility of tumbling, which produces gouging and subsequent material removal.
Two parameters used to characterize the increased metal wastage caused by angular particles are the
asperity, which is the inverse of the sphericity,(4.3.7) and the abrasivity index.(4.3.7,4.3.8) The
coefficient of restitution, e, may be thought of as an implicit function of these two parameters, as
shown in Example 2.

4.3.2 Recommended Design Guidelines and Procedures

Guidelines of a qualitative nature indicate that the abrasivity index of the bed material must
be taken into account.(4.3,8) Results of a range of used bed materials from different FBCs varied
by a factor of up to 1.6.

Because of a lack of quantitative data for fluidized beds, Eq. 4.3.2 and the values in Table
4.3.1 are recommended as a first approximation to estimate the increased erosion propensity for
angular particles. Even though sphericity may not completely reflect particle angularity and/or
surface roughness effects on metal wastage, it can be used in place of the parameter (1-e2) in the
simplified MED erosion model developed in Sec. 3. Figures 2.4 and 2.7 in Raask's book(4.3.7)
containing various particle shapes can be used to quickly estimate particle sphericities. A detailed
discussion of sphericity, roundness, and asperity is also presented.

Example 1: Estimate Increased Metal Wastage due to Decreasing
Particle Sphericity

Estimate the increased metal wastage produced by changing the particle sphericity, Os, from

_s 1 = 1.0 to _s2 = 0.9 for carbon steel (CS 1020) tubes at an excess fluidizing velocity of 1.31 rn/s
for l-ram silica sand (Umf = 0.36 m/s).

From Eq. 4.3.2 and Table 4.3.1
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increase in wear = (C4- _,z)/(C4- %)
= (1.07 - 0.9)/(1.07 - 1.O)
= 2.43.

Therefore, less round sand panicles would erode at a rate 2.43 times the wastage rate for particles
having a sphericity of 1.0.

Example 2: Estimate Coefficient of Restitution from Zhu's Experiment

Zhu's(4.3.2)correlation given by Eq. 4.3.2 can be used to estimate the restitution coefficient
as a function of spericity. We will use aluminum alloy A1201 I-T3 as an example. At a spericity

of i.0, the factor C4 - _s = 0.10. Equating this value to 1 - e2 yields e2 = 0.9, in agreement with
the typical value used to generate Figs. 4.1.5 and 4.1.6.(4.3.9, 4.3.10) The erosion rate at a spericity

of 0.8 would yield C4- Os = 1.10 - 0.8 = 0.3, or a factor of 300% higher. In this case, e2 =0.7.
This same technique can be used for the other materials in Table 4.3.1. Lacking any other data,
this technique should be used to estimate e2.
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Table 4.3.1 ConstantsfromLeast SquaresFittingof
Eq. 4,3.2.(4,3,2)

Correlation
Material C3 C4 Coefficient

Brass 65.1 1.07 0,98
Copper 28,0 1.13 0,91
A12011-T3 56.4 1.10 0.95
SS304 5.5 1.06 0.96
CS!020 12.5 1.07 0,92
Mean Value 1,1
StandardDeviation O,03

Conditions:

SampleSize: 12 datapointsforeverymaterial.
Particles:1.O-ramsilicasandand 1.O-ramglassbeads.
Excessairvelocity: 1.31 m/s.

The unitsof C3 are Hm/|(X) h,
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4.4 Particle Hardness

4.4.1 Discussion

The basic assumption in the erosion models developed thus far is that the particle hardness
is much greater than that of the target. When this is true, there is no effect of particle hardness on
the erosion rate. This was first studied systematically by Wellinger and Uetz.(4.4.1)
Figure 4.4.1, reproduced from Engel,(4.4.2) illustrates this phenomenon. For particles harder than
the target material, therefore, changes in sphericity, angularity, or abrasivity would not increase
erosion rates, implying no correlation exists between these parameters and particle hardness.
When the particle hardness drops below the hardness of the target, the erosion rate decreases.

The work of Tsai et al,(4.4,3)suggests that at least for slurries, the overall effect of particle
and target hardness on erosion is approximately

El/2

1_ o,: -_t' Ep<Et (4.4,1)

where Eo is the particle hardness and Et is the target hardness.

Zhu et a1.(4.4.4,4.4.5) studied the effect of particle hardness in the fluidized-bed experiment
described in Sec. 4,1. Hard silicon carbide was used as the bed material. Results for these tests
are shown in Fig. 4.4.2. Zhu et al. concluded that for nonferrous materials, the panicle hardness
did not appear to affect the metal wastage rates appreciably. However, for the ferrous metals, an
increase in particle hardness caused an increase in erosion rates. These findings are generally
consistent with the findings of Wellinger and Uetz(4.4.1)shown in Fig. 4.4.1.

Wood and Woodford,(4.4.6) studying limestone, silica sand, and alundum (synthetic
AI203), found essentially no particle hardness dependence, even though the measured particle
hardnesses varied over an order of magnitude.

4.4.2 Recommended Design Procedures

If the particle hardness is less than the target material hardness, use, Eq. 4.4.1 to
renormalize the metal wastage rate upwards but only up to the point where the particle hardness
equals the target hardness. Tables of tube and panicle hardness are listed in Appendix B.
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4.5 Bed/Tube Temperature

4.5.1 Discussion

Zhu conducted nine tests in the lower part of a CFB at four different tube temperatures to
test the effect of temperature on the erosion of different materials. Seven materials (brass, copper,
AI 011, SS304, SS316, CS1020, and CS1050) were tested.(4.5.1) The outside diameter of each

tube was 32 mm. The superficial gas velocity was 1.83 m/s; 0.92-mm silica sand particles (Os,=

0.89) were employed as the bed material, and the static bed height was 410 mm in all cases.

All high-temperature tests lasted about 30 h, except for one that ran for 74 h. Because of
the limited number and duration of the tests, they must be regarded as preliminary in nature. For
convenience in comparing the results at high temperature with those at room temperature, the
erosion rates were all corrected for particle size by using Eq. 4.2.4 in Sec. 4.2. Table 4.5.1 and
Figs. 4.5.1 and 4.5.2 summarize the data as a function of bed and tube surface temperatures for
the nonferrous and ferrous metals, respectively.

For nonferrous metals, the erosion rate increased with temperature because of a decrease of
Young's modulus and of material hardness. No oxidation was observed because of the
temperature increase, except for copper, when the tube surface temperature was 145°C and the
fluidized bed temperature was 750°C.

For ferrous metals, Zhu et al.(4.5.1) observed an apparent erosion rate decrease with
temperature because oxidation increased the tube weight, which offset the material loss. The
presence of an oxide layer made it impossible to obtain accurate measurements of true erosion in
the limited time available for high-temperature experiments. However, the data obtained by Zhu
et al. and data from other studies appear to indicate that the actual erosion rate at high temperature
is higher than that at room temperature under the same operating conditions. Zhu et al. further
concluded that more tests were clearly needed to clarify the influence of high temperature on
erosion and on combined erosion/corrosion synergism of ferrous metal surfaces.

Stringer(4.5.2) reported that the erosion rate at Grimethorpe for low-alloy steels decreased
dramatically for a small (50°C) temperature increase.

4.5.2 Recommended Design Guidelines and Procedures

If one knows the effective tube material hardness as a function of temperature, the
simplified MED erosion model described in Sec. 3, together with the worked examples (Example
5, Sec 4.1 and Example 3, Sect. 4.2), can be used to assess the increased erosion rates for
nonferrous metals and the decreased erosion rates for ferrous metals caused by oxide formation at
elevated temperatures.
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TABLE 4.5.1 Erosion Rates of Nonferrous Metals at
Different Temperatures(4.5.1)

Bed Temperature(°C) 25 400 750
Tube Surface Temperature (°C) 25 120 145

Erosion rate (l_m/100h)

Brass 4.57 7,95 13.2
3.43 9.79
3.68

Copper 2.91 23.5 22.8
3,03
4.22

AI2011 5.55 6.86 17.8
5.88 8.14

Other operating conditions:

Excess air velocity: 1.31 m/s,
Particles: 1.00-mm silica sand,
Particle sphericity: 0.89.
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5 Design Parameters

Design parameters (such as bed depth, distance between air distributor and bottom of the
tube bundle, tube diameter, staggered or in-line tube arrangement, and tube material hardness) are
!hought to play a role in tube wear. As in Sec. 4, tile sensitivity of the erosion models to changes
in each of these parameters is determined and, where possible, compared with data.

The shallow beds employed in the United Kingdom (U.K.) define the shallowest fluidized
bed in use, around 200-300 ram. An AFBC air heater experiment(5.1) employed an 8-ft-deep bed,
while at the upper end, typical PFBC beds are around 12 ft deep.

The distance between the air distributor and the bottom of the tube bundle varies between
about 200 ram, as found in the Stork FBC unit at AKZO Chemicals, to about 900 ram, as first

used at Grimethorpe.(5.2) The minimum distance is not only defined by fluidization/erosion
considerations, but also by the need to perform maintenance on the air distributor and lower
sections of the tube bundle.

The tube diameter ranges from as small as 34 mm in the Grimethorpe PFBC to the
2-1/2 in. tubes in the Great Lakes AFBC unit. The Curtis-Wright PFBC air-heater employed 3-in.
vertical tubes.

Horizontal and inclined tubes can be aiTanged in a triangular (staggered) or a square (in-
line) pitch, or in any number of asymmetrical configurations. The two variations considered here
are staggered and in-line.

Tube material surface hardness can vary widely _ some tubes have been coated with wax
or with different layers of paint in order to assess wear in accelerated tests. PVC tubes define the
low end of tube material hardness (Shore hardness of AS0-Ag0, ~ 4.1 HV), while carbon steel
defines the upper end of the range of tube hardness, around 750 HV.

Distributor design can have a profound effect upon erosion, lnspite of this, few data are
available to guide designers.

In the following section, the effects of design parameters on metal wastage of a qualitative
and quantitative material are discussed, The empirical/qualitative approach has been validated by
performing a sensitivity study using the detailed hydraulic and erosion models. The simplified
models, can in principle, be further extended to incorporate detailed results of the sensitivity study.
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5.1 Distance of Tube/Tube Bundle to Air Distributor and Bed Height

5.1.1 Discussion

The distance of the bottom row of a tube bundle to the distributor and the height of the bed
address the same issue, since there is no need to have a significant amount of bed material above
the tubes. In fact, the slumped bed height is usually lower than tile top of the tube bank in order to
improve load turndown characteristics.( 5,1.1)

5.1.1.1 Parkinson et al. Experiments

Parkinson et a1.(5.1.2)studied the effect of tube bundle height in the 0.5-m x 1.0-m cross-
section cold model of Tube Bank "C" at Grimethorpe. The bed material consisted of an equal
mixture of 1- to 2-ram and 0.5- to 1.0-ram sand for which the average particle diameter was
0.86 ram. Th,. depth of the slumped bed was 1.5 m for both runs. Tile tube bank consisted of
60 tubes (35 mm o.d.), 12 rows high and 5 tubes per row. The distributor consisted of
72 standpipes, each with four rows of eight holes, 3 mm in diameter.

