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ARTICLE INFO ABSTRACT

Keywords: A novel stable laser absorption spectroscopy (LAS) tomographic sensor with enhanced stability
Stability enhanced and spatial resolution is developed and applied to complex combustion flame diagnosis. The
Tomographic sensor sensor reduces the need for laser collimation and alignment even in extremely harsh environ-
Laser absorption spectroscopy ments and improves the stability of the received laser signal. Furthermore, a new miniaturized

Complex combustion flame laser emission module was designed to achieve multi-degree of freedom adjustment. The full

optical paths can be sampled by 8 receivers, with such arrangement, the equipment cost can be
greatly reduced, at the same time, the spatial resolution is improved. In fact, 100 emitted laser
paths are realized in a limited space of 200mmx200 mm with the highest spatial resolution of
1.67mmx1.67 mm. The stability and penetrating spatial resolution of the LAS tomographic
sensor were validated by both simulation and field experiments on the afterburner flames. Tests
under two representative experiment states, i.e., the main combustion and the afterburner
operation states, were conducted. Results show that the error under the main combustion state
was about 4.32% and, 5.38% at the afterburner operation state. It has been proven that this
proposed sensor can provide better tomographic measurements for combustion diagnosis, as an
effective tool for improving performances of afterburners.

1. Introduction

Combustion is a complex phenomenon with multi-physical coupled fields. The process and products of combustion can directly
characterize the state of the combustion flow field, including combustion stability, combustion efficiency, flame structure [1-4]. Many
non-invasive techniques have been adopted to study the flame characteristics, such as the acoustic method [5-8], coherent anti-stokes
raman scattering spectrometry (CARS) [9], planar laser induced fluorescence (PLIF) [3], and tunable diode laser absorption spec-
troscopy (TDLAS) [10,11].

Compared to other non-contact combustion diagnostic techniques, LAS technology has the advantages of non-invasive measure-
ment, high selectivity, high measurement accuracy, multi-parameter detection, environmental adaptability, and suitability for in-
dustrial applications. Due to the non-uniform characteristics of the fluid field, in order to accurately obtain the spatial distribution of its
temperature and concentration, the LAS technique is combined with computed tomography (CT) technique to measure the two-
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dimensional distribution, which is known as laser absorption tomography (LAT) [12-15].

Due to the harsh combustion environments, any aero-engine combustion chamber has problems such as severe mechanical vi-
brations and turbulent combustion, which can severely affect the stability of the laser signal in an embedded TDLAS diagnosis sensor.
The limited space constrains the maximum number of optical sensors to be installed in design. To optimize performance or minimize
sensors in combustion systems, some designers are alternatively direct their efforts toward optimizing sensor distribution for a given
limited number of sensors. In LAS tomographic sensor, a parallel, or a fan-shaped, or an irregular and sparse beam arrangement is
usually adopted. However, the parallel laser beam arrangement has usually fewer light paths, so it suffers from serious ill-posed
problem. For the fan beam arrangement, although the cost of installing emitters can be reduced, it often has the corner distortion
in the reconstructed image. The beam splitters [16-19] used in the parallel arrangement or the cylindrical lens [20-22] in the fan
arrangement can significantly reduce laser power, leading to a lower signal-to-noise ratio in the reconstruction. The irregular laser
beam arrangement was also employed [23,24] with an optimization strategy to reduce the number of beams and determine the optimal
beam position. However, such an arrangement usually requires a complex optical system. The ability of tomography system to resolve
increasingly smaller features within the region of interest determines its suitability for studying reactive flows. The increase in spatial
resolution is achieved either by intensive sampling of the region of interest or by data analysis and image processing. Regardless of the
data analysis and image reconstruction algorithm, there is a motivation to maximize the number of experimental measurements, as this
allows the subsequent algorithmic analysis to be optimal. Among the reported TDLAS tomographic measurements, Zhao et al. [25]
discretized into 900 grids by an-shaped laser beams in a circle with a diameter of 150 mm. Shui et al. [26] discretized the reconstructed
domain into 40 x 40 grids in the numerical simulation, and the region of interest was set as an 80 mm x80 mm square and divided into
20 x 20 grids. Song et al. [27] divided into 31 x 31 grids in the rectangular region of interest.

