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ABSTRACT 
 

Structural health monitoring (SHM) systems are recently developed for many structures from a variety 

of industrial branches: aviation, civil engineering, marine, etc. Such systems allow to increase the safety 

of structures due to continuous monitoring and receiving information about the structure condition in 

real time. SHM systems contain variety types of sensors (strain, temperature, acceleration, etc.) 

permanently installed on elements or embedded into structures. Due to advantages (small size and 

weight, multiplexing capabilities, high corrosion resistance, ability to operate in an aggressive 

environment, high temperature, the absence of electric current in measurement array), fibre Bragg 

grating (FBG) sensors can be widely applied. 

 

SHM systems are also frequently used in power engineering, including distributed cogeneration systems. 

The paper presents an example of such a system for monitoring the technical condition of a 3 kW organic 

Rankine cycle (ORC) microturbine. Microturbines of this type are used to generate electricity 

in cogeneration systems that can be fed with various fossil and renewable sources or even waste heat. 

Monitoring the technical condition of power systems is important due to the fact that they usually work 

alone, i.e. without a permanent supervision. Due to working mediums used in them, apart from ensuring 

an adequate level of safety and continuity of operation, it is also important to do a periodic check 

throughout the entire installation tightness. ORC systems use organic low-boiling mediums that are not 

only expensive but sometimes also flammable and can form explosive mixtures with air. A leakage of 

such substances may result in a fire, explosion or another hazard (e.g. environmental pollution).  

 

The aim of the research is the application of SHM system based on FBG sensors for ORC microturbine 

components. The sensors were used for determination of temperature distribution as well as detection 

of a leakage of a low-boiling medium. 
 

1. Introduction 
 

Current safety requirements and economical needs have resulted in the development of structural health 

monitoring (SHM) systems. A properly designed and implemented system is able to warn the user about 

an impending failure early enough to safety repair the monitored structure. The reason of the failure can 

be a damage appearance or critical increase of temperature or pressure inside of an analysed device. 

Therefore, techniques for damage detection and monitoring of operating parameters are developed.  
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Recently, one of the promising monitoring method is based on Fiber Bragg Grating (FBG) sensors. It is 

due to the advantages of FBG sensors such as small size and weight, high corrosion resistance or no 

calibration requirements. Its significant advantage is high temperature resistance, what is especially 

important in monitoring of processes with heat generation. Moreover FBG sensors can be easily 

implemented on or into a structure. Methods utilising FBG sensors are applied to damage detection[1-4] 

and monitor of device operating parameters [5-8].  

 

In the field of diagnostics and monitoring of low-power microturbines, no generally applicable standards 

or requirements have been established so far. This is mainly due to the fact that such machines have 

become increasingly popular in recent years, which has a direct relationship with the rapid development 

of distributed cogeneration systems[9]. Another reason for the lack of the above-mentioned standards is 

the large variety of existing microturbine constructions, to which quite often different diagnostic 

methods have to be used. Microturbines are usually designed for particular applications and therefore 

they not only differ in the power output and nominal rotational speed but also in the constructional 

solution[10]. They can have completely different flow/ bearing/ lubrication and power transmission 

systems, different casing types or assembly methods, etc. Therefore, it is a common practice to develop 

an appropriate diagnostic system already at the design stage of such a machine[11]. 

 

The simplest diagnostic systems for power microturbines consist of one or several sensors for measuring 

absolute vibrations (usually accelerometers), which are installed on the machine casing (in the 

immediate vicinity of bearings). Such a simple system, however, is not able to detect all types of defects 

that can occur during the operation of a microturbine. Additional diagnostic symptoms can be acquired 

by the appropriate processing of vibration signals[12] or monitoring the thermal-flow process 

parameters[13]. The usefulness of such systems can be improved by the use of other standard 

vibrodiagnostic methods, such as measurements of the sound intensity level[14]. Some cogeneration 

systems use working mediums that are harmful and dangerous to the environment, particularly in the 

event of a fire. That is why it is very important to periodically check installations for leaks. In some 

machines (in particular in microturbines), an aggressive working medium in combination with high 

operating temperature can cause the corrosion of certain components[15], which can even lead to a major 

failure. In order to protect key microturbine components (such as the electric generator, seals or bearings 

and combustion chambers in gas turbines) against thermal damage, it is also important to constantly 

monitor their temperature. This concerns in particular microturbines functioning under variable 

operating conditions[16]. The constant control of the pressure level in different places inside the 

microturbine casing can also be beneficial from the point of view of diagnostics. A change in the value 

of this parameter may indicate, among other things, damage to the seal, a leakage or incorrect operation 

of valves.  

