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Abstract—The paper proposes a novel method for determining the location of vibration sensors on 
the aircraft engine case in order to enhance their information content by mathematical modeling. 
The method is based on calculation of the engine critical speeds and analysis of their vibration mode 
shapes using the general dynamic model of the engine. The method was tested on the engine model 
and allowed forming the installation scheme of sensors with high information response on vibration 
excitation generated by its rotors. 
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INTRODUCTION 

Modern aircraft engines are complex dynamic systems, which include a large number of interacting 
elements and subsystems. Numerical models developed by engineers for evaluation of engine dynamics 
in operation are also complicated. Verification of such models includes control of mass and inertia 
properties for engine parts and assemblies for compliance with their actual values as well as numerical 
reproduction of all critical speeds that are allowed by design engineers in operating range of the engine. 
At the same time, there is a keen problem for identification of all engine critical speeds. International 
standards for model creation for rotor dynamics simulation impose strict requirements on verification of 
numerical models: deviation between critical speeds obtained experimentally and numerically should not 
exceed 5% [1]. In domestic aircraft engine manufacturing, there are no standards similar to API [1] with 
such detailed requirements for rotor dynamics models, therefore, aircraft engine manufacturers often 
evaluate accuracy of their numerical models in accordance with enterprise practice for such model 
creation when verifying reproduction of the position of critical speeds and their amplitudes [2]. 

Sensors used for evaluation of engine overall vibration in operation are called permanent. Vibration at 
the permanent sensor locations not necessarily should be maximum, but essentially most typical, clear 
and steadily connected with excitation forces [3]. Since permanent sensors are usually located at 
suspension mounts and register vibration only in one or two directions (radial and axial, or just radial), 
then frequently it is not possible to identify all critical speeds of the engine based on their measurements 
because due to dynamic system orthotropy, critical speed mode shapes may have significant 
displacements at directions that are not controlled by permanent sensors. Vibration amplitude of 
permanent sensors can also be small and free from obvious vibration peaks, creating significant 
difficulties for clear identification of certain critical speeds. Thus, design engineers often face a difficult 
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task having to equip an aircraft engine with additional vibration sensors for verification of its numerical 
model and to conduct additional special experiments. 

In practice of domestic aircraft engine manufacturing, selection of vibration sensors scheme is usually 
determined by the diagnostics task and prior knowledge about vibration dynamics of predecessor engines. 
When a diagnostics task is not clear and prior information is scarce, e.g., during new engines 
development, a greater number of points and object parameters are subjected to examination and a more 
detailed analysis of vibration signals and their characteristics is required for diagnostics [4]. 

MODEL OF AIRCRAFT ENGINE DYNAMIC SYSTEM 

The tendency for maximum engine weight reduction leads to usage of lightweight cases and rotors in 
structure schemes of modern aircraft engines. In certain instances, natural frequencies of the engine cases 
can be lower than bending natural frequencies of its rotors. In this case, vibration dynamics of engines 
individual subsystems could not be considered separately from the whole engine dynamic system [3]. 
Hence, dynamic scheme of the engine should be considered as a uniform “rotor–case–suspension” 
dynamic system. Problems of such systems modeling were described in detail in works of Natanzon V.Ya 
[5], Krukov K.A. [6], Gurov A.F. [7], Hronin D.V. [8], Ivanov A.V. [9], Potapova O.Yu. [10], 
Novikov D.K. [11], Zrelov V.A. [12], Nikhamkin M.Sh. [14], Leont’ev M.K. [14]. Detailed review of 
various methods for turbomachinery rotor–case dynamic system modeling could be found in [15].   

The method of model creation for rotor dynamics simulation is based on representation of engine 
dynamic system in form of a discrete finite element model consisting of subsystems [16]. Model of a 
high-bypass turbofan engine built in software for rotor dynamics simulation DYNAMICS R4 is shown in 
Fig. 1.  

 

 

Fig. 1. 

The finite element model was formed with usage of two-node finite elements—beams and shells. 
The model was structured in form of engine main subsystems, which are its rotors, case, and suspension 
mounts. Damping of engine struts was taken into account using nondimensional relative damping 
coefficient ξ = 0.1 [17]. Damping coefficients for all dampers of the engine were assumed to be constant 
and equal to Cxx = Cyy = 105 N s/m.  
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Mathematical description of each subsystem is given by their corresponding mass and inertia, stiffness 
and damping matrices, which form joint matrices for the entire dynamic system. Then the general 
equation of motion of the full engine dynamic system was formed, which in short form for the linear 
dynamic system can be written as an expression: 

 ,+ + =Mq Cq Kq Q�� �  (1) 

where M is the mass and inertia matrix; C is the damping and gyroscopic matrix; K is the stiffness 
matrix; Q is the matrix of external forces; q is the displacement vector.  

