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A compact and stable diagnostic system is established using Raman scattering to measure parameters such as major species concentration and temperature in the combustion flow field. Despite an engine’s huge vibration, the prototype works stably and has an uncertainty level below 5%. A standard Hencken burner validates the results. From our perspective, the prototype represents a novel practical application of mature Raman spectroscopy technology, warranting interaction with engineering experts in relevant fields. The background and signal are distinguished with the half-wave plate. The orthogonality and angle between excitation and signal contribute to a good signal-to-noise ratio (SNR). The compactness of the device is fully considered. The device exhibits good resistance to adverse environments. The system’s temperature is minimally affected by external conditions, and it has good vibration resistance features. The temporal resolution of a single pulse of the device is 10 ns. The spatial resolution is 3 mm × 0.2 mm × 0.2 mm with one-dimension measurement available.
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1 INTRODUCTION
Laser diagnosis technology for combustion flow fields is a multifaceted and intricate field that relies heavily on spectral technology, photoelectric detection, and data image processing [1–3]. The time-resolution measurement of gas components in the impact vibration environment, such as combustion and explosion, is of great significance to the understanding of its internal state and reaction process. However, the characteristics of rapid change, high temperature, large impact, and strong environmental vibration bring great challenges to the measurement [4–7].
In recent years, laser spectroscopy has been widely applied in the diagnosis and measurement of complex environments due to its advantages, which include real-time, fast, qualitative, and quantitative analysis. Laser diagnosis technology has the feature of no disturbance to the combustion flow field because of non-intrusive measurement, which makes it more reliable to reflect the real results of the combustion process without influencing the flow. In addition, high temporal and spatial resolutions can reach a magnitude of ns or fs, while spatial resolution can evenly reach a magnitude of microns [8, 9]. It is possible to accomplish the precise task of measuring the combustion flow field. Furthermore, laser diagnosis technology can acquire abundant information to measure combustion. Temperature, pressure, velocity, component, and concentration distribution of the combustion field can be measured to improve a comprehensive understanding of the combustion process [10–12]. Lastly, some measuring techniques can reveal the state throughout the combustion field via the two-dimensional or three-dimensional quantitative measurement, which is visible and direct. Combined with techniques of image processing and image display, laser diagnosis technology can simulate and show various characteristics of the combustion field. However, using laser diagnosis technology is more expensive and complex than using a physical probe to measure combustion flow in the aspect of equipment and processing methods [13–17].
Using advanced non-contact optical measurement technology, a quantitative measurement of combustion flow field parameters is conducted at the exit of the near-real main combustion chamber. The accurate measurement of parameters such as exit temperature and component concentration of the engine combustion chamber can provide solid support for the emission control of combustion pollutants, the calculation of combustion efficiency, and the combustion of fuel. The data play an essential role in promoting the design, quality control, and optimization of the engine [18–20].
At present, laser diagnosis technology has been widely used in temperature measurement of combustion flow fields, including coherent anti-Stokes Raman scattering (CARS), planar laser-induced fluorescence (PLIF), Rayleigh scattering (RS), and tunable diode laser absorption spectroscopy (TDLAS) [21–23]. Spontaneous Raman scattering (SRS), one of the important branches of laser combustion diagnostics, is produced by the weak inelastic interaction of photons with molecules, including vibrations or rotational transitions of matter [24–42]. The important parameters of the flow field, such as temperature, major species, and their concentration, can be observed. Spontaneous Raman spectroscopy can detect almost all species of gases (except inert gases) at the same wavelength, which effectively compensates for the deficiency of the infrared absorption spectrum. It is widely used in the petrochemical industry, environmental protection, and food identification due to its advantages, which include no special preparation, no damage to samples, and no sample consumption. It can also be used to diagnose the combustion flow field of an engine under a wide range of operating conditions. Difficulties in diagnosing aero-engines due to multi-parameter interleaved coupling in the turbulence can be researched [43–45]. Due to the harsh operating conditions, the state of a near-real engine combustor is rarely reported, according to Chen’s work. The maximum deviation of temperature is approximately ±150 K [46].
