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Abstract

The quantity andparticle size distribution of pulverised coabupplied to
combustion equipment downstream of coal pulverising plants are critical to
achiewng safe, reliable and efficient combustion. These two key performance
indicators are largely dependent on the mechanical condifiche pulveriser.
This study aimed to address the shortfalls associated with converioadlased
monitoringtechniquedy develofng a comprehensivenline pulveriser ondition
monitoring philosophy A steadystateMill Mass and Energy Blance(MMEB)
modelwas developed from first prciples for a commerciadcale coal pulveriser

to predict the raw coal mass flow rate through the pulverider MMEB model
proved to be consistently accurapeedicing the coal mass flow rate® within

5 % of expennental dataThe modelprovedto be dependent on several pulveriser
process variablessome of which are not measured on a continuous .basis
Therefore the model can onlyunction effectively on anindustrial scale if it is
supplemented with the necessaxperimentso quantifyunmeasuredariables
Moreover a Computational Fluid Dynamic (CFD) model basedtbe physical
geometry of a coal pulveriser used in the power generation industry was
developed to predict the static pressure drop across majarahtamponents of

the pulveriser as a function of the air flow through the pulverigalidation of

the CFD modelvasassessed through the intensity of the correlation demonstrated
between the experimentally determined and numerically calculated stsgup
profiles. In this regardan overall incongruityof less than %6 was achieved
Candidate damage scenarios were simulated to assess the viability of employing
the static pressure measuremeagsa means of detectimfpanges in mechanical
pulverisercondition.Applicationof the validategulveriserCFD modelproved to

be highly advantageous iidentifying worn pulveriser components through
statistical analysis of the static pressure drop measured across specific

compnents, thereby demonstratiagignificantbenefit for industrial application.
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Chapter 1: Introduction

1.1 Research background

Coal has, for more than a centubgen the largely relieupon resource required
by fossil fuelledpower plants to produce electriciégonomically and viably. In
electricity generation, @ accounts for oved0 % of the total fuel consumed
worldwide (International Energy Agency, 20Ll3-rom the various technologies
employedto produce power, whicimclude coatfired, nuclear, hydro, gas turbine
and pumped storagthe dominance of codired power generation in the energy
sectoris evidenf with approximately 936 of E s k o ete@tscity generated from
coakfired power plantgEskom, 2011 In 2004 state owned power utilit{Eskom
embarked on a capacity expansion program which led the return iocesefv
three power stations that wei@merly decommissioned n t he | Thise 19 80 ¢
added an additional 3.65Gigawatts eleitic (GWe) to theu t i | instalied s
capacity.The power utilityhas anet maximum generatingapacityof 42 GWe
and is in the process oincreasingits coatfired power generationcapacity by
9.6 GWe to met the energy requirements ajihAfrica (SA) (Eskom, 2014

A coakired power station converts the chemical energy stored in coal into
electrical energy. There are several systéms operatecollectively at a power
station to produce electricityThe key systems, agéntified in Figure 1.1,
typically include the fuel handling plant coal pulverisationa steamgenerator
(boiler) and combustionturbinegeneratormlant, environmental protectioplant

and heat rejection placondenser and cany tower).

Raw coal, obtained from local mines, is conveyed from the power station
stockyard to the coal bunkers where it is stored temporarily. From thesdsunk
coal issuppliedto the coal pulverisation plant where it is pulverigelfowing
whichit is pneumatically conveyed to thmilerto be combustedrhe heaenergy
released inside the boiler duricgal combustion is used twonverthigh pressure
water, inside an array o boiler tubes into superheated steam. &Buperheated

steam is thereaftesuppliedto the turbinegenerator plant. In the turbirgeenerator



plant, the superheated steam drivessi@am turbine which is coupled to a
generator that produces electricithereaftethe steam is condensed and recycled

into the wateisteam circuit
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Figure 1.1  System arrangement of a typical coafired power plant (Kitto
and Schultz, 2009

Coal pulverising systemshe location of which is highlighted iigure 1.1, are
found in all pulverisedfuel-fired power plants to finely grah dry and preheat,
classify as well apneumaticallytransportthe pulverised coal particles to the
furnace for combustin. The pulveriserare generallyclassified undethe boiler
plant systemA succinctdescription of a direefired coal pulverisation process

givenhereafter

A pulveriser system typically comprises of the mechanical comporests
illustratedin Figure1.2. Hot primary air isutilisedto dry and transport pulverised
coal particles during the grinding procedse pulveriser receives hot primary air
from the airpreheater.The temperature of the primary a&ntering the pulveriser

is controlledusing tempering air in ordéo maintan a fixed air/coal temperature



at thepulveriseroutlet In the pulveriser, raw coal is mechanically reduced from a
nominal size of about 4&m to a fineness inthe range ofpproximately70 %
(by mass)passing a 200 mesh sieveés (¥m). The dried and grund coal is then

pneumatically conveyetb the burners focombustion.
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Figure 1.2  Schematicillustration of a coal pulverisation plant(Kitto and
Schultz, 2005

One of the majokey performancandicatorsat coalfired power plants ighe

thermal efficiencyVuthaluru et al. ( 2005nentionthatcoalp ul ver iomeer 6 s ar
of the first mechanical componeritsthe power generation proceskich have a
majorinfluence on boilerplantefficiency. The fine coal particles produced by the
pulveriser ensure maximum energy release from coal thereby improving
combustion efficiencyand stability Additionally, reliable coal pulverisr

performance isequiredto achieve andustainfull and partialload operation of

the boiler in anodern pulverizedoalfired electric generatingtation(Kitto and

Schultz, 200p



Over theyears significant financial resources have been invested extensive
researcthas beerconducted in the field of codired power generation in pursuit
of cleaney more efficient and optimised processes. fdeentimplementation of
stringent environmaal legislationwhich demand environmentally friendbpat
fired power production as well the growing interest in renewable energy
technologies provides a strong impetusto stimulate technological changes
through researctprimarily aimed atimproving coaklfired power generation

processes for the future.
1.2 Classification of pulverisers

Pulverisersare generally classified as being low, medium orhigh speed SA
power stations employ combination oflow and medium speed pulverisers
These are typicallyball and tube mills and vertical spindle mgl (VSM),
respectively.Over 200 VSM6 s Eskom are employedto produce46 % of the
utilities total coalfired power generation capacityAt the completion of the
currentnew build coaffired projects, lis value isset to incrase by 126. A
summary of Eskonpulverisationplant is tabulatedin Appendix A. For the
purpose of this dissertation the terms pulveriser andargllused interchangeably
andemphasiss placed on the VSM (ball and ring type).

1.2.1 Horizontal air -swept pulverisers

The lowspeed ball and tebmill is afrequentlyemployedhorizontal airswept
pulverise. Figure 1.3 displays the general arrangement of a typical double ended
ball and tube pulverisemthis pulveriser desigmcorporatesa horizontal cylinder
charged withsmall steelgrinding balls having a diameter of 58m. About 30 %

of the cylinder volume is occupied by the grinding balhel ginding action is
achieved by rotational movement of the cylindgnis consentshe hardened steel
balls to rise up andumble onto oal particles,thereby pulverising them on
impact. The ball and tube mill is arranged for either single or double ended
operation. In the former, coal and are fedthrough one endf the pulveriseand

are extracted at th@pposite endin double endedperation, coal and air enter

from both endsf the mill andthe pulverised codhir mixture is removed from



both ends.In both types, oversized coal particles are rejected tarready fitted
classifiers therebyensuringhedesired coal fineness islaeved(EPRI, 2006.

Pulverised fuel Pulverised fuel
and air mixture Coal Bunker and air mixture
5, Classifier

o

Feeder belt
Raw coal feeder
Bypass air
) . .
Hot primary air = =Y — st. g [ J— — Cold primary air
v \

Coal and ball charge

Hot air damper Cold air damper

Figure 1.3  Schematicdiagram of a low speedall and tube mill (Adapted

from Agrawal et al., 2015

1.2.2 Vertical air-swept pulverisers

In a typical vertical aiswept pulveriserthere are two input streams, coal and air,
and the pulverised coal/air mixture is extracted through two or more (up to 4) mill
outlet pipes.lts main mechanism ofgpticle size reductiomelies on therolling
action of grinding elementswhich passover a layer of granular material
compressing it against a moving taldsschematically highlighteth Figure1.4.

A cushioning effect caused by the compresgeshularlayer retardsgrinding
effectivenesavhilst simultaneously reducing grinding component wear r3tes.
classification of coals analogous tdhorizontal airswept pulverisers however,

the static or dynamic classifianstalled is designedithin the mill body (Kitto

and Schultz, 2005)In contrast to the ball and tube millpal drying is more
effective ina vertical airswept mill as a result of theincreasedheight which
permits longer resdence times for coal particles to lose moistiarthermore
VSMO6s enjoy | ower s pitaahdSchultp, Q00®As ofc o ns ump



l at e, newer Eskom power stations empl oy

perhaps due to the aforementioned benefits.

In feed
material

Crushed
layer

Figure 1.4  Vertical air -swept mill grinding mechanism @Adapted from
Kitto and Schultz, 2005)

Vertical airswept coal pulverisers wear in a similar manner to the horizontal air
swept type Wear results from theombired effects of abrasidrmnd erosioh

The mechanism which dominates in the wegproces®f a particulapulveriser
component depends largely on the designed function of that specific component

and on the properties of coal bemgverisedKitto andSchultz, 2005)

1.2.3 Vertical Spindle Mill (ball and ring)

V S M6 s geaerakly characterised by three differel@signs These arebowl
mills, ring roll mills, andball and ringmills. Since the principle of operation of
these designssisimilar, only a description of the 8.5E VSM (ball and ring type)
will be provided Figure 1.5 representa simplified schematic diagram of a typical
VSM. The pulveriserconsists of nine hollovsteel balls(730mm in diameter)

which arelocated freely between two grinding ring$he bottom grinding ring is

' Abrasion refers to the removal of a materialfiigtion due to relative motion of two surfaces in
contact.

" Here erosion is defined as the progressive removal of material from a component on which a
fluid borne stream impinges.



connected to ahaftand is designed to rotate at 40 rpmheTopgrinding ring
remains stationargnd is spring loadeduring normal pulveriseroperation.Coal
entersthroughthe cental pipefrom a volumetric or gravimetric feedand settles
on arotatingtable The volume feed flow is controllable as the feeder spged
variable Whilst on the tablegoalis radially displaced outward onto the grinding
path (bottom ring) byneans of centrifugal forces. Thaw coal is ground as it
passes under the grinding balRreheated nimary air is introduced through
primary air ports or throat gaps located around the periphery of the bottom
grinding ring. As the primary air emergesdugh theequally spacedhroat gap
areait captures ground coal particles agitectivelyforms a fluidized bed region
directly above the throaSite tests performed #rnot Power Station revealed
that a large percentage of moisture in coal is removetisnregionduring the

drying proces¢De WetKruger, 1977.
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Raw coal inlet
pipe
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Fluidized bed
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port [ J:

Figure 1.5  Schematicrepresentationof a vertical spindle mill with static
classifier, showing air and coal flow patks (Adapted from
Parhametal., 2003



Figure 1.6a displays the geometrical configuration of a typical throat gap in a
VSM. The size of the throat gap plays an important role in enstiimgrimary

air enters the pulveriseait a sufficientlylow velocity toentrainonly fine particles

The narrower the gap the higher the primary air velotlBavier particlesthose
generally having densites greater than2500 kg/ni fall into the air plenum
chamberand arerejected by theulveriser. Thisstep in the pulverisation process

is considered as the primary or initial stage of particle size classification. As the
air/coal mixture rises along the height of {maveriser the primary air velocity
decreases due tdnd subsequenincrease inpulveriserarea This forces coal
particle separation by gravitileavier particleshenfall out of suspension arate
recirculated to the grinding zone for further size reduction. The terminology used

to describethis stage of @rticle separation iermedsecondary classification.

Figure 1.6b illustrates theclassifierwhich islocatedin the higher region of the
pulveriserandconsists ofl8 static classifier blades set at’°3Additionally, to aid
classificationa classifier coneand reject return skirt is fitted, dsghlightedin
Figure 1.6¢. During pulveriser operationatger coal particleghat impinge onto

the classifier lose momentum, drop out of suspension arel returned to the
grinding zone by the classifier cone. This is the final stage of particle size
classification.Only the very fine coal particles pass through the vortex finder and
are discharged by thaulveriserinto pulverised fuel RF pipes leadig to the PF
burners (Kitto and Schultz, 2005) The particle size separation zones were

outlined inFigurel1.5.
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Figure 1.6  Digital imagesexposingpulveriser internal components

1.3 Coal flow

The coal flow rate to pulverisers at most9kom coakfired power stations is
generallyregulated bya volumetric feederUsing this methodof operation the
quantity (kg/s) of coal supplied to the pulveas is determined Hrough
approximationmethodsand vares significantly. The consequences arising from
operating withvariations in raw coal feed rates are furnace air/fudlalances.
This is brought about by pulverisetbat deliverthe air/fuelmixture to thePF
burnerwith inconsistenair/fuel ratios(AFR). High" A F R @ypically >1.6) lead

to a scenario where theese elevatel levels of oxygen in the boiler. This case
also causes thé’F burners to beome more susceptible télame outsdue to
unstable pulverised burnBamesat lower than normal pulveriseperating loads
(Van Wyk, 2008. Flame outdead to pulverisetrips and in most cases a loss of
electrical output from a generating unit. This necessitates the use of fuel oil burner
firing during normal boiler operation to stabilise coal buffenes, as observed
at many SApower stations, and at a high operational c@sinversely, Low
AFRO6s (<1. 4 )richPpbumet operationfresating in longer burnout

time of coal particlesand a high percentagef unburred carbon (UBC) in ash

" High air/fuel ratios refer to a scenario when a higher mass flovofati is used in relation to
the mass flow rate of coal which leads to flezin pulverised fuel burner operation.



(Van Wyk, 2008. Obtaining a balancedF flow distribution in PF pipes exiting
the pulverigr is equally important in preventing fugth or fuel leanburner
operation Howeva, that area of research is outsidlee scope of this research

project.

During normal operation the coal recirculation rate within the pulveriser is
dependent on several variabl@hesevariablesinclude the raw coal size, the
mechanicakondition of tke pulveriser the classifier bladanglesettings a well

as coal quality éspecially,moisture content and didgrove Grindability Index
(HGI)). Currently, there appears to b viable method available to establish in
real time the wear rate @ulveriserinternalcomponentsDue tothesecomplex
pulveriserprocess dynamics, ttemal feed rate gpulveriserthroughput cannot be
accurately ascertained frotime currently monitored procegmrameter indications
such asthe pulveriserdifferential pressure, pnary air differential pressure or
pulverisercurrentconsumedMesserschmidt, 1972

Severalresearchers are agreement that the accurate measurement and control of
coal flow into a furnace is importanin ensuring optimum power plant
performance,combustionstability and efficiency is achievefFan and Rees,
1997 Millen et al., 200QKitto and Schultz, 200%Andersen eal., 2006 Odgaard

and Mataji, 200% Coal flow measurement devices are available omiheket
however,they are not easily employable in practioequire frequentalibraton

and come at a considerable cdstdersen et al., 2008liemczyk, 201).

Eskom power stationsare currently operated with lowgrade coal The major
characteristicshat define lowgradecoalarecoal that contamlow calorific value
(MJ/kg), high moisture,high ashand low volatile conten{Peta, 20131 This
means that theulverisersnowadaysare required to grind, dry and classify a
higher quantity(kg/s) of coal in order to achieve thequivalentboiler energy
output that isspecified by designAside from the challenges that operating with
higher coal flow rates have on processes downstream of coal pulversatioas
ash handling antlue gas cleaningthis is likely tohave a negative bearing on the

wear rateof themechanical components inside the pulveriser

10



The coal pulverisationprocess is described as beimgghly nonlinear and
uncertain(Fan and Rees, 199) The probability of burningcoal with improved
qualities inSA in thefutureis not anticipatablandtherefore attention hashifted
towards improvingpulveriserperformanceThe expectation through research and
testing is to improve the grinding process by developing msdtiek can provide
accurate codlow estimations Andersen et al., 2006

1.4 Pressure drop

The static pressurd@rop in a pressurised coal pulveriseiusually determined by
measuring thedifference instatic gaugepressurebetween thepulveriserinlet
(highest pressurgnd thepulveriseroutlet (lowest pressure)he pressurdropis
dependent offrictional flow resistancemass flow rate of aifcoal as well ashe
quantity of heatenergy lostduring the pulverisation proce¢slynn, 2003. A
significant comributor to frictional flow resistanceis the geometrical
configuration of the pulverisenencethere is a distinct relationship between
pressure drop and the pulveriser geometbyndsley, 2000. Miller and
Tillman (2008) mention hat thepulveriserpressure drojs directly proportional

to the pulveriser aicbalthroughput. Moreovethe pressure losses increase with a
decrease in coal HGI and classifier opening percentagelle( and
Tillman, 2008) Another factorwhich affects the pressure dragpthe mechanical
condition of pulveriserinternal componentgFlynn, 2003. Worn components
lead to poor grindingcapability thereby increasing theoal redrculation load
inside the pulveriser which subsequently intensifies the pressureFigoge 1.7
schematicallyhighlights the magnitude of thgressure dropvith variations of

coal and air madtow rates

In industry, the presure drop isa @general indicatiod of the quantityof coal
present in the pulveriser (recirculating load) and not the coal feed rate or
throughput Flynn, 2003. For safe pulveriser operation, the pressure drop is
maintainedwithin a specified range-or the8.5E VSM (ball and ring), ermal
operating pressure drop ranges betweén43b kPa However this thresholdis

pulveriseroad,condition & well ascoal quality dependenEé@nandRees, 199).
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Figurel.7  Effect of coal loadng and air flow on the pulveriser differential

pressure (Adaptedfrom Lindsley, 2000

1.5 Operational concerns

Most pulverisers in service today are at lesstyears old and experience similar
operationgl maintenanceperformance and safety concermsa typicalcoatfired
power generating unit, ther@e betweerB and 6 pulverisersfitted per boiler
Currently there is still a high degree of difficulty espenced in accurately
measuring thénput mass flow ratef coalinto pulveriserfrom volumetric coal
feeders for optimumoperationand control (Niemczyk, 201). Varying coal
qualities e.g. alorific value (MJ/kg),Abrasia Index (Al) and moisture content
lead to operational challengesuch aswear, chokingand blockages.This
subsequentlyesults ina reductionof throughputas well asfrequentpulveriser

shutdown.

Moisture n coal is considered a dead weighnd causes evere handling
difficulties leading to pulveriser performance and availability challenges.
Typically, coas with higher moisture content require a pulveriser to operate with
primary air at a higher temperature in order dofficiently dry the coal.

Furthemore, higher moisture content coals requinereased residence time for

12



effective drying thereby increasirige pulveriser recirculation loadndredueng
throughput The effect of icreased raw coal moisture content on pulveriser

throughpt is presenteth Figure1.8.

MILL CAPACITY vs. MOISTURE CONTENT
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Figure 1.8  Graphical illustration highlighting the effect of coal moisture
content on mill throughput (Van Wyk, 2008

As mentioned insecton 1.2.2 wear in a coal pulveriser is caused by either
abrasion or erosion. Apart frormaluable elements in coal, thereeaalso
undesirable constituentsuch asiron pyrite (Fe9). The presence of these
constituents causesgnificantwearon pulverisecomponentsiue to the abrasive
action of a continuous stream of coal particlése Al of coal is assessed using
the YanceyGeer Price apparatus and the higher the Al the higher theratear
(Kitto and Schultz, 2005)The Al of coalconsumedoy Eskomrangesbetween
100 and1100 mg Fé kg coal ¥an Wyk, 2008. The HGI of coalis also an
important parameter in the pulverisation procasst is a measure of the general
hardness fothe coal Coals witha HGI value below 50 requimmore energyto

grind. For a given combination of parteéd andpulverisercomponentsfactors
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that enhance the erosion rate @kganincreasein primary air velocity, (2) coal
particle size and3) quartity of solids in the fluid streanfKitto and Schultz,
2005) The throat gap regignnner coneand classifier zone arrea within the

pulveriser which are mostusceptible to erosion.

An important pulveriser performance requient is the size of the coal particles
leaving the pulveriser. The size fracttomost frequently referenced as suitable
for combustion isoutlined Table 1.1. This size distributionpromotescomplete
combustion and reducdsvels of UBC in ash.Pulverises operatingwith worn
componentsaffect the particle size distribution at thmulveriseroutput, thereby
reducing théoiler combustion efficiency.

Table 1.1 Eskom standard PF size ditribution (CMP, 2003

Sieve sizedm) Percentage passing (by mass)
300 99-99.6

150 86-95

106 76-85

75 65- 75

Pulveriser fires are not uncommon and thesually develop in the high
temperature air zones of the pulger or the in the fuel rich low temperature
areas. The accumulation of coal in the air plenum chamber, due to a worn throat
gap or low primary air velocity, can often lead to ignition of the coal by the high
temperature primary air if it is not rejectéddcommon and reliable pulveriser fire
indicator is the pulveriser outlet temperature indication (Wangl.et2009).
Pulveriser fires maype prevented by removing coal rejects promgpiitto and
Schultz, 2005and by setting a higtemperature limit for the primary aFgnand

Rees, 199).

Maintenance on coalubveriseb @t Eskomis carried out using conventional
time-based maintenance strategidhus far, there is no sufficiently effective
system for oline monitoring of the coal pulverisation process thereby promoting

largely suboptimal pulveriser performance.
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1.6 Research motivation

The lack of pulveriser condition monitoring techniques is perhaps a primary
determinant of poor pulveriser performarieadng to unstable and inefficient
combustion, high emissions as well as reduced power plant efficigxcy.
inherent aspect of pulveriser operation is the wearing procegsuleériser
componentsThe mechanical conditionf internalcomponents such as thedht

gap dassifierand inner conare critical as they aid in achieving the operative
purposes of the pulveriser especially with regards to grinding efficiency.
Conventional strategies employed to identifgrn components are ineffective as
they are perfomed on atime-basedmode as opposed to being predictive or
condition-based.Developing a condition monitoring philosophy hgneficialas

the challenges associated with conventional monitorteghniquesmay be
circumventedby online monitoring of criticd components.Since the poor
condition of the aforementioned components compromise the PF size distribution
at the pulveriser exit and subsequently exacerbate the combustion performance of
a power generating unit, techniques to identify mechanical detimr of these

components must be instituted.

Additionally, the frequent shutdown of pulverisers for inspection due to poor
performance placestrainon power utilities to deliver the required power output.
Online pulverisercomponenimonitoringwill allow for early elucidationof poor
mechanical condition thereby providing a means to maintain satisfactory
pulveriser performanceédence the efficiency of the coal combustiomprocess will
be substantia)l increased whilehe power generating loadonstraintsdue to

pulveriser shutdownsay be significantlyreduced.
1.7 Aim and Objectivesof this study

Fan and Rees (199Wention thatalthough pulverisers play an important role in
the overall power generation process it is aneathat hasenjoyed very little
attention in terms ahathematicamodelling.The reason for this relatéargely to
the idea that modelling pulverisaasevery difficult. The implied difficulty stems

from a combination ofconditions thatare inherentin the pulverisation process,
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such as wear, chokires well a®perating withunknown coal propertiesanand
Rees, 199y

Theaim of the present research study waslevelop aMill Condition Monitoring
Philosophy MCMP) for aPFVSM employed in he power generation industry.
The MCMP to be developed waa standalone philosophy and it wamt
anticipated to intervenaithe pulveriser control system.

In order toachieve theim the following objectives were identified

To gain a thorough understang of the coal pulverisation process.

1 Establish the raw coal feed rate (kg/s) to a grinding mill by developing and
validating a mathematical model MMEB from first principles. This will
incorporate the fundamental theorertinent tathe conservationof mass
and energy as well &attransfer

1 Experimentallydeterminethe static pessurdoss acrosshe vertical height
of critical components inside commerciakcaleVSM.

1 Develop and validate a CFD model of the 8.5E VSM (ball and ring type)
to predictthe static pressure losses inside the pulverasaa function of
singlephase flow(air) and twephase flow (air andoal).

1 Establish arelationship, if any, between theatic pressuredrops( &P )
across critical mill internal componenteterminedcompuationally and
the mechanical condition of the components thereof.

1 Highlight the effect of worn components on the coal particle size
distribution atthe pulveriser exit through CFD application.

The mass and energy balanceode| as well as the computatial domain
considered for the CFD calculatiowas based on an 8.5E VSM (ball and ring
type). Consequently,xperimentalstudieswere performedat an Eskom power
plant thatemployed the associated pulveriséigure 1.9 clearly outlines the

research method developed for this study.
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Figure 1.9  Summary schematic outlining the elationship between

mathematical models, experimental anenodel outputs

1.8 Hypotheses

1 Quantificationof coal mas flow rate in a commercialscale pulveriser
(VSM) maybe predicted usinthe principles of conservation of mass and
energy.

1 Static differential pressures measured on a commesceéVSM maybe
predicted using CFD.

1 Static differentialpressure measuremts taken across critical components

inside thepulverisermaybe correlated tthe condition of the component.
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1 The mechanical condition of pulverisiternal components related to

grindingefficiency.
1.9 Synopsisof this dissertation

Chapter 1 provides a succinct backgroundinto coalfired power generation
processesDescription of coal pulverisers, as well as the pulverisation processes
used within Eskom, isutlinedherein.It delineateghe challengeand operational
concerns associated with coallymrisation and it highlightshe impetusfor the
presentstudy. Furthermore, thaim, objectives and research thed are included

in this chapter.

Chapter 2 presentsa comprehensive literature review, focusing work
conductedpreviouslyin the area ofcoal pulverisation Analytical approaches
used to develop pulveriser models to predict process paranaetersutlined.
Additionally, numerical models created to establish the pulveriser flow behaviour
have been highlighted. Finally, the use of analytecad numerical approaches
developng condition manitoring techniques is discussed

Chapter 3 focuses on the experimental investigations performed to quantify
seveml pulveriser procesdependentwariables highlighted through literatura
selecton of experimentaltests planned and executed for the development and
validation of two mathematical modets presented Moreover, he measurement
locations,experimental instrumentation used as well as the experinestats

obtainedareoutlinedherein.

Chapter 4 presents the ativation and validation ofa mass and energy laace
model createdto predict the coal throughputin a commerciakcale vertical
spindle mill. The model developed from fst principles is validatedthrough

correlation withexperinental datadescribedn Chapter 3.

Chapter 5 presents the development and validation othighly detailed,
commercialscale vertical spindle milmodel establishechumerically through
CFD. The numerical model is validated through correspondence with

expermentaldatapresented in Chapter 3.

18



Chapter 6 outlines a candidate wear scenario matrix devel@metpresents the
measuredoutcomes oftypical damage scenarios predicted through numerical
simulation whilst providing a comparison to a base case sceiagoviability of
employing the static pressure measurements to highhginiations in the
mechanical condition of pulveriser components is explored in relation to the aim
of this study.Furthermore, this chapter delineates the relationship between poor

mechanical condition and the particle size distribution at the pulveriser exit.

Chapter 7 highlightsthe conclusions of this study and the recomdadions for

future work.
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Chapter 2: Literature Review

2.1 Current status of VSM researchin Eskom

Eskondb s r el i a miseesupplier canpdnieseto assess and improve the
performance of the pulverisers has resulted in very little collaboration between the
power utility and academic institutions InAS This is noticeable by the limited
number ofresearciprojects which havéeenundertakerto date wih theaim of
improving power plant efficiencythrough optimisation of the pulverisation
process. The focal point of previous researgbrojects has concentrated on
improving the coal pulverisatioprocesdy investigating paramets which affect

the design of the VSM, condition monitoring techniquasd performance
optimisation.Theimpetusbehindtheseresearchopicsrelates largely todepleting

coal qualitiesageing powelplantsas well as stringent emission legislatiarSA.
Global acknowledgemerthat pulverisers are a key component in fossil fuel
powergeneration is rising and will be highlighted through the studies reviawed

this chapter.

De Wet Kiiger (1977) conductedfield tests on a LoescheM 18 pressure type
roller pulveriser to investigate the operating and design parameters of theA/SM.
range of different throat configurationsas tested.The tests performed were
carried out atan Eskom power station.The results ofDe Wet Krlger (1977)
highlighted the importance of the throgap area on overall pulveriser
performance anen pulveriserwear rates.The static pressure drop across the
throatgapwas measured and it revealed that it constituted a large propoftion o

the total mill pressure drop for air only.

De WetKruger (1977)determinedexperimentallythat the temerature gradient
within the pulveriseris very steep directly above the throgap area. This
suggested that a significantrgon of the coal drying takeglace in this region.
Figure2.1 displaysthe measured temperatamithin theVSM tested
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Figure 21  Experimentally determined temperature profilein a VSM
(Adapted from De WetKr tger, 1977

Additionally, by employing fluidized bed theory amedperimentally determined
static pressure drop valuedong the pulveriser heighDe Wet Kruger (1977)
calaulated a series giulveriseroperationalvoidage’. From the voidage profile,
highlighted inFigure 2.2, it is evident that the voidage changes markedly over a
short distance within the pulverisand there is an upward trend inidage with
increased pulveriser height. Although not explicitly highlighte&igure 2.2, the
operational voidage was additionadlgiculated at a distance of 480n above the
throat, yielding a value of 0.8The results of thistudy strongly suggests the
region above the throat gap is densely packed with coal and cleselnbles a
fluidised bedin relation tothe regionsin the upper partsof the pulveriser
(De WetKruger, 1977.

De WetKruger (1977)also conducted pitot traverses in the classifier region
These testsuggestedhat the air velocity distribution in the classifiean lead to
high wear ratesn this zone of the pulveriser.adwever results of this finding

werenotexplicitly presented.

V Here voidage refers to the fraction of the bed volume occupied by the voids, a low voidage
value is indicative of an area that containsdevoids and is more densely packed.
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An investigation performed by Holtshauzen (2008)assessed the operational

impact of a rotating throat assembly in relation to the traditional stationary throat

gap assembly. Acomparative analysis ag carried out by completingseries of

standard pulveriser performancetesta t wo 10. 8 E V SHB4komm i nst al
power station. The pulveriser fitted with theotating throat assembly
demonstratech lower overall pressureloss lower coal reject rag and higher

power consumption.
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Figure 2.2  Voidage profile in a VSM (Adapted from De WetKr tger,
1977

Archary (2014)prepared an energy balance modeptedict the coal mass flow
ratein aVSM (roller type. The modekccounted foronvectiveenergy losses to
the environment and predicted the coal fl@ateto within 2.33% of a calibrated
feeder.The model validations performed Bychary (2014)were carried out an

Eskompower station.

With the intention of improving pulveriser throughput without sacrificing®F

fineness Archary (2014)also established a relationship between throughput,
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classifier speed and air/fuel ratio, as well as particle finenesghe study
concluded with the following findings:

1 PFfineness increased with classifier speed.
1 A higherpulveriserloading as well as higher air/fuel ratiosycumvented

correctPFfineness.

