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Abstract: [Objective] Precise temperature monitoring within the optimal reaction window (850~1 100 C) is
critical for the efficiency and low-emission operation of selective non-catalytic reduction (SNCR) systems in waste
incineration furnaces. Conventional contact-based measurement methods often suffer from time lag, mechanical
fragility, and limited adaptability to harsh, high-temperature environments. This study aims to develop a robust
acoustic thermometry technique to provide highly reliable time-delay estimation, thereby enabling accurate and
real-time temperature monitoring for SNCR system control. [Methods] To address the challenge of strong
background noise in industrial settings, an enhanced time-delay estimation method named VMD-WT-GCC is
proposed. The core innovation lies in the synergistic combination of variational mode decomposition (VMD) and
wavelet threshold (WT) denoising as a pre-processing step for the generalized cross-correlation (GCC) algorithm.

I % H HA: 2025-11-21 1& Bl H HA: 20260204 3E Z H Hi: 2026-02-10

H & Il B: EXAARFEELTH (12274122)

Supported by: National Natural Science Foundation of China (12274122)

F—EHEN: ZH2 (1999, %, BILBITA, TERFTTF9E SR EAR, 1773381510@q0.com.

BIEEEGE N skt y (1983), 5, fid, @I, FIH IO A% B IR AL AR, zhangshipingf718@126.com.



118 #H% 2026 4F

The VMD adaptively decomposes the acquired acoustic signal into intrinsic mode functions, effectively separating
the useful signal components from noise. Subsequently, the WT technique is applied for further refinement and
thresholding of these components. This two-stage denoising strategy significantly enhances the signal quality before
performing GCC for precise time-of-flight calculation, which is then converted to temperature via the known sound
speed-temperature relationship. The method’s performance was rigorously evaluated through simulation, laboratory
experiment, and industrial field trials. [Results] Simulation analysis, utilizing actual on-site noise data, was
conducted across a challenging signal-to-noise ratio (SNR) ranging from 5 dB to —10 dB. The proposed VMD-WT
denoising method demonstrated superior performance compared to the conventional wavelet threshold method
alone, showing marked improvements in key metrics: simulated SNR gain, the structural similarity index (SSIM),
and the correlation coefficient (CC). Laboratory experiments were performed in a controlled acoustic environment
with a stable temperature of (-3.2 £0.5) “C. Results confirmed the method’s high accuracy, with the average
absolute error of temperature measurement remaining below 0.20 ‘C across various propagation paths ranging from
1 mto 5 m. A field trial was implemented on a 750 t/day waste incinerator, specifically at the SNCR ammonia
injection plane located 30.1 m above the furnace grate. The single-path acoustic temperature measurements showed
consistent stability, with the average deviation from benchmark reference data maintained within 50 “C, validating
the method’s robustness under real industrial operating conditions. [Conclusion] The developed VMD-WT-GCC
method exhibits exceptional accuracy and stability for time-delay estimation in strong noise backgrounds,
overcoming a major limitation of acoustic thermometry in practical applications. It provides a viable and effective
technical solution for high-precision, non-contact temperature monitoring in complex industrial environments like
waste incineration furnaces. The successful validation from simulation to field deployment underscores its strong
engineering applicability and promising potential for optimizing SNCR system performance, contributing to
improved combustion control and emission reduction.

Key words: SNCR; time delay estimation; acoustic thermometry; variational mode decomposition; wavelet
threshold denoising
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Fig.10 Experimental platform for cold-state tests
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Fig.11 Temperature values from acoustic thermometry for
different paths

HE 10 mT5n, TEARFBR KT R RIseih g Rk
B, ACHRHE VMD-WT-GCC I iEflit ik AR
R AP MR AR E P, DA PR I P A R AE Al /N iR 22
FlNEsh. SHREMEEREL, FENEHEEHN 1 m
B, 20 U0 22k 00 H ISP 38 48 0 R ZE ALK
0.043 °C, FréEMmZ N 0.022 C; FEMEMKIEN 3m
i, SFHIZaxiRZE 0198 C, FrdEfwZE 0.229 C;
A2 5 m B, PN IRZE 0117 C, bz
0.136 C, &HiEIReRFF R E I EMERE. PT A
PR T I IR L0 R ZE KT 0.20 °C, bRk
Z/NT 023 Co FIRMIE R ZREIEHIE TR Al 42
ZICHEN, I T HAE PR R R R

SIS B PR PR 2 ) 22 51 S 3 BV MR RIS,
FECLEIT LAk T %) ELAH DG R 0 H I B SR 1 P 0
Kl 12 JEor T 78 3 m I (1 HAH S R

BRI —a) i, ASCHEH ) VMD-WT-GCC K
FEAGTHRE R R4 () O WD 5 77 AR 43




% 8 1

FHEz S BRI SNCR RS 37 A5 IR N [ SER il 1 T3 ¥E 07T 125

ARSI il 280y B IR = AR I AR AR 5 B, I
/N BRME AR B e A AT, I AARENS B3
FRTTFVEREMEEL, MTTLE SRR A5 T A AE eI
IS SRR A T o SR Ab B 1) ELAF 5% R B ] 13
B

0.3k
0.2k
= 01F (979,0.114 3)
WL ¥ (1039,0.080 86)
= !
=0
0.1
702 L L L 1 L 1 L

0 200 400 600 800 1000 1200 1400 1600

A A R

12 REEMEREMEX R
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Fig.14 Schematic diagram of acoustic temperature
measurement device installation
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Fig.15 Appearance drawing of the acoustic waveguide
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Tab.2 Reasonable ranges for path distance and time delay

values
B HEES/m g ‘fs Bife B 7”; é%fs
1-3 2.873 386~427 2-7 9.506 1278~1413
1-4 4.384 589~651 2-8 9.601 1291~1 427
1-5 6.632 891~986 8-3 8.459 1137~1 257
1-6 8.347 1122~1241 8-4 6.411 862-953
1-7 9.594 1290~1 426 8-5 4,192 563-623
1-8 9.506 1278~1413 8-6 2.942 395-437
2-3 1.840 247~273 7-3 8.168 1098~1214
2-4 3.789 509~563 7-4 6.021 809~895
2-5 6.255 841~930 7-5 2.842 382~422
2-6 8.050 1082~1 196 7-6 1.952 262~290
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Fig.17 Comparison of temperature difference and accuracy
processed by three algorithms
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