A compact and steady device is established in this article to solve the difficulties of multiple parameters in turbulence and overcome the challenges from harsh environments accompanied by engine starting. The spontaneous Raman scattering technique serves to measure a single-head aero-engine. When the temperature and major species concentration of the chamber outlet are obtained under conditions of various typical statuses of combustion, real-time experimental data can be provided to improve engine design and analysis of combustion. The performance of the integrated Raman scattering measuring device configured by the operators is also tested to analyze and evaluate the feasibility and reliability of the device applied in the engine test site.
2 THEORY AND METHODS
Adolf Smekal foresaw Raman scattering in 1923, which was experimentally discovered by C. V. Raman in 1928. The scattering level transition process is shown in Figure 1. Spontaneous Raman spectroscopy is a method of detecting the scattering light produced by the inelastic scattering of photons and matter molecules.
[image: Figure 1]FIGURE 1 | Schematic illustration of the principle of Raman scattering.
Assuming that the gas molecule is in the state of thermal equilibrium and obeys the Boltzmann statistical distribution, the intensity Si of Q-branch Stokes Raman scattering produced by the laser irradiation can be expressed as:
[image: image]
where i indicates the kind of gas species, and [image: image] indicates the detection efficiency of the system, which is related to the wavelength and can be obtained by calibration. [image: image] represents the concentration of the components being detected. P is the energy intensity of the laser. [image: image] is a cross section that can be acquired through relevant databases or experiments and will differ with different species. V is the volume of the detection region. The Raman shift of common molecules and their relative cross sections in the combustion flow field are shown in Table 1 [25].
TABLE 1 | Raman shift and relative Raman cross section of major species in the flame excited by 355 nm. All the values are normalized by the Raman cross section of N2.
[image: Table 1]The intensity of Raman spectra of different molecules in the gas medium under different conditions can be obtained by experimental measurement. When the spectral signal-to-noise ratio is high and there is no coupling, the spectral area, a calculating method, can be used to calculate intensity directly. Although the signal-to-noise ratio is poor and the Raman spectra of different components are coupled, the spectral intensity calculation needs to be done by spectral fitting. The “concentration of the corresponding components” parameter can be calculated by inversion of Equation 1. The Raman spectrum of typical combustion-relevant gas molecules is shown in Figure 2A [47]. Comparing the theoretical spectrum with the experimental spectrum, the corresponding components of the experimental spectrum can be quickly determined and analyzed. A conclusion can be drawn from theoretical calculations that the spectral line profile of the Raman scattering spectra of most molecules is very sensitive to temperature. Figure 2B shows the theoretical line profiles of vibrational Raman spectra of N2 at different temperatures. When the gas state reaches thermal equilibrium, the number of particles in the rotational energy level of the molecular ground state obeys the Boltzmann distribution. As the temperature increases, the intensity of Raman spectra corresponding to the high vibration-rotational state is strengthened, leading to the change of the spectral line profile.
[image: Figure 2]FIGURE 2 | (A) Raman shift of typical gas species, (B) vibrational-rotational Raman spectroscopy of N2 in different temperatures, and (C) simulated results of focal spot when one spherical lens with a focusing length of 500 mm is used. (D) Simulated results of focal spots when two cylindrical lenses with focal lengths of 300 mm and 500 mm are used.
Theoretical calculations can predict the appearance of the Raman spectra under different temperatures, and the experimental data can be fitted by theoretical spectra. Eventually, the temperature of the measured gas can be obtained by inversion. The spectral fitting method is used to invert the gas temperature, which is not affected by variation of laser energy and has high temperature measurement accuracy. By measuring the Raman spectra of the gas, we can not only analyze the component information of the gas but also obtain the parameters, including component concentration and the temperature of the gas.
