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PREFACE

There is a classic problem in fluid dynamics called "the rain running
problem" which poses the question of how fast a person should run
through a rainstorm to minimise a soaking. The answer is of course a
function of the assumptions used to define the problem - a thinly veiled
muse. A parallel teaser could be posed by environmental lobbyists for
engineers involved in power plant design. Entitled 'the acid rain -
running problem" it may well ask how much research needs to be done
before the damage to vegetation, inland waterways, and ulfimately to
human life, caused by acid precipitation, be recognised for what‘it is -
a technological problem firmly rooted in the use of fossil fuels.
Engineers prepared to tackle this problem are faced with a further
question - "how best do we steer our way through this 'storm' without
further damaging our environment?'., Unlike the first problem, this last
is not open ended, and requires immediate sound and confident answers. '
This thesis is an attempt to define the problem a little better, and to
offer 'definite choices to engineers concerned with the design and
operation of fluidised combustor power plant, specifically with regard
to the selection of sorbents for the capture of sulphur dioxide released

during coal combustion.

The work described in this dissertation was carried out in the Energy
Research Institute, University of Cape Town, with financial sﬁpport from
the Foundation for Reéearch Development, CSIR. I claim that this is my
original and independent work, except where specifically referenced in
the text, and that it has not been submitted in this, of any other form

for a degree at any other university.

A number of people at the Energy Research Institute contributed
meaningfully to this work. The construction of the laboratory units owes
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the direction of this work, and to Dr. Anton Eberhard for helping me to

"draw the line".
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ABSTRACT

An overall process model is presented for the capture of sulphur dioxide
by calcareous sorbents in a fluidised bed combustor for a feed of
arbitrary size distribution. The description of sorbent sulphation
kinetics, particle attrition and elutriation effects incorporated in
this model is supported by experimental data for a wide range of South

African sorbents,

The sulphation of sorbent particles is described by a simple, two-
parameter, kinetic model. No loss in physical relevance is incurred when
the decrease in reaction rate with time is given by a negative .
exponential term. Both sulphation rate and capacity are shown to be
functions of sorbent type. The sulphation propensity of the 16 South
African samples is correlated against their geologic description.
Sorbent properties such as porosity, crystallinity and topography, which
affect sulphation capacity directly, are functions of geologic age. It
is possible to make a first order assessment of sorbent potential simply

ffom this geologic data.

Sorbent attrition, caused by the continuous movement of particles within
the combustor, is greatest for deep beds of soft friable material. Most
of the attrition takes place in the distributor region where jetting
action is important. The attrition model reflects an explicit dependence
on fluidising velocity, bed depth, particle diameter, topography and
structural stréngth. Measured values of attrition rate'decrease with
time to a steady state value, which, under normal FBC operating

conditions, is attained after a time in the bed of 6 - 10 hours.

The elutriation model considers the efﬁect of fines, generated by

attrition, on the carryover of coarse particles from the bed.

The overall process model confirms that choice of sulphation kinetics
‘exerts the greatest influence on attainable sulphur capture, although
bed fluid dynamics, sorbent attrition and feed size distribution all
play a role. The model is substantiated by extensive data from the
performance of three dissimilar sorbénts in a 10 MW.,, FBC. The '
contribution of sorbent attrition to the solids loading of downstream

gas cleaning equipment is highlightgd.
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CHAPTER 1 - INTRODUCTION

1.1 GENERAL

Interest in the application of fluidised bed technology tb coal
combustion has grown markedly sihce.the early 1960's when the concept
was'effectively "rediscovered" by a team of researchers employed by the
U.K.Central Electricity Generating Board. The enthusiasm with which the
technology is currently pursued is a result of upheavals in world energy
supply, specifically that of crude o0il and natural gas. The growth of
fluidised bed combustion (FBC) has been assisted by an increased
environmental awareness of the hazards associated with fossil fuel
combustion. The introduction of FBC at industrial scale has reachéd
significant proportion, with, in 1984, é total installed capacity in
excess of 15000 MW in over 25 different countries [Erlich, 1984].
Applications range from steam and electricity generation, to district
heating, waste incineration, thermal fluid heat transfer and drying
processes. There are now units in operation with a thermal rating of 250
Mw,land economies of scale are such that the technology competes

favourably with conventional pulverised coal combustion in many

instances.

FBC offers distinct advantages over conventional combustion practices

such as fixed bed (grate) or pulverised fuel firing. Principal among

these are

¥

the ability to burn a wide variety of fuels, including low

reactivity coal with a high mineral content

¥

low temperature operation, typically 1020 - 1170 K, which limits
the vaporisation of potentially toxic elements from coal,
eliminates clinker formation, and minimises fouling of heat

transfer surfaces

¥

high volumetric heat release rates achieved by immersing heat
transfer sufaces in-bed '

* the potential for linking a fluidised combustor, operating at
pressure, to a gas turbine, in a combined cycle configuration,

with improved thermodynamic efficiency over a classic steam cycle



% the potential for in-situ control of acid gases such as sulphur
dioxide by addition of calcareous sorbents such as limestone

and dolomite, and of nitrogen oxides by staged combustion.

It is this ability to effectively control the emission of sulphur and
nitrogen oxides in situ, rather than being forced to resort to costly
flue gas treatnment, which is perhaps the most significant attribute of
the technology, and which is the focus of this work. The investigation

is limited to an analysis of the reaction with sulphur dioxide.

1.2.SULPHUR DiOXIDE AS A POLLUTANT

The debate over the causative link between SO, emissions from fossil
fuel power plant and acid precipitation damage is long standing. It is
sufficient here to say that circumstantial evidence relating the two is
overwhelming - the acidificatibh of inland waterways in Scandinavia
and Northern America, destruction of vegetation in these same areas, and
the generalised attack on building structures, can all be attributed, in
part, to the point source emission of SO, from large power plant [Uman
(1983), Whitaker (1983), Chester (1986, 1987)]. The mechanism of acid
ges precipitation is undoubtedly complex, andlother chemicals, such as
ozone, hydrocarbons, and NO,, play major roles in atmospheric pollutant
chemistry [Chester (1986), Ireland (1987)]. This, however, does not
negate the significance of S0, as a contributor to acid precipitation
damage, and the need to combat its emission from coal fired power plant

remains.

Original strategies for the control of SO, were concerned simply with
dispersion of the gas in the atmosphefe. This was invariably achieved by
the "tall stack" approach, which, in reality, serves only to exacerbate
the problem [Crane and Cocks (1987)]. Further chemical reaction
accompanies the transportation and mixing of SO, in the atmospheric
'boundary layer beyond the point at which the stack plume first contacts
the ground. The potential exists for long range transport of SO. in
gaseous form, and for its subsequent dry deposition at the surface,
either directly, or through vegitation takeup. The dissolution of SO, in
atmospheric moisture, and its subsequent oxidation to H,SO, produces the
well known "acid rain'" during washout. In general, however, dry

deposition is dominant.



The fealisation that tall stacks are largely ineffective in abating SO.
has prompted the implementation of absolute air quality standards
(e.g. The U.S.A, Clean Air Act (1963, 1970, 1977)) as well as the '
creation of point source limits for SO, emission from coal combustion
plant.'The most severe limitations on SO, emissions stem from the
Federal Republic of Germany (1984), where, for a coal combustion plant
rated in excess of 400 MWes,, the maximum permisSable S0, emission is
400 mg . Nm—2, In addition, an 85% emission reduction efficiency is
required. Similar absolute limits are enforced in the USA (E.P.A
(1979)], and are under consideration in the U.K [Meethan (1981)]. Any
new coal fired plant will require some form of SO, emission control in
order to meet such severe statutory limits. The addition of calcareous
sorbents to fluidised combustors is one way of achieving this required

abatement in SO, emissions. Key features of this reaction are described

below.

1.3 SULPHATION OF LIMESTONES / DOLOMITES

The general term "calcareous sorbents" applies to both limestones and
dolomites and refers simply to their calcium content. Limestones are
predominantly calcium carbonate whereas dolomites contain almost equal
amounts of calcium and magnesium carbonates. Both may contain
significant amounts of impurities (quartz, silicates and iron oxides
predominantly). Their crystallographic structure distinguishes them from

chalk and marble.

1.3.1 Thermodynamics

The reaction of calcareous sorbents with sulphur dioxide proceeds by the

following steps:

1. At sufficiently high temperatures, both calcium and magnesium

carbonates calcine to their respective oxides. Thus
CaC0,5(s) —>» CaO(s) + COx(g) 1.1

MgC0, (s) — MgO(s) + CO.(g) 1.2



2, The resulting oxides can then react with sulphur dioxide in the

presence of oxygen, according to
Ca0 + 562 +1/2 0, —» CaS0., : 1.3
Mg0 + SO, + 1/2 0, — MgSO0, 1.4
The overall thermodynamic viability of the above four reactions is well

documented [Fieldes (1979), Dennis (1985)]. At typical CO.

concentrations in-a combustor,

»*

CaC0O, calcines at 1 atmosphere if T > 1030 K

*

MgCOa calcines at 1 atmosphere if T > 610 K

1

Ca0 is sulphated at 1 atmosphere if T < 1500 K

*

Mg0 is sulphated at 1 atmosphere if T < 985 K

Normal operating temperatures in an FBC are in the range 1020 - 1175 K,
and therefore the sulphation of MgO is unlikely to occur. The reaction
of both limestones and dolomites is expected to proceed solely by the

sulphation of the Ca0 component in each.

1.3.2 Aspects of the Sulphation Process

(i) On the basis of the respective molar volumes of CaCO,, Ca0, and
CaS0,, it can be shown that the conversion of Ca0 to CaSO, cannot reach
.100%. Assuming that particle externalkdimension is unchanged on ,
- calcination, the total fraCtionai'unit ﬁore volume available for

sulphation is given simply by
Eo =1 - V'co/v'cc

where V'.o and V' are molar volumes of oxide and carbonate
respectivley. Using molar volumes from Weast and Astle (1982),

€o =1 ~-16.9/36.9 = 0.54. As sulphation proceeds, the porosity decreases

according to Dennis (1985)
Ex =1 ‘[X V'ies + (I—X)V'co] / V'ee 1.6

where X is the fractional conversion of Ca0 to CaSO.,. The maximum value



of X, i.e.X., is found from eq.1.6 with €,.=0. Noting that

V'es = 52,2 cm®/mol, X. = 0,57 i.e. the maXimum conversion of limestones
is limited to 57%. This constraint does not apply to dolomites because
Mg0 does not take part in the reaction, and therefore the pore volume
generated by calcination of the MgCO, component is available for uptake

by CaS0, product.

(ii) It has been shown by Ulerich et al (1977) and Dennis and Hayhurst
(1986a) that fluid bed calcination of limestones and dolomites is rapid
relative to their subsequent sulphation. In the development of this
thesis, calcination will therefore be assumed to be instantaneous and to

proceed to completion ahead of any sulphation.

(iii) It is expected that the sulphation capacity of a sorbent will be a
function of particle size {Fieldes (1979)]. It is therefore important to
identify those processes operating within a fluidised combustor which
give rise to changes in the size distribution of sorbent particles. Here
one thinks specifically of elutriation and attrition. Information is
required on the rates of these processes relative to that of sulphation.
The complexity of the overall sulphation process, and its relationship
to coal combustion, can be seen in FIGURE 1.1. The interrelation between
the various sub-processes is clearly apparent, and dictates the degree
of sophistication required of any model which purports to describe

sorbent sulphation accurately,

1.4 THE SOUTH AFRICAN POSITION

South Africa has extensive coal reserves, conservatively estimated at
58000 million, tonnes economically recoverable [De Jager (1982)]. Current
production of run-of-mine coal is 231 million tonnes per annum, with
coal contributing between 80% and 90% to the country's primary energy
supply. South African coals are generally low in sulphur (< 1%), which,
historically, has contributed to the perception that SO, emissions pose
no real threat to the environment. South Africa ranks fifth in world
bituminous coal production, and fourth in total coal exports, with steam
coal the principal export commodity [Krueger (1986)]. This latter market
demands extensive beneficiation of raw coal prior to export, As a
consequence of this upgrading, there is considerable accumulation of a

discard fraction, high in both ash and sulphur. The sulphur content of



this discard stock can reach a high of 8 - 10%, but is typically in the

" range 2.5 - 4%. Much of the interest now shown in FBC technology stems

from the desire to utilise this discard resource, which is accumulating

at the rate of about 40 million tonnes per annum.

Environmental legislation in this country is applied rather loecsely, and

- adheres to the principle of '"best practical technology', rather than to

the imposition of absolute levels, as a means of pollution control. SO,
emission control is enforced on a "site - by - site" basis, but is
generally poor. Over 94% of all coal used domestically is consumed by
three industries (electricity, syn-fuels and steel), none of which
employ technology for the abatement of SO». As an example of typical
point source emissions, consider that of Matla Power Station, one of the

new generation of pulverised fuel stations operated by ESKOM, the local

‘utility company. This 3600 MW. station burns roughly 500 kg of coal per

second. Though the sulphur content of this ceoal is low (0.75-1 %), SO,
emission levels from this unit are calculated to be in the range 2200 - |
2975 mg/Nm® of flue gas. To fall in line with current absolute emission
levels imposed elsewhere, e.g. in the Federal Republic of Germany, this
"base'" S0, level must be reduced by a factor of five, When this typical
S0, level is scaled upwards for the higher sulphur discard coal, the

situation becomes even more acute.

Ground level measurements of wet and dry sulphate loadings have been
performed at discrete sites around South Africa. Bosman (1987) recorded
high levels of wet SO0.~ in the Transvaal region (where most coal |
combustion occurs). Values as high as 54 kg ha—! yr—! were reported,
which is nearly double the measured value in Pennsylvania, USA

(25 - 39 kg ha=! yr='). Dry SO.~ levels were in the range

12 - 20 kg ha—* yr—*, which is comparable to the highest levels recorded
in the USA. Bulk sulphate levels in ground regions clese to major coal
combustion plant were typically 60% higher than the maximum levels
reported anywhere in the USA., These figures are disturbingly high, and
lend further support to the need for some form of sulphur removal from

combustor flue gas streams.

The call for utilisation of the coal discard resource has been amplified
by the fact that many of the bituminous discard dumps have ignited

spontaneously, and now burn uncontrollably with unrestrained SO,



vemission. FBC is seen as the most attractive method for discard coal
j*éombustion,_not only because of the high sulphur contént'of-this
material, but because its high ash value (up to 50%) makes it
particularly unreactive and therefore unsuitéd to pulverised fuel -
combustion. ]
An assessment of the potential demand for sulphur sorbents in this -
~ country requires some assumptions to bevmade..The,cost of retrofitting
existing power plant with SO, reduction equipment would be prohibitively
expensive, and, for this reason, sorbent usage is expected to be limited
to new coal fired plant. If the discard material alone (say with a
sulphur content of 3%) is to be used in FBCS,.and assuming, furthermore,
that an 80% in base S0, levels is warranted, the annual sorbent _
requirement would be in the region of 10 million tonnes if limestone is
used, and roughly double this quantity if dolomites are employed. These
"figures are comparable in magnitude to the total annual production of
limestone and dolomite in this country [Martini (1987)]. There is thus
an obvious need to optimise sorbent usage in FBC, and, where possible,
to identify highly reactive sorbents. This requirement has provided one

of the major driving forces for this work.

1.5 THESIS SCOPE AND LAYOUT

The selection of an ideal sulphur sorbent is a complex task, requiring a
detailed knowledge of material physical and chemical properties, an
intimate understanding of sorbent performance in the fluid bed
combustor, and the ability to relate all these features to the plant

environment. Ideally, the optimum sorbent would be one

"which provides the lowest overall plant cost and meets
all the constraints placed on plant reliability,

technical performance and environmental impact'
' [0'Neill (1979)].

A flowsheet depicting the basic steps in the sorbent selection process
is shown in FIGURE 1.2, due to O'Neill et al (1979). This figure shows
clearly the interplay between sorbent properties, reaction phenomena and

process plant features .



The overriding objective of this work is to provide an understanding of
sorbent sulphation in FBCs, to describe the fundamental performance
characteristics of sorbents in terms ofltheir measurable properties, and
to relate such performance to the physical processes operative in the
combﬁstorQ This understanding should lead to the development of a simple
mathematical dg§cription of the process, which has good predictive
capability and-can be used with confidence by both design engineers and

operating personnel of FBC plant. .

This thesis highlights two shortcomings of previous work. Little
information is available on the performance of sorbents (whose
sulphation kinetics have been measured by controlled experiments) at
industrial scale. It is therefore difficult to assesss the predictive
merit of process models deriveq on the basis of these laboratory
experimenfs, even though the description of sulphation kinetics may be
fundamentally based. This work overcomes this deficiency by analysing
the performance of selected sorbents at both laboratory scale, and in a-
typical industrial - size FBC unit. Furthermore, most process models for
sorbent sulphation ignore the contribution of particle attrition. This

omission is rectified in the current work.

In parallel with the above objectives is the desire to assess the
suitability of South African sorbents during FBC. Prior to this work, no
vinformation was available on the sulphation propensity of these
materials. However, their use in other process industries is well
defined, and desirable properties for these applidations have been
cléarlyvidentified:'It‘is the intention of this work to relate sorbent
performance to this existing property data base, with special reference

to sorbent geology.
The dissertation layout is as follows:

* Chapter 2 reviews the literature for the sulphation of sorbents in
FBCs, highlighting useful starting points for this work

* Chapter 3 examines the sulphation kinetics of a wide range of South
African sorbents, and compares their performance to international
standards. The validity of two simple kinetic models for sorbent
sulphation is assessed. Chemical enhancement 0f sorbent performance is

evaluated for one, low reactivity, dolomite.



* Chapter 4 describes the importance of sorbent physical properties in
defining sulphation rate and capacity. Critical properties of the South
African resource.base are measured, and correlated with its geologic
description. Sorbent performance is defined in terms of stone geology.

* Chapter_S considers the significance of sorbent attrition in FBCs. A
simple model that describes the contribution of major attrition
mechanisms to continu;g§ particle shrinkage is defined, and
substantiated by experiment. Two elutriation correlations avajlable in
the literature are compared against measured data collected from a large
laboratory FBC.

* Chapter 6 entails the development of an overall process~mode1 for
sorbent sulphation in FBC. This model incorporates sulphation kinetics,
attrition and elutriation, and examines their effect on sulphur capture,
for a wide size distribution of sorbent particles. The model development
is governed by the requirement that its solution be assured without
resorting to further simplifications which entail a loss of physical
accuracy.

% Chapter 7 provides a validation of the process model 5y sulphation
data generated, for three representative South African sorbents, in a

10 MW.,, atmospheric pressure fluidised boiler. The effect of sorbent
selection on the design of downstream gas cleaning equipment is
discussed.

* Chapter 8 summarises the salient points of the previous chapters and

offers suggestions for further research activity in this field.
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CHAPTER 2 - REVIEW OF SULPHATION MODELS

2.1 INTRODUCTION

‘The complexity of the sorbent selection process was outlined in Chapter
1. This current chapter reviews the published experimental understanding
of the sulphation feaction and highlights attempts which have been made
to characterise the performance'of sorbents in fluidised combustors by
both physical and mathematical models, identifying uncertainties and
limitations inherent in both approaches. Thereafter, the need to provide
a useful design tool for FBC practitioners, where sorbent performance

can be assessed simply and with confidence, is addressed.

2,2 EXPERIMENTAL OBSERVATIONS OF THE SULPHATION PHENOMENON

Over the last twenty years there have been several substantive
experimental investigations of the sulphation reaction. These range from
the differential reactor studies of Borgwardt (1970), Borgwardt and
Harvey (1972) and Hartman and Coughlin (1974, 1976), to the
thermogravimetric measurements of Vogel (1977), Ulerich et al (1978 and
1880) and:Dogu (1981), and the batch fluidised bed reactor studies of
Fieldes (1979) and Zheng et al (1982). 1In some cases, a comparison was
made between TGA and fluidised bed combustors [Spitsbergen (1981)]. In
all the above mentioned fluid bed.experiments, an attempt was made to
measure sulphation kinetics of uncalcined sorbent particles in an
atmosphere generated by coal combustion. The other techniques invariably
measured Rinetics of precalcined samples in a simulated flue gas
environment. As addressed in Chapter 1, calcination is a necessary pre-
requisite for sorbent sulphation. A brief review of this subject is
given in APPENDIX A where fixed bed calcination studies of South African

sorbents are described.

The range of sorbent types whose sulphation potential has been analysed
is impressive. Both Borgwardt (1970) and Spitsbergen (1981) reported
data on 11 (different) sorbents, whilst the Argonne data of Vogel (1977)
concerned a further 10 samples. Potter (1969) had previously analysed

the sulphation propensity of 86 different sorbents in a fixed bed
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reactor.

A summary of the experimental conditions pertaining to each data set is
given in TABLE 2.1. The data were generally in a form where specific
‘reaction rate and conversion of sorbent particles could be determined as
a function of time. In both the differential reactor and fluidised bed
studies, this could be achieved directly - in the former case by
chemically determining the sulphur uptake of the reactor charge over
different time intervals, whilst in the latter case it was inferred from
the change in flue gas S0, level with time. In the TGA studies,

conversion was measured indirectly from rate of change of sample mass.

Fluidised bed studies offer the simplest, and most realistic, method of_
measuring the performance of particular sorbents} and the technique can
be used under a wide range of process conditions spanning the complete
operation of a fluidised bed combustor. In Chapter 3 results from these
studies for a range of sorbents from different countries are compared

with results from an array of South African sorbents.

A number of important conclusions can be drawn from this data bank of
sulphation experiments. All correctly identified the decrease in |
reaction rate with time, the influence of calcination conditions (pore
size distribution changing to 1afger pore sizes as temperature increased
from 1023 K to 1223 K), and the significance of sorbent particle pore
structure in determining sorbent conversion, Borgwardt and Harvey (1972)
stressed the importance of sorbent geology in determining calcine
structure. Scanning electron micrographs published by Ulerich et al

‘ (1979), showed that, in some cases, the total pore volume of Ca0 was
permeated by S02, whereas, for other sorbent types, sulphate deposition
was constrained to a region in close proximity to the external surface
of the particles. Dennis and Hayhurst (1985) presented electron
micrographs for the more general case in which the dense deposition of
sulphate prodﬁct could bé clearly seen near the external edge of
particles. A concentration‘gradient in SO0, was evident for particles of
diameter greater than 0.5 mm [Hartman and Coughlin (1976)], whose size
is typical'of‘sorbent'particies ﬁsed in fluidised combustors. The °
resultant pore blockage and inaccessibility of internal surface area

imply that maximal theoretical conversion is seldom attained.
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The existence of a temperature optimum for sulphation at atmospheric
pressure has been reported extensively. Maximal sorbent utility is
achieved in the range 1100 K to 1150 K [Roberts et al (1975), Petrie
(1983), Dennis (1985)] and is attributed to the interplay of calcination
and sulphation. The pore volume generated during calcination is maximal
at temperatures in the region of 1173 K. Extended expdsuré at this, or
higher temperatures, whilst sulphation proceeds, leads to loss of pore
volume by sintering [Ulerich et al (1977)].

It is evident from this experimental review that there are considerable
variations in the abiiity of calcareous sorbents to absorb SO, during
coal combustion. The variation in sulphation kinetics with sorbent type
and process conditions points to the need for a predictive model to
fully describe the sulphation phenomendn in a fluidised combustor,
thefeby minimising the amount of experimentation required to quantify

the behaviour of a selected sorbent.

2.3 SULPHATION MODELS

A rigorous sulphation model must be capable of describing firstly the
single sorbent particle behaviour during sulphation, and secondly, the
influence of the fluidised bed process on the entire sorbent population,
with all the attendant complexities of fluid dynamics, heat and mass
transfer, and combustion. As a first stage, models which describe the
sulphation of single, precalcined sorbent particles are reviewed. An
extension of this class of models to fluidiéed combustors is discuSsed

thereafter.
‘A comprehensive model for the sulphation of Ca0 must consider

a) mass transfer of gaseous reactants from fluidised bed bulk to the

surface of reacting particles

b) diffusion of gaseous reactants through the porous network, and.

through the layer of sulphate product

c) chemical reaction at the interface between oxide and sulphate, with
the added complexity that the available surface for reaction decreases

with time as pores become blocked (due to the increased volume of
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sulphate product)

d) decrease in reaction rate with conversion

2.3.1 Averaged Parametric Models

Discounting the models of Koppel (1970) and Keairns (1975), in which an
average, time invariant, sulphation rate constant was derived from
limited experimental data, the simplest such models are those based on
calcine structure. Classically, these relate the attainable sorbent
conversion, through a simple geometric relation, to such parameters as
molar volumes of reactants and products, the inherent porosity of the
raw sorbent, and true solid density. An example of such a model is that
due to Hartman and Coughlin (1974), which assumes constant particle
size, uniform sorbent interior, and CaSO, as the only product. Under
these conditions, sorbent porosity is given as a function of the extent

of calcination and sulphation by

€x =1 = (1 - €4) [')LBM'f—B [V'co - Xo(V'ge = V'eo + X(V'ca = V'co) ]

S (1 - €)1 - £ Lns 2.1
.!-5[ [JCICI]

This simple expression enables calcine porosities, prior to sulphation,
to be determimed by setting X=0 in the above equation. In Chapter 4, the
accuracy of this model in'predicting calcine porosities from natural
sorbent properties is assessed, Maximium sorbent utility, X.., is found

\

by setting porosity €,=0.

Thus, |
L= — [ Moo [1--€61-f [J'-S]]
Y'cs - V'co (1 = Ex_.s) [Jx..sfs : ws S[JCC
+ Xc (V'cc - V'co) - V'co]l o | 2.2

This expression shows the-direct link between sorbent utility and
inherent (natﬁral) porosity and emphasises the need to be selective in
~ choosing a sorbent which will guarantee a high conversion to sulphate.
Substituting literature values for molar volumes of calcium oxide and

calcium sulphate, eq. 2.2 reduces to [Hartman and Coughlin (1978)]
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$'= 2,27 V, | 2.3

where S is the mass of SO, adsorbed per unit mass of Ca0O. The authors
found that eq 2.3 significantly overpredicted values of X. for sorbent
kinetics in a differential reactor. These same authors examined other
data [Potter (1969), Mullins and-Hatfield (1970), Borgwardt and Harvey
(1972)] and found that the accuracy of this correlation was not

- improved. This is attributed to the fact that conditions are not uniform
within the interior of a particle (as required of this model) and that
pore blockage by sulphate prevents the attainment of a condition of zero

porosity. .

Classical gas-solid reaction models which have been used to take account

of changing porosity during sulphation are of two types:

* those that model a sorbent particle as a collection of non porous
grains within a spherical shell and consider the reaction to occur,
according to a shrinking core mechanism, on the surface of these grains.
The model effectively assumes that all pores are of uniform size. This
model was first expounded by Szekely, Sohn and Evans (1976) and adapted

for sulphation by Hartman and Coughlin (1976), and Ramachandran and

Smith (1977).

* and those which view the reaction as occurring within single
pofes arranged in some from of pore network. The_random'pore model of
-Bhatia and Perlmutter (1981), the. branched pore, "tree" network of
" Simons and Rawlins (1980), and the generalised pore model of Yu and

Sotirchos (1987) offer elaborate treatments of the sulphation reaction.

2.3.2 Grain Theory Models

)
The grain theory model of Hartman and Coughlin (1976) assumed that

»

external mass transfer resistance was negligible

*

no intraparticle temperature gradients existed

the sulphation reaction was first order in SO,

*

the pseudo-steady state hypothesis appled.

*

Gaseous diffusion was characterised by the Knudsen diffusion coefficient

with a tortuosity factor of 1.5, The effective diffusivity was given
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simply by Dege = Dx €,.. As sulphation proceeds, the effective

"diffusivity'decreased with porosity, €. éccording to eq. 2.1

This model successfully predicted the sulphate concentration profile

- through a sorbent particle., For large particles, the bulk of the deposit
was constrained to their external surface. The significance of product
layer diffusion was shown to increase with time. An important finding of
thisvmodeL,‘borne out by_a series of experiments in a differential
reactor, was the rabid'fall—off in sulbhation rate, with most of the
reaction occurring in the first 15 minutes. The overall sorbent
conversion increased only marginally even with prolonged (in the sense
of hours) exposure to SO, rich flue gas. This has important implications
for the design of fluidised combustors, in which sorbent particle
residence times typically span several hours. A rapid loss of reactivity
would necessitate a larger bed inventory. This opens the way for
“preserving high reaction rafes by, for example, controlled attrition,
where the external surface containing the sulphate layer is removed with

time. Sorbent attrition is discussed in detail in Chapter 5.

The grain model predicted that product layer diffusion would dominate
when conversion on the external particle surface reached a limiting
value of 55%. This solid layer diffusional resistance limits the
attainable conversion of large particles which are characteristic of
fluidised combustor systems. The model did not explicitly state the

effect of pore size distribution on sorbent utility.

In a later paper, Hartman and Coughlin (1978) confirmed the importance
of natural sorbent porosity and calcination conditions on sorbent
utility. It was postulated that an inherent porosity of 30% or greater
in the raw (uncalcined) sorbent would ensure complete conversion to
sulphate product. This is an important assertion, and of inestimable
worth in the process of sorbent selection. This point is elaborated upon
in a discussion of natural sorbent physical properties, and how these

effect sorbent performance, in Chapter 4.

Ramachandran and Smith (1977) used a grain pellet model to develop
criteria for pore closure based on the initial porosity of the calcined
sorbent, The change in effective diffusion coefficient with changing

porosity was ignored.

i
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If | | ~
€x > (2-1)/2, ' _ 2.4

where z, is the ratio of sulphate to oxide molar volumes, complete
volumetric reaction is possible, otherwise pore élosure occurs. This
implies that complete conversion is attainablejégly if the initial
‘calcine porosity exceeds 0.68. Hartman ahd_Cnghlin (1974) cite values
in the range 0.515 - 0.531, aésuming Zero porosity in the parent stones.
~The porosity of calcines prepared by Borgwardt and Harvey (1972) at

1253 K over two hours spanned the range 0.08 - 0.535 (calculated here
from the reported calcine pore volumes). These 11 sorbents covered the
full range of geologic types, and included marble, limestones and
dolomites. It would appear, then, that very few calcines attain the high
base porosity required of the Ramachandran and Smith criterion. Thus the
sulphation Of'éaicined sqrbent particles is generally limited by’pore
closure, which confirms the model findings of Hartman and Coughlin
(1978). This analysis ignores the possibility of optimising calcination

conditions in order to maximise calcine porosity.

Burdett (1983) proposed, via a grain-type model, that the rate limiting
step in sulphation is the oxidation of SO, to SO, within the pores of a
particle, and that the subsequent formation of sulphate product occurs
at a rate dependent on the rate of SO, diffusion into the grains
composing the particle. It was postulated that a high oxygen
concentration in the interstitial gas would infer a high SO, presence at -
the edge of the sorbent particle, resulting in rapid pore blocking near
the external surface. A good degree of correspondence was obtained
between this model and sulphation data from CURL, Leatherhead, UK. This
model was refuted by Dennis and Hayhurst (1986b) who concluded that it
is an 0, deficiency in the particulate phase, rather than SO, levels at
grain boundaries, which dictates sulphation capacity. This was verified
experimentally by monitoring the effect of temperature on the sulphation
reaction. The fall-off in sulphur retention above 1150 K was attributed
to the increased ability of volatiles to burn in the dense phase at
these high temperatures. The initial reaction rate was shown to be
independent of 0,, which further suggests that SO0, is not a necessary

intermediate.
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2.3.3 Pore Network Models

Grain pellet models are unable to account for the wide pore size
distribution of calcined sorbent particles or for its effect on sorbent
utility., This limitation of the Hartman and Coughlin (1926) model was
identified by Simons and Rawlins (1980) from a comparison_of rate
constants.predicted by the former model and those measured by Borgwardt
(1970). The latter values were in the region of 30 times slower. Two
reasons were given for this disparity. Pore diffusion was characterised
in the grain model by a Knudsen diffusion coefficient, whereas the range
of pore volumes measured by Borgwardt would indicate that diffusion
should be characterised by a continuum value. This, coupled to the fact
that the model is based on pores of uniform size, reinforces the need to
monitor the effect of pore size distribution on sorbent performance.

Several models propounded in recent years attempt to do just this.

The idealised pore network model of Bhatia and Perlmutter (1981) allowed
for a distribution of pore sizes (within a network of non-intersecting
cylinders), and a reduction in local porosity by overlapping of product
layers. High sorbent conversion was assured more readily in particles
having a wide rather than a'monodispersed pore size distribution. In
sorbent selection, this points to a trade off between asSuriné high
surface area through a preponderance of small pores, and their ready
blocking by sulphate product. This model confirmed the importance of
natural sopbent pore structure, insofar as it affects the porosity of
the calcihe,'its Surféce area and pore'size‘distribution. This model
also confirmed, by manipulation of data generated by Hartman and
Coughlin: (1976), that the sulphation reaction is controlled by pore
diffusion, with the kinetic resistance being small. Of interest is that
this model predicted the rapid formation of a layer of sulphate product
on pore walls, and that subsequent reaction appeared to be controlled by
the solid state diffusion of activated complexes of SO, and 0, through

the impervious sulphate layer.

The importance of pore size distribution in relation to particle size
was described by Yu and Sotirchos (1987). If a calcined sorbent particle
develops a pore size distribution which results in pore blockage near

the external surface of the particle, then smaller particles achieve a

N
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higher overall conversion than do larger ones. For a particular sorbent
with a bimodal size distribution, whose pores were blocked on
sulphation, doubling the mean particle size from 0.5 mm to 1 mm resulted
in a fall-off in conversion from 20 % to 10%. This has direct
implications for fluidised combustion where sorbent particles are
typically in this size range. ‘

The branched pore network model of Simons, and its later extensions
[Simons and Garman (1986), Simons, Garman and Boni (1987), and Simons

(1988)] confirmed that

* when the effect of sulphate deposition is considered, deactivation
occurs principally through the loss of internal surface as small pores

are blocked

% the effect of particle size manifests itself in pore blocking of

large particles near external surfaces

% product layer diffusion controls when product layer thickness 1is

between 1 and 10 nm, which corresponds to the blockage of smallest pores

% small pore filling is dominant for 1-10 uym particles, whilst pore
mouth clogging is dominant in particles whose diameter exceeds 100 um,
Product layer diffusion is more pronounced for thick layers in the pore

mouths of large particles

* the explicit dependence of sorbent utility on particle size is less

important than the implicit effect of size on porosity

*# of greater significance than particle size is the interdependence of
porosity and particle surface area. Simons (1988) suggested that
increasing sorbent surface area beyond 40 m?*/g would not result in
improved utility unless the porosity increased correspondingly. Such a
constraint is of 1little practical use, however, as calcination of
sorbents under conditions typical of fluidised combustor operation .
results in surface area values in the range 2 - 10 m2/g (see Chapter 4
for discussion of sorbent surface area). It does, nevertheless, point to

the superiority of sorbents with a high natural porosity.
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Implicit in these model findings is the fact that altering pore size
distribution, whilst maintaining porosity, has little influence on

sorbent utility.

It may be generally concluded ffom all pore network models reviewed "

above that, for typically sized sorbent particles employed iﬁ fluidised
combustion, deactivation is likely to occur by pore mouth blocking, and -
- ultimate conversions will be low. The process of,caicination ultimately |
affects.sbrbent performanee by defining theiporosity and pore size

distribution of sorbent particles.

