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Abstract

:

Temperature is one of the most important parameters in the combustion processes. Accurate surface temperature can help to gain insight into the combustion characteristics of various solid or liquid fuels, as well as to evaluate the operating status of combustion power facilities such as internal combustion engines and gas turbines. This paper mainly summarizes and compares the main surface thermometry techniques, from the aspects of their principles, current state of development, and specific applications. These techniques are divided into two categories: contact-based thermometry and non-intrusive thermometry. In contact-based thermometry, conventional thermocouples as well as thin-film thermocouples are introduced. These methods have been developed for a long time and are simple and economical. However, such methods have disadvantages such as interference to flow and temperature field and poor dynamic performance. Furthermore, this paper reviews the latest non-intrusive thermometry methods, which have gained more interest in recent years, including radiation thermometry, laser-induced phosphorescence, liquid crystal thermography, the temperature-sensitive paint technique, and the temperature-indicating paint technique. Among them, we highlighted radiation thermometry, which has the widest measurement ranges and is easy to acquire results with spatial resolution, as well as laser-induced phosphorescence thermometry, which is not interfered with by the emissivity and surrounding environment, and has the advantages of fast response, high sensitivity, and small errors. Particularly, laser-induced phosphoresce has attracted a great deal of attention, as it gets rid of the influence of emissivity. In recent years, it has been widely used in the thermometry of various combustion devices and fuels. At the end of this paper, the research progress of the above-mentioned laser-induced phosphorescence and other techniques in recent years for the surface thermometry of various solid or liquid fuels is summarized, as well as applications of combustion facilities such as internal combustion engines, gas turbines, and aero engines, which reveal the great development potential of laser-induced phosphorescence technology in the field of surface thermometry.
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1. Introduction


Combustion is a fast chemical process in which fuels react rapidly with oxidants and give off heat and light [1]. It is widely applied in power engineering and industry, either for heating purposes or electricity generation by driving a turbine. In addition, for aircrafts or rockets, combustion plays an important role in their propulsion systems, where thrust is generated. To characterize the combustion process, various parameters such as temperature, pressure, velocity, and species concentrations should be accurately measured. In particular, temperature information is virtually indispensable in the study of combustion, since it is closely related to the chemical reaction process, energy conversion efficiency and operation safety. Therefore, temperature measurement in different environments and conditions arouses numerous investigations.



Temperature is the fundamental thermodynamic parameter to weight the ‘hotness’ of matter [2,3]. From the microscopic view, temperature reflects the intensity of the thermal motion of molecules. Temperature is measured by its relationship with some phenomena such as thermal expansion, thermoelectric effects, fluorescence, phosphorescence, radiation, etc. Generally speaking, all the temperature-dependent effects could be used for thermometry. For example, a mercury-filled glass thermometer, one of the most common thermometers, exploits differences between the expansion coefficient of mercury and glass to indicate temperature. Like the mercury thermometer, there are quite a lot of thermometers that utilize medium expansion effect to measure temperatures, e.g., alcohol thermometers. However, their measurement ranges are dependent on the physical properties of the medium, and usually the upper limit of temperature measurement is low. Thus, they are seldom employed in combustion environments in recent years. For a typical combustion system, temperature measurement could be divided into surface temperature measurement and gas temperature measurement, according to different objectives and correspondingly different measurement methods. Apparently, the former refers to the wall temperature of the heating surface, e.g., wall of combustor chamber, turbine blade, or heat exchanger surface, as well as the temperature of liquid or solid fuels in the combustion system. The latter usually refers to the flame temperature, or the temperature of flue gas after combustion. In this review, we only focus on the current state of surface temperature measurement techniques with their principles, developments, and applications. Therefore, some well-known temperature methods such as coherent anti-Stokes Raman spectroscopy (CARS) [4] are not involved in this work.



Techniques for surface temperature measurement could be broadly divided into two categories: contact-based thermometry, which is mainly composed of various types of thermocouples and thermistors, as well as non-intrusive thermometry, e.g., radiation thermometry and laser-based techniques. Strictly speaking, there is a third category that is called the semi-intrusive method [5]. The representative methods are laser-induced phosphorescence (LIP), thermochromic liquid crystal (TLC) thermography, temperature-sensitive paint (TSP) technique, and temperature-indicating paint technique. In these methods, temperature-dependent coatings are applied to the target surface and optical detectors are utilized to monitor the surface temperature. Since these methods generally do not interfere with the measured temperature field, they are also classified as non-contact measurement methods in this review. To select a proper technique in a certain combustion environment, accuracy, sensitivity, measurement range, resolution, reliability, life span, and cost need to be considered. Thus, thermometry techniques have been gradually developed and novel thermometry methods have been invented to meet people’s requirements for the above considerations. In addition, development of temperature measurements is heading in the direction of wider temperature range, faster response speed, higher measurement accuracy and more reliability in harsh environments. In the following section, both contact-based thermometry (in Section 2) and non-intrusive thermometry (in Section 3) are introduced. Particularly, phosphor thermometry, as one of the state-of-the-art techniques, is thoroughly discussed. These will give some advice for readers to choose a suitable technique for their situation. Finally, applications of the introduced techniques in different environments and outlook for future development are given in Section 4 and Section 5, respectively.




2. Contact-Based Thermometry


As the name suggests, contact-based thermometry is the temperature measurement method using sensors directly in contact with the target surface to be measured. To achieve an accurate measurement of the surface temperature, equilibrium between the target surface and the sensor should be reached. A thermocouple is the most common equipment based on contact thermometry. Other instruments such as liquid-in-glass thermometers and temperature-dependent resistance devices are also convenient contact measurement means. However, as we mentioned above, the techniques involved in this work are under the circumstance of combustion. Therefore, only thermocouples are illustrated here. In this section, the principle and development of a thermocouple are introduced. In addition, a thin-film thermocouple is introduced separately, due to its great advantages and applications in aero engines where the environment is usually quite harsh. At the end of this section, limitations of contact-based thermometry are discussed to give readers an idea of why there are more and more demands for non-contact temperature measurement methods.



2.1. Thermocouple Method


A thermocouple is a device consisting of two conductors made by dissimilar materials and is applied to measure temperature using the junction of two conductors. It is based on the thermoelectric effect (Seebeck effect), in which temperature difference is converted to electric voltage. This effect was first discovered in 1821; the German physicist Seebeck found that a magnetic needle held near a circuit composed of two dissimilar metals would be deflected when one of the metal junctions was heated. Hence, this phenomenon is called the Seebeck effect, and a simple schematic of this effect is shown in Figure 1. However, at that time, he did not recognize an electric current was generated. Instead, he believed this phenomenon was because of the magnetism induced by temperature difference. With the development of electromagnetism, it was realized that the above effect was due to the induced electric current caused by temperature difference and was named the thermoelectric effect.



For a thermocouple, when the two junctions are at different temperatures, electromotive force (EMF) will be generated in the circuit as a result of thermoelectric effect.



Figure 2 illustrates a typical configuration of a thermocouple. The resultant EMF is the function of temperature difference between the two junctions. To achieve temperature measurement, temperature at one of the junctions is usually fixed at a known value, and this temperature is called the reference temperature. Meanwhile, the temperature at the other junction is called the measuring temperature. As a result, resultant EMF is determined only by the measuring temperature. For example, the reference temperature is usually set as 0 °C (the melting point of water). Thus, for thermocouples with the same material and reference temperature, the EMF generated in the circuit is a function of measuring temperature. By calibrating the temperature–dependent EMF curves, thermocouples can be used for temperature measurement. However, in practical applications, especially in industrial utilization, it is not always convenient to maintain the reference temperature at 0 °C. Under these circumstances, reference junction temperature compensation should be taken into account [6]. That is, the measured EMF under these situations should be added to the EMF induced by the temperature difference between the actual reference temperature and 0 °C.



As mentioned above, with the same materials and reference temperature, the circuit voltage is dependent on the temperature of the measuring point. However, when the material of one thermocouple is different from that of the other thermocouple, they would be in different performances. Thus, thermocouples can be categorized in different types according to their materials. Nickel, platinum, and their alloys are the most commonly used materials, while some other metals such as tungsten and pure noble metals are also employed. The well-known J-type, K-type, E-type, and N-type thermocouples are made of nickel alloys, and S-type, B-type, and R-type thermocouples are made of platinum and platinum–rhodium alloys. Those thermocouples are standard thermocouples, and their voltage–temperature relationships are identical for each type. A summary of different standard thermocouples commonly used in combustion environments is shown in Table 1. The approximate temperature range of a measurement target is the main consideration when choosing a proper type of thermocouple. In addition, the above types of thermocouples meet most needs. However, for temperatures above the upper limit of them as well as when the atmosphere is non-oxidizing, there is a type of thermocouple made of tungsten–rhenium alloys, which have shown good performance up to 2750 °C and can be used, for short periods, up to 3000 °C [7]. In addition, another important index of thermocouples is their sensitivity. Higher sensitivity usually means higher accuracy. The sensitivity of a thermocouple can be characterized by its Seebeck coefficient, which represents the slope of the EMF–temperature curve and is expressed by the following:


    dE   d  T m    = S  



(1)




where  E  is the electromotive force caused by temperature difference,    T m    is the measuring temperature, and  S  is the Seebeck coefficient.



Applications of thermocouples could be seen everywhere from lab research [9] to industrial processes [10] over the past century. For example, when studying the characteristics of solid fuels in thermal conversion processes, e.g., pyrolysis, gasification, and combustion, temperature profiles were observed by arranging thermocouples on the surface and inside of the pellets [11,12]. Then, the chemical reaction kinetics as well as the heat and mass transfer characteristics during the reaction process were investigated and provided indispensable data for modeling work. When using the heat flux method to measure the laminar flame velocity of fuels, the heat flux of the burner head plate was judged by arranging thermocouples at different positions of the plate [13,14], then the adiabatic laminar flame velocity of the fuel was obtained. For internal combustion (IC) engines, thermocouples were used to investigate the thermal barrier coating (TBC) of a spark ignition internal combustion engine [15] and measure the transient surface heat fluxes [16]. In addition, Chang et al. [17] and Alkidas et al. [18] used fast response thermocouples with crank angle degree (CAD) resolution to measure surface temperatures of combustion chambers in engines, which provided boundary conditions that were necessary to solve the associated heat transfer problems. Applications of thermocouples are usually accompanied by temperature correction to minimize the measurement error caused by heat convection, heat conduction, and radiation. These corrections need comprehensive estimation of heat gain and loss in the measurement environments. As a result, most of the time, the accuracy of the thermocouple is not satisfying. The limitations of thermocouples are thoroughly discussed in Section 2.3. However, these do not prevent thermocouples from being the most widely used temperature measurement method at present, considering they are low cost and convenient to use.




