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ABSTRACT

Combustion modetling of utility furnace chambers provides a cost efficient means fo
axtrapolate the conibustion behaviour of pulverised fuel (pf) as determined from drop
tube furnace (DTF) experiments ta full scale plant by making use of computationat fluid
dynamics (CFD). The combustion model wili be used to assimilate sssential
information for the evaluation and prediction of the effect of

= changing coal feedstocks

» proposed operational changes

« hoiler modifications.
TRI commissicned & DTF in 1989 which has to daie been primarily used for the
comparative characterisation of coals in terms of combustion behavisur, An analysis of
the DTF results allows the determination of certain combustion parameters used to
defina a mathematical mode! describing the rate at which the combustion reaction
takes place. This model has been incorporated into a reactor made! which can
simulate the processes oceurring in the furnace region of a boiler, thereby allowing the
extrapolation of the DTF determined combustion assessment to the full scale. This
provides information about combustion conditions in the boiler which in turn are used
in the evaluation of the furnace performance.

Extensive furnace testwork of one of Eskom’s wall fired plant (Hendrina Unit 9) during
1996, intended to validate the model for the a) plications outlined above, included the
measurement of :

» gas lemperatures

s 03 CO,, CO, NO, and SO, concentrations

« residence time distributions _

= combustible matter in combustion residues extracted from the furnace

= fumace heat fluxes.
The coal used during the tests was sampled and subjectad o a serles of chemical and
other lah-scale analyses to determine the following

e physical properties

s composition

s devolatilisation properties

» combustion properties

The same furnace was modelled using the University of Stutigart's AIOLOS combustion
code, the results of which are compared with the measured data.
A DTF derived combustion assessment of a coal samplad from the same site but from
a different part of the beneficiation plant, which was found to burn differently, was
subsequently used in a further simulation to assess the sensitivity of the modeli to char
combustion rate data. The results of these predictions are compared to the predictions
of the validation simulation.
It was found that the model produces resulis that compare well with the measurad
data. Furthermore, the model was found to be sufficiemlly sensitive to reactivity
parameters of the coal. The modet has thereby demonstrated that it can be used in the
envisaged application of extrapolating DTF reactivity assessments to fuli scals plant. In
using the model, it has become apparent that the evaluations of furnace modifications
and assessments of boiler operation lie well within the capabilities of the model.
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1.  INTRODUCTION

Eskom ufilised approximately 70 million tons of coal in 1885 in pulverised coal
boilers. As coal usage increases and reserves are depleled, Eskom will face
changing feedsiocks. it is accepied that the conventional proximate analysis, calorific
vaiue, ash and peirographic anaiyses alone cannot adequately quantify the
performance of steam raising coals’. It is therefore difficult to pradict the combustion
behavicur of a coal without some other maans of combustion behaviour assessment
or prior operating exparience with the coal in question.

In order o assess a coal's combustion behaviour, TRl commissioned a Drop Tube
Furnace {DTF) in 1989 and has fo date assimilated an extensive datsbase of
physical-, chemical- and combustion behaviour information of Eskom and other
steaming coals. The combustion behaviour information of a coal includes a
description for the rate of char combustion which, under pulverised fuel (pf) firing
conditions, is the slowest of the combustion reactions. Ignition properties are
estimated from devolatilisation characteristics.

DTF coal characterisations have been mainly used for the comparative assessment
of the combustion behaviour of coals, with on. coal generally being consldered a
refarence coal whose combustion performance was considered acceptable.

A number of attempts have been made to correfate the DTF to full scalé plans, and
while 7., DTF can reproduce most of the combustion conditions typical in the full
scale .» »t, inis requires detailed measurements of conditions in the boiler, which ¢an
only oe obiainad from experiments on full-scale plant. These are hoth costly and
time-consuming. However, the rapld development of numerical methods, physical-
and chemical sub-models and computer hardwarc in the iast 10 to 15 years has
madé computafional fiuid dynamics (cfd) based methods valuable for the enginesring
assessment of furnace processes, These progesses inchide the combustion of pf and
the formation of nitrogen pollutants,
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This report presents the- ADVANCED SIMULATION CODE FOR FLOWS N

COMBUSTION $YTEK..  JLOS), for the analysis of the fiow field, combustion,
heat transfer and nifrogen poliutants in muﬁi«bﬁmer' pulverised coat furnaces to
extrapolate DTF results to full scale plant to provide essential information .for the
evaluation of o T ' :

. changmg toal feedstocks

* opemﬁdnal changes for oplimisation purposes

= boiler modifications for NOx reduction or bptimised heut reiease.
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2 METHODOLOGY AND THEORETICAL BACKGROUND
21  OVERVIEW
211 THEORETICAL OVERVIEW

Caleulation based methods have been used in the design of fassil fual fired combustion
chambers {0 refine, to some exient, the design and operation optimisation
axperiances since the early 20th century. Parlicularly the advent and rapid
davelapment of computer fachnology has spurred the evelution of caloulation based
simulation tools. These are intended to help the enginesr in designing and diagnosing
combustion plant fo improve combustor efficiencies and further, as a broader
spectrum of fossil fusls is being considered, the capability of combustion plant to
burn cartain fuels. A number of madels are available, some of which have partichular
applications. An attempt has been made to broadly classify these (Khafil®®, 1882} in
ferms of the information they yield on their application.

ZERO Dimensional Modals

These models are used to predict average combustor heat transfer, furnace eificiency
-and other overall averaged properties such as wall emissivity, gas emissivity, gas
composition and combustor tempearature .

ONE Dimensional Modals

These models allow the prediction of the aforementioned combustion environment
propertios in length or time. This type of model is restricted to flows with litle or no
racirculation although some recirculation effect may be taken info account by
considerlng a combination of plug flow and well stirred reactors.

TWO and THREE Dimansional modsis
These models aliow the delermination of the spatial distribution of fiuid and energy flow
through the combustion system. Most models Incorporate a variety of submodals for

turbulence, reaction and heat transfer. The validity o/ these sub-modeis to various
furnace and combustion chamber configurations has been assessed with
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comparisony with experiments, Results from the above models require critical
assessment since the models anu ‘heir interactions are complex and refevant
experimental data is limited. The prédicion of trends of the effect of operafional
variables o the averall combustor performance has however improved dramatically
with the develapment of compider technology which has pravided the possibility to
Improve certain submodels, particularly the turbulence submodel.

212 OVERVIEW OF METHODOLOGY

Extensive tasting of Hendrina's Unit 9 furnace was performed during February 1948 to
obtain a set of furnaca condition data that could be used to validate the AIOLOS
advanced three dimensional combustion model for Eskom’s coal firsd plant. The
furnace tastwork inciuded the measurement of :

¢ gas temperatures

» Oy, CO,, CO, NOy and SO, concentrations

o tombustible matier in combustion rasidues extracted from the furnace
« residence time distributions

+ furnace heat fluxes

Hendring's bollar @ coal feedstock was extansively sampled during the furnace tests,
and characterised and analysed using the DTF and TRI's coal laboratory. The results
of these tests, togsther with furnace design and opsration information, were used to
set up fhe AIOLOS combustion modei, which was then run at the Univessiy of
Stuttgarl. The configuration of the model for the furnace in question was used tfo train
an Eskom staff member in the use thereof, whils the model predictions were
compared {o the measured data.

A DTF derivad combustion assessment of a coal sampled from the same site but from a
different part of the beneficiation plant, which was found to burn diffsrently, was
subsaquently used In a fudher simulation to assess the sensitivity of the modei to
char combustion rate data. The resulls of these predictions are ¢compared to the
predictions of the validation simutation.

2.2 FURNACE TESTING
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2.21 SELECTION OF BOILER TEST SITE

The reason for selecting Hendrina power station was that the furnace is relatively
small {200 MWe) compared to the furnaces of Eskom's >500 MWe bollers, and
hence the furnace could be probed to sufficient depth to obtain a set of daia that
couid validate the AIOLOS combustion cude.

222 FURNACE PROBING

Probing of the boller's combustion chamber through various observation ports,
situated on the side wall of the furnace, was performed by making use of water
conled suction probes ranging in length from 8 to 12m. The probes were used to
maastire furnace gas femperatures, Oz, CO-, COx, NOx- and Soz-cdncentraﬁons.
as weil as exiracting combustion residus samples at 0.5m intervals up to a furnace
depth of around &m, depending on what probe could be used at a particular access
point. Figure 1 shows a schematic of the testing equipment used. '

223 FURNACE GAS TEMPERATURE MEASUREMENT

Furnace gas femperaiures are Iideally dlrectly measured using R-fype
{Platinum/Platinum -10% Rhodium) thermocouples supported by the aforementionexd
waler cooled probes and protected at the juniction from radiative heat exchange by a
double ceramic sheath, Mot gas i3 drawn over the shielded junction at velacities high
enough to render the temperature measuroment indapendent of gas velocity (Land et
al* (1954)). This means of measurement did however fail frequently during the
testing as a result of slag deposits in the ceratnic shis!d, which in time blocked the
flow of the hot gas. This condition became evident when the measured furnace
temperature suddenly dropped several hundred degrees Celsius. Once ovident,
measurements were discarded, fouled components removed and replaced.

An indirect gas temperature measurement method (Idlatulin® et al (1977)) was

subsequently adopted, which uses three axially aligned K-Type (Nickel / Chrome-
Nickel) thermacouplas situated in the suction probe (see Figure 2).
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Figure 1: Schematie of Firnace Probing Equipment
(A4 copy of Figure 1 Is aitached in Appenidix 1.1}
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Figure 2 : Arrangement of Thermocouples in Suction Prahe

Because the gas sample is quenched the instant it enters the probe (resulting in
molten ash particles sclidifying before they adhere fo any probe surfaces) and
becausa the praba surfaces are not as conducive to slag deposits forming on them
as the ceramic swrfaces are, this method of temperature measurement is
considerably less problematic. However, the inlet gas temperature needs fo be
extrapolated from the temperatures measured using the thermocouples. The
extrapolated temperature is determined as follows :
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T, = 'rxi+f;-‘5-[('r,§)“~1‘c‘] )
i = 1,2,3

where

emisaivity of the thermiecouple junction

o = convective heat transfer coefficient between
the gas and the thermocouple junction

Stefan-Boltzmann constant

1]

g

The wall temperature of the suction chatinel, T;, can be determined with sufficient
accuracy by measurement with the thermocouple without: suction, when the
thermocnuple assuries the temperature of the surrounding walis. it was further found
by the developers of this method that at a distance of x = 2.5 d from the probe tip, the
radiation from the furrace no longer affects the thermocouple. An axtrapolated
temperaturé can be defermined by solving equalion (1) simuftaneously with two of
the thres thermocouple teadings, assuming thats remalned constant, which can be
reasonably assumed, as the temperature measured uging the three thermocouples
varied by only 200 - 400°C. The sugction veincity through the probe {40-60 m/s) was
sufficiently high fo ensure turbent flow past the thermocounies and hence o, could ba
considered constant,

This temperafure measuremant system did however only function weli when the
thermocouples were in equilibrium and the furnace temperature remainad reasonably
‘constant over approx. 3s. When the three extrapolated temperatures differed
significantly , the measurements were discarded. For the purpose of this
investigation, a temperature variance of more than 20°C between the meaximum and
minimum predicted vaiue was considered significant. Further analysis would however
have to be performed to ideniify a steady state condition of the thermocouples.

Figure 3 shows a graph of the extrapolated temperatures as a function of furnace

depth and time since start of measurernent. Note the fluctuations of up to 70°C in gas
tempetature at a single furnace depth,
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Flaure 3 : SFurnace Gas Temperature Measuraments

224 GAS SPECIES CONCENTRATION MEASURSMENT

A furnace gas sample was drawn fram the suction stream of the water cooled prabe,
as shown in Figure 1, using a suction pump. A portion of this stream was then
continuously passed through a membrane dryer bafore entering the Landcom 6500
poriable fiue gas analyser. This flue gas analyser uses dedicated electrochemicel
cells for the determination of the following gases :

GAS RANGE ACCURACY RESQLUTION
Oz 0 - 25% vol, + 1% + 0.1% vol.
CO (low range) 0 - 2090 ppm +4% +1 ppm
€O {high range) ¢ - 40000 ppm - 1 100 ppmi
SO 0 - 2000 ppm +4% + 1 ppm
NO 0~ 1000 ppm + 4% * 1 ppm
CO. calculated - "

The analyser was calibrated using prepared standard certified sample gases prior to
every test, The standard gases used were as follows :
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GAS CONPOSITION

0 5.20%, balanca Ny
CO (low range) 120 ppm, 14% CQg, balance Nz
CO (high range) not calibrated
80, 768 ppm, balance N.
NO 474 ppr, balance Ny

225 RESIDENCE TIME DISTRIBUTION MEASUREMENTS

For the purpose of this investigation, the residence time is defined as the time a pf
particle has spent in the furhace ragion of ths boiler. Due to the complex turbulent
flowfield in the furnace, particularly in the burher ragions, identcal pf patticles may
spend different times in the fumace depending on the flow path they have taken
through it. The residence time distibution (RTD) is by definition the statistical
distribution of residence times that pf particles entering the furnace through a
particular hurner may spend in the furnace. The furnace exit plane does however
havethes  cross section as the furnace and the flue passing through it cannot be
assumed tc be perfectly mixed. In view of thig, the RTD's from each of the threa
burnsr rows to a number of points on the furnace exit plane wera determined.

It was however not practical to measure the RTD of a batch of particles that
simultanecusly enter the furnace through a burner, because this would require that
the particle be Idenfifiable based on some property unique fo the batch in question
and furthermore, the identification would have fo be made at very short time
increments tiroughout the test.

Because of the smali slze of pf particies (75% <75um), it can be reasonably assumed
that the RTD of particles wilf not differ much from the RTD of a gas molecule. indesd,
the free fall velocity of a 50um particle would be only about 0.05 m/s compared to the
gas velocities of around 10m/s at furnace axit.

Experiments with various fracers during a previous furnace RTD investigation at
Matimba Power Station (Blenkinsop et al*) showed that sulphur powder could be
used. A Skg charge of sulphur was injected very rapidly (using air canfions) Into the
primary air / pf stream just before the burner inlet of one bumner. The injected silphur
was sufficient fo increase the furnace exit SOz concentration tenfold.
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The suiphur sublimes at around 440°C, and then oxidises when in the gas phase.
The rate of formation of SO, from the sulphur powder is therefore simiiar to the
combustion rates of volatile products from the coal (diffusion fimited), and for the
purpose of the RTD estimations, was considered to occur instantansously. Figure 4
shows a schematic of the testing equipment used.

FUREACE WTEL it \\

\
\

* [ foitie FRet

05

i

R -'}‘.:' %

AT
- SR

- — ]

Figure 4: Schematic of RTD Meastrement Equipment
(A4 copy of Figure 4 Is aftached in Appendix 1.1)

The SO, cancentration vs. time profile measurad at furnace exit could therefore be
considered to be a RTD of the combined {urnace and probing system given an
instantansous SO; source just in front of the burners where sulptur was being
injected.
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Plot of axperimenial overall rosgonse to sulphur tracer infection
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Figure 5 : Graph of overall RTD Responsa

The suction pyrometer used to sample the furnace exit does, ho'wy 31, have it's own
RTD {refer to Figure 8), necessitating that the overall measured RTD (refer fo Figure
5) be corrected. In order to perform this, correction, the RTD of the probe had fo be
determined. This was done meastiring the 80, concentration vs. time profile through
the probe given identical sampling conditions with a SO, sample belng Injected into
the sample stream just in front of the probe using an imection device designed o
disrupt the samiple stream: as little as possible. The demgn drawing of this device Is
presented in Appendix 1.1.5.

Plot of experimental probe fesponse 1o SO, tracer Infecfion
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Figtire & 1 Graph of Probe RTD Respoinse

1t was found that the experimentally determined concentration profiles determined by
the tracer expariments could be satisfactority described by fitting the data o a curve
describing the response of a second order system with a lag or dead time to an
impulse disturbance. The general form of the function in the time domain is given by:
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() = G( 1 ),[e[tr(t-w)] -J‘z'(‘"td)]ii-tbi;t—td} )

where
1, = deadtime
5, = time constant 1
1, = time constant2 )
C = constant required to normalise the RTDsothatJ f{t}) dt =1
0, ~
® {t-1,)= Heaviside function, ie. ¢ ~ 0 for t<t,
" =1 for tn

The effect of the RTD on any disiurbance (e.g. the tracer injection) entering the
otherwise steady stite sysiem (Le. with constant inputs and outputs) can be
described by the convalution integral (Levensplel® (1872)).

- t . _
Cout{t) = J Cin(t— t)-Eo(t) «t . {3)
0
where
E o(t) = RTD of ths eystem (i.e. the furnace and probe combinatior
Ci{ty = time domain deseription of the disturbance entaring
system (l.e. the suiphur injection resulting in a virtually
instantanoous source of SO, at the burner mouth)
Coul(t) = time rlomain description of a system ouiput (¢.g9. SQ)

at the outiet of the system (i.e. tha furnace exit)

The overall RTD, Eq(1), of the furnace and probe combination can be considered as
twa independent systems in series, each with it's own RTD. This system is illusirated

in Figure 7.

if the system Input { Ci,(t) ) is given, the outiet concentration vs. time distribution
funcfion ( Coult) ) and the RTD of the probing system ( Epeue(t) ) is measured, then
the RTD of the first system, i.e. the furnace ( Exmac(t) ), can be determined.
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Equation {4) is obtained by Laplace transforming equation (3).

Coutl®) = Cifs) * Egls) (4)

The reason for implying ihat the RTD of the probing system { Epnone(t) ) Cau be
measured is that given an instant SO; injection at the probe inlet, the SOC:
coneent..dion vs. fime profile at the outiet has identical distribution and dead time
characterisiics as the RTD of the probing system k< ause the Laplace transform of
the impulse input is unity.

Levenspisl® (1972) refers fo Cou 28 the convoiution of B, with Ci,. Cou Is, owever,
also the convolution of the Laplace domaln description . the furnace ouiput with
Eprobe, which in turn is the convolution of Eqrmas with Crn,

. T T T
=" Furmace [~ "] Probing System - Coveran(t)
! l |
determined using
daconvolution procedurs rneasurad ; i
Q 1© 20 ]
thns Ta]
I i T ] I 1
1 A\ S B |l | G
- N
i i i k
4] 0 20 = 1) o W 0 W
i o] time 1s)

Flgure 7 : Mod¥fication of an impuise tracer aignal , Cult), on passing through two systems
in sarfes

The Laplace domalin description of the entire sysiem is therefore

Cout(s) = Cple) * Efurnaﬁe(s) " E probals) (5)
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The mathematical bropertises of the convolution operator aliow a deconvolution to
‘obtain a Laplace domain description of Exmece. The convolution operafion becomes a
multiplication in the Lapiace domain, while a deconvaolution a division operation.

G oonl(s)
E furnacel ) = “—— O_Ii___ (6)
(Cin(s)-Epmbe(s))

In the Laplace domain, equation (2), the general form of the fime domain distribution,
becomes :

“tyd
e d

Fls) = (l + 11'5)'(1 + 1:2-3)

(7

Similar expressions in the §.aplace domain for the time domain overall (denoted by
the subscript : overail) and probe (denoied by the subscript : probe) responses can
be obtained :

Y ™
y e
E ) = G . : — -
Eprobe (8) prove (1 +1pmbel°s)'(l 4_1:1““2,5} (8)
) % oversll d's
c . - . .. _ .

oyt{s) overall T +1M1-8)-(1 ”amﬂz's) (9)

The [aplace transform of the system input, which for the purpose of this investigation
was considered an impulse input, is given by :

Cinfs) = 1 (10)

Expressions (8), (9) and {10) can now be substituted intc (8) and by taking the
inverse Laplace transform of the resulting expression, the RTD of the furnace
Enmaco(t) } in the time domain can be obtained :
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E fumace t) = Pmaraﬂ ‘lA'e‘Mi 1-(:»-1 furmace) 5 10‘%“2.(“, m)]

Coruse ree e(t-y) (1)
where R G PR o)) Gk Bl
(Soversi ¢ ~ Tovsran ;)
8 = (tm 2“1"'*"1)'{1““_’“ z.“prd:az)
(Tm a2 T owvecali -1)
Tame = Towl g~ Fprokis g
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228 HEAT FLUX MEASUREMENTS

25 heat flux prabes were installed into-*1e left wall of the fumace and monitored on-
line during the testing period. Figure 8 shows a schematic of a heat flux probe
mounted in the fumace wall. The linearised lempﬂmture transmitters guiput a 4-20
mA signal to a centrally situaled PC based data logger. The temperature
‘measuterments as well as the calcuiated heat fluxes were logged at 1 minute
intervals. Figure 9 shows the positions of the heat fiux probes
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Fiqure 8 : Schematic of Heat Flux Probe
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Flgure 9 : Position of Fast Fiux Probes on Hendrine Unit 9's Left Furnace Wall

The heat fiux can be calculated from the temperature measuremsnts obtainad from
the thermocouples. Let the temperaturs of the front and rear thermocouples be
denoted by Tront artl Treer réspectively. The heat flux through the probe tip is given
by:

= Kk .
T = 5 (ot = o) (12)
whera

k = thermal conductivity of 15MO3 steel

X = distance between the thermocouple beads

Figure 10 shows the thermal conductivity of the furnace wall steel (15MOQ3) as a
function of metal tsmperature.

50 o 1 T T T 1 T
s —

£ T
2 0 T i
‘E‘ a0 “‘MK\‘\
§ ~
E Ay k{T) = 48.940526+ 0.0087972T - 0,00130%\'

20 1 L i ! 1. ] {

0 100 200 300 400 500 800 ‘™0 §00
Tempeacature [°C)

Figure 10 : Tharmal Conductivity of 15M0O3
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Since the temperature difference between the thermocouples did not vary
dramatically, an average thermal conductivity could be assumed. The average
thermal conductivity was detetmined as follows :

Tﬁuﬁ - Trear Tm

Tfl'm‘l
K avel Tront + Toer) = m—-’?-—nj K(T) dT (13)

Flgure 11 shows a typical 24 hour hesat flux and laem;:eraturé measuremont log
cbtained during the furnace tests, Note the effect of wall blowing just after 02400 and
load changes from about 07h00 onwards.
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Flgura 11 : Heat Fiixc/ Temparature Log
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2.3 - COAL CHARACTERISATION o
2.3.1 COAL SAMPLING AND OVERVIEW OF BASIC ANALYSES PERFORMED

Raw coal from the miil feedar systems of ali operational mills was sampled on each
day ti 4t furnace testwork was performed and composited to form a daily sample.
Each sample was subjectedto: -

» moisture analysls (total and inherent)
s proximate analysis

» ullimate analysis

» calorific valie determination,

The samples were subssquantly composited to form a représeniative sampla for the entire
furnace testing progrem. This sample, hereaftar referrad to as ‘R.C. Composits’, was
analysed as follows !

« molsture analysis {total and inherent) | |
« proximate analysis

» ultimate analysis

«» calorific value determination

+ mineral matter ahalysis

» Hardgrove Index

» Abrasiveness index

« ash fusion temperatuse determinations

« devolatiilsation tests (using DTF)

» char combustion tests {using DTF)

Pulverised coal from each opaerational milt was samplsd isokinetically on vatious
days during the furnace tests. The following analyses were performed :

« moisture analysis {inherent)
» proximale analysis

« ultimate analysls

» calorific value determination
= particle size analyses

page 19



All analyses were performed according to standard Eskom methods. Detalled
procedures of the D4F based devolatilisation and char combustion tesis are
described in 2.3.3 and 2.3.4 Lelow,

2.3.2 DESCRIPTION OF THE DROP TUBE FURNACE (DTF)

The DTF is an electrically heated vertical tube reactor, in which coal particles are
oxposed to & rontrolled temperature and oxygen concentration environment for
variable lime petiods in a hof laminar flow gas straam. The feed gas is preheated and
enters the DTF's 70 mm ID alumina coeramic tube through a ceramie honeycomb flow
straightener at a flowrate of approximately 20 Ymin (STP). The reacior tube is heated
by silicon carbide elemente, which are controlied by duai thermocouples situated at
the outside of the reacior fube wall. in furnace gas temperatures typically range
between 700°C and 1400°C. About 1 g of dry coal/char sample is fad info the reactor
over a period of about 10 minutes through a water cooled injection probe, the tip of
which is situated approximately 450 min from the top of the reactor tuba. The buming
parficles are caried In the combuistion gas axially down the furnace, the length of the
reaction zone being variable up to 122 om. The free fall velocity of the particles
ranges between 0.01mJs for a particle of approx. 25 pyra to 0.04 m/s for a paiticle of
approx. 48 um, while the gas velocily through the reactor is about 0.4 m/s, depending
on the reaction temperature. Partlally reacted particles are caught in a water cooled
collection probe, which quenches combustion. Field® (1969) found the end effects nf
the feeder and collactor combined {o be small. Combustible matter analygses on the
partially combusted product allow the determination of the extents of reaction, which
vary accurding to combustion conditions and residence times. The DTF thus allows
the conirolof three important variables of the combustion process, namely
femperature, oxygen concentration and time. Based o the extent of combustion with
respect to these variables, the kinetic behaviour during combustion of a particular
coal van be quantified for a typical boiler combustion environment,
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A schematic of the DTF is presented in Figure 12.

prfmanr air
codl contalner ant! dosing hordwate

1

2

3|water cosled injection probe |
4lsscondary alr (with variable oxygean content)
Stsecondary alr prehaaisr
]
7
[:]

homeycomb flow elralghiener

healing alements

70 ID alumina tube

* _flmovable watercocled collection probe
10{rmaction product ges straam
jcycions

12[particulates fiitar

13 straa to gas analysers

14|siream to vacuum pump

Flgure 12:smmticommpmﬁmu )

page 21




233 DETERMINATION GF THE DTF PARTICLE RESIDENCE TIME

Thé calculation of the time spent by a particle in the combustion environment of the
DTF, viz. the parlicles residence time, is ouflined below. The particle residence time
is required for the calcuiation of the combustion kinefics.

The volumetric flow {F) of the gas must be corrected (from STP, inlet conditions) to
the conditions in the combustion zone of the DTF. From the ideal gas iaw, the
following relationship can be derived.
&
To (14)

ol
whore F = corracted volumetric flow (m®/s)
Fo= inlet volumetric flow (m%s - STP)
Po = inlet prassure, T, = inlet temperature {STP)
P4 = combustion zone pressure (atmospheric)

T+ = average combustion zone gas temperature

The linear velocity of the gas (vp) Is given by the quotiant of the volumetric flow and
the reactor volume per unit length. '

The gas density (pg) may be derived from the ideat gas law, which may be simplified
to the following equation.

Pg= 336 12
T (15)
whaere pg = gas densily in combustlon zore (kg/m®)
P = gas pressure (atm)

T = gas temperature (K)
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Tha gas viscosity*! (g) has been found fo be described satisfactorily by the following
empirical relation.

logTg ~ 3.5019
- 1.37133
pg™ 10 (16)
where o = gas viscosily (kg/m/s)

T, = average gas temperature in combustion zone (K)

The free fall velocity of the paﬂlcle (v} can be determined by assuming that the
velocity falis into the region governed by Stokes' Law*, then

_odp"(pp-pg)
18u g (17)_

Vi

where v = free fall velocity (mi/s)
g = gravitational acceleration (m/s?)
dy, = particle diameter (m)
pp » Py = particle, gas density (kg/m®)

g = gas viscosly (kg/m/s)

The regidence time Is given by

t _ L
reg T TN

(fo‘i- v 9) {18)
whure tras = residence ime (s)

L = Length of particte path in the combustion zone

vir, Vg = frée fall, gas velocities

The gas temperature was found to vary along the length of the combustion zone by

up 10 30K, In order to describe the physical parameters (i.e. density and viscosity)

of the gas, the average femperature in the combustion zone was used for all
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calculations. In order to describe the variation, the measured temperature data was
curve fitted with a 8th order polynomial (P(x)). To determine the average gas
temperature, the polynomial function was integratei over the length of the
combustion zone as shown below.

L
Tave ?‘_J P(x) dx
0 (19

where Tave = Average temperature in the combustion zone
L = tenpth of the particle trajectory
P(x) = 6" order polynomial describing the temperature distribution

2.34 DETERMINATION OF DEVOLATILISATION YIELDS AND RATES

~ 'The DTF is capable of reproducing particle heating rates of around 10* to 10° K/s, as
found in pf combustors typical of steam raising piant and therefore cai: be used in the
determination of devolatilisation rates and vields. For the purpose of the
devolatilisation rate determination, the RC Composile sample was prepared as
follows :

1. sample ground to PF consistency (viz. 75% < 75um)

2. sample screehed {o ramove alf +150uin materigl, which was then reground and
reintroduced inte the sample

3. >75pm was reground o <75pm and reintroduced into the sample
4. sample was split Into two size fractions, namely 38-75um and <38um

5. each size fraction underwent batch DTF testing at 5 residence times ranging
hetween 0.05 and 1.1s8 for fumace sefpoint temperatures of 1000, 1200 and
1400°C in Nz

8. sofid residues collected from the above tests underwent proximate analyses to
defermine the extent of devolatilisation, from which the devolatilsation rates were
defermined

The volatile yisld after DTF pyrolysis is determined by solving equation (20) given the
ash content of a <150um coal sample before and after it is passed throught the DTF

at 1400°C for 2.2s.
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W = ;‘;—[Al-(l - Ay) - A (1- A (20)

whera A Ash content in DTF feed {dry basis) bufore

A, Ash content in sampled residue (dry basis) -affer

This result Is used in the assessment of the devolatilisation Kinatics of the sample fo
suit the pyrolysis (ie. devolatiisaion) model of the combustion code. The
combustion model uses a single step zero order Amhenlus reaction model by
Badzioch and Hawksiey” according to which the pyrolysis rate is given by

AE 4

-—g--\f = -K gayol&¥P- = ——
g X i RTp | (21)
where V., = extant of devolatilisation

Kdevot = Amhenius Factor for devolatilisation

AE 4 = Activation Energyfor devolatilisation

R = Universal Gas Constant

Tp = Particle Temperature

~"ha particle temperature, Tp, Is determined from a simultaneous solution of the
energy and mass balance around the devolatilising particle, taking into account
radiative and convective heat transfer as the particle passes through the DTF.
Assuming a constant external surface area of the coal / ash particles (viz. shrinking
core), the radiative heat exchange betwean the particle and the DTF is given by :
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Pr, = 5 utoe] (Toat)* ~ (Tortic)'] (z2)

Choerticte “Mparticte
where ] = average emissivity between the particle and the wall
) = Stefan Boltzman constant
Asarticts = assumed external surface parficle area (m°)
T = DTF Wall Temperature {K}
Toaticte = Particle Temperature | (K)
CPpate = Particle Heat Capacity (E.fﬁ)
M erticie = mass of particle {ka)

The conveclive heat exchange between the hot furnace gas and the particle is given
by: '

N Apgige 4 { Tpertite * Toas )" Toounary = Toertice )

Iy =~ = : (23)
where
Nu =  Nusselt Number for boundary layer convective heat exchange
At = extemal par!lc!le surface area (mn®)
Toouday =  Boundary Layer Temperature (assumed to be (K)
the average of the Gas and Particle Temperatures}
Tpaﬂde =  Particle Temperature (K)
T 0.52 W

A = 243107 (-——————’ ) convective heat exchanga coefficient (—-——~

273 LK

. J

COptie = Particle Heat Capacity (m)
Myyisa = Massof particle (kg)
dp = particle diameter {m)

The solution of the sum of the differential equations (22} and (23) gives an overall
account of particle temperature with time. Figure 13 shows particle temperature vs.
time plots for DTF set-point temperatures of 1000,1200 and 1400°C for a 22um coal
particle.
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Figure 13 : Particie Tompuerature vs, time during Pyrolysis in the DTF

The nonéspbndi'ng davolatilisation vs. time graphs are shown in Figure 14 afong with
the DTF resulis.
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Figurs 14 ; Extent of Pyrojysis vs. time in the DTF
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235 DETERMINATION OF CHAR COMBUSTION RATES

The standard ESKOM char comibustion test procedure as performed on the RC
Composite sample is ouflined below :

a

1

-gample ground to PF consistency (viz. 75% <75um)

+ spla scregned o remove all +150um material, which was then reground and

 feintroduced into the sample
. sample pyrolised at 1400°C in N for 2.2s

. the resulfing product was screened at 75:m and all >75um material was reground |

to <75um and reinfroduced Into the sample

. the sample was split into a <38um and a 38.75um size fraction

. each size fraction underwent DTF testing at 5 residence times ranging beiween

0.4 and 3.2 s for DTF setpeint temperatures of 1000,1100,1200,1300 and 1400°C
at 3 vol.% O with the balance being Nz (This particular oxygen concantration is
chosen since it is similar fo the depleted bulk oxygen concentration in @ typical
utility boiter) '

. tha solid combustion residues from the above tésts were analysed for combustible

matter and ash content, from which the éxtent of the combustion reaciion is
determined

As the mass fraction of ash increasus with increasing residence time, the extent of
combustion can be determined using the ash in the combustion rasidue as a tracer.
The fractional extent of combustion or combustion efficiency (CE) is glven by (on a

dry ash free basis):

{(1-A) A (24)
Whers o . = mass fraction of ash in the raw char (dry basis)

A4 = mass fraction of ash in the sampled residue (dry basis)
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The axperimentally determined combustion extent data afong with ite corresponding
rasidence time in the DTF at a given DTF set-point femperature, is used to estimate
the char combustion parameters required for the combustion sub-model of the
combustion code. A pseudo steady-state assumption with regard to the particle
tsmperature is required to arrive at estimations of the char combustion parametars,
which are then refined by simutating the DTF combustion process. This slinulation
mode! is described later in this section. The methed of arriving at the estimations of
the char combustion parameters is dascribed below &

Depending on the particle surface temperature, the rate of combustion can be limited
either by the rate of O diffusion fo the surface of the particie or the rate of chemicat
reaction at the particle surface. [n either situation, the rate of combustion depends on
the partfial pressure of Oy, the surface area available for char combustion and the
combustion characteristics of the char in question. The overall rate of char
combustion is mathematically modelled by equation (25) : '

d

a‘“ Coarticle Keter e “F'0 5,0 Aperticie (25)
where me =  mass of combustible matter in char particle

K ghoar el overall reaction rate coefficlent

Pq 20 =  partial pressure of Oxygen

AMde =  apparent reactivesurface area of the particie

Field® (1970) proposed that the overall rate reaction coefficient comprise a rate
coefficient degeription of oxygen diffusion to the veaction surface as well as
description of the rate coefficient of chemical reacfion at the surface according to
equations (26} fo (28). If the chemical reaction rate is fast compared o the rate of G»
diffusion to the reacting char surface, the reaction is diffusion controlled. If the rate of
chemical reaction is siow compared the rate of Ox diffuslon to the reacting surface,
the reaction is chemically controiled.
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__._.:!.__....... = : 1 + 1 — . N (26)
etar cuma Ko gon " eon
where
T 173 _
244 m'D 02( 1606 K)- (—‘—“‘—‘) [ kg 27
kdﬂ = : . ' ]@Q‘K — !\mz-s-ba[; ( )
diffugion R0 'dpﬂﬂdB’Tﬁas o :
| [m)
D go(1600K) = 3310 - s |
#m = mechanism factor ( 2if C oxidises to £0 and
11f C oxidises to CO;)
anhd
-AE g ; kg )
k = Aasiion " BXP[ - {28
cham - p(R-Tm ) ) (mz.s.bar' )
A = Arrhenius factor S
teaction . s ar
R
. AE g4 =  Activation Energy (motf

The overall rate is determined from the experimental data by integration of differentiaf
equation (25). A description of the integration resulis is giver: in equafions (29} and
(30).

tinal
m
( CW’) mc |:ms
—— T dm C = [ . P
. Aparticte partice } Kot e+ O, & (29
o
J™ ot
whera
» [nithal
= {1- CE
™ Cocrten R
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similariy

4]
At = (Apartae )™ {1~ CE) ° (30)
wh N « irvitiat - N )
are (Ap,ﬂde ) = initial particle surface area
ng ¢ swallingindex

The superscripts initial and final refer to the DTF fead and product respectively while
tes is the corresponding residencs tiane in the DTF. Because the DTF is operated with

a congiderable oxvgen excass (300 - 400%), the partial pressure of oxygen (Poa)
remains sffectively constant.

The initial particle surface area includes the active internal pore area creafsd during
the devolatilisation process and wouid depend primarily an the ghar structure and the
“heating rate. Laine et al® (1964) found that for the same coel a higher heating rate
resulted in a greatar surface area for reaction and an increased combustian rate.
Smoot et ai'® noted that physica changes in the char structura resutad In changes
in surface area and in turn changes in combustion rate. In order to account to some
extent for the complex nature and structure of char forms and thelr transformations
during the combustion process, an empirical swelling index, ng, is used in equation
(24). Table 1 summarises how this surface area modsl predicts the reactive surface
area of char particle during the combustion process for various swelling indices.

Table 1 : Particle Surface Area as a function of Combustion Extent (CE)

_Description _ “non swelling” "swelling”
Swalling Index
e 23 1
Apsricie . . ' ) ' I
PO oo O B | k=
inliel (1. Cl . “w
{Aparticie} (- 8 g \kk‘\. 2 e
E’ \_‘ E’ ““"&.,_‘
“ “
‘\.6
! L !
1) 0.5 1 0 0.5 1
CE CE
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As the combusting particle passes through the DTF, it Is first heated by radiation from
the hot furnace walls and by convection from the preheated gases passing through
the DTF. An estimation of the pariicle surface temperature can be made by golving
an energy balance around the particle which equates the heat lost/gained by radiation
and convection to the heat released at the surface due fo reaction. The heat release
can be cajeutated fram the measured overall reaction rate assuming that the surface
reaction mechanism Is known. For the purpose of this investigation, it Is assumed
that the oxidation on the particle surface results in the formation of CO. The overall
energy halancs is given in equation (31).

Uy el initiaf
dh{ (" Cpartay ~ - (" pmrid =8| [Twal - (Tpaicii | + %-ﬁel%\m Toatcw  (31)

trya

where
Ah = enthalpy of formation of GO from G(s) and O(g) (;Ti%} )
A, = stiface area avaifable for radiative heat exchange  (m?)
Ag = surface area available for convective heat transfer  (m?)
4 = average paricle diameter {m)
Nu =  Nusselt Number (assumed = 2)
Tboun dary = temperature of the gas film around the particie (i)
Tw ail = temperature of the inside wall of the Drov Tube Furnace(K)
T particle = 8verage tamperature of the particle (K)
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Figure 15 shows estimatad particle temperatures for a varlety of DTE residence
times, wall and gas temperatures:
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*  DITF Gas Temperatute
¢ estimated Particle Tempe matuce

" Flgure 15 : estimatsd particls temparainnes for various DTF expsriments

The diffusion rate can be detérmined by solving equation (28) given the pariicle
temperature estimate and a particle diameter assumed 1o be the mean initiai pariicle
diameter. Note, however, that when the diffusion rate is similar in magnitude fo the
axperimentally derived overall reaction rate, the reagtion may be diffusion controilad.

- In this event the reaction rate cannot be accurately determined for that particutar DTF
run because the value of the mechanism faclor, ¢y, which cannot be determined
accurately, becomes significant in the analysis of the results. Field® (1969) suggests
that only reaction rate coefficients from DTF experimerits where

K.
-1 g
ovnmﬂ___<

0.5 {32}
Cher e sion

be used to v *~in values for the chemical reaction rate coefficients.