From the above review of existing beam arrangements, it is apparent that a LAS tomography system with a simpler structure,
enhanced stability and good spatial resolution for afterburner flame measurement is desirable. The system proposed in this paper can
fulfil such attributes. The receiver of the sensor is formed using an integrating sphere of a 12 mm diameter receiving surface plus a
detector, and a uniformly distributed laser beam is created through multiple reflections from the inner wall of the sphere. The
advantage of this novel arrangement is that the requirement for laser collimation and alignment is much less critical even in extremely
harsh environments, so that interference fringes are avoided and the stability of the laser signal is improved. Furthermore, in this
system, a new purposely designed miniaturized laser emission module is implemented to enable multi-degree of freedom adjustment so
as to yield a reduced signal power attenuation. The full optical paths of a typical afterburner flame can be sampled using only 8 sets of
receivers, and the spatial resolution has been significantly improved compared with other LAS tomography beam arrangements by
scanning. In fact, 100 emitted laser paths have been realized in a limited space of 200mmx200 mm with a spatial resolution of
1.67mmx1.67 mm. A prototype of this sensor has been developed and validated through both simulation and full-scale field tests. The
designed sensor is capable of providing parameters for diagnosing combustion effectively and accurately, forming important infor-
mation for improving performances of afterburner. At present, the sensor is adapted for quasi-steady-state measurement, however a
higher-speed laser switcher can be used to boost the image reconstruction for dynamic applications.

2. Theoretical principle

This section provides a brief summary of the theories of 2D temperature measurements based on the laser absorption spectroscopy
and computed tomography.
According to the Beer-Lambert law, the spectroscopic absorbance a(v) at wave number v can be expressed as:

a(v) = 7ln(§0((‘;))) — [ Poxas.aaet.na )

4 [ ROI |

nroj
j™ grid,
total N grid.

S
[~

q{---

i™ laser path, total M laser paths

Fig. 1. Schematic diagram of discrete configuration and single laser beam projection.
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where Ip(v) and I,(v) are the incident and transmitted laser intensities at v, respectively, P(I) [atm] is the local total pressure, and [ is the
position along the path. X(I) represents the local molar fraction of the absorbing species, T(l) [K] is the local temperature, ¢(v, [) [cm]
denotes the line shape function, and S(T) [cm ™ 2atm '] stands for the temperature-dependent line strength. The line shape ¢ is no
longer a standard Voigt function, but its integral over wave number is equal to 1. Hence the integral absorbance over the entire wave
number range, A can be derived from Eq. (1) as :

L
A= / POX()S,(T())dI %)
0
For the complex combustion field, as shown in Fig. 1, the region of interest (ROI) is discretized into N grids and crossed by M laser
paths in total for tomographic reconstruction. In each grid, the flame parameters such as pressure, temperature, and gas concentration
are assumed to be constant. On the ith laser path, the integral absorbance with the wave number v, A, ; can be expressed as :

N N
A= Z PS(T})X)l; = Z: a,ly 5
Jj= j=

where ay, j is the local integral absorbance in the jth grid at the wavenumber v, j represents the grid number (j = 1, 2, ... N), and [j; is the
length of the ith laser path crossing the jth grid. For LAS tomography, Eq. (3) can be rewritten as the following matrix form for efficient
computation,

La,=A, (€))

where L stands for the sensitivity matrix with dimension of MxN, M the number of laser paths, N the number of grids, which is
calculated prior to the measurements based on the geometric distribution of the lasers, and both a={a, 1, a2, ay, Y the spectroscopic
absorbance, and A={A, 1, A, 2, A,, ~T the integrated absorbance in Eq. (4) are column vectors. When a,, of the target species at two or
more wave numbers are obtained through measurements, from which the distributions of the flame parameters of temperature and gas
concentration can be extracted. The temperature at the jth grid can be calculated from the ratio of the reconstructed ay; j, @y at two
preselected transitions wave numbers (v; and v,) with the two different temperature dependencies as follows,
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When the gas temperature is found, species concentration X; can then be determined by using Eq. (6)
%

