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Abstract 

The innovative energy systems equipped with large volume size connected with a gas turbine present 

critical issues related to the surge risk especially during transient operations. In comparison with 

standard gas turbines, the volume size generates different behaviour during dynamic operations (with 

significant surge risk), especially considering that innovative additional components include 

important dynamic constraints. The main examples of power systems including the effect of an 

additional volume connected with a turbine are: fuel cell based hybrid plants, humid cycles, externally 

fired layouts and innovative systems including high temperature thermal storage devices. The aim of 

the work in this thesis is to cope with the surge instability in fluid dynamic machines through the 

analysis of vibro-acoustic signals generated from the turbine compressor. Investigations based on 

acoustic and vibrational measurements appear to provide an interesting diagnostic and predictive 

solution by adopting a suitable quantifier calculated from microphone and accelerometer signals. For 

this scope, a wide experimental activity was carried out with a test rig composed by a T100 

microturbine connected to a modular vessel. Starting from the stable operation, the instability of surge 

was produced progressively by closing a valve in the main air line while the system was equipped 

with different dynamic probes to measure the vibrations during normal and surge operations. A 

machine dynamical characterization was useful for a better interpretation of signals during its 

transient to the surge. Hence different possible methods of incipient surge identification have been 

developed through the use of different signal processing techniques in time, frequency and angle 

domain. A Vibro-acoustic analysis was carried out to develop precursors which are able to highlight 

the unstable operative zone approaching and to produce control data (e.g. an on/off signal for a bleed 

valve) for surge prevention. Finally, four of surge precursors found were implemented into a new 

diagnostic real-time software. By using the measured data, this innovative tool has proved to be able 

to recognise a surge incipience condition by comparing the precursor values with a set of moving 

thresholds. 
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1 Introduction 

In the last two decades the attention for the environmental protection has been spread widely, 

especially in developed countries [1]. In particular, great efforts have been made to limit the global 

warming, in order to avoid serious consequences for mankind. In this context, the Kyoto Protocol 

represents an important milestone, that entered into force on 16 February 2005. For the first time in 

history, most countries set the common goal of reducing carbon dioxide (CO2) emissions, in order to 

limit global warming. In particular, the recent ratification of “Paris agreement” fixed the limitation 

of the global warming below 1.5 °C, imposing specific targets for each signatory state.  

The challenging targets for the reduction greenhouse gas emissions, set by European Union and other 

international institutions[2][3], led the EU power generation mix to change considerably in favour of 

renewable sources, which have become the fastest growing source of electricity among the member 

countries [4][5].  

Considering this scenario, distributed generation [6][7] based on the installation of small size 

generators close to users is expected to decrease energy losses and to improve fuel energy exploitation 

through cogeneration and trigeneration plants. Non-dispatchable Renewable Energy Sources, e.g. 

wind and solar, are characterized by an extreme hour by hour production variability, due to their 

stochastic and non-programmable nature. A good approach is based on using renewable generation 

plants and dispatching the remaining loads to fossil fuel plants, favouring the highest efficiency (or 

lower marginal cost) devices. Land-based simple-cycle gas turbines are well-known for their 

compactness, flexibility and rapidity of installation, despite the fact that they are affected by relatively 

poor efficiencies due to the high exhaust temperatures. On the other hand, the waste heat can be 

reutilized (cogeneration) while promising micro gas turbines (MGT) cycle innovations [8] are in 

development. They will increase efficiency and open up new fields of application as for the 

distributed generation. For example, mixed gas-steam cycles are able to show good performance and 

competitive costs [9] while hybrid MGT/Solid Oxide Fuel Cell (SOFC) power plants have the 

potential to reach electrical efficiency values above 65% [10][11][12][13]. This kind of innovative 

energy systems employ additional components and volume connected to the micro gas turbine, but 

presents critical issues related to surge due to a delayed response in the pressurization/depressurization 

phases during the transient operations [14]. The work shown in this Thesis is about the development of 

surge precursors and presents a real-time diagnostic tool for surge prevention in the innovative gas 

turbine plants [a][b][c][d].  

1.1 Surge 

1.1.1 Surge description 

Surge is an instability that occurs in dynamic compressors [16][17], it affects flow conditions 

throughout the entire compression system. Pressure and mass flow oscillations and vibrations, due to 

surge can lead to severe damage to the system. Surge instability can also occur in axial and centrifugal 

pumps and blowers, but it is less frequent and the damage is less severe [17]. Another instability that 

occurs in dynamic compressors is stall. It is sometimes confused with surge, but the consequences of 

stall are usually less severe. As the flow through a compressor is reduced, a point is reached where 
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the flow pattern becomes unstable. If the flow oscillates in localized regions around the rotor, the 

instability is called stall: it consists of a boundary layer separation from the compressor blade profile 

generally due to excessive variations in the fluid speed angle of incidence compared to the design 

one. The drop in compressor performance due to stalling will depend on the number of blades affected 

by the phenomenon and, in general, it will be more contained in centrifugal compressors than in axial 

compressors due to the contribution of the centrifugation term. For axial compressors the region of 

unstable forward flow can be extended over just a few blades or up to 180 degrees around the annulus 

in the compressor [16]. In rotating stall, the region of unstable forward flow rotates around the 

annulus. The stall frequency is some fraction of the compressor speed but it does not depend on the 

piping system in which the compressor is installed, while the average flow across the compressor 

annulus, when it stalls, is still positive. Stall can develop into a more global type of instability called 

surge: In surge the average flow across the annulus goes through large amplitude oscillations whose 

frequency depends on both the compressor and piping (so the volume) system. 

Figure 1.1 shows a compressor map for a variable-speed centrifugal compressor. A compressor map 

is the single most important piece of information for describing surge from the plant level point of 

view. A compressor map shows the compressor characteristic curve for different operating 

conditions. Each curve traces the rise in discharge pressure developed by the compressor as the 

suction flow is varied according to a given operating condition (such as speed). 

The X axis is the mass or volumetric flow (or the reduced/referred mass flow rate) at the stated suction 

temperature, pressure, and molecular weight. The Y axis is either the discharge pressure, the ratio of 

discharge pressure to suction pressure β, or it can be the differential pressure rise from suction to 

discharge. The compressor characteristic curves cover the negative sloped region and end where the 

slope approaches zero (A negative slope means the pressure will change in the opposite direction for 

a change in flow, and a zero slope means the pressure will not change at all for a change in flow.). If 

a curve is drawn through the point of zero slope for each characteristic curve, the region to the left of 

this line is where the instabilities of surge and stall occur. In the literature, this line is called either the 

stall line or the surge curve. The characteristic curve to the left of this curve is difficult to obtain, but 

its general shape resembles what shown in Figure 1.1. The negative flow portion of the curve can be 

found by supplying pressurized gas to the compressor discharge to force a steady negative flow, while 

the positive sloped portion of the curve is obtained by smoothly connecting a third-order polynomial 

curve between the negative sloped negative flow and the positive flow portions of the curve [18]. 
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Figure 1.1 Compressor map for a variable-speed centrifugal compressor [17]. 

Surge can be better understood by visualizing a block or throttle valve closing downstream of the 

compressor (see Figure 1.2).  

 

Figure 1.2 Diagram of a simple plant with a valve closing downstream of the compressor [17]. 

As this valve closes, the suction flow decreases, and the operating point moves to the left along a 

characteristic curve. If the compressor speed or the guide vane position does not change, the operating 

point eventually will pass by the point of zero slope on the characteristic curve. Just to the left of this 
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point, which is the intersection of the surge curve with the characteristic curve, the pressure developed 

by the compressor is less than the pressure in the piping between the compressor discharge and the 

closing valve. For this reason, the forward flow through the compressor decreases and eventually 

reverses the direction; in this way the gas flows from the discharge piping back through the 

compressor to the suction piping. The returning back of the flow makes the pressure in the discharge 

piping start to drop. When this pressure is below the pressure developed by the compressor, forward 

flow starts again. If the gas in the discharge piping is still trapped by the closing block or throttle 

valve, the gas pressure builds up and the surge cycle is repeated. Note that the alternating pressure 

build up and decay cycle does not require the flow to actually reverse direction, but only to alternately 

decrease below or increase above the flow rate through the block or throttle valve. Only in severe 

(deep) surges the flow through the compressor actually reverses direction. 

Whether a compressor system is stable or unstable depends on how the operating point reacts to a 

disturbance. If the deviation of the operating point from its initial value grows or continually oscillates 

after a disturbance, the system is unstable. A uniform growing deviation is classified as a static 

instability and an oscillating deviation of growing or constant amplitude is classified as a dynamic 

instability. Surge is a dynamic instability. Dynamic instability is characterized by growing 

oscillations and it can occur if either the discharge plenum volume or the compressor impeller speed 

is large enough to cause a system response parameter B to exceed a minimum value and the slope of 

the compressor characteristic curve is positive. The general criterion, for dynamic instability, is (Eq.1) 

[17][19] based on the Greitzer’s B parameter [20][21] which can be interpreted as a ratio of pressure 

and inertial forces: 
 

𝐵 > 𝐵𝑚 ;  𝑆𝑐 > 0;  𝐵 =
𝑈√

V𝑝

𝐴𝑐𝐿𝑐

2𝑎
 

 

(1) 

 B = system dynamic response parameter (dimensionless) 
Sc = slope of the compressor characteristic curve  

Bm = minimum B for dynamic instability (typically 0.1 to 1.0) 
a = speed of sound in the gas (m/s) 

Ac= cross-sectional area of flow path in compressor (m2) 
Lc= length of flow path in compressor (m) 

N = compressor impeller tangential speed (m/s) 
Vp = volume of the plenum (m3) 

 

 

Considering the system in Figure 1.2 as example, the plenum is any enclosed volume of gas. In a 

compressor installation, the plenum may be a vessel or distribution header between the compressor 

and the block or throttle valve (or turbine). If the valve is installed directly at the end of a section of 

the pipe or the duct connected to the compressor discharge, the volume of this section can be used as 

an equivalent plenum. 

The compressor flow path length and area are small enough and the plenum volume is large enough 

in most industrial installations to satisfy the criterion for dynamic instability: when the operating point 

crosses over from the negative to the positive sloped portion of the compressor characteristic curve. 

However, the oscillation amplitude stops growing due to the nonidealities and nonlinearities of 

compression in industrial applications. The resulting constant amplitude oscillation is called a limit 

cycle. Surge is a dynamic instability that develops into a limit cycle. Stall is not a dynamic instability 

because the amplitude of the oscillations decreases (decays) with time. Thus the minimum B value 

(typically 0.1 to 1.0) is the boundary line between surge and stall. Surge occurs when B is above the 

minimum B, and stall occurs when B is below the minimum B [17]. Also, the severity of surge is 

proportional to the magnitude of B. Note that this minimum B parameter depends on the compressor 
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design, speed and the system dimensions even if some efforts was made to normalize the shape of the 

compressor characteristic to bring about a universal value of the minimum B[22]. Surge happens 

when an unstable the operating point reacts to a disturbance. While in centrifugal compressor the 

rotating stall is weaker and not always stalling behaviour appears to initiate surge [21], in an axial 

compressor, it is the collapse of the pressure rise associated with the onset of rotating stall which 

provides the driving force for the flow oscillations associated with surge: in an engine-type 

compressor, surge is not only preceded by stall but also caused by it [22]. Moore and Greitzer 

presented a unified view of stall and surge in multistage axial compressors [20][23]. Based on 

theoretical work of the 1980s, during the nineties, special efforts have been made in order to obtain a 

stall (and so surge) active control for automotive and aeroengine gas turbines. In spite of reported 

successes, work on active control died out in the UK after the Viper engine experiments by Freeman 

[24]. Improvement in efficiency obtained by active controls was at the expense of a considerably 

more complex control system. 

Nowadays, an innovative approach to the surge issue is being investigated: it is based on vibro-

acoustic signals emitted by the compressor. The aim is to diagnose in advance and therefore to prevent 

instability phenomena of compression systems by directly exploiting information contained in vibro 

acoustic signals [25]. At the University of Ferrara [26] some accelerometers and microphones were 

applied on a small compressor with six axial stages and one centrifugal stage and vibroacoustic 

measurements, allowed the identification of incoming stall, demonstrating the usefulness of vibration 

measurements in the detection and analysis of incoming flow instabilities: as also indicated by Bently 

[27]. One of the most important field to be investigated in vibro-acoustic signals is the sub-

synchronous range of frequencies below the compressor rotational speed. At the University of Athens 

[28] experimental studies were performed on turbocharger compressors to find out whether vibration 

or acoustic measurements can be correlated to an unstable operating condition (stall or surge). An 

increase in low frequency energy content (below rotational frequency) was observed as the operating 

point is moving from the stable into the unstable operation regime. The most sensitive to changes of 

operational conditions was found to be the microphone facing the compressor from the inlet side. For 

this reason, they suggested as stall and surge precursor RMS value of acoustic signals, filtered in the 

sub synchronous part of the spectrum. In [29] FFT algorithm and cyclostationary analysis technique 

[30][31] were used for detecting stall and surge by means of vibrational and acoustic signals from the 

same compressor in [26] equipped with an without a bigger discharge volume. The accelerometer 

signal taken into consideration was that in axial direction, since both surge and stall seems be able to 

affect the axial vibration, while the microphone was placed at the intake duct. Also in this document 

FFT revealed a clear amplitude increase in the low frequency region but the authors investigated also 

the higher frequency range around the vane passing frequency and the blade pass frequency 

components. These later seem decrease due to the compressor instability, but the blade pass frequency 

component becomes modulated with the rotating stall and the surge cyclic frequency.  

The work presented in this thesis aims to be a continuation in the research of surge precursors from 

vibro-acoustic signals emitted by the compressor of a turbine. An experimental campaign was carried 

on to acquire signals during some transients from a stable condition to the surge, from these signals 

some possible instability precursors were found and used in a real time software for the surge 

diagnosis. 
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1.1.2 Surge risk in the new GT advanced cycles 

The global increase in energy demand and concerns regarding environmental conservation 

has led to the significant research in efficient power generation technologies[32][33][34][35]. 

However, remarkable efficiency increase is hard to achieve through further optimization of simple 

gas turbine cycle, since the existing technology is now close to its maximum improvement[36]. For 

this reason, advanced cycles based on the additional components can play a significant role to achieve 

the target of more efficient power generation[32]. Although these modified layouts are limited by 

cost and geometric constraints [37], different advanced cycles have reached the commercial level in 

specific fields [38]. A typical example includes the recuperated microturbine cycles which have 

acceptable efficiency in small size units [39]. Moreover, the significant research activities on 

concentrated solar power[40], micro Humid Air Turbine (micro-HAT) systems[41][42], and fuel cell 

based hybrid plants [10] have shown a significant potential interest for gas turbines connected with 

additional components. An important aspect to be considered when additional components are 

included in the turbine cycle is the increased volume size in the zone located between the compressor 

outlet duct and the expander inlet. Although in some cases (e.g. recuperated cycle) the additional 

volume is just related to the additional ducts, several advanced configurations (e.g. the mentioned 

hybrid systems) involve the additional volume which is more than two or three order of magnitudes 

larger than the standard machine one [11]. Even if the additional volume has not a significant impact 

on the steady-state performance, delayed response in the pressurization/depressurization phases 

during the transient operations results in a completely different behaviour. This aspect is critical for 

the plant constraints and control system. Thus, in order to consider this transient effect, standard 

controllers developed by the turbine manufacturers require complete re-designing. For instance, the 

standard shutdown phase has to be modified: implementing actions (on the fuel system or on the 

generator) to reduce the rotational speed decay and, hence, to avoid the surge conditions which are 

caused by the slow depressurization rate (in comparison with the standard machine behaviour)[12]. 

Among different kinds of risks which can be produced by the additional volume during 

transient operations, surge event is the most dangerous one both for the turbine and the connected 

components. For this reason, special attention is devoted to develop the control techniques which are 

able to prevent such critical phenomenon [13]. Since compressor maps (when available) are not 

reliable to prevent surge [43] during all the operative conditions (e.g. in case of component 

degradation [44]), the definition of surge measurable precursors is mandatory for a wide 

commercialization of such advanced turbine-based plants [a][b][c]. 

In the work presented in this thesis, the development of a new diagnostic tool for the surge incipience 

condition [d] is presented. The tool is based on some surge measurable precursors obtained from the 

analysis of vibro-acoustic signals. They were acquired during an experimental campaign on a test rig 

composed of a T100 microturbine connected with a modular vessel, which permits to emulate the 

presence of different kinds of additional components (especially from the volume size point of view). 

1.1.3 Gas turbines with large volume components 

Since in the advanced gas turbine layouts additional components are included between the 

compressor outlet and the expander inlet, this results in a significant volume increase. This aspect is 

shown in Figure 1.3, where the components responsible for the significant volume increase are 

underlined. Although different layouts were proposed [45], these four systems could represent the 

main advanced cycles which significantly affect the gas turbine volume. Additional volume is also 
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included for the recuperated and intercooled gas turbine cycles, but its size is not large enough to 

produce significant change in the dynamic behaviour. 

 

 

Figure 1.3 Main gas turbine advanced layouts [b]. 

Layout A in Figure 1.3 shows a general scheme for the externally fired gas turbines [46]. 

Although additional components can also be included, this scheme shows that the pressurized ducts 

of the furnace are responsible for the volume increase. However, in this case the volume increase 

could be similar to the one related to the recuperated or intercooled gas turbines. So, risks associated 

with this component during the dynamic operation can depend on the component geometry. 

Layout B in Figure 1.3 is reported as a general scheme of a Concentrated Solar Power (CSP) 

hybrid gas turbine system: CSP components are included between the compressor and the turbine 

[47]. Hybrid configuration can be considered to compensate the variability of solar input. However, 

in this case, the solar receiver components are significantly increasing the volume of gas turbine 

system, depending on the selected technology and the number of components. Although Figure 1.3 

shows three modules, different configurations are possible with further modules including also heat 

exchangers (e.g. a recuperator). 

Layout C in Figure 1.3 shows a Humid Air Turbine (HAT) power plant including an 

intercooler, after-cooler and a recuperator (further components such as economizer for water pre-

heating can also be installed increasing the plant complexity) [41]. Even if these components include 

an additional volume, the device which is responsible for the largest volume increase is the saturator 

[41]. This large vessel, which is essential for improving the performance, is responsible for dynamic 

behaviour unlike the standard cycle, and thus producing significant surge risks during the transient 

operations. 

The plant type that includes the highest additional volume is the fuel cell based hybrid system 

[48]. Although layout D in Figure 1.3 shows a hybrid system based on a tubular Solid Oxide Fuel 

Cell (SOFC), where the air flow is pre-heated with a recuperator and the fuel system is based on an 

anodic ejector, different configurations are possible depending on the cell type and economic 

feasibility of the plant [49]. For this reason, plants with further recirculation or different components 

are possible (e.g. cathodic recirculation instead of the recuperator). However, in all such cases, the 
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large additional volume (mainly related to the fuel cell stack) is producing a different dynamic 

behaviour (including significant surge risk), in comparison with the standard turbines. 

Another important notation needs to be included for gas turbines equipped with large volume systems 

to store the thermodynamic energy. In case of energy storage systems based on the compressed air 

[50] or high temperature materials (e.g. honeycomb ceramics [51], thermo-chemical reactors [52], 

etc.) a significant additional volume is included. In case of large vessels (e.g. thermal storage to 

compensate the variability of solar energy) the dynamic behaviour differs significantly from a 

standard machine. Due to the higher risk of surge, detection/prevention techniques have to be 

designed and implemented into the plant control system. For these reasons, the research presented in 

this thesis aims to find a new surge diagnostic methodology based on vibro-acoustic signals and some 

quantifiers which can predict the surge before its starting. 

1.2 Theoretical basis about turbine rotor vibrations 

Since the research work of this thesis will show the role of vibro-acoustic precursors of the surge, it 

is necessary to introduce the concepts of vibration modes and critical speeds of a rotor. They are 

useful to study turbine rotor vibrational behaviour in stable (safe) and unstable operational condition 

to be able then to better distinguish surge contributes in the machine response.  

1.2.1 Vibrational modes 

Every physical object or structure has its own vibrational modes or normal modes that depend on the 

structure itself, its materials and boundary conditions. A mode is a combination of a deformed shape, 

in which the structure will exchange kinetic-energy and strain-energy continuously, and the natural 

frequency at which the mode shape occurs. This fixed frequency of a system is named natural 

frequency or resonant frequency. A mode has a shape, not a displacement: this means that the 

magnitude of the mode shape is arbitrary. If only one mode is present all parts/points of the structure 

move sinusoidally following a pattern with the same frequency and with a fixed phase relation. In the 

mode shape there can be some points or lines where the mode shape is zero, they are called nodes or 

nodal lines: Since the vibration of a system is given by the mode shape multiplied by a time function, 

the displacement of the node points and lines remain zero at all times. 

While the moving, the structure passes from an un-deformed state to a maximum deformed state: In 

the un-deformed state, the velocity at every point will be at its maximum. At this time, the kinetic 

energy is at its peak and the strain energy is zero. At the maximum deformed state, the instantaneous 

velocity is zero. The kinetic energy at this point is zero while the strain energy is at a maximum. If a 

structure is deformed into any of its mode shapes and then released, it oscillates continuously from 

the initial shape to the negative of the initial shape and back again, and at the natural frequency of the 

mode in question. The most general motion of a structure is a superposition of its normal modes: if it 

is deformed into any linear combination of mode shapes and released, each mode is present in the 

resulting deformation over time. Furthermore, each mode oscillates at its own natural frequency. For 

a not damped structure, after the first deformation, no external load is needed to keep the oscillation 

going at constant amplitude. The modes are also named normal modes in the sense that they can move 

independently, i.e. an excitation of one mode will never cause motion of a different mode. In 

mathematical terms, normal modes are orthogonal to each other. A load applied at the natural 

frequency of any mode would cause additional motion for that mode, increasing the vibrational 
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amplitude of its oscillation. All the energy available from the load is absorbed into the structure. If 

there is no damping, the oscillation grows to infinity, or rather until failure. With damping, the 

oscillation grows to the point where the damping removes exactly the same amount of energy from 

the system as the amount of energy being added by the excitation load. This can lead to failure due 

to the relatively large oscillations that can result from a relatively small excitation force. 

1.2.2 Rotor vibrational response during operations  

All three main modes of rotor-vibrations — lateral, torsional, and axial modes — may be present 

during rotor operation [53][54]. Among these modes, the lateral modes of the rotor are of the greatest 

concern. 

