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ABSTRACT

On-line measurement gfulverizedfuel (PF) distributionbetween primary air pipes on a céiabd
power plant is of great importance to achieve balanced fuel supply to the boilercieased
combustionefficiency and reduced pollutant emissions1 Wstrumentation system using multiple
electrostatic sensingeadsare developed and installed on 510 mm bore primary air pipése same
mill of a 600 MW coafired boiler unit for the measuremendf PF mass flowand velocity
distributiors. An array of electrostatic electrodes with different axial widths is housedsensing
head. An electrode with a greater axial widiid threenarrower electrodeare used to derive the
electrostatic signals for the determination of PF mass flowaadlevelocity, respectively.The PF
velocity is determined bynultiple crosscorrelation of the electrostatic signals from the narrow
electrodes. The measured PF velocitgpplied onthe rootmeansquaremagnitudeof the measured
electrostatic signafrom the wide electroddor the calibration ofPF mass flow rate. Oplant
comparison trials of the developed systemre conducted undefive typical operating conditions
after a system calibration tedsokinetic sampling equipment is used to obtain reference data to
evaluate the performance of thevelopedsystem. Experimental data demonstrate that the developed
system is effective and reliable for thellame continuous measurement of thass flowand velocity

distributiors between the primary air pipes of the same mill.

Index Terms—Pulverizedfuel, fuel distribution fuel velocity, power planglectrostatic senspgas-

solid twophase flow.



. INTRODUCTION

About 40% of the electricity in the world was generated fooa in 2014, and the demaaticoalfor
power generatiowill increase 2.1% annually in the coming five years [1gwedver, coafired power
plans face challenges to enhance energy conversion efficiency and to producduesst gonissions.
Instrumentation and measurement techniques have an importanb gaalytto combat the above
challenges. Ofine measurement of the mass flow ratel velocity of pulverizeduel (PF)in a fuel
injection pipeline is of primary importance for the control of fuel fpanstion, balancing fuel

distribution between primamir pipes, and optimization of the combustion process.

Theonline measurement of PF has been recognized as sstanding industrial problem because the
PF particles in a primary air pipe are very dilute with a volumetmcentration of less than 0.18ad
are inhomogeneously distributed in the pipe with a highly irregular ieloofile. Very few sensing
techniques are available to cover the whole esestion of a primary air pipe with a diameter ranging
from 400 mm to 650 mm. Therefore, instrumebsed on ultrasonic, microwave and imaging
techniques have never performsatisfactorily on power plasiin alonger term due to their inherent

limitations in sensing principles and applicability [2].

Electrostatic induction based rhstpaped sensors eff a promising solution to the measurement
problem due to its advantages for industrial use, such as robustn@sgrsh environmentnon
intrusiveness in installatiomo energy injection to the flolarge crosssectional sensing volumgood
affordablity and bw maintenance requirements [3]. The electrostatic sensing primtiptenbination
with crosscorrelation signal processingnethod for the velocity measurement of pneumatically
conveyed particlebavebeenwell studiedfor over three decades {4§]. The latest research on the
electrostatisensingoased particle crosorrelation velocimetry7]-{9] provides a reliable soluticio

the PF velocity measurement.



Substantial effort has been made to relate the charac®ws$telectrostatic signals from various types
of electrostatic sensors to the mass flow rate of pneumaticallyeged particlesthrough both
laboratory tests[4]-[6], [10H14] and industrial trials [4]-{16]. The rootmeansquare (rms)
magnitude (rms drge level) of an electrostatic signal is used as an indication ofolbenetric
concentration of particles under steady, dipibase flow conditions1fl]-[16]. Gajewski suggested
that the rms value of an electrostatic signal can be used to dineetlgure the mass flow rate of
polyvinyl chloride PVC) dust over the velocity range below 20 m/s if the effect of particle ¥glbas
been compensate8][ Zhang proposed a theory that the rms charge level of pneumatically ednvey
fillite particles and itsmass flow rate have a second order polynomial relationship when ttee air
solids ratio between 1.92 and 3.88][ Qian et al developed an arshaped electrostatic sensor array
basedPFflow monitoring system for ofine measurement of fuel particle velycand fuel mass ratio
among the fuel pipes of the same mib][LUurjevéi¢ et alused a matrix of rod electrostatic sensors to
determine the mass flow distribution in the crssstion of a duct that feeds the pulverized lignite to
four burner nozzlesybmeasuring the transferred electrostatic charge and velodil pérticles [B].
However, it is still challenging to develop a reliable and robustrsytat is operational on a fudkale
power plant because the above techniqagsirecomplicated ciébration tesing or providelocalized

and intrusive measurement.

