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Abstract 

Rotordynamics is a field under mechanics, mainly deals with the vibration 

of rotating structures. In recent days, the study about rotordynamics has 

gained more importance within Jet engine industries. The main reason is Jet 

engine consists of many rotating parts constitutes a complex dynamic 

system. While designing rotors of high speed turbo machineries, it is of 

prime importance to consider rotordynamics characteristics in to account. 

Considering these characteristics at the design phase may prevent the jet 

engine from severe catastrophic failures. These rotordynamic 

characteristics can be determined with the help of much relied Finite 

element method. Traditionally, Rotordynamic analyses were performed 

with specialized commercial tools. On the other hand capabilities of more 

general FEA software has gradually been developed over the time. As such 

developed and commonly used software is Ansys. The aim of this thesis 

work is to build a RM12 Jet engine rotor model in Ansys and evaluate its 

rotordynamic capabilities with the specialized rotordynamics tool, Dyrobes. 

This work helps in understanding, modeling, simulation and post 

processing techniques for rotordynamics analyses of RM12 Jet engine rotor 

using Ansys.  

Keywords: 

Rotordynamics, RM12, Jet engine, Gas turbines, Ansys, Dyrobes, 

Vibration, Rotor, Twin spool 

Note: The RM12 Jet engine data contains confidential information. 

Numerical values and results related to RM12 are not presented anywhere 

in this public version of the report. 
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1  Introduction 

1.1 Aim and scope 

The aim of this master thesis is to develop FE model of RM12 Jet engine 

and to perform rotordynamic analysis using Ansys. This work can also be 

used to foresee the opportunity of using Ansys as a tool for rotordynamic 

calculations within the company. 

1.2 Background 

Rotordynamics is a discipline within mechanics, in which we study about 

the vibrational behavior of axially symmetric rotating structures. The 

rotating structures are the pivotal component of high speed turbo machines 

found in many modern day equipments ranging from power station, 

automobiles, marine propulsion to high speed Jet engines. These rotating 

structures are commonly referred as “Rotors” and generally spin about an 

axis at high speed. The rotors when it rotates at high speed develop 

resonance. Resonance is the state at which the harmonic loads are excited at 

their natural frequencies causing these rotors to vibrate excessively. This 

vibration of larger amplitudes causes the rotors to bend and twists 

significantly and leads to permanent failures. Also, deflection of shafts in 

incongruous manner has a greater chance to collide with the adjacent 

components at its closer proximity, and cause severe unrecoverable 

damages. Hence the determination of these rotordynamics characteristics is 

much important. 
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1.3 Objectives of Rotordynamic analysis 

There are several objectives are to be fulfilled within a standard 

rotordynamic analysis. Obviously the rotor design is of prime importance in 

any rotordynamic analysis. Usually the following issues are addressed: 

 Predict the natural frequencies and determine the mode shapes of 

the rotor system at those natural frequencies. 

 Identify critical speeds within or near the operating speed range of a 

rotor system. 

 Make an unbalance response analysis of a rotor in order to calculate 

rotor displacement and quantify the forces acting on the rotor 

supports that are caused due to rotor imbalance. 

 Assess potential risks and operating problems in general related to 

the rotor-dynamics of a given rotor system. 

Although the aim of the thesis work is to develop RM12 Jet engine rotor 

model and evaluate the rotordynamic capabilities of Ansys software, it 

necessitated some study about rotordynamics. Also it has always been 

easier to understand and learn things from simpler model. Thus, verification 

of simple model and rotordynamic analysis method had become one of the 

dispositions of this work. Once this is verified, it is easier to build the 

complex model in an accurate and efficient way. 
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2  Literature Review 

2.1 Rotor vibrations 

A rotor may tend to vibrate in any directions. Those vibration falls under 

any one of the following types: 

 Lateral rotor vibration 

 Torsional rotor vibration 

 Axial rotor vibration 

2.1.1 Lateral rotor vibration 

Lateral rotor vibration is defined as an oscillation that occurs in the radial-

plane of the rotor spin axis. It causes dynamic bending of the shaft in two 

mutually perpendicular lateral planes. It is also called as transverse 

vibration [1]. The natural frequencies of lateral vibration are influenced by 

rotating speed and also the rotating machines can become unstable because 

of lateral vibration [2]. Hence, the overwhelming number of rotordynamic 

analysis and designs are mostly related with lateral vibrations. This work is 

also focused only on lateral rotor vibrations. 

2.1.2 Torsional rotor vibration 

Torsional rotor vibration is defined as an angular vibratory twisting of a 

rotor about its centerline superimposed on its angular spin velocity [1]. 

Torsional vibrations are potential problem in applications consisting of long 

extended coupled rotor constructions. 

2.1.3 Axial rotor vibration 

Axial rotor vibration is defined as an oscillation that occurs along the axis 

of the rotor. Its dynamic behavior is associated with the extension and 
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compression of rotor along its axis. Axial vibration problems are not a 

potential problem and the study related to axial vibrations are very rare in 

practice. 

2.2 Fundamental Equation 

The general form of equation of motion for all vibration problems is given 

by, 

                             (2.1) 

Where, 

    = symmetric mass matrix 

    = symmetric damping matrix 

    = symmetric stiffness matrix 

    = external force vector 

    = generalized coordinate vector 

In rotordynamics, this equation of motion can be expressed in the following 

general form [3], 

                                             (2.2) 

The above mentioned equation (2.2) describes the motion of an axially 

symmetric rotor, which is rotating at constant spin speed Ω about its spin 

axis. This equation is just similar to the general dynamic equation except it 

is accompanied with skew-symmetric gyroscopic matrix,         and 

skew-symmetric circulatory matrix [H]. 

The gyroscopic and circulatory matrices         and [H] are greatly 

influenced by rotational velocity Ω. When the rotational velocity Ω, tends 
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to zero, the skew-symmetric terms present in the equation (2.2) vanish and 

represent an ordinary stand still structure. 

The gyroscopic matrix         contains inertial terms and that are derived 

from kinetic energy due to gyroscopic moments acting on the rotating parts 

of the machine. If this equation is described in rotating reference frame, this 

gyroscopic matrix         also contains the terms associated with Coriolis 

acceleration. The circulatory matrix, [H] is contributed mainly from internal 

damping of rotating elements [3]. 

2.3 Theory 

The concept of rotordynamics can be easily demonstrated with the help of 

generalized Laval-Jeffcott rotor model as shown in figure [2-1]. 

 

Figure 2-1. Generalized Laval-Jeffcott rotor model. 

The generalized Laval-Jeffcott rotor consists of long, flexible mass less 

shaft with flexible bearings on both the ends. The bearings have support 

stiffness of Kx and Ky associated with damping Cx and Cy in x and y 

direction respectively. There is a massive disk of mass, m located at the 

center of the shaft. The center of gravity of the disk is offset from the shaft 

geometric center by an eccentricity of e.  
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The motion of the disk center is described by two translational 

displacements (x, y) as shown in figure [2-2]. 

 

Figure 2-2. End view of Laval-Jeffcott rotor. 

When the rotor is rotating at constant rotational speed, Ω, the equation of 

motion for the mass center can be derived from Newton’s law of motion 

and it is expressed in the following form [4]: 

  
  

   
                             (2.3) 

  
  

   
                             (2.4) 

The above equations can be re-written as, 

                              (2.5) 

                             (2.6) 

Where,    is the phase angle of the mass unbalance. The above equations 

of motions show that the motions in X and Y directions are both 
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dynamically and statically decoupled in this model. Therefore, they can be 

solved separately. 

2.3.1 Determination of natural frequencies  

For this simple rotor model, the undamped natural frequency, damping ratio 

and the damped natural frequency of the rotor model for X and Y direction 

can be calculated from [4]: 

      
  

 
      

  

     
  

            
  

 
(2.7) 

      
  

 
      

  

     
  

            
  

 

2.3.2 Steady state response to unbalance 

For single unbalance force, as present in this case, the    can be set to zero. 

Therefore the equations (2.5) and (2.6) becomes, 

                           (2.8) 

                          (2.9) 

Then the solution for the response is, 

 
     

    

          
 
      

  

 
(2.10) 

 
     

    

          
 
      

 
 

 
(2.11) 
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2.4 Terminologies in Rotordynamics 

2.4.1 Whirling 

When a rotor is set in motion, the rotor tends to bend and follows an orbital 

or elliptical motion. This may be because of the centrifugal force acting 

upon the rotor, during rotation. This is called whirling. Whirling is further 

classified into forward whirling and backward whirling as shown in figure 

[2-3]. When the deformed motion of rotor is in same direction as that of 

rotational speed, it is called forward whirling and if it is in opposite 

direction of rotational speed, it is called backward whirling. The 

frequencies of these whirling motions are called natural whirling 

frequencies and the associated shapes are called natural whirling modes. 

 

  

(a) Forward whirling (b)Backward whirling 

Figure 2-3. Types of Whirling 

2.4.2 Gyroscopic effect 

Gyroscopic effect is an important term in rotating system and it is the one 

which differentiate the rotary dynamics from the classical one. The 
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gyroscopic effect is proportional to the rotor speed and the polar mass 

moment of inertia, which in turn proportional to the mass and square of the 

radius. In jet engines, the diameter of the compressor and turbine discs are 

much greater than the rotating shaft diameter. Therefore, it is necessary to 

consider their gyroscopic effect. When a perpendicular rotation or 

precession motion is applied to the spinning rotor about its spin axis, a 

reaction moment appears [7]. This effect is described as gyroscopic effect. 