2.2. Thin-Film Thermocouple Methods


When measuring the surface temperature using conventional thermocouples, a hole is usually drilled on the surface in which thermocouples could be fixed. However, this approach would destroy the integrity of the surface. In addition, the bead of a thermocouple would interfere with the flow field around it, which might change the temperature field on the measurement surface. The invention and development of thin-film thermocouples greatly reduced the effects of the above-mentioned problems and made the measurement more flexible. This method has the same principle as conventional thermocouples, while its fabrication procedure is different from the conventional one. Typically, the thin-film thermocouple is fabricated on the measurement surface with the sputter deposit method. Therefore, its thickness is only of a few microns (µm), which is several orders of magnitude thinner than conventional thermocouple wire (cf. Figure 3). This also explains why thin-film thermocouples can reduce disturbances to gas flow near the measurement surface. The thickness of thin-film thermocouples also affects their Seebeck coefficient. Chen et al. [19] found that the Seebeck coefficient of a K-type thin-film thermocouple reached the maximum value with the thickness of 1 µm. A critical factor to achieve surface temperature measurement using thin-film thermocouples is the insulating layer between thermocouples and the base materials, especially as the base material is made of metal. This layer, within a limited thickness, must not only electrically isolate thermocouple elements from the metal base, but also provide the ability to bond thermometry sensors tightly to the measuring surface. Due to the difference between the expansion coefficients of different materials, layer materials were carefully selected, and sometimes multilayer structure was adopted to solve this problem. In addition, to extend the lifetime of thin-film thermocouples under hostile and high-temperature environments, protective film was sometimes utilized. The research of Tian et al. [20] showed that the protective film could avoid the breakdown of thin-film thermocouples under the impact from high-temperature spray.



National Aeronautics and Space Administration (NASA) has been working on developing thin-film thermocouples that could be used on surfaces in harsh environments, such as aero engines and gas turbines, since the 1980s [22,23,24]. They developed a series of thin-film thermocouples with standard materials such as Pt-13% Rh/Pt (R-type) and Pt-10% Rh/Pt (S-type) and applied them to superalloys, ceramics, ceramic composites, and intermetallics. Kreider et al. [25] applied a thin-film thermocouple to three iron-based alloy plates, which represented different internal combustion engine chamber materials. They adopted Al2O3 as the insulating material. In addition, a FeCrAlY alloy layer was coated between the metal base and insulating layer to ensure a high-quality Al2O3 insulating base. The results showed that the insulating layer can survive at over 1100 K in air, with similar accuracy performance as conventional thermocouples. This indicated the feasibility of attaching thin-film thermocouples to almost any iron-based engine alloy. The use of heat treatment processes such as annealing technology are very important to better exert the performance of thin-film thermocouples. Through annealing treatment, the stability of thin-film electrodes can be improved, and thin-film defects can be reduced, thereby improving the performance of thin-film thermocouples. For different types of thermocouples, it is necessary to select proper annealing temperature, duration, and atmospheres [26,27].



In addition to metals and their alloys, ceramic materials can also be used as electrodes of thin-film thermocouples. Compared with traditional metal thermocouples, they can withstand higher temperatures and harsher ambient atmospheres. Another significant advantage is that their thermal expansion coefficients are compatible with ceramic thermal barrier coatings (TBCs) applied to the engine surface, so they are less likely to fall off. Thus, ceramic thin-film thermocouples exhibit huge potential in the surface temperature measurement of aero engines and gas turbines. Indium oxides: indium tin oxides (In2O3: ITO) as well as indium oxynitride: indium tin oxynitride (InON:ITON) are the most common electrode materials of ceramic thin-film thermocouples. They can be used in oxidizing environments with high temperature. A review of ceramic thin-film thermocouples was summarized by Tougas et al. [21].



Since the thickness of a thin-film thermocouple is much thinner than that of the conventional one, it is easier and faster to reach thermal equilibrium. This property shows its potential to be used in transient temperature measurements. Jin et al. [28] investigated the combustion fluctuation of scramjets by monitoring the wall temperature change of the combustor using an indium tin oxide (ITO) thin-film thermocouple (cf. Figure 4). Their results showed the ability for transient temperature measurement using thin-film thermocouples, which is essential in current engine design and performance tests.




2.3. Limitations of Contact-Based Thermometry


Thermocouples are cheap, easy to use, and have a wide temperature measurement range, making them the most widely used temperature measurement methods currently. However, they also have some shortcomings, such as disturbances to the flow field and temperature field and limited response rate and spatial resolution. Limitations of the contact-based temperature measurement method are introduced in the following section.



2.3.1. Intrusive Probe


Contact-based thermometry usually creates disturbances on the temperature field of the surface, which means a difference between the temperature being measured with and without the presence of the instrumentation. Unfortunately, this shortcoming cannot be avoided, considering the fact that thermocouples must be in contact with the measuring surface. One of the reasons causing the difference is that thermocouples lead to the increase in heat loss at the point of attachment by increasing the surface area. Thus, the local temperature may thereby be reduced, causing a phenomenon referred to as thermocouple conduction errors. Another reason is that beads of thermocouples are mounted on the target surface, which creates a disorder of the gas flow around the surface as they alter the surface conditions. This also causes changes in the measured temperature. To avoid disturbing the gas flow, thermocouples could be installed into machined grooves in the surface. However, this method affects the structural integrity of the component, and this may also cause deviation. Figure 5 illustrates the thermal distortion caused by the insertion of thermocouple wires encapsulated in ceramic paste in a steel block for steady-state conditions [29]. The utilization of thin-film thermocouples minimizes disturbances caused by thermocouples and becomes the most promising contact thermometry method to be used in research and industry. However, the difference between the film material and the surface material of a rotation object will also cause disturbance in the temperature distribution, which results in temperature measurement errors.




2.3.2. Heat Transfer Error


The temperatures of the measured object and thermocouples are not identical due to the presence of heat transfer, i.e., radiation, convection, and conduction. Although measurement errors are more distinct while measuring gas temperature, they cannot be ignored with respect to surface temperature measurement. One source causing these errors is the temperature variation along the wires. Since the material of each electrode of the thermocouple cannot be completely uniform, this leads to an extra electric potential on the wire, which affects the temperature measurement accuracy. Even under ideal conditions, i.e., when the electrode material of a thermocouple is homogeneous, all kinds of thermocouples without exception suffer degradation processes during temperature measurements [30], resulting in increased thermoelectric inhomogeneity and temperature measurement errors. However, a much greater error comes from radiation. When the thermocouple is arranged on the surface of the object to be measured, it will be heated by the radiation from the surrounding high-temperature objects (such as flame) and cooled through radiation to the low-temperature object, which causes the value of the measured temperature to represent the temperature at which the thermal balance between the thermocouple and the surrounding environment is reached, rather than the actual temperature of the measured point. Convection with the surrounding gas also disrupts the thermal balance between the thermocouple and the measured object, resulting in different measurement results, and this effect is more pronounced when the gas flow speed increases. Conduction also affects the thermal balance between the thermocouple and the measured surface, but this phenomenon is more relevant to the response rate of the thermocouple.




2.3.3. Spatial and Temporal Resolution


There is an increasing need for spatially resolved temperature information in current testing environments. However, it is difficult to achieve spatial measurement of temperature without the aid of imaging methods. To measure the temperature field by means of thermocouples, it is necessary to arrange several thermocouples at different measured points at the same time, and to reconstruct the temperature field using the measurement results. For traditional thermocouples, it is not easy to arrange a large number of thermocouples on the measured surface, and this has a great influence on the measured temperature field. Although the thin-film thermocouple greatly reduces the influence on the measurement temperature and is easy to fabricate on the measured surface, it is easy for it to fall off due to the influence of the mechanical properties of the material, especially under harsh conditions. Thus, its lifetime is usually only dozens of hours or so [31]. The temporal resolution of the thermocouple method depends on its response rate, which in turn is directly determined by the heat conduction of the thermocouple measuring point. As the thermocouple is heated by the surrounding environment, thermal energy more or less requires some time to transfer from the surface to the bead center, depending on the bead mass [32]. The greater the mass of the bead, the longer it will take. Therefore, when measuring temperature with rapid fluctuations, the thermocouples will lag with respect to the changes in temperature, which limits their applications in certain fields.




2.3.4. Other Problems


In addition to physical intrusion, chemical perturbations from thermocouples are sometimes more significant in some circumstances. Sometimes, there is a catalytic effect when thermocouples are placed directly on the detection surface, especially in reducing environments. This would cause the additional reaction between the surrounding species and the ceramic and lead to the decomposition of the refractory ceramic shield [33]. Thus, a coating is required, and the coating material also needs to be carefully considered. Silicon coatings are less useful in this case because they are likely to participate in the reaction. Beryllia and yttrium oxide ceramics are less reactive, but beryllia is highly toxic and therefore rarely considered. An aluminum oxide coating is better, but it would increase the diameter of thermocouple, which affects the response rate. In addition, the harsh environment will also cause contamination of the thermocouple itself, thereby changing its Seebeck coefficient, which leads to a measurement error.



Inconvenient measurement of the moving system is another application limitation of thermocouples. At present, many measurement objects are high-temperature rotating objects, such as various turbine blades. However, due to the existence of wires, the implementation of thermocouples in moving objects is complex and expensive [34]. In addition, it is time consuming to alter the measurement positions, and thereby thermocouples are unsuitable to use when the temperature of different parts is required. In some situations, installing thermocouples is not trivial, even if the test object is not a rotating part, such as reformer furnaces with tubes located in the center with no access from a sidewall [35].



Since thermocouples measure temperature through a voltage–temperature-dependent profile, their measurement accuracy will be affected by the magnetic field. This is because under the influence of a magnetic field, another electromotive force (EMF) will be generated in the wires of the thermocouple as a result of Nernst–Ettingshausen effect. The direction of the EMF depends on the orientation of the magnetic field, the position of the thermocouple wire, and the temperature gradient. The measurement errors of thermocouples could even reach 150% in a magnetic field when the temperature is below Curie temperature [36].






3. Non-Intrusive Thermometry


There is a great demand for non-intrusive surface thermometry due to the requirements of high spatial and temporal resolution, remote probing, and non-interference of combustion during the measuring process. According to different principles, these techniques can be classified as (1) radiation thermometry, which is based on thermal radiation; (2) laser-induced phosphorescence (LIP) and the temperature-sensitive paint (TSP) method, which are based on the temperature-dependent property of materials after light excitation; (3) thermochromic liquid crystal (TLC) thermography, which is based on temperature dependence of the color of reflected light from liquid crystals; and (4) the temperature-indicating paint method, which is based on coating color change with varied temperature.