When the surface reaction vate coefficients are plotted against the estimated surface

temperatures, and a curve 1.* using the function form given in equation {22) of the

data as reviewed by Fleld et 1\ (1887) is performed, the function parameters define

the kinetic parameters for the Arrhenius type reaction model, Figure 16 shows a
paps 33



typical in(kcnatuutsce) ¥8. 10%T,, plot. The intercept and slope of the linear fit give the
pre-exponential factor and activation energy respectively.
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Flgure 18 ; Linear fit of DTF data to determine Arrhenlus kinetic parameters

A model of the combustion process in the DTF was derived using the above process
description. The mode! Involves solving two simultaneous differential eguations, one
describing the combustion at the surisca of the char, and the othsr, the surface
temperature of the reacting char particle. The differeniial equations are glven in-
equations (33) and (34).

d AE

Cyo= -A expk————w*) P 02A particie(C o) (33)
dt RT

dtTp Mo Tw T Tem(Tptg) o (Fptaty) (34)

The change In particle temperature by radiation and convection has been outlined In
equations (22) and (23), while equation (35) describes the change in particle
femperatire due to reaction.

Ah 8
Foo e C
T gen (T p:C T g} (\Cc + C ggh)" C’Pchar it © (33)

pags 34



Figure 17 shows the char particie surface temperature of a particular coal in the DTF
whan operated at a eet-point temperature of 1400°C and 3% (Vol.} Oz2in Na.
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Figure 17 : Graph of Particle Temperature vs. time
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Figure 18 : Graph of Combuation Extent vs. time
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24  THE AIOLOS COMBUSTION MODEL

A detalled account of the model's operational engine and if's many physical,
thermodynamic and chemical sub-modeis is avaiiable from Schneii™® (1991), Epple’®
{1893), Epple ot ai* (1992), Epple et al™® (1993) and Schnell et at'® (1995). A brief
outline of the model has bsen extracted from the aforementioned references for the
purpose of a convenient review.,

Turbulent fiow in combustion chambers is predicied using the k-; turbulence model
formulated in partial diffarential equations compiled in equations (36) to (39) , where
the basic equation for a general variable $ is specified in equation (36).

The terms fn equation (36) describe the local change of § dus to translent, convective,
diffusive and source term confributions to a particular properly assigned to this
general variable. Adaptation of this equation leads to the derivation of equations (37)
to (39).

Transport Equation :
.ﬁ.(-.@)_&i. -u-¢'=\ ‘-——{L-ﬂ\+8 (36)'}
5t 0 * le (l’# Y | P

fransient convective diffusive source

where

-
"

time variable

divection variable where | = 1,2,3
velocity componant

¢ = general fleld variable

p = density

poff = eifective viscosity

= ®
S—u —r
non

6, = slrass associated with that general field variable

n
R

sourca term of field variable
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Time-averaged Navier-Stokes Equation :
U

bp
L. L= m -~—}--+ +8, 37
atxpui) (uru) ( i, i, g (37
b = 1,2,3
where
B off-
I'li - —
} %
P = pressure
g, = effectiveacceileration
Kinetic Turbufent Energy
] " 3 5 (¥ eff 5k
ot .KE — .u-k = et | e +G_ 38
sg(p tmb)**s,(l(p k) axj(% axj) pe (38)
where .
KE jup = kinetic turbulent energy
Digsipation Rate of of Turbulemnt Energy
. B Feffi) e
8t(ps)+m(pula) #; (?Skj) k(C G- Cy pa) {39)
_ ) u, B
Generstion Term ; 6 = o P e 24 ]
sx | \ox,  8x ]
KE 4.2
Turbulent Viscastty: g~ = Cp b
5
where
s = disgipation rate of turbulent enerygy
C = constant of turbulent viscisity model

The time averaged Navier Stokes equation (also called the Reynolds equation)
desctibes the momentum balance (velocities) around {into and out of) a controi
volume. The pressure, which can be considered as the source term In this
momentum  equation, is calculated by mesns of a pressure correction method by
Epple ot ai™” {1991). The turbulence Is characterised by the kinetic turbulent energy
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KEy and itz dissipation rate e. More advanced and sophisticated turbulence models,
which provide improvad prediction accuracy, are available for use with AIOLOS. They
do however require considerably more computation time (Schrell’®, (1989)) and are
therefore not gensrally used in three dimensional simulations. Their use in two
dimensional AIOLOS applications has however been demonstrated with success.

The generat variable ¢ may also stand for species that feature in the combustion of
coal. Figure 19 shows how the combustion process is modelled and what species are
considered. The circled numbers in Figurs 19 refer to the column headed No of
Table 2.
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VOLATILES, Tl
A
\
D
Figure 19 : Reaction Modefs of Puivarised Coal Combustion
Table 2 : Reaction Models of Pulverised Coal Combustion

No | Reaction Modst T Reforence
1 Devolatiisation Section 2.3,3 of this report
2 Char Combustion Section 2.3.4 of this report
3 Volatiles Combustion i Field et al® (pp 178)
4 Oxidation of CO Field et al® (pp 175)
5 Waler Gas Shift Reaction Denn 7', Schliling 2 (pp 10)
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The AIOLOS coal combustion mode! (as outlined in Figure 19) considers coat fo be
devolatilised in a single step to farm char and volatiles (reaction 1). The rate of
devolatilisation for the Hendtina R.C. Composite was investigeted using the DTF and
analysed according to the method and analysis procedures described in part 2.3.3 of
this report. The volatiles are assumed to consist of CO, H, and hydrocarbons CxHy.
The hydrocarbon parameters X and Y are determined fiom the ultimale anaiysis of
the coal. CxHy is assumed lo oxidise in a two-step reaction yielding CO2 and H20
{reactions 3 and 4). These reactions are modelled with an Eddy-Dissipation-Model
{Magnussen'™ (1881) and Magnussen and Hjertager™ (1976)). The residual char is
heterogensusly oxidised to CO at the surface of the char {Fraction 2). The rate of char
oxidation depends on the local oxygen concentration, the reactive surface area and
reactivity of the char itself. The reactivity of the char is experimentally determined
using the DTF according to the method and analysis procedure outlined in section
234 of this report. Additionally, the water-gas-shiff reaction adjusts the
concentrations of CO, Ha, CO2, and H20 towards equilibrium (reaction 8). information
on this reaction is avallable from Denn®' 1967) and Schilling et a** ( 1981). Particle
size effacts are also included by considering various size classes for the solid fuel.
Ash is treated as an inert substance.

Besides the heat release due to the combustion reactions, the source of enthaipy in
each control volume i+ dominated by radiative heat exchange. In pulverised coal fired
combustors, radiative heat exchange in the furnace accounts for approx. 80% of the
fotal heat transfer. AICLOS allows the use of a number of radiative heat exchange
models.

Viskanta®® compiled an overview of radiation models and in the area of radiative heat
fransfer in puiverised coal combustion applications, these can grouped info "zoneg'- ,
flux’-, and statistical modets.

Zone methods, such as proposed by Hottel et al® (4087), require a non-iinear
integro-differential equafion for each zone, making the application of this method
unsuitable for finely discretised furnace chambers in view of the computational effort
required. The ‘flux'-models are grouped according to the number of directions In
which they model radiative heat transfer into and out of a contro! volume. 2-, 4- and 6-
‘flux’ models have been proposed by Slddal and Selcuk®® (1979, 1976) and Filia
znd Maresa® (1975), which are coupled fo resolve radiative exchange In three
dimensions via the confrol volume temperaturs alone. A 8-'flux’ model by De Marco
and Lockwood® (1975) refinad the ‘flux’ approach by coupling the radiation exchange

in three dimensions. The ‘flux’-radiation models can use the numerical solution
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algorithms used by the flow solver. I should however ba noted at this stage the
‘Monte-Carlo- and ‘Discrete-Transfer-’ radiation models considerably outpeiform the
‘ux' radiation models with regard to solution accuracy.

The ‘Discrete-Transfer” model, proposed by Lockwood and Shah®™® (1976),
specifies a network of beams within the combustion chamber, along which radiative
heat exchange occurs. An overall energy balance around fhe entire combustion
chamber Is required in the solution algorithm. The ‘Discrete-Transfer-' model differs
from the ‘Monte-Carlo-" model in that no beam reflection from the furnace wall is
considered. As the beams traverse the individual control volumes that the combustion
chamber has been broken down into, & portioh of the beams energy {s transferred to
the conirol volume according it's radiafive properties. These properties are
determined from the gas emissivity (which depends on the local gas composition)
and more imporiantly the particulate ioading. A comparison between the ‘Monte-
Carlo’ radiation model (first propesed for cylindrical combustion chamber geometries
by Stewart and Cannon®' (1871)) and the ‘Discrete-Transfer- madel has been made
by Guitbert™ (1989). A further radiation mode!, named the ‘Viscrete-Ordinates-
model as proposed by Fiveland™™ (1987, 1984), is avallable in the AIOLOS
combustion model.

A detailed outiing of the application of the ‘Monte-Carlo-" radiation exchange model in
combustion modeliing applications is available from Richter™® (1978, 1974).
Whergas the Monte-Carlo method uses an enfirely statistically determined array of
heams to describe the radiative heat fransfer, Richler has specified the beam
nuimbers and directions at the source. Statistical trestment af the beam direction only
takes place on beam reflections at the furnace walls. A previous Eskom combustion
modeliing Investigation by Eichhorn et al® (1995) used a furnace mode! by Richter
based ot Monte-Carlo method for radiation exchange. It was found that despite
having performed the simulation with a very coarse grid, reasenable predictions were
made,

In order to analyse pollutant farmation in puiverised coal combustion, the nitrogen
oxides (NOx) formed from fuel bound nitragen must be madelled, A fuel-NO- and
thermal NO formation model aret included in the AIOLOS combustion model. The
thermatl NO formation mode! is based on the well-known Zeldovich®™ mechanism,
while the fuel N oxidation/reduction is assumed to occur according the mechanisms
describad in Figure 20.
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Figure 20 : Rekction Scheme of Fuel N Conversion

The fate of HCN and its successors is strongly dependant on the local flame
_conditions, particularly stoichiometry and temperature. De Soete™ (1974) proposed a
reduced scheme for NO formation from HCN, which has heen adopted for use in
AIOLOS, It must be noted that ihe reaction times of HCN in the flame are of the same
order as the turbulent fluctuations in combustian canditions in the flame as is fypical
fo many pollutant formation reactions which show high activation energies. it is
assumed in the model that the species concentration fluctuations are not as marked
as the temperature fiuctuations in the burner regions as radiation is the dominant
raechanism of heat transfer. A simplified probabiiity density function (pdf) approach
with @ model for the instantaneous temperature fluctuations yields the HCN decay
rate by oxidation to NO and reduction fo N, Detfsils of the model for the
instantaneous temperature fluctuations are given by Schaell’?(1991).
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25  APPLICATION OF AJOLOS TO HENDRINA UNIT 9
251 DESCRIPTION OF THE HENDRINA UNIT 9 FURNACE

The furnace of Hendrina Unit 9 has & bumer rows, each of which is fuelied by a
dadicated vertical spindle mill of which five must be in operation at full lcad. Each mill
supplies four burners, which are arranged in a single row an sither the front or back
wall of the fumace. A vertical section and view of the front wall of the furnace are
shown in Figure 21.
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Flgure 21 : Hendrina Unit 9 Furnace : Vertical Section and View of Front wYull

A summary of boiler specifications as required for the combustion mode!, sourced
from the design spectiications® by Steinmtller , the bolier's designers and
manufacturers, has been compiled in Table 3. Note that the 97% maximum capacity
rating (MCR) values have been obtsined by linear interpolation of the 94% and 100%
MCR specifications.
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A section through the burner is shown in Figure 22. Note that the cylinder contained
within the core afr duct holds the oll burner assembly and that the primary air / pf
mixiure is not swirled, Swirl vanes have recently been installed Into the core air ducts.
Their affect on the combustion process has however not been modelled at this stage.

Table 3 : Furnace ification as regi for Combustion Motle .
Specification 94% MCR | 100% MCR | 97% MCR
(202 kag/s (215 ka/s {208.5 kg/s
o evaporation) | evaporation) | evaputation)
Air Temperature at Air Heater Qutlet 242 247 244.5
Temperature of airffuel mix entering 80 80 80
burners X
Fuel Consumption 26.4 28.1 .25
(refer to Table in footnote 1)
Adr supplied 1o furnacs as
primary air(kg/s) 45.5 54.0 49.76
secondary air (ka/s) 1775 185 181.25
Gas Temperaiure at Furnace EXit (°C) 1100 1125 1112
. !{OC L
\ stconpary AR
) PRIMARY AIR/PF ;
f I
ﬁi?ﬁf AlR__| oW B o
e S 2R ES
S |
s\ NGT_SHIRLED.
[ wax.cwrn 3.7
Figure 22 : Section through Handrinz Unit 9 Burner
! for typical coal properties from design specification ;
Typical Washed Fual
Inherent Moisture (m% air dried) 4
Asgh {m% air dried) 20
Volatile Matter {m% alr dried) 24
Fixed Carbon (m% aii dried) 53
Calorific Value (MJ/kg air dried) 25
Surface Moisture (m% as received) 8




26.2 FURNACE DISCRETISATION

The fumace was discretised into 276546 Cartesian grid based f#inite volumes (or

celis) by dividing the helight, width and depth of the furnace as follows

100
76

-height ;

width (front / rear wall) :

45

depth (left / right wall} :

The divisions were specifisd to become gradually smaller as the burner regloss were,
approached, to improve the resolution of near burner zone regions and fo reduce the

 gradients in Jocal combustion conditions between adjacent cells. A finer di

n

is nacessary for the simulation of the volafiles combustion and NO formation which

TEAN

feature predominantly in this region. Figure 23 shows the discretised furnace. The
AlOLOS code containing the discretisation information Is aitached in Appendix 3.1. |
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Figure 23 : Discretisation of Hendrina Unit 9 Furnace
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253 SPECIFICATION OF BOUNDARY CONDITIONS

The specification of boundary conditions required that every cell inlet be allocated the
mass flowrates of the species entering there as well as thelr respective inlet
velocities and directions. For the purpose of defining the inlet flow pattens of the swirl
burners. the centre-points of the burners were specified, arcund which, depending on
the angle of rotation around the bv - centre, the direction of flow of the inlet stream
was described in terms of it's velocity cumponents.

Furthermore, the inlet stream femperature was specified for both the flow and
radiation componant of the combustion modal. The AIOLOS code specifying the inlfet
canditions has been attached in Appendix 3.2,

254 SPECIFICATION OF THE COAL COMPOSITION, DEVOLATILISATION AND
. COMBUSTION PROPERTIES

The coaf properties outlined in Table 4 require specification. Note that the bold
typeface indicates the parameter specified.

Tabic 4 : Coal Spacifications for AIOLOS
Likely Volatile Hydrocarbon | CxHy

[ Calorific Valus (on dry ash free (daf) basis) | HUDAF
Volatile Matter {from DTF analysts, daf) | VMIDAFA

Ultimate Anlaysis {as received basis) | X84
where
i=C,0,H,S, N, A{Ash) and
¥ {inherent moisture)
Devolatilisation Kinetic Parameters | Pre-exponential factor : RIK01
Activation Enerqy : B1R
Char Combustion Kinetics | Pre-exponential factor : RK02
Activation Energy : E2R

Particle Size Distribution (3 size classes) | distribution (WSIZE)) and average
particle diameter (DPJJ)) In size
class

_ wherej=1.3
Dansity of Coal | RHOSO

~ SBwelling Index | RN_B _ :
The AIOLOE input file containing the aforementioned information has been attached
in Appendix 3.3.
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255 AlOLOS NOx MODEL SPECIFICATIONS

The NOx model is generally used in a post-processing mode since the quantities
Involved in NO formatlons are negiigible compared to the coal combustion reactions
and thersfore do not affect the cafculated combustion conditions. The model requires
that the coal nitrogen on & daf basis be provided and if possible, the fraction of coat-
nitrogen reporting to vo!atile' matter and char respactively. As little is known about the
oxidation of char nitragen, an arbitrary conversion factor of char nitrogen o NO can
“be specified. An AICLOS inpi file containing the listed spacifications required for the
NOx mode! has been attached in Appendix 3.4
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3. RESULTS AND DISCUSSION |
34  FURNACE OPERATION ASSESSMENT

During the entire furnace testing program the operation of the furnace was logged

according to standard Hendrina operation procedures. Figures 24 to 26 show logs of
selected plant variables considered to be significant indicators of furnace operation.

Operating Lag- Hendrnx Unit 9

210

-
8
+

Evaporation Rete {kg/s) -
2

L
T
i

Furnace Testing {f *'YES')

- 185

indicated by BLUE LINE

170 ¢ +05
180 +
150 e o

30146 usmma 10!02!96 15.“2:'9& 20#32."90 mm oHoMeE  0AD308

Figure 24 : Log ¢7 Evaporation Rato during Furnace Tests
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Figure 25 : Log of Air Temperatures (LHS/RHS) at Air h.ater Qutiat
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.Figure 26 : Loy of Oxygen Concontrations (LHS/RHS) befors Alrheater

. The fluctuations in boiler operating paramsters during the time of testing Indicate that
 the furnace probing resulls require a critical Teview. |t must hoever be noted that
during the fime it took to parform a furnace probing experiment, there were
considerable variations in the property measured. This was partieularly evident in the
burner belt region of the boilar. The furnace exit conditions were considerabiy more

stable.

The repeatabifity of furnace exit measurements was tested by means of furnace exit
measurements of bollers 9 and 10. These results of these

ternperatusa

measuramsents have heen fliustrated Figures 27 and 28,

. BOILER 9
Furnace Exit Temperature Measurament

1500 — -

1400 4 . = [ !
% 1300 ¢ , - & * 2 S |

2001 M 8 ﬁ ¥

1100 ]r

1000 +
= 00 4

800 + + k- } t -+

o o0& 1 15 2 28 3 36 4 A5 5 55 @

# ceramic shaath method (12/02/986)
m maan {Indirect mathod - 18/02/04)
A min {indirect method - 18/02/86)

5¢ mpx (Indrdet meihod « 19/02/98)

Figure 27 ; Temperatire Measureinent - BOILER §
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BOILER 10
Furnace Exit Temperaturs Measuremant
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Figure 28 ; Temperature Measurement - BOLER 10

The results depicted in Figure 27 show that most of the tempetature measurements
for 12/02/96 {ceramic sheath method) lle within the range obseivad on 19/02/96
(indirect mathod).

The resuits of the furnace tests did, however, show that furnace meastremants are

subject to considerable varlstions over shott periuds. This should be congidered
when comparing model predictions to measured data,
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32 FURNACE RESIDENCE TIME DISTRIBUTIONS

The results of the RTD measuremsnts have been presenied in Table 5. In ali RTD
tests performed, all but one of the iop burner rows was in oparation.

Table & : R7D Measurement Results
RTD from Insettion Dead Furnace RTD
Burner Dapth of Time
Level Probe [m] [s] -
top, right 2 3.1 ‘: S ——
E’_Eg,ﬁ \\\ -
_ 1 1._M\|k\i“"““1mu._1 ol
+] a ] L] 12 15 1 26 24 2r %0
S
.’.'Op,. r.ight. 3 24 T T T T T T T
I :
i I | .I ] | | -
b 5 & § 12 15 1B 2 ™M 7N
| el
top, left 4 3.5 T T T 1T T T T
Elth— l\'\ -
et | _
e N
. J bl \:\r“*T“‘*r*-—-l:-—-—
a 3 8 g 1 5 1 2 24 ¥ N
Ilm:_li!
top, right 4 3.4 N I BN Bt N e M
Eﬂt)- “
i N | i
I ST*Hl L
0 3 8 8 1 5 18 2 24 2r 3
llm:Ill
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Tabie 5 ; cosstineed

RTD from | Insertion | Dead Time fumace RTD
Burner Depth of [s]
Level Probe [m] _
middle, | 4 37 N
left . -
et -
- km ]
L | i - = -3
n @ 12 15 1B 21 24 . 1 ]
_ un_n:m
middls, 4 36 AR —
right .
E;ﬁ.@ N -
M i
[ -
l | { . I |
] 2 13 15 18 2¢ 24 2r %0
- umtum -
bottom, 4 54 —— T
left L. : ..
t T _ T
Egl_tl— \\ .
- \\‘_\M
b i L
L] 12 1.5 1B 2 24 WX
ﬂmo{a]
bottom, 4 44 =TT T T
right - -
gﬂu.. :
- -
X 1 i ML—.\.‘J i |
4 B 12 1% 18 20 24 ¥ 3
o

The detailed determinations of the furnace RTLY's are provided in Appendix 1.3.
By summing the quotient of the vertical cell dimensions and upwards vefocities
predictad by AIOLOS at the fumace centre, an estimation of the minimum residence
time (viz. the dead time) was made. These resulis are as presantad in Table 6.
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Table & : Minimum Residence Times predicted by AIOLOS

predicied minimum residence time 18]
from top burnes row _ 1.52

from centre burner row 2.42

from bottom burher row _ 4.01

it should be noted that the upwards velocities in the near bumer regicns would be
less than at the furnace centre, which would explain why AIOLOS predicts
considerably lower minimum residence times than were measured. An improved
residence time prediction may be abtained if the vertical velocity comaonents of a
variely of furnace gas bundles were tracked. This would however require a dedicated

sub-program within the post processor and was not attempted for the purpose of this

Investigafion,

33  COALPROPERTIES

As noted in section 2.3,1 of this report, both pf and raw coal frorn the miil feeder

system were samplad. Proximate- and {iitimate analyses, as well as Calorific Value
Detarminations for the raw coal for various days of testing, are presented in Table 7.

Table 7 & Proporties of Raw Coal

Property] 31/01/96] O1/02/06] GG/ = 07/02/96] 0B/U2/98] 17/02/96] 25/02/06)

|

% by mass, air drled]| o ) _ .
35 35 . 38 34 38

inherent Moistursj . _ _ 3.7

Ashi 43|  268] 23.8] 248 264 23.'5’ 241

" Volatile Matter 225:| 223 22.2] 27| 223  25.4| 2.2
| Fixed Carbon (by difference)]  49.7]  48.6]  50.4]  49.0] 479 49.5  50.0|

“[% by mass, air dried]-[

Cl 5882 br41 GB.OB| 5356 56.79 56894 “58.69

Al 290] 280 263 287 280] 2908 2485

N[ 1.40] 4.351 1400 1.37] 1.32]  1.400  1.39|

ERE 108  0.71 0.76] 089 0.76]  0.68)

_ Carbonates|  0.57]  0.61]  0.66] 0.7  1.04  4.10] 0561
Oxygen (by difference)]  7.82)  7.64)  8.33]  7.74|  7.98| 785  7.60|

Gross GV, [MU/kg, sir dried]]  23.05]  22.47] 2306 22.76| 22.04] 28.20| 22.97
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The basic chemical analyses of the pf samples taken as well as particle size analysis
ort each miil are shown in Table 8. Due to problems encountered by power station
staff with the pf sampling equipment, pf samples could not be cbfained after
9 February 1996.

Table 8 : Propertias of Pulverised Coafl e f oo :
Property| 51/01/06] 01/02/96| UG/02/96| 07/02/96 08/02/06

[% by mass, air dried] _ o
“inherent Moisture] 2.9 26 29 28] 2.7

" Ash] 251 24.0 251 238 284

T Voiatille Matief 24.2 243 238] 252 149
[ Fixed Carbon (by difference) 47.8 a5 463 487| 493
[% by mass, air dried}
G 5782] 50.00] 6047 ©&6.76] 60.34
H 3.43] 801  330] 868 3.50
N 1.36 138 151 187] 164
_ 8| 088 0.0 086f 083] 0.0
" Carbonates 0.58 0.63 .71 0.82] 085
Oxygen (by differance) 8.12 8.45 6.35 7.08]  7.47|

‘Gross CV, [MUikg, air dried) | 22.85|  29.18|  2272] 2363 2299

Parficle Size Distribution] % % % % %
Wil A, <38 pm 64 25 63 64 43
38-75 pm 200 27 22 7 32

] >75pm| 16 48 18 19] - 25
Mill &, <38 um 47 74 31 78] -
38-75 pm 28 17 a7 14 -

>76 umi 25 9 32 8 -

Mill G, <36 pm - - - . a4
36-75 pm - - N 3
>78 pm - - - - 25

Mill 5, <38 pm 48| 65| 9 78 72
38.76 ym 23 23 a7 7 15
575 pm 78 12 34 5 13
Mill &, <38 ym 32 i 40 4 2
38-75 im 30 - 20 27 25
76 pm 38 - M| 28 33|

Mill F, <38 pm | 46 54 74 73 49
38-75 pm | 25 23 16 17 24

=75 pm 29 23 10 10 27

Detailed particle size analyses of the above pulverised coal samples have been
attached in Appendix 2.3.
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The R.C. Composite sample was subjected fo a more extensive set of analyses, the
resulis of which are presented in Table 9. Nole that a kinetic summary for char
combustion is inciuded and will be referred to in saction 3.5 of this report.
Appendix 2.1 confains the detfailed derivation of the kingtic parameters listed in
Tabie 9.

Table 8 : Coal rifes Sunmary for R.C. Composita

Total Moisture : {as recelved) 2.8

Proximate : airdried| as raceived dry dal
Moisture _ 35| 8.8

Ash _ 250 23.4) 25.9]

Volatiles 22.8| 214 23.8) 31.9)
[Fixed Carbon 87 45.4 50.5 68.1
[UHimate ¢ 1

Garbon _ 58.76 56,06 60.89| g2 18|
Hydrogen . 3.02 2.83 3.13] 4.22]

firogen "~ 1.39] 1.30] 144 164

{Suiphur 0.76] 0.71 0.79] ~1.08]
{Carbonales 0.76 B.71 0.79 1.06}
[Gxygen _ 6.81 €.16]  7.08] 9.52
[{Oxygen + Carbonates 6.87

Calorific Vaiue EE RS 2351 3173
DTF DEVOLATILISATION

Volatils Matter 28,025

Q Factor2 1.225)

DTF FULL TEST B _ _

ISize Fraction _ <38um | 38-75um <75mn  |Unit
{Pre-exponential Factor 4269 70549 3213{kg/m’.s.atm

4213} 69626]  3170{kg/m>s.bar

[Activalion Energy 144.5 181.6 132.98kJimol
Activation Energy /R 17380} 21843 15985(K

2 \when a coal is devolatitised at higher temperatures {and heating rates) than would be
typical for a Proximate analysis, the coal produces a higher yield of volatile matter. The
Q Fagtor accounts for this difference and Is the ratlo of the volaliles produced under
simulated fumace conditions and the volatiles produced in laboratory standard Proximate

analysis.
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Furiher furnace simufations were performed with coal sampled from the feeder bel
of the run of mine Washing Piant at the cofliery that provides Hendrina Power Station
with coal. These simulations were peiformed to assess the effect of coal with
differing char combustion kinetics on furnace conditions. This coal is referred fo as
‘Washing Plant Feed’. ts properfies summary is presented In Table 10, whie
Appendix 2.2 contains the derivations of the kinetic parameters.

_Table 10 : Coal Proverties Summary for Plant Feed

Total Moisture : {as recelved) 87

Froxlma‘to : 2 dried'l as received| dry dail

Moisture 2 8.70|

Ash 26.6| 27.62]  30.20) _

Volatlles 244 22,77 2480 35.571

|Fixed Carbon 44 40.02] 44.00 64.33]

l'Ultlmate T 3

Carbon 56.24 5247  67.39 82.22

Hydrogen 3,34 342 341 ~4.881

Nifrogen 14 13 143] 2.5

\Suiphur _ " 0.64 0.78{ 4.86] 123

\Carbonates T 6.5 0.49 0.54 cmj

[Oxygen 8.05| 551 B.17 8.85

|Oxygen + Carbonates o 6.0

Calorific Value B 2 2053]  22.45| 32,16}

DTF DEVOLATILISATION _

Volatile Matter 20.02

Q Factor 1.226]

DTF FULL TEST _ NN

{Bize Fraction _ <38 pm 3876 pm | <75 pm Unit

[Pre-exponential Factor 208] 1077 286| kyhn?.s.atm
205| 1063 282| kg/m’.sbar

{Activation Energy 101.66 1249] 9945  kdimal

{Activation Energy IR _ 12228| 15623] 11862] K

3.4  ASSESSMENT OF THE AIOLOS DEVOLATILISATION MODEL

The results of the DTF tests performed to characterise the devolatilisation behaviour
of the Hendrina R.C. Composite sample and the analysls to determine the kinetic
parameters of the single step, temperature dependant reaction model used in
AIOLOS are atiached in Appendix 2.1.
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Figure 29 shows the graphs of extent of devolatilisation vs. residence time for both
size fractions tested, while Table 11 lists the kinefic parameters of the devolatilization
of the R.C. Compaosite coal.

Table 11 : Kinatic Parametars of the Devolatifisation Process

Size Fraction <38 pm | 3875 um | AIOLOS Default
Pra-exponential Factor [1/s] 61.1 4.63 1.5E5
Activation Energy fkJ/mol] 40.7 11.6 74
< 38 pm 3876 ym
1 T T i 7
s
y ,;i ,-"'F /
E s
- usp a"f A’ ./ « E
* o e
-E J.." Jr"' - x
s
s P 1 1 ) ] . .
b 063 113 [.5.) Ak

Figure 29 : Coal Devolatifisation in DTF

It was found that when the DTF devolatilisation kinetics were specified In the
combustion model, the char combustion process was not activated. The AIOLOS
defauft values were subsequently used.

In order to validate the DTF results, devolatilisation tests should be carried out on
more Eskom coals. In the event of the presented results being confirmed, the
devolatilisation model used in AIOLOS would have fo be revisited and modified as in
its currant form the model clearly does not describe the devolatilsation process
satisfactorily,

3.5  ASSESSMENT OF AIOLOS CHAR COMBUSTION MODEL

The char combustion model used in AIOLOS i basaed on the same model used in the
determination of DTF kinetic parameters, and as such should be suitable for Eskom
use. A model of the DTF ufilising the char combustion model found in AIOLOS
produces reasonable predictions of the experimentai data. The kinetic parameters of
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the R.C. Composite sample and the Washing Plant Feed have been summarised in
Tables 9 and 10 raspactively. Figures 30 and 31 show the predicted burnout profiles
and DTF data of R.C. Composite sample used fo determine the kinetic parameters,
while Figures 32 and 33 do so for the Washing Plant Feaed. The burnout profiies
should ideally pass fhrough the DTF data points given a certain DTF setpoint

temparature.

T 130°C
— 1400°C
X DAY data

Figure 30 : Combustion Extent vs. time - R.C.Composite < 33 um

renidene e (5]
== 1000°C - DTF Seipbint Temperature
- 1ecC
— 12°C
— 13eC
== 1400°C
¥ DTF dats

Figure 31 : Combustion Extent vs. ime - R.C.Composite 38-75 ym
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03

0.6

" cotplnwtion efficianay [deft

‘0.2

0 o5 i 1.5 2 25 3 15

regidenco tima [5]
== 1000°C - DTF Setpoint Temperature
= 1aeC
= 1200°C
== 1300°C
= 1400°C
X DITF date

Figure 52; Combustion Extent vs. tinte - Washirg Piant Feed.< 368 pm

residenceteme Jn]
1000°C - DTF Sefpoint Tempersture
1180°C
1200°C
1300°C
1400°C
X DIF daia

FIEEE

Figure 33 : Combustion Extant vs, fime - Washing Plant Feed. 38.75 ym
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3.6 COMPARISON OF PREDICTED AND LIEASURED FURNACE DATA

Contour plots of furhace conditions are shown for various furnace levels as indicated
on the isometric diagrams of the furnace. The contour plots also show the position
and results of measurements. For the purpose of comparing experimental and
measured data, graphs of experimental vs. measured data are shown as well.

3.8.1 Furnace Exit Conditions :

Figure 34 : isomatric View of Furnace showing the
horizental furnace plane at which data is presetited

3.6.1.1 Gas Temperatures :

Fisture 38 : Confour Plot of Furiace Exit Gas Tamparaturg [°C]
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Figure 37 : Furnace Exit Temperatures [*C]

The furnace exit temperatures are an important indicator of fumace performance
because high furnace exit temperaiures suggest fumace under-performiance which
leads to high temperatures in the convective region of the bailer which, in tumn, resuits
in accelerated ageing of convective heat exchangers, fouling and possible control
problems. High furnace exit temperatures may result from :

« delayed combustion in the fummace (typically from unreactive coal feedstocks or
feedstocks that are not suited to that parficular furnace design because the
furnace residence times may be too short)

» over-firing (in which case sonie of the evaporator Is used as a superheater)

» Iimpaired radiative and convective heat fransfer in the furnace region (caused
primarily by insulating or reflective deposits on the furnace wells)

The predicted results tend to be lower than the measured temperatures. it should
however be kept in mind that the fluctuactions in temperature at one point in the
fumace excesded the variance between predicted and measured data. The
uncertainty In furnace temperature measursment together with the uncertainty of
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some of the boundary conditions, particularly the ash deposit emissivity and the coal
properties, may make predicting absolute furnace gas temperatures difficult. The
effect of changes in coal combustion properties on combustion conditions has been
explored, the results of which are presented 3.7 of this report.

3.6.1.2 Gas Flow Velocities

Vereal @ Vaauty
i B w’

The velocity distributions at
the furnace exit should ideally
be uniform - ie. fitle or no
variation in vertical velocity as
this is the ideal condiion for a
convective pass heat
exchange- viz. no skew flow.
The furmace exit velocities in
Figure 38 show quita clearly

the effect of having only one
Figure 28 : Confour Plot of vertical velocities and Vector . .
Plot of horizantal gas velocities, Peak horizontal valocity "o Of the fop burner rows in

(represented by longest arrow) : 4.78 m/s operatiort and how this results

in skewing the flow at furnace
exit.

3.6.1.3 O; Concenirations

By the fumace exit, combustion of the pulvsrised coal should be complete. This
means that the furnace exit oxygen concentration should be consistent with the
oxygen concentration measured at the economiser outlet (except for tramp Oa). More
importantly however, mixing of the combustion product should be good at fumace
exit so that a falrly uniform O distribution should be observed.

The predicted and measured O, concentrations show a very good agreement,
suggesting thal the model describes the combustion process with respect to O,
consumption satisfactorily.

pege 60



Caygen Concentmathn
[val. %)

Figure 39 ! Contour Plot of Furnace Exit Oxygen Concentrations
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Figuré 40 : Furnace Exit Oxygen Concentrations
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Flgure 41 : Furnace Exit Oxygen Concentrations

One anomaly (@ O = 5.86%) is however evident in Figure 40, but is most likely
attributable to an experimental error.
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3.6.1.4 CO Concentrations

The CO concentrafions predicted by the model were significantly higher than the
measured values at furnace exit. Boih the experimental technique used for the
experimental measurement as well as the model should be revisited to determine the
raason for these deviations.

“3388883883

Figure 42 : Contour Plat of CO Concentraiions [vol. ppm]
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Figura 43 ; CO Concentrations
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Figure 44 : CO Concentrations

3.6.1.5 NOx Concentrations

Tihe NOx prediction. and measurements correspond very well suggesting that the
NOx model in the combustion code funictions for over stoichiometric combustion.
Further validation of the NOx cods will be required for sub-stoichiometric conditions,
which would be needed to evaluate possible low-NOx strategies. Further vafidation
work is planned when the Australian Combustion Technology Centre's (ACTC) NOx
test furnace is moadelied with a variety of primary stoichiometries fusled by Eskom
feedstocks.

Figure 46 : Contour Plot of NOx Concentrations [vol. ppmi
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Figure 48 ; NOx Concentratioris
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Flgure 47 : NOx Concentrations

342 Top Bumer Row

Figure 48: 3D view furnace : hatched horizorital planae indicates ievel at wirich data is presented
a:; d measuremernts were mace

4

page 64



3.6.2.1 Gas Temperatures
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Figure 49 : Contour Plot of Furnace Temperatures on the top burier Jevel

There is a good agreement befween predicted and measured gas temperatures on
the fop burner level. The results do howaver suggest that an even hotler region exits
than the measurements showed with temperaturas exceeding 1500°C.

A concem is noted about the considerable penetration of the relatively cold inlat
streams through the top burner row. This would lead to poor predictions of other

combustion properties in the near burner regions.
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Figure 50 ; Furnace Temperatures [°C]
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Figure 51 - Furnace Temperaturss [°C]

3.6.2.2 Gas Flow Velocities

The contour plot of the vertical velocity component (refer to Figure 52) showgfthe .

- downwards flow between the bumer pairs clearly. The horizontal flow pattern shows
the well defined recirculation zones on either side of the operational bumner pairs. An
infernal recirculation zone is not apparent from the results due to the near burner
zone not being discretised sufficiently finely. The combustion models local grid
refinement capability may improve the resuits so that investigations into bumer
stability and design may be performed. it must however be noted that the bumer itself
may be modelled with the combustion code in question. Note also the less defined
recircuiation zones on either side of the out of commission bumer pairs. This
recirculation zone is caused by the strong recirculation of the operational burners 4m
below.,

Figure 52 : Contour Plof of vertical velocities and Vector Plot of horlzontal gas
velocities, Peak horizontal veiocity (represented by longest arrow) : 57.8m/s
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36.3 Middle Burner Row

Figure §3: 3D view of furmace (hatched horizontal piane
indicates level at which data is prasenled and
measuremants were made)

3.6.3.1 Gas Temperaturss

Figure 54 : Contour Plot of Furnace Temperatires on middle burner row
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The concern noted in 3.2.1 ($ee Figure 52) about the relatively deep penetration into
the furnace of inlet sireams through the burners has in thie case (refer Figure 54) a
bearing on the predicied furriace centre temperature results which are lower than the
measured ones. The contour plot (refer Figure 54) does however show a significantly
hotter region away from the centre of the fumace, which could be caused by the
mode of operatian in which one of the top burner rows was out of commission.

The fact that a considerable deviation in measurad and predicted results exisis
suggest that the burner boundary conditions may have been specified incorrectly.
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Figure 55 : Furnace Temparature [°C]
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3.6.3.2 Gas Flow Velogcities

Here again the contour plot of the verlical velocity component {refer to Figure 56)
shows a well defined downwards flow between the burner pairs and the upward flow
on either side thereof. Note also the recirculation zones on either side of the burner
pairs and the flow directed towards the walls. Given high particle temperatures, there
is a possibility of slag formation on the furnace walls. At the fime of testing significant
slag deposits were not however observed.