The direction of the reaction moment will be perpendicular to both the spin 

axis and precession axis as shown in figure [2-4]. In Campbell diagram, it 

can be seen that because of gyroscopic effect, each natural frequency of 

whirl (mode) is split into two frequencies (modes) when rotor speed is not 

zero [4]. As the rotor speed increases, this gyroscopic moment stiffens the 

rotor stiffness of the forward whirls and weakens the rotor stiffness of the 

backward whirl. The former effect is called “gyroscopic stiffening” and the 

latter effect is called “gyroscopic softening”. Also the gyroscopic moment 

shifts up the forward whirl frequencies and shifts down the backward whirl 

frequencies. 

 

Figure 2-4. Gyroscopic effect 
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2.4.3 Damping 

Damping is defined as the ability of the system to reduce its dynamic 

response through energy dissipation. A major role of damping is to prevent 

the system from reaching intolerably higher amplitude of vibration due to 

forced resonance or self-excited vibration. Although, damping in most real 

applications, has a very minimal influence on natural frequency of a 

system, it significantly lowers the peak vibration of the natural frequency of 

the system, caused by an excitation force [1]. Damping of a rotor system 

can be classified as internal damping and external damping. Internal 

damping includes material damping that is provided by the rotating part of 

the structure. External damping is provided by the fixed part of the structure 

and through bearings. The stability of a system can be determined with the 

help of damping. In some case, the internal damping may decrease the 

stability of the rotor and can hence be undesirable. On other hand, the 

external damping stabilizes the system by limiting the response amplitude 

and somewhat increase the critical speed. 

2.4.4 Mode shapes 

When the structure starts vibrating, the components associated with the 

structure moves together and follow a particular pattern of motion for each 

natural frequency. This pattern of motion is called mode shapes. Mode 

shapes are helpful to visualize the rotor vibration at discrete natural 

frequencies. In rotating systems, the ratio of bearing stiffness to the shaft 

stiffness has a greater influence on mode shapes. For the soft and 

intermediate type of bearings, the rotor does not bend for the initial two 

modes and these modes are known as “rigid rotor” modes. The bending 
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contribution of the lowest eigenmodes increases when the stiffness of the 

bearings becomes larger relative to the shaft stiffness.  

Cylindrical modes are the first type of rigid modes. At this mode, the rotor 

system follows a cylindrical pattern of motion. Hence this mode is referred 

as “cylindrical mode”. From the lateral view, the rotor appears to be 

bouncing up and down. The natural frequency of this mode does not vary 

much with the rotational speed. The figure [2-5] shown below illustrates the 

characteristics of the cylindrical mode shape varies along with the bearing 

stiffness [5]. 

 

Figure 2-5. Characteristics of cylindrical mode shape  

(a) Soft bearings, (b) Intermediate bearings and (c) Rigid bearings. 

This picture is taken from  [5] 

Conical modes are second type of rigid modes. To visualize this mode 

shape, imagine a rod fixed at its center while the ends of the rod rotates in 

circular pattern such that rod ends are out of phase to each other. The shape 

of the mode is associated with some conical motion. From the lateral view, 

the rotor appears to be rocking. The natural frequency of this mode varies 

along with the rotational speed. The forward whirling frequency increases 

as the rotational speed increases. On the other hand, the backward whirling 

frequency decreases as the rotational speed increases. This is because of the 
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effect of “gyroscopic stiffening” and “gyroscopic softening” respectively. 

The figure [2-6] shown below illustrates the characteristics of the conical 

mode shape varies along with the bearing stiffness [5]. 

 

Figure 2-6. Characteristics of conical mode shape  

(a) Soft bearings, (b) Intermediate bearings and (c) Rigid bearings. 

This picture is taken from  [5] 

2.4.5 Whirl Orbit 

When the rotor is rotating, the discrete points or nodes located at the spin 

axis of the rotor moves in a curved path as shown in figure [2-7]. The 

curved path is called whirl orbit. The whirl orbit may either be circular or 

elliptical form. When the bearing has same stiffness value in both 

horizontal and vertical direction the whirl orbit is of circular form. If the 

bearing or the supporting static structure has different stiffness value in 

both horizontal and vertical direction the whirl orbit takes ellipse form. 
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Figure 2-7. Whirl orbit 

2.4.6 Critical speed 

Critical speed is defined as the operating speed, at which the excitation 

frequency of the rotating system equals the natural frequency. The 

excitation in rotor may come from synchronous excitation or from 

asynchronous excitation. The excitation due to unbalance is synchronous 

with rotational velocity and it is named as synchronous excitation [7]. At 

critical speed, the vibration of the system may increase drastically. These 

critical speeds can be determined by creation of a Campbell diagram, see 

section 2.4.7.  

2.4.7 Campbell diagram 

Campbell diagram is a graphical representation of the system frequency 

versus excitation frequency as a function of rotational speed. It is usually 

drawn to predict the critical speed of rotor system. A sample Campbell 

diagram is shown in below figure [2-8]. The rotational speed of the rotor is 

plotted along the x-axis and the system frequencies are plotted along the y-
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axis. The system frequencies are extracted for different ranges of operating 

speed. These frequencies vary along with the rotational speed. The forward 

whirl frequencies increases with the increase in rotational speed and the 

backward whirl frequencies decreases with increase in rotational speed. An 

extra line can be seen in the Campbell diagram, which is called an 

excitation line, corresponding to the engine rotation frequency usually 

name engine order 1 and it cross over the modal frequency lines. The 

critical speeds are calculated at the interference point of modal frequency 

lines and excitation line. 

 

Figure 2-8. Campbell diagram 
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3  Rotordynamic analysis in ANSYS 

Ansys softwares are extensively used finite element simulation tool to solve 

different varieties of problem in many engineering industries. In recent 

years, rotordynamic capabilities of Ansys program has been improved 

much subjected to the analysis need, feasible method and computational 

time. This chapter focuses on features available in Ansys for rotordynamic 

analysis. 

3.1 ANSYS frame of references 

When it comes to analysis of rotating structures, it is important to decide 

the frame of reference in which the analysis should be carried out. It is 

because the additional terms occur in the equations of motion depending 

upon the chosen reference frame. In general, there are two types of 

reference frame and they are stationary reference frame and rotating 

reference frame. Ansys offer its user to perform rotordynamic analysis in 

any frame of reference. In this thesis work, stationary reference frame is 

followed for all the models. 

3.1.1 Equation of motion for Stationary reference frame 

When using a stationary reference frame, the reference analysis system is 

attributed to the global coordinate system, which is a fixed one. In such 

analysis system, the gyroscopic moments due to nodal rotations are 

included in the damping matrix and the equation of motion becomes [7], 

                                             (3.1) 

Where, [M] is mass matrix, [K] is stiffness matrix, [C] is damping matrix, 

[Cgyro] is gyroscopic matrix and [B] is rotating damping matrix. 
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3.1.2 Equation of motion for Rotating reference frame 

When using a rotating reference frame, the entire model rotates at same 

rotational speed and the reference coordinate system also rotates along with 

the rotating parts. In the rotating analysis system, the Coriolis terms are 

used in the equation of motion to describe rotational velocities and 

acceleration. So, the equation of motion for rotating reference frame is 

modified as [6], 

                                                 (3.2) 

Where, [M] is mass matrix, [K] is stiffness matrix, [C] is damping matrix, 

[Ccori] is coriolis matrix and [Kspin] is spin softening matrix. 

3.1.3 Stationary frame of reference Vs rotating frame of reference 

The table [3-1] gives a brief comparison about stationary reference frame 

and rotating reference frame used in Ansys [7]. 

Stationary frame of reference Rotating frame of reference 

Structure must be axisymmetric about the 

spin axis. 

Structure need not to be 

axisymmetric about the spin axis. 

Rotating structure can be a part of stationary 

structure in an analysis model. 

Rotating structure must be the only 

part of an analysis model. 

Supports more than one rotating structure 

spinning at different rotational speed about 

different axes of rotation (ex: a multi-spool 

gas turbine engine). 

Supports only a single rotating 

structure (ex: a single-spool gas 

turbine engine). 

Can generate Campbell diagrams for 

computing rotor critical speeds. 

Campbell diagrams are not 

applicable for computing rotor 

critical speeds. 

Table 3-1. Stationary reference frame vs Rotating reference frame 
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3.2 Overview of rotordynamic analyses in ANSYS 

The rotordynamic analyses procedure in Ansys is similar to other analysis. 

The following steps explain the general procedure of performing 

rotordynamic analyses using Ansys [7]: 

- Build the model of the rotor system. 

- Define element types and appropriate key options. 

- Define the necessary real constants. 

- Mesh the rotor model. 

- Assign material properties. 

- Apply the appropriate boundary conditions. 

- Define force and rotational velocity. 

- Account for gyroscopic effect. 

- Define the analysis type. 

- Select the required solver. The recommended type of solver for 

different analysis can be obtained from Ansys user manual. 

- Solve for the analysis. 

- Post processes the obtained results. 

3.3 Rotordynamic analyses and solution controls 

3.3.1 Modal analysis without spin 

The Eigenfrequencies of the rotor model without any rotation are 

determined from this analysis. Since the analysis is done without any 

rotation, the gyroscopic effect does not take place. Black Lanczos (LANB) 

solver is used for this analysis to extract the modes of the rotor. The 

following are the steps to perform modal analysis without spin to extract 

first 30 modes of the rotor [7]: 

 



18 

 

/SOLU  

ANTYPE, MODAL      ! Perform Modal analysis 

MODOPT, LANB, 30   ! Use Block Lanczos (30 modes) 

MXPAND, 30         ! Expand mode shapes 

SOLVE  

FINISH 

3.3.2 Critical speed and Campbell analysis 

Determination of eigenfrequencies of rotating system for different range of 

operating speed is carried out in this analysis. Since the model undergoes 

several rotational speeds, the gyroscopic effect takes place and it is 

included in the analysis using the CORIOLIS command. The complex 

QRDAMP eigen solver is the appropriate solver for solving modal analysis 

with gyroscopic effects.  

