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Abstract 

A detailed research investigation of the complex aeromechanical phenomena in a 

multi-stage turbomachinery was conducted. As a major component of the inter-

disciplinary design, this aeromechanical study demonstrates the interaction of the fluid 

and structure within turbomachines. The non-uniformity or the unsteadiness of the flow 

interacts with the blades, causing vibrations at possibly high amplitudes. As the integrity 

of the machine is at stake when vibrations are at presence, it is critical to understand the 

mechanism of aeromechanics behaviors of a turbomachine.   

The research is conducted with computational methods on the Purdue 3.5-stage 

Compressor test facility .  Computational predictions are compared against experimental 

aerodynamic data and vibratory response measurement data to help understand the 

fluid/structure interaction and the key drivers influencing the forced response. Both 

frequency-domain and time-domain computational methods are used.  

The first part of this study addresses the interaction of forced response and flutter. 

A quasi-3D stator-rotor configuration and a frequency domain tool are selected for this 

study, with the mechanism and processes explained in detail. An influence from flutter to 

forced response is discovered: a one-way crosstalk at the forced response frequency is 

observed, presented as a shedding anomaly of unsteady velocity and unsteady pressure 

near the rear section of rotor blades and in the rotor wake region. The anomaly is 
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speculated as the presence of increasing intensity of shedding vortices induced by the 

vibration of the blade. To further test the impact of this viscous effect, a numerical 

experiment is performed with inviscid rotor blades. In contrast to the crosstalk at forced 

response frequency, no obvious influence on the unsteady behavior is detected at the 

flutter frequency, and this observation is confirmed at multiple vibration amplitudes. 

Considering the relationship between unsteady pressure at flutter frequency and 

aerodynamic damping, we conclude the influence of forced response on the aerodynamic 

damping is negligible. In addition, a linearity of unsteady pressure at the flutter frequency 

vs. vibration amplitude is uncovered. 

The second part demonstrates the influence of the spurious of wave reflections 

when having reflecting boundary conditions at the mesh inlet and outlet, and the impact 

of including the wake from the non-adjacent stator row.  This is primarily applicable to 

time domain methods without non-reflecting boundary conditions.  The aim is to provide 

an accurate prediction of forced response with the least computational effort. Previous 

research indicates that by using a computation domain of 3 rows, i.e. a stator-rotor-stator 

(S1-R2-S2) configuration, the forcing function was over-predicted by 80%. To address this 

over-prediction investigations of boundary conditions and a study with additional rows 

are conducted. The influence of reflecting boundary conditions on the blade modal force 

is studied by preventing wave reflection with mesh axial length treatments. Additionally, 

a 5-row simulation is studied to take an extra source of excitation force, the IGV row with 
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the same blade count as the other stators, into consideration. Three conclusions are drawn 

from this study: 1) spurious boundary reflection has a significant influence on unsteady 

simulation and the modal force, thus should be avoided by using mesh treatment at both 

up- and down-stream; 2) the upstream IGV wake mildly contributes to the forcing 

function; 3) the clocking feature of IGV, S1, and S2 renders the excitation energy 

transferred from 1st harmonic to higher harmonics.  

The third part of the study examines the physical wave reflections from blade rows 

in the compressor. Different from the spurious waves addressed previously, physical 

wave reflection should be included in the simulation. When waves propagate through the 

compressor, the blade rows serve as “impedance walls” with partial admission and will 

reflect waves. Those physical reflecting waves interact with the direct excitations and 

influences the results. The overall aim is to understand the significance of the physical 

wave reflections, and one important element is to test the necessity of including the rows 

that are not directly contribute to the generation of excitations. By including the 

downstream R3 in a 4-row simulation (S1-R2-S2-R3), results in destructive interference 

that significantly reduces the predictions of the 1T-44EO forcing. The rotor reflection 

contributes to about 30% of resulting modal force. Another element is to test the wave 

reflections from the stators adjacent to the rotor of interest. By modifying the blade counts 

of S1, the forcing generated from up- and downstream of the imbedded rotor are 

separated and studied at the associated frequencies. Stator wave reflections are identified, 
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which can contribute to 30-50% of the forcing function. Three conclusions are drawn from 

this study: 1) For a mistuned forced response, the averaged response should be used for 

as an indicator of the forcing function. 2) The reflecting waves from the downstream rotor 

create a destructive interference with the original excitations and increase the forcing, 

whereas the adjacent up- and downstream stators, both create constructive wave 

reflections. 3) When simulating a blade row sandwiched by two stators it is necessary to 

include both rows in the simulation, even if the blade counts are not the same and produce 

excitations at different frequencies  

This research effort provides a guidance of forced response and flutter modeling, 

and the distilled computation principles can be employed for industrial analysis in 

practice.
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1. Introduction and Outline 

1.1. Background and Motivation 

Turbomachines are widely used in aviation and power generations (Figure 1). The 

development of turbomachinery design technologies is leading towards higher fuel 

efficiency, increasing environment-friendliness and safe operation. In particular, safe 

design requires deeper understanding of the multi-disciplinary design methodology and 

computation principles. 

 

Figure 1. View of the GEnx turbofan jet engine. Turbomachines are extensively 
employed [1]. 

One major inter-disciplinary field is the interaction of the fluid and structure 

within turbomachines. The non-uniformity of the flow leads to unsteady pressure on the 

blades, and causes vibrations of blades. This coupling effect is known as turbomachinery 

aeromechanics. As blades may fail from fatigue (Figure 2) and the integrity of the machine 
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is at stake, it is critical to understand the mechanism of aeromechanics behaviors of a 

machine during the design stage.   

 

 

Figure 2. Failure of compressor blades due to vibrations under stall conditions 
[2]. 

To numerically study the aeromechanical effect in turbomachines, the multi-stage 

computational fluid dynamic methods (CFD) are used to take various disturbances and 

inter-row interactions into consideration. This is important as physically the machine is 

operating as an integrated piece, and the components in the machine and phenomena are 

highly coupled. However, when the complexity of the model increases, the computation 

cost surges drastically.  

Thus, the objective of this research is to uncover the interaction between various 

aeromechanical phenomena and to deepen the understanding of the multi-row 

aeromechanic effects in turbomachines, at an affordable computation cost. 
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1.2. Unsteady Phenomena in Turbomachinery 

Due to the complex design of turbomachines and the interaction of different 

disciplines, the unsteadiness in turbomachine varies from pure chaotic types to the ones 

with high predictability. In general, there are two categories of unsteady phenomena: non-

periodic and periodic, which are shown in Figure 3. The non-periodic unsteadiness could 

happen in a chaotic manner or appear at a transient stage of operations. For example, 

turbulence has been intensively studied and numerous semi-empirical models are 

invented. Transient situations, such as the change of shaft speed or the working 

environment changes, are critical when the whole flight envelope is considered. Those 

non-periodic ones are not studied in this dissertation. 

On the other hand, the periodic unsteadiness can be further categorized as 

synchronized or  non-synchronized, depending on the relationship between the dominant 

frequency of the phenomenon and the shaft speed. When the disturbances are related to 

the interactions between elements in stationary frame of reference and the ones in 

rotational frame the phenomena are highly likely to be synchronized, such as the rotor-

stator interactions and inlet distortions. The frequencies of the vibrations are integer 

multiples of the rotational speed. However, other phenomena, such as flutter and 

shedding vortices, that occur at a frequency uncorrelated to the rotational speed. 
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Figure 3. Classification of the unsteadiness in turbomachines, curtesy of 
Stapelfeldt [3]. 

Synchronized disturbances will be carefully studied in this dissertation to 

demonstrate the relationship between flow unsteadiness and the vibrations of structure. 

Standing in the rotor frame, there are two major flow disturbances: wake and potential 

fields. The sketch of flow unsteadiness is shown in Figure 4. These two disturbances will 

be introduced in detail in the following sections. 
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Figure 4. Sketch of the complex unsteady flow in turbomachines, courtesy of 
CompEdu [4]. 