%= Bis(T) ©

The local integral absorbance a can be reconstructed by implementing the specific tomographic algorithms. Here, the modified
algebraic reconstruction technique (ART) is utilized to obtain smooth reconstruction of images, details of the method can be found in
Refs. [27,28]. The focus of this paper is on the introduction of diagnosis sensor, rather than the details of the reconstruction algorithm.
The iteration is formulated as follows,

kL) — ki) /I(Lia(k.i) 7A,-) @
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Fig. 2. Flow chart of temperature and gas concentration distributions reconstructions.
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k in Eq. (8) indicates the current iteration step, A; is the ith element of the absorbance; and 1 is the relaxation factor, and 1€(0, 2),
which is used to control the convergence rate. This algorithm is used to correct the relaxation factor 1. #in Eq. (7) is generally obtained
empirically, and in this paper it is determined through least squares optimization, and the optimal value is 0.01.The flow chart of the
temperature and gas concentration distribution reconstruction is shown in Fig. 2.

3. Sensor design

3.1. Selection of absorption lines

H50 vapor is a major product of the combustion of hydrocarbons. Its absorption spectrum is strong at near-infrared wavelengths.
Therefore, HoO vapor was chosen as the target absorbing species. The selection of an optimal HyO spectral line pair is important in the
design of absorption two-line thermometry, which were discussed in details elsewhere [15]. In this work, the line pair of 7185.60 cm ™!
and 7444.36 cm ™! was selected to infer temperature by means of two-line scheme. According to the HITRAN database [29], there
should be several neighbor transitions, with parameters detailed in Table 1, interfering the target transitions. For each transition, the
table shows its wavenumbers, line strengths (S(Tp)) at To = 296 K, pressure broadening-induced half-widths for itself (£s) and air
(&qir), energies of the lower-state (E”), and coefficients of temperature dependent broadening (ng;). In Table 1, the absorption lines
7185.596 cm ! and 7185.597 cm ! belong to the same vibrational band, but the absorptions are slightly staggered by the reversal of
the up and down dynamics of the leap, because they are very close to each other and have the same low-state energy level and pressure
spreading coefficient, so they are treated directly as a single absorption without other effects, and are considered to as one line.
Similarly, the absorption lines 7444.351 cm™!, 7444.368 cm ™! and 7444.371 cm™! are considered as one line.

Fig. 3 shows the two relevant HyO absorption lines at different temperatures and a particular concentration. The absorbance of the
absorption lines near the two transitions is close to one order of magnitude smaller at different temperatures. And these two transitions
are also relatively-well isolated from nearby absorption lines so that the data reduction becomes easier. Fig. 4 shows the line strengths
and ratio of the line strengths of these two H,0 absorption transitions at 7185.60 cm ™' and 7444.36 cm™'. The plotted temperature
range varied from 296 K to 2500 K in consideration of practical combustion environments. As we can see from Fig. 4, the line pair we
selected has sufficient absorption line strength and temperature sensitivity.

3.2. Evaluation of the effectiveness and robustness of the designed sensor

In order to assess the effectiveness and robustness of the designed sensor, mathematical models of temperature and molar con-
centration of water vapor for two representative combustion states were established for the flame combustion characteristics of the
afterburner. As shown in Fig. 7(a) and (d), at the first state, the flame distribution was simulated with the main combustion chamber in
operation only was assumed, the combustion flame field distribution was fitted with a hyperboloid distribution. The three-dimensional
Gaussian distribution was used to simulate the combustion flame field distribution at the second state. The two distributions were
superimposed together to constitute the flame reaction stream distribution. According to some classical combustion field parameters of
the afterburner, the temperature and the concentration ranges should be 600-1200 K and, 0.02-0.05 mol/mol, respectively. The
specific fields were obtained by using Egs. (9) and (10). The exact temperature and water vapor concentration distributions are
depicted in Fig. 6(a) and (d).