There is a long list of factors which contribute to the energy transfer from rotation to vibrations. The 

first and best known among them is rotor unbalance. When the rotor mass centreline does not coincide 

with its rotational axis, then mass unbalanced inertia-related rotating forces occur. They rotate 

together with the rotor and are oriented perpendicularly to the rotational axis. The rotor unbalance 

acts, therefore, in the lateral vibration mode, like an external exciting centrifugal force. As a result, 

the rotor responds with lateral vibrations with frequency, synchronous to rotational speed. Since rotor 

unbalance is an almost inevitable element of the rotor system, it is important to assure that during 

operating conditions unbalance-related synchronous vibration amplitudes are acceptable, and that 

during starts-ups and shutdowns a high-speed turbomachine should be able to smoothly pass several 

lateral balance resonance speeds (‘‘critical speeds’’).  

The American Petroleum Institute (API)[55], defines critical speeds and resonances as follows: 

Critical Speed – A shaft rotational speed that corresponds to the peak of a noncritically damped 

(amplification factor > 2.5) rotor system resonance frequency. The frequency location of the critical 

speed is defined as the frequency of the peak vibration response as defined by a Bodé plot (for 

unbalance excitation).  

Resonance – The manner in which a rotor vibrates when the frequency of a harmonic (periodic) 

forcing function coincides with a natural frequency of the rotor system. It is important to consider 

that, in rotor-dynamics, the natural frequencies of the modes are not constant but a function of the 

speed the rotor is spinning at.  

The frequency of the response vibrations to an exciting force corresponds to the frequency of this 

force (linear behaviour): e.g. the frequency of the rotor lateral vibrations due to unbalance will be the 

same as the rotational speed. In industry, the frequency of vibrations is usually related as ratios of the 

rotational speed; thus, the unbalance-related synchronous lateral vibrations are referred to as (1X) 

vibrations. 

In Figure 1.4 a damped natural frequency versus speed plot (Campbell Diagram) is drawn for 

reference. Note that a line corresponding to 1X synchronous speed has been added to the damped 

natural frequency plot for reference (green dashed lines). As in the definition, critical speeds occur at 

the peak response speed when a system natural frequency is excited by the shaft unbalance. As with 

any resonance, very large amplitudes are possible, and are controlled only by the system damping. 

Not all the natural frequencies can be excited by the unbalance. For example backward modes (dashed 

blue lines) in the rotor-bearing system of Figure 1.4 are not excited when there are the intersections 

shown in the Campbell diagram between the synchronous (1X) line and backward modes. 
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Figure 1.4 Campbell diagram and comparison between natural frequencies and critical speeds 
[54] 

Since rotor unbalance is not the only force that would excite rotor vibrations, the other periodic force-

excited vibrations of rotors (for example, blade-passing frequency periodic excitations) must be 

recognized and kept under control. 
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Figure 1.5 shows Input/output relationship for different kind of forces on a rotor. The frequency of 

the response vibrations to an exciting force corresponds to the frequency of this force (linear 

behaviour). 

 

Figure 1.5 Input/output relationship for different kind of forces on a rotor 

If the rotor system is nonlinear, which is usually the case to a certain degree, then, in the system, more 

frequency components can be generated in response to an exciting force of a single frequency. The 

corresponding frequencies usually represent multiples of the excitation frequency. A nonlinear rotor 

synchronous (1X) response to unbalance will then be accompanied by higher harmonic components 

(2X, 3X, …). Additionally, often a single-frequency force can excite rotor responses with fractional 

frequencies, such as 1/2X, 1/3X, ...These responses are also accompanied by their corresponding 

higher harmonic components. Excitations of nonlinear systems by several forces, with different 
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frequencies, usually results in responses with frequency bands of fractional/multiple sums and 

differences. 

Parallel to excited vibrations described above, there is the second category of vibrations in mechanical 

systems, called ‘‘free vibrations’’ or ‘‘transient vibrations’’, which occurs when the system is excited 

by a short-lasting impact, causing instantaneous changes in the system acceleration, velocity, and/or 

position. The system responds to the impact with free vibrations, with ‘‘natural’’ frequencies, 

characteristic for the system. 

There exists also a third category of vibrations in physical systems, known as self-excited vibrations. 

These vibrations are steady, usually with constant amplitude, phase, and frequency. They are 

sustained by a constant source of energy, which may be external, or is a part of the system. In this 

type of vibrations, through the feedback mechanism, the constant energy is ‘‘portioned’’ by the 

oscillatory motion. The frequency of self-excited vibrations is close to one of the system natural 

frequencies. 

1.3 Structure of the thesis 

This thesis is articulated following the following scheme: 

 Chapter 2: Description of the T100 test rig with its modular volume and of the experimental 

activity: effect of the bleed valve and data acquisition from system transients from a stable 

condition to instability of surge. 

 Chapter 3: Turbine T100 Vibro-acoustic signature characterization and acquired signals 

analysis with the aim to find surge precursors. 

 Chapter 4: Application of four precursors found to an innovative real time surge diagnostic 

tool, tuning and testing of the software and description of an its possible improvement using 

a machine learning algorithm. 

 Conclusions 
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2 Test rig and experimental campaign 

2.1 Test Rig (microturbine T100) 

The experimental test rig used in this work is based on a modified commercial recuperated 

microturbine (Turbec T100) connected with external vessels [11] (located between the recuperator 

outlet and the combustor inlet as shown in Figure 2.1). The turbine is able to produce 100 kW 

electrical power (in grid-connected operations) in nominal conditions with 30% (±1%) electrical 

efficiency (nominal rotational speed is 70000 rpm). To simulate different kinds of microturbine-based 

plant three different volume configurations have been considered and tested: 4.1 m3, 2.3 m3 and 0.3 

m3. Although in this thesis the vessels are used to perform tests for a general application to all the 

innovative turbine based systems, the test rig was designed for emulations of fuel cell based hybrid 

systems [11][12]. For this reason, a modular vessel was installed to represent the cathodic side of a 

fuel cell and a second tank was included for the anodic side (with a recirculation system based on a 

single stage ejector) [11].  

 

Figure 2.1 Test rig layout [a] 

 

The modular vessel is based on two collectors connected with four module pipes (Figure 2.2). 

These collectors and modules are 0.35 m diameter pipes for a total length of 34 m approximately. 

The second vessel (the anodic one in the "fuel cell emulator") is a fifth 0.35 m diameter module. The 

rig is equipped with connection pipes including control valves for flow management. The total 

volume related to the vessels and these connection pipes (additional to the standard T100 layout) is 

about 4.1 m3. Figure 2.2 shows a general test rig picture and how the three module pipes can be 

disconnected (the large arrows on the part a of the figure) to reduce the volume size connected to the 
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microturbine. In addition to the 4.1 m3, other two configurations were tested: the 2.3 m3, which can 

refer to a plant with a high temperature storage device and the 0.3 m3, result from a direct connection 

between recuperator and turbine, which stands for a system with a small volume additional 

component (e.g. an additional heat exchanger). 

 

Figure 2.2 [a] Test rig general picture (a) and removal of three module pipes in the modular 
vessel (b). 

The test rig is also equipped with a check valve downstream of the compressor outlet and with 

the following main control valves: to manage the connection with the modular vessel (VM, and VO) 

and to discharge a part of the air flow through bleed operations (VBE is an on/off emergency valve). 

The test rig is operated through a data acquisition and control system developed in LabVIEWTM 

environment. Figure 2.1 shows just the location of the probes used. The control system includes the 

data operations on all the probes installed to measure mass flow rate, pressure and temperature in the 

ducts [57][58]. 

To ensure safe turbine operation, the original gas turbine control system was maintained without 

modifications. During load changes, it operates on the fuel flow to maintain constant the Turbine 

Outlet Temperature (TOT) value at 918.15 K. The control software developed in LabVIEWTM was 

also equipped with an interface to obtain all the values measured by the turbine system for 

performance evaluation. In these experimental tests, acquisition time step was reduced from the usual 

1 s to 0.1 s for all the probes able to operate with this requirement. Since the ambient temperature is 

very significant for gas turbine operations, an additional system was installed to control the 

compressor inlet temperature (TC1 in Figure 2.1). It is composed of three air/water heat exchangers 

located in the compressor intake ducts (shown with the ‘‘Ex’’ device in Figure 2.1) used for TC1 

control operations through water flow operated in open circuit or cooled by an absorption chiller [6]. 

Due to the microturbine modifications and the volume temperature and pressure losses, the 

maximum load operating conditions are different from the T100 nominal values (e.g. the microturbine 

is not able to reach 100 kW net power). So, the system is able to operate at 73.5 kW maximum net 

power at 300 K compressor inlet temperature with 68300 rpm rotational speed (Turbine Outlet 

Temperature: 918.15 K). In this case, the recuperator outlet pressure (PRC1) was measured equal to 

4.1 bar, the recuperator outlet temperature was 875 K, the air mass flow rate (MR) was equal to 0.77 

kg/s, the fuel mass flow rate was 7.8 g/s and the losses between recuperator and combustor inlet vanes 

were 142 mbar and 99 K for pressure and temperature respectively. 

Vibration and acoustic measurements were conducted using a Siemens Scadas mobile data 

acquisition system (Figure 2.3), which allows to acquire 16 different channels with frequencies up to 
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204.8 kHz sampling rate per channel, at the same time. Structural measurements were performed 

using mono and tri-axials accelerometers located on the compressor side of the microturbine on the 

electric generator case. Sensor dynamic characteristics allowed to investigate frequency signals up to 

10 kHz. Two micro accelerometers were used in order to extend vibration investigation to the higher 

frequencies, in the range of blade pass frequency (bpf) phenomena. The first, placed in radial position 

on the compressor casing had a resonance frequency higher than 55 kHz, the second, axially oriented 

had frequency of 80 kHz. Acoustic measurements were carried out with a pre-polarized Gras 

microphone with range between 2 and 50 kHz of dynamic response. In Appendix B the main sensor 

characteristics and accuracy are reported (see also[57][58]). 

Figure 2.3 shows the probe placements characterized by a tri-axial sensor (1) with x, y, z axes 

oriented in the microturbine axial, tangential and radial direction, respectively. Radial (3) and axial 

(4) oriented microphones equipped with ellipsoidal windscreen were assembled at the compressor 

inlet section in order to capture acoustic noise. A mono axial accelerometer (2) with higher amplitude 

range was used to detect axial vibration signal even during the surge when other accelerometers might 

saturate. An additional tachometer signal was obtained by a coil wrapped around an output three 

phase generator wire and was recorded simultaneously with the other vibro-acoustic signals (see also 

Figure B. 1 in Appendix B). 

 

Figure 2.3 [a] Vibration and acoustic sensor placement on the microturbine: (A) internal vane in 
the T100 case, (B) instrumentation installed on the electrical generator, (C) acquisition system 

for vibration and acoustic data. 

 

2.2 Surge experimental tests and Acquisitions  

Three different kinds of experimental tests were carried out with the following different additional 

volume sizes: 4.1 m3 with the entire vessels, 2.3 m3 obtained by removing three module pipes (as 

shown in Figure 2.2) and 0.3 m3 obtained by closing all the connection lines between the turbine and 

the vessels. During each test, the volume size effect was analyzed with two different operations 

(Figure 2.1): a VBE step closing (from 100% to 0% because it is an on/off valve) and the closing of 

a valve located in the main air path (VO for the tests operated with 4.1 m3 and the 2.3 m3 additional 

volume and VM for the 0.3 m3 case). Due to the importance of ambient temperature on turbine 
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performance, in all cases the TC1 temperature was maintained at 300 K (±0.1 K) by an open circuit 

water flow. 

These two operations were carried out to analyze the different volume effects during transient 

operations. Since the load change is managed slowly (about 100 s for a 10 kW step) by the standard 

turbine control system, no specific transient effect (due to volume size) is present. So, operations on 

valves are necessary for this transient analysis purpose. Due to the importance of surge prevention 

during operations with innovative plants including large volume devices, the tests were carried out 

focusing attention on surge risks and precursors. For this reason, the VBE step was carried out to 

show surge risk increase due to volume increase. The analysis was completed generating real surge 

conditions (closing a valve located in the main air path) to define possible surge precursors to be 

collected by standard probes for control system operations.  

2.2.1 VBE step tests 

VBE step tests were carried out to show the different transient responses due to the T100 coupled 

with different additional volume sizes. All the three tests were started from steady-state condition 

with the microturbine producing 40 kW electrical load and 0.06 kg/s discharged mass flow rate 

through the VBE valve. This initial condition was selected considering the following purposes: 

significant off-design condition (usually these advanced systems need to be very flexible in terms of 

part-load operations), initial condition with a large margin from surge, avoidance of too low load 

values where the machine control system reduces the Turbine Outlet Temperature (TOT) set-point to 

decrease surge risk, and a feasible initial condition with the plant equipment (e.g. the VBE size). The 

values of the main properties related to these initial steady-state conditions ("ic" subscript) are 

reported in Table 2-1 for the different volume sizes.  

Table 2-1 Initial condition values (subscript "ic") for the VBE step test 

 4.1 m3 2.3 m3 0.3 m3 

PRC1 [bar] 3.40 3.42 3.27 

N [rpm] 62805 62926 61637 

Air mass flow rate [kg/s] 0.593 0.594 0.534 

Pressure loss [mbar] 178 180 116 

TOT [K] 918.15 918.15 918.15 

Net power [kW] 40.0 40.0 40.0 

Kp [-] 1.19 1.18 1.11 

 

As shown in Figure 2.4, at time zero the VBE was closed with a step (it is an on/off valve). This 

operation was able to generate a pressure peak (PRC1 in Figure 2.4) showing the transient response 

of the system. This VBE closing step was selected (instead of a load step) to analyze the machine 

different transient responses with the different volume sizes. No load changes were analyzed because 

the T100 transient response is mainly driven by the control system. Since (in case of load changes) it 

operates slowly (about 100 s for 10 kW steps) the volume size transient effect is smoothed. 
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Figure 2.4 [a] VBE closing step: recuperator inlet pressure (A) and rotational speed (B) 

The steady-state pressure values obtained before the VBE closing steps are: 3.40 bar, 3.42 bar, 

3.27 bar with 4.1 m3, 2.3 m3, 0.3 m3, respectively. No significant difference is obtained between the 

4.1 m3 and the 2.3 m3 cases, because the removal of the three module pipes (shown in Figure 2.1) is 

not generating a significant pressure loss increase (2 mbar over 178 mbar). However, for the 0.3 m3 

test Table 2-1 shows a lower PRC1 value at the initial steady-state condition. This effect is due to the 

decrease in rotational speed (to obtain the same generated power) that is mainly related to the decrease 

in pressure loss (significant removal of the vessel additional pipes). Moving from the maximum to 

the minimum additional volume size, Figure 2.4 shows different peak time values: 10.1 s for 4.1 m3, 

7.8 s for 2.3 m3 and 2.3 s for 0.3 m3. While the PRC1 transient trends are significantly driven by the 

rotational speed trends (Figure 2.4 - part B), the volume size effect is shown by the pressure peak 

delays (about 7 s, 2 s and 0.7 s for 4.1 m3, 2.3 m3, 0.3 m3, respectively) from the related rotational 

speed peak. 

Figure 2.5 shows the direct consequence of the rotational speed: the air mass flow rate (measured 

with two different probes due to two different layouts) and the global pressure drop between the 

recuperator outlet and the combustor inlet. Both properties are mainly following the rotational speed 

trend, even if few differences in the peak time locations are present due to the pressure-rotational 

speed link in compressor performance maps.  
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Figure 2.5 [a] VBE closing step: combustor inlet mass flow rate (A) and pressure losses between 
the recuperator and the combustor inlet ducts (B) 

The delay effect related to the volume size is shown also by the TOT that is maintained constant 

by the turbine controller. However, limited oscillations are present showing significant delay increase 

(Figure 2.6 - part A) with the volume increase. This effect is also significant in the trend of the net 

electrical power (Figure 2.6 - part B) produced by the microturbine. While the controller was able to 

recover the 40 kW condition, a significant oscillation was generated in all cases. After the bleed valve 

closing step and about 1 s dead time, the power increased due to the suddenly mass flow rate increase. 

Then, an oscillation was generated due the control system response that managed the fuel valves. 
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Figure 2.6 [a] VBE closing step: TOT (A) and net electrical power (B). 

These tests are also represented on the compressor map (Figure 2.7). While the trend is almost 

linear for the 0.3 m3 test, the volume increase generates a sort of "hook" path that is more evident 

with the largest volume size. So, a significant surge margin decrease during this transient operation 

is shown by Figure 2.7 and Figure 2.8 (where β=pressure ratio, m=mass flow rate, sl=surge line). This 

effect is significantly amplified by the volume size (the highest surge margin decrease during the 

transient operation is related to the 4.1 m3 case).  In detail, Figure 2.8 shows that large volume layouts, 

even operating with high surge margin condition in steady-state mode, could be critical in case of 

more intensive similar operations. This aspect needs to be carefully taken into account by the control 

system for the real reference plant. 

 

Figure 2.7 [a] VBE closing step: transient operation on the compressor map (each compressor 
curve is plotted for the same N/N0 value) 
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Figure 2.8 [a] VBE closing step: surge margin 

2.2.2 Surge tests: main line valve closing 

A second series of tests has been carried out with all the three different volume sizes aiming to 

investigate the transient to a surge condition. Also in this case, the microturbine was operated in grid-

connected mode with the variable speed control system (the TOT value is maintained constant at its 

set-point (918.15 K) up to the surge events changing the fuel mass flow rate). While in the VBE step 

tests Figure 2.8 shows an increased surge risk in transient mode (due to large volume operations), 

these new tests reach real surge operations. They were carried out to generate surge conditions closing 

a valve located in the air path (between the recuperator outlet and the combustor inlet). This operation 

generated a significant increase in pressure loss and, as a consequence, in PRC1, leading the system 

to the surge zone. The values of the main properties related to the surge limit (last stable measured 

points) are reported in Table 2-2 for the different volume sizes ("ref" subscript). 

Table 2-2 Last stable measured values (subscript "ref") for the main line valve closing test 

 4.1 m3 2.3 m3 0.3 m3 

Pressure loss [mbar] 611 520 457 

N [rpm] 62021 64426 63681 

Net power [kW] 20.0 35.2 39.1 

Air mass flow rate [kg/s] 0.517 0.547 0.533 

PRC1 [bar] 3.50 3.73 3.66 

TOT [K] 918.15 918.15 918.15 

Kp [-] 1.00 1.00 1.00 

 

Figure 2.9 (part A) shows the pressure loss (between recuperator and combustor chamber inlet 

ducts) that was increased by the main valve gradual closing operation. Then, the effect of the surge 

events (happening at time zero for all cases) is shown by the pressure drop oscillations. 
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Figure 2.9 [a] Main line valve closing: pressure losses between the recuperator and the 
combustor inlet ducts (A), surge approaching on the compressor map (each compressor curve is 

plotted for the same N/N0 value) (B) and rotational speed (C) 

Table 2-2 shows a significant difference between the pressure loss values necessary to reach the 

surge line. This is due to the different paths (shown on the compressor map by Figure 2.9 - part B) 

that were followed by the operating points to reach surge conditions. To better discuss this aspect, 

Figure 2.9 (part B) shows a comparison between the different volume cases. Even if the 4.1 m3 and 

the 2.3 m3 cases were very similar at steady-state conditions (see Table 2-2), the differences related 

to transient operations were responsible of significant differences for the last stable point values: 

while in the 4.1 m3 test a 611 mbar pressure drop was necessary to reach the surge line because the 

rotational speed was decreasing (Figure 2.9 - part C), in the 2.3 m3 test the rotational speed increase 

moved the system directly to surge with a direct path. For this reason, the pressure loss necessary to 

reach the last stable point was significantly lower (520 mbar). The path related to the 0.3 m3 case was 

an intermediate behavior between the other volume size tests (the rotational speed was almost 

constant approaching the surge line). So, no high increase in pressure drop was necessary: the last 
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stable value was 457 mbar. In comparison with the 2.3 m3 test case, this pressure drop is lower for 

the lower value of the rotational speed. 

Figure 2.10 presents the net electrical power produced by the turbine (negative values represent 

electrical power absorbed by the grid for the auxiliary components). Due to critical thresholds in the 

electrical power conditioning system (constraints on the direct current bar voltage implemented in 

the Turbec standard control system), it was not possible to maintain the 40 kW load in all cases. 

Especially during the 4.1 m3 test, the VO valve closing produced a significant power decay down to 

20 kW. Even if all the three tests were started with the microturbine load set-point at 40 kW, it was 

not possible to produce the three surge events (with the three different volume sizes) at the same 

initial condition. However, these experimental results are significant to show the volume size effect 

during transient operations and to find surge precursors for control system application (in agreement 

with the purpose of this thesis). 

 

Figure 2.10 [a] Main line valve closing: net electrical power 

From the transient point of view, Figure 2.10 is able to show oscillations due to surge event in 

case of low frequency phenomena (constraint of the electrical power sensor installed in the 

commercial T100 turbine). For this reason, while in the 4.1 m3 and in the 2.3 m3 cases power 

oscillations are visible, the oscillations related to the 0.3 m3 test are completely smoothed. 

The transient effects of surge events can be better discussed considering the combustor inlet mass 

flow rate (Figure 2.11 - part A) and the recuperator inlet pressure (PRC1) at the cold side inlet (Figure 

2.11 - part B). Both properties are able to highlight the volume effect in terms of oscillation frequency 

(from 0.4 Hz with 4.1 m3 additional volume to 1.3 Hz for the 0.3 m3 case). Due to the high rotational 

speed and large volume values, in this case, it is not possible to calculate these frequency values with 

the Helmholtz equation [20]. Since a comparison with the theoretical frequency values (as shown in 

[59]) is not possible, the experimental measurements have a further relevant significance. Moreover, 

the effect of the additional volume size is also visible in the PRC1 values after the oscillations due to 

surge conditions. With higher volume size pressure tends to remain high for more time.  
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Figure 2.11 [a] Main line valve closing: combustor inlet mass flow rate (A) and recuperator inlet 
pressure (B) 

Figure 2.12 shows the TOT values during these surge events. The mass flow rate behavior (it is 

reduced to zero for few fractions of second during surge) generated a significant (and dangerous) 

TOT peak. For this reason, the T100 control system operated the machine shutdown, as shown by the 

fast rotational speed decrease happening 6-9 s after the surge events. A smoothed delay effect due to 

the volume size is also visible in the TOT curves (Figure 2.12). 