 

The above-mentioned defects can be successfully detected using modern, miniature sensors, which can 

be permanently integrated into a machine. Taking into consideration the rapidly growing market of 

distributed cogeneration systems, which are implemented on the basis of various types of 

microturbines[17], it seems to be very promising to use for the purposes of their monitoring properly 

configured SHM systems that allow for detecting defects shortly after their occurrence. In this way it is 

possible to predict the technical condition of microturbines and to better plan inspections and 

maintenance works. 

 

2. Organic Rankine cycle (ORC) microturbine 
 

The Organic Rankine Cycle (ORC ) test rig consists of three basic cycles of the working mediums. The 

first of the cycles is a heating cycle and comprises a heat source, a circulation pump, a heat exchanger 

(evaporator) and control-measurement fittings. A diagram of the ORC test rig with a microturbine is 

presented in Fig. 1. 



 

 

 

 

Figure 1. The ORC test rig with a radial-flow microturbine[18] 

 

An electric heater with an electric power of 2×24 kW and a biomass boiler with a thermal power of 
30 kW were used as heat sources in the system. The heat sources can operate independently or can be 

connected in series/parallel. The operating mode can be changed depending on the demand for thermal 

power and the temperature of the working medium. It should be noted that ORC systems can be powered 

using various heat sources (e.g. geothermal or sun energy, biomass and heat from the waste gases). In 

the heating cycle, the thermal oil (the maximum operating temperature of which is 340°C) serves as 
a heat-transfer medium. The ORC installation in question is an indirect heating system as the oil is used 

as an indirect medium to evaporate the low-boiling medium.  

 

 

Figure 2. Cross-section of the microturbine[19]: 1 – rotor, 2 – turbine disk, 3 – stator, 4 – casing,  

5 – gas bearing, 6 – rear cover, 7 – front cover, 8 – electric generator’s stator, 9 – electric generator’s 
rotor, 10 – rotors at the centripetal stages, 11 – rear support of the turbogenerator, 12 – front support of 

the turbogenerator, 13 – electric generator’s cooler, 14 – feeding channel for the gas bearing 

 

The second cycle of the working medium consists of a radial-flow microturbine, heat exchangers 

(evaporator, regenerator and condenser), a working medium tank, a circulation pump, a droplet separator, 

piping as well as control and measurement devices. The installation uses the HFE7100 fluid (sold by 

3M Novec company) as a working medium, which is environmentally-friendly and its Ozone Depletion 

Potential (ODP) coefficient is zero. Moreover, this fluid is non-flammable, inexplosive, nontoxic and 

not mutagenic. The microturbine is a four-stage device that is hermetically sealed and oil-free. It is 

equipped with gas bearings lubricated with the working medium’s vapour[19]. The cross-section of the 

microturbine, on which its basic structural components are marked, is shown in Fig. 2. 



 

 

 

 

The two-part casing encompasses the blade system and the generator rotor, which use the same shaft. 

A high-speed permanent magnet synchronous three-phase generator is used to generate electricity. The 

microturbine is capable of producing a 2.5 kW of electric power at a nominal rotational speed of 24,000 

rpm. Besides various types of microturbines[20], the test rig allows for testing different expansion 

machines dedicated to operating with ORC cogeneration systems of low power capacity[14, 21]. 

 

The third cycle is used for the offtake of heat from the ORC system. The cooling cycle comprises 

a 50 kW fan cooler, a pump for the cooling medium (propylene glycol), fittings as well as the control 

and measurement apparatus.  

 

The operating principle of the ORC system is as follows. The heat-transfer medium (thermal oil) is 

heated using a heat source and then directed to the evaporator in which the working medium is heated 

until it evaporates. The working medium’s vapour flows through the droplet separator and afterwards is 
directed to the inlet of an expansion machine (e.g. a microturbine). The droplet separator has the purpose 

of separating the drops of liquid from the vapour stream, what protects the microturbine blades against 

the erosion. After its expansion in the microturbine, the working medium is directed to the regenerative 

heat exchanger, where the working medium in the liquid form is preheated before it flow into the 

evaporator. In the next step, the working medium’s vapour is transferred to the condenser in which its 
condensation takes place. After that, the working medium in the liquid form is pumped by a circulation 

pump to the regenerative heat exchanger, and subsequently to the evaporator and so the whole cycle 

completes.  

