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ABSTRACT 

The trend of modern turbomachines towards lighter and slimmer blades exposed 
to higher loadings has made forced response problems emerge as a major 
concern in the design process of these machines. Forced response accounts for 
unsteady forces on the blade due to non-uniformities in the flow field. The clocking 
method, which consists in this case in changing the relative circumferential 
position between two consecutive stator blade rows, represents a possibility to 
reduce the excitation level of the blade’s natural modes. The goal of this 
investigation was to analyze the influence of the clocking method on a transonic 
compressor in order to find an optimum regarding aerodynamic forcing. 

The investigation was carried out in three parts. The first consisted in a 
computational fluid dynamics analysis which aimed at calculating the unsteady 
forces acting on the blades. The second consisted in a finite element analysis with 
the purpose of obtaining the mode shapes of the dangerous natural modes of the 
blades. In third part, the two analyses were coupled in order to evaluate the 
excitation level of the blades for seven equally-spaced clocking cases that covered 
a complete circumferential pitch. 

The results revealed that changing the circumferential position of the inlet guide 
vane with respect to the first stator blade row can reduce the excitation level of the 
rotor blade row in between by more than 50 percent and of the stator blade row by 
about 30 percent. Variations of the force distribution affecting sensible zones of 
the blade were detected, which explains the changes for the different clocking 
positions. An optimal clocking position was proposed regarding minimum 
excitation levels of the critical modes. 

Keywords: turbomachine, forced response, unsteady forces, clocking  
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NOMENCLATURE 

Latin Symbols 

A Maximum Amplitude [m] 

c Flow velocity [m/s] 

c Damping coefficient [N∙s/m] 

cp Specific heat at constant pressure [J/kg∙K] 

dx, dy, dz Mode displacement  [m] 

𝑒 Internal energy [J/kg] 

f Frequency [Hz] 

F Force [N] 

𝐹� Time averaged force [N] 
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𝑓𝑅 Frequency ratio [-] 
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j Number of harmonic [-] 

k Stiffness [N/m] 

K Stiffness Matrix [N/m] 

m Mass [kg] 

�̇� Mass flow [kg/s] 

M Mass Matrix [kg] 

n Rotational speed [rpm] 

N Total number of nodes [-] 

𝑝 Pressure [Pa] 

r Radius [m] 

R Universal gas constant [J/kg∙K] 

𝑆𝑓 Blade scaling factor [-] 

t Time [s] 

T Temperature [K] 

T Period [s] 

u, v, w Cartesian velocity components [m/s] 

𝑢�⃑  Velocity [m/s] 

x Displacement [m] 
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Greek Symbols 

α Angle [º] 

δ Virtual Displacement [m] 

δW Virtual Work [J] 

θ Clocking Angle [º] 

𝜅 Thermal conductivity W/m∙K 

λ Eigenvalue  

Λ Matrix of Eigenvalues  

𝜇 Dynamic viscosity [Pa∙s] 

Π Pressure Ratio [-] 

𝜌 Density [kg/m3] 

σ Stress [Pa] 

Φ Dissipation function W/m3∙s 

ω Rotational speed [rad/s] 

 

Subscripts 

a Fluctuating 

cos Cosine 

exc Excitation 

eig Eigen 

gen Generalized 

i Inlet 

m Mean 

max Maximum 

n Node index 

o Outlet 

op Operating 

r Rotor 

s Stator 

sin Sine 

t Tangential 

u Ultimate 
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y Yield 

0 Total condition 

 

Abbreviations 

AROMA Aeromechanical Reduced Order Modeling Analysis 

BCR Blade Count Ratio 

CFD Computational Fluid Dynamics 

DFT Discrete Fourier Transform 

EO Engine Order 

FE Finite Element 

FFT Fast Fourier Transform 

HCF High Cycle Fatigue 

IGV Inlet Guide Vane 

ISA International Standard Atmosphere 

LCF Low Cycle Fatigue 

LE Leading Edge 

PS Pressure Side 

R1 Rotor 1 Blade Row 

R2 Rotor 2 Blade Row 

S1 Stator 1 Blade Row 

S2 Stator 2 Blade Row 

SS Suction Side 

TE Trailing Edge 
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1. INTRODUCTION 

Turbomachines are widely used nowadays, especially in air transport. The 

reason why these machines have taken over the air transport market is 

because of their high power density compared to other types of machines, this 

is, high power in relation to the machine’s weight. The increase in the world’s 

energy demand together with the lack of environmentally friendly fuels makes it 

necessary to improve the characteristics of turbomachines in order to reduce 

fuel consumption. 

For a turbomachine manufacturer to be competitive in today’s market it is 

necessary to achieve a good performance and at the same time follow 

environmental regulations. This encourages finding alternatives to decrease the 

fuel consumption by increasing the efficiency as well as the power density. 

An increase in power density is achieved by lighter and slimmer blades being 

exposed to higher loadings. Under these conditions aeroelastic problems arise. 

Lighter and slimmer blades have lower stiffness and, hence, lower natural 

frequencies. For low natural frequencies there is a higher risk of resonance and 

vibration problems. Also, the high loadings may lead to higher amplitudes of 

oscillating excitations. 

The phenomena of flutter and forced response thus gain more importance as 

they can cause fatigue failure of the components. Since the blade shape, and 

therefore the natural frequencies of the blade, is designed to have the highest 

efficiency possible, it should be avoided to modify it. Instead, the magnitude of 

the excitation has to be reduced. 

A possibility to reduce the amplitude is by methods that consist in changing 

geometrical parameters such as: 

- Clocking (relative circumferential position of two consecutive stator blade 

rows) 

- Axial gap (axial distance between rotor and stator blade row)  
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- Blade Count Ratio (ratio of upstream to downstream number of blades)  

The aim of this investigation is to describe the influence of clocking in 1.5 

stages of a transonic compressor. 
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2. BACKGROUND 

2.1 Aeroelasticity 

Any elastic structure is prone to vibrate. This capability of vibrating introduces a 

potential problem for a structure exposed to an air flow. The aerodynamic forces 

can deform the structure producing a disturbance in the flow which can 

furthermore increase the aerodynamic forces, leading to an unstable situation. 

Even if the vibration amplitude does not increase steadily, it can still represent a 

problem for the structure if it is not kept at a low value since it can lead to 

fatigue failure (Vogt, 2009). 

In order to prevent this from happening, the vibration phenomena are studied to 

guarantee a correct operation and a long life of the structural components. 

The term “aeroelasticity” was defined in 1947 by Arthur Collar as “the study of 

the mutual interaction that takes place within the triangle of the inertial, elastic, 

and aerodynamic forces acting on structural members exposed to an airstream, 

and the influence of this study on design”. Figure 2-1 illustrates the interaction 

between the above mentioned forces. 

 
Figure 2-1: Collar’s triangle of forces 

In other words, aeroelasticity is the study of the response of a structure 

immerged in an airflow. According to Newton’s second law, the following 

equation of motion can be formulated for this structure: 
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𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 + 𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔 + 𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝐹𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 (1) 

Inertial forces are proportional to acceleration (�̈�), damping forces proportional 

to speed (�̇�) and elastic forces proportional to the displacement (𝑥), being the 

constants of proportionality the mass (m), damping (c) and stiffness (k) 

respectively. With these considerations, Equation 1 can be reformulated as:  

𝑚�̈� + 𝑐�̇� + 𝑘𝑥 = 𝐹𝑒𝑥𝑐 (2) 

There are two important characteristics that determine the way the structure 

vibrates: its natural frequencies and the mode shapes associated to each 

natural frequency. A natural frequency is the frequency at which a structure 

vibrates, in a natural way, once it has been set to motion and no external forces 

are acting. Analytically it is obtained from Equation 2 considering no damping 

and no excitation force. The way the structure deforms at a certain natural 

frequency is referred to as a mode shape. A system can have many natural 

frequencies and each one has a particular mode shape associated to it. 

When a periodic excitation force has a frequency that matches a natural 

frequency of the structure, resonance may occur. This means that the structure 

starts vibrating with high amplitudes. The amplitude of the vibration can be 

reduced by increasing the damping forces, but if it is not kept low enough it can 

lead to fatigue failure. 

The aerodynamic problems in turbomachines can be split up into flutter and 

forced response. Flutter refers to self-excited vibrations due to the coupling 

between the blades’ natural frequencies and aerodynamic force. Forced 

response refers to the behavior of blades exposed to time-varying forces due to 

non-uniformities in the flow field. This text focuses in the forced response 

phenomenon. 

2.2 Forced response 

As mentioned above, this phenomenon is associated to unsteady aerodynamic 

forces, which can be regarded as the right-hand side of Equation 2 (Fexc). The 
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unsteadiness is produced by spatial non-uniformities in the flow field. These 

non-uniformities result in time varying forces acting on the machine. 

2.2.1 Blade row interaction 

The main source of unsteady forces in turbomachines is blade row interaction. 

A stator blade row and an adjacent rotor blade row can be considered as two 

frames of reference rotating relative to each other. As a consequence of this 

rotation, a non-uniform distribution of the flow field in one frame of reference 

produces a periodic variation of the flow properties in the other frame of 

reference, which causes the before mentioned unsteady aerodynamic forces 

(Vogt, 2008c). 

The basic types of blade row interaction are: 

a) Wake interaction 

Every object inside a fluid flow leaves behind a region of velocity deficit. 

This region is called a “wake”. The reduction in velocity is not necessarily 

followed by a change in static pressure; instead, it is the total pressure 

that decreases. In other words, wakes can be considered as a loss of 

kinetic energy. 

Behind a blade, there is a wake that will hit the blade row situated 

downstream. Between two consecutive blade rows moving relative to 

each other, this translates into a periodic variation of the fluid velocity, 

and therefore a varying force, that reaches the downstream blade row. 

An example of how the wakes from an upstream blade row reach the 

downstream blade row is shown in Figure 2-2. 
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Figure 2-2: Wake interaction 

b) Vortex interaction 

Vortices, as well as wakes, are characterized by a local velocity deficit. 

Two typical vortices present in turbomachinery are horseshoe vortices 

and tip vortices. The propagation of these vortices is in the direction of 

the flow. The non-uniform velocity distribution of the upstream blade row 

creates an unsteady forcing on the downstream blade row. 

c) Potential interaction 

An object inside a flow creates a non-uniform static pressure distribution 

called “potential field”. In turbomachines, there is a potential field at the 

leading edge as well as at the trailing edge of every blade. These fields 

interact with blades from the adjacent blade rows that are moving in a 

tangential direction, creating an unsteady force on them. 

The pressure information propagates in all directions at the speed of 

sound. This property makes it possible for downstream blade rows to 

disturb the pressure distribution on upstream blade rows (for Mach 

number < 1). As a result, potential field interaction affects not only the 

downstream blade row, but also the upstream blade row. 
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A special type of potential interaction occurs when the Mach number 

reaches a value of 1 (the flow reaches sonic speed). In this case, a 

shock wave is created, causing a sudden increase in static pressure. 

In Figure 2-3 it can be seen how shock waves and potential field disturbs 

the pressure distribution around the blade. 

 
Figure 2-3: Potential interaction 

2.2.2 Campbell Diagram 

Since turbomachines are rotating machines, the aerodynamic forces acting on 

each blade row will vary in a periodic way. This makes it more interesting to 

study the excitation forces in a frequency domain instead of a time domain. 

