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Measurement of the Mass Fldawstribution of
Pulverized Coaln Primary Air Pipes Using
Electrostatic Sensing Technigues

Xiangchen Qian, Xiaobin Huang Yonghui Hu
School of Control and Computer Engineering
North China Electric Power University
Beijing 102206, China
xgian@ncepu.edu.cn

Abstract—On-line measurement of pulverized fuel (PF)
distribution between primary air pipes on a coalfired power
plant is of great importance toachieve balanced fuel supply to
the boiler for increased combustion efficiency and reduced
pollutant emissiors. An instrumentation system usingmultiple
electrostatic sensing headsire developedand installed on 510
mm bore primary air pipes of a 600 MW coalfired boiler for the
measurement of mass flow distribution of PF An array of
electrostatic electrodes with different axial widths is housed ia
sensing head. An electrode witta greater axial width and three
narrower electrodesare used to derive the electrostatic signals
for the determination of PF mass flow rate and velocity,
respectively. The measured PF velocitis usedfor the calibration
of coal mass flow rate On-plant comparison trials of the
developed systemwere conducted under typical operating
conditions. Isokinetic sampling equipmentis used to obtain
reference data to evalate the performance of the system
Experimental data demonstrate that the developed system is
effective and reliable for the online continuous measurement of
PF mass flow distribution between the primary air pipes of the
same mill.

Keywords—Pulverized cogl fuel distribution; power planf
electrostatic sensgmassolid twophase flow

l. INTRODUCTION

About 40% of the electricity in the worldas generated
from coal in 2014and thedemand for coalill increase2.1%
annwally in the coming five years [1] However coalfired
power stationdace challenges tenhanceenergy conversion
efficiency and to produce less pollutant emissions
Measurement techniquésave an important part to playo
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mm. Therefore,instruments based oultrasoni¢ microwave

and imagingechniques haveeverperformed satisfactoity on
power stationsdue to their inherent limitations in sensing
principlesand applicability[2]. Electrostatic induction based
ring-shaped sensors offer a prospective solution to the
measurement problem due to its advantdge#dustrial use,
such as robusess norrintrusivenessin installation large
crosssectional sensingolume low cost and less maintenance
requirementd3]. The electrostatic sensing principle has been
known for over three decad@4]-[6]. Substantial effort has
been made to relate the characteristics of electrostatic signals
from various types of electrostatic sensors to the mass flow rate
of pneumatically conveyed particlésrough bothlaboratory
tests[7]-[12] and industrial trial§11]-[12]. The rootmean
square(rms) magnitude(rms charge level) of an electrostatic
signal isused asan indication of the volumetric concentration
of particles under steady, dilupdase flow conditions8]—[11].
Gajewski suggested that thresvalue of an electrostatic signal
can be used to directly measure the mass flow rate of PVC dust
over the velocity range below 20 m/s if the effectpafticle
velocity has been compensatgd. Zhang proposed a theory
that therms charge level of pneumatlly conveyed fillite
particles and its mass flow rate have a second order polynomial
relationship when the aio-solids ratio between 1.92 and 3.86
[9]. Qian et al developed an ashbaped electrostatic sensor
array based pulverized coal flow monitorisygstem for odine
measurement of fuel particle velocity and fuel mass ration
among the fuel pipes of the same rfiill]. Jurjevéic et alused

a matrix of rod electrostatic sensors to determine the mass flow
distribution in the crossection of a duct thafeeds the
pulverized lignite to four burner nozzles Imgeasuing the

combat the abovehallengesOn-line measurement of the mass transferredelectrostaticcharge and velocitpf coal particles
flow rate of pulverized coal in a fuel injection pipeline is of [12]. However, it is still challenging to develop a reliable
primary importance for the control of fuel transportation,system that is operational on a fatlale power plaribecause
balancing fuel distribution between primary air pipes, andhe above techniques are based either on complicated

optimization of the combustion process.

The mass fow measurement of PRas been recognized as

a longstanding industrial probletmecaus thePF particles in a
primary airpipe are very dilute with a volurtree concentration

calibration test®r onlocalizedand intrusive measurement.