T =600+ 1200 F 9

C=0.02+0.06-F (10)
where

F=n(1= (e =x)/x)* + (0 =y /n)) [2)+ an

(1 —1n)-(0.4-exp(—r;) +0.35-exp(—r;) + 0.25 - exp(r;))

wherein Eq (11), r; can further be expressed as,

Table 1
Parameters of the selected transitions at around 7185.60 cm ™' and 7444.36 cm ™.
line index Wavenumber (cm ™) S(To) (em™2atm ™) £eerr (cm ™ tatm ™) £air (emtatm™1) E' (em™ ) Mair
1 7185.596 0.00490 0.371 0.0342 1045.0583 0.63
7185.597 0.0147 0.195 0.0413 1045.058 0.65
2 7444.351 0.000541 0.366 0.0199 1774.750 0.44
7444.368 0.000154 0.250 0.0188 1806.670 0.41
7444.371 0.000462 0.194 0.0153 1806.669 0.41
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Fig. 3. Simulated H,O absorbance spectra for transitions near 7185.60 cm~! (a) and 7444.36 cm ! (b) at different temperatures and a particular concentration. The
total pressure and path length were set at 1 atm and 20 cm, respectively.
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Fig. 4. Line strengths and ratio of the line strengths of these two H,O absorption transitions at 7185.60 cm™! and 7444.36 cm ™.

ri=((c—x)/0)" + (v —y)/0)'i=1,2,3 (12)

where x. and y, denote the center coordinate (x., y.) = (10,10),5 is the weighting factor n = 0.2, ¢ is the Gaussian distribution
parameter ¢ = 4. For the non-axisymmetric temperature model, the peaks are located at coordinates (x1, y1) = (6, 14), (x2, y2) = (14,
14) and (x3, y3) = (9, 6), respectively.

The optical arrangement is shown in Fig. 5. The optimal optical path is arranged according to the on-site measurement of the
afterburner, which can meet the multi-angle arrangement of 100 laser beams.

To quantify reconstruction fidelity, the reconstruction error between the phantom and reconstruction is defined as

Fig. 5. Optical arrangement of the designed sensor.
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where ¥ and ¥ represent the variables of phantom and the reconstruction, respectively, and || -||2denotes the 2-norm of a vector.

In a tomographic reconstruction, the region of interest (ROI) is usually divided into a number of square grids, in each of which the
values of the reconstruction parameters are assumed to be constant. Therefore, the size of the grid determines the spatial resolution of
the measurement. The smaller the grid size is, the higher the spatial resolution will be. But as the grid size becomes smaller and the grid
number increases, the risk of reconstruction ill-posedness rises, resulting in poorer reconstruction quality [30]. To balance these two
targets, in the simulation, the optimized resolution was sought over the grid number range of 80 x 80 to 160 x 160.

Generally, in engine afterburner applications, the acquired signals are affected by noises such as mechanical vibration and thermal
radiation. To assess the system performance in a noisy environment, different levels of random noise varied from 1% to 8% of the
absorption data were applied. The variation of reconstruction errors with grid number under different noise levels are shown in Fig. 6.

The performance of the test sensor was analyzed by comparing the reconstruction errors for five different reconstruction grid
numbers at eight different noise levels. The results are shown in Fig. 6, where the vertical coordinate represents the reconstruction
errors for the temperature and water vapor concentration. It can be seen from the diagram that the reconstruction quality for either
temperature or concentration decreases as the noise level increases. The temperature and concentration reconstruction errors also rise
gradually with increase of grid number. It is evident that the reconstruction errors for both temperature and concentration surge at the
grid 140 x 140. In order to balance the two factors of reconstruction resolution and quality, the 120 x 120 grid resolution was finally
selected as the main research object, i.e., 100 emitted laser paths were realized in a limited space of 200mm x 200 mm with a minimum
spatial resolution of 1.67mmx1.67 mm.

It can be seen that the reconstructed images of the temperature and water vapor molar concentration distributions depicted in Fig. 7
(b)and(e) resemble, the phantoms set in (a)and(d), and even with a severe noise imposed, the reconstructed images in Fig. 7 (c) and (f)
still retain the main features of original phantoms, demonstrating the excellent stability and robustness of the system.

3.3. Hardware design

The proposed LAS tomography sensor of the afterburner was prototyped for field tests, which is shown in Fig. 8. The sensor consists
of six units, namely the afterburner test section, thermocouple measurement unit, laser beam switcher, signal generator and receiver,
signal acquisition, and a host PC.