Solution of the left-hand part of the general equation of motion for dynamic system of the engine 
allows obtaining a variety of natural frequencies of dynamic systems in the specified calculation range, 
where critical speeds correspond to intersections of natural frequency lines for various modes with 
excitation lines related to speeds of engine rotors. Working principles of calculation algorithms, used in 
DYNAMICS R4 for solution of dynamic systems equations of motion, were described in detail in papers 
[18, 19].  

TYPES OF AIRCRAFT ENGINE RESONANT MODES 

Resonant modes, which may appear in the operating range of rotors of aircraft engine dynamic system 
model, can be conventionally classified by their mode shapes on the three general groups: rotor modes, 
case modes, and coupled modes. Each resonant mode can be further classified as axial, torsional, or 
lateral vibration. Main types of resonant modes of a “rotor–case–suspension” dynamic system in 
the lateral direction in terms of the aircraft engine model examined in this paper are shown in Fig. 2. Here 
(a)—the rotor mode; (b)—the case mode; (c)—the coupled mode (rotor–case–suspension). Further, 
the term critical speeds will be used for description of aircraft engine model vibrations in lateral direction 
only. 

 

 
(a)    (b)    (c) 

Fig. 2. 

When aircraft engine dynamic system is subjected to rotor vibration modes, the largest deformations 
will be inherent to structural elements of its rotors, while for the case vibration modes—to structural 
elements of its cases. For coupled modes, it is common to have significant deformations of both rotor and 
case structural elements. The most dangerous resonant modes are rotor and coupled modes, since 
the aircraft engine dynamic system always has excitation source for them in the form of residual 
unbalances of its rotors. If rotor does not have a sufficient separation margin from operating modes 
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related to its bending mode, then unbalances distributed along rotor body may cause significant rotor 
deflections leading not only to large engine vibrations, but also to significant stresses in rotor structural 
elements. Appearance of case resonant modes can be caused by existence of case natural frequencies in 
the operating range of the engine, where the rotor is also the main excitation source. At the same time, 
the presence of a large number of joint elements in the aircraft engine case structure and the structural 
damping implemented in its joints along with the usage of engine elastic-damper supports may lead to 
situation that the case resonant modes either are not excited at all due to rotor vibrations damping realized in 
its damper supports, or excited, but with vibration amplitudes being significantly smaller than amplitudes of 
the rotor modes due to the existence of sufficient damping in aircraft engine dynamic system.  

Coupled “rotor–case–suspension” modes are more complex and difficult to predict (e.g., when models 
of the engine rotor group are observed on equivalent supports), since their critical speeds and mode 
shapes may significantly differ from the critical speeds and mode shapes of separate rotors or engine case 
modes [20]. The main excitation sources for coupled lateral modes of “rotor–case–suspension” system are 
also residual unbalances of the engine rotors. Existence of different rotors operating at various speeds 
inside the aircraft engine, which are not mechanically bonded with each other, creates a complex 
excitation nature, which also should be taken into account when analyzing dynamic systems such as 
“rotor–case–suspension” systems. 

For the correct engine mode shape classification, it is necessary to analyze each mode evaluating 
mode shapes for engine main subsystems, distinguishing subsystems with obvious significant 
deformations. It should be noted that the observed classification of lateral mode shapes is 
conventional, since even for pronounced rotor modes, small deformations will be still observed at 
engine cases, while for pronounced case modes in contrast—at its rotors. When selecting sensor 
locations in aircraft engine, it is necessary to take into account the nature of its main mode shapes, 
which are planned to be identified during experimental measurements. Each individual mode shape is 
differed by position and number of its node and antinode points [21]. Antinode points are the points, 
where mode shapes amplitudes reach their maximum values, while node points are the points, where 
vibration amplitudes turn to zero. In order to be able to efficiently identify each specific aircraft 
engine resonant mode, the installed sensor should be distant from the node points of corresponding 
mode shape. At the same time, location of the sensor close to mode shape node point (together with 
sensors installed at antinode points) also possess high information assessment, since it allows us to 
verify mode shape by position of its node points. However, this approach requires a large number of 
sensors installed in the aircraft engine. 

The spatial nature of aircraft engine suspension mounts on the pylon and the presence of clearances 
in its bearings and dampers leads to appearance of orthotropy for dynamic system elastic properties in 
orthogonal direction, which in turn influences on the orbits of individual model element sections, 
transforming them to a pronounced elliptical shape. Engine aggregates, installed on its cases, may also 
affect the emergence of orthotropy in engine dynamic system. Orthotropy presence in the dynamic 
system leads to the necessity to account and control not only direct precession “rotor–case–
suspension” system mode shapes, but also backward precession mode shapes. In such systems 
appearance of mixed precession mode shapes is also possible, where one part of the rotor is subjected 
to direct precession, while the other—to backward one [22]. Existence of the dynamic systems 
orthotropy may also significantly influence the sensors information assessment, when they are installed 
in orthogonal direction.  

