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Fig. 1 Flow chart of reconstruction of temperature field
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Fig. 3 Reconstruction results under different noise intensity. (a) Result obtained based on WMS for Iy = — 140 dB «» Hz '
(b) result obtained based on DAS for Iy =
—150 dB « Hz

— 140 dB « Hz '; (c) result obtained based on WMS for Ign =
"; (d) result obtained based on DAS for Iyn=—150 dB « Hz '; (e) result obtained based on WMS
for Iyw=—160 dB » Hz '; () result obtained based on DAS for Iy = —160 dB » Hz '; (g) result obtained

based on WMS without noise; (h) result obtained based on DAS without noise

0711002-4



F£48%E 57 H1/2021 £ 4 A/HERHE

X — 25 R 3K W AE A7 76 I o 0 7 ), 2T WMS
1 F A 7 VA Y B RS B v T LT DAS i E Ak,
ST WMS i 5 7 2 00 W 7 (4 A A 2
HPARIR A R S W IR AT, BT WMS
F1%) S 5 3 R AT A A 00 e ) R R R, O
b F DAS iy a5 gy 2% 0 v 1 0 RS

4 THRIRBE L R

4.1 EWRGFIEIT

TR B 1 AR 0 A R AR S SR
e ik o ) I R A SRk — 20 UL T WMS i
Y B AR EEL RN T T DAS ) 4t FH g

AFG

(1
W

[ TEC/LDC )

laser beams

AR, FER A McKenna bp 1G9 7= B s
KIAE D X 5, S TR FH A 0 6 R e &) 4
ST 7R s S v gk e ] e 5 4 S U
i, Wt 5 25 R A B IR & L 76 T A b 3R I Bk

ETH g HEAR, 1395 nm MRS
1392 nm OB 2 X 12 SRLF S R 2% % 45 50 A
O B A e B b R I S B 43 1 17 A KA —
I RIAE  aniEl 5 s, A gy X El 6 BRI
AT McKenna A% EJ7 30 mm &b i)-F- 1
(ot W #] McKenna VG0 £ W B H =
30 mm) fE— M N E DA 4 R,

digital pressure gauge

optical fiber
splitter

single mode fibers I

=g

detectors

AFG: arbitrary waveform function generator;
TEC: thermoelectric temperature controller;
LDC: laser diode controller;

DAQ: data acquisition

P4 i AR g T

Fig. 4 Schematic diagram of measurement system

/.
/‘/

/ ~ collimators

v/
multi-mode fibers

[ 5 I T s 2 2 e HLABE AL 0 37 37 W0 A 4 o3 TR IRL . () o 40 52 3 e ELABEARY 5 (o) R 0 0 37 I 4 &) 2 7 T 1
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collimator installation fixture; (b) grid division diagram of flow field to be tested
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Fig. 6 Schematic diagram of ray arrangement and position measurement. (a) Ray arrangement; (b) position measurement
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Abstract

Objective  The measurement of key parameters of combustion flow field can effectively evaluate combustion
efficiency, control pollution emission, and improve energy efficiency. Because of its obvious superior features such
as high precision, noncontact measurement, and low cost, tunable diode laser absorption spectroscopy ( TDLAS) is
an effective way to measure temperature, concentration, velocity, and pressure in combustion flow field. Combined
with computerized tomography (CT ), TDLAS can achieve two-dimensional (2D ) or three-dimensional (3D)
tomography. In the 1980s, Emmerman et al. used the direct absorption spectroscopy (DAS) for combustion
diagnosis in reactive flows, which verified the feasibility of the method to realize 2D combustion diagnosis. With the
development of the laser and reconstruction algorithms, the DAS-based 2D reconstruction technology has begun to be
applied to engineering practice. This technology has been successfully used in the Hypersonic International Flight
Research Experiment (HIFiRE) conducted by the US Air Force Laboratory and NASA. Although the DAS exhibits
many advantages, it is difficult to apply this method under low signal-to-noise ratio ( SNR) conditions. The
wavelength modulation spectroscopy developed on the basis of the DAS can significantly improve the SNR under weak
absorption conditions, thus improving the detection accuracy and detection limit of the absorption spectroscopy. In
line-of-sight measurement, the wavelength modulation spectroscopy ( WMS) shows good noise resistance and is
therefore suitable for the flow field measurement under weak absorption or high-pressure conditions. Calibration-free
WMS (CF-WMS) proposed by Hanson's group from Stanford University is one of the widely used WMS methods. As
far as we know, the literature mainly focused on numerical simulation analysis for the difference in 2D reconstruction
between the DAS and WMS. It is necessary to verify the difference between the two methods by experiment.