In this study, an instrumentation system comprising five independetitostatic sensing heads and a
central data analysis station wassigred implementedand installed on 510 mm boreirpary air
pipes from the same pulverizing mill of a 600 MW ebdd boiler unit.An array of electrodethat
consistsof three narrow electrodes and one vatimuch wider axial widtls proposed to measure the
PF velocity andflow rate based on theiadvantages ofvider sensing signal bandwidthetter spatial
filtering effectand alarger sensing volumeespectively Comparison trials of the developed system
wereconducted undéive distinctflow testconditions for theneasurement ahass flowandvelocity

distributiors between different PF feeding pipes of the same fffiére are currently no reliable

4



systems in operation for the intended measurement in power statioms.araealso no established
measurement standards in industry. The isokirsetinpling is probably the only commonly accepted
reference for the validation of a new PF flow measurement system tasidsokinetic sampling
equipment was usedd this studyto obtain reference data aadaluatethe system undetevelopment.
Preliminary experimental results were presented at the 261linternational Instrumentation and
Measurement Technology Conferencé&][IThis paperdescribes in detathe design, implementation
and evaluation of the measurement systalong with comprehensie experimental resultand

interpretationsinder a wider range of test conditions.

[I. MEASUREMENT PRINCIPLES

In a coalfired powerplant bulk coal ispulverized into fine particles and then pneumatically conveyed
towards a matrix of burners viapgimary air pipenetwork. PFparticles become electrically charged
during pneumatic transportation in primary air pifels [6]. Electrostatic sensors, which are passive
(i.e., no injection of energy in any form to the flow), make good use ofeéb&agatic phenomenon to
measure the PF flowAs the charged particles move through the sensor, induced electrostatie

will appear onts surfacg5], [6].

A. Principle of PF Velocity Measurement

As an indicationof volumetric concentrationg) of PFparticles the rms charge leved more sensitive
to the particle velocity than the mass flow rate and other paranjéldf,[11]-[15]. Thus, the
accurate measurement of the particle velocity is vital for mass flewmeasuremenkig. 1 shows the
basc principle and structural design of the latest model of the PF flaasunement systems can be
seen from Fig. 1, three identical narr@tectrodesand one wider electrod&re housed in a sensing
head to measure the flow parameters of theTRE. narrav electrodes, which yield wider signal
bandwidth, are usettd measure the P¥elocity using two parallel electrodes through crossrelation

velocimetry[5], [12], [15]:



Vi = & (1)

T
wherei, j = 1, 2 or 3L is thecenterto-center spacing between two adjacent electrodes. The transit time
taken byPF particles to move from the upstream electrod® the downstream electrodeis
determined from the location of the dominant peak (correlation coefficignt.e., in the cross
correlation functio{15]. Since the spacing between the two corresponding electrodes is known, the

individual PF velocity is then derived.

PF Flow=———-*

f 1 |£| |i| 4 Ring-shaped
Primary air pipe I T ~_ clectrodes

Signal conditioning
circuit

Signal Acquisition

Multiple Channel Variation of Flow
Correlation Regime
Velocity Fusion Mass Flow Fusion

Fig. 1. Structure and principle of the measurement system.

The use of three narrow electrodes isadéoff between fast system response, measurement reliability
and compactness of the sensing h&k weighted average PF veloc{tx) is determined by fusing

the three individual velocities:

I’12\/12 + r23\/23 + r13\/13

v, = . (@)

r12 + I‘-23 + r-13

In practica) r13 is much lower thami> andr23 due to theeverchangingflow regime and the longer
spacing between electraxl® and 3.Thus, viz is not calculated in most cases when the difference

betweenvi> andvqs is reasonableSuch strategy shorterthe response tien of the system without



compromiseof the measuremergrecision In this case he weighted average PF velocity is than

derived as

r12V12 + I’23\/23

y =212 287 3)
¢ r.12 + r.23

Whenthe correlation coefficients @igreater than a specific val(eg.0.4)and the difference between
vi2 andvqz is greater than 3 m/g;3 is calculated as a reference wjtteviousve to compare withvi2
andvzz. The one that has less and reasonable difference with both referencesesd selexresent the
PF velocity.When PF flow regimefluctuates significantlythere will be less that% possibility(in
this study thatthe value of calculated correlation coefficie(rts andr2z) arelower than 0.3and the
measured PF velociti€si> andv23) do not agree with each other. In such rare caseseasurement
failure is recognizedand the measurement resulise regarded as invalidThe possibility of

measurement failure is affected by the performance of the millstgrg coal propertiegtc