In this study, an instrumentation systemmprising five
independentelectrostaticsensingheadsand a central data
analysis statiorwas implementedand installedon 510 mm

of less tharD.1%and are inhomogeneously distributed in theporeprimary airpipes from the same pulverizing mill af 600

pipe with a highly irregular velocity profil&/ery fewsensing
techniquesare available ta@overthe whole crosssection of a
primary airpipe with a diameterrangng from 400 mm to 650

MW coaktired boilerunit. Comparison trial®f the developed
systemwere undertaken under range offlow conditionsfor



the mass flowdistribution measurement oPF Isokinetic The mass flow rate of PF particles is derived from the rms
sampling equipment was used to obtain reference data acbarge level and the crosgctionally averaged velocity of PF:
calibrate the system under test. b
Ums = Appsvcﬂs =ave Ams (2
II.  MEASUREMENTPRINCIPLES

In coaHired power stationsbulk coal ispulverized into
fine particles and then pneumatically conveyed towaads
matrix of burners via g@rimary air pipenetwork. Pulverized
coal particles become electrically charged during pneumati
transportation in primary air pipes. As the charged particle
move through the sensing zone of a measurement senso
induced electrostatic charge will appear on the surfadbeof
sensorAs an indicationof volumetric concentratiorng) of PF
particles the rms charge levés more sensitive to the particle
velocity than the nws flow rate and other parameters
[4],[5],[8]-11]. Thus, the accurate measurement of the particl
velocity is vital for mass flow rate measurement.

Fig. 1 shows the basic principle and structural design of the  Ill.  SYSTEM IMPLEMENTATION AND INSTALLATION
latest model of the PF flomeasurement syste As can be Fig. 2 shows the implementation and installation of the
seen from Fig. 1,hree identical narrovelectrodesand one  sensing heads on the 510 mm bore primair pipes of the
wider electrodareused to derive the electrostatic signals frompulverizing mill of a 600 MW boilerThree identicaharrow
the PF flow. The narrow electrodeyield a wider signal  glectrodes and one wideng-shaped electrodes are embedded
bandwidth and are usedto measure PFvelocities through in the stainless steel sensing head base and insulated from each
crosscorrelation velocimetry4],[10]{11]. The use of three other using wearesistant insulation material. h& inner
narrow electrodes is a tradéf between fast system respg®,  surface of the sensing he&imade flush with the inner pipe
measurement reliability and compactness of the sensing hegghll. An embedded electronic circuit is used for the
The transit time taken byF particles to move from the conditioning and processing of the electrostatic sigrEte
upstream elecode i to the downstream electrodg is  weak currentsignab from the electrodeare transformed to
determined from the location of the dominant pegki(j =1,  voltage signa and amplified and filtered by the signal
2 or 3) in the correlation functiofil1]. Since the spacing conditioning moduleThe analog signal are thenconverted
between the two corresponding electrodes is known, thgto a digital form via a synchronous sampling andteg

individual PF velocity \j) is then derived. The weighted digital convertor for the flow parameter calculation by a signal
average PF velocitfvc) is determined by fusing the three processing module.

individual velocities
Ve = (MaVap + FpaVog + F13Vi3) /(Mo + Tog + T13) 1)

The wide electrode, which has a larger sensing volume and
better spatial filtering effec4], is applied toinfer the
volumetric concentrationof PFE Digital signal processing
algorithms are applied to optimize thnuniform spatial
sensitivity of the sensing field.

whereA, is the crossectional area of the pipgs is the true
density ofcoal Ams is thermscharg level ofthe electrostatic
signal a is a proportionality coefficient that mainly relates to

el properties and coefficiett represents the dependence of

ermsvalue on particle velocity andariation offlow regime

oefficientsa and b are determined through a calibration
process using isokinetic sampling equipmfiit]. Since the
properties of PF particles in the pipes from the same
pulverizing mill are very similar, the fuel distribution between
the primary air pipes of the same milis presented by the
percentage share of each individual mass flow rate normalized
to the total mass flow rate of that mill.
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Fig. 1. Structure and principle of the measurement system (b) Implementation anchtallation ofa sensing head



coal mass flow rate or air velocity changé#en either of the

two factors is fixed, the rms charge level follows the variation
trend of the other. In the short transition stage IV, the RMS
charge level is steady as the coal mass flow rate and air
velocity vary contrarily.

TABLE I. CALIBRATION TESTCONDITIONS

Test stages
| 1l 1l v \% \

PFMassFlow (t/h) | 80 | 80 | 80 8.0-9.0 9.0 | 7.0

Test Conditions

Air Velocity (m/s) | 23.8 | 21.4 | 26.0 | 26.0-23.6 | 23.6 | 23.6

Fig. 2. Implementation and installation tife PF measurement system

As can be seen from Fig. 2(a), the electronic circuit is
enclosed in a grounded metal box to receive the weak
electrostatic signal from the electrodes through grounded shield
cables. In order to determine fuel distribution between the PF
pipes from the same mill, all the mechanical and electrical
components of the sensing heads are made identically to each | ENSEG—_G_-_G
other. The flow parameters determined by each sensing head FEREEEEEEREEES
are transmitted to the central data analysis station through a
controller area network (CAN). The central data analysis
station is also used to control the operation parameters of the
sensing head3he measurement data asent to the distributed
control system (DCS) of the power plant for automated control
of the mill and fuel supply system.
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IV. MEASUREMENT RESULTS ANDDISCUSSION