3.1. Radiation Thermometry


Radiation thermometry, also known as pyrometry, is a non-intrusive method which measures surface temperature through thermal radiation emitted from the target surface, since the amount of thermal energy in the form of radiation and its wavelength are functions of temperature. To receive a radiation signal emitted from a target surface, a detector is needed in the measurement system. Generally speaking, a device receiving and interpreting a radiation signal to measure temperature based on radiation thermometry is called a pyrometer. To be more specific, a pyrometer usually refers to the device that records temperature information of a single point, and for a temperature field, it is typically known as thermography [37]. A long time ago, experienced workers determined forging temperatures by observing the color of steel. This can be regarded as a rough surface temperature measurement using radiation thermometry, where our eyes and brain constituted a nominal pyrometer. With the discovery of the photoelectric effect and the development of optoelectronic devices, optical detectors became common in scientific research and industrial applications, which led to great progress in radiation thermometry. Compared with the thermocouple method, radiation thermometry has several unique advantages. For example, it can obtain a temperature field with a fast response, has zero interference to the flow and temperature field, can be utilized in harsh environments, and one of the most important, it has a wider dynamic range than other contact or non-contact techniques. As a result, radiation thermometry has become one of the most commonly used techniques.



3.1.1. Principles


The thermal radiation emitted from a blackbody surface as a function of temperature and wavelength is given by Planck’s law:


   M  b , λ    (  λ , T  )  =    c 1     λ 5   (  exp  (     c 2    λ T    )  − 1  )     



(2)




where    M  b , λ     is the spectral emittance from a blackbody surface,  λ  is the wavelength,  T  is the absolute temperature, and    c 1    = 3.7418 × 10−16 W·m2 and    c 2    = 1.4388 × 10−2 m·K are the first and second radiation constants, respectively.



Integrating the above equation over the wavelength will obtain the total radiation emitted over the entire spectral range, which is given by the Stefan–Boltzmann law:


   M b   ( T )  = σ  T 4   



(3)




where    M b    is the emittance from a blackbody and  σ  = 5.67 × 10−8 W/(m2·K4) is the Stefan–Boltzmann constant.



However, for a real surface, only a fraction of blackbody radiation can be emitted. Therefore, the real radiation emitted from the target surface is give as the following:


   M λ   (  λ , T  )  =  ε λ   ( λ )   M b   (  λ , T  )   



(4)






   M b   ( T )  = ε σ  T 4   



(5)




where the coefficients    ε λ    and  ε  are called emissivity and defined as the ratio of the emitting spectral or total radiation at a given temperature to the radiation emitted from a blackbody at the same temperature. Obviously, the value of emissivity is between 0 and 1.



It can be seen from the above equations that the emissivity of the target surface is a significant parameter in radiation thermometry. Whether Equation (4) or (5) is employed, an accurate value of emissivity is needed to convert radiation intensity into temperature. However, the emissivity of a measured target is generally not a constant. It not only varies with wavelength, but also changes with surface quality, temperature and angle of measurement [38]. As a result, in actual practical measurements, the real emissivity may differ from that obtained in the calibration procedure or the literature, and this would lead to unavoidable errors. To solve this problem, several methods were raised, with some assumptions, e.g., two-color methods and multi-spectral methods. One of the most adopted assumptions is the gray body assumption, which supposes that the emissivity of an object does not vary with wavelength in at least a certain range. For example, coal is typically regarded as a gray body to simplify the calculation [39].




3.1.2. Typical Measurement Methods


As we mentioned, several methods were put forward to acquire surface temperature using thermal radiation, while the errors caused by the uncertainty of emissivity were eliminated as much as possible. Nevertheless, of either strategy, the basic schematic diagram can be illustrated as Figure 6. Using a detector to obtain the thermal radiation emitted by the measured surface of the object, the temperature of the surface can be obtained based on Equation (4) or Equation (5). However, in addition to the radiation emitted by the surface of the object, the signal detected by the detector also includes the radiation emitted from the surrounding surface, which is then reflected by the measuring surface, and the radiation emitted by the surrounding medium and received directly by the detector. In addition, some of the radiation emitted from the surface of the object is absorbed by the surrounding gas medium, so that this portion of radiation cannot reach the detector. Therefore, the amount of radiation reaching the detector is expressed by the following expression:


  S = τ  ( λ )   [   ε m   ( λ )   M b   (  λ ,  T m   )  +  (  1 −  ε m   ( λ )   )   M b   (  λ ,  T s   )   ]  +  ε g   ( λ )   M b   (  λ ,  T g   )   



(6)




where  S  is the signal reaching the detector,    T m    is the temperature of the target surface,    T s    is the temperature of the surrounding surface,    T g    is the temperature of the surrounding gas,    ε m    is the emissivity of the target surface,  τ  is the transmittance of the gas medium,    ε g    is the emissivity of surrounding gas and is identical to its absorptivity, and   1 −  ε m    equals the reflectivity of the target surface, supposing the target is an opaque object and the transmittance equals to zero.



Total Radiation Thermometry


In 1879, Stefan deduced from experimental data that the radiation emitted from an objective was proportional to the fourth power of its absolute temperature. Later in 1884, this phenomenon was confirmed theoretically by Boltzmann from thermodynamics. Based on the famous Stefan–Boltzmann law given as Equation (3), total radiation thermometry was proposed. However, the temperature calculated from Equation (3) is usually lower than the actual temperature due to the existence of emissivity and is thus called apparent temperature to distinguish it from the real temperature. The relationship between the real temperature and the apparent temperature derived from Equations (3) and (5) is shown below:


   T p  =  ε  1 / 4   T  



(7)






    d T  T  = −  1 4    d ε  ε   



(8)




where    T p    is the apparent temperature and  ε  and  T  are the total emissivity and real temperature of the measured object, respectively.



Since the invention of the first total radiation pyrometer by Charles Féry in 1901, total radiation thermometry became the primary temperature measurement method before the 1960s [40] and was widely used in surface temperature measurements of internal combustion engines [41], gas turbine engines [42], aircraft turbine blades [40], etc. Burgess et al. [43] summarized the principle involved in utilization of total radiation thermometry as well as their calibration methods and source of errors. However, shortcomings of total radiation thermometry are obvious. It can be seen from Equation (7) that the accuracy of measured temperature is strongly dependent on the emissivity. Emslie et al. [44] estimated the errors caused by the deviation of assumed emissivity from its actual value and found that an error of 20% was made when the true emissivity was 0.2 rather than the assumed value of 0.5. Unfortunately, this is quite possible since the emissivity usually varies with surface conditions and temperature, which frequently change during combustion processes along with the reaction progress. In addition, the received signal in total radiation thermometry is from the whole spectrum. As a result, the influence of environment radiation and absorption is hard to be avoided, which means the calibration and application of total radiation thermometry can only be performed under very constant atmospheric conditions, e.g., in inert gas or vacuum conditions [45]. For this reason, total radiation thermometry is not particularly applicable for surface temperature measurement in industrial applications with very harsh and variable environments [46].




Spectral Radiation Thermometry


Based on Planck’s law (cf. Equation (2)), surface temperature can also be measured through spectral radiation. This method is called spectral radiation thermometry or monochromatic thermometry. Similar to total radiation thermometry, the relationship between the real temperature (cf. Equation (2)) and the apparent temperature derived from Equation (4) can be expressed as the following:


     c 1     λ 5   (  exp  (     c 2    λ  T p     )  − 1  )    =  ε λ     c 1     λ 5   (  exp  (     c 2    λ T    )  − 1  )     



(9)




where    T p    is the apparent temperature,  λ  is the measurement wavelength,    c 1    and    c 2    are the first and second radiation constants, and    ε λ    and  T  are the spectral emissivity and real temperature of the measured object, respectively.



In combustion environments,    c 2  / λ T   is generally much larger than unity, thus, Planck’s law can be simplified as Wien’s approximation:


     c 1     λ 5  exp  (     c 2    λ  T p     )    =  ε λ     c 1     λ 5  exp  (     c 2    λ T    )     



(10)







Thus, the real temperature can be calculated as the following:


   1 T  =  λ   c 2    ln  ε λ  +  1   T p     



(11)







The difference is shown between the real temperature and the apparent temperature through the above formula. Zhang et al. [46] estimated the differences in a target surface at 1000 K at different wavelengths and compared them with the one derived from total radiation thermometry. The results are shown in Figure 7. As can be seen, the difference decreases with shorter wavelength, and all of the wavelengths are smaller than that from total radiation, which means the sensitivity of the measured surface temperature to emissivity reduces with decreasing wavelength.



This result can also be deduced from Equation (11), by multiplying   d T   on both side and differentiating T with respect to    ε λ   :


    d T  T  =   − λ T    c 2      d  ε λ     ε λ     



(12)







According to Wien’s displacement law, the wavelength at which an object emits the maximum spectral radiation follows the equation


   λ  p e a k   =  b T   



(13)




where b ≈ 2.898 × 10−3 m⋅K is called Wien’s displacement constant. With the known values of    c 2    and b, we can derive an equation similar to Equation (8) by substituting Equation (13) into Equation (12):


    d T  T  = −  1 5   λ   λ  p e a k       d ε  ε   



(14)







It is obvious that with proper measuring wavelength, the spectral radiation thermometry is less affected by the emissivity, so it is more accurate than the total radiation thermometry. Another significant advantage of spectral radiation thermometry is that it can avoid the interference of gas absorption to some extent, if a suitable wavelength is selected. This is evident from Equation (6): in the case where the transmittance is unity, the errors caused by gas absorption and emission can be ignored. This is possible since the transmittance τ is the function of wavelength and varied with gas compositions. Due to these advantages of spectral radiation thermometry, it is extensively adopted in industrial applications, such as gas turbine blades [47,48,49], steel production [50], and petrochemical furnaces [35,51,52,53].




