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Abstract—Square-shaped pneumatic conveying pipes are a dilute phasélow [3, 4]. Due tothe advantages atructural
used in some industrial processes such as fuel injection simplicity, robustness and low cosélectrostatic sensors
systems in coafired power plants and circulating fluidized ~ outperformother sensors anttus are extensivelyutilized in
beds. However, little research has been undertaken to Multiphase flow measurement. Electrostatic sensors with ring
characterise the gassolid two-phase flow in squareshaped ~ &G bar or othershape electrodeqs-8] haw beenused in
pneumatic conveying pipes. This paper presents novel circular pipelines. Howevedjttle researchas beenconducted
non-intrusive electrostatic sensor arrays for measuring ©On Sguareshaped peumatic conveying pipesusing
pulverised fuel in such pipes. The sensor arrays consist of electrostaticsensorsThe particle dynamicharacteristicsiear
12 pairs of strip-shaped electrodeswhich are uniformly € four sharp cornemse very complex Hectrostatic sensors
embedded in the four flat pipe walls. Experiments have with squareshaped electrodebave been investigated both

: theoretically and experimentally by Murnae¢ al. [9] and
been conductedon a laboratory scale test rig under a Peng et al)./ [10]. Ho[i/vever, theyfIO\)//v parameters [o]flocal

range of conditions. The fuel velocity and flow stability particles cannot be sensed ychsquareshapedsensors
profiles over the whole crosssection of the squareshaped

pipe are presented in this paper. Experimental results This papeipresentsiovel electrostatic sensor arrays fthe
demonstrate that the proposed nosintrusive electrostatic ~ flow measuementof pulverised fuel in squarghaped pipes.
sensor arraysare capable of characterising the velocity The senimg unit consiss of 12 pairs ofstrip-shaped electrodes

and flow stability profiles of pulverised fuel flow in which_ are uniformly embedded in the four flat pipe walls
square-shaped pneumatic conveying pipes Experimenal testswere undertaken on a laboratory scale test

rig under a range of condition¥.elocity profiles and flow

Keywords—pulverised  fuel:  squareshaped  pipeline; Stability profiles of pulverised fuel over the whole cresstion

electrostatic sensoflow velocity; flow stability areillustrated in this papeMeanwhile the flow characteristics
of pulverised fuel flow in squareshaped pipelines are
[.  INTRODUCTION discussed.

In coal fired power plast pulverised fuel is pneumatically I
conveyed towards a matrix of burners vigramary airpipe
network. The fudamental parameters of gl flow, such as A. Sensor Design

the particle velocity, solid concentration and flow stability, The arrangementf the proposedonintrusive electrostatic
play an important role inimproving thermal efficiency and  gsensor arrayis shownin Fig. 1. The seriag unitconsiss of 12

redudng pollutant emissions. Due to the advantages opgjrs ofstrip-shaped electaeswhich areuniformly embedded
simple structure and easy inasibn, squareshaped pneumatic iy the four flat pipe walls. Fig2 indicates the structure of

conveying pipes arappliedin some industrial processes such gjectrosttic sensor arrayéom the side viewThree pairs of

as circulating fluidized beds [1] and thermal power plants iectrodesare embeddd on one side wallThe electrodeare

certain countries (e.g. Germany). made of copper and embeddedprinted circuit board (PCB).
Owing to the existence dahe timevarying interphase force Each electrode has a length of 15 mm and a width of 3 mm

between the airsolid phases, the dynamics of the flow inand the spacingetween the two adjacent electrodeparallel

pneumatic conveying pipelines is extremebymplicated[2]. 1S 15 mm. Thesignal conditioning circui are placed onthe

Therefore, most of thexisting methods, such as thermal, othersideof the PCB The current signal from the electrode is

ultrasonic, capacitive, radiometric, and optical techniques, hav&mplified and filtered by the conditioning circuits. The-ofit

shown fundamentalirhitations in industrial applicationfor ~ frequencyof the filteris set to 18 kHz.

measuing gassolid flows, especially the particles conveyed in

. SENSORDESIGN AND MEASUREMENTPRINCIPLE
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Fig. 1.Physical structure of the electrostatic sensor arrays
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Fig. 2. Electrostaticsensorarrays (on one side)