The weight loss was obtained after 48 hours of operation. The results for test runs 1 and
2, bare aluminum tubes, ,'Ire shown in Fig. 5.1.1. Reducing the height of the tube bank from
0.9 m (26 tube diameters) to 0.45 m (13 tube diameters) reduced the metal wastage of the lowest
row by a factor of three, while the tubes in the upper portion of the tube bank showed a roughly
25% increase. The overall metal wastage rate decreased from about 0.1 mm/10(X)h to about
0.075 ram/1000 h, or roughly 25%. The reason for the increase in the erosion rate of the top
several rows of tubes for the 0.45-m distance may be ttntt at the 0.9-m distance, they were above
the slumped bed height, while at the 0.45-m height, they were totally submerged. Wood and
Woodford(5.1.3) also observed the erosion rate to increase with bed height.

5.1.1.2 Nieh el al. and Lee Experiments

Nieh et al.(5.1.4)and Lee(5.1.5) studied the effect on erosion of the distance of a single tube
to the distributor as well as tube bundle height in their cold model. The single tube studies used
wax,eve, and aluminum tubes 17 mm in diameter. Other studies used tube bundles consistirg
of 14-mm-diameter wax cylinders. The fluidized-bed cross-sectional area was 21 by 21 cm. Both
staggered and in-line tube arrangements were studied. The tube bank for the staggered
configuration consisted of 11 tubes in three rows, four on the top, three in the middle, and four on
the bottom. The vertical pitch was 30 mm (2.2 tube diameters), and the horizontal pitch was
21 mm (1.5 tube diameters). The in-line configuration consisted of 12 tubes in three vertical
rows, four in each row. In this case, both the vertical pitch and horizontal pitch were 30 ram.
The bed material consisted of 0.55-ram glass beads having a minimum fluidization velocity of
19 cm/s. The fluidizing velocities for the single tube studies were 26, 67, and 85 cm/s (1.37,
3.5, and 4.5 U/Umf). For the tube bundle studies, the fluidizing velocity was 68 cm/s, 3.5
U/Umf. The slumped bed height was 12.5 cm, and the expanded bed height was 20.5 crn. The
distributor consisted of a perforated plate having 1,025 orifice holes, each with a diameter of
0.8 mm arTanged in a triangular pattern.

Figure 5.1.2 shows the effect of the single tube to disgributor clearance (for fixed bed
height) on tube specific weight loss for low, medium, and high superficial velocities.(. 5.1,5) The
average specific erosion rates were 0.4, 0.2, and 0.1 mg/cm2/h for the 4-h tests at 3-, 5-, and
7-cm clearances, respectively. These distances are far smaller than those typical of commercial
FBCs, as already discussed above. Therefore, the conclusions may be of limited use for design of
industrial-scale FBCs.
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The tube-specific weight loss decreased with increasing tube-to-distributor cletu'ance. This
0 ,p 0 , , l 0 o _,

was interpreted as being due to high vel_tty jets from the,orifices near the distributor carryingmore bed particles to strike on the lower half of the tubes, causing higher erosion. The influence
of local air jets diminished as they penetrated the bed. This could be seen by examining the bottom
surface condition of the eroded tubes. The local jetting effect may explain the problems of severe
erosion: of in-bed tubes that were close to solids reinjection ports, pneumatic feeding points, and
damaged air nozzles. The velocity effect is also indicated in Fig, 5.1.2. Higher fluidizing
velocities produced higher tube erosion at each tube-to-distributor distance, which is consistent
with the findings in Sec, 4.1, It was also found that erosion in the splash zone could be double
that on the in-bed tubes, depending on tube location.

Figure 5.1.3 shows the results of the case of a staggered tube bundle with a horizontal
pitch of 21 mm (close pitch). As can be seen in the figure, there is a distinct maximum in the
erosion rate as the tube bank is lowered from 50 mm (3.6 tube diameters) to 15 mm (1.1 tube
diameters) from the distributor. The average erosion rate doubled when the distance was reduced
from 50 to 30 mm but then decreased over 50% at a distance of 15 mm. !

i
The outer tubes in both top and bottom rows (solid data points) were found to have weight

losses about 45% to ltX)% higher than the inner tubes (open data points) at all heights. In the tube
bundle, the outer top tubes had the largest weight loss, followed by outer bottom tubes, middle
tubes (averaged), inner bottom tubes and inner top tubes. This phenomenon is attributed to (1) the
higher particle and air velocities around the tube bundle and the outer tubes and (2) the lower
particle and air velocities within the tube bundle due to the frictional drag imposed by the immersed
tubes.

5.1.1.3 Lockwood's Experiment

Lockwood's qualitative studies, which were performed in a thin room-temperature
fluidized bed having a cross-sectional area of 5.1 ctn × 51 cm, offer an alternative
explanation.(5.1.6) The tubes were 5.1 cm in diameter. The bed material consisted of either

dolomite (with a 569.1.tm particle diameter) or limestone (with a 1379-13mparticle diameter). The
slumped bed height was 45 cm. The tube array consisted of 14 (staggered pitch) and 15 (square
pitch) tubes having various horizontal and vertical pitches with two different distances of the tube
bundle to the air distributor, 15 and 25 cm (approximately 3 and 5 tube diameters). The fluidizing
velocities varied from about 1.5 to 6 times Uml'.

Tht. ,atmlity of fluidization appeared better when the arrays were close to the distributor
plate. Bed stability, as manifested by small pressure flt_ctuations, was better with the array 2.5 cm
(1 in.) above the distributor plate than with the array 15 or 25 cm (6 to 10 in.) above the
distributor. When the tube array was positioned 15 to 25 cm (6 to 10 in.) above the distributor,
increasingly rapid bubble growth occurred below the array, which caused irregular pressure
fluctuations. However, it was noted that large bubbles were generally split into smaller ones upon
entering the array. When the tube array was positioned 15 to 25 cm (6 to 10 in.) above the
distributor, several rows of tubes were above the slumped bed height. In these instances, fewer
solids entered the freeboard above the tube array, thus helping to limit entrainment.

5.1.1.4 Zhu et el. Experiment

Zhu et el.( 5.1.7, 5.1.8) lowered a brass tube (see Sec. 4.1) from a height of 308 mm
(10 tube diameters) to 30 ram, keeping the slumped bed height constant at 320 ram. The metal
wastage rate increased about 1.8 times. The wear also became nonuniform along the tube. It was
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thought that the tube was in the jetting zone of the orifice holes. A series of tests was performed in
which the static bed height was lowered from 320 mm to 180 mm while the tube was maintained
"close to the surface of the bed." The erosion rates for the materials tested decreased anywhere
from 3% to 40%, as shown in Table 5.1.1, The reduction in erosion rates was interpreted as
being due to the reduction in bed height. The lower bed height likely reduced the anaount of bubble
coalescence in the vicinity of the tube, thereby reducing the panicle impact velocities and erosion
rate.

5.1.1.5 Foster Wheeler Ash Bed Heat Exchanger Sensitivity Study:
Effect of Tube Bubble Geometry and Distance to Distributor

A bubbling bed equipped with a tube bundle consisting of 18 tubes plus a single tube
placed some distance below it was specified by ANL, as shown in Fig. 5.1.4. The bed was
divided in half (front to back) to nan two beds simultaneously and at different fluidizing velocities.
At first, the single tube was to be placed along the centerline of the bed as indicated, very close to
the distributor. In effect, four experiments were to be conducted simultaneously. Later, the single
tube was specified to be two tubes, located symetrically and aligned with the second column of
tubes from the sidewalls.

Computer simulations of this bed were conducted prior to the experiment. However, the
tube arrangement actually used in the experiment differed from that used in the simulations. The
final experimental configuration is shown in Fig. 5.1.5. This arrangement made it impossible for a
one-to-one comparison between predicted and experimental erosion rates. Furthermore, the
hardness of the PVC tube used in the experiment was not available at the time of the simulation,
thus leading to additional uncertainty. A PVC-tube specimen was subsequently sent to ANL for
hardness detemlination and a value of 38 MPa was found, a value close to that used in the analyses
(40 MPa) and the same value as in Sec. 4.1. The mean particle diameter was 185 _m, with a
spread of from about 60 to 1000 ptm,(5.1.9) Particle sphericity was measured by The Shapespeare

Corp. to be 0.801, with a standard observation of +0.064.

In the following discussion, the fluidized bed was simulated for about two seconds of real
time. Two tube bundle arrangements were analyzed by using our FLUFIX/MOD2 and
EROSION/MOD 1 software packages. Operating conditions for these simulations are presented in
Table 5.1.2. The tube bank and bed height for the second simulation were lowered by 25 cm and
18 cm, respectively. In the second simulation, the tube placed near the distributor was rernoved.
Typical transient porosity contours are shown in Figures 5.1.6 and 5.1.7 for both tube bundle
simulations. As can be seen in Figure 5,1.6 for the first simulation (lower tube bundle) bubbles
are deflected by the tube placed just above the distributor and move upward preferentially between
the tube bundle and the bed wall. Similar patterns are computed in the second simulation shown i,a
Figure 5.1.7, but the jet penetration seems to reach higher distances, penetrating the lower row of
the bundle. The extent of the jet penetration distance can be estimated by using Merry's(5.1.10)
correlation, for example. Predicted erosion rates for aluminum tubes are shown in Table 5.1.3.
These predictions show that by lowering the tube bundle and removing the tube near the
distributor, erosion rates are increased by about twofold. As discussed above, the tube bundle is
more prone to erosion in the second simulation because it is placed within the jetting region of the
distributor. This computer simulation clearly shows that lowering a tube bundle in the jetting
region of the distributor likely re_,alts in higher wear rates.
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5.1.1.6 Parklnson e_ al. Shallow Fluldlzed-Bed Sensitivity Study

A shallow few- (five-) tube version of Parkinson's(5.1.2) cold model experiment was
m(xleled with the FLUHX/MOD2 and EROSION/MOD1 computer progralns, approximating the
tube pitch configuration and spacing of Grimethorpe tube bank CI.

Results from the full MED erosion model for all three rows of tubes are plotted in Fig 5.1.8
as a function of fluidizing velocity. At U/Umf = 2.3, the tube highest in the bed has the highest
erosion rate; if the trends were to continue, it appears that the erosion rate at ttle middle tube may
overtake that of the lowest tut_, This is the same trend that occurs when the tube bank is closer to
the distributor, as shown in Fig. 5.1.1 where U/Umf = 4.3 The time-averaged solids flow
patterns are shown in Fig. 5.1.9 to aid in interpreting the results.