Two-Color Thermometry


Even though errors caused by the uncertainty of emissivity are smaller in spectral radiation thermometry, measurement results still strongly depended on emissivity, especially under the circumstance where the emissivity of the target is small. Furthermore, either the total radiation or spectral radiation method needs to know the exact value of emissivity in advance, which is inconvenient sometimes. Two-color thermometry is a method that acquires the surface temperature according to the ratio of the radiation from two given wavelengths. Based on Planck’s law and Wien’s approximation, the relationship between surface temperature T and the radiation intensity ratio R at    λ 1    and    λ 2    is given as follows:


  T =    c 2   (   1   λ 2    −  1   λ 1     )    ln R + 5 ln    λ 1     λ 2    − ln    ε   λ 1       ε   λ 2         



(15)







One of the advantages of two-color thermometry is that geometric factors, which are necessary to know in total radiation thermometry and spectral radiation thermometry, are eliminated during the ratio process [54]. The ratio of    ε   λ 1    /  ε   λ 2      can be determined through the calibration process. However, the most special feature of two-color thermometry is that the emissivity could be assumed almost equal at    λ 1    and    λ 2    in some cases, if the two given wavelengths are very close [55] or the measured object satisfies the gray body characteristics. As a result, the value of emissivity is not necessary, and the above equation can be simplified as the following:


  T =    c 2   (   1   λ 2    −  1   λ 1     )    ln R + 5 ln    λ 1     λ 2       



(16)







The gray radiation assumption is not always tenable or is probably only acceptable in a limited spectral range. Therefore, it usually needs to be verified experimentally. Spectrometers are often used to verify this assumption by recording the emission characteristics [56,57]. In addition, it is widely recognized that the given wavelengths should obey the following principles [58]: (1) the selected wavelengths should be far away from the ambient gas absorption band range; (2) the detector at the selected wavelengths has a high response and signal-to-noise ratio; (3) saturation of the detector at the selected wavelength should be avoided. Compared with total radiation thermometry and spectral radiation thermometry, two-color thermometry does not need complex calibration of geometric factors and is less affected by the emissivity. Therefore, it is one of the most commonly used temperature measurement methods, whether in industrial applications or in laboratory experiments. It is worth mentioning that, with the rapid development of a charge coupled device (CCD), two-color thermometry based on color CCD cameras received a lot of attention. In addition to the common advantages of two-color thermometry, the strategy based on color CCD cameras can easily obtain the radiation intensities in two different spectral bands by the readily available commercial cameras, which means a complicated optical system can be avoided in this case. In addition, color CCD cameras can obtain information of temperature field, which is very valuable for surface temperature measurement.




Multi-Spectral Thermometry


The acquisition of emissivity has become an important issue in the development of radiation thermometry. Two-color thermometry provides a solution to reduce the influence of emissivity and improve the accuracy of temperature measurement. However, if the spectral emissivity varies with wavelength with an unknown relationship, two-color thermometry might be no longer suitable. For example, in a sooty flame, the absorption coefficient varies proportionally to the reciprocal of wavelength, which indicated that gray radiation assumption would not be appropriate. Multi-spectral thermometry was put forward to solve the emissivity by expressing emissivity as a function of temperature and wavelength. The basic principle of the multi-spectral method is that the radiation characteristics emitted by the subject are measured by different wavelength channels. Supposing the emissivity is a function of wavelength, an equation is established at each channel with some adjustable parameters in the equation. Usually, these equations are of polynomial form. Thus, by solving these equations, both the target temperature and emissivity can be obtained. The formulas involved in the multi-spectral thermometry of n channels are as follows:


   S i  =  k i   ε   λ i     M b   (   λ i  , T  )     (  i = 1 , 2 ,   … , n  )   



(17)






   ε   λ i    =  a 0  +  a 1   λ i  +  a 2   λ i    2  + … +  a  m − 1    λ i     m − 1    



(18)




where    S i    is the response of spectral channel i of the detector;    k i    represents the factor related to electronic gain, optical arrangement, and detector response;    ε   λ i      is the emissivity at wavelength    λ i    and is given as a polynomial form function of wavelength (cf. Equation (18));    M b   (   λ i  , T  )    is the blackbody radiation at wavelength    λ i    and temperature T; and    a 0   ,    a 1   , …,    a  m − 1     are the adjustable parameters. Regarding the exponential term in Planck’s law, the natural logarithm of the emissivity can also be expressed as a polynomial form function of wavelength to simplify the calculation:


  ln  ε   λ i    =  a 0  +  a 1   λ i  +  a 2   λ i    2  + … +  a  m − 1    λ i     m − 1    



(19)







According to the number of unknowns and equations, Araújo et al. [59,60] divided multi-spectral thermometry into two categories: (1) determined systems, where m = n − 1 and the equations have a unique solution for parameters of emissivity and surface temperature; (2) overdetermined systems, where m < n − 1 and the equations are solved using the least squares method to obtain optimal solutions. For multi-spectral pyrometers with more than four wavelength channels, overdetermined systems are generally adopted, since the uncertainty of the solutions obtained from determined systems increases with increasing channel number [61,62].



Since emissivity models are introduced in the multi-spectral method, its accuracy is higher than other radiation thermometry and is suitable for objects which need high measurement precision, e.g., gas turbine engines and aero engines. Gao et al. [63] measured the temperature of thermal barrier coatings (TBCs) commonly applied to gas turbine blades in a laboratory furnace using multi-spectral pyrometers and analyzed influences of gas composition and ambient radiation reflection on the results. Estevadeordal et al. [64] from General Electric Company (GE) designed a multi-spectral pyrometer with four channels to achieve turbine blade temperature measurement, while strategies to filter the noise from hot particulates were proposed based on the results. Researchers from the NASA Glenn Research Center utilized a multi-spectral pyrometer to measure the temperature of turbine blades with thermal barrier coatings (TBCs) in order to test the coating performance [65].



Given that color CCD cameras have three different spectral bands, they are also applied as a special type of multi-spectral thermometer. In this case, the measured temperature field is more accurate than that from the two-color method, while the measured range is narrower since responses from all channels need to be taken into account. A comparison of measurement ranges between multi-spectral thermometry and two-color thermometry using color CCD cameras is shown in Figure 8.





3.1.3. Problems Related with Radiation Thermometry


Emissivity is a critical source of uncertainty. However, it cannot be circumvented in radiation thermometry methods. Therefore, the accuracy of any type of radiation method always depends on the prior knowledge of the emissivity, which, unfortunately, is still a big deal. Compared with other radiation thermometry methods, the multi-spectral method considers the dependence of emissivity on wavelength and temperature to a certain extent, and theoretically more accurate results can be obtained, but this process is usually very complicated. More importantly, in most cases the emissivity model used by the multi-spectral method is an empirical formula, is more from the point of view of making mathematical calculation easier, and may not well reflect the real change in the target emissivity. To date, there is no universal emissivity model, and inappropriate selection of emission function may have a counterproductive impact on accuracy. Another significant source of error is the interference from other radiation sources, as shown in Equation (6).



Martinez et al. [35] analyzed the effects of several error sources on radiation thermometry. They selected the tube surface temperature in a refinery furnace as the research object and studied the tube surface temperature measured at different conditions under different radiation models. The effects of wavelength, emissivity, wall temperature, gas absorption, and radiation on tube temperature were studied with different radiation models. Their results showed that the uncertainty that came from the emissivity was the most significant, regardless of the model. In addition, when the reflection of radiation originating from surrounding walls was considered in the model, it also brought a non-negligible error, especially for some special morphological surface structures, such as concave surface. It is worth mentioning that the effect of emissivity was counteracted when the wall temperature and tube temperature were identical. This can also be derived from Equation (6): when    T m  =  T s   , the surface emissivity term    ε m   ( λ )    was cancelled out. The errors caused by these factors were also observed on other objects, for example, for the measurement of the turbine blade surface temperature. Gao et al. [67] summarized the errors and correlation methods under a high-temperature environment. The high ambient temperature means the influence of high-temperature gas and surrounding walls cannot be negligible. In addition, they proposed spectral window methods to analyze the gas radiation characteristics in different spectral ranges, so as to select the appropriate spectral range for temperature measurement and reduce the measurement errors.



In addition, in radiation thermometry, it is often assumed that the target surface is opaque. However, this assumption is not always valid. For example, for glass, if the selected measurement wavelength is shorter than 2.6 μm, the reflectivity of the glass is extremely low, and the transmittance is high. It is not only difficult to measure the temperature of the glass surface, but also the temperature of the medium behind the glass may be measured due to the high transmittance, which means erroneous temperature information is obtained. This phenomenon also exists in temperature measurements of thermal barrier coatings, which are widely used on the surface of high-temperature objects. Most thermal barrier coatings are translucent materials (cf. Figure 9); when radiation thermometry is applied, it is important to take this into account to choose proper measurement wavelengths.





3.2. Laser-Induced Phosphorescence


With the development of laser diagnostics, advanced laser techniques such as CARS [68], Raman scattering [69], Rayleigh scattering [70], and LIF [71] are widely used in combustion process. However, most of the above techniques are aimed at measuring the temperature of flames or flue gas. For surface temperature monitoring in industrial operation, such as combustor walls, or temperature of the surface where chemical reactions are going on, such as the surface of a propellant, utilization of the above-mentioned laser techniques is still very limited. A laser diagnostic technique suitable for surface temperature measurement in high-temperature environments is called laser-induced phosphorescence (LIP) or named phosphor thermometry. This technique is based on a type of special material which would emit light after illuminating, and lifetime or intensity of the light is a function of temperature. These materials are known as thermographic phosphors (TP), and the light they emit is called phosphorescence.



Research on the temperature dependence of phosphorescence might date back to the 1930s [72], but this research did not arouse a growing interest in this technique until the second half of the twentieth century. Thureau is believed to be the first man to discuss the temperature dependence of phosphorescence from the view of the spectral distribution [73]. He also employed the ratio of spectral intensities for phosphor thermometry. Until the 1980s, the ratio method was the only phosphor thermometry method used outside the laboratory. Leroux was the first researcher who applied the temporal characteristics of phosphorescence to measure temperature [74]. This was also the precursor of lifetime thermometry. To date, the ratio method and the lifetime method are the most common phosphor thermometry methods. Almost all thermographic phosphors can be used by these two methods, but each kind of phosphor has different sensitivity in different methods. For example, YAG:Dy is more sensitive in the lifetime method, while it is less sensitive in the ratio method. As for ZnO:Zn and ZnO:Ga, they have high sensitivity in the ratio method [34]. In addition, the sensitivity of phosphor materials in each method varies with the temperature measurement range. When using the lifetime method, YAG:Dy is more sensitive at high temperature, i.e., over 800 °C [75].