The afterburner is made of special stainless-steel plates with a cooling water jacket outer wall. The outlet size of the afterburner is
200 mmx 200 mm. The burner inlet is supplied with high-pressure air, and the oil supply nozzles are installed in the burner duct. The
oil-gas mixture is ignited by electric sparks. Both air and oil are precisely controlled to maintain constant flammability throughout the
experiment.

The temperature distribution references over the entire afterburner outlet are obtained using 81 K-type thermocouples, which are
arranged as a 9 x 9 matrix over the cross-section, where the LAS measurement sensor is installed on the same plane.

Two distributed feedback (DFB) diodes with laser beams operating near 7185.60 cm-1 (NTT, NLK1E5GAAA) and 7444.36 cm-1
(NTT, NLK1B5EAAA) are adopted to probe the H20 transitions. To achieve wavelength modulation, the injection current was
driven by the Data Acquisition device (DAQ, NI Corporation, PCI6115) which provided a 1 kHz sinusoidal scan signal superimposed
with a 100 kHz sinusoidal modulation signal. The two lasers were operated in time division multiplexing (TDM) mode. The signal
function is given by the PC. The two laser beams are combined and then split by a 2 x 2 single-mode fiber-coupler. One output of the
fiber-coupler is guided through an etalon with a free spectral range (FSR) of 0.01 cm ! for wavelength monitoring and the other output
passes into the optical switch(custom-made).

The optical switch can realize laser beam 1 channel input and 100 channels output. The optical switch toggles the input laser beam
to the different output laser beams through a switcher with a time interval of 10 ms. The switching loss for each channel of the optical
switch is only 0.2 dB. There are also other laser power losses in the sensor, such as long-distance fiber attenuation loss and insertion loss
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Fig. 6. 3D plot of reconstruction errors for temperature (a) and water vapor molar concentration (b) for different grids.
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Noise free reconstructed distributions of the phantoms. (c)and(f) Reconstructed phantoms with added uniform noise at level of 8%.
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Fig. 8. The tomography sensor based on LAS on the afterburner.

between fibers, etc. The laser power of the sensor is measured by an optical power meter (Thorlabs, PM101-S120C), as shown in
Table 2. The sensor has 100 laser beams installed. Each of the 25 laser beams is collected and mounted on one side of the burner. A new
miniaturized laser emission module shown in Fig. 8 was purposely designed for achieving multi-degree of freedom adjustment and
reducing the attenuation of laser power. It takes 1 s to complete the reconstruction of an image.

The DAQ card is for synchronizing receiving and transmitting signals. The digitization rates for sampling of the absorption signal
are 10 Mega samples per second. Compared with other currently used sensors, this proposed sensor can not only reduce the cost for the
signal reception and acquisition considerably but also improve the spatial resolution. This is certainly a significant improvement
considering the small number of detectors utilized only in the sensor.
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Table 2
The output power of each laser beam tested by the optical power meter.

Input power Sequence Output power Sequence Output power Sequence Output power Sequence Output power

[mW] number [mW] number [mW] number [mWwW] number [mW]

4.52 1 2.78 26 2.64 51 2.37 76 2.37
2 2.95 27 2.35 52 2.64 77 2.54
3 2.34 28 2.34 53 2.19 78 2.94
4 2.48 29 3.01 54 2.64 79 2.61
5 2.39 30 2.64 55 2.48 80 2.32
6 2.49 31 2.84 56 2.38 81 2.47
7 2.16 32 2.85 57 2.15 82 2.52
8 2.49 33 2.65 58 2.67 83 2.34
9 2.79 34 2.34 59 2.94 84 2.27
10 2.64 35 2.79 60 2.58 85 2.14
11 2.54 36 2.65 61 2.34 86 2.94
12 2.19 37 2.31 62 2.74 87 2.82
13 2.65 38 2.49 63 2.64 88 2.62
14 2.94 39 2.67 64 2.51 89 2.38
15 2.31 40 2.16 65 2.31 90 2.25
16 2.57 41 2.65 66 2.54 91 2.64
17 2.65 42 2.94 67 2.38 92 2.43
18 2.49 43 2.79 68 2.79 93 2.57
19 2.13 44 2.37 69 2.83 94 2.34
20 2.29 45 2.61 70 2.48 95 2.37
21 2.27 46 2.54 71 2.61 96 2.64
22 2.49 47 2.15 72 2.51 97 2.81
23 2.62 48 2.34 73 2.38 98 2.38
24 2.32 49 2.67 74 2.39 99 2.61
25 2.64 50 2.49 75 2.37 100 2.67