 

Figure 2.12 [a] Main line valve closing: TOT. 

The representation of tested surge events is completed with the operating lines plotted (Figure 

2.13) on the compressor map (measured by the T100 manufacturer). No negative mass flow values 

are present due to the check valve installed downstream of the compressor (Figure 2.1). 
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Figure 2.13 [a] Main line valve closing: surge events on the compressor map (each compressor 
curve is plotted for the same N/N0 value). 

 The most significant results shown by Figure 2.13 are the starting points of the surge events. 

These are the last stable operating points before the surge events obtained by closing the valve in the 

air main line. They tend to be on the surge limit curve for all the cases without any specific volume 

size effect. Since in Figure 2.13 the paths are not completely clear because the curves are 

superimposed or crossed for several times, Figure 2.14 completes the description of the surge events 

showing the compressor surge margin. The calculation of this parameter is based on the equation in 

Figure 2.8. As discussed for PRC1 and air mass flow rate, also the surge margin plots are able to show 

the volume size effect. 

 

Figure 2.14 [a] Main line valve closing: surge margin 

These surge tests were considered to evaluate how vibration structural response and acoustic 

(operating noise radiated by the machinery) aspects could be used to detect the inception of the surge. 

During the main line closing tests already presented in Figure 2.9 - Figure 2.14, the compressor 

operating condition was changed from a stable working point to the surge. Valves were closed by 

successive steps of 10% (5% close to the surge line) until the surge event in a range between 20-30% 

of valve opening. Vibro-acoustic acquisitions were started before every valve motion until the system 

reached a new steady-state condition. So, successive data sets containing signals from all sensors 

were collected. 

During these tests a tachometer signal was also acquired synchronously with the other vibro -acoustic 

sensors and the machinery changed its rotational speed keeping it in the range between 62000 rpm 

and 65000 rpm (1033-1083 Hz). Speed value determines the lower sampling rate limit of the vibro-

acoustic signals, because previous studies revealed the importance of the entire sub-synchronous 
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frequency range in order to detect the inception of the surge event [59]. A sampling rate of 8196 Hz 

was chosen for the acquisitions because of its capacity to contain all significant frequencies. Higher 

sampling rate (up to 200 kHz) was adopted for a micro accelerometer aiming to study frequencies 

around the blade pass frequency (about 13 kHz). Vibration acquisition were executed in all the 

different plant conditions characterized by various abovementioned volumes. So, in the next chapter 

this thesis presents the different types of analyses which were conducted on acquired signals to find 

a signal transformation or elaboration with a high sensitivity to the approaching surge. These analyses 

were conducted with the aim to obtain surge precursors for the development of a new anti-surge 

monitoring tool. 
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3 Research of surge precursors 

In this chapter the analysis on the vibrational and acoustic signals acquired during the tests campaign 

described in the previous chapter is presented. Vibro-acoustic signals were obtained from T100 

microturbine test rig during the transients to the surge, but also during machine run up and rundown. 

The aim of the study is to obtain useful surge precursors applicable in a real-time control system for 

surge avoidance. 

3.1 Microturbine vibrational behaviour in safe conditions 

Before the research of surge precursors, some considerations about stable and safe machine 

vibrational behaviour can be carried out to better distinguish surge contributes. This section shows 

the vibrational analyses of two different types of turbine: those related to the Turbec T100 

microturbine (the test rig presented in chapter 2.1) and those related to a bladeless boundary layer 

(Tesla) turbine for examples and comparison. These latter analyses were performed during the 

maintenance and balancing of a prototype in the Thermochemical Power Group (TPG) laboratory. 

3.1.1 T100 microturbine vibratory response analysis 

Vibro-acoustic signals were acquired during machine start-up and shutdown operations at the 

beginning and at the end of each surge tests with the three volume configurations. So run-up and run-

down acquisitions were obtained collecting vibro-acoustic data during a large speed interval. Ramps 

were managed by T100 automatic control system which forced a specific motion law. The transient 

operations were not excessively fast allowing to identify the dynamics of the system: each speed 

value corresponds to a machine operating regime in a safe condition from the surge. Vibration 

analysis in these safe conditions allows to identify, for each microturbine speed, the frequency 

contents in the vibration signals and to associate them with their sources. Figure 3.1 reports the 

waterfall representation of a time-frequency analysis of compressor axial vibration spectra evaluated 

in correspondence of the roll bearing at the generator during a run up between 12,000 rpm and 70,000 

rpm. The horizontal, vertical and the inclined axes represent, respectively, the frequency, the vibration 

amplitude and the compressor rotational speed (spectra were calculated at regular speed intervals). 

For the vibration speed amplitude, integration was performed to better underline also vibration low 

frequency contents. 
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Figure 3.1 [c] Microturbine run up: waterfall of integrate axial accelerometer signal at the 
generator bearing (volume 2.3m3) 

In the waterfall figure sloping cursors were used to relate measured vibration frequencies to multiples 

of the microturbine shaft rotational frequency[60][61]. Some contents or orders change their 

frequency linearly with speed: those contents which have the same frequency of the rotational speed 

(1X) and the double (2X) seem due to the rotor unbalances in presence of non-linearity in the system, 

while the fourfold (4X) might be due to the two polar pairs generator which magnetically solicits 

periodically the rotor. Other multiples might be referred to some bearing typical operational 

frequencies (e.g. a component close to the 3X might be referred to rolling bearing ball spin 

frequency). Some sub-synchronous contents are related to machine rotational speed, but they, during 

the ramp, do not have an exact proportional link with speed. For example low contents at cursors 

0.26X and 0.41X show deviations from the straight line of the cursors at varying speed showing a 

lack of exact proportionality; these contens are due to the rolling bearings whose parts in relative 

motion rotate with a rolling not exactly pure. 0.26X 0.41X contents cause a beating phenomenon 

generating a content at the 0.41-0.26=0.15X (see cursor) frequency. Furthermore, in the waterfall, it 

is possible to note frequency contents probably related to a modulation phenomenon [62] of the sub-

synchronous components on the 1X (see the cursor 0.82X and 1.15X) sidebands. It is interesting to 

note that all these contents found in the start-up waterfall become more relevant when they are 

coupled with possible structural resonance facilitating their identification.  

Vibrational analysis has been extended to the higher frequencies: a single representative spectrum 

from the start-up waterfall will be presented in logaritm scale for a better visualization. In Figure 3.2 

the vibration signal spectrum on the compressor housing in axial direction is shown for a compressor 

rotational speed of 63 krpm in a wide frequency range including compressor blade pass frequency 

(bpf).  
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Figure 3.2 [c] Spectrum of the accelerometer signal on compressor housing (axial direction) for N 
= 63 krpm (Frequency axis in logarithmic scale) 

Blue dashed line cursors (a) underline the order 1X at 1103 Hz and some of its multiples while, among 

those sub synchronous contents previously identified in the waterfall analysis (dark green dashed 

cursors (b)), can be noted that at this operative condition (63000 rpm) the 0.15X component is more 

pronounced probably because it is coupled with a system structural resonance (component at 165 Hz, 

see green dotted line cursor). The two frequency lines around the 1X are probably related to a 

modulation phenomenon of the previous 0.15X sub-synchronous component on the 1X (see the 

sidebands at 1103-165 = 938 Hz and 1103+165 = 1268 Hz, black dotted line cursors (c)). 

Turbec T100 rotors of compressor and turbine have the same blade number. So in the machine 

vibratory response the contents related to excitations from the blade (BPF) are the same for both the 

impellers. Peaks at 14339 Hz and its double (light green dotted cursors (d)) are related to compressor 

BPF and corresponds to order 13X and 26X. The peaks in correspondence of the two black dotted 

line cursors (e) at the frequencies 14339-1103=13236 Hz and 14339+1103=15442 Hz) are due to 

modulation phenomenon of 1X on the bpf first order. Moreover, elliptical markers in the spectrum 

graph at this rotational speed underline significant contributions associated with possible system 

resonances.  

A tachometer signal acquired together with the acoustic and vibrational measures allows to plot the 

RMS amplitude trend of the single order frequency contents during speed ramps. In Figure 3.3 the 

run-up (A) and run down (B) of 1X order trends are shown in two different graphs: each graph 

includes 1X trends (colored continuous lines) from different test days with the same 2.3 m3 volume 

configuration (in Figure 3.3 A, the black line refers to the 1X order trend in the Figure 3.1 waterfall). 

For the same type of ramp (run up/run down) 1X RMS amplitude curves are not significantly different 

from their mean values (red dotted line) which therefore are sufficiently representative of system 

dynamics (useful to identify its resonances). As in the waterfall diagrams, in the order plot an 

amplitude increase is shown when during the ramp the first order is coupled with the system 

resonances (see black dotted cursors). Some peaks appear close and sometimes joined by the overlap 
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of their widths due to damping. These couples of close peaks probably are rotor resonances 

corresponding to the same vibrational mode (about two different radial directions with different 

stiffness). 

 

Figure 3.3 [c] Run up and run down 1X trends with their means in function of speed and its 
correspondent converted frequency (volume 2.3 m3) 

As deduced from the accelerometer spectrum in Figure 3.2, some resonances are present in the range 

between 150 and 230 Hz. Another interesting range is between 470 and 620 Hz. In this range the 

presence of a resonance is confirmed by the machine control system behavior that (during the run-

up) increases the acceleration to rapidly pass it (Figure 3.4 higher acceleration after 35,000 rpm). 

Other peaks are present between 700 and 800 Hz and close to 950 Hz. These last frequencies 

(probably less dangerous) have more energy because the machine during the ramp passed through 

their speed slowly (with a low acceleration). They are interesting because obtained close to the test 

machine rotational speed. Differences between run up and run down trends lead to slightly different 

resonance frequencies: this might be due to different speed ramps and angular acceleration levels 

which have a certain influence on the system dynamic vibratory response. In Figure 3.4 angular 
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acceleration trends are shown in function of the speed during a run up and a run-down test: the 

significant discrepancies might justify the obtained differences in dynamic response. 

 

Figure 3.4 [c] Deceleration/acceleration in function of speed during run down and run up ramps 

System resonances and dynamic response identification through 1X order is possible in the 0-1000 

Hz interval which is the range correspondent to the explored machine rotational speed interval during 

a run up or a run down. Some significant superior order (2X 4X), just identified in the waterfall, can 

provide additional information to extend the analysis to higher frequency ranges: they are due to 

sources with higher frequency acceleration that passes resonances faster (so 2X and 4X have lower 

energy), but that can reach higher frequency (the double and the quadruple compared to 1X). In the 

next Figure 3.5 2X (grey scale lines) and 4X (yellow/red scale lines) trends are shown together with 

the previous 1X (green lines) and their average trends (2.3m3 volume configuration); run down 

operations were chosen because they are available at lower frequencies than the run up ones. To 

increase comparability between orders, different axis scales were used for every order to visualize a 

quasi-continuous trend in the same comparison graph. This extended analysis seems to add 1115 Hz, 

1549 Hz and 1857 Hz to the possible resonance frequencies previously found.  
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Figure 3.5 [c] Green scale lines (1X trends), grey scale lines (2X trends) and red scale lines (4X 
trends) - The darker lines of each color are the correspondent order mean trends 

1X order and its multiples trend analysis during speed ramps provide general useful information for 

characterization of system dynamic behavior and identification of its characteristic/critical 

frequencies. This method is based on an easier interpretation of vibratory response because linked to 

a sufficiently known forcing due to phenomena auto induced by rotation. Furthermore, acquired data 

for the study are collected operating the machine in safe condition without anomalous loads as 

generated by surge instability.  

However, analyzing different vibration orders, the possible system resonance frequencies are found 

at operative speed imposed by orders themselves: every mode cannot be excited at the same machine 

operative speed, but only at that speed correspondent to its own frequency, being the analyzed order 

due to a load/forcing synchronous with the speed (e.g. 1X order is due to rotor residual unbalance 

which forces the system with the same frequency of the machine rotation). 

To test a further method of system dynamic behavior analysis, at operative speed as close as possible 

to that c considered to diagnose the incipient pumping phenomenon, auto-power spectrum has been 

calculated in correspondence of a surge instability pulse. This analysis was based on the following 

hypothesis: surge generated excitation, being of impulsive nature, has broad band characteristics with 

enough energy to excite the system at least in the whole field of sub-synchronous frequencies. system 

resonances can be obtained also when the system is subjected to the same external fluid-dynamic and 

mechanical actions (e.g. centrifugal field influences system rigidity) present in the operative incipient 

condition to be analyzed.  

Figure 3.6 A shows accelerometer signal in axial direction during the compressor surge obtained by 

closing VO valve until 20% of its maximum opening (volume 4.1m3). Colored plots underline the 0.1 

s windows used to calculate auto-power spectrum: this limited windowing has been chosen to obtain 

a sufficient frequency resolution avoiding that the effects due to successive different pulses overlap. 
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Figure 3.6 [c]: A: accelerometer signal during surge with used 0.1 s windows colored; B: auto-
power spectra calculated from the corresponding signal windows 

In Figure 3.6 B the signal plot in function of the time spectra corresponding to the three windows are 

shown: All spectra have the biggest peak in correspondence of the machine rotational frequency 

(1090 Hz), but blue and red spectra have some peaks of energy around 167 Hz, 334 Hz, 563 Hz, 722 

Hz and 832 Hz that are less visible in the signal spectrum without the pulse (green). This confirms 

the hypothesis that surge pulse can solicit broadband the machine which responds with its resonances.  

Figure 3.7 shows the same spectra with some just mentioned contents (elliptical markers), but 

underlining presence of some peaks at the double frequencies of two resonances at about 523 Hz and 

576 Hz. These peaks appear only in the spectra correspondent to a surge pulse when high energy is 

given to the system due to system non-linear behavior (in its non-linear normal modes [63][64] it 

responds to the high energy given with more than one frequency contents). 

 

Figure 3.7 [c] Auto-power spectra during surge: some peaks at the double frequency of some 
resonances 

System vibratory contents, measured during surge pulses, provide useful indication to find surge 

premonitory contributes. They seem to be the natural frequencies of system operative condition and 

both surge phenomenon and surge incipience seem able to solicit them introducing broadband energy 

in the system. Consequently, if some of these components manifested themselves sufficiently in 

advance, they would be useful unstable condition precursors helping to avoid surge. 
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System characteristic frequencies research were done for the three different plant volume 

configurations founding comparable frequency values in all cases: measured vibrational response 

seems to be mainly conditioned by microturbine characteristics and to depend less on the structural 

dynamics of the plant line. Through the results of the run up / down analysis and spectrum, during 

the surge it has been possible to extract information about system dynamics and to found its operative 

characteristic frequencies, which seem to be the contents that have to be better taken into account in 

the monitoring phase to diagnose the incipient of the surge phenomenon. 

Frequencies obtained during run up and run down, although found in operational conditions farther 

than those of the surge approach tests, are useful to validate those frequencies obtained during 

instability pulses. Table 3-1 shows all the found frequencies from the above mentioned analysis, 

frequencies reported in the same row are considered related to the same critical condition.  

Table 3-1 Comparison of critical excited frequencies extracted from different operational data 

Run up 

Frequencies [Hz] 

Run down 

Frequencies [Hz] 

Surge pulse 

Frequencies [Hz] 

(*) 170 167 

(*) 224 (*) 

(*) (*) 334 

(*) 387 (*) 

500 543 523 

605 575 576 

717 (*) 722 

808 782 832 

983 971 (*) 

1057 (*) 1046 

1113 1115 1152 

(*) Frequency not detectable in the corresponding method. 

 

3.1.2 Air Tesla turbine vibrational analysis 

For example, and comparison with the above shown analysis, this section presents the study of the 

vibrational behaviour of a Tesla bladeless turbine. At the Thermochemical Power Group (TPG) 

laboratory it was necessary to investigate the vibrational behaviour of this boundary layer Tesla 

turbine in order to balance the rotor and reduce vibrational loads for reaching high speed in safety 

condition. 
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The machine is a prototype developed within the European Pump Heat project: it is the first Tesla 

turbine with the expander and the electric generator housed in a single casing, it can produce a rated 

electrical power up to 3 kW and rotate at a speed up to 40000 rpm. Figure 3.8 shows the prototype in 

an exhibition set-up in witch (through a transparent cap) it is possible to see the blue pieces of the 

inlet nozzles (8 nozzles) that blow the air to the disks of the rotor.  

 

Figure 3.8 Tesla turbine prototype with transparent cap   

In the next sub paragraph, it is provided a short introduction on Tesla turbine analysis. However, 

Appendix A shows reported a longer analysis on the dynamics of their rotors. 

3.1.2.1 Bladeless boundary layer (Tesla) turbine 

Nikola Tesla invented his bladeless turbine called the Tesla Turbine at the beginning of the 20th 

century [65] to exploit geothermal energy: work is transmitted by viscous effects through a series of 

flat parallel disks, assembled coaxially with small gaps between each other (Figure 3.9) [e][f]. 



P a g .  38 | 112 

 

 

Figure 3.9 Simplified reproduction of a Tesla turbine 

At that time Tesla turbine did not stir up much attention due to the strong trend towards large 

centralized power plants and this bladeless drag machine cannot compete with other more efficient 

technologies in the field of power production, where efficiency [66] was the main driver. Moreover, 

the material technologies of the time could not face high temperatures and shear forces acting on the 

discs.  

In the recent years Interest in small scale turbines is growing mainly for small scale power generation 

and energy harvesting [67]. One way to enhance efficiency of the cycles or processes is to replace 

valves/orifices which are used to expand fluids with power generating expanders. Such expanders 

produce power which can be used for auxiliary systems in the cycle. Also use of complicated wirings 

from external power source can be avoided making system independent and less complex. So small-

scale turbines, micro turbines, are growing in the fields of combined cycle power plants, small scale 

power generation and energy harvesting. So Tesla expander raised renewed interest in the energy 

market at the scale of micro power generation [68] due to its limited cost: Tesla friction turbines 

might offer an economical alternative to conventional turbo machinery, when individual, easily 

scalable solutions at low cost are required [69]. Tesla turbines tend to become competitive compared 

to the conventional bladed turbines as the size decreases since their efficiency is less affected by the 

scale [70][71]. Another key feature of the Tesla turbine is that it operates with various fluids. This 

makes it potentially suitable for applications involving fluids with different compositions [72]. Some 

studies were performed utilizing air or steam as working fluids [73][74][75], as only in very recent 

times Tesla turbine was considered suitable to work with multi-phase or organic fluids. Tesla turbine 

could become a leading technology for small power ORC applications [76][77][78]. Moreover, the 

advancements in the field of materials science have led to the use of materials much more durable 

and light compared to conventional metals and their alloys [79].The bladeless turbines have not been 

researched as much as the conventional ones, this is also confirmed by the fewer papers available in 

literature [80][67]. Although these papers are mainly focused on performances and CFD analysis, 

useful information on Tesla vibrational behaviour can be taken out from studies on disk and annular 

disk [81]. A disks thickness reduction allows to improve turbine performance, at the expense of a 

higher rotor dynamic complexity of the turbine [80][67]: Tesla rotor assembly and its parts may 

present dynamic critical aspects, due to their structural characteristics.  
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3.1.2.2 Air Tesla vibrational analysis, maintenance and balancing 

The results related to the vibrational analysis of the Tesla turbine will be reported below: also for 

the Tesla rotor, as for the T100 microturbine, there are some resonances and critical speeds that the 

unbalancing and the interaction with the fluid can excite. 

Some different speed ramps were acquired before and during the balancing process: some ramps 

were realized moving the rotor using the electric generator as a motor. In some other cases the 

machine was fed with air through one or two nozzles with the rotor disconnected to the load. Measures 

were acquired using a triaxle accelerometer (sensitivity of 10 mV/g) placed on the Tesla turbine 

casing near to the bearing and a photoelectric phase sensor (response time: 200 µs for full output) for 

speed measurement. Figure 3.10 shows the place where sensor was located. Figure 3.11 represents 

the colour map of time frequency analysis regarding a machine ramp up to 32000 rpm before the 

balancing. 

 

Figure 3.10 [f] Accelerometer and phase sensors positioning 

In the colour map (Figure 3.11), black dotted line underlines, in the vibrational response, those 

contents (orders) whose frequencies are multiples of rotational frequencies: the first order, with the 

same frequency of the Tesla rotor revolution, mostly refers to the all unbalance loads acting to the 

rotor while the lower other orders seem due to the presence of non-linearity in the loads or in their 

corresponding responses.  
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Figure 3.11 [f] Time frequency analysis of radial accelerometer signal 

 

In Figure 3.12 two plots are represented: on the left, there are the trends of order 1, on the right those 

of order 2. In each plot there are three lines, each line is the mean of order trends obtained from all 

the ramps done in one of these three different ways: blue line corresponds to a ramp where rotor has 

been moved by the electric engine, red line refers to a ramp done with the rotor moved with one 

nozzle and green line to a ramp with two nozzles. 

 

Figure 3.12 [f] Average order 1 and order 2 vibro-energy trend in function of Tesla machine 
speed 
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All the order trends reveal a peak due to a system resonance at around 545 Hz: orders 1 present a 

large energy increase when machine approaches the speed of 32700 rpm, while the quicker orders 2 

at about 32700/2=16350 rpm. This resonance can be shown also in the time-frequency analysis in 

Figure 3.11 where the vertical black dashed cursor underlines the increment of energy vibrational 

response around 545 Hz. 

Order 1X and 2X trends reveal an interesting difference between vibrational response in case of ramp 

made with electric engine and ramp done with rotor moved by the air through one or two nozzles. In 

the first case (blue lines) orders follow a quadratic law (except near to the 545 Hz resonance), this 

seems due to centrifugal forces acting to the rotor. When rotor is moved by the air, a large but 

smoothed peak appears between 22800 rpm and 26600 rpm (about 24800 rmp) for order 1 and around 

24800/2=12400 rpm for the order 2. A possible reason for the presence of this peak in the orders is 

the excitation of a disk resonance by the air flow that, passing through the nozzles, hits the rotor 

synchronously with its revolute speed. 

Previous studies [e] (see also Appendix A) have shown that rotor modes relate to the disks are grouped 

into families each one corresponding to a specific mode of the a single disk. Inside of each modal 

family, each single mode has a frequency that differs of few tenths of Hertz from the other modes and 

in each modal shape each rotor disk bends with the same shape, but disks displacements present a 

different phase configuration. 