This analysis is performed using certain set of following commands [7]:  

In this, modal analysis is performed starting from 0 rpm to 30000 rpm with 

an increment of 500 rpm. The QRDAMP eigen solver is chosen for this 

analysis in order to extract thirty modes for each speed set. 

/SOLU  

ANTYPE, MODAL   ! Perform Modal analysis 

MODOPT, QRDAMP, 30, , , ON    ! Use QRDAMP solver 

MXPAND, 30    ! Expand mode shapes 

CORIOLIS, ON, , , ON  

pival = acos (-1) ! ‘Pi’ value 

! Solve Eigen analysis between 0 rpm to 30000 rpm 

*DO, I, 0, 30000, 500  

spinRpm = I  

spinRds = spinRpm*pival/30  

CMOMEGA, SPOOL1, spinRds  

SOLVE  

*ENDDO  

FINISH 

From the obtained results, the variation of Eigen frequencies corresponding 

to the rotational speeds is plotted as a Campbell diagram. The critical 
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speeds are calculated from Campbell diagram at the intersection of 

excitation line and modal lines. 

3.3.3 Unbalance response analysis 

All rotating shafts, even in the absence of external load, will deflect during 

rotation. The unbalanced mass of the rotating object causes deflection that 

will create resonant vibration at critical speeds. Those critical speed and 

amplitude of vibration can be determined by performing harmonic response 

analysis in Ansys.  

The unbalance loading are defined as force input to the rotor model as per 

the following steps [7]: 

! Unbalance force  

NodeUnb = Node number  

UnbF = Unbalance force  

! Applying force in anti-clockwise direction 

! Real FY component at 'NodeUnb' 

F, NodeUnb, FY, UnbF 

! Imaginary FZ component at 'NodeUnb' 

F, NodeUnb, FZ, ,-UnbF  

For unbalance analysis, the frequency of excitation is synchronous with the 

rotational velocity and it is defined using SYNCHRO command. The spin 

of the rotor is decided automatically via HARFRQ command. The 

following commands are used to run the unbalance response analysis: 

/SOLU  

pival = acos(-1)   ! ‘Pi’ value 

SPINRDS = 1  

! Frequency of excitation  

spinRpm1 = 0    ! Start speed, rpm 

spinRpm2 = 18000   ! End speed, rpm 

BEGIN_FREQ = spinRpm1/60  ! Begin frequency, Hz 

END_FREQ = spinRpm2/60  ! End frequency, Hz 

ANTYPE, HARMIC   ! Analysis type 

HROPT, FULL    ! Full harmonic analysis 
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SYNCHRO, , SPOOL1   ! Synchronous analysis 

NSUBST, 500    ! Using 500 substeps 

HARFRQ, BEGIN_FREQ, END_FREQ  ! Frequency range 

KBC, 1  

CMOMEGA, SPOOL1, SPINRDS  

CORIOLIS, ON, , , ON  

SOLVE  

FINISH 

3.4 Post processing in ANSYS 

In post processing, the necessary output can be extracted from the obtained 

results. The commands mentioned below are some of the important Ansys 

command used for post processing the result [7]: 

ANHARM -  Produces an animation of time- harmonic results or 

complex mode shapes. 

PLCAMP -  Plots Campbell diagram. 

PRCAMP -  Prints Campbell diagram data as well as critical 

speeds. 

PLORB -  Displays the orbital motion. 

PRORB -  Displays the orbital motion characteristics. 
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4  Verification of Test Model in ANSYS 

In this chapter, a test case of simple rotor is modeled and rotordynamic 

analysis is performed using Ansys. This verification analyses are performed 

in order to validate the rotordynamic analysis method using Ansys. Also the 

analysis results obtained from Ansys are verified with the results computed 

from DyRoBes. 

4.1 Simple rotor model – test case 

The simple rotor model consists of flexible massless shaft with a massive 

disk at its center mounted on rigid bearings with stiffness, K = 1 E10 N/m 

at both the ends as shown in figure [4-1]. 

 

Figure 4-1. Simple rotor model – test case 

The properties of the test model are summarized below: 

Shaft properties   

Length of shaft, L = 1.2 m 

Diameter of shaft, D = 0.04 m 

Young’s Modulus, E = 2.1 E11 N/m
2
 

Poisson’s ratio,   = 0.3 

Density,  =  7800 Kg/ m
3
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Disk properties   

Mass, m = 120.072 Kg 

Diametral Inertia, Id = 3.6932 Kg- m
2
 

Polar Inertia, Ip = 7.35441 Kg- m
2
 

4.2 FE model of the simple rotor 

The shaft of the rotor model is build with BEAM188 elements with the 

keyoption (3) = 2 representing quadratic behavior. The disk mass is added 

as a lumped mass at the center of the shaft using MASS21 element. The 

rigid bearings on either side of the shaft are modeled using COMBI214 

element. The FE model shown in figure [4-2] is the rotor modeled in Ansys.  

 

Figure 4-2. FE model of simple rotor in Ansys 
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4.3 Boundary condition 

The shaft nodes of the rotor model are constrained in axial and torsional 

direction. The bearing nodes at the base are fixed in all direction. 

4.4 Analysis and result discussion 

4.4.1 Modal analysis without spin 

A modal analysis without any rotation is performed on the rotor model. The 

eigen frequencies obtained for the rotor model at 0 rpm are tabulated in the 

table [4-1].  The frequency values obtained from Ansys and Dyrobes results 

are also compared in the table. 

Mode No. 

Frequency, Hz 

(at speed = 0 rpm) Ratio 

Ansys Dyrobes 

1 12.12 12.13 0.9993 

2 41.99 42.03 0.9989 

3 352.30 352.67 0.9990 

4 353.25 353.62 0.9990 

Table 4-1. Eigen frequency comparison of simple rotor at 0 rpm 

From the above comparison, it is observed that the Ansys results are very 

much comparable with the Dyrobes results. 

4.4.2 Critical speed and Campbell analysis 

In this analysis, several sets of eigen frequency analysis is performed on the 

rotor model between the speed range 0 rpm to 2000 rpm.  

The eigen frequencies of the rotor at speed 2000 rpm obtained from both 

Ansys and Dyrobes are compared in the table [4-2]. 
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Mode No. 

Frequency, Hz 

Ratio (at speed = 2000 rpm) 

Ansys Dyrobes 

1 12.121 12.134 0.9989 

2 12.123 12.136 0.9989 

3 20.607 20.64 0.9984 

4 85.538 85.523 1.0002 

Table 4-2. Eigen frequency comparison of simple rotor at 2000 rpm 

The variation of eigen frequencies of the simple rotor model corresponding 

to different rotational speeds are plotted in campbell diagram. The 

Campbell diagram obtained from Ansys and Dyrobes are shown in the 

figures [4-3] and [4-4] respectively. 

 

Figure 4-3. Campbell diagram of simple rotor – from Ansys 
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Figure 4-4. Campbell diagram of simple rotor – from Dyrobes 

It can be seen from the Campbell diagram extracted from both Ansys and 

Dyrobes have similar modal lines. 

 The critical speeds determined for the excitation slope of 1 from both the 

analysis results are compared in the table [4-3]. 

 Critical Speed, rpm (Slope of excitation line = 1) 

Mode 

No 
Ansys Dyrobes Ratio Whirl 

1 727.29 728.00 0.9990 BW 

2 727.33 728.00 0.9991 FW 

3 1467.23 1469.00 0.9988 BW 

Table 4-3. Critical speed comparison of simple rotor 

The critical speed values identified from Ansys and Dyrobes are very close 

to each other. 
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4.4.3 Unbalance response analysis 

For this unbalance response analysis, the disk in the rotor model is 

considered to be offset to an eccentricity, e = 0.001 m. This disk unbalance 

is applied as the force input to the rotor model. The unbalance force is 

calculated as mass times the eccentricity and it is applied to the disk node in 

the FE model. 

Also the rigid bearings of the rotor model are replaced with flexible 

bearings. Since the rotor with rigid bearings is not influenced by damping 

properties. The flexible bearings have stiffness value of 4 KN/mm and 

damping value of 2000 N-s/m. 

To determine the response of the rotor for this unbalance loading, a 

harmonic analysis is carried out between the speed ranges from 0 rpm to 

1000 rpm. 

The maximum response of the rotor obtained from Ansys and Dyrobes 

results are shown in the figures [4-5] and [4-6] respectively. 

 

Figure 4-5. Maximum response of the simple rotor – from Ansys 



27 

 

 

Figure 4-6. Maximum response of the simple rotor – from Dyrobes 

From both the results, it is observed that the maximum displacement of the 

rotor is occurred at the disc location and their comparisons are presented in 

the table [4-4].  

Response of the rotor  Ansys Dyrobes Ratio 

Critical Speed, rpm 695.52 696.2 0.9990 

Maximum displacement 

of the rotor, m 
0.3049 0.3038 1.0036 

Table 4-4. Maximum response comparison of simple rotor 

Similarly, the maximum force transmitted through the bearings obtained 

from Ansys and Dyrobes results are shown in the figures [4-7] and [4-8] 

respectively. 
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Figure 4-7. Maximum bearing load of the simple rotor – from Ansys 

 

 Figure 4-8. Maximum bearing load of the simple rotor – from Dyrobes 
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The maximum bearing load obtained from Ansys and Dyrobes results are 

compared in the table [4-5]. 