B. Measurement Principle

Pulverised fueparticles arecharged whermonveyed in the
pipeline due tahe friction with air andthe collision between
the particlesWhen the chargeduel particlegpassthe electrode
pairs in sealence, the electrostatic charge the particless
detected bythe sensing unit Since thetwo electrodes are

identical and adjacent, the signal on the downstream electrode

(S(t)) is very similar to that onhe upstreaniS,(t)) regardless
of the time delay [11]. The timedelay 7,,, i.e. the transit
time of particlesmoving from the upstream electrode tthe
downstream electroglés determined from the location of the
dominant peakn the crosscorrelationfunction (R;,(m)) of
the two signal$§12]:

N-1
> S(K)S,(k +m)

k=0

N-1 N-1
\/2 S_lz(k)](J 2 Szz(k)]
k=0 k=0

where N is the number of the sampling pointls] is the
maximum numbeof delayed pointsn (m=0, 1,..., M), S;(k)
and S,(k) k=0, 1, 2, ...,N-1, ..., N+M-1) represent the
discretization of the signal$,(t) and S,(t) respectively.
Since the distance between the two electr¢des given, the
correlation velocity is derived from:

@

Rip(m) = [

L
V=—
Tm

)

The correlation coefficient, i.e. the amplitude of the
dominant pealin (1), indicatesthe similarity of two signaldt
can be usetb assesshe flow stability, i.e. the closer to the
correlation coefficient the more stable the flow near the
electrodq5, 7].

It should be pointed out thalhe correlation velocity and
coefficient from one electrode pair is not tegact “mean
particle velocity” or the “mean flow stability” in the pipe due to
the nonuniform sensitivity distribution of the sensor, irregular
velodty profile and the difference of correlation computation
algorithm [11].

In order to obtain the velocity and stability profiles of the
pulverised fuel in squarghaped pipeline over the whole
crosssection, the cross section area is partitioned into nine
zones, as shown in Fig. 3. Four zones (marked as Zone I,
lLVII, IX) are in the corners, four zones (marked as Zone I,
IV, VI, VIll) are adjacent to each side wall, and one zone
(marked as Zone V) is in the centre of the crasgion.
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Fig. 3 Area partition on sensor cressction

For the four corner zosdi.e. Zonel, lll, VIl andIX), each
zone has two pairs of adjacent electrode The velocity and
correlation coefficient of each zone can be derived ftben
two adjacent electrodmairs:

v = (v, +Vk)/2 (3
n=(r +rk)/2 (4)
wherei=l, Ill, VI, IX, j, k=A, L, or C, D,or F, G, orl, J

accordingly. For Zone I, 1V, Viand VIII, the velocity and
correlation coefficient of each zone cha presentedas the
velocity and correlation coefficient of the electrode pair near it

(%)
(6)
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Fig. 4. Layout of the pneumatic conveying test rig (with scishiEpedipe section)

wherei=ll, IV, VI, VIII, j=B, E, H, K. For Zone V, the centre
area of the sensor cressction, the velocity andorrelation
coefficient derive from Zone Il, IV, VandVIII, that is:

Vy = K(Vig +Viy +Vyp +Vyrpp) 14 (7)
ry = K(ryp + iy + 1y + g )/4 8

whereK is a dimensionless proportionality depemggdon the
size and layout of the pipelinef which the valuecan be
obtainedthrough calibratiorntest. Substituton of equations
(3)-(6) into equations (#)8) yields

vy = K(v + Vg +V +v)/4 9)

=K +r+1;+1,)/4 (10)

I1l. EXPERIMENTAL RESULTS ANDDISCUSSION

A. Test Rig

A laboratoryscale test rigFig. 4) has beeresigned and
constructedStable air flow is generatddom an adjustable
suction systemParticles are ddto the test sectionhrough
an adjustable vibrating feedd@me horizontal squarehaped
test pipesectionusel in this papeiis shown in Fig. 5The
inner dimensiorof the squareshaped pipsectionis 54 mm

(Fig. 2)
B. Experimental Procedure and Sgnals

Sincethe size and shape of coal and flgparticlesare
similar [13], flour is used as a substituté pulverisedcoal
for health reasa within the laboratory conditions~our
groups of experiments were conducted under various
working conditions as shownin Table |. The temperature
was 26-27°C whilst the relative humidity was 42% during
tess.

