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Fig. 2 Experimental setup. (a) Schematic of experimental setup; (b) photo of experimental setup
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Fig. 3 Correlation spectra of glass beads with nominal size of 700 um. (a) Cross-correlation spectrum of transmission

fluctuation; (b) auto-correlation spectrum of transmission fluctuation
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Table 1 Measurement results of particle velocity in circulating disperser
Particle velocity/(mes ")
No. Glass bead with  Glass bead with  Glass bead with  Glass bead with  Silica sand with  White corundum with
200 pm nominal 400 pm nominal 500 pm nominal 700 pm nominal 200 pm nominal 600 pm nominal
diameter diameter diameter diameter diameter diameter
1 1.207 1.167 1.182 1. 159 1.136 1. 054
2 1. 151 1. 159 1. 159 1. 151 1. 159 1. 087
3 1.159 1. 144 1. 167 1.136 1.174 1.042
4 1.136 1.144 1.136 1.122 1.151 1.042
5 1. 151 1.136 1.136 1.129 1.122 1.042
6 1. 159 1.129 1.136 1.212 1.136 1. 029
Average value 1.161 1. 146 1.153 1.137 1. 147 1. 049
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Fig. 5 Inversion results of particle size distributions for variant volume fraction. (a) Glass bead with 200 pm nominal diameter;

(b) glass bead with 400 pm nominal diameter; (c¢) glass bead with 500 pm nominal diameter; (d) glass bead with 700 pm

nominal diameter; (e) silica sand with 200 pm nominal diameter; (f) white corundum with 600 pm nominal diameter
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Table 2 Characteristic particle size x,,»a 5, and x4 measured with transmission fluctuation correlation spectrometry

Particle X0/ pm Average x,,/pm
Glass bead with 200 pm nominal diameter 98 103 114 138 136 130 120
Glass bead with 400 pm nominal diameter 125 136 152 146 148 150 143
Glass bead with 500 pm nominal diameter 257 258 248 263 261 272 260
Glass bead with 700 pm nominal diameter 457 451 459 467 467 488 465
Silica sand with 200 pm nominal diameter 119 102 106 99 137 142 117
White corundum with 600 pm nominal diameter 337 320 343 319 336 324 330
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Particle X5 /pm Average x5, /pm
Glass bead with 200 pm nominal diameter 188 192 201 228 220 217 208
Glass bead with 400 pm nominal diameter 390 393 421 412 408 416 407
Glass bead with 500 pm nominal diameter 482 491 489 510 503 525 500
Glass bead with 700 pm nominal diameter 692 684 697 699 698 724 699
Silica sand with 200 pm nominal diameter 207 190 216 204 265 270 225
White corundum with 600 pm nominal diameter 594 603 622 593 626 610 608

Particle Ty /pm Average x4, /pm
Glass bead with 200 pm nominal diameter 298 304 311 346 327 330 319
Glass bead with 400 pm nominal diameter 865 835 881 868 848 869 861
Glass bead with 500 pm nominal diameter 806 828 841 870 853 895 849
Glass bead with 700 pm nominal diameter 1006 1002 1013 1014 1005 1052 1015
Silica sand with 200 pm nominal diameter 314 299 359 337 333 338 330
White corundum with 600 pm nominal diameter 962 1030 1033 998 1061 1037 1020
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Table 3 Characteristic particle size x,, x5, and x4, measured

using Bettersize2600

Particle X1 /[lm X 50 /,um T 90 /{im
Glass be?ad w1.th 200 pm 131 190 271
nominal diameter
Glass bead with 400
ans pead Wi pm 351 437 543
nominal diameter
Glass bead with 500
ass bead wit pm 434 512 617
nominal diameter
rlass ith 700
Glass be-ad Wl.t pm 458 657 899
nominal diameter
Silica sa'nd Wl.lh 200 pm 119 203 299
nominal diameter
White ¢ ith 600
ite coru-ndum. with 600 pm 208 584 875
nominal diameter
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Fig. 6 Measurement results of particle volume fraction. (a) Spherical glass bead; (b) non-spherical silica sand and white corundum
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Table 4 Measurement results on particle velocity under the condition of feeding with vibration feeder

Velocity /(mes™ ")