 

1.2.1. Wakes  

Standing on a bladed row one is interested in, the wakes are generated by 

upstream blades of a rotor or stator, where the boundary layer accumulates on the blade 

due to the viscous effect. Compared with the free stream flow, the flow in the wake is 

characterized by higher entropy, lower total pressure, lower relative velocity and complex 

vortex structure. In particular, a deep V-shape valley can be seen on a typical 

circumferential total pressure plot, and depth and width of the V-shape can change at 

different loading and speed (Figure 5). Due to the nature of impulse shape, the higher 

harmonic components are prominent in the wake pressure profile. When the wake travels 
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downstream, the depth of the valley decreases due to the diffusion effect of the fluid, but 

may still have influence on the flow far downstream of the machine [5].  

 

Figure 5. Sketch of the propagation of wake in a cascade [5]. 

 

1.2.2. Potential field 

Potential field is created by the circulation around the blades, and appears as a 

non-uniform field varying circumferentially. Different from wake, a one-way influence 

merely from upstream to downstream, the influence of potential field can travel from both 

upstream and downstream; additionally, potential field is not caused by viscous effect 

and flow turbulence. Potential field is characterized by circumferential non-uniform static 

pressure, and has a sinusoidal wave pattern with most energy in the first harmonic. 

Both wake and potential field attenuate when travelling within flow field. 

However, the modern turbomachines design follows the trend of reducing the spacing 

between bladed rows, thus the inter-row interactions are increasingly stronger.  



 

7 

As the wake, potential field and free flow pass alternately when the machine 

operates, an alternate pattern of non-uniformity is observed in an adjacent row, which is 

typically in a different frame of reference. This non-uniformity is a major source of 

excitation and leads to aeromechanics phenomenon that will be discussed in next section. 

 

1.2.3. Acoustic waves and reflections 

Unsteady disturbances from difference sources generate acoustic waves, which 

travels back and forth in the flow and solid components of the machines. Compared with 

wake and potential field, acoustic waves and wave reflections have not been emphasized 

as a key excitation source but a sound phenomenon in most studies [6]. This is potentially 

because the sources of acoustic waves and their relative importance vary in different 

machines. In this dissertation, the influence of acoustic waves and the wave reflections are 

studied in detail. 

 

1.3. Turbomachinery Aeromechanics 

Aeromechanics is an inter-disciplinary subject. It is presented as a triangle of forces 

with three types of forces at the vertices and four disciplines presented as the interaction 

of the three, shown in Figure 6. The aerodynamic instability is induced by the interaction 

of inertial forces and aerodynamic forces of the flow; the classic structural vibrations is 

due to the interaction of inertial forces and elastic forces of the blades, and the static 
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aeroelasticity of a subject is caused by the interaction of static aerodynamic forces and the 

elastic forces. Dynamic aeroelasticity, or noted in short as aeroelasticity in most 

circumstances, is concerned with all the three forces and analyses need to be conducted 

to address them simultaneously or sequentially, depending on the aeroelastic approach 

taken.  

 

 

Figure 6. Collar’s triangle of aeroelastic forces (after Bisplinghoff [7]) 

Equation (1) shows the governing equation of the blade dynamics with single 

degree of freedom. The internal characters are described by the left-hand side term, 

representing the inertial term, damping term and elastic term respectively; the external 

force is on the right-hand side, and will be explained in detail in later sections.  
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 𝑚𝑚�̈�𝑥 + 𝑐𝑐�̇�𝑥 + 𝑘𝑘𝑥𝑥 = 𝐹𝐹(𝑡𝑡) (1) 

To study the aeroelastic phenomena of blade vibrations, Campbell diagram is 

widely used as a preliminary tool. A sample Campbell diagram is shown in Figure 7. It 

correlates the rotational speed (shaft speed of the machine) to the natural frequencies of 

the blades. The natural frequency horizontal curves are presented as modes on the 

Campbell diagram, and the tilted straight lines stand for the multiple numbers of 

incidences in one revolution of shaft, or named as engine order (EO) lines. 

There are three major types of dynamic aeroelasticity problems studied in 

turbomachinery: forced response, flutter, and non-synchronized vibrations (NSV). The 

first type is correlated with the rotational speed thus is viewed as a synchronized 

phenomenon, and the letter two are known as non-synchronized phenomena. 

 

Figure 7. Schematic of a Campbell diagram with aeromechanics phenomena 
marked on the plot (after Clark [8]). 
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1.3.1. Forced response 

Forced response refers to the blade resonance event subject to external forces, 

when the excitation frequency coincides with the natural frequency of the bladed disks. 

In our context, we are more interested in the external excitations like the wakes from 

upstream and potential fields from downstream. Consequently, the excitations are 

multiples of the vane passing frequencies, and appears at the crossings of EO lines and 

natural frequencies on the Campbell diagram and are thus scattered points/small regions. 

When resonance occurs, the blades are subject to high amplitude of responses thus can 

lead to high cycle fatigues, and potentially subsequent failure.  

In a multi-row environment, as the numbers of blades in different rows are 

generally different from each other, and the EOs at multiples of blade numbers come into 

play, it is almost impossible to avoid all the crossings in the range of rotational speed the 

turbomachine works. 

Mathematically, the non-homogeneous equation of the system is solved for the 

forced response problem, with a period aerodynamic forcing function on the right-hand 

side of the Equation (1). A particular solution of the system is obtained when solving the 

force response problem.  
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1.3.2. Flutter 

Flutter happens due to the instability of the system. The blades are self-excited 

when the air passes through the blades, even if the air has uniform properties. During 

flutter, the energy is fed to the structure by the fluid which creates a positive feedback 

loop. For turbomachinery blades, flutter normally happens at the natural frequencies of 

the blades. As generally flutter happens when the speed of flow higher than a critical 

speed, and is not correlated with the engine orders, it usually appears as a region on the 

Campbell diagrams along the line of natural modes instead of discreet points. 

Mathematically, by rearranging the terms of Equation (1), an eigenvalue problem 

is solved, and a general solution is obtained. Since the air contributes to a part of the �̇�𝑥 

term, it can be viewed as a damping term named aerodynamic damping. When the 

aerodynamic damping is negative, and the other sources of damping cannot offset it, the 

system is unstable which is subject to flutter. 

There are various causes of flutter due to conditions of the flow at different 

operation points of the turbomachine. In the compressor map in Figure 8, the flutter 

regions are marked, and the flutter boundaries are shown.  
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Figure 8. Different flutter regions on a compressor map [9]. 

 

1.3.3. Non-synchronized vibrations  

Non-synchronized vibration (NSV) is a phenomenon when the vibrations of the 

blades are caused by shedding vortices and flow separations. When the frequency of the 

unsteady flow is close to the natural frequency, the two frequencies will collapse and a 

“lock-in” effect will happen. Whereas outside of the lock-in region, the two frequencies 

stay separated. Figure 9 shows a plot of oscillation amplitude versus Strouhal number, 

and is marked with typical lock-in and unlocked regions. When NSV happens, the 

vibration amplitude is high, and the blades can reach the limit cycle oscillations and 

potentially fail.  
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Figure 9. Lock-in and unlocked regions when NSV is at presence [10]. 

Since the vortex-shedding activities happen most significantly when the angle of 

attach of blades are large, NSV may be coupled with other aerodynamic instabilities 

phenomena in turbomachines, and a common one is stall.  

On the Campbell diagram, NSV also appears as a non-synchronized activity and 

covers a region on the diagram, which is named as “a missing line” at time. 