2.3.4 Sulphation Models: Extension to Fluidised Combustion: Part 1

The elaborate pore diffusion models described briefly above are, to a
large extent, successful in predicting the salient features of sorbent
particle'sulphation; HoWever, ﬁhe complexity ofvthe\equations describing
diffusion of SO, through the porous network and chemical reaction on
pore walls, and the coupling of these equations through the local SO.
concentration, necessitate the use of computer-based numerical methods

to ‘achieve a solution.

When sulphation in a real fluidised combustor is to be considered, the
situation is complicated further by the size distribution of sorbent
particles, the spread of residence times, attrition and elutriation, the

release of SO, duriﬁg combustion, and bed fluid dynamics.

- The modelling literature on fluidised combustion is comprehensive and a
review of its extent is outside the scope of this work. The reader is
referred to the excellent review of La Nauze (1985) for detail of the
physical and chemical mechanisms of combustion, Attempts to model the
behaviour of coal particles in a real fluidised combustor [Bukur and
Amundson (1980), Congalidis and Georgakis (1980), Rajan and Wen (1980)]
resort to simplified assumptions regarding sulphation kinetics in order
to achieve manageable solutions. Typically, sorbent particles are
assumed to be of uniform size, constant with time, and the amount of
sorbent required to effect a specified reduction in SO, emission levels

is given by simple empirical correlations, an example of which is

N =0.223 Ras - 0.043 (Res <= 4) [Burns & Roe (1978)] 2.5
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wﬁeﬁé'n'is the fractional reduction in flue gas S0 level, and Res is
the Ca/S molar ratio. Sulphatibn is effectively decoupled froﬁ‘coal
combustion, with SO. assumed to be released either entirely at the coal
feed point (gas in plug flow), or uniformly throughqut the bedv(gas well

mixed), and sulphation occurring at some average (constant) rate.

All these comprehensive fluidised combustor models stress the importance
of knowing sorbent properties and how these affect the size distribution
of sorbent particles in the combustor, yvet make little effort to resolve
their complexity. Any action within the combustor which changes this
size distribution, e.g. sorbent attrition and fines elutriation, must be
quantified before a complete picture of sorbent performance can be

generated.

The need for a detailed yet tractable overall model of fluidised
combustion, which incorporates sorbent action, is clear. The
simplifications described above, which were required fo achieve a
solution to such a model, minimise the gains to be made from following
the intricate pore diffusion model route. This approach invariably leads
to an unwieldy model formulation, a solution to which can be assured
only by simplifying its mathematical complexity, or by resorting to '
extensive and time consuming numerical methods. The value of such an
approach to design engineers is minimal. A more rational and
straightforward pursuit is to identify, through simple experiments, a
minimum number of sorbent parameters which adequately characterise the
sulphation reaction, and to incorporate these into an overall model with

good predictive capability.

2.3.5 Kinetic Models

An example of such an approach was that taken by Fieldes (1979), who
performed a series of experiments in which sorbent particles were added
batch-wise to a fluidised combustor. These sorbent charges were
subjected to either a simulated flue gas containing SO-. or to an
atmosphere generated by coal combustion. As mentioned in Section 2.2 the
specific reaction rate and sorbent conversion were inferred from changes
in the flue gas SO, level with time, according to the following

development.
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A
For a coal combustion experiment, the overall sorbent conversion was

given by
X = Gyo™/M j (1 - yo/yo™) dt | 2.6

.where G is_the dry flue gas molar flow rate, yo™ and yo are the mole
fractions of SO, in the flue gas pridr to, and after, sorbent addition,

and M is the molar CaO charge,
Defining the overall rate of reaction, Q, by
Q = Kg md=* C, ‘ , 2.7

where C, is the SO, concentration in the particulate phase, gives an
expression for the specific reaction rate, Ks. The exact form of Ks is
found from the bubbling bed model of Kunii and Levenspiel (1969). The
pertinent assumptions of this model need not be répeated here (see
Fieldes (1979))., For a coal combustion experiment, the expression for Kg

reduces to:
Vo/Yo™ = (AU/KsS).[1 - 1/exp(AU/KsS + 1/X)~1] ' 2.8

where X, the crossflow éxchange factor between bubble and particulate
phases, is equal to the number of times the contents of a gas bubble are
replaced as it travels through the bed. Its magnitude is predicted by

the correlation of Avedesian and Davidson (1973)

6,34 Hmf 1,3 Emf D51/2g1/4 ]

X = 5gpo)i7® | Ume * T r En)Doi7E 2.9

where U,,., the minimum fluidisation velocity, is given by an empirical
correlation [Kunii and Levelspiel (1969)], €. is minimum fluidisation
voidage, D, is the molecular diffusion coefficient (Perry's Handbook
values), and D. is the effective bubble diameter, from Darton et al

(1977).

Experimentally derived values of K5 were used by Dennis and Hayhurst
(1986b) in a sulphation model where diffusion and reaction equations

were solved analytically for a wedge shaped pore geometry. The model
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bassumes steady state operation, rapid calcination, negligible mass
transfer resistance; first order rate dependence on so; in an excess of
0., and that the reaction is controlled by pore and product layer
diffusion and reaction on the pore wall surfaces. Diffusion of SO
through pores and through the sulphate product layer is described in
terms of an effective diffusion coefficient, D.., from the random pore _

mddel of Wakao and Smith (1962) -

Deo = Dn EO2 . 2.10
where the overall diffusion coefficent, Do, is the sum of Knudsen and
molecular contributions, The variation of this effective diffusion

coefficient with time is given by.
De = Deo (Ex/eo)2 2.11

according to Bhatia and Perlmutter (1981). This approach differs from
that commonly taken [Dogu (1981)] where, with all other parameters
uniquely determined, the magnitude of the effective diffusivity is

allowed to vary in order to effect model closure.
The final form of the model expression for the specific rate constant is
Ks = Py' t—3/% - p,! t/4 2.12

where the parameters P,' and P,' are determined from the physical

properties. of the sorbent and by simple batch experiment.

The basis of the model has been given in detail here purely to emphasise
its robust nature, and its relative simplicity. The most significant

findings of the model are that

% ultimate conversion increases with a decrease in solid state
diffusivity

* the intrinsic rate constant has little effect on pore plugging time
or ultimate conversion . v

* sorbent particles with a high effective surface area generally have
a low utility because of associated blockage of small pores.

% external mass transfer has significance in the early phase of the
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reaction

The model predicts thg most salient features of the sulphation reaction.
Little additional gain would be made by extending the model to the
complicated pore networks described previously. |

A similar conclusion was reached by Dennis and Fieldes (1986) using a
simpler pore geometry (an irregular cylindrical poreﬂnetwork in a
spherical particle) and assuming that Knudsen diffusion dominétes
(contested by Simons and Rawlins, 1980). Product layer formation and
solid state diffusivity were given independently of position within a
pore - the product layer thickness being equal to that at the pore
mouth. The specific reaction rate was measured by the same set of batch
experiments [Fieldes (1979)]. The overall reaction rate was related, at
any time, to the dimensionless pore diameter available for sulphate
deposition. This complicated time dependency on specific reaction rate
was reduced to an empirical form characterised by one dimensionless
parameter which describes the effect of product layer buildup at pore
mouths. The exact value which this parameter takes for a specific
sorbent depends on temperature, particle size, and calcine structure,
the last being a function of the inherent porosity of the natural

sorbent,

This model is used in Chapter 3 to discuss the performance of a wide

range of South African sorbents, and its development is repeated below.
The overall rate of reaction, Q, is given by
Q =1md? K. Cs 2.13

where K.,, the rate constant for diffusion and reaction within a
particle, at a given time, is defined in terms of the Thiele modulus
[d(kSo/Deo)?’/2], where k is the surface rate constant, S. isvthe B.E.T.
surface area of the calcined, but unsulphated particle. Cs is the
concentration of SO, at the pore mouth. The expression for Q was recast
in a form with an explicit dependence on pore volume available for
reaction. After considerable manipulation, an expression relating the
change in pore radius with time was derived. Using numerical values for

the various model parameters [defined by Dennis and Fieldes (1986)
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equations 15-19} for a U.K.limestone, the dimensionless reaction rate,

Q', reduces to

Q' =Q/Q =11+ G./(1/t'-1)]"* 2.14
where G; is a dimensionless system parameter, which, for a specific
particle, is independent of time, and t'=t/ts, where ts is the time to

pore closure,

When mass transfer to sorbent particles is considered, the reaction rate

is rewritten as
Q=md?Ks Cp =1 d? k. (Cp - Cs) s
For the sggéial case where K. is independent of C, (and thus Cg)
Ke = [1/kg + 1/K.]7? 2.16
At t=0, K.,=K.o and therefore Kso = [1/kg + 1/K.o]"? - 2.17

The theoretical value of K, is relatively insensitve to Cs. Therefore,

from eqs. 2.14, 2.15 and 2.16,
Ks = [1/kg + 1/Ko (1 + G2/(1/t'- 1))]* , 2.18
After some rearrangement, this leads to

(1 - t')/(1/Kgo + Bt') 2.19

Ks

(G2/Kwo - 1/Kso), is constant with time for a given particle.

il

where B
The final expression for the overall sulphationvraté is therefore
Q = [(1-t')/(1/Kso + Bt')] m d? C, 2.20

Integration of this equation over time to pore closure gives the

ultimate sorbent conversion.

The numerical values of the two sorbent specific parameters, ts and B,
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were found from the series of batch fluidised sulphation experiments

already described. .

It is encouraging td note that the above simple model predicts the
sulphation behaviour of a specific U.K.limestone (Penrith) with
reasonable accuracy. The fact that reaction rate time dependence is
dé&ermined explicitly by a simple empirical relationhip prompts an
investigation of other kinetic models where reaction rate is similérly
defined, albeit in a different time dependent form. It has been observed
experimentally that the reaction rate decreases almost exponentially
with time [Ulerich et al (1980), Dogu (1981)]. Lee and Georgakis (1981)
modelled sorbent sulphation accordingly. Two sorbent-specific parameters
were defined; the first is a sulphation time constant which gives a
measurevof sorbent reactivity, and incorporates diffusional limitations
which are very much a function of calcine geometry; the second is a'pore
plugging constant, which describes the ability of a sdrbent particle to v
accommodate sulphate produét, and as such is related to the pore size
distribution of the particle. This model was substantiated by the TGA
data from Argonne National Laboratory [Vogel (1977)] for 10 different
sorbents, Although the model provided a good fit to this data, the
values of initial specific rate constant so derived were considerably
lower than those reported by Fieldes (1979). This comparison is

discussed in greater detail in Chapter 3.

Chang and Thodos (1984) followed a similar approach, but cast the
reaction rate as a direct function of sorbent conversion (with its
implicit time dependence), and expressed this rate as the product of two
negative exponential terms with two generalised constants. This form of
the rate expression was an attempt to overcome the inability of the
model of Lee and Georgakis (1981) to predict the reaction rate at
conversions in excess of 50%. Such an embellishment is of relevance only'
to dolomites, where a theoretical conversion of 100% is attainable. The
ultimate conversion was shown to be related to the total intergranular
surface and pore size distribution of the calcined sorbent, although the

exact physical significance of the generalised constants is unclear.

In another approach, Zheng, Yates and Rowe (1982) modelled the
sulphation reaction analogously to a first order catalytic deactivation

process, This, too, gave an expression for sulphation rate which
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reflected an exponential decrease with time, The model was described by
two rate sorbent specific parameters - an initial surface rate constant,
ks, and a deactivation rate constant, kg, which takes into account pore -

and product layer diffusion resistances.

As in Fieldgs' model, here too the reaction parameters are détermined by
a simple batch sulphation experiment in a fluidised combustor. This
model could be easily extended to account for comﬁustion and fluid
dynamics, and is used in Chapter 3 to discuss the performance of South

African sorbents. Its development is outined below.
If the overall reaction rate is given by
Q = kg €. S 2.21

where C. is the bulk SO, concentration, S is the available sorbent

surface for reaction, whose loss over time is given by
S = S, exp (-ka t) 2.22

Assuming furthermore that both solids and gas in the fluidised combustor

are well mixed, then
Cao V=Ca V + kg Ca So exp(-ka t) 2.23

where V is the air flow rate to the combustor, and Cao is the base SO0,

. level. Further manipulation gives
(Cno/cn) - 1 = l/v kS So exp( _kd t) 2.24

For a specific set of operating conditions, ks and ks can be found from
the linearised version of eq. 2.24, noting that S, is related to the

batch mass, M, by S, = 6 M/(d; fs).

The true physical significance of the two kinetic parameters was not
resolved, although they are known to carry both external mass transfer,

pore diffusion and chemical significance.
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2.3.6 Sulphation Models - Extension to Fluidised Combustion
Part 2.

The incorporation of the above simplified sulphation models into a
generalised fluidised combustor model is relatively straightforward, the
overall sulphation rate being simply the integral of the individual rate
over the raﬁge of particle residence times. Such an apprbach‘assumes

that

1. combustion and suiphation are decoupled

2. the attendant assumptions of two phase flow with regard to
gas mixing in particlulate and bubble phases apply

3. bed solids are well mixed

4, the size of sorbent parficles does not change with time

5. freeboard sulphation is ignored.

Both Fieldes (1979) and Zheng et al (1982) followed this approach,
effectively assuming a monosized sorbent population. Zheng et al used a
mean residence time, given, for a well mixed system, simply by W/Fo,
where Fo is the sorbent feed rate and W is the mass of bed solids.
Fieldes defined particle residence time in terms of the time for pore

closure, ts.

Zheng et al defined an average reaction rate, Q..s, Over the whole
fluidised combustor, in terms of a mean sorbent particle reactivity

(again borrowing from catalytic deactivation theory).

Quve = IkS'Cn. Sa a 2.25

where a = exp(~ka t). 1/1 exp(-t/t) dt, and T is the mean residence

time of sorbent particles in the bed.

The expression for average reaction rate reduces to

6 ks C‘ T F tS ‘
Quve = 5 qotT 7 Rav) L} 7 oXP =75~ * Ka ta)] 2.26

The bulk SO, concentration, C., is found from an SO, mass balance over

the bed, for unit coal feed, i.e.



28

Ws/32 = A Upe Cgp + A(U-Unge) Co + Quavs 2.27
Furthermore, from continuity,

AUC. = AUneCp + A(U=Ume)Cy 2.28
Using the relationship between particulate and bubble phase S0.
concentrations i.e., Cp = C,(l_- exp-X), where X is the interphase
exchange coefficient, given by eq. 2.9, and noting that, under normal

operating conditions in a fluidised combustor, X is large, eqs. 2.27 and

2.28 reduce to

_ ws/32 ' _
e aufl + o Ks T Fo 1 - exp(CEE 4 kg ta) 22
[ /bsd,(l + . KaT)UA [ P2 a = ]]

The efficiency of sulphur retention is defined as

N=1-=-Ca./Cao 2,30
If the rélease of SO, from coal is tofal, Cao = Wsg/(32UA)
The sulphation efficiency reduces to

n= 2,31

1
1 ) [

6 ks T Fo -tB ]
+ - —5 4+
1 /Osdp(l T de) UA [1 exp( T kdts)]
Zheng et al discounted the negative exponential term. The term Fo/UA
(the ratio of sorbent to air flow rates) was recast in terms of Rgs, the
calcium to sulphur molar ratio, which is the common design parameter
against which sorbent performance is measured. Relating the air flow

rate to coal flow via the excess air factor, x, gives

32 (We/12 + wu/d + ws/32 + wn/28 - we/32) (1+x) °°

Fo/UA = 3.47

where the w,., are the mass fractions of coal constituents, fs is the

sorbent purity, and x is the fraction excess air.

It should be noted that the comparable expreésion proposed by Zheng at

al is in error. Their original weighting factor was given as 2,5. This
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should equal the ratio of sorbent to air molar masses, which is 3,47.

Substituting 2.32 into 2.31 , and dropping the negative exponential

term, gives
N=1~-1/(1 + K Rgs) 2.33

where K, an overall sulphation constant, is given by

_ 0,137 ks T/ fs 2.34
sdp(wC/12 + Wﬂ/l} + WN/28 + ws/32 - WQ/32)(1 + X)(l + kd T) ¢
[J

K

The Zheng formalism is attractive because it gives directly the amount
of sorbent required to effect a specified reduction in flue gas SO,
levels. The parameters, ks and ka, are constant for a specific sorbent
under a given set of combustor operating conditions; As such, this model
lends itself to use in the assessment of a wide range of sorbents. The
authors restricted their evaluation of the model to the action of one
U.K. limestone sample which appeared to display moderate sulphation
capability, This model's description of sulphation kinetics is presented
in Chapter 3 for several South African sorbents. Results of the overall
model (given by eq. 2.33), applied to three South African sorbents in a

10 MW FBC, are presented in Chapter 7.

The principal limitation of this model is its restriction to a
monosized, time invariant, sorbent population, This is examined further

in Chapter 6.

A more comprehensive fluidised combustor model which considers sorbent
feed size distribution and freeboard sulphation has been proposed by
Dennis (1985). The specific reaction rate expression corresponded to
that proposed by Dennis and Hayhurst (1986b) and given by eq. 2.12.
Sorbent attrition was not considered. Elutriation was modelled by the

empirical correlation proposed by Wen and Chen (1982).

The complexity of the medei which accounts for freeboard sulphation does
not appear to be warranted. When sulphation data generated by Wright
(1979) were fitted to this complek model, and to a simplified version in
which a monosized feed distribution, with no fines, was considered,

differences between the two models could be diseerned only at Rgos values
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in excess of 1.5. At Rgas = 2, the difference in the twolmodel
predictions was comparable to their overshoot of the experimental
value, This is consistent with other models which consider freeboard
sulphation. Fee et al (1984) found that the contribution of freeboard
sulphation to overall sulphur retention was in the region of 8% only.
Dennis concluded that fines do not contribute significantly to sulphur
removal because of their very short residence time in the bed. The
entrainment of coarse particles loﬁers overall sorbent utility because

of the slower reaction rate in the freeboard (lower SO, concentration).

As stated above, fhis model does not consider sorbent attrition. It is
anticipated that, if attrition is significant, the interplay between
fines generation / elutriation and the renewal of "fresh" sorbent
surface by paring away of the sulphate layer, will be .complex, and,
depepding on the relative magnitudes of sulphation time and particle
residence time, may lead to either an enhancement of, or a decrease in,
sorbent utility. Dennis claims that the lack of substantive attrition
rate data precludes its inclusion in an overall sulphation model. This

question is approached in ChapférZG.
2.4 Conclusions

The complexity of diffusion models for sulphation of porous sorbent
particles effectively precludes their use in an overall model of

sulphation in a fluidised combustor.

The simplicity of several reviewed kinetic models is attractive. There
is little loss of physical significance. The specific rate constant(s),
measured by simple batch experiment, possess both chemical and mass
transfer components, and allow for pore and product layer diffusional

resistance,

A simple experimental technique from which to derive sulphation rate
data in a fluidised bed environment was reviewed. The ability of this .
technique to incorporate coal combustion, and the ease with which_rate
data are collected are seen as major advantages over TGA or differential

reactor studies.

Sorbent performance is very much a function of its physical properties.
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There exists a requirement to evaluate the performance of a selected

sorbent by simple batch addition tests.

Experimental observations of sulphation showed that, for sorbent
particles in the size range typical of fluidised combustion, sorbent
utility was low due to the formation of a dense layer of sulphate
product in close proximity to the external particle surface. This was

confirmed by a wide range of models,

A largely unexplored aspect of sorbent performance is the impact of
attrition on utility. Attrition rate data are required to establish the
particle size distribution and hence residence time distribution of

sorbents within a fluidised combustor.
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CHAPTER 3 - SULPHATION KINETICS OF SOUTH AFRICAN SORBENTS
3.1 INTRODUCTION

It was established in Chapter 2 that the sulphation kinetics of a
specific calcareous sorbent could be determined with confidence by
simple batch additions to a fluidised combustor fired on coal. It was
also stressed that the physical properties of both the natural sorbent,
and its calcine, played major roles in dictating sorbent performance
under a specified set of combustor operating conditions. In this
chapfer, the extent to which sorbent specificity dictates fluidised bed
sulphation kinetics is addressed for a wide range of South African

sorbents whose use is anticipated in new coal fired power plant.

Thereafter, a comparison is made between the simplified kinetic models
of Fieldes (1979) and Zheng et al (1982) discussed in Chapter 2, using
data derived as above. The performance of South African sorbents is

compared with data generated by both TGA and fluidised bed studies for
UK and USA sorbents. ' | '

3.2 EQUIPMENT CONFIGURATION

The fluidised combustor in which batch sulphation experiments were
conducted was built "in-house'", and its detailed mechanical design, and
that of ancillary feed systems and dust control equipment have been
reported elsewhere [{Motherwell (1986)]. An abridged‘description is given

belpw.

The combustor vessel is a 316L stainless steel pipe, 104 mm in diameter
and 1.5 m in length, encased in a castable refractory to an external
diameter of 300 mm. Between the wall of the combustor and the interior
of the refractory lining is a 50 mm annular section through which
_cooling air is blown by a small centrifugal fan to control bed

temperature,

Fluidising air is supplied by a Roots blower. The air distributor plate

consists of a series of 6 mm I.D nozzles (closed at the top) screwed
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intd the base plate of the combustor tube, on a triangular pitch of 15
Zlmm;.Four-l.ﬁ,mm diameter holes were drilled near the top of each nozzle
to achieve the distrubutor pressure'drop'required for adequate

fluidisation.

The combustor vessel is heated by a 3 KW nichrome element wound to the
outside of the combusfé; tube. The power supply to this resistive
element is controlled by a 25 amp variable voltage transformer. Both
coal and limestone, previously crushed and prescreened to the desired
size range, were fed pneumatiéally to the combustor at the height of the
distributor plate. The coal feeder was calibrated by diverting the
pneumatic flow line to a measuring cylinder sitting atop a Mettler pan
balance., During normal operation, this technique was supplemented by
observing the volumetric flow of coal through a glass tube immediately
below the feed container. Bulk density measurements were taken at
regular intervals. Solids removal from the combustor vessel (to maintain
bed height) was effected via an ash discharge port centrally located in
the distributor plate. Medium and high efficiency cyclones removed
particulate from flue gases before these were discharged to atmosphere.

No provision was made for fines recycle to the combustor.

The combustor was extensively instrumented with type K thermocouples and
pressure tapping points to which 0-25 kPa pressure transducers were
fitted. All temperature and pressure signals were logged by a multipoint

recorder,

All gas analyses were conducted on flue gas samples extracted from the
primary cyclone inlet line. It was assumed that the ducting geometry was
sufficient to ensure a well mixed sample volume at the draw-off point.
Sample lines were 6 mm stainless steel tubing. The length of sample
probe exposed to high temperatures was restricted to 150 mm in order to
minimise SO, conversion to SO, on the hot stainless steel surfaces. Gas
sample conditioning included two stage drying (via a polymer drier,
supplied by PermaPure, Farmingdale, N.J. U.S.A. and condensate removal
via a custom-built refridgeration chamber) as well as particulate
removal - a coarse glass wool filter in series with a 5 um Balston
cartridge filter. The sample lines were trace heated with electrical
heating tape to a point immediately upstream of the refridgeration unit.

All analytical instruments were supplied by Smith-Kline-Beckman, U.S.A.
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Flue gas oxygen was measured with the aid of a polarographic analyser
{Model No. 7003); carbon monoxide, carbon dioxide and total hydrocarbons
from a combined non—disperéive infra red analyser (Modél No. 591,
operating ranges 0-1%, 0-15%, 0-2000 ppm respectively); NO/NO,. with a
chemiluminescence analyser (model No. 955, operating ranges 0-10000
ppm); SO, with a non dispersive infra red analyser (model No.865,
operating range 0-2500 ppm) . 0u£put signals from ali analysers were,
after suitable amplification, fed to another multipoint recorder. With
the exception of the 0, analyser, which wasicalibrated on>dry air, all
other analytical instruments were calibrated with bottled gases metered
through rotameters. A constant flowrate of 1.5 litres/minute sample gas
to the analyser bank was achieved with a small positive displacement

metering pump.

A schematic layout of equipment is given in Figure 3.1

3.3 MATERIALS

The coal used for all the batch sulphation tests was a poor quality
discard coal from Ballengeigh Colliery, South Africa. Its composition is
given in TABLE 3.1. Such a coal is typical of the vast quantities of
discard material currently being stockpiled in South Africa. Its
generation is a consequence of coal beneficiation practice. The sulphur
composition is not abnormally high (some other discard coals tested in
the preliminary stages of this project, but not reported here, had
sulphur content in the region 8-10%), but, under normal combustion
conditions, it gave rise to reasonable SO, levels, which were in the
range of the Beckman SO, monitor, thus avoiding unnecessary flue gas

dilution. This coal sample was crushed and screened from a top size

greater than 50 mm to produce a workable fraction of -2 mm + 0,5 mm.

The sixteen sorbents used in this investigation arellisted in TABLE 3.2,
with compositional details. The "as-received'" samples varied

. considerably in size distribution. In no case was it possible to obtain
an ideal narrow size fraction directly from the suppliers. The products
most suited to this investigation in terms of size classification, were
agricultural limes'onres (typically - 2 mm) and metallurgical fluxing
agents (typically - 5 mm). On receipt of samples, all sorbents were

screened to -0,6 mm +0,3 mm by a mechanical sieve-shaker prior to their
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addition to the combustor,

The inert fluidising medium was a high purity filter sand, grade 16/30,

whose size distribution is given in TABLE 3.3

3.4 EXPERIMENTAL PROCEDURE

The bed was filled with sand to a static height of 200 mm and. the
electrical element switched on. The totalbair flow to the combustor was
the sum of the coal conveying air and that supplied through the
distributor by the Roots blower. Air flow through the distributor plate
wés regulated by a globe control valve upstream of the measurement
orifice, to give the total required. flow of 0.7 ms—® at 1123 K. This
corresponded to a fluidising velocity approximately equal to four times
the\minimum fluidising value for this size sand at this temperature, as
predicted by the modified Ergun equation cited by Yates (1983), and by
the experimental correlation of Kunii and Levenspiel (1%869). These
correlations were validated py a graphical plot of bed pressure drop
versus velocity at ambient temperature. Although an operating Velocity
of 0.7 ms~* failed the slugging flow criterion of Stewart and Davidson
(1967), a prediction of bubble diameter at a bed height of 200 mm
(according to Mori and Wen (1975)) inferred that the maximum bubble size
which would develop was in the region of 40 mm, which is considerably
less than the combustor vessel diameter (104 mm), It was therefore
assumed that slugging tendency was minimal. This was reinforced by the
lack of mechanical vibration, which became severe only when the

fluidising velocity’was increased béyqnd 1 ms—1-

When the average of the two thermoéouples in the bed registered 820 K,
coal flow was initiated. Once the temperature reached 970 K, the process
was deemed to be self sustaining, and power to the electrical element
was switched off. The desired temperature (of 1123 K) and excess air
level (of 20%) were achieved by adjusting coal flow and trimming the
cooling air supply to the annular section of the combustor unit. Coal
flow, bed temperature, flue gas oxygen and sulphur dioxide were
monitored continuously. Deviation from smooth operation could be
.detected further by periodic monitoring of flue gas CO and CO., levels.
Once stable operating conditions were achieved, a 15 gram sample of

uncalcined sorbent was blown into the combustion chamber at the height
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of the distributor nozzles, and the change in SO, level noted. The
.reaction was assumed to be complete when the S0, level stea@ied for 20
minutes at a value approximately equal to the base measurement prior to
limestone addition. The,next sample could be added once the calibration

of the S0, analyser was checked.
3.5 RESULTS
The following general points pertain to these batch sulphation trials.

1. The total system reponse (analyser plus lag time due to volume of
flue gas in sample tubing) is in the region of 15 seconds. The sampling -
system is treated as a plug flow section in series with the fluidised
combustor (itself modelled as a pseudo-homogenous stirred tank reactor,
with SO, liberated uniformly throughout the bed). This flow behaviour
stems from the fact that the interphase exchange coefficient‘for this
combustor unit is large (see APPENDIX B.l, based on eq. 2.9). Time

response data for all sorbents are offset by this 15 second lag time.

2. The temperature was treated as being uniform throughout the bed
region of the combustion chamber - the two thermocouples within the bed
differed by typically 10 -15 degrees - which supports the claim that
solids are well mixed. The temperature of the flue gases at the sampling
point was in the region of 870 K, which implies that freeboard
combustion was negligible. This is consistent with operation at the low
fluidising velocity where elutriation losses are low., The subject of
elutriation from fluidised beds is discussed in greater ﬂetail in

Chapter 5, which looks at particle size effects.

3. Combustion efficiencies, measured from carbon-in-ash figures,
according to BS 1016. part 3, 1973, were in the region of 90%. This
figure is realistic for this scale of apparatus and the low reactivity
of the coal burned. This gave base flue gas S0, levels in the range
1000-1500 ppm. No attempt was made, during these experiments, to measure
the effect of SO, adsorption by calcium present in the coal ash (CaO
present in coal ash fraction is 3,62 %). There is good reason, with high
ash coals, to suspect that such a sulphur capture mechanism is not
unimportant, and this is the subject of further investigation in the

analysis of pilot plant data in Chapter 7.
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A typical flue gas SO, response curve to sorbent addition, allowing for
measurement lag time, is given in FIGURE 3.2, Data are plotted as SO,
concentration (ppm) against time. This curve was similar in form to
those generated by both Fieldes (1979) and Zheng et al (1982). There is
one marked difference, however, over the results of Pieldes. Sorbent
particles are firstly calcined over a short, but finite, time period.
“Because of the distribution in particle size in the sorbent charge, some
particles will calcine before others, and, during this initial period,
the sulphation reaction rate will rise from zero to its maximum value
immediately the entire batch of particles is fully calcined. After this
time, the initially high reaction rate decreases monotonically. Fieldes
(1979) presented resuits from a gas mixture experiment in which the
measured concentration of SO, fell instaﬁfly to a minimum, which
effectively implied instantaneous calcination. In a coal combustion
atmosphere, however, the presence of CO, in the flue gas will retard
calcination to some extent (see APPENDIX A), which accounts for the more
gradual decrease in SO. level found in these experiments, and in those
reported by Zheng et al (1982). From the composition of the coal used in
the current set of tests, and for a typical coal flow of 0.7 kg/hr, the
CO» level in the flue gas is around 10%. In the local region of the coal
injection point, this value is expected to be higher., It is into this

region that the sorbent batches were added.

Fieldes (1979) required that each sample charge to the reactor be of
constant surface area. Given the obvious topography (non sphericity) of
sorbent particles as evidenced by the electron micrograph images in
APPENDIX D, and the difficulty in accurately determining mean sorbent
pafticle size without resorting to elaborate techniques such as image
analysis, the interpretation of sulphation Kkinetics based on the
addition of a constant mass of sorbent particles appeared to offer a
much simpler approach. Assuming spherical particles, which can be
described by ah arithmetic mean diameter, the apprqximate external
surface area of each sorbent charge was 730 cm®. This is a factor of 3.5
times that used by Fieldes, but approximately 0.75 that employed by
Zheng et al. The size of the sorbent charge in this work was necessary
to ensure good mixing within the bed bulk (bed height to diameter in
this work was 2:1 compared with 1:1 in the case of Zheng et al and 0.7:1

in the work of Fieldes).
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to the same classification would behave similarly. This is discussed

further in Chapter 4, under the influence of sorbent geology.

The ultimate conversion, X., given by eq., 2.6., with t = tg, is
proportional to the shaded area in Figure 3.,2. This integration was
performed numerically for the Lyttelton, Marble Hall and Bredasdorp
sorbent samples., The dry flue gas molar flow was calculated for a flue
gas 0> level of 4%. A sample calculation is given in APPENDIX B.2. Type
A (Lyttelton) sorbents have the lowest capacity for SO., whilst Type C
(Bredasdorp) sorbents have the greatest absorptive capacity. The
difference in utility of these three sorbents is considerable. The
ultinmate conversion of the Lyttelton sample was measured at 15.5%, of
the Marble Hall sample at 23.7%, and of the Bredasdorp sample at 32,5%.
Of interest was the fact that the maximum conversion attained for the
Bredasdorp sample, which was the most reactive, was considerably lower
than the theoretically attainable maximum of 57%. The utility of the
Lyttelton sample ran contrary to the expected trend in dolomites, where
pore volume created by calcination of MgCO0, should be available to
accommodate CaS0O, product., This confirms the importance of particle pore

size distribution in defining sorbent performance.

If sorbent utility was governed largely by chemical purity, then the
Marble Hall sample should prove to be a more reactive material than the
sample from Bredasdorp. This is clearly not so. Furthermore, a
qualitative examination showed that the difference in surface texture
across all three samples was pronounced, with the more reactive sorbents
tending also to be the more friable. This is consisitent with one of the
proposed mechanisms of attrition, where, in those cases where particle
residence time exceeds sulphation time, the wearing away of the sulphate
“product layer in the region of the externmal particle surface will lead

to enhanced utility.

It would thus appear that the physical properties of the natural
sorbents exert considerable influence on sorbent performance., This theme

is developed further in Chapters 4 and 5.
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0.11-0.15 ns—*, which is, for practical purposes, effectively constant.
However, with no apriori knowledge of sorbent performance, it is unwise
to assume that ks, or K., is constant for a given set of combustor
oﬁeration parameters. A point worthy of note is that Fieldes' conclusion
was based on sulphation experiments with a simulated flue gas. It could
be arguéd that calcination conditions will differ when coal.combustion
is taking place, and that this may, for selected sorbents, drasticélly

. influence the evolving porosity of the calcine. A discussion on porasity

of natural sorbents and their calcines is held over to Chapter 4,

A comparison of Fieldes and Zheng models is given in Figures 3.5 - 3.7
for Lyttelton, Marble Hall and Bredasdorp sorbents respectively. The
reaction rate constant, Kg is plotted against conversion. Note that, in
the model of Zheng et al, Ke = Kso exp (- kaq.t). Experimental values of
Ks are derived from the bubbling bed model. The value of Kgo used in the
Zheng model is that measured, assuming the cpmbustor to be a well mixed
vessel, whereas Kso in the Fieldes model is predicted from the Penrith

limestone data set.

For both the Lyttelton and Marble Hall samples, there is good agreement
between both models in the value of Kg,. This is not so of the
Bredasdorp sample, where the Fieldes model underestimates Kso, by a
factor of 3. In all cases the Fieldes model overpredicts the maximum
sorbent conversion; X.. This is a consequence of the exceedingly long
pore closure time, ts, predicted by the model. In all batch experiments
with South African sorbents, flue gas SO, readings returned to fheir'
value prior to sorbent addition in less than one hour, which would imply
that typical pore closure times were in the region of 3600 seconds. An
example of a calculation for ts given in Appendix B predicts ts values
typically a factor of 10 times greater than those measured. It is
surmised that the pore geometry / pore plugging criteria employed by
this model do not correspond to calcine structures developed in a coal
combustion atmosphere. The relationship between porosity, pore volume

and sorbent performance is discussed in Chapter 4,

The choice of gas flow model for predicting Ks values from flue gas SO0,
levels is critical for the Bredasdorp sample, Figure 3.8 shows this
effect clearly. At low conversions, a well-mixed gas flow model, in

which Kg = (AU/S)(yo"/yo -1) predicts similar Kg values to those derived
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- from a bubbling bed model. Ks values predicted by asSuming gas to be in
plug flow, with an absence of bubbles,

i.e. where Kg = (AU/S)(—ln yé/ya‘f, are significantly lower than either
of the other gas flow models. Fieldes correctly stated that, in a gas
injection experiment, there is little difference between Kg values
derived from any of the three gas flow models considered here. However,
in a coal combustion experiment, where SO, is released uniformly
throughout the bed, a plug flow gas model would produée erroneous
results. In the case of the Lyttelton and Marble Hall samples, where
the relative magnitudes of y./y.,”™ and 1/X in eq. 2.8, particularly at
low conversions, differ more than they do for the Bredasdorp sample,

errors incurred in assuming plug flow of gas are less severe.