B. Principle of PF Mass Flow Rate Measurement

The wide electrode, which has a larger sensing volume and better spatisgfiffect #i]-[6], is
applied to infer the volumetric concentration of PF. The massrisvof PF padicles isderived from
[6], [11]:

Ons = AP Vb (4)
whereA, is the crossectional area of the piadps the true density of the fuefs the rms charge
level of the electrostatic signéms) is an indication of the volumetric concentration of PF particles
[6], [11], [12], [14], [15], the mass flow rate of PF particles is calculdtedn the rms charge level

from the wide electrode and the cregxtionalaveraged velocity of PF measurigdm the narrow

electrodes:

Oms = AV A (5)


http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E9%99%8D%E4%BD%8E%E6%B5%8B%E9%87%8F%E7%B2%BE%E5%BA%A6

where a is a proportionality coefficient that mainly relates to fuel propertied coefficientb
represents the dependence of thes value on particle velocity andariation of flow regime.
Coefficientsa andb are determined through a calibration process usignetic sampling equipment
[15]. Since the properties of PF patrticles in the pipes from the saweripimg mill are very similar,
the fuel distribution between tipgimary airpipes of the same mill is presented by the percentage share
of each indivilual mass flow rate normalized to the total mass flow rate of that Tiné. fuel
distribution ratio of primary pipe iQvith reference to the overall mass flow ratdeserminedrom
Ratiq, = nqm—sc' (6)
> Omsc
k=1
wherei={1, 2, 3,..., h, gmsci IS thePF mass flow rate i€ andn is the total number of primary pipe

of themill. Substitutingequation (pinto equation), we can then calculatbe fuel digribution ratio

b
Ratiq, = —'ea/imsoi

: (7)
kX: V(t:),Ck Amspk
=1

C. Principles of Signal Processing and System Communication

Fig. 2 represents the simplified hardware block diagram of the meassystgm.A dedicated
embedded electronic circugt usedor the conditioning and processing of the electrostatic sidroas
the sensing head~ig. 3showsthe schematic diagram of the signal conditioning cirffarione of the
electrodesAs can be seen from Fig. tBe weakcurrent signafrom the electrodés transformed t@a
voltageform through a feedback resist@R1) with a resistance in the order ofega ohms. As the
charge density of PF particles is as low ag O0kg [6], the selection of the feedback resistor is
essential to keep signals from severe distortion and to reach apgier magnitude for subsequent
processing. Arogrammablesecondar amplifier with its gain controlled by Rs adopted to adjust the

amplitude of the preamplified signato an adequate range according to the range of the PF mass flow



rate, type of coal and environmental conditiofisen thevoltagesignalpasseshrougha seconebrder

low-pass filter to eliminate higfrequency noise as well as for the purpose of @idsing.
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Fig. 2. Hardware block diagram of the measuring system
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Fig. 3. Schematic diagram of the signal conditioning circuit
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The analog signals are then converted into a digital formrvenalogto-digital convertofADC), as
shown in Fig. 2 A fastspeed multi-functional digital signal controller (DSCyameddsPIC from
Microchip®, is used ashecore ofthe electroniccircuit. The inchip ADCis configured to synchronous
samplingmode for data acquisitioof four channel®f signals The synchronous samplingjideal for
the crosscorrelation calculatiorbecause there is no time delay between the sangujeab from
different channelsn eachsampling processThe samplingate of the ADC is configuredat 50 kHz
with a 10-bit resolution. Two thousandsmpling points are used for the determinatiorPBfflow
parameteran each measurementithin 0.2 second The built-in controller area network (CAN)
interfacewas adopted tdransmitthe flow parameters determined by each sensing tweadlocal

central data analysis statioss shown in Figd. The use of CANousnot only provides a reliable and



flexible way of communication between central data aralgttion and each sensing héad also
enables connecins of up to 2% sensing heads in the system withdntierruption. The PF flow
parameters of all the primaair pipes from the same mill are post processed in the central analysi
station by smoothing and fusion algorithms to stable measuremelt$ Eswvell as fuel distribution
between pipes. The central data analysis station is also uadgusbthe opeation parameters of the
sensing headaccording to the variation of PF flowhe measurement resultee sent to the distributed
control system (DCS) of the power plant for automated control of thamd fuel supply system, for

example, to adjust the dumpers for balanced fuel distribution.