 

1.4. Outline of the Dissertation 

The dissertation is organized in the flowing order: 

Chapter 2 seeks to explore the interaction of the two dominant aeroelastic 

phenomena, flutter and forced response in a compressor stage. The study is inspired by 

historical experimental data, which indicates potential interactions of the two phenomena. 
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Forced response was observed when the rotating speed was approaching a crossing on 

the Campbell diagram, where flutter appeared to be suppressed. A compressor 

configuration is studied with concurrent forced response and flutter by using the 

Harmonic Balance method. A quasi-3D configuration at the mid-span of one stage of 

Purdue 3.5-stage compressor. This is the first time that the interaction of forced response 

and flutter is studied. In addition, the relationship between vibration amplitude and 

aerodynamic damping is uncovered.  

Chapter 3 demonstrates the tuned 3-D forced response predictions of an imbedded 

rotor in the same configuration. The aim is to provide an accurate prediction of forced 

response with the least computational effort. Previous research indicates that by reducing 

the computation domain from 7-row to a 3-row stator-rotor-stator (S1-R2-S2) 

configuration, the forcing function is over-predicted by 60% compared with experimental 

data. To address this over prediction, an investigation of boundary conditions and a study 

with additional upstream rows are conducted. The influence of reflecting boundary 

conditions on the blade modal force is studied by preventing wave reflection on the inlet 

and outlet. Additionally, a 5-row simulation is studied to take an extra source of excitation 

force, the IGV row with the same blade count as the other stators, into consideration.  

Chapter 4 addresses the physical wave reflections due to the existence of blade 

rows. Though traditional non-reflecting boundary conditions or mesh treatments can 

reduce the reflecting waves in the calculation efficiently, in physics the waves will reflect 
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when interacting with the up- and downstream unstimulated bladed rows and non-

reflecting is still an approximation. Two sets of cases are studied in this chapter to 

understand the physical wave reflections: 1) a 4-row (S1-R2-S2-R3) simulation is 

conducted to test the influence of 1T-44EO wave reflected from R3 back to R2 domain. 2) 

a 3-row (vane count modified S1-R2-S2) simulation and multiple 2-row (S1-R2, R2-S2) 

simulations are conducted to separate the excitations and their respective wave reflections 

at two different frequencies. 

The last chapter summarizes the conclusions in the previous chapters and the 

potential research topics to further explore.  

Two appendices are attached to the dissertation. Appendix A explains a special 

scenario in Chapter 2, when the vane passing frequency and blade vibration frequency 

collapse. Appendix B provides a roadmap of computing and post-processing modal force 

with CFX. 
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2. Concurrent Flutter and Forced Response Study 

Different aeromechanical phenomena were briefly introduced in Chapter 1, and 

the phenomena were addressed separately in most historical studies. In this chapter, a 

study is conducted to understand the potential interactions between two major 

phenomena, flutter and forced response. The content was originally included and 

published in [11]. 

2.1. Background 

Forced response and flutter are two prevalent causes of failure of turbomachinery 

blades and consequently the entire machine [12]. The former phenomenon, forced 

response, occurs due to the unsteadiness of the flow field. The unsteadiness can be 

generated by wakes, distortions, vortices and other complex flow perturbation 

mechanisms within turbomachines introduced in Chapter 1. In particular, when we 

consider compressor blades, the most significant perturbations are typically the wake 

effect from upstream rows and the potential effect from downstream rows. The 

perturbations are considered as excitations, and may cause excessive blade forced 

response and fatigue when the excitation frequency is close to the natural frequency of 

the blade. Thus, excessive forced response occurs at harmonics of the rotating frequency 

(engine order, EO). 
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The latter phenomenon, flutter, occurs when unsteady flow causes negative 

damping and aeroelastic instability. If other positive damping effects are relatively small 

and cannot offset the negative damping caused by flow field, the vibration amplitude will 

likely escalate over a short period of time and cause potential damage. From an energy 

point of view, air flow is doing work to blades and mechanical energy accumulates within 

the blades. Different from forced response, flutter occurs generally at non-integer 

multiples of rotational speed. 

 

Figure 10. A historical Campbell diagram with potential forced response and 
flutter interaction. 

Considering the disparate causes and mechanisms of forced response and flutter, 

researchers studied these two phenomena separately. For flutter, some research simplified 
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the case to a single-row configuration, with focus on the interaction of blades in the same 

row [13] [14] . The influence coefficients and traveling waves were studied to understand 

the mechanism of flutter. For multi-row cases, Buffum studied the inter-stage influences 

on flutter behavior in a three-row configuration, with a conclusion that the adjacent rows 

should not be ignored for computational accuracy of aerodynamic damping [15]. Different 

opinions were shared by some other research groups that a single-row flutter computation 

is sufficient. As opposed to flutter, research studies on forced response focus on the impact 

of modal force and accurate predictions [16]. 

One interesting observation of the experiment result on a historical compressor rig 

draws our attention to the correlation between the two phenomena. As is shown in an 

experimental Campbell diagram in Figure 10, flutter occurs at the second natural 

frequency mode, from 2000-2500 RPM [17]. When the rotational speed increases and 

approaches the frequency of the first mode (~2600 RPM), the 1st flex mode – 3 engine order 

crossing (1F/3EO) experiences a resonance peak due to the forced response and the flutter 

reduces in amplitude. The corresponding region is marked in red dash circle in the figure. 

When further increasing the shaft speed and going beyond the neighborhood of the 

crossing speed (3000-3500 RPM), the second mode flutter relapses. This observation 

indicates a potential requirement of studying the cases with both forced response and 

flutter concurrently instead of the historical approach of separating the two. 
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Very few researchers have explored cases with multiple aeroelastic phenomena 

and excitations. Ekici and Hall studied a single-row inviscid turbine cascade subject to 

multi-excitations at two different frequencies far from each other. A plunging motion and 

a hot streak profile are assigned to the system [18]. They observed non-linearity in 

unsteady aerodynamics when combining the two. However, the viscous and multi-row 

effect were not considered, and the excitation frequencies were highly separated. Agnon 

et al. proposed a simplified model to study multi-frequency problems, with limitations to 

low wave length excitations and dissipative systems [19]. To the best knowledge of the 

author, no study was conducted in the vicinity of a resonance crossing in a multi-stage 

viscous environment. 

 

2.1.1. Research objective 

This interesting observation on the Campbell diagram and the lack of previous 

research inspired us to investigate the potential interaction of the two phenomena in the 

near-crossing region. The focus of this chapter is to explore the unsteady behavior of the 

rotor blade subject to both flutter and forced response.  

Firstly, the time-averaged solution from Harmonic Balance (HB) method is 

compared with time-accurate solutions and experimental data for verification and 

validation. The time-averaged aerodynamics is required to be maintained by comparing 

results from the pure flutter case (without wake excitations), pure forced response case 
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(without blade vibration), and concurrent forced response – flutter case. Various vibration 

amplitude values are assigned to the cases to test the potential linearity of damping.  The 

values are intentionally selected to be high in order to cover the normal operation range. 

Secondly, the unsteady results are investigated at two frequencies, blade vibration 

frequency (BVF) and vane passing frequency (VPF), in cases of pure flutter, pure forced 

response and concurrent cases for further insights. In particular, two key areas in flutter 

and forced response are explored, i.e. the possible change of aerodynamic damping and 

unsteady pressure distribution on the blades at primary frequencies. This concurrent 

forced-response and flutter approach recovers the complex vibration behavior inside 

aircraft engines, and the frequency-based analysis is able to present results associated with 

each excitation. 

 

2.2. Introduction to the Purdue Compressor Test Rig 

In this research, the Purdue 3.5-stage (P3S) compressor configuration is used. The 

P3S compressor represents the rear stages of a modern compressor used in aircraft engines 

or gas turbines. This test rig will be thoroughly investigated in this dissertation. 