For the aircraft engine model examined in this paper, a critical speed mode shape analysis was 
performed, where excitation of critical speeds by the engine low pressure (LP) (Fig. 3a) and high pressure 
(HP) (Fig. 3b) rotors was observed in the range of rotor speeds two times higher than engine maximum 
operating speed mode.  

Analysis of the results showed, that 50–58% of the critical speed mode shapes obtained by calculation 
were identified as coupled “rotor–case–suspension” modes, 11–13% were case modes, while the others 
were related with rotor modes. 
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(a)      (b) 

Fig. 3. 

METHOD FOR SENSOR LOCATION SELECTION  

In stationary gas turbomachinery, it is common to place vibration sensors at bearing housings, since 
they actively respond to the main dynamic forces, occurring during engine operation, and their level of 
vibration reflects the general vibrational state of the machine. Selection of the measuring points for 
the stationary ground gas turbine units is regulated by relevant standards, e.g., Standard [23]. In aircraft 
engine, such uniform standards do not exist due to individual features of each engine. Installation of 
sensors in vicinity of aircraft engine bearing housings is associated with significant technical difficulties, 
due to their inaccessibility, influence of high temperature and actual lack of sufficient free space for 
sensors installation. Thus, vibration sensors in aircraft engine are usually set at suspension mounts or near 
them. When aircraft engine is equipped with vibration sensors for identification of its critical speeds and 
their associated mode shapes, it is common to install additional sensors on available flange joints of its 
cases. Installation of sensors at cases flange joints allows avoiding the case shell vibration modes, which 
may significantly complicate identification of the engine main resonant modes in lateral direction. 

The initial information assessment for vibration sensor locations can be performed based on analysis 
of critical speed mode shapes results obtained by simulation for aircraft engine model (Fig. 4).  

For this purpose, first, it is necessary to prepare model of aircraft engine and set up all elements of 
the model on thermal state corresponding to expected temperatures of the engine at its operating mode. 
Then, it is required to set up the places of virtual sensor locations in the model, where information 
assessment to control critical speeds of the engine will be evaluated during the analysis. The next step is 
to select the excitation source in model (LP/IP/HP rotor) and determine the frequency range for 
simulation. Further, calculation of natural frequencies of the aircraft engine model without damping and 
rotation is performed, followed by calculation of model critical speeds including effects of damping and 
rotor rotation. Thereafter, recording of N lateral critical speed mode shapes, selected from all critical 
speed mode shapes (axial, lateral, torsional) obtained from simulation, is carried out.    

After selection of mode shapes related with lateral critical speeds, their analysis and sensor locations 
information assessment tables development are performed. Each mode shape is preliminary analyzed and 
classified based on mode shape type (rotor mode, case mode, coupled mode). Nodal and antinode points 
are determined for each mode shape. Recording of vibration vector projections of aircraft engine model 
elements in vertical and horizontal directions (Utx, Uty) at places, where virtual sensors for each of 
the selected N mode shapes is further implemented as 
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( ) ( )Re Im ;tx tx txU U U i= +  (2) 

( ) ( )Re Im .ty ty tyU U U i= +  (3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. 

Since vector projections output in DYNAMICS R4 in complex numbers, further, the results obtained 
are processed using the complex number analysis and absolute values of vector projections for model 
elements |Utx|, |Uty| for each of the selected N critical speed mode shapes are implemented as 

7.4. Result processing using MS 
Excel complex number analysis 

functions 

2. Selection of vibration sensors location: use of Link elements with zero 
stiffness 

4. Calculation of natural frequencies (undamped and excluding rotor rotation) 

3. Selection of excitation source (LP/IP/HP rotor) and determination  
of the frequency range for simulation 

5. Calculation of critical speeds: axial/torsional/lateral  
(damped and including rotor rotation) 

6. Record of N lateral critical speed mode shapes 
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adjustment to operating mode thermal state 
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Then search for the maximum values max|Utx| and max|Uty| of model elements vibration vector at 
places of sensors locations is realized. Next, grades N

xG , N
yG  for each sensor for each of the selected N 

critical speed mode shape are calculated, forming the tables of information assessment for sensor 
locations. Sensors are evaluated in groups by subsystems, in which they are installed in the model. 
The grade represents the ratio of absolute vibration vector projection of model element in place, where the 
sensor is installed, to the maximum value of vibration vector projections defined for a group of sensors, 
which includes this sensor:  
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Assessment criteria are the follows: 1—the best value, 0—the worst value:  

 0 1.;N N
x yG G� �  (8)  

Table cells in all tables are highlighted with colors set in accordance with the proposed assessment 
criteria. For each table of information assessment for vibration sensors installed in horizontal and vertical 
directions, contour color plots are also built with color distribution set in compliance with the assessment 
criteria. When creation of tables is completed, a count of overall grade for each sensor is performed. 
Overall grade for each sensor is formed as a sum of its grades for each of the observed N critical speed 
mode shapes: 

 1 2
, , , , .N N

x y x y x y x yG G G G= + +…+∑  (9) 

Information assessment for each sensor is determined in percentage as a ratio of overall sensor grade 
to a number of N critical speed mode shapes considered: 

 ,
, 100 %.