4. Experiments results and discussion

4.1. Analysis of received laser intensity signal through experiments

There are several technical challenges to overcome before an optical sensor can be applied in practical measurement in real af-
terburners. Firstly, the optical access to the afterburner must be temperature resistant, and chemically inert. Therefore, quartz glass
viewing windows and special stainless-steel components were chosen to protect the optical sensor in the proposed sensor. Secondly,
during the afterburner operation, access is usually prohibited for safety reasons and no alignment of the sensor can be performed,
hence the optical sensor was pre-adjusted prior to its installation. In addition, there were many unavoidable factors that reduce the
laser transmission in the experiments, including dust scattering in the open path structure, contamination of the glass window sheet by
black unburned carbon in the flame, optical misalignment, mechanical vibrations, turbulent disturbances, etc.

In order to verify the noise immunity of the proposed sensor, experiments were carried out at the exit of the afterburner. Two
different receiving optical paths were used for the analysis, which are shown in Fig. 9(a). In many cases where a sensor is used with the
conventional method, only one focusing lens is placed in front of the detector (C-Detector) for receiving laser beams. In such a sensor,
the received signal is often susceptible to violent mechanical vibrations and turbulent flame combustion inside the engine. The sensor
proposed in this paper provides a solution to this problem by replacing the focusing lens with an integrating sphere, which is combined
with a detector (IS-Detector) to form the laser beam receiver. The experiment results confirmed that the received signal became much
more stable through the above alteration.

Shown in Fig. 9(b) are the signals obtained via the experiments, which apparently reveal that the measured light intensity by the C-
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Fig. 9. Two different receiving optical paths, (a) The structures optical path (b) Received voltage signal (c) Local zoom of the both voltage signal (d) Local zoom of the
IS-detector signal.
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Detector severely jittered and deviated from the target surface of the detector due to the mechanical vibration of the device and gas
turbulence, causing distortion of the sampled signal. In addition, as shown in Fig. 9(c), the detection limit of the signal is exceeded due
to the thermal radiation of the flame. In contrast to the C-detector sensor, it can be seen in Fig. 9(d) that the signal received by the IS-
Detector was not affected by the harsh combustion environment at all. This confirms that the IS-Detector method has a much-improved
robustness due to the novel design.

4.2. Reconstruction results based on experiments and discussion

The experiments for field temperature and concentration reconstruction were conducted at the exit of the afterburner under, two
different operating conditions: the main engine combustion and the afterburner operation. The main engine combustion is a normal
engine operating condition, whilst the afterburner operation is in a state where an engine secondary ignition occurs, which takes place
mainly in the aircraft pursuit and escape situation. Similar to a real engine, the afterburner rig consists of the systems of air inlet, oil
supply, ignition, and water cooling. During the experiments, the air inlet system provided the compressed air with its parameters
(pressure, inlet volume, etc.) precisely controlled. The oil supply system fed the required amount of oil into the afterburner to achieve
the above two given combustion states. The oil and gas were merged in the combustion chamber, their mixture was ignited. When the
combustion state was stable, the proposed sensor started to perform the measurement.

The 9 x 9 thermocouple measurement temperature matrix was arranged and 120 x 120 grids were used for the LAS reconstruction.
The thermocouple array was installed in the same plane as the laser beam photodetectors installation to facilitate the temperature
comparison with the LAS reconstruction results so that evaluation of the measurement accuracy could be conducted. To evaluate the
accuracy of the LAS reconstruction, temperature values from the LAS reconstructed temperature at the same location as the ther-
mocouple measurement were found for comparison.

Fig. 10 shows the two-dimensional reconstruction of the temperature distribution in the main combustion state. From Fig. 10 (a)
and (b), it can be seen that the LAS reconstructed temperature distribution is consistent with the measurement results obtained from
the thermocouple array. From Fig. 10(c), The maximum error was about 4.32%.