A longitudinal cross-section view of the P3S test rig is shown in Figure 11, with 

the blade acronyms and station numbers marked on the top. The air flows in from the left 

and goes out from the right through a channel with constant-radius hub and shroud. All 

three rotor rows are blisks, which are connected with a drum structure. Thus the 
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aerodynamic damping is dominant in this configuration due to the lack of friction 

damping and small structural damping. 

 

Figure 11. Longitudinal view of Purdue 3.5-stage test rig. 

Experimental probes and sensors are installed at different locations of the test rig. 

Total pressure and total temperature probed are mounted at the inlet (Station 0) and exit 

(Station 9) of the rig to measure the inlet and exit flow status, which are also mounted at 

the rest of the stations in particular experiments. A non-intrusive stress measurement 

system (NSMS), or tip-timing system, is mounted at the casing region near R2 to measure 

the vibrations of R2 blades. Casing Kulites are installed at the Rotor 2 casing region to 

capture the pressure data of the leakage flow, with a full coverage from R2 leading edge 

to trailing edge.  

The blade counts in each row are shown in Figure 12. The three rotors, R1, R2 and 

R3 have 36, 33, 30 blades respectively. Three out of four stators, IGV, S1 and S2, have the 

same blade counts, 44; thus, these three stators contribute to the forcing function with the 

same frequency. S3 has 50 blades. Since R2 is embedded by S1 and S2 with the same blade 
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counts, and is subject to the influence of the three rows upstream and three rows 

downstream, it is the focus of this dissertation. 

Additionally, the stator hub clearance is depicted in Figure 12. Knife seals are 

designed on the rotor drum and are used to reduce the leakage flow at the hub clearance. 

Physically, the high-pressure flow leaks to the cavity downstream of the stator, passes 

through the knife seals to the cavity upstream of the stator, and mixes with the main flow. 

However, this leakage flow has a mild influence on the compressor efficiency and flow 

rate, and even smaller influence on the aeroelastic study in this dissertation. Thus, the hub 

clearance and cavity flow are not modeled in our computations. 

 

Figure 12. Schematic of Purdue 3.5-stage compressor rig flow channel. Rotor 2 is 
mounted with NSMS tip timing and aerodynamic probes. 

Campbell diagram of Rotor 2 is shown in Figure 13. As the IGV, S1 and S2 all have 

44 blades, the 44/rev excitation is dominant. In the range of operation speed, the 1st torsion-

44 engine order (1T-44EO) crossing is prominent and is marked in the red circle. The 

average natural frequency of the R2 blades is about 2720 Hz, and at the crossing, the 

compressor is working at 74% corrected speed (3700 RPM). This crossing is extensively 

studied in Chapter 2, 3 and 4.  
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Figure 13.  Campbell diagram of Purdue stator-rotor configuration. The first two 
mode shapes of Rotor 2 blade are plotted. 

 

2.3. Flow Modeling and the CFD Setup 

In this section, the frequency domain computation method used in the chapter is 

introduced to understand the mechanism of the setup of the case.  

 

2.3.1. Governing equations and Harmonic Balance method 

A three-dimensional Reynolds-averaged Navier-Stokes equation with a Spalart-

Allmaras (S-A) turbulence model is employed in this research [20]. The equations in 

Cartesian coordinate are presented as: 
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𝝏𝝏𝑼𝑼
𝝏𝝏𝑡𝑡

+
𝝏𝝏𝑭𝑭
𝝏𝝏𝑥𝑥

+
𝝏𝝏𝑮𝑮
𝝏𝝏𝑦𝑦

+
𝝏𝝏𝑯𝑯
𝝏𝝏𝑧𝑧

= 𝟎𝟎 

Where the vector 𝑼𝑼 is the vector of conservation variables, 𝐹𝐹, 𝐺𝐺 and 𝐻𝐻 are the flux 

vectors. And 𝑼𝑼 has a form of: 

𝑼𝑼 =

⎩
⎪
⎨

⎪
⎧
𝜌𝜌
𝜌𝜌𝑢𝑢
𝜌𝜌𝑣𝑣
𝜌𝜌𝑤𝑤
𝜌𝜌𝐸𝐸
𝜌𝜌𝜈𝜈�⎭
⎪
⎬

⎪
⎫

 

The Harmonic Balance method is a frequency analysis approach with high 

computational efficiency in solving complex flow problem with time periodicity. It was 

introduced by Hall, Thomas [21] and further developed by Ekici and Hall [22]. Variations 

of this method are employed by other researchers [23]. This method has been validated 

against numerous computation and experiment results.  

There are two fundamental frequencies associated with the concurrent forced 

response - flutter problem, and we characterize them as 𝛺𝛺1and 𝛺𝛺2. The unsteady flow 

quantities with Fourier series are presented as: 

𝑼𝑼(𝒕𝒕) = � � 𝐴𝐴𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐[(𝛺𝛺1𝑛𝑛 + 𝛺𝛺2𝑚𝑚)𝑡𝑡]
∞

𝑚𝑚=0

∞

𝑚𝑚=0
+ 𝐵𝐵𝑚𝑚𝑚𝑚 𝑐𝑐𝑠𝑠𝑛𝑛[(𝛺𝛺1𝑛𝑛 +  𝛺𝛺2𝑚𝑚)𝑡𝑡] 

Where 𝐴𝐴𝑚𝑚𝑚𝑚 and 𝐵𝐵𝑚𝑚𝑚𝑚 are known as the Fourier coefficients. 

Though 𝑚𝑚 and 𝑛𝑛 can take infinite number of integer values, in practice we only 

need a few to obtain the information of the unsteady solution as the contribution from 
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higher frequency components to the fundamental frequency may not be of interest, thus 

the Fourier series can be truncated to:  

𝑼𝑼(𝒕𝒕) = 𝐴𝐴0 + � [ 𝐴𝐴𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝑘𝑘𝑡𝑡) +  𝐵𝐵𝑘𝑘 𝑐𝑐𝑠𝑠𝑛𝑛(𝜔𝜔𝑘𝑘𝑡𝑡)]
𝑁𝑁

𝑘𝑘=1
  

where 𝑘𝑘 is the index of spinning modes, or Tyler-Sofrin modes [25] , and 𝜔𝜔𝑘𝑘 is the 

frequency associated with the 𝑘𝑘th mode. 

To calculate the coefficients, pseudo-time marching is conducted at sub-time 

levels, with solutions stored as 

𝑼𝑼∗ =

⎩
⎪
⎨

⎪
⎧

𝑼𝑼𝟏𝟏
𝑼𝑼𝟐𝟐
𝑼𝑼𝟑𝟑
𝑼𝑼𝟒𝟒
⋮

𝑼𝑼𝟐𝟐𝟐𝟐+𝟏𝟏 ⎭
⎪
⎬

⎪
⎫

 

If we denote the vector of Fourier coefficients as 

𝑼𝑼� =

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑨𝑨𝟎𝟎
𝑨𝑨𝟏𝟏
⋮
𝑨𝑨𝟐𝟐
𝑩𝑩𝟏𝟏
⋮
𝑩𝑩𝟐𝟐 ⎭

⎪⎪
⎬

⎪⎪
⎫

 

Then we have the relationship of 𝑼𝑼∗and 𝑼𝑼� : 