Vil -y
= =i

Figure 88 : Confour Plot of vertical velocities and Vector Plot of horizontal gas
valocltios, Peak harizortal velocity (representaed by longest arrow) : 57.8m/s
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364 Bofiom Burner Row

Flgure 57 : 3D view of fiimace : harchedhmizwfalphmmmmuat
which data is presented and moasuremeirts were made

3.6.4.1 Gas Temperatures :

Figure 58 ; Contotr Plot of Furnace Gas Temperaturas - botfomn Sumer row
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NNote tha skewness of the flame temperature contours (refer t Figure 58).on obly one
" side of the* “<ue and further the difference in gas temperatures along the division
X wall Of the Fur..ws. This is due o the flow paiterns having been established as a
result of having one of the top bumer rows out of operation {refer to Figures 52, 55
and 81). . '
Figures58 and 60 show a good agreement between measured and predicted furnace
‘temperatures, As mentioned before, the measurement of furace gas temperatures
near the burers was difficult in view of the fact that the conditions are not uniform
and stable. Particularly the flame regions are highly turbulent and to obtain constant
temperature readings is not possible.
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Figure 89 : Furnace Gas rmrcj
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Figure 60 ; Furnace Gas Temperatures [°CJ
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3.68.4.2 Gas Flow Veloctties

Similar gas flow patterns to the middle bumner leve! are predicted for this bumer level
with the exception of the large area of downwards flow between the burner pairs on
the rear furnace wall (refer to Figure 61). These results suggest thal the burner pairs
on the rear wali penetrate the furnace through it's centre while the front wall burners

Figure 61 : Contour Flot of vertical velocities and Vector Plot of horizonial gas velocities.
Pesk horizontal velocHy (represented by longest arrow) : 57.8m/s

have their swirling flow deflected to either side of the stream emanating from the rear
wall burners toward the furhace walls. This may be caused by the fact that the top
row on the rear wall was not in operation which wouid allow the establishment of the
observed flow pattern,
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36.5 Fumace Heat Fluxes

The heat fluxes through the furnace water wall were measured using heat flux probes
situated on the left wall of the furace. These were found to he generally low
compared to heat fluxes measured at Matimba using Identical devices. Further, the
furnace {emperatures at Hendrina were significanfly higher than furnace
temperatures measured at Matimba, Low heat fitixes and high furnace temperatures
suggests that Hendrina's furnace heat transfer is impaired. Since approximately 90%
of the heat transfer in the furnace ocours by radiation, a possible explanation for this
may be that the ash deposits either reflect the incident radiation back into the furnace
or the deposit iayer acts as an exceilent insulator resuiting in a much higher fumacs
surface wall temperature and a resultant reduction in furnace heat fransfer. In
specifying the boundary conditions for the furnace simuiation it was therefore decidad
to assume an emissivity of 0.5 for the entire furnaca instead of an emissivity of 0.66
fo 0.7 which s normally assumed for a clean, operational furnace, Experimental
techniques for the determination of wall emissivities shouid be explored.

Figure 62 shows an incident heat flux contour plot of the left wall of tha furnace, as
predicted by the combustion model, while the heat flux measurement data (actuat
heat flux through the furnace wall), as logged on 13 February 1998, of selected heat
flux meters are shown as heat flux vs. time graphs. The arrow between the heat flux
vs. time plot and the contour plot of the incident heat flux indicates the position of the
probe on the furnace wall. The saw tooth type behaviour of the measured heat fiuxes
(refer io graph 1 and 3) indicates that when a reflective and/or insulating bulld up on
the probe tips either falls off or is removed, a sudden heat flux increase is observed.
The heat flux vs. time pattern exhiblted in graphs 4 and 6 has been observed
previously at Matimba for heat flux probes situated near wall blowers, as was also
the case at Hendrina's Unit 9 furnace. The time of wall blowing corresponds with the
sudden increase in heat flux. Note, however, the differant lengths of time that the Seat
flux remains high afler wall blowing. This is mast likely a result of the diffsrent nature
of the deposits at different points in the boiler, due mainly to variations in deposition
temperature and impact velocity of combusting paricles with the furnace wall
suwiface.
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Figure 63 shows the Incident host fux distribudion to all the furmace walls as predicted
by the combustion moadel. Note the low hoat fux intensities on the front wall burner
beit, which has ali threo burmer rows in operation. This s alivibulable fo the pf
absorbing much of the radiation divected fowards the front wall.
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Figure 63: incident heai ux to the fitrnace wolls
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3.7 COMPARISON - OF MODEL PREDICTIONS FOR DIFFERENT COAL
FEEDSTOCKS
Combustivn simulations were performed using the resulls of DTF characterisation of
the Hendrina R.C. Composite and the Washing Plant Feed coals, to examine the
sansifivity of the model to changes in a ceal's combustion behaviour. Figure 64
shows the particle size class avaraged burnout profiles of the coals in question.
Hendrina Raw Coal Composite Hendrina Washing Plant Feed

1 T T T !

it -
& &

&

Tosidonct o [4] - Poaichierce i ]

== 1000%; - DTF Setpoint Tempesature == 1000°C - IDTF Setpoint Tamparature
i B0 L s 110G
== 1200%C = 12000
== 1300°C = 1300°C
= 1400'C ~= 14000
Figurs 64 ¢

Bumout Profes of Hendrina Faedstocks

-The following simulation results show the effect of the different coals on furniace
conditions.

3.7.1 Temperature Maps through the Fumnace

Figure 85 : lsometric kaofﬁmaushowmggnwnmmmaaMmatMMis
pragent
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In order to compare the effect of a change in coal reactivity realistically, the input rate

of coal for both simulations was adjusted so that the furnace exit oxygen

concentrations were simitar at around 3 - 3.5 % by volume (refet o Figure 67). Given

identical primary and secondary air inlet flowrates, the input rate of more reactive

coal (W.P. Feed) was less than the input rate of the less reactive coal (R.C.

Composite), despite the W.P. Feed having a higher ash content. This is atiributed 1o
{ the W.P, Feed achieving a greater burnout by furnace exit.

Hendrina Raw Coal Composite  Hendrina Washing Plant Feed

Figure 86 : Furnace Gas
Temperature Maps

Note also how the region where the temperature is greater than 1400°C concentrates
much lower in the fumace for the W.P. Feed than for the R.C. Composite (refer to
vertical temperature contour plofs in Figure 66}, The fumace exit temperatures are
b~ vever comparable {refer to furnace exit lsmperature contours in Figure 66). it
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should be noted however, that the more reactive coal achieved a higher fumace
efficiency in view of the reduced carbon in ash, i.e. soal consumption.

3.7.2 0O, Concentrations at Furnace Exit

Hendrina Raw Ccal Composite Hendrina Washing Plant Feed

267 : Furnaca Exit Oz Maps

3.73 Heat Fluxes
Figure 68 shows heat fiux contour piots onto the left wall for both feedstocks. Note

how the more reactive feedstock shows high heatfluxes lower down in the furnace.

Handsina Raw Coal Composite Hendrina Washing Plant
Feed

Figure 88 ; Furnace Heat Fitxes fonto left waly
3.74 NOx Production
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Most of the NOx originates from the oxidation of the nitrogen containing volatile
species in the near bumer zone as a direct result of the oxidising combustion
cenditions in this reglon. These conditions are typical for unstaged swirl burners. A
sig'niﬁdant difference in NOx leveis at furnace exit was therefore not expected for the
two coals. The simulation results (refer to NOx concentration contour plots in Figure
69) show this. Note, however, that the paiterns of the contours differ. This is
attributable to the differences in the flowfield, which depend strongly on the
temperature distributidn and, consaequently, the density of combustion products in the
furnace.

Hendrina Raw Coal Composite Hendrina Washing Plant Feed

- HEEERET

345883882337 9380823883

Figure 89 : Fumace Exit NOx Maps

4, CONCLUSIONS
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4.1 THE COMBUSTION MODEL VALIDATION

The combustion model predictions compare salisfactorly with furnace
measurements. The use of the model is however at a developinental stsge and
therefore requires a critical review of the resulfs. The modei predictions depend 1o a
great extent on accurate plant operation data which in many cases is not available.
The use of reasonable estimates of this data I3 therefore reguired, and depending on
the application of the model, should be borne in mind when reviewing combustion
modelling results.

42  COMBUSTION MODELLING FOR COAL FEEDSTOCK ASSESSMENTS

The moda! showed that even a moderate difference in reactivity had a significant
influence on the simulation resuits. The mode! appears therefore fo be sufficiently
sensitive to reactivity data for coal feedstock assessments.

43  THE COAL DEVOLATILISATION MODEL

The analysis of ccal devolatitisation dala obtained from DTF experiments suggested
very low devolatilisation rates compared to what the University of Stutigart assumes
when this information is nof available. When using the DTF experiment results in the
combustion model, the madel did not produce converged resuits, The University of
Stuttgart default values were subsequently used as these produced acceptable
results. The testing procedure designed fo determins the pyrolysis kinstics does not
proiuce resulis that can be used in setling the parameters of the pyrolysis sub-model
used in the combustion code.

4.3 THE CHAR-COMBUSTION SUB-MODEL

The analysis of the DTF data for the coals in question tuggests that char combustion
model according to Field et al'! (1967) was adequate. Refinements to the char
combustion modei may, however, improve the models capability to predict the effects

of different coal feedstocks on furnace performance.

44  THE NOx FRODUCTION MODEL
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The model allows for the specification of the nitrogen partitioning within the coal (viz.
fraction of coal nittagen reporfing to the volatile matter and char respectively} and for
the simulations presented herein, the model produices plausible resulis.

45 RESULTS OF THE FURNACE iNVESTIGATION

~ Given the experimental furnace data, as well as the kinetic and other characterisation
of the feedstock used at the time of testing, it became apparent that Hendrina's Unit 8
furnace does not have too short a residéence from the top burmner row (approx. 2.2s)
for the coal that was burnt during the testing period. High furnace exit tempetratures,
low furngce heat fluxes as well as very high furnace temiperatures (up to 1645°C)
wers however observed, which suggests that heat transfer to the furnace walls was
jmpaired. The tause of this could either be a higher than usual emissivity of ash

deposits on the furnace wall, or the insulating nature of the ash, or a combination of

the aforementioned. The heat flux measuraments did show that wall blowing did
increase the heat flux to the furnace walls considerably, suggesting that the furnace
performance may be improved by ensuting that the furnace walls remain clean. The
extent to which this can be achieved by addiional or modified wall biowing hardwarae,
or changes to wall blower operation, should be investigated. |

46  NEW FURNACE TEST METHODOLOGIES

The indirect method of furnace gas temperature measurement proved to be
considetably more robust and dependable thian the traditional direct temperature
measuremant using ceramic radiation shields.

Further, the furnace residence fime distribution measurement technigue has now
been demonstrated for wall fired plant as well. In conjunction with the combustion

characterisation of the Hendrina feedstock, it could be cancluded that coal reactivity
was not the primary contributor to the high furnace exit temperatures observed,

5. RECOMMENDATIONS
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8.4 RECOMMENDATIONS PERTAINING TO THE COMBUSTION MODEL

The AIOLOS furmace motel should be validated for the Matimba Unit 6 fumace as
well. The experimental data available from Mafimba for feedstocks of varying
reactivity would provide an ideal validation data set.

The NOx validation testwork and modelling resuifs should be roviswed in order to
assess the combustion madel's potentiz! application in evaluating NOx reduction
hardware.

Refinements fo the code’s char combustion sub-model should be explored, These
refinemants should include specifying the con.vustion kinetics for all size fractions
tested in the DTF, as well as infroducing a description of the effect of combustion
exient on the combustion kinetics of the cecal.

The coal devolatilisation model should be reviewed and a suitable test meathodology
to expetimentaily determins a coal's devolatilisation rates should be researched.

As the effect of fumace wali emissivity has a significant effect on simulation
predictions, the possibility of measuring this property should be explored.

52  RECOMMENDATION PERTAINING TO THE FU RNACE TESTWORK AT
HENDRINA

fmproved furnace wall cieaning at Hendrina Power Station may heip reduce furnace
exit temperatures. it is recommended that this be explored. it should, howevet, be
noted that bumer hardware condition, primary and secondary air temperatures as
well as coal properties (including grindsize and reactivity), may contribute to high
furnave exit temperatures and reduced furnace performance.

53. RECOMMENDATION PERTAINING TO THE FURNACE TESTING
METHODOLOGIES

The indirect furnace gas temperature measurement technique should be explore-
furthier fo improve its accuracy and reliability.
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Appendix 1.1,3

Design Skeich of the 6m waler cooled sustion pyrometer
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Appendix 1.1,2.1

Design Sketch of 12m wates cooled suction pyrometer
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Appendix 1.1.2.2

Design Details for the 12m water cooled probe



Desig. - of a water cooled suction probe :

1. Mechanical Analysis of probe sections :

1/0893
SvS & NWE
Areo: 1457 433 sq wi
Perineter: 1228.24% pni
BFotndsng buxs Xi 24 4F -~ 2413 nt
Vo 118.982) -~ @42. 7354 o
Centroiy: A8 ot
R

Honeats ¢f snertin. X 4.95%eell? sg hn Sq me
Yo SFFE. 7 sq an 5q m
Progurt of iortiar X¥: ~5.895805-069 s v sg¢ s
Foded of gyralign:  x- 183.989 nn
Y. 1278737 1w
Privcipa!l rompatscsg vt sg mnd and X-Y directions obout centraid:
I 22049, 7 alont TH 1 1
Jo 1664532 whout 11 0 T

ften Desoriptim
T 3348 x LoWrZlal 53 pipe
2 d5.86 8 x 3,77 kY JleL 38 pipe
3 we it

4 &5 x 85 x 3 W7 316 $5 angle

frea : 1173 609 59 ra
Perisptler: 1035. 687 mm
Bounding box: X =243 -~ 2413 mn
Yo -[9.54357 -~ 75.9%41 nm
Lenfroid: Xe & o
¥e 28. 71623 nm

Horents of inertia:  Xo 0845 54 v 5g
Fe AS1816.3 50 An 50 M
Product af inertia: X¥: -0. 00004467852 sq mm 5 an
Pagii of gprotion: X« 39.991% mm
Y: 14 648
Principul moses lstag s s and and X-Y directions about controid:
I+ 251816, 3 about (& BMI58e-011 -1 1
Ji B99Mgl. | ebout [§ 2 605621e-006 1

Moment of nertia for section of probe withou support bar sbout the X axis: I, = 899861.1 mm*

Mament of Inertia for section of probe with support bar about the X axis Igy = 1664532 mm*

Moment of Inertia of probe on ils side (weakust) ;

{rosg sectional Aren of stainless steel without support bar :

Cross sectional Area of stainlesy stee] with support bar

Lusy © 2518163 mm?

Ay + 1173.609 mm?
AS

= 1457.433- mm?




Cross seotional area where water flows :
OD of outer tube : dy = 48.26-mm
Wall thickaess of otiier tube wtg = 2.77-mm
OD of inner tube : dy = 334mm
1
-|efle T[4 [ Yo ’ 4y’ A, = 1114.38-mm®
-AW""TT'“U -It"—-2— +L1_t“~—2-—.-w1‘.0 '*‘T'—E- w= .38 «mm
Material Properties of AISA 316L 88 density : Pys = BDOO»%
Hlastic modufus : B = 19 10°Pa
Mass Property of water : density : Pw lOOO-i%

PDelermining the maximum lengih of unsupporied probe ¢

Divided gravity foree a = (Aygpes + Ay w)— g
Bending Moment L
3 tube
— BM(LtI.lbe) = J. ax ﬂx
0-m

Caloulation of the maximal bending siress occuring at a distance d0 of the neutral axis at the insertion point

BM(L tpe)-d
@ max(L tuibe) = ‘““‘('ft*“:?) :

Caloulation of the maximum deflection occuring at the end of the probe

1
7 ¢ (Lube)”
? M(L tube) TE ss' Tusx

Safety factor n, most likely 1o be in the order of 2-2.5 n

"
[ ¥

Maximum permissible tensile stress of stainless steel
205 .6
@ maxpermissible = ~_—10"Fa

o maxpermissible = 102500000 +Pa Li = 0m,02m. 10-m



2-16% |-

siress [Pa]
\.\\

1108 = i

¢ 1 2 3 4 5 6 7 3 9
) length of probe: fm}
| i T | I | | I |
06
s
g /7
g 04 ;
.y
.‘f;
04— o -
e g
0 j ) { ___4——*:»*-—”/]////. 1 i {
0 1 2 3 4 5 ¢ 7 8 9
" _ lengh of probe {m]

Determining the maxinnm length of unsugported probe :
Tinax = 8m givin 0 max{! max) ™ maspermissible
Imaxd = 62d(1gy) Imey 1 =609 m
Calculating the mags of probe and waber of the unsupported probe ¢
Mas(1. ) = (A AL o
Mm(lmax.l) =63.98 kg effecting o point load at the end of the yupported probe

Concentrated load at end of supported probe :

Loatiw = Mass (l max.l)' E



¢

divided gravity foree :
qs = (A gPan ™t Aw'pw)'g

Beriding Momest :
L fube
BM (L type) = A qxdx + Load yoL g
o1}

Finding the maximum length of probe for which
Celenlation of the maximal bending stress occuring at a distance d0 of the neutril axis at the insertion point
& max(L- tibo) - BMs(L o) do , . |
Tex i}
Calenlation of the maximum deflection securing at the end of the probe
o1 : 4, 1 . 3

s {Tube) + 5 Tosdug L

amﬁx(lam) = E I

85 'sx

Safety factor n, most fikely to be in the ordar of 2-2.5
n 2 '

Maxiroum pemmissible tenisile stress of stainfess steel

. 205 .
7 maxpermissible = ' 10°Pa

¥ saxpermissible = 102500000 <P L = 0m,02'm.8m
| 1 | i | 1 1
a 3 L i -
2*10 /J,,.-
.//
EREST o
-
&, -
E 8 . =
1°10 —
B ==
7 /*///
S90" )H/*
_-"*')"/
0 e ! i i | i i
0 I 2 3 5 [

4
lenpsh of probe [m]




T ; 1 1 ) T ;
06|
E g4}
g .- ‘Af
02 P
.,’/Sd‘f/
a/
o I Wy S i . i
0 1 3 3 4 5 6 y
length of probe [m]
Determining the maximum length of unsupported probe ;
ey = 3m given & max(!1nex )™ saxpennissible

Maximum Probe Length past cantilsver point :

Total masy of probe without water :

Transporting the probe on its side :

Estimated Bending Morient at ¢entre

Estimating the maxinmm bending stress
on the probe on ity side :

Caleulated safety factor

Lmax2 = 509( pgy) lmggs =418'm

Nmax * Imaw ¥ lmax?
Limax = 10.28 +in
mass poty] * Imgg 1Ay fss + (Imax" lmaxl)‘As‘pss

IIASS total = 106.07 ‘kg

Load ‘= mnss ;o0 1'8

Land 1

BM,, « —

d

BM c'“‘ig

— = 128,13 410%Pa
Lusy

T 0 maxpermissible _ 16




Ltubei
length of ine, «tion [m)

Heat Tranrfer Calculation :
. . el
Insertion Depth i=0.100 Liobe, = T
1
. . kW
maximum expected beat flux in furmacs : C Qpax 500;—2-
fotal area subjected to this heat flux ¢ Aqi-= d g 2L gibe.
i
roaxitnum rate of energy romoval from probe holder :
Qmai:i - ‘hnax""*qi
maxinmsm incresss in cooling water lemporature :
AT, = (50)K
sverage specifio heat of water : Cp ow = 4186 103--3-12%
_ energy balance around probe, + /here = flowrate of water in kgs : Qmaxi
AL
’;. ATGW'CPGW
g — ~ required water flowrate (kg/s)
1 T I | I
72 - - -
i . 64— f./" .._
48 - ’/ |
E £ /_y_.f’
] 4 /.,»»*/ ]
"g 3z e -
—
. 24 = _._‘.-"’) =3
1.6 1~ "_/// d
0sf- . .
o Rl ] } ] ) | .
t 2 4 6 g 14 12



Esiimartion of pressure drop through probe »

hydraulic mean diameter of anintus : m =

w(dg-wg2)rmdy
Friction loss dye to 180° bend at probe end & ends = 120 dismeters
Average Viscosity of water bstween 280 and 360°K : : B ow = 0.65-10"%-poise
Aw
Area available for Flow : g A gy = 5"
Velooi o K
ooity of water through pipe : e b
_ U APy
dpyv ow; P w
Reynalds Number : Re, =
B ow
' Friction factor (according to Blasius for smooth pipe): £, = 0.0395(Re;) %
1 o
Eeqxivaleat length of pipe through probe : L,;._q = 212-m + bonde-d
Leq =2512m

Tho energy loss duse to friction in the pipe is thus : B popod 2
e fortg™ (¥ow)

‘This translates into a yressurs drop of ¢ AP, = Frpg Pa
20 T I ] 1 ¥
18 ~ -

Pressure Drop through Probe {bar}
]
L
\\
L]
[ |

8 = o s
6 _//'"f/ -
4 b *h//’ - -
ir *’____,»»’ - -
0 il I } H — ] e

o 2 & 6 8§ 1% 12

length of inzertion [ra] into fumace



Estimating the pumping regwirements :

Meximum continnous water preysure of supply at required flowrate : P = 10-101325-Pa
Minimoem Pressure at outlet : P out = 2 101325-Fa
. Efficinney of pump ¢ efficiency = 60-%
_ f.APi = iin +P gt
Power of pump : Powet. < i ._p'w
ST efficiency
negative power requirements obviate the need for a pump : Pover, = if(Powa-i{ O-kW.G‘kW,Poweri)

R I =~ T " i

Poser of Puznp required [kW]
™~ .3 - &
THO\E O th W
T 1 1T 1
| I N

6|~ ; -
j!
s \r"r B
- ~ —
L5 L -
0 . ! . | 1. . ] R
0 2 4 6 8 10 12

length of ingertion [in] into fimsce




Appiendix 113

Design Skeich for the Hendring Burser Door
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Appendix 1.14

Design Sketeh for the tracer injection device
comprising the air canson and sulphur discharge canister assembly




g B 112,90 ke

ITEM NO. | Mg, REQD DESCRIPTION IMENSION MATERIAL
! 3 aff 7 Mi0 X 20
2 I eaff CYINGER COVER FPERSPEX
F 4 _off AR INLET HOLE
4 i off OUTER CYENDER. TG ot 42,2 ¥ HOPE
2 12 _off ALEN CAP BOLT Mg i
g 1__off ¥ 4] aﬁ-. P HOPE
7 i aff 307 CONTANER CYIINDER Ry %) HOFE
8 Z2__aff 17 CONTAINER FLANGE HOPE
2 § off AR INLET HOLE —
10 8 _ off ALAN CAP BOLT MG X 60
CAD FILENAME |  SOZNUEC.OWG ROJECT: 775 1 E24 4.7
ORAWING No. ot 2 Correlations '
SCALE 1:3 on M NIE; S02 injection probe for RID
CHECKED mzasurement @ waler croled
APPROVED suction pyramelers
ifs drowing 15 the praperly of | 3 —
ESKOM T—R-IL It is subject 7 F K O M
.t lo copyright and may not be e -
mode available fo third parties| | J2/04/85F ORKWAL __ | SvS/pwe
without prior written permission [ ISSUE | DATE | ALTERATIONS | NAME | T — R — I




Appendix 1.1.5

$O: injection device for the determination of the probe RTD
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Appepdix 1.1.6
Design Sketch for the heat flux probe
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i

_. THERMOCOUPLE TIP 1
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+ THERMOCGUPLE, TIP 2
,!-—3‘3.20-_.
1
18.00 ' 12,00k
Malarial : alumint ceromic
HEAY FLUX FROBE HEAD * criticnl dimension CERARC SHEATH
| . é
N w
S5 - &
J e
— H
=|‘-'- 9.00—-:!
-— 21.00
40.00 Material : MILD STEEL
400 PROBE HOLDER
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Appendix 1.2

Furnace Testing Proceduras

1.

21

212

2.3

CONDO AL

Equipment Requirement

. water cooled suction pyrometers

pyrometer tresties

. cooling water hoses with fire hydrant fittings (source -+ pyrumeter —» drain)

. suction line hoses (3.5 * Teflon lined)

. cyclone filter for solids sampling (fits onfo rear part of pyrometer)

. air ejector {compressed air driven sucfion venturi)

. compressed air hoses ard filtings

. silicon hose and fittings for gas sampling

. petrol filter for gas sample line

10.membrane dryer for gas sample _

11.suction pump (to draw gas sample through portable gas analyser)
12.rotameter fo monitor gas flowrate though gas analy:

13.thermocouples with suitable compensating leads and displays (or dataloager)
14.ceramic shields for thermacouples (if using direct temperature measuremant
technique)

Equipment Setup
Cooling Water System
The cooling water inlet should be connected to the outer cooling jacket of the suction

pyrometer and should be adjusted so that the cooling water outlet tomperature is at
around 60°C, Condensation in the sampled gas stream should be avoided. -

Temperature Measurement - direct method using R-tvpe thermocouple

Insett probe (with the ceramic radiation shields and thermocouple in place - refer
Figure 1) into furnace with the suctien furned to minimum. Once probe is at the desired
fumace depth, adjust the cooling water fiowrate so that the outlet water temperature is
as specified in 2 1. Gradually increase the suction while observing the temperature
reading. Once an increase in temperature reading is no longer apparent with an
increase in suction, note the temperature reading. If the iemperature reading begins to
decrease, check the suction flowrate. The decrease in temperature may be atiribuiable
to the ceramic radiation shields having become blocked with rrolten ash deposits and
as a result, the suction flowrate would be low. Remove probe and replace fouled
components.

Gas Analysis and Solids Sampling

Insert probe (with cycione and gas sample line in place - refer fo Figure 1) into furnace
to desired depth, adjust cooling water flowrate (this is critical in this instance) with the
suction at minimum. Gradually increase suction until a steady trickie of combustion
residue falls through the sampling cyclone into the glass collector bottle. The gas
sample is drawn off the main sample stream before the cyclone using the sampling
point on the probe. Silicon tubing takes the gas sample through a petrol filter (to
remove any combustion residue solids) o a suction pump. The oullai of the suction
pump psses through a T piece to split the flow into a gas sample for the portable gas
analyser and bypass flow, which is monitored through a rotameter. Note that this
flowrate may never be nega‘ive. Note further, thai the gas sample to be analysed must
first be passed through a dryer.



Appendix 1.3

Residence Time Distribution manipulations



Appendix 1.3.1 Top Right Bumef to Furnace Exit - 2m into boiler




RTD Manipulations :
(Deconvolution of probe response from overall measured response}
l;brper!menta! Data

Substarnce injected sulfur
Boiler Level at injection 24 m (mill B, right burner)
Prohe 2 min the boiler

Boiler Level at Probe 3564 m

Regad Data from File : RTD ' =READPRN( decab}

time vector t =R

Probe Rerponse p =RID*

Overall Response G o - 2RIDT

# of rows in vactor n -=rows{ RTOY - 1 ne679
vector pointer 1.=8.n

Plot of experimoental overall and probe response to dirac tracer Injection

08 T T T 7 i

-
]
) 80
3
1 U U U d. 04
5 R :
I
g Co ¢
- 0.2 [~ : _
1
r\i}““ )
PR PR O M W YORISIY' FVOFUPIN DU W ook it
0 10 20 30 40 50 a1l 0
5
tima fa]

Time Domain Response Defipitiocns

The function balow depicts a general form of the time domain responses. This function
is fitted to the isasuved response data by fitting of the function parameters.

Ct.7 27 .7 gy 0onet} :mnn-(;f:;)ﬂm[u- tgftq] ]-dﬁ(tatal]

*-“P[U*‘d)“zj

RTD DECONVOLUTION .. page 1



Probe Response : {visual bast function it to data)
) mﬂ::.ﬂ.?? tp 2.64 *pd 4 B4 paramet_ers for RTD
'Pan") :zcllt.fm,t paut Pdlm P} Wmtp=2.52

" .
Efeqagrgs 30 AP’ define squared error
=1

E{"I', pt ;'ﬂ p'2|‘l Pd) 30.2

Graph comparing measured arid curve fitted RTD

T 1 T T

o5 \ ' -t
Panily : , |

nenmalized responss
- E 0 11

g e . “4: T e e pop e gt atesim st g b dtbianhi e Lk
l 1] H L | 1
0 10 20 30 an 50 &0 70
b
: tima [a]
=~ fungilon
= dsta

Overall Response ; (hest function {it to data)

1ty =038 1,205 Tog T4 sty °=0.103  parameters for RTD

c mnﬂ) -':c‘lfﬂ.' o1 Topt od.m oj
B
E{tpsaty) = [Cowy~C mﬂ,‘th E{to1.%a2.T0a) =0.007  define squared error

. [= 1

RTD DECONVOLUTION ... page 2



Analytical time domain responses expressed in the Laplace domain
(2nd order system with dead t.'me)

Probe Responso :

. Panit): -mp(.___j.wp;)[ [(tua‘:pd}-t‘p‘]-l:q:l[-(t-tpd)‘t.pz]]@(l-—tpd;j

Overall Responsa :

C auanlt) *Wn‘(

)[“P[(t“toﬂ) ‘o‘iJ “P{ (b o)+ 1:02]] Dt 7 o)

.._.tnz

Laplace Transforms can be taken of the above expressions, after which the required
deconvolution can ocetr in the Laptaca domain. By taking the inverss Laplace transform of
the expressicn obtained by the deconvolution and narimalizing the resuit, the RTD of the
boiler can ba determined.

Laplace Inverting the decomroluted expression from the Laplace domain :

A= (o1~ p1) (01 % p2) g-a (o2t pt) (o2 - Tpa)

Ts1-Toz Toa-Tol

A=8.824 pa-4224 B TVed~Tpd

E(t) :=a..“§§.@(t -segven] {t-1rg)t o1~ B -t g ga])

RTD DZCONVOLUTION ... page 3



BOILER RTD

1 T 1T 1T/
Bey
g.—m-.
ﬂ —
» s
T T U R T T S L
6 3 B8 8 12 15 18 2 24 7
t
_ tima s}
-

Dead Time : Ty =2.76

RTD DECONVOLUTION ... page 4




Appendix1.32  Top Left Bumer to Fumace Exit - 2m into boiler



RTD Manipulations :
{Deconvolution of probe response from overall measiisd response)

Experimental Data

Substance injected sulfur
Boiler Level at injection 24 m (mill B, {eft burner)
Probe 2m in the boiler

Boiter Level at Probe 31.64m

Read Data from File : RTD ' SREADPRN{ decoz}

fime vector t =R
Probe Response P RID"S
Overall Response . Gy =R
# of fows in vecior ) n =rovs{RTD) - 1 n=879
yéctor pointer 1:20.n
- Pio. of experimental overall and probe response to
dirac tracer infection
08 I T T 1 T T
r 1
4 i\ e R
04 p— - ,T'\\“ ************************* .":““-"1
g 0 R K
—  ozp ‘ ", I —
. cou] '4 |
- 1] - ‘r —\:‘?’:“I“: .':lm-:.i’- IMMLLEMIL N ey d bt bt e --lamm-:-l--h.—--ul €0
v = 1
_ e
o2 I I ! : | l
0 10 20 30 40 50 & 70
Y
time [s]

Titme Dorain Respcnse Definitions
‘The function below depicts a general form of the time domain responses. This functien is
fitted to the measured response data by fitting of the function parameters.

Oft.vy. tz,td.omsij -—constf\- —1- ;) [exp[(;— ldj-t-l] - txr!(t - fa)“zﬂ"”tt- T4

Ty-%

RTD DECONVOLUTION ... page 1



T
f

Probe Response ¢ {best function fit to data) _ !
1y =077 s pg = 2.69 1 g 124,64 const ;=252  parameters for RTD

P andt) "ZC{t8 % 5o o const o

. n . ’ :
Erqtaty = Y, B-Paniy)” define squared error E{F oy-% g2 pa) = 0.2

Graph comparing measured and curve fitted RTD

08 T A T T

gl 1 L 1 ! [
1] 10 A 30 40 50 80 7D
4
. “time (8]
= function
- m -

Ovarati Responsn ; (best function fit to data)

tq =020 1510 tod =78 const o' =0.75 parameters for RTD

o m{!} '30&.%01 .3 ogrfod.wnd oI)
n

Bttt 3 (o~ oumalt))”

for! define squared error

Btg.% 500 5g) =0.343

RTD DECONVOLUTION ... page 2



| T T | T I
1
1
t
D4 T v ]
[
. P
% C sikan(t;) : )
I
c
Joh g2l ! -
!
. w‘\’%
el T At de
e I R el Sl el
10 20 30 40 50 60
_ & '
) time: [s]
© = function

: " expsrimental

Analytical time dormain responses expressed in the Laplace domain
{2nd order system with dead tims)

Probe Response:  » o p'(.‘ . 1. pz)'[“@’[ (= papr] -] - o) 5]} 0 )

Overuil Response :cw(t) ‘=const ,,-(_ 1 - )[hxp[tta ®od) ot ) - e (- % g} | -;:r(!_ Y od)
: Fol<Ta2 B _

Laplace Transforms &an ba taken of the above expressions, after which the requili‘ed
deconvelution can occur in the Laplace domain. By taking the inverse Laplace transform of the
exprassion obiained by the deconvoluticn and normalizing the result, the RTD of the boiler can

be determined.

Laplace Inverting the deconvoluted axpression from the Laplace domain :

A::(“m.ut_m).(‘ollmtpz) B:-_(‘o?“p’!)'(‘o!'?ﬁ
Tot~To2 T2~ Tot
A'1.?74 3“0.436 tEd;stOd‘tﬂ

P :"D“ _1 Ed)»[A-anpl t-rpgr 01] - B-axp[ {t-®gape an]

E(t) =

RTD DECCNVOLUTION ... page 3



BOILER RTD

o

~.
Y
\
L L \nl\p-—_p.__lx
6 0 12. 18 18 210 24

o 3 b

i
time [s]

Dead Time: . = tgy=3.18 s

RTD DECONVOLUTION ... page 4



Appendix1.3.3  Top Right Bumer to Fumace Exit - 3m into boiler



RTD Manipulations :

{Decaonvolution of probe response from overall measured response)

Experimental Data

Substance injected
Boiler Lovei at injection
Proba

Buoiter Level at Probe

Read Data from File

sulfur

24 m {mill B,right burner}
3m in the furnace

3564 m

RTR : =READPRN({ decef)

time vector t:=RTD°%”

Probe Response P =RTD>

Overall Response G g (=RTO >

# of rows in vector n:=rows(RTD) — 1 n=679
vector pointer 1=0.n

¥

Piot deMtal overall and probe response fo dirac tracer Infection

Time Domain Response Definitions

The function beio  depicts a general form of {he time domain responses. This function is
fitted to the measured response data by fitting of the function parameters,

Oftt 1€ 2, goconsty —oonst[;—;"—t- Joa] - v it ] —onof -t 2} | ¥~ d]

RTD DECONVOLUTIC"! ... page 1



m

Probe Response : {visual best function fit to data)
tpy =0T7 5 =289 17464 constp =252 parameters for RTD

P anft} 1=C(t.8 1. o, % g const p}
“ .
E(rptaty = 3 \"Pj—Pm(fj}}z define squared error BT py % g2/ % paj <02

p=1
Graph comparing measured and curve fitted R7D

T T 1 T 1
oS- ~
§ Panly
t
P ;
D“"'J ' """"w—---—..._.~.¢.|.. oo e b v st e ]
t ] I 1 1 i
o 10 20 30 40 50 70
Y
time [s]
- fufiction
- data
1
Overall Response : {best function fit fo data)
T =021 15 =24 Tog 7.0 const 2131 parameters for RTD
© outan(t) SOt 1.7 2.7 vt o}
- 2
E(t1.72%0) = 3, (Cosy~Coutantly) define squared error

j=1

E{t a1t gz-%oa) *0-113

RTD DECONVOLUTION ... page 2



] { T ]
v~ B
2
§ © outanth)
: %fﬂk b2 7]
o —y b ] L
=0 40 40 60
%
time fg)
“~  function
- experimentat

Analytical time fomein responses expressed in the Laplace domain

(2nd order system with dead time)
Proba Resqonse : P -t} foel - sy ar]-onl -5y s} f-5p)
_ P12 : -
Overall Response 1 guan(t) : =const a( )-[aap[{t_ Tod) T ot | - & (¢ ,,d}-':."ﬂ]].w(t_ *od)
To1~ a2 : o

Lapface Transforms can be taken of the akave expressions, after which the required
decenvoiution can occur in the Laplace domain. By taking the inverse Laplace
transform of the expression obtained by the deconvolution and normafizing the result,
the RTD of the boiler can be determined,

L.aplace lnverting the deconvoluted expression from the Laplace domaln :

a2 {iot~Tp1} (o1 p2) e (2= Tp1) (02~ pa)
Tot-Ta2 To2~Toi
A=07358 B=0.415 TRd “Tod~ T pd T pg=2.36

L A [ RIS

RTD DECONVOLUTION ... page 3
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Appendix 1.34  Top LeRt Burner to Furnace Exit - 4m into boiler




RTD Manipulations : {(Deconvolution of probe response from overal]

measured response}
Experimantal Data
Substance injected suifur
Boiler Level at injection 24 m (mill B, left burher)
Probe . 4m in the boiler
Boiler Leve! at Probe 3564 m
Read Data from File : HTD : “READPRN( decog)
time vecior t:=RTD0”
Probe Response . paRW®
Overall Resporise Con' ROV
# of rows in vector n  Zrows{RTD} — 1 naB79

vector pointer t:=0..n

Plot of experitnental overall and probe response to dirac tracer injection

—— = ——

X ]._l_‘_ 2ok ]

-

o
3
8
5
&
3
gb---

0

Time Domain Response Definitions

The function below depicts a general form of the time domain responses. This funchon is
fitted to the measured response data by fitting of the function parameters.

c(t.': Pt d.mr‘u&j L= gonsts («:-1 L 2)-[eup[ (t ~T d)“ 1] - mtpl (t - tgjt 2]-]415[3 -t fﬂ

RTD DECONVOLUTION ... page 1




Probe Response : (visual best function fit to data)
aq = 077 12 =269 T pd =464 const 52,52  parameters for RTD:

P an{i) .:c{t.‘i pi ¥a pz.f pd.nunst P)
n
Etpiatg s 3 (P-Panly)’? define squared error E(t 1.7 p2et paj =02

=1
CGraph comparing measured and curve fitted RTD

o8 T | 1 T

06~ o -]

- o2

T response
3|
g

2

Mg

o et ip st i v et st me sl s o)
-0z ! ! i ! \ |
0 10 20 En s 50 60 7
K
tima [s}

~ fonction

-~ dala
Overall Rasponse : {best funetion fit fo data)
o =020 104 £ 0q 801 const o:=0,118  parameters for RTD
C outan(t) "“O{liT o143 62,7 ogs00NSt o]

n
E(s1.5259) = ¥, (Cout—C outantly))”

w2 {© outj~ © outanily) ) define squared error

=1

E(‘I o1 1 027 Od} = 0.032

RTD DECONVOLUTION ... page 2
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b

PP ROy

Analytical time domain responses expressed in the Laplace domain
{2nd order systein with dead time)

Probe Response : P-nm‘m*p'{t 111 }'[“P[i‘~‘qu"p1]~“"[(*—"pd'}*'pz]i*""("*‘pai
- 1pt =" p2,

Overall Response :C yypenlt) . const .,A( 1
ot—%a2

)‘[""’[(‘— T o) o1 ) B - T gt o ][O+ 20q)

Laplace Transforms can be taken of the above axpressions, after which the requiied
deconvolution can occur in the Laplace domain. By taking the inverse Laplace transform of the
expression obtainsd by the deconvolution and normalizing the result, the RTD of the boller can
be determined,

Laplace Inverting the deconvoluted expression from the Laplaca domain :

A :.t‘ ot ""I:!‘l)'l.t of ~ T'PZJ B ;f_&z::_lﬁl_{f.@::ﬁ
Tot—To2 To2 - Fal
A=T7.0086 B= 42387 TG “Tod- Tpd Tpg=3.37

B "*‘:?."334’3 - sgal{ A0 (- Teg) 1] - B[t Trg)t o]

RTD DECONVOLUTION .., page 3
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Appendix 1.3.5 Top Right Burner to Furndce Exit - 4m into boiler



RTD Manipulations :
(Deconvolution of probe response from overall measured response)
Exporimental Data )

Substance injected sulfur :
Boiler Level al injection 24m (il B, right buner)
Proba - . 4 m in the boiler

Boiler Levs) at Proh:2 35edim

Read Data from File : RYD . =READPRN{ decth)

time vector t =R

Probe Response P =RTD 2

Overall Response € out =RTD* ™

# of rows in-vector n.=tows{RTD) - 1 n=879

vector pointer i:=0.n
Plot of experimental overali and probe response fo dirac tracer Injection

05 T

0.4 -~ -

Time Domain Response Definitions

The function below depicts a general form of the fima domain
responses. This function is fitted to the measured response data by
fitting of the function paramsters.

