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Annotation 

The article gives results of modeling of 

dynamics characteristics of the turbofan engine during 

and after a fan blade loss. To solve the task, the 

nonlinear non-stationary model was created. It includes 

the LP rotor, the HP rotor, the cases, the nacelle with the 

thrust reverser, the engine mount to the pylon, the pylon, 

the aircraft hanger to the wing. The rotor system model 

also embraces the rolling bearings, whose stiffness was 

calculated for the engine work at different regimes, the 

nonlinear hydrodynamic dampers and the elastic 

elements (“squirrel cages”).  
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Introduction 

Let us note some peculiarities of the problem 

considered in this article taking into account Russian 

airworthiness requirements AP-33 [1], and also 

recommendations given in the memorandum [2] and the 

circular [3] of Federal Aviation Administration (FAA) in 

the USA. General requirements of these documents set 

that neither defects nor failures in the aircraft power 

plant nor their combinations should disturb its safe flight. 

There are also regulations which require stopping the 

engine rotation in case of dangerous defects and which 

may lead to failures of the aircraft. 

Besides, it should be noted that for the high 

bypass ratio engines it is virtually impossible to stop the 

engines rotation during flight, so there is constant rotor’s 

autorotation provoked by approach air flow. Autorotation 

regime should be safe enough considering loads and the 

shafts displacements in order to provide the safe flight to 

the landing place. 

One of the most dangerous defects of the high 

bypass ratio engines is the fan blade loss leading to 

different kinds of structural destructions of its units and 

the nacelle with the most important aggregates on it. 

Significant unbalance forces appeared after the blade loss 

and acting from the side of the fan rotor to the engine 

case may provoke great vibrations transferring through 

the mount and the engine pylon to the aircraft’s wing and 

the fuselage. 

In the analysis of the blade loss dynamics it is 

possible to highlight three phases of the process when 

under unbalanced force appearing in the rotor, significant 

displacements of the rotors, deformations of the case 

elements of the engine design , contact between the rotor 

and the stator  may take place:  

-the moment of the blade loss when some case 

elements are destroyed, contact between the fan blades 

and boosters with the case takes place;  

-the rotors’ rundown after switching off fuel 

feeding into the combustion chamber up to the 

autorotation regime;   

- autorotation regime. 

This problem became topical when high bypass 

ratio engines appeared. For big commercial aviation 

engines centrifugal load at one fan blade may exceed the 

engine thrust in 2-3 times. So, for the engine GE90-115B 

thrust is 450000…512000 N. For the engines GEnx – 

240000…334000 N.  It is possible to estimate 

consequences of the blade loss using these numbers [4]. 

Normative documents mentioned above require 

carrying out the necessary modeling and analysis of the 

blade loss dynamics using certain software with the 

following adjustment of the mathematical model of both 

base engine and derived one using different methods 

(calculated, experimental, empirical). It is important to 

carry out the experiment with blade loss on special rig 

including the fan rotor and the case or on the actual 

engine. Experiments with the blade loss and also 

numerical analysis were conducted on engines GE90-

115B [4], SaM 146 [5] and the others. 

The engine model for analysis should include all 

the functional engine units – the rotors, the cases, the 

mount, the nacelle with the aggregates, the pylon, 

dampers, and the rolling bearings. Calculation may be 

done both at linear and nonlinear statement insofar as 

there is understanding of nonlinear effects. Any change 

in design of the base engine should be analyzed and 

compared with the results of modeling of the derived 

engine [1], [2], [3]. 

 There are only a few published works on the 

theme of mathematical modeling of the blade loss of 

high bypass ratio engines in spite of the fact that almost 

all leading engine world companies develop the models 

and algorithms, conduct numerical analysis and 

experimental tests with blade loss using them. The 

models for investigation are built using standard finite-

element programs such as LS-DYNA and MSC 

NASTRAN. Investigations take place using both simple 

models including only the fan rotor and its stator [6] and 

more complex ones including the rotors, the cases, the 

mount and the pylon [7]. The obtained results are used to 

verify the models and to prepare experiments with the 

blade loss. Besides, there some general limitations and 

assumptions in the above mentioned works: 

investigations take place at linear statement; transient 

processes last only three-four seconds after the blade 

loss. 

The present article gives the results of modeling 

of dynamic characteristics of high bypass ratio engines 

during and after the fan blade loss in the software system 

Dynamics R4 [8]. The software system gives an 

opportunity to create the finite-element engine models 

with consideration of almost all the above-mentioned 

requirements and to carry out the analysis both at linear 
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and nonlinear unsteady statement using the ordinary 

computers without involving computing clusters.  

The work was carried out taking into account 

airworthiness requirements AP-33 and FAA 

Memorandum. The model takes into consideration 

nonlinear characteristics of the rotors supports, stiffness 

and damping change at significant displacements in 

supports. The model was adjusted to estimate all three 

phases of the process: sudden unbalance appearance in 

the fan unit at maximum allowed rotating speed 

(unsteady process); decrease in rotating speed from 

maximum allowed speed up to the autorotation  speed 

(unsteady process) at the existing fan unbalance and 

work at autorotation regime. 