Aiming to understand which is the family of disk rotor modes excited by the fluid/rotor interaction 

during the passage through the interval of speed between 22800 rpm and 26600 rpm, a single disk 

numerical modal analysis has been done and the mode which reveals to have a frequency nearer to 

those of the speed interval is that axial symmetric with the cup modal shape, that can be seen in Figure 

3.13. These seem to be the reasons of the a large but smoothed peak: large because, having 110 disks, 

a family of disk modes of the rotor covers a not negligible range of frequencies (and therefore of 

speeds); smoothed because just a part of the air damped energy of the disks vibrations seems to 

discharge to the turbine chassis. So family modes excited seem to have all the disks bending as a cup 

but with different phase configurations.  

 

Figure 3.13 [f] Single disk modal shape corresponding to the family of modes found during air 
fed ramps 
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Machine vibrational response presents also some sub-synchronous or non-synchronous contents (e.g. 

dashed and dotted red lines in Figure 3.11). To better underline these contents, accelerometer signal 

has been analysed during some stationary time intervals (during run-ups) in which speed has been 

kept stable for some seconds (17750 rpm, 23900 rpm, 30000 rpm). Having a tachometer signal 

acquired synchronously with the accelerometer signal, it has been possible to divide the signals with 

constant speed in set of sub-intervals corresponding to an integer number of machine rotations, and 

then calculate their average signal to be subtracted to each sub-interval of the set. 

Being synchronous sub-intervals, subtracting from them their average means removing/reducing 

from them most of their frequency contents with periodicity equal to that of the revolution of the 

machine and of its integer multiples, so underlining their sub/non-synchronous contents.  

The autopower spectrum in Figure 3.14 is the mean of 20 spectra obtained from a set of sub intervals 

at the speed of 17750 rpm from which their average was subtracted. Green dotted cursor indicates 

what remain of the first order content while black dotted cursors underline the main sub/non-

synchronous contents. Another little peak at the order 0.17 is also present that it seems linked to a 

modulation of the first order: it could be due to little imperfections of the bearing casing. Order 0.4 

seems connected to a first order higher modulation: those order (1-0.4)X=0.6X and (1+0.4)X=1.4X 

peaks (1X side bands). A possible reason of the 0.4 order content could be the presence of defects in 

the bearing cage. In fact, 0.4 times the revolution frequency (F) appears to be the solution of eq.(2)  

that can be obtained from literature [82] for the calculation of fundamental train frequency (FTF) of 

the cage. 

 

Figure 3.14 [f] Autopower spectra obtained by the mean of the spectra of each sub-interval of a 
set to which the average signal was previously subtracted 
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Once characterized the air Tesla prototype vibrational response, machine has been taken to the 

workshop for mechanical maintenance: geometrical shape of the shaft and bearing casings were 

checked and fixed and the bearing were substituted with more rigid new ones. These were the 

preliminary machine tunings before the balancing process which consisted of performing some 

machine speed ramps with a constant acceleration (50 rad/s2) provided by the electric engine. From 

every run up, acquired accelerometer signal in the radial direction has been used to find the trend of 

the first order amplitude and phase respect to the pulse (one for each revolution) in the tachometric 

signal. Amplitude and phase were used together to reconstruct first order vibrational response 

complex phasor, which allows to understand the effect of adding or removing mass from two different 

points on the shaft (locking rings al the shaft ends). Through a vector calculation, based on the 

summation of the effects and on the results obtained with some weighted attempt masses, it has been 

possible find how much material removes and at which position from the locking rings.  

Figure 3.15 and Figure 3.16 shows the analysis of the machine vibrational response after the 

balancing. Figure 3.15 exhibits first order amplitude trends before maintenance (red), after 

maintenance (blue) and after balancing (green): bearing substitutions has displaced the resonance 

already found at 545 Hz to a new frequency at 680 Hz (black dashed line in Figure 3.16) greatly 

reducing the first order response before the 40000 rpm. Subsequently balancing process has further 

reduced to a tenth the amplitude of the first order (the main content of the machine vibratory 

response). Red dashed cursors underline the multiples of 0.4 order still present. This is characteristic 

of the kind of bearing employed; however, after the fixing of bearing casings geometrical shapes, 

0.17 order seems to be no more present (due to bearing casing geometrical check). 
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Figure 3.15 [f] first order amplitude trends: before maintenance (red), after maintenance(blue) 
and after balancing (green) 

 

Figure 3.16 [f] Time frequency analysis colour map of machine vibrational response after 
balancing 
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3.2 Surge precursors: sub-synchronous RMS 

After the preliminary analysis in safe conditions, attention was focused on the analysis for the 

identification of surge precursors. The objective regards the definition of precursors to be used in 

real-time software for surge approaching identification and instability prevention. 

Surge condition for the three volumes configurations (0.3 m3, 2.3 m3,4.1 m3) were generated through 

a transient in which VM (in 0.3 m3 case) or VO (in 2.3 m3 and 4.1 m3 cases) valve was step by step 

closed (steps of 10-5%). So consecutive runs containing the signals from all sensors during each valve 

closure step were collected. 

Inside the time interval of each run, ranges of 5s have been chosen far enough from the valve motion 

and few seconds (5 s) before the surge for runs containing system response (when it reached the 

instability). So, these signals were not influenced by the valve moving and were representative of an 

operating regime characterized by a given valve closure percentage and/or the surge incipience 

condition. These intervals of 5 s, being machine status representative, have been used for most of 

different signal analysis that will be presented in this chapter. 

Initially, extracts were used to calculate an auto-power spectrum for each closure percentage (valve 

step) and to study the signal evolution to the surge. For this purpose, spectra were calculated as the 

average of 5 spectra obtained from a Hanning window [83] of 1 s inside the 5 s interval. As shown in 

literature [84][28][27][29], sub-synchronous frequency range are interesting for the surge prediction 

because it does not comprehend contents due to vibrational sources such as residual unbalance or 

other phenomena associated to the microturbine rotational speed and higher multiples. So, its energy 

(RMS value) is more sensitive to the approach of an incipient surge and increase progressively 

approaching it. Although all the accelerometer signal directions (axial, radial and tangential) show an 

increase of RMS value, the most sensitive one is the axial direction, which coincides with the machine 

rotational axis and the mass flow inlet direction. As examples in Figure 3.17 and Figure 3.18 some 

auto-power spectra are shown for different valve openings from far to immediately before surge event 

for the 4.1 m3 volume configuration (see also Figure 3.24 for the 2.3 m3 configuration). 
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Figure 3.17 [c] Sub synchronous auto-power spectrum of accelerometer signal in axial direction 
for different values of valve opening and its RMS value (4.1 m3 volume) 

 

Figure 3.18 [c] Sub synchronous auto-power spectrum of accelerometer signal in tangential (Y) 
and radial (Z) directions for different values of valve opening and its RMS value (4.1 m3 volume) 

In all volume configurations the surge incipience adds a broad band noise in the sub synchronous 

field increasing progressively its RMS value. In Figure 3.19 among the different volume 

configurations that with 2.3 m3 is more sensitive with a bigger broad band energy increase before 

surge (see Figure 3.24 for 2.3 m3 configuration auto power spectra for some valve steps from 

conditions far to near the surge event). In all volume configurations, within the sub-synchronous field, 

an energy increase has been obtained in the band around 575 Hz approaching the surge (Figure 3.17 
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elliptical marker). This seems due to the surge incipience broadband source that excites a just above 

found system resonance. 

 

Figure 3.19 [c] Axial accelerometer sub-synchronous RMS energy trends joining each value at 
different valve closure 

Microphone signal spectrum in low frequency (0-80 Hz) presents higher energy (Figure 3.20), while 

the dynamics of the structure of the machine make accelerometer frequency content under 40 Hz less 

noticeable (Figure 3.17 and Figure 3.18). The very low frequencies (less than 19 Hz) have a high 

energy content, but do not follow a specific trend through the approaching surge. These contents can 

be related to the presence of cooling fans that introduce noise in the band 0-19 Hz and make the 

measured acoustic response not directly related to the microturbine compressor operating condition. 

High energy and a more defined peak correspond to a component around 50 Hz which almost 

disappears in the 0.3 m3 volume configuration. Only for the 2.3 m3 configuration, it progressively 

increases before surge. This component could be due to the resonance of a plant component, probably 

the air volume between filter and compressor inlet inside microturbine box. Between these two 

contents in a range from 19 Hz to 37 Hz (the range between bleak dotted cursors in Figure 3.20) there 

are one or some contents which increase before surge in all kinds of configurations: their trends are 

shown in Figure 3.21. 
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Figure 3.20 [c] Microphone auto-power spectrum for different valve closures and its RMS energy 
value in the 19-37 Hz band 

 

Figure 3.21 19 to 37 Hz RMS energy trends for different volume configurations [c] 
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This band is interesting because its energy is higher than the microphone sub-synchronous contents 

over 80 Hz and increases before the surge event until it reaches a RMS value quite similar for all 

volumes (1.44-1.51 Pa). So, it seems to be very useful as a surge precursor. Although sub synchronous 

contents over 80 Hz of the microphone auto power spectrum have less energy, it seems useful to 

consider the RMS energy of the entire band between 80 and 800 Hz which has an increasing trend 

progressively towards the surge. Therefore, it can be another possible precursor. As example Figure 

3.22 shows the 80-800 Hz microphone auto-power spectrum for different valve closure values from 

70% opened to 20% in the plant configuration with 4.1 m3: it is possible to note the difference of 

energy between far (70%) from the instability (red spectrum) and near (20% the last 5s before surge) 

the surge (dark green spectrum). Figure 3.23 shows microphone 80-800 Hz RMS trends for the free 

different volumes configurations. 

 

Figure 3.22 [c] Microphone 80-800 Hz sub-synchronous auto power spectrum for 4.1 m3 plant 
configuration 

 

Figure 3.23 [c] Sub-synchronous (80-800 Hz) microphone RMS value presents an energy 
increasing in all volumes configurations 

Evaluated the RMS sub synchronous value of different operational conditions and valve closures, it 

is necessary to check if the valve moving can affected this value. The consecutive signal runs, 
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acquired during the transitory to the surge, can be concatenated to gain a unique signal including 

vibrational response during valve closures too. Sub synchronous RMS energy value can be calculated 

in function of time during the valve transient to the surge. Figure 3.24 and Figure 3.25 show that RMS 

value calculated during each valve step regime (Figure 3.24 in the table of each spectrum) are also 

present in the complete transient operations (green cursors in Figure 3.25). So, RMS value appears to 

have a progressive trend without relevant abnormal discontinuity and peaks during valve movement: 

so it seems to be more sensitive to compressor operating conditions, than to the moving of the delivery 

valve on the main mass flow during variation of the line parameters. Hence this surge indicator seems 

to be sufficiently reliable. 

 

Figure 3.24 [c] Sub-synchronous auto-power spectrum of accelerometer signal in axial (X red), 
direction for different values of valve opening and its RMS value (2.3 m3 volume). 
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Figure 3.25 [c] Sub-synchronous RMS energy trend of concatenated X axial signal during the 
transitory to surge; green crosses are placed at steady-state conditions (values calculated by the 

5 s extracts) 

3.3 High frequency analysis 

Vibration data were also acquired with a high sample frequency (100 kHz). So, it has been also 

possible to investigate vibrational and acoustic response in a high frequency band around the blade 

pass frequency (bpf). Figure 3.26 shows the auto-power spectrum measured from the accelerometer 

axial signal on the compressor housing reporting high frequency details in a more stable condition 

(spectrum above) and immediately before (spectrum below) the surge. 
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Figure 3.26 [c] High frequency accelerometer auto power spectrum (volume: 2.3 m3) 

Blue dotted cursor in both spectra underlines the bpf component which responds to the surge 

proximity with an energy reduction. Meanwhile there are some significant components (green 

cursors) that increase their energy near the surge: they are located between the two side bands (black 

dotted cursors) of the bpf synchronous modulation (bpf-1X and bpf+1X) and so they are sub-

synchronous frequencies. These components, although sometime they are more evident in the left 

side of bpf (blue ellipse), have their correspondents on the bpf right side due to bpf sub-synchronous 

modulations. 

Based on the theory reported in  [30][31] about cyclostationarity in the signals, an idea for deepen the 

evolution of high frequencies modulations to the surge has been matured. Cyclic spectral coherence 

has been calculated from signal intervals far and immediately before the surge event (a time window 

of 5 s before surge): it is a transformation that searches for modulating cyclic frequencies α in all 

signal frequencies f. So, it is a nondimensionalized energy density that shows which energy spectrum 

frequencies are modulated by some α. Figure 3.27 shows an example of cyclic spectral coherence 

colour map: modulating frequencies are in the axis of the abscissas (α cyclic frequency), the spectrum 

frequencies are in the axis of the ordinates while the colour scale represents a 0-1 nondimensionalized 

value that gives the entity of the modulation. 



P a g .  53 | 112 

 

 

Figure 3.27 [c] Cyclic spectral coherence calculated from an extract immediately before surge. 

As shown in the colour map (orange dotted contours), near the surge a range of frequencies around 

the BPF (9.5 kHz-14.5 kHz) is involved in more modulation. To better analyse this behaviour it was 

tried to calculate the cyclic modulation spectrum which provides the energy of the cyclic components 

modulating a frequency range Δf of the signal spectrum. Signal has been filtered in a band between 

9.5X and 14.5X orders of the machine speed frequency and then an energy time frequency analysis 

has been computed on the filtered signal Hilbert envelope. Figure 3.28 represents a colour map plot 

of the signal Hilbert envelope time frequency analysis: for each time during the transitory to the surge 

it shows the energy of the modulation frequency components.  
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Figure 3.28 [c] Cyclic modulation spectrum in function of time during surge transient, 

brown line shows when the surge started  

As can be expected, high frequencies are modulated with machine rotational speed (orange dotted 

cursor) and its side bands (purple dotted cursors), but there are some subsynchronous modulations 

(black dotted cursors) which increase their energy during the transitory to surge. These modulation 

components are near to those found from the resonances research: the incipient surge can create sub 

synchronous broad band noise which excites sub-synchronous resonances with the result of a high 

frequency band modulation in a range around the bpf between 9.5X-14.5X orders. Both the bpf 

component energy reduction and the energy increase of the bpf modulations could be useful as surge 

precursors. 

3.4 Envelope spectrum analysis 

After the analysis of signals spectrum content and its energy evolution, another surge precursor could 

be obtained measuring the loss of the signal spectrum stationarity. From the same 5 s intervals used 

to studies different valve closure regimes, 19 consecutive auto-power spectra were calculated (one 

every 0.25 s with a Hanning window with 0.25 s). From every set of 19 spectra corresponding to 

different valve configuration, mean spectrum, upper and lower envelope spectra and variance 

spectrum were computed. Auto-power spectrum has been preferred instead of the spectrum because 

attention was focused only on the energy amplitude of frequency contents and, being the spectrum a 

complex value, the mean of different consecutive complex signal spectra could be affected by phase 

changes. 

As shown in Figure 3.29 for the 2.3 m3 volume configuration, the energy differences between the two 

envelope spectra or between an envelope and the mean spectrum increase before the surge: this 

implies that there is a lack of spectrum stationarity before the surge event. 
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Figure 3.29 [c] Mean (red), lower envelope (blue), upper envelope (green) spectra of axial 
accelerometer signal far (valve opened 70%) and immediately before (valve 25%) the surge 

(volume of 2.3 m3) 

This phenomenon can be quantified by sub-synchronous RMS energy value of the variance spectrum 

which seems to increase before the instability of the surge in all volume configurations. In Figure 

3.30 some variance auto power spectra are plotted from far (red spectrum_valve70%) to near (green 

spectrum_valve25%) to the surge event. 

 

Figure 3.30 [c] Variance auto power spectra of the accelerometer axial signal for different valve 
closures and their sub synchronous RMS values (volume of 2.3 m3) 

Blue ellipses in Figure 3.30 underline that spectrum variations, so the variance, are higher in 

correspondence of the possible structural resonances previously found. Surge incipience produces a 

broad band noise which excites some structural resonances in proximity of the surge; so, also the 

spectrum variance has higher amplitude at the resonance frequencies. It is possible to obtain a surge 

precursor considering the sub synchronous RMS energy value of spectrum variance: Figure 3.31 

shows its trend in the three different volume configurations (function of the valve closure 

progressively to the surge). 
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Figure 3.31 [c] Sub-synchronous RMS energy value trends of spectrum variance 

A similar result has been obtained analyzing axial accelerometer spectrum high frequencies around 

the blade pass frequency in a band wide enough to contain its possible sub-synchronous modulations. 

In Figure 3.32 lower (blue) and upper (green) envelope spectra are plotted together with the average 

spectrum in a range around the bpf far (picture above, valve30%) and near (picture below_valve24%) 

the surge condition. Bleak dotted cursor indicates the bpf content while the gray cursors indicate the 

side bands due to the machine speed synchronous modulation. Considering these content peaks in the 

three color spectra, their differences in amplitude increase near the surge (see blue elliptical cursors), 

so the incipience of the surge reduces the spectrum stationarity also at these high frequencies. 

 

Figure 3.32 [c] Mean (red), lower envelope (blue), upper envelope (green) spectra of axial 
accelerometer signal far (valve opened 30%) and immediately before (valve 24%) the surge 

(volume of 2.3 m3) 
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Also in this spectra the energy reduction of the BPF content is visible. So, to appreciate the lack of 

spectrum stationarity through the calculation of variance spectrum RMS energy value is necessary to 

non-dimensionalize this value with the bpf energy content. Figure 3.33 shows the non-

dimensionalized variance spectrum of accelerometer signal far (picture above_valve30%) and 

immediately near (picture below_valve24%) the surge: in both the spectra bpf content (red dotted 

cursor) and its side bands are present, but thanks to the lack of spectrum stationarity the variance 

spectrum amplitude near the surge is higher than far. A similar behavior is visible in its adimensional 

RMS energy value.  

 

Figure 3.33 [c] Non-dimensional variance spectrum from accelerometer on the compressor 
casing in axial direction and its high frequencies RMS value 

3.5 Angle domain analysis 

Another surge precursor based on the lack of signal stationarity and repetitiveness could be related to 

signals obtained with the angle domain analysis. Having a tachometer signal synchronous with the 

other vibrational acquisition, it has been possible to convert signals in function of time to signals in 

function of the rotation angle of the shaft. Since incipient surge seems to influence sub synchronous 

range of frequency content, accelerometer signals of 5 s different valve position extracts were filtered 

between 5 and 800 Hz.  

Inside of each 5 s interval, the signal has been converted in function of angle and then cut every 10 

cycles (10 rotations of 360°), thus obtaining 350 consecutive trends of signal corresponding to 10 

rotation cycles. The length of 10 cycles of shaft rotation has been chosen because it permits to contain 

lot of sub-synchronous periodicities (if shaft rotates with a frequency of 1000 Hz, it permits to show 

periodicity over 100 Hz). Despite the adoption of Butterworth filter with cutoff frequency lower than 

rotational frequency (800 Hz), signal contains a fundamental frequency residue that can be useful as 

reference with respect to the occurrence of noise and non-synchronous periodicity (without covering 

them with its higher energy thanks to the filter). 

Figure 3.34 represents 20 of the consecutive 10 cycles intervals in the 5 s extract far from the surge 

(valve 70%) on the left and near the surge on the right. As shown in the 5 s near the surge filtered sub 
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synchronous 10 cycles intervals differ more from their average than far from the surge. The average 

is characterized exclusively by synchronous contributions related to the rotation of the shaft because 

it is calculated from traces with the same angular reference and that last the same entire number of 

cycles. So, if the surge incipience increases sub-synchronous component and noise in the signal, 

traces will differ more from their mean. 

 

Figure 3.34 [c] Filtered 10 cycles signal intervals of 5 s extracts far (valve 70%, left) and before 
the surge (right): the red thicker one is the average of 350 intervals inside the 5 s extract 

For these reasons the difference between a generic trace and the mean trace is considered 

representative of all the non-synchronous contributions of the vibratory response of the system. 

Moreover, Figure 3.35 shows the mean trace (red), the difference between a trace and the mean 

(green) and the variance trace (blue) for a condition far (above) and few instants before surge (below). 

In both Figure 3.35 graphs the mean signal has the same periodicity of the residual 1X component 

synchronous with the rotational speed. So, it has exactly 10 cycles like the number of rotations used 

to cut the accelerometer signal. Near to the surge, synchronous 1X component was at a higher 

frequency: so, in the graph it has a lower amplitude due to the filter action. Green traces are the 

differences between a generic trace (between the 350 taken) and the mean trace. It has a slower 

periodicity probably because it contains all remaining non-synchronous contents. 
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Figure 3.35 [c] Mean (red), difference (green) and variance (blue) of 10 rotational cycles axial 
accelerometer signals (volume of 2.3 m3) 

Far from the surge difference signals have lower amplitude and present 8 peaks, probably due to the 

1X order lower side band. Near the surge they have a higher amplitude and a slower periodicity: 1X 

order lateral bands remain out of filter pass band and there is a significant increase of other lower 

frequency contents. 

Blue traces are the variance, with respect to the average, of 350 consecutive traces lasting 10 rotational 

cycles. Calculating the variance of 350 signal traces is equivalent to remove all the self-excited 

vibrations related to the rotation of the machine from the signal to obtain the average energy of all 

non-synchronous contents which are considered more imputable to phenomena linked to the fluid. 

Variance periodicities are increased by rising to the square, but the variance trace RMS energy value 

seems to be useful precursor since it increases near the surge event. Figure 3.36 shows the 350 

intervals variance signal and its RMS value from different valve closures: 5 s extracts from far to the 

last valve position before the surge event for different plant volume configurations. 
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Figure 3.36 [c] Sub-synchronous variance signal of 350 intervals of 10 cycles and its RMS energy 
value for different valve closure conditions from far (valve 70%) to a condition close to the surge 

event 

A similar angle domain analysis has been carried out using micro accelerometer signal in axial 

direction, to study the high frequency contents around the blade pass frequency. Inside the same 5 s 

intervals, used for calculate the variance spectrums for the low frequencies, shorter 1 s intervals were 

chosen where machine rotation speed had the most constant trend (and the closest to surge in the 

interval near to the surge). 1 s intervals were filtered with an order band pass filter between 9X and 

14.5X of rotation frequency and converted in angle domain. Then they were cut every 2 cycles thus 

obtaining 350 consecutive trends of signal corresponding to 2 rotations of 360°. The length of 2 cycles 

shaft rotation has been chosen because it permits to contain some cycles of all frequency contents in 

the filter band. As done before, from every sets of 350 consecutive trends the average synchronous 

accelerometer signal has been calculated and then the difference and the signals variance with respect 

to the average. In Figure 3.37 spectra of the average synchronous accelerometer signal are plotted for 

a stable condition (red) and immediately before surge (green).  
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Figure 3.37 [c] Average synchronous accelerometer spectrum from 350 traces lasting 10 cycles, 
far (red) and immediately before the surge (green) (volume of 2.3 m3) 

Average spectrum plot, being obtained from signal traces converted in the angle domain with the 

same phase reference (k-phasor), has the frequency axis represented by the machine revolution speed 

orders and it is limited to the range around the bpf of the pass band filter used. This kind of 

synchronous average seems mostly to highlight the bpf component behaviour which has a higher 

amplitude far from the surge than immediately before. As for the sub-synchronous analysis, also for 

the high frequencies differences between each of 350 sets traces and their mean has been calculated 

to study the instability of signal and the possible non synchronous contributes presence. Figure 3.38 

shows two auto power spectra which are the mean of 350 difference auto power spectra from a set 

far (red) and immediately before the surge (green).  