Olt 84,5 2.1 g const) :sm.( 1ti)-[muhtd:}-t1]-°“P[[t-td)-:2]]-@(t—td)

t1"“
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Probe Résponse : (visual best functior iit to data)
g 0TT 1289 v, =4.64 const, <2.52  parameters for RTD

P an{t) “ZC{T gt 52, g oomst o)

" _

L 2

Esqtatg = S:I S ) detine squared error E{tpqetpger, +=02
i= o '

Graph comparing measured and surve fitted RTD

0.8 T 3 — 3 3 T
06| f‘ N
3 Fan{tﬂ 0.4 : \ .
P. 1
_ ozl i -
W
0"""‘“"! N dvte T ELIE I N | i i, ¥ . -
03 | i 1 1 p i
0 10 20 30 40 50 60 70
time [z]
—  functlon
- data

Overall Response ; (best function fit to data) -

19012 1 =07 T g =81 conat o '=0.18  parameters for RTD

© sutari(t) - FO{ET 1.7 2.7 ol (CONER o

H

- .2
Bt q323g) > 21 (€ ot~ C outantly) ) define squared ertor
j=

E{t 1% o2.% oa) = 0.089
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g e nutanlf;}

0 — L.
&0
i
time [s]

== function

= exparimental
Analytical time domain responses expressed in the Lapiace domain
{2nd order systen: with dead time)
Probe Response : P g(t) const (___ b e (1% gt ] ~ @] 1t~ 2 gt o] [ O3t 2 g

Tpt - Tpaf -

Overall Response © gpantt) =mnsl°-(

} [exp[ - oq)t 01] - expl {t-T o}t o:”'mit - t,,q}
Tal-To2

Laplace Transforms can be iaken of the above axpressions, after which the required
deconvolution can occut in the Laplace domain. By taking the inverse Laplace transform

- of the expression obtained by the deconvolution and normalizing the result, the RTD of the
boiler can be determined,

Laplace inverting the deconvoluted expression from the Laplace donzain :

PR s IANE Bt g -VFe2 e/ lfe2 -T2l
To1-to2 o2~ Tot
!1-—'2.83 B="0.24 TEd tﬂd TN

const T v
EH ’fwa—:‘@it-‘Ed,i'l"'a"P[i‘-‘Edi‘f ot} Bt Segonl]

1 Ed™ 3.46
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Et)

respanse

k3 Ed“3.46 5 : '
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Appendix 1.3.6 Middie Left Bumner to Fumace Exit - 4m into boiler



RTD Manipulations : _
(Deconvolution of probe response from overall measured response)

Experimontal Data

Substance injected sulfur
Boiter Level afinjection 20 m (mill C, left burner)
_Probe 4 min the furnace

Boiler Level at Prabe 3B.64m

fRead Daia from Fife : RTD . =READPRN({ decok)

time vector t =RID

Probe Responss P=RIDZ

Cverafl Response G ot ERTDT

# of raws in vector 1 =roves{ RTD) - =679

vector pointer ~=hn

Plot of axperimental overall and probe respunse to dirac tracer infection

T T
:I
]
]
R, VR i et e o — :_ .- o O
1
1
]
1
t 1
)
1
[
4 Arscg il Lo Py
t
1
H
i
-0 1 1 1 i i i
0 10 20 30 40 50 80 70
4
time [o}
Tinre Domain Response Dellnitions

The function below depicts a general form of the time domain responses. This
function Is fitted to the measured resnonse data by fitting of the function parameters.

e P (o AR (SR L

L Il
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Probe Response : {visuai hest function fit to data)
T =077 tpp =-2.68 * pa =4.64 eonstp 2.52 parameters for RTD

P gnit) '-:C(t-'l: ‘;.1 ';‘pﬁ*" pe+oonet p}
K
E{ritang = ¥, {P,»—P.,.@j')‘f define squared error B{% g% g% pa) =02

j= 1
Giraph camparing measurad and curve fitied RTD

- ] 1 T | | ]

Overall Response : (best function fit fo data)

i =045 1,10 toq 282 consto =59 parametess for RTD

G outanft) O 44T 5347 o 00NK o

n
_ e 2
Blrqpty 21 (C ot - € outanity)) define squared error
jw

E:f g4t a2:F cd)] =0.212
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Probe Response : (visual best function fit to data)
T =077 tpa 2,68 159 7454 const '~ 2,52 parameters for RTL

P !‘l’l(t) '=C(:t.1:p1 W pz.'l: pd.!'-'orlﬁ P}
f
E(t 1.5t = Z P-P m{tﬁ')z define squatred srror E(s p1+% g2t pa)
jnt

Graph comparing measured anid curve fitted RTD

| T T T . T

gf‘_m;'i) “T q . -

0'___*‘ s M e m e e me me g d  a e 1 N P PP IPRIT R |
. ] L__ | i S O
0- | 20 %0 40 iU 86 70
Y
time [s}
—  funetion

Overall Response : (best function fit to data)

To1 =038 150510 Toq 8.2 angt o "=,58 paramaters for RTD

C omanlt) "=Ct.T o147 g% oSt o}

i
Eff gl 21 (C auty ~ € outantllyy ) define squaraed error
’z
E13 048 02+ o) *0:212
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0.4 -

é © ouam)

0.2 p-
c nml

function
- edparimental

Analytical time domain responses expressed In the Laplace domain
{2nd order system with dead time)

Probe Reuponse 1 P 4,(t) ‘=const p-(
T

o] om0 2] -4

._1P2

© Overall Response  oanft zmo‘(" 11t;2-)'[°"’[{*-=od')'fo1]-w[(*-'uqf-*oz]]"”@—%a}
-

Laplace Transforms can be taken of the above expressions, after which the required
deconvolution can occur in the Laplace domain. By aking the inverse Laplace transfarm of
the expression obtained by the deconvolution @nd normalizing the result, the RTD of the
boiler can be determined.

Lapfacs Inverting the deconvoluted expression from the Laplace domain :

A={otpt) Got - pa) p = oz o) (T a2~ 7p)
Tol~%a2 Toz~ ot
An1.853 330.457 tEd itﬂd""pﬂ tEdw3.58
. const -
B() 1= — :-Glt « gy Aol it~ t gl g |- Bowp it -t pg)ta]]
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Appendix 1.3.7 . Middle Right Burner to Furnace Exit - 4rn into boiler



RTD Manipulations : (Deconvolution of probe response from overall

measured response)
Experimental Data
Substance injected stilfur
Boiler Level at injection 20 m {mill G, right burner)
Prabe 4 m in the furnace
Beiler Level at Probe 3564 m
Read Data from Flle : RTD ' =READPRN(decol)
time vector ¢ =R
Probe Response PLSRTG S
“Overall Response ¢ o =RTDST®
# of rows in vector n " =rows{RTD} - n=879
vectorpointer . 1.=0.n

Piot of exparimental overall ahd probe response to dirac tracer injection

“-al P..I 1 T I | T
)
1] : 60
P 3 MURVREY 5 O A o (PO UV N, ¥ §
1
i) i
¢ 0.2 . 1 -
Co T :
1] bioniad - ST S e R e e vl e e :l . SO
]
1
-2 ) | | | | 1
a 10 20 30 40 50 60 70
4
time [s]

Time Dormain Reésponse Definitions

The function below depicts a general form of the fime domain responses. This
function Is fitted to the measured response data by fitfing of the function
parameters.

|87 4,121 gooonst] :Mﬂ(‘:.'_jt;)[m[ t-vg)t 1] - exp[(} -t g) -tz]]-dsu “tg)
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Probe Response * (visual bast function fit to data)
tpy =077 1o =289 Tpd “4.64 const1=2.52 purameters far RTD

F an(t) ::c(t-f pt WI szt pd.m P)
n
E{s 1o g Z {PI_P,ﬂ(t])'_)z define squared error E{rp1 T ppitpa) =02

j=1
Graph compating meastred and curve fitted RTD

T | T T T I
08|~ r‘ -
g Panlly i
gfl_ |
fi"“"‘“( T N e PR ........l...ML.L...-J._I
. I [ 1 | [ I
L] 10 20 30 40 &0 80 70
Y
tima [s]
—  function
= deta

Overall Responsa ¢ (bast function fit to data)

T 5015 5503 g =8.32 const,*=0.085  parameters for RTD

€ ouanit) "C{LT g4, a1 oi%0nst o)

n

- 2
Efrfm25g) 2 )::' (€ outy - © outanit;}) define squared error
]u

E{T 1% 02,7 oy = 0.042
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045 { /’ ) | 1 | 1 ]
. Ot [ -
2 G sutanih) )
- 1]
cnl‘i :
o 0.05 - ' -4
I 'gh‘-r.
i BEV L P
! XM*‘%::‘:\"““' P b e
0 pfrottind ) | ! L e}
10 m 0 a0 50 80
Y
time s}
=— function
= gxperimental

Aﬁ@fﬂ *?J fime domain responses expressed in the Laplace domaln
(2ni  .or system with dead time)

Probe Rosponse Pty ety L} en{ st - ot ue 1)

Overall Response ' gyanit) =mn=t°-( L )-[mcp[{':-e o)t e}~ @] {7 o) % g |}t~ ¥ )
To1 Vo2 " '

laplace Transforms can be {aken of the above expressions, after which the required
deconvelytion can oceur in the Laplace domain. By taking the inverse Lapiace transform
of the expression obtained by the deconvoiution and normalizing the resuit, the RTD of
ths boiler ~an be determined.

Laplace Iinverting the deconvoiuted expression from the Laplace domain :

Ac T o1 “191.}".‘01“"@ B-z(‘ﬂ_tn‘ij'l‘tﬂ"‘lﬂ)
101-102 toz—-'tﬂ
A= 10;499 33_7.489 % Ed ;:fod— 'l:pd t Ed=3.63

Et) :"'*‘E:"*;,—:tr:""l‘ =< gal{ Aerp| (t— 7 gaft o1 |~ Bong] (% ) v 2]}
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Appendix 1.3.8 Bottom Left Burner to Fumnace Exit - 4m into boiler




RTD Manipulations :

(Deconvolution of probe response from overall measured response)

Exporimental Data
Substance injected
Boiler Level at injection

Probe
Beiler Level at Probe

Read Data from File :
ﬁma_vector_

Probe REsponse
Cverall Responsa

# of rows in vector

vactor pointer

sulfur

16 m {milt D, left burner)
4 min the furhace

3564 m

RTE 1=READPRN( decdl)

t =R

PI=RIDS

"

n.=rows{RTD) - 1 n=679

1.=0,.n

Plot of expedmenfu! overall and pmbé response to dirac tracer infection

I ] I ]
I
80
1
1
H‘“—‘-""-“ ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ r-'—r—-u.‘
1
|
1
é. 1
I nrl
3 '
1
S ;
U T PV R O .....A,....Lnn-..TLuL....l al f)
]
|
|
! .
02 L ! 1 I i i
0 10 20 30 40 50 &0 70

time [s]

Titire Domain Response Refinitions

The function below dapicts a ganetal form of the time domain responsas. This function is
fitted to the measured response data by fitting of the function parameters,

c{ht 1|f2|t dimﬂ) .::M'(

ot e]-on{ -2 e} o<
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Probe Response ; {visual best function fit to data} _
tyy =077 o2 =268 o -4.64 eonst;'<2,52  parameters for RTD

P gnlt? :‘:c{tﬂ' p1:¥p2.t pd.ﬂcl'lﬁ P)

- n .
..E(“ 1St g) o= 21 ';Pi_ P an\‘]}.} define squared etror Ei\{ p¥ 2o pd} =02
. I=

Graph comparing measured aaq curve fitted RTD

o.B f f ! ] T T

o8| : ) -

. D_ -
%_P}"W 4 i
|
P.
R -
"
.\“'“'
a il el I P T 2 PR NP B
-5 i | 1 { | |
0 10 20 30 40 0 80 70
Y
tima [s1
—  fupction

Overall Resporise : {best function fit to data)

1g =018 14504 T =9.6 comst o 1=0.38 paramsters for RTD

C gutanlt) '=c(t.1‘,1.1°2.t°d.umst.,)

n
. _— .2
Bttty -jzl {© out; - € outanty;) define squared error

E(‘( ol P T Od) - 0.224
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1 f 1 1 ] |
[ 2N o “T
§ E_ouhn[‘t)

i - ,J i I P SO L

10 20 < 4] 40 50 80

4
time s}

= funtion
“* axparimental

- Analytical time domain responses expres:sad in the Lapilace domain
. (2nd order system with dead time)

Pro'bd Response . P ay(t) =oonst p-(t -
pt=*p2

o=t ] -l el

Overall ReSPONSE I guan(t) : “const o (_—;-j_;u)-[m[(t_. * oa)t 01] - qxp[(t.. Tod)t oz]]-'b(t— * od)
. *fo1-%ez

Laplaca Transforrns can be taken of the above expressions, after which the
requited deconvolution can occur in the Laplace domain. By taking the inverse
E.aplace transform of the expression obtained by the deconvolution and
normalizing the result, the RTD of the boilar ¢an be determined.

L.apisce Inverting the deconvoiuted expression from the Laplace domaln ;

A::(;‘M“‘p1)'(“o1“192} B;:(-:toz“tm}'{tﬂ_’tpzj
Tat—To2 Toz-Tol

AnB.731 8=-3.851 g ot g 1gg=4.96

E(t) :%"::g_:m(t ~ v gg)Aee] (£ v gyl o1 | - B -7 gyt o]
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Appendix 1.3.9 Bottom Right Burnar to Fumace Exit— 4m into boiler



RTD Manipulations :

(Deconvolution of probe response from overall measured response)

Experimental Data

Substatica injacted
Boilar Level at infection
Probe

Boiler Level at Probe

Read Data from File :
time vector

Probe Response
Qverail Response .
# of rows in vedtor

veclior pointer

sulfur

16 m {mil! D, right bumer}
4 m in the furmnace

3564 m

RTE [ =READPRN{ dacof}
t:=RTD"%>
P 1=RTO®
C ot ;:RTD-‘“,'
n';=wRTD)-1 n=679

{:=80.n

Plot of experimental overall and probe response to dirac tracer bgiecﬁoﬁ

0.8 r

4

T

Q=

uuuuuuu

é Py . e
2k ,
C oy J\:

_________ [k a s TPV A RY U e S el Pl ST =1L N SRRV« |

AP P P R

™
T e

r

i e F L

70

g——-—

Time Comaln Response Definitions

The function below depicts a general form of the time domain responses. This function is

fitted to the measured response data by fiiting of the function paramaters,

R e T L (BT R[Sy

Fi-v2
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Probe Response ¢ {visual best function fit to data) :
351077 t - 2.69 154 =464 const, =2.52  paramesters for RTD

Panlt} '=Cit.s pt tpast pareonst )

n
Blrrratg) " LS Paﬂi‘])iz define squared error E{s 1% p2+% pa} = 0.2

je=

Graph comparing measured and curve fitted RTD

o8 I ¥ ] T ; |
[eX: 350 R -
oA .. . -]
. % Panit) \
EFR ! .
-t o2f -
. Ty - ..
0 " Yo e P U W r NORUTEN ST
*aé I i 1 } 1 {
o 10 20 a0 40 £0 80 70
fime 5}
= function
= {eta

Overall Response ; {best function fit to data)

oy =007 1,705 toq'=10.0 const, <017 parameters for RTD

C autan(t) =C{tiT o7 g2.% ogsCOMEL o)

n
- e . 2
ElEat2td) 121 {© outj~ C autantlyj E{t o1t aariog) =0.073  define squared atror
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U731 1 T T ¥
oo\
02 N -
L3
\}\‘
oo L9
£ ©outan} N
“n“‘\_
Sop  gql "o ~
N
l‘“"\« T
trelm
- ul.ﬂ&"t‘i-‘blnv\.._‘w“ .
olucsdonone 1 [ 1 T e
10 20 30 40 50 &0
Y
tirhe [s]
= function
© oxpstimentat

Analytical time domain responses expressed in the Laplace domain
{2nd order system with dead time)

Probe Response: P alt) '=cunstp-{‘ - )-[aup[u-tw)-fm]—e:tpi{;*tpd;'tpzj]-m\t-t,,q;
: \¥p1- “p2

Overall Response 1 guyun(t) ~cons i;-f—;;z-}l @01t - * o) o1 | - 98] (£~ 7ouf* 2] |0t - 7o)
Vo1

Laplace Transforms can be taken of the above expressions, after which the required
deconvolution can oceur in the Laplace domain. By taking the inverse Laplace transform of
the expraession obtained by the deconvalution and normalizing the result, the RTD of the boiler
can be determined.

Laplace Inverting the deconvoluted exprossion from the Laplace domaln :

a=itat ~Spt) Wbt - *p2) g .oz Tp1j{toz ~*pal
Tof~Toz Yoz %o
A=4.265 B=-1375% TEd-Tod- Tpd tpg=5.36

. eanstg ) ; .
Bt :-mg - tpgil Aang| It T gl 7o |- Bep it tgglr ]
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APPENDIX 2

Appendix 2.1 wonnerElendring R.C, Composite Data
Appendix 2,1.1 Basic Ahalyses Datashicet
Appendix 2.1.2 Determination of the Devolarilisation Kinetics
Appendix 2.1.3 . Determination of the Char Combustion Kinetics

 Appendix 2.2 Hendrina Washing Plant Feed Data
Appendix 2.2.1 Basic Analyses Datasheet

Appendix 2,2.2 ~Determination of ihe Char Combustion Kinetics

Appendix 2.3 JParticle Size Analyses




Appendix 2,1,1

Hendring R.C. Composite: Basic Anatvsis Datasheet



COAL: Hendrina - RC Composite

Preparation of Coal Analysis Data for specification in AIOLOS

Analysis by TRI Coal Labs all antries in hvass% except where othetwise noted

Total Moisture : (as received; 58]

[Proximate = air dned|  as reconed dry| daf
Moisture . 85 ~5.3000 ~

25 23,4250 25.9067
N 228 21.3638] 23,6260 31.8881
Fbed Carbon N 437 45.4114| 504663 68.1119]
[Uitimate ; | .
{Carbon 58,76 0.5506] 608812 82.1818
H n 3.02 0.0283] 3.1295 4.2238)
Nitrogen _ ~1.8¢ 0.0130]  1.4404 T 1.9441]
Sulphur _ Q.76 0.0071| 0.7878 1.08201
Carbonates 0.76 0.0071| 6.7878] 1.0629}
Oxygen _ 6.81 0.0838] _7.0570 9.5245]
en + Carhonates _ _ 0.0687
Calorific Value _ 22,69 2128053 23.513|  31.73426573
28.025
1.229
[Size Fraction _ <36 pm | 38-75um | <75 pum Unit
{Pre-exponential Factor 42689{  70549] 3212} kg/m’.s.aim
. 4213 _ 69626]  3170] kg/m°.s.bar

Activation Energy 144.5 1816 132,98 kJ/mol
Activation Energy /R _ 17380 21843] 15995 K




Coal Name: HENDRINA RC COMP.
Crigin: Oplimum Colliery
Coal Preparation: as per Hendrina P/S feed
Table
PROXIMATE ANALYSIS T ETHOD
Inherert Moisture: 35 (mwolcodl.girdied)  ESKOM 103
Ash! 25 ESKOM 11
Volatile Matter : 228 ESKOM 102
Fixed Carbon {by thifference) : 48.7 ESKOM 128
| ULTIMATE ANALYSIS
T:érbon: | hh_h&mwﬂﬁva}‘é—_‘ _{r;';of _n_m;l: alt dried) ESKOM 118
Hydrogen: a2 ESKOM 118
Nitrogen: 1.39 ESKOM 118
Total Sulphur: 0.76 ESKOM 104
Carboriates (as CO2Y D0.76 ESKOM 100
Oxygen {by difference). 6.81 ESKOM 132
Gross Galorific Value: 2269 MiAg) ESKOM 105
‘mEDGROVE INDEX: ] -g‘l““ B T _HESEJMA‘I‘I? |
ABRASIVENESS: T a7 mgFeldgocal ESKOM 123
ASH FUSION TEMPERATURES ESKOM 125
Initial Deformation Temperature: 1:‘93 "G}
Softening Temperature: 1825
- Hemispherical Ternperature: 1544
Flow Temperature: 1552

"1’ ndiestes that the reault of that analysis Is not available
RAW COAL PREPARATION BY SAES 0135 PART 2-1977

Report No:  TRRP9G 040

Page



Appendix 2.1.2

Hendring B2, Composite: Deternination of (he Pyrolysis Kinetics



Determination DTF derived single step, zero order, Arrhenius pyrolysis kinetics for use with
AlIOLOS combustion cods

Universal Gas Canstant R=8314
molK

Coal Parameters
Volatile Matter (DTF) Vols pypp =29.92-%

) = 1643 kg
Density of coal : Pooal = 10642 =

m
Ash cantent of dry coal : Ashd:y =20.6-%
Particle Diametet : dp,=2210° m
_ #dp 03
Particte Mass : my = - P coal
initial . . ) _ Vols DIF
nitial dry ash free voialile content : V dafg /= V daro=425%
1. Ash dty '
Heat Exchatige Farameters and constants
Stafan Bolizmanin constant o =56710° W
: e
average smissivity betwsen parlicle and wall:  2:=0.9
Nusselt Number for boundary layer convective  Nuo'=2
heat exchange : [ (Tp +T g) 0.82
Convactive heat exchange coéfficiant : L(T P’ T g) =243:10° SLME%-—-— -—WE
m.
Heat capacity of coal © Cp poal = 1250 E;}f-{
Particie Surface Atea : A pyyt = odp o
L Iy dﬂ(n'rj?k%)_
Estimating Overall Rate : { \
. = af.0
& DTF,

k1

Hendrina R.C. Composite : <38 um



Calculating Particle Temperature:
fferative sofulicn of Energy Balance between particle, hot gas and reactor wal} :

Nu-?..(‘l‘ Tg)_ (Tg+ Tp) ) Tgl'Apm
2

p*
oo

o'

T partiole(Tw- T ) = 604{T )

DTF, , =T puticle(DTF, o+ 273.DTF, ,+273)- 2713

E 1400 =~ : x P K -4
3 R + _'-
1200 o n ] | L -
. + '
0o ® o N s v 7 -
B +
. .
goo b——T . T . l i i i
o 2 4 & 8 1 12
DTE Rum #
%  DTF Wall Texmperature
+  DITT Gas Temperatwe
0 Particle Temperatare
Determining the Pyrolysis Kinetics from the experimental data :
2 T T 1 T ¥ 0 T ; T
‘H“H““‘ﬂfm_ — x
of- x "“““‘“‘:;‘-* ——_— X -
““-t—.._"_&“ .
‘K""«..._.‘
X < ——
§ wh“‘*“‘*-—-a...,_“
u.!z_ —
_45_ -
i I I I { { | i
5 55 6 6.5 7 7.5 8 8.5 ) 95 10

10°W/Partiels Temparstove [1K)

Handrina R.C. Composite : <38 :n



Coal pyrolysis kinetics Description :

Pre-exponeniial factor : exp(Preexp) =61.095 f;
Activation Energy : - EonR—E’— =40 684 —-kl
103 mol

-EonR =5975.987 K

EonR
SURNESS

Eqnatian describing all modes of heat fransfer {shrinking core assumption)

_ oA S, i
raciation AT 1o g(T e T ) = l:;;roial‘:p y

w55+

Cp coal T p

convection aT m(‘l-‘p,'l‘ g) e

Estimation of the initial parficle healing rate o DTF seipoint temperalure of 1400°C;

Ty =25+273 K AT 1o (T iy FA16) 4 AT o (T 10 1335) =2.721-10% %
Solution of differerdial equations
Initial Conditions
Volatiies (%) X, =1
Particle Temperature X, =300
Simufteneous Differential Equations :
d =
a-iv -k 1 (x:)
d =
:l_tTp = dT rad(xu'xl) +dT mv("o’xl)
Nota on Solution Methodology :

The simulfaneous squations are sclvad by a 4th order Runge Kutla solution sigorithin for each DTF
setpoint temperature. An average fumace wall and furnace gas temperature have been specifiad for
etch DTF setpoint tempsrature

Handrina R.C. Composite : <38 pir



DTF Pyrolysis Evaluation Results :

. Coal pyrolysis kinetics Description ;

Pre-exponentiel factor : exp(Proexp) =61.095
s
Activation Erergy : BonR R =4068¢ KL _gour=5975987 X
10 ' mol
nction describi itg : k(Tp) ?’ko_l'm(E—_}m—R)
P
T " I// T x 4
4
yd ®
4
|4
] | I,
I3 1.5 2 25 3
reeidencs time (s)
== 1000°C - DTF Setpoint Temperatuze
~— 1200°C
~ 1400°C
¥ Experimentsi Data
2000 | T ] T
1800 -t
1500 -
& 1400 ..
1200 -
1600 ]
800 -
600 -
400 -
200 -
o ) ] . 1 . | |
0 0.5 1 L5 2 25
rusidenes time (8)
= 1000°C - DTF Setpoint Temperature
- 1200°C
~= 1400°C

Hendrina R.C. Composits : <38 ym



Determination DTF derived single siep, zero order, Arrhenius pyrolysis kinetics for ixe with

AIOLOS combustion code

Universal Gas Constant

-

mol-K

R =8314

haat exchange :
Convective heat axchangs coefficient :
Heat capacity of coal :

Parficle Surfaca Area :

Coal Parametars
Volatile Matter (DTF) Vols ypp :229.92-%
Density of coal : = 1642 kg
: P ooal - 3
m
Ash content of dry coal : Ash &y = 20.6:%
Particle Diameter : dp , = 59.95-10°° m
) -
ndp
Parficie Mass : mp = P P ooal
initial dry ash free volaiile content : V daf 0 = V da20 =42.5%
1- A"‘hdry
Heat Exchange Parametsrs and constants
Stefan Boltzmann constant : ¢:=56710"" .
, nZ K
_average smissivity between particle ar ‘wall:  £:=0.9
Nusselt Number for boundary layer convective  Nu:=2

0.5%
(Tp-i- Tg) |
2 W

MTpTg) 2243105 L

273 K
J
coal == 1250 —
C kK
- 2
Aput =®dp g

Fstimaiing Overall Rate :
k B

1-

‘L‘f.ff;_'ffzsz_%).)

Va0

DTFk= 1

Hendrina R.C. Composita : 38-75 pm



Calculating Particle Temperature:
lteralive solition of Energy Balance between particle, hot gas and reactor wall

Nud{T T} [ [Tt Ty\
taso(Ty* - Tp') A pan + E'pl’f g)[( £ p)«TgI-Apaﬂ
o

T it T T ) (T

DI, , =T pargicle(DTE o+ 273,DF, ,+ 273) - 273

1300 ] T T T T
o X L X !
£, « %X W % 2
Eumr » t . + + ¥ -
# + *+ *
o L ! i 1
5000 2 4 [ ) 14 iz
DIF Rust
X DTF Wall Texmperature
+  DIF Gas Temperatre
o Perticle Temperature

_ Defermining the Pyrolysis Kinetics from the experimental data :

2 | T T Y [ 7 ] T T
¥ % ®
- N
0 ® 43 X I
o
2 -
4 ._
§ I N { 1 L L | ]
4 34 6 6.4 7 73 3 4.5 9 95 10
10%4/Particto Tomperuture | 1K)

Hendrina R.C. Composite ; 38-75 pm



Coal pyrolysis Kinetics Description :

Pre-exponantial factor : oxp(Precxp) =4632
. -
Activation Ensuay: FonR-E =11.586 X
103 _ o]
EonR = 1393.503 K

me:  ky(lp) '.'=kc_1-cxp(%.§—k)

Equation describing afi modes of heat transfer {(shrinking core assumption)

radietion dT (g (T T ) =

Nw-A g h{Tp T g)-[(T 3: TP) . Tp]

convection ar m(’!“p.'r B) = -
B

Estimation of the inifial particie heating rate &t DTF sefpoint temperature of 1400°C;

Tii =25+ 273 K- AT 13 (T gy 16) - AT g (T i 1335) = 9.984:10° %
Solution of differentiat equations
Initial Conditions :
. Volatiles (56) %=1
Particle Temparaturs X, =300

Simuffaneous Differential Eg ations !

d -

-&V s .k l("l)

g-é'fp = AT, 4 {"m"l) +dr mmv("u”‘n)
Note on Solution Methodology :

The simultaneous equations are solved by a 4th order Runge Kutta solution algorithm for each BT
setpoint temperature, An average furnace wali and furnace gas temperature have been specified for
each DTF setpoint tempersture

Hendsina R.C. Composite : 38-75 pm



DTF Pyrolysis Evaluation Results :

Coal pyrolysis kinetics Desciiption :

Pre-exponantial facior : exp(Precxp) =4.632 é
Aciivation Energy : EooRE =11586 X . BuR=1393503 X
. 10° mol
EonR\
k+{Tp) =k , pexp]
1( ?) al P( TP }
X1 " | T
I i b
1 15 2 " 25
nosidlenes fims
== 1080°C ~ ITF Setpaint Temperature
= 1200°C
= 1400°C
X Experimentsl Data
2000 1 ! T Y
1800 b~ -
1600 - -
5 1400 oo -
1200 -
lm el
qH) -
e ]
400 H o
200 -
o i - [
0.5 1 15 2 25
resiilenue e (=)
== 1000°C -DTF Setpoint Temperatoye
== 1200°C
=< 1400°C

Hendrina R.C. Composite : 38-75 um



Appendix 2.1.3

Hendrina R.C. Composite: Determination of the Char Combustion Kinetics



Determination of DTF combustion kinetics for use with AIOLOS combtistion codé

) ¥
Universal Gas Constant R -8314 mol K
DTF Qperation and Char Description :
Ash in Coat Ash o = DIE, %

. Al char = D’I’Fn;?'%
Ash in Char

Asht ) .
Volatile Matter (after DTF devotatilisation) Vol * 1 - Agoal~ 5= {1 - ASh e
Density of coal : Pogal = 1678 E%
) hail
De‘ns!ty of Char {initially) : e N - i3 kg
(shrinking core assumption)  Poharo * [~ VO LTE) Qoonl oo =101~
Initial Pasticle Diameter : dp,, =DTE, . m dp = 2.18+107 m
Pressure in DTF : Pooogsie’ 0 Py
N . 6616° 3 - s XE
Volume Oxygen Fiowrate into DTF : Vg 2 o bl M =3210° 2R
. XY - 02 " e s | w02 oy
VolumeNitrogen Flowrata inte DTF : Vo, 1960107 =f | + K
_ ' N2 s My 28107 ._E-l
mo.
Mass Flowrate of Oxygen ; T e 202 Myon ke |
02 R298 s
Vg PM was ke
Mass Flowrate of Nitrogen : Mgy T e L )
o8 N2 R-298 s
Ans
Char Feadrate ! 2 g = 0.1066- 10” kg
60 8
Initial Char Concentration ¢ L ey E_k.gﬁ,
oher.0 Wt Mop#Mpy X
Initiat Fixed Carbon Concentration C o0 ~C chartr (I - Ash gpge} €0 = 34659+ o3 ke
kg nix
Ash Concentration : Cash =€ char0' (At chiar} € g =1.9587 10+ ;,E!i,_
¥ mix

Hendrina R.C. Composite - < 38 ym



Heat Exchange Parameters and constants

Siefan Boltzmann conslant 556710 ——E—
K
average emisshvity between particle and wafl g:=0.85%
reaciion snergy : Cto CO; 4h = 9.614-10° .]-{-Ié
Nusselt Number for boundaty iayer convective  Nun =2
heatexchange . 0.82
[ (Tp £ T g)
_ ' ; 2 W
sonvective heat exchange coefficient AT T ) =243 300 L2/ .
(TpTe l 273 mK
heat capacity of char ; . J
= 1250 st
Particle Surface Area as a function of combustion extent !
swelling Index ig =2 1 -« swellihg cosls
3 213 - "non swelling’ coals
L}
6 Ce 't
A artc Cc ":"“_‘““‘""""Cc.[)'('"““"" i
P ( ) P char.o'9P o Conf - K& mix
L] T T ; I
‘ "‘*\\\M ;
Y ol | -
{‘n \
2 g4t — -
g e
i o~
o2p- . i
{ i ! ] .
0003 0.603 0:002 0.601 0001 v
combudible matier remuining Tkpki mix]
o | b T N
Partial Pressure of Oxygsn in DTF ! Py 12 Pgy =003 bar
Vort Ve
1 (‘”’ll 1esidue
; ; Ash I T
Functian defining mass of agh o ox ) char A e
combustible maiter remaining of28H resiiue) 1< Ath gy (9 pogianel | c0
as a function ash content in (—M—-—-—u)
the sampled resiiue 100

ash didque I % by mass

Hendrina R.C. Composite : < 38 um



- . to: i . )
Galculating Overall. Ra c 'éﬁmm j ,
e IC
Apant.elC o]
C »
k. - el -
% -P gy DT,

Cafculating Particle Termperature:

Herative solution of Energy Balange between particle, hot gas and reactor wal :
. Sy 1

Ml.c c(AShmJ - cc.t)= oo (T 4_q pd) _ N "LTP’T EJ,{(TE‘;' 113 }

l‘T ]'A art. (Cc.(}

Ipsrﬁcle(Ashm,t e Tl g) = fmd(‘r )

DTF, ; = T partiofe{DTF, 4-DTF, 3, DTE, , + 273,DIE, ¢ + 273) - 273

1600 T T T T T T i T P
Lo Do X %2
3 g B % % % ,or t *
+
E‘ 10k R 2 % 8 Lot ]
+
. y R B R . * +
_ .
woo f~ oL e ' -
‘-
&0 I i i L i i ] !
o P 4 6 B 10 12 14 16 8 20
DIF Run #
¥ DTF Wall Termperature
4+  DTF Gas Tenperature
0 astimated Pasticle Temperature
Oxygen Diffusion reaction rate as a fiunction particle Temperature
Z
02 diffusion constant at 1600K : D oz.1600% - 330100 -
-1
mechanism factor $ =2 ¢=2for CO, and 1 for CO2
244D 5 mm.[@:?5_1-3‘»1-9;5]”"'
K oag (TP T dp) .~ e e e 1. ke
R-105.dp-Tyg s bat

Source ! AlIOLOS - combustion modei

Hendrina R.C. Composite ; < 38 um




Determining the Chemical Reaction Rate from the experinmontal data :

kr = 1

k
1 1
(k ) k g ohar(DTE, 4 + 273.DTF,  + 273.DTF,

In{ka) & Inkdiff)

i X 4 —

y 1 | . | } 1 |
5 55 6 6.5 1 15 8 8.5
1 d/Pacticls Temporatars

NB : if the +'s lie beneath the X's, the overall reaction rate could be diffusion controlled

- L -

| L | ! N ]
5 5.5 6 6.5 7 7.5 % 8.3
10 #Particle Temperaturs 1K)

¥ DTF experimental
== kinetic model - pradicted

Char chemical combustion kinetics Description :

kg
Pre-sxponential factor : exp(Preexp) =4269.228 ;z‘_;‘;;;
Activation Energy ; . FonR-. = 144.495 X
1w? mol
-EonR =17379.72 K
. . ) ) . ‘TEouR
Function describing chemicat reaction rate KpoharlTP) =k rch.o“”‘P( T
p

Hendrina R.C;. Composite : < 38 pm




Defining the overal! reaction rate k (Tp, Te,dp) = i i

function : - ] 1 . 1 ]
‘ \'kr,chnr(Tp) kd,chu‘(.rpy Tg,dp)
Equation desctibing all modes
of heat transter {shrinking core
assumption) ‘ |
radiation o m-(*r“;‘a.rp‘)
- AT 24 (€ o Tpo T ) = (€ o+ € 4} P dhas pactelC c0)
convection NM[T P’E;gl.{ (.T_g.'- : P) ~T S]
dp . 2
AT (€ oo T o T s : - oy WL Y
ounv( et (C ot € ash)‘cl’ char pastel ™ e.0)
reaction
_ "

(ke Tp-T g0 o} P 02'A partol € o)

AT g (€ 0o T e T o] 15 e
gen(C o TpoTg) (Cc'*‘cnsh)'cl’char

estimation of initial particle heating rafe af DTF setpoint Temperaturs of $400°C :

Tigig =2+ 273 K T 1yq(C 6,0:T it 1416+ 273) 48T o€ .00 T - 1335 + 273) = 4.579-10* %

Solution of differantial aquations

inifiel Condftions :  combustion extent -— X, #Co0

particle temnperature - x, =300 K

Simutaneous Differential Equations :
. = . d . -
combustion extent — :{tt o = R{%pTpdpo)P opAparol%y)
d - . '
particle temperature -—- ;i-t'l'p = AT g (% %) T ) + AT gopy{ %), T g) + T genk"a"‘_vT g)
Note on the Solution Methodology

The simultaneous equations are solved by a 4th order Runge Kuita solution algorithm for sach DTE
setpoint Temperature. An average furnace wail and furnace gas temperature have been spucified for
each DTF setpaint temperature.