Another study was performed with the FLUFIX/MOI)2 and EROSION/MODI codes for
an approximately round tube placed at two different locations in a two-dimensional fluidized bed,
as shown in Figure 5.1.10. In the first case, Figure 5.1.10(a), the tube was located 357 mm
above the distributor (three tube diameters), and the bed height was 510 ram. In the second case,
Figure 5.1.10(b), the tube was located 211 mm (slightly less than two tube diarneters) from the
distributor, and the initial bet] height was 374 ram. The bed material was 0.5-ram glass beads.
The fluidizing velocity was 31.3 cm/s (U/Umf = 1.5), The time-averaged erosion rates computed
for aluminum tube material from the MED erosion model decreased slightly from
0.37 mm/l(X)0 h to 0,31 mm/l(XX) h, or a ratio of 0,84, in reasonable agreement with the results
of Zhu et a1,(5.1.8) As shown in Fig. 5,1,6, the fluidized bed expanded less for the same
fluidizing conditions as ttae tube was lowered. This may explain the decreased metal wastage rate.

A third case was run with increased bed height above the tube. The erosion rate decreased
from 0,33 mrn/lO00 !1to 0.1 ram/1000 h. Figure 5,1.1 l(a) shows that a second vortex formed
above the lower one and less bubbling occurred under the tulrye,resulting in a lower erosion rate.

A fourth case was run in which fluidizing velocity was increased from 1.5 [Jml" (30 cm/s)
to 2.0 Umf (4(i)cnl/s), as shown in Fig. 5.1.1 l(h). The erosion rate tripled to 0.3 mm/l(X)0 h,
which yields a dependency on erosion or fluidizing velocity to the 2.5 power, in good agreement
with the results of Zhu et al. (see Sec. 4.1), which indicate a mean value of 2.1 power, depending
upon fluidizing velocity.

In shallow beds, which are infrequently used irathe United States but are commonly used
in the U.K., the "classic" Type "A" erosion pattern does not appear; that is, the maxinaum wear is
on the underside tit 30 to 45° from the bottom center.(5.1.11) The tubes do not display _heType A
'Tlats" located at 20-300 from the bottom center.(5.1.12) In addition, the wear is higher on the top
row of tubes. This phenomenon was predicted with the FLUFIX/MOD2 code and the MED
erosion model for the CRE few-tube model and recently with the new Foster Wheeler Development
Corp. fluidized bed described in Sec. 5.1.1.7.

5.1.1.7 Analysis of Foster Wheeler Development Corp. Shallow
Fluidized Bed

During the Cooperative R&D Venture, F:osterand Wheeler Development Corp. (FWD) also
performed several erosion tests in fluidized beds having different thicknesses. In these
experinaents, PVC, aluminu:l_, and carbon steel tubes were used in beds 0.1 m, 0.83 m and
1.65 m thick. This was accomplished by using a movable partition perpendicular to the tube bank.
The carbon steel tubes did not show significant wear after as much as 400 h of operation and were
thus excluded froth consideration, Podolski et ill.(5'1.1 I) summarized the results of these
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experiments, as well as those of a similar experiment performed at the University of Illinois at
Urbana-Champaign (UIUC). In all these tests, the pitch _Jndheight of tile tubes above the
distributor was maintained the same, as was the distrihution of tile tube material, as shown in Fig,

5.1.12. The UIUC bed, which used a square 30.4 × 3().4-cm bed cross section, could only
accommodate three central tubes and two half tutus attached to the side wallls.

In the FWDC experiments, fluidizing air was supplied by a two-stage, air-cooled, I(X)-
KW, two-cylinder compressor. The compressed air was blown into the air plenum through PVC
pipes at a nominal temperature of 338 K. Tke static frame of the bed was made of carbon steel
sheets covered by 0.75-in.-thick l..exan sheets and had a total rectangular cross section of

l fC,cm x 72.4 cm with a height of 67.3 cm.

Above the air plenum, a llat, perforated steel plate distributor, 3.2 mm thick, was used. To
ensure good gas distribution, a total of 7403 orifice holes, each having _ldiameter of 2.8 tuna, were
drilled in a square pattern through the distributor plate. Ttle front side of tilt fluidized bed was
made of Lexican to facilitate tile visual observations of bubble motion. The system had a freeboard
height of 26.3 cm to keep the particles from elutri_lting. Fixed hc_rizontal and vertical pitches of
respectively 15.2 cm and 7.6 cm were maintained within tile tube array. The tube array consisted
of two rows, tile lower row being placed 23 cm abcwe the distributor. The expanded bed height
was maintained at 41 cm at:r_ve the distribtJtor, yielding _lbed I_mycr8 cm alxwe tile tube bundle.
The tubes were made of plastic, aluminum, and carbon steel. All test runs were conducted with the
bed initially filled with moltx:llite particles to a slumped bed height of 36 cm. Ptlblished chemical

_' ,. _c _t'AI20-_, andanalysis of molochite indicates that molochite is composed of 52.-53% of S_O-,,, rz
,¢"_1,_ Osmall traces of TiO2, tJa , MgO, and Na20, The molocllite particles arc irregularly shiq_ed,

brittle, and have a wide particle-size distribution. The particle-size weight-fr_lction distribution was
detemained by sieving at ANL, and the weight-averaged mean diameter was 1.3 ram. When
fluidized at 1.22 m/s, the beds expanded to a bed hcigtlt ot'41 cm aml intense bt_bbling was

observed, although the beds were only tluidizcd at 1.25 × Un_l. Slugs and bubbles were observed
through the plastic front panel, ltence, for these Type D p_lrticles, the bed behavior w_lsnot only
bubbling, but also slugging.

Table 5.1.4 summarizes the experimentally determined m_tximum tube erosio:l rates
anywhere in the beds for the four runs performed by FWI)C. The maximum tube erosioll rates for
PVC tubes are about five tirnes higher than aluminum. The average experinacntzll erosion rates
from the FWDC "medium bed," 0.83-m-thick by 0.74-m-wide Rul_ B,(5.1.11) arc showzl in Fig.
5.1.13. This FWDC bed was chosen to be _malyzed because its aspect r_tio closely naatctled tile

square 0.3 x 0.3-m UIUC bed that used the same tube geometry and bed materitti. The average
erosion rates for PVC tubes are comparable with those for ;dtltllitlum, and the variations for I×)th
tube types are about the same. Note that the spre_ldin the average erosion rates for PVC and
aluminum tubes is about the same as the 111axinlunl.

The FWDC bed was simulated using FI,LIFIX/MOI)2 and EI_OSION/MOD1. The
computational domain of the FLUFIX model shown in Figure 5.1.14 is 36.55 cm wide by

102.0 crn high. The cell size is AX = AY = ().85 cm. Thus, the computational cell is 43 in tilt
x-direction and 120 in the y-direction for a tott_lof 5160 nodes. The simulated tubes consist of two
rows of obstacles, 5.08 em in diameter, in a triangul_r pitch arrangement. The horizontal spacing
was 15.3 cm and the vertical spacing v, as 7.65 cm. The static bed height was 40.64 cm,
Symmetry was assumed.

The simulation conditions are sunlnaarized in 'l'able 5.1.5. The inlet superficial gas velocity
was first maintained at 0.9 times the mininlum air tluidizing velocity, Uml, where Uml was taken
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to be 97,3 cnt/s as determined from tile Ergun equation programmed in the FI.UFIX computer
program. This was done to obtain a reasonable initial condition for the subsequent run at
U/Umf = 1.25, The compaction gar_w_lume fraction was set equal to 0.47. The time step used in

the simulation was 5 × 10Ss tbr the first second; it was then decreased to 2.5 × 10-'i t_ avoid a

high ntlmber of iterations, l-lydr_xlyrtamic m_xtel It was used with a solids viscosity of Pa.s,

As can be seen, the predicted erosi_._nrilte averaged about 0.38 mm/l(}O0 h, which is also
about the m,'tximtJn_value experimentally recorded in Table 5.1,4. This relative gtxxl agreement
between experiment and predictions reinforces our confidence in our computer models. The
variability in the predicted average erosion rates is due to uncertainties in material properties,
restitution coefficients, and lack of accounting of three.dimensional hydrodynamic effects.

The UIUC experimental erosion rate data are also shown in Fig, 5.1.13, As can lyeseen in
the figure, there is general consistency with the experimental FWDC erosion rates, and agreement
is closet' to the computed predictions. Also shown are predictions using a two-dimensional model
of the UILC ted as described by Lyczkowski eta/.(5,1.12) The primary reason for theinconsistency between the experiments and the data was-_'anover-prediction of solids velocities in
the vicinity of the tubes.

The rnolochitc particles were characterized before and after c_ncof the t:WDC runs by The
Shapespeare Corp. A fifty-times magnification of some representative particles is shown in Fig.
5.1.15. Some smoothing ot' the particles' edges is evident. "FI!e sphericity changed t'mnl
0.839 ± 0.063 to 0.801 ± (1.064, both somewhat lower than that estimated for use in the
simuhttion (0,89). Although the sphericity of the particles changed little, a significant amount of
fines was produced, which, in the UIUC experiments, clogged tire filterialg system after only
several hours. A bag cr_llector had to be installed.

For a quick evaluation of the maximum erosion rate, o_+ecan refer to Figure 4.1.5 to obtain
an estimate of about I mm/itX)O h for 1.5-tam-diameter particles al U/Umf = 1.25. The vertical
spacing used to pr_wluce Fig. 4.1.5 was 16 cm. In the f:WI)C experiment, a vertical spacing of
about 8 cm was used, as shown in Fig. 5.1.12; hence, the estimated m_tximuna erosion rate is
about 0,5 mm/l(X)0 h for this tube handle. This erosion rate is ex,'lctly that experimentally
meastJred in the FWDC unit, as indic_ted by Table 5.1.4, Again, l;'igttre 4.1.5 is most useful tk_r
estimating maximum erosion rates of tu_ bundles in tluidized beds. To determine the Ioc_ltionof
the maximum, llle EROSION/MOD1 computer program must Ix: run.

5.1.2 Recommended Design Guidelines and Procedures

A guideline of a qualitative nature, well accepted in the 1:1_Ccornmunity, is that the tube
bank should be as close to the distributor as possible.(5.1,13-5.1.16) Rain and Michner (15' I.16)state
that the shallowest static bed depth permissible that satisfies other design criteria should be used.
A realistic constraint in the United States is that a person must be able to fit under the tube bundle
(approximately 0.5 m). In additi¢_n,the bed depth shottld be minimized.