As mentioned before, the unsteady forces on a blade are caused by the spatial 

non-uniformities of the flow around it. These non-uniformities perceived by the 

blade come mainly from blade row interactions and therefore depend on the 

moving elements on the rotating frame of reference relative to it (e.g. number of 

blades on the adjacent blade row), as well as on the rotational speed. To 

establish a relation between the rotational frequency � 𝑛
60
� and the frequency of 

the excitation (𝑓𝑒𝑥𝑐), the Engine Order (EO) is defined as the relation between 

these two frequencies: 
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𝐸𝑂 =
𝑓𝑒𝑥𝑐
� 𝑛
60
�
 (3) 

To study the possibility of having resonance conditions, the natural frequencies 

of the blade and the excitation frequencies are plotted in a diagram called 

Campbell Diagram. The engine speeds of interest are the ones within a range 

around the nominal operating engine speed. An example of this diagram is 

shown in Figure 2-4: 

 
Figure 2-4: Campbell Diagram of a turbine blade (Laumert, 2002) 

If possible, the natural frequencies that present crossings with excitation 

frequencies inside the operating range should be avoided. As this is not always 

possible, one can reduce the amplitudes or move such crossings out of the 

range. When this is not possible, there is a potential problem at these 

conditions. 

From this diagram the dangerous crossings that indicate resonance conditions 

can be detected. However, it does not give us information about the level of 

excitation and, therefore, these crossings should be studied more in detail in 

order to determine if the amplitude of the vibration and the stresses in the 

structure could lead to fatigue failure (Laumert, 2002). 
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2.3 Damping 

When crossings between natural frequencies and exciting frequencies within 

the operating range cannot be avoided and the oscillation amplitudes are high, 

it is crucial to reduce these amplitudes. This can be achieved by appropriate 

damping conditions. 

Damping is any effect that reduces the amplitude of an oscillating object. In a 

turbomachine, energy dissipation is beneficial as it results in more damping of 

the excitation forces (Vogt, 2008a). There are two damping sources: 

a) Structural damping: due to material damping (internal friction) and friction 

damping (friction at the interface between two rubbing surfaces). The 

latter represents the major source of energy dissipation. 

b) Aerodynamic damping: due to the unsteady pressure distribution created 

by the motion of a structure in a fluid flow. In a blade row, the different 

blades are coupled by the fluid between them. This means that the 

movement of one blade can influence on another blade. If this influence 

is such that a positive aerodynamic damping force is created on the 

surrounding blades, then it is a desired effect. However, aerodynamic 

damping can also be negative, leading to an increase of the excitation 

forces acting on the blades and, thus, becoming an unstable situation. 

This phenomenon leads to flutter. 

2.4 Geometrical methods to reduce aerodynamic forcing 

When resonance crossings cannot be avoided and the damping forces are not 

enough to reduce the excitation level of a mode, other techniques have to be 

considered in order to reduce the vibration of the blades. 

Regarding that the blade shape of stator and rotor blades has usually been 

developed to reach the highest efficiency, changes in the aerodynamic aspect 

of the blades should be avoided in order to maintain this efficiency as high as 

possible.  
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One possibility to decrease excitation amplitudes is by changing other 

geometrical parameters besides the blade shape. By doing this, the 

aerodynamic forces inducing the critical vibration of certain modes can be 

modified such that the amplitude of a critical vibration mode is reduced (Vogt, 

Fruth, 2010). 

Three basic geometrical methods to lower aerodynamic forcing are: 

a) Axial gap method 

The axial gap is the distance in axial direction between two adjacent 

blade rows. Figure 2-5 shows two different axial gap positions between a 

rotor blade row and a stator blade row of the same stage. 

 
Figure 2-5: Variation of the axial gap 

An increase in axial gap reduces the potential interaction strength and, in 

a lower extent, the wake and shock wave interaction strength. However, 

in aviation turbomachines the axial gap should be kept at low values. 

By modifying the axial gap, not only the strength of the interaction is 

modified but also the location of the excitation along the span or chord. 

This can produce a better response for a certain mode but, on the other 

hand, it could be negative for other modes. 
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b) Bladecount ratio method 

The Blade Count Ratio (BCR) can be defined as: 

𝐵𝐶𝑅 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑙𝑎𝑑𝑒𝑠 𝑖𝑛 𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝐵𝑙𝑎𝑑𝑒 𝑅𝑜𝑤
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑙𝑎𝑑𝑒𝑠 𝑖𝑛 𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝐵𝑙𝑎𝑑𝑒 𝑅𝑜𝑤

 (4) 

By changing this parameter, the aerodynamic forcing is modified. 

However, if the number of blades is increased or decreased, keeping the 

same blade size, the steady aerodynamics of the turbomachine also 

varies, leading to a completely different machine.  

In order to maintain the steady state characteristics, the chord-to-pitch-

ratio has to be the same for two different BCR, as it is shown in Figure 

2-6. 

 
Figure 2-6: Example of two different BCR 

When changing the BCR without modifying the chord-to-pitch-ratio, the 

steady flow is maintained, but a significant change in the unsteady flow is 

achieved. 

c) Clocking Method 

In case of multistage turbomachines, the flow disturbances created by a 

blade row can propagate through the following downstream blade row, 

reaching the second next blade row. Although these non-uniformities 

have been partially blurred while crossing the blade row in between, they 
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can still influence the aerodynamic forcing. This means that an upstream 

stator/rotor blade row has an aerodynamic influence on the stator/rotor 

blade row of the following downstream stage. 

Clocking consists in changing the relative circumferential position of two 

consecutive stator (or rotor) blade rows. An example of two different 

clocking positions of a rotor row is shown in Figure 2-7. 

 
Figure 2-7: Example of clocking between rotor blade rows 

As a consequence of changing the relative circumferential position, the 

flow is modified. The main effect of this flow modification is the change in 

phase of the excitation forces that reach the downstream stage. This 

change in phase can influence positively or negatively the aerodynamic 

forcing. 

In the case of stator clocking, the effects are not only seen on the 

downstream stator, but also in the rotor blade row in between. As 

mentioned by Li and He (2003), the relative phasing between chopped 

IGV wakes and rotor unsteadiness is shown to be solely determined by 

the IGV-stator clocking position for any given blade configurations. 

The influence of the axial gap, blade count ratio and clocking on the 

aerodynamic response cannot be generalized for all conditions. It is possible to 

give recommendations for the magnitude of the unsteady forces, but the 

excitation of a mode also depends on the structural properties and for this 

reason it should be studied for each specific machine. 
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2.5 Generalized Force 

To study the excitation of the natural modes of a blade, the time varying forces 

acting on each node of the blade are decomposed, by means of Fourier 

transform, into their different harmonic components. The transformation from a 

time domain force (F) to a frequency domain force (Fcos , Fsin) is done using 

Equations 5. 

𝐹𝑐𝑜𝑠,𝑗 =
2
𝑁
�

𝐹𝑖
𝑆𝑓𝑟 ∙ 𝑆𝑓𝑠

∙ 𝑐𝑜𝑠 �
2 ∙ 𝑗 ∙ 𝜔𝑏𝑙𝑎𝑑𝑒 ∙ 𝑡𝑖

𝑇 �
𝑁

𝑖=1

 
(5) 

 
𝐹𝑠𝑖𝑛,𝑗 =

2
𝑁
�

𝐹𝑖
𝑆𝑓𝑟 ∙ 𝑆𝑓𝑠

∙ 𝑠𝑖𝑛 �
2 ∙ 𝑗 ∙ 𝜔𝑏𝑙𝑎𝑑𝑒 ∙ 𝑡𝑖

𝑇 �
𝑁

𝑖=1

 

Where j is the harmonic being considered, i is the sampling time, N is the total 

number of sampling times and 𝑆𝑓𝑟 and 𝑆𝑓𝑠 are the blade scaling factors for rotor 

and stator, respectively. The scaling factors are needed due to the fact that the 

forces are obtained simulating a scaled model which modifies the geometry of 

the blades in order to simulate only a sector of the blade rows (explained in 

section 3.1). 

The parameter that is used to compare the level of excitation of different modes 

is the generalized force. This parameter is obtained by projecting the harmonic 

force that excites the natural mode of interest onto the mode shape of this 

mode. The projection is done applying the Virtual Works principle, which is 

defined in Equation 6. 

𝛿𝑊 = �𝐹𝑛 ∙ 𝛿𝑛

𝑁

𝑛=1

 (6) 

The virtual displacements of each node of the blade surface (𝛿𝑛) correspond to 

the deformation of the blade obtained from a modal analysis using Finite 

Elements (FE), in which there is a 𝛿𝑛 for every node of the distribution. The 

virtual displacement is expressed in terms of its components in a Cartesian 

coordinate system (dx, dy, dz).  
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From CFD simulations, the forces acting on each node of the blade surface are 

also obtained in a Cartesian coordinate system and in a time domain (Fx,n , Fy,n , 

Fz,n), hence, they need to be transformed to a frequency domain (Fx,cos,n , Fx,sin,n 

, Fy,cos,n , Fy,sin,n , Fz,cos,n , Fz,sin,n). However, the node distribution of the blade 

surface in the CFD simulations is not the same as in the FE analysis and, 

therefore, an interpolation is done between these two node distributions. 

The generalized force can be defined as the force that multiplied by the 

maximum amplitude of the mode (Amax) would produce the same virtual work as 

the forces on the nodes multiplied by the virtual displacement of the 

corresponding node, as it is expressed in Equation 7. The definition of the 

generalized force uses the maximum amplitude of the mode because this 

makes it possible to compare different mode excited. 

𝐹𝑔𝑒𝑛 ∙ 𝐴𝑚𝑎𝑥 = 𝛿𝑊 (7) 

With the above mentioned considerations, the generalized force in a frequency 

domain can be formulated as it is shown in Equations 8: 

𝐹𝑔𝑒𝑛,𝑐𝑜𝑠,𝑗 =
∑ (𝐹𝑥,𝑐𝑜𝑠,𝑗,𝑛 ∙ 𝑑𝑥𝑛 + 𝐹𝑦,𝑐𝑜𝑠,𝑗,𝑛 ∙ 𝑑𝑦𝑛 + 𝐹𝑧,𝑐𝑜𝑠,𝑗,𝑛 ∙ 𝑑𝑧𝑛)𝑁
𝑛=1

𝐴𝑚𝑎𝑥
 

(8) 

𝐹𝑔𝑒𝑛,𝑠𝑖𝑛,𝑗 =
∑ (𝐹𝑥,𝑠𝑖𝑛,𝑗,𝑛 ∙ 𝑑𝑥𝑛 + 𝐹𝑦,𝑠𝑖𝑛,𝑗,𝑛 ∙ 𝑑𝑦𝑛 + 𝐹𝑧,𝑠𝑖𝑛,𝑗,𝑛 ∙ 𝑑𝑧𝑛)𝑁
𝑛=1

𝐴𝑚𝑎𝑥
 

The amplitude of the generalized force for the harmonic j is obtained from 

Equation 9. 

𝐹𝑔𝑒𝑛,𝑗 = �𝐹𝑔𝑒𝑛,𝑐𝑜𝑠,𝑗
2 + 𝐹𝑔𝑒𝑛,𝑠𝑖𝑛,𝑗

2 
(9) 

In order to compare the generalized force between different machines, the 

amplitude of the generalized force is normalized by the time averaged 

tangential force acting on the blade, as in Equation 10. 

𝐹𝑔𝑒𝑛,𝑛𝑜𝑟𝑚,𝑗 =
𝐹𝑔𝑒𝑛,𝑗

𝐹𝑡�
 

(10) 
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It has to be pointed out that the force distribution on the blade surfaces is 

calculated without considering the unsteady pressure due to blade motion, often 

used in stability analyses (flutter) (Mayorca, De Andrade, Vogt, Mårtensson, 

Fransson, 2009). 