The investigationwas performedon a pilot scaleVSM, which incorporated a
dynamic classifier installed atEskonmd sResearchTesting and Development
(RT&D) departmentThe scalability of theexperimentakesults okained on the

pilot scale pulverisewasnot comm@red toa commerciatscale pulveriser
2.2 Mass and energy balanc¢éheory employedin pulveriser modelling

Odgaard and Mataji (20063implified and linearized anornlinear pulveriser

energy balance model developég Fan and Rees(1997) The aim of this

research study was to develop a pulveriser monitoring syspable otletecing
emergingfaults in apulveriser.A fault in a pulveriser wagdentifiedas o6extr a
e ner g yinta thepnodeléor as a resau The model wadevelopedo detect

its ability to predict the pulveriser output temperatime employingthe energy

flows into and out ofa predefinedcontrol volumeof the pulveriser

The modeldeveloped byddgaard and Maji (2006)employedexisting puleriser
measured variables and the installation of additional instrumentation was
thereforenot required. The model was solved under steady state conditions as it
assumedthe pulveriserinlet and outlet coal flowto be eqgal. However, the
guantification of coal mass flowate was not explicitty mentioned and the
pulveriser motor poweconsumptionwas neglecteds an inputn the balance
Evaporation of moisture from coafas accounted for in the modaebwever, a
static estnate of the moisture content dw coal wasutilised asthe moisture
content of raw coal was not measured onlifilee model output was compared to
historicaldatarecorded duringa common pulveriser fault such asblocked raw

coal inlet pipe The results of the model exhibited promising sensitivity in

highlighting the occurrence of a fault through the temperature prediction.
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Coal pulverisers dry the ground coal before they are blown into the fuifiaee.
coal throughpuin a pulveriser isignificantlyinfluencedby the moisture content

of the raw coalas explicated in sectiah5. The moisture conterdf raw coal is

one of thananyvariableswhich arenot measured online at the majoritytegkom
power stationsRecent develaments in infrared technology have allowed for the
online determination of coal properties prior to the pulverisation process.
However, hese online coal anales areonly operationabt a fewEskomcoal

fired stations and will be implemented atl#kompower stations in future.

Flynn (2003)presented a global input/output mass and energy balance model that
was similarlyderived to calculatethe temperaturerofile of apulveriser.Energy

inputs and outpw of the model were acooted for from the primary air, raw coal

and moisture inraw coal and PFstreams.The model assumed the pulveriser
temperature was measured in the pulveriser outlet pipe and that this temperature
was representative of the pulveriser body arwhl and air rass temperatuse

inside the pulveriselhe effects of coal drying weraodelled by considering the

latent heat of vaporisation for water.

In the pulverisemodel presented b¥flynn (2003) severalpulveriser process
parameters we notconsideredn the global energy balanc&hese parameters
are highlighted below:

The mass flowateof seal aiin/out of the pulveriser.
The power input from the pulveriser motor.
Theenergyconsumed for grinding the coal.

Air humidity factor.

= =2 =42 A4 -

Cornvective and radiative heat losses from the pulveriser body to the

environment.

Archary (2012)adapted ancxtended themodel presented iklynn (2003)to
derive a new energy balance model aimed at priadithe coal throughput of a
pulveriser under steady state conditioAschary (2012)incorporatedthe mass
flow rate of seal air the pulveriser motor power input, air humidity and the

convective heat losses to the environmdérte model was developed for an
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EskomLopulco LM143 VSM (tyre/table type) which was designed to grind coal
at a nominal capacity of 25 tons/hr.

A review ofisokinetic PF sampling reports obtained frolBskom mwer stations
revealed thaPF is not completelydry at the pulveriser exifThis is comistent
with the findings of Coal Milling Projects (CMRyho have reportethe moisture
content (by mass) d?F to rangebetween 1 and 3 percer€NIP, 2003. In the
model derived byArchary (2012) the effects of moisture in th®F were
excluded Fan and Rees (1997mentionthat when themoisture contenof raw
coal is higher than normal,the mass percentage of moisture in & will
increag. This is primarily due to the high temperature limit imposed on the

primary air entering the pulverisdkgnandRees, 199y

During the coal drying procesthetemperature of thair/coal mixture exiting the
pulveriser is on avage60 percent lower than the primary air inlet temperature
Archary (2012)assumed average andnstant heat capacity constifior air and
moisture. Furthermore, the model utilised the heat capacity of coal onastry
freebasis whereas coal entering a pulveriser contains shetheless he model
predicted the mass flow o&w coal to withn 2.33% of a @librated feeder. The
correspondencachievedbetweenthe modelspredictedcoal mass flow rates and
the experimentalalues arellustrated by the bar graph Figure2.3. In addition,
the study highlighted theprimary air temperature to be the most influential

parameter on thenodetpredicted coal mass flow rate.
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rate in comparison to the measured coal flow rateArchary, 2012)

Graphical illustration of the model-predicted coal mass flow

While the current outlook fopulveriser procesparametric quantificabn using
mass and energy balance techniques looks promisatig,the variables
surrounding thepulverisation process has not been comprehensively considered
previously, and is therefore not yet fully understoddth that said, and fothe
purposes of thisdissertation,the mass and energy balanadeveloped by
Archary(2012) to estimatethe raw coalmassflow ratein a pulverisemwill be
assessedidaptedandenhancedn an attempt to ascertain the applicability of the
mass and argy balancemodel for the 8.5E VSM (ball and ring) pulveriser

employed at Power Statigh
2.3 Numerical studies of multiphaseflow in coal pulverisers

Multiphase flow generally refers to any fluid flow consisting oo or more
phases or componentStudies involving multiphase flows generally arise from
the needo accurately predicthe behaviour of thee flows and the phenomena
that theymanifestwithin processesResearch into multiphasiew models usually
fall into three categories, (1) experimentallysing laboratory sized models, (2)
analytically employing mathematical equations, d@nda larger extent in recent

years,(3) numerically, usin@FD.

There appears to be limited literatunghlighting theexperimental investigation
of two-phase flow in pulverisers Few studies describe laboratoryscale
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experimentaundertaken atestricted mill operating conditionshile other teams
describeé commerciaiscale experiments undertaken at narrow range of
classifiervane anglesettings(De WetKruger, 1977 Sha et al, 2009. Other
researchergpplieda limited number otonventionalexperimental techniques
investigate thenass flowdistributionin coal pulveriseroutlet pipeqDodds et al.,
2011). Solving complex flow problems theoretically experimentallyare not
always achievable due to time, cost and accessibility constraints leaving
numerical mdtods as the most viable optioHowever, investigation offlow
patterrs and co& particle trajectories inVSMO shave also not been
comprehensivelyundertakenwith there being only a handful of publications

available on the subject

The earliest application of CFD in coal pulverisers, pioneereBHagker (P02)
was performedn a geometricallysimplified modelof a VSM (roller/tyre type).
Mechanical componentexcluded from thecomputational domainwere the
grinding rollersand journal assemhlyrhe model was solved using commercially
available CFD softwar&@ ASCFlow, which isbased on the finite volume method.
A fully threedimensional model was simulated. The modehployed the
standards-U turbulence modeivhich satisfiedthe Reynolds Averaged Navier
Stokes equations of motion fan incompressible fluiddw. Coal particleshaving

a constant particle size ob2m wereinjected into the convergezbntinuousair
flow phase.The model was simulated using air and coal flow rates of R

and 8.3kg/s, respectivelyindicating a higher than normal AFR.

Theresults of the CFD modeVere qualitative angroduced distribution plotsf
velocity and static pressureas well as particle trajectorie®haske (2002)
concludedthat the presence of solamponentsnside thepulveriser,aswell as
particle drag forcegnfluence theair-coal path resulting inunequalair and coal

flow distribution at the pulveriser exit.

Vuthaluruet al. Q005 utiliseda granular EuleriasEulerianapproach tagenerate
the parametric behaviour of multiphase flew a simplifiedVSM (tyre and table)
model. The flow domain ofthe threedimensional model was restrictéd the

area between the pulverisarasing and the classifier cqonieence, lie grinding
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zone, classifier andnill outlet pipes were notaptured Tetrahedral cells were
used to discretize the threémensional computational domain aihe trajectories
of two different sizd particleswere simulatedl00 um and 50Qum. Best practice
guidelines suggest operatingetdSM with an AFR of between 1.4 and 1.&
higher than normalAFR has once again beertilised in this model, with air and
coal flow rates of 31.kg/s and 5.&kg/s respectivelyAFR: 5.62. The CFD
results, obtained through commercial code FLUEBHAQwedthat the flow field
within the pulveriser was slightly symmetric and demonstrated thattvibe
different particle sizesinjected followed different trajectories. The 1(@dn
particles were carried by tter flow to the top of the pulveriser while t@0pum
remaired at the bottomperhapsdue to gravitational separatioNo quantitative
validation data was provided and thelution domain lackedatisfactorymesh

resolutionas it was populated with less than S@® volume cells.

In the EuleriarEulerian @proachemployedby Vuthaluru et al. (2005)he fluid
dynamics equationfor momentum and continuity wesslved separately for the

air and particle phases. Best practice guidelines suggest that when using this
approach, maelling particle size distributions are complex and the
hydrodynamics of each particle cannot dsequatelyrepresentedFurthermore,

the modelling of turbulence for each phabas a substantial impact on
computational costs aritle strong couplingresenbetween the individual phases
renders it immensely difficult to achieve solutn convergence. Hence the

approach can be considered tanbe-viable for large complex models.

To address the abowveentioned shortcoming®/uthaluru and colleagues (2006
expanded on their premiis research study mployingthe EulerianLagrangian
approachto model a coal pulveriser. The focal point of this study was based on
investigating the effect of air flow distribution on the wear patt@side the
pulveriser Yuthaluru et al., 2006 Simulated solutions werealculatedthrough

the employment otommercidly available CFD codeFLUENT. Model input
variables that were incorporated included pldveriserstatic pressureand total
pressure, velocity direction and turbulence intenghty.turbulence can greatly

influence the results of the simulatidorbulence was modelled using the default
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a-Uturbulence modehnd the segregated numerical solwexs emplogd The
dispersed phase was simulated with coal particles of a single 262euin),
introduced at a rate of 0.000R§/s to simplify the solutionThe findings of this
researclstudy succinctly summarised gection2.4.2 highlights the ersatility of

employing CFD calculations to develop condition monitoring systems.

In the EulerLagrangian approach used Muthaluru et al.(2006) the model
solves the NavieBtokes equations for the conious phase using the Euler
method by default. Theequations of motion for individual particles in the
particulate phase are solved under the Lagranfiamework Best practice
guidelines suggest that irtilising this approach comprehensiirdormation ca

be obtained for individugarticles such as:

1 Particleparticle interaction, particle impact on wall boundaries in the
computational domain.
Particle size distribution analysis.

1 Modelling of heat and mass transfer between particles and the surrounding
fluid.

However, hefundamental drawbacksf the EulerLagrangiarapproach are that it
requires more computational power solve complex models andis limited to
smaller concentrations of particles. Up to%f acell volume can be occupied
by particesusing this approachVhilst in the EuletEuler approach, up to 106
of a cell volume can be occupied by eitkie particle or continuous phasgésD-
Adapco, 2014

As previouslymentioned the classifier in a pulverisgrlays an important role in

the classification of pulverisembalparticles after grindingThe classifier imposes

a swirl onto the air/coal flow andeparates pulverised coal particles using
centrifugal action into two fractions. These are the fine prodinch exits the
pulveriser and the coarse rejects which are recirculated to the grinding zone for
further processing. To perform its functieffectively, the classifier is equipped

with multiple vanesThese vaneare set at an optimised anghteorderto achieve

an acceptable particle size distribution at thdveriserexit. Classifier vanes
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operate betweerD-100 percent where 100 percent indicates a fully open
classifier At a classifier vane setting of 1@gercent,the throttling effect of the
vaneswill be minimum resulting innegligible pressure drop across the classifier
When the vanes are throttletie finer the PF producitt pulveriserexit andthe
higher the coarseaeject fraction. This promotes a highecirculation loadand
reduces the tlughput of the pulveriself the classifier is not in good mechanical
condition larger coal particles may exit the pulveriser and due to the weight of
these larger particles, iéads toPF settling inthe horizontal sectiors of the PF
pipes on route tthe PF burnersCherefore, it is important to pay special attention
to the classifier vane angle settings and to monitor their mechanical condition.

Sha and co-workers(2009) developed dull scale multioutlet CFD modelof a
bowl type VSM for the evaluation ofclassifier efficiencyand toquantitatively
determinethe influence of classifier vane angle settings onpthigeriseroutput
Five geometrically modifiecclassifier vane scenarios werassessedetween
100% and 45%. The results of the simulatian succinctly illustrated the
unprecedented influence of the vane position onalhdlow resistance in the
classifier region. By evaluating thparticle size distribution at the pulveriser exit
this team was able to demonstratatian optimal PF finenesscould be achieved
at a classifier opening of 6% (Shah et al., 2009 Additionally, mal mass
balance wereperformed angresented aa percentage&eviation from the mean.
The simulatedresultsdemonstreed good accuracyand correlatedwell within a
7% error when compared to physical plant measuremeatsphasizing the
viability of employing CFD to accurately predict flow phenomena in coal
pulverisers A highlight of this study to be noted was the exidasof theTwo-
Way coupling modelas a resulthe interaction of the forcggesenbetweencoal

particles and the continuous-g@ihase was not considered.

Bhambare et al. (201Gxpamded on the previously developgailveriser CFD
models by including Wo-Way couplingbetween air and coal as well m®isture
evaporation from coal. The findingsf this study correlated wello results
presented byVuthaluruetal. (2006) which highlighted tk unewen air flow

distribution at the throat regioihis teamaimed at determining whether the ron
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uniform air flow distribution at the throdad any relationo the noruniform air

and particle ge distribution in the pulveriser outlet pipes. A hypothetozale of

even air flow distribution was created at the throat region. Coal and airflmass

in the pulveriser outlet pipes were expressed as a percentage deviation from the
mean for before and after the hypothetical test scenario simulated. Although the
standard deviation athe primary air flow in the pulverise@utlet pipes improved

from 3.8% to 0.3% with the modification the noruniformity of the coal flow

only improved from3.5% to 2.8%, emphasizing a poor correlation between the

two measured outcoes.

The focus of this section was placed on reviewing pulveriser models derived
numerically through CFD. The application of CFD to coal pulverisers has
demonstratedyreat potential in highlighting the flow dynamics rife within the
pulveriserenvironmentRather than acting exclusively to predict flow behaviour,
CFD provides comprehensive information and detailed visualisatan the
phenomena that manifests ipalveriser,in comparison taataattainablehrough
experimental method®&revious pulverisernumerical studies wengredominantly
performedon geometrically simplified modslof an MPS tyre and tabl&/SM
design. The most ommonly employednumerical approachesincluding the
selection ofphysical modelswere briefly discussed.Based on the reviesd
literature it is evidentthat a comprehensiveunderstanding of the physics
involved, as well as theifmpact on theresults ofpulveriser models generated
thereof has not been studied in its entiretyWith the advancement in
computational and CFD teeblogy, researctshould therefore,be focusedon
developing morerefined pulveriser models that incorporadvancedphysics

models that define the fluid flow more accurately.

With that said, he present work anticipategploringthe complexitiesassocated
with the Babcock 8.5E ball andng VSM design. Although the principle of
operation between the ball/ring and the tyre/table redatively simlar, the
fundamental distinctiomrisesin the geometry creatigomphysi@al models defined

as well aghe danain over which the pulverises simulated.
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2.4 Condition Monitoring

2.4.1 Online condition monitoring systems for coal pulverisers

Fan and Rees (1990eveloped a knowledge based monitoring system for a
pulveriser to aid plant operators inomtoring pulveriser process parameters
online. The monitoring system developed vesisextension and application af
mathematicalpulveriser mass and energy balanmoedel developed irtheir

previous study. The systawasdesignedo achieve the followindunctions:

Acquire and process real time mill process data.

1 Online process parameter estimation and pulveriser performance
prediction.

1 Fault diagnosis and prognosis.

1 Early alarming and problem analysis.

The system wadesigned to identifprocessrariableabnormalities and dedoped
incipient alarm signals when the errcalculatedbetween thanodelspredicted
variable and measured variable exaskd predefinedimit. However, thestudy
stipulated that thexpert knowledgelatabaserequired for such a si@m must be
large and the interelationship between all associated variables must be well
established.Furthermore, the application of the model on a-$ckle pulveriser

was not explored, hence qualitative data was not provided.

Satisfatory operationof the systemdeveloped byFan and Rees (199 the
Eskom environment is not expected due to the utilities operation with variable
coal qualitieshence constructing inteelationships between all variables may be
extremely diffcult. Nonetheless, the capability of employing mass and energy
balances techniqués quantify process variables wascentuated.

The use of mathematical models for online monitoring of pulverisers has also
been proposed byZhang ¢ al. (2002) Wei & al. (2007) as well as
Wangetal. (2010). These models use pattern recognition techniques to learn the
behaviour of pulveriser variables under normal operating conditions. Fopéxa

under nomal pulveriser operation there is arising relationship between mill
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differential pressure and the amount of power consumed by thelmthis case
the model will learn that specific relationship and if, at any point while the
monitoling system is active, the mill differential pressure exceeds a predefined

limit for mill power consumed, it will raise an alarm.

In order to accurately monitor pulveriser performamseasurement of pulveriser
throughput andineness ofPF produceds ne@ssary. Sinceneasurement of coal
throughput and PF fineness is currently not measured owliméinuousonline

monitoring of pulveriser performancgomitted from coafired power plants.

The conventional method of ensuring satisfactory pulveriseoeaince is to set
up pulveriser characteristic curves supplied by pulveriser manufacturer companies
at the time of commissioning and conduct periodic isokirféisampling. These

conventionaperformance methods will be briefly explained hereafter.

Charateristic curves are commonly referred to as clean air and load line curves in
the power generatiomdustry The clean air curve (CAC) is an indication of the
system resistance through tpelveriseras a function of the airflow passing
through thepulveliser. The load line (LL) of gulveriseris a representation of the
relationship between the quantity of air and coal introduced int@uhesriser
(CMP, 2003. The characteristic curves are a basky plot of the pulveriser
differential pressurandthe primary air differential pressuréigure 2.4 depictsa
typical clean air curve and load line for a VSNIhe method of acquiring of the

mill differential pressure and th@imary air dfferential pressurgvas highlighted
previously. The LL curve isprogrammed into the iBtributive Control System
(DCS) d a power stationAdjustmens to the pulveriserLL curvesare required

when there is an appreciable increasenoisture content of coalvhen the slope

of the clean air curve changes and when the performance of the pulveriser
deteriorates due to we@vlesserschmidt, 19J2However, there are no means to

monitor these conditions online henadjustmentsre not undertaketimeously.
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Figure 24  Typical clean air and load line curve for aVSM (Adapted from
Messerschmidt, 1972

Isokinetic’ sampling of PF in pulveriser outlgipes is the predominant method
employed atEskom power plants to obtain a representative sample of PF.
Samples are collected by plant performance perscamelsubsequentlya PF
mass flow and size distribution analysssperformed. Isokinetic sampling a
tedious process and requires great care to be taken in order to ensureyamicura
the sampleobtaned. In general, commaoronditionsthat impairthe accuracy of

the sample areutlined below

1 When smple point locations are positioned close to pipends,

restrictions or in the horizontal run of piping.

V Isokinetic refers to a process of capturing particles from a process stream without disturbing the
path of the particle. The sample is extracted at the same velocity as it is flowing in the stream.
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1 Roping” of PF in the PF pipe

1 Low air velocities in PF pipes leads to PF settling in horizontal pipes.

1 Utilizing a smaller number of sampling pointsan the recommended
standard.

1 By not balancing theuction pressure of the sampling instrument, thereby

failing to fulfil isokinetic conditions.

2.4.2 Application of CFD to condition-based monitoring

Rehmanand colleagues (20)prepared a thredimensional numerical model of

a singlestage centrifugal pump. The steagtgte model was developed to predict
the performance of the centrifugal pump as well as study the flow conditions
conducive to prevent cavitation. Validation of the CFD model a®mplished
using experimental resultsf gump head over a wide range of flow rates.
Rehmaret al. (2013)predicted the appearance of cavitation to occur when the
pump head decreased by more tha¥ 3rom its original value when plotted
against the net positive suctidread (NPSH). This team also mentioned that
cavitation can be identified by monitoring the water vapour volume fraction in the
flow domain. The study concluded that condition monitoring of the centrifugal
pump can be achieved using CFD by modelling the NBSHe centrifugal pump

and the vapour volume fraction development on the pump impellor for different

flow conditions Rehman et al., 20).3

Due to depleting fossil fuels argtringent environmental legislatipmlternate
efficient energy sources are frequently pursued. Wind energy is one of these
energy source®ark et al. (20133tate that condition monitoring of wind turbines

is fundamental to the continuous operation wind turbifzsk et al. (2013)
applied the principles of fluid dynamics using commercially available CFD
software to nunwcally model, in two dimensionsflow conditions in a wind
turbine. Under this researdtudy four turbine blade configurations were tested
within the computational domain of a vertical axis wind turbine and the

differences in torque outputs obtained were compared to a base case. Simulation

V! Here pping reérs to the agglomeration of ground coal particles in PF ff\fes Der Merwe,
2013.
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results showed a reductiomn the turbine generated output as the number of
turbine blades thatvere broken or missing from the vertical axis wind turbine
increasd. A 6.84% decrease in turbine power output was noted with three blades
missing from the wind turbine when compared to the base case, being no blades
missing Park et al.,, @13. The CFD based condition monitoring technique
developed in this study successfully predicted the faults in the turbine blades by

monitoring the torque and turbine power output.

Structural degradation of critical pulveriser components due to wéaasvigable

due to the harsh environment the coal pulverisers function in under normal
operating conditions. This leads to several pulveriser performance issuéisewith
combustionof PF being the first process directly affected. Knowledge of the
performare of pulverisers is fundamental in achieving safe, reliable and

economic boiler operation.

Vuthaluru et al. (2006)sed a thredimensional numerical model for multiphase
flow in a pulveriser from a previous study as aibdor a study ofhte wear
pattern in a commerciacale coal pulveriser. The numerical model egganded

to investigate the air flow profile through the pulveriser as well as the coal particle

trajectories within the computational domain.

The model inestigated by uthaluru et al. (20063imulatel the air velocity in the
pulveriser for a given mass flow of primary air input. High velocity zones within
the pulveriser are undesirable. Extremely high air velocities inhitoatt region

can result in excessive wear of the throat region due to the swirling effect of the
air/coal mixture. High velocities in the throat region allow for the undesired larger
particles to be entrained in the air. In addition, high air flow vekxiteduce the
particle residence time required to achieve satisfactory drying. Feeding PF
burners with larger coal particles that are not sufficiently dry to ignite and
combust completelis a primary caus#or the noticeable decrease in combustion
stabilty aswell as boiler planefficiency. This teamalsohighlighted that low air
velocity in lower parts of the pulveriser can cause a hyildf coal in that area

and lead to mill fireqVuthaluru et al., 2006 Therefore it can be seen as an
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essentiaprerequisitedo have a equal air flow distribution ahethroat region and

to monitor the throat gapeechanical condition.

The geometry created for the developmean of the CFD model of
Vuthaluruetal. (2006) was based on a VSM (roller typeThe modelonly
considered the throat and classifier region in detail taedpulveriser PF pipes.
The results of the CFD model produced contour plots of air velocity over the
entire computational domai The air flow distribution was found to be uneven at
the throat region. Theontour plot Figure2.5) depicting thevelocity profilein a
VSM demonstrates that the model has good fluid mobility and highliagies
with increasd velocity gradients. A noteworthy observation highlighted by this
team was that the increased velocity w#sbuted to tangential air input streams
that passed through the narrow throat gap. The velocity vectoprgsénted in
Figure 2.5(b) demonstratesareas ofair recirculation to be prominent in the

classifier zone.

5.008401 1720402 )
I 4750401 I 1.64e+02 |
& 155402 |

4502401 ‘
4250101 1476402 adb ;
4.00e401 1.38e+02 - A
875401 1.298402 o -
3.502401 1216402 ban i M

= 3.250+01 = 1126402 V1o TN

I 3008401 g 1038402 AYGARRE

i 2750 T a4tesn e

> > W\

= 2500401 = 8626401 Lo

2 W oo S M 1780001 :

i fgiog R ol

52401 804401 N
1.508+01 R 5176401 )
1250401 \ 4310401 N g
1.002+01 ‘ 3.45e+01 E
7.508400 2596401 v
5000400 Y 1.72e+01 - 5 ’
2500400 \}/X 8636400 I——X : .
0.00e+00 298609
(@) (b)

Figure 25  Cross sectional view of the pulveriser showin¢a) Contour plot
of velocity distribution (b) Veloaty vector plot, from mill inlet to outlet
(Adapted from Vuthaluru et al., 2006

Vuthaluru et al. (2006proposed a solution to reduce uneven air flow distribution

by introducing a split ithe primary air duct. Different combinations of air inlet
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mass flows were applied to the two different sides of the duct until even air flow
distribution was achieved. The data obtained from this stodgre and after the
modificationof the primary airduct aredisplayedas contour plot&n Figure2.6.

The team concluded that by implementing a flow split in the primary aidioey

the air flow distribution maye improved thereby reducing the possibility of wear
in the throatregion {/uthaluru et al., 2006 It was mentioned that further studies

should focus on particle carryover with different airflow velocities, particle size

effects ad the effect of the classifien pulveriser output.

Figure2.6  Contour plots of velocity magnitude (m/s) before and after duct
modification (Adapted from Vuthaluru et al., 2005

Modern power plants are equipped with standardunstntation that is utilised to
monitor the main process variables (temperatures, pressungs, #tc.) in order
to keep power generating units operatsafely and within specific operating
limits. Thereis, however, no specific monitoring of actualustiural degradation

of important components availabl&lichelis, 201). The quantity and quality
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(fineness) of PF supplied to combustion equipment downstream of coal
pulverising plants are critical @chiewng safe, reliable ah efficient combustion.

These two key performance indicators are largely dependent on the condition of
the pulveriser. Section 2.4 sought to highlight and review condition monitoring
techniques employed to enhance industrial processes. The analyticacigsro

used from a control perspective, as well as the challenges associated thereof, have
been briefly outlined. The challenges prohibiting effective online condition
monitoring of the pulveriser has also been succinctly described. Additionally, the
concep of employing numerical techniques for condition monitoring, pioneered

by Rehman et al. (2013Park et al. (2013pand Vuthaluru et al. (2006)was

introduced.

The necessy to develop pulveriser condition monitoring techniquees reported

in the literature is accentuatedand is by far incomplete. Researcthould
therefore,be aimed at developing pulveriser condition monitoring technjques
with enhanced capabilitiesto detect poor pulverisercondition For the
overarching purposes of this study corroboration between analytical,
experimental and numerical approacleEsompassing the pulveriseperation
will be explored in an attempt to achieve #ien.
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Chapter 3: Vertical Spindle Mill Experiments

3.1 An overview of Power StationA

Power StatiorA is an Eskomcoalfired power statiorthat wasdecommissioned

in 1990due toanexcessamount ofpower available at the tim@s a result of the

energy crisis in &, the power statin wasrecommissionedTable 3.1 provides a

brief overview of the main design features of Power Staiion

Table 3.1 An overview of Power Station A design features

Coal Quality Design

Calorific Value 19.461 21.88 MJ/kg

Ash 18.871 25.92%

Total Moisture 9.76%

Pulveriser Plant

Manufacturer Unit Type

Babcock and Wilcox 1,2,3,4,6 Ball andring

Loesche 5 Tyre and able

Boiler Plant

Unit 1,6 2,3,4 3)
Manufacturer Babcock and Wilcox Steirmuller
Type Tower Elpaso Elpaso
Steam flow 770 ton/hr 828 ton/hr
Firing type Front and rear wall Front wall
Final steamamperature | 540°C

Final steam pressure 11 MPa

Turbine Plant

Manufactureand Speed

M.A.N, 3000 rpm

Heat Extraction Plant

Unit

1,2,3,4 5 6

Cooling towertype

Wet Dry (direct) Dry (indirect)
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3.2 Design specifications of a commerciadcalepulveriser

Each ofthe six coatfired boilers at Power Statioh is fitted with six pulverisers.
The boiler of each univas designed to achiexemaximumsteam flowrate of
218kg/s with four pulverisers service This makes provision fayne pulveriser

to be on standby for emergencies #mel otherfor maintenanceHowever, due to
frequentvariationin the coal quality as well as the age of the pulvesjdere
pulverisers areurrently required to be operational to achieve maximum steam

flow.

For the puposeof this dissertationdesign details willonly be supplied for the
Vertical Spindle Mill ¥SM) ball and ring typevhich arefitted to units 1- 4 and

6 at Paver StationA. Given thatthirty of thesepulverisersare identical, the

specifications for one amiccinctly outlinedn Table3.2.

Table 3.2

VSM (ball and ring) design speifications

Pulveriser Specification

Type 8.5EVSM (ball and ring)
Number per boiler 6

Nominal apacity 28.8 torihr
Classifier type Static
Number of classifier blades 18
Rotating throat speed 40 rpm
Number of throat vanes 72

Angle of throat vanes 60 degrees
Grinding ball dimensions, quantity 730 mm, 9
Number of PF outlet pipesuterdiameter | 2, 560 mm
Number of primanair inlet ducts 2

Height of pulveriser 5333 mm
Diameter of pulveriser body 3175 mm
Classifier diameter 2895 mm
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Each pulveser is supplied with primary air frora designategbrimary air fan.

The mass flow rate of primary air input to the pulveriser is controlled using a
louvre damper located upstream of the pulverBiglure3.1 outlinesthe majorair

flow streamsas well as the flue gas path at Power Station A. Air temperatures
and flow rates depictedare indicativeof normal operating conditionsThe
pulverisation process has been described in det@hapter 1sectionl.2.3

Electrostatic
\ precipitator
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1
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i?z If:g/s Temperingalr Air/coal flow

Figure 3.1  Process flow schematic illustratingair and flue gas path of Unit

4 at Power StationA

The temperature at which themary air enters the pulveriser ranges from 220
to 250°C. Drying of pulverised coal causes a significeeduction in temperature
across the pulveriseesulting in thetemperature at which thair/coal mixture
exits the pulveriseto rangefrom 70°C to 90°C. In order to maintain @afe
air/coal exit temperatay a supply ofcold tempering aiiis availablefrom the
forced draught (FD)an. The pathof theprimaryair and temperingir supplied to

the pulverisersvere outlined irFigure3.1.

Additionally, a list of measured and unmeasilipulveriser process variables at
Eskom coafired power plants is succinctly summarised\ppendix A
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3.3 Experimental investigation

A thorough literatire review highlighted sevdrprocess varidbs as significantly
influential in the coal pulverisation procesdn an attempt to facilitatéurther
understandingand moreoverquantify dependant variables accurately, selected
experimental investigations were performé&tie ensuingections, presenting the
experimental work congtted, have beedlivided into three parts. Each part
comprehensivelydescribe the test performed, the test locations, measuring
instrumentsemployed test proceduregngaged as well as a discussion of the
resultsattained

3.3.1 Primary air flow traverse

The quantity of air supplied to the pulveriser éalculatedby employingthe
difference instatic pressureneasuredefore and aftean orifice platelocated in
the ducting between the primary &n and the pulveriseilhe primary airduct
carrying the airsubsequentlysplits into twoequal ducts prior to entering the
pulveriser An air flow traversetestwas conductedn pulveriser 4A taccurately
ascertairthe quantity ofprimary ar (and associated temperatuseippliedto the

pulveriser in relation to #81DCS recorded value.

3.3.1.1 Measurementand sampling point location

For the primary air flow measurement, existing measurement poarelocated
on each duct supplying the pulveris&rthree dimensional view of tharimary air
duct highlightingthe locationof the measurement poinits presented inletail in
Figure3.2. Primary air flowtraverse testavere conducted for the leffiand (LH)
andtheright hand(RH) ducts.The LH and RHducs, as well as the measurement
point location oreach ductare idential. All four measurememgoints that were

available on each duetereutilisedfor thetraversemeasurement.

