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Abstract

:

Simultaneous gas phase temperature and water vapor concentration measurement are important to understand reacting flows such as combustion or gas reforming processes. Here, coherent anti-Stokes Raman scattering (CARS) offers the possibility for non-intrusive measurements with a high temporal and spatial resolution. Therefore, this work demonstrates the simultaneous measurement of temperature and relative water vapor–nitrogen concentrations by using dual-pump vibrational coherent anti-Stokes Raman scattering (DPVCARS). A calibration procedure is developed for a temperature range of 473 K to 673 K and a water vapor concentration of 24% to 46% at ambient pressure. This setup is tested with 500 CARS single pulse spectra taken in a gas cell at a known temperature and concentration. Based on these results, information about precision and accuracy can be delivered.
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1. Introduction


For a fundamental understanding of reactive flows, simultaneous temperature and species concentration information is of utmost importance. Here, water vapor is the major product of hydrogen combustion and often the dominant product species of hydrocarbon-fueled combustion processes. Water vapor is also an important molecule in reforming processes, in particular synthetic methanation. Here hydrogen, e.g., produced from excess renewable energy, is reacted with carbon dioxide in the presence of a catalyst and chemically transformed to methane, which can be stored and transported through the well-developed natural gas infrastructure already in place [1,2]. In this process, water vapor is one of the main products, and, therefore, its concentration can be essential in determining the degree of conversion achieved [3,4]. However, to understand and optimize a dynamic process like synthetic methanation, it requires accurate operando temperature and relative concentration measurements. Conventional gas sampling probes are intrusive with low spatial and temporal resolution, and as such, they are unreliable for use in a dynamic reaction [5]. Therefore, fast, laser-based optical diagnostic techniques are more suitable. For this task, Raman spectroscopic techniques are ideally suited because of the species-selective character and the number density dependence of the Raman scattering process [1,5,6]. For time-resolved temperature and water vapor measurements with the spontaneous Raman scattering technique at elevated temperatures and ambient pressure, high laser intensities and large-aperture windows for the signal collection path are necessary, which limit the use of this technique [7,8]. Today, the coherent anti-Stokes Raman (CARS) technique is routinely used for temperature determination, even in harsh combustion environments such as an IC engine, coal furnace, high-pressure burner, and rotating detonation combustor [9,10,11,12]. The precision of temperature measurements using N2 vibrational CARS (VCARS) has already been well investigated in several studies, providing a measurement inaccuracy of 2–5% at elevated temperatures (see, e.g., [13]).



The dual-pump vibrational CARS (DPVCARS) technique has especially been developed for simultaneous temperature and multispecies concentration measurements in reacting flows. This technique has been used for simultaneous temperature and N2-O2 concentration measurements [14,15,16], as well as N2-CO2 concentration measurements [17,18]. Also, hydrocarbon-based fuel molecules and N2 have been detected simultaneously (N2-C3H8 [14], N2-CH3OH [17], and N2-CH4 [19]). In addition, simultaneous temperature and concentration measurements for up to three species in flames have been demonstrated with this technique (e.g., N2, O2, C2H4 [20], N2, O2, CO [21], or N2, CO, H2 [22]). The detection of even more molecules has already been shown [23]. A major advantage of the DPVCARS technique is that the CARS signal of each molecule is generated by all three laser beams. As a result, energy intensity fluctuations in the laser beams are not relevant since relative species concentrations are measured. Nevertheless, up until now, DPVCARS has not been used for simultaneous temperature and water vapor concentration measurements.



The first measurements of a VCARS spectrum of water vapor have been performed by Hall et al. [24]. The experimental H2O spectrum achieved in a premixed methane-air flame was compared to a calculated spectrum at 1675 K. The calculation is based on several approximations. It is restricted to isotropic Q-branch transitions; the non-resonant susceptibility was assumed to be equal to that of N2, and for all transitions, homogeneous Raman linewidths of 0.1 cm−1 were used. Especially the Raman linewidths are strongly dependent on the gas temperature, the pressure, and the collision partners (see, e.g., [25]). Constant or unsuitable values may lead to inaccurate measurement results [26]. Up until now, only very few CARS experiments for multi-species detection, including water vapor, have been performed. Eckbreth et al. used either a dual broadband Stokes for a simultaneous detection of N2, CO2, and H2O, a dual-pump Stokes approach for a simultaneous measurement of N2, H2, and H2O, or a setup using several dye cells sequentially to measure N2, O2, CO, and H2O [27,28,29]. Simultaneous temperature and multi-species measurements were only possible with the first two approaches [27,28]. The dual broadband Stokes technique requires three laser beams of different frequencies, resulting in two two-color CARS processes and one three-color CARS process [27]. This results in independent signal intensity fluctuations of the H2O and N2 CARS signals, which makes a concentration determination based on the absolute CARS signal intensities difficult. The dual-pump Stokes approach was used by Eckbreth et al. to detect N2 and water vapor simultaneously. Nevertheless, since both CARS signals were partially spectrally overlapping on the detector, in this case, an evaluation was not performed [28]. Nishihara et al. used a VCARS approach to measure the temperature and the relative H2/H2O concentration simultaneously [30]. Here, the experimental spectra were compared with calculated H2 and H2O spectra. Since precise Raman linewidth data are not available, they mentioned a relative error of 30% for the concentration determination.