Figure 3.9 is an overlay of Figures 3.7 and 3.8 and summarises the
discussion above. At ‘the combustion conditions employed here, the
bubbling bed model is more éiosely apprOXimated'ﬁy a wéll‘mixed single
phase gas model than by a plug flow model. Overall, the well mixed flow
model of Zheng et al, in thch the reaction rate is modelled by an
exponentially decreasing time-dependence, more closely resembles Fhe

sulphation kinetics of South African sorbents than does the model of

Fieldes.

The effect of fluidising velocity on sulphation kinetics was
demonstrated by Zheng et al, where, for an increase in fluidising
velocity from U/U,e = 2, to U/Uqe = 3.5, the value of Kg, increased by a
factor of 3. The effect on kga was less pronounced - ks increased by a
factor of 1.5. The true physical significance of ka is unclear, other
than that it incorporates chemical dnd diffusional influences. It is,
however, a simple matter to resolve Kz, into an external mass transfer
component, K., and a kinetic/diffusion component, K., according to

eq. 2.17., Dennis and Fieldes(1986) determined that external mass
transfer was significant at early reaction times, and we would thus
expect to see a marked change in Kgo with fluidising velocity. Since the
sulphation kinetics of South African sorbents was established for one
fluidising velocity only (U/U.e = 4), a discussion of its exact effect
on sulphation propensity is held over until Chapter 7, where continuous
sulphation trials for three sorbents over a range of fluidising

velocities are described.
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3.7 COMPARISON OF SOUTH AFRICAN SORBENTS WITH INTERNATIONAL STANDARDS

The sulphation performance of the three representative South African
sorbents  is shown in TABLE 3.5 along with the fluid bed results of
Fieldes (1979) and two USA studies. The first USA study concerns the
Argonne Laboratory TGA data of Vogel et al (1977) for 10 sorbents. The
second USA study relates to the performance of five limestones in a
fluidised combustor at Westinghouse Research Laboratories [Ulerich et

al (1980)1].

The Westinghouse samples (mean d, = 1 mm) were precalcined at 1088 K in
a 15% CO, atmosphere, before sulphation at the same temperature. Maximum '
sorbent conversions were found by graphical extrapolation of sulphation
data. Values of X. thus derived ranged from 0.14 - 0.25, which are in
the range found for most of the South African sorbents, and for the two
limestones tested by Fieldes. The low values of Kso stem from the fact
that particle sizes are larger, and also that calcines were preserved at
1088 K for four hours prior to sulphation. This prolonged exposure to

high temperatures is known to result in a loss of pore volume due to

sintering of the calcines.

The Argonne data reflects a wide range in sulphation capacities, from
the_almost total conversion of the reactive Tymochtee dolomite

(X. = 0.97), to a low of X. = 0.15 for Limestone 1359 and Dolowhite.
Initial rate'constants‘were predicted from the Lee and Georgakis'(1981)
manipulation of this TGA data set (see APPENDIX B.3). Kso values derived
from TGA data were considerably lower than those reported for any of the
fluid bed studies. This is consistent with results reported by Ulerich
et al (1980) for parallel TGA studies on the same group of five
limestones whose fluid bed sulphation capabilities are reported in TABLE
3.5. Ulerich et al (1980) reported also that a well mixed gas flow model
was a better predictor of sorbent sulphation in a combustion atmosphere
than a plug flow model, which reinforces the points made earlier from a

comparison of the models of Fieldes and Zheng et al.

Of interest is that Fieldes reported a considerably lower value for X.
of Tymochtee dolomite (0.802) than was derived from the TGA figure
(0.97) although the latter was for slightly larger particles. This is
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inconsistent with the model findings of Chapter 2 in which X. varies és
d,~*, and cannot be explained entirely by the fact that the TGA data
was collected at the slightly elevated temperature of 1173 K,

From TABLE 3.5 it can be seen that South African sorbents generally
display intermediate reactivity when compared tovinternational |
"standards'. None of these '"standards" display Kso valués as high as the
South African Bredasdorp sample. This sample, however, is not unique,
From TABLE 3.4, three other samples were identified as displaying Type C
activity. Both Saldanha and Slurry limestones and Umziﬁkulu dolomite
have Kso values in excess of 0.25 ms~! and ks, values less |

than 0.0026 s—*,

It was stated in Chapter 2 that the physical properties of a sorbent
exert considerable influence on its sulphation propensity. Surface area,
pore volume and pore size distribution were highlighted. It was noted in
the current batch sulphation tests that other physical properties such
as topography, granularity, and "friability" appear to also affect
sulphation rate and capacity. These latter properties relate to the
geology of the parent sorbent body. Their significance has come to light
mainly through the selection of sorbents of widely varying geologic
typing, and could well have gone unnoticed in a smaller data sample (as
evidenced by the fact that half of the 16 sorbents examined produced
similar sulphation kinetics, as in the work of Fieldes). Chapter 4 is
thus devoted to an analysis of sorbent physical properties in the hope
of drawing .a correspondence between sorbent geology and sulphation v

propensity,

3.8 EFFECT OF CATALYTIC AGENTS ON SULPHATION

The simplicity of batch addition sulphation tests described above
prompted a similar investigation of sorbents chemically modified by
catalytic action. The chemical modification of sorbents is not a new
idea. Marier and Ingraham (1972) higﬁlighted a 30-40% increase in the
sulphation capacity of a specific precalcined lime when 5% Fe,0; was
mixed integrally with the lime powder. Desai and Yang (1983) pinpointed
the optimum amount of Fe203 for maximum sulphation. For a particular
dolomitic sorbent, which had previously been shown by Borgwardt and

Harvey (1972) to achieve high sulphation yields, an addition of iron
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oxide, at 1% by weight of Ca0, produced a 40% reduction in sorbent
requirement over the uncatalysed case, whilst.effecting a sulphur
removal efficiency of 90%. Increasing thé amouhf of iron oxide beyond
this level served to increase the initial rate of reéction, although the
overall capacity of the sorbent was reduced, in some cases even to a
level below the uncatalysed case. Of interest is that these findings
were not duplicated with a test limestone, and both the rate and

. capacity were decreased by the addition of iron oxide. This discrepancy
is attribUtéd to the pore size distribution of the test sorbents: it is
 surmised that, for sorbents with a high percentage of pores less than
0.5 ym in diameter, impregnation with iron oxide serves to block the
pores directly,  The initial sulphation rate constant increased lihearly
with iron oxide addition, up to an Fe,03; concentration of about 1%,

whereafter the dependence was much less acute.

Addition of an ageous solution of a sodium salt (as promotor) served to
increase both the sulphation rate and capacity of the same dolomite.
This is consistent with findings of Burdett (1983) who stated that the
addition of small amounts of sodium salts to a calcining limestone
enhance its subsequent sulphation capacity by fo}ming transient eutectic
melts, increasing ionic diffusion rates, and accelerating the
rearrangement of Ca0 molecules as C02 is evolved. Small grains with

relatively large pores are produced in this manner.

A more recent and comprghensive study of the effect of additives on
sorbent performance was conducted by Dennis (1985). Addition of 2.8 mol%
Na»CO, to Penrith limestone increased sorbent capacity from 24% to 29%.
Increasing Na,CO, content to 4.7 mol%¥ improves sorbent utility further
to 36%. In no case was the initial rate constant Ks, affected. Similar
treatment with oxidised Fe(NOs)a produced a decrease in X. from 24% to

18%. Again, Kg, was unchanged.

The mechanism whereby iron and sodium salts act on calcareous sorbents
is fundamentally different. Whereas the action of the former is
inherently chemical in nature (often cited as an enhancement in rate of
S0, oxidation to SO,), the latter modifies pore structure, shifting the
pore size distribution to wider mean pore size. However, the variation
in reaction patterns exibited by selected sorbents on Fe,0, addition

points to a complicated reaction mechanism in which pore structure plays
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a major role.

It is not the intention of this work to unravel this reaction mechanism,
but rather simply to investigate the addition of iron and sodium salts
to one of the least reactive South African sorbents and to reassess its
sulphation propensity. The logic behind such an exercise ié
straightforward. Much of South Africa's coal reserves are in a region
traversed by dolomitic rocks (eg. Lyttelton) which belong to the least
reactive class of sorbents, i.e. Type A, whereas the more reactive
sorbents such as Bredasdorp are physically remote (> 1000 km) from most
coal fired combustion plant. The costs of transport are high and there
is a need to identify ways of improving the utility of the Type A

sorbents.

3.8.1. Experimental

Batch addition of treated Lyttelton sorbent followed the same basic
procedure as outlined-in Section 3.4, Sorbent batches were first soaked
in a 1 M solution of iron(III) nitrate for a predetermined length of
time (ranging from 10 to 60 minutes). Samples were then filtered and
dried before oxidation at 770 K for a period of one hour. At this
temperature, the retained nitrate is readily oxidised, but little
calcination of the sorbent takes place. Another series of experiments,
in which 1% sodium carbonate was added to the iron(III) nitrate solution
before oxidation, were conducted in parallel. From the change in mass of
the sample before and after oxidation, the amount of iron oxide retained
by the sorbent was established. This quantity is given in TABLE 3.6,

showing the correspondence with initial soaking time.,

3.8.2 Results

The initial reaction rate constant, Kso., and ultimate sbrbent
conversion, X., afe displayed in TABLE 3.6 for each of the different
sorbent treatments. In all cases, the addition of Fe,0, led to a
reduétion in the ultimate sulphation capacity of the Lyttelton sample
over the base case, The initial rate constant Ks, also decreased,
although the addition of 1% Na,CO, seemed to improve Kso, over the values
found for Fe,0,, though not to the level of the base sulphation case

with no additives. The effect of increasing the dosage of iron salt on
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both X.. or Kso, was minimal,

These results are consistent with the effect of iron oxide addition to
to Penrith limestone, as noted by Dennis (1985). The mean pore diameter
of the Lyttelton calcine, preparéd in a parallel fluidisation at 1123 K
for 2 hours, is 0.26 um, which is below that value cited by Desai and |
Yang (35) as being necessary for iron catalysis to be effective. The
potentially beneficial effect of sodium salt addition is 6bscured by the
negative effect of iron oxide. The decrease in initial reaction rate
constant is attributed to the deposition of iron oxide in pore mouths,

leading to an effective decrease in the base porosity of the calcine.

It would appear that, for chemical addition to be effective in
increasing the performance of a particular sorbent, careful attention
must be paid to the porosity of the natural sorbent, and to that
developed through calcination. Because the effect of additives on the
sulphation of the Lyttelton sample was disappointing, it was not pursued
further. However, in Chapter 4, the'pore volume, porosity, and pore size
distribution of all the South African sorbents are identified, and

suggestions made regarding possible sorbents which would benefit from

chemical doping.
3.9 CONCLUSIONS

The sulphation kinetics of a wide range of sorbents were determined by
batch addition of the material to a fluidised bed combustor. In this
way, the influence of the combustion atmosphere could be measured

directly, and sorbent precalcination was not a necessary pre-requisite.

Two simple sulphation models were fitted to the kinetic data. A better
degree of correspondence was obtained with one which assumed the
contents of the reactor to be well mixed, and in which the time
dependence of reaction rate was stated explicitly as a decréasing

exponential.

Sorbent type greatly affects sulphation performance. The total group of
South African sorbents could be divided into three classes according to
their sulphation propensity, which was quantified by the magnitude of

the specific sulphation reaction rate. Contrary to present
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understanding, the initial sulphation rate was not independent of
sorbent type. Properties such as topography, granularity, and friability

were observed to play a role,

South African sorbents generally display intermediate reactivity

compared to their UK and USA counterparts.

The performance of a representative sorbent from the "low reactivity" :

class was not enhanced by addition of sodium or iron salts.
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CHAPTER 4 - CHARACTERISATION OF SOUTH AFRICAN SORBENTS

It is evident from the previous discussion that there is tremendous
variability in the performance of different sorbents. As outlined in
Chapter 1, one focus of this research is to quantify the behaviour of
South African sorbents. Before embarking on an analysis of sorbent
properties and their effect on sulphation, it is expedient to summarise
the local resource base, and to characterise both the quality and
guantity of this resource according to standard geologic
classifications. This is undertaken in APPENDIX C. The sorbent samples
whose sulphation kinetics were measured in Chapter 3 were drawn from 16
operational quarries dispersed throughout the country. Although
experimental observation is limited to this group of 16 sorbents, a
comparison is made, where possible, with the properties of other

sorbents for which significant performance data are available.

4,1 CHEMICAL PROPERTIES OF SORBENT BASE

The chemical composition of these sorbent samples is reflected in

TABLE 3.2, Eight of the samples can be labelled calcitic, whilst the
remaining eight are dolomitic., The average calcium carbonate content of
the limestones is 90.7 % whereas that of the dolomites is 51.9 %. On an
overall mass basis, these figufes impiy maximum aftaihéble sorbent
conversions of 51.7% for the limestone samples and 51.9% for dolomitic
samples, though the -theoretical ﬁtility of calcium in a dolomitic sample
is 100%Z. Of interest is the wide range in impurities reflected in this
table. Attempts to identify absolutely the relationship between chemical
composition and sorbent efficacy have generally been unsuccessful
[Ulerich et al (1979)]}. Iron, sodium and potassium often have positive
effects on the sulphation capacity of calcareous rocks, although this
was not borne out by the addition of iron and sodium salts to the
Lyttelton sample, as reported in Chapter 3. All tﬁe samples from the
northern part of the country contain iron (as Fe,0,) in the region of
1'%, This contrasts markedly with the coastal deposits, and those of the
South Western Cape, where iron content as low as 0.06 % is reported.
Silica is generally perceived as being deleterious to sulphation, Within

the South African data set, the silica content varies from a low of
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0.05 ¥ for the very pure Holrivier calcite samplé, to a high of 13.4 %
for the Leo dolomite sample. However, at temperatures typical of
fluidized combustion operation, chemical bonding of silica with calcium
oxide would appear not to pose a problem. As with those sorbents with
high clay content (reflected by alumina values in TABLE 3.2),’it is
surmised that the action of silica is simply one of pore blockage. Other
interesting anomalies are the abnormaly high phosphate concentration in
the Saldanha sample, and the high alumina concentration in the Leo,
Slurry, and Lichtenburg deposits. It has been mooted [Rudman (1987)]
that P,0s, deposited at grain boundaries, can cause severe decrepitation
under thermal stress. The presence of even minute quantities of sulphur,
too, is reported to lead to decrepitation by evolution of hydrogen
sulphide during calcination [Schie (1987)]. The sample from Holrivier

has been reported to calcine explosively due to this mechanism.

Chemical impurities in geologically recent carbonates are often present
in the form of calcareous '"muds' and other plastic components which
deposit at grain boundaries and in large pores, and, although effective
in reducing the inherent porosity of the natural stone, generally
contribute favourably to the quality of the calcine produced on thermal
treating. This is in contrast to the effect of silica and other
_impurities present in well-formed crystals. There is evidence, too, that
some of the samples, such as that from Umzimkulu, contain small gas
pockets (presumably trapped at formation stage as the result of organic
decomposition) which affect the overall structure of prepared calcines,‘
due to gaseous evolution at a fate not explicitly dependent on the CO-

atmosphere [Schie (1987)].

There is noAcorrespondence between sorbent purity and geologic age, only
that the type of impurities tend to change with age. Young sediments of .
marine origin,>a1though relatively impure, may contain local regions of

shelly deposits which are effectively pure calcite. Older sorbents

generally carry dolomitic inclusions.
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4.2 SORBENT PHYSICAL PROPERTIES

The findings of Chapters 2 and 3 infer that, within the general
claséification of limestones and dolomites, it is the physical, rather
than chemical properties of sorbents which affect their sulphation .
capacity, and that any chemical influences result principally in changes
to the physical structure of the sorbent. Those physical properties
which are expected to play a role in the sulphation reaction are those
which directly (or indirectly) influence the porosity and surface area
of the calcined product, thevcharacter of which has been shown in the
previous chapters to be highly significant in determining both the rate

-of reaction and the capacity of a particular sorbent for S0, absorption,
Physical properties of interest are therefore -

a). sorbent particle size

b)./surface area and pore size distribution

c). sorbent granularity and degree of crystallinity

d). sorbent particle fopography

e). sorbent structural strength.

4,2,1, Particle Size

The choice of sorbent particle size in fluidized combustion is dictated
largely by factors other than sulphation efficacy. Bed hydrodynamics
affect the quality of fluidization, and the degree of entrainment and
.elutriation. Particle size is selected to thimise retention times in
the combustor. Mechanical considerations too, such as feeder
arrangement, léad to the use of preselected of size ranges. Furthermore,
the costs of screening quarried material to a narrow size fraction are
considerable - most limestone quarries are dedicated to a specific end
use, such as cement manufacture, and are not capable, without sufficient
financial incentive, of modifying their process to produce the ideal

sorbent feed,
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As a result, most sorbent feéd to fluidized combustors is loosely sized
from a few hundred microns to about 2 millimeters. In this current
investigation, most of the experimental results were obtained for a
much narrower size fraction, 300 -.600 um. When particle size effects
were measured directly, other closely sized ranges were examined. None
of the "as received" sorbent samples conformed to these size
specifications, and both wet and dry sieving was required to produce the

desired fraction.

4,2.2 Pore Structure / Surface Area / Porosity

Borgwardt and Harvey (1972) demonstrated experimentally that the pore
size distribution, porosity and surface area of calcined sorbents
interact in a complex manner to determine overall sulphation capacity.
The importance of natural sorbent porosity was also highlighted. It is
well established, however, that natural sorbents are generally non
porous compared to their calcines prepared under conditions typical of
fluidised combustion. Both Ulerich et al (1979) and Borgwardt and Harvey
(1972) cite pore volumes of natural sorbents in the range

0.01 - 0.04 cm®/g and calcine pore volumes in the region of

0.25 - 0.4 cm®/g. The one exception to these figures was a friable marl
examined by Borgwardt and Harvey. As this is an unlikely candidate for
use in fluidised combustion, the above pore volume ranges can be thought

of as generalised values.

An attempt was made to see how well these measurements were matched by
the South African sorbent stock. Given the anticipated low pore volumes
of the natural sorbent samples, the initial focus on sorbent specificity
was restricted to an analysis of calcine properties. Pore volumes / pore
size distributions of sorbent calcines were measured by mercury
intrusion porosimetry. Calcines were firstly prepared at 1170 K for 4
hours in a laboratory muffle furnace. Surface areas were calculated by
the method outlined by Lowell (1979), assuming that all pores are
cylindrical. Mean pore radii were calculated from pore volume
distribution curves, a typical example of which is given in FIGURE 4.1;
for the Bredasdorp sample. TABLE 4.1 presents values for_unit pore

| volume, unit surface area and mean pore radii for the calcines of all 16
samples. The range'of calcine pore volumes measured is wider than that

cited above, spanning 0.06 cm®/g - 0.6 cm®/g. Two points are worth
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noting about these values.

1. The Leo dolomite sample had a mean particle size of 100 um, as
opposed to 450 um for all the other samples. A severe limitation of the
mercury intrusion technique for determining pore volume is that, in
small particles which are relatively non-porous, low pressure intrusion
cannot resolve inter particle void spaces and large pores, leading to
erroneously large pore volume measurement. This is consistent with the
relatively large mean pore size reported for Leo dolomite. Like all the
other dolomitic samples, it had relatively little surface topography or
macroporosity, and the large mean pore size reported is obviously an
artefact of the instrumentation, and corresponds, more correctly, to
interparticle void detection. This complication is less serious with the
larger particles of other sorbents. The large pore volume figure of

0.6 cm®/g for this sample should thus be treated with caution. Harris
(1988) suggested that pore volume associated with pores greater than
500nm in diameter be discounted in samples of low porosity in order to

give a true measure of intraparticle pore volume,

2. Calcination conditions played an important role in pore volume
measurement. Calcination times for sorbent preparation were guided
largely by literature values, The very low pore volumes of some samples
prompted a more rigorous analysis of calcination, which is given in
APPENDIX A. A series of calcination experiments was performed on one
representative sorbent taken from each of the sulphation reactivity
classes identified in Chapter 3. The chosen sorbents were Lyttelton
(Type A), Marble Hall (Type B), and Bredasdorp (Type C). Calcination
times were shown to differ significantly with sorbent type, with the
dolomitic sample being fully calcined in roughly half the time it took
for the limestone samples, At 1170 K, calcination was completed for all
samples in one hour, Holding calcined samples at elevated temperatures
beyond the time required for complete calcination leads to pore
collapse, and a shift in mean pore size'to larger values, with a
corresponding decrease in total pore volume., It is surmised that this
condition was responsible for some of the low pore volumes reported in -
TABLE 4,1, Further calcines were thus prepared from these three
Sprbents; Calcination times were reduced to match those identified in
APPENDIX A as ensuring complete caicination.'It should be noted that

these calcination times are much longer than would be anticipated in a
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fluid bed environment. TABLE 4.2 shows the comparison between pore
volumes for the two sets of calcines prepared from these three samples.
The second set of pore volume measurements have a much narrower spread
0.31 -~ 0.34 cm®*/g, and correspond more closely to the ranges cited by

Borgwardt and Harvey (1972).

In the light of the above two findings, it is anticipated that pore
volume measurements for correctly prepared calcines of all, identically
sized, 16 samples, would fall in the range listed by Borgwardt and
Harvey. Such a narrow spread belies the real variation in sorbent
performance found in Chapter 3, and confirms that calcine pore volume
measurement, in.isolation, is a podr predictor of sorbent capability.
The value of the data contained in TABLE 4.1 is therefore purely in
assessing the pore structure of one sorbent relative to another. The
analysis of pore structure is hereafter restricted to the data contained
in TABLE 4.2, which also contains pore structure information on the
three natural sorbents prior .to galcination. The pore volumes of the
three raw sorbents range from 0.013 - 0.049 cm?®/g, which closely

resembles the range cited by Borgwardt and Harvey (1972).

In an effort to avoid errors in pore volume analysis due to the presence
of interparticle voids, calcine mean pore radii figures were derived by
firstly discounting that pore volume associated with pores of diameter
greater than 500 nm [Harris (1988)]. When natural sorbent particles were
analysed by mercury intrusion porosimetry, significant instrument noise
was_encountered at low éore radii, due to the fact that natural sorbents
have low inherent porosity. This places great uncertainty on the value
of mean pore radius derived for these natural sorbent particles., It is
nonetheless still possible to make some general observations about
sorbent pore size distributions. Comparing the mean pore sizes of bo;h
raw and calcined samples from TABLE 4.2 shows that there is an obvious
shift to smaller diameter pofes on calcination, Furthermore, it is
interésting to note that, though there is a significant difference in
the mean pore size of uncalcined particles of different sorbents, this

- does not carry through to the calcined state. The Bredasdorp calcine,
unlike the other two samples, displays a bimodal pore size distribution,
as shown in FIGURE 4.2. This is attributed, in part, to its geology - it
being a fairly unconsolidated marine sedimeht. The presence of»larger

pores too would explain its improved sulphur retention capacity over the
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other two sorbents. The Lyttelton calcine has the smallest pores, which

is consistent with its poor sulphation capability.

Surfacé area figures derived from pore volume distribution curves wefe
checked against direct measurements by nitrogen adsorption (the B.E.T.
method), according to BS 4359 (1969). These check figures are shown in
column 5 of TABLE 4.2. The degree of correspondendé is fair. Both |
measurement techniques are prone to inaccuracies. The porosimetry
technique assumes that all pores are cylindrical in shape. An
examination of FIGURE D.l which is an example of a calcined Bredasdorp
particle, shows that this is clearly not so. On the other hand, the
detection limit of the nitrogen adsorption technique is about 50 nm
[Kuelerman (1987)], and surface area due to pores of greater diameter
goes undetected by this method. The natural Bredasdorp sample has a unit
surface area approximately ten times that of the other two samples,
although its mean pore size is only slightly smaller than the Lyttelton
sample. It is believed that this large surface area is the result of
significant surface irregularity. This topography is clearly evident in
the SEM images in APPENDIX D (FIGURES D2-D4). The point is made in
Chapter 5 that this surface topography plays a role in defining the

attrition propensity of this particular sorbent.

It can be concluded from the above observations that there is no obvious
correspondence between any of the parameters in TABLE 4.1 and sulphation
propensity. This is reinforced by the data in TABLE 4.2. In general, the
calcines of dolomitic particles possess larger surface areas than those
of limestones, which is coincident with their lower mean pore size., As
shown in Chapter 3, the dolomitic sorbents were generally less reactive
than limestones - the smallef diameter pores of their calcines become
more easily blocked by sulphate product, and overall conversion is
lower. The Umzimkulu dolomite is a notable exception. It displayed

Type C (high) reactivity, yet its unit pore volume and mean pore size
are low. Such anomalies echo the conclusions of Borgwardt and Harvey
(1972) and point to a more complex interdependence of sorbent physical
properties. These authors confirmed that pore diffusion limited
sulphation capacity in sorbents whose mean pore radius was less than

350 nm. Ulerich et al (1979) concluded from an analysis of a further 5
limestones that sorbent calcines with pore diameters in the range

50-300 nm were totally blocked during sulphation, and capacity was

f
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limited by product layer diffusion. This would imply, for the South
African sorbent base, where mean pore diameters of calcines are all less
than 300 nm, that sulphate deposition is restricted to a layer near pore

mouths, and overall utilities are low.

Potter (1969) suggested that sorbent activity was a function of the pore
volume fraction arising from pores with a mean radius greater than

300 nm, If this criterion is applied to the three sorbents in question,
Marble Hall (Type B - intermediate activity), rather than Bredasdorp
(Type C), would display the highest sulphation capacity. Snyder, as
reported by Jonke (1977), proposed that only pores greater than a
stipulated minimum size contributed active surface area for sulphation.
This critical size is an empirical function of the calcium and magnesium
content of the sorbent. This_correlation, however, failed to predict the
sulphation capacity of 11 sorbents [Ulerich et al (1979)]. When abplied
to Lyttelton, Marble Hall, and Bredasdorp samples, it produced minimum
effective pore radii of 25 nm, 65 nm and 74 nm respectively. As can be
seen from FIGURE 4.2, the total pore volume of the Lyttelton sample
would thus be available for.sulphation. As there was little difference
in measured pore volumes of the three calcines, this would imply that
the Lyttelton sample hadvthe greatest sulphation capacity. Clearly then,

this criterion has little value as a comparative tool.

To summarise thus far, there:is little difference in the pore volumes of
the three représentative South African.sorbenf calcines, and the use of
this parameter as a predictor of sorbent performance is minimal. Pore
blockage by sulphate product restricts the reaction to a region near the
external surface of individual particles. Mean pore radius does provide
some indication of sorbent worth. The fraction of total pore volume
found in larger pore sizes is, in itself, of no more value than total
pore volume as a measure of sorbent utility, at least using the criteria
of Potter and Snyder. However, further examination of pore size
distribution curves for the three samples shows that the Bredasdorp
sample alone has significant pore volume found in ﬁores of diameter
larger than 400 nm (see FIGURE 4.,2). Although pore diffusion remains the
‘rate controlling step‘for these larger pores, they are less likely to be
filled by sulphate at pore mouths. This criterion appears to offer the

best indication of sorbent performance.
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Effective porosities were determined for the three samples from measured
pore volumes. These figures are given in TABLE 4.2, True solid densities
of the limestone samples were taken to be those of pure calcium
carbonate (2710 kg/m®) whilst magnesium rich sorbents were assumed to
have the true solid density of dolomite (2872 kg/m®). All three sorbents
had measured porosities of 51 - 53%, yet the inherent porosities of the
nétural sorbents varied from 3.4% to 11.7 %, These measured calcine
porosities were compared with the geometrical model predictions of
Hartman and Coughlin (1974) from eq. 2.1 with X=0, which are also listed
in TABLE 4.2. Correspondence with measured values is good, with the
model overpredicting porosity by a maximum of 13%. This discrepancy can
be attributed, in part, to assuming that sorbent densities could be
described by the pure carbonate values. It has been reported [Borgwardt
and Harvey (1972)] that the inherent porosity of natural sorbents
"carries through" to the calcined state. This is not entirely obvious
for the three samples here - tﬁe effect appears to be masked by the
radical increase in pore volume from natural to calcined state. This is
supported by Ulerich et al (1979), who found no correlation between the
pore volume or surface areas of five limestones, and the corresponding
properties of their calcines. Calcine porosity, on its own, is therefore
a poor indicator of sorbent utility. The natural porosity of these
sorbents, however, does reflect the same trend as sorbent performance.
The abnormally high base porosity of the Bredasdorp sample is a
consequence of its extensive topography, and the presence of '"super"
macropores - see FIGURE‘D.S. These pores are-not destroyed on
calcination. It is therefore surmised that sorbents which disﬁlay
extensive macroporosity would be effective in sulphur capture. This
assertion is supported by the grain theory model of Hartman [1976] where
a strong relation was predicted between the inital sorbent porosity and
concentration gradients set up within the particle during sulphation, -
and the time to pore closure. At this point solid diffusional
limitations become so severe that the reaction rate effectiveiy falls
off to zero. Another example of a sorbent with visible macroporosity is
that from the Saldanha region - FIGURES D.7-9, The.massive voids in this
sample are related to its geology, for, like the Bredasdorp sample, it

is of Recent marine origin.

The effert of calcination temperature on surface area is demonstrated in

TABLE 4.3 for Brédasdorp limestone. The B.E.T. surface area decreases
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with increased temperature, as expected, due to sintering of product.

In conclusion, calcination shifts the mean pore size of sorbent
particles to lower values, with little variation seen across a variety

- of samples. High sorbent utility can be linked to the existence of large
pores in calcined particles. It is reasoned that macroporosity is some
intrinsic function of the natural porosity'of the sorbents. Hartman and
Coughlin [1974] concluded that uncalcined stones of high porosity
achieved greater utility in conversion to sulphate product, Hartman et
al {1978] stressed further the significance of uncalcined stone porosity
in determining the rate as well as the extent of sulphation.‘The
relationship to sorbent geology, alluded to above, prompts an
examination of sorbent granularity and crystallinity and their effect on
porosity. These properties are discussed in Section 4.2.3, The external
topography of natural sorbent particles is also thought to impact on
sorbent performance, and its influence is described in Section 4.2.4,

~

4.2.3 Granularity / Crystallinity

All limestones and dolomites are crystalline materials, although the
size of individual crystallites, grain size and texture, and degree of
consolidation are extemely variable, and are complicated functions of

their formative geology.

Grain size and crystal texture tend to affect sorbent utility by the

following mechanisms:

% providing a base porosity which influences the final porosity of

the calcine, and thus the conversion to sulphate product

* creating points of defect within sorbent particles, which, under
the action of applied stress, result in particle deformation and

fracture. The new surface created improves the overall sorbent'

utility

The first mechanism has been referred to extensively in the previous
section, Its importance has also beén established by other researchers.
Harvey (1970) found that porous grain textures displayed greater

reactivity than tightly interlocking grain structures. The presence of
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surface irregularites in the presence of voids resultéd in improved
sorbeqt utilisation. Borgwardt and Harvey (1972) demonstrated that more
closely grained and highly crystalline sorbent particles tended to
develop the finest pore structures on calcination leading to sulphate
blocking of pore mouths. Finely grained, highly microporous and )
incoherent. carbonates developed calcines in which the total pore volume
was accessible to sulphate product. It was also established that the
presence of physical imperfections and grain boundaries in crystalline
samples tended to enhance their sulphation propensity. The degree of
crystal consolidation in natural sorbents affects the rate of CO.
release during calcination, which, in turn, affects final calcine
porosity. The most rapid CO, evolution occurs in naturally porous
sorbents with inherent structural defects, whereas the slowest occurs in
highly crystalline sorbents with minimal porosity. Boynton (1980)
concluded that soft, fine grained limestones are'more reactive than hard
but finely crystalline samples, and that finely grained dense sorbents

were more reactive than coarse grained highly crystalline samples.

As stated above, sorbent crystallinity and granularity also affect
sorbent structural integrity. The intrinsic particle strength defines
the extent to which sorbent particles break up in a fluidised bed. This,
in turn, affects the sorbent particle size distribution in a combustor,
with fines generated by attrition being elutriated. On the positive
side, controlled attrition may help to improve overall sorbent ut111ty

by removing sulphate deposit from external particle surfaces,

It has been noted by Lowrison [1974] that the ultimate strength of
granular materials is inversely proportional to the square root of grain
size., Furthermore, within a crystal matrix, the packing density of
individual crystallites induces defects into the particle body which
serve as failure points when the material is subjected to compressive or
shear stresses. Large grains possess more extensive (i.e. continuous)
surfaces ovérvwhich shearing forces may act. Smaller grains tend to
obstruct directional forces and are thereforebusually stronger than
large grains. Stated another way, the more isotropic a polycrystal
matrix is, the stronger it will tend to be. The interfaces between
individual crystals in a polycrystal network are additional points of
weakness. This is aggravated by the presence of chemical impurities

‘which tend to collect at grain boundaries, and serve to weaken
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intergranular adhesion. This effect was discussed in Section 4.1 which
looked specifically at the chemical composition of the sorbents utilised
in this investigation. Murray (1956) found that higher porosity was
obtained with pure carbonates, as the presence of Si0, and Al,0, gave
rise to a fluxing action resulting in pore blockage. Murray was however
concerned with effects at higher temperature than typical of FBCs, where

chemical bonding of silicates is unlikely to occur.

In general, crystal defects or intergranular stresses are
indistinguishable from other stress components such as inherent porosity
or surface cracks (the latter being caused,‘for example, through
metamorphic action) in their effect on sorbent particle integrity. When
sorbent particles are composed of interlocking granular subunits, and
yet contain no cracks or inherent porosity, then the principal points of
failure are at the interatomic level, corresponding to changes in either

crystal growth rate or form (crystallographic structure).

Measurements of crystal structure and granularity of the South African
sorbents were complicated by the availability of only preselected size
ranges of sorbent particles. The generation of narrow size ranges by
sieving action tends to destroy the natural distribution in grain sizes
displayed by the raw sorbent. Sieving tends to normalise grain size,
producing a unimodal distribution. In order to truly assess the
variatiqn in both crystallite and grain sizes present in the natural
sorbent, it is necessary to investigate differences in character from a
large number of narrow size ranges, and to map grain and crystallite
size variance. This is something which is often overlooked when trying
to assess the significance of these variables in the sulphation
reaction. For example, Hartman (1976), from an analysis of 10
Czechoslovakian sorbents, observed marked topography in all samples
within select size ranges, but made no reference to granularity. Some

high crystallinity was observed.