 

Figure 3.38 [c] Mean difference auto power spectra from sets in a stable condition far (red) and 
few instants before surge (green) (volume of 2.3 m3) 

Far from the surge also the difference spectrum has a peak at the bpf which decreases near the surge. 

BPF content oscillations probably depends on percentage from its amplitude. In the difference 

spectrum, near the surge, content of other orders, lower than bpf, seems increase their energy due to 

some instable fluid dynamic behaviour with time period a bit higher than that of the bpf. 
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In the end, a single variance trend has been obtained from every sets of 350 trends corresponding to 

a different valve position. Moreover, Figure 3.39 shows that the RMS energy value of the variance 

trend increases approaching the surge also for the content of the signal around the blade pass 

frequency and so it could be useful for the surge prediction. 

 

Figure 3.39 [c] RMS energy value for different valve closure conditions of high frequency 
variance signal (order 9X-14.5X) of 350 intervals of 2 cycles (volume of 0.3 m3) 

The signals analysis methods proposed in this chapter can provide robust indicators useful for a 

diagnostic system for incipient surge condition identification. These indicators reliability have been 

verified for three different volumes connected to the turbine. Although the intermediate volume 

showed the most sensitivity, acceptable results have been obtained for all the three volume 

configurations. These results allow to generalize indicators applicability regardless of the size of the 

volume. 
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4 Anti-surge tests and diagnostic tool 

4.1 Preliminary surge prevention technique test 

Considering the trend of the RMS amplitude for the sub-synchronous vibration content during 

the transient to the surge (see Figure 4.1), a surge prevention technique was developed and 

demonstrated [b]  with the T100 machine connected to the 2.3 m3 vessel (see chapter 2.1). 

 

Figure 4.1 [b] RMS amplitude value for the 5-800 Hz band (surge event is at 0 s time) 

This approach is simply based on a threshold calculation from the average RMS amplitude 

during operations far from surge and operation for surge avoidance in case exceeding the amplitude 

values. While a simple bleed valve opening was used in the tests to avoid surge, other operations (e.g. 

opening of bypass valves or smoothing of transient operations with electrical batteries in case of fuel 

cell based plants) with similar effects can be considered in advanced systems. In order to consider the 

influence of different operating conditions (e.g. the rotational speed change), the threshold was 

calculated as the sub-synchronous average vibration RMS amplitude at normal operating conditions 

(far from the surge line, as more than 400 s before surge in Figure 4.1) multiplied by a factor of 1.6. 

This multiplication factor was obtained from the previous experiments/analysis (see paragraph 2.2) 

[a][c] and to maintain a good surge margin during all operations: vibration RMS amplitude at normal 

operating conditions multiplied by 1.6 correspond to a Kp>=1.1 (defined by Equation 3).  

This margin was considered representative of advanced cycles where, in some cases, a surge 

event can be extremely dangerous for the components (e.g. for a fuel cell). In case of different volume 

sizes connected to the machine, the same approach can be used even if the average vibration RMS 

amplitude at normal operating conditions is different; the threshold value can be calculated by 

applying the same multiplication factor to a different reference value. 
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𝐾𝑝 =  
𝛽𝑠𝑙 ∗ 𝑚

𝛽 ∗ 𝑚𝑠𝑙
 

(3) 

m mass flow rate [kg/s]  
 pressure ratio [-]  
sl Values on the surge line  

 

The test was started with the T100 machine operating in grid-connected mode at net electrical 

power of 40 kW. The additional vessel was included in the loop (VO fully open and VM fully closed 

(Figure 2.1)) and pre-heated up to the steady-state conditions. Then, the VO valve was gradually 

closed to generate an operating condition that was moving towards the surge line. The compressor 

inlet temperature was maintained at 300 K, with cold water operating in the open loop condition. 

 

Figure 4.2 [b] Experimental demonstration: valve FO values and RMS amplitude value for the 5-
800 Hz band 

The threshold crossing for the RMS amplitude value (calculated in real-time mode for the 5-800 Hz 

band) produced a change in the VBE control signal from "False" to "True", generating the opening 

step operation shown in Figure 4.2 (at time zero). Thanks to this bleed opening operation, the surge 

event was prevented and the vibration amplitude was reduced. Then, the surge cause was removed 

(at time 190 s in Figure 4.2) through re-opening the VO valve. While it is a simple solution for this 

demonstration activity, it represents different possible operations which can be carried out on 

advanced cycles, such as load change smoothing (with batteries or the electrical grid), bypass valve 

opening, generator motoring rates for the start-up/shutdown phases, etc. As soon as the surge cause 

was considered removed, the VBE was closed with a step (performed after 296 s from the surge risk 

detection) and a new steady-state condition was reached. 
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Figure 4.3 [b] Experimental demonstration: valve FO values and recuperator inlet pressure 

 

Figure 4.4 [b] Experimental demonstration: valve FO values and T100 rotational speed 

Further details related to this test are shown in the plots from Figure 4.3 to Figure 4.5: the trends of 

recuperator inlet pressure (PRC1), rotational speed and net electrical power produced by the T100 

turbine. The valve VO closing generated significant pressure loss increase and, as a consequence, an 

increase in the PRC1 value. However, the increase in PRC1 (shown in Figure 4.3 before the VBE 

opening) is also significantly affected by the T100 rotational speed increase (Figure 4.4). This is 

managed by the T100 control system to pursue the load set-point that was fixed at 40 kW during the 

entire test. Since the VO closing direct effect decreased the generated net power (more power 

consumed by the compressor due to the increase in outlet pressure), the T100 control system managed 

the machine to increase the rotational speed and to align the turbine with its load set-point. This trend 

is also visible in the net power line reported in Figure 4.5. The VBE opening generated a significant 

decay of PRC1, thus preventing surge conditions. Moreover, Figure 4.4 and Figure 4.5 show a 
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decrease also in the rotational speed and the net electrical power. This is due to a threshold in the 

T100 power conditioning component: a constraint related to the voltage of the direct current bar that 

is implemented in the T100 control system. Hence, the air discharge due to the VBE opening produced 

an unbalanced condition reaching this voltage threshold. This resulted in net electrical power 

significantly lower than its set-point. Then, closing the VBE enabled to restore the requested net 

power condition. 

 

Figure 4.5 [b] Experimental demonstration: valve FO values and T100 net electrical power. 

 

Figure 4.6 [b] Experimental demonstration: the test on the compressor map 
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To complete the test description, Figure 4.6 shows the operating line on the compressor map. 

While the initial and final points are almost superimposed, the VBE opening effect is significantly 

visible. After the initial path towards the surge line, the prevention technique was able to generate a 

trend almost parallel to this stability limit. This effect is also visible in the surge margin plot (Figure 

4.7) calculated with Equation 3. While this parameter was decreasing before the VBE opening 

operation, the surge prevention technique was able to maintain a good margin (Kp>1.1), and thus 

avoiding any instability risk. 

 

Figure 4.7 [b] Experimental demonstration: surge margin 

Through this preliminary test has been possible to check the prediction capacity of vibration RMS 

amplitude in a sub-synchronous band (5-800 Hz) as a real-time parameter, that is able to show the 

approaching of surge events. Furthermore, it has been possible to test a first prevention/recovery 

technique on the basis of a vibration threshold, which is evaluated from the average value during the 

standard conditions. 

In this chapter, next paragraphs present a new real-time diagnostic tool which involves more kinds of 

surge precursor and adapts the precursors threshold to the turbine operational regimes. 

4.2 Software description 

The new diagnostic software for surge prevention has been developed in LabVIEW programming 

language: it is based on some predictors obtained during the analysis of vibrational and acoustic data 

acquired in previous experimental campaigns [a][c][d] (see chapters 2 and 3).  

Four surge precursors are implemented and calculated from data acquired in real-time mode 

considering their RMS values: (i) accelerometer and (ii) microphone sub-synchronous energy, (iii) 

sub-synchronous variance spectrum and (iv) angle domain analysis [a][c][d]. The four functions for 

the precursor calculation are included in the software main tool which collects vibro-acoustic data 

from an accelerometer, a microphone and a tacho signal and which gives in real-time mode (as 
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outputs) some warnings that indicate if the plant works in a stable or surge incipience condition. The 

software main loop receives three windows of signals every half a second; these three intervals of 

signal last 5 seconds. This means that each new windows of 5 seconds enters in cycle loop differing, 

compared to the previous one, by an interval of half a second of new data and keeping 4.5 seconds of 

old data. The length of 5 seconds has been chosen to provide a good frequency resolution during the 

calculation of precursors since they consider the presence of sub-synchronous contents in the signals, 

while the time step of half a second has been chosen to follow the dynamic of the plant (it can be 

changed as a parameter of the software). 

Figure 4.8 shows the main loop scheme of the software zooming in on the accelerometer input in 

order to explain how the signal enters the main loop. 

 

Figure 4.8 [d] Software input/output layout 

Every half a second from the 3 vibro-acoustic signals the 4 precursors are calculated and each 

one is compared to a corresponding reference value obtained from the values of precursors calculated 

in the past. The reference values, one for each precursor, are obtained keeping in a matrix a set of 

previous values obtained some seconds before the current precursors. The values of the reference are 

calculated considering the median value of each set (columns) in the matrix. The median value has 

been preferred over the average due to its ability to weigh less possible anomalous peaks inside the 

data in the matrix columns.   

This kind of moving threshold for the precursor values, which considers older values, has been chosen 

to maximise the range of applicability of the software. If the thresholds were constant, it would be 

useful only for one specific plant and for one specific regime of the machine. Using a threshold which 

is the average from a set of values obtained some seconds before the actual value means obtaining a 
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reference that identifies the plant and machine status/regime. This threshold permits to check if there 

are some status changes referring to the surge for any plants and machine regimes. If a precursor 

exceeds its reference value by a percentage settable by the user, a single warning is given. If three or 

four warnings are given, it can be considered as an alarm of surge approaching. 

Figure 4.9 shows the software control panel underlining all the parameters settable by the user and 

the main program outputs. Four groups of parameters are defined for the control of the functions 

which calculate the precursors: these functions and their parameters are described in the next 

paragraph. In addition to the four percentages needed to compare the actual precursor values with 

their corresponding references, the user can set three parameters: the maximum time distance between 

the actual precursor values and the relative reference values, the automatic variation of this maximum 

and number of values in the matrix for the reference calculations. 

 

Figure 4.9 Software front panel 

The first parameter is called maximum time distance because, once the main function has calculated 

the four reference values, the software compares all the new precursors every half a second to those 

values until the maximum time distance is reached (when other references are obtained). This 

maximum time distance can be constant or automatically corrected. The second parameter is the time 

variation for the automatic correction of the aforementioned maximum time distance from the 

reference. If the user sets a time variation higher than zero, every time the software calculates the new 

reference values, it compares them with the old ones. If the value of the sum of the new reference 

values (once they have been dimensionless) is higher than the value of the sum of the old ones, the 

maximum time distance is increased by the value of the time variation; if it is lower the time distance 

is reduced, otherwise it is kept constant. Increasing the time variation could increase the warning 

sensitivity to the precursor variation: if the time trend of a precursor has a slow but positive slope, 
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increasing the distance from the reference values means waiting some additional seconds to check if 

the precursors increase more than the chosen threshold percentages of the references. 

The third parameter is the number of values for each precursor to be kept in the matrix for the 

calculation of the references. 

All three of these parameters are expressed in the form of a number of half seconds and the second 

two parameters must be lower than the initial value of the maximum distance from the reference. 

These last three parameters and the percentages for the comparison affect the diagnostic capacity of 

the software. For example, the time variation must be small to avoid excessive variation of the 

maximum time distance, which should be long enough to refer to a more stable condition, but not 

excessive to refer to a too different machine regime. If the parameters produce an excessive sensibility 

of the system to low variation of the precursors, the software can produce (as output) false alarms, 

meanwhile too low a sensitivity can reduce its surge prevention capability. 

For this reason, a tuning process has been carried out to obtain a good default parameter set for the 

software. This operation is described in the 4.4 “Software tuning and results” section of this chapter. 

 

4.3 Surge precursor functions 

This paragraph describes how the four surge precursors [a][c][d], preliminarily described in chapter 

3, were implemented in the software. The first two precursors are the RMS values of the filtered 

microphone and the accelerometer signals. They are calculated by a similar sub function which takes 

the signal input window, filters it in the sub-synchronous field and then divides the signal into some 

sections from which it calculates some RMS values and their mean. Figure 4.10 shows the scheme 

for one of these precursor calculations: in this process, the user can set the parameters of the 

Butterworth filter and the time interval used to divide the signal into sections to obtain a set of RMS 

values for the mean. For the software testing, shown in the next paragraph 4.4 of this chapter, the 

filter was set as a pass band filter of 100th order between 5 and 800 Hz, while the section length for 

the mean was set to 1 second. The range of frequencies and the order of the filter was chosen to obtain 

similar results to those obtained in the past analysis (chapter 3)[a][c][d], while 1 second section length 

allows to keep a good frequency resolution in the signal (1 Hz) and to have a mean of 5 RMS values. 

The filter order is high to increase the slopes at the cut off frequencies, but, even if the signal phase 

changes because of the filter, this variation does not affect its RMS value. 
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Figure 4.10 [d]. Sub-synchronous RMS precursor calculation scheme: 

if the section length for the mean is 1 s, 5 RMS values are calculated for the mean 

The third precursor implemented in the software is the RMS value of the auto-power spectrum 

variance in the sub-synchronous field; it indicates a lack of stationarity in the accelerometer signal 

from a spectrum point of view. Figure 4.11 shows the scheme for this precursor calculation: the sub 

function divides the 5 second input signal into some intervals; from these intervals the software 

obtains a set of auto power spectra which are arrays of energy values, each value corresponding to a 

frequency of the spectrum. Then, the software calculates the variance considering the mean of the 

energy values for each frequency from each array: this means obtaining a new array whose elements 

are the variance of the signal energy for every frequency (auto-power spectrum variance). Once the 

array of the variance spectrum has been obtained, the relative surge precursor is calculated obtaining 

the RMS of the values in the range between those corresponding to the sub-synchronous limit 

frequencies considered. For the software testing the 5 second signal was divided into 20 intervals 

lasting a quarter of second: so, the calculated spectra had a frequency resolution of 4 Hz, considered 

enough in comparison to the sub-synchronous frequency range (5-800 Hz) investigated.  

 

Figure 4.11 [d] Scheme of the precursor from variance spectrum 

The last precursor analyses the signal in function of the machine rotation instead of time, so it has 

been called angle domain precursor. As shown in the scheme of Figure 4.12, for this precursor it is 

not enough to have a 5 second accelerometer signal, but it is necessary to have a tachometer signal 

acquired synchronously with the vibrational signal. So, the inputs of this precursor sub function 

include a 5 second tachometer signal which is an electric tension in function of time with an integer 

number of peaks for each turbine rotation. Counting the peaks, it is possible to divide both the signals 

into a set of intervals each lasting an integer number of rotations. 
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Figure 4.12 [d] Scheme of the precursor from angle domain analysis 

Once a set of intervals has been obtained, the function resamples them. So, each one has the same 

number of samples for the same number of rotation durations: the number of samples chosen is the 

maximum between those of all the intervals in the set; so, in all intervals no information is lost. The 

tachometer signal used for the software testing has a frequency which is the double of the 

microturbine revolution speed. The signals used for the input came from some plant transitory from 

a stable condition to the surge. During this transient the machine speed was around 60 krpm (1000 

Hz); so, each 5 s accelerometer signal entering the software loop has been divided into a set of 

intervals lasting 10 machine revolutions: inside of each interval it is possible to detect a minimum 

frequency of 100 Hz. After the creation of a set of consecutive intervals regarding the same number 

of rotations and with the same number of data points, these intervals are filtered in the range set by 

the user. The signal input of the software could refer to a machine regime with a different speed; so, 

the number of intervals inside the calculated set could change: the software user has to define the 

number of intervals to be considered for the precursor calculation (based on the average machine 

speed during the acquisition). For the software testing, the calculation of the angle domain precursor 

was carried out considering 350 intervals of the set from the 5 second input and each interval was 

filtered between 5 to 800 Hz with a filter order of 10. Once the set has been prepared with a precise 

number of intervals of a precise number of rotations, the angle domain precursor is calculated.  

Initially, the software calculates the average interval adding up point by point all the intervals and 

dividing for their number and, then, it calculates point by point the variance signal from the mean. As 

Figure 4.12 shows, the angle domain precursor is obtained calculating the RMS value of the variance 

signal (the signal points are the variance of all the corresponding points in the set). From the data 

used for software testing, the angle domain precursor value appears to be more floating than the other 

precursors; so, a sort of moving average has been implemented. Every half a second the main function 

takes into account not the value of the last calculated precursor, but the median value between the last 

one calculated and the two values calculated before. 

4.4 Software tuning and results 

As described before, the software developed has some parameters that can be set by the user: 

part of the work has been related to the correct selection of the default values for these parameters. 

Some values were chosen based on the previous analysis of vibro-acoustical signals [a][c] described 

in chapter 3. These are the above-mentioned parameters during the description of the precursor 
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functions in paragraph 4.3. However, the other parameters, regarding the reference calculation and 

their comparison with the actual precursor values, have been chosen through a tuning process.  

In the experimental campaign [a], tachometer, vibrational and acoustic signals were acquired from 

the test rig presented in chapter 2. Signals were acquired considering transient trends from steady-

state condition at about 60,000 rpm to the surge: these transients were obtained progressively closing 

a valve placed in the main air stream while the plant is equipped with one of these three volumes: 0.3 

m3, 2.3 m3 and 4.1 m3. The surge instability was reached closing the valve by steps of 10-5% from 

fully open condition to the surge event. 

Signals from transient tests have been used for the tuning process: to choose the best software 

parameters to predict the surge instability. The three signals from each transient phase were divided 

in a set of 5 s intervals with an overlap of 4.5 s between one interval and its previous one. These sets 

are useful to test the software because it is possible to simulate a real-time acquisition giving realistic 

data as input of the software (in the form of 5 s intervals every ½ a second). Inserting data from 

different transients, parameters were chosen to obtain 3 or 4 warnings when the plant is in proximity 

of or during the surge condition, trying to avoid any false alarms (3 or 4 warnings far from surge 

conditions). After subsequent attempts, it was possible to obtain the default parameters in Table 4-1 

useful for good surge prevention performance. 

No. of precursor values for the 

reference matrix  

15 

Starting value for maximum time 

distance 

50 half seconds 

Time distance: automatic correction 10 half seconds 

Threshold for accelerometer: sub-

synchronous RMS 

16% 

Threshold for microphone: sub-

synchronous RMS 

14% 

Threshold for variance spectrum: sub-

synchronous RMS 

16% 

Threshold for angle domain analysis 

RMS 

14% 

Table 4-1 Software default parameters defined in the tuning process 

The results shown below are all obtained using the default parameters from the tuning process. 

Vibro-acoustic data used to assess the surge prevention software performance regard three tests 

obtained with the T100 test rig: one transient operation for each volume configuration. In chapter 2.2 

the reader can have access to the trends of the related plant properties during these three tests. 

In each of Figure 4.13, Figure 4.14 and Figure 4.15 four graphs are represented, one for each precursor 

during the same transient to the surge condition (at time zero). The abscissa axis shows the time of 

the distance from surge. So, the left limit of the abscissa axis corresponds to the most stable condition 

plotted on the graphs. During the transients to surge, the time distance between one percentage valve 



P a g .  74 | 112 

 

closure to another might not be constant and the surge has been obtained in different closures: so, in 

the graphs red vertical lines separate the different valve conditions. Inside the red squares the picture 

provides an indication of the valve opening condition for each time interval between two red vertical 

lines. 

 

Figure 4.13 [d] Software results with 0.3 m3 volume. 

In each graph of the figure there are two ordinate axes: the left one indicates the values of the precursor 

and the reference, while the axes on the right show the warning values. In the graphs, from the 

reference trend, it is possible to see the time intervals in which the reference value has been kept 

constant. 

Two warning values are plotted: the darker one is a Boolean (0 or 1) value which indicates 

whether the single precursor has (1) or not (0) crossed its threshold (if precursor actual value is higher 

than its reference value of the percentage indicated into the Table 4-1). Yellow dashed lines represent 

the overall warning value during the transient to the surge: it is calculated obtaining the mean of all 

four Boolean values from all the precursors. The overall warning signal can assume only 5 values 

(0.0, 0.25, 0.5, 0.75, 1.0), that correspond to the number of active warnings (from 0 to 4); an overall 

waning of 0.75 or higher can be considered an alarm that means that the system is approaching a 

surge event (and the controller has to operate to avoid it). 
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Figure 4.14 [d] Software results with 2.3 m3 volume 

Dashed circles in each graph indicate where the overall warning gives an alarm. As shown in 

the figures, in all three volume configurations the alarm appears some seconds before the surge in a 

valve condition around 30-25% opening. In Figure 4.15 relative to the 4.1 m3 case, an alarm is given 

farther from the surge than in the other figures; however, it appears at a similar valve closing, so in a 

similar plant status. After the alarm has been given, 3 of the 4 precursors tend to keep values higher 

than before the alarm, this means that the system is working in a less stable condition and the alarm 

is true.  