All the above-mentioned approaches have used nanosecond laser systems. Simultaneous temperature and multi-species concentration measurements, including water vapor, have been demonstrated recently by Castellanos et al. [31] by using a hybrid femtoseconds/picoseconds rotational CARS system. This system was applied to an H2/air flame. In the first step, the temperature, the relative N2/O2, and the relative N2/H2 concentrations were evaluated from the collision-free rotational CARS spectrum at a small probe delay. Taking this information into account, the water vapor concentration was then determined by studying the collider-dependent rotational energy transfer (RET) in the time domain between the coherently excited N2 and all other molecules, including water vapor. However, no information concerning precision and accuracy for this method under well-defined thermodynamic conditions has been given. In order to apply this approach, temperature and all species concentrations except water vapor have to be obtained independently from the RET, e.g., from the spectral signature. This is not easy in reactive flows, including hydrocarbons like methanation, since their rotational CARS signal is quite low. Furthermore, due to its spherical top symmetry, CH4 even generates no rotational CARS signal (RCARS).



RCARS has previously been applied for water concentration measurement [32]. Unfortunately, the water’s rotational CARS signal intensity was found to be five orders of magnitude weaker than the signal intensity of nitrogen, and RCARS is therefore unsuitable for water vapor concentration measurements in reacting flows [32].



This shows that, up to now, there is no suitable CARS technique for precise temperature and water vapor concentration measurements. Nevertheless, such a non-intrusive diagnostic tool is essential for the investigation of reactive flows, either in combustion or methanation processes. Therefore, we present a new concept for the development of a DPVCARS setup for the precise measurement of gas phase temperature and the relative water vapor-nitrogen concentration. Beside this, information concerning the precision and accuracy of this technique is presented.




2. DPVCARS Process


In DPVCARS, two narrowband pump lasers (ωP1, ωP2) in conjunction with a broadband Stokes laser (ωS) are used to generate the CARS radiation of two spectral regions simultaneously. The frequency of the Stokes laser beam is tuned so that when it interacts with any of the two-pump laser beams, the differences between the respective frequencies equal the Raman resonances (ωR1, ωR2) of the molecules that are to be probed. From the two excited Raman polarizations at ωP1 − ωS and ωP2 − ωS, the pump beams ωP2 and ωP1 are scattered and form the CARS signals (ωAS1, ωAS2) at essentially the same frequency, following energy conservation given in Equation (1):


     ω   A S 1   =   ω   P 1   −   ω   S   +   ω   P 2       and     ω   A S 2   =   ω   P 2   −   ω   S   +   ω   P 1     



(1)







However, as the Stokes laser is a broadband source, ωAS2 can be tuned within the bandwidth of ωS to separate the two signals spectrally. Detailed information can be found, e.g., in [14]. This technique has two main advantages. The generated CARS signals have almost the same frequency (ωAS1 ≈ ωAS2) since a common broadband Stokes laser is used and thus can be detected by one spectrometer and one CCD camera. DPVCARS signals are not affected by the relative power fluctuations of the different laser beams since both signals are generated by the same three beams, as shown in Equation (2). The energy level diagram for the DPVCARS system interacting with two different molecules with Raman resonances ωR1 and ωR2 is shown in Figure 1.


     I   A S 1   ~   I   P 1     I   S     I   P 2       and     I   A S 2   ~   I   P 2     I   S     I   P 1     



(2)







For simultaneous temperature and relative water vapor-nitrogen concentration measurements using the DPVCARS technique, Q-branch vibrational Raman resonances of water (3657 cm−1) and nitrogen (2331 cm−1) were considered [5]. Water vapor is a triatomic molecule with three vibrational Raman active modes: the symmetric stretch, which is the dominant mode v1 (3657.1 cm−1), the antisymmetric stretch v2 (3755.9 cm−1), and the bending mode v3 (1594.7 cm−1) [5]. Since it is a complex molecule with interactions between various vibrational and rotational states, collisional linewidth is not well known, and spectral fitting methods may lead to inaccurate concentration values. Therefore, a calibration method using known binary mixtures of water vapor and nitrogen is most preferable. Such a calibration method has been used previously for the determination of fuel/air ratios in an ethene-air flame [20].