2.6 High cycle fatigue 

Material failure can happen mainly because of two reasons: 

- Static failure: when the material is subject to a static load that produces a 

higher stress than the material’s ultimate stress (σu). 

In turbomachines, the static load on the components usually does not 

generate a stress close to the ultimate stress and static failure is not of 

prior care. 

- Fatigue failure: when the material is exposed to a lower stress than the 

ultimate stress but to a cyclic loading. Fatigue is due to the accumulation 

of damage from cycle to cycle. This type of failure takes place when 

oscillating stresses appear on the material. 

The two main characteristics of an oscillating stress are the amplitude 

and the frequency. According to these characteristics, two types of 

fatigue failure can be distinguished: 

a) Low Cycle Fatigue (LCF): for higher stresses than the yield stress 

(σy) but at low frequencies. 

b) High Cycle Fatigue (HCF): for lower stresses than the yield stress but 

at high frequencies. 

As mentioned in section 2.2.2, turbomachines are rotating machines that 

work at a high speed of rotation and for this reason the loading on the 

components is periodic with relatively high frequencies. These loading 

characteristics make HCF the most important failure process in 

turbomachines. A secondary cause of failure is LCF, which is mainly due 
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to temperature gradients during the acceleration and deceleration of the 

machine (Vogt, 2008b). 

The failure process starts with a microscopic crack that progressively 

grows with every cycle until it results in the cracking of the material. For 

HCF, the fatigue limit (σn) is determined as the fluctuating stress at which 

the material would withstand a high enough number of cycles which can 

be considered infinite, for example, 107 or 108 cycles (Lafont, Díaz, 

Echávarri, 2009). For stress values below the fatigue limit, it is 

considered that the stresses would not lead to HCF failure. 

Figure 2-8 shows a typical fracture in the material’s surface due to HCF. 

 

 
Figure 2-8: Typical HCF fracture 

In order to determine the risk of HCF, the Haigh Diagram is used. From this 

diagram it is possible to know if the stresses on the material represent a 

dangerous situation or not. 

Oscillating stresses can be considered as the sum of a mean stress (σm) and a 

fluctuating stress (σa), as shown in Figure 2-9. 
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Figure 2-9: Fluctuating stress 

Using these two values, together with the fatigue limit, yield stress and ultimate 

stress, it is possible to determine the safe region as it is shown in Figure 2-10. 

 
Figure 2-10: Haigh Diagram 

σa: Fluctuating Stress 

σm: Mean Stress 

σy: Yield Stress 

σu: Ultimate Stress 

σn: Fatigue Limit 
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3. NUMERICAL TECHNIQUES 

As mentioned in the last section, to obtain the generalized forces two different 

numerical techniques were applied: 

- CFD analysis: with the purpose of solving the fluid problem according to 

a modeled flow.  

- FE analysis: with the purpose of solving the eigen problem 

corresponding to a free vibration of the blade without damping. 

In this section, the two analyses are explained in a general way in order to 

define the calculation process of the generalized forces. The results from 

applying the CFD analysis are described in section 0 and the results from the 

FE analysis in section 6. 

 

3.1 CFD analysis 

The CFD analysis has three main parts: 

a) Pre-processing 

Before starting the CFD simulations, a set of initial data, such as 

geometry of the blade passages, mesh generation, and operating 

conditions, have to be defined 

First, the geometrical characteristics of the compressor blade rows being 

analyzed have to be known. With this information, the CFD mesh is 

generated. This mesh reproduces the volume occupied by the fluid flow 

surrounding the blade rows. 

The meshes for the CFD simulations were generated with the software 

VolMop. When using this software, each blade row of the generated CFD 

mesh is composed of 5 blocks which are numbered in the following 

order: 

- First, blade pressure side for rotor blades or suction side for stator 

blades. 
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- Second, blade suction side for rotor blades or pressure side for stator 

blades. 

- Third, passage between blades 

- Fourth, inlet to blade passage 

- Fifth, outlet from blade passage 

Figure 3-1 illustrates the numbering of the mesh blocks around a stator 

blade when using VolMop to generate it. 

 
Figure 3-1: Block numbering 

The operating conditions refer to: 

- Mass flow through the sector of the compressor. 

- Rotational speed at which the compressor works. 

- Fluid properties of the fluid used by the compressor. 

- Boundary conditions. 

b) CFD Solver 

Equations: 

When analyzing a fluid, it is preferred to work with intensive properties, 

this is, properties that do not depend on the amount of mass, because it 
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is easier to study a fluid volume instead of following the path of a mass 

particle. 

The CFD solver used for the CFD simulations was VolSol. This solver 

uses a finite volume numerical method to solve the fluid problem. Due to 

the non-linearity of the problem, an iterative solution approach is 

required. 

The equations that are applied to analyze the fluid are obtained as a 

result from considering the conservation principles of mass, momentum 

and energy. The general equation that expresses the rate of change in 

time of an extensive property ∅ following a fluid particle is: 

∂(ρ∅)
∂t

+ div(ρ∅u�⃑ ) = ρ
D∅
Dt

 (11) 

Navier-Stokes equations are obtained applying this equation to the three 

conservation principles and considering a Newtonian fluid. These 

equations are presented in the following lines (Versteeg, Malalasekera, 

2007). 

Mass Conservation: 

𝜕𝜌
𝜕𝑡

+  𝑑𝑖𝑣(𝜌𝑢�⃑ ) = 0 (12) 

Momentum Conservation: 

X: 𝜕(𝜌𝑢)
𝜕𝑡

+  𝑑𝑖𝑣(𝜌𝑢𝑢�⃑ ) = −𝜕𝑝
𝜕𝑥

+  𝑑𝑖𝑣�𝜇 𝑔𝑟𝑎𝑑(𝑢)� + 𝑆𝑥 

(13) Y: 𝜕(𝜌𝑣)
𝜕𝑡

+  𝑑𝑖𝑣(𝜌𝑣𝑢�⃑ ) = −𝜕𝑝
𝜕𝑦

+  𝑑𝑖𝑣�𝜇 𝑔𝑟𝑎𝑑(𝑣)� + 𝑆𝑦 

Z: 𝜕(𝜌𝑤)
𝜕𝑡

+  𝑑𝑖𝑣(𝜌𝑤𝑢�⃑ ) = −𝜕𝑝
𝜕𝑧

+  𝑑𝑖𝑣�𝜇 𝑔𝑟𝑎𝑑(𝑤)� + 𝑆𝑧 
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Energy Conservation: 

𝜕(𝜌𝑒)
𝜕𝑡

+  𝑑𝑖𝑣(𝜌𝑒𝑢�⃑ ) = −𝑝 𝑑𝑖𝑣(𝑢�⃑ ) +  𝑑𝑖𝑣�𝜅 𝑔𝑟𝑎𝑑(𝑇)� + Φ + Si (14) 

When using a finite volume method, these equations are integrated over 

a three-dimensional control volume and Gauss’ divergence theorem is 

applied to the convective and diffusive terms of Navier-Stokes equations. 

The integrated equations are applied to the different control volumes in 

which the whole domain has been discretised and a system of algebraic 

equations is obtained. These algebraic equations are solved by VolSol 

using an explicit three stage Runge Kutta method. 

When high Reynolds numbers are reached in certain regions, the flow 

becomes turbulent and the flow properties vary randomly with time. In a 

transonic compressor it is very common to find turbulent flows and, 

therefore, additional equations to Navier-Stokes equations are required 

to take into account this phenomenon. 

Turbulence generates additional stresses in the fluid and, consequently, 

new unknown variables. The additional equations chosen for the CFD 

solver correspond to the k-ε turbulence model, where k is the turbulent 

kinetic energy, associated to the energy in the turbulence, and ε is the 

turbulent dissipation, associated to the scale of the turbulence (Versteeg, 

Malalasekera, 2007). 

Solutions: 

VolSol solves the fluid problem and obtains a solution for each variable at 

every control volume of the mesh. In other words, the solutions have the 

information of the distribution of the fluid properties along the simulated 

domain. 

The software Tecplot was used to view the domain geometry, the grid 

display, the contour plots of different fluid properties and the vector plots. 

With this software it was also possible to extract values from the solution 
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files at different zones of the mesh in order to use this data with other 

software. 

Two types of simulations can be distinguished: 

a) Steady state simulations:  

In steady state simulations the fluid properties at each spatial 

position are considered independent of time. For the steady state 

simulations done in this project, the interfaces between rotor and 

stator were modeled as mixing plane interfaces. When using this 

type of interfaces, the exit values of a blade row are averaged in 

circumferential direction and this profile is then used as inlet value on 

the downstream blade row. Figure 3-2 shows how just before the 

mixing plane interface between R1 and S1 a certain fluid property 

has a circumferential variation and immediately after the interface it 

has a constant circumferential value. This is done with all the fluid 

properties. 

 
Figure 3-2: Mixing plane interface 

b) Transient simulations: 

The difference between transient simulations and steady state 

simulations is considering the variation of the fluid properties not only 

according to the spatial position but also with time. The variations 

with time are due to the rotation of the rotor with respect to the stator. 
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In transient simulations, no averaging at the interfaces between rotor 

and stator is done. Instead, interfaces that enable the transfer of 

wakes and pressure disturbances between blade rows are used in 

order to analyze the blade row interaction. 

In order to study the forcing due to the relative motion between stator 

and rotor, the time between two transient solutions is crucial. It is 

recommended to take the value of 1/1000 of the time which one 

blade row takes to pass through the adjacent blade row. 

The solutions are saved in different files corresponding to different 

time steps. The time variation of any variable is obtained by 

analyzing a set of solutions. As an example, Figure 3-3 shows the x-

component of a time varying force obtained from a set of solutions. 

 
Figure 3-3: Time varying force 

In order to have accurate solutions, the simulations should be run a long 

enough number of time steps until converged values are reached. 

For steady state simulations, the convergence is based on the 

normalized residual errors of selected variables. 

For transient simulations a greater amount of time steps is required 

compared to steady state simulations. In order to consider the transient 

simulation converged, two possible criteria are: 

- Mass Flow convergence: The inlet mass flow and outlet mass flow 

should be the same, according to the mass conservation principle. 
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The solutions are considered converged if the inlet mass flow and 

outlet mass flow reach the same mean value. 

- Force Convergence: The forcing on the blades is expected to be 

periodic and therefore, the convergence is checked by calculating the 

cycle to cycle error, calculated as the difference between peaks of 

consecutive cycles. The solutions are considered converged if this 

error reaches a value below a certain level. 

c) Post-processing 

After solving the fluid problem, the results obtained have to be further 

processed in order to analyze them. The post-processing activities 

carried out at different stages of the analysis are the following: 

Extract values of fluid properties at an interface: 

After a steady state simulation, it is sometimes required to extract the 

fluid properties at an interface in order to analyze their distribution. 

Afterwards, profiles for these variables can be created and used for other 

simulations. 