Bearing load Ansys Dyrobes Ratio 

Critical Speed, rpm 695.52 696.2 0.9990 

Front bearing load, N 1.0327 E+05 1.0320 E+05 1.0051 

Table 4-5. Maximum bearing load comparison of simple rotor. 

Note: The results presented in the table [4-4] and [4-5] are obtained after 

re-running the unbalance response analysis between with high speed 

resolution to catch the peak values at the critical speed. For, detailed 

description about this, please refer section 6.1.3. 

4.5 Conclusion 

It is observed from all the verification analyses that the Ansys results for 

this simple rotor model reaches very good agreement with the Dyrobes 

result. Therefore, it is believed this agreement between the Ansys and 

Dyrobes will also be good for the complex rotor model.  
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5  Modeling and analysis of RM12 Jet 

engine rotor  

The primary objective of this work is to build an FE model of RM12 Jet 

engine rotor in Ansys. The details about rotor geometry, blade mass, 

bearing properties and material properties are derived from an existing 

RM12 DyRoBes Model, see ref [8]. Thus the model which was developed 

in Ansys is entirely based upon the existing RM12 DyRoBes model. This 

chapter explains about RM12 rotor systems, selection of elements and 

modeling procedure adopted in building the RM12 rotor model. 

5.1 RM12 rotor system 

RM12 engine comprised of twin spool rotor system. The inner spool rotor 

is called as Low pressure system (LPS) and the outer spool is called as 

High pressure system (HPS). 

The LPS consists of the following major sections: 

 Fan assembly 

 Shaft 

 Low pressure turbine (LPT) assembly 

The LPS consists of the following major sections: 

 Compressor assembly 

 High pressure turbine (HPT) assembly 

 The LPS and HPS rotors are rotating at different spin speed. A constant 

spin speed ratio of 1.22 has been followed throughout this report. The 

reference speed is always related to the LPS rotor speed in this work.  
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5.2 Selection of Elements 

In Ansys, elements for rotordynamic model should be chosen based upon 

the criteria that should support gyroscopic effects. With the knowledge 

obtained from the initial studies and verification analysis of several test 

models has helped a lot in selecting the proper element types and 

appropriate key options to be used for FE modeling. The following are the 

element types used in building the FE model of RM12 rotor system. 

5.2.1 BEAM188 

BEAM188 is a two-node beam element in 3-D with tension, compression, 

torsion, and bending capabilities as shown in Figure [5-1]. It is developed 

based upon Timoshenko beam theory. Hence the element includes shear-

deformation effects [7]. When the KEYOPT (1) = 0 (default) the element 

has six degrees of freedom at each node: translations in the nodal x, y, and z 

directions and rotations about the nodal x, y, and z axes. Also, this beam 

element is associated with sectional library which consists of different 

section shapes. So that, a BEAM188 element may be modeled with the 

desired section shapes and thereby real constants for the chosen section are 

automatically included. 

 

Figure 5-1. BEAM188 element. 

This picture is taken from [7]. 
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5.2.2 MASS21 

MASS21 is a point element and it is defined by a single node as shown in 

figure [5-2]. The degrees of freedom of the element can be extended up to 

six directions: translations in the nodal x, y, and z directions and rotations 

about the nodal x, y, and z axes. With the KEYOPT (3) option, the rotary 

inertia effects to the element can be included or excluded and also the 

element can be reduced to a 2D capability. If the element has only one mass 

input, it is assumed that mass acts in all coordinate directions [7]. 

 

 

Figure 5-2. MASS21 element. 

This picture is taken from [7]. 

5.2.3 COMBI214 

COMBI214 is a 2D spring damper bearing element with longitudinal 

tension and compression capability. It is defined by two nodes and has two 

degrees of freedom at each node: translations in any two nodal directions 

(x, y, or z). It does not represent any bending or torsional behavior. The 

element has stiffness (K) and damping (C) characteristics that can be 

defined in straight terms (K11, K22, C11, C22) as well as in cross-coupled 

terms (K12, K21, C12, C21).  The stiffness coefficients (K) are represented in 

Force/Length units and the damping coefficients (C) are represented in 

Force*Time/Length units. The real constants for this element can be 
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assigned either as a numerical value or as a tabular array input [7]. The 

geometry of COMBI214 is shown in below figure [5-3]. 

 

Figure 5-3. MASS21 element. 

This picture is taken from [7]. 

5.3 FE modeling 

The modeling procedure of RM12 engine rotor is illustrated under three 

sections: modeling of rotor, modeling of blade mass and modeling of 

bearing and supports. These sections also explain how to define appropriate 

key option, beam sections, and real constants for the elements through 

certain set of commands. 

5.3.1 Modeling of rotor 

Both the LPS and HPS of the RM12 rotors are modeled using BEAM188 

elements. The entire rotor of RM12 Ansys model has the same level of 

discretization as that of RM12 Dyrobes model except at a location shown in 
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figure [5-4], where the LPS rotor of Dyrobes model is defined with single 

element. Because of this, the rotor may not capture the perfect mode shape. 

 

 Figure 5-4. RM12 Dyrobes model - LPS rotor discretization  

In RM12 Ansys model, at same location, the LPS rotor is discretized with 

more number of elements.  

Apart from these, the beam elements in the rotor model were categorized 

under three portions: general portion, mass portion and stiffness portion. 

The general portion elements are built like any other FE models. They 

provide both mass and stiffness properties to the model. The mass portion 

elements add only mass and does not provide any stiffness to the model, 

thereby contribute only to the kinetic energy. Whereas the stiffness portion 

elements provide only stiffness to the model and does not add any masses 

to the model. It contributes only to the potential energy. The figure [5-5] 

shown below is a segment of rotor which clearly explains about the above 

mentioned portions. 
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 Figure 5-5. Different portions of FE rotor  

The keyoption for the BEAM188, KEYOPT (3) = 2 is chosen for the 

elements modeled under the general portion and stiffness portion. The 

KEYOPT (3) represents the element behavior and the keyoption value ‘2’ 

denotes that the element is based upon quadratic shape functions. This type 

of beam element adds an internal node in the interpolation scheme and 

could exactly represent the linearly varying bending moments. For the mass 

only portion elements, KEYOPT (3) = 0 is selected. This is the default 

option of this element type and it is based upon linear shape functions. It 

uses only one point for the integration scheme and this scheme is chosen for 

the elements without stiffness to avoid the element internal node without 

stiffness received with the quadratic shape function. Hence all the element 

solution quantities are constant for the total length of the element [7]. 

The BEAM188 elements with the specified keyoption are defined as the 

following: 
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ET, element type -ID, BEAM188  

KEYOPT, element type -ID, 3, 0  ! Linear shape 

KEYOPT, element type -ID, 3, 2  ! Quadratic shape  

Beam section considerations should be given necessary importance, in 

order to resemble the shape of the real life rotor system in to FE model. The 

RM12 rotor system has number of cylindrical cross sections of hollow type 

with most of them has variable type tapered sections. Also the real 

constants of the beam element are obtained directly from these sectional 

details. Beam188 element is associated with a section library which consists 

of some predefined sectional shapes. These sections can be assigned to any 

beam elements by specifying the section type followed by a sectional data. 

The following are certain set of APDL commands to define a section: 

For hollow cylinder, 

SECTYPE, section-ID, BEAM,CTUBE 

SECDATA, Ri, Ro, N 

Where, 

Ri = Inner radius of the cylinder 

Ro = Outer radius of the cylinder 

N = Number of divisions around the circumference (default =8; N   8) 

For solid cylinder, 

SECTYPE, section-ID, BEAM,CSOLID 

SECDATA, R, N, T 

Where, 

R = Radius of the cylinder 

N = Number of divisions around the circumference (default =8; N   8) 

T = Number of divisions through the radius (default =8) 
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For tapered sections, 

SECTYPE, section-ID, TAPER 

SECDATA, station1- section ID, x1,y1,z1 

SECDATA, station2- section ID, x2,y2,z2 

The following assumptions should be considered before modeling tapered 

beam sections by this method: 

a) Either of the end sections should not contain any point or zero area. 

b) End sections must be topologically identical. 

c) End sections should be defined prior defining the taper. 

d) A tapered beam does not support any arbitrary beam section type. 

The following figure [5-6] is an example of a tapered beam section defined 

with this model, which has a cylindrical tube section type at either ends. 

The following are the commands have been used to define the following 

tapered beam section.  

 

Figure 5-6. Tapered beam section – example 
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SECTYPE,1,BEAM,CTUBE      !Cross section 1 

SECDATA,0.0665,0.0865,60  !Section id -1 details 

SECTYPE,2,BEAM,CTUBE      !Cross section 2 

SECDATA,0.0815,0.093,60   !Section id -2 details 

SECTYPE,3,TAPER            !Taper definition(section-3) 

SECDATA,1,1.491,0,0       !Section 1 location (x1,y1,z1)  

SECDATA,2,1.502,0,0        !Section 2 location (x2,y2,z2) 

5.3.2 Modeling of blade mass 

Blades are the important component of any gas turbines and are attached to 

the rotor disk at regular interval position in the tangential direction. Blade 

modeling is a difficult and more time consuming task. When it is included, 

it increases the size of the model, where the rotor is modeled only with 

beam elements and has lesser model size. Also, from the rotordynamic 

analysis point of view, blades add only masses to the model and do not 

contribute anything related to the stiffness. Therefore it is sufficient to 

include its mass and inertia details for the analysis. 