A. System Calibration Tests

System calibration testwere undertakenon primary air
pipe C1 under sixdifferent conditions The test conditions are
summarizedin TABLE |. The mass flow rate of PF and
primary air velocity in theipe were kept steady during each
test stageThe coefficienta andb in equation(2) were derived
for the measurement data from the developed system and t
flow parameters measured by isokinetic sampling equipmen
With the use of the isokineteampling equipmentsashown in
Fig. 3, the PF mass flow rateas obtained forl5 seconds at
each of the49 sampling pointsover the crosssection of the
pipe. The total duration of collecting the data over the pipe
cross section was aboutb Imins. The cressectiondy
averaged velocity ofhe primary airwas calculated based on
the air velocities measured at ninth poiatsrossthe diameter
of the pipe cressection. 12 : — ; 3

Velocity (m/s)

Fig. 4 shows the measured PF velocityps charge level
and mass flow rate using the developed syst@aring a
selective period of time in each test stagdpbng with the
primary air velocity and PF mass flow rate meastirech the
isokinetic sampling equipmentFig. 4(a) compares the
conveying air velocity withPF velocity. It is evidentthat the
PFvelocity is consistent with the trend of the air velocitiie :
variation of PF mass flow rate has less effect on the PF veloci . o I Calms
than that of air velocity because the volumetric concentratiol 0 0 10 20 30 40 50 0
of PF in the twephase lbw is as dilute as about 0.05%he
averagedslip velocity between thBFand the conveying ain
each test stages between 0.79 m/s and 1.71 m/s and the (b) Coal masslbw rates with correspondinmscharge level
maximumrelative deviatiorbetween them is 4.73%s shown
in Fig. 4(b), the rms charge level fluctuates when either the
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Fig. 4. Test resultdor variablecoal and air flow rate



The measuredPF mass flow rate using equation (2)
matches closely the coal mass flow ratgtained fromthe
isokinetic sampling equipmentith a mean relative error of
less than 2.54%.
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B. Comparison Trials

The comparison trials on five primary air pipes of mill C
were undertakerusing the developed instrumentation system
and the isokinetic equipmentinder three different flow
conditions(as shown in TABLEI). The mass flow rates @fir
and PFwereboth set constanin the DCS of the plarduring c1 2 Pipgﬁne c4 5
each test stageThe measured PF mass flow distributson
usingthe two different methodsire illustrated in Fig5. The (c) Test results focoal flow rate 40 t/land air flow rate 110 t/h
proportional relations of PF in the five primary air 8p  Fig. 5. Comprison of PF distributioanderthree differenflow conditons
determined fromthe developed system anthe isokinetic
sampling equipment are very similanderall three test stages Due to the difference in measurement principles and

practical operation between the two methods, the discrepancy
TABLE II. CONDITIONS FORCOMPARISONTRIALS between the highest and the lowest distributiatior(7.67%,
9.14% and 7.77%) measured from the isokinetic sampling
equipment is greater than that from the electrostatic system
vil vii IX (3.51%, 3.76 and 5.16%). The relative error in mass flow
PFMassFlow (t/h) 35.0 40.0 40.0 distribution measurements between the electrostatic system and
the iskinetic sampling equipment is no greater than +15%, and

Fuel Distribution Ratio (%)
Relative Discrepancy (%)

o

. Test stages
Test Conditions

Alr Mass Flow(th) 1000 1000 1100 the averaged absolute deviation is within 9%. The averaged
Mass FlowRatioof Air to PF 2.86 2.50 2.75 standard deviations of measured PF mass flow rate of pipes C1
Roc® 20.7 194 230 to C5 during test stages VII, VIl and IX are 1.76%, 1.59% and

1.69%, respectaly. By comparing these values with the
Percentage of thepal particles with an equivalent diameter greater than 9corresponding air to PF ratio, we can infer that the PF flow rate
0 pm. fluctuates slightly more significantly as the solids phase in the

flow becomes more dilute.
i W 1%
L —— ]
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V. CONCLUSIONS

The developed instrumentatiosysten with five sensing
headshas beenimplemented and installed @600 MW boiler
unit of a commerciapower stationThe onplant comparison
trials that using the developed system armek tisokinetic
sampling equipmentvere conductedunder typicaloperating
conditionsafter a series of system calibration te$tse results
15 from the comparison trials have demonstrated that effective
c1 c2 c3 ca cs and reliablemass flowdistributionmeasurement of pulverized

Pipeline coal between therimary airpipes of the same milé realized

under a rangef real industrial conditionsThe results have
indicated thathhe maximum relative deviation betwete PF
and the conveying ais 4.73% the mean relative error ttie
measured PF mass flow ragdess than 2.54%, aritle relative
error in mass flowdistribution measurements is no greater than
+15%. It is envisioned thathe deployment of the systewill
enablethe plant operators tachieve orline monitoiing of fuel
distribution between primary air pipes armllow the plant
operators to control and optimize the fuel supply under variable
operating conditions
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(a) Test results focoal flow rate 35 t/h and air flow rate 100 t/h.