In general, large rock samples provide the most valuable information on
crystal and grain size variation. Older carbonates, such as marble, have
small, very uniform crystals, whereas young carbonates display very wide

variations in grain sizes, often to several orders of magnitude,

The samples of South African carbonates that were supplied were already
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pre-seleceted on the basis of size, rendering a comprehensive anlysis of
grain character impossible. Information on grain size available from
sorbent suppliers, was, with the exception of Umzimkulu (where grains
are coarse and as large as 15 mm), unobtainable, and scanning electron

microscopy was used to provide this information.

The uniform crack distribution in FIGURE D.10 was assumed to coincide
with grain boundaries of the Lyttelton sample, The mean gfain size of
this sorbent was estimated at between 50 and 100 microns. The Bredasdorp
and Saldanha samples do not show corresponding patterns. The
unconsolidated nature of the Saldanha sample is clearly evident from
FIGURE D.l1, in which vefy small shelly fragments can be seen. FIGURE 7
D.5 shows the isotropy of the Bredasdorp sample, with "superpores"-of 50
microns and above clearly in evidence. Grain size for both these Recent
carbonates is expected to be of the order of several microns. The planar
structure of the metamorphic Marble Hall sample (FIGURE D.12) hints at
an average grain size in the same range'as the marine carbonates even

though this a metamorphosed sample.

The relationship between granularity, crystallinity, and porosity
developed on calcination has been described above. Coarse grained,
highly crystalline rocks, develop calcines whose sulphation capacity is
low compared to that of calcines of poorly consolidated, incoherent
carbonates. The high microporosity of these latter sorbent types is
transferred to their calcines to enhance their utility as sulphur
sorbents. Employing granularity as a performance index, then, the
sandy/shelly carbonates would be expected to be more reactive than the
older caléitic and dolomitic rocks. Little information can be gained

beyond this generalised picture.

4.2.4 Topography

The granularity of a sorbent also influences the general shape or
topography of its individual particles. Surface protrusions are areas of
stress concentration which aggravate the tendency of individual
'_particles to fracture or'abrade. Furthermore, where sorbents have a
preponderence of large surface voids (resembling indehtations rather
than "super" pores) sulphation capacities tend to be improved,

diffusional constraints are minimised, and pore closure does not result.
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The literature on fineparticles is extensive (see excellent review by
Kaye (1982)), and much attention has been given to shape
characterisation and surface irregularity. Common to most of these
techniques is their inability to characterise particle topography
simply. One exception is the concept of fractal geometry propounded by
Mandelbrot (1977), Simply stated, certain solid shapes, because of their
topology (space filling capacity), can be characterised by a unique
number which is a fractional dimension between 2 and 3. Smooth particles
have a fractal dimension close to 2, whilst particleé of convoluted
shape, with extensive porosity, have a fractal dimension closer to 3.
This principle was adopted by Avnir and Farin (1983), who related
nitrogen adsorption B.E.T surface areas of narrow sized ranges of

sorbent particles to fractal dimension thus:
In S, = (n-3). In d + constant 4.1

where S, is B.E.T. area, d is mean particle size, and n is the unique
fractal dimension associated with the degreé of particle surface
irregularity. The technique assumes that all particles of a given
sorbent have the same shape. The main advantage of this technique is
that it does not require extensive sampling of sorbent particles to

obtain statisticallly significant results.

Where Samples have measurable inherent porosity, however, the technique
fails because gas adsorption provides a measure of this porosity as well
as of surface ruggedness. It is difficult, with this technique, to
distinguish between samples which display marked topography and others
which are reasonably smooth but have significant porosity, In addition,
sieVing particles into preselected size ranges may induce a certain
skewness into the results. Because grain boundaries and voids are points
of stress concentration, sieving action promotes fracture at these
regions, thereby destroying any inherent porosity in sorbents of low
compressive strength, or (a worse scenario) prefefrentially

concentrating this porosity into specific size ranges.

B.E.T surface areas for narrow size fractions of two natural sorbents,
which differed markedly in reactivify (Bredasdorp and Lyttelton), were

obtained by nitrogen adsorptioﬁ. It is clear from the data presented in
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TABLE 4.4 that no correlation between particle size and surface area
exists for either of the samples, Indeed, in the Bredasdorp sample which
has major surface indentations, measured surface areas first decrease,
and then increase, as particle size is increased. This is attributed to
the intgrplay between internal surfaces accompanying pore development
and external surfaces due to marked topography. It also implies that
particle shape is not consistent across the particle size range. In the
case of the Lyttelton sample, measﬁred values of BET surface area were
essentially constant across the size range investigated. At first
glance, this could imply a fractal dimension of 3, coincident with a
highly topographic sample. From a look at optical images of individual
Lyttelton particles, FIGURES D.13-14, this appeared unreasonable. Given
the uncertainty over exactly which fractal dimension (external shape or
internal pore surface) was being characterised by this technique, it was

not pursued further.

An alternative measure of general topography was derived from electron
microscopy images of 5 sorbents which spanned the full

lithostratigraphic range (see APPENDIX C).

There are marked differences in particle shape of each sorbent. The
Bredasdorp particles (FIGUBES D.2-D.4) show distinct protuberances of
considerable size., Cleavage lines of 35 - 50 microns are evident in
FIGURE D.6, and major indentations extend to the very centre of the
particle (FIGURE D.5). If the intrinsic sorbent strength is such as to
prevent particle breakup, these lineal indentations act as very large
pores for sulphur capture, and their total volume is accessible to
sulphate product. The Saldanha particles (FIGURES D.7-D.9) show evidence
of marine origin, with some very large indentations present in each
particle. Unlike the Bredasdorp samples, the external surface of the
Saldanha particles is relatively smooth, Little obvious difference
exists between the images of Lyttelton particles (FIGURES D.13-D.14)
those of the Marble Hall particlesr(FIGURES D.15-D.16). The external
surfaces of both are reasonably smooth, with neither displaying the
topographical féatures ("superporosity") of the previous two Recent
sediments. This confirms that the external surface fractal dimension for
Lyttelton is much closer to 2 than to 3. The Marble Hall particles would
appear to be the more friable of the two, judging by the fine fragments
in view. Only the Umzimkulu particles (FIGURES D,17-D.19) display aﬁy
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obvious crystallinity, where cleavagé has taken place along
intergranular lines. If fracture / abrasion of this sorbent is favoured
under FBC conditions, it is anticipated that it would continue down to
single crystal level, and occur independently of the apparently smooth
external surface. This is discussed further in the analysis of attrition

results (Chapter 5).

The previous discussion attests to the significance of surface
topography in the promotion of attrition, and the resultant creation of\
"fresh" sorbent surface which participates in the sulphation réaction.
Attrition propensity cannot, however, be determined absolutely without
an a _priori knowledge of sorbent structural strength and the magnitude
of intraparticle stresses. Suffice it to say that topographical features
are points of stress. concentration which affect structural strength
directly. There is no merit in trying tb ﬁUantify the effect of
topography beyond the above general description. Only where there are
extensive surface indentations (as in Bredasdorp particles) or
"superporosity" (in the case of the Saldanha particles) is there a
direct correspondence between sorbent utility and topography, and this.
does not depend on attrition propensity. If surface topography alone
defines attrition tendency, and high sulphation utility is commensurate
with a high attrition propensity, then the sandy / marine sorbents would
rank ahead of the older dolomitic and metamorphosed samples, with the

highly crystalline sample displaying intermediate behaviour.

4.2.5.Sorbent Structural Strength

The importance of particulate strength in defining the attrition
potential of free granular solids in fluidized beds has been identified
by many authors [Blinichev et al (1968) and (1973), Kutyavina and
Baskakov (1972), Merrick and Highley (1974), Vaux (1978), Kono (1981)]
to name but a few. Vaux and coworkers [(1979)?.(1980)’ (1982) and ‘
(1983)] were concerned specifically with attrition of calcareous
sorbents and its effect on their subsequeﬁt sulphation. It was inferred
that the éttrition propensity of a particular sorbent type could be
characterised by the structural strength of its individual particles. It
is equally apparent from these studies that there is little consensus
over the exact role 6f sorbent structural strength, and, indeed, over

what measure of this property is appropriate to the description of
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attrition in fluidised beds.

According to Boynton (1980), the crushing (compressive) strength of
limestones and dolomites spans the range 8.27 - 195.8 MPa, whilst
tensile strengths range from 2.41 - 6.21 MPa, and shear strengths from
4,1 - 20.3 MPa. Kono (1981) lists compressive strengths of coarse
mullite particles (expected to display Vaiues greater than limestones)
in the range 4-20 MPa. Blinichev et al (1973) reported compressive
strengths of limestones in the range 18.6 - 24.3 MPa, and shear
strengths of 3.7 MPa, Vaux and Schruben (1983) defined an alternative
measure of particle strength which was related to a force per unit
length, analogously to the effect of surface tension in the
stabilisation of liquid droplets. Typical values cited were

2x10° dyne/cm for raw sorbents and 4x10“ dyne/cm for calcined particles.

A precise definition of limiting structural strength is of fundamental
importance to the characterisation of sulphur sorbents. It affects not
only the choice of experimental hardware used in its measurement, but
also the perceived variability between species - note the range of
compressive strengths reported by Blinichev et al(1973), yet the
constancy in shear stress for the same sorbents. For the purpose of this
ihvestigation, the inherent strength of sorbent particles is defined by
that applied load which causes permanent structural damage. Two
deformation processes are possible, The first results in change to the
external shape of particles by cleavage at points of stress
concentration such as apical protrusions or areas of macroporosity i.e
as some function of sample topography.'The second mechanism relates to
cleavage at grain boundaries, resulting in extensive particle fracture,
Within a fluidised bed it is reasonable to assume that individual
particles would "fail" firstly by the loss of external protrusions due
to interparticle contact - a classic abrasion mechanism. Sorbents which
do not display this marked topography would "fail" by fracture at grain
boundaries, or other, internal, points of stress concentration. The
extent to which either proéess occurs is a function of particle contact
forces within the fluidised bed. This conceptual model of particle
"failure" is advanced in FIGURE 4.3. From this picture, it can be
postulated that individualbparticles will "fail" over a distance .
proportional to particle diameter. This exact distance is related to the

size of surface protrusions or indentations, and is a function of
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particle topography. Where no such features exist; the "failure"
distance is taken to be the particle diameter. The topography of sorbent
particles can be quantified by an asperity number, f, equal to the ratio
of the largest surface irregularity to particle.diameter. Only the
marine sorbents (of which Bredasdorp and Saldanha are examples) display
significant topography, and, for these two, a value of f=0.3 (measured
from SEM images of a large number of sorbent particles) was used. Having
defined particle failure thus, the "force per unit length" definition of

structural strength proposed by Vaux et al (1968) is appropriate.

The literature abounds with information on the experimental
determination of solids' strength, including a number of "standard" test
procedures for natural building stone (ASTM C—170,,1950), cohesive soils
(ASTM D-2166, 1979), catalysts and catalyst carriers (ASTM D-4179,
1982). In these cases a pre-formed sample is subjected to a
vunidirectional load, and the point of failure noted. The compressive
strength is then determined simply by the ratio of applied load to the
calculated area of the bearing surface. Other determinations of
mechanical strength include crushability in free-fall, attrition tests
in a rotating drum, and disintegration by high velocity impingement on a
flat surface. None of these methods are ideal representations of the
fluidised bed environment. The loading tests require a compacted sample
of reasonable size, which is inappropriate for sorbents. The latter set
of test procedures lacks the capacity to express failure stress
absolutely, with results generally being reported as a "crushing
strength index" or fraction of the initial charge which failed under the
specific test conditions [Pomeroy (1957), Zenz (1982)]. An ideal test
procedure must be able to duplicate the particle-to-particle
interactions evident in a fluidised bed, take into account the
statistical variation in structural strength of a number of discrete

particles, and provide an absolute measure of the failure stress,

A reasonable experimental compromise is found in a modification of a
'technique employed by Franceschi et al (1981). Theée authors subjected a
fixed mass of presized sorbent particles, constrained in a pistod
cylihder, to a constant load, and defined a crushing index in terms of
the change in mean particle size on application of the load. The sample
charge is of sufficient size that |

* interparticle contact area far exceeds that between particles and
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chamber surfaces
* the variability in structural Strength between individuai‘particles is

~accommodated.

In this current work, an INSTRON materials testing machine was used to
measure the structural strength (in compression) of five South African
sorbents for which granularity and topographical information is
available. A 10_gram mass of each sample,. in the size range 300-600 um,
was'inseffed intb a 13 mm diameter cylinder fitted with a frictionless
piston. This arrangement was placed between the loading arms of the
INSTRON and subjected to a continually increasing load. The failure load
was established from the output trace of load veréus piston
displacement. A zero load was registered during the initial
rearrangement of particles to maximum packing density. Once this point
was reached, the registered load increased rapidly with piston movement.
Representativé curves for the five sorbents are given in FIGURE 4.4 ',
The initial slope of the deformation curve gives a measure of the
variability in structural strength as a function of sorbent type. The
limiting structural strength, ¢, is defined as

¢ = dF/dx (@x=0).d,(1-f)

a 3.2

where F'is the applied force, f is the asperity number, and x is the
piston displacement. TABLE 4.5 gives average ¢ values for the five
sorbents. Compressive strength values span the range 63700 Nm—?! to
256000 Nm—*, It is interesting to note that the highly crystalline
Umzimkulu'sample has the lowest valﬁe, followed by the two marine
samples, then the metamorphic Marble Hall sample, with the Lyttelton
dolomite showing the greatest structural integrity. This trend is
consistent with the previous discussion. The Umzimkulu sample, with its
large granular structure is expected to have a low structural strength,
The topographical features of the two marine samples impose surface
stresses which cause these samples to ''fail" sooner than would have been

envisaged on the basis of their grain size alone.

These experiments were repeated with sorbent calcines (prepared at
1170 K in an air atmosphere) to ascertain the effect of calcination on
structural strength, TABLE 4.5 shows typical values for these tests. The

variation with sorbent type is less pronounced than was observed with
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the natural sorbents. It is significant that the Bredasdorp calcine now
"fails" ahead of the other samples. Bredasdorp particles displayed
greater inherent porosity than .any of the other samples, and it is felt
that, on calcination, there is a significant stress redistribution to
accomodate this base porosity, precipitating early '"failure" of the
resultant calcine, This serves to emphasise further the importance of
the structural properties of natural limestones and dolomites in

defining their potential as sulphur sorbents,

"The structural stength figures reported above cannot be compared
directly to the crushing stress figures reported by Boynton (1980) and
Blinichev et al (1973) but provide a good indication of the effects of
sorbent structure on attrition potential, The relationship between
sorbent strength and attrition is more fully described in Chapter 5,
which examines classic attrition models and defines the attrition
propensity of selective South African sorbents. At this point it is.
sufficient to note that those sorbents with low structural strength will

A

display the greatest attrition.

4,3 SULPHATION PATTERNS

Section 4.2 attempts to relate the sulphation performance of South
African sorbents to their distinctive physical properties. Reference is
made to the sulphation capacity of typical sorbents identified by the
simple batch sulphation experimenté of Chapter 3. It is possible.to
summarise these findings in a few electron micrographs which show the
extent of sulphur penetration into sorbent particles. FIGURES D.20-D.22
reflect sulphur line scans for typical Lyttelton, Marble Hall and
Bredasdorp particles respectively, prepared in the laboratory FBC
describgd in Chapter 3, Only with the Bredasdorp particle is there an
extensive presence of sulphur throughout the particle volume, This is
consisfent with its high measured reactivity (it is an example of a Type
C sorbent, as deséribed in Chapter 3) and is commensurate with the ‘
presence of large pores in the natural sorbent. Thé Lyttelton and Marble
Hall particles, in contrast, show a concentration of sulphur near the
external surface of the particles which is indicative of pore blockage.
Once again, this pattern is consistent with their low natural porosities
and the small pores developed on calcination, It is therefore possible

to characterise sorbent performance in terms of the above physical
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properties. The Umzimkulu sample does not, on preliminary examination,
seem to comply with this analysis. It has negligible inherent porosity, .
yet is an example of a Type C sorbent. FIGURE D.23 helps resolve this
contradiction. The line scan shows that sulphur does indeed penetrate
the total particle volume. It is also apparent from this micrograph that
extensive fracture of this particle has occurred - there are noticeable
fissures traversing the entire particle. This is consistent with its low
structural strength but also reflects its chemical composition - it was
noted in Section 4.1 that this sorbent was an example of one which
contained gaseous deposits, which, on calcination, would lead to

fracture,

4,4, RELATIONSHIP BETWEEN SULPHATION CAPACITY AND SORBENT GEOLOGY

The experimental hardware needed to fully characterise a sorbent both
chemically and physically is extensive. Although it is possible to
relate the sulphation propensity of a particular sorbent to its
fundamental properties, it would be a cumbersome and costly process to
do so for all sorbents of interest. However, as shown in APPENDIX C,
limestones and dolomites are used extensively in other process
industries, and their geologic properties aré well defined, and more
importantly, generally well documented., It has already been shown that
many physical properties such as granularity and crystallinity are
direct functions of parent stone geolpgy. If a formative link could be
made between sorbent_geology and performance, it would prove invaluable

for rating potential sorbents.

TABLE 4.6 groups the 16 South African sorbents according to their
geologic age. Their sulphation rating is also shown. It is immediately
apparent that sorbent sulphation performance decreases with increased
geologic age. The Recent marine /sandy limestones are highly reactive
(type C),-whilst the older primary limestones and dolomites_are less so
(types A and B). With the‘exception of the Umzimkulu sample, which has N
already been shown to be somewhat atypical, all dolomites are less
reactive than limestones within the same lithostratigraphic group. Where
other exceptions are noted (e.g Slurry limestone, which should, by this
identity, display type B behaviour) these are attributed to the degree

of sample consolidation (Slurry limestone is a friable calcrete).
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It may be concluded from TABLE 4.6 that highly reactive sorbents are
generally poorly consolidated, which confirms the importance of natural
porosity and topography (already identified). Particles of older
sorbents tend to be relatively smooth because of the presence of large
single crystals, and because of attrition they have suffered through
prolonged geologic movement which accompanied their'deposition. Crystal
size tends to be uniform, with low inherent porosity, and these sorbents
display a large degree of anisotropy. Their structures are stable, often
following metamorphosis. Geologically recent sediments, on the other
hand, tend to be loosely consolidated agglomerations of small crystals,
displaying marked attrition potential. Young sediments can display much
higher porosity because of this poor consolidation. In addition, if
these sediments are marine in origin, then, incorporated into their
final structure are the remnants of food and gas passages'from the

decomposition of organic remains, both of which boost local porosity.

The geologic assessment of a potential sorbent should therefore give a
good indication of its sulphation capability. Such a predictive tool is
of value to persons invloved in sorbent selection, and reduces the
requirement for extensive bench and pilot scale experimentation to

determine sorbent performance.
4.5 .CONCLUSIONS

The importance of sorbent physical properties in determining sulphation
capacity has been established for a wide range of geologically
dissimilar South African sorbents. The process of calcination
significantly alters pore structure. The mean pore size decreases on
calcination to a vaiue which generally ensures pore blockage and a
sulphate deposit buildup near the extermal surface of particles.:The
pore size distribution and topography of natural sorbent particles exert

considerable influence over sorbent performance.

A relationship exists between sorbent ufilityvand parent stone geology,
with "younger", more unconsolidated samples displaying the highest

capacity. .

The attractive features of sorbent particles for sulphation tend also to

impart a high attrition propensity to these particles. Sorbent attrition
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may prove beneficial by removing the sulphate product layer thereby
improving unit conversion. It may also result in an increased loss of
active sorbent surface due to increased elutriation. The extent to which

these two competing mechanisms interact is the suject of the remainder
of this thesis.
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CHAPTER 5 - ATTRITION AND ELUTRIATION OF SORBENT PARTICLES.

5.1 INTRODUCTION

The development of this thesis thus far has been concerned principally
with the sulphation behaviour of sorbent particles in isolation from the
macroscopic effects of a fluidised combustor. It was shown in Chapter 2
that the few tractable models of fluidised bed sulphation which are
available [Zheng et al (1982), Dennis (1985)] rely on several critical
assumptions regarding the time variance of sorbent particle size.
Neither makes allowance for sorbent attrition, though Dennis recognised
its importance., Severe sorbent attrition may result in excessive loss of
sorbent material throuéh elutriation, placing an additional burden on
downstream dust handling equipment. Controlled attrition, on the other
hand, could enhance sorbent utility by the generation of additional
surface area for reaction, and the removal of the sulphate layer from
the external surfaces of sorbent particles. In Chapter 3, a direct link
between sorbent performance and '"friability'" was established - the most
reactive sorbents appeared, at least qualitatively, to be the most
friable. The relationship between these two properties and the ‘
fundamental physical characteristics of sorbent particles was explored
in Chapter 4. There is now an obvious need to quantify the attrition '
propensity of South African sqrbents in terms of these properties and
the opérational parameters of a fluidised bed combustor. Thereafter it
should be possible to include this description of attrition in a robust
overall sulphation model. This Chapter is devoted to an analysis of the

kinetics of attrition, and of classic elutriation models, .

Attrition is'a collective néme given to all those processes occurring
within a fluidised bed combustor which result in particle size reduction
with time. The principal mechanisms of attrition are related to: -
1. mechanical forces (acting in feed and recycle streams e.g. screw
.conveyor and cyclone separators)v _
2. hydrodynamic forces (resulting from jet and bubble formation as
well as splashing into the freeboard region of the bed)
3. thermal stresses (solid shattering on entry to hot bed)

4. chemical stresses (due to calcination and sulphation)

!
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5. phase change stresses,

Some of these stresses, caused by collisions with feedlines and
cyclones, and by thermal decfepitation on entry to the combustor, are
instantaneous "once-off' effects, whereas others, caused by
interparticle collisions due to air jetting énd bubbling action,
collisions with bed internals, and chemical reaction, act continuously
over time. A comprehensive attrition model must take cognisance of these
different time dependencies and give due weighting to individual

mechanisms.

The literature on attrition is ambiguous over the significance of each
of these contributory factors. The most detailed research summary comes
from the Westinghouse Cdrporation, where sorbent attrition was measured
from an analysis of elutriated solids in pilot scale investigations
[0'Neill et al (1977), Sun et al (1980), Newby et al (1982) and (1983)],
as well as "standardised" laboratory tests [Vaux and Fellers (1981),
Vaux and Schruben (1983)]. Whereas laboratory tests highlighted thermal
shock, calcination reaction, distributor jetting action and bed bubbling
as principal attrition sources, pilot plant data confirmed coarse
particle residence time, gas velocity and bed internal configuration as
the most important components. Others attach different weightings to
attrition mechanisms. Blinichev et al (1968) found that attrition
occurred mainly in a region close to the distributor grid and was the
result of high velocity jet impactsf This was confirmed by Chen et al
(1980) in a laboratory scale study. However, Lin et al (1980) attfibuted

the bulk of attrition in a bed of char to bubble wake activity.

One of the main problems in analysing attrition data from different
sources. is the lack of consistency in the definition of attrition. Much

of the data is equipment specific, with little exptrapolative merit.

5.2 DEFINITION OF ATTRITION

It is useful to think of attrition in terms of its potential effect on

‘sorbent sulphation, and to define attrition rate accordingly.

The sulphation reaction is limited by accessible sorbent surface area.

Pore diffusion and product layer diffusion, for most: sorbent types,
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limit sulphate deposition to a region in close proximity to the external
surface of particles. Sorbent attrition should therefore be related to
the creation of new particle surface area, either by breaking (or
cleavage) of particles along grain boundaries or at ofher points of
stress concentration, or by gradual abrasion i.e. the continuous wearing
of external surfaces. The first mechanism would tend to generate a wide
size range of particles including fines, whereas the second would leave
the total number of coarse particles essentially unchanged but cause
significant fines generation. There is ample evidence in the literature
[Kutyavina and Baskakov (1972), Ulerich et al (1980)] to suggest that
attrition proceeds mainly by abrasion, even for structurally weak
sorbents, Sulphation kinetics have been described in Chapters 2 and 3 in
terms of particle size, and it is simpler to equate this generation of
new particle surface through attrition to a generation of fine particle
mass, Or equivalently, to a loss of particles larger than a specified

size.

Following the Westinghouse approach [Ulerich et al (1980)], the
attrition rate, R, which is proportional to the energy input to the
system, is defined formally as the loss of coarse particle mass per unit
mass of coarse particles per unit time,

1 _d _ 5.1

S

The extent of attrition is then defined simply as
A = I R dt ' 5.2

The definition of "coarse' and '"fine" particles is essentially
arbitrary. Ulerich et al (1980) considered "fines" as those fragments,
generated by attrition, which would be elutriated under the normal
operating conditions of the combustor. In this current work, it is
assumed, additionally, that "fines", either generated by attrition, or
present in the feed stream to the combustor, are themselves not subject
to attrition. This constraint is important to the development of the

"~ sorbent particle balance in the combustor which is discussed in Chapter
6. These statements together implicitly assume that attrition is
dominated by an abrasion mechanism. It is assumed furthérmore that
attrition is restricted to bed and=sp1ash regions. Only where solid

recycle rates are excessive will freeboard behaviour exert any influence
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on attrition rate.

Literature on attrition testing is extensive, and the hardware used of
varied form [Bemrose and Bridgwater (1987), Zenz (1982)]. Fluid bed
studies make up a large portion of this literature, with much of this
subset devoted to sorbent attrition. Most of these tests measured the
extent of attrition from the mass of elutriated solids generated in unit
time. This again presupposes that only fine fragments are generated i.e.

abrasion is the dominant mechanism

It is simplest to view attrition rate as made up of two components - an
instantaneous one, which is influenced by such things as sorbent feed
size distribution, bed temperéture and feed mechanism; and a continuous
one which is affected by gas velocity, bed depth, solids residence time,
bed particle size distribution, feed rates, and the configuration of

internal heat transfer surfaces.

5.3 ATTRITION EXPERIMENTS

The 100 mm diameter combustor vessel used for batch sulphation
experiments was used here in an attempt to resclve the fundamental
dependence of sorbent properties and combustor operating conditions on’
attrition. The effects of

fluidising velocity,

bed depth, _

comﬁustor temperature and atmosphere,

sorbent type and particle size .
were investigated in a modified factorial experiment. Five South African
sorbents were examined - the three which represented the different
Sulphation classes i.e. Lyttelton, Marble Hall and Bredasdorp, and two
others (Saldanha and Umzimkulu) which, as shown in Chapter 4, displayed
interesting topography. The test approach was straightforward and
follows closely the method outlined by Ulerich et al (1980); The
combustor vessel was filled to a predetermined height with a closely
sized sorbent charge. Unless stated otherwise, the combustor operated at
ambient temperature. Fluidisation was initiated at a pre-set velocity
for a set time period (starting at 15 minutes). The bed contents were
then drained and dry-sieved (in a hechanical sieve-shaker) to determine

the amount of "fines" present. "Fines" are defined as fragments smaller
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than the particles charged to the bed initially. In most experiments,
sorbent particles were in the size range 300-600 um, and "fines"
generated are therefore less than 300 um, The mass of fines collected by
the bank of cyclones downstream of the combustor was added to this sieve
fraction to give a measure of attrited "fines". Allowance was made for
the effect of sieve action on attrition - see APPENDIX E. It was assumed
that sieving would produce fines by abrasion, and could thus be

considered analogously to fluid bed attrition.

The coarse particles were thereafter returned to the bed, sufficient
"fresh" material added as make-up to ensure constant bed height, and the
experiment continued for increasing time increments until the attrition
rate became constant. For most of the individual tests, the total
attrition time period was in the region of 25 - 40 hours. This time
dependence of'attrition is often ignored in the literature and leads to
great diffitulty in comparing data from different sources. The
introduction of "fresh" sorbent material after each time increment
caused problems in defining the true measure of attrition for the total
bed contents. This complexity was resolved by assuming that the new
material would, during the first time increment following its addition,
wear at a rate corresponding to that measured for the bulk sample during
the first time increment. Since the required makeup amount decreased
with time, the error in this technique is minimal. This makeup quantity
was omitted from the Westinghouse analysis, casting some doubt on the

veracity-of the final model for attrition rate [Ulerich et al (1980)].

5.4 EXPERIMENTAL RESULTS

Except where the effect of sorbent type, explicitly, was_investigated,
all attrition tests were conducted with Bredasdorp limestone. This
sample was chosen because it exhibited the highest sulphation capacity
of the 16 sorbents tested and because it appeared to display a marked
attrition propensity. In éll.tests,:the choice of fluidisation
parameters (air velocity and bed depth) was guided by slugging critéria
(see Chapter 3). Bed depth was limited to 200mm i.e., an aspect ratio,

H/D. =2, and fluidising velocities to U/Un.e = 3.
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5.4.1 Effect of Fluidising Velocity

The effect of the fluidising air stream on sorbent attrition is the sum
of activity in the high velocity jetting region near the air distributor
grid plus that caused by vigorous bubbling higher up in the bed. |
Attrition in the lower bed region is the result of high velocity impact
between particles or against internal metal surfaces. Within the
bubbling zone of a combustor, particles are expected to abrade directly
by grinding of particle surfaces. Blinichev et al (1968) confirmed that
attrition of limestone proceeded by the latter mechanism except at "high

fluidisation numbers' i.e. at multiples of U/U.e >5.

The energy potential for attrition is related to the reduced velocity,
(U - Une), analogously to Rittinger's law of abrasion [Merrick and
Highley (1974), Vaux and Schruben (1983)}. This is a reasonable
assertion, in that, up to the point of minimum fluidization, solids
within the bed simply mové in bulk flow as bed voidage increases. It
assumes that the average particle velocity is proportional to bubble

rise velocity [Vaux (1978)]
In other words,
R =k, (U- Um£)°1 5.3

where ¢l is a constant and k, is a time dependent parameter,

incorporating the effect of all other system variables.

The effect of fluidising velocity was investigated by holding this
reduced velocity constant. The combustor bed depth in these tests was
200 mm., Attrition rate data are given in TABLE 5.1, for gas velocities
equal to (Ume + 0.2 ms_;) and (Une + 0.3 ms_,). The difference in the
extent of attrition between these two tests is extreme. After 20 hours,
the extent of attritioh at the higher fluidisation velocity approaéhed
11% whilst at the lower velocity, this figure was closer to 3%. In both
cases, the attrition rate decreased continuously from its maximum value
at time zero. FIGURE 5.1 shows the increase in attrition with time for
the two velocities. The form of these curves suggests that the extent of

attrition can be modelled by a general equation of the form
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A=ap +a, t+azexp (ayt) 5.4
where the ai's are constant for the specific set of operating
conditions. Equation 5.4 is of the same form identified by Vaux and
Schruben (1983). The data in TABLE 5.1 were fitted to an equation of
this form using a numerical least squares regression technique., The
calculated values of the a; regression constants are given in TABLE 5.6,

The attrition rate, R, equal to dA/dt, is given simply by
R =a; + az.as exp ( ax t) 5.5

FIGURE 5.2 shows the variation in attrition rate with time. Average
attrition rates were calculated over the time period required for steady
state attrition to develop (in this case 8 hours). The exact dependence
of attrition rate on fluidising velocity was then established from the
definition of R given by eq. 5.3, and the ratio of the two averaged

attrition rates, giving a value of c,_equal to 2.2
ioe. R = k[ (U "" Um!)z.zo

This differs from the result of Vaux and Schruben (1983) and Merrick and
Highley (1974), who both repbrted that attrition rate varied linearly
with this reduced velocity. Both groups of authors were concerned with
low:velocity impacts in the bubbling zone of the combustor, where the
rate of energy influx to the bed is given by the pressure -»floﬁ rate
energy per unit bed mass i.e. g(UﬁQ Une) . The air distributor in the
test chamber employed by Vaux was a porous plate which would inhibit jet
formation and attrition would therefore result solely from the effect of
bubbling action in the bed bulk. This, however, was not the case in the
British Coal unit employed by Merrick and Highley, where a bubble cap

distributor was installed.

Vaux and Keairns'(l980),;ih é study of attrition arising from
impingement of limestone particles against a steel plate, confirm a
dependence of attrition on U2, which is in accord with a high velocity
impact mechahism, where the energy potential for attrition is related to
pérticle kinetic energy. Blinichev et al (1968) reported a complicated
empirical expression for attrited mass,'in.which the velocity dependence

was given.py ge-s, which is at odds with all other reported data.



79

Although this last expression has been used for design purposes, its
applicability, in the light of the present investigation, is

questionable.

In this current work, no distinction is made between high velocity and
low velocity impacts causing attrition. Both are assumed to result in
particle abrasion. The present findings do indicate, however, that high
velocity impacts near the bed base govern the attrition rate., It is in
this region that jetting action is dominant. In a generalised fluidized
system, one would expect attrition effects to be additive, and that, if
bubbling action did contribute to attrition, its influence could be
éimply added to that of the jetting component. Newby et al (1983) hinted
~at such a combination of influences in their analysis of Babcock and
Wilcox pilot plant data. They erroneously concluded that a cubic
dependence on velocity is to be expected, whereas, in reality, a
dependence on the order of U2 will prevail. It is interesting to note
that the non-linear regression of the B&W data originally provided a
velocity dependence of U*2-5% [Newby et al (1982)] which was later
changed to U® on theoretical grounds. Kono (1981), too, developed an

'empirical correlation in which attrition rate is proportional to U2,

Noting that both Newby et al and Kono consider a dependence on
fluidising velocity, U, rather than one related to (U-U.,e), it is
worthwhile to recast the current experimental results in terms of
absolute velocity'for comparison. When this is done, the average
attrition rate becomes proportional to U3-'®, which, allowing for
experimental inaccuracies, corroborates the results of Newby and Kono.
Howéver, as stated above, the contribution to attrition comes only from
that component of air velocity in excess of minimum fluidising velocity,

and therefore this latter approach is in error.

The exponent of velocity equal to the measured value of 2.2 is
consistent with a contribution from bubbling action, although this is

small,
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5.4.2 Effect of Bed Height

Following the same experimental approach as above, Bredasdorp limestone
was fluidised at U = Une + 0.3 ms—2, for bed depths of 100, 150, and
200 mm. The study of deeper beds was precluded because of the tendency
of the bed to degénerate to a slugging mode of operation at aspect
ratios ( H / D.) greater than 2. Experimental data are presented in
TABLE 5.2 whilst FIGURE 5.3 shows extent of attrition / time-response
curves for these test conditions. The three curves are similar, each
displaying the same negative exponential time dependence, which
decreases to a linear relationship at large times. The variation in
attrition extent with bed height is not as pronounced as that noted for
increased fluidising velocity. Steady state attritipn rates are almost
identical. These curves are of the same form identified fdr the effect
of fluidising velocity on attrition, and are fitted to eq. 5.4, with the
instantaneous attrition rate then given by eq. 5.5. Values of the a;

regression constants are given in TABLE 5,6.

From a definition of R = k. . H®2, and using average attrition rates
calculated over a large time period, c. is calculated as 0.81. Allowing
for errors incurred in analysing the attrition of bed "make-up', this is
close enough to a value of 1 to infer a linear dependence of bed height

on attrition rate, which is supported by the model of Vaux (1978).

