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ARTICLE INFO This paper proposes the use of vibroacoustic signal parameters to estimate the fuel consumption of a 

miniature GTM-400 engine. The method for testing engine vibrations is presented, followed by an analysis of the 
results obtained. Two vibration point measures were selected to build a fuel consumption model. The models 

obtained were verified, after which those that best describe the real fuel consumption of the engine were 

selected. The paper proves that the vibration signal, in addition to its applications in jet engine diagnostics, can 
be used to determine engine performance, which can contribute to reducing the complexity of construction and 

increasing the economics of engine operation.  
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1. Introduction
Today, one of the requirements of machines is to

achieve the highest possible levels of efficiency. For ma-

chines with rotating components, this problem is often 

optimised by increasing their rotational speed [22]. Due to 

the impossibility of perfectly balanced rotors, some energy 

is converted into oscillations [1, 14, 19]. Unwanted oscilla-

tions can cause damage or failure, so it is important to mon-

itor them properly at all times. The analysis of vibration 

measurements of equipment, characterised not only by the 

high precision in determining the damaged components and 

the type of damage [7, 26, 31], but also by the possibility of 

continuously monitoring their condition [21]. In addition, 

the analysis of the vibroacoustic signal can be used to de-

termine the operating parameters of the machinery. In the 

papers [4, 24, 32] the authors proposed using the time-

frequency representation of the vibration signal to deter-

mine the instantaneous shaft speed of the wind turbine 

gearbox and the internal combustion engine. The authors of 

the study presented in [13] showed that the use of a vi-

broacoustic signal and wavelet transformation can be used 

to identify the composition of the fuel used to power the 

engine. However, in this article, the authors have proposed 

the use of vibration signal parameters to estimate the fuel 

consumption of a GTM-400 miniature turbine jet engine. 

Currently, many methods have been developed to meas-

ure the mass flow rate of fluids. Referring to the work [28] 

flow meters can be divided into four groups, depending on 

the parameter directly measured by them, i.e.: velocity, vol-

ume, mass, indirect parameters (e.g. differential pressure). 

Most for the methods of measuring fluid output affect 

the pressure drop of the flowing fluid [11]. In addition, each 

of these methods requires the installation of dedicated sen-

sor in a strictly defined location on the equipment, which 

increases the complexity of the design, production costs, 

and machine operation [5, 18]. The method proposed in this 

paper allows the use of a vibroacoustic signal, nowadays 

increasingly used for diagnostic purposes [3], to estimate 

the mass intensity of the fuel that feeds a turbine engine. 

The advantages of using this method to determine fuel flow 

rate are the high accuracy of the estimation, the lack of 

interference with the fluid flow, and the increased economy 

of the design. 

2. Vibration test methods for aircraft engines
Nowadays for most aircraft engines in service by condi-

tion, it is essential to collect data on the vibration of its 

components [10, 20]. In paper [29], the author proposed 

a classification of vibration transducers according to the 

measured parameter (displacement, velocity, acceleration), 

the need for power supply (active and passive transducers), 

the relative or absolute measurement of vibrations and the 

contact or lack thereof with the object under test. Each 

transducer has its limitations, related to its operating princi-

ple. Turbine engines, due to their high rotor speeds, are 

characterised by high-frequency vibrations, and therefore 

the most accurate measurements of their vibrations are 

obtained using accelerometers. The most commonly used 

acceleration sensor is a piezoelectric crystal. These sensors 

produce an electrical signal in response to dynamic loads; 

however, due to the high impedance of the system, piezoe-

lectric sensors require converters to transform the signal 

into one suitable for the rest of the system [1, 2]. 

With device-mounted vibration transducers, the strong-

est signal and one with the least interference can be ob-

tained at or as close to the rotating component as possible. 

For design reasons, this is often not feasible. The solution 

that gives the best results, as presented in the [19, 30] 

works, is to test vibrations in the motor bodies, in the im-

mediate vicinity of the bearings. 