cl Electrostatic Sensing Heads™ =,

Furnace

-

} [CAN Bus

Central
Analysis
Station

JLFivaJld Bus
DCS

Fig. 4. Layout of thenstrumentatiorsystem on a primary air pifsgstem

I1l. SYSTEM IMPLEMENTATION AND |NSTALLATION

Fig. 5 shows the implementation and installation of the sensing heads on the 5&0renprimary air
pipes of the pulverizing mill of a 600 MW boilanit. An array of ringshaped electrodes that consists
of three identical narrow electrodes and one wider @deis embedded ira stainless steel sensing
head base and insulated frd?k flow wsing weatresistant insulation materiallhe centerto-center
spacing betweethetwo adjacent narrow electrodes is 24 mm. &kial widthof the narrow electrodes

is 3 mm while the wide electrode lsan axial width of 40 mm.The inner surface of the sensing head is
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made flush with the inner pipe wall so that a sensing head can be embeddedgrimary air pipe
(with flange connection) without any impact on the PF trarapon systemThe weakelectrostatic
signals are transmitted to a signal processing circuit usingendent screened cables with Threaded
Neill-Concelman(TNC) connectors on boteensing headnd signal enditioning and processing
circuits The electronic circuit is enclosed in a grounded metal bgdwventthe weak electrostatic

signal from thenterference of electromagnetic noise in an industrial environment

Power & bus switch

Sensing head

J He

at s_hielg.

(b) Five sensing heads on the samié (with heatinsulatingshield.
Fig. 5. Installationof the PF measurement system

Four channels diypical output signals of a signal conditioning circuit are plotteHign 6. As can be
seen the three channels of output signals originally measured by tobe redectrodes have very
similar waveforms with a small time delay. The signals measurecdehyitte electrode have a greater

amplitude with a much longer time delay compared to those of the nagcinodes.
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Fig. 6. Typical output signalérom a signal conditioningircuit.

Because the voltage drop on a power supply cable can be considerabthédigbwer supply for the
electrostatic system should take consideration of the overallhlesfgthe power cable and the
maximum current to ensure the line voltage applies to ttieefst end can meet the requirement of the
signal processing circuitn order to determine fuel distribution between the PF pipes frorsaime
mill, all the mechanical and electrical components of the sensing la@adnade identically to each
other. Fig 5(b) shows the installation d¢hefive sensing heads on the primary air pipes of mgit@e
power plantThe installation process of the sensing heads were undertaken therstgutdown of the
corresponding milling system as a small section of tpe padto be cutout. A sensing head is
clamped in the primary air pipe usinga flanges (welded on a primary pipe) witG screw rodsThe
heat shield is applied to cover the sensing heads and pipes for energy sawvihgr Aenefit of the
heat shields to prevent the inner surface of an electrostatic sensing head from theoadbfdarge

amount of PF particles whehe moisturecontent of PF is high.

V. MEASUREMENT RESULTS AND DISCUSSION

A. System Calibration Tests

System calibration tests were undertakenprimary air pipe C1 under six different conditioas

summarizedn TABLE I, in prior to comparison trials
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TABLE |I. CALIBRATION TESTPROGRAM

N Test S3ages
Test Conditios
[ ii iii iv v vi
PFMassFlow (t/h) 8.0 8.0 8.0 8.69.0 9.0 7.0
Air Velocity (m/s) 23.8 21.4 26.0 26-823.6 23.6 23.6

The mass flow rate of PF and primary air velocity in the pipe wep®sed by the DCS and kept

steady during each test stad@e coefficiento in equation (5) was derived for the measurement data

from the developed stem and the flow parameters measuredh®jisokinetic sampling equipment

with ameasuremerdccuracy ot10%. With the use of the isokinetic sampling equipment, as shown in