Generally, the Raman signal is detected from the focusing spot of the excited laser because of its weakness. In order to avoid the detected Raman signal degenerating from the phenomenon of laser-induced breakdown and damage to the optical window, the morphology of the focal spot and optical window in different modes is simulated (TracePro). In the simulation, two optical windows are placed at a distance of 140 mm in parallel to represent optical windows in the practical detection region. The focal spot is designed to be the center of the two windows. When the focusing lens is chosen as one spherical lens with a focusing length of 500 mm, the power density of the focal spot is more than 1011 W/cm2, as shown in Figure 2C, which is too high to tolerate laser-induced breakdown. When two cylindrical lenses with focal lengths of 300 mm and 500 mm are placed tightly, the simulation results show that the focal spot is in a long elliptical distribution with an area of approximately 0.5 mm2 and a power density of 9 × 109 W/cm2, as shown in Figure 2D. The density is calculated according to the ratio of the energy of the experimental laser and the simulated area of the spot. When the lens ridges are perpendicular to each other, laser-induced breakdown will not occur, and the optical window will not be damaged.
3 EXPERIMENT AND TEST
Based on the experiment and principle, a spontaneous Raman scattering device is configured as shown in Figure 3A and is used to complete the test of a single-head engine. The measuring area is a longitudinal 10 mm area. The device is made up of two layers. The lower layer includes a laser module and spectrum detection module, while the upper layer contains a signal collection and transmission module. The shorter the wavelength of excitation, the higher the intensity of the signal [48]. A longer-wavelength laser is not suitable to avoid submerging the signal in background emissions. An Nd:YAG laser (Q-Smart 850, Quantel, France) serves as the excited laser whose wavelength is 355 nm generated by tripling the frequency of the fundamental wavelength (1,064 nm) with polarized output. The repetition frequency is 10 Hz. The pulse width is approximately 6 ns. The beam divergence angle is less than 0.5 mrad with a line width of 1 cm−1. The beam diameter is 8 mm. Single pulse energy maximizes at 180 mJ at 355 nm. After laser operation, the beam is selected by a half-wave plate to change the direction of polarization, avoiding fluorescence affection.
[image: Figure 3]FIGURE 3 | (A) Prototype of original SRS to diagnose combustion of an engine and (B) practical layout of system and engine. The inset is a photograph of the device and the flow chamber of a jet engine.
The laser is focused on the center of the detection area by a focusing lens. In the system used in this paper, two cylindrical lenses with focal lengths of 300 mm and 500 mm are placed tightly after comparison. The collection system consists of a collecting lens and signal-transmitting fiber. The fiber is at the vertical position of the direction of laser propagation. The collection lens group consists of two anastigmatic lenses with an aperture of 100 mm, object and image distances of 200 mm, and an F-number of 2, which can effectively improve the efficiency of collecting signals. The membrane system of the collection mirror is specially designed for high transmittance to signal and high reflection to excitation. The signal transmission fiber bundle is arranged in a linear sequence code [49]. As shown in Figure 3A, 48 fibers are used. Each fiber is multi-mode fiber, 200/220 μm, NA 0.2. The diameter of the single fiber is 0.22 mm. Therefore, the overall size of the fiber line arrangement is 10.5 mm, and the signal collection is in 1:1 imaging mode. Thus, the size of the detectable area is equal to the size of the fiber line arrangement, approximately 10.5 mm.
The input end of the fiber is connected to the signal collection module, while the output end is connected to the spectrum detection module. The detection module includes a self-developed monochromator and an enhanced charge coupler [47] (ICCD, 0.1 nm resolution, 2–3 ns gate, 450 ns dual image feature inter-frame time–high speed, 40–64 lp/mm resolution limit). The self-developed spectrometer has the characteristics of high luminous flux (F/2.0), small volume (0.5 m × 0.25 m × 0.13 m), high stability, and good matching with the spectral band of the detector (corresponding to a Raman shift of 1,200–4,200 cm−1, including Raman spectra of all the main components in the combustion field).
Compared with an existing commercial spectrometer, the luminous flux is increased about 10 times, effectively enhancing the signal and making the integration of the measuring system more convenient. This also increases the environmental adaptability of the device. The one-dimensional spatial distribution of the combustion field is measured by using different optical fiber images in different areas of the vertical direction of the camera.