When prforming an air flow traverseBritish Standard(BS) 15259:2007
recommendd tha several measurements be taken across the cross sectional area
of a duct to mprove the accuracy of the traverse measuremAdditionally, a

prerequisite dr rectangular dustdemandghe division of thecross sectional area
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of the measuementplaneinto equalsegmentsThe cente of eachsegmentwas
thenidentified asthe sampling locationFurthermore, measurements of pressure

and temperature must be recorded simultane@isigch sampling location

l Flow

Direction

/ Measuring
Plane

Figure 3.2  Perspective viev of LH primary air duct revealing location of
traverse sampling points

The size of theluct as well as the position of the existing measurement points,
dictated whether equal samplingegmentsould be attained. In the casef the
primary air duct, it was not possible to achieve equal sgsegementdor each
sampling locationFigure 3.3 schematicallyillustrates the traversmeasurement
plane created over the cross sectional area of the LH primaryairihe shaded
region highlights the samplingsegmentcreated. Theintersectios of orange
dottedlines indicate a sampling point for the respective measurement fdiat.
measuring instrumentnsertion depth required for each sample point was
subsequengl calculated.Five sampling points were created for each of the four

measurement pointsfulfilling the value of at least four sample points per
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measurement poirdgs recommended BS 15259:2007The measuremeigiane
for the RHductis idenical and is therefore npiresented

Measurement points

Sample
Point 1

Juny
©
o

B e
o
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S e T

200 200 200 110

820 |
Width (mm)

Figure 3.3  Schematic of the coss sectional ara of LH primary air duct

illustrating the sampling point locations

3.3.1.2 Measurement instrumentation

Figure3.4 succinctlydescribeshe L-type Pitotstatictubewhich wasemployedto
measure the static pressure and ttital pressuren the primary airduct. The
dynamtc pressure (velocity pressure) wé#sen calculated as the difference
between theetwo pressures sensed in the primarydaict. The dynamic pressure
(Y0) can be measured directly by using a differential pressure manoaseter
shown in thallustration (Figure3.4). When the Pitot static tube was insertet in
the fluid stream, the t@l pressure measurement port véeced in he direction

of the fluid flow, and the stati pressure measurement ports waltgned
perpendicular to the flow directiofor the primary aitemperature measurement,

a separatethermocouple was attached the Pistatictube during the traverse.
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Instrument calibration certificatesfor the L-type Pitottube and digital

thermometerre presented iAppendix B

Flow direction in PA duct

Total pressure Manometer
port \
Static
pressure T
port

f

Pitot Tube

Figure 3.4  Schematic illustration ofthe L-Type Pitot used to measue the
total pressureand static pressure in the primary airduct (Drawing is not to

scale)

3.3.1.3 Measurement results

At each sample poin{depictedin Figure 3.3), the static pressurejynamic
pressure Y1) and temperature were measiirEor constant density fluidgjiven
(Y1) and density(" ), Benedict (1977)provides a relationship to calculate the

velocity of air(b ) from the measured data, as indicatefquation 3.1
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y

(3.1)

Maharaj (2014 )provides a relatiorgp, based on the ideal gas laiw, calculate
the local air density attest conditionsby employing thestandardvalues of

temperatee and pressuy@s highlighted in Equation 3.2.

oo (3.2)

Where condition 1 refers to air at standard temperature and préS3ureand
condition 2 is aimproperties recorded during the teBhe STP values employed

for air wereas follows:

” = 1.293 kg/m
0 = 101325 Pa
"Y  =273.15K

The masdlow rate of a fluid is delineateds the mass of fluid passing a point in
the system per untime. Benedict(1977) provideda relationship t@approximate

the mass flow rate of fluids in streamby the product of the density, measured
velocity (b ) andthe segment arda ), as describeth Equation 3. The

sum of the mass flow rateslculated for each segment equates to the total mass

flow rate in the duct.
0 0 (3.3)

As a significant amount of data was measured and calculated during the traverse,
measured data and calated results will only be presented fitre LH duct
measurement point A full report of measured data and calculated redaitsill
sampling pointan be viewed iAppendixC. Table3.3 andTable3.4 present

the measured and calculated reswu&terminedfor the LH primary air duct

measurement point 1.
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Table 3.3 Measured data for meaurement point 1, LH Duct

Duct Depth | "B pyin | Yl v "HH" 1 HH
() 4 4 ;

95 2532 19.68 24.70

285 2755 20.67 25.9

475 2986 19.61 24.60

665 1983 20.58 25.20

855 2485 19.88 24.90

Table 3.4 Calculated results for measurement point 1, LH Duct

Duct Depth | z Ol = “val om-| O
(mm) i i o i A H
oo

i A

95 1.02 6.19 0.039 0.253 |1.280

285 1.02 6.34 0.039 0.259

475 1.03 6.16 0.039 0.254

665 1.01 6.35 0.039 0.258

855 1.02 6.22 0.039 0.255

From the data calculated for nseaement point 1, it waasvidentthat the velocity
is appreciablyconstant throughduhe duct depth. This result@dauniform mass
flow ratein each segmenasdisplayedn Table3.4.

3.3.1.4 Summary and Discussionof primary air flow results

The primary air flowrate as well as its temperaturne, measured by fixed plant
instrumentation. This allows for continuomnitoring of these parameters while
the pulveriser isoperational Since thefixed primary air flow rate plant
instrumentation is locateldeforethe primary airduct splits,it measures the total
primary air flow rateThereforgthe sum of theneasuregrimary ar flow ratesin
the LH and RH ducinust be computed toomparewith the value logged by the
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DCS. A summary of the primary air flow traverse measuremenpsogidedin
Table3.5.

Table 3.5 Summary of primary air flow traverse measurements

Units LH Duct RH Duct
" kg/m® 1.024 1.025
‘ Pa.s 1.84e05
0 & m/s 6.19 6.09
Y °C 25.2 25.0
Y °C 24.72 25.38
a kals 4.94 4.86
a ;i i kals 9.80
a i kals 10.5
Difference % 7

The primary air flow travese test was performed foine primary air flow rate
a 5 = 10.5kg/s) Theprimary air flowrates calculated for theH and RH
duct were within 1.846 of each other. Theimilarity betweerthe primary air flow
measured in the LH and RH dudsggestsequal air flow distributionat the
entrance to the pulverisek.comparison offie measured and DCS recorded value
for the overall primary air flow rateevealeda discrepancy of %. Ths may be
attributed to the DCS recorded value excludamy air leakagérom theprimary

air ductbetween thCS measurement point and the travesmation point. The
traverse measurement point location is closer to the pulveriserihbrefore the
measured primary air flow rateasassumeds the true mass flow rate of primary
air entering the pulveriser, given that the tests were performed oalibrated
instrumentation and in accordance with best practice guidelifes. results
tabulated inrable3.5 enable a correction factor to be applied to the DCS recorded

primary air flow ratevalue for all further calculations

Additionally, the dissimilarityin air temperature between the measured vahee
the DCS recorded valder the LH and RH ducts weren average, 0.4% and
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was thereforeconsidered to be negligibleherebyindicating the DCS recorded

values for temeraure to be sufficiently accurate.

3.3.2 Global pulveriser performance tests

The second part of the experimentsdtsconducted involved a global analysis of
the pulveriser performanc®Bulveriser performace tests and measurements were
performedon pulverise 4A. The global pulveriser performance testenpleted

comprised othe following suktests:

Coal quality analysisf raw coal fed to the pulveriser
Measurement of raw coal temperature

Measurement of seal air mdksw rate and temperature

=4 =2 =A =

Measurementof PF moisture content and Pkiass flow rate using

isokineticPFsamplingmethods

1 Measurement of raw coal mass flow rate using Bmep Ball Method
(DBM).

1 Measurement of the pulkiser external body temperature

1 Measurement othe ambient air velocityandtemperaturet the pulveriser

location

These tests were conductgidhultaneouslyto obtaina comprehensivanalysisof
the performance of the pulveriséxdditionally, the pulveriser performance tests

were performed in triplicate over a three day period.

3.3.2.1 Measurement locationsand test description

For a coal quality analysisraw coal samples were obtained from raw coal
sampling portsThese sampling ports are locatdd0 mm above each raw coal
feeder as highlighted irFigure3.5. The measuremewf the raw coatemperature

wasalsotaken at this location.
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Coal sample
port

Figure 3.5  Digital image highlighting the location of raw coal sarpling

port at coal feeder, 4A

International Organisation for Standardisation (I9@)83: 2006was used as a
guidefor the raw coal samplingrepresentativeéaw coalsample wereobtained

by collectingapproximately 10 kg of m coal every 20 minutes overfaur hour
test period Approximately 120 kg of coal was sampléat each of the three test
days Samples were placedin a plastic bag and sealed at the sampling point
location to maintain the integrity of the sample.

Van Wyk (2008)explains that a proximatenalysis is a chemical analysis in
which the four main constituents of coate identified These four constituents

are water (moisture content, as %), mineral impurity (ash content, as %), volatile
matter (volatile content, as %) and fixed carb@@arbon content, as %)
(VanWyk, 2008. Eskom power stations have coal laboratories which perform
proximate analyses of coal. The twelve raw coal sanqakscted each dawere
transported to the onsite coal laboratory at Power Statidior a proximate
analysis The analyses wereconducted in accordance withskom approved
methodgrefer toAppendix A. Monthly compsite samples are sent from Eskom
power utilities toRT&D for an ultimat&" analysis, however ithis study, data
obtained from the proximate analysis proved sufficient for the intended mass and

energy balance application.

Each pulveriser has designated seal air fan. The seal air fan takes suction from
ambient air and is locatedthin close proxmity to thepulveriser.lt is considered

V' An ultimate analysis is more comprehensive than a proximate analysis and provides the
elemental composition of oxygen, hydrogen and nérogresent in the coal tested.
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impractical to have fixedlow metersto measure the seal air mass flow rael
temperatureHence there wasio seal airmass flowrateor temperaturéndication
avdlable on the DCSAdditionally, no measuremergoints were available on the
sealair duct to performmair flow traversetest In such a case, the mass flow rate
of seal air can be calculated by measuthggyair flow velocity acrosthe suction
side of the seal air fasystem(Burgess et al.2014. Consequently, @ocity
measuement pointsvere createan the sation side of the seal air fan and the
approach employeih this undertakingvasanalogougo themethodoutlined for
the primary air flow traverse measurement. Heee in this instance,the
divisions of the seal air fan suction areavere calculated to ensure the
measurement point fell ecisely at the midpoint of eaclsegment as
schematically presented Figure 3.6. Twenty velocitymeasuement points were
createdwhich are represented aed dots on the illustrationHgure 3.6). A
preliminary inspection of theuction areaevealedit to be free of obstructios
that couldpotentiallyaffect theseal airsuction \elocity measurementsSince he
seal air fartakes suction from ambient athe temperature of the seal air wats
ambient temperature. The temperatofthe ambientair was measured at the seal

air fan suctiorpoint
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Figure 3.6  Cross section of seal aifan suction area illustrating the

velocity measurement point locations (Drawing is not to scale)

For the measurement tife PF massflow rate andmoisture contenisokinetic”

PFsampling was performe®F sampling isroutinely performedat Eskompower
stations and masurement pointgere availableDuring this sapling method, the
pulveriser wasequired to be operated on manual modeitcumvent variations
in raw coal feed flow Sampling takes placen the PF pipework between the
pulveriser and the PF burneBue to stratification in pipe bends well as in
horizontal sections of the PF pipewolest practice guidelines recommend that
the locations osample portde on the vertical rise of the Pkpe The sample
ports available satisfied these recommendation®epending on the VSM
configuration,there are between two and four PF pipes thatdsectly from a
VSM. These pipes split further into four and eight, respectively. In the case of
pulverier 4A at Power Station APF is discharged into two PF pipes, following
which each pipesplits into wo. Thereforefour PF pipes had to be samplé&df:

sampling in all faur pipes permit& PF mass balance to be completedbnder to

VIl |sokinetic sampling refers to a process of sampling where the PF sample is extracted with
minimal disturbance to the air flow in a PF pipe. The isokinetic sampler ext@atparticles at
the same velocity as that in the PF pipe.
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computethe totalPF mas flow ratesupplied from the pubriser. The PF mass
flow rate wasthen compeed to the mass flow rate ohw coal entering the
pulveriser (established through the method highlighted in the following
paragraph).The positionsof the PF sample extraction gnts within a PF pipe
depend on the diameter of the PF pipe and are determineddrdacce with
BS 8931978 Figure 3.7 displaysthe 32 locations in thecross sectional area of a
PFpipe from where th®F samples were extractdf: samples were obtained and
graded according toEskom standard PF sampling procedure (refer to
AppendixA). Additionally, the air/coal temperature ineach PF pipe vas

measuredluring PF sampling.

Sampling
points

Figure 3.7  Cross section of PF pipe illustrating32 sampling point

locations

Niemczyk et al. (2012and Pradeebha et al. (2018)entionthat it isdifficult to
measure the raw coal flow rate into a pulveriserthermoreraw coal flow rate
approximation methods have not been explicitly explicated in literafigiele
from a fewEskompower stations that make use of gravimé&triaw coal feeders,
the majority of power stations ¥ volumetric raw coal feedersThe raw coal

mass flow rate approximation method employed by plant performance teams at

X Gravimetric feeders compensate for the variation in bulk density of coal and deliver a fixed
wei ght of coal to the pulveriser. The gravimetr
makes it significantly better than volumetric feeders.
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the power utilities that use volumetric coal feeders isDB&1. Since this test is
usually performedn conjunction with isokinetic samplingneasurement ports
were available. fie location of the measurement pisrhighlighted inFigure3.8.
Given that there is no procedure available to explain the medhdekcription of

the testis attemptedhereafter.

Consider thédBM technique illustrated ifrigure 3.8. Coal flow is directed from
the storage bunker to the feedét. wooden ball, approximately 48m in
diameter (to resemble a piece of raw coal) tiaciied to &000mm length string.
The wooden ball is then inserted through the port hole to the midpoint of the duct.
Given that the coal flow is influenced by gravity, the wooden ball is allowed to
travel freely through the raw coal chutence 500mm of the string enters the
duct, a stop watch begins recording the t{mvbenpoint A enters the port hole)

As the lengthof the stringis marked accordingly the time is recorded until
3000mm of the string hatully entered the dudiwhen point B enters thauct).

This time essentially indicates the duratin secondy that the woodenball
travelled a height of 300@m. Since thedimensions of the duct atmown, the
volumeof the duct can be calculated. By utilising the time measameldstandard
techniques, the volumetri¢low rate of the coal can be obtaindd. addition, a
sample of the coal wallected toascertain the coddulk densityexperimentally
(refer toAppendix D), following which the coal mass flow rate mbg @lculated.

The coal samplerequired for the bulk density test was obtainfdther

downstreamn the duciat the location highlightegreviously Eigure3.5).
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Figure 3.8 lllustra tion of DBM used atthe raw coal duct between the coal

storage bunkers and the coal feeder (Drawing is not to scale)

Energy losses through conduction, convection and radiation are common in a
pulveriser systemKapakyulu, 200Y. In this study only convective heat loss to

the environment was considerétkat flows from an area of hightemperature to

an area of reducettmperature. Thereforén the case of the pulverisengat
transfers from the inside of the pulverisbraugh the pulveriser casing tthe
external environment which wag ambient conditionsThe measurement ofie
ambient air temperature and velocityas measured in the vicinity of the
pulveriser. Furthermorethe temperature of the external pulverisssingwas
measuredIn this instancgseveral measurements were taken along the vertical
height of the pulveriser, as identified Fgure 3.9, at points marked A téi.

These measurements wereaeledin orderto calcdate the overalheat transfer
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coefficient required to estimate the convective heat loss to the environment

(Incropera et al., 2006

1150 n

250 mi

Figure 3.9  Schematic identifying the location of the extanal pulveriser

casing temperature measurement pointsA to H

3.3.2.2 Measurement instrumentation

In order to determinghe seal air mass flow rate, teeal airvelocity had to be
measured. A vane anemometer was used to measuegr teocity across the

seal ai fan suctiorplane @lepicted inFigure3.6). In principle a vaner@mometer
functions like a windill, air flowing pass lte vanes causes rotation of gpendle

at a ratehat is proportional to theelocity of the air passing gMohanty,1994).
Furthermore, lie thermevane anemometer was also used to measure the ambient

air temperature and velocity in the vicinity of pulveriser 4A.

For the raw coal and pulveriser casing temperature measurememtfraned
thermometer was usedlhe type andnodelof the vaneanemometeras well as

the infrared thermomet@mployedis identified inFigure3.10a andFigure3.10b,

57



respectively Instrument alibration certificatesfor the thermevane anemometer

and the infrared thermometer miag viewed iMAppendixB.

(@) (®)

Figure 3.10 Thermo-vane anemometeKa) and infrared thermometer (b)

used n the global pulveriser performance tests

In order to determine the PF mass flow rate and moisture corgehkinetic
samplingwasperformedto obtain a PF samplellowing which assessment of the
samplewas undertaken The isokinetic sampling instrumexiton architecture is
schematically illustrated inFigure 3.11. An isokinetic sampling probe is
configured such thait allows for the measurement of the static pressure in the
measuremenprobe and in the PF pipeeing measuredThe static differential
pressure between these two pressuresi@asuredusing a Utube manometer.
Isokinetic samplingonditionsis considered to be achieved when the difigéad
pressure reading on thetuUbe manometer is Pa. Thisbalance in pressungas
realizedby regulating the extraction pressure in teantrally locatedextraction
tube using compressed airagiproximately600kPa. Additionally, theextraction
tube provides ameans to obtain the PF samgloss section of probe head
depicted inFigure 3.11). To obtain a representative samplegwade plate was
used todirectthe sampling prob® eachof the 32samplingpoints locatiors (as

highlighted inFigure3.7) along the crossectional ara of the PF pipe.
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Figure 3.11 Isokinetic sampling system architecture Adapted from Van
Der Merwe, 2013

For theDBM test the onlyresourcegequiral were wooden balls, stgnand a

stopwatch.

3.3.2.3 Global pulveriser performance test results

The global pulveriser performance tests comprised of severaltesish
(highlighted in section3.3.2. Apart from the seal air mass flow rate
determination these sub-tests were performeth triplicate over a three day
period in order toassess the variability of the measured resuMge to the large
volume of data measured and calculated over the three day test period, measured
and calculated results will onlyelpresented foday ae. Albeit a brief summary

is provided in sectio.3.2.4 afull report of measured and calculated restitis

day wo and hreecan be viewed il\ppendixC.

A proximateanalysis wasperformed on theaw coalcompositesample Table 3.6

displaysthe measuredarametergeportedo n adriedda basi s .
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Table 3.6 Proximate analysis resultsday one

Measued Parameter | Units | Value
Calorific Value MJ/kg | 20.63
Total moisture % 8.76
Volatiles % 21.61
Ash % 31.30
HGI - 57

Al - 161

For the seal air mass florate, the velocitiemeasured at each point (highlighted

in Figure 3.6) was used to calculate the average air velocity over the seal air fan
suction area. Following which the mass flow rate of the seal air was calcojated
employingEquation 33. The local densityat test conditions was established by
employing the relatioshipdescribed in Egation 3.2 Thesetests weraindertaken

in triplicate on day oneto determinethe reproducibility of the results. fie

measured and calculated results are presenteabie3.7.

Table 3.7 Measured data and calculated results for the seal air mass flow

rate, day one

Test 4 ffomtvorg T =vod <« (H{sftufonst
number | | D i Tl O i Al

01 1.03 6.85 0.175 1.23

02 1.03 7.16 0.175 1.29

03 1.03 6.84 0.175 1.23

Average| 1.03 6.89 0.175 1.24

In order to establish the mass flow rate of pulverised fuel exiting the pulveriser as
well as the moisture content thereof, isokinetic PF sampling edsrped The
isokinetic sampling probé&lepicted inFigure 3.11) was used to extract a sample

of PF fromfour PF pipes.
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The manufacturer of thasokinetic sampling probgrovides a relatioghip to
estimate the mass flow rate pllverised fuel in each PF pipe sampled, as
outlined in Equatior3 4.

(o S (3.4)
Where:

0 = Mass of PF sample extracted (kg)

0 = Number of sam@ points per PF pip82)

0 = Time sampled at each sample point (15 seconds)

0O = PF pipe diametei387 mm)

Q = Isokinetic extraction probe diametd2.5mm)

Isokinetic sampling was performed accordingoést practice guidelinesvhich
suggested samplindor 15 seconds at eacbf the 32 points. Furthermore,
0i sokinetic condi ti ons 0 adwustngthe mactiomt ai ned

pressure to ensutke pressure in the PF pipe and the sampling praisequal.

Presented herejnTable 3.8 providesthe measured data and calculated results
obtained for the PF mass flow ratemust be noted thahé sum of the PF mass
flow rates from eaclof the four pipes testess beertomputed to yield the total

PF mas flow rate supplied from the pulveriser.
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Table 3.8 Measured data and calculated results for PF mass flow rate

day one

PE e |7 | € e e O it gom

Pipe| i "H Tlid o[ i |0 CA I A FELTRY
i Al

1 0.768| 32| 15 | 387 12.5 1.53 6.76

2 0.917| 32| 15 | 387 12.5 1.83

3 1.0121 32|15 | 387 12.5 2.02

4 0.688| 32| 15 | 387 12.5 1.37

For the PF moisture conteranalysis, Eskom standard procedurgefer to

Appendix A aligned to conforma BS 8931978 was diligently applied. The

extractedPF samplgfrom each PF pigewas reducedto a representative 69

sanple using cone and quartering reduction technigudsrmal drying was

accomplishedby placing the 6@ samplein an oven set at 105 °C, for 60

minutes. Thus themoisture in PF expressed as mass fractiowas quantified

throughweighted differencéy emgoying Equation 3. Table 3.9 highlights the

measured and calculated resolsained for the PF moisture content analysis.

Where:

0 = Mass fraction of moisture in PF
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Table 3.9 Measured data and calculated PF moisture content results, day

one
PF Mass of sample before| Mass of sample after | «
Pipe | drying (9) drying (g) (9/g)
1 60 58.50 0.025
2 60 59.40 0.010
3 60 58.41 0.010
4 60 58.79 0.020
Average 0.016

The second method employed to ascertainréive coal masglow rate wasthe
DBM experiment In order to calculate the raw coal mass flow rate, the time taken
for thewoodenball to travel a height of 3000m was measuretVith the volume
of the duct and bulk density of coal knowhgtmass flow rate of raw coalas

approximatedising he relationship defined in Equati8r6.

ad & —_— (3.6)
Where:

@ = Duct volume (M)

0 = Recorded drop ball time (s)

” = Bulk density of raw coal (kg/Mh

Table3.10 presents the measured @landthe calculated results fahe DBM tests
performedat the drop ball location port. Ifable 3.10, the length,width and
heightrepresented by L, B and ths depicted irFigure 3.8), respectivelywas
employedto calculate the volume of the dudt must be noted that in order to
calculate the internal duct volume, the dweall thickness of 6.32nm was
accounted forThe DBM test was executedn triplicate in orde to assess the

variability in the measured resalt
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Table 3.10 Measured data and calculated results for th&©BM test, day

one
Test  [<  |[ |3 |7mo4{ SatvorZponm  |C4 hitutony
number | O O O | O I [ 1 T A
1 183 946.28 6.05
2 |063|063|3 |1.17 [174 6.36
3 169 6.55

Average 6.32

As previously outlined, theDBM test is an approximation method. This
necessiteed a experimental investigation tte conductedto ascertain the
validity of this method in quantifying the raw coal flow rate to the pulveriger.
prerequisite for this brief investigation was a power stationthat utilisel a
gravimetric feedein addition tothe port holeson the raw coal duatquiredto
initiate theDBM test.A comparison of the results obtained from D&M and the
gravimetric feedereadngs could thenbe employed to assetise validity of the
method A review of pulverisers withinhie Eskom Fleetdentified two power
stations to be suitable, as these stations employ gravimetric dealders.
However, the necessary port holes required wemé available atPower
StationB. Therefore,the experimental investigation wasoncludedat Power
Station B. The method emplad and results obtained for thisvestigation is

presented in detail iAppendix E

Finally, the ambient air velocityas required foconvective heat loss calculations

was measured to de9m/s.

3.3.2.4 Summary and Discussionof the global pulveriser performance test

results

Table 3.11 presents a summaof the proximate coal analgsresultsobtained
over the three day test perioBor comparison purposes, the coal qualiy
specified in the boiler design data is preserakmhgsidethe current proximate
analysis resultslt was evident thatthe ash content and HGI fall outside the
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prescribed specification, highlighting poor quality coal. As previously discussed, a
combindion of high ash and low HGI is indicative of pulverisers having to
operate with substandard coal quality leading to suboptimal performance. In
addition, these results outline thali other parameters of the coabnsumed
during the test werein fair ageement with the design specification of the boiler
plant. The size of the raw coal testddring the proximate analysianged from

3 mm to 40mm.

Table3.11 Summary of raw coal proximate analysis results air dried

basis
Day one | Day two | Day three | Design
Range

Measured Units | Value Value Value Value
Parameter
Calorific Value | MJ/kg | 20.63 20.21 20.85 19.46- 21.88
Total moisture | % 8.76 8.36 8.17 <9.76
Volatiles % 21.61 20.89 23.84 18.80- 24
Ash % 3130 31.27 29.08 18.80i 25.95
HGI - 57 58 57 > 62
Al - 161 160 161 <350

The seal air suction flow velocity wascorded during a series ofeasurements
following which the average velocity was calculated to approximate the total seal
air mass flow rate As outlined in Table 3.7, the average velocities were
consistently reproducible highlighting precision and accuracy of the
measurementsEvidently, the total prinary air mass flow rate (summariseu
Table 3.5), in comparisorto theseal air mass flow rategportedin Table 3.7)

was significantly higher. However in determiningthe seal airmassflow rate
quantification of thetotal air flow into the pulveriser was achieved thereby
reducing thdotal numberof unknown variables when completingdMEB. The

seal air mass flow was only measiiosn day one of the test programral a value
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of 1.24kg/s was utilised for all calculationna the MMEB model validation in
Chapter 4

Corventionaltestssuch as th®BM and isokinetic PF sampling techniques were
employed to establish the raw coal and PF mass flow raspectively Table
3.12 succincly summaisesthe results obtainefdr eachof thesetess. Reldive to
the coal mass flow rate resultstainedthrough isokinetic sampling, the DBM

consistently undepredicedthe coal mass flow rate by an average of ab®t 6

Briefly, the results of the DBNhvestigation conducted at Power Station B (refer
to Appendix B, highlighted the discrepancy between the results of the DBM and
gravimetic feeder readings to bmnsistent. Although the DBM undpredicted

the coal mass flow rate by an average of 86/4the general trend was
notewvorthy. The findings of this investigation corroborate the DBM results
experienced at Power Station Ahe discrepancy obtained can be largely
attributed to several assumptions made during the DBM as presented in
AppendixE.

Additionally, Table 3.12 highlights the measured moisture content of pulverised
fuel to range between 1.% and 2.3%. This is in agreement witihe literatureas
outlined in Chapter 2,section2.2 Ladly, Table 3.12 depictsthe comparison
between the DCS recorded value for the pulveriser exit temperature and the PF
pipe temperature (average of four pipdsphlightingan average difference of
0.9°C. This demonstrates thatetHixed plant instrument accurately measures the
pulveriser outlet temperature. ItAough this variance was trivial, MMEB
calculationscompletedin Chapter 4 will employ thevalue obtained through

measurement
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Table3.12 Summary of DBM and Isokinetic sampling results

Measured Parameter | Units | Day one | Day two | Daythree
a R kals 6.32 6.46 6.24

a kg/ls |6.76 6.84 6.63
Discrepancy % 6.51 5.56 5.88

0 kg/kg | 0.016 0.023 0.015

Y i : °C 89 87.5 85

Y i °C 88 86.2 84.6

Y h °C 229 225 230

The pulverisation process temperatures measured at vari@i®hschave been
summarised and tabulated Trable 3.13. The variables’Y to “Y represent the
pulveriser external casing temperatures that were measured at the locations
highlighted inFigure3.9. Notably, the temperatures measured over the three day
period are comparablé&his can be attributed tmoderatelyvariable pulveriser

operatingconditionsand coal qualitiesver the said period.
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Table 3.13 Summary of pulveriser temperature measurements

Dayone |Daytwo | Daythree
Description Variable | A | A owmer | B ol s
3 3 3
Raw coal 5 11 12 9
Seal air 5 19 22 20.5
Ambient 1 19 22 20.5
Air plenum 1 173 176 175
Above top ring 1 84 83 86
Below classifier 1 84 83 85
Classifier 1 83 82 82
Outlet plenum Side | 4 83 81 84
Pulveriser outlet |4 83 83 82
Primary airinlet duct| 180 186 181
Pulveriser outlet (2) | 83 83 82

3.3.3 Static pressuremeasurements

Liptak (2003) explains that the static pressure of fluids in a stream is generally
measuredy (1) through taps in the wall, (Btatic probes insertedto the fluid
stream, or (3small apertures located on an aerodynamic body immersed in the
fluid stream.In a coalfired power planta typical pulverisehas only two static
pressure measurement poirdad these are employdd calculate thestatic
differential pressure across the pulveriser for purposes of pulveriser cddtel.

to the location ofthis two wall measuremenpoints it was not possible to
establish an accurate picture of the presgucdile within the pulveriser with

these points alone.

An application to install additionaball static pressure measurement test points on
one pulverise was prepared andpresented to the Engineering Change
Management (ECM) Committee at Power Statidnon 29 October 2014.

Approval of this test modification, obtained on 18 November 2014, allowed for
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the installation of ten additional static pressure measeant points along the
vertical height ofone pulveriser. Of the six VSM (ball and ring) pulverisers
installed on Unit 4the selection of the pulveriseo be utilized for the test

purposesvas based on the followirgyiteria

T A VSM (ball and ring that 5 usually in servic®0 % of unit operation
time. Thisnarrowed down the options to pulverigex and 4E The reason
for this requirement was to ensure a high probability that the pulveriser
would be in service forest purposes. For instangeilveriser4dB and4D,
4C and 4F supply theniddle and topburner rowsof the furnace
respectivelyand are in operation interchangealdy about 75 of unit
operationtime.

1 4A had recently been overhauled and was repladgdd mew rings and
nine newgrinding balls.This prompted the selection of pulveriser 4A for
test purposes so that thtatic pressureprofile in aewd pulverisercould

be attainedisopposedo a worn pulveriser.

The static pressure tapping points weptanned for andinstalled in
February2015 the date of which waselectedbased onthe availability of

pulveriser 4Aandboiler maintenance personnel

3.3.3.1 Measurementlocations

Fox et al. (2009mentionthat for internal fluid flow the transition of the flow
regime to turbulere occursfor Reynolds number (Rg larger than 2300.
Consider the cross section of thid primary air duct depicted iRigure3.3. The
cross sectional area and hydraulic diameter may be compstégghlighted in

Equation 3.7andEquation 38, respectively

5 T Q@ T@ouw TEX X @ (3.7)

8

Q — —— mMys (3.8)
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Typical properties of primary air recorded and calculated during the primary air
traverse test wersummaisedin Table 3.5. Hence,Remay be approximateds

outlined inEquation3.9.