 Transient processes were analyzed from the 

moment of the fan blade loss up to the going to 

autorotation regime. As a result of calculations, loads on 

the elements of the engine loading pattern at the fan 

blade loss at maximum rotating speed, at the rotor’s 

rundown and at autorotation regime. 

 

General theory 

Dynamic motion equation in matrix form for the 

rotor system is the following in the general case: 

 

�����(�)	 
 + ���
�� (�)� + ���
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����� � + 
����	�,                                  

 

where ���,	���,	��� – matrixes of inertia, damping, 

gyroscopes and stiffness correspondingly, obtained by 

discretization of the finite-element engine model; 

��(�)	 
,	
�� (�)�,	
�(�)� – vectors of acceleration, velocity 

and displacement correspondingly; 
����, 
�����,

�����	�, 
����� – forces vectors from unbalance, 

reactions from hydrodynamic dampers, reactions from 

bearings and reactions in contact between the rotor and 

the stator. The equation is nonlinear, because reactions of 

the bearings, dampers and contacts depend on 

displacements and velocities in the dynamic system. 

The most general method of dynamic analysis of 

the complex nonlinear unsteady rotor systems is 

integration of the joint motion equations. Dynamic 

behavior of the system is calculated for some 

consecutive time ranges with dynamic characteristics 

defined at the beginning of the considered range. New 

dynamic characteristics are obtained using the models of 

nonlinear elements. Input parameters of these models are 

displacements and velocities from the previous 

integration step. Nonlinear elements are connected with 

the rest of the dynamic system through them. Output 

parameters are dynamic reactions. External system 

loading may also change. 

Dimension of the corresponding matrixes of 

inertia, stiffness, damping in the motion equation is equal 

to the number of freedom degrees of the built model. In 

this case there are about 6000. Direct integration of such 

equations system is time-consuming and takes a lot of 

machine time with consideration of necessity to calculate 

reactions of nonlinear elements at every step. That is 

why the system of motion equations is written in the 

modal form and is reduced in the way that calculation 

error is minimum with consideration of acceptable 

integration time [9].  

 

Engine model 
To solve the task, the spatial rod model of the 

engine including all the main engine components – the 

low pressure rotor, the high pressure rotor, the cases, the 

nacelle with reverse, the engine mount to the pylon, the 

pylon and the aircraft hanger to the wing – was created, 

Figure 1. 

 

 
 

Figure 1 Finite-element model of investigated engine 

 

The rotor system model includes also the bearings 

whose stiffness depends on the engine operating mode, 

nonlinear hydrodynamic dampers, elastic elements. 

Table 1 shows the main model components (hereinafter 

referred to as subsystems). 

 

 

 

Table1 
Model subsystems 

 

Engine case 

and nacelle 

with reverse  

 
 

Pylon 

 
 

Low pressure 
rotor 

 
 

High pressure 

rotor 
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Assembled 

engine model 

 

 

All the subsystems are connected by elastic links 

simulating bearings, elastic elements, hydrodynamic 

dampers, flanges, etc. 

In case of the fan blade loss, the engine is 

switched off, and rotors start autorotation. Figure 2 

shows the diagram of change in low pressure rotor speed 

at autorotation start. 

 
Figure 2 Change in rotating speed of low pressure rotor 

during rundown  

 

To simulate elastic-inertia characteristics of the 

main engine components, the rod finite elements 

included into the library of the Dynamics R4 software 

system were used. There are conical beams and shells, 

inertia elements, springs, hinges, etc. among them. 

Elastic coefficients for all elements are calculated using 

the corresponding algorithms of the program system. For 

complex structural components elastic characteristics are 

obtained by creation of 3D models and obtainment of 

their full flexibility matrixes.  

 

Modeling of squirrel cages 

Coefficients of stiffness matrix of elastic elements 

of “squirrel cages” are determined in the finite-element 

program.  One of the aims is to centre the rotor in 

clearance of hydrodynamic damper.  The first condition 

to be met at designing of the elastic element is that the 

rotor shaft displacement under weight force does not 

exceed at least half of hydrodynamic damper clearance. 

At the following optimization of the engine dynamic 

system at the expense of elastic elements, decrease in 

their stiffness is undesirable. When obtaining the 

stiffness coefficients of squirrel cages the axial load 

transferring through it should be also taken into 

consideration [10]. 

 

Simulation of rolling bearings 
There are two approaches when creating models 

of the rotor systems with rolling bearings: the first one is 

addition of nonlinear elements simulating rolling 

bearings into the model and analysis of the model at 

nonlinear statement; the other one is preliminary 

linearization of elastic characteristics of rolling bearings 

at regimes and their following use in the model.  In the 

first case at current integration step of motion equations, 

the bearings reactions are calculated. They are defined by 

static forces acting on them and by rotors’ unbalances. 