5.4.) Effect of Sorbent Particle Diameter

i

Two particle size ranges of Bredasdorp limestone were tested for
attrition: a 300 - 600 ym fraction, and an 850 - 1180 um fraction, at a
fluidising velocity of U=U,e¢ + 0.3 ms—?*, and bed depths of 100 and

200 mm, Both size fractions were prepared from the same raw stock of
Bredasdorp stone. Note that U,e increased from 0.11 ms—* for the smaller
size fracfion, to a value of 0,57 ms—* for the larger fraction
(predicted by the modified Ergun equation fdr pressufé drop acroés:thé”” -
bed [Yates (1983)]). Extent of attrition data are displayed in TABLE
5.3. FIGURES 5.4 and 5.5 show the effect of particle diameter on extent
of attrition for both bed heights. It can be seen that attrition is more

pronounced for the smaller partiéles in deeper beds.
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The form of the curves in FIGURES 5.4 and 5.5 is identical to that
defined by eq. 5.4. The regression constants derived from a least
squares fit of eq.5.4 to the data are given in TABLE 5.6. In a similar
manner to above, the dependence of particle diameter on attrition rate
can be found from the ratio of average attrition rates for each size
fraction, at each of the bed depths examined, noting that R = k,. d,=2-
These average ratios are

Raco-eo0o / Raso-—11a0 @ 100 mm depth 1.358

Raco-eo0o / Raso—11s0 @ 200 mm depth = 1,655

If a mean ratio of 1,5 is used, this gives a value of ¢3 = -0.5 i.e, the

particle size dependence on atttrition rate is represented by d,=©-5.

At first glance, this dependence appears to be spurious. It was shown in
Section 5.4.1 that high velocity éollisions were reSponsiblé for the
bulk of attrition in this fluidised bed. According to Wei (1977) high
velocity impacts reSulting in attrition would entail a linear dependence
on particle size, since the kinetic energy of a particle is proportional
to d,,> yet the energy required to create new solid surface is
proportional to d,2. The general literature, however, does not present a
consistent picture for particle size effects on attrition. The
Westinghouse model for attrition in the bubbling zone of the combustor
{(Ulerich et al (1980)] carries no dependence on particle diameter, yet
experimentation showed "a strong effect of particle size 6n the rate of
creation of new surface'". The exact néture of this dependence was not
specified. Gwyn (1969) developed an expression for the attrition rate of
an alumina catalyst in which particle size dependence is given by
d,~2/3, Vaux and Keairns (1980) modelled high velocity impact of
particles in a fluid bed égainst an immersed steel plate, yet found a
zero dgpendence on particle size. Tarman and Punwami (1975) found that
attrition rate varied as d,~!. Blinichev (1968) reported a complicated
negative dependence on particle diameter. The empirical correlation of
Newby et al (1983) describing attrition in the Babcock and Wilcox pilot
plant carries é dependehée on particle size given by dp°'37“? The lack
of consistency in these reported figures is alarming and calls for

further investigation.

Franceschi et al'(1981) argued that the explicit dependence of particle
size on attrition was complicated by the effect of d, on U.e.. Since

attrition results in a decrease in particle size with time, this should
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be included in an overall expression for Ume. In the region of interest
for these tests i.e. Npa < 20, U, @ d,2, and therefore the excess
velocity (U~U,e) will vary accordingly. Although such an enhancement
could not be considered in this work without an apriori knowledge of the
change in particle size with time, this assertion does cast some doubt
on the appropriateness of the Westinghouse results, where a zero
dependence on particle diameter was noted. Plausible explanations for

the observed dependence on d, are given below.

At the point of minimum fluidisation, bed voidage is effectively
independent of particle size [Yates (1983)]}. However, in a given bed
volune, there will be a greater number of point contaéts between smaller
particles than between larger ones, and, as the attrition rate is a
function of the number of interparticle'éoilisions in.unit time as well
as of particle kinetic energy, it is not unreasonable to expect a higher
attrition rate with smaller particles. This effect is expected to be
more pronounced in the distributor region where particle kinetic
energies are higher. Another key uncertainty in this analysis is the
assumption that all particles of the same sorbent type have the same
shape, regardless of size. If, momentarily, it is aésumed that the
attrition rate per particle is independent of size (being more a
function of particle topography and inherent structural strength), then,
per unit bed volume, and in unit time, it is surmised that the mass of
fines generated will be greater for a bed containing smaller particles.

- This implies a greater overall attrition rate from a bed of smaller

particles. It is is this overall rate which is measured experimentally.

Moreover, for a fixed value of (U - Une), a bed qf smaller particles
will show greater ekpansion than one of larger particles, This
relationship between particle size and expanded-béd height was
inadyertently overlooked in these attrition tests, It was shown in
Section 5.4.2 that deeper beds result in higher attrition rates, this
effect being linear with bed height. One could therefore expect an
implicit dependence of attrition on particle diameter. Coincidentally,
both Lewis et al (1949) and Shen and Johnstone (1955), by application of
the two phase theory of fluidisation, described a relationship between

bed height and particle size of the following form:

H/Hme = 1 + p(U~Une) / d,°-5 5.6
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where H is the expanded bed height, H,. is its value at minimum
fluidisation, and p is a system constant. Therefore, noting the effect
of bed height on attrition, the measured dependence of attrition on
d,~°+5 appears reasonable. The dependence on bed height should more
correctly refer to the slumped bed value, which then allows for the

explicit dependence on particle diameter as measured experimentally.

Furthermore, it will be shown below that, given the dependence on air
velocity and bed height from this set of experiments, dimensional
constraints, too, are consistent with a dependence on partice size given

by d,°-5,

5.4.4 Effect of Sorbén; Type

Attrition data for the five selected sorbents are listed in TABLE 5.4,
for a series of tests conducted at U=U,, + 0.3 ms—*, in a 200 mm deep
bed. FIGURE 5.6 is the graphical representation of the same data. As
expected, the Bredasdorp sample displays a greater attrition propensity
than the Lyttélton dolomite sample, with the Marble Hall sample again
showing intermédiate behavicur. This is consistent with the results of
the batch sulphation tests, and the porosity and topographical features
described in Chapter 4. All samples approached a steady state attrition
rate after about 6 hours of fluidisation (see FIGURE 5.7). The attrition
character of the other two samples merits consideration. The very high
attrition rates experienced by the Saldanha sample can be attributed
directly to its geology - it, like the Bredasdorp sample, is of recent
marine origin, It is distinct, however, in that individual particles are
penetrated by exceedingly large voids which significantly reduce its
structural strength (see Chapter 4). The Saldanha sample suffered
extreme attrition, losing 10% of its mass in the first hour. The
Umzimkulu dolomite was also characterised by a low structural strength,
which should ensure a high attrition propensity, to a level not
justified by particle shape or porosity alone. Attrition of the

Umzimkulu sample was found to match that of the Bredasdorp sample,

It is apparent from FIGURE 5.6 that sorbent physical strength exerts an
. influence on attrition propensity, with "harder'" particles. being more

resilient to attrition than "softer'" ones. It therefore seems
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appropriate to characterise the attrition tendency of aifferent sorbent
types by their intrinsic structural strength., The curves in FIGURE 5.6
could be characterised in terms of eq. 5.4. The individual regression
constants are tabulated in TABLE 5.6. Average attrition rates were found
for each sorbent type from the corresponding curve in FIGURE 5.6 and
used to assess the influence of structural strength according to

R = ka .0 <3, A comparison of structural strength data for all sorbents,
relative to Bredasdorp, produces a value of ¢3 equal to -0.91. Allowing
for errors in the analysis of the load / displacement curves for sorbent
structural strength (the coefficient of correlation for the regression
fit to raw data was typically 0.95), this value is close enough to -1 to
infer that attritionvrate is inversely proportional to the measure of

structural strength as defined in Chapter 4.

5.4.5 Effect of Temperature

The effects of combustor temperature on attrition rate are twofold.
Firstly, on entry to the bed, during their initial heat-up, particles
develop temperature gradients which lead to thermal stresses and
decrepitation. Secondly, intraparticle forces are weakened resulting in

an expected decrease in structural strength.

This first effect was studied by the rapid injection of a known mass of
closely sized particles to the fluid bed combustor which had been
preheated to 1100 K. Bed depth was kept constant at 100 mm. The sample
was then fluidised at U=Une+0.3 ms~* for 15 minutes and the extent of

attrition noted. This experiment was repeated for all sample types.

The results are interesting. Excluding the sample from Umzimkulu, the
average increase in attrition, over samples fluidised at ambient
temperature for the same time period, was 27%. For example, the extent
of attrition of the Bredasdorp sample increased from 2.0% to 2.7% over
this 15 minute time period, a relative increase of 35%. The Umzimkulu
sample, however, showed an absolute increase in the extent of attrition
from 1.6% to 8.3%,'a relative gain of over 400%. This was attributed to
the rapid expansion of gas pockets trapped in the sample [Schie (1987)]
and serves to emphasise the need to fully characterise potential
sorbents. This "gxplosive" attrition is evident too in the SEM

micrograph, FIGURE D.23.
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The effect of prolonged exposure to elevated temperatures was examined
for Bredasdorp limestone at 1100 K, at a depth of 100 mm, and a
fluidising velocity of U=U.,¢+0.3 ms—!, Samples were held at this
elevated temperature for increasingly longer time periods until the
attrition rate reached its steady state value. The coarse fraction was
not returned to the bed bed following sieve analysis. Rather, a fresh
sample was prepared and the experiment repeated from the beginning, but
for a longer time period. A small (10 gram) mass was isolated after each
test and calcined to constant mass in a muffle furnacé at 1100 K to
determine the extent to which calcination had occurred during .the
fluidised bed attrition test. The coarse particle fraction was then
normalised for this CO, loss. Attrition data are contained in TABLE 5.5.
FIGURE 5.8 shows a comparison with attrition at T=298 K, under otherwise
identical conditions. Attrition rates are significantly enhanced at
elevated temperatures. Over a period of 20 hours, the Bredasdorp sample
lost roughly 18% of its mass by attrition at 1100K, compared to
approximately 7% at ambient temperature., The form of the attrition curve
at high temperature follows eq.5.4. The individual regression constants

are given in TABLE 5.6.

It was anticipated that exposure of the sample to elevated temperature
would result principally in a change to the structural properties of the
sorbent, and that this would be manifest in a change to the measured
structural strength of sorbent particles. It was reasoned that attrition
rates at two different temperatures could be related to the ratio of
sorbent particle strength at these two temperatures. During calcination,
the structural properties of the sample will change continuoﬁsly as CO5
is evolved. Once calcination is complete, the structural strength will
remain constant. For this reason, a comparison of attrition rates
achieyed at the two temperatures was restricted to an analysis of the
steady state values. At 1100 K, Rgs = 0.31 %Z/hour, whilst at 298 K,

Rss = 0.07 %/hour; The structural strength of a Bredasdorp sample,
calcined at 1100 K, was measured (by the INSTRON apparatus) at

35020 Nm—', compared to a value of 95400 Nm—? at 298 K (see TABLE 4.5).

Assuming that attrition rate can be described by a relationship of the
form R = k., fg 0<2, and allowing for changes in particle density from

raw material to calcine, the decrease in structural strength corresponds
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to a value of ¢3 = -1.2. Making allowances for the determination of
structural strength of the calcined sample, the computed value of c3 is
sufficiently close to -1 to infer that attrition rate is inversely

proportional to the structural strength of the sorbent in question.,

Discounting the anomalous behaviour of the.Umzimkulu sample, it is
reasonable to conclude that thermal shock effects play a minor role in
attrition compared to calcinatioﬁ and prolonged exposure to elevated
temperature. The effect of temperature on attrition rate is accommodated
by its effect on sorbent structural strength and solid density (due to

calcination).

5.4.6 Effect of Calcination Atmosphere

Under normal operation, the flue gases in a fluidized combustor burning
coal will contain 10-15 %v/v CO,. Since sorbent calcination rate is
directly affected by CO,, and this, in turn, affects the structure of
the final calcine product, there is merit in investigating the attrition

of samples calcined under a range of CO., concentrations.

Calcines of Bredasdorp limestone (300 - 600 ym) were prepared at 1100 K
in atmospheres of 100 Z N,, 15 % CO, and 60 % CO.. Calcination times
were guided by the tests described in APPENDIX A. The calcine samples
were added to the fluidised combustor to a depth of 100 mm and fluidised
"for a period of 1 hour at U=U.r.+0.3 ms~'. The following averaged ‘

attrition rates were obtained.
CALCINE CONDITIONS ATTRITION RATE

100 % N, 13,1 %

15 % CO, 10,1 % .
60 ¥ CO. 10,0 %

These figures can be compared to an attrition rate of 5,7% for the
uncalcined sample after one hour. The data is not comprehensive but it
does suggest that CO, concentration has a relatively small effect on
attrition. It would also appear that attrition is enhanced by a rapid
release of CO,, which is consistent with an increése in intraparticle

stresses caused by such release.
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5.5 MODEL. FOR ATTRITION IN FLUIDISED BEDS

The experimental findings on sorbent attrition indicate an attrition

rate response of the form
Ra k(t). (U—U..._,;)’.H.d,,“"5 /98 / o(f) 5.7

where k(t) is a function of time, and, for large t, k(t) = p', a
constant. Dimensional constraints provide the final form of the

relationship:

_ (U-Une)2 H [')s g1'/2 '
R = k(t) = (D) [d,] 5.8

The right hand side of eq. 5.8 can be expressed as k(t).Ny. where Ny is
a modified Weber number and describes the ratio of inertial forces to
surface forces. This is consistent with the proposed mechanism of
éttrition whereby particle inertia promotés abrasion but is resisted by

surface forces.

The transient function, k(t), at large times, reduces to a value, p',
which multiplied by the remaining components on the RHS of eq.5.8 gives
the steady state attrition rate for the specific set of test conditions,

Rewriting eq.5.5 as
R=a; (1 + a.as/a;. ekp (az.t) 5.9

shows that this steady state attrition rate is given simply by the a,
regression constants in TABLE 5.6. It is thus a straightforward exercise
to calculate this propbrtionality constant for any given set of )

operating conditions i.e.

. o a, o(f) d, ‘(? _ _
A (I Y ER on [g] 5.10
The transient form of the attrition rate expressioh is unwieldy, and a
revised form is needed for the sorbent particle population balance which
serves as input to an overall sulphatioh model. It is opportune to
recast eq. 5.8 in terms of the total amount of fines generated with

time. .
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When this is done, eq.5.8 becomes

R

(U-Upe)? H fa g 4172
F(a) o(f) l:d‘,]

1/p'. a,. F(A) 5.11

where a, is the steady state attrition rate, given by eq. 5.10
and F(A) is a monotonically decreasing function of A, the extent of
attrition. F(A) expresses the time dependence of attrition and is

described by an equation of the form
F(A) =1 + b; exp b,.A
Equation 5.11 is the final‘fbrm for the attrition rate expression.

The extent of attrition, A, from 5.2 can be written as

A = In (Mo/M,) where My, and M, are the masses of coarse particles in the
bed before, and after, an interval of attrition. If attrition is .
predominantly by loss of surface protrusions, analogously to a shrinking

core reaction model, then
= dpn 2
A=1n [’E;‘] 5.2
where the mean size of sorbent particles changes from d,» to d, over the
time interval of attrition. The attrition rate transient term F(A) can
now be recast as a function of d, using 5.11 and 5.12.
The attrition rate for a batch process is thus

R =1/p'. a,. F(d,) ' 5.13 .

Extension of this model to continuous sorbent feed is discussed in

Chapter 6.

5.6 ELUTRIATION IN FLUIDISED BEDS

The potentially beneficial effect of new surface generation on sorbent
sulphation is tempered by increased loss of fine particles from the bed
by elutriation. A knowledge of this elutriation is required to predict

both the size and residence time distributions of sorbent particles in
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the fluidised bed.

It is possible to model elutriation by a first order rate expression,
where the flux of particles of a given size is proportional to their
weight fraction in the bed, and the elutriation rate constant is

‘ described in terms of such variables as particle size, fluidising
velocity and bed dimension. Many such correlations for elutriation
velocity constant exist, and this historical development of elutriation
theory is ably covered by Wen and Chen (1982). Most of these simple
correlations are based on experimental data collected in small
laboratory combustors, and have little value for predicting elutriation

rates from large scale industrial units.

Wen and Chen (1982)‘ﬂerived an empirical correlation for the elutriation
rate constant based on a range of experimental data from 14 different
investigator groups. A summary of this model is given in APPENDIX F. The
accuracy of the model was only % 50% on a log scale, The great variation
in available elutriation rate data, and the lack of standardisation in
experimental conditions, are points often re-iterated. George and Grace
(1981) concluded that, when all available elutriation data are
correlated, the prediction of elutriation rate constant may differ by as
much as two orders of magnitude. Although the Wen and Chen model has
been used in an overall fluid bed sorbent sulphation model by Dennis

(1985), its accuracy was not clearly established.

Having described above the generation of fines by sorbent attrition, it
is appropriate to consider explicitly the effect of these fines on the
elutriation of coarse particles. The model of Geldart et al (1979)
allows for such an analysis. According to this model, the elutriation of
coarse particles is enhanced in the presence of significant fines.
Holdup of fines in the freeboard leads to an effective increase in gas
density, with a resultant decrease in the terminal settling velocity of
coarse particles, and hence their increased elutriation. The pertinent

equations of this model are outlined in APPENDIX F.
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5.6.1. Elutriation Experiments

The above two models were investigated by measurement of elutriation
rates during coal combustion in a 300 mm diameter fluidised bed with a
freeboard height of 4.5 m. The unit had a thermal capacity rating of
about 200 kW and was used for exhaustive tests on the combustion of low
grade South African coals (not reported here). Its design is similar to
that of the 100 mm diameter vessel used for batch sulphation and
attrition tests. The main differences are that propane gas was used to
increase bed tempefature to the point where coal combustion could be
supported, all solids were screw-fed to bed base, and fines recycle was
possible via a return leg from the primary cyclone to the coal feed
line. Dust samples could be removed from various positions along the
freeboard length by an isokinetic sampler connected to a cyclone and
cloth filter, The unit has been described in detail elsewhere

[Petrie (1985)]. A schematic layout is given in FIGURE 5.9. This unit
was used in this study in preference to the smaller combustor, primarily
for two reasons. At the air velocities of interest, the bed clearly
operated in the bubbling regime. Secondly, the tall freeboard ensured
that dust samples extracted from the top of the unit were representative

of the elutriate mass.

Elutriation rates were measured during the combustion of a coal whose
composition is given in TABLE 5.7, for a fluidising ve1qcity range of
1.0 - 1.75 ms~* from a bed depth of 400 mm. No sorbents were addéd to
the bed during these tests, A sieve analysis was performed on the

elutriate mass with the aid of an ATM ultrasonic. sieve shaker.

5.6.2 Elutriation Results

Measured elutriation rates are given in TABLE 5.8 with sieve analyses of
the elutriate quantities., Derived values of elutriation rate constants

are given in TABLE 5.9 for these data.

FIGURE 5.10 gives an indication of the Wen and Chen model fit to
elutriation data. The degree of correspondence with measured data is
poor, with a large portion of the data lying outside the % 50% accuracy
limit cited byAthe_authors.-On'thiSAbasis, use of this model is not

recommended. The model of Geldart provided more encouraging results,
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FIGURE 5.11 shows a least squares regression fit of this form against

measured data.

The numerical values of the regression coefficients differ, however,

from those listed by Geldart, and the final form of the correlation is
E / P,U = 1.78 exp(-1.84 U.s/U) 5.14

This form of the elutriation rate coefficient is used in Chapter 6 to
derive an expression for the residence time distribution of the

variously sized sorbent particles in the fluidised bed.

5.7. CONCLUSIONS

A sorbent attrition model has been derived, based on extensive
experimentation in a laboratory fluidised combustor. The model applies
to batch fluidisation, where all particles have the same age in the bed.
The final form of this model (eq.5.11) describes only those attrition
components which derive from continuous particle motion within an FBC.
It is envisaged that any "once-off'" attrition effects, such as thermal
shock, can be accommodated in an overall solids population by their
effect on the feed size distribution. This is the approach adopted in
Chapter 6. Though the development of this model has borrowed much from
the Westinghouse model for attrition in the bubbling zone of a fluidized
bed [Vaux and Scruben (1983)], it has been generalised to include the.
effect of high»velocity impacts, whilst the exact dependence on particle
diameter, structural strength, and topography has been substantiated by

experiment.

Two experimentally derived elutriation rate expressions were éssessed
using elutriation data gathered from a pilot scale combustor burning
coal. The best fit of measured data was obtained with the model of
Geldart (1979) which considered the effect of fines generation on the

elutriation of coarse material.

Both the attrition and elutriation models are of a form which can be
linked to sorbent sulphation kinetics, and incorporated, via particle

size and residence time distributions, directly in an overall model for
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sorbent sulphation in a fluidised bed combustor, This is developed

further in Chapter 6.
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CHAPTER 6 - FLUIDISED BED SULPHATION MODEL

6.1, INTRODUCTION

The complexity of the fluidised combustion process in which S02 removal
is effected by sorbent addition was discussed briefly in Chapter 1. The
mathematical description of the sulphation rate process was defined in
Chapter 2, and supported by experimental evidence gained for a wide
range of South African sorbents in Chapter 3. Sorbent properties were
shown in Chapter 4 to dictate overall utility. The interaction of
sorbent physical properties and bed fluid dyhamics was addressed under
the headings of sorbent attrition and elutriation in Chapter 5. It is
ndw possible to relate these findings in an overall process model for
sorbent sulphation in a fluidised combustor with continuous sorbent

feed.

The primary requirement of such a process model is that it be capable of
predicting the behaviour of any sorbent in a fluidised combustor,
independently of equipment scale. Overall sulphation models fall into
two classes, In the first case, sulphation propensity is described by
simple expressions which ignore sorbent specificity completely, and make
"no attempt to describe sulphation kinetics. Sulphur retention is
generally given as an empirical'funcfion of Ca/S moiéf ratio. This
approach has been followed where sorbent performance is deemed to be
secondary to the understanding of coal devolatilisation and char
combustion [Bukur and Amundson (1981), Rajan and Wen (1981)]}. The second
class of prbcess models derives from sulphation kinetic data coupled to
equations which describe the fluid dynamics of a combustof. Included in
this set are those models which describe sulphation kinetics by
empirical correlations - based dn lafge sets‘of'experimental data [Koppel
(1970), Keairns (1975)]. Although such a description may have wide
applicability in terms of sorbent selection, its ektrapolative merit
with regard to equipment scale is in question.

To an extent this limitation is ové;come in the modelliﬁg approach of
Fieldes (1979), where'sulphation.kinetics are described in terms of true

physical processes occurring in the combustor. This model can be scaled
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directly to industrial sized units. This approach was simplified by
Zheng et al (1982) without loss of physical accuracy (see Chapter 3).
These two models assume that all particles are of the same size and age
within the system, and therefore possess the same reactivity. No
allowance is made for feed size variation nor particle shrinkage
kinetics due to attrition. One of the most sophisticated sulphation
models (due to Dennis (1985)) makes allowance for the distribution of
particle sizes and ages within the system, and goes as far as to
consider the significance of freeboard sulphation due to the hold up of

fineparticles. However, this model, too, fails to consider sorbent

attrition.

The information at hand on the attrition propensity of South African

sorbents allows this deficiency to be rectified.

6.2 MODEL OF SULPHUR CAPTURE FOR SORBENT FEED OF WIDE SIZE DISTRIBUTION

The starting point for this development is the simple model of Zheng et
al (1982). This model is attractive because the sulphation propensity of
a selected sorbent is described directly in terms of sorbent feed rate,
for a given set of combustor operating conditions. This makes its use by
. design engineers straightforward. The current approach is to link
sulphation kinetics (described by the kinetic parameters proposed by
Zheng et al) to combustqr fluid dynamics, utilising the attrition and

elutriation rate expressiohs developed in Chapter 5.

A schematic layout of the combustor is shown in FIGURE 6.1. Sorbent feed
is continuous, and bed level is maintained by a solids draw-off stream.
Sorbent fines leave the bed by elutriation. The following assumptions

pertain:

1. The combustor operates at steady state

2. The two phase fluidisation theory applies. Gas and solids are well
mixed within the particulate phase, whilst bubbles are in plug flow.
The sulphation reaction occurs only in the partlculate phase.

3. Sorbent calcination is rapid. ' ‘

4. Combustion and sulphation are decoupled. Coal devolatilisationAié
instantaneous, and S0. is reiéased uniforhly throughout the bed

during this process.
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5. Freeboard sulphation is unimportant e

6. Attrition occurs predominantly by an abrasion mechanism. Fragments
thus generated are themselves not subject to further attrition

7. The total number of coarse particles in the combustor is unchanged
with time. ,

8. Fines generated by attrition, or present in the feed stream, do not
take part in the sulphation reaction, because of their short
residence time.

9, Attrition is a continuous process; any instantaneous effects are
accommodated by changes to the feed size distribution

10, Sulphation of coal ash particles is treated separately. The measured

"base'" S0, levels refer to those subsequent to ash adsorption

6.2.1 Validity of Model Assumptions

Some of the assumptions made in the previous section are uncomplicated
and are given only a brief treatment in the discussion which follows.
Where their validity is less clear, a more detailed discussion is

offered.

* Assumptions 1 and 2 are common to fluidised combustion processes.
Sorbent particles are sulphated over a time period of about 1 hour,

* Assumption 3 is supported by experimental evidence [Dennis (1985)].
The sorbent population balance described below therefore refers to solid
flows on a calcined basis. Likéwiée, sorbent attrition is described by
the compressiVe strength of sorbent calcines. '

* Assumption 4 is a reasonable assertion, and is the basis of most coal
combustion modelling studies where devolatilisation is considered [Gibbs
(1975), Horio and Wen (1978), Park et al (1979)]. The uniform release of
S0, stems from bed solids being well mixed.

* Assumptioh 5 follows from Dennis (1985). The significance of fines
generation is treated at length in Sections 6.4.2.3 and 6.4.2.4.

* Assumption 6 is supported by much evidence - see discussion in Chapter
5. Assumption 7 follows directiy from this definition. '

* Assumption 8 is readily supported [Dennis (1985)]. Furthermore, it is
a necessary condition of this model - the sorbent population balance
outlined below applies to coarse particles only

* Assumption 9 is made in the interest of simplicity. Little work has

been undertaken on 'once-off" attrition effects, though the
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investigative team at Westinghouse attribuﬁe only about 25% of total
attrition to continuous bubbling bed activity [Vaux (1978)]. A rigorous
treatment of this attrition component would require a statistical
mechanical approach in terms of "birth" and '"death" entities, which is
incompatible with the methodology followed here. Incorporation of this
effect into feed stream changes is consistent with the steady state

hypothesis.

The interplay of sorbent and coal ash particles réquires closer
scrutiny., At steady state, the mass of carbon particles in the fluidised
bed is typically in the region of 1-2% [Bukur and Amundson (1981)].

can therefore be assumed that the bed contains only calcined sorbent and
coal ash particles. This is a reasonable assertlon, partlcularly whén
high ash coals are combusted. Notlng, furthermore, that solids in the
bed are well mlxed, the steady state mass of sorbent particles in the
bed, W, is found from

_ Fo M
w 'F" 'o' - +"' "'w- '; F‘ c" t 6 . 1

where Fo is the mass flow rate of sorbent on a calcined basis, Fg is the'
coal feed rate, with an ash content, w., and M is the total mass of
solids in the bed. In the derivation of the sorbent population balance
which follows, sorbent particle residence times are based on sorbent
mass in the bed, whilst the feed stream is assumed to comprise sorbent
particles only. It can be seen that this is equivalent, in terms of
mean solids residence time, to con51der1ng the total flow (sorbent plus
coal ash) in a bed of mass M. This simplifies the population balance
equations, as no knowledge of the coal ash feed stream size
distribution, or of ash attrition propensity, are required. The extent
to which coal ash is effective as a sulphur sorbent is examined for a

specific coal sample in Chapter 7.

6.2.2 Sorbent Population Balance

The derivation of the sorbent population balance follows the approach of
Kunii and Levenspiel (1969) for continuous sorbent feed. The mass

_ distribution functions for particles of size dyy in the feed, bed, bed
overflow and elutriation streams are given by po(dyi), Pa(dgi), pz(dpi)

and p,(d,;) respectively. These mass distribution functions refer to the
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normalised mass of calcium oxide in each stream of size d_,.. Each
distribution function is_normalised over the particle size range.
Furthermore, because bed solids are well mixed, pa(dps) = pi(dps).
The steady state mass balance for particles in the size range d,i

to dy; + 8d,i, in unit time, is as follows:

-
‘1s0lids in| -~ {solids in| - }solids in| + |solids shrinking
feed overflow carryover from larger size
[ . L . .
- |solids shrinking| + {solid generation| = 0 6.2
to smaller size in this interval

Using the above distribution functions, and noting that the number of

particles in the size interval 4, to (d, + dd,) is given by

W P1(dp) ddp
Ls mdy?

N(d,) = 6.3

where W is the total weight of. sorbent particles in the bed, eq. 6.2

becomes

~~

dp) pl(dp) ddp

Fo pPo(dy) dd, - F, pi(d;) dd, - W K”
3 ¥ (@) pa(dy) dd, =0 6.4

d ,
- W d_d,: r(dy) P1(dp)]ddp +

x

3
9

where r(d,) = dd,/dt, defines the kinetics of particle shrinkage due to
attrition, using assumptions 6 and 9 above, and K* is the elutriation
velocity constant. The overall balance for all sorbent solids in the

system is

F2 + F, - Fo

- 3 W pl(dp) r(dP) ddp .

= 6.5
_ d,

At this point there is no need to preclude the possibility of

elutriation of coarse particles. The elutriation rate constant,_K*(d,i),

for particles of mean size d,i,'is found from the expression for E (eq.

5.14), according to K*(d,,) = E A/W, and is defined as

wia v _ Fa paldps) |
K (dpi) = ___ﬁ_ﬁjfa:zj 6.6
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The above three equations form the basis of the sorbent population

balance. After manipulation, their final form is

pa(dy) = Fodo® 1 I Poldp)dd, dd,, where I = exp[—IFi/w ML (d'ldd,J

r(ds) 3T )
6.7

W Poldy)dd, |
o I ) ) I J 1 dds 6.8

where all integrations are performed over the interval

d, @t=» < d, < dyp max

The expressions for r(d,) and K*(d,) derived in Chapter 5 are non linear
functions of particle diameter, d,. Their incorporation into the sorbent
population balance equations 6.7 and 6.8 necessitates the discretisation
of these equations, and iteration about fhe unknown solid flow streams
until a solution is found. Such an exercise is prone to inaccuracy
unless a very large number of size intervals is used. Overturf and
Kayihan (1979) favoured a solution obtained by discretisation of

eq. 6.4 - 6.6 using the discrete distribution analogs of p,(d;). Using
this method, an accurate solution can be obtained with a much smaller
number of size intervals. Following this approach, then, the working

form of the sorbent population balance equations is given by

Fi(dps) r(dp1>]' 6.9

Fz + Fy — Fo = 3W L [- N
»

Fl(dpi) — Fo(dpi)cdpi - w/F],-r(dpi-q-l)tFl(dpi-q-l)o(6dp1/6dp1-¢-1) 6 10

Fa - Wr(dps) + F18dos + WK (dp1)8dys - (3W/dp4)r(dp)8d, . )

phaldey) | 6.11
F,

Fa(doa) = W -E—-(-g-‘li)l("(d,i) | 6.12

The residence time for sorbent particles of size d,, is then given by

. - 1 .
T(dpi) = Fj_/w T K'(dpi) X 6.13
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6.2.3 Overall Process Model

Using the assumption that sulphation is restricted to the bed region of
the combustor, the overall sulphur mass balance is given by eq. 2.27.
From the sample calculation in APPENDIX B, . the interﬁhase exchange

coefficient, X, is large, and this equation reduces to
Fo Ws/32 = AUCa + Q ‘ 6.14

where_Q is the overall rate of reaction for sorbent particles of all

sizes, and Fg is the coal feed rate.

Following the methodology of Zheng.at al (1982), the overall rate of
reaction of sorbent particles of size d,;'is given, similarly to

eq. 2.25 by

ts(Ca) t
Q{(d,4) = | Ca So ks.exp(- kd.t) (dpi) exp ;(a::)] dt 6.15
where, 1(d,s) is the residence time of particles of size d,s in the bed,
given by eq. 6.13, and ts, the sulphation time of individual sorbent
particles, is dependent on the bulk SO, concentration in the fluidised

bed.

The overall rate of reaction for all sorbent particles is then simply

dp meadc : .
Q = l Q(dpi) ddp 6.16
Noting that, for spherical particles, S, = o where W = bed weight

.f’s d;

eq. 6.16 becomes

gp=m IS6 ks
pe s

Zheng at al (1982) showed that both ks and ka were~essentia11y

independeht of d,, or, at least, that the dependency was weak, and

Ca exp( ~Ka.t) I(dpi) exp[ t(d,i) ] dt dd, 6.17

masked by the accuracy of the batch sulphation experiments used to
determine the kinetic constants., This was confirmed by Motherwell (1986)
who measured sulphation kinetics for four size fractions of the South

African Marble Hall limestone., For these experiments, ks values ranged
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from 9 - 11 cm/s for particles of mean size from 250 um - 750 um. These
values are slightly less than the mean value reported in this work for
the same sample, and is thought to be a consequence of the "freehand"
graphical procedure used by Motherwell to determine kg. Fieldes (1979)
did detect some dependence of sulphation kinetics on external mass
transfer, which would imply that kg is proportional to 1/d,. However,
from his TABLE 8, values of kg ranged from 12,1 to 13,7 cm/s for sorbent -
particles in the size range 0,78 < d, < 2,0 mm which is typical of
sorbent particles fed to fluidised combustors. This confirms that the
dependence on particle size is weak. Fieldes also confirmed that, for a
given flue gas S0, concentration, ts does not depend on particle size,

which supports the stated claim that kg is also independent of d,.

Using the definition of sulphation effiéiency given by eq. 2.30, and,

with eqgs. 6.14 and 6.17, this becomes

1

n=1-[—

%6 ks W 1 t
1 + Ix I P dpiC. exp(~kqa.t) A exp[—-;za;:j-] dt dd,
6.18

This is the final form of the overall process model for sorbent
sulphation in a fluidised bed combustor, Sulphation kinetics are
included through the parameters, ks and ks, whilst attrition and
elutriation rate constants are coupled to the residence time
distribution through the sorbent population balance expressions
6.9 - 6.12,

Unlike the simple epxression of Zheng et al (1982) for single sized
particles, the calcium to sulphur molar ratio does not appear as an
explicit parameter in 6.18, However, the mass of sorbent particles, W,

in the bed at steady state is related to the sorbent feed rate, F,, by

= f Fo Po(d,) T(dy) dd, | 6.19
whilst the calcium to sulphur molar ratio, Rcs, is defined simply as

Fo £5/56 o | 6.20

Res = o wa/32
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"It is thus a straightforward exercise to find the degree of sulphur

retention in eq. 6.18 for any given Rgs value,

6.3. STEP BY STEP SOLUTION PROCEDURE

To ascertain the degree of SO, abatement which can be achieved for
addition of a known quantity of a specified sorbent, the following

information is required:-

»

ks and ka for the sorbent in question

»

sorbent purity, fg

»

coal feedrate, F., and its sulphur and ash content, wg and w.

»

Po(d,), the size distribution of sorbent feed

»

fluidising velocity, U

'~ % total mass of bed contents

*

sorbent compressive strength and topographic data, o(f)

The sulphation kinetic parameters are obtainable by a simple batch
experiment in a fluidised combustor (Chapter 3), whilst measurement of
compressive strength is established by the piston press experiments
described in Chapter 4. Calculation of I, the fractional reduction in

S0, emissions, from eq. 6.18, proceeds as follows:

(i) For a given Ca/S molar ratio, sorbent feed rate (on a calcined
" basis) is calculated from eq. 6.20, and the steady state mass of sorbent

particles in the bed, W, from eq. 6.1,

(ii) An expression for r(d,) = dd,/dt, required by eq. 6.10, is found
from eqs. 5.1, 5.11 and 5.13 i,e.