Scaling: 

After a steady state simulation, the geometries of the blades of 

consecutive blade rows are slightly modified in order to achieve the same 

net pitch on a sector of the blade rows (Mayorca, De Andrade, Vogt, 

Mårtensson, Fransson, 2009). A Blade Scaling Factor (𝑺𝒇) is defined 

as in Equation 15: 

𝐵𝑙𝑎𝑑𝑒 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑆𝑓) =
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑑𝑒𝑠
𝑆𝑐𝑎𝑙𝑒𝑑 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑑𝑒𝑠

 (15) 

The cylindrical coordinates of the nodes of the blade row are modified 

with this factor. Equations 16 show how the new Cartesian coordinates of 

the blade row nodes are obtained using the Blade Scaling Factor. 
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𝑋𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑋 ∙ 𝑆𝑓 

(16) 𝑌𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑅𝑎𝑑 ∙ 𝑐𝑜𝑠(𝑆𝑓 ∙ 𝜃) 

𝑍𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑅𝑎𝑑 ∙ 𝑠𝑖𝑛(𝑆𝑓 ∙ 𝜃) 

Because the blade passages have been modified, the solution from the 

steady state simulation also needs to be scaled in order to fit the new 

blade passages.  

When changing the geometry of the blade rows, the frequency of the 

excitation on the adjacent blade rows will change. This will modify the 

engine order of the forcing and therefore back scaling is later required. 

Back Scaling: 

Back scaling consists on undoing what was done in the scaling step in 

order to reproduce the original model. To back scale the scaled geometry 

of the blade rows, the multiplications by 𝑆𝑓 are changed for divisions by 

𝑆𝑓 in Equations 16. 

Once the geometry is back scaled, the forces also need to be back 

scaled. The point of application of the force from the scaled nodes is 

moved to the back scaled nodes. 

Since the forces have been calculated with a scaled mesh, the difference 

of excitation frequencies between the original mesh and the scaled mesh 

has to be considered. The Frequency Factor (𝒇𝑭) is defined as: 

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑓𝐹) =
𝑆𝑐𝑎𝑙𝑒𝑑 𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

 (17) 

The magnitude of the force is corrected by the Blade Scaling Factor and 

the Frequency Factor as follows: 

𝐹 = 𝐹𝑠𝑐𝑎𝑙𝑒𝑑 ∙
𝑓𝐹
𝑆𝑓

 (18) 
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Fourier Transform: 

After the transient simulations, solution files for different time steps are 

saved. From these files the variation of the fluid properties in a time 

domain are obtained. With VolSol it is possible to run a post-processing 

code which calculates, for every time step, the averaged values of the 

fluid properties at an interface, the distributed Cartesian forces acting on 

each node of the blade, the integrated cylindrical forces acting on the 

blade and the integrated Cartesian forces acting on the blade. 

It is of interest to go from a time domain to a frequency domain in order 

to analyze the harmonic excitations and this is done by means of the 

Fourier Transform. To have a perfectly periodic time-varying signal of the 

forces, the last period of the harmonic with the lowest frequency 

� 1
𝑓𝑖𝑟𝑡 ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

� is repeated a certain number of times. Afterwards, 

discrete values of the signal are sampled. With these samplings, the 

Fourier Transform is done. 

Two validation methods were performed in order to get the frequency 

spectrum corresponding to the harmonic excitation forces. 

- Discrete Fourier Transform (DFT) 

- Nyquist Fast Fourier Transform (Nyquist FFT) 

As an example, Figure 3-4 shows the frequency spectrum of the x-

component of the fluctuating part of the integrated force acting on a 

blade. The red dots were obtained by a DFT and the blue lines by a 

Nyquist FFT. The horizontal axis corresponds to the EO of the excitation 

which is proportional to the frequency of the excitation. 

 
Figure 3-4: Frequency spectrum of integrated force 
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3.2 FE Analysis 
The FE analysis has 3 main parts: 

a) Definition of Material Properties  

The CFD analysis focuses on the fluid surrounding the blade and 

therefore the fluid properties were of interest. On the contrary, the FE 

analysis focuses on the blade itself and for this reason the material 

properties of the blade should be defined. 

b) Mesh Generation 

The FE mesh reproduces the spatial domain occupied by the blade. The 

limits of the FE mesh are defined from the blade surface nodes of the 

CFD mesh. 

The softwares needed to generate this mesh were: 

- Tecplot: to extract the coordinates of the surface nodes of the blade 

from the CFD mesh. 

- Matlab: to define the nodes that correspond to the leading edge (LE), 

trailing edge (TE), pressure side (PS) and suction side (SS).  

- ANSYS ICEM CFD: to merge the zones defined with Matlab and 

save the geometry in .igs format 

- ANSYS: to load the geometry in .igs format and define the node 

distribution of the FE mesh. 

To reproduce the union between the blade and the rest of the structure, 

constraints have to be defined for the nodes of the mesh which would be 

in the union with the structure. 

c) Modal Analysis 

The main part of the FE analysis is performing a modal analysis of the 

blade structure. From this analysis the natural mode shapes and natural 

frequencies are determined. 
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The modal analysis refers to solving the problem corresponding to a free 

vibration without damping. From Equation 2 (see section 2.1), if no 

damping is considered (c = 0) and no excitation force is applied (Fexc = 

0), the equation to solve is: 

𝑚�̈� + 𝑘𝑥 = 0 (19) 

The last equation corresponds to a model of a single degree of freedom, 

where 𝑥 is the displacement in direction of the degree of freedom and 𝑚 

and 𝑘 are, respectively, the mass and stiffness associated to the degree 

of freedom. This can be generalized for all the degrees of freedom of the 

structure and expressed in a matrix formulation. 

𝑀�̈� + 𝐾𝑥 = 0 (20) 

M is the mass matrix and contains the mass associated to each degree 

of freedom; K is the stiffness matrix and its columns contain the stiffness 

of every degree of freedom, according to Hooke’s law, when a unitary 

force in direction of the degree of freedom of the column is applied; and 𝑥 

is a column with the displacements in direction of each degree of 

freedom. 

Assuming that the solution has the form of 𝑥 = 𝑋𝑒𝑖𝑤𝑡, then �̈� = −𝜔2𝑥 and 

Equation 19 can be expressed as: 

𝐾 ∙ 𝑥 = 𝑀 ∙ 𝑥 ∙ Λ 

Where Λ = �
𝜔12 0 0

0 … 0
0 0 𝜔𝑛2

� 
(21) 

At this point it is necessary to introduce the concept of eigenvalues and 

eigenvectors as it is related to the last equations. 

An eigenvector of a matrix A is a vector that multiplied by this matrix 

remains proportional to the original vector (same direction but multiplied 
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by a scalar: the eigenvalue). This is formulated mathematically as 

follows: 

𝐴 ∙ �⃑� = 𝜆 ∙ �⃑� 

Where �⃑� = 𝑒𝑖𝑔𝑒𝑛𝑣𝑒𝑐𝑡𝑜𝑟 and 𝜆 = 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒 
(22) 

For a multi-dimensional case: 

𝐴 ∙ 𝑉 = 𝑉 ∙ Λ 

Where 𝑉 = 𝑒𝑖𝑔𝑒𝑛𝑣𝑒𝑐𝑡𝑜𝑟𝑠 𝑏𝑦 𝑐𝑜𝑙𝑢𝑚𝑛𝑠 and 

Λ = 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙 𝑚𝑎𝑡𝑟𝑖𝑥 𝑜𝑓𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑠 

(23) 

Comparing Equations 21 and 23, it is possible to conclude that solving a 

problem of free vibration without damping is equivalent to solving an 

eigen problem (where A = M−1 ∙ K). 

The eigenvalues are λn = ωn
2 and there are as many as number of 

degrees of freedom (n). The natural frequencies will be the square root of 

the eigenvalues: 𝜔𝑛 = �𝜆𝑛 

The eigenvectors are the columns of 𝑥 and they represent the mode 

shapes of the blade, as they tell us the amplitude of the displacement in 

each degree of freedom. 

Since the eigenvectors are obtained by solving Equation 21, the values 

obtained have to be normalized by the Mass matrix in order to be 

equivalent to an eigen problem. The normalized values of the 

eigenvectors are (𝑥∗): 

𝑥∗ =
𝑥

𝑥′ ∙ 𝑀 ∙ 𝑥
 (24) 
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4. OBJECTIVES AND APPROACH 

For a turbomachine manufacturer it is desirable to have accurate predictions of 

the machine’s working conditions at an early stage of the design process in 

order to avoid future redesigning, which increase costs and time to production 

chain. 

The dynamic behavior can be critical if high amplitude vibrations appear on the 

blade, leading to high cycle fatigue. Nowadays, the use of CFD simulations has 

become an essential tool to predict these undesired vibratory phenomena. 

Under the above considerations, the main objective of this thesis was to 

analyze the influence of the clocking method on the aerodynamic excitation of 

the blades of a transonic compressor using CFD simulations to predict the 

interaction between the fluid and the blades. This analysis was done in search 

of an optimal clocking position regarding fatigue failure. 

In order to find the clocking position which would produce the lowest level of 

excitation, the generalized force for each case had to be calculated. This was 

done by coupling the results from a CFD analysis with the results from an FE 

analysis. 

The CFD analysis aimed at calculating the harmonic forces acting on each node 

of the blade. To perform the CFD simulations, in-house programs developed by 

Volvo were used: VolMop for the meshing and VolSol for the CFD solver.  

First, a model of the whole compressor was used and the following steps were 

done: 

1. Define the boundary conditions for the compressor. 

2. Create a mesh with the geometry of all the blade rows of the 

compressor. 

3. Run a steady state simulation with the previously defined mesh. 

4. Extract the fluid properties at the outlet of S1, since these values were 

used as boundary conditions for a new steady state simulation. 
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For each clocking case, a reduced model was created where only the first 3 

blade rows were considered. The steps done for each clocking case were the 

following: 

1. Create a mesh with the geometry of blade rows IGV, R1 and S1; with a 

different clocking degree of the IGV for each clocking position. 

2. Run a steady state simulation with the previously defined mesh. 

3. Scale the geometry and steady solution in order to model the same net 

pitch on a sector of consecutive blade rows. 

4. Run transient simulations with the scaled mesh and using the scaled 

solution from the steady state as the initial solution. 

5. Check if convergence has been reached. 

6. Transform the time varying forces obtained from the transient simulations 

to a frequency domain by means of a Fourier transform. 

7. Back scale the forces to reproduce the original geometry, and therefore, 

the original forces. 

The FE analysis aimed at calculating, for each node of the mesh, the 

displacements corresponding to the natural modes of the blade. This required 

going through the following steps: 

1. Define the material properties. 

2. Create an FE mesh with the blade geometry. 

3. Perform a modal analysis. 

4. Check if convergence of the natural frequencies has been reached. 

5. Create a Campbell Diagram to detect the possible dangerous crossings. 

6. Obtain the displacements of each node of the mesh, for the dangerous 

modes detected in the previous step. 

With the results from the CFD analysis and FE analysis, the generalized force 

was calculated for each dangerous crossing and for all the clocking positions. 

The modes which presented the highest excitation levels were further analyzed 

and the generalized forces for these modes were compared in search of the 

clocking position which presented the lowest excitation level. 
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A summary of the procedure is shown in Figure 4-1. 

 
Figure 4-1: Approach 
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5. CFD ANALYSIS 

In this section the process of the CFD analysis and the results obtained from it 

are explained in detail. The final results were the back scaled harmonic 

distributed forces in a Cartesian coordinate system produced by the pressure 

distribution on the blades. 

The CFD analysis was done in two steps. The first one corresponds to a steady 

state simulation of the complete compressor geometry and the second one to a 

steady state simulation and a transient simulation for the different reduced 

geometries. 