Hendrina R.C, Composite : < 38 1m



DTF Kinetic Evaluation Results -
Char chemical combustion kinefics Description :

kg
Pre-sxponential factor: exp(Preexp) =4269.228 s bar
Activation Eneray : EouR X =14449 X pur=1m71972 K
10* mol
2000 T | T T 1 T
1800}~ -
woo - ~

Patigle Temperstura [%C)
]
|
|
|
]
|
|
|
|
I

R - ® e T o -
/ ,‘/M_;{. .
0.8 - X i e "

combuution eficiency [daf}
Yy,
hL
¢
X

- N
- -‘/b—-‘-"'—’h i sttt e

e S X

1 1.5 2 25 3 3.3
rexidence Lime fs]
— 1000°C -~ DTF Selpoint Tempetature
== 1100°C
- 1200°C
= 1300°C
— 1400°C
X DTF datn

Mendrina R.C. Composite : < 38 pm




Determination of DTF combustion kinetics for use with AIOLOS combustion code

Universal Gas Constant R 8314 mol-K
DTF Operation and Char Description :
Ash in Coal Asht o1 =DTF, 2%
Adh g0 = DTF, %%
Ash in Char ' Ash ooa
Volatile Matter (after DTF devlatiisation) Vols prp 71~ Adlgqqy— o ar‘i‘ - Ash ghar)
Density of coal ! Peoat * 1678 ke
m3
Density of Char (initially) : — i . - kg
(shrinking core assumption) Penaro = (1~ VOIS TR} Pcoal  Poharo = 1189 10° =
Initial Particle Diameter : dp o =DIF,, m dp =610 m
Pressure in DTF P =0.85.10° Pa
e _0610°  m’ T e amd kg
Volunte Oxygen Flawrate into DTF ; V (g 17— — My 232107 =
60 s : mol
. g i _ 1966107 n? '
VolumeNitrogen Flowrate into DTF ; Vg = < e My =281 0 _1%
: m
Mass Flowrate of Oxygen : m oz L O2EM W02 kg
' 02 R208 s
VN PMwN2 ke
Mass Flowrate of Nitrogen : Mgy 2 -
o8 N2 R-298 s
3 "
Char Feedrate : char ~ 0.1066-10 kg
60 8
Initial Char Concentration € ous o har ke
B par Moz My Emis
Initia) Fixed Carbon Concentration € 00" <Coharr(1 - Ash ) € o0 =34607-10° K&
’ kg nix
Ash Concentration ; Cosh *Coharg{Ahgpy)  Cogp=1984107° P&
E mix

Hendrina R.C. Compastte : 38-76 pm



Heat Exchange Parameters and constants

Stefan Bollzmann constant o =5.67-10° ?;(4
m -
avetrage emtissivity between particiz and wall £.=0.85
reaction snergy : C to 1O : 0614108 2
Nuseelt Number for boundary layer convaclive  Nu =2
heatexchange (T - T g) 0.82
convective heat exchange cosfiiciant AT, T} =243 1% A2 A
w ne (Tp:Te) 273 mK
heat capacity of char: . J
= 1250 e
CP char kg K
Particte Surface Area as a function of combustion extent :
swelling index ng =2 1 sWeIIing codls
3 213 - 'non swelling’ coals
Nl nB
- ) . 6 c ] mz
NP TORT RIS L
P ( ) P charo 3P o 1Ceo k& mix
% 1% 4 od : -
g . T~
é 0.1 : \ [
\‘\_
o i i | L \Q
0.003 0003 0.002 0,001 000 206810
enmbuslible matler remwining [kgtka mix]
. Voo
Parfial Pressure of Oxygen nDTF : Py meeee Py =0.03 bar
v 02 + v NI
1. { ash residue
Function defining mass of ah - Ash gpp . \ 100 .
combusiible matter remaining o288 residuc) - 1- Ash g fosh g e
as a functian ash contentip (w-—*--“f)
the sampled resklue 100

ash ecidue 1N % by mass

Hendrina R.C. Composite 38—75 pm



Calculating Overall Rate : !'C ciDTFk,-tJ

: -,
J - Apmt.a\c ¢/

' Ceo L »

% -P oy DTF, ,

Calculating Particle Temperature:
lterative solution of Energy Balance befween particle, hot gas and ;eacfar wall :

¢ c(m,:m) -c c,ozlw (Tot-Tg - Nod(Tp.T o) (_T_g+ Tp

P 1T g] A part.o{C 6.0}

+

Ah-

r dp,

T particle{Ast peget Ty T ) = 10d(T )
DIF, ;=T partiote(DTF), 4-DTF, 5. DTF, , + 273, DTF, , + 273} - 273

1560 | B 1 T T r

J T
o o "
ool - x x X X ~
a o o !
XX %X x [
1200 N x L F )
E 12004 R R ox o« s * LA - -
g )
wef- ® R . T + -
o~ + ot ~
200 i ] L [ I o i
0 2 4 6 8 10 12 14 ¥
DIF Run#
X DTF Wall Termperature
+  DTF Gas Temperature
B estimated Particle Temperature
Oxygen Diffusion reacfion rate as a function particle Temperature
2
©2 diffusion canstant at 1600K : D oo 16008 =33910¢ &
3
mechanism factor : $.=2 ¢ =2 for CO, and 1 for CO2
244D OllmK.[_LMi’é }““
k 4 chor{ TP Tgadp) = . leo ]
R 10%-dp- T n-s-bar

Source : AIOLOS - combustion modef

Hendrina R.C. Composite : 38-75 um




Determiining the Chernical Reaction Rate from the experimental data :

I
kr = )
R VR 1
ko | Kdoher(DTF;q1 273.DTF, s+ 273.DTF, ;)
v T - I H L T
# F R 4+ *
5;— -

i ! I i 1 L 1

1t 48Padticle Yemperatuns

N8 : i the +'s lis beneath the ¥'s, the overall re‘éction_ rate cotild be diffusion conirnlled

b T ! : 1 |
s
"E;(\ %
. el . _
X < %
® ¥
"K-Nh €
§ = . —
% T '
‘ﬂ-“-‘-“.“
g X Teal -
.
\‘\‘
1 I I ! § 1
s 55 6 65 7 75 8 &5

10*4/Particle Temperatars [14K]
X DTF experimental
~ = kinetic mode! - predicted

Char cheniical combustion kinetics Description :

kg
. . . CTRAG gy | e
Ere-gxponential facwor exp{Preexp) =70549.225 s bar
Activation Energy : .E(mR._F_‘_ = }81.596 Kk
10° mel
-EonR =21842.138 K
jHonR

Function aescribing chemical reaction rate : Kpchal TP) =Xy oexp k-:iu- )
P

Hendrina R.C. Composiie : 38-75 pim



Defining the overall reaction rate 1

function ; ky(Tp.Te.dp) ﬁh:"jL‘_4 I
k t.olund TP) kd.char(‘fp,'l‘g,dp)}
Equatior Aeseribing all modes
of heatw.. ‘er (shrinking core
assumption)
e 4 4
radlation volTy - Tp')
BT g (C T e gy} 5o P s
rad{C ot pe T (€ ot € o) Co partcl € ¢.0)
Nu-kiiT :tT | }}T erl 3
convection __.-idi;!;_g_}. {-—-’:‘-inl’jf T g}
iyt v v 0 . —— et e
d1 coavi€ o rp"Tg] —-—u--m-(.é ;:hena;hnj‘i‘p o Apn.!‘t.l:-'gc ¢.0)
reaction
. : -4h
dar €T, T, == : .
genlCo P 8) {Cc+ca¢).cpcbm

(T T g0} P 07 A il o)

"

estimation of inftial pariicle heating rate af DTF sefpoint Temperature of 1400°C

Tigig =25+ 273 K dT 1g4(C 0.7 s 1416 ¢ 273) ¢ AT cg0{ € .o T iy 1335 + 273) = 1.673+10

Solution of differential equations

" Initigl Conditic. A :  combustion extent—  x,~Cgq

patticie temperature —-— x, =300 K
Simultaneous Differential Equalions ;

d . .
combustion exient — &tc o = BT pdp o) P oA sartoly)

varticle temperature ~---

Note on the Solution Methadology

;ﬁ'ip = AT (X0 T ) + 2T ponyi X%y T g+ d1 gcn(_"o'xl“TQ

The simultanoous equations are solved by a 4th order Runge Kutta solution algorithm for each DTF
seipoint Temerature. An average furnace wall and furnace gas temperature have been specified for

each DTF setpoint temperature.

Hendrina R.C. Composite : 38-75 UM



DTF Kinetic Evaluation Resulis -
Char chemical combustion kinetics Description :

.2
Pre-expenential factor ; exp(Preexp) =70549.225 s bar
Activation Energy : Bk B <18160 . pem=21842138 K
103 ol
2000 ) j T ¥ T f
0 -
1su0 |- _ _ _ _ _ -
,a-——‘-\----_ ! .
g a0 R e —————— e
1200 D i e e =
1000 ~
=
2 30 N
o i
404 - ;I
. 1
0 1 1 1 I I : :
L T T i} j T T
X e
o8r Ko T{rjﬁf “
3 = ‘
‘E‘ <t r_/x X e,
-l /':- J—
% p g
g b~ % X e -
T %
e
82 - » T = ” « . - -
y /_./-x _ .4
L I W )
ol i L e ey i i
o 0.5 1 1.5 2 25 3 a5
residents time [s)
= 1000°C « DTF Sefpoint Tempurature
-~ 1100°C
- 1200°C
 1300°C
— l468°C
X DIV datn

Hendrina R.C. Composite : 38-75 pm



Determination of DTF combustion kinetics for use with AIOLOS combustion code

‘Universal Gas Constant

R:=8314 I
mok-K

DYF Cperation and Char Description :

Ash in Coal Ash g1 = DTF, 2%
M ch!r = D’an,?'%
Ash in Char Ash o017
Volatile Matter (after DTF devolatiisation) Vol prg =1 - Adh el - = (1~ Ash gher)
Density of coal D oat = 1678 ke
‘ - m3
Density of Char Gnitially) : _ . s kg
(shrinking core assumpior)  *cbaro = (1~ VOB DIF) Peoal  Pohuco =L18916° =3
- Initia} Paricie Diameter : dp, =DIF, , m dp =610~  om
_Pressute in DTF : P :=0.8510° Pa
. . o3 3 .
Volume Oxygen Flowrate into DTF : Vo= 0610 b My 02 732107 Xe
. 50 8 . mol
' L - _ _1966107 m’
VolumeNitragen Flowrais into DTF Vg = ” oy My 28107 "ligi
mo.
Mass Flowrate of Oxygen : et 02 Mw0n kg
02 R-298 s
V iy PM kg
- Mass Flowrate of Nitrogen : Mgy o= N2 w2 "
R-298
-3
Char Feedrate : P, ke
60 8
Intial Char Concentration ¢ » 2 char kg
char0 -~ -~ XE mix
char ¥ O + B g2
Initial Fixed Carbon Concentration € 50:2C ghar (1 - DTF, %) € 50 =3440710° i.EL
’ . & mix
" _ 3 K
C o1 =€ oharg (L~ DTFy, ;%) C o =34407-10° 38
kg mix
Ash Concentration : Cuch = Com0(Ah ) Cogy=1984107 X8
k¥ mix

Hendrina RC Composite : <75 pm



Heat Exchange Parameters and cunstants

Stafan Boltzmann constant g := 56710 v
: K

average emissivity between particle and walt £:=0.85

reaction energy : Clo CO sh:=9,614-10° é

Nussetlt Number for boundary layst convectve  Nu:=32

heatexchange 052
- (Eg *_‘_Ts)
. ‘vonvective heat exchange cosfficlent MT T g) =24310°% 1.2 0 Y,
it o 2713 K
heat capacily of char ¢ )]
1= 1250 s
) . P char kK
Particle Surface Area aa:' & finction of combustion extent :
swelling Index P 1 - swelling coals
3 2/3 - 'non sweliing' coals
np
6 - Ceo m*
A et o(C o) = ‘cc.O'( ) Fo—
P ( ) P charo'dP o Coo 8 mix
%3 M\l ! [] =T
2 ozl -
o B
E
g o1}~ -
~
o L I ! 1 l;
0.003 0.003 0.002 b.60% 0001  Z16I0
cambrstible matter remaining kgkg mix}
. ) R £y
Partial Pressure of Oxygenin OTF ! Py i=——iea o Py =003 bar
v 0?2 +V m
1w asht e idue
Function defining mass of ¢ fashog) i Ash g 100 c
combustible matter remaining "( 1"’“’“") 11— Ash char 88 pid c0
#s a function ash F~tentin ( )
the sarmipled residuc 100
asll iqne iR % by mass

Hendrina RC Composite : <75 pm



Calculating Overall Rate : o 6(1)-;11 4‘)
* 1

e — 40
A partofC o)

o

k. = C“(DTFRJ)
"

-P oy DIE, ,

Calculating Pirticle Temperattire:
Karalive solution of Energy Balahce between particle, hot gas and reaciorwali |

c (Azﬂ; ~Co0 MNud{T T T, +T
A

Tm(mm.trTng,dp) ::ﬁnd(Tp)
DTF, =T partiole(DTF, - DTF, ;. DTE, ,+ 273,DTF, , +273,D1F, ) - 273

] — ¥ T T T T T
ogB i ndng J
. o KK o _ % K XK
100 G 2 : g"E EQ *
a Rt % ¢ * X RKY +
E oA + +* aon "‘ r >
gm_ RRxX% e RXXXX gy +tT+ -
+ +
K] iR R o+t R R 3 : 4+ *
£t
] +
lmi‘++++ ln"-.'.'l"" -
F + +
a0 i 1 I 1 | I I
0 5 10 15 2 25 0 35 4
N _ DIFRun ¥
X DIF Wall Tesmperatuse
+  DYTF Gas Temperature
B estimated Particle Temperature
Oxygen Diffusion reaction rate as a function particlé Temperature
02 diffusion constant at 100K : D 02.1600K = 3-39-10°4 xt
8
machanism factor $=2 $=2forCO, and 1 for CO2
PRI
244D oz.ls,oox*[m“g 4;;,? 0.8 ’
K chac{ 1P, T2, dp) = —— ot 4 kg
R:10° ’-dp-Tg megbar

Source : AIOLOS - combustion mode)
Hendrina RC Composite : <75 pm



Determining the Chemical Reaction Rate fromn the experimental data

. -
kr, =
) L _
] ko, K d char(DTF, ¢+ 273,DTF, ¢+ 273,DTF, )
10— - T T L T T
e Ht o+ "+ +
Ht+  He+ Wt L +*
5= -
3 - o e, ses*x %
| - x by % -3 -
: % X
-1 | I I b i {
5 5% 6 6.5 7 75 g 8.5
10M/Panticle Temporators

o S T T ; - T
'ﬂ"‘*uﬁ _
- o x“"x " ’ﬁ - -
by % %
x w-‘\“u;‘_ §
= € e X
- * T .
: y % ¥ S
. . X
. ..
-\SL'— % T
X “~ T
4
N L ] ) i ) _
$ 55 6 6.5 7 75 8 83
16"/Paritely Tempessture {1K)
X DTF experimentat
== kinetic model - predicted
Ghar chemical combustion kinetics Dascription ;
kg
. _ . - o
Pre-axponential factor exp{ Precxp) —=28418.03 ot-sbar
Activation Energy ; -Bouke 2. = 165716 M
10° mol
-EonR = 19932.114 X

Ky.ohar{TP) :“kmh,o'ﬂxii(%)

Hendrina RC Composite : <75 ym



DTF Kinetic Evaluation Results -

Char chemicat combustion kinetics Description :

re-gxponenti Qr: - xp) =282.185 2
P n_anhal factor exp({ Preexp) = 282,185 s bar
Activation Enerqy : ronk X =9945 X per=1961304 x
10° mol
<38 pm 38-75 ym
2000 T j T i 1 |
1800 _.s -
g e S iy
3 _ -
& - "
\ i 1 |
- Ty Xy | Y 2 i
X -
- 4 ,*_c»"’ __ x"/ .M/‘
. T - fuame 4 »® B T -—
g u ./___, T I!"_.
= ® .
g - o P e o
T ' B ® g
ﬁ % / Vs -
LT 4 ./ Rt X -
.. / X -*‘*.- / / P / ...-‘"'/'

risidente time (5]
1000°C - DTF Setpoint Temperature
1100°C
1200°C
1306°C
1400°C
X DTF data

residencs line fa]

Hendrina Washing Plant Feed : <75 pm



Defining the overall reaction rate - _ 1
function : ky(Tp. Te.dp) =

_ i 1 |
(kr.chzr(Tp) i % g char(TP: T4.p) |

_ Equation describing all medes
of heat transfer {shrinking core
assumpiion)

rackation

- o T
dTrad(c o'Tp’T wsdl’) = (

( +Cash) Cpch‘r

- Nod(T . T ) [(Tg+'fp)- . }
' . . - ) 3 . T8
dT T T 5T odp) “(Pcc+ T

If(dp’m"“ A putofC c.1) Aputo( o0))

'Apm.c(c c.())
-Ah
(C +C ash) chhu-

I gea(C o Tp: T gop) = (*x{Tp- T g9} P 02A part(C o)) _

estimatlion of inifial particle heating rate atDTFs‘elpo}ntTmpemture of 1400°C :

4T a4 (€ 0,298, DTF, 24 27 ™7 ) 4T oy (€ 00,298, DTF, 5+ 273,DTF, ) '=l.660-10‘§

Solution of miferential squations

Inifial Conditions :  combustion extent—  x:=C (DTF, )
particle temperature — x, =300 K

Simultaneous Differential Equetions ;
. 4 =
combustion extent -~ dtc = k(% T ol il P OZ'Apart.c("o)
. d o
parhcle tomperstl.ll'e-— a}TP = dT l'ﬂd(xﬂ’xl’TW) +dT m(xo’xl’Tg) 4-dT geﬂ(xO'xl’T E)
Note on the Solution Methodology

The simultaneous equations are solved by a 4th order Runge Kutta solution algerithm for sach DTF
seipoint Tempuraiote JAn everage furnace wall and fumace gas temperature have been specified for
each DTF soioint lwinpaiaiure,

Hendiina RC Campostte © <75 pm



DTF Kinetic Evaluation Results -
Char chemical combustion kinetics Description :

kg
P 8 :  exp(Preexp) =28418.03 o
Activation Eneray : “Fonk-X_ =165.72 ¥ .
10’ mol  _poyR=19932.114
<38 gm 38-75ym
2000: . i I H { ) r
1300 — _ N i

combustion efficiency [dafl

J’fr
f of / .
= A d | vl |

1
4
Ve

r
+

»

e

 E—
/ -
X x /
- :
-ri‘./ -
) /
y -

residence lime [5]
== 1000°C - DTF Setpoint Temperature
= 1100°C
== 1200°C
= 1300°C
— 1400°C

¥ DTF data

Henarina RC Composite : <75 pm



Appendix 2.2,1

Hendring Washing Plant Feed: Busic Analysis Datasheet



COAL:

Hendrina - Washing Plant Feed

Preparation of Coal Analysis Data for specification in AIOLOS

Analysis by TRI Coal Labs all entries in mass% except where otherwisa noted
[Total Mﬁisture : {as reoeiw&') B 8.7
ﬁroiimﬁiﬁe ' air dried as received dry daﬂ
Maisture 2 8.70
29.6 27.62] 3020 ]
244 2217 24.90 35.67
[Foed Carbon A4 40.92]  44.90 64.33
ﬁmate : _
ICarbon 55.24 0.52 57.39 82.22
Iy en 3.34 0.03 3.41 4.88
Nitrogen 14 0.01 1.43 2.051
Sulphur 0.84 _ 0.01 0.88 1.23
[Carbonates 0.53 0.00 0.54 0.77
en _ _ 6.05 0.08 617 8.85]
Oxygen + Carbonates 0.06
[Calorific Value 22 20.53) 2246 32.16
|DTF DEVOL. _
Volatiie Matier 29.92
1.226
_ <38 um 3B-75um | <76 um “Unit
|Pre-exponential Facior 208 1077 288 kgim®.s.atm
205 1063 2820  kg/m‘.s.bar
Activation Energy 101.66 124.9 099.45 kJimol
Activation Energy /R 12228 15023 11962 K




Coal Name: HENDRINA

Crigin: Hendrina P/S

Coal Preparation:

Tabke
PROXIMATE ANALYSIS METHOD
Inherent Mosture: ' T2 (% of conl - e difed) ESKoM 103
Ash 208 ESKOM 1M
Volatiie Matter ; 244 ESKOM 102
Fixed Carbon (by difference} : 44 ESKOM 128
' ULTIMATE ANALYSIS
Garbar: - 5624  (m%ofcoal-skdred)  ESKOM 118
Hydrogen: M EBKOM i1
Nitrogen: 14 - ESKOM 118
Total Sulphur; 0.84 ESKOM 102
Carbonates (as CO2): 0.53 ESKOM 100
Qxygen (by difference): 6.05 ESKOM 132
Gross Calorific Value: 2 {MJkg) ESKOM 105
HARDGROVE INDEX; q ~ “ESKOM117
ABRASIVENESS: A (mgFeldg coal) ESKOM 123
ASH FUSION TEMPERATURES ESKOM 1255
initial Deformation iperature: | -‘f {'cj .
Softening Temperature: -1
Hermispherical Temperature: -t
Flow Temperature: -1

1" Indicates that the result of that analysis is riat avaiiable
RAW COAL PREPARATION BY SABS 0135 PART 2- 197/

Report No:  TRR/POGOL0 Page
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Appenilix 2,2,2
Heniirins Washing Plant Feed: Determination of the Char Combustion Kinetics



Determination of DTF combustion kinetics for use with AIOLOS combustion code

Usniversal Gas Constant

i

zol-K

R -8314

DTF Operation and Char Description ¢

Ash in Coa' Ash o ~DTF, %
Ash gpop = DTE, %%
Ash in Char Ash o
Volatile Matter (after DTF devotatiisation) Vobprr <1 Agoal~ 2= - At b
Density of coal : Poal = 1678 ke
X - .I:Il:*l
Rensity of Char {nitially} : . , ooend  Rg
=il S =1.179 —_
(shrinking core assumption) Peharo (1~ VO DTF Pooat  Pobars™ 117910 o
Initial Particle Diameter : dp, = BTE, | m dp o =241+10°° m
Pressure in DTF : P =0.85 10 Pa
3 3 -
Voiume Oxygen Flowrate info DTF : Vg =280 My oy 232107 28
) 60 ] o - raol
. ) _1uge16?  md
VolumeNitrogen Flowrate into DTF : Y2 c- ey Mgz =28 103 gi
"’ e
IMass Flowrate of Oxygen : e = XQZ‘P'M W02 kgt :
| o R-298 s
_ Vi PM kg
Mass Flowrate of Nitrogen : myy = N2 WNz "
: R-298
0.1066-10° kg
Char Feedrate : EBlsh st 2
char 60 8
Injtial Char Concentration ¢ . ™ chur e
B o garr Moz Myy  Emix
initial Fixed Carbon Concentration Co0 € ohorgrtl - A%h gpar) € 0 =30928107°  _HE_
k2 nix
Ash Concentration : Cath “Cohar (A ghyr) € o =23318010° £
kg mie

Hendrina Washing Plant Feed ; <38 pm



Hea: Exchange Paranieters and constants

Stefan Boltzmann constant o 567107 w
m>K
average amissivity betweeh particle and wall ¢ <085
‘reaction energy : C10 CO: b= 9.614-10° kL
g
Niisselt Number for boundar: layer convective Np.=2
heatexchange ’,
cotvective heat exchange cosfiicient ( . T g} 2243101 { ui _ LA
: 273 mE
heat capacity uf char ; . 4
Co ... = 1250 ——
. : P char .
Particle Surface Area as a function of combastion extent :
swalling Index np =2 1 - swolling coals
a : 3 2/3 - ‘non swelling' coals
6 "B 2
A partal € o) 5 -t ( ° o
part(C) P char.o'd® o €0 ke mix
08 —— — 1 S
FE" 0.6 ; T — —
S T
E LS o - \‘-‘— =
g - , \\\__“M\“‘
“""-—-.
02}~ e -
S
S,
. i A ! i
9 0,003 0.002 0.002 0.001 L0 2.168'11’1_[}
cumbustible matter remaiming kb mis]
Voo
Partial Pressure of OxygeninDTF: Py w2 Py =003 bar
v 02+ v N3
480 e
i Ash 1- '
Function defining mass of c char 100 ¢

as a furicon ash content in

combustible matter rerv.aining ol 4 resdue) - 1- Ash g0 i (ash )‘ “ed
the sampled residus

i inam————

Hendrina Washlng Plant Feed : < 38 pm




Calculating Overall Pate . ¢ o(DIE, ,;

4) 1
e dC
Apart {C o}
k :,__EE'E. e et e e
O o P oy DTE, ,
alculating Particle Teriperature:

Heeative solutioh of Energy Balance botween particle, hot gas and reactor walf

Al (C o Ash ) - € 0] L 41 NeAT Ty 1T e Ty |
LYoo (Tt (1) - B 52 - (T | A el C)
B rp&ﬂicb(“\*‘hres!trvanTg) .:ﬁnd('l'l,')
" DTE, 2 T poricte! M, o DIF, 3, DT, , + 273.DTF, ;+ 273) - 273
. 1800 == "% 1 ; T ] ="
100} R % x R B
E.-;g. Hﬁﬁ&-ﬁ ++++
+
-;;gm_ RN T -
ke 2 R 23 R
IWL R % [} s + + ) pl
+ F e
400 1 1 i ! ! i ! b1 1 _
0 2 4 3 8 10 12 4 156 18 20 2
IIIF R #
X DTF Wall Tecmpersture .
+  DTF Gas Temperature :
4 putimated Particle Temperatare
Oxygen Diffusion reaction rate as a function particle Temperature
2
02 diffusion constant at 1600K : D p2.1600¢ =33010% T2
8
mechanism factor ; $z2 ¢ =2 for GO, and 1 for CO2
244D g3 | GUUK‘[QE't Tp)-0.5 ]1.75
kg ol TP, TRodp) - 1600 ;o Lg
R10%dpTg s bar

Source : AIOLOS ~ combustior mode/
Hendrina Washing Plant Feed : < 38 pm



Detfermining the Chemical Reactlon Rate from the experimentaf data :

. 1 ]
kr = . o e
SV I S |
x “k,) b dobar(DTEy ¢ ¥ 273.DTH 1 273.DTF ) |
1 H T T j 7 T
- b o H +H £ 22
g s -
2
3 L §
" |
" K% ¥ .'
J i I L 1 L ﬁ‘ A )
5 55 6 65 7 75 8 Y,
1974/Particle Femperatine

NEB : if the +'s lie beneath the X's, the overali reaction rate cottld be diffusion controlied

5 - T 1 I | 1 T
L
LS
S
"*-.
e x‘u )
Xk
\x‘\
- "
- x K
.
g _-3—- 3( “-'w x’( -
‘-
“
4 “‘“‘ o
__*_, St ]
l‘"\
® ~ .
) o~
4 [ ] j . 1 ] 5 | -

$ 55 6 63 7 7.5 & 8.5
10" 4/Partiule Temperature [ K]

X DTF experimental

=~ kinetic modsl « predicted

Char chemical combustion kinetics Daescription @

kg

. ) x5 = 204, R
Pre-exponentiaf factor exp( Preaxp) =204.918 wh s bor
Activation Eneray ; ok X = 101,659 12
10 mol

-FeonR =12227.406 K

Function describing chemical reaction rate ; K chaTP) Ky unwp(..f__._._)

Hendiina Washing Plant Fe. d : <38 UM



Defining the overall reaction rate - L 1
function : k {Tp.Tg.dp) - T 1 \

T T
e roharT2) ' g ot 9. Tedp)

Equation describing alt modes
of heat transfer (shrinking core

assumption)
Lo 4 4
radistiof e e vo{Ty - Ty') .
AT rag (€ c"rl"r"") ILEC -1}.‘&'_-51;;6%;:"@‘1?&1-0(60.0}
o ash)”
conveciion Eﬂtﬂi&” [\?_5223 ~T i
T aonel € T e T %o 2 | P’l '
ACeTpeTy) = — At dC g
conviV e 1 po L g) (C o € 1 CP char partel € e.0) ;
reaction
- -ah . . e
AT gen{C 6T T g == {E{Tp-T P oj P 022 parto{C o]

{CetC ﬂsll)'Cp.char

estimation of initial particie: heating rate at DT sefpoint Temperature of 1400°C :

Tinit =25+ 273 K dT 104(C 6,0 jnit- 416+ 273) + AT opyi”* 04T jigs 1335 + 273} =3.774+ 10" .Ig

Solution of differential equations

Initigl Condiions :  combustion extent —  x,=C g

patilcle temperature —— X = w X

Simultaneous Differential Equations :

. . d . - . -
combustion extent - EtL o = KX T 0dp o} P 02 A part ol %)
d e . g o ol P . 4 "o
particle temperature -~ A I = AT g (%X Ty + 4T oyl 3po%; T gl + AT gun X %0 T o

Note on the Solution Methadology

The simultaneous equations are solved by a 4th order Runge Kutia solution algorithin for sach DTF
setpuint Temperature. An average furnace wall and furnace gas temperatire have been specified for
each DTF setpoint temperature.

Hendring Washing Plant Feed : < 38 ym



DTF Kinetic Evaluation Results «
Char chermical combustion kinetics Description :

. _ kg
Pre-exponential factor ; exp(Presxp) =204.918 w2 bar
Activation Energy : - E.onR—If“-a = [0Ll.6% -]%l -FonR =12227406 K
16 m
500 —— — : | : : -
1RG0~ =]
16001~ : _ ]
g ool —_— . N
1200 T T T T T
10 — .
=1
i -
-1 B 4
00 —
mu —
ol i 1 1 i } ]
i T | j T =% _ | ——
. M“‘ X I x‘-— e —
,/ % e ®
. % - _
LR e T ® I
- 4 __,ffj—, /—-—""J/
g P 4 e x
ot R - X e
- e x _’.J ’w'”‘ e
g 06 - T B
% A L : - 7 "
. # -
$a - VA x o~ X X X
/ o HHHH—H___’S_____‘_._---‘
PP o
_.-A‘""‘_A; - ‘_-“-—'_“_" x
4
] 1 | . I
1.5 2 s 3 35
residence tine fx]
" 1000°C - DTF Selpoint Temperature
== 1100°C
- 12000C
- 13000
— 1400°C
X DTF data

Hendrina Washing Plant Feed : <38 pm



Detormination of DYF combustion kinetics for use with AIGLOS combustion code

'Universat-Gas Constant

R =834

J

mol-K

DTF Operation and Char Description :

Ash in Coal Ash ot = DTF %
ASI[ char = DTF[),"; %
Ashin Char coal _
Volatile Matter (after DTF devolatifsation) Volspry =1 - Asftaal 3memr{t - Ash ot
ensity of coal : Pooa] = 1678 L]
- m3
Density of Char (initially) : i1 . 1 o kg
- {sheinking core assumption) Peharo ("~ VOIS DTFjPecal  Poharo 1‘08? w0’ o
. Initial Particle Diameter : dp o =DIF,, m dp,=64810 m
Pressure in DTF : P .=0.35-10° Pa
- . . 06107 m 3 kg
Volume an Flowrate into DTF : V= — M 232107 R
Oxyg 025 " w.02 2ol
. P 1966:10° o’
Volume en Flowrate into DTF - Vo s ol
Nitrog N2 0 s Myyp <2810 ﬁ%
Mass Flowrate of Oxygen : o o VorPMym kg
- 02 R-298 s
. VN PMwNg kg
Mass Flowrate of Nitroger: Mgy 'S e .
o9 N R-298 8
-3
Char Feedrate * 1 g 0.1066-10" kg
60 8
Inftiat Char Concentration c . M ghar Be .
chard -~ m kg niv
char F 2 O2 + TN
Initial Fixad Carbon Concentration C o0 = char 0 {1 - Ash chu) C .0 =28942 107 kg
kg i
Ash Conceriration : C st = chart' (A ghar) € gy =25304-10° ,EEL
£ mivx

Hendrina Washing Plant Feed : 38-75 ym



Heat Exchange Parameters and constants

Stefan Béltzmann constant o:=567-10°

average emissivity between particle and walf  £.=0.85

reaciion energy : C to CO : 40 -=9.614-10° E{
£
Nussalt Number for bou "dary layer convective  Nu =2
heatexchange [ (T . ' g) }o.xz
conveciive heat exchange coefficient MT T g 2243 108 2 w
P 275 ) mK
hieat capacity of char : CP gy = 1250 3
kgK
Particle Surface Area as a function of combustion extent :
swelling Index ngp =2 1-swelling coals
3 2/3 - 'non swelling' coals
4o nR .
6 Ce m®
A C ymae e C e :
artol ™ ¢ o -
P { / P char.o9Po (CG-O) kE mix
03 1 T T T
e
’a Mh‘"““*««h;_ﬁ_ﬂ
g G2 e - ]
g 3 m_\\_\ 1
o I 1 i |
0.003 0.002 0.002 0001 0.001 0
corbudible matier remuining frake mix]
. Vo
Partial Pressure of Oxygenin DTF : Py = oer v Py =003 bar
Vort Vi
1 - |2 osidue)
Function defining mass of C . iush s - Ash g,y 100 .
combustibie matier remaining of “’Sﬂiﬂﬂ) |t Ash ]m' Tash et Cen
as a function ash contentin ¢ (ﬁﬂii‘,‘f)
the sampled residue 100
ash pociqne i1 % by mass

—

Hendrina Washing Plant Feed : 38-75 um



Calculating Overall Rate =~ — ~p¢ ;7 iDTFm )

Calculating Particie Temperature:
fterative solulion of Energy Balance betwesn particle, hot gas and reactor wall :

Ah-glC olAsh ) - € 3.0) C 4 e 4] M- l[ T g} [ f T _
tr ! ....e-o*-iL(Tm., rp) J+T \h—z*—J*kTgi‘ part.c(Cc();
Tpﬂﬁm(Ashm,tr,Tw,ng = fmd{T )
DIF, 5 = T partiole{ DTl 4 D1Fy o DTF, ; + 273.DIF, g+ 273) - 273
1600 ; " ; 1 T ; T T
o o a o
1300 = B ¢« x =% x|
R. % x x
X %X x + * F
g | £ "
g 12001 a8 SE(I ; e * L o ]
= I S
o B o+ o+ ¥ : -
#
%00 _J 3 ) ] i f I 1
-0 2 4 6 8 0] 12 .14 16 1%
: DVEE Bun #
X DTF Wall Termperyture
+ DTF Gas Tempersture

O estimated Particle Temperaturs

Oxygen Diffusion reaction rate as a function particle Temperature

2
02 diffusion canstant at 1600K : Dgz.1600 - 33910° =
5
mechanist factor $=2 $=2for CO, and 1 for CO2
L5
244D 33 1600k ‘ (Tg+ Tp)- 05}
FIRUNGTN °R) E— 10 1 ke
R-10° dp-Tg m’sbar

Sotrce : AIOLOS » combustion muodel
Hendtina Washing Plant Feed : 38 75 im



Determining the Chemical Reaction Rate from the experimentai data :

1

x| T
i 1
(k"p. k 4 ctar{DTF g + 273.DTF, | + 273,DIF, ]
10 T T T T T T
<+ -+ -+ ++ L
g st o
s
g L B
'Qx *i' X
: v W *(
A R i X 1 L&
5 55 6 65 7 15 3 85
10~ 4Paticle Temperathure

hiB : if the +'s lie beneath the X's, the averaii reaction rate could be diffusion controlied

o T T T T 1 I
= . -
. ol h*.‘"ﬁ. { . -
® e . %
-3 W -
g » S
-~ Kq‘
g = ® -
L 4 = “'*
o X S~ -
y ! [ N I i { .
5 55 6 65 7 1.5 3 3.3
1 4/Particle Temperaturs LK)
% DTF experimental
“ - kivetic modei - predicted

Char chemical combustion kinetics Description :

kg
Pra-exponential factor exp(Precsp) =1063.044 o
Activation Eneray ; -EorR. =124.807 g1
16° mol
-EonR =15022.456 K
Funclion descriting chemical reaction fate : RpcharlTP) =k roh o EXD (E‘m&)
g y T

Hendrina Washing Plant Feed : 38-75 ym




Defining the overall reaction rate 1

k{Tp.Tg.dp) =— -
function ; Tp-Te.dp) 1 . 1 i
krchar TP ©.char(Tp-Teudp)
Equation describing afl modes
of heat fransfer {shrinking core
assumption)
. . .
radiation . eoiTy - Ty
AT g C e Tp-Toy) =~ — “AparteiC .0
M (Cot Cog)Crgge T /
NoA{T .1 [T T ]
convection Up gf.h. g P)xrp'
AT ony(C o T p T ®o i 2 T J-A C ool
8 {C ot Cysh) CP char partal _c.O}
reaction
AT gon{C o T p T g} = o— —— " kr{Tp T g o P 02°A past. o€ o)
gen prtgl (Cc'i'cash)'cpchat \'p g } partel™ o))

ostimation of inifial pamc!e heating rafe at DTF sefpofnt Yemperature of 1400‘0 :

T =25+ 273 Kdrmdktbn,Tmt.1416+273,+d‘1‘mmc°0,'rm,1315+2?3}~14z;rm %

Solution of differantial equations

Jnitial Conciitions : ~ combustion extent—  x =C ¢

particle temperature ~—-— X, F 300 K

Simuftaneous Differeniial Equations .

i d = i . .

combusfion extant — W Co = k¥ Tdpo)PorApatelX ]
- d 1 - yt e 4 - . Y 4
patticle temperature —- &»tlp = AT (X% Ty + AT oy Rge8pe T gt + AT pogy (3%, T g/

Note on the Solution Methodology

The simultaneous equations are solved by a 4th order Runge Kutta solution algorithm for each DTF
setpolnt Temperature. An average furnace wall and furmace gas temperature have besn specified for
each DTF satpoint temperature.