3. Experimental


3.1. DPVCARS System


A scheme of the experimental DPVCARS setup is illustrated in Figure 2. For the CARS setup, a seeded frequency-doubled neodymium-doped yttrium aluminum garnet laser (Nd:YAG, Spectra Physics GCR 270-10, 532 nm, 8 ns, 10 Hz, max. pulse energy: 800 mJ, spectral bandwidth (FWHM): 0.003 cm−1) was used. The Nd:YAG laser was used as a pump source for a broadband (ωS) and a narrowband dye laser (ωP2). A third part of the Nd:YAG laser beam provided the pump beam (ωP1) for the CARS process. About 12% of the Nd:YAG output energy was used as the pump beam for the CARS process. 33% of the energy was deployed to pump the narrowband dye laser (Radiant Dyes NarrowScanK) and 55% to pump the broadband dye laser (Radiant Dyes RDP-1S). The narrowband dye laser was operated with a mixture of Rhodamine 6G (0.14 g/L) and Pyrromethene 597 (0.16 g/L) dissolved in ethanol, generating a tunable laser beam with a wavelength range of 572 to 578 nm and a bandwidth of 0.03 cm−1. A mixture of Pyridine-1 (0.3 g/L) and DCM (0.3 g/L) dissolved in ethanol was used to generate a broadband dye laser profile with a central wavelength of 660 nm and a full width at half maximum (FWHM) of 270 cm−1.



The maximum pulse energies for the DPVCARS process were 30 mJ for each of the three beams. Two f = 500 mm lenses were used for focusing and recollimating the beams in a folded BOXCARS configuration, as shown in Figure 3. The folded BOXCARS geometry was used to ensure a suitable spatial resolution and enhanced spatial separation of the CARS signal. The probe volume was measured to be 2 mm in length and 150 μm in diameter. The center of the gas cell was placed at the focal point of the two lenses labeled as the probe volume in the schematic representation in Figure 2. At the probe volume, a fourth beam, the CARS signal, was generated with a frequency of ωAS, corresponding to a wavelength of approximately 473 nm. The CARS signal was focused by a lens (f = 125 mm) to the entrance slit (0.15 mm) of a spectrometer (Horiba iHR550, f-550 mm) equipped with a 2400 lines/mm grating. A 14-bit charge-coupled device (PCO pco.2000, CCD, 2048 × 2048-pixel) with a pixel size of 7.4 × 7.4 μm2) was used to record the spectra. The combination of the spectrometer and the CCD camera is resulting in a spectral resolution of 0.284 cm−1/pixel (with a horizontal binning of 2 pixels) and a spectral coverage of about 400 cm−1.




3.2. Heatable Gas Cell


For the investigation of the different water vapor–nitrogen mixtures, a cylindrical stainless-steel cell with a length of 400 mm, an internal diameter of 35 mm, and an outer diameter of 55 mm was used. The cell was equipped with optical NBK7 glass windows at both ends for optical access. It was provided with inlet lines for the gases and a connection to a pressure sensor to measure the absolute pressures. The gas cell was operated at temperatures up to 723 K and at atmospheric pressure, covering the range of conditions typical for a synthetic methanation process.



A heating tape in combination with a temperature controller was used to heat the insulated gas cell to maintain it at a desired temperature. The inlet lines were also heated to avoid water vapor condensation. The temperature in the gas cell was monitored by a Ni-Cr-Ni (Type K) thermocouple installed in an immersion tube. Additionally, temperature profiles were recorded along the length of the cell to determine the region of constant temperature by using a thermocouple (Type K) with an accuracy of ±3 K. The different temperature profiles are shown in Figure 4. It can be seen that the temperature remained constant for 40 mm around the center of the cell. Therefore, a constant temperature along the probe volume length of 2 mm, positioned in the center of the cell, can be assumed.




3.3. Temperature Evaluation and Mixture Preparation


With the DPVCARS setup, 500 single-pulse CARS spectra were acquired at different temperatures for different water vapor–nitrogen mixtures. In the first step, the recorded experimental spectra were background-corrected, averaged, and normalized against the non-resonant CARS spectra of argon to compensate for the spectral profile of the broadband dye laser. The temperature in the probe volume was determined from the N2 vibrational CARS part of the spectrum by using a least-squares fitting procedure against a library of theoretically calculated spectra. An in-house-developed CARS code was used to generate a pre-calculated library of N2 spectra for different thermodynamic conditions. The Raman linewidths were included via the modified exponential gap (MEG) law with the parameters given by Rahn and Palmer [33].