Due to great interest in laser-induced phosphorescence, several review papers emerged. In 1997, Allison and Gillies [76] published a review of phosphor thermometry. In this article, the history and development of temperature measurement based on laser-induced phosphorescence were introduced, and they also summarized the phosphor materials that had been used, as well as their temperature measurement ranges and application scenarios. Today, this review is still a valuable reference for researchers. Currently, with the increasing demand for non-contact and high-precision temperature measurement tools, the laser-induced phosphorescence technique has been widely studied and exploited. In the past 20 years, many studies on the temperature measurement characteristics of various phosphor materials and review articles have emerged [5,34,77,78]. These review articles introduced phosphor thermometry principles, phosphor preparation methods, surface coating methods, temperature measurement errors, and various applications to help researchers better understand this technology.



3.2.1. Principles


Generally, most electrons of material are at the ground electronic level. When energy from an excitation source, e.g., electromagnetic radiation, particle beams, electrical current, chemical energy, etc., is absorbed by a material, electrons will be excited from the ground state to an unstable excited state. However, electrons cannot stay at this state for a long time, and they will return to the ground state or an intermediate state, releasing energy which can be in the form of light or heat. If the energy is emitted in the form of light, the process is called luminescence. This process can be described by the Jablonski diagram shown in Figure 10. Fluorescence and phosphorescence refer to the same process as luminescence, but with the different duration. For fluorescence, since the transition occurs with the same multiplicity (S1→S0), the process is faster, and the duration is typically of 10−9–10−3 s. As for phosphorescence, due to the electrons experiencing a transition with a different spin multiplicity (T1→S0), the process is much slower and the duration is 10−3–103 s [76]. Because phosphorescence has a longer lifetime, it is more convenient to use in thermometry, where temperature is determined by its relationship with lifetime.



As we mentioned above, the materials exploited in laser-induced phosphorescence are thermographic phosphors, which compose rare-earth or transition-metal-doped host materials. Usually, ceramic materials are selected as host materials, and the dopants, i.e., the rare-earth or transition metals, are called activators or luminescent centers. The reason for deliberately adding a certain concentration of activator to the host material is that it increases the luminous efficiency of the phosphor materials, since rare-earth and transition metals have a strong spin–orbit interaction. Sometimes, another dopant, so-called sensitizer, is also applied to further increase the phosphorescence output. To emit phosphorescence, UV light is employed to illuminate the phosphor materials, while the third (355 nm) and fourth (266 nm) harmonic frequencies generated from the Nd:YAG laser are the most commonly used UV light sources. Phosphor thermometry exploits the fact that the rates of the non-radiative processes are a function of temperature [5]. To understand this, we can take the de-excitation process into account. The rate of the de-excitation of electrons at the excited state can be expressed as follows:


      dN  ∗   ( t )    dt   = −  (   A  12   +  W  12    )   N ∗   ( t )   



(20)




where t is time,    N ∗   ( t )    is the time-dependent population of electrons at the excited state,     A  12     is the spontaneous emission coefficient between the excited state and the ground state, and    W  12     is the rate of non-radiative transition between the excited state and the ground state. Solving this equation, we can derive the following relationship:


   N ∗   ( t )  =      N   ∗   ( 0 )  exp  (  −    A  12   +  W  12    t   )   



(21)







The lifetime τ is defined as the time at which    N ∗   ( t )    is reduced to 1/e (e ≈ 2.71828) times of its initial value    N ∗   ( 0 )   . Thus, the lifetime of this process equals   1 / (  A  12   +  W  12   )  . Since    W  12     varies with temperature while    A  12     is temperature independent, the lifetime of phosphorescence is a function of temperature, and this is also the principle of temperature measurement by the lifetime method.




3.2.2. Lifetime Method


As we introduced above, the lifetime of phosphorescence is temperature dependent. Generally, at a determined temperature, the phosphorescence intensity decay characteristics can be expressed by a mono-exponential function of time:


  I  ( t )  =  I 0  exp  (  −  t τ   )   



(22)




where   I  ( t )    is the phosphorescence intensity as a function of t,    I 0    is the initial phosphorescence intensity, and  τ  is the lifetime. It can be seen that this equation has the same expression as Equation (21). This is easy to explain because the luminescence intensity depends on the electron population of the excited state. At higher temperature, the non-radiative transition rate can be accelerated. As a result, the lifetime τ decreases, and this decreasing trend can be depicted by a calibration curve with varying temperatures. A summary of lifetime–temperature curves of numerous frequently used phosphors is shown in Figure 11. It should be mentioned that some phosphors have more than one temperature dependence curve, and this is due to their different radiation characteristics under different energy levels.



Generally, the phosphorescence signal is collected by a photodiode or a photomultiplier tube (PMT) in the lifetime method. Thus, no spatial information of the temperature is obtained. To achieve two-dimensional (2D) measurement based on the lifetime method, Omrane et al. [79,80,81] exploited a framing camera with eight consecutively gated CCD detectors to record the phosphorescence emission. Since each detector was set a little delayed from the previous one, the decay curve of phosphor was measured. By fitting the measurement results with the calibration curve, temperature field information was obtained. However, the temporal resolution using several consecutively gated CCD detectors is limited by the number of detectors and is much lower than that using PMT. With the rapid development of high-speed imaging technique, another more convenient method to obtain two-dimensional temperature information based on the lifetime method is to obtain decay curves using a high-speed camera [82,83,84,85,86,87,88]. Kissel et al. [84] first used a CMOS (complementary metal oxide semiconductor) high-speed camera to record the phosphorescence emission and achieve 2D surface temperature measurement of a high-temperature stainless steel plate. Someya et al. [85] used a non-intensified high-speed CMOS camera to acquire the temperature distribution of walls of a rapid compression expansion machine. Due to the higher temperature measurement accuracy of the lifetime method [89], the use of a high-speed camera as a detector overcomes the shortcoming that the lifetime method does not have spatial resolution. This approach becomes one of the most promising thermometry methods.




3.2.3. Spectral Intensity Ratio Method


The spectral intensity ratio method is the other widely adopted method in laser-induced phosphorescence [90,91,92,93,94]. The intensity of phosphorescence emitted from phosphors at a certain wavelength or spectral band is also a temperature-dependent function. However, if the surface temperature is determined only by the phosphorescence intensity, it may lead to a large error. This is because the intensity not only depends on temperature, but also relies on incident laser intensity, phosphor coating uniformity, etc. However, by using the spectral intensity ratio, these relevant interferences can be eliminated. The spectral intensity ratios of several phosphors used in laser-induced phosphorescence are shown in Figure 12. Goss et al. [95] used the ratio method to measure the surface temperatures of a ceramic plate heated by a resistance wire and a plastic plate of which the surface was etched by a CO2 laser. They chose dysprosium-doped yttrium aluminum garnet (YAG:Dy) as the phosphor, which showed the temperature sensitivity between 300–1700 K. More importantly, their results demonstrated the possibility of applying this method to the reacting surface. Neither interference from flame nor a problem caused by surface erosion was observed in their experiments. This is an important aspect in which the phosphor thermometry is superior to the radiation thermometry. In the radiation thermometry, especially the imaging thermometry methods, the surface radiation would be dramatically disturbed by the radiation or absorption from sooty flame, etc. This advantage also makes phosphor thermometry quite suitable to be applied to the surface temperature measurement of hot components of gas turbines, where luminous flames, reflected radiation, variations in surface emissivity, and degradation of optical system cleanliness severely limit the feasibility of radiation thermometry [93].



Compared with the lifetime method, fewer phosphors are currently employed in the ratio method, of which YAG:Dy is the most commonly used. YAG:Dy is also known as a phosphor material with the highest temperature measurement limit [75]. Another phosphor which has a ratio–temperature dependence is samarium-doped yttrium oxysulfide (Y2O2S:Sm). It was first proved by Feist and Heyes [90]. Since properties of Sm3+ show similarities to those of Dy3+, the Y2O2S:Sm phosphor also behaves in a similar luminous manner to YAG:Dy. Zinc-doped zinc oxide (ZnO:Zn) and gallium-doped zinc oxide (ZnO:Ga) are two special phosphors with very high temperature sensitivity (cf. Figure 12) [96]. Li et al. [97] exploited laser-induced phosphorescence thermometry, where ZnO:Zn was selected as the phosphor material, to replace thermocouples in a heat flux burner to record the burner plate surface temperature. A temperature sensitivity better than 60 mK was achieved, which reduced the uncertainty of methane/air flame velocity at Φ = 0.7 from 1.5 cm/s to 0.25 cm/s. Since this method does not need to record decay characteristics of phosphorescence, it is easy to achieve 2D temperature measurement using the spectral intensity ratio method. The detector can be an ICCD with an imaging stereoscope or two ICCDs with a beam splitter. In each strategy, a calibration procedure is needed to correct the non-uniformity of the detector [34].



As we mentioned in the previous section, the lifetime method is more accurate than the spectral intensity ratio method. In fact, in terms of reproducibility and sensitivity, the lifetime method is more advantageous. This is due to that the factors affecting lifetime measurements are more controllable than those affecting ratio measurements [5]. In addition, considering the temperature measurement range, the lifetime method usually has a higher upper limit than the ratio method. However, for fast moving objects, such as turbine blades, the spectral ratio method is more applicable than the lifetime method. In addition, the short gate width of detectors used in the spectral intensity ratio method can avoid motion blur [34]. This advantage makes the spectral intensity ratio method promising in the surface temperature measurements of rotor blades, which are significant to the reliability assessment and lifetime prediction of aero engines and gas turbines.





3.3. Other Non-Intrusive Thermometry


3.3.1. Liquid Crystal Thermography


Thermochromic liquid crystals [98] are used in surface temperature measurement because their optical properties are temperature dependent. With the irradiation of light, the color (wavelength) of the reflected light depends on the crystal temperature. This is because the structure of liquid crystal molecules is optical anisotropy. When thermochromic liquid crystals are applied to the measured surface, the temperature change from the measured surface causes the change in the molecular layer spacing of liquid crystals, thus the frequency of the reflected light changes and behaves as a change in color. Using imaging detectors, for example, a CCD camera, the surface temperature distribution of a target object can be determined. However, a significant shortcoming of liquid crystal thermography is that it has a very low upper limit of temperature measurement. Regarding different liquid crystal materials, the temperature measurement ranges are also different, but generally not more than 400 K. As a result, they are seldom used in the hot environment of a combustion system. Nevertheless, because it is economical and capable of 2D measurement, this method is often used to measure the surface temperature of turbine blades with a cooling system, e.g., film cooling [99,100,101,102,103,104]. In these cases, the heat transfer coefficient is derived from the measured wall temperature to assess the cooling efficiency.