In all three volume configurations, the alarm seems be able to predict the surge in time to 

permit the plant control system to operate to avoid the instability (e.g. opening a bleed valve or 

removing the instability cause). 
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Figure 4.15 [d] Software results with of 4.1 m3 volume 

4.5 One class machine learning algorithm: preliminary analysis for the 

software upgrade  

While creating the anti-surge diagnostic software, efforts were made to obtain the maximum possible 

flexibility of the software use with different turbines, operational condition and volumes. For this 

reason, a mobile threshold system was introduced. The system includes some parameters (e.g. 

maximum time distance, Threshold% …) that have been optimized by using experimental data from the 

T100 microturbine implant. However, even if different plant volume configurations were tested, it 

was not possible to test these parameters in other plants or turbines. A different method to achieve or 

improve the flexibility of use of the of the surge prevention tool could be the application of an one-

class machine learning algorithm [85][86][87][88]. The precursor values calculated by the software 

during the stable and safety operational conditions of any turbine and plant can be the training data 

useful for a machine learning algorithm to diagnose the surge instability. 

The approach of using examples to synthesise programs is known as the learning methodology, and 

when the examples are input/output pairs it is called supervised learning. The examples of 

input/output functionality are referred to as the training data. The input/output pairings typically 

reflect a functional relationship mapping inputs to outputs, though this is not always the case as for 

example when the outputs are corrupted by noise. When an underlying function from inputs to outputs 

exists, it is called the target function. The estimate of the target function, which is learnt or obtained 

by the learning algorithm, is known as the solution of the learning problem. In the case of 

classification this function is sometimes referred to as the decision function. A learning problem with 

binary outputs is referred to as a binary classification problem, one with a finite number of categories 

as multi-class classification, while for real-valued outputs the problem becomes known as regression. 
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Furthermore, One-class classification is the problem of constructing a description of a data set when 

only samples belonging to one class are available, and then detecting whether a new sample resembles 

this data set according to the constructed description or not. Training data for an anti-surge program 

could be the precursor values obtained as results during the LabView software test when the T100 

microturbine worked in a stable condition far from the surge event. A one class machine learning 

algorithm could define from the training precursors values the stable operational condition of the 

machine and then recognizes in real-time from the new acquired values when the machine is working 

in a less stable condition approaching the surge. 

As a first attempt at an example, it was decided to use an algorithm of the Support Vector Machine 

type: Support Vector Machines (SVM) are learning systems that use a hypothesis space of linear 

functions in a high dimensional feature space, trained with a learning algorithm from optimisation 

theory that implements a learning bias derived from statistical learning theory. Classification is 

frequently performed by using a real-valued function f: ℝn →ℝ in the following way: the input vector 

x = (x1, …, xn) is assigned to the positive class, if f(x) ≥ 0, and otherwise to the negative class. If f(x) 

is a linear function of x ∈ X, so it can be written as (Eq.4): 

 𝑓(𝒙) = ⟨𝒘 ∙𝒙⟩ + 𝑏 = ∑ 𝑤𝑖𝑥𝑖
𝑛
𝑖=1 + 𝑏  with n = size of x (4) 

 

where (w, b) ∈ ℝn x ℝ are the parameters that control the function (b is called bias) and the decision 

rule is given by sgn(f(x)), where for convention sgn(0)=1. The learning methodology implies that 

these parameters must be learned from the training data set. A geometric interpretation of this kind 

of hypothesis (the space of linear functions) is that the inputs space X is split into two parts by the 

hyperplane defined by the equation <w·x>+b = 0 (see Figure 4.16 for a 2d example). 

 

Figure 4.16 A separating hyperplane (w, b) for a two dimensional training set 

A hyperplane is an affine subspace of dimension n-1 which divides the space into two half spaces which 

correspond to the inputs of the two distinct classes. If the problem is one class, the hyperplane divides the 

space between where coordinates of points resemble the training data set according to the constructed 

description (so f(x) gives positive values) or not (negative values).  
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Frequently the target concept cannot be expressed as a simple linear combination of the given attributes 

(elements of x), but in general requires that more abstract features of the data be exploited. Kernel 

representations offer an alternative solution by projecting the data into a high dimensional feature space to 

increase the computational power of the linear learning machines. So one common pre-processing strategy in 

machine learning involves changing the representation of the data mapping the input space X into a new space 

(Feature space), F={Φ(x)|x ∈ X} (Eq.5)): 

 

 𝒙 = (𝑥1, … 𝑥𝑛) → 𝚽(𝒙) = (Φ1(𝒙), … , Φ𝑛(𝒙)) (5) 

 Example: 𝒙 = (𝑥1, 𝑥2) → 𝚽(𝒙) = (𝑥1
𝟐, 𝑥2

𝟐, 𝑥1𝑥2) 

From a 2d space to a 3d space 

 

 

The quantities (elements of Φ(x)) introduced to describe the data are usually called features and the 

F={Φ(x)|x ∈ X} is called the feature space, while the original quantities (elements of x) are sometimes 

called attributes. Figure 4.17 shows an example of a feature mapping from a two dimensional input 

space to a two dimensional feature space, where the data cannot be separated by a linear function in 

the input space, but can be in the feature space. 

 

Figure 4.17 A feature map can simplify the classification task 

Mapping the data into another space permits to use a new high dimensional space where linear 

separation becomes much easier. In order to learn non-linear relations with a linear machine, it’s 

necessary to select a set of non-linear features and to rewrite the data in the new representation. This 

is the equivalent of applying a fixed non-linear mapping of the data to a feature space, in which the 

linear machine can be used. So Equation (4) becomes Eq.6: 

 𝑓(𝑥) = ∑ 𝑤𝑖Φ𝑖(𝒙)𝑛
𝑖=1 + 𝑏 with n= size of Φ(x) (6) 

One important feature of linear learning machines is that they can be expressed in a dual 

representation. This means that the hypothesis (the linear function with its w) can be expressed as a 

linear combination of the training points, so that the decision rule can be evaluated by using just inner 

products between the test point and the training points (Eq.7): 
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 Since : 𝒘 = ∑ 𝛼𝑖𝑦𝑖
𝒏
𝒊=𝟏 𝐱𝑖        with n is the number of training points 

Changing xi with Φ(xi), f(x) becomes: 

 

 𝑓(𝒙) = ∑ 𝛼𝑖𝑦𝑖⟨𝚽(𝐱𝒊) ∙ 𝚽(𝐱)⟩𝑛
𝑖=1 + 𝑏     

with xi the training points, yi the responses (+1 or-1) of each xi,  

 b (bias) and αi (Lagrange multipliers) the parameters to be optimized 

(7) 

 

Indefinitely increasing the size of Φ(x), so of the feature space, the product <Φ(xi)·Φ(x)> could be 

difficult to be calculated. A kernel function can be used to resolve this problem (Eq.8): 

 𝐾(𝒙, 𝒛) =  ⟨𝚽(𝐱) ∙ 𝚽(𝐳)⟩ (8) 

 So f(x) becomes: 𝑓(𝒙) = ∑ 𝛼𝑖𝑦𝑖𝐾(𝑛
𝑖=1 𝒙𝑖 , 𝒙) + 𝑏  

 

Kernel functions are used to define the implicit feature space in which the linear learning machines 

operate. By replacing the inner product with an appropriately chosen ‘Kernel’ function, it’s possible 

implicitly perform a non-linear mapping to a high dimensional feature space without increasing the 

number of tunable parameters, provided the kernel computes the inner product of the feature vectors 

corresponding to the two inputs. Chosen an appropriate Kernel, an SVM algorithm runs an 

optimization process to find the best f(x) so the best b and αi the parameters.  

The SVM binary classification algorithm searches for an optimal hyperplane that separates the 

training data into two classes. The optimal hyperplane is the one maximising a margin (space that 

does not contain any observations) surrounding itself, which creates boundaries for the positive and 

negative classes. The root of f(x) for particular coefficients defines a hyperplane. For a particular 

hyperplane, f(z) is the distance from point z to the hyperplane. The algorithm searches for the 

maximum margin length, while keeping separate the observations in the positive (y = 1) and negative 

(y = –1) classes. One-class learning, instead, aims to separate data from the origin with a hyperplane 

which encompasses all the example points in the high-dimensional predictor space (not the original 

predictor space) keeping the maximum margin from the origin. 

Support vectors are examples in the training data set which stay on the hyperplane (or strictly near) 

and they correspond to strictly positive estimates of α1, ..., αn: SVM classifiers that yield fewer support 

vectors for a given training set are preferred. For one class SVM α1, ..., αn follow the rule (Eq.9): 

 ∑ 𝛼𝑖 = 𝑛𝜈𝑛
𝑖=1  with 0≤αi≤1 for all i= 1,...,n.and ν real number (9) 

A small value of ν leads to fewer support vectors and, therefore, a smooth, crude decision boundary. 

A large value of ν leads to more support vectors and, therefore, a curvy, flexible decision boundary. 
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4.5.1 One-class SVM for surge prevention 

The software described in the above paragraphs of this chapter saved the actual precursor values and 

the speeds calculated every half a second during all the transients used for its test: from these large 

set of data a matrix of 7092 example rows has been selected for the training of a one class Support 

Vector Machine (SVM) model (developed in MATLAB R2019a). The matrix for the training of this 

first example of anti-surge machine learning application has 6 columns (7092 rows): the first four 

columns correspond to the precursors values, then there is the frequency of the turbine speed and then 

the volume applied. 

 All the values in the training matrix have been scaled considering their column minimum and 

maximum values (Eq.10): 

 
𝑋 =  

𝑋 − 𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛
 

(10) 

 X=the value in the column  

In Figure 4.18 an example of the training matrix (for the first seven rows) is shown before and after 

the scaling. 

 

Figure 4.18 Example section of the training matrix before and after the scaling 

Some precursors data (not included in the training data), from a more stable condition to the last parts 

of the transients (0.5 s before) close to the surge, were used to tune the parameters of the learning 

model and to test its effectiveness. These verification data have obviously the same format of those 
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used for the training (6 columns: 4 precursors, the speed frequency and the volume configuration) 

and were scaled respect to the maximum and minimum of the training data. The machine learning 

model which seems to be the most effective is that one with a Gaussian Kernel and with a ν parameter 

of 0.1 (natural number). In equation 11 is shown the definition of Gaussian Kernel: 

 𝐾(𝒙, 𝒛) =  𝑒−(‖𝒙−𝒛‖)2
 (11) 

Figure 4.19 shows the results of the learning model for 4 transients approaching the surge. Values 

assumed by f(x) are named score: a positive score is linked to a stable compressor condition; negative 

score reveal the proximity of the instability. Three trends (blue, orange and green) represent the score 

evaluated every half a second during transients reaching the surge with the plant equipped with three 

different volume configurations (0.3, 2.3 and 4.1 m3). The beginning of the surge instability for each 

of these transients is indicated by a dashed vertical line with the same colour of the corresponding 

score trend: Some seconds before the surge (vertical dashed lines) these score trends present negative 

values (outlier precursors values). The yellow trend is the score during a transient approaching the 

surge but that never reached it so its score values never became negative.  

 

Figure 4.19 One class SVM results: four transients tested: one transient for each volume 
configurations and a transient (yellow) that did not reached the surge. 

These first experimental attempts show the possibility of an effective employment of a one class 

machine learning model for the surge prevention. The model is based on the vibro-acoustic precursors 

presented in the previous chapter and calculable in real-time mode by a software like the one 

described in this chapter. The important characteristic of the one class machine learning models is 



P a g .  82 | 112 

 

that they are trained only by data from standard and stable operational conditions of the machine. 

During the commissioning of a new turbine is it possible to acquire precursors data in all the stable 

machine operative conditions and use this dataset for the training of the learning model without the 

need of reaching the surge dangerous conditions. This can be an improvement of the surge diagnostic 

tool flexibility because it can be applied to any turbine based plant removing the problem of the 

parameters tuning of the Threshold system. 
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5  Conclusions 

This Thesis shows the development of an innovative software for the real-time diagnostic and 

prevention of surge conditions through vibro-acoustic measurements. An experimental campaign 

provided vibro-acoustic signals acquired during run up, run down and during some transients from a 

stable operational condition to the instability of the surge. The data were obtained from a test rig in 

which a Turbec T100 microturbine was equipped with a modular volume (between recuperator outlet 

and combustor inlet) to represent the presence of additional components in the innovative gas turbine 

plants. Three configurations were tested: 0.3 m3, 2.3 m3 and 4.1 m3. Surge phenomenon was generated 

by progressively closing a valve placed in the air path, increasing the pressure loss.  

Different signal processing techniques in time, frequency and angle domain were applied to 

the vibro-acoustic signals aiming to obtain some precursor values useful for a diagnostic system for 

incipient surge condition identification.  

Firstly, a complete system dynamic characterization has permitted both to distinguish (in the 

signals) the contents associated with sources different from those of the phenomenon to be diagnosed 

and to identify possible system resonances. Resonance frequencies seem to be significant for 

diagnostic purpose because in the response signals the corresponding components showed a higher 

sensitivity to the energy of the instability phenomenon.  

Then, acoustic and vibrational spectrum energy level revealed to be useful as quantifier for surge 

prediction. A significant diagnostic information is present both in the signals sub-synchronous 

contents (from 0 to 800Hz) and in higher frequencies, in correspondence to the contributions 

associated with the phenomenon of blade passage (order 13X).  

In correspondence of an incipience surge condition, the presence of signal main contribution 

modulations appears more evident: the most significant modulated phenomenon is the one of the 

blade passage.  

Some analyses were conducted by adopting a signals representation both in frequency and angle 

domain. In the first case, the tests showed, approaching the surge, an increase in the difference 

between average auto power spectrum and the envelope auto power spectrum, both evaluated on a 

significant number of spectra correspondent to a system operating condition. 

In the second case, some average functions, representative of system synchronous contributions, were 

calculated and used as reference to perform a comparison on signal extracts in the angle domain far 

and near critical condition: near the surge signal extracts lasting the same number of machine rotations 

have a higher variance from their mean. 

From all the conducted analyses some precursors values were defined and selected to be implemented 

in a LabVIEW script for real-time calculation and diagnostic reasons: 

 the RMS energy value of the sub-synchronous frequency contents from both 

accelerometer and microphone signal; 



P a g .  84 | 112 

 

 the accelerometer RMS value of the variance spectrum; 

 the RMS value of the signal variance calculated from set of signal sections lasting an 

integer number of machine rotations (angle domain analysis). 

All these values are calculated by the software every half a second from a signal interval of five 

seconds and compared with the corresponding reference threshold. An important innovative aspect 

regards the reference value that is not constant to have flexibility for application with different 

machines and different operative conditions. So, this reference value is calculated from the precursor 

values obtained some second before and therefore its values change (after a certain time interval) 

depending on different plant conditions and machine regimes. 

The tuning process, using data from a plant based on a T100 microturbine, reveals that a good 

threshold for surge prediction can be obtained considering the median of 15 values calculated by the 

software 50 half seconds before, with an automatic correction of this time distance of 10 half seconds. 

If three present values exceed their reference values of a chosen percentage, the system is considered 

close to surge. The tuning process has provided these percentages for the reference values:  

 accelerometer sub-synchronous RMS: 16% 

 microphone sub-synchronous RMS: 14% 

 variance spectrum sub-synchronous RMS: 16% 

 angle domain analysis RMS: 14% 

The software has been tested with data from three plant volume configurations (0.3m3, 2.3m3, 4.1m3) 

between turbine compressor outlet and recuperator inlet: the tool produced an alarm some seconds 

before the surge instability when the valve (causing the instability) was in the 25-30% range. So, the 

software was able to successfully predict the surge event. Thanks to the application of this software, 

it seems be possible to increase application range of innovative gas turbine cycles and, as 

consequence, the energy generation efficiency employing cheap vibro-acoustic sensors easy to be 

placed. 

A preliminary further study was performed for the improvement of the software and its flexibility of 

application. A One class machine learning model has been trained in MATLAB using the speed, 

volume and precursors values obtained from the results of the LabVIEW software during the stable 

operational conditions of the transients acquired. The model, obtained by using a Support Vector 

Machines (SVM) algorithm, is able to distinguish outlier precursors values due to the proximity of 

the surge from those corresponding to a stable condition. 

 

  



P a g .  85 | 112 

 

6 Reference 

[a] Ferrari M.L., Silvestri P., Pascenti M., Reggio F., Massardo A.F., “Experimental Dynamic 

Analysis on a T100 Microturbine Connected With Different Volume Sizes.” Journal of 

Engineering for Gas Turbines and Power, 140 (2018) 021701_1-12. 

[b] Ferrari, M.L., Silvestri, P., Reggio, F., Massardo, A.F. “Surge prevention for gas turbines 

connected with large volume size: Experimental demonstration with a microturbine” 2018 

Applied Energy, 230, pp.1057-1064 

[c] Reggio, F., Ferrari, M.L., Silvestri, P., Massardo, A.F. “Vibrational analysis for surge precursor 

definition in gas turbines” 2019 Meccanica, 54(8), pp. 1257-1278 

[d] Reggio F., Ferrari M.L., Silvestri P., Massardo A.F., “Surge prevention tool for gas turbine-

based advanced cycles” under submission Energy 

[e] Traverso, A., Silvestri, P., Reggio, F., and Efstathiadisa, T., 2019, “Theoretical and 

Experimental Investigation on Rotor Dynamic Behaviour of Bladeless Turbine for Innovative 

Cycles”, Proceedings: ASME TurboExpo’19, Phoenix, USA 

[f] Renuke A., Reggio F., Silvestri P., Traverso A., Pascenti M., “Experimental investigation on a 

3 kw air tesla expander with high speed generator.” Proceedings of ASME Turbo Expo 2020 

June 22-26, 2020, London, England 

 

[1] Curto D., Franzitta V., Trapanese M., Cirrincione M., “A Preliminary Energy Assessment 

to Improve the Energy Sustainability in the Small Islands of the Mediterranean Sea”, Journal 

of Sustainable Development of Energy, Water and Environment Systems Year 2020, 

Volume 8, Issue 4, pp 735-753 

[2] Vannoni A., Giugno A., Sorce A., “Thermo-economic analysis under electrical market 

uncertainties of a combined cycle gas turbine integrated with a flue gas-condensing heat 

pump”, Proceedings of ASME Turbo Expo 2020, June 22-26, 2020, London, England. 

[3] European Commision, 2014, “A Policy Framework for Climate and Energy in the Period 

from 2020 to 2030,” p. Brussels. 

[4] Eurostat, 2018, Energy, Transport and Environment Indicators. 2018 Edition. 

[5] European Commision, 2011, “Energy Roadmap 2050.” 

[6] Ferrari M.L., Traverso A., Massardo A.F., “Smart polygeneration grids: experimental 

performance curves of different prime movers” Applied Energy 162 (2016) 622–630 

[7] Jana K., Ray A., Majoumerd M.M., Assadi M., De S., Polygeneration as a future sustainable 

energy solution – A comprehensive review. Applied Energy, 202 (2017) 88-111 

[8] Henke M., Monz T., Aigner M., Introduction of a New Numerical Simulation Tool to 

Analyze Micro Gas Turbine Cycle Dynamics. Journal of Engineering for Gas Turbine and 

Power, 139 (2017) 042601_1-7. 

[9] Pedemonte A.A., Traverso A., Massardo A.F., Experimental analysis of pressurised 

humidification tower for humid air gas turbine cycles. Part A: Experimental campaign. 

Applied Thermal Engineering, 28 (2008) 1711-1725. 

[10] Zaccaria V., Tucker D., Traverso A., Transfer function development for SOFC/GT hybrid 

systems control using cold air bypass. Applied Energy, 165 (2016) 695-706. 

[11] Ferrari M.L., Pascenti M., Magistri L., Massardo A.F., MGT/HTFC hybrid system emulator 

test rig: Experimental investigation on the anodic recirculation system. Journal of Fuel Cell 

Science and Technology, 8 (2011) 021012_1-9. 



P a g .  86 | 112 

 

[12] Ferrari M.L., Pascenti M., Magistri L., Massardo A.F., Hybrid system test rig: Start-up and 

shutdown physical emulation. Journal of Fuel Cell Science and Technology, 7 (2010) 

021005_1-7. 

[13] McLarty D., Brouwer J., Samuelsen S., Fuel cell-gas turbine hybrid system design part II: 

Dynamics and control. Journal of Power Sources, 254 (2014) 126-136. 

[14] Abrassi, A., Traverso A., Tucker D., Liese E., Impact of different volume sizes on dynamic 

stability of a gas turbine-fuel cell hybrid system, Journal of Engineering for Gas Turbines 

and Power Volume 142, Issue 5, May 2020. 

[15] Engelbrecht E. G., Zoitis G., Sidiropoulos S., Chasoglou A., Chokani N., “Modelling phase 

change in a novel turbo expander for application to heat pumps and refrigeration cycles” 

SUPEHR19 E3S Web of Conferences 113, 03012 (2019)  

[16] Day I. J., “Stall, surge and 75 years of research”, Proceedings of ASME Turbo Expo, 

Montréal, Canada, 3-8 (2015) 

[17] McMillan G. K., “Centrifugal and Axial Compressor Control”, Momentum Press, 2010 

[18] Abrassi, A., Traverso, A., Ferrari, M. L. Turbocharger-based hybrid systems: Modeling and 

validation of a free spool subject to compressor surge, Proceedings of the ASME Turbo Expo 

Volume 3, 2018 

[19] Abrassi, A., Fuel cell hybrid systems, dynamics and surge analysis, PhD Thesis, 

[20] Greitzer E. M., Moore F. K., “Surge and Rotating Stall in Axial Flow Compressors. Part I: 

Theoretical Compression System Model”. Journal of Engineering for Power, 98 (1976) 190-

198. 

[21] Fink D. A., Cumpsty N. A., Greitzer E. M., 1992, “Surge dynamics in a free spool centrifugal 

compressor system”, Journal of Turbomachinery 114, 321-322.  

[22] Day, I., 1994, “Axial Compressor Performance During Surge,” J. Propul. Power, 10(3), pp. 

329–336. 

[23] Greitzer, E. M., Moore, F. K., 1986, “A Theory of Post-Stall Transients in Axial 

Compression Systems: Part II—Application,” ASME J. Eng. Gas Turbines Power, 108(2), 

pp. 231–239. 

[24] Freeman, C., Wilson, A., Day, I., and Swinbanks, M., 1998, “Experiments in Active Control 

of Stall on an Aeroengine Gas Turbine,” ASME J. Turbomach.,120(4), pp. 637–647. 

[25] Niccolini Marmont Du Haut Champ, C.A., Massardo, A.F., Ferrari, M.L., Silvestri, P. 