Hendrina Washing Plant Feed : 38-75 pm



DTF Kinefic Evaluation Resulls -
Char chemical combustich Kinetics Description :

ke
= : = . s e ———
Pre-exponential factor exp{ Preexp) = 1063.044 s bar |
; Activation Energy: - Bonk- =12490 2L paR=1502245% K
. 10° ol
2000 y T T T I T
1800~ -
 1e00k- .
E
5 .
g
&
5
.
)
g
:g

residunce Lim [s]
1000°C - D'L'F Setpoint Temperature
1100°C
1200°C
1306°C
1400°C
DTF data

Hendrina Washing Piant Feed : 38-75 um



" Datermination of DTF coinbustion kinetics for use with AIOLOS combustion code

Universal Gas Constant

J

mol-K

R =834

DTF Operation and Char Description :
AshinCoal

© Ash in Char
Volatile Matter (after DTF devolatilisation)

Deiwsity of coal ©

Density of Char (inftialiy) :

{shrinking core 4ssumption) P charo

initia$ Particle Diameter :

Pressure nDTF :

Yolume Oxygen Flowrata into DTF :

VolumeNirogen Flowrate iﬁto DTF:
Mass Flowrate of Oxygen :

) Mass Fiowrate of Nifrogen :

' Char Feedrate

Initiat Char Concentration

Initial Fixed Carbon Concentration

Ash Conventration ;

Ash 1 = DTF, %

Ash 4. = D'I'Fﬂ‘?-% )

VU]SDTF:I—AAShmI--- (IH'AShchm.‘l
] chat
p(}DIlI:: 1678 —L-:é
l}33
= {1~V y 10871060 K&
={1- VoS prp)Pooal  Pohaco =1087°10°  —
m
dp o :=DIF, m dp o =648107 m
P.=0.8510° Pa
Vg 26100 o My o <3210° 1
025 " W.02 —
196610°
v = - — 3 ke
M =280 38
6t 3 W.N2 e
- VorPMyo kg
02 R-298 s
Ve PM g kg
N2 T R o0 s
0.1066-10°° kg
m byt X
char 60 s
B shar _;k;g._,
cchar.{) = kgmix

W opaeH MOy - W)

€00 °=C ohargr{1 - DTF, ;%) €0 =28042107 K& _

Ce1*Cohuro(} - DTF

C ash > € charo' (Ash char)

13,7

g mix

%) € o1 =248942-107 8
¥ mix

C - —3 kg
wh=2530400° 5
£ mix

Hendrina Washing Plant Feed : <75 pm



Heat Exchange Parameters and constails

Stefan Boltzmann constant szseri0t
) m K
average emissivity between particle and wall ¢=0.85
reaction energy : C 1o CO: ph-= 9,614 10° f:"
g
Musselt Number for bounda’ly layer convecfive  Nu:=2

ﬁ:.-?texchange [ (T ST g} 02
convective heat exchange coefficient 1.('[‘ ,T g) =243 10711 L. 2 L
_ P 273 nK
. heat capacity of char CP gy =1250 J i
kgK
Particle Surface Area as a function of combustion extent :
swaliing Index 1y =2 1 - swelling coals _
3 213 - 'non swelling® coais
ny .
C 2
- P 6 @ 1
A C.ij= C.n
mrtel™ ¢ ) c0 ( )
2 4 Pcharo'dP o \Coo kg mix
0.3 i T ] | I
[ H“"‘—'--._\_‘
g —
B 02 k"""‘--\‘“_& —
& M"““w..__
,g ol e -
@ \‘*\_.‘x
\"‘“-‘_
ol i 1 I A
L3 0.002 0002 2001 0001 0
eornbustible matfer r tmaining [k mix}
. . Vo
Partial Pressure of Oxygenin DTF: Py = —"—— P, =003 bar
v Oz + Vv Nz
- M)
Function defining mass of - Ash gpar 100
o . C o{8 pesidne} = . = C o
combustibie matter remaining 1-Ash g, fah g0 G
as a function ash content in {%____H__)
the sampled residus 100
ash oaque 0% by mass

Hendrina \Washing Plant Fead : <75 pm



Calcalating Overall Rate : [C t.’(IH'F

T
J Agarcilcf :
L JCPTR,
% s
~ Calculating Particle Temperature:

Herative solufion L.f ,;E'ne.fgy Balance between parfivle, hot gas and reactor wall :

G tAsh __j- C - o NueMT T [ +T,.%
Al o{ 50 res) 0 s-u-tTw4~ T 4) - — ( L4 g)[{ g p). T E]
R 1 p dp Y2

A pm.cic a.{l}

r

: Tparﬁnle(AShres" 1.,']",‘],.'I'g.clp) .'=ﬁudI\Tp)

DTE, =T particte{DTFy s DTF, 5 DI, ,+273.DIF, ;+ 273,DIF, ) - 273

1500

nﬂﬂl‘:l unﬂun
1400 |- axxx : KRKKy ]

=} o
Ry + EF w i KKy ++++

jgm__ R, #t+ xxxg++.,.++'
i~

300 | i . I { I ! I . .
B 5 10 | 53 20 23 30 35 4t

X DTF Wall Temiperatare
+  DTF Gas Temperatare
8 estimated Particle Temperature

" Oxygen Diffusion reaction rate as a function particle Temperatura
2

02 diffusion constant at 1600K : D o 1600 =33¢10%
. - 8
mechanism factoer : =2 ¢ =2 for €0, and 1 for CO2
1.75
244D -ousoox‘[%ﬂé] ¢
k d‘,chm-( Tp, Tg.dp) "= p 8
R-10 “dpTg m’-s bar

Source : AIOLOS -~ combustion mode!
Hendrina Washing Plant Feed : <75 pm



Determining the Chernical Reaction Rate from the experimontal data :

. 1
kr :=

H 1
(k o f kd‘chm..(m*, st 273, DTFL_’ 5t 273,DTFE’ ﬁ)

1 i - [ = y - —_—

Ifko) & Infkdiff)
—
]

%x % " X%
_ " X ‘F

- ] i | ! 1.
5 5.3 6 6.3 T 1.5 8 8.5
' 1074/Purticle Temperabire

3

NB : if the +'s lis beneath tha X's, the overall reaction rate could be diffusion controfled

__1'_ T S . % —
. - % 3
A N o ?(
o x i& T X e —-
g . SN
L T X
"‘3 ,’c b ’( —
® € e ’
% ..
g ¥ R
- ! e u L X
5 5.5 6 6.5 7 1.5 t 8.5
10°4/Particle Tempevature [1/K]
X DTF experimental ¢
== kinetie model - predicted
Char chemical combustion kinetics Description :
kg
. . . : - - . - —-
Pre-sxponential factor exp(Preaxp) =282.185 wk.sbar
Activation Energy : Eonke—. =99.446 M
10! mol
- EonR.= 11961.304 K
Function deseribing che eaction rate | Ky ohatl TP) ::kmh‘o-exp(%ﬁ‘g)
L

Hendrina Washing Plant Feed : <75 pm



Defining the ovarall reaction rate X : 1
: Tp. Tgdp) = -
function : dlpt.dp) = 1 1

+.
kyoharlTP) ko chaelTp. Teodp) [

Equation describing all modes
of heat transfer (shrinking core
assumption}

racifation

vo-{T 4 1 _*
AT g (€ 0 T T yotlp) o Ty)

[Cc +C m}'Cpchar

i{dp>3810 A pur o€ .1)A part.olC 00}

tonvection w‘}l’}‘_ﬂi . (1;3: .1 l’_) T 4
- dp 2 .
AT oon(C 0- T e T o) - Y
- ( prog ) (coi,cﬂsh},LPM P \ )
a n
. - - Ab L . .
9T gen(Cs T T o) ‘(Cc+cwh).cpch“'l‘l‘rlrp""g’dp)POZApart-clcc)}

estimation of initial perficle heating rafe at DTF setpoint Temperstura of 1400°C ;

T 1a(C 0298 DTE, 5+ 273.DTF, o} + 4T oy {C ,0:298.DTE, s + 273, DTF, o} =140% 10“%

Solution of differential equations
Iniial Conditions :  combustion extent—  x, = C ,(DTF, }

particle temperature —- x, =300 K

Simultaneous Differential Equations :

d
de
at ©

coimbustion extent —-

K g{%). T 04D initia}'P 02°A part.o{ %)

particie tempstaturg -— o Ip AT 1 (¥ Xp T wj + T gonv{¥yeXp T g) + 6T g (3% T g}

Note on the Solution Methodology

The simultaneous equations are solved by a 4th order Runge Kutta solution algorithm for each DTF
setpoint Temperature, An average furnace wall and furnace gas temperature have been specified for
each DTF selpoint {emperature.

Hendrina Washing Plant Peed : <75 Hm



Appendix 2.3

P rticle Size Distributions
for
_ HENDRINA UNIT Y

from
31 January 1996
to
7 February 1996

The particle size analysis results presented hersin are indexed as follows :

Unit Number Mill  PF Pipe
Scimpling Date
eg.

9BP1-4
31/01/96

refers to ngdﬁna Unit 9, Mill B, PF Pipes 1 to 4, sampled on 31 January 1996



TIMASTE

SIZER

Version '.2h Tus, Apr 02, 1996 10:04AM
PF SAMPLER un Number 6
9BP1-4
210186
Sample File Name: GENWATER, Record: 38 Source: Analyzed

' Maasuredon.MomAprm 19967.45AM Lustaavedanon.Aprm 1996 7:46AM

Pmaardathn: 258D
Vary Polydisperse modal Valume Resutt Foous = 300 mm.
Residual= 0.172% Concentration = 0,064 % Obsciration = 24.96 %
w il B A8 mn d{0.)= B8%um d{09)= 11630 pm
D{4,3]= 5418 pm Span= 288
Seuter Maan ( D{3.2]} =  15.82 pm Mode = 61.45 pm
- | Specific Surface Areg = 0.3768 aq. m. /gm Denalty = 1.00 gm. / c.c.
[ Skza (Lo) Resul In Size (H) Resil T Size (Lo) Reaultin Sze () Result
i % m Below % um % im Bolow% |
0.50 050 LK) G50 .48 5.86 101 A0 58]
1.32 041 . 150 081 .01 6.62 37.79 4720
180 042 1.95 1.33 arn 7.39 46.03 54.59
195 058 238 192 48,08 a.13 56.09 8272
238 0.82 290 274 56,08 Ba7 88.33 71.08
2.0 1.09 a5 3.84 68.33 801 2326 78,14
253 142 4.30 526 8328 6.91 J01.44 8804
4.30 1.76 524 7.02 101.44 551 12359 91,52
524 210 638 812 123.59 376 160.57 8527
639 24 7.78 1153 180.57 226 183.44 gr 52
.78 274 8.48 14.27 18344 121 22351 98,73
948 3.10 1155 1737 22364 0.64 27231 99.37
11.85 353 1408 2050 27231 0.33 3/1.77 99,71
1408 403 17.15 2493 3377 017 404.21 99,85
1215 4.59 2090 2952 40421 0.08 49247 59,96
20.90 520 2546 34.72 48247 0.04 &00.00 100,00
an , o i —  Volume % - _ 100
+ J ] ) -. '-.' ] :
T P S P 0
T : ! 's i !
T P ] o
T t ' ; ¥ : 0
205:.. FUURUPR —J- _.___.EH_ __.,....;. RN f v .} . §e-- 4__;_ " -
* : 'E ; ; : 0
+ : I
S i ! ! 0
) T i 1 i ! I 40
of ... ..b. 0 SN IS SO S A ;
bt - l .! i g - 0
I ' { "t
T : | 3 e . %
oL I SRR M‘ﬁT 1]
0.1 1.0 1000.0
Particle Di&meiaer {tm.)
Milvent Insirements L4d. MasterSizer X Ver. 1.2 p 6
Malvern, UK. SerislNo. 6340 02 Apr 96 10:04



IMASTERSIZER

Tus, Apr 02, 1996 10:07AM
PF SAMPLES fun Nunbar 7
T80P1-4
31K16
Sample Fle Nama: GENWATER, Retond: 39 _ Source: Analysad
Mensured on: Mon, AprQ1, 1998 S:04AM  Lust saved on: Mo, Apr 01, 1996 5:05AM
Pracentation: 235D
Very Polydisperae model Volume esut Fotus = 300 mm.
Recidusl = .235 % Concerifration = 0.052 % Chscuration = 23.74 %
Sl D)= 3545 g d(0.t)e 578um d(Ood= 12692 um
D4, 3}= £8241m Span= 307
Sapter Meon (D32} = 13.83 im Mode= 70.26 pm
Spacific Surface Area = 0.4338 eq. m. /gm Density = 1.00gm. 7 c.c.
[ Siz8 (L) Resuk in Size () Resukl ] [ Size (LD) Resuf In Size (H) Resull
m__ % ] ] __Below% pm % m Below % |
050 0.7 132 071 2846 523 31401 4293
1.82 o057 1.60 1.28 ol 6.78 31.79 4874
180f 058 195 1.86 ar.rs 634 45.03 55.05
195 080 238 268 AB.03 7.02 55.09 6207
238 1.08 280 ar2 56.00 7.38 6333 6042
250 . 136 383 5,00 68,33 737 . 83.26 76.80
383 1 420 8.80 ) 83.25 6.72 10 .44 8353
43D 208 5,24 888 1M.44 580 123589 8932
H.24 245 628 11.32 12359 4,30 150.67 83.62
-8.289 278 778 1411 15057 286 183.44 965.48|
Tml a1 948 17.20 18344 1.67 23581 %645
948 340 1185 2061 =235 054 L | 2908
1155 373 14.08 2434 27231 0.50 33177 £9.59
14.03 409 1718 2843 331.77 025 40421 8084
17.16 4.45 20,90 3268 404,21 011 450247 25.95
20.90 482 2548 3770 49247 0.05 604,00 10000
Volurne
30“ iy . ;ﬁu B e it 100
T i e
T = A 0
T ; &
20F i USRS SRR SO SO NI FRR AU S L. o
1 1 F 0
:: ! : 5
£ | °
10F | -‘ 1
:E_....-L_-._ cn ek el ey S i 1 e e s e - s b e e e e .._._ R ,;“.. [T S .%..._..... C i hie e g el e P - u
EE ] ’Jrl‘__; | » . L= | .M‘\q‘ N
T T T”l ' I . 0
0.1 10 10,0 100.0 1000.0
Particle Dlameter (um.)
Malvern Instruments Lid, MasterSizat X Ver, 1.2b p 7

Malvers, UK. Seriel No. 6340 : 02 Apr 96 10:07




Megzured on: Mon, Apr 01, 1996 9:08AM  Lastsaved on: Mon, Apr 01, 1996 9:09AM

M A T = Si1ZE M x
Tue, Apr 02, 1996 10:.0048
PF SAMPLES iRun Number & |
9EM -4
A6
Sampis File Name: GENWATER, Record: 40 Source: Anelysed

Prosar’afion: 284t/

Vary Fc&y_tﬁspws'-) nmdsI
Residudl < 0287 %

el Jh— 06 45 e

Foous = 300 mm.

Obscuration = 26.74 %
d(08)= 14803 um

Volume Result

Concentration = 0024 %
d{0.i= 1043 jin

D{4.3)= 7404 pum . Span= 224 _
Sauter Mean (D[3.2}}= 2184 um Mode= 79.07 pmt
Spacilic Surface Arsa = 0.2772s84.m./gm Density = 1.00gm. /c.c.
s (Lo} Resdk i~ T Sz 1) Resdt ] EYI) “Résitin S | Resit
m_ % um Beltw% pm % um 1 Below¥%
050 0.41 132 641 46 A5 301 575
1,32 032 1.60 0.73 3.0 518 3179 31.91
180 0.32 1.95 1.06 37.79 827 46.03] 3847
195 0.43 238 1.48 4503 707 56.05 4594
2.38] 0.56 2.90 204 56.09 9.09 58.33 55.02
290 074 353 275 68.33 10.08 83.26 €5.07
353 0.88 430 a8z 83.28 9.85 1044 7492
430 1.06 5.24 4.60 104,44 890 123.59 8283
5.24 125 6.38 595 12359 6.64 150.57 90.47
£6.39 147 7.78 7.4 160.57 432 183.44 84.79
7.78 1.68 9.48 $10 183.44 2.44 223,51 97.23
9.48 1.94 11.55 11.04 22351 1.38 27231 9859
1155 2.24 14.08 1328 2723 073 331.77 99.32
14,08 261 1745 15.89 377 0.39 40421 89.72
17.45 3.04 20,80 18.92 40421 0.19 492.47 §9.91
250 358 26.45 2281 49247 0.09 600,00 100.00
30 . ottt SR Volume % sy R - 100
I { i i .' ; ; = 5 5
L L P T
T izj 5 : s .f. ; z A ; 0
T ! ? i i oo : T?
20F b 4] U SR SR I U N S RO
T .= : .: : | 3 . ! E |
T : i : i i P ; ; : Q
: S A N T R D o S
1af AL S S S T R S SN A S B
‘:. — Fa— : - ; l _:. . ., - E : -\_- I3 ? - i 4, . n N : _= e E_ . 0
T S R r E R . ( 0
L e RN R
+ A e TH I [ | I “ S 0
oL } Db T T Al Lib b i L |o
0.1 1.0 0.6 100.0 1000.0
Parlicle Diameter (um.,)
Aatvern Tnsteuments Lid. MasterSizer X Ver. 1.2b p. 8
Astvern, UK, SerigfNo. 6340 02 Apr 96 10:09



= i

Tue, Apr 02, 1896 10:32AM
PF SAMPLES :Run Humber 9
BFPi-4
2310196
Sample Fifa Name: GENWATER, Recond: 41 Saurce: Analysed
Measumdcn Mon, Apr 04, 1906 9:13AM  Last saved on: Mon, Apr 01, 1996 5:{5AM
\ery Polydisparse model Volume Result Foous = 300 tm.
Residual = 0.247 % Concantration= 0.057 % Obscuration = 25.67 %
wigd B0 HHE0 ey d{0.1)= S579pum d{0g)=~ 131.73um
D[4,3[= &8.62m Span= 2857
Sauter Mean (D3 21)= 1388pm Mode= 7564 pm
Specific Surface A = 0.43235q9. m. fgin Dengtty = 1.00 gm. fo.c.
Sien (Lo) Resultin Siza (Hi) Rasuit Size {Lo} Reatilt In Sze (HD) T Resik
uin % pm Balow % gm % pim Balow %
0.80 0.80 1.32 0.80 2846 468 31 4042
132 0.63 1.60 1.43 3.0 5.20 37.79 45,63
160 0.63 1.55 206 37.79 5.87 46.03 5149
'1.95 0.84 238 288 4603 581 55.08 58.30
238 1.08 280 397 S6.08 757 68.33 85.87
290 1.33| 353 5.30 68.33 802 8326 73.90
353 163 T 4301 883 83.26 7.61 101.44 B1.51
430 1.85 524 888 10144 669 12259 88.20
5.24 232 6.39 1118 12359 4,90 18057 93.10
; 6.39 266 7.78 13.86 150.57 316 183.44 96.26
' 7.78 295 948 16.82 183.44 1.78 22351 98.03
848 3.24 " 11588 2006 2351 082 72 83,02
11.55 351 1408 23.58 2123 0.52 INg7 99.55
14.08 3.78 1715 2736 33177 0.27 404.21 8982
1745 405 20,90 3.4 404.21 0.13 49247 99.94
20.90 434 25465 3574 49247 0.08 500.00 100,00
30, R _ R Velume % b gt 100
| Lo L 0
i ¢ ' ! i : i ‘
! L ;,. 0
;_- : ; ; j:
.5 SRR SR SN SO AN O B S SRU SN -
E S : : f o
I T e O R 0
; i : ; i ; ! i ¢ 1
, i i ! i i i 0
100 L Co R ?
| ; : { ! -:)- s T TR0
) j 5 i. 5 : ] , 0
S B m’ml l T
oottt I "Ma_‘..* |
0.1 1.0 100.0 " 1000.0
Pamcla Diameter {#m)
Malvern Instruments Tid. MasterSizer X Ver. 1.2b - 9
Maivem, UK Serial No. 6340 02 Apr 96 10:12



§ .Y, .1
1 S

i

el B LR

= B2

Version 1.2h Tue, Apr 02, 1996 10:14AM
PF SAMPLES ‘Rur Nuraber 10
9API -4
311196
Sampls Fls Name: GENWATER, Raecord: 42 Source; Atalysed
Measuted on: Mon, Apr 01, 1996 9:17AM  Lazt saved on: Mon, Apr O, 1986 9:18AM
Presentation: 283D
Very Polydisperse modal Volume Rasult Foctis = 300 mm.
Residual= 0387 % Concentrafion= D043 % Obscuration = 26.34 %
ails By AT d0.N= 431ym d(0S)= 8721 um
bR, 3= 37.22pm _ Span= 342 o
Sauter Mean ( DI3.21)= 10.15pm Mods= 4867 um
Specific Surface Area = 0,5910 8q. it / gm Density = 1.0 gm. fc.c.
Skze (Lo} Result In Stze: (Hi} Result Siza (Lo} Resuttin Size (H) Result
ym % pm Below % pm_ % i Below %
0.50 113 132 113 248 8.27 31 8777
1.2 0.89 150 202 a.m 654 37.79 64.31
1.60 0.89 1.95 2590 37.79 6463 45,03 70.94
195 1.18 238 410 45,03 6.59 56.09 77.53
238 155 . 290 584 56,09 B8.09 6833 8362
290 1.94 353 758 68.33 5.30 83.26! 88.02
353 238 . 430 996 83.26 416 101.44 83.08
430 288 524 1284 .44 T o308 . 1359 25.13
524 342 6.29 1628 12359 1.93 18057 98.08
639 393 7.78 2020 15057 1.08 183.44 99.14
7.78 435 g.48 2454 18344 052 22351 - caesl
. 948 471 1158 20.26 22351 023 2723 99.89
. 1155 508 14,08 34,32 27231 008 3NTT 5897
14.08 6.42 1748 39.74 e s d .02 40410 - 400,00
17.45 573 20.90 4547 40424 0.00 492.47 100,00
2090 603 2546 51.49 49247 0.00 600.00 100.00

30 —— i _ . Volume % ) . 160
1 ! ; ! ! Py :
I ﬁo
I 5 : ' ‘ P 5 ;
a1 i : i . . 4 : 3 i ! § D
;- H ! 13 ¢ a o ‘ : :.

I | | ! .s ! O 5 's z 0
20t b oA - R R N ,,1‘ 1 WAL UG RO SR

£ N L A S 0

» i i [ . i - i i H L :

T ! ! ! ; | ; A i ; ! : : 0

i S AU OIS SN SNSURE SNSVRNI- SR SRR SO S

i B Y : LT T S A
0 N S N S S s s O s B
X : : ) P et L : "ﬁ |
ot : i ! ‘M b H ! i“i*ﬁi-». _ID
0.1 1.0 10.0 100.0 1000.0

Particla Diameter (Jm.)
Malvern Instroments Lid, MausterSizer X Ver. 1.2b p. 10

Malvern, UK, Serial No. 6340 02 Apr %6 10:14



i Z E

=

.__x

Tue, Apr 02, 1998 10:17AM
PF SAMPLES :Rem Numbar 10
SAP1-4 GRAP
0202/9% .
Sample File Name: GENWATER, Record: 43 Sourea: Analysed
Mezaured on: Tue, Apr (12, 1996 7:19AN  Last saved on: Tue, Apr 02, 19595 7.20AM
Presentatior: 255D
Vary Polydisperse model Volume Resylt Focus = 300 mm.
Rusidml= 0136 % Concantration = 0,109 % Obscuration = 2321 %
Sl Y- TG e d{0}= 1624 ym d{08)= 16956 pm
D{4,3= 8855 m Spans 201
Sauler Mean { DJ3.2]1}= 2959 um Mode = 105.60 yin
Specific Surfece Ara = 0.2028 sq. m. /gm Density = 1.00gm.fo.c.
" Sze [l Resuft in Swe(H) Resut " Siza (Lo) Result i ~Sze (H) Reslt
T um _ -% Wen Balow % um % pm Below %
050 021 132 (%) 548 343 3 2059
132 0.7 1.60 038 anm 4.18 7.9 2477
1.60 0147 185} 055 arrms 5221 46,03 2850
155 0.24 238 0,80 46,03 664 55,00 36,14
238 033 2580 113 509 6.27 6333 44 .41
290 0.44 353 157 £§8.33 882 83.26 5433
353 174 4.30 2944 83.26 11.02 401.44 6535
4230 0.71 524 265 101,44 121 12355 76.56
524 [s2:74 639 371 12369 225 415057 8584
538 1.03 7.78 475 150.57 837 18344 9219
7.718 124 948 598 18344 368 2351 a5.87
8486| 147 11.55 746 22351 202 27231 750
1155 . 175 14.08 o2 272 1.08 3B.T7 8897
14.08 2.08 1715 1128 ANz 056 40424 9955
1716 247 2080 13.78 404.21 0.20 452 47 90,85
20.90 290 2545 16.65 49217_L 0.15 600,00 100.00
a0 N ) Volume % o .
+ : ; z : ' : E T
* i i | A
.:I-r i { ! i ! H Jv“ i
s i : : ! :
f b % P i/ ::
00 b e S U N M S— }?f SO S —
e : B ! i E Al i
I ‘ i ! i A i ¢
T i i ! S !
T : i : _
T i 5 5 L |
- 3 H i H ' P F §
X | i i P L LE i
atw i ! I L ) t t i i
I { : i o "‘“‘ q Y !
+ E n : o . T e .qﬁ.‘. £
3 b et T il [ ' 1 N »
0.1 1.0 10.0 T 000.0
Particie Diameter (um.)
Malvern Instruments Ltd, MasterSizer X Ver. 1.2b p. 11
Malvgn,U.K. Serinf No. 6340

02 Apr 96 10:17



Tus, Apr 02, 1896 10:19AM

9BP1-4
Q208 -

Sampls Fils Name: GENWATER, Record: 44 _
Measured of: Tue, Apr02, 1036 7:28AM  Last saved oan: Tue, Apr 02, 1996 724AM

PF SAMPLES

‘Run Némber 11

Source: Anslysed

Prasentatio: 255D
Very Polydisperse modal Volume Resu Focus = 300 .
Residual = 0302 % Concehiration = 0.040 % Obscuration = 27,77 %
GAEEs s R 3 e d{@.1)= 387um d({0.9)= 65.47 pm
D[4.3= 243pm Span= 3.54
Saiter Mean {D[3,2])= 8B84pm Mode= 20.08 um
Specific Surface Area = 0.67852q9. m. fgm Density = 1.00gm. fc.0,
L) “Reatk Siza [H) Resul G o) Resutin Y Resul
um % m Below% | . % e Below % |
050 1.30 132 130 2548 654 ] &7.80
1.32 1.02 1.60 233 .0 £29 3.4 74.18
1.60 1.02 1.95 335 37.79 590 46,03 2008
195 137 238 472 45,03 5.34 56.09 8542
238 17 290 659 56.09 453 6333 96
. 280 226 as3 876 68.33 360 B8 9388
v 353 2.78 430 1154 £3.26 264 10144 9620
430 2.39 5.24 14.83 101.44 179 12359 $7.89
524 4.00] e85 19.02 12359 1.07 150,57 93.06( -
539 A78 7.78 23.80 18057 0.56 183.44 9861
7.78 537 9.4e 2918 183.44 025 22551 93.85
9458 587 1155 35.03 22351 0.10 27231 - 9995
11.55 528 14.08 4131 A 003 33T 99.95
14.08 650 17.15 47.90 331,77 0.01 404.21 100.00
17.15 6.76 20.80 54.65 404,21 0.00 492.47 400,00
. 2090 6.71 2545 61.38 49247 0.00 800,00 100,004
_ Volume %
30“_ 1 ! AR B ! :‘ [ . T —!.1 oo
I ! i i : 3 i ! 7 i : ;
P I A R 1 o
T A A S L 0
I E i i % . i '1 ; o
S T
T i i ; r j .i. ;
4 i : : i i : | H N ,
T ! ! i ! : f i 0
Wb I S SR : .
T t i I i N i ! i v ' 4]
I { : ; f. } : F : E i : :
+ l!j ?ﬁ : I R e T f 0
- i ] - ‘ =" ! ; L
o * E hﬂ‘%“i"r‘rr[ _ L0 dend R N |
0.1 1.0 10.0 100.0 1600.0
Particie Diamater (um.)
Mulvern Instraments Lid MasterSizer X Ver, 1.2b p. 12
Midvem, UK, SerialNo. 6340 02 Apr 96 10:19



ue, Apr 02, 1996 10:22AM
PF SAMPLES :Run Number 12
9BPi-4 GRAP
C2X02/06
Sampla Fiis Name; GENWATER, Record: 45 Satirce: Analyssd
Mensured on: Tue, Apr 02, 1996 7:28AM  Last aaved on: Tue, Apr 02, 1996 7:29AM
Presentation: 255D
Very Polydispsrse model Volurr.2 Result Focus = =00 mm.
* Residust = 0.167 % Concentration = 0.136 % Obscuralion = 24.03 %
Syl By B d{01)= 2489 pm d@©9)= 179.44 ym
D[4,3j= 97.48um Span= 185
Sauter Mean (D[3,2f ) = 35.70 pm Mode = 101.50 ym
Specific Surface Area = 0.1681 sq. m. /g Deneity = 1.00 gm. / o.c,
""“'S‘ﬁea.o) Resukin Siza (Hp “ResUk " Siza (Lo) Resultin “Ske (H) Fesuk
__lm % ' pm__ | Below% pm_ % ey Balow %
650 027 T3 07| 3546 277 31 1305
132 0.20 1.60 0.47 31,01 377 37.79 16.82
1.60 0.9 195 063 37,18 517 4603 21.58
1.95 022 238 .88 A6.03 7.1 56.09 29.09
2.38 0.25 250 114 56.09 9,30 68.33 3839
290] - 028 353 142 68,33 11.32 83,26 4.7
353 0.3 4.30 172 83.26 1231 101.44 6203
430 0.35 5.24 207 101.44 12.07 123,59 7408
5.24 .41 6.39 248 12359 8768 180,57 83.85
639 050 7.8 299 150,57 676 183.44 20.62
7.78 0.61 9.48 3.60 18344 410 22351 84,72
948 0,78 1155 436 22351 242 272.31 8744
1158 0.96 14,08 5.33 272.31 1.39 3377 9853
14.08 1.24 17.15 657 331.77 0.0 404.21 99.33
1745 161 20.90 B47 40424 0.44 49247 99.77
2090, 210 2546 1027 49247 0.23 £00.00 100.00
Ll : : pr——st ... Volurme % — T T 100
S D
I ' i v : : 0
T * ; : | ; * /o ?* ! 0
200 . . % DU WU RSO BRI O . / S ORI SR | %
I !. ! , J ) ! ! 0
o L Vi T
T | i ’ OV 1 0
top. oo b b L : g ; ' _
T D A B s lx B R
¥ H & L H H [ .
S S A NG
2 R N R T e = fl o) 10
ot i PN ﬂ.ﬂ--r—r*r l’j H | 1*‘ o] )
0.1 1.0 100.0 10000
Particle Diameter (um))
Malvern Instruments Lid. MasterSizer X Ver, 1.2b p- 13

Malvers, UX. Sesiai No. 6340 02 Apr 96 10:22



MASTERSIZER

Tue, Apr 02, 1996 10:24AM
PF SAMPLES :Run Number 13
sbpi-4.
02K02/96 _
Sample Flie Narne: GENWATER, Record: 46 Solrce: Analysed
Maastred on: Tue, Apr 02, 1996 7:31AM  Last saved on: Tue, AprOZ. 1996 7:33AM
Pmuﬂinn: 2550
Very Polydiaperse model Volums Result Focus = 300 mm.
Resldual= 0.352% Concentration = 0.041 % Obscuration = 2438 %
wpd S-S iEpm d({01)= 450pm dO09)= 7884pm
{PHM, 32 B20pm - Span= 288 .
|SauterMean { DIBZ )= 1049 pm ' Mode= 37.00 um
Specific Srface Arem= 0.571984. m.fgm Density = 1.00 gm. fo.6.
ize (L0} - Resuk n S (7 Resuf Sk (Lo} Resul In Se (9 Resul
pm_ - % gm Below % wn %  pm Below %
050 T.24 132 1.24 2546 7.60 a1m 5664
132 0.85 1.60 219 31,01 7.96 37.79 64,60
+ 460 0.94 185 313 arre - 788 4803 7248
185 158 238 432 4803 732 56.00 79.80
238 146 290 877 56,09 622 6833 B8G6.0Z
290 1.72 3.53| . 749 8833 4.91 83.26 80.93
353 200 430 a49 83.26 358 101.44 9451
- 430 2H 524 11.80 10144 247 12359 - 9598
524 27 6.39 1451 12359 152 18057 9851
§.39 315 7.78 17.66 15057 0.84 183.44 99.36
1.78 353 348 21.25 183.44 0.40 22351 98.75
9.48 413 1155 2538 223,51 0147 27231 99.92
1155 478 14.08 30.15 27231 0.08 331.77 58.96
14.08 6.53 17.18 asee 3.7 0.02 40421 100.00
1745 832 2080 2.0m 404.21 0.00 49247 10000
20.90 704 H46 48,05 49247 0.00 600.00 100.0
30, . . , Volume % . it
£ H H [ i H : VT A [
+ : : { i t : A7 i :
£ o
A P T
S Co Lo A0 L
20T i e ek 15 SRS VN U SO S S I S
¥ ! =.‘- l : = -1- ya , | : :
- H i i 3 H . - v : ! : i
1 ; ; ; ! i ! i i i ;
T S R L 7 f L P
r o ! ; g | !
(11 SRR SRR AP SOV S S I l L ST =
T P e P i
T i i § } i ?/ 1 i i {
£ i i e ‘ :
1 | : i r '; i ;
ot i | L d“‘#"‘f"" I.-r Fr"}-L.. L
0.1 10 100 0 1000.0
Farﬂcle Dlameter (pm.)
Malvern, Instrurments Lid. MasterSizer X Ver. 1.2b p. 14
Malvern, UK. Serial No. 6340 02 Apr 96 10:24



TMASTE

HSIZER

Tue, Apr 02, 1996 10:27AM
PF SAMPLES ‘Run Nuniber 14
SAP1-4
022106
Sample File Name: GENWATER, Record: 47 _ _ Source: Analysed
Meesured o Tue, Apr02, 1996 7:36AM  Last saved on: Tue, Apr 02, 1996 7:37AM
Prassetafion: 28$D
Vary Polydispérse model Vaiurne Rasult Focus = 300 mm.
Residual = 0.150%. Concentration = 0.062% Obsecuraiion = 27.57 %
gk S B30 pn diD1)= B5I5um d{08)= 106.65um
D43]= 4730 um Span= 3.03
Savter Msen (D[22} = 1383 pm Mode= SBS7 um
Specific Surface Area = 0.4337 sq.m./gm Dunsity = 1.00gm. /oo
[ S Resut In Size (Hi) Resul [ Skze{L0) Result In Siza (H) Reeuk
pm % pm Below® | pm % pm Below% |
050 [ 1] 1.32 0.53 2548 580 8] 4780
132 0.44 150 097 31.01 628 TS 54.08
1.60 0.45 188 143 37.79 .82 48,03 - 80.90|
1.96 TR 111 4 238 210 46.03 7.32 66109 1 W
2.38 N Y74 290 307 56.09 7.41 8333 5,62
250 1.34 as3 4,40 68,33 7N 83.26 5264
: 353 1.80 4.30 e 8326 603 10144 as.asl
430 230 524 8.51 10%.44 473 12388 93.40¢
524 277 628 1128 12353 312 1557 86.52
699 320 7.78 14.48 15067 1.79 183.44 9331
7.78 386 948 18.13 183,44 0.88 22351 88.20
548 4.08 11.55 2219 22351 043 27231 9963
1155 443 1408 2662 27231 020 331.77 9831
14.08 4.00 1715 .42 3WBTT 0.10 40421 2053
1715 513 20.90 3655 404.21 0.05 490 47 $4.98
_20.90 545 2545 4200 49247 002 600.00 100.00
%0 * P e 160
T ] o .
X
200, b O
I : 3
X i
i
L5 N VRN AP S DU N
+ | 0
i .o
oL , 0
01 1 X 100.0 1000.0
Particle Diameter (pm.)
Malvern Insteoments Ltd, MasterSizer X Ver. 1.2b p. 15
Matvers, UK. Serial No. 6340 02 Apr 96 10:27




MASTE

S

ZER X

Tus, Apr 02, 1996 10:29AM
PF SAMPLES :Run Number 15
T OAPL-4
D296
Sampie File Name: GENWATER, Record: 43 Source: Aralysed
Measured on Tue, Apr 02, 1996 7:39AM  Last saved on: Tue, Apr 02, 1996 7:39AM '
Presentation: 2§D _ _
Very Polydisperse model Voltyre Result Focus = 300 mm.
Residual= 0.144 % Corkentration = 0,049 % Obscuration = 26,68 %
S H1= 59Epm d{01)}= 494 pum d{09}= 8738um
D[4,3= 3865pm Span= 3.18 |
Sautst Mean { D[3.2] )= 11.29pm Mode= 47.23um
Specific Suiface Area= 05313 eq.m.fgm Density = 1.00 gm. fc.c.
~8ke (o) Result in Skza () Resuit [ See{lo) Resultin Size (HN) Result
m % BR_ Below % um % pm_ Beiow %
050 088 133 089 2548 646 Ho 5588
1.32 0.70 160 1.680 A 6.76 3779 6264
160 0.71 185 230 37.79 7.00 48,03 89.64
195 as97 238 azr 4503 7.03 86.09 76,56
233 128 290 456 56.09 655 60.33 8322
290 1.64 353 6.20 68.33 5.60 83.26 8882
3563 207 430 B2T 83.26 430 10194 9313
430 255 5.24 10.82 101.44 3,03 12359 96.15
5.24 210 6.29 13.92 12359 1.84 150,57 97.98
6.39 387 7.78 17.58 15057 1.0 183.44 99,00
778 419 8.48 .78 183,44 050 2351 99.50
948 469 1155 26.47 2351 026 27231 99.76
1185 514 14.08 31,61 2723 0.13 3177 95,89
14.08 5.60 17.18 7.2 3357 o7 40421 93.95
17.15 597 20.90 4318 40421 0.03 49247 9939
2080 624 5.46 49.42 49247 0.01 600,00 100.00
30 - . _Volume % e s . ,
. : ; : ! : ; ; T 3
o | P ? ! # T S i i
T i l, i i ; i P, ; E
2&: i t 1 ] i i ! i
SR ARUUS SN SR IS WUNEIE DU SRS, SPTNI N I W
+ jfu f ! ! [P R i ey
T ! ¢ ; i: : | fi f !
¥ ! : : i : i i i i : i
£ S A S N A S Y S A
I o e L
‘T H i H k=T H H
I : i { A
0t i e e e i 1 T-ﬁ l A i i
0.1 1.0 10.0 1600.0
Particle Diameter (um.)
Malvern Instruments L4d. MasterSizer X Ver. 1.2b p. 16
Malvern, UK. Seriall No. 6340 02 Apr 96 10:30




Tue, Apr 02, 1996 10:32AM

PF SAMPLES Run Number 16
SEP1-4
05/2/06
Sample Fila Name: GENWATER, Revard: 48 Sowrce: Analysed
Medsurad on: Tue, Apr02, 1996 741AM  Last saved on: Tue, Apr 02, 1996 7:42AM
Presactatiot * 235D |
Vary Polydisperso model Volume Resuft Facus = 300 mm.
Recidual = 0.498 % Concentraion = 0,129 % Obscuration = 25.73 %
Byl SE~ AV ST pn dion= 150um d(08)= 13554 pm
DM %= M28pm Span= 243
Sauter Msan { D321} = 3120 pm . Mede= £9.10 pm
Specific Surfece Araa= 01918 sy m. /gm Density = 1.00 gm. /o
) Resultn Siza (H) Result Siza {L.o) ““ResuftIn Size (0 Result
i % Hm Below % um % pm Below %
050 003 133 063 546 548 3 2
132 0.03 1.60 0.06 3101 853 37.79 2055
1.60 0.04 195 0.09 3779 B8.08 46,03 38,63
1.85 o.07 238 047 48,03 9.64 56.00 4827
) 238 015 2.90 0.32 56.09 1056 8833 58,84
b 290 030 as3 0.61 68.33 10.56 83.26 £9.40
353 085 430 147 8326 9.40 101.44 7BEO|
430 0.63 5.24 2,00 101.44 7.74 123.56 86.54
5.24 D.98 6.39 298 12359 551 180,57 92,08
649 1.08 7.78 4,06 150.57 353 18344 8559
7.78 1.33 9.48 539 183,44 202 22351 87.60
9.48| 1.61 11.55 7.00 22351 1.44 27231 98.75
1155 201 14.08 9.0t 27231 0.63 281.77 9.38
1408 254 17.18 11,85 3177 0.35 40421 99,73
17.48 323 20.90 1478 40421 0.18 49247 8591
2090 408 25.46 1887 492.47 0.08 600.00 100.00
30 , e YoOlUMB % s . it 100
N H ¥ ; 1 : : ; ! 1 e i :
- : i { i : } i P ' } 0
T | i a : g .u_ | P | 1
I : E ; : ] : - ' : : {80
T ! ; i P | ?' 0
R I I CHNEE RUNEEY SRS IR SRR S
T WA I
;N S S SN SRS S S O S A S
I ! i ? ; i i 4 ; ':_ ; 40
t ! : .* : - e :
¥ e : : : : P Py ! :
T ; ; . l' i | ; ‘- 0
Y S D T A A e i ] HERARRARE l"iﬁ-H___i-é 5 0
0.1 10 0.0 100.0 1060.0
Particle Diameter (um.)
Malveen Instruments Lid, MasterSizer X Ver. 1.2b o 17
Maltvem, UK. SerieiNo, 6340 02 Apr 96 10:32



e A ST

Tus, Apr 02, 1996 10:35AM
PF SANPLES :Run Number 17
8DP1-4
0u5N2/96
Sample File Nams: GENWATER, Record: 50 Source: Analysed
Measured on: Tue, Apr02, 1996 7:44AM  Last saved on: Tue, Apr 02, 1986 7:45AM
Pragantation: 25%0D
Very Polydisparee model Voluma Resut Focus = 300 mm.
Rosidugl = 0187 % . Concentration= 0.063 % Obscuration = 21.93 %
o By~ B0 R ' d{01)= 834pm d(0.9)= 141.00 ym
Did, 3= 6672um Span= 255
Sauter Moen (D[3,2])= 1846 pm Moda= 7540 um
Specific Suifsce Arert = 0.3251 sq. m. fgm Density = 1.00 gm. / c.c.
" Sia (Lo) Resuiin ‘EE““TS e(H) - | Resut | [~ Siza ({0} ReaultIn Size (Hi) Resulf
4] % um_ Below % | _hm ® um Bslow% |
- 0.60 0.48 122 0.48 25.46 4.90 31.0% 33.09
1.32 0,28 1.60 0.88 3o 5.68 3779 3877
1.80 0.38 1.95 1.24 3r7e 6.58 46.03 . 4835
135 053 238 177 46.03 760 5609 5295
2.38 0.70 2.50 246 5608 837 68.33 §1.32)
290 089 353 336 68,33 875 B83.2% 70.07
353 142 430 4A7 8326 8.38 10144 746 -
4.30 1.35 524 6.83 101,44 7.50 12359 85.96
524 1,60 .39 7.43 12359 573 150.57 91.68
6389 1.86 1.78 929 18057 asz 18344 95.50
77 ] 214 848 11.43 182.44 218 22351 g769
9.48 248 11,55 1391 22351 119 27231 2688
1155 208 14.08 18.78 27231 081 3.7 9948
14.08 3.3 17.15 2008 T 0.30 40421 8978
47.15 a7 20.90 23,88 404.21 015 492.47 99,93}
2080 4.31 2546 20.18 49247 0.07 600,00 - 160,00
a0 e - P Volume %__ | i . — ) 100
! : . 3 f 1 ' ! = t }
: { i i i T i
! ! i i i i i ! i
: " i '! : ; % : Y
i § | i : | ;
; 1 i ' i i i i i 0
- ? M -a-L,E-... . % . _-_.‘. - i I - i - e _ .I_"- [ !" .. -
. : ! : ! : i : Y
{ ; e i ' : L
E é i i : ; : 0
i i ; i i ? i i i
! i f i ; ] { ; i o
' i F I R AU H ¢
| S L - bl ko
i i E i ! P ey : :
el o
! S U S Sl g N . e S
0.1 1.0 10.0 10000
Particle Diameter (Hm.)