3.3.2. Temperature-Sensitive Paint


Temperature-sensitive paint (TSP) [105,106] is very similar to thermographic phosphors (TP). The temperature measurement using TSP is also based on the temperature-dependent non-radiation process of luminescent materials, whose luminescence intensity and lifetime decrease with increasing temperature as a consequence. To measure the surface temperature, TSP is applied to the target surface. Luminescence is emitted from the coating under excitation by an incident illumination light (e.g., LED lamp or laser) and the signal is received by a detector. Different from thermographic phosphors, TSP is generally composed of organic dye molecules and a polymer binder, while TP is composed of rare-earth or transition metals and a ceramic host and is applied in powder or crystal form. The temperature-sensitive paint technique originated almost at the same time as LIP and was originally developed for aerodynamic testing, including surface temperature measurements and heat flux calculations [107]. Like LIP, it is easy to obtain 2D temperature distribution using the temperature-sensitive paint technique. A comprehensive introduction of TSP was given by Liu et al. [108] about its principles, data acquisition, analysis procedures, and applications. A big limitation of TSP utilization in combustion systems is that its upper limit of temperature measurement is very low, i.e., typically under 380 K [5]. This means that, like liquid crystal thermography, it can only be used to measure the temperature of a surface with a low temperature (e.g., surface with cooling system) in combustion environments [109]. The implementation of temperature-sensitive paint technique and phosphor thermometry is similar. However, phosphor thermometry has a much higher upper limit of temperature measurement range. As a result, it is recommended to use phosphor thermometry in high-temperature environments and TSP for low-temperature environments.




3.3.3. Temperature-Indicating Paint


Temperature-indicating paint (or thermal paint) is a type of coating that measures the surface temperature distribution through color change. It should be noted that, unlike phosphor thermometry and temperature-sensitive paint, the color change of temperature-indicating paint is due to the chemical reaction, therefore, an extra light source is not needed in this method. This method is cheap, easy to implement, and can be used for large-area 2D temperature measurement. Therefore, it is one of the most successful commercial temperature measurement methods and is available in a variety of forms including crayons, pellets, and paints [29]. Most thermal paints are irreversible, which means the color of paint has changed permanently and cannot be restored to the original color after cooling. Two sub-types are employed: (1) single-change-type paints and (2) multiple-change-type paints. The former undergoes only one transition of color, while the latter can transit through several different colors. Figure 13 illustrates the temperature transition of both single-change-type and multi-change-type paints. Temperature-indicating paints have a wide working temperature range, and the upper limit can reach 1350 °C [110], which allows them to be applied in high-temperature environments. However, the resolution of temperature is limited and is generally lower than that of radiation thermometry and phosphor thermometry. One of the features of thermal paint is that it can only provide the information of the peak temperature. This is somewhat disappointing, as it cannot provide online temperature information. However, in some cases the peak temperature distribution is enough, for example to give a warning if the surface temperature exceeds the designed value. In addition, since optical access is not needed, it is suitable for industrial applications with harsh environments, e.g., temperature measurements of gas turbine walls [111], aero engine blades [112] turbine blades [113,114], and components of rockets [115,116].






4. Applications


4.1. Surface Temperature of Burning Solid Fuels


Knowledge of temperature is important for burning solid fuels in the aspect of modeling and industrial utilization. In this section, we introduce the surface temperature measurement of burning solid fuels, i.e., biomass and coal, which exploits the above temperature measurement techniques.



Although thermocouples are the most commonly used temperature measurement method in the industry, they are not often used to measure the surface temperature of coal or biomass. This is because, for biomass and coal particles, since their sizes are very small, typically in tens to hundreds of microns, it is difficult for thermocouples to measure their temperature, while biomass and coal pellets will shrink during the combustion process, and there is no guarantee that the thermocouple will always be in contact with the particle surface for temperature measurement during the whole combustion process. Radiation thermometry is the most commonly adopted method, as it is convenient to acquire surface temperature of burning fuels with 2D information. Fletcher et al. [118] measured simultaneously the temperature, size, and velocity of individual coal particles in a heated flow reactor. The temperature was determined using an infrared pyrometer. He et al. [119] and Liu et al. [120,121] measured the surface temperature of coal and biomass pellets using two-color thermometry. The temperature characteristics were related with the alkali release behavior of established alkali release models. Lu et al. [122] used a calibrated multi-spectral pyrometer to measure the surface temperature of biomass pellets in a single-particle reactor and particles in an entrained-flow reactor, respectively. The detector was a commercial three-color camera, which was inexpensive and convenient to use. Weng et al. [123] obtained the surface temperature of wheat straw char particles heated by a McKenna flat flame burner using two-color pyrometry. The temperature profile was compared with a radiation signal to analyze the combustion characteristic of wheat straw char. However, it is difficult to determine the surface temperature of coal and biomass with the presence of sooty flame around them, which is more obvious during the devolatilization stage [124,125]. Phosphor thermometry, which is less effected by sooty flame radiation, was attempted to be applied in surface temperature measurement of coal and biomass pellet. Cai et al. [126] measured the surface temperature of a large-diameter spherical coal coke pellet hanging in packed bed furnaces using phosphor thermometry. The schematic of the furnace and setup of phosphor thermometry is shown in Figure 14. A thin layer of Y3(Al,Ga)5O12:Tb powders was coated to the coke surface. A calibration profile of phosphorescence lifetime as a function of temperature was used to deduce coke surface temperature. A comparison of surface temperature, center temperature (measured by a K-type thermocouple), and mass conversion was made to study the behaviors of coke during the whole combustion process. Weng et al. [127] measured the surface temperature of burning wood and straw pellets from 300 K to 950 K, and from 850 K to 1300 K, with two phosphors, i.e., Mg4FGeO6:Mn and YAG:Tb, respectively. The experiment setup is shown in Figure 15, where a self-made multi-jet burner was used to offer the high temperature atmospheres with changeable temperature and oxygen concentration. A mixture of phosphor powders and HPC binder was applied to the pellet surface as approximately 4 mm diameter spots. They also adopted the lifetime method to determine the temperature. Their results displayed the surface temperature profiles for both devolatilization stage and char and ash combustion stage with varied atmosphere temperatures and oxygen concentrations and showed the ability of applying phosphor thermometry to a surface with ongoing vigorous oxidation reactions.




4.2. Droplets and Sprays


Atomization is a very important process during the application of liquid fuel, and the temperature of sprays and droplets plays a crucial role in evaluating the atomization effect, evaporation rates, and heat transfer characteristics of the fuel. In recent years, researchers have applied numerous methods including advanced laser diagnostic technology to the temperature measurement of droplets and sprays and obtained a lot of interesting results. For example, one of the easiest means to measure the temperature of a droplet is to hang it on a thermocouple bead [128]. However, the catalyst effect of thermocouples is observed in some cases and caused a big impact on the measurement. Pyrometry is also widely employed for surface temperature measurement of droplets, e.g., two-color thermometry [129]. However, since some droplets are transparent, the interference from background radiation is great.



The laser-induced phosphorescence (LIP) technique is an ideal approach that can avoid interference from radiation. It was first applied to droplet thermometry by the team of Marcus Aldén at Lund University in 2004 [130]. They used spectral intensity ratio and the lifetime method to measure the temperature of a free-falling water droplet. The experimental device is shown in Figure 16. During the measurement, phosphors (Mg4FGeO6:Mn for spectral intensity ratio method and La2O2S:Eu for lifetime method) were first added to distilled water. The temperature of the water could be regulated by heating wires surrounding the liquid container. Inside the liquid container, a thermocouple was positioned to measure the temperature for reference. A He-Ne laser was used to trigger the measurement system; when the continuous beam of the He-Ne laser was blocked by falling droplets, the trigger signal was immediately sent to the Nd:YAG laser, which would emit a UV laser beam to stimulate phosphors solved in the droplet. For the spectral intensity ratio method, the UV laser wavelength was 266 nm and the phosphorescence spectrum was recorded by a spectrograph and a CCD camera. Thus, the intensity ratios of 631 nm and 657 nm were adopted to calculate droplet temperature. With regard to the lifetime method, the incident wavelength of the UV laser was changed to 355 nm, while the detector was changed to a photomultiplier (PMT). A filter centered at 514 nm was mounted before the PMT, so the phosphorescence lifetime at this wavelength was utilized to obtain the temperature of droplets. The droplet temperature measurement results of the two methods are shown in Figure 17. The results showed that the droplet temperatures measured by both methods agree well with the thermocouple in the liquid tank but differ slightly from it at higher temperatures. Considering that this difference was mainly caused by the heat loss when the droplet left the nozzle and exchanged heat with the surrounding air, the author recalculated the free-falling droplet temperature at the measured point according to a model from reference [131]. In this model, heat convection and droplet evaporation were taken into account, and the results show a good agreement with the temperature measured by the LIP method (cf. Figure 17).



In addition, to test the accuracy of the LIP method for droplet thermometry, the authors made a second container that could control air temperature around the falling droplet to reduce the heat loss and achieve a constant temperature during the droplet free-falling process as much as possible. Then, the lifetime method was used to perform 50 repeated measurements for droplets at each temperature, and the results are shown in Figure 18. It can be seen from the figure that the overall precision and accuracy relative to the reference thermocouple were better than 1%. Therefore, the above work by Aldén et al. demonstrated for the first time that the LIP technique can be applied to droplet thermometry, and the precision and accuracy of better than 1% could be reached.



In order to observe the temperature field of droplets and sprays and thus gain deeper insight into the influence of temperature on the atomization and evaporation of sprays, Omrane et al. [80] extended the application of the above-mentioned lifetime method from single-point temperature measurement to two-dimensional temperature measurement, realizing two-dimensional temperature visualization of free-falling droplets and spray. The experimental setup was similar to Figure 16, with the same thermographic phosphor (La2O2S:Eu), but the detector was replaced from PMT to a fast framing camera, which could detect the phosphorescence through an interference filter centered at 514.5 nm. Before the experiment, the time delay (Δt) between each ICCD detector of the frame camera should be adjusted as shown in Figure 19. It should be noted that Δt should satisfy 1 < τ/Δt < 5 [132], where τ is the phosphor lifetime. After shooting, the data processing similar to the lifetime method was performed separately for the corresponding pixel points in each image to obtain the two-dimensional temperature of the captured image.



Figure 20a shows the temperature field of a free-falling droplet. Overall, the middle temperature of the droplet was slightly higher than its surface boundary. In addition, the temperature of the bottom part was also lower compared to the rest of the droplet. It was inferred that the non-uniform droplet temperature field was mainly caused by the heat convection from the surrounding air which had a lower temperature, the slow thermal diffusion of the liquid, and its effect of internal circulation [133]. Figure 20b shows the result of applying this technology to measure the temperature field of spray. As one can note, the spray was cooler in the middle than at the edges. This was due to that the spray droplets absorbed heat from the inner core to evaporate. Finally, for a measurement target with a temperature of 343 K, comparing the mean value of the temperature field with the result of thermocouple showed that the accuracy of the method was about 0.6–5 K.