The apparently contradictory results found in the literature m_ly be attributed to tt_e
coalesceilce phenomena discussed in Sec. 6.1 or the jetting phenomena from the distributor
discussed by Zhu et al. and lxx:kwaod. Another p_tramcter to consider is the position of the tubes

- above, partially submerged, or completely below the slumped bed height. Thus, it appears that
the distance of the tube bundle to ttle distribtit_r should be ck_se to al_out 0.45 n_. It would appear
that if the tube or tulve bundle to distributor spacing is less than about 5 ttJbc diameters, the erosion



_ u





85

rate will actually begin to increase. Reducing the tube bundle to distributor distance at distances
above 5 tube diameters reduces the erosion rate slightly. These findings agree with the experience
of Stork Boilers,(5.1.17) which recommended tube bundle to distributor spacing of 150 to
200 ram, and with the experience of Rogers et a1.,(5.1.18)who found metal wastage to increase
with decreasing bed height in shallow beds.

Another qualitative guideline is that the top row of tubes should be covered when the bed is
slumped, since erosion rates for tubes in the splash zone increase significantly. Submerging the
top row of tubes completely within the slumped bed is recommended.

Our interpretation of the results is that the tube bank should be located well above the je.tting
region and below the region of bubble coalescence. Estimates of the location of these two regions
can be made by reference to Merry(5.1.10) (jetting) and Levy et al.(5.1.19) (coalescence; see
Sec. 7.3). The extent of these regions depends upon distributor design and tube bundle geometry.

The in-kind data reports received from the British Coal Corporation Coal Research
Establishment addressing the dependence of the erosion rate upon location of the tube bundle in the
fluidized bed found that tube wastage in the cold model was found to be greatest between heights
of 1.5 and 2 m above the air distributor. In the Grimethorpe combustor, maximum losses were
found at a height of about 2.5 m.(5.1.20)

Experience in test series involving tube bank "E" showed that a reduction in bed height
produces a reduction in plastic wear rate throughout the whole tube array in direct proportion to the
reduction in height.(5.1.21)

A second benefit of reducing the bed height is that a point may be reached at which the legs
of the "Eiffel Tower"-shaped wear pattern will not have joined together within the height of the
bed. This means that bubble streams have not coalesced into one strong stream within the bed.
The top of the bed would then show two areas of moderate wear rather than a central peak wear.

Clearly it is advantageous to reduce bed height and, hence, tube bank height on the grounds
of tube bank wear. However, the choice of bed height is dictated by overall combustor
performance, which is predominantly a function of the gas residence time within the bed.

Later tests showed that the presence of two areas of peak wear in Test 11 at the top of the
bed (row 8) could be explained by a reduction in bed height when viewed in the light of the wear
pattern observed in Test 1.(5.1.22) This pattern is thought to be linked with bubble paths.

The effect of increasing fluidizing velocity from 0.6 to 0.9 m/s and raising the bed depth
from 2.7 to 3.1 m as required for the seco_;d period of Test Series A2 showed no significant
increase in the peak diagonal wear rate.(5.1.22) However, the profile of wear at the top of the tube
bank had changed: instead of decreasing in the top rows of the tube bank, the wear rate increased
monotonically. This is thought to be connected with the increase in bed depth.

Operation of Tube Bank "E" with only the two lower rows fully submerged in the bed
showed that the submerged rows suffered slightly higher wear (17% more) than they would have
in a deep bed. The wear rate on all the rows above the bed was less than that below the bed, with
the wear rate decreasing with increasing distance above the bed.
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TABLE 5.1.1 Comparisonof Erosion Rate between Beds of
320- and 180-mm Static Bed Depth(5.1.8)

Erosion Rate (l_m/100h)

StaticBed Height StaticBed Height
Material (320 mm) (180 mm) Ratio

SS 340 0.98 0.95 0.97
1.07 0.95 0.89

CS050 2.75 2.39 0.87
2.72 2.49 0.92

Brass 16.6 7.85 0.47
13.9 7.74 0.56

Copper 7.24 5.76 0.80

AI 2011 14.9 8.84 0.59
13.5 7.90 0.58

TABLE 5.1.2 FWDC Low- and High-Velocity Erosion
Experiment Operating Conditions Used in the Computer
Simulations

Material CFB Entrainment Ash
Particle mean diameter 0.0185 cm
Particle density 2.16 g/cm3
Particle sphericity 0.9
Minimum fluidization porosity 0.44
Fluidcarrier Air
Temperature 339K
Pressure (top of bed) 101.3 kPa
Minimum fluidization velocity, Umf 4 crn/s
Fluidizing velocity, U 18 cm/s
U/Umf 4.5
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TABLE 5.1.3 Predicted Erosion Rates for Aluminum Tubes (mm/lO00 h)

Simulation 2 (_.6__ O_Lower tube bundle 0.8

Higher tube bundle
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TABLE 5.1.4 Maximum Erosion Rates in FWDC Fluidized Beds

PVC Aluminum Units

100 20 rail/1000
h

25 0.5 mm/100
Oh

Table 5.1.5 Simulation Operating Conditions for Bed with Nine Tubes

-Material Molochii'e
Particle mean diameter, mm 1500
Particle density, g/cm3 2.48
Particle sphericity 0.86
Minimum fluidization porosity 0.45
Fluid carrier Air
Temperature, K 338.55
Pressure, KPa (top of bed) 108.92
Minimum fluidization velocity, 97.3
Umf, cm/s
Fluidization velocity, U, cm/s 121.9
U/Umf 1.25
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FIGURE 5.1.14 Computational Domain for FWDC Experlmer=ts
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(a)
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FIGURE 5.1.15 Representative Molochite Particles belore (a) and after (b) a Typical FWDC Erosion
Test (200-400 h)
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5.2 Tube Material Hardness

5.2.1 Discussion

Zhu et a1.(5.2.1)and Wood and Woodford(5.2,2) studied a variety of tube materials having a
wide range of hardness. Zhu's data are plotted in Fig. 5.2.1 as a function of tube hardness and in
Fig 5.2.2 as a function of Young's modulus (see also Fig. 4.4.2). The conclusion reached was
that the Young's modulus appeared to be the major tube material property that influences the
erosion rate -- the higher the Young's modulus, the higher is the resistance to wear. The erosion
rate was relatively insensitive to changes in material hardness, yield strength, and tensile strength.
However, there appeared to be a threshold value of hardness (and yield strength) below which
erosion increases dramatically.(5.2.1)

The Wood and Woodford(5.2,2) data in Table 4.2.1 are shown graphically in Fig. 5.2.3.
The hardnesses measured are listed in Appendix B, Table B, 1, The conclusion was that there is a
strong material sensitivity and some link to hardness, although clearly other properties such as
strain hardening and strain-rate hardening were involved.

Stringer(5.2.3) summarized the Grimethorpe experience, indicating that for steels, only
minor difference in wear rates was observed for a range of materials, including plain carbon steel
and Incoloy 800H.

As a gross check of consistency (and more should be performed), the wear rate data of Zhu
et al. and Wood and Woodford were compared for copper at a fluidizing velocity of 3 m/s, Zhu's
correlations indicates about 0.2 mm/1000 h and Wood and Woodford obtained about
0.1 mm/1000 h.

For the shallow UK bed tests, cold model tests showed that the highest losses were from
the mild steel specimens, while the stainless steels showed lower weight losses (typically by a
factor of two to three), with the low-chronlium steel (2 l/4%Crl %MO) approximately midway
between,(5.2.4) There was no significant difference in performance between the stainless steels.

Tests at elevated temperatures were carried out using an alloy abrasion rig.(5.2.4) In these
isothermal tests with bed and tube specimens at the same temperature (up to 4(X)°C), the competing
mechanisms of wastage and particle imbedment were found to be due to the changing properties of
the metal surfaces. Thus, under some conditions, a net weight gain was found, while at others, a
weight gain was found at low tube/particle contact velocities and a weight loss at higher velocities.
In tests where significant wastage was measured, type 304 stainless steel again outperformed mild
steel by a factor in the range of 2 to 5.

5.2.2 Recommended Design Guidelines and Procedures

Type 304 stainless steel is recommended, However, it is not clear that there is any
significant effect of tube material hardness on metal wastage for ferrous metals in operating FBCs
because of the formation of hard, tenacious oxide layers. Carbon steel may be the exception
because of metal substrate softening as compared with stainless steels.
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5.3 Tube Pitch Spacing

5.3.1 Discussion

Nieh et al.(5.3.1) studied the effect of staggered tube bundles with the same vertical pitch
(2.1 tube diameters) and two different horizontal pitches. Figure 5.3.1 shows the result of this
study. The tube erosion in the tube bundle with tighter pitch (equal to 1.5 tube dianleters) varied
with distance of the bottom tube to the distributor in such a manner that a maximutn occurred at
3 cm (2.1 tube diameters) above the distributor. The tube erosion for tile looser tube pitch
(2.5 tube diameters) increased linearly with increasing bundle height. At 1.5 cm (1.1 tube
diameters), the erosion rates were almost equal and very low. As the tube bundles were raised to
3 cm (2.1 tube diameters) or 5 cm (3.6 tube diameters), a distinct effect of horizontal pitch on
tube erosion was noted.

[xxzkwood(5.3.2) carried out qualitative visualization studies varying both the horizontal and
vertical tube pitches from 1/2 to 1-1/2 tube diameters. He found that the horizontal spacing had
the most significant effect upon fluidization quality. The quality of fluidization was determined
visually and from pressure fluctuation measurements. On the basis of this study, a moderate to
wide horizontal spacing is indicated (in this case, 1 to 1-1/2 tube diameters). Narrow spacing,
when coupled with in_,:reasinggas velocity, tended to restrict vertical solids movement. As the bed
expanded and the solids rose above the tubes, the tubes formed a barrier that prevented the solids
from moving downward. The venturi effect created by the closely spaced tubes on the rising gas
stream also restricted vertical solids movement downward. The net result was a dilute phase
within the immersed tubes. If vertical spacing was too wide, rising bubbles expanded and
coalesced into larger bubbles. Moderate to close vertical spacing (1 to 1/2 tube diameters) for
triangular arrays yielded good solids circulation and bed stability. For rectangular arrays, moderate
vertical spacing appeared qualitatively to be the most desirable. Wide spacing (1-1/2 tube
diameter) in both directions permitted bubbles to expand and coalesce into large ones with
associated instabilities and occasional slugging and increased erosion. Close spacing (1/2 tube
diameter) in both directions restricted solids circulation. Higher bed differential pressures also
resulted from close spacing. Considerable difficulty was experienced in fluidizing the 1379-ktm
(12 Tyler mesh) solids when the tubes were closely spaced in both directions, and the tube array
was close (2.5 cm) to the distributor plate.