Fig. 7 and Fig.8, the PF mass flow rate was obtained for 15 seconds at each of the 49 sawiptmg

over the crossection of the pipeThe total duration of collecting the data over the pipe cross section

was about 15 mins

Coalsampling

Probe positioning plate

Air velocity
measurement probe

Compressed

Fig. 7. Isokinetic sampling equipment.
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AN

Compressed air tube | Primary air pipe

Fixed joint

Positioning rod__ G

to fuel
collector

Fig. 8. Diagrammatic sketch showing the isokinetic samginogess

Compressed air with about 0.5 MPa pressure was injected into theypamaipe through the PF
sampling port to avoid leakage of PF particle to the environnidr. crosssectionally averaged
velocity of the primary air was derived based onalrevelocities measured at ninth points across the
diameter of the pipe cros®ction using combined Pitot tube and static tube (with £5% measireme

accuracy) that measures total and static presstites primary air velocitya is derived from the

v, =31 \/E (8)
Pa

whereP andpa are the dynamic pressure and the density of the primary air, regpectiv

following equation:

Fig. 9 shows the measured PF velocity, rms charge level and mass flow irajethes developed
system (during a seleeé period of time in each test stage), along with the primary air tyebod PF
mass flow rate measured from the isokinetic sampling equipiFfign@(a) compares the conveying air
velocity with PF velocity. It is evident that the PF velocity is sistent with the trend of the air
velocity. The variation of PF mass flow rate has less effect onRhelBcity than that of air velocity
because the voluatric concentration of PF in the tvwphase flow is as dilute as about 0.05%. The
averaged slip velocity between the PF and the conveying air in eastatgsis between 0.79 m/s and

14



1.71 m/s and the maximum relative deviation between them is 4.73%o#s &h Fig.9(b), the rms
charge levefluctuates when either the PRass flow rate or air velocity changes. When either of the
two factors is fixed, the rms charge level follows the variatiend of the other. In the short transition
stageiv, therms charge level is steady as the Riass flow rate and air velocity vary contrariljne
measured PF mass flow rate using equatiprmi@tches closely the Riass flow rate obtained from

the isokinetic sampling equipment with a mean relative error ofHass2.54%.

30

--------- Air, DCS
- | —— PF, Electrostatic sys’ten

— 25 R NSOV S \\

0 L G DL S \‘\ et e e

k)

)

2 L

> 15
I i I i )Y \Y; Vi

10 : : . : . : :
0 10 20 30 40 50
Time (min)

(a) Air velocity and measurdeFvelocity

[EnY
N
w

E )
s | 2
8 Foe”~ N 6
CU - ,'_’ 2Ny

o 8 Lo LY = - SRS A ’I 2 ﬂ>)
; _ -
o T S
S | e P~ k 97
; ] g
e DCS 'O
w || - --- Electrostatic syste 1 £
o rms of PF

0 — L e
0 10 20 30 40 50

Time (min)
(b) PFmass flow rate with corresponding rms charge level
Fig. 9. Test results for variableéFand air flow rats.

B. Comparison Trials

The comparison trials on five primary air pipes of mill C were undantaleng the developed
instrumentation system and the isokinetic equipment undedifferent flow conditions (TABLE II).

The uniformity index of PF particlds, is defined as
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where Rgo andR200 representhe percentage d?F particles with an equivalent diameter greater than
90 um and 200 pm, respectively. The value ofNp is normally in the range between 0.8 and 1.3. A
greater value olNp entails higher uniformityThe mass flow rates of air and PF were both set constant
in the DCS of the plant during eactail stageln the first three trial stages, the PF mass flow rate was
fixed and the air flow rate increased from 90 t/h to 110 t/h. Then, the air floewveat seto 100 t/h,

while PF mass flow rate changed from the highest fuel load (45 t/h) to thstI®®% t/h)

TABLE Il. TESTPROGRAMFORCOMPARISONTRIALS

Trial Stages
Test Conditios
(a) (b) (©) (d) (e)
PFMassFlow (t/h) 40 40 40 45 35
Air Mass Flow (t/h) 90 100 110 100 100
Mass Flow Ratio of Air to PF 2.25 2.50 2.7% 2.2P 2.86