The obtained reactions are used in motion equations at 

the following integration step. In the second case the 

model complexity decreases, and integration takes much 

less lime [11].  

 

Model of hydrodynamic damper 

Hydrodynamic dampers were simulated on the 

basis of the known analytical solutions obtained for 

Reynolds equations [12]. The type of the dampers’ 

models is chosen considering peculiarities of the damper 

oil feed. For all dampers oil is supplied through the holes 

without distributing groove. This gives an opportunity to 

apply the model of “long’ damper for all dampers. The 

whole coverage by 2π oil film of damper of vibration 

machine is chosen considering that the damper load-

carrying ability is preferable to make close to minimum 

one with maximum value of damping part of 

hydrodynamic force. This makes it possible to lower the 

dampers influence on radial stiffness of support unit. 

Analytical solutions used in the nonlinear rotor model 

were obtained applying different assumptions and 

work with practical accuracy in the range of relative 

eccentricities up to 0.5…0.6. At the blade loss, loads 

acting during transient process lead to eccentricity 

increase up to oil film rupture. With consideration of 

this, it may be assumed that the damper stops 

performing its functions at increased eccentricities, 

and it becomes necessary to exclude it from the 

support unit model at these eccentricities. Meanwhile, 

change in stiffness and damping characteristics of 

dampers by constants at the rotors rundown after the 

blade loss is not correct.  

 

Fan unbalance 
The fan rotor unbalance after the blade loss is 

obtained considering that loss of one blade is also 

accompanied by destruction of the half of the second 

blade.  

 

Setting of engine model 

The model was adjusted to investigate all the 

phases of unsteady process after the blade loss:  sudden 

unbalance appearance in the fan unit at operating rotating 

speed; decrease in rotating speed to the autorotation 

rotating speed under the existing fan unbalance; the 

engine operation at autorotation regime. Integration time 

of motion equations corresponds to 50 seconds of the 

actual time of the rotors rundown. The used basis of 

frequencies and natural mode shapes was calculated 

in the range up to 30000 rpm and includes 61 mode 

shapes of bending, torsional and longitudinal joint 
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oscillations. Contact of the rotor blades with the case 

was not taken into account. 

Figures 3, 4 show bearings and flanges 

location to output the analysis results. Loads and 

deformations were investigated in the bearings of the 

rotors’ supports; loads on flange joints of the fan 

cases  Fx, Fy, Fz, Mx, My, Mz were obtained; loads on 

the mount elements Fx, Fy, Fz, Mx, My, Mz were 

obtained.  

 

Critical speeds and mode shapes 
Figure 5 shows the mode shape of the engine 

dynamic system, which defines the engine behavior after 

the blade loss during the rotors rundown at autorotation 

regime. All the other mode shapes do not virtually 

influence loss and rundown dynamics. 

 
Figure 3 Places of results output at fan 

 

 
Figure 4 Places of results output at turbine 

 

 
Figure 5 Natural mode shape at 1538 rpm  

Resonance may be expected in the system during 

rundown and at significant fan unbalance at 8-9 second. 

 

 

Dynamics of blade loss 

Analysis results are output as amplitude-time 

characteristics for the whole transient process, 

starting from the blade loss and up to the autorotation 

regime.  General calculation time accounted ~ 1 hour 30 

minutes for the used computer.  The general volume 

of the created file is ~530000 Kbyte. The file includes 

information on all the freedom degrees of the engine 

model and at all possible parameters- displacement, 

velocity, deformation, forces, reactions, etc. Figures 

6…8 show amplitude-time characteristics of the 

acting reactions in the engines mounts starting from 

the blade loss moment at the 1-st second, switching 

off the engine at1.1-st second and up to 50-th second 

of the rotor rundown. 

 

 
Figure 6 Reaction in engine front mount(Y 

direction) 
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Figure 7 Reaction in rear mount  

(Y direction) 

 

 
 

Figure 8 Reaction in rear mount 

 (Z direction) 

 

Similar results were obtained for the other engine 

places. Analysis shows that significant loads on the 

elements appear not only at the moment of blade loss but 

also during the rotor rundown at resonance frequency. 

  

Conclusions 

The methodology of dynamics investigation of 

the blade loss in high bypass ratio engines in the 

software system Dynamics R4 is presented. Dynamic 

characteristics of the turbofan model at unsteady 

statement including all the main components of flow 

chart of the engine – the rotors, the cases, the pylon, the 

mount – were analyzed. For the first time the task of the 

blade loss was solved for the model including nonlinear 

design elements – rolling bearings and hydrodynamic 

dampers, which gave opportunity to make the obtained 

results close to the actual physical processes. The 

developed model of the blade loss and the obtained 

results may be used to prepare actual experiment on the 

blade loss and to its following validation in 

correspondence with Aviation rules of flight safety 

protection. 
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