5.3.2 Recommended Design Guidelines and Procedures

It would appear from the above limited and contradictory results that the role of bubble
coalescence and jetting from the distributor can affect the erosion rate when the pitch for a
staggered tube bundle is varied. It appears that above about 3 tube diameters from the distributor,
a tight pitch configuration (1-1.5 tube diameters) yields significantly lower metal wastage than
loose pitch (greater than 1.5 tube diameters). On the other hand, it appears that for tube bundles
closer than 3 tube diameters to the distributor, a loose pitch configuration (greater than 1.5 tube
diameters) is recommended over a tight pitch configuration. Considering the idealizations of the
experiments, these recommendations should be viewed with some skepticism until more realistic
controlled experiments are performed. A realistic constraint, however, is that the temperature
gradient through the tube bank may become too high with the tight pitch and therefore pitches Jess
than 2 tube diameters are not admissable,

The in-kind data reports received from British Coal Corporation's Coal Research
Establishment addressing the dependence of the erosion rate upon tube spacing found that for the
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six different tube spacings studied, the bank whose tubes suffered the highest losses was that used
in the Grimethorpe PFBC (the "D" array).(5.3.3) The largest decrease in tube loss measured for a
change in tube spacing was obtained when using "DSH" bank. By using this array, the maximum
tube weight losses were about 35% less than those measured when the "D" bank was fitted.

Further studies confirmed earlier results that showed that close-oacked tube arrays suffered
less wear than those with larger tube separation.(5.3.4) Tests for tube bank "E" showed that the
position of peak wear and its value can be controlled by judicious variation of packing density to
combat the highest wear with the greatest packing density.(5.3.5) Some scope was felt to exist for
reducing wear by extreme changes in geometry, but these concepts were considered unlikely to
result in a practical tube bank. A significant feature of tube bank "E" was the nearly constant peak
wear rate on the diagonal tube positions as a function of height up the tube bank.(5.3.6) This
observation indicates that the dense tube packing at the top of the bed had been beneficial at
suppressing wear on this part of the tube.
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5.4 Staggered versus In-Line Tube Arrangement

5.4.1 Discussion

Nieh et al.(5.4.1) studied tube erosion of a staggered bundle (11 tubes) and an in-line
bundle (12 tubes) measured under identical flow conditions (U = 75 cm/s, bottom tube to
distributor distance = 3 cm, 2.1 tube diameters). The vertical pitch was 3 cm (2.1 tube
diameters), and the horizontal pitch was 1.5 cm (1.5 tube diameters). From previous tests, they
found the in-line tube bundle also had a characteristic maximum erosion at a tube bundle height
(above distributor) of 3 cm, like the case of a narrow-pitch staggered bundle. Figure 5.4.1
summarizes the comparison of tube erosion of in-line and staggered bundles. The average erosion
of the tubes at different positions in the staggered configuration was found to be consistently larger
than that of corresponding tubes in the in-line configuration by approximately 45%. However, it
should be noted that the two outer tubes in the middle row on the in-line bundle (no corresponding
tubes in the staggered bundle) were found to experience severe erosion, 200% higher than the
inner tubes at the same level. Nieh et al. believed that the higher overall erosion of the staggered
bundle was due to the smaller flow resistance of the staggered bundle than the in-line bundle,
thereby permitting a higher particle impinging velocity and hence greater tube erosion.

Cold model test results conducted by Ellis and Arrnitage(5.4.2) show that triangular pitch
results in greater metal wastage than square pitch. Figure 5.4.2 compares the results of the wear
rates from their studies.

CURL(5.4.3) studied the effect of altering the Grimethorpe tube bank C geometry to an
in-line arrangement maintaining the same density of tubing. With the in-line arrangement, the
wastage rate within the body of the tube bank was reduced by about 50%. However, the
elutriation rate was excessive on this test, and any future work on in-line tube tanks should include
a closely pitched section at the top to reduce the energy of bursting bubbles. This radical change in
tube bank geometry was not pursued when it became evident that is was not a practical short-term
solution for Grimethorpe.

Lockwood(5.4.4) found that in the rectangular arrays, channeling (gas by-passing) was a
common occurrence, particularly at higher superficial velocities. As the vertical spacing was
decreased, channeling became more severe. Severe channeling caused the solids to be carried
higher into the freeboard and increased entrainment in the exit gas stream, just as observed at
CURL. Qualitatively, channeling was also associated with smaller fluctuations in bed differential
pressure with rectangular arrays than with triangular arrays. Small differential pressure
fluctuations, while generally associated with a stable, uniformly fluidized bed, can be due to gross
gas by-passing, an undesirable characteristic.

Triangular arrays experienced some channeling, too. In this case, channeling was either in
a diagonal manner up the array between diagonal rows of tubes, or vertically in a pseudosinusoidal
fashion. This form of by-passing was less frequent than in the rectangular arrays. Channeling
typical of both triangular and rectangular arrays is depicted schematically in Fig. 5.4.3. Triangular
arrangements provided a more uniform gas-solids mixture than rectangular ones. In general, bed
differential pressure fluctuations were slightly greater with triangular arrays but were also
associated with less gas by-passing. Solids circulation was more uniform throughout the bed with
triangular arrays. Close vertical spacing in rectangular arrays resulted in channeling. The vertical
rows of tubeseffectively acted as barriers to horizontal solids movement.
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5.4.2 Recommended Design Guidelines and Procedures

The consensus of investigators is that tubes should be in an in-line (square) arrangement in
order to minimize erosion. The studies in this section conclude that the pitch should also be no
more than 1-1.5 tube diameters. However, if the pitch is too small, channeling may occur,
possibly increasing metal wastage significantly. Brain and Michner(5.4.5) recommended that
whenever possible, the tubes should be arranged on a square pitch in preference to a triangular
pitch. Where triangular pitch or cross-over arrangements have to be used, some protection on the
underside of the upper tubes may be required. However, the British Coal Corporation's Coal
Research Establishment in-kind data for cold model tests indicated that there was no significant
difference between triangular and square pitching, at least at high packing densities; therefore, for
ease of construction, a square pitched tube bank was developed.(5.4.6)

For the UK shallow beds, experiments carried out with two rows of tubes arranged in
either a square or triangular pitch array showed that maximum wear occurred on the upper row of
tubes in the triangular array.(5.4.7) The wear on these tubes was four times greater than that on the
corresponding tubes in the square array. The high rate of wear of the upper row tubes in the
triangular pitch can be attributed to their location in the path of high-velocity bed material passing
between the lower row tubes. The upper rows in the square array tend to be sheltered by the lower
row tubes.

These tests also showed how increasing horizontal tube spacing (200 to 400 mm) can be
used to reduce wear, particularly on the upepr row of a triangular array. Increasing the horizontal
pitch of lower row tubes reduces the inter-tube "channel" velocity and thus reduces the velocity of
particles impinging on the upper row tubes.

The maximum distances from tube surface to tube surface for triangular tube pitches are
larger than for square or in-line pitch tube arrays. The simplified MED erosion model given by Eq.
3.4 predicts that the erosion increases with a characteristic acceleration distance. If this distance is
taken to be the maximum distance from tube surface to tube-surface, this explains the observed
higher erosion rates for triangular pitch tube bundles, relative to square or in-line pitch tube
bundles.
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5.5 Tube Inclination

5.5.1 Discussion

Lee(5,5.1) studied the influence of tube orientation on in-bed tube erosion at four different
inclined angles: 0°, 30°, 60°, and 90° (vertical). For successive test runs, the tube was placed
horizontally and vertically at the center and vertically near the wall to quantify the effect of tube
location. Figure 5.5.1 shows the averaged specific erosion rate and the specific weight loss for
the immersed tube in a bed with 0.55-mm glass beads at a superficial velocity of 67 cm/s. The
sample tubes were tested at the above bed conditions for three hours for different tube locations
and orientations. The averaged specific erosion rates for 0°, 30°, 60°, and 90° were found to be

0.5_,, 0.49, 0.34, and 0.27 mg/cm2.h, respectively. Horizontal tubes were found to experience a
weight loss about 215% greater than that of vertical tubes under the same conditions. The specific

erosion rate of the vertical tube near the wall was found to be only 0.15 mg/cm2.h, 55% that of
the tube in the core region. Experience with single tube inclinations may not properly reflect those
for bundles of tubes. However, the trend of these results agrees well with other observations(5,5.2)
that the erosion rate of horizontal tubes is greater than that of inclined and vertical tubes. The
specific weight loss of tubes close to the side wall was much less than that of tubes near the center
of the bed, also in agreement with other findings.(5,5.2"5.5.5) The lower erosion rate for tubes near
the wall is attributed to the averaged solids flow patterns in the bed.

Wear rates measured on the vertical (and inclined) sections of the Grimethorpe C tube bank
were reported to be much less than those measured on the horizontal sections. In the cold model,
the wastage on the bends was about the sarne as that on plain horizontal tubes. However, the wear
on vertical and inclined tube banks in the cold model was much more severe. It is thought that in

the 2-m x 2-m combustor the "wall effect" (i.e., the low levels of wastage close to the walls
observed in all the rigs) extends to about 4(X)mm from the wall and includes regions of the bed
where the bends and the inclined and vertical sections are located. When specifying a design for
tube bank C2, greater emphasis was therefore placed on the wear measurements made on tube
bank C rather than on data from the cold model tests, in which the wall effect extended only about
70 mm into the bed.

5.5.2 Recommended Design Guidelines and Procedures

The situation in the open literature is somewhat confusing, but it is clear that tube
inclination will produce more three-dimensional effects than a horizontal tube. The influence of
bubble coalescence must be considered. This implies that the bed height be taken into
consideration. The experience with shallow bed FBCs led to the conclusion that the tube bank
inclination should be minimized and that horizontal tubes were preferred.( 5.5.3, 5.5.4) The
argument given was that inclined tubes could cause particles to track along the tube. This is
consistent with Rowe and Everett's x-ray studies that showed that inclined tubes cause bubbles to
rise along them,(5.5,6) Conclusions drawn from Lee's single-tube studies should be applied to a
tube bundle with caution, if at all. The contradictory results for cold models of Grimethorpe(5.5.5)
may be a result of improper scaling. Brain and Michner recomnlended that horizontal tubes should
be used if possible. (5.5.7)

The British Coal Corporation's Coal Research Establishment in-kind data have clarified the
situation, as has a recent report by them.( 5,5.8,5.5.9) The BCC compared tapered beds and vertical
tube bundle erosion rates to those obtained using a parallel-sided bed fitted with an array of
horizontal tubes and operated under the same fluidizing conditions.(5.5.8) The maximum weight
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loss was a factorof 3,6 higher whena taperedbed was fitted, When an arrayof verticaltubes was
tested,the maximum tube weight loss was more than a factor of 15 largerthan that of an identical
horizontal tube array. However, since the wear was spread uniformly over the surfaces of the
vertical tubes in the centre of the v.rrayand was confined to about 20% of the surface area of
horizontaltubes, the life expectancy of the vertical tu_ arraywas estimated to be only about threetimes shorterthan thatof the bundle of horizonttfltubes.