Roo (%) 194 19.8 24.0 21.6 21.3

Raoo (%) 2.3 2.9 2.6 2.4 2.4
Np 0.98 1.05 1.14 1.10 1.09

Fig. 10 shows the measured PF veloailydrms charge level using thedectrostaticsystemduring a
selective period of time in eadhal stage along with themass flow rates of primary aand PF
recorded in the DCSespectively Fig. 10(a) shows themeasuredPF velocityfrom the electrostatic
system and the correspondiaig mass flow ratelt is obvious thathe PF velocies of all five primary
air pipes areconsistent with the trend dhe airflow rate However,the differencein PF velocity
betweenthe primary air pips varies in different conditiond’he PF velocity of pipe C5 is constantly
slower than thosm other pipes during theholetrial. While the PF velotity of pipe C1 is greater than

those of other pipes most casesxcepta similar value is measured on pip8 intrail stage(a). The

16



PF velocitiesn pipes C2 and C4 are similar and slightly lower than ithaipe C3, except trial stage
(b). The differeres in averagedPF velocity between pipes C1 and C5, froail stages (a) to (e), are
3.4 mls, 3.18 m/s, 1.94 m/s, 2.4 m/s and 3.12 m/s, respeciile\yascending order diemaccording
to each correspondingail stageis (c), (d), (e), (b) and (a), which is the samas the order of Np
(TABLE 11). As shown in Fig10(b), the rms charge leviicreass with the mass flow rates of both air
and PEThe rms charge level of pipe C5 is constantly lower than those of gpest phe order of rms
chargelevel of pipes C1 to C4 varies in different trial stages. Such phemamindicates that the fuel

distribution between the five pipes changes with air to PF mass flmw ra
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Fig. 10. Comparison of Pparametersinder different flow conditions.
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The meaured velocities of PF and primary aiusng the electrostaticsystem and Pitot tube

respectivelywith their relative discrepancy and the standard deviation of trerd®Hustrated in Fig.

11.

b 10@ ‘;
522
23
5 g
-10 A

-15
30 3 Ci1 cC2 _C3_ C4 C5 O 15
w (d) Pipeline 110 ©
L ) L>)\
C—Primary air, Pitot tube 52 =
== PF, Electrostatic syste 0 % a
—»— Discrepancy 5 g
-10 A

-15

Cl C2 C3 C4 C5 Cl C2 C3 C4 C5
Pipeline Pipeline

Fig. 11. Comparison of the measured PF velocities in the five pipes under different flowormndit

It is evident thathe ordinal relatiors of PF velocitiesin the five primary air pipes determinég the
two methodsagree with each other in most casEse proposedsystem also shows gooépeatability
in velocity measuremeninderfluctuaing flow conditions as the standard deviationtloé velocity
measuremerns within the range of 0.25 m/s to 0.41 m/s, which is equivdteatelative errorof 1.1%
to 1.9%. The Pitot tubeis usually usedfor gas flow measurementso itslong term use for the
measurement of particladen flowcansignificantly affect the measurement accurainceparticles
get into the tubeTherefore, thaliscrepancy between the highest and the loRésvelocitiesin the
five pipes(4.2 m/s 3.5 m/s, 1.6 m/22.4 m/s and 2.8 mysneasured frorthe systemis greater than that
from the electrostatic systerB.% m/s 32 m/s,1.9 m/s, 2.4 m/s and 3.1 f/és the PF particles are
motivatedby the primary air, the air velocity is higher than that of PF g@astin most cases (the pipe
section after an elbow is amaeption). The slip velocity between the air and PF particles rarmes f
0.36 m/s to 2.78 m/s with an averaged slip velocity of 0.98 m/s. Theveethicrepancy in thBF

velocity measurement between ttveo methodss within £5%in most caseslhe aveaged absolute
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deviationsof the PF velocities ipipes C1 to C5 in the five trial stages aréno, 4.9%%, 2.7%, 3.9%and
6.0%, respectively. It caanlsobe seen from Fig. 11 that the FP velogtiargely affected by the mass
flow rate of air buthot thatof PF as the flow is very dilute. Furthermore, the relationship betveen t
PF velocities irthefive primary air pipes changes more with the air mass flow radterrétan the PF
flow rate as the relationship of the five velocities changes leter timd conditions (b), (d) and (d}he
same primary air mass flow ratélsan those under trial conditions (a), (b) andddferent primary air

mass flow rates)

The averaged valugeof the air andPF velocitiesmeasuredising the two different methodsiderthe
five differentair flow rates aresummarizedn TABLE Ill. The calculated air velocity is derived from
the mass flow rate, pressure, temperature and humidity of the primanjhathe diameter of the pipe.