- dy/3 ddy/dt ' ' 6.21

-]
i

I

R=1/p' as. F'(d,) ' 6.22

where p', a;, and F'(d,) are fixed for a specific sorbent and a given

set of combustor operating conditions. Therefore,

r(d,) = dd,/dt = ~3/d,. 1/p' a, F'(d,) : 6.23
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which can be used directly in the population balance expressions

. 6.9-6.12. The use of this equation is straightforward only for a feed
stream of uniform size, where particle shrinkage can be equated directiy
to the length of time a particle has spent in the bed. The assumptions
necessary to achieve a solution for the case of a general feed
distribution are discussed in Section 6.4, In the interim, the
development oﬁtlined below assumes that a workable form of eq. 6.23 is

available.

'(1ii) The solution strategy for the discretised population balance
expressions follows that of Levenspiel (1979). The size range of sorbent
particles is divided into a small number (say 10) of size intervals
based on available sieve apertures. The arithmetic mean particle size

for each interval is then established. /

(iv) The elutriation rate constant, K*(d,.), is calculated for the mean
particle size in each interval using the modified Geldart (1979)

correlation, eq. 5.14

(v) An estimate is made of F,, and eq. 6.10 solved for each size

increment. This process is repeated until the summation constraint of

eq. 6.1i is met.

(vi) The carryover flowrate, F,, is then found from eq. 6.9, and the

composition of this stream from eq. 6.12
(vii) At this stage all three sorbent flow streams and their size
distributions are known. The residence time of the mean particle size in

each increment is now easily calculated from eq. 6.13.

v(viii) The time integral of eq. 6.18 can be evaluated analytically.

Thereafter, from eq. 6.18

1

d
P T9*6 ks Fo(dy) 1(dy) _ . ts
1+ gpsd, TYC R PRICW)) [1 exp[ iy (1 + kd‘r(dp))]]dd,

6.24
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The integral term in eq. 6.24 is evaluated numerically by discrete
summation over the sorbent particle size range, using T(dgs) from (vii).
The reduction in SO, emission level is now available directly from

eq. 6,24,

6.4 SIMPLIFIED MODEL

6.4.1, Attrition Rate Dependence

Use of eq. 6.24 is complicated by inclusion of the size specific
particle residence .time, whose derivation is dependent on the non linear
term for particle shrinkage in éq. 6.23, which, as shown above, is
strictly valid only for a monosized sorbent feed. Where the feed stream
has a wide size distribution, the solution approach requires the usé of
joint size / agendistribution functions [Hulbert and Katz (1964),
Randolph and Larson (1971), Schruben and Vaux (1983)], and the procgdure

described above is in error.

However, the relative magnitudes of particle residence time and
trénsient attrition rate time constant, permit eq 6.23 to be simplified,
and a solution to the population balance equations can still be obtained
by the approach of Kunii and Levenspiel (1969). This simplification is

described below,

It was shown in FIGURE 5.7 that, for all five sorbents tested, the
attrition rate R(t) approached its steady state value after an age in
the bed of approximately 4 - 6 hours., However, under normal operating
conditions, and for the sorbent particle size range typical of fluidised
combustors (APPENDIX G), residence times are in the region of 10 - 35
hours., It is therefore surmised that little loss of accuracy would be
incurred if the attrition rate was described in the population balance
equations by the steady state term. This is particularly so at low Ca/S

ratio, where residence times are greatest. Eq.6.23 is thénrreplaéed by '
r(d,) = dd,/dt = -3/d,. 1/p' a, ‘ ' 6.25
where p' and a, are available from experimental attrition data. This

approximation allows the numerical integrations of eq. 6.10 and 6.24 to

be performed with ease, for any generalised feed distribution, with the
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qualification that fines do not contribute to the sorbent population

balance.

6.4.2. Effect of‘System Parameters

This revised model is used to ascertain the effect of fluidised
combustor system variables on sorbent performance, APPENDIX G provides
an example of the calculation procedure. The choice of size intervals
used was based on available sieve apertures, In all parameter studies,
the pore plugging time was held constant at 1 hour. This is consistent
with sulphation timés measured in Chapter 3 for South African sorbents,
where the bulk SO, concentration was between 1000 - 2000 ppn.
Furthermore, the fluid bed operating temperature was fixed at 1123 K
'(which_was the temperature at which the sulphation kinetics of the South
African sorbents were measured). All simulations were carried out for a

fluid bed height of 1 metre,.

6.4.2.1 Sorbent Type

The predictive value of the sulphation model was investigated for three
sorbents which, on the basis of their measured sulphation kinetics
(Chapter 3), displayed widely varying sulphation patterns. FIGURE 6.2
shows the fractional reduction in flue gas SO, levels for Bredasdorp,
Lyttelton and Marble Hall sorbents, plotted as a function of Ca/S molar
ratio, for a uniformly sized feed, d; = 750 ym, U =1 ms—?,

R(t) = 5% hr-*. As expected from the magnitude of their respective
kinetic constants, the Bredasdorp sample displayed the highest
reactivity, followed by the Marble Hall sample, with the Lyttelton
dolomite being the least reactive. An 80% r;huction in baée emission
level is attainable with Bredasdqrp lime at a Ca/S ratio of about 1.25,
whereasva value‘in'excess of 4 would be required of the other two
sorbents for the same degree of SO, reducfion. This difference is
exaggerated when the comparison is made on a mass basis, particularly

for the dolomitic Lyttelton sample.
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6.4.2.2, Fluidising Velocity

FIGURE 6.3 shows the model prediction of the effect of fluidising
velocity on the sulphation propensity of Bredasdorp limestone.
Fluidising velocities spanned the range 1 - 2 ms—!, which is typical of
conventional bubbling fluidised combustors. Feed size distribution,
attrition rate and bed temperature are all as above. As expected,
increasing U results in a decrease in SO, retention because of the
.reduced sorbent particle residence time in the bed. This effect more
than offsets the marginal imprbvement in reaction rate due to increased
particulate phase SO, [Dennis (1985)}. At the fluid bed operating
conditions chosen for the batch sulphation studies in Chapter 3, the
interphase exchange coefficient is large enough such that C. = Ca,.
Doubling the fluidising velocity from U=1 ms~* to U=2 ms~! increases the
sorbent flow required to effect an 80% reduction in base SO, emissions
by a factor of 3.2.i.e. the required Ca/S ratio increases from 1.25 to
4, For these velocities, and for the particle size range of interest,
where fines are discounted, t(d,) exceeds ts, and, in the absence of
attrition, particles leave thé bed only once pore block;ge has occurred.
Moderate attrition at this velocity therefore enhances sorbent
sulphation capacity by removal of the external sulphate layer and

exposure of "fresh" sorbent surface for reaction.

The numerical values of the sulphation kinetic parameters, ks and kg4,
used in this comparlson are those derlved via the batch sulphatlon
experiments descrlbed in Chapter 3, for U = - 0.7 ms~!. It was shown by
Zheng et al (1982) that both ke and ks increased with fluidising
velocity. The exact nature of this dependence was unspecified but was
thought to contain both extermal mass transfer and pore diffusion
components, In this current work, no attempt is made to unravel the

‘ nature of this dependence, and both ks and ka are used simply as
empirical parameters to describe the sulphation kinetics of a given
sorbent. It is assumed, for- the purpose of investigating the effect of
fluidising velocity on sulphation efficiency, that both ks and Kka
display the séme dependence on U. The implications of this assertion are

.detailed below.
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For the following set of typical conditions
T(dp mean) = 15 hours (see APPENDIX G)
ta _ = 1 hour (from sulphation kinetics study)
ka = 0,003 s7* (from TABLE 3.4)

the exponential term in eq. 6.24 can be neglected, and eq. 6.24

effectively reduces to

1
n=1- 6 ks Fo(d,) 6.26
[1 +-I Pa 5 Ka U A dd’]

from which it can be seen that, if both ks and ks are governed by the
same dependence on fluidising velocity, this dependence disappears from
the sulphation rate term in eq. 6.26, leaving a rate contingent on 1/U.
This condition is examined further in'Chapt¢r>7 with sulphation data

generated by a large scale fluidised combustor.

Another attendant simplification of the above analysis is that, over the
range of velocities considered, the total bed inventory does not change.
The population balance expressions were solved for a constant mass of
_solids in the bed, independently of fluidising velocity. This is not
strictly correct. Bed expansion will be greater at higher velocities;
which will affect the mass of solids in the bed and the magnitude of the
overflow stream through the desire to maintain constant bed height.
However, for a large scale fluidised bed, in which the ratio H/Dc is

small, this effect can be neglected.

6.4.2.) Feed Size Distribution

The attrition model developed in Chapter 5 does not make allowance for
those forces which result in "once-off" attrition of sorbent. For ease
of numerical handling, the effect of mechanical stresses in sorbent feed
lines, and thermal stresses acting on sorbent particles on their entry
to the fluidised bed, are lumped together in this work, and considered
as changes to the sorbent feed distribution. There are two consequences
of instantaneous attrition. The sorbent flow rate'fo the bed must be
modified to 'reflect only the mass flow of coarse particles - i.e. any
fines generated in feed lines etc.; do not form paft of the solids
population balance and should be discounted. In addition, the size

distribution of coarse particles must be adjusted to account for this
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wear effect. The extreme case would be one where a feed of single sized
sorbent particles is subjected to "once-off' abrasion. This example is
presented in FIGURE 6.4 for Bredasdorp lime, fluidised at U=1 ms—!, at
Toaa = 1123 K. The reduction in SO, emissions for a single sized feed of
d, = 750 um is compared with that obtained from two modified
distributions - the first being a log normal distribution

(dp mean = 750 ym, 02 = 1,25), and the second a linear distribution
where the total feed stream is split evenly over the three largest size

intervals

i.e. Foldyy) = 1/3 Fo 500um <d,< 1000um
Fo(dpz) = 1/3 Fo 300pm <do< 500um
Fo(dsa) = 1/3 Fo 212um <d < 300um

From FIGURE 6.4 it can be seen that, whereas a Ca/S molar ratio of
approximately 1.5 is required to effect an 80% reduction in flue gas SO,
level for the single size feed, the log normally distributed feed
achieved the same reduction with a Ca/S of 1.2, and the "1/3 linear"
distributed feed with a Ca/S of 0.8. This is equivalent to a spread in
required sorbent feed rates of 100%, which has obvious economic

implications.

The calculations detailed in FIGURE 6.4 focussed only on the effect of
changes to the feed distribution, and did not consider the loss of
viable sorbent mass due to instantaneous fines generation, and its
subsequent elutriation. This loss will offset, by an unknown éxtent; the
advantages gained by opting for a feed with a wider size distribution.
This point notwithstanding, the arbitrary feed distributions examined
above provide an indication of the extent to which the size distribution

of sorbent particles in the feed stream affects sulphur retention.

6.4.2.4 Attrition Rate

Following the discussion in Section 6.4.1, the influence of attrition
rate on sulphur capture efficiency can be examined fhrough the effect of
the'steady state attrition term, Rss. Since calcination is assumed to be
rapid, attrition rates incorporated in the sulphation model refer to
those experiencéd by sorbent calcines. The effect of attrition rate was

considered for a monosized feed (d, mean = 750 um) of Bredaédorp»
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limestone fluidised at a velocity U =1 ms—', in a bed 1 metre in
height. The compressive strength of this calcined material was taken as
35020 Nm—* (TABLE 4.5). Under thesg conditions, Rsgs, calculated from the
attrition model (eq. 5.11) is equal to 8.5 %Z/hr (APPENDIX G). Since the
Bredasdorp sample was one of the more friable materials, it seemed
reasonable to investigate the effect of attrition over the range

0%/hr < Rgs < 10 %/hr. This upper bound is greater than attrition rates
commonly cited in the literature>[U1erich et al (1979) quoted a value of
Rss = 4%/hr for a lightly sulphated Tymochtee dolomite] but compensates,

to an extent, for the higher rates measured during the transient period.

On examination, it was found that Rss values in excess of about 9% per
hour could not be accommodated by the overall sulphation model - v
because of the excessive fines generation accompanying such high
attrition rates, the coarse particle population balance (eq. 6.10 and
6.11) could not be satisfied. This places an obvious applicabiiity limit
on the sulphation model as postulated. However, because attrition rates
measured in practice are typically less than this figure, this does not

pose too great a problem.

" From FIGURE 6.5 it can be seen that an 80% reduction in flue gas SO,
level can be achieved with a Ca/S ratio of 1.6 for Rgs = 1% / hour. This
sorbent feed requirement is decreased as attrition rate is increased,
until, at Rss = 9% / hour, a Ca/S ratio of 1.2 only is required. This
eQuates to a 33% reduction in_sorbént requirement, which is not |
insignificant., The potential benefit of controlléd attrition increases
sligh{ly with the requirement for greater reduction in SO, levels - at
90% reduction, Rss = 9%/hr ensures a 40% reduction in sorbent feed rate

over the base.case of Rss = 1%/hr.

The effect of varying attrition rate, from FIGURE 6.5 is not as
pronounced as might first be expected. This is a consequence of the
assumptions made in the derivatidn of the sulphation modei, in which the
reaction is constrained to the bed region, and the influence of fines
genérated by attrition is discounfed. In addition, it was assumed that
the sulphation time ts is a function only of SO, concentration. In
reality, ts will increase as attrition proceeds. This effect was not

examined.
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The influence of fines generation and freeboard sulphation on overall
sorbent performance is not uncomplicated. It is commonly accepted that
the residence time of sorbent fines is too short to lead to any
substantial improvement in sorbent utility. The model, as postulated,
dqes not make allowance for larger fragments ( say ¢ 150 um) which may
result from abrasive wear of sorbent particles with significant
topography - these fragments are expected to be elutriated and do not
form part of the solids population balance. However, U.s for these
particles is, according to Geldart (1979), in the region of 1 ms—?*, and
their residence time in the bed is, in reality, of sufficient magnitude

for them to be fully sulphated.

The significance of freeboard sulphation is not clear. Fee et al (1984)
estimated that this mechanism contributed about 10% to overall
sulphation, whilst Dennis (1985) argued that the dilution of SO, by
bubble phase gas in the freeboard led to an overall decrease in utility

compared to the case where all sulphation occurred in the bed.

In this current work, any attempt to consider the potential benefit of
fines generation would necessitate the reformulation of the sulphation
model in terms of joint size / RTD. This approach was followed by Vaux
and Schruben (1983} but only for an attrition rate model which was
independent of particle size. Extension to more general attrition

kinetics was not attempted.

However, it is felt that the model, as proposed,.does repreSentﬁthe
effect of attrition on sulphation with reasonable accuracy. Because of
the way in which the model is formulated, predicted sorbent flow rates
for a desired reduction in SO, are conservative and should thus serve as

useful guidelines for design purposes.
6.5 CONCLUSIONS

A model has beén proposed for sulphation of sorbent particles in a
fluidised bed during coal combustion. Sulphation was assumed to occur
within the bed bulk only, and the action of fines was discounted. The
model is straightforward to use, and requires a minimum of experimental
support data. The predictive capability of the model was examined for

different sulphation kinetics, fluidising velocity, feed size
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distribution and attrition kinetics.

Fluidising velocity exerts considerable influence on SO, retention as
predicted by this model. This is a consequence of reduced particle
residence time. However, it is sorbent selection, and hence the choice
of sulphation kinetics, which exert the greatest influence on SO,
retention. The effect of sorbent attrition, although significant, proved
to be less important than was originally anticipated. The correspondence
between attrition propensity and sulphation capacity described in
Chapters 3,4, and 5 is therefore partially misleading. Although sorbent
physical characteristics, such as porosity, topography, granularity and
crystallinity are important in defining attrition tendency, it is their
effect on the generation of calcine pore volume, and on the distribution
of pores within the calcine matrix, which largely dictates the

sulphation capacity of a particular sorbent.

The effect of instantaneous sorbent attrition on sulphation was inferred
through the feed size distribution. If the mechanism of attrition in
feed lines etc is one of abrasion, resulting predominantly in fines
generation, and if fluidising velocities are high enough to ensure
elutriation of this fine material, such attrition would be deleterious
to sulphation. However, should instantaneous attrition result, rather,
in particle fracture (and there is little evidence to suggest
otherwise), the sulphation model predicted an enhancement in sulphur
uptake with attrition. The implications of this statement for fluidised
combustor design and operation are cleariy evidenﬁ. Where possible,
sorbent selection must ensure a low fines content, and a mean particle
size such that elutriation is minimised. Attrition sites in sorbent feed
lines which result in fines generation should be redesigned to minimise

such action,

Although the process model proposed here is based on sulphation and
attrition kinetic data collected from“Smali scale equipment, the rate
expressions derived from these data are founded, where possible, on
sound physical principles, or are, at least, supported by data sets from
- other research groups. As such, the sulphation model is thought to have
general applicability, and shoqld prove to be of value in assessing
sorbent perfprmance in‘industrial—scale fluidised combustors. This

assertion is examined in more detail in the next chapter.
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CHAPTER 7 - PREDICTION OF SORBENT PERFORMANCE IN AN INDUSTRIAL FLUIDISED
COMBUSTOR

7.1 INTRODUCTION

Fluidised bed combustion is a relatively new technology to South Africa
and, to date, little quantitative information on the performance of
South African coals in industrial scale FBC units has been collected.
The number of industrial units currently in operation is small (less
than 10) but duties include gasification, steam raising and hot gas
generation duties [Eleftheriades (1987)]. None of these units employs
desulphurisation technology, primarily because_local_air’pollution
regulations do not. require a reduction in SO, levels below base
emissions. However, this picture is expected to change with a move -
towards increased utilisation of low grade, high sulphur coals, as
outlined in Chapter 1. For this reason, there is a need to generate a
data base of sorbent performance in fluidised combustors operating undér

conditions of continuous sorbent feed.

Prior to the batch sulphation studies conducted in Chapter 3, there did
not exist any data on the performance of local sorbents in FBCs.
Attempts to use this same 100 mm diameter combustor for continuous
-sorbent feed proved unsuccessful- severe problems were encountered with
pneumatic feed of sorbent particles through the same line as coal feed.
Some preliminary tests were conducted using the 300 mm diameter
combustor described in Chapter 5, using Lyttelton dolomite., This
specific sorbent was chosen simply because of its low cost and
availability. A high ash coal sample from Ballengeich Colliery in Natal,
whose composition is given in TABLE 3.1, was combusted' under the

following operating conditions:

operating_temperature 1100 K
superficial air velocity 1,0 ms—?*
bed depth . 400 mm
excess air | ' ' ' 20 %

" Under these cohditions, a combustion efficiency of 95.2 % was attained.
A calcium to sulphur molar ratio of 4.2 was required to effect a 50 %

reduction in base SO, emission levels. Operation of this unit, too, was
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problematical, and further tests were discontinued. This trial seemed to
indicate that sorbent usage was excessive, even for this low reactivity
sorbent, It could not be confirmed whether this result was a consequence
of this low reactivity, or an artefact of combustion equipment scale,
and thus the need for prolonged testing under conditions of continuous

sorbent feed remained.

Attempts to "prove'" FBC locally, at a reasonable scale, have gained
momentum recently with the establishment of a national demonstration
facility (NFBC) which is accessible to both research and industrial
communities. The central component of the NFBC is an atmospheric
pressure, bubbling bed combustor coupled to a membrane wall boiler rated
at 10 MW.,,. The combustor vessel (3.05 x 3.05 m2), operated at bed
depths in the region of 1 m, and its contents were fluidised at a
velocity range of 0.7 — 1,75 ms~*- Key features of this plant have been
described elsewhere [Eléftheriades and North (1987)], and their
duplication here is unnecessary. Two points are worthy of note. The unit
typically achieved overall thermal efficiencies in the range 74 - 79%
when burning low grade coals. Boiler turndown is effected by zonal
separation, accompanied by partial slumping of the bed. Under normal
operating conditions, roughly 70% of total bed area was actively
fluidised.

The availability of the NFBC provided an ideal opportunity to
investigate sorbent performahce at an industrial scale and to test the

validity of the overall sulphation model developed in Chapter 6.

7.2. CONTINUOUS SULPHATION TRIALS

In line with the results of the batch sulphation tests reported in
Chapter 3, one sorbent from each reactivity class was selected for
extensive tests., Lyttelton dolomite was selected as an example of Type A
reactivity, and. Bredasdorp limestone as an example of Type C reactivity.
Significant quantities of Marble Hall limestone were unavailable, and an
alternativé Type B sorbent was selected. The limestone sample from Lime
Acres is a higher purity calcite like that from Marble Hall, but it
displayed comparable reactivity (see Ch. 3) and was therefore chosen as
the Type B sorbent. It was assumed, furthermore, that the Lime Acres

sample would display similar calcination and attrition properties to the
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Marble Hall sample. The specific sample used in these tests originated

at the Union Lime quarry in the Lime Acres region.

7.2.1 Experimental Details

All trials were conducted with a discard coal samﬁle obtained from
Greenside colliery in Transvaal. The ultimate analysis of this product
is given in TABLE 7.1. Because of the nature of this product, and its
method of generation (it is a by product of beneficiation), these
composition figures should be seen as average quantities only. The "as
received" sample had a top size of +100 mm. All coal used was crushed to
- 6 mm prior to gravity feed (overbed) to the combustor. None of the
sorbent quarries marketed a product ideally sized for FBC operation. All
sorbent suppliers were therefore asked to prescreen samples to a size
specification of - 2mm + 0,5 mm. This was deemed necessary to minimise
elutriation of sorbent from the combustor, whilst ensuring reasonable
sorbent utilisation. Unfortunately, the sorbent samples supplied
contained some fines, A more realistic size distribution was

150 ym < dy < 2000 ym. All samples could be characterised by a log
normal distribution over this size interval, with dg mean = 750 um, and
62 = 1,25, Sorbents, too, were fed in an overbed manner to the
combustor. This was principally a matter of expedience (the sorbent and
coal feeders would have otherwise required significant modification).
The combustor was heated up from ambient conditions using sand

(dy mean = 750 um) as the fluidising medium.

Sorbent utilisation was investigated as a function of two variables only
- combustor temperature and fluidisation velocity. Sorbent tests spanned
the range 1093 K - 1183 K and 0.874m5‘1 - 1.6 ms~*, In all tests the
combustor bed height was kept constant at one metre by continuous ash

removal,

Boiler control was reasonably straightforward. It was reasoned that, as
the_sulphation reaction involved the combustion chamber principally, the
boiler could effectively be uncoupled from the combustor during these
expefimental trials, and steam demand / coal flow used solely as a means
of controlling combustor temperature at the target value, and excess air
level in the range 4-6%. Steam delivery pressure was only loosely

controlled. Because the combustion chamber is designed as a number\bf'
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interconnecting zones which can be fluidised separately, gas velocity
through the bed was controlled (for an essentially constant air flow
rate) by varying the active distributor area. The required Ca/S ratio
was achieved by linking sorbent feed rates to the coal flow set point.
Both coal and sorbent flows were metered through calibrated screw
feeders, with averaged flows checked against load cells attached to the
respective feed hoppers. Sorbent tests were conducted without ash return
from the primary cyclone, as this would have unduly complicated the
sorbent mass balance., Solid flow rates were measured at primary cyclone,
bag filter housing and bed overflow points to complete the solids mass
balance., It was appreciated that, under such a set of test conditions,
boiler operation might conceivably be far from optimum, although high
combustion efficiencies could be ensured by close control of

temperature, velocity and excess air.

Sulphur dioxide, carbon monoxide and dioxide were measured by non
dispersive infra-red moitors, whilst flue gas oxygen was measured by a

paramagmetic analyser.

The test structure was simple, The combustor was allowed to reach steady
state operation, whilst burning coal at the specified conditions of
velocity and temperature. Sorbent feed was initiated at a pfedetermined
level, and steady state SO, level in the flue gés allowed to re-
establish. The process was repeated several times with increasing
sorbent feed rate until the original base S0, level had been reduced by
between 70 and 90 %. In some cases, particularly at lower combustor
temperatures, the initial steady state condition was established with
sorbent flow, and SO, levels corresponding to zero sorbent flow were

inferred by the method described below.

7.2.2 Process Model Parameters

Before the model developed in Chapter 6 can be applied to sulphation
data generated by this fluid bed boiler, the steady state attrition
‘rate, Rss, must be established for the three samples at boiler operating
- conditions. With calcine compressive strength data available from TABLE
. 4.5, Rgs values can be caiculated from eq. 5.8. The constant p', which
relates measured Rss values (given by the regression constant, a,, in

eq. 5.5) to the steady state form of the attrition model, is expected to
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show some scatter about a mean value. This is a consequence of the
variability in the original attrition data. The largest set of attfition
experiments was conducted with Bredasdorp limestone, and, for this
sample, calculated values of p' spanned the range 1,92 * 0.5 (see
APPENDIX G). Since the simulation studies of Chapter 6 showed that the
model was not ovefly sensitive to sorbent attrition rate, it is
reasonablé to use this mean value of p' to predict Rss values where no -
measured values are available, This is the case for all test conditions
of the NFBC. For a mean sorbent particle size of 750 um, at a
temperature of 1123 K, U,e = 0.17 ms—?! [Yates (1983)]. Hence, for

U=1ms™*, and H = 1 m,

Rss - Bredasdorp = 8.5 % / hr
Rss - Lyttelton = 5.3 %2 / hr
Res - Union Lime = 5.3 % / hr

These figures were applied to NFBC data through eq. 6.9 - 6.12,

The method of ash removal did not permit close control of bed inventory
- at best t 10%. Nonetheless, in all model predictions the mass of bed
contents was taken as a constant, given by M = 8 AB/DB, where Ap is
total bed area (3.05 x 3.05 m?), B8 is the active portion of bed flow
area (typically 70%), and P‘ is the bulk density of bed solids (1600 kg
m~2), This gives a value of M = 10000 kg.

7.2.3 Test Results

A summary of test conditions is given in TABLE 7.2. The quantity of
Lyttelton dolomite supplied was sufficient for oniy one test at a
fluidising velocity of 1.1 ms—%, Both limestonés, however, were supplied
in sufficient quantity to map sorbent performance over a wide range of

fluidising velocities‘and combustor temperatures.

Two points of interest stem from this table. Firstly, the values of
combustion efficiency derived from carbon-in-ash figures span the narrow
range 87.4 % to 91.5 % which corresponds well with earlier reported
figures for this unit [Eleftheriades and North (1987)] and supports the
earlier stated claim that decoupling boiler operation from the combustor

would not adversely affect the latter's ﬁerformance. This narrow
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performance range belies the wide variation in combustor temperature and
fluidising velocity over which the unit operated. Secondly, the stated
method of combustor operation allowed reasonable control of excess air,

as evident in flue gas oxygen levels, which ranged from 4.5 % - 7.5 %.

TABLE 7.3 gives the effect of increased sorbent feed on sulphur

retention for all three sorbents.

7.2.4 Calcium in Coal Ash as SO, Sorbent

When coals with a high ash content, such as Greenside discard, are
combusted in a fluidised bed, there is significant accumulation of
calcium oxide in the bed over time. Greenside discard contains typically
between 3.4 % and 5.4 % calcium in ash. Average coal flow to the 10 MW.n,
unit was in the region of 1500 kg/hr. These figures translate to an
injection of between 25 and 40 kg/hr of calcium, which is on a par with
the amount of sulphur entering the bed. There is thus merit in

investigating the absorptive capacity of this calcium for SO..

The 'true" base level SO, emissions shown in TABLE 7.2 have been
computed from flue gas flows determined from coal and air flows, and the
measured combustion efficiency. These figures correspond to SO, levels
which would be measured if the calcium in coal ash was completely
ineffective as a sorbent. The difference between these figures and the
measured "zero sorbent" S0. base levels (also shown in TABLE 7.2) gives
an indication of the absorptive capacity of the calcium originally
present in the coal supplied. FIGURE 7.1 reflects the SO, reduction
capacity of the calcium present in cocal ash, as a function of Ca/$ molar
ratio. Without an understanding of the form in which calcium is arranged
within ash particles, or the nature of their porosity, it is unwise to
assume that their sulphation would proceed by the same mechanism as
that of sorbent particles. For this reason, the data in FIGURE 7.1_is
fitted simply to a linear relationship, which applies only over the
range of data presented. A least squares regression of these data points

gives
NN =0.6 Ras 7.1

with a coefficient of correlation of 0.86. As mentioned above, several
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tests were initiated with sorbent feed because of temperature control
problems - it was found.that, if steady state conditions were
established without sorbent feed, subsequent addition of sorbent
perturbed bed temperature dramatically and it was difficult to re-~
establish smooth operation. In these cases, S0, levels corresponding to
zero sorbent feed were inferred from calculated values of 'true" base

SO, and the calcium content of the coal sample, using eq.7.1.

It can be seen from FIGURE 7.1 that a reduction in base SO, levels of
between 15 % and 30 # was attainable simply through the absorptive
capacity of calcium in coal ash. This is a point often overlooked, and
its significance cannot be overstated, particularly when environmental
legislation is promulgated. If a desired reduction in SO, is based on
coal sulphur content rather than on the observed '"zero sorbent" emissidn
level, the required sorbent dosage would be considerably lessened dué to

the beneficial effect of calcium in the coal ash.

7.2.5. Effect of Fluidising Velocity

The effect of fluidising velocity on sulphur retention is shown for the
Bredasdorp sample in FIGURE 7.2 and for the Union Lime sample in FIGURE
7.3. In both cases, an increase in fluidising velocity resulted in an
increased sorbent requirement for a given reduction in SO, levels, The
predictive value of the model derived in Chapter 6 is shown by the solid
lines in these same figures., The model fit is good, particularly at low
velocities. However, the model tends to overpredict the degree of
sulphur retention at low sorbent flows (corresponding to Ca/S values
less than 1). This behaviour is more clearly evident in FIGURE 7.3, for
the dnion Lime sample. The overall process model postulated by Dennis
(1985) produced a similar trend, where it was mistakingly attributed to
the sulphation capacity of fine particles, which in reality are lost to
the system by elutriation, The current model excluded the action of
fines, and the overprediction was thought rather to be a consequence of
poor mixing of sorbent particles, particularly at such low flow rates.
Overbed feed of sorbent material caused a degree of shortcircuiting to
occur, resulting in a decrease in mean residence time, This finding
reinforces the need to fully investigate possible alternatiygs_to

sorbent feed mechanisms, particularly where the feed stream contains a
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high percentage of particles whose terminal velocity is close to the

fluidising value,.

The significance of particle residence time at low sorbent flow rates is
at variance with the conclusions of Fieldes (1979) and Dennis (1985).
Both maintained that, at low Ca/S ratios (less than, say, 1.5), where
mean residence ﬁimes are large relative to particle sulphation time, the
degree of sulphur retention is expected to be governed by X., according
to N = Rgs X.. (note the similarity to eq. 7.1). When this relationship
is applied to both Bredasdorp and Union Lime data, (U = 0.8 ms—?,
Res = 1) it predicts values of X. equal to 0,75 and 0,5 respectively.
These values are much larger than those measured from batch sulphation
. experiments at the same conditions (Chapter 3). Furthermore, the
Bredasdorp value is in excess of the theoretical maximum of 0,57. This
model, in.effect, gives a value of X. for coal ash particles equal to

0.6, which seems high.

The only data presented by Dennis from a large scale coal combustor
(Wright (1979)] produced a similar inconsistency. The measured value of
X. for the sorbent in question was 0.22, whereas the value predicted by
the above limiting relationship, at Rgs =1, was 0.4. It is difficult to
comment further on the validity of the above limiting relationship
because of a lack of continuous sulphation data from other sources.
However, it may be postulated that significant sulphur retention is
possible by sorbent fragments ('"near-fines") whose size 1is such that
their residence time may be comparable to their sulphation time. This
would negate the validity of the above limiting relationship, even at
low sorbent flow rates. This is consistent with the discussion of the
effect of sorbent feed distribution on sulphation capacity as presented
in Chapter 6. The method of predicting X.. values from continuous
sulphation data should therefore be held in question, except in those
cases where a thorough kndwledge of sorbent size distribqtions (both in

the feed stream and in the bed) is avaiiéble.

It was proposed in Chapter 6 that the sulphation kinetic constants, kg
and ka varied in proportion to each other with respect to fluidising
veiocity. The sulphation data presented above makes possible an
examination of this postulate. British Coal researchers [NCB (1971)]

concluded from experimental data that, with all other parameters
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constant, the reduction in S0. levels could be described by an inverse

dependence on velocity i.e.
Cao/Ca - 1 =¢c2/U + ¢3 7.2

where C.o is the base S0, emission level, C. is its steady state value
for a given sorbent flow, and c2 and c¢3 are constants, FIGURE 7.4
presents the data for Bredasdorp limestone cast in this form. Sulphation
data were collected for only three values of fluidising velocity. The
evaluation of eq. 7.2 was restricted to two values of Rgcs for which
sulphur retention data were available at all three velocities. Despite
these limitations, it can be seen from FIGURE 7.4 that eq. 7.2 is valid,
with c¢2 increasing with increased Rgs. The model prediction for Res = 2
is shown for completeness. Sulphur retention is thus proportional to
1/U, which, confirms, from eq. 6.26, that both ks and kg must carry the
same dependence on fluidising velocity. This relationship can be
generalised to all sorbents. It is therefore possible to describe the
sulphation performance of a selected sorbent at any fluidising velocity
condition, provided the sulphation kinetic parameters, ks and ka, are

known at any one value of U.

7.2.6 Effect of Combustor Temperature

Not much has been said thus far on the influence of combustor
temperature on sorbent performance. FIGURES 7.5 and 7.6 show this effect
for Bredasdorp and'Union Lime samples respectively, over the temperature
range 1100 - 1180 K. Both figures show that sulphation performanée falls
off as the temperature is increased much beyond 1100 K. This reduction
in SO, retention at elevated temperatures is attributed to avdecreased
porosity in the calcined stone [Dennis and Hayhurst (1986b)]. Although
sulphation rate increases with temperature over this range, the mean
pore diameter has decreased and pore blockage occurs more rapidly.

Overall sorbent utility is decreased.

When considering the extension of the sulphation model to the _
performance of sorbents in industrial scale combustor units, it is not
wise to use values of ks and ky derived at a temperature much removed

from the operating temperature of the large scale combustor.
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7.2.7 Effect of Sorbent Type

The parametric study of Chapter 6 predicted that Bredasdorp limestone
would out-perform the other two sorbents. This is indeed confirmed in
FIGURE 7.7, for a series of experiments conducted at U = 1 ms~! and

T = 1100 K. Model predictions are shown as solid lines in the same
figure. Model accuracy is better for the more reactive Bredasdorp sample
than for the other two sorbents, The poor fit to Lyttelton data,
relative to the other two sorbents, is thought to be a consequence of
the excessive amounts of this dolomitic material that were needed, on a
mass basis, to achieve a desired reduction in SO, level. This large
sorbent flow posed severe problems for control of bed temperature and
inventory. Bed temperatures were lower, on average, for the Lyttelton
experiments than for the other two sets. The more frequent drainage of
solids, to maintain constant bed level, led to significant fluctuation

in bed depth due to poor operation of the ash removal screw conveyor.