Fig. 11 display the two-dimensional reconstruction of the temperature distribution in the afterburner operation. Unlike in the main
combustion state, the reconstruction maps in this display a high temperature zone on the left side of the combustion exit by the LAS.
The high temperature zone formed in this state was due to that the oil supply system accelerated combustion near the left side of the
pipe in the experiment, causing unbalanced heating up on this side. From Fig. 11 (c), it can be seen that the higher relative error
occurred mainly near some parts around the edge area, and the maximum error was about 5.38%. This result is consistent with the
reconstruction results of the literature [16,30,31]. To improve the reconstruction quality, more suitable smoothing regularization
parameters can be found. It can also be introduced with advanced reconstruction algorithms [32-36].

The concentration reconstruction via the experiments is shown in Fig. 12. As there is no other method for obtaining the accurate
concentration distribution of water vapor, the comparison performed for the concentration could not be performed directly. However,
in hydrocarbon flames, the water vapor concentration is usually well-correlated with the temperature. Therefore, the water vapor
concentration distribution in each phantom is similar to the temperature distribution. The water vapor concentration distribution in
this result is in agreement with the trend of the temperature distribution, which, to a certain extent, demonstrates the effectiveness of
the concentration reconstruction using the proposed method.

From the experiment reconstruction results under the two different states of the acceleration combustion, it can be concluded that
the proposed sensor is superior over other LAS measurement sensors regarding both the measurement stability and accuracy. It can be
envisaged that this sensor can be applied under complex combustion conditions in the near future.

5. Conclusions

This paper presents a tomographic measurement sensor based on the LAS technology for aero-engine afterburner flames recon-
struction. In the concerned sensor, a novel receiver has been designed which adopts an integrating sphere connected to a detector. With
this design the requirement for laser collimation and alignment are much less stringent, even in extremely harsh environments, and the
interference stripes in the received laser signals are eliminated so that the stability of the laser signals is improved. In addition, the
proposed LAS sensor includes a set of purpose-designed miniaturized laser transmitter modules, which have the capability for
adjustment with multi-degree of freedom, thus the attenuation of laser power is mitigated. With merely 8 sets of receivers, the entire
optical path can be captured. Operating at such a small number of receivers, the equipment cost is significantly reduced whilst the
measurement spatial resolution is significantly improved. In effect, 100 emitted laser paths have been achieved in a limited space of
200 mm x 200 mm with a spatial resolution of 1.67 mm x 1.67 mm. The performance of the system was evaluated by comparing the
reconstruction errors at five different reconstruction grids (spatial resolutions) and eight different noise levels through simulation
analysis. The reconstruction results show that the quality of both temperature and concentration reconstructions deteriorated with
noise levels increase, however the reconstructions retain the main features of the original temperature and water vapor concentration
even at the noise level as high as 8%.

The proposed system was also validated through field experiments. Two signal reception methods were compared through the
experiments in an afterburner. The C-Detector method used in conventional systems was proved to encounter serious signal inter-
ference during the experiments. In contrast, the IS-Detector demonstrated its advantages of receiving stable signal, showing strong
immunity to any noises of the harsh combustion environments. The performance of the system was verified through the field ex-
periments under two different states in the afterburner, and it was shown from the reconstruction results that the error at the main
combustion state was about 4.32% and the error for the afterburner operation state was within 5.38% for the temperature
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Fig. 10. Two-dimensional reconstruction of temperature distribution in the main combustion, (a) the reconstructed result of thermocouple array; (b) the reconstructed
result of TDLAS; (c) the reconstructed relative error.
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Fig. 11. Two-dimensional reconstruction of temperature distribution in afterburner operation, (a) the reconstructed result of thermocouple array; (b) the recon-
structed result from LAS; (c) reconstructed relative error.
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Fig. 12. Two-dimensional reconstruction of concentration distribution (a) the main combustion; (b) the afterburner operation.
reconstructions with the references to the thermocouple measurement data. These results demonstrate the significant improvement in
terms of accuracy and robustness, it can be expected that the proposed technology in this paper to find its wide applications in
industries.
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