𝑼𝑼� = 𝑬𝑬−𝟏𝟏𝑼𝑼∗,𝑼𝑼∗ = 𝑬𝑬𝑼𝑼�  

where 𝑬𝑬 is the inverse Fourier Transform matrix. In explicit form, the equation is 

written as  
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⎩
⎪
⎨

⎪
⎧

𝑼𝑼𝟏𝟏
𝑼𝑼𝟐𝟐
𝑼𝑼𝟑𝟑
𝑼𝑼𝟒𝟒
⋮

𝑼𝑼𝟐𝟐𝟐𝟐+𝟏𝟏 ⎭
⎪
⎬

⎪
⎫

=

⎣
⎢
⎢
⎢
⎡
1 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔1𝑡𝑡1 ⋯ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔𝑘𝑘𝑡𝑡1 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔1𝑡𝑡1 ⋯ 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔𝑘𝑘𝑡𝑡1
1 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔1𝑡𝑡2 ⋯ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔𝑘𝑘𝑡𝑡2 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔1𝑡𝑡2 ⋯ 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔𝑘𝑘𝑡𝑡2
1 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔1𝑡𝑡3 ⋯ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔𝑘𝑘𝑡𝑡3 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔1𝑡𝑡3 ⋯ 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔𝑘𝑘𝑡𝑡3
⋮
1 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔1𝑡𝑡2𝑘𝑘+1 ⋯ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜔𝜔𝑘𝑘𝑡𝑡2𝑘𝑘+1 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔1𝑡𝑡2𝑘𝑘+1 ⋯ 𝑐𝑐𝑠𝑠𝑛𝑛 𝜔𝜔𝑘𝑘𝑡𝑡2𝑘𝑘+1⎦

⎥
⎥
⎥
⎤

×

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑨𝑨𝟎𝟎
𝑨𝑨𝟏𝟏
⋮
𝑨𝑨𝟐𝟐
𝑩𝑩𝟏𝟏
⋮
𝑩𝑩𝟐𝟐 ⎭

⎪⎪
⎬

⎪⎪
⎫

 

Additionally, non-reflecting boundary conditions are applied at inlet and exit to 

prevent spurious reflections of outgoing waves [26]. 

2.3.2. Analysis of a case with multiple excitation source 

To setup the multi-excitation case, there are two potential approaches to address 

the associated frequencies: 1) setting the blade vibrating frequency identical to the vane 

passing frequency; 2) setting the blade vibrating frequency close to yet different from the 

vane passing frequency. Both scenarios are worth studying as both the cases show non-

linearity in the historical Campbell diagram in Figure 10.  

However, though the single frequency case is interesting and seemingly less 

complicated to study, the nature of the Harmonic Balance method only permits the second 

scenario. Detailed explanation can be found in Appendix A. Thus, in this dissertation, we 

only consider scenario 2 as our concurrent forced response - flutter case. 

Even though we did not conduct research in scenario 1, a conceptual comparison 

of the two scenarios are worth sharing to inspire related research and are listed as follows: 

1) Exciation frequencies. In scenario 1, only one single frequency, the fundamental 

BPF/VPF and its harmonics are expected. In scenario 2, however, there is a shift between 

the excitation frequency and the vibration frequency, thus the complete period, or one 
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beat, becomes the least multiple of the two fundamental periods, if no other frequencies 

come into play. 2) Phase of excitations. In scenario 1, it should be noted that the phase 

between the prescribed motion and passing wake needs to be assigned before the 

simulation, since not all phase values are physical. In contrast, in scenario 2 the phase 

between the two is not necessarily considered because the frequencies differ.  

An important concept associated with the Harmonic Balance method is spinning 

mode [27]. Spinning modes are commonly presented in mode tables, and a typical one is 

presented in Table 1. Consider a case with vane passing frequency  𝛺𝛺v , and a blade 

vibration frequency 𝛺𝛺b. The first column in mode table, 𝑘𝑘, is the index of the mode number. 

The second column with indices of frequencies in stator, rotor and flutter pattern are 

denoted as (𝑚𝑚,𝑛𝑛, 𝑙𝑙) in the mode table. With the choice of the combination of the indices, 

we are able to identify the primary and secondary dominant frequencies. When there is a 

“0” in a specific index of a certain mode, it means the frequency associated with the 

perturbation (blade passing, vane passing or blade vibration) is not included in the mode. 

For example, mode (0, 0, 0) means the time-averaged solution, as no perturbation is 

included in this mode. In addition, it is also considered as a fundamental mode thus 

should be included in all unsteady simulations. Further explanation of spinning modes 

can be found in reference [28]. 

The concurrent forced response - flutter case is more complicated. A typical mode 

table with 9 spinning modes is shown in Table 1. Column 𝑛𝑛 is always kept 0 as our focus 
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is the rotor blade row, thus the acoustic modes traveling from the rotor and receiving by 

the stator are of less importance; and this simplification helps to reduce computation 

efforts. Only ωr, frequencies associated with the rotor row is presented in the table for the 

same reason. The column 𝜎𝜎𝑘𝑘 is the resulting inter-blade phase angle associated with 𝑘𝑘th 

mode. This mode table is optimized to have a good balance between computational 

speed/resource and accuracy. A comparison in computation cost of the Harmonic Balance 

method and time-accurate method is presented at the end of this chapter. 

For the blade vibration associated modes (flutter modes), the de-coupled flutter 

method is used. The motion of the blades is prescribed at a given frequency, defined in a 

blade movement. This motion is tied to the mode shape computed from a finite element 

analysis. The visualization of the mode shape is shown in Figure 14. 

Table 1. Spinning mode table of a typical 2-row concurrent forced response - 
flutter case. 

𝟐𝟐 (𝒎𝒎,𝒏𝒏, 𝒍𝒍) 𝛚𝛚𝐫𝐫 𝝈𝝈𝟐𝟐 
1 (-1, 0, -1) −Ωv − Ωb −𝜎𝜎𝑣𝑣 − 𝜎𝜎𝑏𝑏 
2 (0, 0, -1) −Ωb −𝜎𝜎𝑏𝑏 
3 (1, 0, -1) Ωv − Ωb 𝜎𝜎𝑣𝑣 − 𝜎𝜎𝑏𝑏 
4 (-1, 0, 0) −Ωv −𝜎𝜎𝑣𝑣 
5 (0, 0, 0) 0 0 
6 (1, 0, 0) Ωv 𝜎𝜎𝑣𝑣 
7 (-1, 0, 1) −Ωv + Ωb −𝜎𝜎𝑣𝑣 + 𝜎𝜎𝑏𝑏 
8 (0, 0, 1) Ωb 𝜎𝜎𝑏𝑏 
9 (1, 0, 1) Ωv + Ωb 𝜎𝜎𝑣𝑣 + 𝜎𝜎𝑏𝑏 
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Figure 14. Visualization of the Rotor 1T mode shape. The deformed blade is in 
red mesh, and the undeformed mesh is in blue. After [29]. 

 

2.3.3. Setup of concurrent forced response - flutter problem 

In this chapter, the aeroelastic behavior of a second stage rotor in a 7-row subsonic 

compressor configuration has been studied. In particular, the second stage rotor and stator 

has been experimentally studied by Key et al. with nonintrusive stress measurement 

system (NSMS) at the casing and pressure probes placed in the wake region. 

To setup the multi-excitation case, we consider a quasi-three-dimensional (Q3D) 

configuration with two rows (rotor/stator). The external excitation of the 33 rotor blades 

is generated by the wake of the 44 upstream vanes. The simulations are conducted in the 

vicinity of the first torsioin-44 engine order crossing (1T-44EO) on the Campbell diagram, 

as is shown in Figure 13. Quasi-three-dimensional simulations are conducted at the 50% 

span of the channel for both stator and rotor blades.  

Deformed mesh 

 

Undeformed mesh 
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The mesh of the computation domain is presented in Figure 15. We use an H-O-H 

mesh containing about 30 thousand grid points for each row. The Harmonic Balance 

method only requires a single passage of each row for calculation, thus computationally 

reduces the cost. Though the detailed work is not shown in this dissertation, a mesh 

independence study was conducted by Besem et al on the same configuration [29].The 

pitching center of the 1st torsion mode is at 43% of the cord, with deformation of the mesh 

decreasing from maximum value on the blade to 0 at the boundary of the domain.  