All machine-mounted transducers have their own mass; 

for vibration measurements of lightweight structures, the 

mass of the sensors can affect the results obtained. Some 

machines, due to their design, do not allow the use of vibra-

tion transducers mounted on their structure. In these cases, 

the use of noncontact vibration sensors is justified. Most 

noncontact vibration sensors operate on the principle of emit-

ting and receiving laser light reflected from the structure [33]. 
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The use of a vibroacoustic signal in the machine diag-

nosis process enables the detection of malfunctions before 

they lead to damage and allows the indication of faulty 

components. This reduces operating costs by reducing the 

frequency of servicing, replacement of individual engine 

units, and faster removal of malfunctions. In addition, con-

tinuous inspection of the aircraft structure results in in-

creased flight safety and, through more efficient use of 

engine components, reduces the negative impact on the 

environment [6, 16]. 

3. Research methodology 
The subject of the study was a GTM-400 miniature tur-

bine jet engine with a thrust of 400 N, built on a test stand. 

The engine has a single-rotor design. There is a single 14-

blade radial compressor stage on the shaft and a single-

stage 23-blade axial turbine. The engine has an annular 

combustion chamber with backflow and an uncontrollable 

convergent nozzle. The rotor is supported by two ball bear-

ings. An electric starting system, fuel pump, engine control 

module, and battery are built into the engine. The maximum 

engine speed is 80,000 rpm. The following sensors were 

placed on the test stand: temperature and pressure of the 

working medium, engine thrust and mass intensities of fuel 

and air. The engine diagram is shown in Fig. 1.  

 

Fig. 1. Diagram of the GTM-400 motor with schematic representation of  
 the accelerators 1, 2 

 

To test the vibration parameters of the motor, three 

'TYPE 4391' piezo transducers from Brüel & Kjær were 

attached to the body and test stand. CCLD transducers 

'TYPE 2647' also from Brüel & Kjær were used for imped-

ance matching of the sensors. Picture of the engine with the 

transducers attached to it is shown in Fig. 2. 

The use of uniaxial transducers was necessary due to the 

high temperatures reached by the surfaces to which the 

sensors were attached [25]. Accelerometers were screwed 

onto pads previously glued to the test object. Cyanoacrylate 

adhesive was used. The method used to attach the transduc-

ers allows for correct measurements to be obtained and 

does not require interference with the engine structure. The 

disadvantages of the method used include the need for  

a prior preparation of the surface to be bonded and tempera-

ture limitations related to the properties of the glue [27]. 

Transducers process the vibration signal in the axis perpen-

dicular to test stand. Transducer 1 was mounted in the fan 

bearing plane. In order to measure vibrations in the same 

axis as transducer 1, transducer 2 was not mounted in the 

plane of the turbine bearing, but as close as possible to the 

turbine. Transducer 1 is significantly larger than the other 

because the adapter that was previously mounted to it has 

been left on. The adapter does not affect the operation of 

the transducer, it was not removed for service reasons – to 

avoid wear on the accelerometer threads. The test bench 

shown in Fig. 2 is not a proposal for a fully developed sys-

tem and is only used to investigate the possibility of using 

vibroacoustic parameters to estimate fuel consumption. 

 

Fig. 2. Location of accelerometers on the test bench 

4. Analysis of research results 

4.1. Results of fuel consumption measurements 

Research into the estimation of the fuel consumption of 

a jet engine required measuring the amount of fuel deliv-

ered to the combustion chamber. The engine control system 

was used to measure this amount. Measurements were 

made at a sampling rate of 10 Hz and performed for seven 

operating settings of the engine. The results in Table 1 are 

the averages of 100 measurements. 

 
Table 1. Results of jet engine fuel consumption measurements 

Setup  

of engine 
power 

Fuel  

consumption 
[ml/min] 

Deviation  

of fuel consumption 
 [ml/min] 

1 240.26 3.48 

2 378.08 3.29 

3 469.87 5.75 

4 587.86 6.12 

5 769.99 5.31 

6 1043.17 5.20 

7 1135.20 10.12 

4.2. Analysis of vibration measurement results 

One method of describing vibration signals in the ampli-

tude domain is the use of point measures [9, 12, 19]. They 

allow the vibration signal to be characterised by a single 

number. Thanks to this description of the vibration parame-

ters, it is easy to determine changes in the vibroacoustic 

signal resulting from changes in the state of the object. 