YO h h

agtv YprTr (3.9)

'YQ ¢ o thtiterefore theviscousflow regime dommating the pulveriser domain

maybe categorised as being turbulent.

Shaw (1960)nvestigated the influence of tapping posiiape andimensions on
the static pressuremeasuredby determining the error in static pressure
measurementsf incompressibléurbulentfluid flow. Theresultsdemonstrat¢hat
the flow profile close to the wall is disturbed by the static tappiognt hole
(Shaw, 1960 This plrenomenon ischematicallyllustrated inFigure3.12.

The results of Shaw (1960) highlight that the error in static pressure

measurements is the least when the following conditions are followed

1 The apping point diameter,, didentified inFigure3.12), must be as small
as possiblebe perpendicular to the flovdirection and be greater than
0.5mm to avoid blockages

1 The tapping points must be free from burrs and as smoqibsaghle

1 To countereffect the flow deflection near the holdyet tapping point

length to diameter ratio should meet the following criteti&< (L/d) < 6.
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Figure 3.12 lllustrative representation of the flow behaviour at a typical

static pressure tapping point Adapted from Shaw, 1960

Benedict (197y mentions that although squagdged holes created for static
pressure measurement introduce sipadlitive errors to the static pressure sensed,
radiusedged holes introduce additional positive errors whereas chaaded

holes introduce small negative errors. A range of geometries and orientations
displayingthe effect of orifice edge form on the wétant static pressureessed in

a fluid stream iglepictedin Figure3.13. Squareedged holes are indicated the

reference form.
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Figure 3.13 The effect of orifice edge fornon gatic pressure measuremerg
(Adapted from Benedict, 197)

The recommendations provided [Bhaw (1960)and Benedict (197) were
applied as a guideline for the additionalpfeing points that were installed on
pulveriser 4A.Aside from recirculation in certain areas within the pulveriser, the

flow directionis predominantly from the bottom to the top.

For the static pressure measurem@mhm squareedgedholes were drilledby a
skilled labourerthrough the pulverisewalls. The thickness of the casing was
measured to be 3Bm. The (L/d) ratio was calculated to be 38nce the
recommended value stipulated Bjaw (1960Wwas satisfiedThe holes dlled

were inspected to ensutbat they were free of any obstructions that could
negativelyinfluence the static pressure measurement. Half inch steel nipples were
subsequentlyvelded onto thexternal surface of thpulveriser casingfollowing

which ahalf inchball valve waditted to the free end of the steel nippgach of

the ten static pressure tapping gonstallations was identical anlde architecture

followed is schematically presentedFigure3.14.
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Figure 3.14 Cross section of pulveriser wall showing the tapping point

installation architecture (Drawing is not to scale)

An assessment of thieternal geometrical characteristics of the pulveriser allowed
for a stratedc selection ofnew tapping point locationg.en tapping pointsvere

drilled, oneat each locationdentified
In general, the following criteria were adhered to:

1 Measurement points were installed away from mechanical components
inside the pulveriser thaould affect the static pressure measured, these
included pulveriser internal support structures.

1 Measurement points were installed away from mechanical obstructions on
the exterior side of the pulveriser to ensure accessibility during testing,
these iluded hydraulic pressure loading equipment, primary air inlet

ducting access platformand inspection doors.

Repesented hereinkFigure 3.15 and Figure 3.16, schematically highlight the
locations of tle ten new static pressure measurement points as well as existing

measurement pointgVith reference to the aforementioned figures, tapping points
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were installed below the throat gap (A), above the top grinding ring (B), below the
classifier (C), inside thelassifier (D) and at two locations at the pulveriser exit (E
and F). It was initially planned to install a tapping point directly above the throat
gap, however due to the presence of ceramic lining inrdg®n it was not
possible.Therefore this taping point allocated to an area further up along the
vertical height of the pulveriser to the next suitable location, this point being
above the top grinding ring (BPnly six (A, B, C, D, E, F)of the ten newly
installed points were used for measuremenise to a limitation of pressure
measuring equipmenExisting point§G and H)represenhg the pulveriser inlet

and outlet static pressure easurement pointsrespectively were usedin

conjunction with the new points installed

1150 mm

Figure 3.15 Cross section of pulveriser showing location of static pressure

tapping points
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Figure 3.16 Top view of pulveriser showing location of static pressure

measurement points- and H

3.3.3.2 Measurement instrumentation

VanDer Merwe (2013)neasurd the wall static pressure IRF pipesdownstream
of a coal pulveriserThe test procedure followddy Van Der Merwe (2013)vas
used as a guide tmeasure and record the static pressursisléithe pulveriser.
Six Siemens differential pressure transducers were used to measure the static

pressure at theariouslocationsdepictedpreviously

An impulse line is a small pipe that isealsto connect a point at which pressure is

to be measured to an instrumeReéderHarris et al. 2005. The correct use of
impulse lines prevents measurement inaccuracies. Best practice guidelines
recommend that impulse Bs be as short as possible from the point of
measurement to the measuring devices, be free from blockages and free of
leakages ReadetHarris, 200%. For twophase flowsespecially in the dust laden
pulveriser environmeniperiodic purging of the impulse line with high pressure

air is recommended to keep the impulse lines cledusf build up.Furthermore,

the number of connection points on an impulse line must be kept to a minimum to
prevent leakages at couplings. Imguléne diameters typically used for static
pressure measurement range frommm to 25mm. ISO 21862007(2)

recommends a mimum impulse line diameter off&m. In accordance with best
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practice guidelingss mm impulse lines werthen connected to a quick coupling
that was fitted to the opeard of the ball valve.

The static pressurat each of the new tapping poirftsghlighted inFigure 3.15

and Figure 3.16) were measured a$d differential pressure between the static
pressureat the measurement poion the pulveriseand atmospheric pressufen

each of the differential pressure transducers, the wall static pressure measurement
was connected to the positive terminal. Theatieg terminalof each pressure

transducewas left open to atmosphere.

The Siemens diffential pressure transducers emplogeeloop powered and the
transducers regulate the amount of current it draws proportionaletetétic
pressure it measure¥dn Der Merwe, 2013 A USB-6008 National Instruments
(NI) Data Acquisition System (DAS) was used to recordriteasured datfor
each of the six pressure transducers usiegNIl Signal Express softwar@.he
static pressure nasuremeninstrumentatiorarchitecture followed for each of the

six transducers usedsshematicallyutlined inFigure3.17.

Process tapping

6mm impulse line
Pulverise
Internal

) Pressure Transducer

e del | 1 | [T 1 1 1 1]

1 2 3 4 6 6 USB —=

Data Acquisition System

Figure 3.17 Static pressure measurement instrumentabn architecture
(Adapted from Van Der Merwe, 2013
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The NI DAS can only measure and record voltage sigiderefore a 124q
resistor was added to the power circuit across which the-&0®B NI measured
the voltage signaldlhe current was maintained between 4 mA and 20 mA during
the test.The operating range for each mee transducer was set-800Pa and
10000Pa using the instructions provided in the user margiah{ers Energy and
Automation, 2008 The minimum and maximum operatingoltages were
calculated to be between496V and 2.48V, respectively by employing the
relatiorship describedin Equation3.10 and Equation 3.1. The voltage range on

the NI DASsoftwarewasthenset acordingly.
W Y 1400 pCcm 1 WY (3.10
W Y ¢mo pgm ¢8 Y (311

The ability of the NI DAS to measure and record only voltage signals necessitated
the construction of a cve that enabled the corresponding pressure to be attained
from the voltage measurement. The linear cumeated between pressure,

voltage and currents graphically illustrateih Figure3.18.

1[:] DDDPE e e e '

Pressure Range

4 mA 20:mA

Current Range

-500Pa |- ---- '

Figure 3.18 Graphical illustration of the r elationship between pressure,

voltage and current Adapted from Van Der Merwe, 2013
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3.3.3.3 Measurement results

Prior to the start of each test, eaapping poiniand impuse linewas purged with
high pressure air to clear any blockadestic pressureneasurements were taken
for singlephasdlow (air only) and fortwo-phaseflow (air and coal)Recall from
section3.3.], the primary aiflow traverse highlighted the C¥Creading to be %
higher than the experimentally determir@imary airflow rate hence from this

point forward referace will be made to theorrectedprimary air flowratevalues.

All pressure transducers were calibrated by Sauth African National
Accreditation System (SANAS) approved laboratory. The uncertainty of
measurement reported for each pressure transducert@asPa Instrument

calibration certificate$or the pressure transducerepresented ippendixB.

3.3.3.3.1 Single-phase statigpressure measurements

For singlephase flow, &tic pressure measurements were recorded for three
differentmass flow rates grimaryair while the pulveriser was on standby mode
The primaryair used during tree tess was obtainedrom theFD fanthrough the
tempering airsupply line (illustrated inFigure 3.1). This air bypasskthe air
heater and watherefore ambient temperatur&or the duration of thigest the

seal air farandpulveriser motomwere notrequired to ben operationFor each of

the tested mass flow rates of primary air, voltageasurementat eachstatic
pressuremeasurement poimweretaken simultaneously using the NI BAOnce

the required air flow rate apptlewas stable, thevoltage was recordedevery

secondverathree minutegeriod

During this test a substantial amount of data was recorded, therefore measured
data and calculated results will only be presented for one mass flow rate of
primary air testedA full report of measured data and calculated results for all
static pressure measured for each air flow tred&edas well as the unit operating

conditionscan be viewed i ppendixC.

A pressure transducer was connectedeaxh measurement point/oltage
measurements were then fitted into the relevant calibration toieeablestatic
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pressureuantification For example, atneasuremerpoint A, pressurdransducer

6 was usedThe linear relatiorfor transducer 6, highlighad inEquation3.12, was
employedto calculate the static pressure at poinfrdm the average voltage
measured over the three minute test peribldis procedure wasnalogously
applied to all voltage measurements recorded at each measurement point
(Appendix B displays the linearrelationship constructedfor each pressure
transducer).Table 3.14 presentsthe measured data and calculated results for

primary air mass flow ratef & = 9.8kg/s

v hooaboans8® T @I s Aige o 0D C Q4P TUTTTT (312

Table 3.14 Measureddata and calculatedstatic pressureresults for

primary air mass flow rate 1,9.8kg/s

Measurement | Pressure | fo g+ vo img®] | v «:iebdin 0 m+ <
point transducer | - I+

A 6 1.024 2309.10

B 5 0.843 1288.83

C 2 0.842 1301.05

D 4 0.850 1298.14

E 3 0.778 952.95

F 4 0.78 1007.42

G 1 1.052 2454.39

H 2 0.797 1056

3.3.3.3.2 Two-phase flow static pressure measurements

For thetwo-phase flow conditiorthe static pressure measurements were recorded
during normal operation of the pulveriserherl primary airsupplied to the
pulverise was obtained from the FDan through theair heater (flow path
illustrated inFigure 3.1). Since this air does not bypass thelaater, he primary

air is at a much higher temperature in comparison to the temperattire af

used during the singlphase static pressure measurements.

79



The procedureanalogous to that explicated in sect®B.3.3.1 was followed to
measure the voltage signals aimirelatethe corresponding statpressure results.
Unlike the singlephase flow testshts test wasestrictedto one mass flow rate of
primary air, @ = 9.8kgls & = 10.5kg/9). This had an
associated raw coal flow rate @f = 6.32kg/s (highlighted inTable
3.12). For twophase flow data was recorded every second over a 15 minute
interval. Table 3.15 presents the measured data and calculated static ©@essu

results obtained for the twghase flow test condition.

Table 3.15 Measured data and calculated static pressure results for two

phase flow condition

Measurement | Pressure | o g+ vo g M| | v «felin 4o m &
point transducer | =+

A 6 1.808 6623.60

B 5 1.345 4048.35

C 2 1.334 4010.65

D 4 1.327 3954.76

E 3 1.125 2854.77

F 6 1.168 3104.28

G 1 2.014 7940.07

H 2 1.205 3302.51

3.3.3.4 Summary and Discussionof pulveriser static pressureresults

On a typical coal pulveriser industry, only the overall static differential pressure
across the pulveriser is measured and recorded on the DCS. Plant performance
teams use the existing measurement test patntisese locations (highlighted in
Figure 3.15 and Figure 3.16 as points G and Hrespectively) to verify the
pulveriser differential pressure using portable manometésslimited number of

fixed pulveriserpressuraneasuringnstrumentsonly endorseda comparisorfor

the overall pulveriser pressure dropphe comparison between the overall
pulveriser pressurdrop measuredcexperimentallyand reordedon the DCS for
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both sngle and twephaseflows are summarised ifable 3.16. For the single
phase flowcondition although three primary aftow rates were testedhe data

wasonly compared forad =9.8 kg/s

Table 3.16 Comparison between measured and DCS recorded valuts

the overall pulveriser pressure drop

Units Singlephase fow | Two-phase flow
Primary air flow kg/s 9.8 9.8 (corrected)
G,0 B Pa 2454.39 7940.07
H,0 R Pa 1056 3302.52
YO Pa 1398.39 4637.55
YO i Pa 1321.58 4427.09
Difference % 5.49 4.54

As outlined inTable 3.16, there wasa less than 66 differencebetween the
measured and DCS recorded valdes both phase conditionsThe individual
measuremestof static pressure used to calcul¥@ weretaken at
the same location as the fixed plant instrumentafidrereforethe only possible
explanation for the discrepanbgtween the two valuesn be attributed tanon

calibratedfixed plant instrument.

Presented hereischematic diagrasiindicating the measurement point locations
is represented alongside the measurement results graphically illustrédigdie
3.19. The measuremenpoints in conjunction withthe graphicd representation
allow for better interpretatioof the pressure profile with the pulveriserEach of

the three primary air flow rates tests, although diffenemhagnitude exhibited a
similar static pressure profil@he static pressune@asobserved talecrease from
the pulveiserinlet to the outlet. As previously highlighteitlwas not possible to
measure the static pressud@ectly above the throat gap region due ttee
presence oteramic lining. The pressure drop across the thgaptregion was
therefore considered tme across points A and B. As expected from literature, the

highest pressure drop wavident across the throat gap region. A value of
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1165Pa was calculated for the maximum primary air flow rate tested.Wémss
anticipateddue to the small area of the dlat gap which increases the resistance

of the system

Measurement points

7 kols | 8kgls 9.8kgls

240 740 1240 1740 2240 2740

PA Duct

Pressure (Pa)

Figure 3.19 lllustrative summary of measured static pressure results

obtainedfor three primary air mass flow ratestested

Notably,the static pressura points B, C and D amelatively uniform This may
be attributed toinsignificant geometricalariation in the area between these

points. Although the area at point D, representing the classifier, decreased

slightly, noteworthychange in static pressun@snot observed. The pressure drop
across the classifier (points-B) for each flowwas calculated to be, on average,
28 % lower than the pressure drop across the tlyaategion.The pressure drop
across the throggapamounts to70 % of the total presure drop in the pulveriser.

As previously mentionedno plant data orexplicit literature was available to

compare with the other static pressure measurements taken along the vertical

height of the pulveriser (highlighted as points A, B, C, D and Eigare 3.19).
However the general trend of the static pressure profile for eathe three

primary air mass flow rates was similagonfirming the precision of the

82



instrument, accuracy of analysis and reproducibility of the medsautcome
trends

While the static pressuremmeasurements for the singtbase flow (air) were
performedwith relative ease, the measurement of thecspaiessure for twgphase

flow required considerably more eftoil his was primarily due tblockageof the
tapping holes and impulse lines during measuremaht PF This necessitated
frequent purging of the aforementioned points to enable measurements to be
recordedlt must be noted that the global pulveriser performance tests (presented
in section 3.3.2 were performed simultaneously with the static pressure
measurements (presentedsection3.3.3.3.2. Due to the magnitude of the tests
performed and challenges petienced thereofstatic presse measurements
could only be obtained fdheonemass flow rate oprimary airunder twephase

flow conditions.

Figure 3.20 presents the static pressure pro@ilequiredfor the twoephase flow
test condition.Ilt must be notedhiat this test was performed during normal
operating conditions of the pulverisém.comparison td-igure3.19, the presence
of coalis observed to significantly increaiee static pressurealueswithin the
pulveriser and consguently the overall pulveriser pressure drap This
observéion wasnot entirely unexpected alsetpresence of coaf higher primary
air temperature and moisture evaporatimom coal increasesthe air flow
resistancehrough the pulveriseiFurthermore, His result corroborates well with
literature (outlined in Figure 1.7). Notably, the static pressure profile for two
phase flowexhibitsa similar trend to the singighase flow profileand similarly,
the pressure drop across theot gap wasobserved to contribute significantly to

the overall pressure drop across the pulveriser.

Aside from measurement uncertainty in the pressure transducers itself, little
opportunityexists forlargemeasurement errgrin both the sintg and tvo-phase
flow scenariossince these tests were performed with calibratsttumentation
and in accordance with best practice guidelifidserefore it can be concluded

that the static pressure measured at all locations was accuyadelyfied
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Additionally, the pulveriser external casing temperature profile, reported in
section 3.3.2 at points A to H is representedalongside thetwo-phasestatic
pressure resultdisplayedin Figure3.20. The steep temperature gradiestident
across points @, may be attributed to the effect of drying coal. Taeternal
primary air duct casing temperature at point G, as compared ¢olX6S value
(displayedin Table 3.12) for primary airflow temperatureis markedly lower,
mainly due tothermal insulation in the primary ailuct. The temperature of the
casing from point C to poirtd wasobserved to b&niform. Rationally, me can
expect the temperature withinet pulveriser to be slightly high#ranthe external
casing temperature. Howevéhnge closeresembhnce between the correspondingly
measured pulverisegxternalcasingtemperatureat point H(83 °C) to the DCS
recorded value at point 88 °C), wasan indcation that the measuredsults are

sufficiently accurate
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Figure 3.20 Two-phase static pressure and inset external pulveriser
temperature profile of the 8.5E VSM, (Air flow: 9.8kg/s; Coal flow:
6.32kg/s)
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3.4 Concluding remarks

A comprehensive literature reviesulminatedin the selection ofappropriate
pulveriser process variables for investigation. Previous studies provided a
framework to quantify pertinent process variables through acceptable
experimenthmethods and measuremeiihis necessitated the explication of the
various methodologies and strategies employed to achieve the measured
outcomes.The effects of erroneous experimental results Vierther minimized
through engagement withbest practice wgidelines Overall, stisfactory
quantification of severalpulveriser process variables waasccomplished
experimentally andorms a prerequisitehrough whichthe mathematicainodels
developedin Chapter 4 and Chapter 5, will b®ubsequentlyassessedand

validated
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Chapter 4: Development and Validation of theMMEB model

4.1 An introduction to mass and energy balances

The laws of conservation of mass and energy have formed the foundation of all
process design activities since its existence. A mass balance can bmee rfior

any process step and it is known that the input mass will be equal to the output
mass at steady state. It follows from the first law of thermodynamics that energy
can exist in many forms, such as heat, work, electrical energy, and it is the total
energy that is conserved a systenm{CoulsonandRichardson, 1999 Thegeneral

mass and energy balance equatiwhich can be written for any process, and is
generally the starting point for asystem analsis is highlighted irfEquation 41.

0¢ QI REOQE Q1 OBREF 6 a1 6 QLD G 6 a CDEW EDBD  (4.1)

The application of mass and energy balances to particuteotyel andpredict
process variables surrounding the coal pulverisation préwess®een researched
previously A range of simple modelsas been derived for purposes of process
parameter monitoring or fault detectjonhile comprehensivenodelshave been
explored for the purposes of dynamic pulveriser simulation and cdfanland
Rees, 19970dgaardand Mataji2006 Kapakyulu, 2007 Archary, 2012. The
generalapproach tanodel the pulveriser ofteinvolves steady state melling of
the processvariablesas thisreadily reduces the aoplexity of the variables
delineatedby the processAdditionally, modelling the dynamic process of a coal
pulveriser is mathematically complex whiakarrantssimplifying assumptionso

beimposedto developa more tractable modefljang et al., 2002
4.2 Model Derivation

To apply the concept oimass and energy balascean understanding and
identification of the keyariables associated with @ocesss required.For the
pulverisersystem the control volumdnighlighting the key variablesonsidered in
the derivation of thé¢MMEB model wassimplified andis schematically presented

in Figure4.1.
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4.2.1 Model assumptions

The following assumptions wergecessaryor the derivation of the model:

1. Although coal pulverisation is a trarsit process, the derivation was

completed irsteady state

2. The total mass of coal @ring the pulveriser is equivalent to thaal

mass of PF exiting the pulverisefhis implies that the internatoal

recirculation rate is constant

3. The total mass of the primary air and sealautering the pulveriser is

equivalent to the total massf @rimary air and seal aiexiting the

pulveriser

4. The primary air, seal ajr and PF exit the pulveriser at the same

temperature

5. PF exiting the pulveriser is not completdiye ofmoisture(CMP, 2003.

6. Air ingress to and leakagrom the pulveriser is negligible
7. Kitto and Schultz (2009)ighlight that the quantitgf coal rejected by the

pulveriser during normal operation about0.25% of the coal feed rate.

Due to ths relatively small amountthe quantity of coal reje@d by the

pulveriserhas beemmitted
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8. The emperature ofthe pulveriser externabody exposed tcambient
conditions isuniform.

9. The actual energy used for physical particle breakage is approximately
four percent of the total energyomsumed by the pulveriser
(Stamboliadis2002.

10.Heat energy absorbed by the pulveriser internal metal components is
considered to be small argince it is relatively difficult to quantify
experimentallyit wasneglectedZhang et al.2002.

11.As radiation heat transferis usualy considered in processegere the
temperatures are significantly higher than those conyrexistent during
pulveriseroperation heat energy loss to the environment througlataon

is not consideredKapakyulu, 200Y.

4.2.2 Model equations

With reference toFigure 4.1, a steady stateglobal mass and energy balance
model may be derivel from first principles Effectively, a mathematical

representatiomescribingthe mass and energy balance model derived is depicted

in Equation 42.

n n n 0 n n 0 0 0 (4.2)
Where

N = Input and output heat ener(ld/s)

0 = Pulveriser powernput (kJ/s)

(et}

= Energy lost through evaporation of moisture from ¢&als)

C

= Energy los through convective heat transfer to gre/ironmenikJ/s)

(o]

= Energy consumely the pulveriseto physically grincdcoal (kJ/s)

Expanding the termsf the inlet streamgresentedin Equation 42 vyields

Equation 43 to Equation 4.
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f p O & 6f Y O0& 61°Y 4.3
f P Oa 8R/Y & B8R (4.4
f P Oa /Y @& B8R 4.5

During pulveriser peration, the pulveriser power consumption is not measured
directly however thecurrent drawn by the pulveriser motor is measured and
recorded on the DC%ccles (2011provides a relationship to calculate the power

consumedy the pulverisemotorasdescribedn Equation 46.

0 Vo A Qo O (4.6)
Where

n"Q = Power factor

(W) = Voltage(V)

I = Current(A)

Expanding the terms of the outlstreams presenteth Equation 42 vyields

Equation 47 to Equation 412.

f p UG R Y 0& &nY (4.7)
f P wa& B1R°Y @& 6R/°Y (438)
f P @& B8R/Y @& B8R"Y (4.9)

Flynn (2003) provides a relationship to calculate the heat loss due to evaporation
of moisture from raw cdas highlighted in Equation 4.10
0 YQ & 0O 0 (4.10

Incropera et al. (200§)rovides Equation 411 to approximate the rate of heat loss
through convective heat transfer from the external pulveriser casing to the
environment. In order to calculate the heatansfer surface aread ( ),

dimensions of the pulveriser casing were obtained from theiésdrawings

89



0 El Y Y (4.12)

Equation 4.2 provides a relationship to approximate therggdoss as a resulff o

physically grinding raw codlStamboliadis, 2002

0 it 0 (4.12)

Since theprediction of the coafnass flow rate is central to the derivation of the
global MMEB model substitution of Equations 3.to Equation 4.2 into
Equation 4.2andrearrangingyields Equation 4.3 from whichthe mass flow rate
of coalmaybe predicted.

- (1 =2 My (CpoipTor —CPairTa) + 2a7ag (CPyTop — CeTan) + (1 =2y (Chote Tog — CPip Tog) F Xatitay (CpyTap = Oy Ton) + Qrono + Qgrmd =I& (41 3)
it (1- Wa)cpm: Toaat +W0pr Tt = (1- Wl) Tpr—wy pr Tpr = M"(Wo - Wi)

4.2.3 Model constants

Equation 4.13highlights the employmentf heat capacity constants. Whileeth
specific heat capacity of dry air and water is readily available from data books, the
specific heat capacity of coal is predominantly reporsed approximately
1.26kJ/kgK dry ash free(daf) basis (Miller and Tillman, 2008 Khan, 2011).
Postrzednik (1981dleveloped a correlatiomhich relates the specific heat of coal

as a function of temperature and volatile mattentent of the coal. For
temperature valuesower than 100°C, the heat capacity of coahay be

approximated using Equation 4.1

0n QO Qpm@x Yp&k @i (4.19)
Where:
@0 = Volatile matter of coal on a dry ash free basis (%)

As the raw coal entering the pulveriser contains ash, the employment of this
correlaton posed byPostrzednik (1981yas also deemed unsatisfactomhis
necessitatethe approximation of the specific heat of coal airyabasis (db)The

ash present in coails comprised primarily of silicdJsing a weighted percentage
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of ash presennicoal, an attempt to approximate the specific heat capaaityabf
on a dry basis wassed as showm Equation 4.5.

0n Qow P W on Q00 w 0n QnQ (4.15)
Where

W = Percentage of ash in coah @6)

0n = Specific heat of silica (kJ/kgK)

4.2.4 Convective heat loss

Incropera et al. (2011define convective heat transfer as the transference of heat
by way of the motion of a fluid moving past a solid surface which is ideally at a
different temperature than that of the fluid. The expressiorsepted by

Incropereaet al. (2011)to calculate the overall convective heat transfer rate was

describedn Equation 4.11.

For simplification purposeshé pulverisermay be considered as &ylinderd
subjected to a cross flow ambientair asillustrated inFigure4.2. With reference

to Figure4.2, the pulveriser body was divided into two areas, whesed p refer

to the radius of pulveriser body and classifier sectionpeatwely. The
convective heat transfer was therefore investigated separately for these areas as
they exhibited different temperatures during the-$athle experiment.
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Figure 4.2  Schematicrepresentationof the convective heat transfer in an
8.5E VSM (drawing is not to scale)

Presented herein, Equation 4.16 to Equatird8 highlight the correlations
employed to compute the overall heat transfer coefficihtfor a circular
cylinder subjected to eross fow of fluid asrequiredby the correlation depicted
in Equation 4.11lQcropera et al2011).

- P — (4.16)

Where0 6 representshe dimensionlesklusseltnumber.Y ‘(s a dimensionless constant
correlated through Equation 4.17he Prandtl amber 0 i) is a constantvhich may be

obtainedrom data book$or a specifiecambient air temperature.
YQ —— (4.17)

The convective heat trangdr coefficient canthereafter be quantified through the

empbyment ofEquation 4.18.

il

00

(4.19
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Where, D and k represent the diameter of the pulveriser section considered and
the thermal conductivity of ambient air, respectively.

4.3 Mass and Energy balance model input data

In Chapter 3,section3.3.1and 3.3.2 experimental results obtained during the
primary air flow traverse and global pulveriser performance tests were presented.
Theseresults were used as input to the Mass Bndrgy Balance model derived

in order to quantify the coal mass flow rafes tests were performed repeatedly
over a three day perio#jgure4.3 schematically represents a comprehensive view
of the pulveriser performance testuks in conjunction with the twphase flow
static pressure meamment results acquired duringaydone of the global
performancetest programThe sketch displays the measurement points and the
results obtained thereof. In addition, the major mass andyerilew streams
encompassing the pulverigamocess ardisplayed It must be noted that tretatic
pressure data presenteereinis for information purposes and are not required for
the mass and energy balance ingetrthermore, the PF sampling and DBM

results depicted are included for MMEB model validation.
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4.4 Results andValidation of the MMEB modelthrough experimental

correlation

Flynn (2003)highlights that mathematical models are only as good as how well

they fit the physical data readed during plant measuremeriffe fidelity of the

derived modelto predict the coal mass flow rateay be assessedhrough the

intensity of the correlation between experimentally etermined and model

predicted coal mass flow rate



Recall fromChapter 3section3.3.2 the DBM andisokinetic PF samplingtests

yielded the coamass flow ratg as summariseth Figure4.3 for day oneof the

test program Since it was postulated that neither of thesxperimentally
ascertainednass flow ratesre more accurate than the othennfidence in the
predictivecapability of the derivedhodelmay beachieved byomparison tdoth

sets ofexperimental resulisas depicted ifrigure4.4.

The coal mass flow rate predicted by tMEB model demonstratea close
correlation tothe experimetal results attained through isokinesamplingand
serves to validate the model derivedthough the MMEB modetpredicted
results areslightly higher, the correlation displayesl still adequateachieving an
average variance of less tha®d5(depictedin Table 4.1).Conversely, the coal
mass flow rate predicted by the MMEB model demonstrafssor correlation to

the experimental results attained through the DBiperiment achieving an
average variare of 10.03% (depicted inTable 4.1). This variance may be
attributed to the inaccuracies associated with the DBM measurement technique

and coal bulk density measurement as highlighte&ppendixE.
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w
:tcn ® MMEB predicted
\q-: 7.00 7.07 ® 7.08 @ 6.99 @
z ' L 6.84 ' Isokinetic sampling
3 6.50 6.63 ©DBM
o e 6.46 ©
g : 6.24 ®
= 6.00
@]
(@)
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5.00

4.50

Day one Day two Day three

Figure 44  Comparison of coal mass flow rates betweed MEB mode}

predicted, isokinetic sampling and theDBM
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Table 4.1 Variance between experimentally determined and model
predicted coalmass flow rates

Coal flow rate (kg/s)

Predicted | DBM Isokinetic Variance (%) | Variance (%)
(1) (2) Sampling (3) | (1, 2) 1, 3)
Dayone | 7.07 6.32 6.76 10.61 4.38
Daytwo | 7.08 6.46 6.84 8.76 3.39
Daythree | 6.99 6.24 6.63 10.73 5.15
Average 1003 4.31

4.5 Propagation of uncertainty

Experiments are performed to ascertain some physical properthemetically
every measurement has an associated uncertainty. This necessitatecertainty
analysis to be performed on all measured values to de&errors, precision and
the general validity of experimental measuremeri&atlfakrishnan, 2007
Holman 2012. Additionally, the propagation of uncertainty in calculated results

must be expressed

Holman (2012) provides an approach to express the propagation of uncertainty in
a computed resulcaused by the cumulative effect of the uncertainties in all
independently measured variables, as outlined by Equation 4.19.

0 —0 —0 —0 E —0 (4.19)
Where:

Y = Result dependent on independent variabde$t 8 Fro

0 = Uncertainty in result, R

W = Independent measured variable
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0 = Uncertainty in independent variable

A stepwise approach was adopted to determine the propagation of uncertainty.
Recall from Chapter 3, the primary air andalsair massflow rates were not
measured directly but computed using Equation 3.2. Since Vaesdblesare a
precursor in determining theumulative uncertainty in the predicted coal mass

flow rate, the approach provided biplman (2012)was applied here initially.

Briefly, for the seal air mass flow rate, the substitution of Equation 4.20 into
Equation 3.2 yields Equation 4.21, through which the seal air massdtewvas
calculated. By rearranging Equation 4.21 ttee form of Equation 4.19, the
propagation of error in the seal air mass flow is determinable, as highlighted by
Equation 4.22.