< 30 45

%

20 1 25

10

Relative Discrepancy (%)

Fuel Distribution Ratio (

0 . . . . 15 ACKNOWLEDGMENT

c1 cz Cc3 c4 cs Acknowledgments are made to the Chinese Ministry of
Pipeline Science and Technology (No. 2012CB215203) and the Chinese
(b) Test results focoal flow rate 40 t/h and air flow rate 100.t/h Ministry of Education (No. B13009) for funding this research.
The aubhors would also like to thank technical staff at
Changzhou Power StatiprChina Guodian Co. and Xi'an
Thermal Power Research Institute, Chifa their assistance
during the orplanttrials.




(1]

[2

(3]
(4]

(5]

(6]

(71

REFERENCES

International Energy Agency, Coal Meditiferm MarketReport 2014,
Organization for Economic CGoperation and Development (OECD),
2014.

Y. Zhengand Q.Liu, “Review of techniques for the mass flow rate
measurement of pneumatically conveyed sdlitdgasurementyol. 44,
pp. 589604, 2011.

Department of Tradand Industry (DTI). Multiphase flow technologies
in coakired power plants, Technical Report, London, 2004.

Y. Yan, B. Byrne, S. Woodhead and J. Coulthard, “Velocity
measurement of pneumatically conveyed solids usiegtredynamic
sensors, Meas. Sci. Technolvol. 6, pp.515537, 1995

J.B. Gajewski, “Electrostatic nonintrusive method forasw&ing the

(8l
(9]

(10]

(11]

(12]

electric charge, mass flow rate, and velocity of particulates in the two

phase gassolid pipe flows—Its only or as many as 50 years of bital
evolution,” IEEE Trans. Ind. Appl., vol. 44, pp. 141830, 2008.

C. Xu, S. Wang, G. Tang, D. Yang, and B. Zhou, “Sensing
characteristics of electrostatic inductive sensor for flow parameter
measurement of pneumatically conveyed particles,” Jirfgkic vol. 65,

pp. 58292, 2007.

Y. Yan, B. Byrne, and J. Coulthard, “Sensing field homeggrin mass
flow rate measurement of pneumatically conveyed solielev Meas.
Instrum.,vol. 8, pp.115119, 1995

(13]

(14]

Y. Yan,“Mass flow measurement of bulk solitispneumatic pipelines,
Meas. Sci. Technolvol. 7, pp.1687-1706 1996

J. Zhang,"Air-solids flow measurement using electrostatic technjfjues
in Electrostatics, HCanbolat, EdRijeka, CroatialnTech 2012, pp. 61
80.

X. Qian and Y. Yan, “Flow measement of biomass and blended
biomass fuels in pneumatic conveying pipelines using relsetic
sensofarrays,” |[EEE Trans. Instrum. Meas., vol. 61, pp. 13332,
2012.

X. Qian, X. Huang Y. Hu, and Y. Yan“Pulverized coal flow metering
on a fulkscale power plant using electrostatic sensor arfaypw
Meas. Instrum.yol. 40, pp.185191, 2014

B. Jurjevéi€, A. Senega¢nik, B. Drobin¢, and I Kustrin, “The
characterization of pulverizetbal pneumatic transport using an array of
intrusiveelectrostatic sensordEEE Translnstrum.Meas, in press

H.L. Hu, J. Dong, J. Zhang, Y.J. Cheng, and T.M. Xdefitificationof
gas/solid twephase flow regimes using electrostatic sensors anthh
network techniques,’Flow Meas. Instrum.yol. 22, pp. 4852-4857,
2011

W. Zhang, C. Wang, and H. Wang, “Hilbémiang transforabased
electrostatic signal analysis of rispape electrodes with different
widths,” IEEE Trans. Instrum. Meas., vol. 61, pp. 12247, 2012.



	I.  Introduction
	II. Measurement Principles
	III. System Implementation and Installation
	IV. Measurement Results and Discussion
	A. System Calibration Tests
	B. Comparison Trials

	V. Conclusions
	Acknowledgment
	References