Both of measured air and PF velocities @asistentvith the trend of the air flow rate.

TABLE IIl. AIR FLOwW RATE AND CORRESPONGDINGAIR AND PFVELOCITIES
Trial Stage
Measurement Results
(@) (b) (c) (d) (e)
Air Flow Rate(t/h) 90 100 110 100 100
Calculated Air Velocitym/s) 21.4 23.8 26.0 23.8 23.8
Averaged Air Velocity(m/s) 21.6 23.1 25.0 22.6 22.5

AveragedPF Velocity (m/s) 20.7 21.9 24.0 21.6 21.6

Thenormalized relative discrepancy of the parameters in TABLE th vaference to that of trail stage
(b) are shown in Fig. 12. Theormalized relativadiscrepanies of the measured PF velgcin trail
stages (d) and (e9re -0.8% and-1.4%, respectively,while that of the measured air 48.3%. The
results demonstrate that the measuredv@Bcity shows better consistency than theasmged air
velocity under the same air flow rate conditions (trail stages(db)and (e))When the air flow rate
varies 10% in stages (a) ang) (vith reference to stage (b), the measuUP&dand aiwvelocities also

increasen stage § and decrease in stagg),@ccordingly.
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Fig. 12.Normalized relative discrepancy betweenphienary air flow rateand averageBFand air
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The measured PF mass flow distributionghe five pipelinesusing the two different methods are
illustrated in Fig13. The proportional relations of PF in the five primary air pipesroted from the
developed system and the isokinetic sampling equipment are veryrsimdarall five trail stages.
Due to the difference in measurement principles and practical opebativeen the two methods, the
discrepancy between the highest and the lowest distribution 8B, (7.4%, 7.8%, 9.6% and 7.7%
measured from the isokinetic sampling equiptmengreater than that from the electrastatystem
(5.2%, 3.7%, 5.0%, 6.9% and 2.1%he relative discrepancy in mass flow distribution measurements
between the electrostatic system and the isokinetic sampling esniipsriess than +15% for any pipe
under any conditions. The averaged absolute deviations of mass flowwutish for pipes C1 to C5 in
five trial stages are 7.9%, 8.8%, 8.2%, 10.2% and 8.9%, respectively, tiwbileveraged absolute
deviations of all the pipes are 8.7%, 9.8%, 7.3%, 9.0% and 9.3%, respectively. Sushindmate
that the developed system has a good repeatability (the standard deviagtmeen 1.2% and 2.9%)
and performs well under all trail conditions with reference to thiénstic sampling method. Similar
to the FF velocity, the PF distribution between the five primary air pipedso mostly affected by the
primary air mass flow rate as the PF distributions under trial conditionghjaand (c) change more

than those under trial conditions (b), (d) and (e).
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V. CONCLUSIONS

The developed instrumentation system with five sensing heads has beememjgld and installed on

a 600 MW boiler uit of a commercial power planThe onplant comparison trialef the developed
system and the isokinetic sampling equipment were conducted fureleperating conditions after a
series of calibration tests. The results from the comparisos kréale demonstrated that effective and
reliable mass flow distributioand velocitymeasurement dPF between the primary air pipes of the
same mill is realized undeypical industrial conditions. The results have indicated that the maximum
relative deviatiorof velocitiesbetween the PEnd tke conveying air is 4.73%ndthe mean relative
error of the measured PF mass flow rate is less than 2. Bdéorelativediscrepancyin mass flow
distribution measuremenbetween the developed system and the isokinetic méthwal greater than
+15% and the absolute deviations of mass flow distribution for all the pripipes in the trialare
within the range of 7.3% to 10.2%y/hile the relative discrepancy in PF velocity measurement between
the two methods is no greater than £5%d the averageabsolute deviation dhe PF velocites of the

five primary pipes is between 2.786d6.0% The proposed measurement systers cleandvantages
over the isokinetic sampling and existing commercial products, inclidingvasiveness to the flow,

ondine continuousmeasurementlow maintenancerequirements and passive measuremerit is
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envisioned that the deployment of the system will enable the planttaseta achieve ciine
continuousmonitoring of fuel distribution between primary air pipgsthe same milland allow the

plant operators to control and optimize the fuel supply under variablatiogeconditions.
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