For the temperature measurement of high-speed spray, phosphor thermometry using the lifetime method may introduce errors or blurred images due to the spray displacement during the signal acquisition window, but this problem can be solved by using the ratio method, which captures the phosphorescence signals at two wavelengths simultaneously in a short time (generally nanosecond scale). Brübach et al. [92] first measured the two-dimensional temperature of n-dodecane spray using the ratio method. Mg4GeO5.5F:Mn was chosen as the phosphor with a loading of about 1–2% by weight. The experimental results are shown in Figure 21. However, in order to obtain the signal of sufficient intensity, the camera exposure time was set to 1 ms. Within this duration, the moving distance of the droplets was much larger than the camera’s spatial resolution (~1.3 mm), so the signal value of a single pixel in the image was actually the average of phosphorescence of multiple particles passing its corresponding detection position during the exposure time period. This problem can be optimized by choosing phosphors with a shorter lifetime and a shorter exposure time.



In 2008, Särner et al. [96] measured the two-dimensional temperature of burning methanol droplets using the ratio method. Before the temperature measurement, they studied the spectral properties of ZnO:Ga and ZnO:Zn and found a strong temperature-induced line shift phenomenon in the near-band-edge emission lines of them (cf. Figure 22), which means that they were both suitable for 2D temperature measurement with the ratio method. Further, they calibrated the spectral ratios of these two phosphors at different temperatures (cf. Figure 23). An interference filter at 390 ± 5 nm was used for the collection of the short wavelength spectrum, while for the long wavelength part two different long-pass filter sets were used: a glass absorption high-pass filter GG420 and a long-pass edge filter cutting at 441.6 nm. It can be seen from Figure 23 that the ratio varies from 0.03 to 200 in equidistant steps with increasing temperatures, which means a high temperature sensitivity from 300 to 900 K. To measure the temperature of burning methanol droplets, an experimental setup similar to that in reference [130] (cf. Figure 16) was exploited, where methanol was added to the vessel with 1% ZnO:Ga. The droplet was ignited after passing through the Bunsen burner flame, a thin laser sheet was used to pass through the center of the droplet, and the phosphorescence signal subsequently excited was collected by an ICCD camera. The results are shown in Figure 24, of which the precision was about 0.03% at 400 K and 1% at 800 K.



In recent years, more and more researchers have applied the LIP technique to the temperature measurements of droplets or sprays. In 2020, Strizhak et al. [134] selected BaMgAl10O17:Eu2+ (BAM:Eu) as the phosphor and used the ratio method to study the droplet temperature field of four types of widely used liquids (water, kerosene, diesel, and gasoline). They analyzed the effect of different factors, such as phosphor concentration and droplet heating rate, on the temperature measurement results. Subsequently, other researchers of their group [135] analyzed for the first time the difference between the LIP technique and contact measurement techniques for measuring droplet temperatures of gas–vapor mixtures. They found that the LIP technique was more efficient in terms of the number of simultaneous measurement points, recording speed, peak temperature recording (both maximum and minimum), and the ability to conduct measurement with extensive phase transformations [135]. In addition, they also applied this technique to a 2D temperature measurement of fuel water-in-biodiesel microemulsions in the Leiden frost state, in which the forced convection in the drops was studied and the maximum temperatures at which the droplet began to puff were established [136].




4.3. Internal Combustion Engines


The temperature of the combustion chamber wall, piston, valves, and other components of an internal combustion engine is an important parameter for engine efficiency evaluation and lifetime prediction. Before the application of laser diagnostic technology, researchers mainly used various temperature sensors (thermocouples, thermistors, etc.) to measure the temperature of internal combustion engine components. Among them, thin-film thermocouples are widely used due to their small heat capacity and rapid response. For example, Marr et al. [15] measured the piston wall temperature of a single-cylinder gasoline internal combustion engine with thin-film thermocouples. However, due to the harsh working environment and complex geometry of internal combustion engines, traditional temperature measurement methods often face the problem of signal transmission, and it is difficult to obtain an accurate surface temperature distribution. Therefore, researchers have started to apply laser diagnostic technology to the thermometry of internal combustion engines.



In 1997, Armfield et al. [137] applied the LIP technique to internal combustion engine temperature measurement for the first time. Using the lifetime method, they successfully measured the temperature of components such as piston crown and intake valve with La2O2S:Eu as the phosphor. Although the temperature upper limit was only 200 °C, it demonstrated feasibility of applying LIP technology to internal combustion engines for temperature measurement.



In recent years, Aldén et al. [138,139,140,141,142] have conducted many works in this field. They first measured the temperature of the intake and exhaust valves of a direct-injection gasoline engine [138]. The experimental setup is shown in Figure 25. The Mg4FGeO4:Mn was selected as the phosphor, and the two-dimensional and single-point temperature of the intake and exhaust valves under different running conditions were obtained using the ratio method and the lifetime method, respectively. The results are shown in Figure 26.



Furthermore, they measured the temperature of engine combustion chamber walls [140] and components such as pistons [139], and investigated the effect of coating thickness on the temperature field measurement results [141]. Considering that the engine lubricant oil may affect the behavior of the phosphor coating and thus cause temperature measurement errors, they also investigated the effect of engine lubricant oil on the decay characteristics of six different phosphors and found that only the decay time of ZnO:Zn and ZnS:Ag varied with the lubricant/phosphor mass ratio [142]; the decay times of the remaining phosphors, i.e., BaMg2Al16O27:Eu, Al2O3-coated BaMg2Al16O27:Eu, La2O2S:Eu, and Mg3F2GeO4:Mn, were insensitive to presence of lubricant.



Obtaining an accurate two-dimensional temperature of an internal combustion engine with the lifetime method will promote a deep understanding of its combustion process and facilitate the improvement of the engine performance. In 2011, Fuhrmann et al. [82,88] developed a new phosphor named Gd3Ga5O12:Cr, and they used high-speed CMOS camera to obtain the temperature of an engine cylinder wall under different working conditions based on the lifetime method. Some measurement results are shown in Figure 27.



In addition, the thermographic particle image velocimetry (TPIV) technique, which combines phosphor thermometry and particle image velocimetry (PIV) techniques, is a new measurement technique that allows simultaneous measurement of the velocity and temperature fields of the flow field. The feasibility of this technique has been demonstrated in turbulent gas flows [143], but its application in internal combustion engines still faces challenges such as fast fluid motion, seeding fluctuations due to inherent cyclic variations in the intake manifold, and low signal intensities [144]. Therefore, there are few studies in this area. The technique was first applied to engine measurements by Neal et al. [145] in 2013, and related studies have been conducted by Kopf et al. [144] in recent years. Considering the unique advantages of this technique in probing engine combustion status and other aspects, it is expected that more researchers will conduct related research in the future to maturely apply the TPIV technique to internal combustion engine combustion diagnosis as soon as possible.




4.4. Gas Turbines and Aero Engines


Components such as turbine blades of gas turbines and aero engines are subjected to centrifugal loads, thermal loads, aerodynamic loads, vibration loads, and high-temperature gas corrosion during operation, resulting in high temperature creep and strength problems that pose a great challenge to engine design. Temperature is the key parameter for engine strength analysis and life prediction, so it is necessary to develop high-precision engine temperature monitoring techniques under high temperature.



The current temperature measurement techniques for aero engine hot-end components can be divided into two categories: contact-based thermometry represented by thermocouples and non-intrusive thermometry represented by radiation thermometry, temperature-sensitive-paint-based thermometry, and laser-induced phosphorescence thermometry. For contact-based thermometry, as described in Section 4.3, thin-film thermocouples are also widely used in the field of gas turbines and aero engines. For example, the Lewis Research Center of NASA [23,146], dedicated to researching the application of thin-film thermocouple technology in turbine engines, has successfully developed a Pt-13%Rh/Pt thin-film thermocouple (R-type) with an upper temperature measurement limit of 1100 °C and an accuracy of ±0.3 °C. However, for high temperature and high rotational speed conditions for an aero engine, the thin film is susceptible to thermal stresses and easily falls off. In addition, the difference in materials between the film and the surface of rotating target can cause local disturbances in the temperature field, resulting in temperature measurement errors, which may increase with speed. Due to the above-mentioned problems of contact-based thermometry, researchers began to study non-intrusive thermometry methods to optimize the measurement. Among them, radiation temperature measurement has been developed for decades and is now becoming a very widely used technique in engineering. In the 1960s, the Rolls-Royce Company initiated research related to gas turbine blade radiometric temperature measurement and proposed ideas for optical system design, as well as solutions for emissivity correction and signal processing [147,148]. Xiong et al. [149] used an infrared thermometer named ROTAMAP Ⅱ produced by the Rolls-Royce Company to measure the back blade temperature field of a gas turbine secondary turbine rotor. The measurement range was 500–1350 °C and the accuracy was ±6 °C. However, since the radiation thermometry employs thermal radiation to determine the target temperature, the spontaneous and reflected radiation from the target surface as well as the absorption of thermal radiation by the medium can affect the measurement of thermal radiation and thus the accuracy of results. Compared with the radiation thermometry, laser-induced phosphorescence technology uses a laser as the excitation source, the physical properties of phosphors are known, and the characteristic wavelength of phosphorescence is independent of environmental radiation, so it is not influenced by the target emissivity or the interference from the surrounding environment. In addition, LIP has advantages of fast response, high accuracy and sensitivity, and wide temperature range, which is an ideal temperature measurement method for gas turbines and aero engines.



In 1986, Noel et al. [150] pioneered the concept of applying the LIP technology for temperature measurement of turbine engines. They measured the temperature of a fixed sample inside an oven using the lifetime method, but the upper limit of its temperature measurement was only 930 °C due to temperature limitation of the oven. Later, they carried out several studies in this field [151,152,153]. It is worth mentioning that in 1991, they fully verified the feasibility of applying the lifetime method to engine blade temperature measurement under high-temperature operating conditions [154]. The temperature measurement upper limit was 700 °C, and the results were consistent with the thermocouple.



In addition, numerous research groups have conducted studies on the LIP temperature measurement technique in the field of turbine engines. For example, Tobin et al. [155,156] used a similar experimental setup and method to measure the single-point temperature of a rotating engine turbine blade up to 1000 °C. Alaruri et al. [157] also measured the surface temperature of stationary turbine engine components using the lifetime method. The spectral response of two different phosphors, Y2O3:Eu and YAG:Tb, were tested, and it was found that Y2O3:Eu was more suitable for turbine engines because it emitted a stronger fluorescence signal at high temperatures. Their subsequent studies showed that Y2O3:Eu was capable of temperature measurements in the range of 400–1000 °C and the estimated overall accuracy of the temperature measurements was ±3% [158].