Overall, however, the model fit is reasonable, and provides reassurance
of its extrapolative benefit to large fluid bed combustors,

independently of sorbent type.

7.3 IMPROVEMENT OVER SIMPLE MODEL OF ZHENG

The prime motivation for the development of the model in this work was
that the simplified version due to Zheng et al (1982) did not consider
particle size or age distributions and igﬁored sorbent attrition. The
sulphation data collected from the NFBC can be used to substantiate the
need for the more elaborate treatment of sulphation offered by the model

in Chapter 6.
The Simple model reduces to eq. 2.33 i.e.
f=1-1/(1 + K Res)

where K, given by eq. 2.34, is a function of ks and ka. TABLE 7.4 gives

K values for the series of tests defined in TABLE 7.2.

These K values are used to predict sulphur retention efficiency as a
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function of fluidising velocity for both Bredasdorp and Union
limestones. The results are shown in FIGURES 7.8 = 7.10 for Bredasdorp,
and FIGURES 7.11- 7.12 for Union Lime. It is cleariy evident that, in
all cases, the model of this work provides a much closer representation
of the measured sulphation data than does the simple model given by

eq. 2.33. It is apparent that, at the low end of the velocity range, the
simple model consistently underestimates the sulphur retention
capability of both limestones, whereas, at the high velocities, the

trend is reversed, again with consistency.

Both these observations can be explained by the relative interplay
between particle size distribution and residence time, with specific
reference to 'near fines' material either present in the feed stream or
generated by attrition of coarée sorbent particles. At low velocities,
this material will rgmain in thé bed for sufficient time to be fully
sulphated, and the simple model (which ignores this material) will
underestimate sulphur retention. At higher velocities, this material
will be elutriated from the bed, and the simple model (which ignores

elutriation), will produce optimistic results of sulphur retention.
These findings confirm the need for a model which adequately represents
the size distribution of sorbent material in the feed stream and in the

bed, and includes the effects of attrition and elutriation.

7.4 SOLIDS LOADING ON GAS CLEANING EQUIPMENT

The prior discussion of sorbent attrition and elutriation pertains only
to an analysis of their role in SO, capture. From a design standpoint,
it is important to ascertain what effect, if any, the choice of sorbent
will have on the general operation of the combustor and its ancillary

equipment,

It has been demonétrated above how the size distribution of sorbent
material in the bed is affected by attrition and elutriation rates. It
could be expected that the extent, and size distribution, of the
carryover stream will be similariy affected, with more friable sorbents
producing a larger elutriate stream. This has a direct bearing on the
sizing of downstream gas cleaning equipment. Once agaih, the data

generated by the NFBC provided an opportunity to assess the significance
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of this aspect of sorbent use.

A comparison was made between the reactive (highly friable) Bredasdorp
limestone and the less reactive (less friable) Lyttelton dolomite,
Average solid flows through primary cyclone and bag filter housing were
measured under combustor operating conditions of U = 1.1 ms~* and

T = 1100 K. All solid flows are reported in TABLE 7.2, from which it can
be seen that, as the coal flow (and composition) are similar in both
cases; any difference in the solids loading to this equipment could be
attributed directly to sorbent selection. The sorbent flows recorded in
this table refer to steady state values required to effect a 60%
reduction in base S0. levels. Although the Lyttelton dolomite flow to
the combustor was in the region of four times that of the Bredasdorp
flow, the total solid loading of both primary cyclone and bag filter was
greater in the latter instance. This is a consequence of the increased

- attrition tendency of Bredasdorp lime. The size distribﬁtions of product
in both cyclone and bag filter are shown in FIGURES 7.13 and 7.14
respectively. Size analyses were performed by a MALVERN 2600 laser
diffraction particle sizer. The mass flow ordinates in both these bar
charts have been normalised against the total average solid flow (coal
plus sorbent) to the combustor. It can be seen from both these figures
that the Bredasdorp sample produced a greater quantity of fines than the
Lyttelton dolomite. Because this latter sample does not abrade to the
same extent, most of the sulphated product is removed via the bed
overflow stream. This too is supported by the figures in TABLE 7.2. A
point of general interest is that all solid flows are of considerable
magnitude relative to coal flow. This is a direct consequence of the
high ash content of the Greenside discard coal sample used in these

combustor tests,

From a design standpoint, the implication of the above comparison is
simply that reactive'sorbents will generate a disproportionately large
amount of fines, and gas cleaning equipment must be sized accordingly.
The choice of sorbent will affect other aspects of. combustor design

(such as feeders etc.,) but these were not examined here.
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7.5. SORBENT ECONOMICS

Sorbent selection is also guided by overall cost effectiveness, This is
obviously dependent on a large number of factors, many of which may be
site specific. For this reason, a general assessment of economic
viability is impossible. It is nevertheless possible to make some
general observations for South African sorbents, b%sed on the

experimental data produced by this industrial fluid bed boiler.

South Africa has extensive deposits of both limestone and dolomite.lMuch
of the limestone is located in the coastal'belt whereas ‘dolomite
reserves are to be found in close proximity to major coal reserves.
Because transpoftation costs play a major role in defining the final
cost of any solid product, the economics of FBC desulphurisation would
appear, at fifst glanée, to favour the use of dolomite over limestone.
-However, from the experimental work above, roughly five times the mass
of dolomite over limestone would be required to achieve an 80 %
reduction in SO, levels. Serious thought should therefore be given to
limestone usage in preference to dolomite. The costs associated with
limestone procurement could be reduced further by precalcination,
assuming that no loss in sorbent reactivity would be incurred by

shipping the calcined product over long distances.

All sorbent suppliers stressed the high cost of producing narrow size

" fractions of their products. The sizé range investigated in this work
was a trade-off between évailable material, and sorbent elutriation
considerations. Reducing the mean sorbent size will improve utility, and
the costs of such a prescreening exercise could well be off-set by the
reduction in sorbent usage. Once more, this pretreatment option would be

particularly attractive where transportation costs are excessive.
7.6 CONCLUSIONS

The validity of the sulphation model derived in Chapter 6 has been
substantiated by extensive data on sorbent performance in a large
industrial FBC. The analysis was constrained to three South African
sorbents for which sulphation kinetic data are available. The fact that
the model adequately represents the performance of sorbents whose

"sulphation kinetics were derived at laboratory scale confirms the
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ability of the model to scale to large FBC units.

This analysis confirmed that simplified models, such as those of Zheng
et al (1982) which assume a mono sized sorbent population, and which
take no account of attrition or elutriation, are poor predictors of

sorbent performance at this large scale.

It was shown that sorbent attrition markedly affects the solids loading

on downstream gas cleaning equipment.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1. CONCLUSIONS

This dissertation is concerned with an investigation of the reaction
between sorbent particles and sulphur dioxide in a fluidised combustor.
The thesis development has been guided throughout by the motivation that
its outcome be of immediate use to design engineers and operating
personnel of FBC plant concerned with the control of SO, emissions. The
overriding objective of this work has been to develop the necessary
tools whereby the performance of an arbitrary sorbent in an FBC of any
scale can be predicted from minimum experimental data. The degree to

which this objective has been met is discussed below.

8.1.1 Sulphation Kinetics

The sulphation kinetics of sorbent particles are described by a simple
kinetic model, where model parameters'are measured during a batch
sulphation experiment in a fluidised combustor. The simplicity of the
experimental technique, and the fact that the influence of coal
combustion can be assessed directly, make it more attractive than the
classic experimental techniques of TGA or differential reactor studies,
where a simulated flue gas environment is invariably standard. There is
little loss of physical significance in the use of such a model over
more complex models which consider fully the diffusion of reactants
through a complicated pore structure. Pertinent features of the

- sulphation reaction, including the decrease in reaction rate with
conversion, and subsequent pore piugging, are reflected in the simple
model. The time dependence of the sulphation reaction rate is described
by a first order rate expression. The complexity of other kinetic
models, where this decrease in reaction rate with time is framed in
terms of the effect of sulphate deposition on pore geometry, does not
appear to be wafranted. When coal combustion takes place, a model which
describes the reactor contents as well mixed gives a better
representation of the variation in sorbent rate constant with conversion

than does one in which gases are assumed to be in plug flow.



126

When this, most simple, sulphation kinetic model is incorporated in an
overall fluidised combustor model, an analytical solution is possible
for a monosized, time invariant sorbent population. However, such an
idealised case bears little resemblence to the true situation with
sorbent feed to large FBCs. This deficiency received considerable

attention in this work,

8.1.2 Sorbent Specificity / South African Resource

The model for sulphation kinetics has been substantiated by sulphation
data for 16 South African sorbents. Both sulphation rate and maximum
attainable conversion are shown to be functions of sorbent type. The
variation in initial sulphatibn rate with_sorbent type has not been
‘reported elsewhere., Its identification here has come about only through
extensive sorbent sampling. The total sorbent resource base can bé
classified into three groups accordihg to the magnitude of the two model
parameters. Sorbents of highest reactivity tend to be highly friable
sandy or marine limestones whilst those of lowest reactivity are ''older"
in the geologic sense, often dolomitic, and have undergone
recrystallisation. The intermediate class of sorbents are generally of a
geologic age somewhere between the two extremes. This information
provides a rapid, first order, indication of sorbent performance.
Geologic descriptions of potential sorbents are readily available (their
use in other process applications being well established). A simple _
check of this description will ascertain whether a material offers any .
promise as a sulphur sorbent. At fhis sfage, there is no requirement for
any experimentalvvalidation of sorbent performance. Although this
assessment was restricted to an analysis of South African sorbents, the
group of 16 samples is extensive enough, and spans a sufficiently wide
range of geologic types, that this relationship is expected to have

general applicability.

A more detailed experimental investigation of the relationship between
sorbent type and sulphation propensity highlighted the role played by
the physical properties of both natural sorbent and calcine. The pore
structure deVeloped on calcination is a function of pore size
distribution, crystallinity and topography of natural sorbent particles,
This serves to reinforce the relationship between sulphation propensity

and sorbent geology described above. It is significant that those
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properties which ensure a high sulphation rate and capacity in certain
sorbents also promote particle attrition. The measured structural
strength of sorbent particles proved to be a good indicator of the

severity of this attrition.

South African sorbents displayed intermediate reactivity compared to
U.K. and U.S.A. materials for which sulphation rate data are available.
It is interesting to note that none of the eight dolomites achieved an
ultimate conversion anywhere near the theoretical maximum of 100%,
although the initial reaction rate of these materials is comparable to
that attained by other highly reactive dolomites (compare the South

African Lyttelton dolomite with U.S.A. Tymochtee dolomite -~ Table 3.5).

8.1.3 Attrition and Elutriation

A model of sorbent attrition in a fluidised bed has been developed from
" experimental measurements in a laboratory scale combustor. Attrition
proceeds by an abrasion mechanism, where surface irregularities are
removed with time, producing more spherical - like particles. Most of
the abrasion takes place in a region near the air distributor where high
velocity jetting action is important. Attrition due to bubbling action
higher up in the bed is small by comparison, though its effect is
additive, The nozzle -~ type distributor plate in the experimental unit
is expected to produce a similar pattern of gas movement to that found
in large FBCs fitted with bubble cap distributor plates, It is therefore
anticipated that the attrition model developed in this work would‘élso
be applicable to these large scale units. The model dependence on
fluidising velocity, bed depth, particle diameter, structural strength
and surface topography has been substantiated by experiment. Deep beds
of soft, friable material produce the greatest amount of attrition.
However, contrary to popular understanding, smaller particles exhibit a
greater attrition propensity than larger ones, though this has been
shown (for a fixed fluidising velocity) to be a function of the greater

bed expansion which results from use of smaller particles.

The attrition rate falls off rapidly with time to a steady state value
which is much lower than the original rate. Though this variation in
attrition rate has important implications for the operation of an FBC,

it is a point often overlooked in the literature.

~
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The model developed in this work considers only those elements of
attrition which result from the continuous motion of bed solids. It is
recognised that significant attrition can occur due to various "once -
off" influences, such as thermal shattering on entry to the bed, as well
as through movement in feed lines and cyclones. It is proposed that
these "instantaneous'" attrition components can be viewed as causing
changes to the size distribution of the sorbent feed stream. This
assertion allows for their direct inclusion in an overall sorbent

sulphation model.

The generation of sorbent fines by attrition has been shown to influence
the elutriation of coarse particles from the bed, An elutriation model,
which considers the effect of fines holdup in the freeboard on the '
terminal velocity of coarse particles, is used to map elutriation data
generated under coal combustion conditions in a large laboratory FBC,.
The predictive capability of this model appears to be significantly

better than other empirical models commonly used.

8.1.4 Extension to Large Scale FBCs

Together, the three models (of sulphation kinetics, sorbent attrition
and elutriation) defined above, coupled to a sorbent population balance,
- can be used to predict the sulphur retention capability of any sorbent
in an FBC‘with a generalised feed distpibution. This overall process
model requireé little supportive experiméntal data - sulphation kinetic-
parameters and sorbent structural strength only - and both sets of
experiments can be conducted easily in any laboratory.

The model predicts that choice of sulphation kinetics exerts the
greatest influence on sulphur capture, though fluidising velocity,
attrition rate and feed size distribution play a role. Natural sorbent
physical propérfies are important in defining sulphation propensity,
moreso for their effect on the generation of calcine pore volume and
pore size distribution, than for any direct influence on attrition

" ‘tendency.,-

The predictive capability of the model has been substantiated for three

dissimilar South African sorbents in a 10 MW., FBC. These sorbents were
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from the original group of 16 whose sulphation kinetics were measured.
The data set from the large unit confirmed that the sulphation
propensity of a selected sorbent, at any velocity condition, can be
predicted from sulphation kinetics measured at one arbitrary fluidising
velocity. This analysis also confirms the deficiency of simpler process
models which take no account of the distribution of sorbent particle

ages in the fluidised bed.

8.1.5 Summary

Two main points arise from this work.

1. The performance of selected sorbents has‘been mapped from laboratory
to industrial scale FBC units. These sorbents are representative of a
much wider sample whose reactivity with sulphur dioxide has been

described in detail and related to their formative geology.

2. Although the overall process model is based on sulphation and
attrition kinetics measured at laboratory scale, it is reasonably
successful in predicting the sulphation propensity of these same

sorbents in a typical industrial FBC.

Taken together, these findings attest to the degree to which the primary
objective of this thesis has been met. Design engineers can apply the
process model to finding the required sorbent flow raté for a given
reduction in S0, emissions: Experimental‘requi%ements are minimal. The
information on attrition is invaluable to the design of downstream gas
cleaning equipment. Operators of FBC plant can assess the implications
of changes in sorbent supply by observing the relationship between

sorbent geology and sulphation performance.
8.2. RECOMMENDATIONS

8.2.1 Model Extensions

Therevare two'principal limitations of the current model.

a). The contribution of "once-off'" attrition effects to the sorbent

population model'was included through changes to the feed size 3
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distribution, Investigating the influence of several idealised feed
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distributions on sorbent performance gives little indication of ;he
severity of this instantaneous attrition component, though it is
expected to be at least as severe as that caused by continuous solid
motion wothin the combustor. A more fundamental assessment of this
inherently transient phenomenon would require that the model be recast
in terms of joint size / age distribution functions. Such an approach
would remove the constraint that qttrition be viewed exclusively as an
abrasion process, where the number of particles in the bed does not

change with time,

b). The model does not consider the sulphation potential of fine
particles, either in the feed stream or generated by attrition, though
their residence time in the bed may be of the order of ﬁarticle
sulphation time. As above, such a refinement would require that the

model be reformulated.
8.2.2 General

a). It was shown that the calcium content of high ash coals is
sufficient to effect a considerable reduction in SO, emission levels,
 Little is understood of the way in which calcium is dispersed in ash
particles, and whether sulphation of these particles follows the same
patterﬁ as that of limestone and dolomite. It would be interesting to
pursue this further, to investigate whether this mode of sulphur capture

can be improved, for instance, by controlled attrition.

b). The data base of South African sorbent performance in a large scale
FBC should be extended to other sorbents whose sulphation kinetics are
known, In particular,-the effect of alternative sorbent feed
arrangements (such as in-bed sorbent feed), and fines recycle from the

primary cyclone should be investigated .

c). The economic viability of FBC is dependent, to a large extent, on
.sprbent requirements. Sorbent transportation costs are often important.
For this reason, it would be worthwhile to investigate'the possibility
of sorbent precalcination, prior to its transport. For a high purity
limestone this would result in almost a 100% reduction in sorbent bulk,

with a prOportional reduction in transportation costs, Précalcination
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also offers the possibility of optimising calcine structure for sulphur
capture. Such an exercise would require close collaboration with lime

manufacturers, whose expertise in this area could prove invaluable,
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APPENDIX A - CALCINATION OF SOUTH AFRICAN SORBENTS
A.l1 Overview

Calcination directly affects the pore structure, and hence sulphation
propensity, of sorbent particles. The mechanism of sorbent calcination
has been well researched [Zawadzki and Bretsznajder (1938), Murray et al
(1950, 1953), Hyatt et al (1958), Ingraham and Marier (1963), Hills
(1968), Ulerich et al (1977), Spitsbergen et al (1983), Borgwardt
(1985), Dennis and Hayhurst (1986)]. This last paper offers the most
comprehensive study of the reaction in fluidised beds, and confirﬁs-
that, under conditions typicél of atmospheric pressure FBC operation,
calcination of 0.75 - 2 mm sorbent particles proceeds to completion in
about two minutes. This compares with typical sulphation times of 1 - 2
hours (see. Chapter 3). In the discussion of sorbent sulphation presented
in this thesis, the calcination reaction can therefore be described by

an infinitely fast reaction rate without loss of overall accuracy.

A.2 Experimental

Some work was undertaken on the fixed bed calcination of selected South
African sorbents. Sorbent calcines, prepared in a muffle furnace, were
examined for variation in their physical properties (Chapters 4 and 5).
The very rapid calcination times representative of fluidised bed
reaction were not achieved under these conditions, and it was therefore

necessary to investigate this mode of calcination in greater depth.

Calcination times were monitored as a'function of sorbent type,
temperature (1073 - 1223 K), and furnace atmosphere (CO. concentrations
in the range 0 - 60%). Bredasdorp, Saldanha and. Marble Hall limestones,
and Lyttelfdﬁ dolomite were examined. Five gram masses of each sampie
(in the size range 300 - 600 ym) were placed in crucibles and heated
under the required conditions of T and CO. atmosphere, until sample mass
was éonstant, at which point calcination was assumed to be complete.
Samples were removed from the furnace prior to weighing. To overcome
problems associated with loss of sensible heat during this weighing

period; tests were carried out with a number of identical samples held
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at elevated temperatures for different, and increasingly long, time
periods. Samples were not returned to the furnace after mass
measurement, In this way, a picture of continuous calcination could be

developed from this data set.
A.3 Results

FIGURES A.1 - A.3 show the effect, on calcination time, of sorbent type,
furnace temperature and CO, atmosphere respectively. Calcination times
vere cqnsiderable longer than those reported above in fluidised beds.
At T = 1170 K, [CO,.] = 15%, calcination of the three limestone samples
was completed in about 1 hour, and in about half this time for the
Lyttelton dolomite sample. Calcination times decreased‘with an increase
in furnace temperature and a decrease in [CO.] partial pressﬁre. Such
findings are consistent with the general body of literature referred to

above.

These calcination times were used as a guide in the preparation of

calcined samples for the analyses of Chapters 4 and 5.
A.4. Discussion

The experimental data at hand permitted a rudimentary investigation of

the calcination mechanism. Defining a dimensionless radius r.* such that

rer = [RezBe | a1
where m., m,, and m. is the mass of the sorbent charge at time t, time
zero, and when calcination is completed, and assuming, furthermore, that
calcination rate is controlled by chemical reaction according to
shrinking core kinetics, gives a relationship in which r.* should vary
linearly with time, t. This is indeed borne out by FIGURE A.4 for |
calcination of Bredasdorp limestone under differeht [CO2] partial

pressures. .

Folowing the development of Dennis (1985); calcination time, t.,; should
vary with the inverse of the excess [CO.] partial pressure over its
equilibrium value at a given temperature. This is borne out by FIGURE

A.5.



140

Both these figures confirm that calcination rate is controlled by
chemical reaction, with the influence of heat transfer being minimal,
This claim is supported by FIGURES A.l1 -A.3 from which it can be seen
that sorbent particles lose mass immediately on entry to the furnace -
there is no perceptible heat-up time. The fact that calcination times
are longer in the muffle furnace than in a fluidised bed is attributed

to the localised high concentration of CO, in the region of the sorbent

charge.
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APPENDIX B - SAMPLE CALCULATIONS FOR SULPHATION KINETICS

B.l1 Interphase Exchange Coefficient

The interphase exchange coefficient, X, which pertained to batch

sulphation experiments described in Chapter 3, is found from eq.2.9.
Summary of combustor operating conditions:

U=0.7 ms—?

H = 200 mm

d, (sorbent) = 300 - 600 um
d, (sand) = 750 um

Toaa = 1123 K

Minimum fluidisation velocity, U,e, from Yates (1983)
Effective bubble diameter, D., from Darton (1977)

Under these conditions,

Umf = 0.17 mS_l

Da = 0.54 (U = Une)®*“ (h + &/A,)C-3 / g°'f ‘ B.1
= 4,2 cm
Dy = 1.39 cm?/s (from Fieldes, Table 6)

€. = 0.43 [from Babu et al(1974)]

From eq.2.9,

B.2

6.34 ng 1.3 Emg D81>/2”g]./4]

X = 5 apoy2 Ume ¥ —(T 5 60) Daire

Taking Hne = H = 0.2 m and using values for other parameters as above,

gives

1»<
I

8.87
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This value of X is sufficiently large that errors in assuming the

fluidised bed to be well mixed are small.

B.2 Maximum Sorbent Conversion for Selected South African Sorbents

. The maximum conversion of the three South African sorbents (Lyttelton,
Marble Hall and Bredasdorp) is found from numerical integration of

eq.2.6 i.e

Xu = Gy"/M I(l-yo/yo*) dt ' . ~B.3

The dry flue gas flow, G, is found from an O, mass balance over the

laboratory combustor as follows:

Coal flow, Fo = 0.65 kg/hr
Excess 0, in flue gas, on average = 4%
Average combustion efficiency = 90%

Coal composition from TABLE 3.1
Air flow to combustor, Fa = 6,48x10~% kmol/s

From coal composition figures, molar flow of combustion products
= 6.99x10~% kmol/s

Dry flue gas flow, G = (0,79 P, + 6,99x10"% + x,) kmol/s

where x, is excess air flow.
But, flue gas [0.] = 42. The excess air flow, xA; can now be calculated.
Thereforg, 0.21 x./G = 0,04 and x, = 1f4. 105 kﬁol/s
Thus, G = 7.1>9x10—5 kmol/s.
This value is used in eq. B.3 to predict X. for the three South African_
sorbents. For the sulbhation of Bredasdorp limestohe, y;* =‘800 ppm,.

whereas for Lyttelton and Marble Hall tests, Yo~ = 985 ppm. This

differencé was. attributed to variations in coal composition between
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tests., The molar Ca0 charge, M, was calculated from sorbent purity, for

a sample mass of 15 grams.

L]

M - Lyttelton
M - Marble hall
M - Bredasdorp

8,089x10'5 kmol
1.377x10-* kmol
1.331x10—* kmol

The integral term in eq. B.3J was evaluated from the SO, / time response
data (as in FIGURE 3.2). Integration was performed using a Simpson's

rule algorithm with 10 subdivisions.

The calculated value of X. for the three sorbents is thus

X. - Lyttelton = 0,155
X.. = Marble hall = 0.237
X.. - Bredasdorp = 0,325

B.3 Sulphation Time from Model of Fieldes

Following the methodology of Fieldes (1979), the sulphation time, ts, is
found as follows:

2 .
X- = [ (Kso + 1/B) 1n(1 + BKso) - Kao | n d,* CPe

7 Koo B B.4

where P. is a model parameter, related to pore plugging time, C is the
bulk [SO0.] = 1.085x10~5 gmol/cm3.

B is found from eq. 3.1, and Z = 7w d,® fs / 6. 56

Using X. for Bredasdorp, along with the measured value of

Kso = 0.466 ms—*, gives a value for P. = 23.2 s.

The sulphation time is related to the model parameter, P., by
ts = P./y,~, where y,* = particulate phase [S0.],
equal to y,"(1/2 + 1/X).

| Using the calculated value‘for-g from eq B.2 gives a calculated value of
ts = 37862 s. .
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Measured sulphation times were, from Chapter 3, equal roughly to 3600 s.
The model of Fieldes predicts a sulphation time roughly 10 times this

value.

B.4 Initial Sulphation Rate Constants from Argonne TGA Data

The initial sulphation rate constant, Kgo, can be found from TGA data as
follows:
_dX d,
Keo = Gt~ [e-0 6C B3

where C is ambient [SO.]. Lee and Georgakis (1981) provided an

expression for dX/dt|t=0.

dX _ Qo '
dt lt=0 T2 B.6
where Qo is 1initial reaction rate, and Z is moles of Ca0 per particle.
Qo was defined in terms of a sulphation time constant, Tse. Values of
1s¢ Were reported for the ten sorbents for which TGA data were available
from Argonne national Laboratory. Using eq B.5 and B.6, a final
expression for Kso is:
o a

Kso 6 fs Tse B.7

where fg is fractional purity of sorbent particle. Kso values calculated

from eq. B.7 are shown in TABLE 3.5 for the Argonne sorbents.
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APPENDIX C.

SOUTH AFRICAN CARBONATE RESOURCE

South Africa, with its well established mining, industrial and
agricultural base, generates a significant demand for lime and limestone

/ dolomite. Principal users of this raw material are

1. the cement industry

2, the agricultural sector, for the stabilisation of clay soils, and the
neutralisation of acidic soils (aggravated by acidic deposition from

thermal power stations)

3. the metallurgical industry, as a flux in iron and steel processing,
for acid neutralisation during gold and uranium processing, and as a

flux in platinum refining
4. the carbide industry, for acetylene production

5. the pulp/paper and sugar industries, where lime is used in the

regeneration of caustic soda, and the optimisation of pH respectively
6. in water treatment

Product specifications for each of these applications are rigid, both in
chemical purity, and required size distribution. This has major
implications for the quarrying of this valuable resource. Of interest is
that, beyond the sometime requirement for select size rangés, little

emphasis is placed on the physical properties of the material.

It should be stressed that the quality and extent of limestone deposits,
.in South Africa, is poor by world standards (using Western Europe and
the USA as examples). An additional feature of the industry is that the.
largest deposits are significantly remote from the site of large coal
fired power. plant. Discounting areas where the known deposit is defined

as less than 5 M te, the total extent of local calcium based carbonate
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resources (recoverable by open cast mining)is estimated to be in excess
of 23 100 million tonnes, of which more than 80 % is calcitic in nature,
and includes significant resources of calcrete and travertine. The known
reserves at existing quarries exceed 9000 million tonnes, of which
‘again, more than 80% is calcitic [ Martini (1987)]. Existing quarry
operations exploit the medium to high grade deposits, although these

terms are relative - their chemical purity is low by world standards.

The 16 sorbents examined in this thesis have been obtained from
operational quarries, whose geographical locations are identified in
FIGURE C.1., What follows is a summarised geologic description of each of
these deposits, giving their local stratigraphic typing, as well as
international descriptors (South Africa has only recently embarked on a
program to standardise on terminology used to describe the complex, and
variable geology of the region [de Grys, 1980]). Current mine tonnages
are quoted where known, and the existing markets for the various
products identified. This information is required for the planning of
any scenario in which the use of these carbonates for flue gas

desulphurisation is envisaged.

Limestones and dolomites belong to the sedimentary classification which
displays the widest distribution in South Africa. Older rocks are often
indurated and metamorphosed, with little natural porosity, whilst
younger ones may be soft and poorly consolidated [Martini (1987)]. Other
significant classes of calcareous materials are calcretes and dolocretes
which form under mildly arid climatic conditions by accumulation of
CaC0s in soil. The texture, porosity and robustness of a limestone

depend largely on the nature of the sediment from which it consolidated.
A brief description of the geology of each sorbent is given below.

Robertson: This dolomite is part of the Malmsbury Group,
st}atigraphically belonging to the Namibian Eréthem. Its USA‘
classification would be Precambrian Z.

The Malmsbury Group is regarded as a geosynclinal succession of
sedimentary and low grade metemorphic rocks, and is predominantly marine
in character. The carbonate at Robertson is a light grey material,
easily broken, with silica (originally present as chert) being the main

impurity. Used principally as a source of agricultural lime, it is
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quarried at the rate of 180000 Te/yr. Recoverable reserves have been

defined as 8 million tonnes (in 1980).

Lichtenburg: This sorbent in its raw form is a calcrete (limestone
precipitate in soil, from evaporation of groundwater; usually dolomite
base). This material belongs to the Malmani Subgroup of the Vaalian
Erathem, and can be classified as Precambrian X. This specific deposit
contains inclusions of magnesium carbonate and detrital material, and as
such, is of variable quality. It is used in cement production, and

known reserves are in excess of 500 million tonnes.

Immerpan: This resource can be described as a dolocrete (as per
calcrete, but with significant MgC0,) which overlays Karoo sediments.
The deposit lacks uniformity, with the top layer being richer in
magnesium carbonate. This secondary limestone is part of the Transvaal
Supergroup of rocks, and belongs to the Vaalian Erathem (Precambrian X).
Reserves of this soft dolocrete are estimated at 150 million tonnes
(1980), and this resource is quarried at the rate of 1 million tonnes

annually, exclusively as an agricultural lime.

Bredasdorp: This Tertiary-to-Recent marine depoéit, belonging to the
Cenozoic Erathem (the youngest division of the Phanerozoic subdvision),
contains a calcreteous overburden, and variable silica content
(sometimes as high as 20%.) Quarried for agricultural lime and
metallurgical applications, this material is highly friable, with_\_

reserves of good quality limestone known to exceed 1000 million tonnes.

Saldanha: The chronostratigraphy of this poorly consolidated, sandy,
Recent limestone, is identical to the Bredasdorp sample. Depending on
the exact location from which samples are taken, this deposit contains
significant shelly fragments. If the full extent of the deposit is

considered, reserves exceed 2000 million tonnes.

Marble Hall: This metamosphosed white marble, belonging to the Transvaal
Sequence (and thus of Vaalian age - Precambrian X), contains the
minerals diopside, fosterite and tremolite, and its principai impurity
is chert, Overall purity is variable, and reserves of good grade product

are put at not much beyond 20 million tonnes.
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Hol River: This very pure calcite is part of the Nama Group of rocks and
its age is somewhere between late Phanerozoic and Namibian Erathem.

Quarrying is very select, and the deposit is not considered extensive.

Slurry: This material is also calcreteous, and is quite friable. Its
chronostratigraphy corresponds to the Lichtenburg deposit, and its
principal use is in cement production} Known reserves are fhought to be

comparable to the Lichtenburg deposit.

Moorreesburg: This is a very small limestone deposit, with reserves

totalling only 200000 Te. Part of the Malmsbury Group (Namibian Erathem

- Precambrian Z), it is used exclusively for building lime.

Lyttelton: This valuable deposit of primary dolomite is almost chert
free, although in places it does contain traces of quartzite and shale,
Belonging to the Malmani Subgroup - Vaalian Erathem (Precambrian X),
this deposit is quarried extensively as a metallﬁrgical flux. Reserves

are essentially unlimited.

Olifantsfontein: This deposit is located in close proximity to the

Lyttelton deposit, and is not geologically dissimilar.

Leo: This dolocrete is similar to that at Immerpan, although it tends to
be powdery. Total reserves of the Immerpan region could approach several

hundred million tonnes.
Lime Acres: This primary limestone comprises the largest single reserve
of high purity limestone in the country. Part of the Ghaap Plateau group

of rocks, it is of Vaalian age - Precambrian X. Reserves are unlimited.

Glen Douglas: This dolomite is part of the same formation as the

Lyttelton and Olifantsfontein deposits, and it too, is quarried for its

value as a metallurgical flux.

Vredendal: This quaternary dolomitic deposit is part of the Nama Group
(Namibian erathem - Precambrain Z). It is quarried at the rate of 150000
tonnes per year, for use as a refractory base. Resources are estimated

at several hundred million tonnes.
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Umzimkulu: This is a very coarse grained deposit with calcite and
dolomite interspersed. Its chronostratigraphy spans both Precambrian X
and Y, and its South African typing is the Mokalian Erathem. The deposit
is not uniform, and in places contains metamorphic silicates, and in
places has undergone several recrystallisations. Toal reserves of
calcitic marble are in the region of 1500 million tonnes, whilst

dolomite reserves approach 600 million tonnes.
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APPENDIX D - ELECTRON MICROGRAPH IMAGES
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APPENDIX E - EFFECT OF SIEVE ACTION ON SORBENT ATTRITION

The extent of attrition during fluidisation was quantified by sieving
out any fines generated. However, it has been recognised that sieving
action is, of itself, a majof attrition mechanism {Gupta et al (1975)].
Therefore, in measuring the amount of sorbent attrition caused by fluid
bed action, allowance must be made for the contribution of '"sieve -

attrition".

In this current work, the amount of fines generated by sieving was shown
to be both a function of sieving time and the mass of sorbent placed on
the sieve pan. Although the first dependence was to be expected, and is
consistent with.experimental results reported by Gupta et al (1975), the
second requires some clarification. It is intuitivély felt that, as the
mass of sorbent particles placed in the sieve pan is decreased from the
maximum that the pan can physically hold, interparticle motion becomes
more'evident, and the effective kinetic energy of»individual particles
is increased. If, under these conditions, attrition is a function of the
kinetic energy of these particles, then the amount of fines generated
also increases. As the sample mass is decreased further, interparticle
contact decreases, and the extent of sieving attrition should level off

to some constant value.

The fluid bed attrition tests were conducted with sample masses
typically of 1 — 2 kg. After each incremental fluid bed attrition run,
the total charge was split into three fractions for sieve analysis.
Sieving time was kept constant at 15 minutes. The sieve pan mass thus
varied between 330 gnd 660 grams. Over this range it was possibie-to fit
the mass of fines generated by sieve action to a plot of the fqrm

o

A=¢cy —Ca*nm ’ E.1l
where A is the extent of attrition, defined by eq. 5.2, m is the sieve
pan mass, and c, and c, are functions of sample type. For the Bredasdorp

samplé, in the size range 300 - 600 um, c; = 0,135 and c, = 1.5x10—%.

It was assumed that sieving action would generate fines by the same
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mechanism as fluidisation i.e. abrasion would dominate. It could
therefore be expected that "sieve - attrition'" would display the same
time deﬁendence as "fluidisation - attrition'. Assuming this to be true,
it is necessary to measure the amount of fines generated by sieve action
only at the start of each fluidised attrition study. In each successive
time increment, the amount of "sieve fines" could be then inferred from
the incremental change in fines generated by fluidisation, assuming the

two attrition curves to be parallel.

The true measure of fluidised bed attrition could then be calculated by

subtracting the '"sieve fines'' from the total mass of fines measured i.e

é = ln [Mo / (Mconr5e + Msiava f:l.nes)]

where M, is the mass of sorbent chérged to the fluidised combustor,
M;O;rs, is the mass of particles remaining in the 300 -600 uwm fraction
after the attrition trial, and Msiecve fines 1S the mass of fines

generated by sieving action.