 

 

Figure 15.  The 2-row stator-rotor computational domain with H-O-H mesh. 
Inflow from the left boundary. 
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2.4. Results 

 

2.4.1. Time-averaged results 

The time-averaged surface pressure distributions on rotor blades are plotted in 

Figure 16. Results from pure steady case, pure flutter case, pure forced response case and 

cases with various vibration amplitude values under two excitations are presented. The 

vibration amplitude of the torsion mode renders displacement at leading edge, and the 

displacement varies from 1.5% to 6% of the chord, or 1.7 to 6.8 torsional degrees. The case 

with amplitude 1.7 is set as the benchmark and denoted as Amp1, thus the rest cases are 

denoted as Amp2 to Amp4 respectively, indicating the ratio of the vibration amplitude to 

the benchmark amplitude. Only Amp1 and Amp4 blade loadings are presented in the plot 

for demonstration, though the rest two, Amp2 and Amp3, are examined and have almost 

identical shape with Amp4. For all the simulations conducted, the pressure distributions 

normalized by vibration amplitude ratios are observed to have negligible differences, 

confirming that the steady aerodynamics is maintained for the analysis.  
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Figure 16.  Time-averaged pressure distribution on the rotor blades of steady, 
flutter, forced response cases and cases with concurrent forced response and 
flutter. 

To study the behavior of the rotor blades in the vicinity of the crossing, cases are 

selected to have either the vibration frequency, or the excitation frequency shifted to 

slightly above or below the frequency at the crossing (2713 Hz). Indicated by the similarity 

of steady pressure distribution, the case with BVF shifted up ~1% from crossing is used as 

the forced-response flutter condition in this dissertation. Cases with 2%, 3% and 5% of 

frequency differences are also tested and no substantial discrepancy is seen. 
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Figure 17.  Circumferentially normalized total pressure at the exit of stator. 

Additionally, the solutions are compared with a time-accurate method (Ansys 

CFX) and experimental data for verification and validation purposes. There is negligible 

difference between Ansys CFX and Harmonic Balance method regarding the steady 

aerodynamics, shown in Figure 17. In Figure 17, the normalized total pressure in one vane 

passage is shown, both from experiment and computation [31]. The wake profiles 

computed by the HB solver and captured by traverse probes in the experiment are of 

similar pattern. The prediction matches well with the experiment data in terms of the 

depth and width of the valley. As the wake profile is a major source of upstream unsteady 

perturbation, the numerical results present good agreement with experiment in terms of 

external forcing functions [32].  
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2.4.2. Unsteady result at blade vibration frequency 

In current and following sections, the results are presented at one specific 

frequency because each frequency is associated with one perturbation. In particular, this 

section presents result at the blade vibration frequency (BVF).  

To select the adequate number of spinning modes, a mode convergence study has 

been conducted. Though the work is not shown in the dissertation, unsteady simulations 

with 9, 27 and 45 spinning modes have been tested. The agreement on the component of 

fundamental frequencies proves that with 9 modes the solution is sufficiently accurate, 

and the computation cost is lowest.  

First, the concurrent forced response - flutter case is considered. The real and 

imaginary part of the first harmonic of the unsteady pressure field for -11 nodal diameter 

(ND) component associated with the BVF is shown in Figure 18. -11ND is considered as 

there are 44 vane blades and 33 rotor blades, thus will generate a dominant -11 ND (33 - 

44 = -11) pattern. This -11ND is also recognized to be prominent in previous research [29]. 

Notice that the unsteadiness is generated near the blade and propagates to the fluid 

domain. Thus the amplitude of unsteady pressure is high on the blade, and deteriorate in 

the free stream, as is shown in Figure 19. The pressure side and suction side of the blade 

are experiencing a similar level of unsteady pressure, but with phase shift due to the 

pitching motion of the blades.  
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Figure 18. Comparison of normalized unsteady pressure at BVF on rotor blades 
vibrating at different amplitude values. real part on the left and imaginary part 
on the right. 

 
Figure 19.  Rotor unsteady pressure at BVF for cases with torsional vibration 
amplitude of 3.4 degree, real part. 
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Next, the case with pure flutter, or the case with pure rotor blade vibrations, is 

considered. A typical mode table to address flutter phenomenon is presented in Table 2. 

For the pure flutter case, only 3 spinning modes (one frequency in rotor) are considered, 

much less compared with 9 spinning modes (4 frequencies in rotor and 1 frequency in 

stator) in forced response-flutter cases. The result of the pure flutter case is also shown in 

Figure 18. It is noticed that for both types of cases, the unsteady pressure distributions on 

the blades associated with the vibration frequency are very similar. Same observation is 

obtained in results at other inter-blade phase angles, with detailed comparison omitted. 

The results indicate that there is no prominent cross-talk effect from external excitations 

present at BVF, though the two frequencies are close.  

Table 2. Spinning mode table of a typical 2-row flutter case 

𝟐𝟐 (𝒎𝒎,𝒏𝒏, 𝒍𝒍) 𝛚𝛚𝐫𝐫 𝝈𝝈𝟐𝟐 
1 (0, 0, -1) −Ωb −𝜎𝜎𝑏𝑏 
2 (0, 0, 0) 0 0 
3 (0, 0, 1) Ωb 𝜎𝜎𝑏𝑏 

 

This discovery can be extended to aeromechanical applications. It is known that 

the unsteady pressure associated with BVF is of great importance, because the imaginary 

part of the integration of the unsteady pressure on the blades dotted with mode shape is 

directly interpreted as the aerodynamic damping. The coincidence of unsteady pressure 

distributions presented in Figure 18 indicates that the aerodynamic damping will 
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accordingly be almost identical for multi-excitation cases and single frequency flutter case. 

Thus one may use only a single frequency analysis to compute aerodynamic damping. 

Furthermore, the forced response-flutter cases with different vibration amplitude 

values are considered. This is potentially interesting to test the linearity between 

aerodynamic damping and vibration amplitude. The unsteady pressures on the blades 

normalized by vibration amplitude ratios are presented in Figure 18, computed from the 

cases with combinations of wake and different vibration amplitude values varying from 

1.7 to 6.8 degrees. As one can see, the collapse of normalized amplitude reveals the linear 

relationship between the vibration amplitude and unsteady pressure associated with the 

blade vibration frequency, though the maximum magnitude is relatively large in the set 

of cases. No observation of cross-talk from other frequencies is observed for all case. 

 

2.4.3. Unsteady result at vane passing frequency 

Following the analysis of the previous section, this section focuses on the other 

frequency component of the result, the vane passing frequency (VPF), in this section. 
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Figure 20.  Normalized rotor unsteady pressure at VPF for cases with torsional 
vibration amplitude value of 0, 3.4 and 6.8 degree, real part. 

 

Figure 21.  Normalized rotor unsteady axial velocity at VPF for cases with 
torsional vibration amplitude value of 0, 3.4 and 6.8 degree, real part. 

The unsteady pressure distribution in the flow domain associated with VPF is 

presented in Figure 20. Three cases are selected for demonstration with the torsional 

vibrations of 0, 3.4 and 6.8 degree and denoted as Amp0, Amp2 and Amp4. The Amp0 

case is considered as the pure forced response case with no vibrations. It is observed that 

the wake effect from the stator is captured, as is indicated by the alternating unsteady 
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pattern at the inlet of the rotor domain. It should be noted that this is only the first 

harmonic of the wake. However, when the blade starts to vibrate at a frequency slightly 

different from vane passing frequency (~1% in frequency difference), anomaly shows up 

in the rotor wake region. Furthermore, when vibration amplitude increases, the anomaly 

is intensified in the amplitude and the area of presence. 

To study the potential causes of the anomaly, unsteady axial velocity 𝑉𝑉𝑥𝑥,𝑢𝑢𝑚𝑚𝑢𝑢  is 

plotted in Figure 21. When there is no vibration, it is observed that 𝑉𝑉𝑥𝑥,𝑢𝑢𝑚𝑚𝑢𝑢 is mostly smooth 

and continuous within the domain, with small interruption due to the boundary layer 

effect near the blade. However, when blade vibrations occur, anomaly starts to show up 

at the rear part of the blade and in the wake region. The influenced region increases with 

the increase of vibration amplitude, both on the blade and in the wake. As a hypothesis, 

this phenomenon is attributed to viscous effect, and potentially the appearance of 

shedding vortices. This is because those vortices are mainly generated at the rear part of 

the blade according to this observation, and convect into the wake region. 