” — (4-20)
a — B 0 (4.21)
0 —0 —0 (4.22)

Equation 4.23 and 4.24 were employed to determine the relative uncertainties in
the temperature and velocity measurements using data obtained from instrument

calibration certificates.

o — (4.23)

(4.24)

With reference tathe calculatedand measuredeal airflow data tabulated in
Table3.7 and Table 3.13 respectively the results obtained for the propagation of

uncertainty in the seal air mass flow ratéisplayed inTable4.2.
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Table 4.2 Propagation of uncertainty in the seal air mas$low rate
measurements
- i * g § =
Test 1 2.63e-02 | 3.65e-02 | 6.49e-03
Test 2 2.63e-02 | 3.49e-02 |6.21e-03
Test 3 2.63e-02 | 3.65e-02 | 6.49e-03
Average 2.63e-02 | 3.59e-02 |6.39e-03

Table 4.2 highlights that the relative infence of the temperature and velocity
measurements on the seal air mass flat@ computed wasmall. The uncertainty
in the seal air mass flow rate was calculated torbaverag®.64%. Evidently,
the uncertainty in the velocity measuremappeagdto be the largest contributor

to the overall uncertainty.

Similarly, the uncertainty in the primary air mass flow rate calculated was
determined. With reference to measured datd calculatedesultsoutlined in
Table3.3, the propagation of uncertainty results obtained for the primary air mass

flow rate is tabulated iable4.3.

Table 4.3

Propagation of error in the primary air mass flow rate

measurement point 1, LH Duct

Duct N Do gt vo | P2k wogd Cop= | © o=
Depth

(mm)

95 3.95%-04 |5.08-02 | 8.0%03 |8.102-03 | 2.57-02 | 1.062-03
285 3.6304 |4.84e-02 | 7.82-03 | 7.83-03 | 2.45-02 | 1.01e-03
475 3.3%2-04 | 510202 | 8.12-03 | 8.13=-03 | 2.58-02 | 1.07-03
665 5.04-04 |4.86202 | 7.9%-03 | 7.97%-03 | 2.46e-02 | 1.00=-03
855 4.02-04 |5.03-02 | 8.02-03 | 8.03-03 | 2.55%-02 | 1.0%-03
Average |4.00e-04 |4.98-02 | 8.00e-03 | 8.01e-03 | 2.52-02 | 1.04e-03
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Table 4.3 highlights that the relative influence of the measured variables on the
primary mass flow rate computed is small. Bverageauncertainty of he primary
air mass flow rate waB.1% and the velocity measurements appdao be the

largest contribudr to the overall uncertainty.

For complexmodels such as theoal mass flow ratenodel derived analytical
computation of the partial differential equatiopsoposed forEquation 4.19
would be extremely tediouklolman(2012)provides an adaptation to the general
routine, wherby the partial differential equations given in Equation 4.19 may be

elucidated through the relationship identified in Equation 4.25.

_ v (4.25)

Yo = Perturbed variable

Moffat (1988) mentions that the value & must be taken arbitrarily small in
order to obtain the teuvalue of the partial derivative. Alternatively, the use of

Yoo 0 is acceptable and washerefore employed in this analysis

(Moffat, 1988.

With reference to Equation 4.13, the model derived is a function of ten
experimentally determined variabless highlighted by Equation 4.26. However,
in the propagation of uncertainiy the coal mass flow ratealculation, the
contribution ofo and v wereexcluded dudo theunavailability of uncertainty
datafor these variablesable 4.4 presents the independent variables along with

their respective local uncertainties.

& & R a hx h'Y HY RYRY RY HY ho ho (4.26)
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Table 4.4 Relative uncertainties for each of the independently measured

variables

Independent variable | Units o Uncertainty® | o . y.;;ﬁ
a kg/s 9.80 +1.04-03 1.06e04
a kg/s 1.24 +6.39e03 5.15e03
Y °Cc 11 5 4.54e01
Y °C 229 +0.2 8.73e04
Y °C 19 +0.5 2.63e02
Y °C 89 +0.2 2.25e03
Y °C 19 +0.2 2.63e02
Y ok °C 115 +5 4.35e02
0 % 8.76 Not available | -

0 % 1.63 Not available | -

The propagatin of measurement uncertaintytime predictedcoal mass flow rate
was subsequentlyletermined usinghe method explicatedreviously Table 4.5

succinctly summarises the final results obtained.

X Aside from the uncertainties of primary and seal air mass flow rdtese uncertainties were
obtained directly from the respective calibration certificates.
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Table 4.5 Propagation of measurement uncertainty in the coal mass flow

rate predicted

Independent| Units | Ou. La |OL. fuy, |*H4- +a | Contribution to
variable # % uncertainty
a ka/s | 7.0704 7.0716 1.14e01 1.462-06

a ka/s | 7.0704 7.0699 -1.01e-01 | 2.72-07
Y °C 7.0704 7.0925 4.88-02 | 4.90:-04
Y °C 7.0704 7.0716 1.35 1.38-06
Y °C 7.0704 7.0717 4.96e-02 | 1.70e-06
Y °C |7.0704 |7.0713 41701 |8.7%-07
Y °C | 7.0704 |7.0705 5.68-03 | 2.23-08
Y R °C  |7.0704 |7.0703 -1.15-03 | 2.4%-09

©ny. 4] 0.023

Table 4.5 highlights that the relative contribution to uncertaity each
independent variable wagxtremely small. However, the propagation of
uncertainty in thepredicted coal mass flowate wascalculated to be 2.%.
Notably, the main cdnbutors to the uncertainty wethe raw coakemperature

and seal air temperature measurements.
4.6 Sensitivity analysis

While the uncertainty analysis presented in the preceding section sought to
ascertan the variableswhoseindividual uncertaintyhad a substantial effect to the
uncertainty in the predicted coal mass flow ratiableswhich pose the most
influence to model output variability musalso be identified. This task was
achieved by completinga sensitivity analysis.Conceptually, a less time
consuming approach tobtain a sensitivity ranking wak vary each input
parameterone at a timehy agiven percentage while abbther parametenemain
unchanged Following which the modelinputioutput relationship may be

quantified and assessddamby, 1994
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In order to elucidate the poterita their effects on the modgiredictedoutcome
each inputvariable was increased by ten percefbllowing which,the model
output wa calculated andaugedagainst the originally calculated coal mass flow
rate Figure 4.5 presents thesensitivity analysis results, highlighting the

magnitude of the dispariin the coalmassflow ratefor each nput parameter

Lo
o
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Coal flow rate variation (%)
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o

SO N b~ O @
1

Figure 45  Graphical representation of the MMEB modelinput

parameter sensitivity analysis

Evidently, a ten percent increasethe respective quantities of tipgimary air
inlet temperatw, mill outlet temperaturggrimary airflow rate and coal moisture
had a sgnificant influence on themodelpredicted colamass flow rate.The
primary air inlet temperature lththe largest influencaffecting a change of
approximatelyl5% in the modelpredicted coal mass flow rat&he graphical
plot further demonstrates statisticallyinsignificant variation (<1 %) in the coal
mass flow rate foinput variables such abe pulveriser power inpytraw coal
temperature, seal air temperaturair humidity, grinding energy loss and

convective heat loss.
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Theresultsof this sensitivity studyre congruent with theutcomes presented by
Archary (2012 and serves to verify the pulverisermodel developedWith this
information obtaind, experimentalemphasis can be narrowedwn during the
testing phases of future resdaendeavourdy acquiringmodelinputs exhibiting

agreater influencen model prediction$o a higher degree of certainty.

In addition, recall from sectios.2.3the heat capacity aaw coal (dry basiswas
highlighted to be dependent on thelatile matter content and, moreover, it was
corrected forash conten{refer to Equation 4.14 and Equation 4.15). Hence, a
brief sensitivity analys was undertaken to establish the effettash content
correctionon the MMEB modepredicted coamassflow rate In this analysis, a
range of coal with varying ash conteahd itsrespectivevolatile matter content
was employed to calculate the heapacity of coabn a dryash freebasis and a
dry basis.The heat capacity of coal on a dry basismach lower than the
respective heat capacity of coal on a dry ash free basis, as preserabteh6.

Table 4.6 Effect of ash content on the heat capacity of coal

Ash Volatile Fom M+ Fum B
Content (%) | matter (%)

17.96 23.93 1.252 1.198
21.69 21.29 1.236 1.174
24.60 22.51 1.257 1.182
27.06 21.64 1.256 1.173
31.42 21.51 1.270 1.170
36.55 20.23 1.274 1.156
42.22 20.39 1.302 1.153

Figure 4.6 highlights theerror associated with the MMEB modpledicted coal

mass flow rate when the heat capacity of coal excludes the ash content correction.
Notably, when the ash content was included the coal mass flow rate predicted was
higher.An averagaliscrepancyf 3.63% was computed (not shown) between the
two coal mass flow rate results, thereby highlighting the significance of

incorporating the ash contentthe raw coal heat capacity constdatermination
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Figure 46  Effect of ash ontent correction on MMEB modelpredicted

coal mass flow rate

4.7 Concluding remarks

The MMEB model derived to predict the coal mass flow rate through a
commercialscalepulveriser has been successfully eleywed. The experiental
(isokinetic results only) and modebpredicted coal mass flow rates achieved
significant correlation. The derived modelemonstratedgreat potential in
predicing the @al mass flow rate to within % in relationto theisokinetic PF
sampling experimatal data which serves to validate the model derived
Uncertaintyeffects of independennodel input parameters were quantified and
the propagation of uncertainty on the rabgredictedoutput was established.
Additionally, this chaptedemonstratedhe ®nsitivity ranking ofmodel input
parameters highlighting significantly influential parameterson the predictive
model outputtherebyproviding useful information for future research efforts
Moreover, ather than acting exclusively to predict the coasmflow rate, the
versatility of the validated MMEB model provides an unequivocal benefit in
quantifying other pulveriser process variables defined in the modeidptbthe

coal mass flow rate can laecurately measured.
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Chapter 5: Development and Validation of he CFD model

5.1 An introduction to CFD

CFD combineghe fields of fluiddynamicsmathematics andomputerscienceto
provide a uniqueand simplifiednumericalsimulation environmentthat has the
potential to solve complex multi-disciplinary engineering problems
economically The fundamentalprinciples constructed intocommercial CFD
codesare governed by thidavierStokes equation®r fluid flow. In recent years,
the evolutionof CFD simulationsin the power generatiomdustryhas exhibited
immense poterdl in elucidatingphysical phenomenom many processethat
would otherwise not beexplicitly understood. Numerous benefits of CFD
simulationsare related to thability of the numerical methodo predict physical
phenomenomwf full-scalemodels in a faction of the time and cost as compared to
conventional methods that use physical prototypiAthough, experimental
methods and analytical models are far from being obsaletg play a significant
role in validating thebasdine solutiors acquired through CFD simulation.
Additionally, the versatility of validated CFDnodelsprovides an unequivocal
advantagein exploring infinite designs andhe conceptualisation of thiuid
behaviourin the designshereof, allowing more efficient solutions to be avkr
Thecontinued development tcomputingpower, as well as innovative methods to
enhance the capability of CFs expected to extend the applicability of the
numerical based approactio provide more amenable solutiorier power

generation processesthe future.

The generi@pproacho simulating and solving problems in CFi® adhered to in
this dissertationgomprises of sibasicphasessoutlined schematically ikigure
5.1. The process begingith geometry creatiowhich is intrinsically followedby
meshgeneration. For complex geometriesmpletion of theséwo initial phases
is often a formidable tasaindis thereforecategorised athe mostime consuming
(highlighted inFigure 5.1). This is primarily due to the geometryfidelity and
quality of mesh that is required in order to ascertain crediblenumerically
simulatedresults(Kitto andSchultz, 2005)
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For theoverarchingpurpose of this dissertationymerical simulaon of the 8.5E
VSM (ball and ring) was accomplished using r6@M+ version 9.02. The
selection of this CFDcode was basedn its ability to handlelarge complex
models Additionally, the anticipated pulveriser geometrical modifications
requiredto evaluag¢ various condition scenari@duld be achieved with relative
ease.The innovative intuitive simulation tools, complemented by a streamlined

workflow, were an added benefit.

Analyze
results

Geometry
Creation

simulation

Prepare for
analysis

Define
Physics Generation

Figure 5.1  lllustrative summary of the generic @proach employed to

solveproblems using CFD simulation(Derived from CD-Adapco, 2015

5.2 Geometry creation

The first phase of CFD preprocessing involves the preparation of the
computational domain over which solution is soughtn this regard, lere are
three critical prerequisiteghat necessitated conscientiodscisions to be made.
The prerequisites includak (1) the scope of the pulveriser geometry to be
considered, (2)Jdentification of inlet and outletflow boundaries, and (3jhe
computational hardware available to obtain a credible solution.
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The geometricalcharacteristics of a commercstale VSM (ball and ring)
compriseof several comp@x shapes and angleslystratedin Figure 1.5). The
specific shapes and angles are fundamental to the precise operation of the
pulveriser in controlling the PF throughput. The Computer Aided De§igD)

model prepared for CFBimulation thereforeneeded teatisfactorilycapture the
effects of these geometrical complexitied. thorough literature review ofoal
pulverises culminated in the identification ofseveral features that are
significantly influential on the flow dynamic pattern exhibited within the

pulveriser domairconsidered.

Messerschmidt (1972¢mphasised the significance of the throat gap size and
angle in achieving the required flow velocities in the pulveriBaasker (2002)
highlighted that the presence ofngponents inside the pulveriser affects the
particle paths followed and hence the particle size distribution at the pulveriser
exit. Vuthaluru et al. (2005highlighted that various components fitted in the
grinding chamberlead to secondary and tertiary swirl motions of different
intensities.Vuthaluru et al. (208) presented contours of velocity whiclutline
thenonuniform air flow dstribution at the throat gegndascertained thprimary

air duct configuratiorto be influentialon theprimary airflow distribution at the
throat gap region.Shahet al. (2009)yeported that the classifier vane angles are
important to achieve the desired particle size distribuBtrambare et al. (2010)
related the nowmniform air flow velocity from the throat region to be influential

on the particle size distribution at the pulveriser outlet.

Additionally, the throat blade vanengles as well as the c&sifier blade angles,
impart a swirl to the fluid flow which can be considered to affect the pulveriser
throughput. Although not considered previously, the presence of grinding media is
anticipated to increase the flow resistance inside the pulveriseaféext the
overall static pressure lossas well as the particle trajectorigs the system.
Thereforg thelevel of detailfor the geometrical characteristicd the 8.5E VSM
consideredn the global full-scaleCAD modelprepared for the CFD simulation

wasinfluenced byle aforementioned factors
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Figure 5.2 illustrates an isometric viewof the three dimensionaldomain
considered for the numerical simulatiorhis mode] referred to as the base case
was preparedn accordanceot the existing VSM design asstalled at Power
StationA.

PA/PF
outlet

LHS

PA inlet '.."//’\\\\‘
ducts ; o

RHS

<«—— Classifier
blades

Inner
cone

Throat
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«f

Figure 5.2  Perspective view illustrating the pulveriser domain

To demonstratehe high level of detail considered, closer views of the geometry

prepared are depicted Figure5.3 to Figure5.5.

Best practice guidelines suggest selecting boundary locations at areas where the
fluid flow is adequately definedor can be reasonably approximated
(Ansys 2012. Therefore, the choice of inlet and outlet boundary locations was
limited to theprimary air (PA)inlet duct and the PA/PF outlet pipes.halistic
approach was taken to model the pulveriser by extending the domain further
upstream of the pulveris@A inlet to include both the LH and RH primary air
ducts The inclusion of theseomponentsanctiors for a more representative flow
profile to be attainedat the pulveriserinlet. Additionally, to assess thstatic

pressure prae andparticle size distribution at the pulveriser outlet, both PF pipe
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outletturretswere considereddowever, the PF pipe configuratiesubsequent to
each of these pipes was deemed not necessary.

l_ PA/PE Outlet

«— Qutlet plenum

Top grinding PA duct
ring

[— Bottom grinding ring

Figure 5.3 A quarter section view of the computational domairconsidered

highlighting the pulveriser internal componentsand PA ducting

With complex geometry, dst practice guidelines suggest evaluating the validity
of the preparedind importedgeometrical srface prior to generating a surface
mesh. A wide range oBurface Preparatiorniools available in StarCCM+ was
employed to provide diagnostic assessments of the geometry crddtisd
necessitatednanualsurface repair or manipulation to be performed atiogty.
However, he modificationseffected were incorporated scrupulously to maintain
the integrity of the geometritesign
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Figure 54  Schematic highlighting throat gap configuration with emphasis

on throat gap vane angle
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Figure 55  Schematic displaying classifier vane blades and vortex finder

It must be noted thaimplification of the pulveriser domain using symme#trgs

not pursuedprimarily due to theanticipated swirl effects from the throat vane and

classifier blade angle configurationdowever, in an attempt to save on cell
count, conscientious decisions tomit the raw coal feed pipdpading gear
arrangement, specifiasf the classifier return sit and brush ploughsin the air

plenum chambefrom the simulated domaiweretakenbased on an assumption
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that these components have trivedlect on thestatic pressurerofile or particle
trajectories.

5.3 Boundary conditions

In order to facilitate the sshing processhe geometricparts createdmust be
assigned to one or more regignmesh is then generated for the region/s created
with each region defined by one or several boundaries. Consequently, interfaces
are required to connect boundaries asged with different regions to ensure a
conformal mesh is generated between regions. In a volume mesh, interfaces
permit the transfer of mass and energy from one region tootier CD-
Adapco,2014.

For the pulveriser simation, two fluid regions and one porous region were
created with their associated boundaries and necessatgce interfaces.The
pulveriser inits entirety andthe throat region are consideretuid regions
associated with air as a continuunte clasifier rejecs return skirt (highlighted
in Figure 5.2and Figure 5.6) was modelled as a porous region to enable the

permeation of the fluid continuum (air).

4— Inner cone

Return skirt as
6porous

Figure 5.6  Schematicillustrating the porous region created at the

classifier return skirt
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Numerical solutions requireckindary conditiongo be explicitlyassigned to all
boundaries createéor the pulveriser simulation, the PA inlet mass flow rate and
the static pressureutiet conditions are knowrstarCCM+ suggests using a mass
flow inlet boundary in combination with a pressure outlet boundEmgrefore,

the PA inletwas modelled as a mass flow inlet boundang the PA/PF outlet
was modelled asa pressure outlet boungaras highlighted inFigure 5.2.
Additionally, the use of these boundary conditions requires the fluid temperature
at thepulveriserinlet and outlet to be specifieffor all other boundaries, aall

type boundary was specified. &l type boundaries represent an impermeable
surface and areleally used to bound fluidegions.

5.4 Meshing

A meshcan be explicated as discretized representation of a geometric domain.
StarCCM+ employs the finite volume discretization techniqueditode the
computational domain into a finite number of control volumes. phdial
differential equations that govern fluid floare then integrated across these

controlvolumesin order toobtaina solution CD-Adapco, 2014

An important challenge in mesh generation isreatea volume mesh of suitable
quality. The ceationof the volume mesh is influential on the rate of convergence
and accuracy of a numerical solutidhmust be noted that there is no set method
explicitly explicated in literature tgenerate volume meshes fayal pulverisers.
However, lest practice guidelines recommend commencing with a good quality
surface meshAdditionally, volume meskyeneration should b&rategicto ensue
regionswith high veloctty gradient are designed wifatisfactory mesh resolution
(CD-Adapco, 201%

For the pulveriser simulationSurface Preparation obls were employed to
optimize the geometry surfac@mported in StarCCM;+as previously outlied
CAD packages are notesignedo produce models that ad&rectly conducive to
the CFD environment therefore this process ensured that all surfaces were
closed, manifold and neimtersecting thereby permitting volume meshing to

begin. Areas within he pulveriser, such as those surrounding the throat gap
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classifierand vortex finde(depicted inFigure5.4 andFigure5.5) are anticipated

to have higher velocity gradient¥his wasconsideredvhen tle volume mesh
was generatedConversely, extended boundaries such as the PA inlet duct
(illustrated in Figure 5.2) and PA/PF outlet(highlighted in section 5.4.1
hereaftey, which were primarily included in the computational domain to
minimize the effects of the boundary conditiongosed were populatedwith a
coarser mesh to prevent unnecessary computational #uehermore, the
pulveriser created in CADmodelled the solid parts of the pulverisdratt
surrounded the fluid flow Therefore extraction of the fluid volume was
undertaken in StarCCM+.

5.4.1 Selection of meshing models

For the pulveriser simulatiorthe option ofunstructured mesh generation was
selected based othe high degree of accuracychievable with this meshing
strategy for complex geometrigshare et al., 2009 Meshing models control the
type of surfaceand volume mesh generate8urface and volume mesh models
were selected and modelled in conjunction wittckeather. The models chosen

included the surface remesher, polyhedral, prism layer and extruder.

While the tetrahedral mesher model is thstést mesh generator which consumes
the least amount of memorhe polyhedral mesher modehs selected based on

its ability to generate a numerical soluti@ith equivalent accuradyy usingup to

eight times lesscells. Additionally, populating a computational domain with
polyhedral cells isespecially beneficialvere recirculation is anticipated’he
arbitrary shped polyhedral cells have an average of 14 cell faces thereby
improving the approximation of gradients to neighboring cétisa domain(CD-
Adapco, 2014

The associated improvement golution accuracyobtained from asimuated
domain compacted with polyhedral celk typically enhanced by includirtge
Prism Layer model Prism layersallow the physics solvers tapproximatethe
flow profile near wall boundarie&lefined within regionsmore accuratelyfor

large volumedike the pulveriserwhere only the gross flow features are required,

113



the flow profile near wall boundaries can be solved using a high y+ type. mesh
This techniquerequiresthe construction of only a few prism layers @ohieve
acceptable resulf€D-Adapco, 2014

Recall from sectiorb.3, a pressure outlet boundary was chosen for the PA/PF
outlet. The use of this boundary condition makes the solution susceptible to
reverse flow athe boundary. h an attempt to circumveme effects of reverse
flow, by extending the computational domain further downstream of the specified
boundary, he Extruder meshmodel wasselectedto create orthogonal extruded
cells at the PA/PF outlet boundary surfacBse extrusionis produced by user
allocatedvalues for the number of layers, direction and magnitlitle. selection

of this model to extend theF outlet boundary in StarCCM+, as opposed to using
the CAD package, was based on the relative ease at whioptimeim extrusion
magnitude (and hence, fewer cellsgould be identifiedto counter effect the

reverse flow condition.
5.5 CFD analysis of singlephase flow

5.5.1 Physicsmodels selection

The appropriate selection of physical models is essential to define the primary
variables as well as the mathematical formulation that will govern how the
physical phenomenon is characterized for a given numerical solution. Physical

model selection is independent of the meshing mo@dsAdapco, 2014

The ThreeDimensional model is designed to model the space of three
dimensional meshes. Since the pulveriser domain was prepared in three
dimensions (illustrated ifrigure 5.2), a three dimensional mesh was generated,

prompting he seletion of the Threddimensional nedel to define the space.

The pulverisition process is time dependentviitver time varying solutions for
such processes are rarely performed largely due to the limitatiorntheof
computationahardware. A review ofelevant literature revealed that steady state
models provided sufficiently detailed information required to elucidate the gross
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flow profile within the pulveriser domaifhereforethe pulveriser flow field was
modelled in steady state.

Typically, coalpulverisers are subjected to two major flow input streams, coal and
air. The selection of a material model is required to manage the thermodynamic
and transport properties relevant to the fluid being simulated. For the initial part
of the CFD simulationsinglephase flow (only air) was simulatettherefore the
SingleComponent Material model was selected to model the gas (air). A different
approach was used for the inclusion of solid material (coal) duringhase flow

modelling and this will belabaated onn section 5.6.

The viscous flow regime for the pulveriser simulation was considered to be
turbulent as highlighted in Chapter 3 by Equation 3his flow regime
classificationis in consensusvith previous studieand he velocity and hydraid
diameter, as required to estim@&e wassimilarly derived from the mass flow
rate of PA and the dimensions bktinlet PA duct, respective(}futhaluru et al.,
2006.

The Ideal Gas Model was used to derive the densitiie catinuous phase (air)
using the dealgaslaw. Additionally, the Gravity Model was selected to account
for gravitational acceleration in the simulated domain. When these two models are
used in combination, the gas density becomes a function ab8wute pressure.

This necessitateappropriate specification of the system operating pressure.

Since the air flow velocity encountered in the pulveriser domain is not
significantly high (<200 m/s), it results in a low Mach number(Q(3) and
therefore the flow was categorised as being incompressible
(Vuthaluruetal., 2009. Two approaches exist in Starl@ to model flow and
energy These approaches are Coupled and Segregated. vidowmr
incompressible flows as is ment in the pulveriser domain, ést practice
guidelines recommend the use of the Segregated Flow Mtuekfore the
Segregated Flow Model was selected. Using this approach, the flow equations for
pressure and velocity are solved sequentially (as oppgosenhultaneously in the

coupled approach) in a segregated manner.linkeage between the momentum
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and continuity equations iachieved with a predictarorrector approachCD-
Adapco, 2014

Turbulent flows are characteed by rapid deviations in flow velocity. These
flows often exhibit irregular, smaficale and high frequency variations in both
space and time. It is possible tnslate turbulent flow directhhowever it is
computationallyexpensive In this case a ndified version of the Reynolds
Averaged NaviefStokes (RANS) equations is required. However, this
modification results in additional unknown variables. Consequently, StarCCM+
has builtin subturbulent models that can be applied to approximate these
unknown variables Cd-Adapco, 2014

For the pulveriser simulation, two of the four gubbulent models built into
StarCCM+ were applicable. These were the RealizablEgsilon Model (RKE)

and the Reynolds Stress Turbulent MbdRST). Best practice guidelines
highlight that the RKE model provides a good compromise between robustness,
accuracy and computational cost and is suitable for flow domains prevalent with
recirculation. Alternatively, the RST Model is better suited domains where

high swirling flows are anticipatedalthough it is considered to bemore
computationally expensive. Additionally, obtaining a fully converged solution
using the RST Model may require more iterations than the REB-Adapco,
2014).

An attempt to compare the results produbgdemployingeach ofthese models

was undertaken during initial simulations of singlease flow (air).While a
converged solution could be attained relatively quickly with the RKifet) the

RST model appearedery meshsensitive and the solution diverged within 50
iterations.A comparative analysis of modptedicted outcomes achieved through

the use ofselectedturbulent models was undertakdéry Afolabi (2012) In
relation to experimental results, the discrepahighlightedbetween the velocity
profiles predicted between the RST and RKE models was margiAalthe
additional computer expense, the study concluded that the use of the RST model
was unjustified. Wh that said, the RKE Model was selectedhis present study

for all subsequent simulations performed over the pulveriser domain.
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In numerical simulations, turbulent flows are significantly affected by the
presence of walls, where the viscosity affeategions have large gradients in the
solution variables This nessitates the use of a suitablalitreatment model to
effectively capture the flow profile of wall bounded flows. The wall y+ value is a
non-dimensional distance used to describe how coarden® a mesh is for a
particular flow (Salim and Cheah, 20D9For the pulveriser simulation, a
combination of coarse arfithe meshes has been used. THeyA wall treatment

is a hybrid treatment that emulates the high y+ waltment for coarse meshes,
and the low wall treatment for fine mesh€ansequent to the aboweentioned
considerationsthe Al y+ wall treatment modeWwas determinedthe preferred

modeland wasused h conjunction with the RKE model.

5.5.2 Physics input data

In Chapter 3 experimental results obtained during the primary air flow traverse
and static pressure measurement tests were pres&éhedesults obtained were
selectively employeas inputs to the CFD calculatioAs theexperimentsvere
undertakerwith varying PA flow ratesthe relevant inputlata was applied to each
simulation as outlined inTable 5.1. As previouslyhighlighted the primary air
flow traverse was only conducted for one primary air flow.rakereforg a 7 %
correction factor was applied to DCS measured primary air flow rates for the
other two primary air mass flow rates simulatéd.each simulation,hie static
gauge pressumaeasureaxperimentallyat the pulveriser outlet (point F, depicted
in Figure 3.19), was employedo calculate the absolute pressure atpiessure
outlet boundaryAdditionally, since thedissimilarity between the LH and RH
primary airflow was revealedo be negligiblgrefer toTable3.5), equalprimary

air flow rates were applied to eagbrimary airduct in the simulationlt must be
noted that the singlphase flow simulations were performed with a@irambient

temperature
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Table 5.1 Input physics data for the pulveriser simulation

Units | Simulation | Simulation | Simulation
1 2 3
Y °C 25.10 - -
Y °C - 25.05 25.12
a kg/s |9.80 - -
a kgls |- 8 7
F,0 R Pa 1007.42 62841 396.58
Atmospheric Pressur{ Pa 8500
Absolute Pressure | Pa 86007.42 |85628.41 |85396.58

5.5.3 Mesh refinement study

In order to gain confidence in the adequacy of the mesh resolutiomgesh
refinement study must bperformed Durbin andMedic (2007)and Tu et al.
(2008) recommendcomputing thenumerical solutioron a sequence of fineand
finer meshe until further mesh refinementausesa negligible change in the
simulated resultOnce achievedt can be concluded that the discretization error
has been reduced to an adede error and theomputedsolutionis independent

of themesh.

An iterative approach was adoptefdr the meshrefinement study Prior to
polyhedral mesh generatiomcharacteristibase size that praded adequateore
mesh density throughout the compatioral domain was selected. This
necessitatea few preliminary simulationsto be executedusinga range obase
sizes.In determining the optimum base size, areas within the pulveriser domain
that experiencedhigh velocity gradients were simultanegusfientified. These

areas were thiaroat gapandthevortex finder.

As previously outlinedbest practice guidelines suggest a higher mesh resolution
be applied tareasdisplayinghigh velocity gradierstin orderto resolvethe flow
characteristicsvithin those areasccurately.For the pulveriser simulatiorthis

has a direct impact on solution rdime however the subsequent increase in

model fidelity is crucial tattainng accurate static pressure measurements which
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are central to this studyStrateyic shapeqcreated to avoid increased cell count
unduly) were employed to define volumetric contr@ppliedto high velocity
gradientareas Following whichseveral simulations were required to identify the
most plausiblecell size for these volumetricoatrols For each simulationa
progressively smallecell sizewas appliedto each volumetric contrglone at a

time). The iterative process concluded when the discrepancy in static pressure

calculated between one iteration andgheceedingteration wa insignificant.

With reference to the measurement points highlighteHigare 3.15, Table 5.2
presents the static pressure lossultscalculated for a range of cell sizes defined
in the throat gap aa (GB). Notably, the discrepancy in static pressure drop
predictions observetletween simulation and4 appears to béivial. Hence,a
cell size of8 mm waschosen to discretize the throat gap aFegure5.7 displays

mesh gearated in thehroat gap region.

