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Abstract

:

In this paper, the deployment of a newly developed, multipoint, fiber-optic temperature-sensor system for temperature distribution measurements in a 6 MW gas turbine is demonstrated. The optical sensor fiber was integrated in a stainless steel protection cable with a 1.6 mm outside diameter. It included six measurement points, distributed over a length of 110 mm. The sensor cable was mounted in a temperature probe and was positioned radially in the exhaust-gas diffusor of the turbine. With this temperature probe, the radial temperature profiles in the exhaust-gas diffusor were measured with high spatial and temporal resolution. During a test run of the turbine, characteristic temperature gradients were observed when the machine operated at different loads.
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1. Introduction


Due to its improved maturity and reliability, fiber-optic temperature sensing based on fiber Bragg gratings (FBGs) is becoming more and more interesting for real-world applications. FBGs are chemically inert and immune to electromagnetic interference and exhibit a small size. Probably, the most important feature for industrial applications relates to their multiplexing capability. This enables the realization of several tens of temperature measurement points consecutively located in a single fiber and brings down the cabling efforts and the associated obstructions of the air-gas streams due to sensor wiring. Therefore, multipoint FBG technology allows an unprecedented density of temperature measurement points when compared to conventional approaches based on electrical sensors, e.g., thermocouples.



In some of the industrial applications that would benefit from using multipoint FBG sensors, temperatures exceed 400 °C. Here, common type I FBGs are not suitable because they strongly degrade at elevated temperatures. Instead, FBG types capable of resisting high temperatures, such as femtosecond laser-inscribed FBGs [1,2], chemical composition gratings [3,4], and regenerated gratings [5,6], come into operation. Packaging techniques, calibration procedures and temperature drifts strongly influence the functionality and performance of FBG sensors. For the measurements presented here, we used regenerated FBGs (RFBGs), which emerge from type I FBGs in H2-loaded fibers when subjected to a special annealing process. RFBGs can be used at temperatures up to 1200 °C [7]. Applications of multipoint sensing based on high-temperature FBGs have been reported for combustor systems [8], nuclear reactors [9], chemical reactors [10,11], and gas turbines [10,12,13].



In gas turbines, temperature measurements in the hot exhaust gas are used to control and protect the turbine. It is of paramount importance that these measurements are accurate and reliable for years, even under rough site conditions (e.g., deserts or offshore). To date, state-of-the-art thermocouples with tolerance class 1 and a resulting temperature uncertainty of about 2 K at 500 °C have been used to measure temperatures in the gas turbine flow path. However, during R&D tests at a test bed, a shorter lifetime (in the range of months) with a defined accuracy and a limited drift is acceptable. Here, the recording of temperature profiles in the exhaust gas with high local resolution under different load conditions is of great interest. For this task, multipoint fiber-optic sensors based on RFBGs can be used at locations where the installation of a multitude of conventional sensors is not possible due to size and cabling efforts. Additionally, less influence on gas flows is expected due to the small diameter of the fibers. MAN Energy Solutions produces, amongst other turbomachines, the MGT6000 gas turbine in the power class of 6 MW. The twin-shaft version is mainly used to drive natural gas compressors or pumps in the oil and gas industry. The single-shaft version is best suited for combined heat and electricity generation (so-called CHP processes) in smaller installations such as paper mills or car factories. As both heat and power are produced by the same installation, the overall efficiency and economy are maximized compared to those of separate generation.



Here, we demonstrate the application of a six-point fiber-optic sensor array based on RFBGs for monitoring the radial temperature profile in the exhaust-gas diffusor of a MGT6000 gas turbine (see Figure 1). For the measurements, the RFBG array was mounted in a probe made of Inconel. Characteristic temperature profiles were measured when the gas turbine was operated at different loads.




2. Methodology and Measurement Setup


As mentioned in Section 1, the gas turbine was instrumented with a fiber-optic temperature-sensing system based on wavelength-multiplexed RFBGs. The functional principle is shown in Figure 2. Six RFBGs were consecutively inscribed in a standard single-mode fiber SMF28 (Corning, Corning, NY, USA) with individual spacings of about 20 mm. An FBG interrogator SM125 (Micron Optics, Atlanta, GA USA) measured the spectral data. Each RFBG caused a specific peak in the spectrum, and the spectral separation of the peaks was about 5 nm (Figure 2). The individual positions of the peak wavelengths depend on the temperatures of the respective fiber segments. Using a wavelength–temperature calibration function [10,11,14], the local temperatures can be calculated from the corresponding wavelength shifts. It has been shown that RFBG sensor elements, which were fabricated in the same type of optical fiber and which were produced with the same parameters, share the same calibration function [14]. By applying this calibration procedure, a temperature uncertainty of 4.5 K has been estimated in a temperature range up to 500 °C [11]. In previous investigations with three-point RFBG temperature sensors in a gas turbine of the same kind, RFBG-based temperature data were compared with thermocouple data, and the comparison showed deviations of less than 3 K [10], which was in good accordance with the estimated temperature uncertainty. It is worth mentioning, here, that the maximum number of RFBGs is not generally limited to six; several tens of temperature measurement points are possible.