For other size ranges of the Bredasdorp sample, the effect of sieve
attrition was assessed by scaling upwards, to the total fluidised bed
sample mass, the amount of fines generated in a sieve charge of 500
grams. Fines generated by this method corresponded to initial values,

prior to any fluidised bed attrition. These figures are shown below

d, 600 - 850 um: 500 g sieve charge gives 22,95 g fines

d, 850‘— 1180 wm: 500 g sieve charge gives 19.7 g fines

For the other sorbents examined in Chapter 5, attrition tests were
conducted only at one bed depth, and for one particle size. The
contribution which "sieve - attrition' makes to fines generation was
inferred, as abové, by scaling from a sieve charge of 500 grams. These

figures are reported below.
500 gram sieve mass

- Lyttelton . : 20,3 g fines generated

Saldanha : 80,5 "
Marble Hall _ 33,6 "

Umzimkulu 14,9 "
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APPENDIX F - SUMMARY OF ELUTRIATION MODELS

{ .
Two popular elutriation models were assessed in Chapter 5. Their

development is repeated below.

F.1. Wen and Chen Model

This model is based on the classic first order elutriation rate
expression, whereby the flux of particles of size i is proportional to

their mass fraction in the bed. Thus
-dxy4/dt = K* X,, where K* is the elutriation velocity constant.

Wen and Chen proposed that the elutriate flow rate per unit bed surface,

of particles of size i, Fy, is given by
F.i.. = Ei X4
and

F-=2F1-'

where the elutriation rate constant E = K* W/A, where W is the bed mass

and A is the bed area.
The elutriation rate constant is given by

By = f’s (1- €4) Uss
where Usy, the solid velocity of a given particle size, is approximated
by the difference between the the superficial gas velocity and the
terminal velocity of particles of size i, Thus '

Uss = U = Ues

The freeboard voidage, €4, is derived from a force balance on the

combustor walls, and can be expressed as
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[ (U - Ueg)? 72747
€1 = [ 1+ 2 g D ]

where I' is the coefficient of friction due to interparticle contact, and

their contact with the combustor walls,

I' was correlated against system parameters thus:

ngs w425 5.17 Re,"*+5 D.2 for Re, <= Re;o
d,? [ ] ‘ [ 12.3 Re,"%2-% D. for Re, >= Re,o

.[35

where Re,o = 2,38/D. and Re, = fg (U-Ueg) dy / v

F.2 Geldart Model

This model differs fundamentally to that of Wen and Chen in that the
holdup of fines in the freeboard increases the effective gas density,
thereby lowering the terminal velocity of coarse particles and

increasing their elutriation rate.

This model, too, assumes a first order relationship between elutriation
flux and the mass of particles of a given size in the bed. The final

form of the model is

ff Uv= C,‘exp E— Co 3‘ ]. . ‘ F.l

where F, = /9, + 2191, and C, and C, are system constants. The solids

loading of particles of size i, in the freeboard, is given by

[D:I.'-:Fi/UA

The terminal velocity of particles of size i is calculated from the
éxpression proposed by Heywood (as reported by Coulson and
Richardson,1968) with a particle drag force Fp = 3mud, U (1 + 0,15

Re,®-527),

The model is implemented for discrete particle sizes. The solids
loading of the smallest size fraction is calculated from the mass of

elutriated solids and its sieve analysis. The effective gas density,
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"seen" by the next largest size, is then simply P, +-P;. U.s for this
size fraction is then calculated, and, with the measured value of E,
used to substantiate eq. F.l. The process is repeated with increasing

particle size, until all sizes have been accommodated.
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APPENDIX G - MODEL PARAMETERS

G.l Steady State Attrition Rate

From eq. 5.10,

_ay olf) dpr 272 '
LA (T B E H pa e G.1

where a, is the measured steady state attrition rate. Values of a, can
be found in TABLE 5.6 for laboratory attrition studies, Substituting the
a, values for the Bredasdorp sample attrition tests into eq G.1l, gives a

mean value of p'= 1,91 % 0.5.

This mean value of p"is used to ascertain stady state attrition rates
under conditions where no measured values are available e.g, in the 10
MW.n, FBC studied in Chapter 7. Under typical operating conditions for
this unit (H =1 m, U =1 ms~?, d, = 750 um),

Rss Bredasdorp = 8.5 %/hr
Rss Lyttelton 5.3 Z/hr
Rss Lime Acres = 5.3 %/hr

G.2 Sample Model Calculations

The accompanying tables, G.l1 - G.4 show the discretisation of the solids
population model for U = 1 ms—t, Ras = 5%/hr, a feed stream of constant
size d, = 750 um, and Res values of 0.5, 1, 2, 4. The columns referred
to as Terms 1-6 are in fact the individual components of the discretised
population balancé, each one being equal to a term on the RHS of eq

6.10.

Under these conditions, the mean particle diameter increases from 600 wm
to 637 um as sorbent feed rate is increased over this range of Rgs

values.

Coarse particles are defined as those whose terminal velocity exceeds
the fluidising value (U = 1 ms~* in this case). The residence time of

these particles (from TABLES G.1 - G.4) ranges from about 10 - 35 hours.



160

' Using the argument, developed in APPENDIX F, that the holdup of fines in
the freeboard increases coarse particle carryover, it can be shown that
particles of 150 um and larger have U.s values greater than 1 ms—!, and
they should not be elutriated from the bed. It is interesting to note
that the model predicts finite residence times for much smaller
particles, e.g. at Rgs = 2, T(dy = 53 um) = 0,93 hours, which is
comparable to the sulphation time ts. However, these small particles are
present in negligible amounts in the bed (for a feed of constant size),
and their contribution to sulphation is small. When a sorbent. feed
stream with a wide size distribution is used, fine particles make up a
greater proportion of bed bulk, and their effective contribution to
sulphation should not be discounted. The action of fines on sulphation
is not included in the present model because of the requirement that, at

.steady state, the total number of particles in the bed be constant.

The population balance gives t(d,s) for discrete particle sizes. This
information is used in conjunction with the discrete analog of eq. 6.24
to give the overall sulphation efficiency for the full range of particle
~sizes in the fluidised bed. The summation texrm in eq. 6.24 is evaluated
over the same discrete size intervals used in solving the population

balance expression (eq. 6.10).



TABLE 2.1 SUMMARY OF SULPHATION EXPERIMENTS BY OTHER RESEARCH GROUPS

Research Reactor do T Calc. Gas
Group Type (mm) (K) Condition Atmosphere
Potter Fixed 0.92 1253 precalcined No.2 fuel oil
(1969) bed + CS,
Spitsbergen 1.TGA 0.2 1123 precalcined S0, = 0.2%
(1981) 2.FBC 0.2 1123 precalcined C0, = 15%
02 =2 %
N, = 82.8%
3.Pilot 0.2 1123 uncalcined coal comb.
FBC 0.4 %S = 1.03
0.65
Borgwardt Fixed 1.3 . 1253 precalcined flue gas :
and Harvey bed 0.25 S0, = 3000 ppm
(1972) 0.096
Hartman Fixed 0.565 1123 precalcined S0, = 0.29%
and Coughlin bed 1.2 €0, = 10.1%
(1974) 0. = 3.5%
N, = balance
Ulerich TGA 1-1.2 1033 precalcined S0, = 0.5%
et al ' to 0. = 4%
(1978) 1223 N> = balance
Dogu TGA 15 1033 precalcined S0, = 0.5%
(1981) ‘to 0. = balance
1373
Vogel TGA -0.92 1173 precalcined S0, = 0.3%
(1977) 0, = 5%
C02 = 20%
N> = balance
Fieldes Fluid 0.256 1050 uncalcined S0, = 0.258%
(1979) bed 0.465 to balance air
0.78 1200 or
1.09 coal comb.
1.55 S0, = 0,24%
Zheng Fluid 0.15 "+1073 uncalcined coal comb.
et al bed 0.62 1123 %S = 2.55

(1982)



TABLE 3.1 BALLENGEIGH COAL COMPOSITION

Carbon 50.06 £ m/m
Hydrogen 3.54
Ash 33.9
Moisture 3.08
Sulphur 1.53
Nitrogen 1.25
Oxygen 6.64
GCV (MJ/kg) 20.25

TABLE 3.3 SIEVE ANALYSIS OF FLUIDISING MEDIUM

Aperture (mm) Z Retained
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TABLE 3.4 SULPHATION KINETIC PARAMETERS

-Sorbent Source ks (ms—1) Ka (571) Coeff. of
Correlation
Robertson 0.132 0.00458 0.963
Lichtenburg 0.181 0.00099 0.991
Immerpan 0.105 0.00161 0.98
Bredasdorp 0.466 0.00233 0.994
Saldanha 0.365 0.00265 0.965
Marble Hall 0.155 0.00220 0.997
Holrivier ' 0.118 0.00109 v 0.995
Slurry ' 0.257 0.00193 0.98
Mooreesburg 0.110 . 0.00244 0.984
Olifantsfontein 0.143 0.00357 ) 0.993
Lyttelton ' 0.138 0.00514 " 0.992
Leo Dolomite 0.285 0.00545 0.981
Lime Acres 0.154 : 0.00229 0.994
Glen Douglas 0.240 0.00418 0.987
Vredendaal 0.176 0.00422 0.995

Umzimkulu 0.249 _ 0.00192 - 0.994

TABLE 3.6 EFFECT OF Fe AND Na ADDITION ON SORBENT UTILITY

Sorbent ~ Soaking %Fe.0a Ksa X
Batch Time in sample - (ms—1) '
' (min) after soaking

Batch 1 10 1.47 0.06 0.119
Batch 2 30 3.3 0.05 0.116
Batch 3 60 . 3.9 0.05 ' - 0.120
Batch 4~ 5 1.42 - 0.08 - 0.121
Batch 5* 10 1.47 . 0.07 v _0.112
Base Test - - 0.138 0.155

* indicates batches with 1% Na,C0, added



TABLE 3.5 COMPARISON OF SORBENT REACTIVITY

Sorbent Max Conversion Initial
Source X Rate Const.
ks (mS—l )

SOUTH AFRICAN:

Bredasdorp 0.325 0.466

Marble Hall 0.237 0.155
Lyttelton 0.155 : 0.138
U.S.A,.¢*?

Tymochtee ' 0.97 0.034
D. 1337 0.88 0.043
L. 1351 0.76 0.037
L. 1360 0.58 _ 0.028
‘Greer L. C 0.48 , 0.019
L. 2203 : 0.37 0.02

L. 1343 _ - 0.32 0.02

L. 1336 0.29 : 0.018
Grove (L. 1359) 0.15 0.016
Dolowhite ' 0.15 0.016
U.S.A.(Z)

Lowellville 0.17 -+ 0.06

Brownwood 0.14 0.035
Ames 0.15 0.06

Bellefonte 0.15 0.06

Mississippi v 0.25 0.06

U.K.¢3?

Penrith R ' 0.23 0.128
Lo¢4? : 0.15 0.126

D1¢5? ' 0.80 .0.130

Notes:

(1) These data were obtalned at Argonne Nat10na1 Laboratory by TGA.

Mean d, = 1 mm.

(2) This data set is from Westinghouse Corp. Sorbent utilities were obtained by
graphical extrapolation of FBC data. Mean d, = 1 mm.

(3) The Penrith sample had a mean d, = 0.46 mm. THe mean size of the L6 and Dl
samples was 0.78 mm '

(4) L6 is Grove limestone.

(5) D1 is Tymochtee dolomite. The value for sorbent utility reported by Fieldes
(1979) from a coal combustion experiment in FBC is lower than the value
reported by Lee and Georgakis (1981) from Argonne TGA data.



TABLE 4.1 POROSITY ANb SURFACE AREA DATA FOR SORBENT CALCINES

Sorbent Pore Surface Mean Pore B.E.T

Source Vol. Area Radius Area
(cc/g) (m*/g) (nm) (m3/g)

Robertson 0.178 5.42 186

Lichtenburg 0.159 3.52 304

Immerpan 0.399 5.94 350 4.93

Bredasdorp 0.247 2.13 494 2.15

Saldanha 0.206 0.59 941 0.55

Marble Hall 0.102 0.92 489

Holrivier 0.06 0.18 945 0.26

Slurry 0.317 3.81 418

Mooreesburg 0.271  1.02 676

Olifantsfontein 0.297 4,38 200 - 4,38

Lyttelton 0.322 4.67 © 180 4,53

Leo Dolomite 0.605 3.83. 640 '

Lime Acres 0.393 4.12 398

Glen Douglas 0.395 5.26 553

Vredendaal 0.207 6.65 135 5.85

Umzimkulu 0.088 5.10 151

TABLE 4.2 EFFECT OF CALCINATION CONDITIONS ON PORE STRUCTURE

Sorbent Pore? Pore?® Mean Surf. B.E.T . €2 €4
Source Vol. 1 Vol. 2 pore Area Area ' Meas.

Calc. ' C

(cm3®/g) (cm®/g) Radius (m3/g) (m2/g)
- {(nm)

Bredasdorp(C) 0.247 0.34 153 6.0 5.2 0.53 0.572
MarbleHall(C) 0.101 0.323 . 157 4.9 5.7 0.517 0.524
Lyttelton(C) 0.323 0.313 78 8.8 8.3 0.51 0.578
Bredasdorp(N) . - 0.049 506 0.75 0.86 0.117 -
MarbleHall(N) - 0.022 1971 0.06 0.09 0.056 -
Lyttelton(N) - 0.013 780 0.06 0.13 0.034 -

(C) refers to calcines, prepared at 1170 K: max time = 1 hr
(N) refers to natural sorbent

1. Pore volumes baséd on calcines prepared under conditions of TABLE 4.1.
" 2, Pore volumes based on optimal calcination time at 1170 K

3. Based on measured pore volumes

4. From eq 2.1 with X=0 (from Hartman and Coughlin (1974))



TABLE 4.3 EFFECT OF CALCINATION TEMPERATURE ON PARTICLE SURFACE AREA

Temperature B.E.T. Surface

(K) (mn2%/g)
1073 14.4
1123 9.5
1173 8.1
1223 : 4.8

~ Note: All calcines prepared in an air atmosphere; held at T for two hours

TABLE 4.4 EFFECT OF PARTICLE SIZE ON UNIT SURFACE AREA
OF CALCINED SAMPLES

Particle Bredasdorp Lyttelton
Size (um) B.E.T.(m?/g) B.E.T.(m?/g)
53 8.3 14.0

75 10.0 13.5

106 7.3 14.6

150 7.7 . 13,2

212 7.8 14.5

500 9.2 14,1

Note: All calcihes were prepared at 1170 K for 2 hours in air.

TABLE 4.5  STRUCTURAL STRENGTH DATA FOR SEﬂECTED SOUTH AF?ICAN SORBENTS

Sorbent Source Natural Sorbent Calcined Sorbent
: ’ o (Nnm?) ' o (Nnm?)

Bredasdorp 935400 35020

Saldanha ‘ 71000 ‘ 39230

Marble Hall 156500 . - 56040

Lyttelton : . 256000 . 56040

Umzimkulu ' 63700 56040



TABLE 4.6 RELATIONSHIP BETWEEN SORBENT GEOLOGIC AGE
AND SULPHATION PERFORMANCE

Lithostratigraphic Sorbent Utility
Typing Classification

1. TERTIARY / QUATERNARY
1.1 Recent Marine/Sandy
Limestones ‘ , .

Bredasdorp calcite
Saldanha calcite

an

1.2 Secondary Limestones

Slurry calcrete

Lichtenburg calcite

Immerpan dolocrete
- Leo dolomite

> mwo

2. PRIMARY CRYSTALLINE
LIMESTONE/DOLOMITE
~ 2.1 Malmesbury Group

Mooreesburg calcite
Holrivier calcite

Vredendaal dolomite
Robertson dolomite

> P> ww

2.2 Mzimkulu Formation
Umzimkulu dolomite . c

- 3. TRANSVAAL SUPERGROUP
PRIMARY LIMSTONE/DOLOMITE

Lime Acres calcite
Marble Hall calcite
Lyttelton dolomite
Olifantsfontein dol.
Glen Douglas dolomite

> 5> > ww

Note: Sorbent classifications based on sulphation kinetics - Chapter 3.



TABLE 5.1 EFFECT OF FLUIDISING VELOCITY ON ATTRITION

Total : Coarse Sieve Att. Extent of
Attrition Mass (g) Mass (g) Attrition
Time (hr) (%)

Bredasdorp; (U-Uane)=0.3 ms~; H = 0.2 m; Mass = 1987 g; d,=300-600 um

0 1987 0 0

0.25 1856.2 69.9 3.115
0.5 1746.1 128.7 5.816
1 1680.9 163.4 7.449
2 1634 188.5 8.642
4.04 1594.6 209.5 9.654
10.37 1560.8 227.6 10.53

20.26 1533.4 242.2 11.247

Bredasdorp; (U-Une)=0.2 ms=*; H = 0.2 m; Mass = 1987 g; d,=300-600 wum

0 . 1987 0 0
0.25 1904.4 69.9 ~0.641
0.5 1813.6 146.7 1.352
1 1770.4 - 183.2 1.692
3 1690.7 250.7 2.322
4 1658.4 278.0 2.577
8 1621.1 309.6 2.875
16 ° 1597.3 ' 329.7 3.065
58.7 1562.6 359.1 3.334



TABLE 5.2 EFFECT OF BED HEIGHT ON ATTRITION

Total Coarse Sieve Att, ~ Extent of
Attrition Mass (g) Mass (g) Attrition
Time (hr) , (%)

Bredasdorp; (U-Uame)=0.3 ms~*; H = 0.1 m; Mass = 994 g; d,=300-600 um

0 994 0o 0
0.25 915.8 58.5 2.0

0.5 836.5 117.8 4,071
1 776.1 163.0 5.676
4,25 746.8 184.9 6.465
14.72 715.8 208.1 7.306
23.45 694.3 223.1 8.018

Bredasdorp; (U-Une)=0.3 ms—'; H=0.15 m; Mass = 1490.3 g; d,=300-600 um

0 _ 1490.3 o 0

0.5 919.5 175. 5

1 856.5 , 194.9 6.97
2.02 : 774.7 220.0 7.88
4.02 760.3 224.5 7.73
9.19 678.3 249.7 8.25
16.19 691.2 245.7 9.11

Bredasdorp; (U-Ume)=0.3 ms—*; H = 0.2 m; Mass = 1987 g; d,=300-600 um

0 - 1987 0 0

0.25 1856.2 69.9 3.115
0.5 1746.1 128.7 5.816
1 1680.9 163.4 7.449
2 1634 188.5 8.642
4.04 1594.6 209.5 9.654
10.37 ' 1560.8 227.6 , 10.53

20.26 . 1533.4 : 242.2 11.247



TABLE 5.3 EFFECT OF PARTICLE SIZE ON ATTRITION

Total
Attrition
Time (hr)

Coarse
Mass (g)

Sieve Att,
Mass (g)

Extent of
Attrition
(%)

Bredasdorp; (U-Ume)=0.3 ms=2; H = 0.1 m; Mass

Bredasdorp; (U-U,e)=0.3 ms—*3 H = 0.2 m; Mass

4.04
10.37
20.26

Bredasdorp; (U-U,e)=0.3 ms='; H = 0.1 m; Mass

0
0.25
0.75
1.75
3.75
8.5
24.05

994

915.8
836.5
776.1
746.8
715.8
694.3

1987
1856.2
1746.1
1680.9
1634

1594.6

- 1560.8

1533.4

798

741.4
702.7
675.9
653.1
632.9
613.3

= 994 g; d,=300-600 um

0
58.5
117.8
163.0
184.9
208.1
223.1

&S0

.0
071
5.676
6.465
7.306
8.018

= 1987 g; d,=300-600 um

0
69.9
128.7
163.4
188.5
209.5
227.6
242.2

0
3.115
5.816
7.449
8.642
9.654
10.53
11.247

= 798 g; d,=850-1180 um

0

43
72.4
92.6
110.0
125.3
140.2

—\‘

0
1.724
2.918
3.75
4.47
5.11
5.74

Bredasdorp; (U-Une)=0.3 ms~'; H = 0.2 m; Mass =1596 g; d,=850-1180 um

0
0.25
0.75
1.75
3.67
18.82

1596
1497
1436
1390.9
1348.2
1313.1

0

62.9

101.6
130.3
157.4
179.7

0 ..
2.288
3.725
4.80
5.829

6.68



TABLE 5.4 EFFECT OF SORBENT TYPE ON ATTRITION

Total Coarse Sieve Att. Extent of
Attrition Mass (g) Mass (g) Attrition
Time (hr) (%)

Bredasdorp; (U-Une)=0.3 ms—*; H = 0.2 m; Mass = 1987 g; d,=300-600 um

0 1987 0 -0

0.25 1856.2 - 69.9 3.115

0.5 1746.1 128.7 5.816

1 1680.9 163.4 7.449

2 1634 188.5 - 8.642

4.04 1594.6 . 209.5 9.654

10.37 1560.8 227.6 10.53

20.26 1533.4 242,2 11.247

Lyttelton; (U-U,s)=0.3 ms~*; H = 0.2 m; Mass = 2349 g; d,=300-600 um

0 2349 0 0

0.58 . - 2220 ' 95,13 1.449
1.05 2149.7 147.1 2.25
2.05 2098.5 184.9 2.836
4.63 2047.3 222.6 3.425
15.7 2017.8 24404 3.77
38.6 1992.2 263.2 4.063

Marble Hall;{U-U,e)=0.3 ms—*3 H = 0.2 m; Mass = 2347 g; d,=300-600 um

0 2347 0 0

0.5 2127.3 157.8 2.674
1.13 2035.7 223.5 3.811
2.23 1987.6 258.0 4.413
4.58 1943.3 289.9 4,972
10.04 1913.2 311.5 5.351
18.34 1883.2 333 5.732

42 1862 348.3 6.003

Saldanhaj (U-Une )=0.3 ms—*; H=0.2 m;y Mass = 2327.g; d,=300-600 um

0 2327 0 3 0

0.5 1707.3 374.5 11.136
1.06 1543.1 473.7 14.3
2.08 1457.5 525.5 16
4.17 1387.4 567.8 17.4

9 1331.4 601.7 ' 18.54
19 1307.1 616.4 19.05

Umzimkulu; (U-Une) = 0.3 ms—23 H = 0.2 m; Mass = 2443 g; d,=300-600 um

0 2443 ‘ 0 _ 0 -
0.51 v 2263.5 ’ 72.65 4,473
1.03 2171.8 109.7 6.836
2.03 2089.4 143.1 9.01
4,03 2047.9 7 159.8 10.12
8.13 2025.4 169 10.73

23.5 1994 181.7 11.58



TABLE 5.5 EFFECT OF TEMPERATURE ON ATTRITION

Total Coarse
Attrition Mass (g)
Time (hr)

Sieve Att,
Mass (g)

Extent of

Attrition
(%)

Bredasdorp; (U-U,e)=0.3 ms=*; H = 0.1 m; Mass=994 g; d,=300-600 um; T=298 K

0 994

0.25 915.8
0.5 836.5
1 776.1
4.25 746.8
14,72 715.8
23.45 694.3

0
58.5
117.8
163.0
184.9
. 208.1
223.1

0
2.0
4.071
5.676
6.465
7.306
8.018

Bredasdorp; (U-Une)=0.3 ms=?; H = 0.1 m; Mass=994 g; d,=300-600 wm; T=1100 K

0 incremental sieve 0

0.25 analysis did not 2.44

0.5 apply to this 9.31

1 high temperature 11.05

2 test run 11.87

4 13.0

20.6 18.22
TABLE 5.6 REGRESSION CONSTANTS FOR ATTRITION RATE DATA

Test Conditions ao a, as aa
(U=Upe)=0.2ms~* ;H=200;d,=300-600 2.34 0.049 -2.33 -1.36
(U=Upmg )=0.3ms~2 ;H=100;d,=300-600 6.29 0.072 -6.43 -1.97
(U=Upnge)=0.3ms—* ;H=1503d,=300-600 7.50 0.102 -7.45 -2.25
(U-Upe)=0.3ms~* ;H=2003d,=300-600 8§.99 0.119 . -8.99 -1.81
(U-Upe)=0.3ms~* ;H=100;d,=850-1180 4.24 0,066 ~4.08 -1.49
(U=Upne)=0.3ms—* ;H=200;d,=850-1180 5.24- 0.079 -5,07 -1.69
Bredasdorp at ‘T = 1100 K 11.89 0.306 -12.23 -2.06
Lyttelton at T = 298 K 3.40 0.018 -3.39 -0.94
Saldanha at T = 298 K 16.43 0.155 -16.39 -2.08
Marble Hall at T = 298 K 4,89 0.030 -4.82 -1.36
Umzimkulu at T = 298 K 10.04 0.067 -9.99 -1.09

Unless stated otherwise, all tests refer to Bredasdorp limestone at T=298 K



TABLE 5.7 COMPOSITION OF COAL USED IN ELUTRIATION{MiASUREHEﬁT

Carbon

Ash

- Hydrogen

Moisture

Sulphur

Nitrogen

Oxygen

GCV (MJ/kg)

7

13.7

.0
.7
6
2

O O WO

.
3

28.95

6 %m/m .
2

TABLE 5.8 MEASURED ELUTRIATION DATA FROM 300 MM COMBUSTOR

Velocity 1.0 1.0 1.25 1.25 1.5 1.5 1.75
(m/s)
Total Elutriate [0.0388 0.0387 0.0423 0.0444 0.0421 0.0412 0.0657
(kg/m?/s) '
Sieve Analysis
of Elutriate (%)
Sieve Aperture
(um)
" 10 3.012 6.686 3.09 9.421 7.903 6.223 6.943
20 18.785 20.64 15.403 17.468 13.866 13.21 16.25
38 13,167 14,47 11.282 11.111 10,017 10.4 11.236
" 53 16.302 16.477 14.64 13.644 13.07 13.377 13.262
75 16.104 16,696 15.343 14.289 14,405 14,571 12.766
106 15,24 14,938 16.477 15,331 - 15.723 16.425 13,398
150 7.753 7.326 11.738 11.193 12.566 13.372 11.664
212 2.03 1.918 5.477 5.246 9.28 9,243 11.056
300 0.481 0.253 1.344 1.930 2.804 2.487 4.634
500 0.123 0.246 0.168 0.119 0.365 0.348 0.368
TABLE 5.9 ELUTRIATION RATE CONSTANTS
Velocity 1.0 1.0 1.25 1.25 1.5 1.5 1.75
(m/s)
Elutriation
Constant kg/m2/s
Sieve Aperture
(um)
10 1.75 1.29 1.92 2.09 - 1.67 1.28 2.28
20 2.08 2.28 1.86 2.21 1.67 1.56 3.05
38 2.04 2.24 . 1.91 1.97 1.69 1.72 2.95
53 ° 2.53 2,55 2.48 2.42 2.20 2.21 3.48
75 1.25 1.29 1.30 1.27 1.21 1.20 1.68
106 1.12 1.16 1.39 1.36 1.33 1.35 . 1.76
150 0.10 0.09 0.17 0.17 0.18 0.18 0.26
212 0.006 0.005 0.017 0.017 '0.028 0.027 0.052
300 0.001 0O 0.002 0.002 0.003 . 0,003 0.008
500 0 0 0 0 0 0 0




TABLE 7.1 COMPOSITION OF GREENSIDE DISCARD COAL

Carbon 34 - 36 ¥ m/m
Hydrogen 2 - 2.5

Ash 45 - 52
Moisture 1.9 - 2.1
Sulphur - 2.6 - 3.3
Nitrogen 0.7 - 0.8
Oxygen ‘ 6 -9

GCV (MJ/kg) 13 - 16

TABLE 7.4 CALCULATION OF K VALUES FROM ZHENG'S MODEL

Test c H N 0 - xs 02 xs AIR K
SCBL1 0.407 0.026 0.01 0.05 0.0324 0.057 - 0.342 2.293
SCcBL2 0,399 0.023  0.01. 10.06.  0.0272 0.061 0.372 1.967
SCBL4 0.385 0.024 0.01 0.07 0.0274 0.067 0.438 1.821
SCBL5 0.39 0.024 0.01 ~ 0.06 0.0232 0.045 0.254 1.898
SCBL6 0.397 0.027 0.01 0.04 0.0268 0.054 0.327 1.909
SCLD1 0.414 0.026 0.01 0.05 0.0319 0.061 0.386 0.168
SCULl 0.388 0.024 0.01 0.05 0.0285 0.062 0.392 0.723
SCUL2 0.386 - 0.024 0.01 0.05 0.0293 0.075 0.524 0.689
ScuLd 0.387 0.024 0.01 0.06 0.0295 0.069 0.458 0.721
SCUL4 0.372 - 0.023 0.01 0.06 0.03 0.045 0.253 0.897
SCUL5 0.369 = 0.023 0.01. '0.06 0.0263  0.056 . 0.334 0.777

SCUL6 0.391 0.025 0.01 0.05 0.0263 0.06 0.381 0.656
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TABLE 7.3 STEADY STATE S02 EMISSIONS AS A FUNCTION OF SORBENT FEED RATE

Test Fo {S0.1 : Res ired
(kg/hr) (ppm)
SCBL1 0 3558 0 0
56,7 : 2615 0.242 26.5
152 1575 0.647 55.7
231.8 1249 0.986 64.9
309.8 1108 1.318 68.9
SCBL2 0 2823 0 0
56.6 2361 0.229 16.4
160.2 1825 0.649 35.4
246.5 , 1301 . 1.0 53.9
327.6 921 1.33 67.4
SCBL4 0 -~ 3136 0 o 0
4.4 2848 0.421 9,2
224.,5 1977 1.273 37.0
467.9 841 2.654 73.2
546.7 616 3.1 80.4
595.6 423 . 3.378 " 86.5
SCBL5 0 2503 0 0
92.3 ' - 1300 _ 0.488 48,1
160.2 898 0.918 64.1
246.6 580 1.408 - 76.8
328.1 245 1.925 90,2
459,9 106 2.699 95,7
SCBL6 0 3092 ' 0 0
64.3 1690 0.331 45.3
75.4 1663 0.388 46,2
152.2 1378 0.783 55.4
233.3 928 1.2 70.0
310.2 768 1.595 75.2
386.3 645 1.987 79.1
562.2 258 2.891 91.7
SCLD1 0o 2050 o. 0
506.7 1050 1.703 48.8
510.3 1038 1.715 49.4
763.9 , 808 2.402 60.6

1021.2 526 3.268 74.3



TABLE 7.3 CONTINUED

SCUL1

SCUL2

SCUL3

SCUL4

SCULS

SCUL6

60.6
126.2
192.7

133.4
203.7
260.9
395.2

111.4
223

341.2
455.1
564.3

72.8
145.7
330
396
473
573.1

105.3
207.9
305.5
504.7

'730.8

784.9

81.2
163.9
258.5
338.7
430
714.4

2486
2255
2015
1673

2472
1740
1474
1143

901

2742
2436
2100
1855
1585
1216

3600

2991
2560
1520
1150
998
921

3048
2310
1714
1252
753
483
434

2720
2243
1918
1600
1384
1200

693

0.358
0.714
10156

0.724
1.102
1.411
2.137

0.414
0.828
1.267
1.691
2.096

0.378
0.756
1.712
2.054
2.454
2.973

0.481
0.923
1.412
2.333
3.328

3.575

0.444
0.955
1.485
1.88
2.33
3.783
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SORBENT PROPERTIES

CALCINATION —— ' —= ATTRITION

SULPHATION = RESIDENCE TIME «————— PARTICLE SIZE
\\\\\\\\\\\ DISTRIB%{iij\\\\\ DISTRIBUTION
- COMBUSTION == ENTRAINMENT

ELUTRIATION

FIGURE 1.1 CONCEPTUAL MODEL FOR FBC SULPHUR CAPTURE

.Available Sorbents

¥

Sorbent Properties Plant Environment

- size distribution : ’ raw sorbent costs
shape preparation costs )
structure . transportation costs
hardness spent sorbent markets
strength : disposal sites
density : market factors
composition

v

Models, Tests, Simulations
v
v

Phenomena . » _ - —
desulfurization kinetics +| Process Models, Ranking
sorbent utilization . System, Minimm Acceptance Criteria
sorbent attrition ' V
fluidization s
attrition ! Performance
agglomeration : cost o
deposition ' reliability
eutectic formation ) technical performance
erosion ’ environmental impact
corrosion ¢ 'P
envirommental releases Optimum‘Sorbent Selection

FIGURE 1.2 SORBENT SELECTION PROCESS LINE DIAGRAM
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% REDUCTION IN S0O2 EMISSIONS

LN (Ca®/Ca — 1)

100
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FIGURE 3.3 COMPARISON OF SORBENT EFFECTS.ON REDUCTION IN
S02 EMISSIONS
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FIGURE 3.4 LINEARISED SULPHATION RATES FOR THREE SORBENTS
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FIGURE 3.6 COMPARISON OF MODELS OF FIELDES AND ZHENG

FOR SULPHATION OF MARBLE HALL LIMESTONE
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FIGURE 4.1 Hg INTRUSION CURVE FOR BREDASDORP
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FIGURE 4.2 PORE SIZE DISTRIBUTIONS OF THREE SOUTH AFRICAN SORBENTS
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FIGURE 4.3 CONCEPTUAL MODEL OF SORBENT PARTICLE FAILURE
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FIGURE 4.4 LOAD DEFORMATION OF SORBENT PARTICLES IN CLOSED PACKING



EXTENT OF ATTRITION, A (%)

ATTRITION RATE (% / hr)

' ATTRITION TIME (hours)
o U=Umf+0.3 m/s + U=Umf+0.2 m/s

FIGURE 5.1 EFFECT OF FLUIDISING VELOCITY ON ATTRITION EXTENT
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FIGURE 5.2 EFFECT OF FLUIDISING VELOCITY ON ATTRITION RATE
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FIGURE 5.4 EFFECT OF PARTICLE SIZE ON ATTRITION EXTENT
FOR BED HEIGHT = 100 mm
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FIGURE 5.5 EFFECT OF PARTICLE SIZE ON ATTRITION EXTENT

FOR BED HEIGHT = 200 mm
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FIGURE 5.6 EFFECT.OF SORBENT TYPE ON ATTRITION EXTENT
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FIGURE 5.7 EFFECT OF SORBENT TYPE ON ATTRITION RATE
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FIGURE 5.8 EFFECT OF TEMPERATURE ON ATTRITION EXTENT
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FIGURE 5.9 SCHEMATIC OF 300 mm FBC UNIT
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FIGURE 6.1 PROCESS FLOW DIAGRAM FOR COMBUSTOR
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FIGURE 6.2 MODEL PREDICTION OF EFFECT OF SORBENT TYPE ON SO2 CAPTURE
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FIGURE 6.4 MODEL PREDICTION OF EFFECT OF SORBENT FEED DISTRIBUTION
ON S02 CAPTURE
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FIGURE 7.4 EXPLICIT MODEL DEPENDENCE ON FLUIDISING VELOCITY
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FIGURE 7.9 COMPARISON OF SIMPLIFIED MODEL OF ZHENG et al
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FIGURE 7.10 COMPARISON OF SIMPLIFIED MODEL OF ZHENG et al
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FIGURE 7.11 COMPARISON OF SIMPLIFIED MODEL OF ZHENG et al
WITH THIS WORK FOR UNION LIME (U=0.79 m/s)
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FIGURE 7.12 COMPARISON OF SIMPLIFIED MODEL OF ZHENG et al
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