For the UK shallow beds, results from tests with tubes inclined at 10"to the horizontal
suggest that wear ,maybe increasedby as much as 50% compared with horizontal tubes,(5,5.9)A
proposed explanatton for this effect is that bubbles and panicles have been observed, in video
surveys,to "track"along sloping tubesas opposed to passing aroundhorizontal tubes.

The simplified MEDerosion modelgiven by Eq. 3.4 predictsthat erosion increases with a
characteristic acceleration distance, xd. Forvertical tubes, this characteristic distance can be taken
to be the tube height, which is at least an order of magnitude larger than the maximum tube pitch a
horizontal tube array producing a correspondinglyhigher erosion rate,
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5.6 Protective Devices

5.6.1 Discussion

Lee(5.6.1) studied four different types of tube protective devices--- pinned tube, ball-
studded tube, finned tube, and finned and ball-studded tube .-- to aid the understanding of the
preventive methods of an in.bed erosion. The ball-studded tube had two configurations: in-line
studding pattern and staggered studding pattern.

The pins were installed on half of the tubes as shown in Fig, 5.6.1, At U-Umf "' 70 cm/s,

the bare tube specific weight loss at 3 cm was 1,43 mg/cm 2, and the specific weight loss of the
pinned tube was 0.87 mg/ctn 2 at a tube-to-distributor spacing of 3 cm. This represents a
reduction of 40% over that of the bare tube. Similar reductions resulted at lower fluidizing
velocities. The specific weight loss versus excess fluidizing velocity exhibits the same
characteristic jump at a threshold velocity (26 cm/s) slightly above the minimum fluidization
velocity, similar to that shown in Fig, 4.1.8 in Sec, 4.1, indicating an erosion threshold velocity.

Lee(5.6.1) found that a ball-studded tut_ with the in-line pattern was less effective in
reducing erosion of the ball-studded tube than tl_e staggered pattert_, Figure 5.6.2 shows the
measured results of specific weight loss for the different types of protective devices. The
staggered studding tube had a wastage rate that is three times lower than that of a bare tube.
Erosion was reduced tnore than threefold by using a combination of finned and ball-studded tube,
as shown in Fig. 5.6.2. The finned and ball-studded tube is the more desirable protective device,
When the anti-erosion devices were applied to the three Foster Wheeler boilers, the maximum
erosion rate could be reduced two or three told by using a finned and ball-studded tube at the same
fluidizing velocity.(5.6.2)

Parkinson et al.'s experimental program in support of Grimethorpe yielded a large amount
of data on the erosion rate of various types of horizontal tube for a range of operating
conditions.(5.6.3) A summary of the overall average weight losses for the tests is shown in
Fig. 5.6.3, and this gives a clearer picture of the benefits achieved.

The total decrease in erosion rate, from that suffered under the initial test conditions
(Run 1) to that achieved under the conditions adopted for Run 8, where all the means of tube
protection suggested by the results of the intervening test runs were included, shows an
_mprovement by more than a factor of 5(J. ttowever, the benefit obtained from each change
individually (i.e., either 111decreasing the tube bundle to distributor distance from 0.9 to 0.45 m,
121fitting fins or pegs to the tubes, or 131changing the fluidizing velocity, U, from 2 to 1 nVs) is
dependent on the value of the other two parameters. For ex:wnple, decreasing the fluidizing
veltx:ity for plain tubes reduces wear by more than a factor of 4.5 (of. Runs 2 and 5), whereas the
same change in tluidizing velocity |br pegged tubes (of. Runs 4 and 8) gives an "improvement" by
a factor of 1.8. Changing from plain to pegged tubes at 2 rn/s (Runs 2 and 4) prtxtuces a
reduction of more than 7.6 times, while at 1 m/s, the change is only a fitctor of 2.9 (of. Runs 5
and 8). Clearly the benefit that can be achieved by a given change cannot be quantified by a single
parameter since it is strongly dependent on the other operating conditions.

Stockdale, Ellis, and Armitage(5,6.4) reported on the influence of fluidizing velocity on
wear rate for three types of in-bed tube surfaces tested, as can _ seen in Fig. 5.6.4. It is apparent
that a rnuch higher design fluidizing velocity can be tolerated when the tube bundle is fitted with a
protection system; both finned and ball-studded tUbeS show improved resistance to wear at
fluidizing velocities up to 3 m/s. Plain steel-tube arrangements sh_uld be designed at fluidizing
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velocities below 2 m/s on the basis of this work, if the same resistance against metal wastage is to
be achieved.

5.6.2 Recommended Design Guidelines and Procedures

The use of protective devices appears to be effective at low tluidizing velocities. There

appears to be a threshold velocity above which metal wastage increased exponentially, eventuallyexceeding that of bare tube. Use of these protective devices is considered to be a stop-gap
measure. Figures 4.1.13 and 5.6.4 confirm this observation, since, if the fluidizing velocity is
too high, protective devices such as studs and fins lose their effectiveness, producing erosion rates
comparable with bare tubes.

The British Coal Corporation's Coal Research Establishment in-kind data indicate that the
addition of some finned tubes to the tube bank altered the distribution of wear only slightly with
some leveling off of the wear on the centre platens. (5.6.5) However, the fins did not affect the peak
wear rate observed for the tube bank. The adtaition of four longitudinal fins at 45, 135, 225, and
315 degrees to the tubes showed a typical 8% reduction in wear on the exposed bottom measuring

, position, with an overall average improvement on the tube of 20%.
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5.7 Distributor Design

5.7.1 Discussion

Zhu(5,7.1) conducted two tests at room temperature with the same operating conditions in
their circulating fluidized-bed combustion unit. These tests provided some indication of the effect
of different distributor designs. The conditions were nearly the same as the base conditions in the
main column used in this work, but the particle size was 0.92 mm. The air distributor of the
combustor consisted of three tuyeres, each with six orifices sloping downwards at an angle of 30"
to the horizontal. The combustor had a cross-sectional area of 152 × 152 mm.

The results are shown in Figure 5.7.1, which were obtained by conducting the experiments
at essentially the same conditions, except that a multi-orifice distributor was used in the low-
temperature three-dimensional column. The results for Runs 52 and 59 were corrected for particle
size by using Eq. 4.2.4. The comparison shows that erosion rates changed by a factor of up to 2.3
for some materials, with the multi-orifice distributor leading to much more severe erosion than the
tuyere distributor. This dramatic change in erosion rate must have resulted from a change of gas
and particle flow conditions in the vicinity of the tube. The tuyeres in the combustor discharged air
nearly horizontally. This may have reduced the initial bubble rise velocity and bubble coalescence,
hence reducing the bubble size and, therefore, the bubble or particle velocity at the level of the
tube. Also, more of the bubble gas may have been distributed to the wall region, resulting in fewer
bubbles in the center of the column.

5.7.2 Recommended Design Guidelines and Procedures

On the basis of the work of Zhu,(5.7.1) tuyeres or tees (such as those used in the FWDC
ash bed experiment, Sec. 5.1.1.5) would be preferred over a multi-orifice distributor. Brain and
Michner(5.7.2) warned that non-uniform air flows through the combustor will cause localized wear
and need to be avoided. Factors that cause preferential air flows include poor plenum design, use
of air distributors with too low a pressure drop, and accumulations of oversize ash or sintered
material in parts of the bed.
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6 Scaling and Relationships between Dependent
Variables and Metal Wastage

The simplified MED erosion model given by Eq. 3.1 or 3.4 shows clearly the relationship
between the dependent variables and erosion, in particular, the porosity and the solids velocity.

The solids velocity in the vicinity of the tubes is approximat, ely the superficial velocity;
alternatively, it may be estimated from Eq. 4.2.5 or from the balance between drag and buoyancy
by using Ergun's equation. Depending upon how one estimates the parameters in the simplified
MED erosion model, the bubble velocity also enters as a parameter (see Example 4, Sec. 4.1,1).
These dependent variables can be expressed in tenns of the independent operating variables.

By analogy to the energy dissipation in the simplified MED erosion model, Yates(6.1)
proposed a simple erosion model that is expressed in terms of the bubble velocity and the mass of
particles in the wake of the bubbles, lie obtained a simple relationship for metal wastage given by

Ewp = 0.13(l-t:) fw Pp g de4/(l'fw) (6.1)

where

Ewp = kinetic energy of the wake particles, J;
= wave voidage;

fw = fraction of bubbles occupied by wakes;

pp = particle density, kg/rn 3;
g = acceleration due to gravity nVs2;and

de = equivalent sphere bubble diameter, m.

For 5(X)-_m-diameter panicles, fw~0.2 and c ~0.4, Eq. 6.1 becomes

Ewp = 480 de4. (6.2)

The equivalent sphere diameter, de, may be estimated from:(6.2)

de = 0'54{U-Umf)°'4 (H + 4V--A_)° _
0,2

g (6.3)

where

U = fluidizing velocity, m/s;
Umf - minimum fiuidizing velocity, m/s;
H = bed height, m; and
Ao = area of the distributor per orifice, m2.

In order to link erosion to well-known dimensionless scaling parameters, the simplified
MED erosion model given by Eq. 3.4 may be written in terms of the Archimedes, Ar, and Froude,
Fr, numbers as

I_Et_F _ f{E:)[1+ 0.01167(ArFr) 1/2]
I_o (6.4)
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since

Re = (ArFr)1'2= esdppg U/pg (6,4a)

where

3 2
Ar =dp Pg(Ps-PgJg/_.g (6,4b)

and

Fr = v,:/[ges dp(P," p,)/pg]. (6.4c)

I_oand f(e) am given by Eqs. (3.2) and (3.5), respectively.

Hence, for proper scaleup,the porosily, Archimedes, and Fro_.idenumbersmust be.equal.
Alternatively, the simplified MED erosion model may be expressedin terms of the Archimedes
number aloneusing Ergun's equation as(6,3)

. (6.5)

The constants C! and C2 are from Ergun's equation and are given by 121 = 33.637 and C2 --
0.04081.( 6.3) The dimensionless erosion rate expressed in the form of Equation 6.5 shows that the

1.5
simplified MED erosion model is proportional to dp and constitutes a mechanistic basis for the
purely empirical ton'elations presented in Sees. 4.1 and 4.2. The dimensional erosion rate,

I_E_F, is proportional to di_)'5 to d_'°. In addition, Equation 6.5 predicts a maximum in the
erosion rate, a phenomenon missed in the correlations, as discussed in Sec. 4.1. Equations 3.4,
3.5, 6.4, and 6,5 are the first, to the authors' knowledge, that express the dimensionless erosion

rate in terms of fundamental dimensionless scaling parameters. The definition of Eo is given by
Eq. 3.2 in Sec. 3.1.