In order to protect the sensor fiber from mechanical damage, it was installed in a stainless steel capillary with an outer diameter of 1.6 mm. To instrument the gas turbine, the packaged RFBG array was mounted in a temperature probe prototype made by additive manufacturing (see Figure 3a). It consisted of a cylindrical Inconel body with an axial through-hole of 2 mm in diameter that extended from the tip to the flange, covering a length of 160 mm. The stainless steel capillary with the RFBG array was inserted into this through-hole. The upper end of the sensor capillary was welded to a disc, which was clamped inside the assembly to seal the sample towards the flange. At the locations of the six RFBG sensor elements, the probe had 6 mm-wide and 8 mm-long transverse channels, through which the gas flow was partially guided and where the gas flow was in direct thermal contact with the sensor capillary (see the inset of Figure 3a). The probe was installed in the exhaust-gas diffusor in such a way that the radial positions of RFBGs #1 to #6 ranged from 5 to 115.3 mm (as measured from the outer casing), and the total clearance was 132 mm (see Figure 3b).




3. Results of High-Temperature Measurements


Figure 4 depicts the measurement data taken during a typical performance run of the gas turbine. In the beginning, an electric motor started the gas turbine and then the turbine ran idle for about 20 min. During the period from 40 to 200 min, the mechanical load on the drive shaft was gradually increased, with a time of twenty minutes between the steps. Afterwards, the applied load was removed, and the machine was switched off and coasted down to standstill.



Figure 4 shows the corresponding time series of the temperatures, as measured by the RFBGs in the exhaust-gas diffusor with a frequency of about 0.5 Hz. After ignition, the temperatures rose fast and stabilized in idle mode. With increasing power of the gas turbine, the temperatures further increased. At a certain power level, the maximum exhaust-gas temperature was reached and was then kept nearly constant up to maximum power. After the machine was turned off, the temperature of the turbine casing still remained at a higher level (Figure 4, 225 to 240 min).




4. Discussion


Figure 5 provides a more detailed view of the progress of the radial temperature profiles in the exhaust-gas diffusor during the gradual increase in the turbine power. In Figure 5a, a contour plot of the temperatures in terms of their dependence on the radial position and time is depicted. Again, the zero position refers to the outer side of the diffusor channel (compare with Figure 3b). The dashed lines mark the positions of the RFBG temperature sensors, and the temperatures between two RFBG positions were linearly interpolated. Figure 5b shows temperature distributions selected from the data at 35, 55, 150, and 200 min.



As already mentioned, the temperatures considerably rose when the power gradually grew (Figure 5a, between 20 and 100 min). In this time, the boundaries of the diffusor channel were hotter than the center. Instead, after about 100 min, the temperature differences between the radial positions decreased and the temperature profile became almost uniform at nominal power (see Figure 5b), indicating a homogenous temperature distribution in the exhaust-gas stream. With regard to the probe design, considerable systematic uncertainties such as convective heat transfer inside the assembly are not expected. Following this assumption, the measurement accuracy is mainly determined by the uncertainty of the calibration procedure of 4.5 K (see Section 2). After the deployment, the spectra of the RFBGs were compared to the pristine data at the reference temperature. No degradations in terms of temperature drift, signal strength or mechanical fragility occurred.




5. Conclusions


By employing a newly developed fiber-optic temperature probe based on regenerated fiber Bragg gratings, the radial temperature distributions in the exhaust-gas diffusor of a MGT6000 gas turbine were observed with high spatial and temporal resolutions. The sensor cable consisted of an optical fiber that was installed in a stainless steel capillary with a 1.6 mm outside diameter. Over a length of 110 mm, six measurement points were integrated into the sensor cable. When the machine was operated at different loads, characteristic temperature levels and temperature profiles were observed. Upon approaching the nominal power level, the temperature profile became almost uniform. This study demonstrates the capabilities of RFBG-based multipoint sensing for R&D applications in gas turbines. Upcoming investigations will focus on the verification of long-term reliability and an increase in the number of measurement points in order to achieve an even higher spatial resolution.
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Figure 1. Gas turbine MGT6000 (MAN Energy Solutions SE, Oberhausen, Germany). 
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Figure 2. Principle of fiber Bragg grating (FBG) multiplexing. 
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Figure 3. (a) Temperature probe with six-point regenerated FBG (RFBG) array. The inset provides an enlarged view of one of the six flow channels of the assembly. (b) Installation of the RFBG-sensor probe in the exhaust-gas diffusor of the gas turbine (flow direction perpendicular to plane). 
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Figure 4. Time series of the temperatures measured with the six-point RFBG sensor array. 
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Figure 5. (a) Contour plot of the temporal progress of the temperatures in the exhaust-gas diffusor; (b) Radial temperature distributions extracted from the contour diagram. 
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