N
x y

x y

G
I

N
=

∑
 (10) 

In order to select the vibration sensor type (general usage/high temperature) to include in the vibration 
sensor scheme developed for the engine, it is necessary to perform the thermal state analysis of the 
aircraft engine cases. Such analysis is highly important during development of the scheme of the aircraft 
engine vibration sensors layout, since working environment temperature increase may significantly 
influence the sensitivity change of accelerometer sensor operating in such environment.  

EVALUATION OF SENSOR LOCATION INFORMATION ASSESSMENT 

For a model of high-bypass turbofan engine, 14 sections were selected on cases of its flange joints 
related to its main load frame structure, where vibration sensor installation is possible. Figure 5 
demonstrates the spatial position of the sensors on the outer (Fig. 5a) and inner (Fig. 5b) cases in 3D 
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visualization of the engine model. The sensors were oriented in the horizontal and vertical directions. 
Permanent sensors (Vfs, Vrs) were installed on suspension joints of the engine model. 

 

 
(a) 

 

 
(b) 

Fig. 5. 

Information assessment for vibration sensors installed in the model was evaluated based on 
the proposed method for critical speeds falling in the operating range of its LP and HP rotors. Tables of 
information assessment for vibration sensor locations obtained based on simulation results are shown in 
Fig. 6, where the mode shape types are designated as follows: R—rotor mode, C—case resonance; 
RCS—couple mode (rotor–case–suspension). The lines highlight the operating modes of the engine: 
ground idle mode (IDLE) and maximum operating mode (MAX).  

 

 
(a) 

Fig. 6. 
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(b) 

Fig. 6. (Contd.) 

Graphical interpretation for tables of information assessment for vibration sensor location in and 
vertical directions was presented in form of contour color plots. Evaluation of information assessment for 
vibration sensor locations to control critical speeds excited by LP rotor is shown in Fig. 7 and by HP 
rotor—in Fig. 8. Figures 7a and 8a illustrate the horizontal control, Figs. 7b and 8b—vertical control. 
Grade scale for each plot was set based on assessment criteria: 1—the best value, 0—the worst value. 

 

 
(a)      (b) 

Fig. 7. 
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Overall grades G and information assessment I for sensor locations to control critical speeds excited 
by LP (Fig. 9a) and HP (Fig. 9b) rotors in the observed aircraft engine model are as follows.  

 

 
(b) 

Fig. 8. 

 
(a)       (b) 

Fig. 9. 
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Simulation results obtained for aircraft engine model revealed that for the model verification based on 
the data of experimental measurements in order to get maximum information about critical speeds of 
the real aircraft engine, it is recommended to use uniaxial sensors for vibration control in the X and Y 
directions installed at brackets attached to flange joints of outer case in planes nos. 1, 4 and 5 (see 
Fig. 5a). At the inner case of the engine, it is recommended to use uniaxial sensors to control vibrations in 
the X and Y directions installed at brackets attached to flange joints in planes nos. 6–12 (see Fig. 5b). 

It should be noted that calculations performed are evaluative, since they reflect excitation of all 
possible critical speeds for dynamic system of an aircraft engine, while at the real engine, appearance of 
specific critical speeds often depends on a certain distribution of residual unbalances. Excitation of some 
critical speeds may require “exotic” combination of residual unbalances located on rotors of the engine, 
and thus, such critical speeds may not be excited with standard distribution of unbalances localized on 
the main assembling units of its rotors. To exclude the latter and reduce the number of critical speeds that 
need to be controlled with vibration sensors, it is required to perform a series of calculations with various 
unbalances combinations. It is possible to perform modeling of aircraft engine dynamics similar to its real 
operation with mutual excitation from unbalance distribution at all rotors of the engine using 
the algorithms of nonstationary analysis implemented in DYNAMICS R4. 

CONCLUSIONS 

A method to equip aircraft engine with vibration sensors based on calculation and analysis of critical 
speed mode shapes obtained for its model was proposed. The method was tested on the model of high-
bypass aircraft engine built in software for rotor dynamics simulation—DYNAMICS R4, allowing us to 
evaluate information assessment of vibration sensor locations installed on the engine cases and further 
form the scheme of sensors with high information assessment of critical speeds and their shapes of 
vibration mode of the aircraft engine dynamic system.  
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