Point measures used in vibroacoustic diagnostics can be 
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divided according to the work [8] into dimensions and 

dimensionless. The dimensional point measures most com-

monly used for analysis include [9, 17]: 

 effective amplitude:  

 sRMS = √
1

N
∑ (si)

2N
i=1  (1) 

where: si is instantaneous signal value, N is number 

of signal samples analysed. 

Takes greater account of large values of instantaneous 

amplitude, is sensitive to the occurrence of high amplitudes 

and is the most commonly used point measure due to its 

proportionality to process power. In view of the previous 

points, and the fact that high power processes occur at the 

test points, for the purposes of this study, RMS describes 

the processes taking place better than average amplitude, 

 peak amplitude: 

 sPEAK = max|(si)| (2) 

is used to evaluate impulse processes, e.g. clearance, im-

pact, etc. 

Dimensionless discriminants are quotients of the corre-

sponding dimensional score measures, they include, but are 

not limited to, the following: 

 crest factor: 

 CF =
sPEAK

sRMS
 (3) 

 kurtosis: 

 β =
1

N
∑ (si)4N

i=1

[
1

N
∑ (si)2N

i=1 ]
2 (4) 

Figure 3 shows the time course of the vibration acceler-

ation signals recorded during the jet engine tests. 

 

Fig. 3. Time history of vibration signals: a) recorded on the fan bearing 

 axis, b) recorded on the turbine bearing axis 

 

The red rectangles indicate the time windows in which 

the signal was analysed for different motor operating set-

tings. The results of the point measure calculations for the 

vibration accelerations recorded in the fan bearing axis are 

shown in Table 2. 

 
Table 2. Measurement results of vibration acceleration parameters record-
 ed in the fan bearing axis 

Setup  

of engine 
power 

Crest 

Factor  
[–] 

Kurtosis 

[–] 

aPEAK 

[m/s]2 

aRMS 

[m/s]2 

1 5.48 3.09 54.33 9.92 

2 4.98 2.96 114.04 25.39 

3 4.43 2.84 264.05 60.09 

4 2.99 1.93 538.30 179.80 

5 3.85 2.44 892.45 269.36 

6 3.10 2.05 1365.59 462.34 

7 2.46 1.72 2082.55 851.68 

 

Figure 4 shows the variation of the vibration accelera-

tion parameters (recorded on the fan bearing axis) as  

a function of the engine fuel consumption at different oper-

ating points. 

 

Fig. 4. Dependence of point measures of vibration signals a) RMS,  
b) PEAK, c) Crest Factor, d) Kurtosis, recorded in the fan bearing axis on 

 fuel consumption  
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The results of the point measure calculations for the vi-

bration accelerations recorded on the turbine bearing axis 

are shown in Table 3. 
 

Table 3. Results of measurements of vibration acceleration parameters 

 recorded on the turbine bearing axis 

Setup  

of engine 

power 

Crest 

Factor  

[–] 

Kurtosis 

[–] 

aPEAK 

[m/s]2 

aRMS 

[m/s]2 

1 5.62 3.31 139.58 24.89 

2 4.47 2.87 333.85 74.71 

3 4.73 2.94 579.82 122.53 

4 4.66 2.88 852.26 203.27 

5 4.38 2.68 1280.56 312.64 

6 4.07 2.71 1816.91 454.68 

7 4.42 2.93 2730.94 617.68 

 

Changes in vibration acceleration parameters (recorded 

on the turbine bearing axis) in relation to the fuel consump-

tion of the engine at different operating points are shown 

in Fig. 5. 