“Surge prevention in gas turbines: An overview over historical solutions and perspectives 

about the future” E3S Web of Conferences, 2019, 113, 02003 

[26] Morini M., Pinelli M., Venturini M., “Acoustic and Vibrational Analyses on a Multi-Stage 

Compressor for Unstable Behavior Precursor Identification”, ASME Paper GT2007-27040, 

ASME Turbo Expo 2007, Montreal, Canada. 

[27] Bently D. E., Goldman P., “Vibrational Diagnostics of Rotating Stall in Centrifugal 

Compressors”, ORBIT First Quarter 2000 

[28] Aretakis N., Mathioudakis K., Kefalakis M., Papailiou K., “Turbocharger unstable operation 

diagnosis using vibroacoustic measurements”, ASME Journal of Engineering for Gas 

Turbines and Power,126 (Nov. 2004) pages 840-847 

[29] Munari E., D’Elia G., Morini M., Mucchi E., Pinelli M., Spina P.R., “Experimental 

Investigation of Vibrational and Acoustic Phenomena for Detecting the Stall and Surge of a 

Multistage Compressor”, ASME Journal of Engineering for Gas Turbines and Power. 2018; 

140(9):092605-092605-9. GTP-17-1451 doi: 10.1115/1.4038765 

[30] Antoni J., “Cyclostationarity by examples”, Mechanical Systems and Signal Processing 23, 

(2009) 987–1036 

[31] Antoni J., “Cyclic spectral analysis in practice”, Mechanical Systems and Signal Processing 

21, (2007) 597–630 

https://www.scopus.com/authid/detail.uri?authorId=57195593414&amp;eid=2-s2.0-85091871383


P a g .  87 | 112 

 

[32] Sheikhbeigi B., Ghofrani, M.B,. Thermodynamic and environmental consideration of 

advanced gas turbine cycles with reheat and recuperator. International Journal of 

Environmental Science and Technology, 4 (2007) 253-262. 

[33] Locatelli M., Contribution of gas turbines to energy savings with high efficiency systems. 

Applied Energy, 36 (1990) 89-92. 

[34] Traverso, A., Massardo, A.F., Thermoeconomic analysis of mixed gas-steam cycles. 

Applied Thermal Engineering, 22 (2002) 1-21. 

[35] Jana K., Ray A., Majoumerd M.M., Assadi M., De S., Polygeneration as a future sustainable 

energy solution – A comprehensive review. Applied Energy, 202 (2017) 88-111. 

[36] Yan J., Chou S.K., Desideri U., Xia X., Innovative and sustainable solutions of clean energy 

technologies and policies (Part I). Applied Energy, 130 (2014) 447-449. 

[37] McDonald C.F., Massardo A.F., Rodgers C., Stone A., Recuperated gas turbine aeroengines, 

part I: Early development activities. Aircraft Engineering and Aerospace Technology, 80 

(2008) 139-157. 

[38] Al-Sharafi A., Yilbas B.S., Sahin A.Z., Ayar T., Performance assessment of hybrid power 

generation systems: Economic and environmental impacts. Energy Conversion and 

Management, 132 (2017) 418-431. 

[39] Henke M., Monz T., Aigner M., Introduction of a New Numerical Simulation Tool to 

Analyze Micro Gas Turbine Cycle Dynamics. Journal of Engineering for Gas Turbine and 

Power, 139 (2017) 042601_1-7. 

[40] Qiu K., Yan L., Ni M., Wang C., Xiao G., Luo, Z., Cen, K., Simulation and experimental 

study of an air tubecavity solar receiver. Energy Conversion and Management, 103 (2015) 

847-858. 

[41] Montero Carrero M., De Paepe W., Parente A., Contino F., T100 mGT converted into mHAT 

for domestic applications: Economic analysis based on hourly demand. Applied Energy, 164 

(2016) 1019-1027. 

[42] Pedemonte A.A., Traverso A., Massardo A.F., “Experimental analysis of pressurised 

humidification tower for humid air gas turbine cycles. Part A: Experimental campaign” 

Applied Thermal Engineering 28 (2008) 1711–1725 

[43] Lis̈kiewicz G., Horodko L., Time-frequency analysis of the Surge Onset in the Centrifugal 

Blower. Open Engineering, 5 (2015) 299-306. 

[44] Zaccaria V., Tucker D., Traverso A., Operating strategies to minimize degradation in fuel 

cell gas turbine hybrids. Applied Energy, 192 (2017) 437-445. 

[45] Fallah M., Siyahi H., Ghiasi R.A., Mahmoudi S.M.S., Yari M., Rosen M.A., Comparison of 

different gas turbine cycles and advanced exergy analysis of the most effective. Energy 116 

(2016) 701-715. 

[46] Al-attab K.A., Zainal Z.A., Externally fired gas turbine technology: A review. Applied 

Energy, 138 (2015) 474-487. 

[47] Mokheimer E.M.A., Dabwan Y.N., Habib M.A., Optimal integration of solar energy with 

fossil fuel gas turbine cogeneration plants using three different CSP technologies in Saudi 

Arabia. Applied Energy, 185 (2017) 1268-1280. 

[48] Ferrari M.L., Massardo A.F., Cathode–anode side interaction in SOFC hybrid systems. 

Applied Energy, 105 (2013) 369–379. 

[49] Otomo, J., Oishi, J., Miyazaki, K., Okamura, S., Yamada, K. Coupled analysis of 

performance and costs of segmented-in-series tubular solid oxide fuel cell for combined 

cycle system. International Journal of Hydrogen Energy, 42 (2017) 19190-1920. 

[50] Sun H., Luo X., Wang J., Feasibility study of a hybrid wind turbine system - Integration with 

compressed air energy storage. Applied Energy, 137 (2015) 617-628. 



P a g .  88 | 112 

 

[51] Mahmood M., Traverso A., Traverso A.N., Massardo A.F., Marsano D., Cravero C., 

Thermal energy storage for CSP hybrid gas turbine systems: Dynamic modelling and 

experimental validation. Applied Energy, 212 (2018) 1240-1251. 

[52] Aydin D., Casey S.P., Riffat S., “The latest advancements on thermochemical heat storage 

systems. Renewable and Sustainable Energy Reviews”, 41 (2015) 356-367. 

[53] Muszynska A., “Rotordynamics” 2005 by Taylor & Francis Group, LLC 

[54] Swanson E., Powell C. D., Weissman S., “A Practical Review of Rotating Machinery 

Critical Speeds and Modes” SOUND AND VIBRATION/MAY 2005 

[55] API publication 684 (First Edition, 1996) 

[56] Ferrari M.L., Pascenti M., Magistri L., Massardo A.F., “Emulation of hybrid system start-

up and shutdown phases with a micro gas turbine based test rig” Proceedings of ASME 

Turbo Expo 2008: Power for Land, Sea and AirGT2008 June 9-13, 2008, Berlin, Germany. 

[57] Pascenti M., Ferrari M.L., Magistri L., Massardo A.F., “Micro gas turbine based test rig for 

hybrid system emulation” Proceedings of GT2007 ASME Turbo Expo 2007: Power for 

Land, Sea and Air May 14-17, 2007, Montreal, Canada. 

[58] M., Ferrari M.L., Pascenti M., Traverso A. N., Massardo A.F., “Hybrid system test rig: 

Chemical composition emulation with steam injection” Applied Energy 97 (2012) 809–815 

[59] Hagino N., Uda K., Kashiwabara Y., “Prediction and Active Control of Surge Inception of 

a Centrifugal Compressor.” Proceedings of the International Gas Turbine Congress, 2003. 

[60] Friswell M. I., Penny J. E. T., Garvey S. D., Lees A. W., “Dynamics of Rotating Machines” 

[61] Muszyńska A., “Rotordynamics”, CRC Press, Taylor & Francis Group, ISBN 978-0-8247-

2399-6, 2005 

[62] Bendat J. S., Piersolauth A. G., “Random Data Analysis and Measurement Procedures” 

[63] Vakakis A. F., “Non-linear normal modes (nnms) and their applications in vibration theory: 

an overview”, Mechanical Systems and Signal Processing (1997) 11(1), 3-22 

[64] Kerschen G., Peeters M., Golinval J.C., Vakakis A.F., “Nonlinear Normal Modes, Part I: A 

Useful Framework for the Structural Dynamicist”, Mechanical Systems and Signal 

Processing 23, (2009), 170-194 

[65] Tesla N., “turbine”, U.S. patent No. 1 061 206, 1913 

[66] Rice, W., 1965, “An Analytical and Experimental Investigation of Multiple Disk Turbines”, 

Journal of Engineering for Power, Vol. 87(1), pp. 29–36. 

[67] Renuke A., Traverso A., Vannoni A., Pascenti M., “Experimental and numerical 

investigation in small scale Tesla turbines” Proceedings of ASME Turbo Expo 2019. 

[68] Ferrari M.L., Traverso A., Massardo A.F., “Smart polygeneration grids: Experimental 

performance curves of different prime movers.” Applied Energy, 162 (2016) 622-630 

[69] Schosser DA C., Lecheler S. Pfitzner M. “A test rig for the investigation of the performance 

and flow field of Tesla friction turbines” ASME paper GT2014-25399, Proceedings of 

ASME Turbo Expo 2014, GT2014 June 16 – 20, 2014, Düsseldorf, Germany 

[70] Ntatsisa K., Chatziangelidoua A., Efstathiadisa T., Gkoutzamanisa V., Silvestri P., Kalfasa 

A. “CFD analysis of a turboexpander stator for non-conventional fluids” GPPS ZURICH19 

15th - 16th January 2019 

[71] Deam R.T., Lemma E., Mace B., Collins R. “On Scaling Down Turbines to Millimeter Size” 

Journal of Engineering for Gas Turbines and Power SEPTEMBER 2008, Vol. 130 / 052301-

9  

[72] Gruber E.L., 1960, “An Investigation of a Turbine with a Multiple Disc Rotor”, Thesis, 

Arizona State University, Tempe, Arizona 

[73] Sengupta S, Guha A, “Analytical and computational solutions for three-dimensional flow-

field and relative pathlines for the rotating flow in a Tesla disc turbine”, in: Computers & 

Fluids, 88, 344-353, 2013. 



P a g .  89 | 112 

 

[74] Lemma E, Deam RT, Toncich D, Collins R, “Characterisation of a small viscous flow 

turbine”, in: Experimental Thermal and Fluid Science, 33, 96-105, 2008. 

[75] Guha A, Smiley B, “Experiment and analysis for an improved design of the inlet and nozzle 

in Tesla disc turbines”, in: Proc. IMechE, Part A: J. Power and Energy, 224, 261–277, 2009. 

[76] Song J, Gu CW, Li XS, “Performance estimation of Tesla turbine applied in small scale 

Organic Rankine Cycle (ORC) system”, in: Applied Thermal Engineering, 110, 318–326, 

2017.  

[77] Song J, Ren XD, Li XS, FU CW, Zhang MM, “One-dimentional model analysis and 

performance assessment of Tesla turbine”, in: Applied Thermal Engineering, Vol. 134, 546–

554, 2018. 

[78] Manfrida G, Pacini L, Talluri L, “A revised Tesla turbine concept for ORC applications”, 

in: Energy Procedia, 129, 1055-1062, 2017. 

[79] Anil Kumar A “Vibration Analysis of a Tesla Turbine rotor”, Vinayak Sharma Dept. of 

Mechanical Engineering, K S Institute of Technology Raghuvanahalli, Bengaluru, India. 

[80] Guha, A., and Sengupta, S., 2017, “A Non-dimensional Study of the Flow Through Co-

rotating Discs and Performance Optimization of a Tesla Disc Turbine”, Journal of Power 

and Energy, Vol. 231 Part A, pp. 721-738. 

[81] Bagiński P., Jędrzejewski L., “The strength and dynamic analysis of the prototype of tesla 

turbine”, Diagnostyka, Vol. 16, No. 3 (2015) 

[82] B.P.Graney, K. Starry, “Rolling element bearing analysis”, Material Evaluation, Vol.70, 

No.1, pp:78-85., The American Society for Nondestructive Testing. 

[83] Nuttall A. H., “Spectral Estimation by Means of Overlapped Fast Fourier Transform 

Processing of Windowed Data”, Naval Underwater System Center Report No. 4169 

[84] Marelli S., Misley A., Taylor A., Silviestri P., Capobianco M., Canova M., “Experimental 

Investigation on Surge Phenomena in an Automotive Turbocharger Compressor” SAE 

Technical Papers, doi: 10.4271/2018-01-0976. 

[85] Camoriano R., Traversaro S., Rosasco L., Metta G., Nori F., Incremental semiparametric 

inverse dynamics learning. 2016 IEEE International Conference on Robotics and 

Automation (ICRA) 544-550. 

[86] Camoriano R., Large-scale Kernel Methods and Applications to Lifelong Robot Learning. 

2017 PhD Thesis. 

[87] Cristianini N., Shawe-Taylor J., An Introduction to Support Vector Machines and Other 

Kernel-based Learning Methods. Cambridge University Press, 2000. 

[88] Schӧlkopf B., Williamson R., Smola A., Shawe-Taylor J., John Platt, Support Vector 

Method for Novelty Detection. S.A. Solla, T.K. Leen and K.-R. Müller (eds.), 582–588 MIT 

Press (2000). 

[89] Ewins D. J. “Modal Testing: Theory and Practice”, Research Studies Press, United 

Kingdom, 1984 

[90] Leissa A.W. “Vibration of Plates”, NASA SP-160 1969 

[91] Soedel W. “Vibrations of Shells and Plates”, Third Edition -CRC Press (2004) 

[92] Presas A. “Natural frequencies of rotating disk-like structures submerged viewed from the 

stationary frame” 2016 IOP Conf. Ser.: Earth Environ. Sci. 49 082023 

[93] Wildheim J. “Excitation of rotating circumferentially periodic structures”, STAL-LAVAL 

TURBIN AB, S-612 20 Finspong, Sweden 

 

  



P a g .  90 | 112 

 

Nomenclature 

Introduction 1  ORC Organic Rankine Cycle 

Variables   Chapter  2 

B System dynamic 

response parameter 

(dimensionless) 

 Variables  

Sc Slope of the compressor 

characteristic curve 

(psi/acfm) 

 vol. Volume [m3] 

Bm Minimum B for dynamic 

instability (typically 0.1 

to 1.0) 

 bpf blade pass frequency [Hz] 

Ac Cross-sectional area of 

flow path in compressor 

(sq ft) 

 Kp surge margin [-] 

Lc Length of flow path in 

compressor (ft) 

 N rotational speed [rpm] 

a Speed of sound in the gas 

(ft/sec) 

 m mass flow rate [kg/s] 

U Compressor impeller 

tangential speed (m/sec) 

 MM Main line mass flow rate [kg/s] 

Vp Volume of the plenum 

(cu ft) 

 MR Modular vessel mass flow rate 

[kg/s] 

Acronyms   P power [W] 

EU European Union  PRC1 Recuperator inlet pressure [bar] 

MGT Micro gas turbines  TC1 Compressor inlet temperature [K] 

SOFC Solid Oxide Fuel Cell  TOT Turbine Outlet Temperature [K] 

HAT Humid Air Turbine  Δp pressure loss [bar] 

CSP Concentrated Solar 

Power 

 β pressure ratio [-] 

API American Petroleum 

Institute 

 Acronyms  

nX Rotational nth Order   E. grid Electrical grid 
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Ex heat Exchanger  nX Rotational nth Order  

REC Recuperator  CFD Computational Fluid Dynamics 

VBE On/off emergency bleed 

valve 

 VO Modular vessel outlet valve 

VM Main line valve  VM Main line valve 

VO Modular vessel outlet 

valve 

 k-phasor Phase Reference for rotational 

angle 

Subscript   Chapter  4 

0 design  Variables  

ic initial condition  Kp surge margin [-] 

ref reference  m mass flow rate [kg/s] 

sl surge limit on 

manufacturer map 

 Δp pressure ratio [-] 

Chapter  3  FO Fractional Opening [%] 

Variables   PRC1 Recuperator inlet pressure [bar] 

bpf blade pass frequency 

[Hz] 

 N Compressor impeller speed 

(rev/sec or rpm) 

N rotational speed [rpm]  x  input vector 

B ball diameter [mm]  b bias 

P pitch diameter [mm]  w Vector of proportionality 

coefficients  

θ contact angle  𝑤𝑖  Components of  w 

F revolution frequency  X input space 

α cyclic frequency  Φ(x) Features vector  

f signal frequency  Φn(x) Features: components of vector 

Φ(x)  

Δf frequency range  F feature space 

Acronyms   αi Lagrange multipliers 

RMS Root Mean Square  xi training points 

TPG Thermochemical Power 

Group 

 yi training points responses 

ORC Organic Rankine Cycle  K(x,z) Kernel function 
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ν Parameter for the 

optimization 

 Appendix A 

xn Components of x  Variables  

Acronyms   W axial modal displacement 

RMS Root Mean Square  θ angular coordinate 

VO Modular vessel outlet 

valve 

 ω frequency of the mode [rad/s] 

VM Main line valve  Ω frequency of the speed [rad/s] 

VBE On/off emergency bleed 

valve 

 φ angular coordinate of the 

stationary frame 

acc ACCelerometer  𝜔1−𝑠𝑡𝑎𝑡 

𝜔2−𝑠𝑡𝑎𝑡 

frequency of the mode seen in the 

stationary frame 

mic MICrophone  D flexural stiffness 

var VARiance  E Young modulus 

Spe SPEctrum  h plate thickness 

sub SUB synchronous  ν Poisson coefficient 

AD Angle Domain  ρ plate surface density 

fft Fast Fourier Transform  t time 

ref REFerence  ∇2 Laplacian operator 

SVM Support Vector Machines  (i,j) i is the number of circumferential 

nodal lines ((0,0) – cup shape) 

and j the number of the diametric 

ones. 

Eq. Equation  Acronyms  

Subscripts   LVDT Linear Variable Differential 

Transformer 

0 design  fw forward 

sl surge limit on 

manufacturer map 

 bw backward 

min minimum  TPG Thermochemical Power Group 

max maximum  FEM Finite Element Method 

     

   FRF frequency response functions 
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Appendix A Rotor dynamic behaviour of bladeless turbine 

Tesla turbine rotor as that in paragraphs 3.1.2 consists of a shaft with several (e.g. 110) thin co-

rotating disks with small (0.1 mm) gaps between each other, so rotor assembly and its parts may 

present dynamic criticalities, due to their structural characteristics. Before the design of the 3 kW air 

Tesla, numerical and experimental studies have been carried out on some older row prototypes. The 

activity was performed with reference to these physical turbine prototypes already available at TPG 

laboratory. However, the design methodology considered in this appendix can be applicable to every 

type or size of Tesla turbine rotor with the aim to improve its vibrational behaviour and ensure low 

vibrations during operations. 

A.1 A non-rotating single Tesla disk both in free and real constrained 

configuration 

Tesla turbine disk is the basic element of the entire rotor so it is important for the evaluation of 

the machine dynamics to deepen its isolated behaviour. Disk study was initially conducted in free-

free condition (in absence of any constraints) then it was extended under real constraint conditions 

adding a connection: reproducing the disk mounting on the turbine shaft. The component dynamic 

behaviour was evaluated in terms of vibrational modes through a numeric approach validated by 

appropriate experimental tests. In addition, the reliability of an analytical solution was checked if the 

approximation of annular disk to model the system under examination is introduced. Figure A. 1 

Shows the 150 mm diameter disk photo and its mesh used in FEM analysis (Ansys Workbench 18.2). 

In the picture it is possible to note exhaust sections, consisting of holes in the shape of an ogive, and 

the shrinking hole of the shaft (diameter 11 mm). Regarding the disk mesh, Ansys shell 181 elements 

were applied to 2D shape of the machine's disk giving the disk thickness (1 mm) as a parameter. 

Constrained model has been realized removing opportunely degrees of freedom from the node on the 

inner edge of the shrink hole and the modal numerical analysis has been conducted using Ansys solver 

qrdamp algorithm which allows to do a linear eigenvalues analysis. In the Table A. 1 some 

geometrical measure and disk material properties are presented: 

Table A. 1 Disk geometrical and material properties [e] 

Outer radius 150 mm 

Inner radius 11 mm 

Thickness 1 mm 

Poisson’ ratio 0.3 

Density 7850 kg/m3 

Young’s modulus 200 GPa 
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Figure A. 1 Meshed disk and experimental set up for the constrained configuration [e] 

In order to perform the modal experimental analysis [89], impact type measurements on the disk 

were conducted to experimentally obtain the frequency response functions (FRF). Free-free condition 

has been realized placing the disk on a foam pillow so that rigid motions frequencies were enough 

lower than bending ones in order to make the suspension minimally influencing the structural 

dynamics of the disk. Constrained condition has been obtained shrinking the disk central hole to a 

body with enough stiffness and high mass to be considered as a rigid fixed ground support for the 

analysed frequency range. Figure A. 1 shows the set up for the impact measurement in the disk 

constrained case. Structural measurements were made on the disk by keeping fixed the position of 

the microphone used as “reference”, while the excitation point of the structure was changed (rowing 

hammer mode). Micro hammer dimensions and model (PCB086E80) were chosen based on the disk 

size and the desired frequency excitation contents.  

A microphonic reference was used in order to not add mass to the system, avoiding modifying its 

structural properties that could make less accurate the identification of modal parameters. For this 

purpose, it was chosen a pre-polarized Gras microphone with range between 2 and 50 kHz of dynamic 

response. Microphone was placed very close to the disk so that it could acquire air pressure trend 

mainly due to the disk surface vibration. So obtained FRFs were compared to those found from an 

accelerometer reference to verify that microphone had correctly acquired disk structural response 

contents and that over external contents were negligible. Figure A. 2 and Figure A. 4compare two 

FRFs obtained from an acoustic and a structural response of the same excitation and response point 

(see Figure A. 3). As it can be seen peaks in both the traces are similar but in the accelerometer case 

they are at a bit lower frequency due to the mass of the sensor. 
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Figure A. 2 FRF traces corresponding to the same excitation (point 411) and response point 
(point 707) on the disk: red trace is from accelerometer sensor, blue trace from microphone 

sensor in the free-free configuration [e]. 

Modal analysis has been extended to all the significant operative frequencies to identify vibrational 

modes that could be excited during turbine work. For these reasons a frequency band of 2048 Hz 

was adopted and a number of 4096 spectral lines was chosen to obtain good frequency resolution. 

 

Figure A. 3 Tesla disk excitation (point 411) and response (point 707) points [e] 
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Figure A. 4 [e] FRF in Figure A. 2 detail in a range between 180 Hz – 580 Hz. 