No. Glass bead with 400 pm  Glass bead with 500 pm  Glass bead with 900 pm White corundum with 600 pm

nominal diameter nominal diameter nominal diameter nominal diameter
1 1.823" 1.786° 2.431 2.692
2 1.923" 1.8237 2.778 2.652
3 1.923" 1.987" 2.473 2.734
4 2.465 2.459 2.734 2.692
5 2.465 2.433 2.465 2.652
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(B oAb AT o (1% B I 5 R 6 R SN HO(E (H
B 2% 7 DEOREBIL 21 0 6 3 A0 G R ) 0K Y T R 4
AN ARHE x B R I R A R R A K H{E L OB
PRPEEAS R, JIURE 2 i X Y SR BE R T H (H(H =
200~300 mm), M 4 FF/R B R AT LIE
MR R B A — e EE . h TR S
B R TE B TR 1 I A 7R W AL 5 L I &

8 4t T MURHL A BHI B F UKL AR AR ) A
AR BT3By i 3 45 R A L B SRR AR RLAR 2200 v
xo MPPIME R 5. B 8 AT LLF S48 WOkL A 28
0 DX ) R A7 A ) S 22 S L (EUBOREARE A28 0 A1 475 B
ABAFREENM . £ 5 AR DRSS 3R 2 M LI
i » 2% W1 URE 28 52 0 5 DX N7 78— 5 A J3E 0 A o 120
J 53 A 5 RORHRIL H 11 AR UKL B4 BE AL A0 3R A O

H5 MDRHBLAORHS B R BRI 0 ooy Ay BOF R
Table 5 Average characteristic particle size x,,» x5, and x4, under the condition of feeding with vibration feeder
Particle T/ pm X5/ pm Zgo/ppm
Glass bead with nominal diameter of 400 pm 134 385 816
Glass bead with nominal diameter of 500 pm 237 489 847
Glass bead with nominal diameter of 900 pm 402 900 1748
White corundum with nominal diameter of 600 pm 228 579 1288
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Fig. 8 Inversely calculated particle size cumulative distributions under the condition of feeding with vibration feeder. (a) Glass

bead with 400 pm nominal diameter; (b) glass bead with 500 pm nominal diameter; (c) glass bead with 900 pm nominal

diameter; (d) white corundum with 600 pm nominal diameter
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Measurement of Particle Velocity, Particle Size Distribution,
and Particle Volume Fraction in Two-Phase Flow
Using Transmission Fluctuation Correlation Spectrometry

Gong Peng, Shen Jiangi
College of Science, University of Shanghai for Science and Technology, Shanghai 200093, China

Abstract

Objective Particle-fluid two-phase flows exist widely in energy, industry, environment, and other fields. Thus, it is
important to simultaneously determine the parameters of two-phase flow, such as the particle size distribution, volume
fraction, and flow velocity. For example, in a thermal power plant, the particle size distribution of pulverized coal and its
feed flow are critical issues in ensuring combustion efficiency and reducing pollutant emissions. In mineral processing and
feed manufacturing, real-time measurement of these parameters is important for maintaining stable conditions to ensure
the quality of products. It is also important in other applications, such as pipeline transportation using air as the carrier
medium, in which real-time monitoring of flow velocity is necessary. With the development of science and technology,
different online measurement techniques have been proposed and used to measure the parameters of particles in a two-
phase flow, including ultrasonic spectrometry, image methods, and digital holography. However, some techniques are
limited in their applications because their measurements can be affected by poor environmental conditions. In principle,
ultrasonic spectrometry requires several particle and dispersion parameters, which are usually unavailable. Digital
holographic technology employs a complicated optical setup that can be easily contaminated by dust. In addition, this
technique is suitable only for measuring low particle volume fractions. Therefore, there is an urgent need to develop a
simple measurement setup for real-time and online (or inline) measurements of the particle parameters of two-phase
flows.