During the on-site test of the single-head engine, the testers should be far away from the field and stay in the controller room to complete the equipment operation and data acquisition because of the bad working environment, high noise, and hidden danger. The field layout is shown in Figure 3B. When the engine works, combustion is formed. The flow propagates inside the tunnel. A certain detection region is chosen for measurement, sealed by the optical glass window at the periphery. The Raman scattering measuring device is located at the outlet of the combustion chamber of the single-head engine, near the glass window. Thus, the excitation light passes through the window, the signal is transmitted through the fire and collecting system, and pictures are shot. Once the engine operates, fuel and air are mixed, and the temperature rises. Noise and vibration can be harmful to operators. The remote controller is only necessary if the device is exposed to adverse conditions. The device is connected to the optical extender, the net wire, the transmission fiber, DG535, and so on to make the remote control possible.
To eliminate the strong background interference, a remote adjustment module of laser polarization direction is set up. Changing the polarization direction of the excited laser during the measurement process enables a switch between signal measurement and background measurement. The real-time background parameters in the measurement are obtained, contributing to a high signal-to-noise ratio (SNR) and improving the accuracy of the measurement. The signal intensity attenuation caused by optical misalignment is attributed to high ambient temperature rise and strong vibration in the experimental field. The remote optical calibration system is set up and can realize the remote calibration of signal reception and ensure the signal collection efficiency in the adverse testing environment of an engine.
4 RESULTS AND ANALYSIS
On the one hand, the SRS device is used to diagnose the flame of the standard burner. The main parameters of the flame under several different combustion conditions are obtained and are applied to analyze and evaluate the performance of the device. By controlling the flow rates of methane and air, the combustion flames are formed under six different working conditions, as shown in Table 2. The flame temperatures and the concentrations of the main components are measured by Raman scattering techniques. The pressure in the chamber is adjusted by a pump with a maximum pressure of 3 atm.
TABLE 2 | Combustion of CH4 and air generated by a Hencken burner.
[image: Table 2]Taking status number 4 as an example, the air-rich state, we can tell from the Raman spectrum that CO2, O2, N2, and H2O are included in the standard combustion flame shown in Figure 4A. The spectral intensity of the Raman spectra in the flame is simply equal to the area under spectral curves when there is no overlap. Another scheme involves calculating by the method of spectral fitting according to the theoretical Equation 1, taking into account spectral coupling and unknown noise, which obeys the Voigt profile. The concentration of major species is determined by combining calibration coefficients. Figures 4B–F are the fitting results of Raman spectra for several components in the Hencken burner when the flame is produced by a mixture of methane and air.
[image: Figure 4]FIGURE 4 | (A) Raman spectra of standard fuel-rich flame, (B) Raman spectra and fitting results of CO2, (C) results of CO2/O2, (D) results of H2O, (E) results of CO, and (F) results of N2.
The temperature and concentration of the main components in the methane/air flame of the Hencken burner are inversely measured according to the spectral data. In order to determine the accuracy of the Raman scattering technique, the temperatures and concentrations of main components measured under different combustion conditions of the Hencken burner are compared with the theoretical results. The concentration can be calculated as Equation 2:
[image: image]
Si refers to the intensity of Q-branch Stokes Raman scattering. C represents the calibration coefficient. As mentioned in Figure 2B, the line profile is related to temperature. When both the theoretical and measured spectra are acquired, the temperature can be inversed by comparing the height and profile of the spectral line. Figures 5A–C show the results of concentration comparisons. Figure 5D shows the temperature result. In the legends, the experimental component (EC) represents the experimental component concentration calculated by spectral inversion, while the simulation component (SC) represents the theoretical component concentration obtained through simulation. Experimental temperature (ET) denotes the temperature calculated by experimental data, while simulation temperature (ST) is the temperature acquired by simulation. The results show that the measured values of the flame temperature and the concentration are in good agreement with the theoretical values, and the deviation between the measured values of the main components and the theoretical values is less than 5%. The results reveal that the Raman scattering technique accurately measures component concentration. Measurement of major species in various combustion flows can be satisfied through the device.