For this analysis, blade masses are included in the FE model as a 

concentrated point mass and it represents the total mass of blades at each 

and every stages of turbine. These point masses are modeled using 

MASS21 element having its rotary inertia option activated. The real 

constant of this element includes masses in x, y and z directions, polar 

moment of inertia Ip (Ixx) and diametral moment of inertia Id (Iyy and Izz).  

The details regarding blade masses and its inertial properties are obtained 

from the existing RM12 DyRoBes model. 

 The following APDL commands are used to create the mass elements at 

the specified node: 

ET, element type-ID, MASS21  

KEYOPT, element type-ID, 3, 0    !3D with rotary inertia 
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! Real constants of Blade mass 

R,real-ID,mass-x,mass-y,mass-z,Ixx,Iyy,Izz   

TYPE, element type-ID  

REAL, real-ID  

!Create element at specified node 

EN, element-ID, Node number  

5.3.3 Modeling of bearings and support 

There are altogether five bearings in the RM12 engine that supports its 

rotor system in its lateral direction. All bearings except the intermediate 

bearing No 4 are supported by some mechanical structures and modeled 

using COMBI214 element. These mechanical structures are modeled as a 

lumped mass and springs that are linked to each other in series. Each 

lumped mass is connected with two spring elements, one spring element 

connects the lumped mass with the rotor (node at bearing location) and 

other one connects the lumped mass to the fixed structure as shown in 

figure [5-7]. The lumped mass and stiffness details for each bearing and 

support structure are obtained from the existing RM12 DyRoBes model. 

 

Figure 5-7. Bearing and support connection 
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The bearings are modeled as linear isotropic bearings using COMBI214 

elements. These elements are defined in the plane parallel to YZ plane 

(lateral direction). Therefore the DOFs of these elements are in UY and UZ 

direction. Lumped mass are modeled using MASS21 elements and the 

creation is very similar to the blade mass modeling procedure. The 

following commands are used to define these bearings in the model: 

For spring 1: 

ET, element type-ID, COMBI214   

!Define element in YZ plane 

KEYOPT, element type-ID, 2, 1   

! Real constants of spring1 

R,real-ID,K11,K22, , ,C11,C22     

TYPE, element type-ID                                      

REAL, real-ID 

EN, element-ID, Lumped mass node, Rotor node 

For spring 2: 

ET, element type-ID, COMBI214  

! Define element in YZ plane 

KEYOPT, element type-ID, 2, 1    

! Real constants of spring 2 

R,real-ID,K11,K22, , ,C11,C22    

TYPE, element type-ID                                      

REAL, real-ID 

EN, element-ID, Lumped mass node, Fixed DOF node 

 

The intermediate bearing No. 4 as shown in figure [5-8] which connects the 

LPS and HPS shafts are modeled using COMBIN14, as the connectivity 

nodes are slightly deviated to each other from being coplanar with respect 

to YZ plane.  
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Figure 5-8. Intermediate Bearing No.4 connection 

When using COMBIN14 elements for the bearing, it is necessary to define 

two spring elements representing one element for each direction (UY and 

UZ). This element behavior is controlled by KEYOPT (2) of the element 

type. By assigning the appropriate keyoption value to the KEYOPT (2), 

makes the element to act in the specified direction. The real constant of this 

element has one stiffness term and one damping coefficient term. Since the 

stiffness and damping values are same for UY and UZ direction, both the 

springs must have identical real constants. The following commands 

explain the method of modeling bearing no. 4: 

For spring 1 (UY direction): 

ET, element type-ID, COMBIN14    

KEYOPT, element type-ID, 2, 2   ! DOF in UY direction 

R, real-ID, K, C        ! Spring1 real constants 

TYPE, element type-ID                                     

REAL, real-ID   

EN, element-ID, LPS node, HPS node 

For spring 2 (UZ direction): 

ET, element type-ID, COMBIN14     

KEYOPT, element type-ID, 2, 3 ! DOF in UZ direction 



42 

 

R, real-ID, K, C               ! Spring2 real constants                         

TYPE, element type-ID   

REAL, real-ID   

! Creation element using same nodes defined for spring1 

EN, element-ID, LPS node, HPS node   

Thus the FE model of RM12 full engine rotor developed using Ansys is 

shown in the figure [5-9]. It is the expanded view of the beam elements of 

the rotor. The cut section of the LPS and HPS rotor is displayed in the 

figure [5-10]. 

 

Figure 5-9. FE model of RM12 engine rotor – expanded view 
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Figure 5-10. FE model of RM12 engine rotor – cut section view 

5.4 Material Properties 

The types of material used in various parts of the rotor are obtained from 

the existing RM12 DyRoBes model. There are different number of 

materials that have been used in the rotor design. However all design 

materials belong to one of the following metal groups: 

 Titan alloys 

 Steel 

 Nickel base alloys 

In modeling of rotor, properties of some of the material had to be altered for 

the creation of mass portion and stiffness portion of the rotor [refer section 

(6.3.1)].  For modeling mass portion of the rotor, density has been assigned 

the actual value whereas the young’s modulus of the material E is lowered 
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from the actual value and has been assigned value of 1N/m
2
. On the other 

hand, for modeling stiffness portion of the rotor, density value of the 

material is lowered and assigned 1E-5 Kg/m
3
 whereas the young’s modulus 

of the material E is given the actual value. No material properties have been 

altered for general portion of the rotor. All materials can be identified in the 

FE model by a unique color. 

5.5 LPS and HPS rotor component creation 

The two different rotor systems: LPS and HPS of RM12 rotate at different 

rotating velocities [refer section (6.1)]. Therefore it is necessary to identify 

the rotor system based upon their rotational velocity and define it under 

each component. In this model, the LPS rotor elements grouped under the 

component name “SPOOL1” and the HPS rotor elements are grouped under 

the component name “SPOOL2” and it is shown in the figure [5-11]. The 

components are created using CM command in the following way: 

! Select the elements associated with LPS rotor 

CM, SPOOL1, elem ! Component name for LPS: SPOOL1 

! Select the elements associated with HPS rotor 

CM, SPOOL2, elem ! Component name for HPS: SPOOL2 
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Figure 5-11. LPS and HPS components of RM12 engine rotor 

5.6 Loads  

Only for unbalance response analysis, an unbalance distribution has been 

assigned to the various parts of LPS and HPS rotors as shown in figure [5-

12]. These unbalances are represented as forces acting in the two directions 

perpendicular to the spinning axis [7]. The amplitude of the forces applied 

to the rotors is obtained from the RM12 Dyrobes model. 



46 

 

 

Figure 5-12. Unbalance load distribution 

5.7 Constraints 

The displacement constraints used for all the rotordynamic analyses are 

shown in the figure [5-13]. All nodes at axial position are constrained 

axially and torsionally to avoid axial movement and twisting of the rotor 

respectively. The nodes at supports have displacement only in its 

represented plane (YZ plane). Therefore these nodes are also constrained in 

axial and torsional direction. The base nodes are fixed in all direction to 

represent that the model is connected to the rigid base. 
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Figure 5-13. Displacement constraints 

5.8 Rotor summary 

The figure [5-14] displays the sectional view of RM12 Ansys model. 

 

Figure 5-14. Sectional view of RM12 rotor – Ansys model 
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The FE model in the figure [5-15] is the existing RM12 Dyrobes model. 

 

Figure 5-15. Sectional view of RM12 rotor – Dyrobes model 

The physical properties of the rotordynamic models of both Ansys and 

DyRoBes are compared and summarized in the table [5-1].  

FE model summary 

Properties Rotor length, m Rotor mass, Kg 

Component LP rotor HP rotor LP rotor HP rotor 

Ansys xxxx xxxx xxxx xxxx 

Dyrobes xxxx xxxx xxxx xxxx 

      
        

          
  1.0 1.0 1.0 1.0 

Table 5-1. FE model comparison of RM12 rotor 

This FE model summary confirms that Ansys rotor model and Dyrobes 

model exhibits very similar physical characteristics. 
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6  Results and Discussions 

In this chapter, the results of the rotordynamic analyses of RM12 Jet engine 

rotor using Ansys are presented, together with the results of Dyrobes 

model. The numerical values of the results related to RM12 are not shown 

in the entire document because it contains confidential information. For 

comparison purpose, ratio of the results obtained from Ansys and Dyrobes 

are presented. 

6.1.1 Modal analysis without spin 

The Eigen frequencies of the RM12 rotor model without rotation are 

extracted for first 15 modes from this analysis. The following table [6-1] 

shows the comparison between Ansys and Dyrobes results. 

 

 Table 6-1. Eigen frequency comparison of RM12 rotor at 0 rpm 

Mode No. 

Frequency, Hz            

(at speed = 0 rpm)  

      
      

        
  

1 1.000 

2 1.000 

3 0.999 

4 1.000 

5 0.999 

6 1.000 

7 0.997 

8 0.996 

9 0.997 

10 0.995 

11 0.966 

12 0.995 

13 0.976 

14 0.973 

15 1.317 
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From the above table, it can be observed, that the Eigen frequencies of the 

Ansys model shows good agreement with the Dyrobes model results for the 

10 lowest eigenmodes. The ratio of Ansys results to the Dyrobes result also 

presented in the same table.  

It can be seen, that for the higher the deviation is larger. This is happened 

because the location at which the maximum displacement occurred in the 

RM12 Dyrobes model does not have enough discretization to capture the 

perfect mode shape at that specified frequency, refer section 5.3.1. This 

could be seen when mode shapes are extracted for those frequencies. 