 

Fig. 5. Dependence of point measures of vibration signals a) RMS,  

b) PEAK, c) Crest Factor, d) Kurtosis, recorded at the turbine bearing axis 

 on fuel consumption  

 

Based on an analysis of Fig. 4 and 5, it was concluded 

that, for further research, aRMS and aPEAK measures will be 

used, as the values of the kurtosis and crest factor do not 

meet the conditions of the explanatory variable in the mod-

elling process (unambiguity and sufficient width of the field 

of change relative to the explanatory variable). 

4.3. Fuel consumption modelling 

One method to find the relationship between dependent 

and independent variables is to develop a model using sta-

tistical analysis tools. Least squares regression analysis is 

most commonly used to develop models, which in the gen-

eral case can be written with the equation [23]: 

 𝐘 =  𝐗 ⋅ β + ε (5) 

where: Y – vector of explanatory variable, β  vector of 

model coefficients, X – matrix of the explanatory variables, 

ε is the i-th noise term, that is, random error. 

The study proposed five models described by equations 

(6–10). The models were named as follows: power1 – equa-

tion (6), power2 – equation (7), polly1 – equation (8), pol-

ly2 – equation (9), exp1 – equation (10). 

 FCpower1(a) = β1 ⋅ aβ2  (6) 

 FCpower2(a) = β1 ⋅ aβ2 + β3 (7) 

 FCpoly1(a) = β1 ⋅ a + β2 (8) 

 FCpoly2(a) = β1 ⋅ a2 + β2 ⋅ a + β3 (9) 

 FCexp(a) = β1 ⋅ exp(β2 ⋅ a) (10)  

where: FC is fuel consumption, a is parameter of vibration 

acceleration, βi are model coefficient. 

The results of modelling using the RMS value of vibra-

tion accelerations recorded at the fan bearing axis are 

shown in Fig. 6, while a graphical interpretation of the 

modelling results, in which the explanatory variable was the 

peak value of vibration accelerations, is shown in Fig. 7. 

 

Fig. 6. Relationship between the fuel consumption of the tested jet engine 
and the RMS value of the vibration acceleration recorded on the fan bear-

 ing axis 

 

Figure 8 shows the results of the modelling using an ex-

planatory variable in the form of the RMS value of the 

vibration accelerations recorded on the turbine bearing axis, 

and Fig. 9 shows a graphical interpretation of the modelling 

results using the peak value of the vibration accelerations. 
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Fig. 7. Relationship between the fuel consumption of the tested jet engine 

and the maximum value of vibration accelerations recorded on the fan 

 bearing axis 

 

Fig. 8. Relationship between the fuel consumption of the tested jet engine 
and the RMS value of the vibration acceleration recorded on the turbine 

 bearing axis 

 

Fig. 9. Relationship between the fuel consumption of the tested jet engine 
and the maximum value of vibration accelerations recorded on the turbine 

 bearing axis 

 

Based on the analysis of Fig. 6–9, it was found that the 

model described by the exponential function (10), cannot 

be used to model the fuel consumption of a jet engine from 

vibration signals, as its course is divergent from the trend 

of the analysed data. Therefore, the model verification 

process was limited to the power and polynomial functions 

described by equations (6–9). 

4.4. Verification of the models 

Regression models determined by the least squares 

method should be statistically verified. The verification 

of the determined models was caried out by determining 

a series of statistics. First, the degree of fit of the model 

to the real data was determined. For this purpose, the coef-

ficient of determination R
2
 was determined, which indicates 

how much of the variability in the explained variable was 

explained by the model. As part of the model verification, 

statistical tests were performed to verify the significance of 

the regression model coefficients using Snedecor's F distri-

bution. On the other hand, the Student's t distribution was 

used to test hypotheses to determine the significance of 

individual regression coefficients [15]. During the regres-

sion model verification process, a significance level of 0.05 

was assumed. It was determined that a regression model 

would be positively verified if: the coefficient of determina-

tion is greater than or equal to 0.80, the model coefficients 

are statistically significant (F-value and pValue < 0.05). 