Methods Transmission fluctuation correlation spectrometry (TFCS) is an optical measurement technique that utilizes
the autocorrelation characteristics of transmission fluctuation signals of a narrow light beam to obtain information on
particle size distribution and volume fraction. In this study, a simple beam-splitting setup was used, which produced two
parallel narrow beams, allowing the detection of two channels of transmission signals for further correlation of the
transmission fluctuations. Compared with a method that uses only one light beam, this optical setup can measure two
channels of transmission fluctuation signals; therefore, cross-correlation spectra of these signals may be obtained, from
which particle velocities can be extracted. In addition, the auto-correlation spectra of the transmission fluctuations of
either or both channels can be calculated to obtain information on the particle size distribution and volume fraction.

Results and Discussions Experiments are performed using spherical/non-spherical particles dispersed in water. The
nominal diameters of the samples range from 200 to 900 pm. In the first part of the measurements (Fig. 2), the
suspension of the particles is driven by a pump (BT-800) and circulates in a closed system at a constant flow velocity of
approximately 1.15 m/s in the measuring zone, which is measured using a laser velocimeter (TM680). The He-Ne laser
beam is expanded and collimated at a diameter of approximately 8 mm. The light beam propagates along the direction
normal to the particle flow, and a bi-element photodiode (S4204) is employed to measure the transmitted signals. Two
pinholes are installed in front of the photodiode. The diameter of the pinholes is 850 pum and the distance between their
centers is 1.4 mm. The signals are amplified and recorded using a multichannel A/D card (PCI-50612). The sampling
time for each measurement is 4.096 s, and the sampling frequency is 125 kHz. The second part of the measurements uses
the same optical setup; however, the particles are fed by a vibrator (Fig. 7). Under gravity, the particles pass through
the measurement zone at a constant velocity. The cross-correlation spectra of the transmission signals of the channels and
the autocorrelation spectra of the transmission signals of a single channel are calculated using the fast Fourier transform
(FFT). The delay time of the cross-correlation spectrum corresponding to the peak of the spectrum is used to extract the
velocity of the particles. The results (Table 1) agree with those obtained using a laser velocimeter. The relative errors
range from —8.8% to 0.95%. The particle size distribution and volume fraction are extracted from the autocorrelation
spectrum. A modified Chahine iteration algorithm is used for the inverse calculation. The mean particle sizes a5, ( Table 2)
of the measured samples agree with the nominal diameters. All samples are also measured using a laser particle analyzer
(Bettersize2600) . It is found that the mean particle sizes x5, measured using the proposed TFCS (Table 2) agree well
with those of the laser particle analyzer (Table 3) ; the relative error range from 0.1% to 5% . However, the sizes of x,,
and xy obtained using the TFCS (Fig. 5 and Table 2) differ significantly from those of the laser particle analyzer

2304005-10



R £ 49% F 23 H1/2022 &£ 12 A/FEBEx

(Table 3). This difference is caused mainly by the distribution of the velocity of the particles when they pass through the
measurement zone owing to the flow condition and the pulse caused by the pump. The measured particle volume fractions
are compared with those based on the known weights of the samples (Fig. 6). A good agreement is achieved between the
two sets of values for spherical particles [ Fig. 6 (a)]. However, for non-spherical particles, the volume fractions
obtained using the TFCS are higher than those based on the weights of the samples [ Fig. 6(b)], which means that shape
correction is required. All measurements are repeated several times, and the results for particle velocity, particle size
distribution, and volume fraction show good repeatability. Data processing, including computation of the spectra and
inversion, can be completed within 3—5 s. Thus, the proposed measurement is useful for real-time applications.

Conclusions This study introduces a simple optical setup for transmission fluctuation correlation spectrometry, which
can be used to simultaneously measure particle velocity, particle size distribution, and volume fraction. Two parallel
narrow light beams are produced to measure transmission fluctuations and obtain autocorrelation of the signals of a single
beam and cross-correlation of the signals of two beams. The particle velocity is obtained from the transmission cross-
correlation spectrum, and the particle size distribution and volume fraction are deconvoluted from the autocorrelation
spectrum.

The measurements are implemented using both spherical and nonspherical particles, and the TFCS results are
compared with those obtained using other methods. The results show good agreement and repeatability. The
measurement and subsequent data processing can be completed within 10 s. Therefore, the proposed setup is promising
for use in real-time and online applications in particle-fluid two-phase flows.

Key words measurement; two-phase flow; transmission fluctuation correlation spectrometry; particle-size distribution

2304005-11