Table 5.2 Summary of pressure drop results across the throat gap region

for varying mesh densities in the throat gap region

Simulation | Cell size | ¥} | Discrepancy
(mm) (Pa) (%)

1 25 1409.19 | -

2 15 1250.83 | 10.92

3 10 1177.91 |5.83

4 8 1165.56 | 1.05

Analogous to the analysis performed in the throat gap arehwith reference to
Figure 3.14 and Figure 3.15, Table 5.3 presents the static pressure loss results
calculated for a range of cell sizes defined in the vortex fi(idlg). The variation

in pressure drop results was insignificant after the cell size was reduced from
50mm to 10mm. A compromise between solution accuracy and total cell count
was justified in thignstance and 5m was selected as the most plausible cell
size for the vortex finder=igure 5.8 illustratesthe final meshgeneratedor the

vortex iinder in relation tadjacent cells
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Figure 5.7  Cross sectional view of the pulverisehighlighting finer cell

generaion in the throat gap

Table 5.3 Summary of pressure drop resultscalculatedacross the vortex

finder for varying mesh densities in the vortex finder

Simulation | Cell size | ¥} - Discrepancy
(mm) (Pa) (%)

1 100 332.82 |-

2 80 302.71 | 9.05

3 50 290.72 | 3.96

4 10 288.19 | 0.87
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Figure 5.8  Cross sectional view of the pulveriser highlighting finer ell

generation in the vortex finder

Recall fromChapter 3,section3.3.3 the pulveriserwall static pressur@rofiles
were ascertained experimentallyn order to perform a comparative analysis
between experimental and numerical restitts,near wall static profile must also
be resolved accurately. Therefore,cancerted effortto realize a reasonable
number of prismayers nearboundarywalls wasundertaken With reference to
Figure 3.19, the largest pressure drop wabserved across the throat gap
Therefore the static pressure drop across this region seéscted to banalysed
for the ratiorl identification of a suitble number of boundary layers for all walls

in the pulveriser domain.

Table 5.4 presents the predictestatic pressure results attained fraaveral
simulatins. Two prism layers werselected for alivall boundariesas additional
layersdemonstratethsignificant variation in the measured outcome.
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Table 5.4 Summary of simulated pressure drop resultsneasuredacross
the throat gap region for a range of wé boundary layers created in the

pulveriser domain

Simulation | Wall boundary | ¥k
layers (Pa)

1 2 1156.65

5 5 11%.72

3 10 11%.70

Figure5.9 presents a scalalot of wall boundarieglefined withinthe pulveriser
domain, highlighting the wall y+ values to bess than 300 whiclare in
consensusvith best practice guideline€D-Adapco, 201% This intimated the
mesh generatedo be highly satisfactoryfor the physicsturbulenceand wall
treatment models selectedTable 5.5 succincly summarise the final mesh

settings employed ithe simulation.

Y

Y
A

A
POIEIIPRES

Wall Y+

0.0000 16.000 32.000 48.000 64.000 80.000

HEE A '

Figure 5.9  Scalar plot showing y+ values for final mesh settings
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Table 5.5

Final mesh settings for thepulveriser simulation

Mesh dharacteristic Value
Base size 100 mm
Number of prism layers 2
Prism layer stretching 1.3
Prism layer thickness 10 mm
Surface growth rate 1.3
PF pipe extrusion length 1000 mm
Region Boundary part Minimum | Target
cell size | cell size
Pulveriser Grinding balls
Casing
Primary airducts
Inner cone 10 mm 100 mm
Outlet plenum
Top ring
Bottom ring
Classifier vanes
Vortex finder
Throat Casing 10 mm 100 mm
Throat vanes
Inner ring 5mm 10 mm
Outer ring
Volumetric | Vortex 50 mm(absolute)
?gggtci):]uum) Throat gap 8 mm(absolute)
Total cell 3531775
count
Mesh 32 minutes
Generation
time
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5.5.4 Assessing solution @nvergerce

Analysis of solution convergence was undertak@mough evaluation of five
residual plotsEach residuagenerated in StarCCMas the solution progresses, is
a measureof the overall imbalances associated with tdomservatn of flow
properties delineateith the model The downward trend of these mhsals to an
order of magnitude between 310and 10%, suggest a converdesolution
(Tuetal.,2008. Best practice guidelinessuggest monitoring engineering
parameters of interesh addition to residuals, thereby collectively aliog a

comprehensive assessment of solution convergence

In the pulveriser simulatioran engineeringparameterof interestwas the static
pressureat specific locations along the vertical height of the pulverigeerefore,
a derived part was placed the locatios of interest in the computational domain
X-Y plots were subsequentlydefined for each derived part taighlight the
variation in the static pressuresultsduring solution iterationConvergencewnas
said to be reachednce the fluctuation inhe engineering parameter monitored

inclinedto a trivial value(CD-Adapco, 2014

Based on the aforementioned criteaaalysis of the residual plots supplemented
by the static pressure monitor plots intimatedubly conwerged solutionwas
generated.

5.5.5 Single-phase(cold) pulveriser simulation results and discussion

The construction of sdar and vector contour plotsy StarCCM+ proved
particularly useful as they providea visualrepresentatiorof the overallflow
phenomaon that existsin the simulateddomain. Presented iRigure 5.10 and
Figure 5.11, are contour plotsgenerated to conceptualize the effect of the
pulveriser internal components on thagnitude of thair flow velocity along the
height (Z direction) of the pulveriserhe velocity profile was discernibly affected
by both the throat gap and vortex finder regidime highest air flow velocity is
observed across the throat gap region. This is congruent esthits from
previous studiesonducted bywuthaluru et al. (2006)
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Figure5.11a presents a top view of the throat gap region depicting the magnitude
of the velocity around the throat gafhe angkd vanes in the throaag impart a

swirl to the air flow, as highlightely the direction of the red vectors Figure
5.11b. The air flow distribution reasonably distributed throughout the
circumference of the throat gap regi@s outlined inFigure 5.11c. It must be
notedthatareas thaéxhibit highair flow velocities are morsusceptible to wear

during twoephase flow (air and coal) conditions.

High velocity
regions

Velocity: Magnitude (m/s)
0.00 7.60 15.20 22.80 30.40 38.00
Xy HE |

Figure 5.10 Contour plot depicting the influence of pulveriser internal

components on the velocity profile
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0.00 7.60 15.20 22.80 30.40 38.00 0.00 7.60 15.20 22.80 30.40 38.00
j il

m B o i
(b) (c)
Figure 5.11 Scalar contour plot (a) highlighting the magnitude of the air
velocity in the throat gap, (b vector contour plot illustrating the effect of the
angled vanes and (c) scalar contour plot depicting even air flow distribution

at throat gap

Presented hereinfrigure 5.12 and Figure 5.13 are the scalacontour plots
exposingthe effect of thepulveriserinternal components on the static pressure
distribution pattern along the sanoentral plane generated for the velocity

analysis.

The highest static pressure walsserved in the primary air duct, with slight
reduction as the air enters the air plenum chamber region. The contour plot
highlights a higher pressure at the far Ride of the air plenum chamber. This
could be related to the arrangement of the PA duct)eaprimary air enters at

the LH sde which maycause the flow to be forced towards the far right end,
resulting in a higher pressure. A significaetiuctionin the static pressuravas
evident across the throat gap region and based on literature, this observation was
not entirely unexpeetl. Notably, the static pressure above the thrqaugao the
classifier is relativelyconsistent, thereby highlighting components in this region
to have asmaller effect on the overall static pressure losses in the system.
Analogous to the higher veldgi gradient evident in the vortex finder, there
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appeared to be a similar trend with a higher pressure gradient observed in this

area.

PA duct Vortex finder

«—— Throat region

Air plenum
chamber

Normalized_SitePressure (Pa)
X |y 290.00 732.00 1174.00 1616.00 2058.00  2500.00

Figure 5.12 Contour plot depicting the influence of pulveriser internd

components on the static pressure profile
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Figure 5.13 Contour plot depicting the static pressure profile in the

pulveriser

Table 5.6 summarises the static pressure measuremehtainedfor three PA
mass flow ratesrecorded aftspecific points within the simulated domain. The

location of themeasurement poisis refererced inFigure3.14 andFigure3.15.
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Table 5.6 Summary of static pressure simulationresults obtained for

threemass flow rates of primary air

Simulation 1 Simulation 2 Simulation 3
7 kgls 8 kg/s 9.8 kg/s
Measurement| |-y «tray 40 m 4 |Fv «iardro w4 |y aier oo m 4
point IF=+ |+ IF=+
A 1030.53 1457.61 2243.84
B 584.90 876.63 1378.45
C 590.04 883.27 1390.97
D 569.38 860.15 1356.28
E 350.64 56909 919.62
F 395.58 628.41 1007.42
G 1119.50 1517.35 2412.25

5.5.6 Validation of the singlephase CFD model through experimental

correlation

CFD validation refers to the establishment of a correspondence between fluid
flow profiles predicted numerically thrgh computation and actual fluid flows
depicted in real life. The conventional approach to CFD validation requires
relevantexperimental worko be performed in order to establish a standard form

of referencellarvin, 19995.

Recal from Chapter 3,section3.3.3 the installation of several static pressure
ports along the vertical height of ehpulveriser provideé a means for a
fundamental validation of the numerical model be performed The esults
obtained from the experimental wogertinentto the validation of the CFD model
were graphically illustrated iRigure3.19. The ability of the numerical model to
accurately predicthe static pressure profile in the pulveriser bamevaluatedoy
the intensity of the correlatiometween the experimentally determined and
numerically predicted static pressure valugss previously outlined the
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measurement pointseatedn CFD werepositionedatthe same location as in the
physicalexperiment by employing a derived part

The excellent correlation demonstrated between the static pressure profiles
obtained experimentally and the static pressure profiles predicted through
computational modelling as presentedrigure 5.14, serves to validate the CFD
model developed The numerical correspondence established between the
experimental and predicted results at points (BCD), althaugjbly higher, is

still satisfactory. The best fit waattainedacross pointsGA) and (EF). The
overall incongruity (not shown) between the experimental and numerically
predicted static pressure results was calculated to be less #tafor5each

scenarigtherebyhighlightingthe accuracy of the model and reproducibility of the
simuated results.

Air Phase

(@]

Measurement point

240 440 640 840 1040 1240 1440 1640 1840 2040 2240 2440 2640
Pressure (Pa)

Figure 5.14 Experimental (solid) and simulated (dashed) static pressure

profile for three PA mass flow rates (7 kg/s, 8 kg/s and 9.8 kg/s)
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To this end, the CFD model dewpkd has only conseded singlephase flow (air)

at ambient air temperature.In actual operating conditions, a pulveriser is
subjected to twamajor inputstreams, ot fluid stream (air) and &old solid
stream (coal)Hence coal pulverisatin can becategorised as a multipse flow
process with heat transfeAs previously demonstrated experimentallje t
presence of coal particles has a significaffiéct on themagnitude of thestatic
pressuresensedwithin the pulveriser Therefore employment of the numerical
model to pedict the twephase static pressure profilecessitates the inclusion of
coaland heat transfer in the computational dom&ime ensuing section pressnt
the introduction of the solighase into the pulveriser domain.

5.6 Solid-phasemodelling

Prior to the mclusion of solid particles, a widely employed approach to enhance
stable multiphase flow simulations requires initially a fully converged and valid
sdution for the air phaseBhaske, 2002 Vuthduru et al., 2006Afolabi, 2012.

This approach was adopted in this study and a fully converged solution obtained

for the cantinuous phase was presentedeaation5.5.

In general, two models exiftr solidphase modelling in StarCCM+These are

the Eulerian and Lagrangian modeRecall fromChapter 2section2.3, themain
advantages and disadvantages of each model were lmigfiyed As previously
mentioned the coal particle size distribution at the pulveriser exit is a key
performance indicatorhtough which thepulveriserinternal condition may be
evaluated Apart from assessing the mechanical condition of the pulveriser
through the use of the static pressurerap measurementghe particle size
distribution may provide a basis to evaluate the mechanical condgieen the
shortcomingsposed by the Eulerian framework to provide detailed information
about particle trajectoriesthe Lagrangianframework emergedas the most
suitable approach to model the particulate phase for the pulveriser considered in

this study.
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5.6.1 Coupled approach

5.6.1.1 Physicsmodels selection

Analogous to the physics model selection process completed to define the single
phase flow condition,apprgriate models must be selected to define the

Lagrangianframeworkchosen to model theolid-phase.

Since the pulveriser is subjected to cgalticles which are generally pure
substance in solid form, the selection of a Solid, Shayeponent Material
model wa& necessary. A material model wagquired to manage the
thermodynamic properties of tleeal particles simulated in the pulveriser domain.
Additionally, the shapeof coal particles wasonsidered to be spherical, this
promptedthe selection of th&pherical Particles modéCD-Adapco, 2015)As
the quantity of moisture evaporated fromaw coal during normal pulveriser
operation accounts for a relatively small percentage of the total mass of coal
supplied to the pulverisethe density of coal parties was assumed to be
invariant throughout the computational domaims culminated in the selection of
the Corstant particle density model and a coal density of 12@@m°® was

employed.

In the Lagrangian framework, éhinfluence of solid particles aie continuous
phasemay be modelled by employing the Coupled or Uncoupled approach.
Briefly, when the coal mass loading is relatively small, the gutidse can be
characterized by a finite number of particles, whose trajectories can be computed
from a precalculated velocity field generated for the continuous phase. This is
referred to as thencoupledapproach. In contrast, tleeupledapproach demands

the simultaneous computation of the particle trajectories and the flow field, as
each particle contribas to the momentum, mass and energy of the continuous
phase Tu et al., 2008 Since the particles are expected to reduce the momentum
of the air phase as well as increase the turtlmglen the domain, the Twdvay

coupling model wasedected.

Forces exerted on the coal particles due to its velocity relative to the continuous
air phase were considered through the selection of the Drag force model. The
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selection of a drag coefficient is subsequently required to formulate the drag
forcesacting on the particle when Tw@/ay mupling is activatedBest practice
guidelines suggestl the SchillefNaumann correlation tmost accuratelyglefine

the drag coefficient for spherical particl€2}-Adapco, 2014

As previously outlined in sectio.5.1 the flow regime of the continuous air
phase is characterised as turbulemtias can be expectedoal marticles injected
into a turbulent flowfield will not exhibit a deterministic motiorAlternatively,
each particlewill have their ownrandompath as a result of their interaction with
the fluctuating turbulent velocity flow fieldOD-Adapco, 2011 To account for
this phenomenon, the Turbulent Dispersion eladas chosen.

Optional nodels such as the Boundargr®pling model and the Trad¢kle model
wereselectedas theyproved beneficiain providing valuable informationelating
to particle interaction with selected boundaries amslalisation of particle

trajectories, respectively.

5.6.1.2 Lagrangian boundary conditions

The choice of boundary interaction modasterming the behaviour of solid
particles when they interact with physical boundaries defimethin the
computational domairin the pulveriser domairihe mass flow inlet and pressure
outlet boundaries (highlighted figure 5.2) were set to Escape mod®jcethe
particleimpinges on the said boundaityis allowed to escape from the domain
All other wall boundaries were set Rebound mode, once a patrticle impinges on

a wall, it rebound#to the domain with aeducedvelocity (CD-Adapco, 20141

5.6.1.3 Physics input data

Experimental resultpertaining totwo-phase flow conditions wengresentedn
Table3.12 (graphically inFigure3.20). Selectedesults used as input to thsvo-
phase flonCFD calculationhave been succinctly represented able 5.7.

133



Table 5.7 Physicsinput data for two-phase flow

Variable Units | Value
vy °c  [229
"y °C 89

a kg/s | 9.80
& kg/s |6.32
H,0 R Pa 3303
Atmospheric Pressur{ Pa 85000
Absolute Pressure | Pa 88303

The specification of the absolute pressure at the pressure outlet boundary was

analogous to that explicated in sectmb.2 however the pulverisemutlet static

pressue value was modified to the twihase flow condition Additionally,

StarCCM+ default thermodynamic properties wenapkyed for the coal

particles, such as the coal density.

5.6.1.4 Injectors

The ntrodudion of the solidphase

into the conopational domain is

accomplished through the use of injectors in StarCCM+. Injectors are responsible

for defining the locationsize, anddirection at whichsolids paticles enter the

domain CD-Adapco, 2013 Since itis curently not possible to simulate the
physical grinding process in any commercial CFD ¢adsumptions pertaining to
the location and size of the particles injected have geberated

Consider the grinding mechanism of the 8.5E VSM, as highlighteigare

5.15a. Since the coal flows from the grinding table outward radially onto the

grinding track, it ispostulatedthat ground coalparticles are at the location

highlighted. This necessitated a field function code to be writtStarCCM+to

group all the cells along the perimeter of the bottom grinding thng,injector

locationselecteds depictedas athreshold partn Figure5.15b. A

Opart o

type was deemed most suitable for this appbcatWhen a part injector is

i njec

employed, particles are injected from the centroid of every cell defined in the part.
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Additionally, the selection of this location for particle seeding is congruent with

previous studiesGD-Adapm®, 2015.

Ground particles

g .
Boftom ring A
(@) (b)

Figure 5.15 Schematic highlighting theinjection location of ground coal

particles

As previously outlined, the size of the raw coal entering the pulveriser
approximately 40 mm. For a givenas of PF, the Eskom standardith regards
to acceptable PF sigpost pulverisation was presentedriablel1.1.

Using the Eskom standard as a guidleis evident that a large portion of the
ground patrticles are 76m and less in sizeTherefore oneinjector was initially

set up in StarCCM+ teeedcoal particles with a constant particle size ot#d

5.6.1.5 Modelling the pulveriser temperature profile

As section5.5 presentedhe investigation undertaken for tsenglephase (air)
flow dynamics in the pulveriser, modelling pllveriser temperature profile was
not consideredRaw coal has a moisture cent ranging from 5 to 1%. As

previously discussed,naadditional function of coal pulverisers is to dry the

ground coal before it leaves the pulveriser. Coal drying is a function of the

primary air mass flow rate and temperature, surface area afodl particles as
well as theparticle residence time within the pulverisbr favour of the drying

process, primary air flows intihe pulveriser at a high temperat¢@MP, 2003.

135



Following the drying process, the primary dioses heaenergyand exits the
pulveriser at a much lower temperatuféis heat loss increases tla@ density
Additionally, lower air temperature providesdacreaseair viscosity which is
expected to influencthe pressre drop across the pulverisétence energylost
due to drying mudbe consideredth StarCCM+ inorder toaccuratelycalculatethe

static pressuréor the twephase flow scenario.

The energy source option provided in StarCCM+ is a viable option to model
constanheataddition orextractionfrom a simulated domaifPrerequisites for the
energy source optiorraa usedefined volumetric heat source/extraction in \W/m

as well asa suitabldocationfor theextraction(CD-Adapco, 2014

In the case of the pulverisgéhe primary air inlet temperature and pulveriser outlet
temperéure wasmeasured to b829°C and 8%C respectively, asrpsented in
Table3.12. Additionally, the primary air flow ratemployed wa®.8kg/s. CMP
(2003) provides a relationship to determine the heat consumed during the coal

drying process, as illustrated in Equation 5.1.
O &a o6 Y Y (5.1)

By employing Equation 5.1, the energy consumed during the drying preesss
calculated to be 1413160 W.

Additionally, heat loss through convective heat transfer was quantified
employing Equatn 4.11. Thisyielded a total convective heat loss of 17110 W.
Therefore the sum of the energy lost through drying and convection must be
extracted from an area in the computational domain in order to achieve the
required pulveriser outlettemperatureand associated air densityertaining to

experimental test conditions

The pulveriser temperature profile datatlinedin the literaturereview (refer to
Figure 2.1) was used in collaboration with thexperimentally determined
tempeature profile(refer toFigure3.20) as a guide to identify the most suitable
location for the energy extraction. Notably from steep temperature gradient

exhibited across the throat gap reginrboth these illustrationst is goparentthat
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a significant portion of the drying occurs in this regibi@nce the zone selected
for the energy extraction is highlighted Fgure 5.16. The selection of this
location for energy extraction is congruent with poeg investigations(CD-
Adapco, 201h

The process followed for the selectiof cells in the zone identified for the heat
extractionwas analogous to that presented in sectidhl.4 Furthermoe, the
volume of the cells ithe extraction zone was acquired by generatirdgodumeof
energy zon@report in StarCCM+Subsequently, a uséefined field function was
written to extractt430270 W of energy frorthe total volume of cells in the zone

described

Primary Air
89°C

T

T ‘/4— Throat gap

Primary Air
229°C

@ (b)

Energy extraction
zone

Bottom ring

Figure 5.16 Schemadic highlighting (a) coal drying zone and (b) threshold

depicting the energy extraction zone created in StarCCM+

Figure 5.17 presents the resultateémperature contour ploexposingthe cross
sectioral areaof the pulveriserEvidently, the application of the energy source
option in extracting the specified amount of energy was successful as the
pulveriser inlet and outlet temperatures displayed in tinéoco plot demonstrate
close resemblance to tluata obtmed experimentally for the twphase flow

condition.Notably, there are areas above the throat region wheriemperature
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reduced to 25C. This can be attributed to extracting too much energy feells

that exhibit a low velocity gradient.

/ Lower temperature
/ Energy Extraction zone

i’

High temperature in air
plenum chamber

Temperature (C)

25.000 66.000 107.00 148.00 189.00 230.00

Figure 5.17 Temperature contour highlighting the effect of energy

extraction

5.6.1.6 Solver settings

In StaCCM+, solvers that govern a solution are elected basethemphysics
models chosen for a particular simulation. The Under Relaxation Factor (URF) is
a solver setting that dictates the degree to which a newly computed solution
supplants the old solution asmputation of thesolution progresses. The default
URF values for all variables in S@CM+ areconservativeand will in most cases

lead to a converged solution. However there are certain cases where modifying the
URF is a prerequisite to facilitate solution convergg@ia-Adap®, 2014).

Determining the optimal URF value is dependent on the particular solution being
simulated. StarCCM+ recommends initiating a solutiothwhe default URF

settings and subsequently reducing tHeF valuesasthe solution developsFor
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the pulveiser multiphase flowsimulation it was neessary to reduce the URF
valuesto obtain a stable solutionJRF values employed in the finaloupled
multiphase solution are highlighted Trable 5.8. The adjustedJRF values were
within the StarCCM+ user guides prescribed range for multiphase flow

conditions.

It must be noted that thengineering parameteesd criteria employetb assess
solution convergencéor the twoephase flow simulatiorare analogous to those

presented in sectib.5.4

Table 5.8 Optimum URF values determined for the pulveriser

multiphase simulation

Solver URF (default) | URF (adjusted)
Two-Way coupling 1 0.25
Segregated Flow velocity |07 020

Pressure | 0.3 0.0
Segregated Energy Fluid 0.99 0.90

Solid 0.9 0.9
U Turbulence |1 0.40
oU Turbulence |1 0.50

5.6.1.7 Two-phase flow simulation resuls

Table 5.9 presentsthe static pressurgesults obtained through numerical
simulation in StarCCM+or the twoephase flow conditionThe location of the

measurement poin{# to H) are referenced iRigure3.14 andFigure3.15.
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Table 5.9 Static pressure simulation results obtained for the twgphase
flow condition (Airflow: 9.8 kg/s; Particle count: 14076)

Measurement point ”‘v <«Fhey 00 m 4

7103.56
4048.35
4010.66
3954.77
2854.75
3104.28
7940.07
3302.52

I © T m O O @ >

5.6.1.8 Validation of the two-phase CFD model through experimental

correlation

For the twephase flow condition, CFD model vadition was assessed
analogouly to the procedure described in secttoh.6 The static pressure results
predicted through CFD demonstrai@negativecorrelation to the static pressure
results obteed experimentally for the wvphase coupkk flow scenario as
depicted inFigure 5.18.  An averagedisparity of 11% (not shown) was
calculated between the simulated and the experimental static pressure results.
Evidently, the static pressure prediction @ss the throat regiowas the main
contributor to thepoor correlation achieved, where thedividual variance at

points G andA was computed to be 3b and 25%, respectivelyNotably, areas
higher up in the plveriser (points B to F) revealdetter corelation,andthis may

beattributedto the regions being dilute.
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Figure 5.18 Experimental (solid) and simulated (dashed) static pressure

profile

Recall from literature (refer td-igure 1.5 and Figure 2.2), during normal
pulveriser operation the throat gap region was highlighted to exhibit fluidized bed
phenomena as it is densely packed with finely ground coal particles. The poor
correlation achieved acroske throat region corroborates the limitation of the
Lagrangian model to feasibly simulate high volume fraction floiectors which
influence the pulveriser drop were presentedChrapter 1,sectionl.4. As the
pulveriser gemetry, temperature profile and mass balance of air and coal were
modelled accurately, the undgrediction in static pressure luas across the
throat region was primarily attributedo the computational limitation in

simulating the actual number of paléis present in an operational pulveriser.

Additionally, the coal analysis results highlightedChapter 3 demonstrateélat
the raw coal fed to thpulverisercomprised otcoal particle with different sizes
typically from 3 mm to 40mm. During pulverser operation,tican be expected

that not all of the coal particles will be ground to the required sized in the first

141



circulation, hence different particle sizpsesent in theulveriserwill affect the
two-phase static pressure profile. In the pulvergmulation one constant size
paricle (75 >m) was simulated as it wasonsidered impracticdb simulate the
exact particle size distribution that exists in an operational pulvenster twe
phase flow conditionsThis may have also had a negative influence on the

predicted pressure profile.

5.6.2 Uncoupled approach

The pulveriser CFD modepresentedin section 5.6.1 consideredTwo-Way
coupling between the fluid continuum and theaticulatephase. Howevedue to
computational powelimitations, it was considered impractt to simulate the
actual number of particles in a pulverisétence the simulated pulveriser

pressuralrop results demonstratpdor correlation to the experimental results.

Without the TweWay couplingmodel activatedthe continuous phase influences

the particle paths through terms such as drag in the momentum equation and heat
transfer in the energy equatiomherefore, although the effect die discrete

phase on the continuous phase is neglected, idoeete phase pattern can be
established and asssed inStarCCM+ based on a fixed continuous phase flow
field (CD-Adapco, 2011 This approach in elucidating the behaviour of
individual particles in the pulveriser domain & key advantage of the
Eulerian/Lagrangian meodology and iscongruent with previous studies
(Vuthaluru et al., 20065ha et al., 2009CD-Adapco, 201h

An important outcome of this section is to determindividual coal particle
trajectories through the computational domain as a function of the contiaious
phase Therefore simulation of thepulveriser using the uncoupled approacs
instituted. The ensuingmethodologyappliedfor the continuous phasemained
unchangedo thatexplicated in sectiob.5. The approach followed for the solid
phase modewas similar to that discussed in sectiob.6.1 and relevant

adjustmentspplied tathe specifiedmodelareoutlined below:

1 The Two-Way couplingphysics modeunder theLagrangianphasewas

deactivated
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1 Modelling of the pulveriser temperature proftlerough the employment
of the volumetric heat sourogas excludedTherefore the primangair
temperaturevassimulated at ambient conditior25°C).

1 For the addition of solid particles in to the continuous phasep8stant
particle size injectors were manually set uprject an equal number of
coalparticlesranging from lum up to 40Qum.

1 Physics slver settings remained unchangewni the default settings
providedin StarCCM+.

5.6.2.1 Particle track results and discussion

As previouslymentioned,the Track file model was chosen to tratle path of

each patrticle through the computational domain until tmecpaeither escapes or
reachesa maximum residence timéest practice guidelines suggest injecting a
considerably large amount of particles into the computational domain to
proliferate confidence in the simulan results. Therefore approximately @00
particles were seeded into the domain and the path of each particle was
subsequently followedrom the point of injectionTo obtain the particle track
results for the pulvéser simulation, once the solghase model was set up, the
simulation waonly required to be stepped on€onverselywhen theTwo-Way
coupling model was activehe simulationneeded to be iteratedgntil solution

convergence.

A filtered scalar contour plot was created to establish the particle trajectories
within the computationadomain, as depicted ifrigure 5.19. Evidently, by
observation of the particle tracks, the particles travel from the injection point to
the pulveriser exit, with varying velocitiggghlightedat different zones within

the simulaibn domain.The majority of the parties exit the pulveriser with
velocitesbetween 22n/s and 30n/s whichcorrespondvell with the exit air flow
velocity presentedin Figure 5.10, thereby demonstrating particle entrainment.
This corroborates well with resultfom an alternatestudy performed by

Vuthaluru et al(2006)and serveto verify the current model developed.
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Track: Particle Velocity: Magnitude (m/s)
0.00 7.60 15.20 2280 30.49 38.00

Figure 5.19 Particle trajectories illustrating particle velocities from

injection point to pulveriser outlet

Figure 5.20 presents the particle tracks which outline the ramigeoal particle
diameters simulated/Vhile finer particles are easily entrained ttne air stream
toward the exit, larger particles experience difficulty and are obsetwed
agglomerate in the computational domain. Particles near the throat region follow a
slight helical pattern as a result of the angled throat vanes. Similar obsesvatio

werediscussedy Bhambare et al. (2010)
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Track: Particle Diameter (um)
1 81 161 240 320

Figure 5.20 Particle trajectories illustrating particle diametersfrom

injection point to pulveriser outlet

5.6.2.2 Particle size distribution results and discussion

As previously highlighted, the size of the coal particles which escape from the
pulveriser after grinding is a critical parameter that needs to be within a specified
range to ensure safe, reliable and efficient combustion. Lamgéclps which
manage toescape tend to burn incompletalye to the limited residence time
available in a coal furnace, this leads to high UiBGashand high particulate

emissions.

For the pulveriser simulation,heé determination of the coal particle zsi
distribution at the pulveriser exit was assessed quantitatively by completing a
particle size count balance. Sinaepart type injectowas defined for the coal
injection point, the number of particles of each size injected is identifiable by the

number of cells presenton the part surfaceMore importantly, theprimary

145



objectiveof this sections to present theoarticle size distributiombtainedat the

pulveriserexit, therefore an outletplane section was creaté mm upstream of
the PF pipes as mficated inFigure 5.21. In order to quantify the number of
particles exiting the pulveriser, particles which madtact with the said

boundaryplanewereconsidered to have escagfenim the pulverisedomain

o o —— Particles at outlet

plane

, SSeRlife... «— Particles at
injector plane

Track: Particle Diameter (um)
1 45 89 134 178 223 267 311 356 400

|| -
Figure 5.21 Contour plot indicating particle sizedistribution at the injector

and outlet plane of the pulveriser

In a Lagrangian multiphase simulation, best practice guidelines suggest setting a
maximum particle residencente for which the particles are tracked the
simulated domain This recommendation prevents particles from becoming
trappedwithin the fluid region indefinitely €D-Adapco, 2011 An iterative
approach was adopted to delatethe optimum particle residence tinier the
pulveriser simulationAn arbitraryvalue of 5s was used to initiate the process
followed by incremental increasamtil the number of particles observed at the
exit remained unchanged with amyrther proliferation of the residence time.
Additionally, this approach ensurd that the simulation wasnot stopped

prematurelyby allowing particles enough time to reach the exit if their size was
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satisfactoryenough to do so with th@rescribedair flow conditions The optimum
residence time was found to be &ficonds Particles which reaed maximum

resdence time werassumed tbe rejected by #pulveriser

The percentagef coal passinghe pulveriser outlet plane relative ttte number
of particles injectedvas determinedby employing Equation 5.2As illustrated in
Figure 5.22, the particle size distribution at the pulveriser exit exhibits a higher
percentage of fine particlesith a gradual decrease in coarser particlEise
guantityof particles greater than 250n wasobserved to be low at thmilveriser

exit.
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Figure 5.22 Graphical illustration of the particle size distribution at

pulveriser exit

5.7 Concluding remarks

This chaptersystematically presented the results of iardepth investigation
conductedto elucidate the flowprofile in a fullscale 8.5E ball and ring

pulveriser. The singlephase CFD model of theulveriser was successfully
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developed and optimisedhe mesh refinement study culminated in the selection
of the most plausible mesh resolution for the simulatiors, é#msured a good
compromise between solution accuracy and solution run time. A robust
assessment of solution convergence wadertakerintimating a fully converged
solution The experimental and simulated static pressure values achieved good
correlation,demonstrating the suitability of the nuntali model to predict the
singlephase static pressure profile of the pulveriséne influence ofthe
pulverisergeometrical characteristi@nd the magnitude of this influence on the
measured outcomes proved felient for each pulveriser zone analysdthe
velocity profile highlighted through contour plots created across the cross
sectional area of the pulveriser were congruent with previous studies, which

served to verify the singlphase model.