In the next step, relative water vapor–nitrogen concentrations were determined using a calibration procedure. The calibration curves were generated by comparing the square root of the integrated intensity ratios of the different binary mixtures prepared in the gas cell at different temperatures. The square root of the integrated intensity ratios is used because the CARS signal intensities are proportional to the square modulus of the third-order susceptibility, which is directly proportional to the number density of the species [5].



For the calibration procedure, four binary mixtures of water vapor and nitrogen were prepared inside the heatable gas cell. For each mixture, liquid water was introduced by a syringe through a rubber septum into the heated and evacuated gas cell. Due to the elevated temperature in the evacuated cell (T ≥ 473 K) the introduced water completely evaporated. The resulting partial water vapor pressure was recorded. Thereafter, a binary mixture was created in the cell by introducing nitrogen up to a total pressure of 1000 hPa. The prepared binary mixtures contained water vapor at 24%, 32%, 37%, and 46%, respectively. The partial pressure was measured by a pressure sensor with an accuracy of 2% of the full range of up to 2.5 bar. CARS spectra were recorded for each of the prepared binary mixtures over a temperature range from 473 K to 673 K with increments of 50 K at 1000 hPa.





4. Results and Discussion


4.1. Experimental N2–H2O Spectra


Different DPVCARS spectra averaged over 500 single shots, background-corrected, and normalized are shown in Figure 5. The dye laser frequencies were adjusted to position the water vapor CARS signal at a wavenumber of 21,200 cm−1, while the N2 signal is positioned to a wavenumber of 21,150 cm−1. This allowed us to detect the two spectral regions with one single spectrometer and one CCD camera [18]. Figure 5a,b demonstrates the effect of different species concentrations on the relative CARS signal intensities. An increase in water vapor concentration from 24% to 32% at a constant temperature results in approximately a squared proportional increase in the integrated signal intensity due to the dependence on the square modulus of the third-order susceptibility (χ(3)), which is directly proportional to the number density of the species in the probe volume.



By comparing Figure 5b,c the CARS signal dependence on temperature can be seen. The spectrum of H2O at elevated temperatures exhibits a pronounced contribution to the low-wavenumber part of the spectrum (highlighted by the red arrows). This is attributed to the CARS signal intensity increase of the higher rotational lines due to the temperature rise. Furthermore, thermal excitation of higher rotational states [5] leads to an apparent broadening of both the H2O and N2 spectra. Based on these trends, it is possible to determine temperature and concentration in nitrogen–water vapor mixtures simultaneously. For this purpose, a calibration procedure is developed in the following section.




4.2. Calibration Procedure


After processing the spectra as outlined in the section “Temperature evaluation and mixture preparation”, the calibration procedure outlined by Lucht et al. [19] and Beyrau et al. [20] for fuel/nitrogen calibration curves in combustion applications was used. To this end, the square root of the ratio of VCARS intensities IAS of water vapor and nitrogen, each integrated over the frequency ω, was plotted against the H2O concentration according to Equation (3).


          ∫  ω ,   W a t e r   v a p o r        I   A S 1   d ω       ∫  ω ,   N i t r o g e n        I   A S 2   d ω           1  /  2      



(3)







The fuel concentration is quite small, as is its variation. In this case, the calibration curves can be assumed to be nearly linear. The situation is different for water vapor. Here, calibration curves over a large water vapor concentration range are required [4].



Figure 6 shows the determined calibration curves for the four gas mixtures at temperatures of 473 K, 523 K, 573 K, 623 K, and 673 K. The calibration measurements indicate that with increasing water vapor concentration in the measured parameter range, the CARS intensity of the water signal exhibited an exponential increase. Note that the calibration curve in [20] appears to be linear due to the small concentration range. It can also be seen that the integrated intensity ratio is reducing with increasing temperature for a particular water vapor concentration. A reason is that with increasing temperature, there are much more rovibational energy levels of water vapor involved in the VCARS process than for nitrogen. It is important to note that, theoretically, all curves should start from zero, since the CARS signal is proportional to the concentration of the molecule. The calibration curves can be generally described by polynomial Equation (4), where x represents the water vapor concentration and y represents the integrated intensity ratio. The coefficient of determination (R2) of all polynomial fits was >0.99, indicating a high correlation between the model predictions and the measured data.


  y = B 1 x + B 2   x   2    



(4)







In Figure 7, the development of the coefficients B1 and B2 with temperature is shown. It is obvious that the coefficient B2 remains nearly constant (B2 = 6.45 × 10−4) and the coefficient B1 displays a linearly decreasing trend with temperature. Thereby, the square root of the CARS intensity ratio can be described for an arbitrary temperature and water vapor concentration within the calibrated data range.