The semi-empirical master equation of Zhu et al.(6,4) may be used as an alternative. Like
the simplified MED erosion model, it relies upon the use of the p,'u'ticle's kinetic energy. Unlike
others, and based upon their own analyses, the work done on the target is taken to be proportional
to the Young's modulus. The final fornl is implicit in the target material properties and resulted in
the following master equation:

m n
]_ Cfv[3pdp uv(b" (_s) (6.6)

where

1_ = erosion rate, _nV100 h;
fv = void frequency, Hz;

pp = particle density, kg/m3;
dp = particle diameter, mm;
Uv = void (bubble or slug) velocity .-.U, m/s;
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U - fluidizing velocity, m/s; and

es = particle sphericity.

The values of n, m, and b are given in Tables 4.1.1 (See. 4.1), 4.2.2 (See. 4.2, re=n), and 4.3.1
(See. 4.3, b-_C4),respectively, and were refit using multiple linear regression to give b = 1.1. The
exponents n and m are given in Table 6,1 and are quite close to those given in "Fables4,1. I and
4,2.2. The recommended "itn,u'' form of Eq. 6.6 is given by:

- Cr d .2uz '(1.04-¢,), (6,7)

It is important to note that the group (1.04- ¢,) plays a role similar to (I . e2) where e is the

coefficient of restitution, as discussed in Sec. 4.3. As es decreases, e would decrease, causing the

erosion rate to increase because less energy is transmitted to the target surf'ace, The recommended
values,of C in Eq. 6.7 for silica sand particles and their corresponding standard deviations are
given tn Table 6,2. C should be a function solely of the mechanical properties of both the
particulate and tube materials. The Young's modulus of the tube material is implicit in C and is
vanes appreciably. The void frequency may be estimated as discussed by Zhu et al. hut is in the
range of 1-3 Hz.

Zhu et al.(6.4) successfully analyzed the Woodford and Wood¢6.5) erosion data taken for

0.93- and 1.0-mm silica sand particles and 10 tube materials by assuming a shape hctor, es, of
0.89, a void rise velocity, uv, of 2 m/s, and a void frequency, fv, of 2,2 itz. The results of this
analysis are given in Table 6.3.

The U.K. shallow bed studies developed an empirical master equation of the form:(6,6)

1_= 1.873 × l()"9U2 D0'6 Ls 1.33(1 + 0.1 P) (6.8)

where

- erosion rate, ram/h;
U = fluidizing velocity, m/s;
Ls = bed depth before fluidization (static bed height), ram;
D = tube diameter, mm; and
P = tube inclination, deg.

The BCC concluded that comparison between the correlation given by Eq. 6.8 and observed metal
loss for eleven boilers, considering the variety of boiler designs from six manufactures, was most
encouraging. Remarkably, Eq. 6.7 predicts erosion rates o_! the same order as Eq. 6.8,
1 lam/100 h, over the same range of parameters for steel tube materials, as indicated in Fig. 4.1.11.

The parameters typical for FBCs are dp = 1 ram, U~ 1 m/s, p-.. 2 x 103 kg/m 3, _s --1, and l.,s ~
500 mm (0.5 m). It should be noted tha_Eq. 6.8 predicts no explicit particle size dependence, but
does predict erosion rates to increase with bed height and tube inclination. With P = 9()*,a ten-fold
increase in erosion is predicted for vertical tube banks over horizontal tube banks, in agreement
with the BCC in-kind report studies discussed in Sec. 5.5,
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TABLE 6.1 FittedLeast-SquaresExperimentsfor Eq, 6.6(6,4)

-_-- -Materiai.....--" ,,,i" _.i_-,,.i.,",,EXI3°or!'rneNta!_--- .........E_<perimentain-
aras=s ........ • .... 1-,4 1 = ---"2.3 ' ' _-'
Aluminum 2011 1.1 2.1
Copper 1.1 2.1
Stainlesssteel 304 1.2 1.8
Carbon steel 1050 1,1 2.0
Overall 1.2 2.1

............. I[I ............... I[ IIIlll _[ -- I I ] -- lJ _ ---_ L ..................

TABLE 6.2 FittedLeast-SquaresValuesof C forEq, 6.7 for SilicaSandParticles(6.4)
___ -- ............... Illll -- __ DI II II _ : _ I " ]tJ([ .... I I i

Material C ..... " - -sta-ndarddeviatiOn
"_ Brass .......... '.............-"- ........... 0"11_5..... ..... _ .......-...........0.0022.... ..................

Aluminum201 0.119 0.0046
Copper 0,0683 0,0029
SS 316 0.0097 0.0016
CS 1050 0,0199 0.0010
SS 304 0.0101 0.0001
CS 1020 0.0257 0.0009
iron 0.0239 0,0008
Pure aluminum 0.237 0.033
KeewatinSteel ! 0.014,6 0.0004
KeewatlnSteel 2 0.0110 0.0005
KeewatlnSteel 3 0.0105 0.0002
Keewatln Steel 4 0,0103 0.0001

"--_____ --- _ -- _-- !IIIH lUUnl --- ] inn[ _ _ ii , _ _ ; _ ± i ir|,n _ - " _ i ii i ]

The unitsof C and the standarddeviationare (l_m.s3,1)/(kg.h.mO.3),

TABLE 6.3 Comparisonof Woodford and Wood(6,5)Measured Erosion Rates
and Predictionsfrom Eq. 6,7 withC Values from Table6,2(6.4)

.......... " - ....... - ......... "...... - ErOsionrate.........................(_m/loo h)
i / ,,, i,iq

Particle diameter
Tube material (mm) Measured Predicted

.... : _. ,, ._ ,,Ii, i -- ;- : ..... , ,.,., - .... - _. r,,,,,, -___., ,.

-_- ......-COpPer ' -- -...... 1.9 17 19
SS 316 1.9 3,0 2,8
Copper 0.93 6.7 8,2
SS 316 0,93 1.8 1.2
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7 Parameters That Have Uncertain Effects upon Metal Wastage

Parameters that have unclear, uncertain, or speculative effects on metal wastage are briefly
described in this section.

7.1 Tube Vibration

During the course of research at CRE in support of IEA Grimethorpe, vibrating plastic
tubes were found to wear faster than nonvibrating tubes.(7.1) However, studies at CURl,,(7.2) also
in support of Grimethorpe, showed that PVC bars and PVC tubes stiffened with steel inserts
produced higher erosion-rates by a factor of 1.57 and 1.7, respectively. Oscillating tubes have
been observed to produce bubble chains, which disappear immediately when the oscillattons
cease.(7.3)

7.2 Colllslonal Frequency

To identify the effect of particle impacts on tube erosion, a series of measurements was
conducted by Nieh et al.(7,4) to determine the peripheral distribution of the collision frequencies
using surface mounted electrostatic impact probes, as well as weight losses around an immersed
tube. An instrumented tube having the same dimensions as the wax cylinders (17 mm) was placed
horizontally at 5 cm above the distributor. Measurements of collision frequencies at different
circumferential locations were made by rotating the instrun_ented tube each experimental run, with
results shown in Fig. 7. l(b). These data were averaged values taken over 50 s of measurements
with 0.55-ram glass beads at 67 cm/s fluidizing velocity. It can be seen in Fig. 7, l(b) that more

particles impacted the lower half of tube (particularly in the 4 o'c!ock to 8 o'clock region) than the
upper half of the tube. The highest frequency of particle impacts (90 counts/s) was found from
the 5 o'clock to the 7 o'clock positions The maximum collision frequency was about three times
higher than the minimuna collision frequency at the tube top (12 o'clock).

XVeight loss measurements were also made on an immersed tube under the same
conditions. As illustrated in Fig. 7.1(b), the greatest tube erosion appeared at the Ix)ttom portion
of the target lube (6 o'clock). The point of maximum erosion on the tube experienced a weight
loss (2.4 mg/cm 2) about five times the minimuna erosion at 12 o'clock. Comparing Figs. 7.1(a)
and (b), a general correlation between particle-tube collision frequency and tube weight loss exists.
These results indicate that the bottom tube surface had the htrgest weight loss us a result of frequent
particle impacts, while the top tube surface had the smallest weight loss as a result of fewer
collisions. Nieh et al. specuhtted that the mass removal process of an immersed tube is directly
affected by the number of particle impacts per unit time and tile particle impact velocity (or
momentum). The difference between the distributiolls in Figs. 7.1(a) and (b) was attributed to the
particle velocity profile around the tube, which was higher on tt_e lower half of the tube, The
electrostatic impact probe may be useful for identifying erosion details, such as maximum erosion
points, and proper bundle arrangement for minimal erosion.

7.3 Bubble Coalescence

Levy and Bayat(7.5) studied the effect of bubble coalescence on tube erosion. A single tube
was placed in a 0.759-m by 0.759-m bed. The bed was at minimum fluidization, and bubbles
were injected just above the unifoml distributor. The erosion rates were detemlined tbr single and
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coalescing bubbles as a function of tube elevation. Figure 7,2 taken from Ref. 7.5 clearly shows
that the erosion rate is approximately doubled when bubbles coalesce near the tube surface. The
higher erosion rate is probably caused by higher forces (not measured) exerted on the tube surface
during the coalescence process.

7.4 Pressure Fluctuations

In view of the qualitative observations on the quality of fluidization, determined by
pressure oscillations, one might expect some correlation between pressure variance and erosion,
Parkinson(7.6) et al. attempted to correlate pressure fluctuation with metal wastage but were
unsuccessful, probably because fluctuations of a global nature (in the plenum chamber, between
the tube bank, and immediately above the tube bank) were measured rather than local pressure
fluctuations.

¢'The FLUFIX/MOD2 and EROSION/MOD1 simulations of the gen nc few (3) tube model
of the CRE cold model experiments were used to develop a preliminary correlation between the
local pressure variance and erosion rates.(7.7)

Figure 7.3 shows an example of the results of comparing the MED erosion rate with the
2

variance of pressure, op, as a function of fluidizing velocity at two positions for the shallow five-
tube FLUFIX/MOD2 simulation discussed in Sec. 5.1.1.6. Good correlations of erosion
increasing with the variance exist at these positions. The functional relation at each position is
expected to be different, but trends would hopefully be unique and reproducible.

i

7.5 Tube Diameter

Zhu(7.8) studied the effect of diameter dependence upon erosion for a single tube located at
308 mm above the distributor. The bed material was 1.0-ram silica sand and the fluidizing velocity
was 1.88 m/s.

The results are plotted in Figure 7.8. For tube sizes of 20, 25, and 32 ram, the erosion rate
increased slightly as the tube size became smaller. For a tube size of 15 mm, the erosion rate
increased dramatically for brass and A 12011, while the erosion rate for the other three materials
remained relatively constant. Zhu explained the results as follows.