5.1 Complete Compressor 

5.1.1 Pre-Processing 

5.1.1.1 Structure of the Compressor 

The studied compressor is part of an existing Siemens gas turbine. The 

machine is a 2.5 stage compressor. This means that it is composed of 2 

complete stages (rotor and stator blade rows) and an inlet guide vane (IGV 

blade row). Figure 5-1 illustrates the structure of the compressor, where the 

green blade represents the IGV, the 2 red blades are the rotor blades (R1 and 

R2) and the blue blades are the stator blades (S1 and S2). 

 
Figure 5-1: Blade rows of the compressor 

Each blade row has a different number of blades, as it is indicated in Table 1. 
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Table 1: Number of blades 

Blade row Number of blades per blade row 

IGV 48 

R1 31 

S1 48 

R2 47 

S2 52 

5.1.1.2 Mesh 

In order to run the steady state simulation for the whole compressor, a mesh 

with the geometry of the 5 blade rows was generated, as it is shown in Figure 

5-2, Figure 5-3 and Figure 5-4. 

 
Figure 5-2: Mesh of complete compressor 

 
Figure 5-3: Mesh of complete compressor – side view 

 
Figure 5-4: Mesh of complete compressor – top view 
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A summary of the mesh characteristics for each blade row is shown in the 

following table. The overall amount of cell volumes is of 455490. 

Table 2: Characteristics of mesh for complete compressor 
IGV  ROTOR 1 

Block I J K Cell volumes  Block I J K Cell volumes 

1 41 27 20 22140  6 41 27 20 22140 

2 41 27 20 22140  7 41 27 20 22140 

3 33 27 22 19602  8 33 27 22 19602 

4 35 27 30 28350  9 17 27 30 13770 

5 20 27 30 16200  10 12 27 30 9720 

TOTAL 170 135 122 108432  TOTAL 144 135 122 87372 

   

STATOR 1  ROTOR 2 

Block I J K Cell volumes  Block I J K Cell volumes 

11 41 27 20 22140  16 41 27 20 22140 

12 41 27 20 22140  17 41 27 20 22140 

13 33 27 22 19602  18 33 27 22 19602 

14 17 27 30 13770  19 17 27 30 13770 

15 9 27 30 7290  20 12 27 30 9720 

TOTAL 141 135 122 84942  TOTAL 144 135 122 87372 

 

STATOR 2 

Block I J K Cell volumes 

21 41 27 20 22140 

22 41 27 20 22140 

23 33 27 22 19602 

24 17 27 30 13770 

25 12 27 30 9720 

TOTAL 144 135 122 87372 
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5.1.1.3 Operating conditions 

The compressor under study is a variable speed machine. This means that the 

rotational speed can be adjusted to be the optimal at different conditions. In this 

case, at the design point and at full load, the compressor runs at 9600 rpm. This 

speed was used in all the simulations. 

The rotational speed, the mass flow through the compressor, pressure ratio and 

the inflow angles calculated at the midspan are shown in Table 3. 

Table 3: Operating conditions 

Rotational speed: n [rpm] 9600 

Mass flow: �̇� [kg/s] 81 

Pressure ratio: 𝚷 [adim.] 2.3 

Mean radius at inlet: rmi [m] 0.337 

Mean radius at outlet: rmo  [m] 0.344 

Absolute inflow angle: αi [°] 0 

Absolute outflow angle: αo [°] 19 

The gas properties were assumed constant for the temperature range in which 

the compressor works and can be found in Table 4. 

Table 4: Gas properties 

Specific heat at constant pressure: Cp [J/kg∙K] 1004.5 

Universal gas constant: R [J/kg∙K] 287 

The boundary conditions at the inlet of the compressor were taken at sea level, 

according to the International Standard Atmosphere (ISA) conditions 

(Essenhigh, 2006). 

In order to have boundary conditions for the CFD simulations, a profile for the 

IGV inlet and S2 outlet were provided. For the IGV inlet, the profiles of these 

variables were used as boundary conditions in the simulations. However, for the 

S2 outlet, instead of the profiles, the boundary conditions used the mass-

averaged values of the variables. 
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Figure 5-5 and Figure 5-6 show the profiles of the total pressure and static 

pressure, respectively, provided for the IGV inlet an S2 outlet. 

 
Figure 5-5: Total pressure profile at inlet 

 

 
Figure 5-6: Static pressure profile at outlet 
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The mass-averaged values of the boundary conditions are shown in Table 5. 

Table 5: Boundary conditions for complete compressor 

 Inlet Outlet 

Axial Velocity: Cx [m/s] 159 208 

Radial Velocity: Cr [m/s] -7 3 

Tangential Velocity: Cθ [m/s] 0 -71 

Absolute Velocity: C [m/s] 160 220 

Static Pressure: p [kPa] 85.309 181.694 

Total Pressure: P0 [kPa] 99.975 229.578 

Total Temperature: T0 [K] 285 381 

The circumferential sides of the mesh were defined as periodic interfaces. For 

the blade surface a boundary condition of the type of “law of the wall” was 

applied. With these considerations, all boundary conditions were set. 

5.1.2 CFD Solver – Steady State Solution 

For the complete compressor, only a single steady state simulation was done. 

The solutions were obtained after 150000 time steps. After this amount of time 

steps, smooth spatial variations of the fluid properties were reached and 

comparing this solution with other solutions with more time steps, no significant 

changes were observed. The solution was considered converged according to 

the magnitude of the normalized residual errors for the variables x-momentum, 

y-momentum, z-momentum, density and total energy. 

In Figure 5-7 it is possible to see the difference between the inlet and outlet total 

pressure, which gives a pressure ratio of 2.3. The local decrease in total 

pressure through a blade row is due to losses. The losses are also detected as 

an increase in entropy. Figure 5-7 and Figure 5-8 show that there are wakes 

after the blades which have a repercussion as loss of total pressure or increase 

in entropy. 
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Figure 5-7: Total pressure distribution at midspan of complete compressor 

 
Figure 5-8: Entropy distribution at midspan of complete compressor 

As it is shown in Figure 5-9 and Figure 5-10, there are shock waves at R1 and 

R2, which produce an abrupt increase in static pressure and decrease in Mach 

number after the shock. The compressor is said to be transonic because the 

Mach number of the fluid flow has values below, at and above 1. 

 
Figure 5-9: Static pressure distribution at midspan of complete compressor 
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Figure 5-10: Mach Number distribution at midspan of complete compressor 

5.1.3 CFD Post-Processing – Extract Boundary Conditions at S1 Outlet  

After the steady state simulation for the complete compressor model, the values 

at the interface between S1 and R2 were extracted in order to use them as 

boundary conditions for the reduced model. The interface is shown in Figure 

5-11. 

 
Figure 5-11: S1 - R2 Interface 

This is done with Tecplot by defining a subzone of the complete compressor 

mesh corresponding to the outlet of S1 and then writing a data file in ASCII 

format with the values of the variables at each point of the subzone created. 

The variables needed for the boundary conditions of the reduced model were 

the total temperature, total pressure, axial velocity, radial velocity, tangential 

velocity, turbulent kinetic energy and turbulent dissipation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 5-12: S1 Outlet profiles. (a) total pressure, (b) total temperature, (c) axial 

velocity, (d) radial velocity, (e) tangential velocity 
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5.2 Reduced Model 

For each clocking position, a steady state and a transient simulation were done. 

5.2.1 Steady State Simulation 

5.2.1.1 Pre-Processing 

a) Mesh 

Although the compressor has 2.5 stages, the blade rows of interest for this 

study are the first three (IGV, R1 and S1). The IGV blade row was clocked in 

order to see the influence of the excitation on R1 and S1. 

It is convenient to leave out of the model the blade rows corresponding to the 

second stage (R2 and S2) because changing the relative circumferential 

position of the IGV is not expected to influence these blade rows. This reduction 

in the mesh size decreases significantly the computational time required for the 

convergence of the simulations. 

Since the outlet of blade row S1 was short, it had to be extended in order to 

reduce the probability of having pressure reflections at the outlet interface. This 

was done by increasing the number of nodes in the axial direction for the fifth 

block of S1. 

The fact that the IGV and S1 have a configuration with identical number of 

vanes helps to highlight the physics of the stator/stator interaction changing 

circumferentially the position of the IGV with respect to the downstream stator, 

as mentioned by Billiard et al. (2007). 

The mesh characteristics for the reduced model are summarized in Table 6. 

The overall amount of cell volumes is of 283176. 
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Table 6: Characteristics of mesh for reduced model 
IGV  ROTOR 1 

Block I J K Cell volumes  Block I J K Cell volumes 

1 41 27 20 22140  6 41 27 20 22140 

2 41 27 20 22140  7 41 27 20 22140 

3 33 27 22 19602  8 33 27 22 19602 

4 35 27 30 28350  9 17 27 30 13770 

5 20 27 30 16200  10 12 27 30 9720 

TOTAL 170 135 122 108432  TOTAL 144 135 122 87372 

 

STATOR 1 

Block I J K Cell volumes 

21 41 27 20 22140 

22 41 27 20 22140 

23 33 27 22 19602 

24 17 27 30 13770 

25 18 27 30 9720 

TOTAL 144 135 122 87372 

A different mesh had to be created for each clocking position, where the 

difference between the meshes was the clocking angle (𝛉), defined as the 

angle rotated by the IGV blade row with respect to S1 blade row. The range of 

possible clocking angles was calculated as: 

θmin = 0°  

θ ∈ [0°, 7.5°) (25) 
θmax =

360°
number of blades in IGV blade row

=
360°

48
= 7.5° 

In order to have sufficient number of cases to find a trend for the clocking 

method, 7 different clocking positions were defined with a constant spacing of 

1.25° between them. Gadea et al. (2004) based their analysis on 4 different 

clocking positions obtaining a trend for the pressure field distribution, therefore, 

7 clocking positions for this investigation were considered enough. It has to be 

pointed out that the positions of 0° and 7.5° are equivalent yet they were 
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analyzed separately so as to check the circumferential periodicity of the 

solutions. 

The mesh for the clocking position corresponding to 0º of rotation of the IGV is 

shown in Figure 5-13, Figure 5-14 and Figure 5-15. 

 
Figure 5-13: Mesh of reduced model 

 
Figure 5-14: Mesh of reduced model – side view 

 
Figure 5-15: Mesh of reduced model – top view 
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The 7 meshes were created according to the above mentioned considerations. 

Figure 5-16 shows two different views of the meshes for the reduced model, 

including the 7 clocking cases of the IGV. 

 
Figure 5-16: Different clocking positions of the mesh 

b) Operating conditions 

The rotational speed, mass flow and gas properties were maintained from the 

total compressor model. 

For the boundary conditions, the same profile at the IGV inlet as in the complete 

compressor was used. However, at the S1 outlet the boundary conditions had 

to be defined with the same values as the S1 outlet from the complete 

compressor model (see section 5.1.3). The boundary conditions at the IGV inlet 

and S1 outlet are shown in Table 7. 

Table 7: Boundary conditions for reduced model 

 Inlet Outlet 

Axial Velocity: Cx [m/s] 159 192 

Radial Velocity: Cr [m/s] -7 13 

Tangential Velocity: Cθ [m/s] 0 -47 

Absolute Velocity: C [m/s] 160 198 

Static Pressure: p [kPa] 85.309 132.251 

Total Pressure: P0 [kPa] 99.975 164.279 

Total Temperature: T0 [K] 285 341 
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5.2.1.2 CFD Solver – Steady Solutions 

The solutions were obtained after 150000 time steps, as in the complete 

compressor, and smooth spatial variations of the fluid properties were reached.  