A hot wire anemometefTPI 575 was used to measure
velocity of the air in the centre of each zone. The
dimensionless proportionalitk for this test rig was
determined bydividing the velocity of air in Zone Wy the
mean velocity of air in Zone Il, IV, Vand VIII underfour
differert air velocity conditions. The value Kfis 1.07.

Fig. 5. Horizontal squarshaped test pipe section

TABLE I. EXPERIMENTAL CONDITIONS
Mass Flow Rate (kg/h) Air
Velocity
Q1 Q2 Q3 Q4 (m/s)
5.0 10.6 14.6 18.1 12.814.5

Fig. 6 showsthe electrostatisignal waveformsfrom a
pair of electrodes and theorrespondingcrosscorrelation
function. The sampling rate is 50 kHris clear from Fig. 6
that he two signals are randobut similar. Thetime delay
between them equals to the flow transit timg, i.e. the
abscissa value of the peak.



differencein particle velocitiesin the nine zones are larger

=
=

— than the differencén air velocity, especidy between the
0al — 2] corner zones and the caldtzone as the friction anmbllision
among theair, particlesand pipewall are more complex in
0.2 the corner zoneslowever, the difference in velocity reduces
e asthemass flow rate of particléscreases
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Each experiment under the sam@rking conditionwas %
conduded for three times. 2048 samples from both the
upstream and downstream signalsre used during each
data processing cycle. A total of 1500 velocity and
correlation coefficient readings were taken for each test
condition (transitional readings were removed). The velocity m12.1
profile of air measured by laot wire anemometef Pl 575) 1113
is shown in Fig. 7. The velocity profiles of the particies 15
nine zones are shown in Figt@11. The Zone |, II, Il ion
the upside and the Zone VII, V]IV is on thedownside.

Fig. 9. Velocity profile ofparticlesundermass flow rate @

Upside
Fig. 7 illustrates that the air velocities timle nine zones
are notuniform. The velocity of the air ithe cente of the
pipe (Zone V) is the fastest The air velocity in the four Y
zones (Zonel, IV, VI and VIIl) near the pipe walk faster
than those in the four corner zoneslue to the friction
between thair andthe wall.By comparing Fig. 8 to 11 with
Fig. 7, we can see that the velocity profilestted particles
over the wholesquareshged crosssectionsare similar to
the air velocityprofile, but theparticles tavel slower.The
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Fig. 10. Velocity profile ofparticlesundermass flow rate @
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Fig. 11 Velocity profile ofparticlesundermass flow rate @

The correlation coefficient profiles of thgarticle flow
underfour different mass flow rateare shown in Fig.12.
We can see thahe particlesin the cente of the pipe Zone
V) move more $ably in comparson with the particlesin
Zone IlI, 1V, VI and VIl near the pipe wallThe flow
stability of particlesin corner zonesZone |, I, VII and 1X)
is the worst owing to the complekynamics of the flowin
corners It is also observed tha higher mass flow rate
resuls in a more stale flow. This alsosuggestghat the
velocity profile becomes more uniform under higher mass
flow rate condition.

Correlation Coefficient

Downside

Fig. 12.Correlation coefficient profileunder different mass flow rates

V. CONCLUSIONS

Novel nonintrusive electrostatic sensor arrdys/ebeen
successfully used to measure the velocity and flow stability
profiles of pulverised fuel in squashaped pneumatic
conveying pipeline on a lafcaleexperimentatest rig The
experimental results demonstrate that the fuel in the centre
area travels faster and more stably than the fuel along the
pipe wall. The velocity of fuel in corners is the slowest and
the flow stability is the worst due to the complex dynamics
of flow in the corner zones. Further research will be
conducted to study the chateristics of the sensor arrays in

both mathematical modeling and experiments under a wider
range of operating conditions.
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