To further test the abovementioned hypothesis, a numerical experiment is 

conducted. In this experiment, the boundary condition on the rotor blade is set to be 

inviscid, whereas the rest of the conditions remain unchanged: the fluid is kept viscous 

with N-S equations solved, the vane blades are still viscous with the ability to generate 

wakes, and the blade vibrates at the same amplitude as case Amp2. The experiment is 
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meaningful as the anomaly are generated close to, if not on the blade, and appears to be 

caused by the viscous effect of the blunt body [33]. 

The results in Figure 22 and Figure 23 present the unsteady pressure and the 

unsteady axial velocity of this experiment. Compared with the Amp2 case, the anomaly 

of both pressure and axial velocity disappear. This proves our hypothesis that viscous 

effect is the key factor of the presence of anomaly. 

 

Figure 22.  Normalized unsteady pressure at VPF for cases with inviscid rotor 
blades, real part. The torsional vibration amplitude is set to 3.4 degree (same as 
Amp2). 
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Figure 23.  Normalized unsteady axial velocity at VPF for cases with inviscid 
rotor blades, real part. The torsional vibration amplitude is set to 3.4 degree 
(same as Amp2). 

An investigation on the blades is conducted, and the distribution of the unsteady 

pressure associated with the VPF on the rotor blades is shown in Figure 24. It is observed 

that with low vibration amplitude, the unsteady pressure is changed mildly, whereas 

more volatility is recognized in cases with large amplitudes, particularly at the rear blade 

surface. The region of anomaly expands towards the leading edge, with the starting point 

shifted from 73% chord to 65% chord. This directly leads to differences of modal force 

thus the forced response behavior. 
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Figure 24.  Comparison of unsteady pressure at VPF on rotor blades vibrating 
with torsional amplitude values of 0, 3.4, 6.8 degree. real part on the left and 
imaginary part on the right. 

 

2.4.4. Comparison of computation resource 

In this section, the required computation resource between the frequency-domain 

method and time-domain method is compared in solving a forced response – flutter case. 

The Harmonic Balance method, or frequency domain method in general, is efficient in 

solving turbomachinery aeromechanical problems, thanks to the periodic nature of the 

flow and vibrations in turbomachines. Compared with a traditional time-marching 

method, the frequency domain method saves computing time when there are only a few 

harmonics of the researchers’ interest. Moreover, only one flow passage in each row is 

needed for computation, regardless of the blade counts. 
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Take the concurrent forced response - flutter case as an example. If denote the 

computation cost of simulating 1 stator passage and 1 rotor passage at 1 specific sub-time 

level to be 1-unit cost, then: 1) For the HB method, 1 stator passage and 1 rotor passage, 

and 9 sub-time levels are needed. The sub-time level is calculated from 4 harmonics in 

rotor and 1 harmonic in stator, and it takes 𝟒𝟒 × 𝟐𝟐 + 𝟏𝟏 = 𝟗𝟗 sub-time levels to resolve the 

Fourier coefficients. Thus, the computation cost is 9 units. 2) For a traditional time-

marching method, 4 stator and 3 rotor passages are needed, as a reduced model from 44 

stator and 33 rotor blades. Plus, it takes approximately 60 sub-time levels to resolve the 

problem. Thus, the computation cost is (𝟒𝟒 + 𝟑𝟑) × 𝟔𝟔𝟎𝟎 = 𝟒𝟒𝟐𝟐𝟎𝟎 units. In this simple example, 

we see that the HB method has a significant advantage in saving memory and 

computation time. 

Admittedly, the inevitable downside of frequency domain method is that this 

method needs all frequencies as input for the unsteady calculation. Thus, it cannot address 

problems with unknown frequencies at this moment. 

  



 

44 

3. The Impact of Reflecting Boundary Condition and 
Inter-stage Disturbances on Forced Response  

Key to the study of forced response behavior is to understand external excitations, 

or forcing functions in the equation of motion. In this chapter, several factors influencing 

the prediction and modeling of forcing functions are studied. The content was originally 

included in [30]. 

 

3.1. Introduction 

As for turbomachine blades and disks, the external excitations can be mechanical, 

thermal or aerodynamic. Since the aerodynamic excitation is the most prevalent, it has 

received the maximum attention in past studies. The major causes of aerodynamic 

excitations are blade-row interactions due to viscous and potential effects, shocks, inlet 

distortions etc. Referring to the Equation (1) in Chapter 1, a forcing function can used to 

describe the external excitations, which is on the right-hand side of the equation of motion. 

To determine the aerodynamic forcing function and further model the forced response of 

a compressor, an unsteady simulation is required. This can be done either using a 

frequency domain method or a time domain method. The former was discussed in 

Chapter 2, which was also employed by Schoenenborn et al. to study multi-row forced 

response in [34], [35]. They carried out an analysis of a multi-row compressor 

configuration. The wake and potential effects from a downstream airfoil were discussed. 
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Frequency domain codes were used for unsteady analysis and the effect of spinning 

modes was found to influence the circumferentially different blade excitations. 

Schoenenborn concluded that the harmonic balance method could be used to predict the 

circumferential variation for unsteady calculations at a low computational cost. It was also 

noted that for wakes in downstream of the compressor, higher harmonics had to be 

considered for a decent circumferential distribution; whereas a single harmonic was 

sufficient to obtain the distribution for the wakes in upstream domain. Comparison of the 

frequency domain method with the time domain method was made by Vilmin [36]. It was 

shown that by using the nonlinear harmonic method, the simulation of clocking effects 

can be performed more cost efficiently by combining the rows with the same counts.  

In contrast to the frequency domain method, a forced response analysis of a 3-row 

compressor configuration using the time domain method was discussed by Besem et al 

[37], [38], followed by Li et al [39]. The analysis was conducted on the same Purdue rig 

discussed in this dissertation. Besem and Li investigated the individual and combined 

effects of the upstream and downstream rows on forcing functions, and a conclusion was 

drawn that the 3-row forcing function cannot be reconstructed by using functions 

extracted from the 2-row simulations. The maximum response obtained in the simulations 

was found to be overestimated as compared to experimental results. This was attributed 

to the difference in stator wake profile in the steady and unsteady simulations which 

could lead to errors in forcing function predictions. To improve the accuracy of the results 
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and overcome the drawbacks of [37] and [38], the current dissertation re-approached the 

problem with a deeper understanding on reflecting boundary conditions, mesh 

treatments and additional unmodeled excitations. 

Boundary wave reflections can significantly change the unsteady behavior of flow 

field. Saxer and Giles [40] presented a formulation to determine the nonreflecting 

boundary conditions useful for the simulation of flow fields, particularly inviscid fields. 

Their approach assumed that the solution could be decomposed into Fourier modes and 

the aim was to prevent nonphysical reflections at the boundaries and interfaces. The 

Fourier decomposition was influenced by the fact that the pitch wise variations were 

larger than the axial variations in a turbomachine. Saxer found that the accuracy of the 

solution improved significantly with the use of this formulation and non-reflecting 

boundary conditions. In the present dissertation the inlet and outlet domains have been 

extended for the same purpose. This decision was made since the reflections led to a poor 

approximation of the forcing function in the 3-row case. 