The first five mode shapes extracted from Ansys and Dyrobes are plotted in 

the following figures from [6-1] to [6-10]. From the plots, it could be seen 

the mode shapes are similar to each other.  
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Mode 1: 

 

Figure 6-1. Mode shape 1 of RM12 rotor – from Ansys 

 

Figure 6-2. Mode shape 1 of RM12 rotor – from Dyrobes 
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Mode 2: 

 

Figure 6-3. Mode shape 2 of RM12 rotor – from Ansys 

 

Figure 6-4. Mode shape 2 of RM12 rotor – from Dyrobes 
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Mode 3: 

 

Figure 6-5. Mode shape 3 of RM12 rotor – from Ansys 

 

Figure 6-6. Mode shape 3 of RM12 rotor – from Dyrobes 
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Mode 4: 

 

 Figure 6-7. Mode shape 4 of RM12 rotor – from Ansys  

 

Figure 6-8. Mode shape 4 of RM12 rotor – from Dyrobes 
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Mode 5: 

 

Figure 6-9. Mode shape 5 of RM12 rotor – from Ansys 

 

Figure 6-10. Mode shape 5 of RM12 rotor – from Dyrobes 
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6.1.2 Critical speed and Campbell diagram analysis 

In this analysis, a number of eigenfrequency analyses are performed on the 

RM12 rotor model for the speed range starting from 0 rpm to 30000 rpm 

with an increment of 500 rpm using multiple load steps. Since the model 

undergoes rotation in this analysis, it is possible to extract eigenfrequencies 

at any speed between the specified speed ranges with the defined 

increment. 

The following table [6-2] shows the comparison of eigenfrequencies for 

first 15 modes obtained from Ansys and Dyrobes at maximum speed of 

30000 rpm. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6-2. Eigen frequency comparison of RM12 rotor at 30000 rpm 

Mode No. 

Frequency, Hz               

(at speed = 30000 rpm)  

      
      

        
  

1 0.999 

2 1.000 

3 1.000 

4 0.998 

5 0.999 

6 0.998 

7 0.999 

8 0.999 

9 0.999 

10 0.998 

11 0.999 

12 1.000 

13 0.996 

14 0.999 

15 0.997 
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The frequency variations corresponding to the different rotational speeds 

are determined from this analysis and these variations are plotted in the 

Campbell diagram. 

The Campbell diagram shown in below figure [6-11] is obtained from the 

Ansys result. 

 

Figure 6-11. Campbell diagram of RM12 rotor – from Ansys 

It is observed from the Campbell diagram, that the forward whirl 

frequencies increases and the backward whirl frequencies decreases with 

increase in rotational speed. The Campbell diagram generated from Ansys 

gives more information. It displays the type of whirling as well as the 

stability of the system for each mode. The Campbell diagram extracted 

from Dyrobes model does not provide any similar information.  
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The Campbell diagram obtained from Dyrobes is shown in figure [6-12]. 

 

Figure 6-12. Campbell diagram of RM12 rotor – from Dyrobes 

On comparison of Campbell diagram, it can be seen that both plots have 

similar modal curves which indicates that the analysis result obtained from 

Ansys are good in agreement with the Dyrobes result. 
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The critical speeds obtained from Ansys and Dyrobes are tabulated in the 

table [6-3]. The critical speeds are calculated for the excitation slope, 1.  

Critical Speed, rpm (Slope of excitation line = 1) 

Mode No       
       

         
  Whirl 

1 1.0001 BW 

2 1.0000 FW 

3 1.0000 BW 

4 0.9999 FW 

5 1.0053 BW 

6 1.0307 BW 

7 1.0448 FW 

8 0.9978 BW 

9 0.9990 FW 

10 1.0023 FW 

11 0.9666 BW 

12 0.9464 FW 

13 0.9910 BW 

14 0.9966 BW 

15 0.9967 FW 

Table 6-3. Critical speeds comparison of RM12 rotor  

The comparison of the critical speeds obtained from Ansys and Dyrobes 

model shows that the speed values are quite close to each other. 
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6.1.3 Unbalance response analysis 

A harmonic analysis is performed on the RM12 rotor model for the applied 

unbalance loading between the speed range 0 to 18000 rpm with 720 

substeps (i.e., increment of 25 rpm). The results of maximum displacement 

of the rotor and the maximum force transmitted through the bearings are 

determined from this analysis. Maximum amplitude of displacements and 

bearing loads are expected at critical speeds. 

The results of the maximum displacement of the RM12 rotor obtained from 

the Ansys and Dyrobes are presented in the following figures [6-13] and [6-

14] respectively. 

 

Figure 6-13. Maximum response of RM12 rotor – from Ansys 
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Figure 6-14. Maximum response of RM12 rotor – from Dyrobes 

Measured data from the response analysis indicates that there are at least 

two distinct peaks which are similar in both the Ansys and Dyrobes. The 

critical speed at which the first distinct peak occurred is same in both the 

results. But the critical speed at which the second distinct peak occurred is 

different from each other.  

The maximum force transmitted through the bearings at the critical speed 

obtained from Ansys and Dyrobes result are shown in the following figures 

[6-15] and [6-16] respectively. Both the Ansys and Dyrobes results indicate 

only one major peak but the amplitude of the transmitted force varies from 

each other.  
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Figure 6-15. Maximum bearing load of RM12 rotor – from Ansys 

 

Figure 6-16. Maximum bearing load of RM12 rotor – from Dyrobes 

It has been observed that the results obtained for this response analysis 

from Ansys and Dyrobes are not compatible with each other. It is well 
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known that the maximum amplitude occurs only at the exact critical speed. 

The load step defined between the speed ranges for this analysis might not 

encompass the exact critical speed in order to calculate the correct 

maximum amplitude. Hence there are greater variations in the obtained 

results. This could be overcome by following certain recommendations in 

the calculation of response analysis. As a first step, run a preliminary 

response analysis and identify the distinct peaks and their speed ranges. 

Again rerun the response analysis within the speed range of each distinct 

peak separately using a very large speed resolution to catch the peak value.  

The results thus obtained for the response analysis from Ansys and Dyrobes 

seems reasonably good in agreement with each other. The critical speed of 

the first peak is common in both cases which are rather close to the 4
th

 

critical speed in table [6-3]. The critical speed of second distinct peak from 

Ansys and Dyrobes has a difference about 44 rpm. Again, these critical 

speeds could possibly correspond to the 15
th

 critical speed in table [6-3]. 

The maximum displacement of the rotor tabulated in the table [6-4] is 

measured at the location at which the maximum unbalance load is applied. 

Response of the rotor  
Difference = 

Ansys - Dyrobes 
Ratio = 

     

       
 

Critical Speed, rpm 44 0.9969 

Maximum displacement 

of the rotor, m 
9 E-5 0.9865 

Table 6-4. Maximum response comparison of RM12 rotor  

From Ansys and Dyrobes, the maximum displacement of the rotor at the 

critical speed mentioned in the above table is occurred at the RM12 fan 
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location. The corresponding displacement plot from Ansys is shown in the 

following figures [6-17] and [6-18]. 

 

Figure 6-17. Maximum displacement of RM12 rotor 
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Figure 6-18. Maximum displacement of RM12 rotor – expanded view 

The displacement plot shown in the figure [6-18] is an expanded – capped z 

buffer view obtained from Ansys. This option is available in Ansys, which 

is very useful to have a better visualization of the result especially for the 

internal components associated with the rotor. A similar option is not 

available with Dyrobes. 

Whirl orbit: 

The whirl orbit plot from Ansys at the critical speed of second distinct peak 

is shown in below figure [6-19]. The rotational pattern of the rotor 

components could be seen from the whirl orbit plot and the LPS and HPS 

rotors orbit are represented using two different colors.  
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Figure 6-19. Whirl orbit of RM12 rotor – from Ansys 

In Dyrobes, the displacement of the rotor and the whirl orbit are displayed 

in a single plot. The whirl orbit plot from Dyrobes at the critical speed of 

second distinct peak is shown in figure [6-20].  

 

Figure 6-20. Whirl orbit of RM12 rotor – from Dyrobes 
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On comparison of those orbit plots, the type of whirling of the rotors 

exhibited by both the rotordynamic models for the specified critical speed is 

identified as forward whirling (FW). In both cases the maximum orbit is 

occurred at the fan location of the RM12 rotor. 

Bearing load: 

The maximum transmitted force calculated at the front bearing (i.e., at 

bearing no.1) from both rotordynamic models are shown in table [6-5]. 

Bearing load 
Difference = 

Ansys - Dyrobes 
Ratio = 

     

       
 

Critical Speed, rpm 44 0.9969 

Front bearing load, N 25 E3 0.9601 

Table 6-5. Maximum bearing load comparison of RM12 rotor  

From the bearing load calculation, it could be seen that the results obtained 

from Ansys and Dyrobes are very close to each other. It is also observed 

that the bearing load obtained from both the cases seems to be very high. 

This is because the provided RM12 Dyrobes model contains very low 

damping value at the bearings (except bearing no.3). 
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7  A case study: potential improvement in 

modeling approach of RM12 

This case study discuss about the potential improvement in modeling 

approach of RM12 rotor using Ansys with 2D axisymmetric elements.  

In general, analysis performed with 3D FE model yields results with better 

accuracy. At the same time, creating, handling and maintaining a larger 

model like gas turbine rotor with solid elements is a challenging task. Also, 

the model size becomes very large with more number of nodes and 

elements, which in turn takes more time for its FE calculation.  