Figure 5-17, Figure 5-18, Figure 5-19 and Figure 5-20 show the results after the 

steady state simulation corresponding to clocking position 0º. As in the 

complete compressor, it is possible to see the wakes, shock wave at R1 and the 

transonic behavior. Similar results were obtained for the other clocking 

positions. 

 
Figure 5-17: Steady state total pressure distribution at midspan of reduced 

model 

 
Figure 5-18: Steady state entropy distribution at midspan of reduced model 
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Figure 5-19: Steady state static pressure distribution at midspan of reduced 

model 

 
Figure 5-20: Steady state mach number distribution at midspan of reduced 

model 

5.2.1.3 Post-Processing - Scaling 

The IGV and S1 have 48 blades each and R1 has 31. After the scaling, the 

reduced model considered 32 blades on the rotor in order to have divisible 

number of blades and achieve the same net pitch on a sector of the blade rows. 

The blade scaling factor was: 𝑆𝑓 = 31
32

= 0.96875, very close to 1 so the scaling 

is expected to have had a small influence on the results. 
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By modifying the geometry to 48 IGV blades, 32 R1 blades and 48 S1 blades, a 

sector of the compressor of 22.5º reproduces an integer number of blade 

passages per blade row: 3 IGV blade passages, 2 R1 blade passages and 3 S1 

blade passages. Simulating this periodic sector instead of the whole 

circumference makes it possible to reduce the computational time drastically. 

After scaling the geometry, the scaled mesh is obtained as it is shown, for 

clocking position 0º, in Figure 5-21 and Figure 5-22. 

 
Figure 5-21: Scaled mesh for reduced model 

 
Figure 5-22: Scaled mesh for reduced model – top view 

The steady state solution was also scaled and the distributions of the variables 

obtained for one blade passage of each blade row were modified to fit the 

scaled geometry. As an example, the scaled Mach number distribution of the 

steady state simulation is shown in Figure 5-23. 

 
Figure 5-23: Scaled steady state mach number distribution 
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5.2.2 Transient Simulation 

5.2.2.1 Pre-processing 

The same pre-processing was required as in the steady simulations. The scaled 

steady state solution was used as the initial solution for the transient 

simulations. 

5.2.2.2 CFD Solver – Transient Solutions 

Considering that the goal of the thesis was to analyze the influence of clocking 

of the IGV over S1 and R1, the time step was determined according to the 

number of blades of the IGV. The time step was calculated as 1/1000 of the IGV 

blade passing frequency: 

time step =
1

1000
∙ �

1

IGV blades ∙ Rotational speed
60

� = 1.3021 ∙ 10−7s (26) 

However, it was not needed to save a solution file for every time step. With 8 

solutions per cycle it is possible to sufficiently accurately reproduce a periodic 

signal. For the transient simulations, 12 solutions per cycle of the first harmonic 

excitation of the rotor were saved. 

sampling time =
1

12�
1

IGV blades ∙ Rotational speed
60

� = 1.0807 ∙ 10−5s (27) 

In the last equation, a sampling refers to a saved solution. From the last 2 

equations it can be deduced that every 83th solution was saved.  

The transient simulation was run until more than 5000 solution files were saved, 

this is, around 420000 time steps. The convergence after these time steps was 

checked using the method described in section 3.1. Here, the convergence for 

clocking position 0 is explained. Similar results were obtained for the other 6 

clocking positions. 
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Mass convergence: 

As shown in Figure 5-24, convergence of the inlet mass flow and outlet 

mass flow was reached although not exactly to the same value. 

However, the difference between these values was of 0.15% and it was 

considered low enough. The value of the mass flow shown is the one that 

passes through the sector of circumference modeled. 

 
Figure 5-24: Mass flow convergence 

Force Convergence: 

The integrated cylindrical forces were used to check the force 

convergence. Figure 5-25 shows the forces on one of the blades of S1 

and it can be seen that they approximate very closely to periodic signals. 

To consider that convergence was reached, the cycle to cycle error, 

calculated as the difference between peaks of consecutive cycles, had to 

be below 0.001. The errors obtained for the different blades and for all 

the clocking positions are in Appendix A. 
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Figure 5-25: Force convergence 

The Mach number and entropy distributions at midspan for clocking position 0 

after the transient simulation are shown in Figure 5-26 and Figure 5-27. 

 
Figure 5-26: Transient Mach Number distribution at midspan for reduced model 

 
Figure 5-27: Transient entropy distribution at midspan for reduced model 
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5.2.2.3 Post-processing 

a) Fourier Transform 

The transformation of the variables from a time domain to a frequency domain 

was carried out with a Matlab code. 

First, the integrated Cartesian forces were analyzed. The forces from a set of 

200 solution files were read and the time variation of the force was obtained, as 

shown in Figure 5-28.  

 
Figure 5-28: Time variation of integrated cartesian forces on S1 

From the transient simulation, 18 solutions per cycle of the S1 forcing were 

saved. This is equivalent to 12 solutions per cycle of the R1 forcing, since there 

are 2 R1 blades per 3 S1 blades. 

To perform the Fourier transforms, the time signal was constructed from the 

fluctuating part of the integrated Cartesian forces by repeating the last period of 

the stator forces 11 times (16 times for the rotor forces). As mentioned by 
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Gadea et al. the magnitude of the unsteady force was expected to be very 

dependent on the clocking position and this was proven after comparing the 

time signals of the unsteady forces for the different clocking positions. 

In order to have more samplings of the time signal, the number of samplings 

(solutions) was multiplied by 5. This gave 90 samplings per S1 forcing cycle and 

60 samplings per R1 forcing cycle. The time signals used for the Fourier 

transforms is are shown in Figure 5-29. 

 
(a) 

 
(b) 

Figure 5-29: Sampling of time signal of fluctuating forces. (a) stator, (b) rotor 

Once the time signal was defined, the two validation methods for the FFT were 

executed. For R1, the harmonics are proportional to 48 (number of IGV blades 

or S1 blades) and for S1 the harmonics are proportional to 32 (number of R1 

scaled blades).  

The amplitudes of the first two harmonics of the integrated forces for the rotor 

and stator excitations are shown in Table 8 and Table 9, respectively. According 

to Rządkowski and Gnesin (2008), the harmonic spectrums of unsteady forces 

acting on the blade vary with the clocking position. This can be seen in the 

results after the Fourier transforms, where different values of the amplitudes are 

obtained for different clocking positions. Clocking position 7.5º presented the 

same harmonics as clocking position 0º, and therefore it was not included in the 

tables. 
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Fluctuating forces on R1: 

- Fx and Fy only have a significant first harmonic. The other harmonics are 

negligible. 

- Fz presents significant first and second harmonics, being the first one 

greater for clocking positions 0º, 1.25º, 2.5º and 3.75º, and the second 

one grater for clocking positions 5º and 6.25º. However, this force is one 

order of magnitude lower than Fx and Fy and, hence, the second 

harmonic was not considered for the rotor excitations. 

Table 8: Integrated harmonic forces on R1 

Fluctuating 
Force 

Clocking 
Position 

EO48 EO96 

Fx [N] 

0º 4.710 0.107 

1.25º 4.730 0.139 

2.5º 4.710 0.290 

3.75º 4.580 0.158 

5º 4.640 0.116 

6.25º 4.650 0.196 
 

Fy [N] 

0º 4.370 0.083 

1.25º 4.260 0.122 

2.5º 4.260 0.201 

3.75º 4.140 0.066 

5º 4.380 0.084 

6.25º 4.430 0.130 
 

Fz [N] 

0º 0.109 0.057 

1.25º 0.140 0.093 

2.5º 0.123 0.053 

3.75º 0.105 0.070 

5º 0.042 0.093 

6.25º 0.047 0.065 
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Fluctuating forces on S1: 

- The first two harmonics are significant in the three components of the 

force. Both harmonics were analyzed. 

- Clocking positions 5 and 6.25º present the lowest amplitudes for the first 

harmonic and positions 1.25º, 2.5º and 3.75º the highest. 

Table 9: Integrated harmonic forces on S1 

Fluctuating 
Force 

Clocking 
Position 

EO32 EO64 

Fx [N] 

0º 1.300 0.228 

1.25º 1.460 0.321 

2.5º 1.330 0.268 

3.75º 1.060 0.331 

5º 0.687 0.385 

6.25º 0.769 0.281 
 

Fy [N] 

0º 1.730 0.362 

1.25º 2.790 0.554 

2.5º 3.150 0.488 

3.75º 2.860 0.577 

5º 1.950 0.749 

6.25º 1.040 0.557 
 

Fz [N] 

0º 0.108 0.038 

1.25º 0.120 0.039 

2.5º 0.139 0.038 

3.75º 0.139 0.030 

5º 0.129 0.027 

6.25º 0.112 0.034 

 

The same procedure was done for the distributed Cartesian forces in order to 

obtain the harmonic Cartesian forces acting on every node of the blade’s 

surface. The distributed Cartesian forces were treated separately for the 

different harmonics, since they excite different natural modes. 
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After the Fourier transform a cosine and a sine part of each Cartesian 

component of the distributed forces were obtained. 

b) Back Scaling 

The back scaling was also done with a Matlab code, which back scales the 

geometry of the scaled blades as well as the distributed Cartesian forces 

obtained after the Fourier transforms.  

In the case of R1, the scaled and back scaled geometries are different because 

the number of blades was changed, as shown in Figure 5-30. In the case of S1, 

the geometry was not modified in the scaling and in Figure 5-31 it can be seen 

how both geometries match. 

 
Figure 5-30: Back scaled R1 blade geometry 
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Figure 5-31: Back scaled S1 blade geometry 

The back scaled distributed forces have a similar distribution as the scaled 

distributed forces, but with a small difference in magnitude, as it is shown in 

Figure 5-32 and Figure 5-33. 

 

(a) 

 

(b) 

Figure 5-32: Scaled (a) and back scaled (b) distributed forces on rotor 1 
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(a) 

 
(b) 

Figure 5-33: Scaled (a) and back scaled (b) distributed forces on stator 1 
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6. FE ANALYSIS 

In this section the process of the FE analysis and the results obtained from it 

are explained in detail. The final results were the displacements of each node of 

the FE mesh for the mode shapes of interest. 

6.1 Definition of Material Properties 

The material properties were defined in ANSYS with the values corresponding 

to a stainless steel with 10% chromium. The density, elastic module and 

Poisson ratio were assumed constant with temperature and their values are 

shown in Table 10. 

Table 10: Material properties 

Density [kg/m3] 7800 

Elastic Module [GPa] 200 

Poisson Ratio [adim.] 0.3 

No structural damping was considered. This has a significant influence on the 

results obtained from the analysis. 

6.2 Mesh generation 

The FE mesh was generated from the CFD mesh. The nodes containing the 

blade surface were extracted using Tecplot. 

 
(a) 

 
(b) 

Figure 6-1: Extracted nodes of blade surfaces. (a) rotor, (b) stator 
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The nodes corresponding to the sectors LE, TE, SS and PS were defined using 

a Matlab code in which the nodes at each span were divided into these 4 

sectors. Figure 6-2 shows these sectors with different colors. 

 
(a) 

 
 
 

(b) 
Figure 6-2: LE, TE, SS and PS of blades. (a) rotor, (b) stator 

The geometry of the blade was constructed by merging the lines defined by 

these sectors and then a node distribution was defined to generate the FE 

mesh. 

The number of nodes of the FE mesh was increased progressively until 

converged results after the modal analysis were obtained. The final FE meshes 

defined had the following number of nodes and elements. 