[image: Figure 5]FIGURE 5 | (A–C) Comparison of experimental and simulating concentration in flame under different combustion situations (N2/H2O/CO2) and (D) comparison of experimental and simulating temperatures of flame in different combustion situations.
However, when pressure is high, the simulated temperature is closer to the experimentally inversed temperature. The higher the pressure, the lower the deviation is acquired. The average deviation is below 50 K. It is necessary to further study the factors contributing to the differences in the combustion field under the same gas ratio but different pressures. The combustion coefficient needs to be corrected when pressure is low. Our system can be improved by optimizing the excitation and collection system. A more stable prototype can be selected as the excitation laser, resulting in a higher SNR for the generated spectra. Improved design of the coating film on the focal lens can be considered to reduce signal loss. The theoretical temperature calculated in this work is the adiabatic flame temperature. Due to approximately one-dimensional flow with high flow velocities from the burner surface, the Hencken burner supports a flat flame that is nearly adiabatic, as reported by Ombrello [50]. The primary mode of heat transfer from the flame to the burner surface is radiation, which has been suggested to be negligible through simulations. The simulation results from the Hencken burner are widely acknowledged to represent the adiabatic temperature. More adjustments need to be made to narrow the deviation. According to the results, the mole fraction of N2 and H2O matches well. As for CO2, the Raman spectra of CO2 and O2 partly overlap. We are trying to distinguish the overlapping spectra in Figure 4. The method of fitting is used. Software processing the spectra is under development. When the specific software is completed, the mole fraction can be more accurate because of good exfoliation between the spectra of O2 and CO2. We assume that when the pressure is low, the combustion is not sufficient, and in an ideal case, the spectra of O2 have a larger influence on the spectra of CO2. Therefore, the deviation is relatively smaller at high pressure. The simulation results are acquired based on the hypothetical that the reaction is complete, which is idealized. When pressure is high, the status of the practical flame is more approximate to the assumption. Deviation of temperature is smaller at high pressure.
The SRS device was applied to the outlet diagnosis of the combustion chamber of a single-head engine after verification of the standard combustion furnace. The concentration of the major species of combustion flow field under different working conditions of multi-cycle experiments was observed. Taking one cycle of the experiment into discussion, the methods of analysis and treatment are the same as the standard combustion flame. The Raman spectra of flame at the outlet of the engine combustion chamber were obtained. The main components consisted of CO2, N2, H2O, and CO. The concentrations and temperature parameters were calculated. Eleven different working conditions are shown in Table 3. The intake parameters of the combustion chamber are provided by the engine developer. The highest pressure peaks at 12 atm, which is four times higher than that of Hencken burner.
TABLE 3 | Combustion in a single-head engine.
[image: Table 3]Obvious vibrations and very loud noises exist when the engine operates. Operators cannot be in the same room with the prototype. The detection region will move forward because of a strong thrust when the fire is triggered. The system is servo-driven as detection goes forward, generating a displacement of 7 cm. The system can still perform well in a hostile environment.
Figure 6A shows the Raman spectrum of flame measured in different working conditions of the engine. It shows that the spectral line broadens and the peak moves upward as the intake pressure and temperature of the combustion chamber increase, indicating that the Raman spectrum signal strengthens gradually. The insert represents the 2-D image of the Raman signal obtained by the camera under condition number 10, showing a clear spectral line with good resolution. Figure 6B shows the concentration and uncertainty of the main components in the different statuses of flame in the engine. Figure 6C shows the comparison between the concentration of the components measured in this experiment and the corresponding combustion conditions.
[image: Figure 6]FIGURE 6 | (A) Raman spectra in different statuses, (B) concentration of main species in the flame when the engine operates in 11 different statuses and relative uncertainty of concentration, (C) relationship between species (CO2/H2O/O2) and fuel-air ratio, and (D) temperature changes under different statuses.