Malvern Instrumtents Lad, MasterSizer X Ver. 1.2b p. 18
Malvern, UK. Serisl No. 6340 02 Apr 96 10:35



“Tue, Apr 02, 1996 10:37AM
PF SAMPLES :Run Number 18
QEP1-4
05/02/05
Sampla Fils Name: GENWATER, Record: 51 _ Scuirce: Analysed
Mauaured on: Tue, Apr 02, 1996 7:47AM  Last saved on; Tue, Apr 02, 1806 7:48AM
" IPragentation: 2530
Viety Polydisparse modal Volume Resutt Focus = 300 mm.
Residual = 0,193 % Concentration = 0.062 % Olbscuration = 22.82%
dyl B S0 e d{01)= 7.82um d{D9) = 137.97 ym
Di4,3= B520um Span= 258
Savter Mean (D[3,21)= 17.23um Mode= 73,79 ym
Spacific Sudace Arsa = 0.3483 sq, m. fgm Density = 1.00 gm. /¢.¢.
BT ‘Rostlt in Siza (H) Restlt ) Resultn “Eiee (A Result
pm_ % um Below% | _Pm % _ gm Biow %
050 6509 133 088 ) 491 £33 34.24]
1.32 .48 1.60 1.08 a.o 5.7 37.79 39.95
1.60 048 195 151 | 37.79 €64 46.03 4659
1.5 0.60 2.38 241 4603 769 56,00 5458
238l 077 290 288 56,00 8.44 6333 6272
290 0.94 353 3g2 6B.33 B75 8328 7147
a53 1.4 430 497 83.26 s21! 101.44 79867
430 137 5.24 6.34 10144 743 12359 .84
524 145 639 799 123.59 5,30 18057 8210
6.39 195 7.78 9.94 _ 150,57 349 183.44 8559
7.78 225 8.48 12.19 183,44 202 2351 97.61
9.48 260 11.55 14.79 22351 1,16 2723 2877
1155 298 1408 1775 272.31 0.54 377 9941
14.08 339 17.15 2145 331.77 0.34 404.21 o8.76
47.45 3.84 2090 2459 404.21 0.17 49247 28.93
2090; 434 25.48 29.53 45247 0.07| 600,00 100.00]
30 . . };;nlume s . —
+ e' ! ol
+ ] ; E
I : : ; ;
T ; | : !
200 e | I SN S boe e
+ '-5 i P i '§
- 1 i i 1
T | i | !
T { i ! !
0. .. i S S ' A o .
i S B T A
T ; | S 7 1 I !
T : [ E Lol *" ! I l RN i
I RN DR, e Y ;
ot !_ ,wmr-f“rt‘rﬁ’_ﬂ‘n { U L] I l et
0.1 1.0 10.0 1 ’
Particle Diameter (um.)
Malvern Instruments Lid. MasterSizer X Ver. 1.2b p 19

Malvem, UK. Serinl No. 6340 02 Aps 96 10:37



N

"Tue, Apr 02, 1996 10:40AM
PF SAMPLES tRun Xumbor 19
SAP1-4
o726
Sampie File Name: GENWATER, Record: 52 _ Solitce: Analysed
Meagtired on: Tus, Apr 02, 1966 7.50AM  Last saved on: Tue, Api 02, 1986 7:61AM
Presentation; 255D
Very Polydisperse model Volume Result Feoous = 300 mm.
Reskiual = 0.364 % Concentration = 0.038 % Obscuration = 25.91 %
drd Bl- EZEDmm - d{01j= 375um d{08) = 103.08 im
D4 = 40.72 ymt _ Span= 445
Sauter Moan { Di2,213= 915 pm Mode= 5542 um
Specific Surface Area = 0.6561 sq. m. /gm Densily = 1.00 gra, 7 6.5
[ 8ka (L6} Resultin | Sie (Fly Result ~8kze Loy Result in ECYE Result
. m % m Below% | pm % o Below% |
N 050 142 132 1,33 2845 498 3ol 585
1.32 1.06 1.60 240 am 510 ar.re 63.35]
1.60 1.08 1.95 348 arre 520 45.03 GB.G4|
1.95 145 238 482 48.03 550 £6.08 T414
238 1.88 280 8481 56,09 549 6833 75.65
- 250 235 3,63 8.16 68.33 530 §3.26 8493
353 289 430 12.06 8326 472 101,44 8965
4.30 344 5.24 15.50 101,44 394 12358 8358
524 397 6.39 19.47 12359 284 150.57 26.43
6.39 441 1.78 23.89 18057 1.81 168344 88.24
7.78 4.70 S48 28.59 183.44 0.98 22351 g9.22
948 4,86 11585 33.45 22351 0.49 aras 89.71
11.55 494 14.08 a8.38 22 021 33177 99.92
14,08 - A89 1745 43.37 31.77 ooy 404,21 25.88
1715 498 2090 4835 404.21 0.0% 492.47 100.00
2090 _ 485 2546 53.30 452.47 0.00 800.00 10000
30 g e MolUme S \ , a 100
T ] z | ] ;{ | IR i.
¥ o | : % z ‘ ; ';
T o C b .
I i ! i i : i i i i i .
LAt A S T NS AN A EU SRS S S S
N if :-' f '= 0
I i : i a ;. ‘ ; : D
1 ! { ; : : | T ;‘ y i ] _
sk i_ : _", : _ . ; 0
o 1 ‘ Ty 1 : T N : : 330
T i ; { i * ; i ; ) ) ;
o ! ? ! ' ; - | ! *. .
T i ; J . ; !:. ;’. o
S SO A ST 1”TTTH H-I [ ' ! }. l ITF ! t IE*,_ : : 4_—[‘0
0.1 1.0 100.0 1000.0
Particla Dlameter {um.)
Malvern Instruments Lid, MasterSizer X Ver, 1.2b p. 20

Malvern, UK. SerialNo, 6340 02 Apr 96 10:40
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Tue, Apr 02, {996 10:42AM
PFSAMPLES :RunNumber 20
9BP1-4
O7K12/96:
Sarple Fils Name: GENWATER, Record: 53 Source; Analyssd
Mesusured on; Tue, Apr 02, 1996 7:53AM  Last saved on: Tue, Apr G2, 1996 7:64AM
Presentation: 255D
Very Polydisperse mode! Wolurne Reault Focus = 300 mim.
Residual= 0277 % Concentration = 0.032 % Chscuration = 2573 %
el B 5 B8 d{0.1)= 337pm d{09= 6177 ym
D4,3]= 26.19um _ Span= 3.68
Seuter Mean {DI32)=  7.83 pm Mode= 16.50 pim
Spenifiic Surface Area = 07662 &q. m. /gm Density = 1.00gm. fo.e. )
“Skele) | Restkin | SmetH) T Basul ] Y T S T See(l) | FeRl
- ym % T  Below% pm % um :  Bedw® ]
- OB 162 132 162 2548 625 LI S T1.95
132 127 1.60 290 31.01 590 srrel . TIER
1.80 T 4 195 417 37.79 5401 4608] - 5325
1.98 1.88 238 585 46,03 A74 £6.08 87.99
238 215 2,90 8,00 5609 4.88 68.33 gi88| -
280 285 353 1085 68.33 298 8326 84,86
353 322 430 13.87 8326 2.2 101.44 96.98
4,30 384 524 1771 101.44 141 12359 86.39
5.24 453 639 22.24 123.58 D84 150,57 99,22
839 5.19 7.78 27.43 15057 0.45 18344 K67
78] 5.72 9.48 3314 183.44 0.20 22351] 99.57
9.48 616 1155 3930 22351 008 27231 99.9¢
1155 646 14.08 4576 27231 003 3177 99.99
14.00] 668 17.15 52.44 331,77 0.01 404.21 1000}
17.18 671 20.90 59,15 404.21 0.00 49247 100.00
20.90 655 2546 65.70 49247 0.00 60000} 100.00
30 ) e Volume % - . e _._.q00
~ . i i 3 |3 i H i pac - ¥ :
+ i v i i 8 i i i
2 R A e
3 L i ; ; s ' : : : Q
I i i i i i ; i : : '
" ; i i ; ; H " : : 0
0 o Foor Lo a
T :‘ j i i oL ¢ i ! 0
N i i i 1 i P : ; : i i i 0
107, ... ; : P : L E' : =
T ! ! i ’ i i ' : P 0
+ | \ ; ’ | J' ' i i 0
! i - ; '
IR .
of SR TT T ,r e L. _lo
0.1 1- 6.0 1600.0
Partlcle Diamater (um.)
Malvern Insteimeists Lid, MasterSizer X Ver, 1.2b . 21

Malvern, UK. SeriaiNo, 6340 . 02 Apr96 1042



Tue, Apr 02, 1998 10:45AM
PF SAMPLES :Run Number 2t
9DPI-4
0TX02096
Sample Fils Name: GENWATER, Record: 54 Source: Analysed
Measured on; Tue, Apr 02, 1996 7:56AM  Last saved on: Tue, Apr 02, 1996 7:57AM
Presentation: 2550 .
Vary Polydisperse modal Volume Resutt Fecus = 300 mim,
Raskiuai= 0.282% Conceniration = 0.037 % Qbscuration = 28.24 %
whii? B TF 07 gun d{1)= 341 um d{09)= 5747 um
D4 3)= 25.32um Spen= 317
Sauter Mean (D[32])=  7.97 ym Mode=  24.42 pm
Spocﬂac&urfaeemuat 0,75288qmlgm Density = 1,00 gm. fo.c.
[ Sma (Lo} | Reeuttn | See(H) Resuf [~ 5zé (Lo) Resufin Sze () Result
] pin N . bm | Bolow % pm % nim Baiow %
08D 185 1] I 2546 857 .01 7100
132 1.28 160 203 31,0 679 3779 77.79
1.60 137 155 420 37.79 6.27 4603 84,05
1.85 166 238 5.86 45.03 537 56,09 89.43
238 200 290 798 56.09 410 £8.33 93,53
290 254 353| 1050 68.33 283 8326 9638
353/, 305 430 135885 8326 175 101,44 88.11
4.30 358 5.24 17.44 101.44 1.0 123.59] 9912
5.24 423 8.39 21.37 12359 051 150,57 99.63
839 485 7.78 28.22! 15057 024 183.44 9987
7.78 535 9.48 31.58 183.44 009 27351 9995
9.48 581 11,55 37.39 22351 003 27231 83,89
1155 620 14,08 4358 23 0.0 831.77 100.00
14,08 858 17.15 50,16 31,77 0.00 40421 10000
1715 6.86 20.50 57.02 40421 0.00 49247 100.00
20.90 7.00 26.46 64.03 492 47 0.00 600.00 100.00
30 s . R MIOIuma% R . , . 100
N ¥ H H 5 i f .-7_5"" E - ,!
E | i P . P 0
T ! ! § ! R : ! ! !
T ! a ; i T | E 0
. H 1 - i i ! i
208 ] RSSURPUS NS RN SRCAUTS FUVURNE TORUN SIS SO RO ke
+ .; 1 ) : [ F 0
T | LA L
T i i - i ,‘_ ; ; : 0
o | | i i
T ! i ! ! i ;
WOT o i S S B | ]
X : ! : i ) T y ¢ 30
I ! " t ! ; ! i
T i ! : é- E : 0
|kl T T NN
of | N ﬁw ;1 ol 0
0.4 1.0 100.0 {1000.0
Parhcle Dlamater (um )
Malver) Instruments Ltd, MagterSizer X Ver. 1.2b p. 22
Matvern, UK Serist No. 6340 02 Apr 96 10:45



IMASTERSIZER X

Version 1.2 Tus, Apr 02, 1996 10:47AM
PF SAMPLES :Run Number 22
9EP-4
070296
Sample File Name: GENWATER, Record: 55 Source: Analysed
Messured on: Tue, Apr 02, 1996 7:58AM  Last saved on: Tue, Apr 02, 1996 8:00AM
Procantation: 2$3D
Very Folydispase model Volumie Resut Fotue = 300 mm.
Residisl= 0.191 % Concentration = 0.065 % Obsouration = 28,05 %
ol G~ G GE g d(04)= 579 pm d09)= 127.38 pm
D[4,9]= 5950 ym Span= 266 _
Sabter Mean (D32]) = 1442 pm Mode= 76.124m
Steciic Surface Ared = 04250 4. m. /gm Density = 1.00 gm. / 6.
[~ &t {Ln) “Raeultin Size () Result [ Ske (Lo} “Resuitin Size () “Resuk
% pn Below % | pm % L Below %
050 078 1.32 078 %545 462 s1oi 3878
1.32 0.62 1,60 1.40 o 532 37.79 4408
1.60 0.63 195 213 37.79 8.19 4603 50.27
195 0.84 238 256 4503 7.28 5600 5153
238 1.09 280 395 56.09 AL | 68.33 6565
280 1.35 353 530 £8.33 854 83.26 74.19
as3 165 430 695 8326 B.O5 101.44 8224
430 196 524 8.90 101.44 6.87 123.50 £9.11
5.24 224 6.39 11.14 12359 4.86 180,57 9397
6.0 251 7.78 13.65 15057 296 183.44 96.93
7.78 275 948 16.40 183.44 158 22351 88.48
9.48 299 11.55 19.39 22351 0.80 Z72.31 99.28|
14.56 323 14.08 2262 27231 0.29 31.77 9967
14,08 3.52 1715 2613 331.77 020 404,21 90.87| |
17.15 282 2090 29.96 404,21 0,08 49247 0096] i
2090( 418 25.46 24,14 AR AT 0.04 §00.00 100.00}
30 1 _Volume %
i A
:: ..... e . it e b e s e e o L e Y s s .__..;/ A PO !.,.. [P EE
T u
| oI
of il L
0.1 1.0 10.0 1000
Particle Diameter (um.)
Malvern Instroments TAd. MasterSizer X Ver. 1.2b

Malvem, UK. Serial No. 6340 0 A,r%lfb;ﬁ




M A ST

Rsizen )

Tue, Apr L2, 1998 10:50AM
PF SAMPLES :Run Number 23
OFP1-4
0780296
Sampls Fils Name: GENWATER, Record: 56 _ Sowrcs: Analysed
Meesured on: Tue, Apr 02, 1996 8:01AM  Last saved on: Tue, Apr 02, 1996 8:02AM
Preaentmtion: 285D
Very Polydisperes mode Volume Result Focus = 300 mm.
Reeidusj= 0.302% Concentraticn = 0.041 % Obscuration = 28.83 %
wgld 8- 1RBd d{@i)= 378pm d({08)= 73.98um
D[4, 3]= 30.83um Span= 3%
. |Sauter Mean {D{3,2])=  872pm Mode= 20,27 pum
SpecﬁeSurfaoﬂAraa= 0.8884 sq. m. /gm Densliy= 1.00gm. /c.c.
" Sie (Lo) Resut In Baa(A) | Resuk Size (Lo) Result in Ste () Reaukt
pm % um Below % pm % Hm Below %
0.50 129 132 129 2546 616 31.01 §7.38
132 1.02 1.80 2.31 31.01 596 7o 73.34
1.ED . 103 195 3.34 3779 561 45,03 7895
1.95 141 2.38 4,76 48.03 81 56,00 84,06
238 1.87 290 6.63 56,09 439 68,33 8845
290 2.40 353 9.03 68.33 3.6 8326 8206
353 3.00 430 1208 83.26 2.7 104.44 a4 85
4,30 366 524 16,69 101.44 209 12359 96.94
524 . 434 639 20,02 12359 1.4 150.57 0634
6.39 496 7.78 24.99 15057 .86 183.44 99.21
7.78 5.43 248 30.42 18344 045 22351 99.66
548 £.80 11.85 B2 Zz351 622 27231 59,88
1155 606 14.08 4227 2723 009 377 9996
14.08 627 1715 4855 377 0,03 404.21 99,99
1'_?.15 6.35 2090 54 .90 404,21 oo 492,47 100.00
20.90 831 25.46 61.21 492.47 .00 800,00 100.00

S
|

. Volume %

4. i i i ; * ;,-* e i: - ; *
! !
t ? N
P11 SONUORY SRR SNSRI SRR IS DU ISUUPUNE NI SUNRUNE SRR
I * ! : !. !
T L A A
i | | R
.:: | E i : ! ! ;
1n::, s Euil s i e s e e e T T B SRS s H ‘;. - .. i. _;_ - i
T - ! i i !
Je ' i 1 i i t
gt § | i H i
T | : e ’ ! |
SN N N I o 5 IT '|H Thheed
0.1 1.0 460.0 '
Particle Dlameter {(um.)

Malvern Tustruments Lid, MasterSizer X Ver, 1.2b 24
Malvern, UK, SeriaiNo. 6340 02 Apt 96 10:50



MIAESETT
Tue, Apr 02, 1996 10:52AM
PF 8AMPLES :Run Numbar 24
SAP1-4
0axzies
Sample File Name: GENWATER, Record: 57 o Source; Analysad
Measurad on: Tue, Apr 02, 1996 8:14AM  Last zavad on: Tus, Apr 02, 1996 &:18AM
Pragentation; 253D
Very Polydisperse model Volume Result Focus = 300 mm,
Residual = 0.251 % Concentretion = 0.067 % Obscuration = 23.12%
ol B~ 4 45 d{o1)= 874pm d(08y= 11164 pm
DM4.3]= 5503um Span= 231
SaulerMean {D[3,2])= 18.35um Mode= 58.80 um
Spacific Surfece Arsd = 0.3271 sq. m. /gm Densty = 1,00 gm. /e.c.
"Stze (Lo) Resuft In Siza (Hi) Result [ Ske (Lo) “Resutin Size (1) Resul
pm % pm_ | EBolow% Hm_ % km _Below %
080 044 132 D44 2548 6.0 m B8
132 038 1.60 0.79 1Mm 726 37.79 43.16
1.60 0.34 1.85 1.13 37.79 841 45,03 51.67
1.85 047 238 161 45,03 946 56.08 6103
238 0.63 290 223 55.09 9.67 68.33 70.70
2580 0.81 353 3.04 63.23 8.01 §3.26 7972
3.53 1.02¢ 4.30 406 83.26 737 T101.44 8709
430 1.26 524 832 - 101.44 549 12369 9258
524 1.55 6.39 687 - 12352 347 15057 96.05
6.29 1.87 178 8.74 150.57 1.96 183.44 28.01
7.78 221 9.48 10.95 183.44 0,99 22351 2900|
2948 261 1155 13.67 22351 051 2723 8951] -
11.85 307 14.08 1663 27231 0.26 33177 9977
14.08 368 17.15 20.29 /LT 043 404.21 £9.90
1715 4.34 20,90 24,64 4D4.21 n.o7 492.47 9997
2080 517 X8 29.81 49247 003 600.00 100.00
30 g Volume % o ) 100
- : i : ' Tt t :
-+ ; E ] i P )
1 | | | Lk b
T i i ] i ' ; : /
T | E § P i ? 0
207 VSRV DU SUND INEUHRNDNS SIS IURENOR SR I NARU: S NN S,
" f I H ] 1/ .5 ] 0
I H / i 2
H i r i i i
T ! /4 ! 0
1 I T B L
- 1 : E -"‘. : i ! i D
105:‘“_,. _,_.?_u - ._,_..__;;4 b —t Uﬂé e e 5 E._n__ b __ﬁzi h_',_ _____ =30
T i i i 5 o i ;
£ i i . ~1 ; { i 0
< i ! ,i E i 10
h i 1 b i H
. i g i |
ot i ﬂT"l l 1 T A
0.1 1.0 100.0 16600
Parttcle Diamefer {iin.)
Malvemn Instroments Ltd, MasterSizer X Ver. 1.2b . 25
Malvern, UX. Serisl No. 6340

02 Apr 96 10:52



A ST

ERSIZER X

Tue, Apr 02, 1996 10:55AM
PF SAMPLES :Run Number 26
9CPI-4
06/02/96
Samuie File Name: GENWATER, Record: 58 Sourge: Analysed
Mossured on: Tue, Apr 02, 1996 9:20AM  Last saved on: Tue, Apr 02, 1996 9:20AM
Presontation: 285D
Very Polydisperse model Volume Resuft Focus = 300 mm.
Reeldeal= 0,228 % Concaniretion = 0.068 % Obseuration = 2392 %
Wil B Al 3 d01y= 787 um d{©9)= 117.03 pm
D4,3]= 56.23 pm Span= 247
Gauter Mean {D[3.2])= 17.87 ym Mode= 59.02 pm
Specific Surface Atea =  0.3357 =q. m. /gm Density = 1.00gm. fo.6.
[ S Resuk In Sk () Resull S8 (Lo) Rasullin | Bize (M) Result
pm % um Balow% | pm % 1 m Balow %
650 0.38 132 058 =71 587 31.01 36.78
132 032 1.60 0.70 at.ot 6.96 3rr 43,72
160 033 196 03] arm 802 48.03 51.74
1.95 048 230 152 46.03 8.gs 565,09 50.89
2,58 068 290 220 56.08 8,14 68.33 £9.83
2801 - 0.94 354 214 23 862 8326 78.45
353 1.24 430 4.38 ’ 8326 7.26 101 .44 8s.71
430 158 5.24 5.94 101.44 568 12359 91.39
5.24 184 6.39 7.78 12359 383 150.57 95.22
6.39 2.08 7.78 287 15057 230 183,44 g7.52
7.78 237 g48 1224 183.44 1.22 22351 96.74
9.48 2.70 1155 1494 2351 0.65 27231 8939
1155 3.00 14.08 18.03 272.31 033 23177 871
14.08 362 17.15 21.65 a7 047 404.21 29,88
1718 424 2090 25.89 404.21 0.08 49247 89,56
20,80 ~ 5o 2546 30.89 48247 0.04 600.00 400.00
30 . , » s Volurte % s ety
o+ i -: i I ' | P —1"' H i
T ! ! { ! ‘ i i - : )
I SN R I A
] i ! H : i ! : i
o L A VA o
200 . “_i_“_“__,._*_,,__w.u_.ﬂt_.... R SRR RPN S NS _Agﬁ AN E o 3 -
* i f i i i i :
i Y 4
3 i f\"" i i
N | i | /| i :
..: i ! _,."-‘ ? 3 ; ! :
L1 R SOUUUU R NGV UG- NS SV SR ST S AU S SR
+ : i P T i ] ]
I t i S o 1.4 i { ]
I | : S R ] : ;
T ‘ : L e S '
T i »-.«*"’hj”r [ 1 _ Fa
Or — reann i L 14 i i
0.1 1.0 10.0 100.0 1000.0
Particle Diamster (um.)
Malvern Tostruments ELtd, MasterSizer X Ver, 1.2b : p. 26

Mialvern, UK. Serial Mo. 6340 02 Apr 96 10:55



MAsSTERSIZER X

Varsion 1.2b Tue, Apr 02, 1606 1G:57AM
PF SAMPLES ‘Rum Humber 26
appi-4
26
Sample File Name: GENWATER, Record: 59 _ Source: Analysed
Memeaurad an: Tue, Apr 02, 1996 9:22AM Last saved on: Tus, Apr 02, 1986 9:23AM
Praseriabion: 255D )
Very Polydisparse model Veiume Result Focus = 300 mm.
Residual= 0,304 % Concerfration= 0,032 % Cbacuration = 27.02 %
gyl = 1.5 d{01y= 318 pm d{08)= B945um
D4,3f»= 34.22um Spens 532
SuserMeen (D[32])= 763 pm Moda= 14,94 ym
Specific Surface Area = 0.7859 eq. m. /gm Densiy = 1.00gm. fc.o.
T~ Ska (Lo “Resull In “SEA T Resull [ Size (Lo) Ras;l in Siza (Hi) Resiut
po__ i % prm Below % ym o pm Below% |
Q.60 178 132 1.75 2646 6505 1] 67.52
132 1.38 1.60 213 301 4.83 37.79 7225
1.80 140 1.95 453 e 458 46.03 7693
185 184 2.38 6.37 4503 433 56.08 81.26
238 236 280 873 56.00 396 6833 85.22
250 291 353|- 11.64 68,33 359 83.26 86.81
2.53 352 430 16.18 83.26 312 10144 a1.03
430 412 524 19.28 101.44 266 12359 84,59
524 471 839 2389 12359 2,08 15057 95.65
6.39 518 7.78 2917 15057 147 183.44 98,12
7.78 547 9.48 34.64 183.44 0.3 2235 00,03
248 5.64 1155 40.28 2351 0.54 an 2958
1155 568 14.08 4595 21231 027 INT7 59.84
14.08 667 1718 5162 k< e d 0.42 4044 9905
17.16 553 20.90 57.16 40421 004 49247 £0.99
20.90 532 _ _2‘.‘-5 & 6247 A92.47 001 &20.00 100.00
50 —t Volume % -
:: i H f.,..a—-"
+ 1./"‘);
I !
200 b ... - ) ] < S
10f. . o . . " NN RS NN
53 | ”r‘ﬂﬂﬂ‘ | I HT[TW*‘W-M
0.1 1.0 ' 100 ' 100.0
Particle Diameter (um.)
Matvern Instroments Lid, MasterSizer X Ver. 1.2b p. 27

Mialvera, UK. SeralNo, 6340 02 Apt 96 10:57




Tue, Apr 02, 1896 11:00AM

P SAMPLES :Run Number 27
SEP .4
08102/96
Sarnpie File Narne: GENWATER, Record; Source: Analysed
Mezsured on: Tue, Apr 02, 1996 9:24AM  Last savad on: Tue, Apr 02, 1996 9:25AM
" | Presentation: 265D _
Vey Polydisperse modet Volume Result Focus = 200 mm.
Ruskual= 0.251 % Concantration = 0,072 % Obscuration = 23.87 %
G0 Bh~ 4863 d{01)= 7.89um d{08)= 13263 m
D4,3= 6283um Span= 255
Sautet Mean (D{3,2]) = 19.12um Mode= 7537 ym
Specific Surfece Arsa= 0.3138cq. m./gm Density = 1.00 gm. fc.c.
[ Sae (Lo) Result in Biza (H) Result Ske{lo) Result in "~ Size () Reeuk
L] % _jm Below % i % _ pm Below %
050 0.26 132 025 2546 454 TN 3557
122 0.22 1.60 048 31.01 567 3779 4128
1.650 0.24 1.5 072 37.78 652 4603 777
195 0.38 2.38 108 4603 755 56.00 6532
238 0.58 250 1.68 56.08 B3 6833 6363
250 0.88 as3 257 £8.33 874 83,28 7237
as3 1.28 430 a4 8326 872 101.44 80.65
430 1.89 5.24 553 101.44 7.23 123.59 a7.89
524 201 6.38 7.54 123,59 525 150.57 83.15
6.39 228 7.78 9.83 15057 328 183.44 9643
A 2.61 9.48 1244 183.44 1.74 22351 98,17
948 292 1155 1536 22351 0.8G 2723 99,07
1155 323 1408 1859 27231 045 331.77 9953
1408 361 1746 221 a31.77 0.25 404.21 8977
1715 3.99 2090 2520 404,21 014 49247 9984
20.90 4.44 246 30,64 49247 009 600.00 100.00
30 , - . . \jglumega iy , 100
t ' ; ; v
: I T B R A
I : ; ! N S ; : 0
I ! ! | i | : ' i
208 bl o ) P N N A 0
: VAN S i
I i ; i | 5 /- i : ; ; 0
1 S Y S R
T i ; i i i O i i i .
<11 R I A S f ;
»I: ______ i._. I..... J— ___i . U ; —_ i.. — .i___, . E__ _\-E ) : - .? .: D
+ ; i f i : i ; i
1 R I e et Iy T
iR ; PR [ o g ?
K et N N
0.1 4.0 10.0 100.0 1000.0
Pariicle Diamefer (um.)
Malvern Instruments L4, MasterSizer X Ver, 1.2b p. 28

Malvem, UK. Serial No, 6340 02 Apr 96 11:00



Tus, Apr 02, 1896 11:02AM
PF SAMPLES ‘Run Number 28
9F P-4
0802196
Sampla File Name: GENWATER, Record: 61 Source: Analysod
Maasured on: Tue, Apr02, 1895 9:27AM | ast saved on; Tue, Apr G2, 1996 9:285M
Prezantatiori: 253D
Vary Polydizparse model Volume Reeult Foeue = 300 min.
Rasil‘”B'= 0241% Concerntration = 0.060 % Obscuration= 25.97 %
d it gy~ 33 65 g d{01)= 6.02pm d{09)= 12320um
D4,3=  “SSum Span= 303
Sauvter Mef; |, O[3.2]}= 1439 jm Mode= 71.83 pm
Specilic Suvace Area = 0.4170 4. m./gm Densily = 1.00gm. /c.c.
Size (Lo) Result In Size (Hj) Resutt Siza {Lo) Resultin Skza {H) “Tesuk
pm % p Below % pm % ym Bolw% |
04.50 057 132 as7 2546 51 a1 4389
1.32 .46 1.60 1.04 31.01 563 J7.78 . 49,32
1,60 0.48 185 151 37.79 §22 46.03 §5.53
1.95 os&8 238 220 46.03 692 56.05 6245
238 095 240 315 56.09 734 68.33 69.79
290 . 1.28 as3i. 443 £8.23 745 83.26/ 124
353 189 430 6.12 83.26 8.89 T01.44 8413
430 213 524 8.25 101.44 555 12358 80.08
5.24 257 6.39 10.82 123.59 4.34 15057 9442
6.39 289 7.78 13.80 150.57 274 183.44 97.45
- 7.78 3.38 848 1718 183.44 1.46 22351 96.61
948 372 11.85 2091 22361 0.74 s o 99.35
11.85 4.01 14.08 2492 2723t 036 N7 29.71
14.08 439 1715 29.23 3B1.77 0.17 404.21 55.88
17.15 455 2090 3877 404.21 0.08 49247 99,96
20,90 481 H 2546 33.58 49247 0.04 600.00 100.00
30 e Volume % . . - 100
I f ; . T A
1 | ‘ ' i 5 i
T i ! ] ! : ; L : ; : 0
T i ; ! | i i oo i ! 0
208 L AU USSR DY U U AN NS O B B
I ; 1 T { 1 - ook + ! oo
T ; L ! i .‘- A .
i i : ] i A ! !
£ i 0
;2 O A I R S R B
DT : ' . Ll i ! i
105:__ [, _.‘..g‘........‘.,....- _§L _...,_:l_. - ._%,_ PP ___} - :_ PR .;._. —_— - _;,. P rl-. ;_ ,_. - _.!_ . . 0
T L ' , O :
4 ] i : ! ' “;‘ : ' H ; 0
1 : : = : : o
! | T H’ITIT[ e o
ot E . ;ﬂmi-wﬁﬂ_] [ ri*‘“m.,, f i 0
0.1 10 00 1] 1000.0
Parhcle Dlamater m)
Malvern Instruments Ltd, MiasterSizer X Ver. 1.2b p. 29
Matvern, UK, Serial No. 6340 02 Apr 96 11:02



Tue, Apr 02, 1995 11:05AM
PF SAMPLES :Run Number 28
8¢
0810295
Sample File Name: GENWATER, Record; &2 _ Source: Analysed
Measured on: Tuie, Apr 02, 1996 9:30AM  Last saved on: Tue, Apr (32, 1986 9:31AM
| Presentstion: 285D
{Very Polydisperse modet Volume Result Foctus = 300 mm.
. leskiual= 0219% Concentralion= 0.048 % Obscuration = 2382 %
del By - 308 e d{01)= 518ym d{09)= 113.96 pm
D4, 3= 5098 pm Span= 285
Suuter Mean (D[22} )= 1265 um Mode= &4.24 ym
. Speemcsmm-- 34743 s, m./gm Density = 100 gm. fc.c.
~ Sze (o) Resullin Size (Hl) “Result Siza (Lo} Resftin | Swze(Hy |  Resuk
um_ % pn Bolow % | pm % . im . Below %
050 083 1.32 0.54 7545 518 T 4596
t32 066 1.60 1.50 31.01 590 el ST
1.60 0.67 195 217 a7 667 4803 @ 5744
195 0.52 238 3.09 48,03 747 56.09 6491
238 122 2850 431 56.09 7.77 £8.33 7267
2001 1.56 353 587 68,33 7.54 8326 80.21
353 1.94 430 752 8395 853 101.44 © #8874
430 234 5.24 10.15 101.44 592 12359 91.56
524 2.1 6.39 12.87 12359 357 150,57 9553
839 - 305 7.78 1591 15057 217 183.44 97.70
7.78 : 331 9.48 19,23 183.44 115 223861 98.85
5.48 355 1455 2278 22351 0.60 27231 99.45
11.55 375 14,08 2654 27231 0.30 < T 99.75
14,08 405 17.15 30,60 331.77 0.15 4nd.2 89,70
1715 435 20,90 34.04 404.21 0.07 49247 90.97
2090 473 25.45 3067 492,47 0.03 60000 100,00
30 , . Volume% . . .. .. U, |+
T l i ! | F : | i 0
T ! : i : ' s ; : :
+ : : ' : % : : . 0
X ! ' ! : - !
11 SN U NN TSN WEE SNV SRR S S SN R N
L L H ] H i ! 1 i
I i : : i : : 0
T i : j : ; . 0
P o L 0
T ! i i : - !: - ’, H
T . ! | E R B i 14, ..!-, | 0
I ; ' : ' i
§ : = | l | | , , 10
o} I | tl«m.h e 0
0.1 1.0 10. 0 100. 1000.0
Particle Diameter (um.)
Malvern Tnstroments Lid. MasterSizer X Var. 1.2b p. 30

Malvern, UK. Serial No. 6340 {2 Apr 96 11:65




Tue, Apr 02, 1996 11:20AM

{ 8FP2-4 GRAP
07/02/86

Sample File Name: GENWATER, Record: 89

PF SAMPLES

:Run Number 35

Source: Analysed

Measurad on: Tue, Apr 02, 1996 9:47AM  Last saved on: Tue, Apr 012, 1996 9:4BAM

Presentation: 28515
Vary Polydisparsa model Valume Result Focus = 300 mm.
Residual= 0.202% Concentration= 0.033 % Obseurstion = 24.80 %
08 B~ T ST d{0.1)= 385um d(09)= 7379um
DJ4, 3= 3046pm Span= 414
Sauter Mean {N[3.2])= 825 um Mode= 1652 pim
Specific Strface Area = (.7276 sq. m. /gm Density = 1.00 gm. /c.o.
Siza (Lo) Result In Siza (Hi) Hesl Size {L9) ResUtt in Ske (H) Reeuk
._bm * L0} . Below% | pm__ ® pm__ Below®
050 1.45 T3 145 3548 592 3o 68.65
.82 1.4 1.60 2.60 31,01 567 37.79 7432
1.80 1.46 1.95 a7s a7.78 5.29 4803 78.82
1.95 1.56 238 5.32 4603 4.82 56.09 84.44
238 204 290 736 56.09 4.14 6833 8859
290 2.57 353 003 68.33 343 8326 92.01
353 318 4.30 1311 83.26 268 101,44 84.69
430 363 524 16.94 101 44 204 12359 9572
524 451 639 2145 12359 1.41 15057 98,13/,
£.39 512 7.78 2657 180.57 0.91 183.44 £9.04
7.78 557 9.48 3214 183.44 0.51 223,51 9955
948 5.89 1155 38.02 223.51 0.27 2723 99.82
11.65 6.09 14,08 4.1 27231 0.12 3377 93.94
14.08 624 1745 50.34 331.77 0.05 4044 99.99
1745 6.25 2090 5659 404,24 o 482,47 100.00
20.50 6.14 2548 £273 49247 0.00 600.00 100.00
30 e e Volume % o ) _ 100
: ; . i : £ : Ot H b
y i i ¢ i i ; i i ' 1
P A
C Lo L 0
E ! f‘ ._ i z 5 .* !
Wb bbb b el
i S S T R
:: i' : & r . : } 0
; i: P | | a ! ’ i
! ! ! ; i A ! [ | 1 0
1 ! ! ; ] ! i i : ] :
A U A S RS S T R S S
A . RO JoUy S B S v 0
; ; : ; st o, : : :
| U B il U e 0
0.1 1. 10.0 100.0 1000.0
Particte Digmeter (um.}
Malvern Tustruments Ltd. Mastar8izer X Ver, 1.2b p. 36
Malvern, UK. Serial No. 6340 02 Apr 96 11:20




APPENDIX 3

Appendix 3.1 i vertressenpir e amencnns Grid diseretisation file; Hen%b.dat
" TAPDPENAIX 3.2 e snrestissa e woDefinilion of inlet conditions: marghbl.f

Appendix 3.3.....ccouen. Coal parameters; Composition, pyrolysis and combustion kinetics: conibdat.f
Appendix 3.4 . . Specilication for the NOx model: nodat.f




Appendix 3.1

Grid discretisation file: HenOb.dat



FILE: HEN9B.DAT
Grid Discretisation Fite

Text zur Beschreibung das Gitters

HENS - FILE fuer Giitererzengung

Dater zur Gittererzeugung

HENS9 - FILE

LZYL kemnzeichnet Zylinderkoordinaten
JFALSE. FALSE.