4.3. Validation Measurements


To validate the DPVCARS system, a known binary mixture was analyzed at a fixed temperature of 553 K. At this temperature inside the cell, a binary mixture containing water at a partial pressure of 260 hPa and a total pressure of 1000 hPa (26% water vapor) was investigated by the acquisition of 500 single pulse spectra. In the first step, the gas temperature was determined by using the N2 band of each spectrum. The least squares contour fitting procedure described in the section “Temperature evaluation and mixture preparation” was applied. Figure 8 shows an evaluated N2 VCARS single pulse spectrum (blue) together with the corresponding best-fitting theoretical spectrum (red). The evaluated temperature of the spectrum was 551 K. For 500 single pulse spectra, a mean temperature of 550 K and a standard deviation of 4.9% were determined. The temperature performance of this setup concerning accuracy and precision is comparable to that of other VCARS systems described in the literature (see, e.g., [13]).



In the next step, the coefficients B1 and B2 for this temperature are determined from Figure 7 as:


B1 = −1.769 × 10−3










B2 = 6.464 × 10−4











From Equation (4), a new calibration curve for the N2 CARS temperature of 550 K is calculated, as shown in Figure 9. The square root of the integrated intensity ratio for this experiment was determined to be 0.39, resulting in a relative water vapor concentration of 25.8% for the binary mixture. This measurement result agrees very well with the set binary mixture of 26% water vapor.



To determine the accuracy and precision of the developed CARS system, 500 single pulse spectra of this binary gas mixture were processed individually by the procedure described above. With the resulting matrix of integrated intensity ratios for each single shot, relative water concentrations were determined. These relative concentrations were then used to achieve a probability distribution (PDF) of the measured concentration, as shown in Figure 10. The determined mean value of the water vapor concentration was 25.8% with a relative standard deviation of 5.7%, which is comparable with the results of the relative oxygen and ethene concentrations given in [20].





5. Conclusions


A DPVCARS system has been set up and tested successfully for simultaneous temperature and relative water vapor–nitrogen concentration measurements. The dye laser frequencies were adjusted to position the spectrum of the CARS signals of the two molecules close to each other, enabling detection by one detection system. This allowed the measurement of the relative water vapor–nitrogen concentration by comparing the CARS signal intensities. The temperature was determined from the nitrogen signature in the spectrum by applying a contour fit procedure. The single-pulse performance of this CARS system was successfully validated by determining the concentration of a known binary mixture containing 26% water vapor at a thermocouple temperature of 553 K. In this case, a mean CARS temperature of 550 K and a mean water vapor concentration of 25.8% were achieved. The results confirm the effectiveness of the DPVCARS system in accurately determining temperatures and gas concentrations in a known binary mixture. The high agreement with expected values and low relative standard deviation in temperature (4.9%) and concentration (5.7%) in the measurements underscore the reliability of this approach. The precision and accuracy attained by this new concept make it suitable for deployment in reactive flows.
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Figure 1. Energy level diagram for a dual-pump VCARS process: a is the ground energy state, b is the excited state, and n and n’ are the virtual energy states. 
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Figure 2. Schematic representation of the experimental DPVCARS setup: BB-Dye: Broadband dye laser; BS: Beam splitter; BT: Beam trap; CCD: charge-coupled device camera; L: Lens; M: Mirror; NB-Dye: Narrowband dye laser; Nd:YAG; T: Galileo telescope. 
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Figure 3. A schematic representation of folded BOXCARS geometry. 
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Figure 4. Thermocouple temperature profiles measured from one end to the center of the cell. 
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Figure 5. DPVCARS spectra for different water vapor and nitrogen mixtures at different temperatures (total pressure: 1000 hPa): (a) 24% water vapor at 473 K; (b) 32% water vapor at 473 K; and (c) 32% water vapor at 673 K. 
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Figure 6. Water vapor–nitrogen calibration curves for different temperatures. 
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Figure 7. Development of the B1 and B2 values with temperature. 
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Figure 8. Single-pulse N2 VCARS spectrum (blue) shown together with the corresponding best-fitting theoretical spectrum (red). The difference is the black curve. 
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Figure 9. Determination of relative water-nitrogen concentration at 550 K. 
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Figure 10. Probability distribution function of 500 single pulse spectra acquired for a water vapor-nitrogen mixture of 26% water vapor and a thermocouple temperature of 553 K. 
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