In Raman scattering, the signal intensity is proportional to the molecular density of the components. So, the larger the density is, the better the spectral signal quality and signal-to-noise ratio are. The smaller the residual error of the fitting is, the less uncertainty there is in the measurement of the corresponding component concentration. For example, the relative concentration of N2 is the highest (over 70%), and its spectral intensity is the strongest with the smallest uncertainty of measurement. Although the relative concentration of CO2 and H2O is generally less than 10%, the corresponding spectral intensity is small, with a poor signal-to-noise ratio and a large uncertainty of concentration measurement. A conclusion can be drawn that the concentration of CO2 and H2O, as combustion products, has a strong positive correlation with the fuel-air ratio (FAR) in combustion conditions. In contrast, the molar fraction of O2, as an oxidant, has a strong negative correlation with the FAR in the combustion process. The temperature of the combustion field is obtained by fitting the H2O Raman spectra measured under different conditions in the same round of experiments. Figure 6D is the calculated results of temperature under different operating conditions. The temperature from the outlet is higher than that of the intake parameter. The higher the fuel-to-air ratio is, the higher the combustion temperature reaches. When the ratio is around 0.04, the mean temperature can reach 2000 K, while for a ratio of 0.027, the mean temperature is approximately 250 K lower. As pressure increases, the deviation between the outlet and intake temperature goes down, revealing the stability and sufficiency of flame.
According to the analysis, under most working conditions, the uncertainty of measurement of concentration of several main components is better than 5%. On the whole, the parameters such as pressure, temperature, and combustion efficiency of the combustion field increase gradually. Therefore, the quality of Raman spectra obtained by the SRS device tends to improve with the uncertainty of measurement decreasing gradually.
5 CONCLUSION
To date, many reports are still created in a laboratory where the environment is friendly to an optical setup. A compact and stable diagnostic prototype is established. The system and prototype demonstrated in this paper operate well both in the laboratory and in adverse circumstances, unveiling their strong value as industrial sensors. The temporal resolution of a single pulse is 10 ns. For the accuracy, the average pulse is used. The temporal resolution is about several seconds, while the spatial resolution reaches 3 mm × 0.2 mm × 0.2 mm. The detection sensitivity of a single pulse is below 1%.
Based on a deep analysis of the basic principle of Raman scattering technology, an SRS spectra processing method and an SRS device with good performance for standard burners are established and applied to the Hencken standard burner. When the SRS device is under configuration, the influence of the optical window, laser-induced breakdown, and vibration of the site are taken into consideration. Arranged focusing lenses degenerate the influence of breakdown spectra. Orthogonality is considered to obtain background and signal, boosting the SNR. The result is a thoughtfully designed compact device that can measure the parameters of standard flame, temperature, and main component concentration.
High-quality Raman scattering signals under various types and different combustion conditions are obtained, and the deviation between the experiment and theory is analyzed. The deviation between calculation and simulation is less than 5%. Then, the established SRS spectra processing method and the integrated SRS device are applied to the online diagnosis of the engine, whose combustion flow field of the chamber outlet is monitored to acquire high-quality Raman scattering signals under various conditions when pressure is high. SRS spectra are shown with a pressure of 12 atm.
The parameters of the combustion field, temperature, and concentration of main components under different operating conditions are given by inversion of spectral data. The results show that the method of measuring the exit parameters of the engine combustion chamber by Raman scattering and the developed SRS device can well complete the diagnosis of the engine combustion flow field. The data of temperature and the high-precision component concentration of the engine combustion chamber outlet are given, which provides solid support for the evaluation of the engine combustion performance.
The developed SRS device can play a significant role in extremely adverse environments by diagnosing the species with concentration and temperature calculated. At present, the measuring system of flow field parameters at the outlet of the combustion chamber of the engine does not have high time-resolved characteristics. This needs to be done to improve the measurement method and measuring device when the time-space resolution of the measurement process is optimized, providing a diagnosis of the combustion flow field of the engine, and promoting the development and application of SRS technology. The window is still necessary for the engine when the signal is collected. Improvements can be made to combine the collecting lens with fiber, boosting the compactness and practicality. It is urgent to develop functional software to process the data and deliver the results more quickly.
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