Table 11: FE mesh information 

 Nodes Elements 

Rotor Blade 4805 3600 

Stator Blade 8897 7200 

The elements were of the type of Solid45 which means that they are defined by 

eight nodes having 3 degrees of freedom at each node: the translations in the 

nodal x, y, and z directions. 

The constraints of the boundary nodes were defined in different ways for a rotor 

blade than for a stator blade as it is shown in Figure 6-3, where the green dots 

represent the clamped nodes of the mesh. 
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Rotor blade: 
Clamped 

hub 

 
 

(a) 

Stator blade: 
Clamped 
hub and 
shroud 

 
 

(b) 
Figure 6-3: Constraints on FE model. (a) rotor blade, (b) stator blade 

 

6.3 Modal analysis 

With the material properties and the FE mesh defined, a modal analysis was 

done for the rotor blade and another one for the stator blade. This analysis was 

done using ANSYS and also using a Matlab code part of AROMA and similar 

results were obtained. Here, the results after using AROMA are explained. 

Only the first 40 natural modes were obtained, since higher natural frequencies 

usually represent lower vibration risk (Vogt, 2009). The natural frequencies for 

the rotor and stator blades are listed in Appendix B. 

As an example, the first natural mode of the stator blade and rotor blade are 

shown in Figure 6-4. 
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(a) 

 
(b) 

Figure 6-4: First natural mode. (a) rotor, (b) stator 

Not all the natural modes are of interest. In order to detect the modes with more 

influence, a Campbell Diagram was made. As mentioned in section 5.2.2.3, the 

harmonic excitations considered for the rotor were due to EO48 and for the 

stator EO31 and EO62. 

The crossings in the Campbell Diagram, as well as the mode shapes for these 

crossings are shown in Figure 6-5 and Figure 6-6. The displacements of these 

mode shapes are the final results from the FE analysis. 

 
Figure 6-5: Rotor blade modes for crossings in Campbell Diagram 
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Figure 6-6: Stator blade modes for crossings in Campbell Diagram 

As mentioned in section 6.2, the modal analysis was performed first on coarse 

meshes of the stator and rotor blades and then on meshes which were 

progressively made finer. This allowed using a mesh with the lowest number of 

nodes that gave accurate results and consequently not increasing the 

calculation time unnecessarily. Figure 6-7 and Figure 6-8 show the 

convergence of the modal analysis obtained. 
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Figure 6-7: Convergence of modal analysis for rotor 1 

 
Figure 6-8: Convergence of modal analysis for stator 1 
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7. MAPPING OF CFD FORCES ON FE MESH 

The results from the CFD analysis and FE analysis were discussed in the 

previous sections. This section explains the coupling between these two 

analyses done in order to analyze the influence of clocking on the aerodynamic 

forcing of the blades. To do such coupling the software AROMA, developed at 

KTH, was used. 

7.1 CFD Mesh and FE Mesh Matching 

The first step was to overlap the CFD mesh on top of the FE mesh. This was 

done with part of the code in AROMA, which selects 4 points of each mesh and 

matches them by doing translation and rotation operations. 

  
Figure 7-1: Rotor mesh matching 

 
 

Figure 7-2: Stator mesh matching 
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7.2 Projection of CFD Forces on FE Mesh Nodes (Mapping) 

Once the meshes were matched, the forces from the CFD mesh were moved to 

the FE mesh. This was done by placing the force acting on a node of the CFD 

mesh onto the closest node of the FE mesh, for each of the harmonic forces 

considered (EO48 for R1; EO31 and EO62 for S1). Figure 7-3, Figure 7-4 and 

Figure 7-5 show the mapped forces on the pressure side and suction side of the 

blades, for clocking position 0º. The same was done for the other 6 clocking 

positions. 

Pressure Side: 

 

Suction Side: 

 
Figure 7-3: Mapped Forces on R1 FE Mesh 

 

Pressure Side: 

 

Suction Side: 

 
Figure 7-4: Mapped forces on S1 FE mesh for EO31 
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Pressure Side: 

 

Suction Side: 

 
Figure 7-5: Mapped forces on S1 FE mesh for EO62 

Since the FE mesh has more nodes on the blade surface than the CFD mesh 

and since the mapping is carried out by placing the force from one node of the 

CFD mesh on one node of FE mesh, some nodes ended up without forces 

applied on them. This explains the discontinuities in the distribution of the forces 

on the FE mesh. 
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8. RESULTS AND DISCUSSION 

8.1 Generalized Force Calculation 

The generalized force is obtained by multiplying the harmonic forces acting on 

the nodes of the FE mesh by the displacements of those nodes, for the natural 

mode being studied. The harmonic forces have a cosine and a sine component 

which represent the real and imaginary part of the force, respectively. The 

calculation of the generalized forces is done according to the equations in 

section 2.5. 

An adjustment of the value of the generalized force had to be done in order to 

account for the difference between the frequency of the crossing in the 

Campbell Diagram produced at the rotational speed used for the calculation of 

the forces (𝜔𝑜𝑝 = 9600𝑟𝑝𝑚 ∙ 2∙𝜋
60

𝑟𝑎𝑑/𝑠
𝑟𝑝𝑚

= 1005.31 𝑟𝑎𝑑/𝑠) and the actual 

frequencies at which the crossings in the Campbell Diagram occur. The 

magnitude of the generalized force was multiplied by the Frequency Ratio (𝒇𝑹), 
which is: 

𝑓𝑅 = �
𝜔𝑒𝑖𝑔

𝐸𝑂 ∙ 𝜔𝑜𝑝
�
2

 (28) 

The time averaged tangential force was used to normalize the generalized 

force. To perform the time averaging, the mean value of the integrated 

tangential force for the set of solutions used was calculated as follows: 

𝐹𝑡� =
1
𝑛
∙�𝐹𝑡𝑖

𝑛

𝑖=1

 (29) 

The results of the normalized generalized force calculation are discussed in the 

following chapters. 
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8.2 R1 Excitations: 

 

Figure 8-1: R1 Dangerous 

crossings 

As seen from the frequency spectrum in 

section 5.2.2.3, only the first harmonic 

(EO48) was relevant for the R1 excitations. 

Dangerous crossings for this engine order 

were found for modes 14 to 25.  

For these crossings, the normalized 

generalized force was evaluated and the 

results are shown in Figure 8-2, where the 

x-axis has the natural frequencies of 

modes 14 to 25. The order of magnitude 

was 10-5. 

 
Figure 8-2: Generalized force for dangerous modes for R1 

For most of the modes, the magnitude of the generalized force is below 4∙10-4 

and relatively small variations are seen. This does not apply for two modes 

which have higher values of generalized forces and also present greater 

variations. 

In the compressor stage analyzed by Rządkowski and Gnesin (2008), the wake 

interaction caused by different stator clocking positions did not appear to induce 
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any significant changes in rotor generalized forces. In contrast, the rotor 

generalized forces obtained in this work presented significant changes, 

especially for the modes with higher excitations. One reason for this is that the 

force distribution on the rotor blades obtained in this investigation presents 

relatively high amplitudes at zones of the blade which also have high 

displacements for the natural modes presenting crossings in the range of 

rotational speeds of interest. 

The highest amplitude of the generalized force was detected for mode 25, 

which corresponds to 8689 Hz. This mode was considered the critical mode for 

the rotor harmonic excitations and, therefore, it was further analyzed. 

The mode shape corresponding to mode 25 was compared with the mapped 

forces on the blade for every clocking position in order to find an explanation for 

the different values of generalized forces. 

As mentioned by Billiard et al. (2007), fewer losses are generated when a low 

momentum fluid, like a wake, is introduced into a region where the fluid 

momentum is already low, i.e. when impinging on the leading edge of an airfoil. 

For this reason, although the highest values of forces appear at the leading 

edge, the zones that were checked in detail were the suction side and pressure 

side of the blade. 

The zone with the highest variations in force amplitude which also affects a 

sensible zone of the mode shape is highlighted with a red circle on the pressure 

side of the mode shape, as shown in Figure 8-3. 
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Mode Shape of Mode 
25 Mapped Forces 

 

0º 

 

1.25º 

 

2.5º 

 

3.75º 

 

5º 

 

6.25º 

 

Figure 8-3: Mode shape vs mapped forces – R1 blade 

Comparing the mapped forces for each clocking position it can be seen that 

position 6.25º presents a lower magnitude of forcing in this zone and that 

position 2.5º a higher magnitude. This explains the results obtained for the 

generalized force. 

To quantify the possibility of reducing the forcing on the rotor, the trend of the 

generalized force with the clocking position was calculated for the two most 

critical modes (25 and 20). A sinusoidal trend of the generalized force when 

changing the clocking angle was found. The value for clocking position 0º and 

7.5º is not exactly the same; however, the difference is very small and the 

results can be considered circumferentially periodic. Comparing the maximum 

and minimum forcing, a reduction of 56% is possible if clocking position 6.25º is 

chosen instead of clocking position 2.5º, as shown in Figure 8-4. 



MSc Thesis / Daniel Villanueva 

 85 

 
Figure 8-4: Reduction in R1 forcing 

 
8.3 S1 Excitations: 

 

Figure 8-5: S1 Dangerous crossings 

As seen from the frequency spectrum 

in section 5.2.2.3, the first and second 

harmonics (EO31 and EO62) were 

relevant for the S1 excitations. 

Dangerous crossings for EO31 were 

found for modes 4 and 5 and for EO62 

modes 8 to 14. 

The two harmonic excitations were 

analyzed separately and then 

compared between them to find the 

critical modes. 

- First harmonic excitation (EO31) 

The natural frequencies of modes 4 and 5 were 3516 Hz and 5116 Hz, 

respectively. The results for the normalized generalized forces for these 

modes are shown in Figure 8-6. 
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Figure 8-6: Generalized force for dangerous modes for S1 – EO31 

Mode 5 presented, in average, higher forcing than mode 4. The clocking 

positions that present higher excitations are 2.5º and 3.75º and the 

minimum excitations correspond to clocking positions 6.25º; 1.25º and 0º 

(7.5º).  

A trend can be observed: the middle clocking positions produce higher 

excitations than the outer clocking positions. 

- Second harmonic excitation (EO62) 

The results for the normalized generalized forces for modes 8 to 14 are 

shown in Figure 8-7. 
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Figure 8-7: Generalized force for dangerous modes for S1 – EO62 

For this EO, the critical mode is mode 13 which corresponds to a 

frequency of 9987 Hz. For this critical mode, the best clocking position is 

6.25º and the worst is 2.5º. 

The same order of magnitude of the normalized generalized force was obtained 

for both harmonics, which was 10-4. However, for the first harmonic the values 

were twice as big as for the second harmonic. This can be seen in Figure 8-8, 

where both harmonic excitations are shown. 

 
Figure 8-8: Generalized force for dangerous modes for S1 
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After comparing the results for both harmonics, the two modes excited by the 

first harmonic were considered the critical modes for the stator. These two 

modes were further analyzed. 

The mode shape of modes 4 and 5, were compared with the mapped forces of 

the first harmonic of the stator, as shown in Figure 8-9. As in the analysis for the 

rotor excitations, the zones that were checked were the suction side and 

pressure side of the blade. The highest loadings were found on zones where 

the displacements were not high; therefore the difference is thought to be due to 

variations at zones with lower loadings. A zone with relatively high amplitude of 

forces was detected near a sensible zone of each of the 2 mode shapes 

analyzed. These zones are highlighted with a red circle on the corresponding 

mode shape. Very small differences between the mapped forces for each 

clocking positions were seen.  
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Mode Shape of Mode 4 Mode Shape of Mode 5 

  

Mapped Forces 
0º 

 

1.25º 

 

2.5º 

 

3.75º 

 

5º 

 

6.25º 

 

Figure 8-9: Mode shape vs mapped forces – S1 blade 
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In order to quantify the possibility of reducing the forcing on the stator, the trend 

of the normalized generalized force with the clocking position was calculated for 

the two critical modes (4 and 5). As for the rotor, a sinusoidal trend was also 

found for the stator, as shown in Figure 8-10. As for the rotor, the values for 

clocking positions 0º and 7.5º are very similar and, therefore, the results 

periodic. 