Tables 4 and 5 show the results of the verification of the 

model in which the explanatory variable was the RMS 

value of the vibration accelerations recorded on the bearing 

axis of the fan. 

 
Table 4. Results of verification of power models based on the RMS value 
of vibration accelerations recorded on the fan bearing axis 

Estimated  
coefficients 

aRMS – FUN 

power1 power2 

R2 = 0.97 R2 = 0.97 

F= 2.28e–06 F = 0.0009 

Estimate pValue Estimate pValue 

1 110.1 0.0042 88.6 0.44 

2 0.35 0.00014 0.38 0.066 

3 – – 44.3 0.85 

 

Table 5. Results of verification of polynomial models based on the RMS 

value of vibration accelerations recorded in the fan bearing axis 

Estimated  
coefficients 

aRMS – FUN 

poly1 poly2 

R2 = 0.87 R2 = 0.98 

F = 0.002 F = 0.0003 

Estimate pValue Estimate pValue 

1 1.04 0.002 –0.0014 0.0087 

2 385.7 0.0024 2.28 0.001 

3 – – 278.4 0.0016 

 

Based on the analysis of the results in Tables 4 and 5 

and Fig. 6, it was concluded that the power2 model should 

be discarded because its coefficients are not statistically 

significant and the poly2 model because there is a local 

extreme in the model, which results in the model not meet-

ing the unambiguity condition. 

Tables 6 and 7 show the results of the model verifica-

tion based on the maximum value of the vibration accelera-

tions recorded on the axis of the fan bearing. 

Analysis of the results in Tables 5 and 6 and Fig. 7 

made it possible to conclude that the power2 and polly2 
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models could not be used for modelling for the same rea-

sons as for models based on the RMS value of vibration 

accelerations. 

 
Table 6. Results of the verification of power models based on the maxi-

 mum value of vibration accelerations recorded on the fan bearing axis 

Estimated  
coefficients 

aPEAK – FUN 

power1 power2 

R2 = 0.98 R2 = 0.98 

F = 7.64e–07 F = 0.00033 

Estimate pValue Estimate pValue 

1 42.9 0.0081 22.65 0.46 

2 0.43 5.09e–05 0.51 0.026 

3 – – 88.9 0.57 

 

Table 7. Polynomial model verification results based on the maximum 
 value of vibration accelerations recorded on the axis of the fan bearing 

Estimated  
coefficients 

aPEAK – FUN 

poly1 poly2 

R2 = 0.94 R2 = 0.99  

F = 0.00031 F = 0.00019 

Estimate pValue Estimate pValue 

1 0.43 0.0003 –0.00016 0.022 

2 328.5 0.0013 7.92 0.0013 

3 – – 6.76 0.0024 

 

Tables 8 and 9 show the results of the verification of the 

models based on the peak value of the vibration accelera-

tions recorded on the turbine bearing axis. 

 
Table 8. Results of verification of power models based on the RMS value 
 of vibration accelerations recorded on the turbine bearing axis 

Estimated  
coefficients 

aRMS – TURBINE 

power1 power2 

R2 = 0.99  R2 = 0.99 

F = 2.88e–07 F = 0.0001 

Estimate pValue Estimate pValue 

1 35.3 0.0048 14.5 0.32 

2 0.54 2.03e–05 0.66 0.0063 

3 – – 112.5 0.28 

 

Table 9. Results of verification of polynomial models based on the RMS 

 value of vibration accelerations recorded at the turbine bearing axis 

Estimated  

coefficients 

aRMS – TURBINE 

poly1 poly2 

R2 = 0.97 R2 = 0.99 

F = 3.61e–05 F = 5.21e–05 

Estimate pValue Estimate pValue 

1 1.54 3.61e-05 –0.0012 0.053 

2 262.5 0.0008 2.35 0.0008 

3 – – 189.8 0.0037 

 

Based on the analysis of the results in Tables 8 and 9, it 

was concluded that the power2 and poly2 models should be 

discarded as their coefficients are not statistically signifi-

cant. 