In Ansys, a similar 3D mesh of the model could be generated using 2D 

axisymmetric elements. Also, this model has far fewer numbers of nodes 

and elements. Building such 2D axisymmetric model requires only a 

sectional geometry of the components which could be easily extracted from 

the CAD model. Mainly, the results obtained from the 2D axisymmetric 

model have the relative accuracy with those obtained from 3D FE model.  

7.1 RM12 rotor – case study model 

For this test case, a 2D axisymmetric disk model is included in the RM12 

rotor model. So far, in previous modeling method, certain portions of the 

discs were incorporated in to the rotor model as a lumped mass together 

with the blade mass. In this modeling method, one of the lumped mass discs 

is replaced with 2D axisymmetric elements. The unexpanded view of the 

RM12 rotor model developed with this new modeling approach is shown in 

the following figure [7-1] 
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Figure 7-1. FE model of RM12 rotor with 2D axisymmetric disk 

The disk sectional geometry is meshed using SOLID272 elements. These 

SOLID272 elements are 2D axisymmetric elements have their base nodes 

on the master plane (i.e., sectional geometry of disk). Based upon these 

master nodes of 2D mesh, nodes required for the 3D mesh are automatically 

created in the circumferential direction using axis of symmetry of the rotor 

and NAXIS command. The nodes thus generated are called Fourier nodes 

and the planes containing these nodes are called Fourier planes. The 

number of Fourier plane required is defined with element keyoption 

KEYOPT (2) and maximum of 12 Fourier planes can be defined [7]. In this 

model, the disk is created using 12 Fourier planes and each plane is denoted 

by a number starting from 1 in clockwise direction as shown in figure [7-2]. 

The mass of total blades present in the disk are modeled as a single lumped 

mass using MASS21 element. It is attached to the disk by establishing 

contact pairs between them as per the figure [7-2]. The top layer of disk 
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nodes or the contact surfaces are meshed with CONTA175 elements. 

TARGE170 element is used to mesh the pilot node or mass node. The 

multipoint constraints (MPC) algorithm is used for this bonded contact. 

This 2D axisymmetric disk model is connected with the RM12 rotor beam 

model with help of rigid region and it is defined using CERIG command.  

The disk of the rotor model modeled with 2D axisymmetric elements is 

shown in below figure [7-2], which clearly explains the modeling procedure 

adopted for this test case. 

 

Figure 7-2. Modeling method of 2D axisymmetric Disk 
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The 3D mesh view of the disk generated using 2D axisymmetric elements 

is shown in below figure [7-3]. 

 

Figure 7-3. Expanded view of RM12 rotor with 2D axisymmetric disk 

7.2 Analysis and results  

An Eigen frequency analysis is performed with this model between the 

speed ranges of 0 rpm to 30000 rpm.  

The results obtained for this RM12 rotor model with 2D axisymmetric disk 

shows good agreement with the results calculated from the RM12 rotor 

model with the lumped mass disk. 

The frequency values extracted for first 15 modes at 30000 rpm are 

tabulated in the table [7-1] along with the frequency values obtained from 

standard RM12 model.  
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Mode No. 

Frequency, Hz                                             

(at speed = 30000 rpm)  

Ratio =  
                          

                   
 

1 0.9433 

2 1.0001 

3 1.0002 

4 0.9903 

5 0.9873 

6 1.0000 

7 0.9583 

8 1.0001 

9 0.9986 

10 1.0000 

11 0.9997 

12 0.9999 

13 0.9882 

14 1.0000 

15 0.9730 

Table 7-1. Eigen frequency comparison between 2D axisymmetric disc 

model and Standard beam model 
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The figure [7-4] is the Campbell diagram obtained for this analysis. 

 

Figure 7-4. Campbell diagram of using 2D axisymmetric elements for 

rotor-3 representation 
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8  Conclusion 

Thus the main objective of the thesis work to build and to perform 

rotordynamics analysis of RM12 Jet engine rotor model using Ansys is 

accomplished. It has been shown through simulations and comparisons, the 

results obtained from Ansys model and Dyrobes model are in good 

agreement with each other. The results obtained from analysis may not be 

entirely concordant with the reality. Extended validations of results are 

preferable. 

From Eigen frequency analysis of RM12 rotor model, eigen frequencies of 

the RM12 rotor for different rotational speeds are calculated. The eigen 

frequencies obtained from Ansys and Dyrobes model are close to each 

other for most of the modes. But for certain modes, the frequency values 

are not within comparable range. It may be because certain portion of the 

RM12 Dyrobes model does not contain enough discretization. The number 

of critical speeds for the RM12 rotor is identified from this analysis. The 

agreement between the critical speeds calculated from Ansys model and 

Dyrobes model is fair or at some speed ranges even good. The Campbell 

diagram generated from Ansys is very similar to the Campbell diagram 

obtained from Dyrobes.  

From unbalance response analysis, the maximum displacement of the rotor 

and bearing load for the applied unbalance loading are determined. Peak 

values of the response curves obtained from Ansys and Dyrobes are 

relatively close to each other. But the critical speed at which the maximum 

peak value occurs is somewhat different depending on the differences on 

the eigenfrequency calculation in Ansys and Dyrobes.  
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On the whole, an acceptable rotordynamic model of RM12 jet engine rotor 

is now available in Ansys for its further studies. At the same time, in the 

provided RM12 Dyrobes model, it is observed that some of the bearings 

contain low damping values. Based upon this, the Ansys rotor model is 

developed. It is advisable to focus on those bearing damping values before 

further analysis with this Ansys rotor model. Because it may result in 

wrong solution in the calculation of critical speed and unbalance response 

of the rotor. 

Apart from these, Ansys software could be an effective tool for 

rotordynamics calculations in many aspects. It has got some extra 

additional features than Dyrobes. Ansys has the capability to handle more 

complex geometry. The model from the CAD softwares can be directly 

imported in to Ansys. More complex calculations and simulations can be 

performed using Ansys. It can combine different analyses. It has also got 

better post processing capabilities than Dyrobes. The mode shapes of the 

rotor could be visualized better in Ansys. In the Campbell diagram 

generated from Ansys, the modes are automatically sorted out and each 

mode is plotted in different color. Also, it gives details about the stability of 

each mode.  

When it comes to the level of user friendliness, Dyrobes is probably easier 

for those who have no previous experiences from Ansys. On the other hand, 

Dyrobes gave some strange behaviors of rotor that we did not expect during 

the analysis of simple rotor model. With respect to the computational time, 

Dyrobes is faster than Ansys. It is expected that using Ansys/workbench 

rather than using Ansys/APDL may be easier for those who start from 

scratch. 
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Overall, Ansys software can be used for performing rotordynamic analysis 

within the company. 
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9  Future work 

In future, lot of improvements can be made with the existing RM12 rotor 

model in Ansys. The following are some of the suggestions for future work: 

- Entire or parts of RM12 rotor model can be modeled with 2D 

axisymmetric elements. A possible drawback of this approach may be 

that also axial and torsional eigenmodes will show up in the results, 

which requires sorting out the lateral modes from the results. 

- It would be of great interest to include the static parts as super element to 

the RM12 rotor model. 

- Time transient analysis for the rotor model should be carried out using 

Ansys. With this analysis, response of the rotor at fan blade off situation 

could be investigated. 
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Appendices 

A.1 Ansys batch files for simple rotor model 

A.1.1 Modal Analysis without Gyroscopic effect 

FINI 

/clear,all 

/FILNAME,Simple_rotor_EigenF 

/prep7 

/TITLE,Simple-rotor: Modal analysis without Gyroscopic  

!Simple rotor - properties 

L=1.2     !length of shaft 

SD=0.04   !Diameter of shaft 

SR=SD/2 

D=0.7    !Diameter of Disc 

H=0.04    !Thickness of Disc 

E=2.1E11 

PR=0.3 

Density=7800 

R=D/2 

pival = acos(-1)  

m=pival*R**2*H*Density 

Id=(m*((3*R**2)+(H**2)))/12 

Ip=(m*R**2)/2 

kxx=1E10 

kyy=1E10 

cxx=0 

cyy=0 

!shaft-element 

!Element type 

ET,1,BEAM188 

KEYOPT,1,3,2 

!Material properties 

MP,EX,1,E 

MP,PRXY,1,PR 

MP,DENS,1,Density 

!section properties 

SECTYPE,1,BEAM,CSOLID 

SECDATA,SR 



ii 

 

!shaft - Node creation 

N,1,0 

N,2,0.075 

N,3,0.15 

N,4,0.225 

N,5,0.3 

N,6,0.375 

N,7,0.45 

N,8,0.525 

N,9,0.6 

N,10,0.675 

N,11,0.75 

N,12,0.825 

N,13,0.9 

N,14,0.975 

N,15,1.05 

N,16,1.125 

N,17,1.2 

!shaft - element creation 

TYPE,1                                                     

MAT,1 

secnum,1 

*DO,I,1,16 

   E,I,I+1 

*ENDDO 

!DISC - Concentrated Mass 

ET,2,MASS21  

R,2,m,m,m,Ip,Id,Id 

TYPE,2 

REAL,2 

E,9 

!BEARINGS 

N,18,0 

N,19,1.2 

ET,3,214 

KEYOPT,3,2,1 

R,3,kxx,kyy, , ,cxx,cyy 

TYPE,3 

REAL,3 

E,18,1 

E,19,17 

!Boundary conditions 



iii 

 

/SOLU 

D,ALL,UX     ! NO TRACTION & NO TORSION 

D,ALL,ROTX 

D,18,ALL 

D,19,ALL 

Alls,all,all 

!Eigen Frequency analysis 

antype,modal    ! Perform modal analysis 

modopt,lanb,10  ! Use Block Lanczos as an eigensolver 

mxpand,,,,yes  

SOLVE 

FINISH  

/POST1   

SET,LIST 

 