 
Figure 8-10: Reduction in S1 forcing 

A reduction of 27% of the generalized force is possible if clocking position 7.5º 

(0º) is chosen instead of clocking position 3.75º. Gadea et al. (2004) found that 

clocking the vanes could attenuate the unsteady forces by 17%. Comparing this 

magnitude with the results from this investigation, a reduction of 27% of the 

generalized force is a significant value. 
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8.4 Overall Best Clocking Position 

In order to find the best clocking position, the results for the critical modes of R1 

and S1 excitations were compared. For the rotor the best clocking position was 

6.25º and the worst 2.5º. For the stator the best clocking position was also 6.25º 

and the worst 3.75º. 

The generalized forces obtained for the critical modes of R1 were of the order of 

magnitude of 10-5 and for S1 of 10-4. However, it cannot be stated that the 

critical modes of the stator are more dangerous than those of the rotor, since 

the rotor has an additional static loading due to the centrifugal force. This 

additional static loading reduces the margin of the fluctuating loading which 

would still maintain the stresses of the blade inside the safe zone of the Haigh 

diagram (see section 2.6). After this consideration, the critical modes of rotor 

and stator were considered equally important when evaluating the 

dangerousness of the excitation of the modes. 

The order of preferred clocking positions for R1 and S1 is shown in Table 12, 

where the top positions are preferred over the bottom positions. Comparing the 

best and worst clocking positions for stator and rotor excitations, it can be 

deduced that clocking position 6.25º (in green) presents the best behavior and 

2.5º (in red) the worst, although not far from 3.75º, so it would be convenient to 

avoid both configurations. 

Rotor Stator 

6.25º 6.25º 

5º 0º 

0º 1.25º 

3.75º 5º 

1.25º 2.5º 

2.5º 3.75º 

Table 12: Preferred clocking position for rotor and stator 
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From a blade excitation point of view, the proposed clocking position after this 

investigation is the one corresponding to 6.25º of rotation of the IGV. According 

to Marconcini and Pacciani (2003), benefits in terms of reduced blade 

excitations have been found to be associated to maximum efficiency 

configurations. Therefore, it is expected that the configuration of clocking 

position 6.25º would also provide a higher aerodynamic efficiency than the other 

configurations, although it would have to be further analyzed. 

An optimal clocking position is proposed for the compressor analyzed in this 

project. However, the non-linear variation of the forcing with the clocking angle 

together with the different trends of the generalized force for the different modes 

excited makes it impossible to establish a general relation between clocking and 

mode excitation. The generalized forces are not predictable for other 

geometries and working conditions and, therefore, other cases would need new 

simulations to analyze the level of excitation of the blade natural modes. 
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9. CONCLUSIONS 

This thesis aimed at analyzing the influence of clocking on the aerodynamic 

forcing of 1.5 stages of a transonic compressor. CFD simulations were run for 7 

equally spaced clocking positions that covered a circumferential pitch of 7.5º 

and the distributed forces acting on the blade surface were obtained for each 

case. In parallel, an FE analysis was done to obtain the mode shapes of the 

dangerous modes. These two results were coupled in order to obtain the 

generalized force, which was the parameter used for comparing the excitation 

level of the dangerous modes. 

From the CFD steady state simulation of the whole compressor (2.5 stages), 

the transonic behavior of the machine was verified. The rotor blades of both 

stages presented a Mach Number distribution with values below, at and above 

1. 

A Fourier analysis of the fluctuating component of the periodic forces acting on 

the blade allowed the detection of the most important harmonic excitations. For 

the rotor blade, only the first harmonic excitations were significant while for the 

stator blade it was the first and second harmonics which presented important 

contributions. 

After the modal analysis, the dangerous modes excited by the harmonic forces 

were identified in a Campbell diagram. For the rotor blade, the modes of interest 

were modes 14 to 25 which had natural frequencies in the range of 4800 and 

8690 Hz. For the stator blade, the first harmonic excitation produced dangerous 

crossings for modes 4 and 5 at 3516 Hz and 5116 Hz respectively; and the 

second harmonic for modes 8 to 14, with natural frequencies from 7300 to 

10800 Hz. 

The critical modes were further studied by comparing the mode shapes with the 

forces acting on the blade surface. The highest forcing was not found in the 

most sensible zones of the blades, yet small variations affecting less sensible 

zones were detected. 
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The generalized forces for the critical modes were plotted against the clocking 

angle. Circumferential periodicity was proven by checking that the value for 

clocking position 0º was the same as for 7.5º. Also, a sinusoidal trend with the 

clocking angle was found for all the modes. However, the position of the 

maximum followed different trends for different modes and, hence, it was not 

possible to establish a general relation between clocking and generalized force 

which permitted the prediction of the minimum excitation level of the most 

critical mode. The latter makes it impossible to extrapolate the results of this 

project to other cases with different geometries and working conditions. In those 

cases new simulations would be needed. 

Although the rotor presented lower excitations due to fluctuating forces, it has a 

higher static loading due to centrifugal effects and consequently smaller 

margins for fluctuating loadings. For this reason, rotor and stator excitations 

were considered equally important when determining the clocking position 

which would produce the lowest excitation. 

To quantify the reduction of excitation level that could be achieved with the 

clocking method, the clocking positions with highest and lowest generalized 

force were compared for the critical modes. For the rotor, a maximum reduction 

of 56% can be achieved if clocking position 6.25º is chosen instead of clocking 

position 2.5º. For the stator, a maximum reduction of generalized force of 27% 

is possible if clocking position 7.5º (0º) is chosen instead of clocking position 

3.75º. 

From a blade excitation point of view, the proposed clocking position after this 

investigation corresponds to 6.25º of rotation of the IGV, since the lowest 

generalized forces of the critical modes of R1 and S1 were obtained for this 

clocking angle. 
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10. FUTURE WORK 

Evaluate the risk of HCF in a Haigh Diagram 

The generalized force was used as a parameter to quantify the excitation of the 

entire blade. To evaluate the risk of HCF, the node of the blade with maximum 

stress should be identified and the static and fluctuating stresses acting on this 

zone plotted in a Haigh Diagram. By doing this, a security factor can be 

calculated in order to determine the risk of failure. 

Analyze the efficiency variation with the clocking position. 

As mentioned by Park, Choi and Baek (2006), a relative efficiency benefit can 

be obtained depending on the clocking position. This analysis is proposed as 

future work in order to evaluate the influence of the clocking angle in the 

performance of the compressor. 

According to Gadea et al. (2004), the optimum clocking for aerodynamics 

(losses) is not always the optimum clocking for minimum unsteady force. 

Therefore, the clocking position of 6.25º which presented the minimum 

unsteady forces cannot be proposed as the one with highest aerodynamic 

efficiency without a deeper analysis. 

Study the influence of clocking at different span positions 

Gadea et al. (2004) found that maximum benefits of clocking can only be 

reached by optimizing the stator/stator interaction in 3D. Moreover, Park, Choi 

and Baek (2006) found that the variation of local efficiency at the mid-span does 

not coincide with that of overall efficiency and that the relative efficiency benefit 

depending on the clocking position is obtained near the hub and casing. This 

encourages a different study of the blade excitation at different span positions. 

Study influence of structural and aerodynamic damping 

In the present study, no damping was considered. For more accurate results, 

the influence of structural and aerodynamic damping should be considered in 
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order to represent the real phenomena that appear in the interaction between 

blade and fluid. 

Combine results from different geometrical methods 

Different parameters such as the axial gap or blade count ratio (among others) 

influence on the excitation of the blade modes. The influence of changing these 

parameters cannot be superposed in a linear way with the results obtained for 

the clocking method. 

For the configuration studied by Marconcini and Pacciani (2003), efficiency gain 

contributions by axial gap optimization and clocking were found to be 

comparable. Additionally, Li and He (2003) found that, for a given design, if the 

stator-stator blade counts lead to a significantly aperiodic forcing variation, a 

clocking-forcing analysis should be used to identify the aeromechanically most 

vulnerable blade. 

This suggests that a complete analysis considering the interaction of these 

parameters (and others) is necessary if a global optimum of the forced 

response of the compressor is aimed at.  
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12. APPENDIX  

Appendix A: Force Convergence - Maximum Errors (x10-3) 

  Clocking Position  
  0º 1.25º 2.5º 3.75º 5º 6.25º 7.5º 

Forces 
on R1 
scaled 
blades 

Fx_blade1 
Fr_blade1 
Ftheta_blade1 
Fx_blade2 
Fr_blade2 
Ftheta_blade2 

0.779 
0.505 
0.535 
0.766 
0.438 
0.535 

0.897 
0.249 
0.715 
0.898 
0.220 
0.715 

0.002 
0.084 
0.223 
0.145 
0.308 
0.223 

0.080 
0.398 
0.214 
0.063 
0.136 
0.214 

0.773 
0.283 
0.838 
0.726 
0.278 
0.838 

0.774 
0.418 
0.974 
0.761 
0.313 
0.974 

0.736 
0.340 
0.980 
0.871 
0.311 
0.980 

Forces 
on S1 
scaled 
blades 

Fx_blade1 
Fr_blade1 
Ftheta_blade1 
Fx_blade2 
Fr_blade2 
Ftheta_blade2 
Fx_blade3 
Fr_blade3 
Ftheta_blade3 

0.779 
0.505 
0.584 
0.766 
0.438 
0.535 
0.100 
0.469 
0.892 

0.897 
0.249 
0.884 
0.898 
0.220 
0.715 
0.613 
0.486 
0.528 

0.002 
0.084 
0.753 
0.145 
0.308 
0.223 
0.061 
0.405 
0.531 

0.080 
0.398 
0.101 
0.063 
0.136 
0.214 
0.204 
0.629 
0.954 

0.773 
0.283 
0.929 
0.726 
0.278 
0.838 
0.805 
0.375 
0.962 

0.774 
0.418 
0.961 
0.761 
0.313 
0.974 
0.490 
0.334 
0.806 

0.736 
0.340 
0.918 
0.871 
0.311 
0.980 
0.494 
0.509 
0.362 
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Appendix B: Natural Modes 

Mode 

number 

Rotor natural 

frequencies [Hz] 

Stator natural 

frequencies [Hz] 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

178 
732 
1029 
1652 
1838 
2261 
2628 
3011 
3306 
3455 
3761 
4355 
4533 
4801 
5142 
5826 
6093 
6136 
6354 
6865 
7681 
7715 
7923 
8172 
8689 
8847 
8972 
9358 
9646 
9787 
10273 
10517 
10940 
11271 
11589 
11973 
12079 
12579 
13078 
13419 

1327 
1660 
3045 
3516 
5116 
5623 
6034 
7303 
7697 
8083 
8637 
9637 
9987 
10804 
11570 
12465 
12824 
13700 
13775 
15491 
15811 
16471 
16945 
17401 
18039 
18118 
18771 
19027 
20400 
21077 
21397 
21677 
22664 
23987 
24145 
25308 
26421 
26652 
26794 
27795 
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