Tables 10 and 11 show the results of the model verifica-

tion based on the maximum value of the vibration accelera-

tions recorded on the turbine bearing axis. 

 
Table 10. Results of the verification of power models based on the maxi-
 mum value of vibration accelerations recorded at the turbine bearing axis 

Estimated  

coefficients 

aPEAK – TURBINE 

power1 power2 

R2 = 0.98  R2 = 0.98 

F = 9.36e–07 F = 0.000451  

Estimate pValue Estimate pValue 

1 14.8 0.027 15.62 0.55 

2 0.55 5.61e–05 0.54 0.037 

3 – – –7.26 0.97 

 

Table 11. Polynomial model verification results based on the maximum 

 value of vibration accelerations recorded on the turbine bearing axis 

Estimated 
coefficients 

aPEAK – TURBINE 

poly1 poly2 

R2 = 0.95  R2 = 0.98  

F = 0.0002 F = 0.00011  

Estimate pValue Estimate pValue 

1 0.36 0.0002 –9.85e–05 0.056 

2 265.5 0.0039 0.63 0.0009 

3 – – 148.3 0.0201 

 

The analysis of the results in Tables 10 and 11 allowed 

us to conclude that the power2 and polly2 models could not 

be used for modelling, as their coefficients are not statisti-

cally significant. 

On the basis of the verification carried out, the follow-

ing models were found to meet the criteria for the signals 

recorded on the fan bearing axis: 

 FCaRMS−FUN

power1 (a) = 110.1 aRMS−FUN
0.35  (11) 

 FCaRMS−FUN

polly1 (a) = 1.04 aRMS−FUN + 385.7 (12) 

 FCaPEAK−FUN

power1 (a) = 42.9 aPEAK−FUN
0.43  (13) 

 FCaPEAK−FUN

polly1 (a) = 0.43 aPEAK−FUN + 328.5 (14) 

However, for signals recorded on the turbine bearing 

axis, the models described by the equations can be used: 

 FCaRMS−TURBINE

power1 (a) = 35.3 aRMS−TURBINE
0.54  (15) 

 FCaRMS−TURBINE

polly1 (a) = 1.54 aRMS − TURBINE + 262.5 (16) 

 FCaPEAK−TURBINE

power1 (a) = 14.8 aPEAK−TURBINE
0.55  (17) 

 FCaPEAK−TURBINE

polly1 (a) = 0.36 ⋅ aPEAK−TURBINE + 265.5 (18) 

Based on an analysis of the fit of the models to the input 

data based on R
2
, it was concluded that for the vibration 

acceleration parameters recorded in the fan bearing axis, the 
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model described by Eq. (13) is the best used and for the 

data recorded in the turbine bearing axis by relation (15). 

5. Conclusions 
This paper presents a method to measure the vibrations 

of the GTM-400 miniature turbine engine and proposes 

models of its fuel consumption using point measurements 

of the vibroacoustic signal. A verification of the proposed 

models was carried out, and it was determined which mod-

els describe fuel consumption the most accurately. Based 

on the research carried out, it can be shown that: 

 vibroacoustic signal parameters can be used to analyse 

many aspects of machine operation,  

 measures of effective and peak amplitude allow the fuel 

consumption model of the GTM-400 engine to be created, 

 kurtosis and crest factor do not fulfil the conditions of 

an explanatory variable in the modelling of the fuel con-

sumption of the engine under investigation, 

 the use of an exponential function does not allow  

a correct fuel consumption model to be proposed, 

 the proposed fuel consumption models provide a high 

level of representation of real-world fuel consumption, 

as confirmed by their verification, 

 the proposed estimation method allows fuel consump-

tion to be determined without interfering with the design 

of the engine systems, 

 future research should verify the models for different 

external conditions through in-flight engine tests. 
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Nomenclature 

si instantaneous signal value 

N number of signal samples analysed 

FC fuel consumption 

RMS Root Mean Square value of signal 

PEAK peak value of signal 
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