In addition, this chapter employed the Lagrangian framework to investigate the
static pressure profile for the twahase flow condition of the pulveriser usiag
coupledapproachIn this approach, the experimental and simulated staéisgure
profiles demonstrated nejge correlation. As the CFD model generated made
minimal assumption in relation to the geometrical characteristics and temperature
profile of the pulveriserthe fundamentalshortcomings of the twphase flow
(coupled)modelappeaedto belargely attributed to thecomputationalimitation

in simulating the actual number of particles in an operational pulveriser.
Furthermore, simulating the exact particle size distribution during psérer
operation wasonsidered impracticaHence the suitability of the two-phase flow
(coupled model in predicting the static pressure profiemonstrate the poor
potentialof this modelto be employeds a toolin the developmenbf a viable
monitoring philosophyand no further studies employitige Two-Way coupling

model were conducted

The results of the singlehasemodeldisplayedgood correlationn predicting the
static pressurgrofile henceit exhibited promising potential for highlighting
variationsin pressure drop valueseasuredcross critical componengs a result
of modified pulveriser componentBurthermore, employment of the uncoupled

approactrevealed the individual particle paths through the computational domain
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and yielded the particle size distribution at the pulveriser exit. The graphical plot
highlighting thestatic pressure profilésinglephase)and particle size distribution
(two-phase uncoupledyas generated on the-bsilt geometrical charaatistics

of the pulveriser and isonsidered the benchmacksethrough whichthe ensuing
pulverise geometrically modifiedscenarios exploredn Chapter 6will be
subsequently assessed.
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Chapter 6: Development of a ConditionBased Monitoring
Philosophy for a coal pulveriser

6.1 Introduction

Condition monitoring approaches, employing statistical evaluation of measure
outcomes over a given period, are extensively practiced in industngitdaina
certain level of performance froprocesses, as it anefficient andcosteffective

tool that is able to providearlydetection of damaged plant componeitsorder

to ensure the successfigvelopmenof a condition monitoringystemfor a given
processa sensing syem that is able to monitor the system responsghémges
coalesced with aimtelligentand rigorouslata analysis proceduaeefundamental
prerequisite (FarrarandWorden, 200Y. As the aim of this dissertation is related
to the formerequirementthe development of MlCMP will be the focal point of

this chapter.

The undertaking othe pulveriser numerical studys outlined n Chapter 5,
provided vital data on the flow profile exhibited in the pulveri§rbsequent to

the identification of the singiphaseflow model demonstrating the best potential

for the development of a pulveriser condition monitoring philosophy, it gesva
platform to assess the measured outcomes under conditions that mimic wear
scenarios, typically those that cannot be adequately tested in real life. Hence,
candidate damage scenariwsre simulatedto assess the viability of employing

the static presse measurements to achieve the dmline with this comnon
pulveriser damage conditions highlightddough engagement with experienced
power plant personnel as well as associated literatueninated in the
construction of a&aomprehensive pulveris@vear scenario matrixrhe numerical
results attainedfor the various wear scenarios simulated and the merits of
employing the static pressumeasurement® detectpoor pulveriser condition

for each scenariare presented herein.
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6.2 Construction of a pulveriser wear scenario matrix

Thereview of an Eskomstrategic report compiled buller, 2019 highlighted

common andrecurring pulveriser mechanical deficiencies which appear to

negatively influencehe pulveriseperformance. Momver, the review facilitated

the identification otandidate damage scenarios taabsessed through numerical

simulation in StarCCM+In addition, Msual Inspection(VI) of severalEskom

pulverisersconductedduringtime-basedmaintenanc®pportunitiessubstantiated

the findings presented byuller (2015) and other candidate damage scenarios

were further elucidatedThe degradation mechanism of internal componienés

pulveriseris predominatelycaused bywear or impact damag influenced by

component age doreign material EPRI, 2006). Table6.1 provides a succinct

summaryof the pulveriser wear matrigeveloped which describaght potential

scenarioghatwere identifed.

Table 6.1 Pulveriser wear scenario matrix

Scenario | Component Deficiency Source Candidate
fs?r:mlation

1 Classifiervanes | Worn (30%) Muller (2015)VI | Yes

2 Classifiervanes | Missing Vi Yes

3 Classifiervanes | Holes(15 %) Muller (2015)VI | Yes

4 Inner cone Large hole \ Yes

5 Inner cone Multiple holes | Muller (2015)VI | Yes

6 Vortex Finder | Damaged/worn| Muller (2015/VI | Yes

7 Throat blades | Worn (6 %) Vi Yes

8 Throat gap Blocked (5%) | Muller (2015)VI | Yes

6.3 Simulation results and discussion

In order toascertain to what extenhe aforementioned scenaridsmve on the

pulveriser static pressure profilehe deficiencies of respective components, as
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identified inTable6.1, was deliberately appligddividually to the CFD model by
employing A\D and simulation toolavailablein StarCCM+

It must benoted thatthe boundary conditions, physics masklection and
physics input datdor each of the scenarios testedanalogous to that deribed

in Chapter 5 for singkphaseflow modelling employing the uncoupled approach.
This was to ensure bgicd comparison could be performed with ti@&FD
referencecases previously depicted Table5.6 (represented graphically Figure

5.14, air flow of 9.8kg/s) andFigure 5.22. The results for static pressure
variations observed for the ensuing scenariast e pr esent ed as

6st

drop 6 across each respective measuementEach z

pointsasoutlined inFigure 3.15 and Figure 3.16. In addition, comparisorof the
modetpredicted outcomes for each candidate wear scenario is highlighted

through the percentage variation vabadculatedn relation to the base case.

6.3.1 Classifier Modifications

6.3.1.1 Worn classifier vanes(Scenario 1)

In this scenario, eaatlassifier vanavasgeometricallyreduced by oa third of its

original height, as highlighted Figure6.1.

Reduced height of
classifier vanes

Figure 6.1  Classifier vane height reduction, original (green) and modified

(grey)

Notably, a larger variation in static pressure drop is observed across the classifier

region, demarcated througheasurement points BF and @kitlined inTable6.2.
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Sincethe vanes inthe classifier influencéhe air flow resistance in that region,

any reduction in vane height is expected to decrease the pressure drop across the
said region.Hence the results presented are congruent with ghgsical flow

theory. Furthemore the dgatic pressure dropvalues across other regions

demonstratedo outstanding differences.

Table 6.2 Simulated pressure dropresults obtained for Scenario 1

Pressure | Base case | Scenario 1 | Variation
dop | (Pa) (Pa) (%)

Y0 168.41 168.20 0.13

Y0 865.39 875.60 1.18

Y0 -12.52 -12.48 0.30

Y0 371.03 329.78 11.12
Y0 383.55 342.27 10.76
Y0 1404.83 | 1373.58 2.22

6.3.1.2 Classifier vanesmissing(Scenario 2)

Circulaion of hardcoal particles(HGI < 62, as highlighted imable 3.11) is
known to cause impact damage to components inside the pulveriser. As a result,
classifier blades become loose and fall off, leaving a void in the classifier zo
The scenario simulated, highlightedRigure6.2, considered the removal of three
vanes and the static pressure desimulatedresults obtained are tabulated in
Table6.3. Removal of threelassifiervanes resulted in a noticealEductionin

the static pressurealculatedacross the classifier, identified through points BF
and CF.Whilst theremoval of vanes is observed to have a smaller effect on the
static pressure drop across the classifiercomparison to Scenarib, the
insignificant variation m pressure drop across thegionsGA, AB and GFfor

both scenarioss noteworthy.In scenarid@, the change in static pressure drop
across points BC was observed to be B3#Bowever the pressure dropalue

only changes by approximately Rg hence this result cannot be directly

attributed to the missing vanaad can beegarded as insignificant.
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Figure 6.2

@ Missing vane location

Schematic illustrating the top view of the dssifier,

highlighting the location of three missing classifier vanes

Table 6.3 Simulated pressure dropresults obtained for Scenario 2
Pressure | Base case | Scenario 2 | Variation
dop | (Pa) (Pa) (%)
Yo 168.41 166.82 0.94
Y0 865.39 876.89 1.32
Y0 -12.52 -13.21 5.48
Y0 371.03 347.05 6.46
Y0 383.55 360.26 6.07
Vo 1404.83 |1390.73 |1

6.3.1.3 Classifier vaneswith holes (Scenario 3)

Figure 6.3 displays three classifier blades with distinct holes created through the

centre. The application of this modification to mimic impact wear on the vanes

had nodemonstrable effect on thleeasured outcomes, as depicted @ble 6.4,

highlighting the unsuitability of employing the static pressoeasurements to

identify this particuladeficiency.The lack of detection of such a condition may

be directly attributed to the relatively smdiinensionof theworn areacreated.
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Worn classifier
/ / vanes

/\

Figure 6.3  Schematic depicting three classifier vanes with holes

Table 6.4 Simulated pressure dropresults obtained for Scenario 3

Pressure | Base case | Scenario 3 | Variation
dop | (Pa) (Pa) (%)
Y0 168.41 169.43 0.61
Y0 865.39 867.65 0.26
Y0 371.03 366.16 1.31
Y0 383.55 377.40 1.60
Y0 1404.83 | 1403.24 0.11

6.3.1.4 Particle size distribution analysis

Following the assessment of tistatic pressure drogaused bya deficient
classifier it is also of particular importance to establish the effaxtsthe
aforementioned conditia(refer to sectior6.3.1) on the particle size distribution

at the pulveriserexifa par t i c | ealadce praved tode aisnitalide means
to categorically elucidatehe quantity of different sized particles that exit the
pulveriser subsequent to the application of the worn components in the CFD
model. Recall from sectioh.6.2.2 theparticle size distributioplot generated for

the undamaged pulverisaras presented thereiAdditionally, it must be noted

that a brief analysis was undertaken to establish the effect of primary air

temperature on the particle size distribution the pulveriser exit. Two
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temperatures were evaluated, primary air at: (1) ambient temperati@) (26d

(2) normal pulveriser operating outlet temperature °@0 for the base case
(Figure 5.22) and scenarid. As the particle size distribution curvegnot
presented) showed a relative indication between the base case and dcanbario
both temperatures, a decision to save on solution run time was taken and the
particle size distribution analysis was completed at ambient aipeieture.
Hence, the particle size distributionplots generated for # three classifier
scenarios were compared ttte base casg@llustrated inFigure5.22) in order to
revealthe deviationin coal size distributiosithat can bexpectedat the pulveriser
discharge as displayed irrigure 6.4. Application of scenarid to the numerical
domain demonstrated the greatest increase in coarser particles at the pulveriser
exit, highlighting the importance of nmaiaining the correct height of the vanes in

the classifier. Although tre static pressure results indicated significant
variation for scenari®, the size distributin plots generated for scenaficand
scenarid are ingeneral conformity with each ath with a notable increase in
coal particles greater than 18fnh escaping the pulveriser domain in comparison

to the base case.

100 +
90 -
80 -
70 ——Base Case
60 - Scenario 1

50 - Scenario 2

40 - —Scenario 3

30 -
20 -
10 -

0 T T T T 1 T T 1
0 50 100 150 200 250 300 350 400

Particle size €m)

% Coal passing pulveriser exit

Figure 6.4  Comparison of the particle size distributions generated to
elucidate the effect of the classifier modifications othe model output
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6.3.2 Inner cone Modifications

6.3.2.1 Large hole in inner cone(Scenario 4)

The inner cone directs larger coal particiegected by the classifieto the
grinding zone.Therefore it performsan imporant role in coal classification.
Figure6.5a presents the modified inner cone replicated in StarCCM+ to mimic the
actual degradatiorMechanical deterioratioof the inner cone, as highlighted in
Figure 6.5b due to wear can be expected to alter the air flow pattern exhibited in
the pulveriser by channelling air through the damaged portion, thereby causing
coal entrained in the airflow tpossibly bypass the classifietdence larger
particles may escape fim the pulveriser. Furthermore during pulveriser
operation coal particles rejected by the classifteuld potentiallybuild-up inside

the cone, only to be released into the area above the top grinding ring, hence

regrindingof the coal particles may lmarcumvented.

Large hole Large hole
created in on inner cone
StarCCM+ on site

(@) (b)

Figure 6.5 Large hole identified on inner cone, (asimulated and (b)

actual condition on site

Following the aplication of the modified inner conia StarCCM+ the ensing
static pressure dpo values presentedin Table 6.5 highlight a considerable
variation from the base case scenafio the classifier zone (BF and CF)
Additionally, a notable change in pressdrep is highlighted acro$3C. As the
deficiency was @ated adjacent to theneasurementpoints BG it can be

concluded that the worn condition simulated contributed to the change in static
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pressure values sensed in the pulveriser donfrRetatively the static pressure
dropobservedn otherareas can be codgred to be trivial.

Table 6.5 Simulated pressure drop results obtained for Scenario 4

Pressure | Base case | Scenario 4 | Variation
drop | (Pa) (Pa) (%)

Y0 168.41 162.11 3.74

Y0 865.39 881.57 1.87

Y0 -12.52 -8.51 32.06
Y0 371.03 247.48 33.30
Y0 383.55 255.99 33.26
Y0 1404.83 | 1291.16 8.09

6.3.2.2 Multiple holes in inner cone(Scenario 5)

In this scenario, mulile holes were created on the inner cone at the sameéolocat
to that idenified on site,illustrated in Figure 6.6. The pulveriser challenges
associated with this scenario are analogous to those explicated in the preceding

scenaio.

Holes on inner
cone on site

Holes created
in StarCCM+—

@) (b)

Figure 6.6  Multiple holes identified on inner cone, (ajsmulated and (b)

actual condition on site

Based on the pressure drop values reportediainle 6.6 it is evident thatfor
multiple holes in the inner cone there is a complementary decrease in the
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predicted static pressure drop across the classifier zone (BF and CF) as well as a
noteworthy change acrosmeasurement point8C. Therefore, it can be
established that the zon#sat exhibited the greatest variation in pressure drop
were indeed caused by a change in the geometric characteristic of the inner cone.
This analysis further revealed statistically insignificant variation in pressure drop

across other regions.

Table 6.6 Simulated pressure dropresults obtained for Scenario 5

Pressure | Base case | Scenario 5 | Variation
drop | (Pa) (Pa) (%)

Y0 168.41 170.55 1.27

Y0 865.39 876.19 1.25

Y0 -12.52 -16.04 2815
Y0 371.03 304.96 17.81
Y0 383.55 321 16.31
Y0 1404.83 | 1351.70 3.78

In addition, whilst the application of scenaficcaused a significant variation in
pressure drop across zones BF and CF, the relative disparity in the- model
predicted presure drop observed for scenasiovas much lower, this can be

primarily attributed to the larger dimension of the wear area created in scénario

6.3.2.3 Particle size distribution analysis

The influence of mechanically defective inner cones on pheicle size
distribution at the pulveriser exit is visually explicated in the particle size
distribution plots presented igure6.7. By inspectionthe quantity of parties
larger than 150>m exiting the pulveriser is more pronounced in both scenarios
evaluated. In contrast, an inverse relationship is obsenveglation to the base
case for particle sizes below 156n, with scenario 4 producing a slightly finer

product.
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Figure 6.7  Comparison of the particle size distributions generated to

elucidate the effect of the inner conenodifications on the model output

6.3.3 Vortex Finder Modification

6.3.3.1 Damagedvortex finder (Scenario 6)

The vortex finders attached to the top plate of the classifier and is responsible for
directing the ground coal particles from the classifier into the outlet plenum
following which they are discharged into the PF pipdste importantly, it assists

the classifier vanesiproviding the centrifugal forces required for PF delivery to
the coal burners downstream the pulveriser exit. Due to the high swirl component
presentin the classifier zone, damages to the vortex finder are imminent due to
impact. Theimageillustratedin Figure 6.8 highlights the damaged vortex finder

created where part of the bottom right hand side was removed.
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Figure 6.8

<«—— Outlet Plenum

¢— Classifier vanes

Damaged vortex
finder

Schematicrepresentation of a camaged vortex finder

Table 6.7 presents the simulateresults obtained for scenafioIn this scenario,

while the variations in static pressure drop across other regions were relatively

insignificant, approximate variations of ¥ was observed acroske region

containing the vortex finder, BF and CF. Thenefitto performa statistical

evaluation of the static pressure drop valuedistinctly discriminatevariations

from undamaged and damaged components is further highlighted.

Table 6.7 Simulated pressure drop results obtained for Scenario 6
Pressure | Base case | Scenario 6 | Variation
dop | (Pa) (Pa) (%)
Y0 168.41 163 3.21
Y0 865.39 900.21 4.02
Y0 -12.52 -12.67 1.20
Y0 371.03 331.03 10.78
Y0 383.55 343.70 10.39
Y0 1404.83 | 1394.23 0.75

Notably, the application of the mechanical condsiaescribedby scenarid,

scenari®2 and scenarié revealed similar variations in static pressure drops

across thelassifier region (BF and CF). This result is attributedtplementing
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a geometric change in thsame region. Hence, hese results highlight the
unsuitability of employing a statistical analysis of static pressure drop to decipher
between a damaged cldges and a damaged vortex finder. However, this
approach still provides useful information which can be utilised to narrow down

themechanically defectivarea of concern.

6.3.3.2 Particle size distribution analysis

The impact ofa mechanically defectivevortex finder on the particle size
distribution at the pulveriser exit is visually elucidated in theaticle size
distribution plotpresented irFigure 6.9. By inspection, the quaity of particles
larger than 16 & m e »ipulvergegis mane pronouncddr the damaged
vortex conditionhencethis profile exhibits a similar trend to thaistribution plots

presented for thpreviously discussedear scenarios.

100 -
90 'f_—\__\\
80 -

70 -
60 - ——Base Case

50 - Scenario 6
40 -
30
20
10 -

% Coal passing pulveriser exit

0 50 100 150 200 250 300 350 400
Particle size €m)

Figure 6.9  Comparison of the particle size distributions generated to
elucidate the effect of vortex findermodifications on the model output

To this end, the scenarios presented explored the paradigms of poor component
condition for componentocatedin the upper region ohe pulveriser. To more

conclusively assess the viability of employing the static pressure drop values to
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predict changes ithe mechanicalcondition of components, modifications were
imposed to the lower area of the pulveriser domain, namelhtbatregon, and

two possible scenarios were considessautlined in the ensuing section.

6.3.4 Throat region Modifications

6.3.4.1 Worn throat blades (Scenario 7)

The 8.5E VSM haseveratlthroat vane mechanically fittedo the outer perimeter
of the bottom grinding ringAs previously highlighted, the vanes impart a starl
the PA flow aiding in coal classification within the pulveridegure6.10 depicts
thethroat gap bladellustratingthe dimensions of the modified bla¢leghlighted
in pink) in relation to the original. It must be noted that in this scenariavitit

of all 72 bladesvasgeometricallyreduced from 1@nm to 3mm.

¥/
2,
N «4+—— Throat blade

Figure 6.10 Schematic highlightingmodified throat vane in relation to the

original

As illustrated inTable 6.8, the variation in pressure drop dispdyacross the

throat g@ area (measurement point AB),dampaisonto the other regions, was
noted to be the largest, the difference ofickih can be directly related to the
modified throat vane dimensienA significantdisparity in pressure drop values
measured across the classifier region @Bl CH was distinctly absent, thereby
successfullyidentifying the throat region as amreaexhibiting changs have

occurred.The variance in pressure visible across region GA may be attributed to
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the lower pressure experienced at point A as a result ofédaced resistance
across the throatausedby the modification imposed. The 4.86 change
observed across points BC was regarded as insignificant as the pressuferdrop
scenario/ only reducedy 0.61Parelative to the base case. Additionally, as can

be expected, a change was observed across points GF mainly due to the pressure
drop across thehroat region being a large portion of the overall mill static

pressure drop.

Table 6.8 Simulated pressure dropresults obtained for Scenario 7

Pressure | Base case | Scenario 7 | Variation
dop | (Pay (Pa) (%)
Y0 168.41 157.57 6.44
Y0 865.39 795.66 8.06
YU -12.52 -13.13 4.86
Y0 371.03 369.14 0.51
Y0 383.55 382.27 0.33
Y0 1404.83 | 1322.37 5.87

6.3.4.2 Air flow obstruction in between throat segmentgScenario 8)

Generally large coal particles or foreign objects that are either too haydrtd,

too heavy to be entrained by the primary air velocity passing through trendap
too large to pass through the throat gap to be rejduyethe pulverisemay
become wedged in ¢hthroat segment3he presence of wedgedobject causes
an obstructiortherebyinhibiting free passage of primary air through the throat
gap In addition, impact damage to the bottom grinding ring péstedentified
during visual inspectionalso creats a flow restrictionijllustratedin Figure6.11.

The challenges associated with theseo conditions are most likelyunequal
airflow distribution aroundthe throat ga@nd as aconsequengat may leadto
high wear rates in thétoat region. Thempactof unequal airflow on the wear
profile adjacent tothe throat region was investigated and highlighted by

Vuthaluru et al(2006) as previously explicated Dhapter 2section2.3.
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To simdate a realistic scenari,% of the 72 thrat segments were obstructed,
displayed inFigure6.12a. Application of the throat gap obstruction washieved

in StarCCM+ using a strategic part amdcloser vew of the part createds
displayedn Figure6.12b.

L e Damaged bottom grinding ring
causing obstruction
P Throat gap

Bottom
grinding ring

Figure 6.11 Digital image highlighting damaged grinding ring creating an
obstruction above the throat gap

Throat segment
blockage created
in StarCCM+

(b)

@

Figure 6.12 Schematic illustrating (a) 5% blocked throat segments (b)
closer view of segment blockage created

165



The presence of an obstruction in the throat gap region contributes significantly to
the flow characteristics ac®she throat regionas depicted inTable 6.9. A
significantrise inpressure drop of approximately 1B@is detected across points

AB, emphasizinghe added resistance created in the system by the blockage. A
comparative assesemt of the pressure drapsults displayed for scenarfoand
scenaridB revealed that worn blades lead to a reduced pressure drop across the
throat whereas for a blocked throat, the pressure drop incréaseddition, he
similarities observed betweehet measured outcomes across the classifier region
(BF and CF) in relation to the other regions for both these scenarios emghasize
potential of isolating problem areas in the pulveriser by analysing the static

pressure measurements

Table 6.9 Simulated pressure dropresults obtained for Scenario 8

Pressure | Base case | Scenario 8 | Variation
drop | (Pa) (Pa) (%)

Y0 168.41 15696 6.80

Y0 865.39 968.75 11.94
Y0 -12.52 -13.12 4.81

Y0 371.03 364.83 1.67

Y0 383.55 377.95 1.46

Y0 1404.83 | 1490.54 6.10

6.3.4.3 Particle size distribution analysis

The particle size distribution was evidently affected by the modifications applied
to the throat region, as illustratedkigure6.13. Assessment dhese distribution
plots revealedncongruity with thedistribution plotspresented ir6.3.1.4 6.3.2.3
and6.3.3.2 wherebyboth scenari@ and 8 resulted ia higher percentage of finer
particles (less than 165>m) at the pulveriser exitThe slight increase in the
percentage of fineparticles observed for scenaiomay be attributed to the
increased PA velocity caused by the blocked throat segment. Furtherorore, f

particle sizes greater than 165 an inverg relationship existbetween these
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scenarioswhereby a higher percentage of largartigles are observed to exit for

scenarior.

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -

— Base Case
Scenario 7

——Scenario 8

20 -
10 -

0 T T T T 1 T T 1
0 50 100 150 200 250 300 350 400

Particle size €¢m)

% Coal passing pulveriser exit

Figure 6.13 Comparison of the particle size distributions generated to

elucidate the effect of thethroat region modifications on the model output

6.4 Concluding remarks

The primary objective of this chapter was to deteamirhether the employment
of static pressure dropalues measuredacrosscritical pulveriser components
would reveal the mechanical condition of the associated compoheaarray of
pulveriser modifications applieid the baseline numerical modeasdictated by
paradgms of poor components explicated in literature as wethamighvisual
inspections that was ngisaged to potentially affect theverall pulveriser
performance. The applicatio of geometrically modified pulverisemternal
component$n CFD highlighted the definitive and statistically significant effect of
sub-optimal pulverisermechanicatondition on the associated static pressure drop
predicted Modifications effectedo the classifier region displayed subsequent
variation inthe pressure dropalculatedacross the classifier (measurement points

BF and CF) with statistically insignificapressire variationdisplayedacrossthe
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throat region Modifications appliedo the inner cone highlighted variationstime
pressure dropvalues calculatedacross the classifieregion supplemented by
changesin pressurevalues measuredacross points BCThe mplementation of
modificationsin the throat gap region highlighte@riationsin the pressure drop
values measuredacross the throat gap regiofmeasurement points AB)
accompanied with statistically insignificant pressure drop variations atiiess
classfier region The assessment of theeasured outcomes from tharious
modified scenariosnvestigated elucidates general trend which highlights a

reductionin the static pressure drop as the components deteriorates.

The success of aniCMP could not bdully established without assessing the
quality of the pulverisefuel product Subsequently, article sizedistribution
analysesprovided a means for comparison of changes in the particle size
distributions resulting from eacimodification applied.Hence the interplay
between the mechanical condition of the pulveriser and the size oflgmrti
discharged by the pulverisaras establishedThe outcoms of this investigation
provided evidence tesubstantiate thgeneraltenet that as the pulveriser conaiti
deteriorates, satisfacity ground coal partices as reuired for efficient

combustions circumventediue tolarger particlegxiting the pulveriser.
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Chapter 7: Conclusions and Recommendations

The present dissertation aimed to develop a comprehekg<dMP which is able

to overcomehe pulveriserperformance challenges associated with conventional
measurement andmonitoring tehniques and subsequentlylead to the
development of aviill Condition Monitoring Systento improve combustion
efficiency at coalfired power utilities The MCMP was developed in a logical
stepwise mannerFirstly, an indepthliteraturereviewaided in the elucidation of
coal pulverieerswhich wassupplemented by the challenges associati¢hl coal
pulverisation The review culminated in the identification of significantly
influential process variableas well ascritical pulveriserinternal components
Secondly, extensive experimental workas performed to quantify several
pulveriser process variables that were deemed necefssattye assessmenand
validation of the mathematical modelenvisaged Thirdly, two mathematical
models, a global MMEB model and aumericaly based model,were
comprehensively developddr a commerciakcale8.5E VSM (ball and ring
Finally, the validated matineatical models provided a platform to establish the
practicalityof employing measurement and monitoring techniques to successfully

evaluate the pulveriser condition.
7.1 MMEB model Conclusions

For the MMEB model, allpulveriser energy input and outpustreans were
identified andrigorously evaluatedfollowing which the fundamental theories of
mass and energgonservation as well as the concepts of heat transtezre
appliedto obtain a global energy balanéer simplification purposeshé model
was devadped with certai educatedassumptions. The derivation was performed
in steadystate, wheream industrycoal pulverisation is a transient proceshe
model derivationhighlighted the mass flow rate of coal to be dependent on
several variables, some @fhich are not measured during normal pulveriser
operation. The status of variables currently monitored was highlightédhbte

A2. Thereforethe primary air flow traverse antthe global pulveriser performance
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tess were undertake as a means tquantify (unmeasured variables) andrify
(DCS recordedariables)ymodeldependent variables.

Severalmodel input variables werguantified through acceptable experimental
methods and measurememind measurement errors wei@ther minimized
through engagemen with best practice guidelines. oMever experimental
methods are accompanied by uncertainties as they are basadasorements
Therefore,a theoretical approach was employed to establish the uncertainty of
each model input variablby utilizing the relative uncertaintiesf individual
instrumentsemployed Following which a theoretically simplified approach was
adoptedo ascertain thpropagation of error on the modgledictedoutcome this
yieldedanoverall coal mass flowateuncertainty of2.3%. Variables such as the
raw coal temperature and seal air temperature were identified to be the leading
contributors to theverall measurement uncertainty with valuest&e02 % and
1.74e04 %, respectivelylt can be concluded that smaller propgation of error

can be attainedy employing instruments that are calibratec greater degree of

accuracy.

A sensitivity analysis was performed to elucidate the sensitivity ranking of model
input parameters on theaaetpredicted outpu For a 10% variationin input
parameters, the primary aiemperature was identified as the most sensitive
variable producing al5 % variation in themodelpredicted coal mass flow rate.
This was sequentially followed liie primary airmassflow rate,pulveriser outlet
temperature and raw coal moistueachproducingcoal massflow ratevariations

of 11.16%, 9.77% and 6.526, respectively. The analysis also identified
parameters that produced statistically insignificant variatioigoal mass flow
rate, thereby providing vital informatidior model simplification through future
research effortsMoreover, the sensitivity results obtaineere congruent with
previous studies which seivéo verify the model developed.

In conclusion, the MMEBmModelpredicted coal mass flow rates demonstraed
close correlation to theexperimentally determime value achieved through
isokinetic samplingmethods achieving a variance of 4.3%. This ®rves to

validate the model developeds the MMEB model is dependenbn several
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pulveriser procesgariablesthe modelcanat this timeonly be implemented on an
industrial scale if it is supplemented with the necessary experireareyuired

to quantifyvariables that areurrently not measured online.
Recommendations

The sensitivity analysis highlighted the coal mass flow rate to be influenced by
the raw coal moisture conterfiurthermore, the heat capacdl coalwas shown

to be dependent on the volatile matter and ash content of raw coal, Iméinee o
monitoringof raw coal should be investigated in order to accurately quantify the

aforementioned parameters.

The quantification of the raw coal mass flow rate using the DBM highlighted a
consistently reproducible error in relation to the results obtained through the
MMEB model isokinetic sampling methodand gravimetric feeder (Power
Station B) This finding warrantsfurther investigdon into the experimental
techniqueas well as theerrors associated with the raw coal bulk density
determination As the DBM is emplyed at several Eskom power stations, it is
further recommended that a standard procedure biseadke for employing the

method once this investigation is complete.

As it is impractical to have online monitoring of raw coal temperaturayecoal
temperatire surveyshould be undertakenith the aim of establishing @onstant
model input value Additionally for MMEB model simplification purposes, air
humidity may be excluded fro the model derivation as it demonstrated

negligibleeffect on the modgbredctedoutcome
7.2 Numerical model Conclusions

For the numerical studya thorough literature review culminated in the
identification of severalgeometric features and flow conditionsthat are
significantly influential on the flow dynamic pattern exhibited hit the
pulveriser. In line with thisa full-scalehighly detail3D model of a typical Eskom
coalVSM waspreparedn CAD, following which the single@hase and twphase
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static pressurow profile wasestablished through the employmenStdrCCM+
CFD mde.