The above studies have only measured the single-point temperature of one certain part of the engine. However, in order to comprehensively evaluate the engine performance, it is necessary to obtain its two-dimensional temperature under running conditions. In 2005, Seyfried et al. [159] used the spectral intensity ratio method to measure the two-dimensional temperature of an afterburner outlet nozzle of a full-size fighter-jet engine, the Volvo RM12, with different loads. The experimental setup is shown in Figure 28, where YAG:Dy was selected as the phosphor and the measured temperature range was about 400–1400 K. Figure 29 shows the measured nozzle surface temperature of the afterburner at 62% and 100% load, respectively.



In addition, the LIP-based online temperature measurement technique of thermal barrier sensor coating (sensor TBC) has been developed rapidly in recent years. Thermal barrier coating (TBC) is a coating system composed of a thermally insulating ceramic coating, a thermally grown oxide layer, and an anti-oxidative metal bonding layer, which are key materials for high-temperature thermal protection of turbine blades of aero engines and gas turbines with high performance. The concept of sensor TBC was first proposed by Choy et al. in 1998 [160,161], as shown in Figure 30, i.e., using a phosphor layer to modify the composition of the TBC so that it can be used as both a phosphor thermometry layer and a thermal barrier coating, thus realizing the online measurement of TBC temperature and providing a completely new solution for aero engine and gas turbine thermometry.



At present, institutions such as Southside Thermal Sciences Ltd. and Imperial College London in London, United Kingdom [163,164,165], and the NASA Glenn Research Center in the United States [166,167], have taken the lead in carrying out extensive applied research in this field. In 2013, Southside Thermal Sciences Ltd. [164,165] developed an online temperature monitoring system for engine sensor TBC and successfully applied it to the temperature measurement of the Rolls-Royce VIPER 201 engine. They continuously obtained the changing temperature profile of engine blades at the measurement point with different rotational speeds, and the upper measurement limit reached 1000 °C. In the same year, Eldridge et al. from NASA [166] prepared a sensor TBC using YSZ:Eu and applied it to the surface temperature measurement of the HPT stator of the Honeywell TECH7000 demonstration engine with a temperature measurement range up to 1300 °C. In addition, they chose Cr-doped gadolinium aluminum perovskite (Cr:GAP) to prepare a sensor TBC with gas film cooling and measured its two-dimensional surface temperature [167].





5. Conclusions and Outlook


In this work, we reviewed the surface temperature measurement techniques adopted in combustion environments and facilities. We highlighted three approaches, i.e., (1) thermocouples, as a representative of contact-based thermometry; (2) radiation thermometry, as a representative of traditional non-intrusive thermometry; (3) laser-induced phosphorescence, as a representative of laser diagnostic thermometry. The principles, advantages, and disadvantages, as well as examples of applications given in this paper, can provide some references to those who need to choose a proper method to meet their requirements.



In the future, non-intrusive temperature measurement methods are bound to be mainstream. Radiation thermometry will probably remain one of the most important temperature measurement methods. Theoretically, temperatures of all scales can be obtained using radiation signals, and this advantage seems irreplaceable. Even though emissivity has brought great trouble to radiation thermometry currently, with the in-depth understanding of radiation theory, the reliability of the emissivity model will also be continuously improved, thereby improving the accuracy of radiation temperature measurement and reducing barriers to its applications. Laser-induced phosphorescence will be more and more commonly used in industrial application, as it has shown it superiority in some cases, e.g., sooty atmospheres. At present, some factors that limit the use of LIP are the expensive equipment and relatively complicated setup. These shortcomings will be overcome with the development of laser technology. Thermocouples, as an inexpensive and convenient approach, will not be replaced in the short term. In addition, in some heating equipment with a simple working environment, it is a reliable and convenient means to arrange thermocouples as the temperature measuring unit to provide temperature information and give feedback.
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Figure 1. A simple schematic of Seebeck effect. 
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Figure 2. A typical arrangement of thermocouple. 
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Figure 3. Two thin-film thermocouples fabricated by sputtering onto a ceramic substrate [21]. 






Figure 3. Two thin-film thermocouples fabricated by sputtering onto a ceramic substrate [21].



[image: Processes 10 02528 g003]







[image: Processes 10 02528 g004a 550][image: Processes 10 02528 g004b 550] 





Figure 4. (a) The arrangement of the ITO thin-film thermocouple on the combustor wall. (b,c) Wall temperatures of the combustor measured by the ITO thin-film thermocouple under different cases [28]. Reprinted with permission from [28]. Elsevier, 2021. 
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Figure 5. (a) Boundary conditions for a chrome steel component with a thermocouple installed in a channel filled by ceramic paste, and (b) calculated thermal disturbance caused by the installation of thermocouple wires [29]. Reprinted with permission from [29]. AIP Publishing, 2000. 
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Figure 6. A basic schematic diagram of radiation thermometry. 
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Figure 7. Temperature difference between the real temperature and the apparent temperature of the target surface at 1000 K with varied wavelength and emissivity [46]. Reprinted with permission from [46]. Elsevier, 2009. 
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Figure 8. Comparison of effective temperature ranges using color CCD cameras with different strategies. The square symbols and circle symbols represent results using two-color thermometry with and without multi-peak interference in front of CCD cameras, respectively. The triangle symbols represent results from multi-spectral thermometry [54,66]. 
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Figure 9. Transmittance of partially yttria-stabilized zirconia (PYSZ) at different temperatures with a thickness of 0.5 mm [48]. Reprinted with permission from [48]. Elsevier, 2017. 
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Figure 10. Jablonski diagram of fluorescence and phosphorescence. 
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Figure 11. Lifetime of different thermographic phosphors used in laser−induced phosphorescence [5,34,76]. 
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Figure 12. Spectral intensity ratio of different phosphors used in laser-induced phosphorescence technique [34,89]. 
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Figure 13. Standard color changes observed at different temperatures from (a) a single-change-type paint and (b) a multi-change-type paint [117]. Reprinted with permission from [117]. Springer Nature, 2019. 
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Figure 14. (a) The schematic of the furnace and (b) setup of phosphor thermometry [126]. Reprinted with permission from [126]. Elsevier, 2021. 
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Figure 15. Schematics of (a) the multi-jet burner, (b) the measured biomass pellet position, and (c) experimental setup of phosphor thermometry [127]. 
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Figure 16. Experimental device for single-droplet temperature measurement [130]. Reprinted with permission from [130]. Optica Publishing Group, 2004. 
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Figure 17. Droplet temperature measured by thermocouple and LIP method: (a) spectral intensity ratio method; (b) lifetime method [130]. Reprinted with permission from [130]. Optica Publishing Group, 2004. 
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Figure 18. Average value of 50 droplet temperature measurements by lifetime method at different temperatures and the results from thermocouple [130]. Reprinted with permission from [130]. Optica Publishing Group, 2004. 






Figure 18. Average value of 50 droplet temperature measurements by lifetime method at different temperatures and the results from thermocouple [130]. Reprinted with permission from [130]. Optica Publishing Group, 2004.



[image: Processes 10 02528 g018]







[image: Processes 10 02528 g019 550] 





Figure 19. Lifetime computed from the single exponential decay at each pixel position. An overlap of 50% was used between the individual detectors [80]. Reprinted with permission from [80]. Springer Nature, 2004. 
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Figure 20. (a) Single-shot two-dimensional temperature measurement of a free-falling droplet; (b) single-shot water spray temperature measurement using thermographic phosphors [34]. Reprinted with permission from [34]. Elsevier, 2011. 
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Figure 21. Temperature fields of spray with different initial liquid-phase temperatures: (a) T = 296 K, (b) T = 343 K, (c) T = 393 K [92]. Reprinted with permission from [92]. Springer Nature, 2006. 
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Figure 22. Normalized spectra of (a) ZnO:Ga and (b) ZnO:Zn. The position of the emission peak is plotted on the right axis as a function of temperature [96]. Reprinted with permission from [96]. Optica Publishing Group, 2008. 
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Figure 23. Characteristic spectral ratio calibration of ZnO:Zn and ZnO:Ga with two different long-pass filter sets [96]. Reprinted with permission from [96]. Optica Publishing Group, 2008. 
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Figure 24. (a) A falling, burning methanol droplet photographed by an ICCD camera without filters; (b) a temperature image of a free-falling methanol droplet burning in the middle of the Bunsen burner [96]. Reprinted with permission from [96]. Optica Publishing Group, 2008. 
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Figure 25. The experimental setup of valve temperature measurement using the ratio method [138]. Reprinted with permission from [138]. SAE International, 2004. 
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Figure 26. (a) Two-dimensional temperature field of exhaust and intake valves; (b) single-point temperature of exhaust valve temperatures under different running conditions [138]. Reprinted with permission from [138]. SAE International, 2004. 
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Figure 27. Phase-locked temperature distribution of the cylinder wall under fired conditions [88]. Reprinted with permission from [88]. IOP Publishing, Ltd., 2013. 
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Figure 28. Experimental setup for two-dimensional wall temperature field measurements based on the LIP technology [34]. Reprinted with permission from [34]. Elsevier, 2011. 
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Figure 29. Single measured nozzle surface temperature field of the afterburner at the loads of (a) 62% and (b) 100% [34]. Reprinted with permission from [34]. Elsevier, 2011. 
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Figure 30. Schematic diagram of sensor TBC with phosphorescence coating [162]. Reprinted with permission from [162]. Aeronautical Manufacturing Technology, 2022. 
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Table 1. A summary of thermocouple properties commonly used in combustion environments [8].
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	Type
	Material (Positive/Negative)
	Measurement Range (°C)
	Sensitivity (µV/°C)





	E
	Ni-Cr alloy/Cu-Ni alloy
	−270–1000
	40–80



	J
	Fe/Cu-Ni alloy
	−210–1200
	50–60



	K
	Ni-Cr alloy/Ni-Al alloy
	−270–1372
	28–42



	N
	Ni-Cr-Si alloy/Ni-Si-Mg alloy
	−270–1300
	24–38



	B
	Pt-30% Rh/Pt-6% Rh
	0–1820
	5–10



	R
	Pt-13% Rh/Pt
	−50–1768
	8–14



	S
	Pt-10% Rh/Pt
	−50–1768
	8–12
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