 

3. Laboratory measurements 
 

3.1 Laboratory setup 
 
The laboratory setup is shown in Fig. 3. During the measurements the Micron Optics si425-500  

4-channel interrogator, os1100 FBG strains sensor and temperature probes were used. The strain sensor 

was permanently bonded with use of cyanoacrylate glue, while temperature probes were freely applied 

to the surface of the turbine casing  

 

 

Figure 3. The laboratory setup 

 

In order to determine the location of the FBG sensors placements, the thermo image recorded by the 

infrared camera was used (Fig. 4).  

 



 

 

 

 

Figure 4. Turbine infrared image 

 

Therefore, three locations for the temperature sensors mounting were selected: 

 

- probe S#1 – the hottest place on the turbogenerator casing 

- probe S#2 – the gap between the turbogenerator casing parts 

- probe S#3 - the coolest place on the turbogenerator casing 

 

The FBG strain sensor (denoted as B#1) was mounted perpendicular to the gap between parts of 

turbogenerator casing. It is a location of probable unsealing and leakage of working medium. The 

arrangement of the temperature and strain sensors is shown in Fig. 5. 

 

 

Figure 5. Location of the FBG sensors 

 

3.2 Experimental operation cycle of the turbine 
 

The experiment was carried out according to a predetermined scenario. However, during the system's 

operation there was a sudden system shutdown. The course of the experiment is illustrated by the 

frequency characteristic of the turbine rotor shown in Fig. 6. On the basis of the turbine operation 

characteristics, several phases associated with the phases of the experiment can be distinguished. The 

start of the generator was preceded by a process of heating the low-boiling medium, lasting about 4500 s 

(75 min), hence the increase of turbine rotor speed can be observed after that period. In connection with 

the above, the description of the turbogenerator behaviour and the results of the measurement were 

analysed only started from this moment of time.  

 

The initial phase of a gradual increase of rotation lasted about 400 s. The end of this phase is marked on 

the Fig. 6 with green dashed line A. Then about 150 s of the experiment, the stabilisation phase at about 

310 Hz was recorded (marked with red dashed line B). Next an attempt of achieving rotations at the 



 

 

 

level of 350 Hz was made, which ended with an unexpected, emergency shutdown (about 5500 s, black 

dotted C line). After the break, the system was restarted however, due to the specificity of the control 

system, the start-up was sudden, i.e. at a rotation of about 360 Hz. Then, after the start-up phase 

characterized by large fluctuations in rotation frequency, there was a stable operation period at about 

140 Hz. Due to the gradual, slight drop in the turbine rotor speed, at approximately 6370 s of the 

experiment an attempt to increase the frequency to the previously level set at 140 Hz was made. Due to 

the fact that even the smallest possible change in the control system (1% change in the valve's opening 

level) caused an undesired increase in the speed to 160 Hz, the setting from before the modification was 

immediately restored. This incident is easy to locate on the characteristics presented in Fig. 6. It 

corresponds to the peak recorded at 6370 s of the experiment (blue dashed line D). 

 

 

Figure 6. Frequency characteristic of the turbine rotor 

 

Fig. 7 - 9 present turbine characteristics recorded during the experiment with use of sensors that the 

ORC microturbine was equipped with. It is easy to localise all characteristic stages and incidents above-

mentioned. 

 

 

 Figure 7. The generator voltage characteristic 



 

 

 

 

Figure 8. The generator electric current characteristic 

 

 

Figure 9. The generator power characteristic 

 

3 Measurements results  
 

In Fig. 10 the Bragg wavelength changes for the temperature probes and the strain sensor are presented. 

The colours of the curves correspond to the colours of the sensors' positions in Fig. 5. The form of the 

curves is shaped by temperature changes. This confirms the sensitivity of FBG type sensors to 

temperature changes (sensitivity to temperature change is 10-15 times higher than for strain changes). 

This happens regardless of whether it is a temperature probe or an FBG sensor purposed to strain 

measurement. 

 

Analysing characteristics presented in Fig. 10, it is possible to isolate the specific stages and incidents 

which corresponds to ORC microturbine characteristics discussed earlier. In addition, at the end of the 

measurement, around 12500 s, a considerable anomaly can be notice. In the case of temperature probes 

the reduction of the Bragg wavelength occurred, while in the case of the strain sensor, an increase in the 

Bragg wavelength is visible. In case of temperature probes the only reason can be temperature decrease, 

but in case strain sensor the possible cause can be strain or temperature increase. This anomaly in the 

characteristics of FBG sensors, lasting about 160 s and is related to the modification of the turbine 

construction parameters caused by the unscrewing of one of the bolts that compress microturbine casing.  