Existing Eskom VSM static pressure measurement points apatially biased
hence, they wereonsiderednadequate tastablish acomprehensiveipture of

the flow dynamic pattermlong the vertical height of the pulveriser. Therefore
additional pressre measurement points warestituted in accordance with best
practice guidehes, at strategic locationson one VSM. Subsequently,
guantification of thestatic pressurealues as well as the trend exhibitedas
successfully accomplishetiroughfull-scale experiments (single and tywbase
flow). For the singlephase experiment, three primary air mass flow rates were
tested all of which exhibited a similar trend, thereby highlighting the accuracy
and precision of the measurement technique. The quatitin of the twephase
flow static pressure profile was particularly challenging due to the frequent
blockages experienced in the impulises and tapping points. This drawback was
resolved with frequent air purging. Howevenly the maximunprimary airflow

rate (with its corresponding coal mass flow rate) assessedAlthough much
higher in magnitude, the twohasestatic pressurerofile demonstratk a similar
trend to the singkphase flow profile.The installation ofadditional pressure
measuremenpoints provided a means for a fundamental validation of the CFD
model. In this regatdvalidation ofthe CFD modelsvas assessed throughe
intensity of the correlatiodemonstratedbetween the experimentally determined

and numerically calculated st@afressure profiles.

For the singlephase flovs, an excellentcorrelation was established between the
CFD calculatedand experimentally ascertained static pressure vdhresach
flow condition The measured outcomes from the simulatairthe experimeal
measurement locatisnwere within5 % of the experimental datdhis served to
validate the model and the excellent correlation was attributed to the foltowing
(1) the geometrical featured the pulveriser wasapturedcorrectlyand minimal
geometrc assumptions were applied, (8)e magnitude of the static pressure
sensed is strictly connected to thie mass flowrate and air temperaturey full -

scale aifflow traverse highlighted the actual mass flow rate and tempettite
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primary air enterig the pulveriser,hence these physical quantities were
implementedo theCFD model and, (3) the mesh refinement study culminated in
the selection of the most plausibleesh resolution for areas identifieglith
elevatedvelocity gradiers, thereby solvingthe physics defined in the model
accurately.The variationcan beattributedto the CFD model being evaluated

steady state, whereas the experiment was performed under transient conditions.
Furthermore, the CFD predicted velocities wageeeablavith previous studies,

which served to verify theurrentmodel developed.

During normal pulveriser operation, additional factors which influence the
pressure dropare the presence of cogarticlesand heat transfecaused by
moisture evaporation from coarhis necessitated the incorporation of a solid
phase model in collaboration with heat extraction into the fultwerged single
phase CFD modeio replicatethe conditions conducivéo two-phase flow A
Lagrangian coupled approach was selected to modedain coal particls. In

order to accurately model the thermal operating constraints of the pulveriser, a
theoretical approach was employed to quantify the energy consumed during the
pulverisation process, following which an absolute amount of energy was
extracted froma selected volume withithe computational domaiihereliability

of thisapplicationwas confirmed by comparison between the computed pulveriser
temperature profile and the experimental measurenimtethelessa negative
correlation was ehieved between the CFD predicted and experimentally
ascertained static pressure profiles, with an avevageallvariation of 10%. The
largest contributor to the variation was the static pressure predictions around the
throat regon, achievinga variation of 31%. The determinants responsible for
achieving a better correlation in dilute areas higher up in the pulveriser can be
attributed to the points highlighted in the aforementioned paragrépé.
contributory factorgesponsible for thattaining apoor correlationat the throat
regionmay be attributed to the following: (1) during tybaseflow operation,

the throat and bottom grinding ring are in a constant state of rotation, the CFD
model was simulated in steady state, (2) the computational ionitan
simulating the actual number of particles in an operational pulvelisethis

modelonly 5000 particlesould beinjected (3) simulating the exact particle size
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distribution during pulveriser operation was considered impracéicd| in this
modd particles with a constant diameter of T#n were injected (4) the
limitations of the Lagrangian framework to accurately predict the static pressure
drop acrossparticle dense regions especially those exhibitithgidized bed

phenomengaas isthe case aoss the throat region in a VSM.

The limitations of theéwo-phaseflow (Two-Way coupling CFD model not being
able to accuratelgalculatethe twophase flow profileculminatedin the selection
of the adequately validatesinglephaseflow modelto assesghe viability of

employing the static pressure measurements to identify chantfesnechanical

condition of critical components.

By employingthe tools available inStarCCM+and CAD eight modifications
imitating typical wear conditionsyereinvestigaed through numerical simulation
following which statistical analysis of the measured outcomes were performed
The influence of the modifications as well as the intensity of this influence on the
measured outcomes (static pressure) proved different for readification in
comparison to the base cased in doing so areas prone to wear were

simultaneously highlighted.

The success odiny MCMP could not be fully established without assessing an
important key performance indicator of the pulverigbgt being the quality
(fineness)f the pulveriser productherefore, an uncoupled Lagrangian approach
was employed to elucidate the discrete phase pattern based on the fully converged
fixed continuous singkphase flow field. In this instae, 34 injecrs were
created to inject paxies of various sizes betweeruth and 40Qum into the
computational domairSubsequently, particle size distribution analyses provided
a means for comparison deviationsin the particle size distributions resulting
from each modiftation applied. Hence, the interplay between the mechanical
condition of the pulveriser and the sizepafrticles discharged by the pulveriser
was establishedThe outcomes of this investigation provided evidence to
substantiate the general tenet that Be pulveriser condition deteriorates,
satisfactorily ground coal particles as required for efficient combustion is

circumvented due to larger particles exiting the pulveriser.
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In conclusion, the application of CFD in the pulveriser doneshibited great
potential in identifying worn pulverisesomponents through statistical analysis of
the static pressure drapeasuredacross specific components. Hence measuring
and monitoring theingle phasestatic pressure drop along the vertical height of a

VSM demongrates a significantbenefitfor industrial application.
Recommendations

The MCMP developed by the present dissertatisra simple and easy method

which can be successfullapplied to new and existing coalpulverisers

Application of the method requiresroutine clean aitest to be performeahilst

the mill is offline Continuous monitoring of the static pressure losses in the

system will enableEngineers to establish if and in which region a faulty
component might exist without the needdpen apulveriser and complete an

internal inspection, thereby saving time and effort. It is recommendédtileast

three additional static pressure measur ¢
locations delineated by points A, B and C (refeFigure3.14). Following which,

fixed pressure probes must be installed to enable continuous recording and

statistical analysis of data.

For the development of a successful condition monitoring systémis
recommended that benchmark cases be dpedl throughexperimentation a
enablecontinuousevaluaion of components during different process conditions

This will enable more educated andvidenceebased decisions to be taken,

thereby reducing the uncertainties involved in early fault diagnesrsexample,

in this dissertation, the clean air static pressuoéilprwas acquired during winter

hence the ambient temperature wiasver than if the test was performed during a
summermonth. As the temperature influences the static pressure meashi®d, t
necessitates the developmenattérnates t at i ¢ pressure Profil e

to be employedor component monitoringests performed summemonths.

The particle size digbution analysis was assesaattler steady state conditions.
During typical pulveriser operation, the bottom grinding ring #mdat gapare in

a constant state of rotation. This rotation may alter the air flow distribution profile
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and consequently the particle size distributbrihe pulveriser exitA method to
include this rotation, andthe influence thereof, should be investigated under

steady state conditions.

Subsequent to theidentification of the Lagrangiantwo-phase model
demonstrating poopotential inpredicing the static pressure profile across the
throat gapregion it is recommended thafurther analysis is conducted to
determine the capability of thEulerian approach to predict the pressure drop
across the aforementionédidised bed region. It is further recommended that a
field function be applied to onlgxtract energy from cells within the throat gap
region which demonstratehigh velocity gradients in order to generate an

improvedtwo-phaseemperature profile.

It is recommended that particle sizdistribution tests are undertaken on
pulverisers with aknown fault to establish the effect of worn pulveriser

components on the pulverised fuel product.

The fully validated singlphase CFD model employing the uncoupled
Lagrangianapproachprovides a platform to investigate a range of classifier and

throat @p designs with theltimateaim of improving thepulveriser performance.
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Appendix A

Table Al Summary of Eskom pulverisation plants
Station Unit Commissioned | Make Type No./ Unit
date (ton/hr) | Capacity
(MW)
Komati 1-3 19671966 B&W 8.5E VSM ball 3/24 100
4&5 Mitchell Tube 3/22 100
6&7 Mitchell Tube 3/25 125
8&9 B&W 8.5E VSM ball 3/28 125
Camden | 1-8 19661969 Loesche VSM Rollerftrack | 4/28 200
Grootvlei | 1-4&6 | 19691977 B&W 8.5E VSM ball 6/29 200
5 Loesche VSM Roller/track | 6/26 200
Hendrina | 1-5 19701977 B&W 8.5E VSM ball 6/24 200
8-10 MPS VSM Tyre 6/21 200
Arnot 1 19711975 Stein Tube 3/65 350
2-6 Loesche LM | VSM Roller/track | 6/38 350
Kriel 1-3 19761979 B&W 10.8E VSM ball 6/50 500
4-6 B&W 12.0E VSM ball 6/62 500
Matla 16 19791983 B&W 12.9E | VSM ball 6/68 600
Duvha 1-4 19801984 B&W 12.9E VSM ball 6/65 600
5&6 Loesche VSM Roller/track | 6/65 600
Tutuka 1-6 19851990 Stein Tube 6/63 609
Lethabo | 1-6 19851990 Riley Tube 6/80 618
Matimba | 1-6 19871991 Stein Tube 4/105 665
Kendal 1-6 19881993 Kennedy van | Tube 5/104 686
Saun
Majuba | 1-6 19962001 Stein Tube 5/105 685
Medupi 1-5 - MPS265 VSM Tyre 5/115 800
6 2015
Kusile 1-6 - MPS 265 VSM Tyre 5/115 800
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Table A2 Measurement $atus of pulveriser process variables at Power
Station A

Pulveriser process Measured Pulveriser process Measured
variable online variable online
Raw coal flow at inlet No Pulverised coal/air Yes

temperature at outlet

Pulverised coal flow at | No Primary air differential | Yes

outlet pressure

Primary air flov at inlet | Yes Pulveriser differential | Yes
pressure

Primary air flow at outlet| No Pulveriser motor curren{ Yes

Primary air flow Yes Coal recirculation load | No

temperature at inlet

Seal air mass flow rate | No Seal & temperature No

Table A3 Eskom procedureemployed to quantify process parameters

Test description Procedure title Reference
number

Proximate analysis Determination of calorific value 24055195819
Determination of total moisture 240-36547792
Determination of ascontent 24036547751
Determination of Al 24036547788
Determination of HGI 24036547789
Determination of volatile matter 24036547761

Isokinetic PF sampling| Pulverised fuel sampling and size grading| 240-30836576

186



Appendix B

CALIBRATION CERTIFI CATES

L -type pitot-tube

Chs? Swﬁmg System TEQIIESSND  Untd o Business Pa, D E M
9, INTERNATIONAL it i e STANDARD

'S0-1EC 17025 GOMPLIANT

PF BAMPLING SPEQIAUISTS, BOILER PLANT Tesnne, Of Nn: Ss 14 at 208 Gv
BALl B RAT' ON G E RTI Fl EATE " | oare 1ssueon:_30/07/2014

Gampeany Nave:_Eskom . A

BRANOH:__._ ...

inavrunmenT:__Pitot Tube Mooee:__1.5m Pra Pmndel N/A
Maxe:_Sampling Systems seriaL No:_ PT-P1.5-100 OTHER!, N/A
LaoaTion: TEMPERATURE: 21°C 8 1030mk|
Date Repieveo:  18/07/2014 HUMIDITY! 28% $S-CAL-005
ate Comereten:_30/07/2014 Teaxnioiant__F. MADUANE arrer:_N/A
UNiT aF Pa FOLND WiTHIN TOL YES
ITEM 8PEC REFERENCE INSTRUMENT VARIANCE

1 - -90 -92 2

2 = -107 -101 6

3 = -108 ~105 3

4 = -112 -112 0

s - -114 -113 1

Visual inspection, leakag &blockage Insr { wasdone lnstrument remalnswlthln the OEM spgciﬂed
dlerance.

Flow formula : Velocity (kg/s) =K /2x1000x AP (where K= 1.0)

AP = Pressure Diff (kPa) | K=1.01
p = density (kglmS)

1SO-IEC 17025

Issuzo @v;__Jullan Lopez issuED TO: !izoﬂ 9\'\,&\0\
BlaNaTURE: S atiled BIGNATURE!
pare:__30/07/2014 oare:__ 0 S\o8\ Lo\

Figure B1  Pitot-tube calibration certificate
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Digital thermometer

P 5

This cevtificaie is Fssised vwilhout ol I P ok with the o

graited by SAMAS. It is a correct record of the
weastireinenss wade i the e of culilration. Cogiveight of this certificate is ovned by InterCal and may wot be reprosiuced elher thet in fill
except with the priar written approval of ImerCel, The valies given in tftis certificete trere comect of the fine of ealibrotion, Subsequently the

acenracy witl depend on fastors suck as cove weercized I fandling thz and feg of use. ihraion should be perfored afier
a peviod which Has been chosen (o ensnre thed, nader nannel chrounstances, rr‘.'e !»s!mr:m;ly accuracy renteins within the desived limity. The
ies of alf were bie ia tre netinnal g s iiredd din South dfrice, knless otherwise noted.
The reporfed expanded uncerfaiiles tre based on n stovdord urcerteiuty inlied by o  Jrctor ko 3 prowfding @ fevef of fe
of approximately 958, The ancerfaimties of huave been esk d in & will fhe ;irfrmpfr.: defined i the GURS, Gride

o Uncericinty of Measureinent, IS0, Guneve, F923

Certificate No 1 01921

Manofacturer : Fluke

Description 1 Digital Thermometer

Model No : 5418

Sertal Ne : 17250118

Plant No : Nons

Calibrated for + Eskom Holdings SOC Ltd

Address [

Calibration

Environment

Temperature : 21°C & 1°0)

Relative Humidity 1 44 %rh (+ 3%rh)

Date of ealibration + 30 July 2014 Print Date @ 30 Jaly 2014
Expiry date 1 30 July 2013

Calibrated hy : T. Madiba Checked by ¢

The South African Nanomg! Acereditoiion Spslem (SANAS) s a member of ihe Indernatiomnl

Laboratory Aeccredsi Cegperation (1.AC} Mufual Revog (RA) This
Arranigentent otlows for the r;fmemi n‘cagn{!mn of techmical test qud colibrarion data by e
nieniber bodies ide.  For more i fore i ts A Please
oty :

4] Signatory Page 1 0f2

interCal CC Reg: QK1992/28387/23
inferCal Test and Measwrement Center, 907 Richards Drive, Halfway House, Midrand
PO Box 10807 Voma Velley 1688
Tek (011} 3154321 Fax: (011) 3121322 o-mail: Interesi@iniersaloo ze wwwintercsl.eozn

Members: PS Hearhoff GO Snefing

Figure B2  Digital thermometer calibration certificate, Page 1 of 2
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Certificate No: 61921

1 Standards and equipment
A:gei_ ‘-1 S Mawe L “Moda ] Ds«scﬂp{zan RS 'Seﬁémﬂ;-_nben 1 By Dala thﬁmte Ho
182 | Fioka BE0A, Cafibraior 7380053 Gt 338 T

2. Procedure

21 The UUT was calibrated by simulation by using 2 relevant thercaocouple wire in accordance
with procedore 3/PA0S,

3, Resulfs

3.1 Temperature: Simulafion

pnt Telerance . palEEY ] UUF Uncertainty of
ey )y Display Display medsurement
: T1 12 Q)
C Q)
-50 +0,3 -50.1 -50.0 0.2
G +03 -0.2 0.0 + 0.2
30 +0.3 50.0 50.0 + 6.2
100 +0.4 99.9 100.0 + @2
200 +0.4 199.8 200.0 + {2
400 +0,5 399.8 . 4001 0.2
660 +0.6 5999 600.1 *0.2
860 +0.7 799.8 800.1 + 0.2
1060 +0.8 999.9 999.9 0.2
1200 +1 1206 1201 +0.2
1300 E3 1300 i301 +0.2
4, Comments

431 The UUT was only calibrated at the above temperatures in accordance with the
costomer’s instruction.

4.2 Temperature conversions were perforned with reference {0 IBC 60751:2008 and/or
EN 60584-1.

----- End of document -—-

Technjed] Signatory Page 2 of 3

Figure B3  Digital thermometer calibration certificate, Page 2of 2
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Thermo-vane Anemometer

Technology Solutions

Measurement Science Laboratory

Certificate of Calibration

The South African National Accreditation System (SANAS) is a ber of the il ional Laboratory Accraditation
Cooperation (ILAC) Mutual Recognition Agreement (MRA). This arrangement allows for the mutual recognition of technical
test and calibration data by the b bodies ldwide. For more inf tion on the t please
consult www.ilac.org. The accuracies of all s ware tothe I ring as
maintained in South Africa, unless otherwise noted. The ur infies of were estimated for a co ge factor
of k=2 which approxi a 95% confid level.

Certificate No L59221
Manufacturer Major Tech
Description Anemometer
Model No MT948
Serial No 07057930
Plant No EELA13
Calibrated for Eskom Holdings Soc Ltd -
Temperature 24 i o
Relative humidity 27 % th
Barometric Pressure 863 mbar -
Date of calibrati 23 Sey 2014
Expiry date 23 September 2015 Issue Date 24 September 2014
Calibrated by I. Jooste Checked by @.’ﬂ@,‘lﬁ_ﬁ
This certificate is issued without and in with the conditions of accreditation granted by the SANAS.

Copyright of this certificate is owned by Technology Solutions and may not be reproduced other then in full, except with the
pnor wntten approval of Technology Solutions. It is a correct record of the measurements performed at the time of
v will depend on factors such as care exercised in handling the instrument and
frequency of use. Recallbrarmn should ba performed after a period which has been chosen lo ensure thal, under normal
the Y ins within the desired limits.

OlgUlysgad by ARt ASHCA e

e b
Technical Signatory 52, 4, Y Hpeercts ,,z'\t,.“m:,:*::“mw Eage fior s
onsturke WiTiam Hands, eme=hiasasdus

Detee 20140924 061557 0760

Sales, Sewlce. Trainin g Consultation and Calibration of Measurement Equipment
Setting New tandards in delivering Service Excellence to you.

Hards L ies cc T/A Tech C3 Prospect Close, 311 Regency Drive, R21 Corporate Park, Irene
Tel: +27 (0) 12 345 5358 Fax +27 (0) 12 345 3263,

Figure B4  Thermo-vane anemometer calibrationcertificate, Page 1 of 2
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Technology Solutions 2> (&Q_n as

Measurement Sclence Laborato D=3 Comronon Latortoey
o L7y T

Certificate of Calibration

Certificate No L59221
Standards and Egulsmont used
Description Asset No Cal due
¥ 1S-085 Nov 10, 2014
Testo Barometer TS-021 30 June 2018
unnel TS-048 ource onl
Procedure TS PL 005
Resuits
Standard velocity UUT velocity Correction UoM
mis mis mis +mis
0.00 0.00 0.00 0.11
2.13 1.76 0.37 0.08
3.83 4.06 -0.23 0.11
5.82 8.13 -0.31 0.16
7.96 7.63 0.33 0.21
9.56 9.30 0.26 0.25
11.47 11.04 0.43 0.29
13.29 12.63 0.66 0.34
14.89 14.12 0.77 0.37
16.64 15.35 1.29 0.42
18.51 16.84 1.67 0.47
- Parameter Standard UUT Reading + UoM
Temperature (°C) 238 237 05
Humidity (% rh) NA NA 5
Status Used
Repair details Nooe
Technical Signatory LW Hards Page 2 of 3

Sales, Service, Tralnlng Consultation and Calibration of Measurement Equipment
ing New Standards in delivering Service Excell to you.

Hards L ccTIAT C3 Prospect Close, 311 Regency Drive, R21 Corporate Park, Irene
Tel: +27 (0) 12 345 5358 Fax +27 (0) 12 345 3263.

Figure BS  Thermo-vane anemometer calibraton certificate, Page 2of 2
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Infrared Thermometer

Services cc

Rag. No. 2002/087415/23

Cediborestion Laborctory

146 308 1546 1446

CERTIFICATE OF CALIBRATION

South African National Accreditation System
Accredited Laboratory Number 146/308/1546/1446

‘CERTIFICATE NUMBER: 308-15644

Calibration of a Infsared.'i'bamcmeier
Manufacturer Sentry
Model No 8T 672
Serial No 109003066
Calibrated for Eskom Holdings Soc Lid
Address
Yssue Date 30 July 2014
Calibration Date 20 July 2014
Technical Signatory : JW Ysel
Calibrated by ¥ ¥sel (3}
Checked by L Inama

The South African National Accreditation System (SANAS) is a member of the International
Laboratory Accreditation Co-Operation (TLAC) for the Mutual Recognition Agreement (MRA).
The MRA allows for the mutual recognition of technical test and calibration data by the member
acereditation bodies worldwide. For more information on the MRA please refer fo www ilac.org

Copyright of this certificate is owned by REPCAL SERVICES, This certificate may not be
reproduced other than in full, except with prior written approval of REPCAL SERVICES

508 Napen Crescent PO Box 6093 Phone (0113315 3134
Halfway House Halfway House Fax (611} 3158726
Midrand 1685 e-mail : sgrvice@repeal.co.za
Figure B6  Infrared thermometer calibration certificate, Page 1 of 2
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REFPCAL SERVICES
SANAS CALIBRATION LABORATORY
LABORATORY NO 308

METHOD

The Infrared Thermormeter was ealibrated from 600°C to 1200°C against a Black Body
fuinace. The frue temperature of the firnace was measured with a standard Pyrometer,

RESULTS

502 805y +6.9
8§99 896.5 +2.5

1199 11935 +5.3
*End of vesults
& UNCERTAINTY: The uncertainty of measurement was: +5°C
7 NOTES )
71 Calibrated from: 600°C to 1200°C.
72 Caldistance: =Im,
7.3  Emissivity sefto 1.06

Signed : (_ W Cortificate No ; 308-15644

TW Ysel
Techiical Si.gz)atory erperatre)

Figure B7  Infrared thermometer calibration certificate, Page 2 of 2
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PF Samger

INTERNATIGQNAL Ot GR26S1 041

% Sampling Systems o wmerers | ) E-M

Hu ARG TR Su— STANDARD
Aot

ISO-1EC 17025 COMPLIANT

PF SAMPLING SPECIALISTS, BORER PLANT PERFORMANCE TESTING, DEVELOPMENT OF SALPLING EQUIFMENT

No: S§14-202 GV
DAL'ERATIDN DERTI F‘ BATE Date Issusn:_29/07/2014

InaveusenT:_PF Sampler Mooew:__ LC4 N/A

MAKE? semiat No:_SSI 1985 041 aTHeR: N/A

T =S SESaaaTE
Lacanan:_Sampling Systems g 17°c ; BaroMeTRIo Pressure:_1032mb
Dave Recteveo:_18/07/2014 Humony: 70% Proceoure:;_SS-CAL-010

‘ATE DOMPLETED! 7/2014 Teonmoan:__F, MADUANE ovmer:__NJA

ITEM | sPEC REFERENCE INSTRUMENT VARIANGCE
= NA NA NA

LRE R RS
3

6x Interception taps
1x 3/4" Ball valve and
Replaced missing fabels and screws

issueo ay:__Jullan Lopez [Tep—— i\
. SIONATURE:
oare:___29/07/2014 oare:_ oW o3\ Lol

Figure B8  PF sampler calibration certificate
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Pressure transducers

Certificate Number
Calibration of a
Manufacturer & Type
Serial Number
Calibrated for

Unique Metrology

Eskom Research & Innovation Centre = Cafibrafion Laboratory

Lower Germiston Road * Rosherville \ g
P O Box 145296 » Bracken Gardens * 1452 306 205

Tel: 011 626 3808 « Cell: 083 254 3635 « Fax: 086 610 4196

Web: www.unimet.co.za

CERTIFICATE OF CALIBRATION

Page 2 of 2 pages.
1506P5810-1
Pressure Transmitter
Siemens Sitrans P
N1-X914-9101876
The University of the Witwatersrand, Johannesburg.

Procedure Number 53-124
Date of Calibration 02/06/2015
Date of Issue : 02/06/2015
Laboratory Environment : 22.4°C
Reference Standards 205-S-01 Ruska 6200 PPG S/N 39478
Reference Indication
Pressure V)
(kPa) Rising Falling
-0.5 0.499 0.500
0 0.594 0.593
2 0.971 0.971
4 1.348 1.348
6 1.724 1.724
8 2.103 2.104
10 2.339 2.339
Curve: P (Pa) =%.5308Vi 3.3523)*1000

The uncertainty of measurement is + 0.025 kPa

The reported uncertainty is based on a standard uncertainty multiplied by a coverage factor

of k=2, which unless specifically stated otherwise, provides a confidence level of 95%, in
accordance with the Guide to the Expression of Uncertainty in Measurement, first edition, 1993.

Comments : The above readings were obtained using the customers data logging system.
The transmitter was connected to channel 0. 3
el
Calibrated by : A Mathieson & R de Jager Technical Signatory

Figure B9  Pressure transducer 1 calibrationcertificate, Page 1 of 6
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Unique Metrology

Eskom Research & Innovation Centre Z y
Lower Germiston Road * Rosherville N . o cion sty
P O Box 145296 - Bracken Gardens * 1452 306 205
Tel: 011 626 3808 « Cell: 083 254 3635 + Fax: 086 610 4196
Web: www.unimet.co.za

CERTIFICATE OF CALIBRATION
Page 2 of 2 pages.

Certificate Number : 1506P5810-2
Calibration of a : Pressure Transmitter
Manufacturer & Type : Siemens Sitrans P
Serial Number : N1-X914-9101872
Calibrated for 2 The University of the Witwatersrand, Johannesburg.
Procedure Number ; 53-124
Date of Calibration ) 02/06/2015
Date of Issue ¥ 02/06/2015
Laboratory Environment : 224°C
Reference Standards ; 205-S-01 Ruska 6200 PPG S/N 39478
Reference Indication
Pressure V)
(kPa) Rising Falling
-0.5 0.499 0.501

0 0.593 0.593

2 0.971 0.971

4 1.347 1.349

6 1.721 1.726

8 2.104 2.103

10 2.362 2.362

Curve: P (Pa) = §.4972V- 3.3256)*1000

The uncertainty of measurement is + 0.025 kPa

The reported uncertainty is based on a standard uncertainty multiplied by a coverage factor

of k=2, which unless specifically stated otherwise, provides a confidence level of 95%, in
accordance with the Guide to the Expression of Uncertainty in Measurement, first edition, 1993.

Comments : The above readings were obtained using the customers data logging system.

The transmitter was connected to channel 1.
T
Calibrated by : A Mathieson & R de Jager Technical Signatory

Figure B10 Pressuretransducer 2 calibration certificate, Page 2of 6
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Unique Metrology

Eskom Research & Innovation Centre
Lower Germiston Road * Rosherville
P O Box 145296 « Bracken Gardens * 1452
Tel: 011 626 3808 « Cell: 083 254 3635 « Fax: 086 610 4196
Web: www.unimet.co.za

CERTIFICATE OF CALIBRATION

Page 2 of 2 pages.

Certificate Number 4 1506P5810-3
Calibration of a 7 Pressure Transmitter
Manufacturer & Type 2 Siemens Sitrans P
Serial Number ; N1-X914-9101875
Calibrated for : The University of the Witwatersrand, Johannesburg.
Procedure Number 5 53-124
Date of Calibration 3 02/06/2015
Date of Issue Z 02/06/2015
Laboratory Environment : 224°C
Reference Standards - 205-S-01 Ruska 6200 PPG S/N 39478
Reference Indication
Pressure V)
(kPa) Rising Falling

-0.5 0.499 0.499

0 0.595 0.595

2 0.972 0.973

< 1.347 1.350

6 1.722 1.727

8 2.104 2.104

10 2.370 2.370
Curve: P (Pa) = $.4852V- 3.33189)*1000

The uncertainty of measurement is + 0.025 kPa

The reported uncertainty is based on a standard uncertainty multiplied by a coverage factor

of k=2, which unless specifically stated otherwise, provides a confidence level of 95%, in
accordance with the Guide to the Expression of Uncertainty in Measurement, first edition, 1993.

Comments : The above readings were obtained using the customers data logging system.
The transmitter was connected to channel 2. . 3
maf
Calibrated by : A Mathieson & R de Jager Technical Signatory

Figure B11 Pressure transducer3 calibration certificate, Page3 of 6
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Unique Metrology

Eskom Research & Innovation Centre
Lower Germiston Road * Rosherville
P O Box 145296 * Bracken Gardens * 1452
Tel: 011 626 3808 « Cell: 083 254 3635 « Fax: 086 610 4196
Web: www.unimet.co.za

CERTIFICATE OF CALIBRATION

Page 2 of 2 pages.

Certificate Number 2 1506P5810-4
Calibration of a S Pressure Transmitter
Manufacturer & Type 3 Siemens Sitrans P
Serial Number : N1-X914-9101863
Calibrated for 2 The University of the Witwatersrand, Johannesburg.
Procedure Number g 53-124
Date of Calibration : 02/06/2015
Date of Issue 2 02/06/2015
Laboratory Environment : 224°C
Reference Standards . 205-S-01 Ruska 6200 PPG S/N 39478
Reference Indication
Pressure V)
(kPa) Rising Falling

-0.5 0.499 0.501

0 0.596 0.596

2 0.973 0.973

4 1.349 1.350

6 1.723 1727

8 2.106 2.105

10 2.375 2.375
Curve: P (Pa) =%.4781V- 3.3173)*1000

The uncertainty of measurement is + 0.025 kPa

The reported uncertainty is based on a standard uncertainty multiplied by a coverage factor

of k=2, which unless specifically stated otherwise, provides a confidence level of 95%, in
accordance with the Guide to the Expression of Uncertainty in Measurement, first edition, 1993.

Comments : The above readings were obtained using the customers data logging system.
The transmitter was connected to channel 3. Wt [} $
\-\VXL_*

Calibrated by : A Mathieson & R de Jager Technical Signatory

Figure B12 Pressure transducer4 calibration certificate, Page4 of 6
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Unique Metrology

Eskom Research & Innovation Centre
Lower Germiston Road - Rosherville

anas

Calibration Laboratory

205

P O Box 145296 - Bracken Gardens * 1452
Tel: 011 626 3808 - Cell: 083 254 3635 - Fax: 086 610 4196
Web: www.unimet.co.za

CERTIFICATE OF CALIBRATION
Page 2 of 2 pages.

Certificate Number : 1506P5810-5
Calibration of a : Pressure Transmitter
Manufacturer & Type H Siemens Sitrans P
Serial Number 4 N1-X914-9101867
Calibrated for 5 The University of the Witwatersrand, Johannesburg.
Procedure Number 3 53-124
Date of Calibration g 02/06/2015
Date of Issue $ 02/06/2015
Laboratory Environment : 22.4°C
Reference Standards : 205-S-01 Ruska 6200 PPG S/N 39478
Reference Indication
Pressure V)
(kPa) Rising Falling
-0.5 0.504 0.504

0 0.597 0.598

2 0.974 0.975

4 1.348 1.351

6 1.725 1.729

8 2.107 2.107

10 2.369 2.369
Curve: P (Pa) =%.4937V- 3.3423)*1000

The uncertainty of measurement is + 0.025 kPa

The reported uncertainty is based on a standard uncertainty multiplied by a coverage factor

of k=2, which unless specifically stated otherwise, provides a confidence level of 95%, in
accordance with the Guide to the Expression of Uncertainty in Measurement, first edition, 1993.

Comments 3 The above readings were obtained using the customers data logging system.
The transmitter was connected to channel 4. W ! =
81 Dt(
Calibrated by : A Mathieson & R de Jager Technical Signatory
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Curve: P (Pa) =5.5034V- 3.3269)*1000
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