IN=Anzahl der Gitterlinien in x-Richfung
17

IN=Anzah! der Gitterlimen in y-Richiung
43

KN=Anzahl der Gitterlinien in z-Richtung
103

Gitterlinian in x-Richtung [m]

0.0060

03697

0.6697

.2697

12197

1.5297

1.7797

1.9397

2,0697

21761

2,2665

24375

2.6085

26989

2.8053
2,9353
3.0953 .
3.3950
3.6947
4,0047
42547
44147
4.3447
46511
4.7415
49125
5.0835
5.1739
5.2803
54103
§.5703
5.8203
6.1303
6.3803
6.6803
6.9803
7.1803
7.3620
7.3875
7.4130
7.5947
7.7947
8.0047

-8.3947

8.6447
8.9547
9.2047
9.3647



9.4947
9.6011
9.6915
9.8625
10.0335
10.1239
10,2303
10.3603
10.5203
10.8200
111197
114297
116757
11.8397
11.9697
12.0761
12.1665
12.3375
12.5085
12,5989
12.7053
12.8353
12.9953
13.2453
13.5553
13.8053
14.1053
14.4053
14.7750
Gitterlinien in y-Richtung [m]
0.0000
0.0900
0.1880
0.2830

0,3880
0.5080
0.6580
0,8380
1.0380 -
1.2680
1.5280
1.8280
2.1780
2,5780
2.9780
3.3780
3,7280
40780
4,3780
4.6780
4.9780
52780
56125
5.8755
6.1755
6.4385
6.7730
7.0730
737%
TETH
79730

8,323

86730 -
9.0736
94730
9.8730
10,2230
10,5239



10.7835 ' 88040

11,0130 e _ . 29750
11.2130 ) . 91461
11.3930 . 9,2365
11.5430 ' 9,3428
11.6630 . 94500
117630 - T9.5600
118620 o 97600
11.9610 30,1780
12.0510 10.5960
Gitterlinien in z-Richtung [m] - 11,0180
0.0000 114320
0.5000 11.8500
1.0000 ' 12.2000
1.5000 12,4600
2.0000 . 12.5000
2.5000 12,6072
3.0000 12.7136
3.5000 12,8040
4.0000 ‘12,9750
4.5000 13.1461
5.0000 13.2365
5.5000 13,3428
6.0000 13.4500"
6.5000 13,5500
7.0660 _13.7500
7.2000 14,1000
7.4500 14.4500
7.7000 14,8000
8.0500 15.1500
8.3000 15.5000
8.4500 g 15.8500
8.6072 16,2000

8.7136 16,4000



16.5000
16.6072
16.7136
16.8040
16.9750
17.1461
17.2365
17.3428
17,4428
17.5628
17.6928
17.8228
18.1428
18.6428
19.1428
19.6428
20.1428
20.6428
21.1428
21.6428
271428
226428
23.1428
23.6428
211428
24,6428
25.1428
25.6428
26.1428
26.6428
27.1428
276428
28,1428
28.6428

. 29.1428

29.6428
30,1428
30.6428
31.0230
31,5000
32,0000
33.0000
34.0000
35.0000 -
shbiek Anzahl Finlaegse in xy-Ebenen 1 (neg. ) und 2 (pos, zysssssess
o 0
skkkdkd: Anzahl Auslacsse in X}'-Ebenﬁ[l 1 {nes. )und 2 (p()s'z)ttt******
g 1
Auslassrmmmer i,j,k - Koordinaten der Auslaesse in der xy-Ebene 2
I 277 248 101101
FExiokkd Anzahl Einlaesse in xz-Ebetien 1 (neg. ) und 2 (pos, yyksssrbhsx
% 95
Einlassnummer i,jk - Koordinaten der Einlaesse in der xz-Ebene 1

60 I1 11 2 2 2429
WI 1213 22 2424
101 1414 2 2 2427
101 1213 2 2 27 27
40 1010 2 2 2328
401 114 22 2323
40t 1515 2 2 23 18
401 1114 2 2 2828
402 2929 22 2308
402 2424 22 23248
102 28 28 2 2 2127
102 2528 22 24 %7
402 2528 22 2323
M2 2627 22 2424
402 2528 2 2 2828



10
403
403
103
i03
403
103
403
103
404
404
104
104

104
404
104
204
204
504
504
203
263
503
503
202
202
502
502
501

501

201

201

202

26 27
35 55
50 350
54 54
31351
51 54
52 53
51 54
52 53
69 69
64 64
68 68
63 63
65 68
66 67
65 68
&6 67
65 63
68 68
64 64
69 69
51 51
54 54
30 50
55 55
25 25
28 28
24 24
29 29
15 i5
i0 10
14 14
11 11
26 27

MRNMNMNNMWMNRMRNEDMNN RN MMNNMR NN MR NN N W

27 27
23 28
23 28
24 27

24 27-

23 23
24 24
28 28
27 27
23 28
23 28
24 27
24 27
23 23
24 24
28 28
27 27
42 45
42 45
41 46
41 46
42 45
42 45
41 46
41 46
42 45
42 45
41 46
41 46
41 46
41 46
42 45
42 45
22 42

30z
501
201

- 504

203
503
202
502
501
201
204
504
203
503

304

304

303
303
603
603
302
302
602
602

601
301
301
302
602
601

25 28
11 14
12.13
66 67
65 68
52 53
51 54
26 27
25 28
11 14
12 13
66 67
65 68
52 53
51 54
65 65
68 68
64 64
69 69
51 51
54 54
50 50
55 55
25 25
28 28
24 24
29 29
15 15
10 10
14 14
1 11
26 27
25 28
11 14

[AESR SR SN R SRRt R gty iyt SN N S S RN
B R R RN R R R R BT R BRI R BRI B R B BT D B b B D DD DD B b

4] 41
41 41
42 42
42 42
41 41
42 42
41 41
45 45
46 46
46 46
45 45
45 45
46 46
45 45
45 46
61 64
61 a4
60 65
50 65
61 64
61 64
60 65
60 65
61 64
61 64
60 65
&0 65
60 65
60 65
6l 64
61 &4
6l 61
60 60
50 60



301
304
604
303
603
302
502
601
30
304
604
303
603

Einlasspummer i,j,) - Koordinaten der Einlaesse in der xz-Ebene 2

307
307
307
367
308
308
308
308
207
207
207
267
208
208
208
208

107
107

o7

197

12 13

66 67

65 63
52 53
51 54
26 27
25 28
11 14
12 13
66 67
65 68
32 53
51 54

26 27
28 28
26 27
25 25
I4 14
12 13
12 13
1 11
28 38
26 27
25 25
26 27
14 14
12 13
i1 11
12 13
28 28
26 27
26 27
25 25

Bt b2 b BT R R R RS B B
MMM NMND N NN

48 48
48 48
48 48
43 48
48 48
48 48
48 48

48 48

48 48
48 48
48 48
48 48
48 48
48 48
48 48
48 48
48 48
48 48
48 48
48 48

61 61
&1 &61.
60 60
61 61
60 60
64 64
65 65
65 65
64 G4
64 64
65 63
64 64
65 63

6l 61
61 64
64 64
61 64
£ 64
Gz 61
64 64
61 64
42 45
42 42
42 45
45 45
42 45
42 12
42 45
45 45
24 27
24 24
27 27
24 27

08 -

108

it

108
305
305
305
305
306
306
306
306
205
205
205
205
206

.
L

105.
105

105
105
106

106

106
i06
405
4035
406

406

407
407

 BELEBEEESE
BEEEBLEESS

27 27
24 24
24 27
24 27
61 64
61 61
61 64
64 64
61 61
61 64
61 64

64 64 |

42 45
42 42
42 45
45 45
42 45
42 42
45 45
42 45
24 27

2424

24 27

- 27 27

24 2
24 27
24 27
2727
23 28
23 28
23 28

23 28

23 28
23 28



408 1515 4848 23 28 605 65 68 48 48 65 65

408 1010 48 48 23 28 606 51 54 48 48 65 65

407 2528 4843 23 607 2528 48 48 65 65

08 11 14 4% 48 23 23 : ' 608 11 14 48 48 65 65

405 6568 48 48 23 23 : : 507 24 24 4848 41 46

406 51 54 4848 23 I3 507 2925 4848 41 45

407 2528 48 48 28 28 507 2528 48 48 4: 41

408 11 14 43 43 28 28 . 507 2528 4B 48 46 46 -

405 6568 48 48 28 28 wopekEr Anzahl Auslaerse in xz-Fbenen 1 {neg, ) und 2 (pos.y)yesrstess
406 351 5% 48 48 28 28 0 ¢

505 6464 48 48 41 46 wplokk® Anzahl Binlacsse in yz-Fhenen 1 (neg. x) und 2 (pos. gyl
505 69 65 48 438 41 46 ¢ 0

506 50 50 48 48 41 45 *hikrkk Anzahl Auslaesse in yz-Ebenen ! (neg, x) und 2 (pos.x)#¥dkrtkix
506 5555 4848 41 46 0 0

508 10 10 48 48 41 46 woktddk Anzahl period. Raender in xy-Ebene 1 (neg.y) und 2 (pos.y) **
508 1515 48 48 4146 g 0

508 11 14 48 48 41 41 : whkrrxt Anzahl period. Raender in xz-Ebene I (negy) und 2 (pos.y) **
505 6568 48 48 41 41 0 0

506 5154 48 48 41 41 wiokewkk Anzahl period. Raender in yz-Ebene 1 (neg.x) und 2 (pos x) **
58 1114 4848 46 46 0 ¢

505 6568 48 48 46 46 *Efkdk pin/max-Grenzen: Z-Linie, xmin, xtax, ymin, ymax

506 51 54 48 48 46 46 ik kbl kink :

603 o4 64 48 48 60 65 1 277 2426

605 69 69 48 48 60 65 2 277 2426

606 50 5¢ 48 48 60 65 3 277 2327

606 55 55 4B 48 60 65 4 277 2228

607 29 29 48 48 60 G5 5 277 2030

607 21424 48 48 60 65 6 277 1931

608 1010 48 48 60 65 72771832

608 15 15 48 48 60 63 8 277 1733

607 25 28 48 48 60 o0 9 277 16 34

608 11 14 48 48 60 60 10 277 1535

605 65 68 48 48 60 60 11 277 1436

606 5% 5+ 48 48 60 606 12 277 1337



13277 1139
14 277 842
15277 248
Usw
WEITER

wekorker Anchlnckierte Bereiche (0/1) = (neinfja)

1

Ausblockierte Bereiche: xfv/z-Grenzen fxm...zpwas

(0=wand, I=einlass,2=auslass)
999 277 2415220
909 2977 2 4 29 40
999 277 2 4 47 59
999 277 2 4 661
000 277 4648 15
999 277 4648 29
999 277 4548 47 39
999 277 4648 66101 0
999 2 9 2 4 15101 0 0
9991623 24 15101 0
9993049 2415101 9
9995663 2 4 13101 O
9997077 2 4 15101 O
990 2 9 4648 15101 O

9991623 4648 15101 O

0
H
0
¢

=
ER=
cosce°®

99930 49 4648 15101
999 56 63 46 48 15101
992 7077 4648 15101
09993840 248 15101
999 277 2898100000000
999 277 1214 98101 0 GO0 0 O O
999 277 182098101 6000 0 0
999 277 2426 9810200000 0
999 277303298101 000000
999 277 3628 93101 000000

f.—"@

999 277 4248 98161 0 0 0 0 0 0
9993841 248 98101 000 O O
ENDE
##wkxrex Einblockierte Bereiche (0/1) = (neinja)
0 :

Einblockierie Bereiche: x/y/z-Grenzen /xm...zpwas
(0=wand, 1=cinlass,2=auslass)

613 8113210009000
2222221000000

ENDE
NUR. 1 GITTER:DDM=0 ,GRUNDGITTER: DDM=GITTERANZAHL,

SUBDOMAIN: DDM = GITTERNR.
0 ‘ .



Appendix 3.2

Definition of inlet conditions: margbl f



FILE: margbl.f
Defines Inlet Conditions

I 1
SR MARGRB1 1 Besetzt Brenmer mit Einirittswverten I
I I

™

anNnno
e b

SUBROUTINE MARGE! (U.V,W,TEED,VIS,RHO,F,H,T,G,CONC,5F * L,ZONC, RST
& OXGY,GZ X PY,PZPDX PDY,PDZ GDX.GDY,GDZ
& JNLETS NBCSINLETSR)

-

INFUT :I
OUTPUT :1

AUFRUF DURCH: I

-

usrinp I

aoanNnnnn
T et b et ey

.

INCLUDE'CSDD.CMNT  °
INCLUDE 'CARRAY.CMIN'
INCLUDE ‘CBLANC.CMN'
INCLUDE 'CCOMB.CMY
INCLUDE 'CDATA.CMN'
INCLUDE ‘CDECOL.CMN
INCLUDE 'CDIM.CMINY
INCLUDE ‘CGEO.CAMINY'
INCLUDE 'COFFSET.CMN'
INCLUDE 'CPCEG.CMIV'
INCLUDE 'CRADADD.CMN'
INCLUDE 'CRADGEQ.CMN"
INCLUDE 'CSTEUER. CMN'

DIMENSIGN U(INPD,INPD,KNPD), VENPLD, INPD,KNED), W(INPD,INPD,ENPD)
DIMENSION TE(INPD, INPD, KNFD),EDXINPD INFD,KNPD)

& ,VIS{INPD,INPD,KNPD)

DIMENSION REO(INED,INED, KNPD), FINED,INPD,KNPD),G INED,JNPD, KNFD)
DIMENSION H{INPD,JNED, KNPD), T(INPD, INPD,KNPD)

DIMENSION CONC(INED,INPD.KNPD, %), SKAL(INED,JNPD,KNPD,5)

&  ZONC{INPD,JNPD,KNPD4)

&  RET{INPD,INPD;KNPD,6}

DIMENSION GX{0:INPD),GY (8:INPD),GZ(0:KNPD)

& PX(NPD-2)PY(NED-2).PZKNID-2}

DIMENSION PD3(INPD,INPD,KNPD),PDY{INPD,INED.KNPD)
&  PDZONPD.INPD,ENFD)

DIMEMSION GDX{INED,INED,KNPD), GDY{(INPD,INPD, KNED)
& ,GDZ(INFD,JNPD,KNFD)

DIMENSION INLETS(NBCS),INLETSRINBCSR)
PARAMETER (MAXDAT=999)

DIMENSION UDAT(MAXDAT).VDATQMAXDAT), WDATMAXDAT)
DIMENSION REODAT(MAXDAT), FDAT(MAXDAT)LTDATIMAXDAT)
DIMENSION CDAT(MAXDAT,15)

DIMENSION DHY D{MAXDAT), TURINL{MAXDAT)

DIMENSION DRALL(MAXDAT)

IDERVG =0

KIJ = INFD*INFD
N_BRENNER =24

PL=4, * ATAN(L)

GMPRE ~ 27.103/20  } Oesamt-Massenstrom Brennstoff
GMPEL, -~ 48.659%20 | Gesant-Massenstrom Primaeringt
GMPSL = 178.775/120 | Gesamt-Massenstrom Sclamdenriaf

BEDARF = SUMLE * GMPREK *0.233
ANGEBOT = (GMPFL + GMPSLY*0.233
QUOTE =ANGEBOT/BEDARF

AREASL =0.2677 ! Sekundnerluft Eintcitsflacche pro Rringspalt
AREAPL = 0.1564 | Pritanerluft ** "

TPL= 8.+ TREF
TSL= 248. +IREF
TWAND = 670. + TREF



RHOSL ~ PREF/(288,*TSL)

CNE  Alle Groessen {(ausser C) aller Einlaessenullen
DO =1, MAXDAT

UDAT(T} =040

VDAT() =00

WDAT(, =00

FDAT(D) =00

TDAT(D) =0.0

CNE  Alle Efulasczeflen mit Luk befegen
DO =1 MAXDAT
COAT(LISCOAL) = 0.
CDAT(LISCHAR) = 0.
CDAT(LISCH) =%
CDAT{LIS02) =0.233
CDATLISCOZ) =0
CDAT{LISH20) =9,
CDAT(ILISCO) =0,
CDATAISASH) =0,
CDAT(IISN?} = 1.0 - CDAT(LISCOAL)- CDAT(LISCHAR)

& - CDAT(LISCH) - CDAT(LIS02) - CDAT(LISCO2)
& - CDAT{LISH20) - CDAT(LISCO}

& - CDAT(,ISASH)

ENDDO

CNE Bremer Primaereintaesse in Belrieh
CNE

DO F=1,N_BRENNER

IF{IEQI =161
[FUEQ2) =102
IF JEQ3) =103
IF(IEQA) 1= 104
IF(LEQ.5) =201
IF (JEQ6) [ =202
IF (LEQ.T) [ = 203
TF{EQE)[ =204
1¥ {(1EQ.9) { = 301
IF (REQ.10) T = 302
T (JEQ.11)1 = 303

IF(JEQ.12)[=304 - g
IFJEQINE=105 ~
IF(IEQINTI=106 _

IF (FEQAS) [ = 167

IF (LEQ.16) 1= 308 -
IF(JEQ.LT}I =208

IF (JEQ18) 1 =206

1F (IEQ.19) [=207

TF (JEQ20) [ =208
IPEQ2LyI=305
IP(IEQ22} =306
1#(JEQ23)1=307

IF (JEQ24) I = 308

FAKON=1. Idefiiest ob Brensier in Betrieh sind
1F {L.GT.20) FAKON = 0.0

CDAT(LISCOAL) = FAKON*GMPRK/GMPRK+GMPPLY*ESUB -
CDAT(LISCHAR) = 0.

CDAT(LISCH) =0.

CDAT(LIS02) ~FAKONYGMPPL/(GMPRK+GN.£PL)%0.233
CDAT(ISCO2) =0, .

CDAT(LISH20) = FAKON*GMPREAGMPRK : GMPPLYXSIF
_CDAT(,ISCO) =0,

CDAT(LISASH) = FAKON*CGMPRKAGMPRE=GMPPLINSLA,
CDAT(LISNZ) = FAKON%1,0 - CDAT(LISCOAL)- CDAT(LISCHAR)

& - CDAT(! ISCH) - CDAT(LISO2) ~ CDAT(LISCOZ)
& ~CDAT{LISH20)- cn:musco;

& - CDATISASH)

FAK=].

tFF. | 1112 FAK =L,

UDAT. =0,

VI"#'I T = TAKON*FAK®{GMPPL*288.0+GNPRE*NSIF*RALLGWMH20)TEL
& ‘. +{FRESAREAPL) _

WOAT(E =0,

Ry 3; L ) RHODAT(H = FARON®GMPRE, + GMEPL)
& . j(ABS(VDATC)* AREAPL)

FDATT) = FAKON*LO

IF {"'AKD‘(EQJ .0y FHEN

A = TP
ELSE:



TDAT() =TWAND
ENDIF
DHYD( = FAKON.1808
TURINI{D) = FAKON * 0,07
VANE# =0, !'Schomfelteilung Primaertufl
DP =006  { "Druckvesinst' Dralischaufeln bis Muffst
DRAT LI} = DE * T ANIVANEP*PL 180}
ENDDO

CNE HRENNER SERUNDAEREINLAHSSE

i mme

0O J=I,N_BRENNER
F{IEQ, thI= 401
IE {JEQ. 2} 1= 402
IF(IEQ. 33} = 403
FEQ =404
TF £15Q 5)T=501
TP+ IES. 6) L = 502
¥ (JEQ. 7} = 503
IF (FEQ. 81 = 502
IF (IRQ. 9} I =681
IF (FEQ.E05E = 602
IF{IBQ.I1) I = 603
IF(REQ.12)] = 604
IF(IEQ.I5}1 = 405
F(IEQ L+)} = 406
IF(EEGISE = 307
F{IEQ.1G}: = 508
IE(FEQ YT E = 508
IF (FEDQ.18)1 = 505
IF (IEQI9H] = 507
IF JEQ20) 1= 508
IFEQ21] =508
I (JEL22Y I = 606
F (1EQ.23) 1 = 607
EiImQ243 ] =608

FARQX =1, dufiniet ob Brenmee in Betrich sind
IF (LGT.2 FAKON = .

Fik- L
IFIGTIZ) FA. -1

UDAT({=0. _
VDAT() = FAKON * FAK * GMPSL (RIISL*AREASL)
WDAT(D)=0. -
RHODAT(I} = FAKON * RHOSL

FDAT(D) =0.

TF (FAKON.EQ,1.0) THEN

TDAT(D = TSL

ELSE :

TDAT{) = TWAND

ENDIF '

DHYD(I) = FAEON* 0.2127

TURINL(T) = FAKON * 0,07

VANEM =4%  !'Schanfolstelieng Monteffort

DF =050 !"Druckverfust' Drallschanfels bis Muffe!
DRALL(T) = OP * TAN(VANEM*PL'186)

EMDDO

DO IDO=7,12

CDIRS JVDEP

DO IDO=BTIXIDO}IPTD{IDO-1 1t
INC = JA(IDXBCSD+IDO-I)
ING = INC + NND{IDO)
K = INT{NC-IYNI1
T = INT(ING-I{(R1 NI INP DY I
1 = INCI-IP¥INPD-{K-1)¥N1I

NR =NE-1
NGHP =INEETS(NR)
WILIK) = VDATINGRE) ! fuer Branmer in dev -Ebene

¥F (K LT.29.AND.ISDD.EQ.1) THEN
ZMITTE = 859730

'ELSEIF (K.LT.51.AND.ISDD.EQ.13 THEN
ZMNITTE = 129730

ELSER (ISDD.EQ.1I) THEN

ZMITTE = 169750

ENDIF



IF {ISDD EQ.2) THEN
ZMITTE = 85750
ELSEIF (ISDDFQ.3) THEN
ZALTTR = (2.9750
ELSEIF (ISDD.EQ.4) THEN
ZMIFTE = 165750
ENDIF
BDZ = GZ(K} - ZMITTE - GDZLIK) 2

TF (LLT.20.ANDISDD.EQ.1) THEN
XMITTE = 2.4375
FAK =1
ELSEIF {LF T30.AND [SDD.EQ.I; THEN
NMITTE « 45125
FAK =-1
ELSEIF (LLT.60 AND.ISDD.EQ.1} THEN
XMITTE = 9.862§
FAK =1
ELSETF (ISDD.EQ.]) THEN
KMITTE = 23375
FAK =1
ENDIF
IF (LLT.30.AND.ISDD.GT.1) THEN
XMITTE = 24375
FAK=1
FLSEIF (ISDD.GT.1} THEN
RMITTE = 42125
FAK =-1
ENDIF
BDX = GX{T) - XMITTE - GDX(I, 1K) 2

BETA = ATANZ (BDX,BDZ)
ULIK) = ABS(V(LLK)) * COS(BETA) * DRALLINGRF)* FAK
WEIK) =-ABS(V(LLK)) * SIN{BETA} * DRALL{NGRP} * FAK

VEL = SQRE( UTLLKI™*2 ~ V{LIE ™2 + WEIKP*2 }

RHOLIK) = RHODAT(NGRP}
TEIK} = TDAT(NGRF)
IF(LOCSXFF)) F(LLK) = FDAT(NGRE)

IFLPROPY THEN
CONC{L K ISCOAL) = CDATNGREISCOAL)
CONC(LJ KISCHAR) = CDAT{NGRP,ISCHAR)

CBR -
CBR Emlasstermpetatur im Strahiunpsgitter
CBR

DO IC = LNCHAR
CONC(L K 'SCHAR+IC) = WSIZELKVCDATINGREISCHAR)

ENDDO :
CONCLJEISCH) = CDAT(HGRP,ISCH)
CONCLIKISOZ) ~CDAT(NGRPISOZ;
CONCILIKISCO2) =CDAT(NGRP.ISCOZ)
CONCIL LK ISH20) = CDAT(NGRE,ISHZO)
CONC{LIKISN2) = CDAT(NGRE,18N2)
CONC{LZKIFHZ} = CDAT(NGRP,ISH2)
CONC{LJE,ISCO) = CDAT(NGRE,ISCO)
CONC(I, LK ISASH) = CDAT{NGRE,ISASH)
CALL STCV.A(INC, T(LYX),CONC,CP,CPD)
H{LIKy= CP*T{LJK} - CPO*TREF

ENDIF

TFLOCD{EE).AND (VEL.GT.0.)) THEN
CTEDUM = LS%TURINLINGRP) * VELy2
EDDUM  =(CMUEI4*TEDUM**1.5)(003*DIY DINGRP)2.)
TEQIE) =TEDUM
EDLIK) =~EDDI'M
VIS(LIK) = CMUEPRHO(LLK)* TEDUM**2'EDDUM + RMUE
IF (NTURBD.GE,2) THEN
RSTCLLI1) = 2.3 TE(LLKY
RET{LIR 2 =2.3.5TE(L, LK}y
RET(ELK3) = 2.33TE(LLEK)

ELSE
. VIS{LIK) = 73E-03
ENDIF

ENDDO
ENDDO

IF (ISDD.EQ.1 AND.LDD) THEN

C .AND.LRAYD} THEN

NR =0



DD IDO=7.12
CDIRS IVDER

DO IDO=IPTR{DO)IPTREDO 1)
INC = JA(IDXBCSRHIDO-H)

. INC = INC ~ NNR(IDO)
o = INTUINC-EYNII1
o = INT{INC--{K-1)*NUFINPD)+ 1
1 = INC{ELRNED-(E-1)*NIT

NR = KR+t
NGRP = INLETSR(NR}

TLIK) = TDAT(NGRP)
ENDDO

ENDDO
ENDIF

IFIDEBUGEQ.HTHEN
WRITE(31,10) { (EXL1,K),1=2,20) ,K=7.21 )
WRITE(32,10){ (U(L,1 K} I=21,39) K=7.21)
WRITE(33,10) { {W(L.1,K} 1=2,205 ,K=721 )
WRITE(34. 10y { {W{L 1K} I=21,39) ,K=7.21 )
10 FORMAT(IS(F5.2,2X))
ENDIF

END



. Appendix. 3.3
, Coal parameters: Composition, pyrolysis and combustion kinetics: combidnt.f



FILE: combdat.f

Conl Parameters (compasition, pyrolysis and combustion kinetics) |

I I
SE. COMBDAT [ Panueter der Kohleverbrennong
I I

aooaon
P e ey

SUBROUTINE COMBDAT

[

AUFRITF DURCLHE I

Lol

anoonn
= b g s ey

assinp I

gy

ENCLUDE 'CEDD.CMN'
INCILUDE CARRAY CMN'
INCLUDE 'CCOMB.CMN
INCLUDE 'CSTEUER.CMN

c

CCM Berechmunp der Fluedhtigenausammuensatzimg
C

CCM  Formel des Kolifetwasserstoffes

CNE Chemical Fommuls of yifrocarbon

COM
DATA RNCX FE0¢
DATA RNHY /20!

WMCONHY = RNCEK*WMC + RNHY*WMH2/2.

IF (LCOAL) THEN
CRS Heizverte [Tkp}

CNE Calorific Value {daf - derive from gross cal. value)

CRS
DATA HUDAF
& ' 32188782

(RS  Flupdiige laut Annfyse (waf)

CNE Volatilz Matter Content {daf) according to DTF Analysis
CRS )

VMDAFA =0.356725%1.226

CCM  Elementsranpiyse(roh 1 1}
CNE Eiemental Analysis (as received)
c -

HSIC=0.5247

XS0 =0.0601 o

X871 - 0.0312 H

X8I5S =0,0078 8
XSIN=0,0131 COIN
XSIA=0.2762 1Ash

XSIF = (LOBG96 ot Moigtire

ELEE
VAMCAFA =10

XSIC = WMC/BRMCXHY

X8I0 =0,

XSIH = 2 YWMH2AWMCKHY
xSiS=0.

XSIN=0, '
XSia=0, t Asche
XSIF =0, ! Feuchte

ENDIF
CHK = XSIC + X8I0 + XSTH + XSS + XSIN ~ XSIA + X8IF

IF(CHE.NE.1.yTHEN
WRITE(® #3* »>> COMBDAT << *
WRITE(* *)* Sunuviation der Elementaganalyse ungleich I ¢
WRITE(*,*}' Summe ,CHE
WRITE(: )"

D

CRS Bemg auf System chme Schwefel und Stickstoff
CNE Recalcof Uitimate Elemental Analysis on a N end § fiec basiy
CRS -




XSIC = XBIC + XSIS + XSIN
XSIH = XSIH

XSIA = NBIA

NBIF = XSIF

XSIO = XSIO

{RE brennbare Substanz
CNE combrsstible matier
CRS  creerrererer—eme
BSUB =1. - XSIA - XSIF

CCM Unrechnong der Eiementaranalyse anf DAF {entspricht waf)
CNE Reculc of UltimeteElemental on an daf basis
c

SUNVM = XBIC ~ XSTH + X510
XSICDAF = XSIC - SUMVM
XSIHDAF = XSIH * SUMVM
HSIODAF = X810/ SIMVM

CCM  mittimal Bzw maximal meeplicher Fluedtigenanteil (waf)
CNE possible maxmint volatile matter contents on daf basts
CCM !'! pef Anpasmmg vorn VMDAR 1!
TCM
VMCH4 = XSIODAF + XSTHDAF
& - WMC(D.5*WMOZ) } * XSIODAF
& -{ WMCIWME?2 ) * XSIHDAF

VAMCO = VMOH4
& o WMHZ(0.5*WMOZ) * XSIODAF - XS{HDAF y
&  *WAMCHOS*WMEZIHRNCK -~ RNEY/2, Y RNHY

TMHZO = YMCH4
&  ~{ WMC{0.5*WMH2) ) * XSIHDAF * (RNCX + RNHY 2.3 RNHY

VAN = MAX(VMCHH, VAMCO)
VMMAX = VMHIO

VMDAF = MAX{VMMIN, VMDAFA)
VADAF = MIN; VMMAX, VMDAF)

CCM C, H, © in Fluecitigen

CNE €, H, O cordent in voletile matter

€CM
XSICVAL={ VMDAF - XSTHDAF - XSIODAF ¥ VMDAF
XSIHVM = XSTHDAF / VMDAF
XSIOVM = XBIODAFf YMDAF

IF (LCOALY THEN
CXHYNUL = [ XSICVM/WMC - XSIOVMI(0.54WAO2Z) + XSTHVMWMEZ )
& *{ WMCKHY f (RNCX + RNHY/2.) )

HAONUL ={ XSTHVM/WMH2 - (RWHY/2 P(CXEYNULWMCXTY) ) * WMH2O
CONU1 = 1.0 -CXHYNILI - H2ZONTL

ENIRK =-1.0

RNIC = 1.-VMDAF

RNICO = CONUIL * VMDAF
RNIHZO = H2ONUI * VMDAF
RNICH4 = CXHYNUL * VMDAF

RNIVM = VMDAF

CRS
CRS  massenbezogene stoechiometrische Koeffizientea
CNE  nass related stoichiomelric coeffjcients
CRE
DATA RNzC . RN202 ,RNICO
& /042857,057143, 1,/
DATA RN4CC , RN402 ,RMN4CO2
& /-0.63636,-0.36364, 1. ¢
DATA RN5H2 , RNSO2  RNSH2C:
& :0.119,0888], L. ¢

CNE Kinetics of Devolatilisation -

c standard ivd  DATA RKOLEIR FLEEDS , 2200, /
DATAREKO{EIR  FL.3EGS,8900./

oNE Kinetics of Chiar Combustion

e_standard_jvd DATA RKD2,EZR ¢ 208, ,9553./
DATA RKO2,EZR ¢ 275 12817,/

CNE Diffusiors Constant



DATADOZREF  (349E04/ . RN20Z =<0, -
DATA EMP FO.875) _ RNZCO =0,
DATARHOSD ! 1609,/ : :
: : | CRS —
€CM  NCHAR Efnfuchmog : CRS  Heizwerté [Tkg]
PHO_CAD = RHOSO%RNIC?(L.-XSIA-XSIFH-XSIA) L CRS  emererensse—erm
CSR  Faktor flier Kokamodell (viLcombooal f) HURZ =0.
REASH = BSUB/XSIA - : HUR3 = HUCHA-HUCOMRNCX*WMCOWMCXHY ! HUCH4 - HUCOYZS/16
HUR4 =HUCO '
DATA NCHAR, /3 _
DATA WSIZE(1) /0.3 . ENDIF
DAT.". WSIZER) /0.4°
DATa WSIZE{3} 0.3/
DATA DPIX1y ‘50508 :
DATA DPIX2) /50.E06 RS
DATA DPSE3) (50.E-06! CRS spezifischer Lufthedarf (nus Info)
CRS
. CHO2 = SIC* WMO2/WNC
IFRNCHAR.GT.3) STOP 'NCHAR >3 #1'1s COMBDAT §TOP HBO2 = XSIH * WMO2/(2.*WMH?2)
CCM  Kohleparameter SUMBOZ =~ CBOZ + HBO2 - X8I0
CRS SUMLB = SUMBOZ /0,233
DATA EN_B 467 | Avsbrandexponent (1-Bon)**o_B
CRS cCM
CRS Heizwaite [Tkg] CCM EDC-Motell
CRS e CCM
HUCH3 = HUDAF - RNICOYHUCO
&  -(XSICDAF - (VMDAF-XSIHDAF-XSIODAF)*HUKORS CCM FUELZATR RATIO Yeaktion von CxHy,COH2
HUCH4 = HUCE4RNICHS oRS
HLURZ = HUKOKS - HUCO*WMCOWMC _
FLR3 = HUCH4 - HUCO*RNCEAWMCQ!WRCKEY CRS sioeds. Kooff. fuer CxHy vallstaendig bis zu CO2 + H20
HUR4 = HUCO ZAE3 = WMCXHY -+ (RNCX+RNHY M. PWAOZ
 RN3CXHYVOLL =- WMCXHY ¢ ZAES
© RNIOZVOLL. = -(RNCHM+RNHY/4PWMOZ ¢ ZAES
ELSE RIS = ABS(RN3O2VOLLRINGCXHYVOLL)
RNIRK =4, RFU4 = ABS(RN4O2/RN4CO)
RXIC =0, : REUS = ABS{RNSORNSH2)
RKICO =0 '
RNLH2G =4,
RNICH4 =0, : END
RNIC =0,



ASIC = XSH
XSIH=X8H
XSIA = XSL
KSIF = XSTE
X8I0 = XK

CRS breembare
CNE combusil
CRS meean
BSUB= ).~

CCM Umnrethm
CNE Recalcof
c

SUMVM =
XSICDAF =
XSIHDAF =
XSIODAF =

CCM  mipimalt
CNE possiblan
ccM it g
COM -~
VMCH4=X
& +{WM
E -fWAR

VMCO =\
& -(wWM
& TWM

YMHZO =¥
& +(WM

VMU e
VAL =T

VMDAF - A
MBS

&



DATA DOZREF $ 349804/
DATAFMP {0875 . .
DATA RHOST 1609 ¢

CCM  NCHAR Einfushrong

RHO_CAY = RHOSUSRNICH L-XSIA-XSIF+XSIA)
CSR  Fuitor filer Kehamodefl {vgl.combeoal i)

REASH = BSUB/XSIA

DATA NCHAR /3
DATA WSIZE(1) /0.3
DATA WSIZEQ) 0.4/
DATA WSIZE(3) /0.3
DATA DPY¥(1} .30.E-06°
DATA DPIK2) :50.E-D6!
DATA DPIX3) '50.E06

CCM  Eohieparameter
CRS

DATA RN B 0.67 ! Ausbrandexponent {1-Boa)n_B

CRS
CRS  Heizwerte [Tkg]
CRS

HUCH4 = HUDAF - RNICOYHUCO
&  -(XSICDAF - {VMDAF-XSIHDAF-XSIODAF}*HUKOKS
HUCHA = HUCRA'RNICHS
HURZ = HUKOKS - HUCOMWMOCO WMC
HUR3 = HUCH4 - HUCO*RRCX*WMCO WMCXHY
HUR$ = HU'CO

ELSE
BNIRK =0.
RNIC <.
RNICO =@
RNIH20 =10,
RNICH4 =10,

RM2C =4,

HUR2 =0, .
HUR3 = HUCH4-HUCO*RNCX*WMCONMCXE * | HUCHS - HUCO*28/16
HUR4 = HUCO .

ENDIF

cBS

CRS spezifischer Luftbedarf (aur Info)

CRS
CBO2 = X510 * WMO2WMC
HBO2 = XSTH * WMOR/(2. ¥ WMH2)

SUMBO2 =CHRO2 + HBO2 - X510
SUMLE =8UMBO2 / 0.253

CCM
CCM  EDC-Modell
CCM

CCM FUEL/AIR RATIO Reakiion von Oxbly,.CO.H2
CRS

CRS stoech. Eaeff. fiver CxHy vellstaendig bis m CO2 + H20
ZAE} = WMCXHY +(RNCX+RNHY/4.#WMOZ
RNICXHYVOLL = - WMCNHY / ZAEY
RNIOZVOLL = {RNCX-+RNHY/M4.)*WhOZ - ZAE3

RFt = ABS(RN3OZVOLL/RNICKHY VOLL)

RFU4 = ABS{RNAO2/RN4CO)
RFUS = ARS{RNSO2RNSH?)

END



E Appendix 3.4
Specification for the NOx model: nddat, £



FILE: nodat.f NO_MOPEL = 1
Specifications for the NOx model ' ceM : :
CCM  Berechnung voo NO Konstanten fier Quelkermbestimmong
ocM _
T . CCM  XBINDAF schon vor Kohledaf _
E I I : 1 RNIHCN= 10 *RLIHCNAXSINDAF/10 %2714, _—
, RN2HCN = ABS(RN2C) *RLZHCN*XSINDAF/ABS(RNIC) *27/1
S {SRNOIDAT I Paraonct ‘dm‘“hk‘“[h‘“‘““"g ! RN3HON = 0.0 {ABS(RN3CH4) *RLIHCN*XSINDAF/ABS(RN1CHA27./14,
C I ] g
UTINE ccM e
SUBRO NODAT COM  Felder ansoalien
C I . CCM NOMAX
T FRUF " DONMF=LM
e AUFROF DURCIL . DO NRL~1,NRLNOMAX
oI istitp - VNOEMF,NRL, 10,0
E I ', VNO(NMF,NRL,2)=0.0
. - ENDDO
DONRL=16
INCLUDE ‘CSDD.CMN' NRI 00
INCE.UDE 'CARRAY.CMIN' E\;}D?’SORW.NRLF
INCLUDE 'CCOMB.CMN" e
INCLUDE 'CSTEUER CADY
oCM
IFNO_MODEL EQ, 1)THEN
oM o
cCM NO-Modelt ; cem
Cont ' CCM  orginal DeSoete- Modell nach Schnell
Py ccM  Zz=HCN
CCM  NO Pacameter oM Zz=HO _
ca CCM  Z4=NO thermisch Kortrollgroesso

DATA XSINDAF ! N-Gehali der Kohlz
& /00198,

CCM  Anteil der Kahle-N Freisetzung
CCM Pyrolyse , Koksabbrand , nicht verwendet!

DATA RLIHCN RIZHCN ,RL3HCN t%eN von Nges als HCONueber

& 035 046 ,000 (!RLxsustretend

coM
CCM 1~ orgmal DaSoete- Modeli nach Scheell

CCM 2 =newes Rebum-NO-Modell von C. Magal
coM

COM
VNOSRC(1,1) = RNTHCN

ccM KOKSN
VNOSRC{1,2) = RNZHCN ¥ 1.0 Tals HON
VNOSRC(2,2) = RNZHCN *0.0 *30./27. 1als NO

VNO(1,2.2) =-1.
VNO(I,3,2) =-1,
YNO{2,2,1) = 30.:27,
VNO[232)= -30.427.
YNO(2 A= 1.
VNOG41)= 1,



PESEIFENG MOBREL 1Q 2)THEX
CON neues Rebume-Modadl © Mapd
CONM 72 10N
CUM /73 MO psam
CONM A4
CCA

WNOSRGULTY RNIHCN
VNOSRC{LZ) - RNZHONGS
VNQIRC2.2)  RN2ZHONSG2%30 27

COM —JHON e
VNIKLE2Y <l ¥ Unddation Mitchwll
WVNUELAEY = 1. M Rebummg Wi Rale
€ VYNO{LE.I} = 27. 30.1 Rebuming proporticasl 2 RL3 {C Magel)

CCM -NOe—m———
VROELZL - 30 17 i Oxidation
VNOF23.2) = -30. 17 ! Reduktion
VNOUL42) - 30,27 Y Rebuming Wi Rate
VNOXZ6.2) . i Rebuming proportional a1 RE3 §C. Magel)
VNIR2ZEZY 1. {1 Charredubtion Lavy Ruote

CCAM —~NH3 -
VNO(RLLY 1T 27
VN3 - -)
NGBy -

ENDIF
RETURN

END
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