Methods Combined with the algebraic reconstruction technique (ART), we introduced the principle of two-
dimensional temperature reconstruction based on WMS, and analyzed the difference between DAS and WMS in the
two-dimensional reconstruction under the influence of various noises through numerical simulation. Next, the
combustion flow field generated by the McKenna flat flame furnace was used as the measurement object. The two-
dimensional temperature measurement experimental system was built around the flat flame furnace. DAS- and WMS-
based two-dimensional temperature reconstructions of methane-air premixed flame with an equivalent ratio of 1 were
carried out, and the reconstruction results were analyzed.

Results and Discussions In numerical simulation, the temperature reconstruction results of the simulated flow
field with two reconstruction methods under various noise intensities are provided ( Table 2). The maximum
deviation and mean square relative error of WMS are 0. 0186 and 40. 3 K, respectively, and those of DAS
reconstruction are 0.0192 and 42.5 K, respectively. Under the condition of no noise, these values are relatively
consistent. With the increase in noise intensity, the reconstruction error based on DAS gradually increases, while
that of WMS does not change significantly. The maximum deviation and mean square relative error of WMS based
reconstruction are 0.0206 and 49. 8 K, respectively, and those of DAS based reconstruction are 0. 0795 and
353.6 K, respectively (Fig. 3). Under the condition of noise intensity Iry = — 140 dB/Hz, these values are greatly
different. This result shows that the reconstruction accuracy of the WMS based method is higher than that of the DAS
based method in the presence of measurement noise, and the suppression effect of the WMS based method on noise is
still effective in a two-dimensional reconstruction. Under the condition of a weak-absorption flow field, the two-
dimensional reconstruction method based on the WMS can effectively suppress the influence of noise in measurement
with higher measurement accuracy.

In experimental verification, the maximum deviation between the reconstructed temperature field obtained by
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the DAS-based method and the thermocouple measurement result appeared in the range of 50 mm in diameter is about
56.6 K (8.5%), and the relative error of the mean square of the reconstructed temperature field is 0. 0469 (Fig. 9).
Although the reconstruction results based on DAS reflect the temperature distribution characteristics of the
combustion flow field, the overall error is relatively large. This error mainly comes from the baseline fitting error
and the Voigt fitting error caused by noise, while the influence of the baseline fitting error is more serious in a weak
absorption environment. For a 2D reconstruction, the Voigt fitting error will affect the accuracy of ART 2D
reconstruction, and it will eventually show up as a temperature reconstruction error. Selecting absorption spectral
lines with stronger absorption will help reduce the error of the DAS based method in a two-dimensional
reconstruction. The maximum deviation of the reconstructed temperature field obtained by the WMS-based method is
39.2 K (5.9%), which also occurred in the range of 50 mm in diameter (Fig. 9). The relative error of mean square
is 0.0268. In general, the reconstruction result based on WMS is consistent with the thermocouple measurement
result, and the measurement error is smaller than that of the DAS-based method. In one-dimensional TDLAS, WMS
is not affected by the baseline and has significant inhibition effect on the noise at absorption peak, which is also
reflected in 2D reconstruction. As the 2f/1f signal has a better suppression effect on the environmental noise, the
signal of each ray has a higher SNR, which is helpful to a more accurate 2D reconstruction.

Conclusions In this paper, WMS combined with ART is applied to the two-dimensional reconstruction of the
combustion flow field. The reconstruction speed is large, and the number of spectral lines required is small, which
has great advantages in practical applications. From the numerical simulation and experimental verification, the
difference between DAS- and WMS-based 2D reconstruction is analyzed. It is proved that WMS has a better
suppression effect on noise than DAS in a 2D TDLAS. In a numerical simulation, the difference in the reconstruction
result between the two methods under different noise levels is analyzed. The result shows that with the increase in
the noise level, a WMS-based 2D reconstruction has better robustness while a DAS-based 2D reconstruction varies
significantly. In the case of a high noise level, a DAS-based 2D reconstruction cannot accurately reflect the
characteristics of a simulated flow field environment. In an experimental verification, by comparing with the result
measured by the thermocouple, we find that the maximum deviations of the DAS-based 2D reconstruction and WMS-
based 2D reconstruction are 8.5% and 5.9%, respectively, and the mean square relative errors are 0. 0469 and
0.0268, respectively. The results show that the WMS-based 2D reconstruction has higher anti-noise capability than
DAS-based 2D reconstruction and the accuracy of a WMS-based 2D reconstruction is higher than that of the DAS-
based 2D reconstruction under weak absorption. It is advised that a WMS-based two-dimensional reconstruction
method is suitable for engineering applications where noise has a great impact, such as 2D reconstruction of flow field
in a scramjet combustion chamber and the wind tunnel flow field quality assessment.

Key words laser technique; spectroscopy; wavelength modulation spectroscopy; two-dimensional reconstruction;
combustion diagnosis
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