The erosion of a tube is proportional to the mass flow rate of impacting particles. For
bubbling or slugging, this mass flow rate is expected to depend on the wake volume. However,
the wake is somewhat thicker near the axis of the bubble than at the outside. Because bubbles are

more likely to swerve to avoid larger tubes than smaller ones, (7.9) the impact panicle mass flow
rate per unit area tends to be somewhat higher for smaller tubes than for larger tubes. As the tube
size decreases, the volume of the de-fluidized cap appearing from time to time on top of the
tube(7.10)decreases relative to the tube size (since the angle of repose for the panicles is the same),
while the tube surface becomes more curved. This provides more chance for particles to impact on
the top part of the tube, hence increasing the average erosion rate there. When the tube diameter
was smaller, particles impacting the tube surface were able to leave the tube more quickly,
providing less protection against the next batch of impacting panicles.

Zhu concluded that the above arguments may explain the small increase of erosion rate for a
change in tube diameter from 32 to 20 mm, but not the sharp increase for the 15-ram brass and
A12011 tubes. A possibility for the outstandingly high erosion rate for the 15-ram tubes offered
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was that the 15-mm tubes tended to vibrate slightly, which may have enhanced the erosion rate (see
Sec. 7.1). Zhu noted that Hosny,(7.11) Hosny, and Grace,(7.12) and Grace and Hosny( 7.13)found
that the rms (root mean square) forces for a given column were proportional to tube diameter for
tube diameters of 15, 25, and 32 mm when U-Umf was larger than about 0.3-0.5 m/s. The full
explanation of tube diameter dependence was not fully resolved and remained unclear.

Parkinson et a1.(7.14)measured changes in tube wall thickness for tubes of 20, 33, and
60 mm in diameter. For all of these tests, the mean particle size of the sand was 1.3 mm and the
bed was fluidized at a superficial velocity of 2 m/s. The total loss of material from the tubes
increased with tube diameter. The measured weight change of the 60-mm-diameter tube was about
twice that of the 20-mm tube. If these total losses were simply averaged over the surface of the
different tubes, the mean change in tube thickness would decrease as the tube diameter was
increased, as shown in Figure 7.5. This in the same trend as observed by Zhu.(7.8) However,
inspection of the data shown in Figure 7.5 indicates that the highest losses (close to the bottom of
the tubes) do not vary by as much as the overall weight change for the different diameter tubes.
The large differences in tube weight change occur principally as a result of losses from the sides
and tops of the tubes (i.e., the 0°, 90", and 270* positions).

The in-kind data obtained from British Coal Corporation(7.15) indicate that while
maintaining approximately the same heat transfer area in the tube bank, tube wastage appeared to
reduce when tube radius was increased from 33.4 to 50.8 mm. Increasing the tube diameter from
50.8 mm to 75.2 mm showed no significant change in peak wear ratge. There was a slight
tendency for reduced wear on the diagonal dimension and increased wear on the horizontal
dimension. Increasing the tube diameter affected the distribution of wear around the tubes.

Earlier tests showed that there was a positive benefit of 30% ira the vertical diameter and
48% in the diagonal diameter in using 50.8-mm- as opposed to 33.4-mm-diameter tubes, even
though the tube packing density must be diminished to maintain constant area.(7.16) Brain and
Michner(7.16) recommend that the smallest practicable diameter of tube commensurate with good
circulation should be used.

Studies by the BCC for the UK shallow beds showed that single tubes showed a 100% in
wear as tube size wzts increased from 50 mm to 114 mm in diameter.(7.18) However, the work
with multiple tube arrays, 50-mm and 75-mm tubes, suggests that wear may be less on the 75-mm
tubes. This anomaly has not been resolved, and therefore the influence of tube diameter on wear is
unclear.
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8 Conclusions and Recommendations

The most sensitive parameters affecting metal wastage have been found to be the superficial
fluidizing velocity, p=u'ticlediameter, and p,'u'ticle sphericity. Other parameters have secondary or
uncertain effects upon erosion, but they cannot be ignored because they all compound and could
result in unacceptable metal wastage rates.

Consistencies between disparate data sources using different techniques were found when
the erosion rates are compared on the same basis using the concept of renormalization. The
simplified mechanistic models and correlations, when validated, can be used to renormalize any
experimental data so they can be compared on a consistent basis using a master equation.

For bed geometries and operating conditions that have not been reported in the literature, it
is strongly recommended that the FLUFIX/MOD2,(8.1) FORCE2,(8.2) and EROSION/MOD 1(8.3)
software packages be used to assess fluidized-bed hydrodynamics and erosion rate dependencies
upon design and operating parameters. Of course, one cannot depend entirely upon mere computer
model predictions. Hence, together with computer model predictions, a supportive experimental
plan should be carried out concurrently to validate the computer predictions, It is only in this
perspective that fluidized-bed designs having minimal erosion can be achieved in a cost-effective
manner.

An attempt has been made to relate the design guidelines to field data in a meaningful
manner. This implies that erosion scaling procedures are needed. The simplified MED erosion
model offers a simple-to-use method to accomplish this. Several examples demonstrated increased
confidence in this model. The correlative approach and use of the FLUFIX/MOD2(8.1) and the
MED erosion model in EROSION/MODI(8,3) are alternatives. All produce about the same erosion
rates, with the simplified MED erosion model being conservative.

What is needed is a regime map (similar to the map shown in Fig. 8.1) that relates the
independent and dependent operating variables to erosion to determine bubble regimes. (8.4) This
ma.pwould relate the independent parameters to the dependent parameters and/or directly to the
various erosion regimes. The map should be in dimensionless form for universality.
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Appendlx A:

8ome Converslon Factors Useful In Ero$1on Calculatlons

Density

I g/era 3 = 103 kg/m3
Air at ! atm ancl 20"C= 1.205 kg/m 3

ParticleDiameter

I(XX)_m = lO'3m=0.1 cm= l.Omm

Energy(power)

I0"Ierg/s= J/s= W

Energy Dissipation

psC, V_S= kg/s 3 = J/(s,m 2) = W/m 2

dKEddt = rhs _= kg/(re.s:')= J/{s,m 3) = W/m3d:

r 'E oslon rate

1 mm/l(XX) h -- 1 gnVh = 2.77 x 10"1°nVs = 2.77 nln/s

10 gm/l(X) h :: 0,1 mm/l(X)O h = I(X)nn'v'h= 4 mil/lO{X)h

1 gurffl(X}h = 0,01 mn_l(X)O h = 10 nm/n = 0.4 mil/l(X} h

= 0.0877 mm/h = 3.51 rail/v,"

Power

J = N. m = kg,m2/s 2

Pressure (hardness)

10 dyne/era 2 = Pa

9.8 × lOtskgffmm 2 = Pa

Pa = J/m3 = kg/(m, s2)
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Vi_osity

Air at 1armand20' C = 1.82x 10.5 Pa, s

i Poise = 0.I Pa,s
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Appendix B

Useful Design Information

In this appendix, we present some useful design information that aids in estimating erosion
rates in fluidized beds, The than shown in Fig: B. 1 quickly provides the minimum fiuidization
velocity for air.solids and water'solids as a function of panicle diameter and particle density at one
atmosphere pressure and 293K.(a.I) For other pressures, densities, and temperatures, Iio and
Park's(B.2)sol, ware package has proven extremely useful and user friendly,

'Fables B- l through B-3 list the hardnes:;es of several tube materials obtained by Wood and

Woodford(B.3), quoted by Usimaru et al.(n,4) and Zhu et al.(n.5) Variations of :1:50% exist for a
given material, e.g. aluminum, 18.5.35 kgf/mm 2 (181 - 343 MPa). Such variability explains wide

scatter in predicting ¢,rosion rates. The situation is even worse for PVC plastic tube materials,
commonly used in accelerated erosion testiug, which can have a spread of a factor of five or more
in hardness values, depending on the type of plasticizers used,(B,6,B.7)

TF_isdocument has made extensive use of References B. 1 through B.7.
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TABLE B.1 Hardness of Materials Tested by Wood and WoodfordB,3

Hardness

Material (kc::Jf/mm2)
Aluminum 18.5
Copper 104
Nickel 131
Iron 90
Cobalt 210
SA213-T11 177
SS316 171
Stellite 6B 377
A286 393
High-speed steel 1010
Limestone 134
Silicasand 766
Alundum (AI203) 1890
a0.5-kg load

TABLE B.2 TypicalValues of Material Hardness(B.4)

Hardness

Material (k_f/mm 2)
Lead 5
Aluminum 22-25
Copper 42-120
Brass 42-180
Nickel 115-350
Hardened steel 900
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TABLE B.3 Mechanical Properties of the Materials Used by Zhu, et al(B.5)

i

Strength Hardness
Elastic

Material modulus Yield Tensile Vickers Density
(GPa) (MPa) (MPa) (kg/mm2) Other1 (kg/mm3) Source2

SS316 189 547 648 327 Measured
190 760 HRC 35-45 Handbook
190 276 621 HRb-85 7840 Manufacturer

SS304 276 Measured
190 262 586 HRB-80 7840 Manufacturer

CS1020 180 508 646 230 HRA-53 Measured
21 0 538 607 HB-177 Handbook

327 441 HB-126 7840 Manufacturer

CS!050 203 627 692 230 HRA-52 Measured
210 586 655 HB-179 Handbook

531 628 HB-179 7840 Manufacturer

Brass (C36000) 63.2 327 402 155 HRA-41 8410 Measured
97 31 0 400 HRB-78 8500 Handbook

297 414 8490 Manufacturer

Copper (C14500) 115 346 348 98.0 HRA-30 8990 Measured
115 305 330 HRB-48 8940 Handbook

310 324 8910 Manufacturer

A12011 -T3 67.0 353 420 132 HRA-40 2880 Measured
70.0 296 379 HB-95 2820 Handbook
71.0 296 379 HB-95 2820 Manufacturer

Pure aluminum 60.1 29.6 43.6 23 HRA-24 2670 Measured
62 20 40 2700 Handbook

Armco iron 162 327 123 HRA-30 7780 Measured
208 Handbook

Keewatin tool sleel (1) 200 1132 1166 327 HRC-33 7790 Measured
210 Handbook

7780 Manufacturer

Keewatin tool steel (2) 202 1524 1580 448 HRC-44 7790 Measured
210 Handbook

7780 Manufacturer

Keewatin tool steel (3) 212 551 HRC-50 7790 Measured
210 Handbook

7780 Manufacturer
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TABLE B.3 (Continued)

Strength Hardness
Elastic

modulus Yield Tensile Vickers Density

Material (GPa) (MPa) (MPa) (kg/mm2) Other 1 (kg/mm3) Source2

Keewatin tool steel (4) 204 836 HRC-63 7790 Measured
210 Handbook

7780 Manufacturer

_U.S GOVERNMENT PRINTING ()IrFICE I i _J_- _,"-'._ ;!--

...............................................................

1HRA, HRB, and HRC = Rockwellhardness, A, B, C scale; HB = Brinell hardness number.
2Measured = measured at U.B.C., handbook = from Bardes and Baker (1983), manufacturer = data

provided by manufacturer or supplier.
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