 

After analysing the sensors mounting it can be assume, that in the case of temperature sensor 

the mentioned variation were caused by its shit as a result of bolt unscrewing. As a result of screw 

rotation, the sensors partially lost contact with the surface of the casing  which was the source of heat. 

However, the behaviour of the FBG strain sensor was influenced by the widening of the gap, 

perpendicular to which it was attached. 



 

 

 

 

Figure 10. The Bragg wavelengths changes recorded during the experiment  

 

In Fig. 11 the measured temperature changes in three selected locations on the tested structure with 

comparison with temperature recorded by sensors built-in the microturbine circulation of cooling 

medium (T1, T2) were presented. The built-in sensors were placed on the inlet (T1) and outlet (T2) of 

the cooling medium. Temperatures recorded by FBG probes are significantly lower, which results from 

the fact that they are mounted on the external surface of the turbine. It should be noted, however, that 

unscrewing the assembly screws of the turbogenerator casing does not change the temperature of the 

medium measured by built-in sensors (T1, T2). 



 

 

 

 

Figure 11. Temperatures measured by FBG probes and sensors installed in the ORC turbine 

 

Analysing temperatures measured by FBG sensors it is clearly visible that the recorded temperatures are 

closely related to the individual stages of the system's operation. It can be seen that the highest 

temperature values were recorded in the casing cavity (curve S#2). In the case of the S#3 curve, some 

fluctuations in the measured temperature can be observed, recorded during the stage characterized by 

stable operation of the turbogenerator (from about 6000 s to 12000 s of measurement). A possible reason 

for this behaviour was the fact that the sensor was not permanently attached to the casing, but only freely 

based on the outer wall of the casing. This could result in variable measurement conditions. 

The mentioned deficiency in the scope of mounting of the temperature probes certainly caused 

unjustified changes of recorded temperatures at the moment of unscrewing one of the casing assembly 

screws. A drop in the measured temperatures of 60ºC was found for the probe S#1 and 30 ºC for the 

probe S#3. Due to the thermal inertia of the generator casing, it seems that it is not possible to occur  

such a sudden and significant decrease of temperature at the analysed measuring points. Also, the probe 

S#2 installed in the gap recorded a temperature decrease. In this case one could expect the opposite 

effect caused by the release of a hot low boiling agent through the unsealed connection of the 

turbogenerator casing elements. After analysing the process of unscrewing the mounting bolt, it can 

certainly be said that its rotation caused loss of contact between the probes and the turbogenerator casing, 

which resulted in false temperature measurements. 

 

 

Figure 12. Strains measured by FBG sensor 

 
In Fig. 12 the strains measured by FBG strain sensor are presented. The shape of the curve is similar to 

the curves representing changes in temperatures measured by probes S#1, S#2 and S#3. This is due to 

the fact that temperature has a significant influence on the behaviour of FBG sensors. However 

a different character of replacements in the part of the graph corresponding to the manipulation in the 

microturbine casing bolt can be notice. In this phase of the experiment sensor B#1 registered an increase 

of the deformations, which could be caused by the opening of the gap or the larger amount of heat 

coming from the hot medium which get out the microturbine through the gap or the mentioned causes 

together. 

 

 

 



 

 

 

3. Conclusions 
 

Based on the conducted tests, it was found that FBG sensors can be successfully applied to measure 

temperature changes on the turbogenerator casing and it is possible to use FBG sensors to monitor the 

turbogenerator casing elements connection state. Obtain results are adequate to the measurements 

obtained with the use of sensors built-in to the analysed turbine.  

 

All recognized stages of turbine run are distinguishable on the courses of FBG temperature probes. It is 

crucial to properly mount the FBG probes. Any changes in the sensor's contact with the surface of the 

analysed element result in distortions in the recorded results. Moreover it is important to specify the 

correct sensor installation location. It should be representative for the behaviour of the analysed object 

or its specific part and at the same time should ensure constant contact conditions and protection against 

damage by external influences.  

 

Due to the promising results the authors wish to continue their work in this area of research in the future 

to overcome all the problems and difficulties encountered during the line of work presented in this paper. 
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