The analysis must allow to correctly identify the first mode shapes. Thus, a geometry with a sufficient 

number of measuring points capable of reproducing correctly the modal deformations of interest has 

been defined (36 Degrees of freedom). The results from experimental modal analysis were used to 

validate the structural numerical model of the rotor disk. Preliminarily, a validation was performed 

verifying the correspondence between the values of the inertial terms of the numerical and physical 

model. Then it was developed a FEM-test correlation activity that aims to the comparison of the 

dynamic behaviour of a finite element model with the experimental one considered as the reference 

model of the dynamic behaviour of the system. For this purpose, theoretical and experimental 

vibration modes were compared. Both numerical and experimental analyses have provided 

exclusively out of plane vibrational modes coherently with the system geometrical and dynamic 

characteristics. Each mode is characterized by a frequency value and by nodal lines of diametrical 

and/or circumferential type. High correlation has been found in terms of frequency and modal shape 

between FEM and test vibrational modes. 

In Figure A. 5 it is shows a comparison FEM/test about the first vibrational mode shape in free-

free configuration: this mode presents two diametric nodal lines and zero circumferential nodal lines 

(0,2). The picture on the left shows the experimental modal shape on the deformed measurement 

wireframe: nodal lines are also reported with black traces. 

 

Figure A. 5 Comparison FEM/test for two nodal diameters modal shape [e] 
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The second mode shape in free-free configuration presents one circumferential nodal lines (1,0), as 

represented in Figure A. 6 

 

Figure A. 6 Comparison FEM/test for one nodal circumferential line modal shape [e] 

Figure A. 7 and Figure A. 8 shows the comparison between deformed shape from FEM and tests in 

the disk constrained configuration. The first mode has only one diametric line and no circumferential 

nodal lines (0,1). 

 

Figure A. 7 Comparison FEM/test for one nodal diameters modal shape [e] 

The second (concave) mode, named as “cup shape mode” (0,0), is axisymmetric and its 

circumferential nodal line collapses in single central point so all fixed nodes are at the disk 

attachment. 

 

Figure A. 8 Comparison FEM/test for cup modal shape [e] 

For this component, the analytical solution has been evaluated approximating its geometry to that 

of an annular disk. The following hypotheses were also assumed: linear elastic constitutive bond, 

small deformations, deformations due to shear negligible with respect to deformations due to bending 

and transversal flat sections remaining flat during deformations. The solid were considered isotropic 

elastic with negligible rotational inertia and forces acting only in the plane. 

Analytical solution can be obtained from the elastic surface differential equation [90][91] (12) 

for flat plates: 

 
𝐷∇4𝑤 + 𝜌ℎ

𝑑2𝑤

𝑑𝑡2
= 0 

(12) 
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Where D is the flexural stiffness defined as (13): 

 
𝐷 =

𝐸ℎ3

12(1 − 𝜈2)
 

(13) 

 E = Young modulus; h = plate thickness; ν = Poisson coefficient; ∇4 = ∇2∇2 where ∇2 is the 

Laplacian operator; ρ = plate surface density; t = time. 

 

Following the procedure proposed in [90] it is possible to obtain the frequency value in function 

of radiuses ratio for different constrains conditions and for the different disk vibrational modes. 

The Table A. 2 presents the disk first three vibrational modes frequencies obtained from 

experimental tests and the two numerical and analytical models for the free–free configuration. 

Table A. 2 Disk first vibrational modes frequencies free-free case [e] 

Modes Analytical [Hz] FEM [Hz] Experimental [Hz] 

2 diametric nodal lines (0,2) 231 205 199 and 207 

1 circumferential nodal line (1,0) 384 344 381 

3 diametric nodal lines (0,3) 547 521 535 

Due to its cylindrical symmetry, the system reveals, at very close frequencies, some couples of not 

axisymmetric distinct modes whose deformed shape are similar but rotated. These modes in FEM 

model have exactly the same frequencies, while in the real disk there are some deviations due to 

symmetry errors. 

Table A. 2 reveals that numerical model is correlated to the experimental one also for the frequencies 

point of view. Frequencies from analytical model are close to those of real case so the annular disk 

approximation for free-free configuration can be characterized as reliable. Table A. 3 shows results 

for the constrained disk, the numerical model appears strongly predictive too, while the analytical 

one shows higher deviations from experimental results. This can be explained by the fact that the 

main difference between Tesla disk and annular disk is near the constrain application zone. 

Table A. 3 Disk first vibrational modes frequencies constrained case [e] 

Modes Analytic [Hz] FEM [Hz] Experimental [Hz] 

1 diametric nodal line (0,1) 172 97 101.4 and 101.5 

No nodal line (0,0) 212 129 137 

2 diametric nodal lines (0,2) 273 214 217 

3 diametric nodal lines (0,3) 558 522 543 
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A.2 Rotating single Tesla disk 

Afterwards, the previous sub-paragraph activity has been extended to the rotating disk condition in 

order to consider all the phenomena acting throughout the system. In addition to the accelerations 

resulting from the elastic deformations of the structure, contributions due to Coriolis and centripetal 

accelerations are very important. In details, the stiffness characteristics of the structure may be 

modified due to the steady-state internal loads induced by the centrifugal forces [60]. 

Therefore, it was performed a FEM analysis of a disk bonded to the shaft taking operational rotation 

into account. At the same time, a specific experimental activity was performed in order to correlate 

and validate the FEM model results. A first FEM static structural analysis was conducted in order to 

introduce the effect of a centrifugal field for various values of rotational speed. Then the previous 

structural results were used as input for the modal analysis of the pre-stressed disk obtaining the mode 

shapes and the natural frequencies at each operational condition. Six different speeds from zero to 

9.850 rpm were chosen to be able to create the Campbell diagram of the disc: the final speed of 9.850 

rpm was imposed by the experimental test rig maximum speed limit. Figure A. 9 shows the stressed 

disc after the static structural analysis with its Von Mises equivalent stress distribution inside. 

 

Figure A. 9 Static structural FEM analysis in presence of centrifugal field [e] 

Four vibration modes frequencies for various rotation speeds (RPM) are presented in Table A. 4. 

Their resulting shape for different rotating speeds remains quite similar in term of number and kind 

of nodal lines. In the table modes are identified with the label (i,j) where i is the number of 

circumferential nodal lines ((0,0) – cup shape) and j the number of the diametric ones. 

Table A. 4 Natural frequency [Hz] in function of rotational speed (rotating reference frame) [e] 

[Rpm] (0,1) [Hz] (0,0) [Hz] (0,2) [Hz] (0,3) [Hz] 

0 96 127.6 212 515.8 

2000 102.2 129.4 219.3 521.7 

4000 118.5 134.7 240.3 538.9 

6000 141.4 143 271.6 566.4 

8000 168.3 153.7 310 602.7 

9850 195.3 165.1 350 642.6 
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The Campbell diagram (Figure A. 10) shows how the natural frequency of each mode varies in 

function of the rotational speed: internal loads induced by the centrifugal forces increase the disk 

stiffening, so all the mode frequencies are increased. 

 

Figure A. 10 Natural frequencies of the disc (reference frame fixed to the disc) [e] 

The experimental measurements have been conducted on a modified Bentley Nevada RT4 

experimental rotor model whose electric engine let the shaft rotate at the desired rotational speed 

through a control loop based on a tachometer feedback signal. This allowed to conduct run up and 

run down tests at different constant angular acceleration level. The disk was fixed to a short shaft 

supported by two bushings and coupled with the motor through an elastic joint.  

To identify system natural frequencies at different speeds, frequency contents of the disk response to 

a broadband excitation have been analysed. Dealing with a rotating system, an acoustic forcing was 

chosen for a contactless excitation of the disk: the forcing was generated by a load speaker placed 

close in front of the disk and driven with a white noise signal. 

Due to the disk structural characteristics, its operative deformed shape in the frequency range of 

interest is composed exclusively of out of plane (perpendicular to the disk plane) vibrational modes, 

so disk vibrations in the normal direction to its surface were measured. System responses were 

acquired using a triangulation laser and a LVDT proximity sensor placed at two diametrically 

opposite points of the disk near the external diameter in order to get a high vibrational amplitude 

value. 

LVDT proximitor is characterized by a sensitivity of 7.87 V/mm and a dynamic range from 0 to 10 

kHz, meanwhile the laser sensor has a sensitivity of 1 V/mm and a dynamic range from 0 to 5 kHz. 

A second LVDT proximitor sensor has been used to obtain a k-phasor signal for rotational speed 

evaluation. Siemens Scadas mobile acquisition system has been used to acquire all sensor signals 

with a sample frequency of 4096 Hz that has been found adapt to correctly detect the interest 

vibrational phenomena. 

Figure A. 11a shows a test rig overview and the speaker placement, while Figure A. 11b and Figure 

A. 11c report a detail of the measurement point on disk respectively for laser and proximitor sensors. 
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Figure A. 11 Test rig overview [e] 

The aim of this measurement activity was to identify disk structural vibrational behaviour regarding 

its elastic bending deformations. So, analysing displacement measures, it is necessary to distinguish 

the vibrational displacements from the rigid body ones (disk rotation). 

Direct vibrational measurements could be obtained acquiring the displacements respect a rotating 

reference frame united with the disk. However, measurements from the global stationary frame are 

easier to perform and they are equally significant since the relation between natural frequencies in 

the rotating frame and in the stationary frame is well known. There is a correlation between a disk 

mode frequency and its corresponding frequency content in the signal acquired from a sensor on a 

fixed reference frame. This correlation depends not only on rotation speed, but also on the modal 

shape characteristics. Regarding the mode shapes with circumferential symmetry, their frequency is 

the same of that of the corresponding content in the measured signal not affected by disk rotation. 

Regarding the modes with nodal diametric lines, when the speed is not zero, acquired signal results 

from two contributions (vibrational mode and rotational speed) that generate two frequencies contents 

depending on the frequencies of the contribution themselves (ω and Ω). Ignoring the presence of 

discharge holes and considering the system as a uniform disk, out of plane diametric modal shape in 

the rotating reference frame xyz can be described by the expression (14): 
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 𝑤(𝜃, 𝑡)𝑟𝑜𝑡 = 𝐴 𝑐𝑜𝑠(𝑛𝜃) 𝑐𝑜𝑠(𝜔𝑡) (14) 

W is the axial modal displacement in function of the time and angular coordinate θ of the disk points 

in the rotating frame xyz, while n is the number of nodal diameters, A is the vibration amplitude and 

ω is the frequency of the mode. The static and rotating reference frame for the points of the disk are 

presented in Figure A. 12. 

 

Figure A. 12 [e] a disk point respect to a static frame XYZ and a joint rotating frame xyz 

φ is the angular coordinate of the stationary frame XYZ. Thanks to the relation (15), 

 𝜑 = 𝜃 + 𝛺𝑡 (15) 

which describes the position of a disk point. It is possible to obtain the axial modal displacement for 

the fixed XYZ reference frame (16): 

 
𝑤(𝜑, 𝑡)𝑠𝑡𝑎𝑡 = (

𝐴

2
) [𝑐𝑜𝑠((𝜔 + 𝑛𝛺)𝑡 − 𝑛𝜑) + 𝑐𝑜𝑠((𝜔 − 𝑛𝛺)𝑡 + 𝑛𝜑)] 

(16) 

Inside the expression it is possible to distinguish two terms corresponding to two waves one forward 

(17) 

 𝐴

2
𝑐𝑜𝑠((𝜔 + 𝑛𝛺)𝑡 + 𝑛𝜑) 

(17) 

and the other backward (18) 

 𝐴

2
𝑐𝑜𝑠((𝜔 − 𝑛𝛺)𝑡 + 𝑛𝜑) 

(18) 

respect to rotational versus: whose combination provides the modal shape. Independently from the 

probe measure point considered on the stationary frame, which is defined by the coordinate φ, the 

frequencies observed from this reference frame are [92][93] (19 and 20): 
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 𝜔1−𝑠𝑡𝑎𝑡 = 𝜔 + 𝑛𝛺 (19) 

 𝜔2−𝑠𝑡𝑎𝑡 = 𝜔 − 𝑛𝛺 (20) 

In Figure A. 13 and Figure A. 14 are reported the time-frequency analysis [a] of the disk vibrational 

response to a broad band excitation during a speed ramp up to 9850 rpm. In the abscissas axis there 

are the frequencies of the signal spectrum and in the ordinates axis the rotational speed while the 

coloured scale represents the components amplitude. The first figure refers to the laser signal analysis: 

the arrows underline the pairs of frequency content corresponding to the first 3 diametric modal 

shapes with one (0,1) two (0,2) and three (0,3) nodal diameters. Linear sloped components (orders) 

whose frequencies are multiple of rotational frequency are due to the rotor unbalance, misalignment 

and to disk flatness errors.  The zoom underlines the fact that circumferential symmetry errors in the 

disk make appear in the frequency response two couple of content for the same (but rotated) diametric 

mode shape at very close frequencies. This is the same behaviour obtained in the experimental modal 

analysis at zero speed. 

 

Figure A. 13 Laser signal time frequency analysis during a run up [e] 

The second figure refers to the LVDT proximity sensor signal: notes (n,m) indicate the number of 

nodal circumferential lines n and that of nodal diametric lines m of the modal shapes; note (0,0) refers 

to the cup modal shape while fw and bw indicate for each diametric shape the signal contents 

corresponding to forward and backward waves. 
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Figure A. 14 Proximity signal time frequency analysis during a run up [e] 

Adding and subtracting nΩ to each diametric modes frequency had been found from FEM analysis it 

was possible to compare easily numerical and experimental results both from a static reference frame. 

Figure A. 15 shows the comparison between frequencies of two nodal diametric lines modal shape (0,2) 

found in the numerical (continuous line) and in the experimental (dotted lines) analysis. 

 

Figure A. 15 Frequencies of two nodal diametric line modal shape in Campbell diagram [e] 

Regarding the modes with circumferential symmetry shape, acquired signal frequency contents are 

not affected by the change of reference frame from rotating to static, so experimental and numerical 

frequencies values are directly comparable. In Figure A. 16 cup shape mode (0,0) frequency is plotted 

in the Campbell diagram; it is evident that this mode frequency increases with rotational speed due 

to the stiffening effect. 
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Figure A. 16 experimental and numerical Frequency trends of cup modal shape in Campbell 
diagram [e] 

Figure A. 15 and Figure A. 16 highlight the good correlation between experimental and numerical 

results in terms of frequencies evaluated in the static reference frame XYZ. 

Using the frequencies trend of forward and backward contents for a certain diametric mode together 

with the disk rotational speed value obtained from the tachometer signal, the experimental 

frequency value of the mode in the rotational reference frame has been obtained through one of the 

equations (21 or 22): 

 ω1−stat − nΩ = ω (21) 

 ω2−stat + nΩ = ω (22) 

The other equation was used to verify the correct mode frequency identification.  

Figure A. 17 shows the Campbell diagram with a comparison between numerical and experimental 

frequencies trends for the first four vibration modes. The numeric model seems to be well correlated 

to the experimental data for all the considered modes in terms of identified frequency values and 

trends. Slight discrepancies may be observed just for the higher frequency mode shape, however the 

error is lower than 10% and the trend is correctly reproduced also in this case. 

 

Figure A. 17 Comparison between experimental and numerical results for mode (0,1), (0,0), (0,2), 
(0,3) in rotating reference frame for mode (0,1), (0,0), (0,2), (0,3) in rotating reference frame [e] 
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So it is possible to affirm that the developed FEM numerical model is enough predictive of the real 

dynamic behaviour of the single rotating disk in a significant operational rotating speed range. 

Observing Figure A. 17 it is interesting to note that, for the considered disk, stiffening phenomenon, 

due to rotation, increases out of plane modes frequencies. So synchronous excitation never makes the 

system resonate. 

A.3 . Tesla rotor FEM model 

In the subsequent step of the activity the FEM model of a rotating disk mounted to a shaft was 

developed and analysed. Disk vibration modes remain similar to the previous outcomes until the first 

bending frequency of the assembled shaft. At higher frequencies disk and shaft are dynamically 

coupled so their modes are affected to each other and gyroscopic effect may become significant. 

Figure A. 18 reports two vibration modes where the two structures (shaft and disk) are uncoupled and 

the mode shapes regard mainly the disk. 

 

Figure A. 18 Mode (0,1) (left) and mode (0,2) (right) of the shaft with only one disc [e] 

The model reported in Figure A. 18 refers to a disk fixed at the middle of the shaft line, so gyroscopic 

effect in correspondence of the shaft first bending mode is negligible [60]. 

The developed numerical approach and the related FEM models can be used to evaluate how design 

parameters can affect the system rotor-dynamic behavior. In Figure A. 19 the first three mode 

frequency trends are shown: they are plotted in function of rotational speed for different disk thickness 

value. Disk thickness, in addiction to influencing Tesla turbine efficiency [80][67], affects also its 

vibrational behaviour. Mode frequencies increase with disk thickness and their speed sensitivity, in 

case of lower thickness, seems to be higher already at lower speeds. 
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Figure A. 19 Frequency trends for mode (0,1), (0,0), (0,2) in rotating reference frame for different 
disk thickness value [e] 

A further improvement of the model regards a configuration with 20 disks assembled to the shaft. 

Vibration modes have been investigated and in this case the whole system is characterized by a 

significant dynamic coupling among the disks. It was obtained that the system is characterized by 

vibration modes families each one corresponding to a specific mode of the single disk. For each mode 

family every mode has the disks of the rotor with the same modal shape but, in each mode, disk modal 

displacements present a different phase configuration. Figure A. 20 shows a representative modal 

shape for the first and the second mode families, in the first family disks present a single diametric 

nodal line (0,1) while in the second disks present the cup modal shape (0,0). 

 

Figure A. 20 Mode family with one nodal diameter and mode family with no nodal diameters 
and no nodal circles (cup) for the discs [e] 
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Figure A. 21 shows three different vibration modes of the first family (0,1), these modes frequencies 

are very close and mode shapes differ mainly in the relative phase among the disk. 

 

Figure A. 21 Different modes of the structure with natural frequencies very close to each other. 
The discs have 1 nodal diameter in these modes. [e] 

Since mode frequencies of each family differ only by a few tenths of Hertz, Campbell diagram in 

Figure A. 22 has been plotted drawing a representative curve for each family. Black dotted line 

represents a first order load (1x): a possible excitation with the same frequency of the rotational speed. 

 

Figure A. 22 Campbell diagram in rotating reference frame for a 20 disk rotor [e] 

The typical first order excitation is that due to the residual unbalance in the rotor; when speed 

reaches a critical value unbalance forces solicit the rotor resonance [60] and vibrational response is 

amplified. A possible critical speed can be identified in Figure A. 22 where black dotted line intersects 

the light blue one (0,0 mode family). The 20 disk Tesla rotor has been mounted on the test rig and 

moved by Bentley Nevada RT4 electric engine (Figure A. 23). Some accelerometers were placed on 

the supports and 3 microphones were positioned next to the disks to catch system vibrational response 

during a speed run up. The maximum speed value reached in these tests was 6000 rpm: the higher 

power required to move the rotor was due to the ventilating effect of the moved turbine. 
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Figure A. 23 Test rig for the rotor with 20 disks [e]  

The next Figure A. 24 shows a time frequency analysis of a microphone signal during a linear run up. 

Black dotted cursor underlines the first synchronous order (1x) which increases its amplitude when 

the speed approaches to its maximum. This can be correlated to the numerical results which indicate 

a critical speed slightly higher than the experimental highest speed limit reached. Vibrational system 

response is characterized by other sub-synchronous and super-synchronous components to indicate a 

certain system dynamic complexity. 

 

Figure A. 24 Turbine run up: radial microphone time-frequency analysis color-map [e]. 
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Appendix B Sensor characteristics  

 
Figure B. 1 Vibro-acoustic probes 

Sensor: Data: 

 
PCB triaxle accelerometer  

Model: 356A15 

 Sensitivity: (±10%) 100 mV/g (10.2 mV/(m/s²)) 

 Measurement Range: ±50 g pk (±490 m/s² pk) 

 Broadband Resolution: 0.0002 g rms (0.002 m/s² 

rms) 

 Frequency Range: (±5%) 2 to 5000 Hz 

 Electrical Connector: 1/4-28 4-Pin 

 

 
Accelermeter Brüel & Kjær 

TYPE 4393 
 

 Frequency range: 0.1 – 16500 Hz 

 Temperature: -74 – 250 C 

 Sensitivity: 0.316 pC/ms^-2 

 Output: Charge-PE [pC] 

 Resonance frequency: 55 kHz 

 Maximum Operational Level (peak): 5000 g 

 Residual Noise Level in Spec Freq Range (rms) 

±0.52 mg 

 accuracy of the factory calibration is ± 2% 
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Accelermeter Brüel & Kjær 

TYPE 4374 

 Frequency range: 1 – 26000 Hz 

 Temperature: -74 – 250 C 

 Sensitivity: 0.15 pC/ms-2 

 Residual Noise Level in Spec Freq Range (rms): ± 

1.85 mg 

 Maximum Operational Level (peak): 5000 g 

 Resonance frequency: 85 kHz 

 

 
Accelermeter PCB  

Model: 302A07 

 Sensitivity: (±5%) 10 mV/g (1.02 mV/(m/s²)) 

 Measurement Range: ±500 g pk (±4905 m/s² pk) 

 Broadband Resolution: 0.003 g rms (0.03 m/s² 

rms) 

 Frequency Range: (±5%) 1 to 7000 Hz 

 

 
G.R.A.S. 40AE 1/2" Prepolarized 

Free-Field Microphone 

 Freq range (±2 dB): 3.15 Hz to 20 kHz 

 Frequency range (±1 dB): 5 Hz to 10 kHz 

 Dyn range: 15 dB(A) to 148 dB 

 Sensitivity: 50 mV/Pa 

 Resonance frequency: 14Khz 

 

 
G.R.A.S. 26CA 1/2'' CCP 

Standard Preamplifier 

 freq range: 2.5 Hz - 200 kHz 

 Noise (A-Weighted) typ.: 1.8 µV 

 Noise (Linear 20 Hz – 20 kHz) typ.: 3.5 µV 

 Gain: -0.30 dB 

 

Plant Probes 

For more detail about plant probes please see reference [57][58] 

Mass flow rates 
 Thermal meter probe Accuracy: ±3%  

(there are also some Pitot tube probe with Accuracy: ±1%) 

Pressures 
 Accuracy: ±1% 

Temperatures 
 Thermocouple K Accuracy: ±2.5°C 
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