A.1.2 Critical speed and Campbell diagram analysis 

FINI 

/clear,all 

/FILNAME,Simple_rotor_campbell 

/prep7 

/TITLE,Simple-rotor: Critical speed /Campbell analysis 

!Simple rotor properties 

L=1.2    !length of shaft 

SD=0.04  !Diameter of shaft 

SR=SD/2 

D=0.7    !Diameter of Disc 

H=0.04   !Thickness of Disc 

E=2.1E11 

PR=0.3 

Density=7800 

R=D/2 

pival = acos(-1)  

m=pival*R**2*H*Density 

Id=(m*((3*R**2)+(H**2)))/12 

Ip=(m*R**2)/2 

kxx=1E10 

kyy=1E10 

cxx=0 

cyy=0 

!Rotational Velocity 

Start_rpm = 0 
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End_rpm = 2000 

Increment = 50 

Nmodes= 4 

!shaft-element 

!Element type 

ET,1,BEAM188 

KEYOPT,1,3,2 

!Material properties 

MP,EX,1,E 

MP,PRXY,1,PR 

MP,DENS,1,Density 

!section properties 

SECTYPE,1,BEAM,CSOLID 

SECDATA,SR 

!shaft - Node creation 

N,1,0 

N,2,0.075 

N,3,0.15 

N,4,0.225 

N,5,0.3 

N,6,0.375 

N,7,0.45 

N,8,0.525 

N,9,0.6 

N,10,0.675 

N,11,0.75 

N,12,0.825 

N,13,0.9 

N,14,0.975 

N,15,1.05 

N,16,1.125 

N,17,1.2 

!shaft - element creation 

TYPE,1                                                     

MAT,1 

secnum,1 

*DO,I,1,16 

   E,I,I+1 

*ENDDO 

!DISC - Concentrated Mass 

ET,2,MASS21  

R,2,m,m,m,Ip,Id,Id 



v 

 

TYPE,2 

REAL,2 

E,9 

!BEARINGS 

N,18,0 

N,19,1.2 

ET,3,214 

KEYOPT,3,2,1 

R,3,kxx,kyy, , ,cxx,cyy 

TYPE,3 

REAL,3 

E,18,1 

E,19,17 

!Boundary conditions 

/SOLU 

D,ALL,UX     ! NO TRACTION & NO TORSION 

D,ALL,ROTX 

D,18,ALL 

D,19,ALL 

Alls,all,all 

!Campbell Analysis 

/SOLU 

!Select all rotating elements supports Coriolis command 

esel,,ename,,188 

esel,a,ename,,21 

cm,rot_part, elem 

esel, all 

!Specify rotational velocity to the rotating elements. 

!Activate Coriolis command and choose QRDAMP eigensolver 

antype, modal                  ! Perform Modal analysis 

modopt, qrdamp,Nmodes,,, on   ! QRDAMP solver (10 modes) 

mxpand,Nmodes                  ! Expand all the modes 

coriolis, on,,, on       ! stationary reference frame 

*Do,J,Start_rpm,End_rpm,Increment 

spinRpm = J                 ! Rotational velocity in rpm 

spinRds = spinRpm*pival/30 

cmomega, rot_part, spinRds     ! Apply rotational 

velocity  

SOLVE 

*ENDDO 

FINISH   
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/POST1   

SET,LIST 

PLCAMP,0,1,RPM,0,ROT_PART,0  

PRCAMP,0,1,RPM,0,ROT_PART,0 

 

A.1.2 Unbalance response analysis 

FINI 

/clear,all 

/FILNAME,Simple_rotor_unbalance 

/prep7 

/TITLE,Simple-rotor: unbalance response analysis 

!Simple rotor properties 

L=1.2    !length of shaft 

SD=0.04  !Diameter of shaft 

SR=SD/2 

D=0.7    !Diameter of Disc 

H=0.04   !Thickness of Disc 

E=2.1E11 

PR=0.3 

Density=7800 

R=D/2 

pival = acos(-1)  

m=pival*R**2*H*Density 

Id=(m*((3*R**2)+(H**2)))/12 

Ip=(m*R**2)/2 

kxx=4E6 

kyy=4E6 

cxx=2000 

cyy=2000 

!Unbalance analysis – Input (high speed resolution) 

start = 693  !rpm 

End   = 697  !rpm 

Inc   = 0.1  !rpm 

Diff  = End-start 

Ndiv  = Diff/Inc 

!shaft-element 

!Element type 

ET,1,BEAM188 

KEYOPT,1,3,2 

!Material properties 

MP,EX,1,E 
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MP,PRXY,1,PR 

MP,DENS,1,Density 

!section properties 

SECTYPE,1,BEAM,CSOLID 

SECDATA,SR 

!shaft - Node creation 

N,1,0 

N,2,0.075 

N,3,0.15 

N,4,0.225 

N,5,0.3 

N,6,0.375 

N,7,0.45 

N,8,0.525 

N,9,0.6 

N,10,0.675 

N,11,0.75 

N,12,0.825 

N,13,0.9 

N,14,0.975 

N,15,1.05 

N,16,1.125 

N,17,1.2 

!shaft - element creation 

TYPE,1                                                     

MAT,1 

secnum,1 

*DO,I,1,16 

   E,I,I+1 

*ENDDO 

!DISC - Concentrated Mass 

ET,2,MASS21  

R,2,m,m,m,Ip,Id,Id 

TYPE,2 

REAL,2 

E,9 

!BEARINGS 

N,18,0 

N,19,1.2 

ET,3,214 

KEYOPT,3,2,1 

R,3,kxx,kyy, , ,cxx,cyy 
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TYPE,3 

REAL,3 

E,18,1 

E,19,17 

!Boundary conditions 

/SOLU 

D,ALL,UX     ! NO TRACTION & NO TORSION 

D,ALL,ROTX 

D,18,ALL 

D,19,ALL 

Alls,all,all 

!Campbell Analysis 

/SOLU 

!Select all rotating elements supports Coriolis command 

esel,,ename,,188 

esel,a,ename,,21 

cm,rot_part, elem 

esel, all 

!HARMONIC Analysis 

/solu 

antype,harmic   ! Perform Harmonic analysis 

UnbF = 0.120072 

NodeUnb = 9 

F,NodeUnb,fy,UnbF  ! Real FY component at 'NodeUnb' 

F,NodeUnb,fz,,-UnbF  ! Imaginary FZ at node 'NodeUnb' 

spinRds = 1      ! Rotating velocity of the shaft 

!Frequency of excitation 

spinRpm1 = start     

spinRpm2 = End 

begin_freq = spinRpm1/60  ! Begin frequency  

end_freq = spinRpm2/60  ! End frequency 

hropt,full  ! Choose full harmonic analysis 

synchro,,ROT_PART  

nsubst,Ndiv 

harfrq,begin_freq,end_freq   

kbc,1   

cmomega,ROT_PART,spinRds ! Specify velocity of rotor 

coriolis,on,,,on   ! Coriolis command activated 

SOLVE 

FINISH 
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A.2 Postprocessing of unbalance response analysis  

A.2.1 Calculation of displacement at particular node [7] 

/POST26 

!Simple rotor- Maximum displacement 

!Node no.9 at which maximum Amplitude is calculated 

NodeP = 9  

nsol,2,NodeP,U,Y,UY 

nsol,3,NodeP,U,Z,UZ 

realvar,4,2,,,UYR 

realvar,5,3,,,UZR 

prod,6,4,4,,UYR_2 

prod,7,5,5,,UZR_2 

add,8,6,7,,UYR_2+UZR_2 

sqrt,9,8,,,AMPL_9 

/Axlab,x,Frequency,[Hz] 

/Axlab,y,Displacement,[m] 

plvar,9 

A.2.3 Calculation of transmitted force through the bearing [7] 

!Simple rotor- Maximum transmitted force 

/post 26 

Bearing_elem = 18 

Bearing_node = 1 

esol,10,Bearing_elem,Bearing_node,smisc,1,BrgF_1 

/Axlab,x,Frequency,[Hz] 

/Axlab,y,Transmitted Force,[N] 

plvar,10 
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A.3 RM12 Ansys model – Numbering standards  

COMPONENTS NUMBERING DESCRIPTION 

ROTOR 

 TAPER SECTIONS 

XXX001 
Prefix "xxx" denotes a Section ID of Taper 

and suffix "001" denotes the ID of the front 

end of  taper "xxx" 

XXX002 
Prefix "xxx" denotes a Section ID of Taper 

and suffix "002" denotes the ID of back end 

of  taper "xxx" 

 MASS PORTION 

3055X 
Prefix "3055" indicates mass portion of the 

LPS rotor 

30552XX 
Prefix "30552" indicates mass portion of the 

HPS rotor 

STIFF PORTION 

5714XX 
Prefix "5714" indicates stiffness portion of 

the LPS rotor 

BLADE AND 

DISC  

6001-6005 LPS rotor - lumped mass elements 

7001-7011 HPS rotor - lumped mass elements 

BEARINGS 

For Bearing 1,2,3 and 5 

9001-9004 Upper spring (COMBI214 elements) 

9011-9014 Lower spring (COMBI214 elements) 

8001-8004 Support mass elements 

Intermediate Bearing No.4 - Connection between LPS and 

HPS rotor element 

9006 
Spring defined in 'UY' direction 

(COMBIN14 element) 

9007 
Spring defined in 'UZ' direction 

(COMBIN14 element) 
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