 The clocking effect also influences the forced response prediction. Clocking refers 

to the positioning of adjacent stator or rotor vane rows. A change in the stator clocking 

position modifies the phase between the upstream and downstream excitations to the 

rotor. To further investigate these phenomena, Li and He in [42] carried out the simulation 

of a 1.5 stage turbine for various clocking positions. A significant variation of unsteady 

force on rotor was uncovered, whose maximum amplitude was three times as the 



 

47 

minimum value. The authors found that the circumferential clocking together with the 

blade count choice were important aeromechanical design parameters. The authors 

suggested that a careful choice of these parameters during design could help control the 

maximum blade forced response. The concept of clocking is used in this Chapter to 

address the cross-stage influence of IGV wake., whereas the effect of clocking will not be 

discussed. 

To the knowledge of the author, the impact of reflecting boundary condition and 

cross-stage influence of wake on forced response have not been carried out in available 

literature, in particular with a configuration that has three stator rows with the same blade 

counts. 

 

3.1.1. Research Objectives 

Research in this chapter aims to understand the over-prediction of forcing function 

in previous practices on a rotor within a 7-row compressor. Two key factors are 

investigated that may contribute to the over-prediction: 1) The spurious wave reflection 

when using the reflecting boundary conditions for the unsteady simulations; 2) The 

destructing interference contributed by the IGV wake. The aerodynamics is compared 

against the experiment data obtained at Purdue University on the same test rig, and the 

forcing functions are compared with the identified values from the tip-timing data.  
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3.2. Simulation Tool and Setup 

Different from Chapter 2, a time-accurate CFD tool, Ansys CFX package is used 

for the meshing, solving and post-processing stages of the simulation. Despite the 

advantages of the frequency domain method, there are several reasons of shifting the tool: 

1) Flow separations. Due to the design of the stator blades, hub separations exist 

near the trailing edge of the stator blades. The frequency domain solver used 

in Chapter 2, however, does not have the modeling capability to handle 

separations and back flows. Fortunately, in Chapter 2, a Q3D configuration at 

mid-span was used and this complexity was avoided. Thus, it not applicable 

for the full 3-D configuration was used in Chapter 3. For this special case, the 

Shear Stress Transport (SST) in CFX with reattachment model is used to model 

the separation regions, and the separations are well simulated. Figure 25 and 

Figure 26 demonstrate the separation of the flow at different loading 

conditions obtained in computations and experiments. The separations are 

more severe for the high loading case than low loading. 
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Figure 25. S1 exit wake contour at (a) LL, (b) PE, and (c) HL loading conditions. 
Pressure normalized by the average total pressure at the plane. 

 

 

Figure 26. S1 blades with the separation region in purple paint. Courtesy of 
Purdue Zucrow Labs. 

2) Tip leakage flow. The tip leakage flow has a significant influence on the 

damping and flow structure of a 3-D blade row [41]. In order to simulate the 

tip region, an additional flow region needs to be added at the tip clearance. 
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However, the in-house solver did not have the feature of adding the tip 

clearance domain and simulating the leakage flow. 

 

Figure 27. Rotor 2 static pressure contour in the blade-to-blade view. Simulation 
on the left, and experimental data obtained by the casing Kulites on the right. 

A schematic of the simulation procedure is shown in Figure 28. First, a 7-row, 

single passage steady simulation is conducted with mixing plane method, which has the 

same boundary condition as the experiment setup (in the red box). Second, the data at the 

interfaces are extracted from the 7-row steady simulations and averaged circumferentially 

to obtain a radial profile. Then the unsteady simulation is conducted with the extracted 

boundary conditions. The data extraction is conducted because the experimental data at 

different stations are not enough to define the boundary condition for the unsteady 

simulations. For example, the velocity related data is not taken at the stations but is 

needed for the in-flow boundary conditions. 
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Figure 28. Procedure of the unsteady simulations for the forced response study. 

The Time-Transformation pitch-change method (TT method) is used in the 

simulation. It is based on the time-incline technique of Giles [43] and has been 

incorporated into Ansys CFX [44]. The TT method captures the correct blade passing 

frequency if the pitch-ratio between the interfaces are small [45], [46]. The guidance 

function of using TT is shown in equation below.  

1 −
𝑀𝑀𝜔𝜔

1 −𝑀𝑀𝜃𝜃
<
𝑃𝑃𝑆𝑆
𝑃𝑃𝑅𝑅

< 1 −
𝑀𝑀𝜔𝜔

1 −𝑀𝑀𝜃𝜃
 

Where 𝑀𝑀𝜔𝜔 is the Mach number associated with the rotor rotational speed, 𝑀𝑀𝜃𝜃 is 

the Mach number associated with the circumferential velocity, and the ratio of 𝑃𝑃𝑆𝑆 to 𝑃𝑃𝑅𝑅 is 

the pitch ratio between the stator sector and the rotor sector simulated. Typically the ratio 

should be 0.75 to 1.25, and exceeding the range can cause instability of convergence. 
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The TT method was later extended to multistage machines using a blending 

procedure to account for upstream and downstream blade passing signals.  Since this 

method maintains implicit discretization, a fast solution to a steady periodic state can be 

achieved efficiently.  

 

3.3. Three-row Case Analysis 

 

3.3.1. Wave reflection pattern 

In previous studies on the Purdue compressor rig, the analysis was conducted on 

a full-3D 3-row (S1-R2-S2) configuration without domain extensions at the inlet and exit. 

Forced response at the 1T-44EO crossing (shown in Figure 13) was considered, same as 

Chapter 2. The modal forced was over-predicted by nearly 100%. The discrepancy 

between the experimental and simulation results motivated further research, and the first 

step is to understand the sources of inaccuracy in modeling. Two main sources of 

inaccuracy in previous studies raised our attention: (1) only three rows were modeled in 

the simulation; (2) pressure profiles were assigned at the boundary as a hard boundary 

condition, thus could cause wave reflections. Source (1) is critical as the IGV, S1, S2 vane 

counts are the same. Hence, there are possible interactions between the wakes and 

potential fields of different stages. This is also suggested in [38] as a next step.  
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Figure 29. Perturbation pressure sequence of the short domain simulation.  

A recent observation of the perturbation pressure field unveils the importance of 

boundary wave reflections, the source (2) mentioned above. Figure 29 shows the 

chronological sequence of pressure perturbation in a 3-row simulation. It is defined by the 

instant pressure minus time-averaged pressure. A positive pressure perturbation volume 

marked in red circle travels downstream and attenuates when approaching the 

downstream boundary. Then a negative pressure volume starts to travel upstream from 

a) b) 

c) d) 
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the boundary. This clearly indicates the existence of the unsteady wave reflections, 

whereas the intensity and its influence need to be justified. 

 

3.3.2. Wake propagation pattern 

Another interesting observation, the Stator 1 wake pattern in the three-row study, 

drew our attention. Though the valley was well-predicted in terms of the depth and 

width, the sinusoidal wave pattern obtained in experimental result was not predicted in 

the simulation, especially for the blade section lower than 90% span (Figure 30). Since the 

peak of the sinusoidal wave coincides with the valley of the wake, a destructive 

interference is expected, which may also explain the over-prediction of the forcing 

functions. Another hypothesis is formed that this sinusoidal wave pattern is generated by 

the IGV, which also has 44 vanes; the wake propagates downstream and interacts with 

the wake pattern of S1. 
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Figure 30. S1 Wake profile at different spans of the simulation (after Li [49]). 

To examine the wake propagation and dissipation, a sample three-row case is 

studied. The schematic of the simulation is shown in Figure 31. Different from a traditional 

three-row case with a circumference-averaged boundary condition, this case is 

circumferentially non-uniform: the wake pattern of the upstream Rotor 1 is kept in the 

profile, and the rotating wake profile is assigned in the simulation as the upstream 

boundary condition to mimic the influence of R1. Compared with a 4-row case (R1-S1-R2-

S2), the case assigned rotating wake requires 27% less computation resource and is thus 

selected. 
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Figure 31. Schematic of the 3-row simulation with the assigned rotating wake 
(case R1gust-S1-R2-S2). Simulation domain is marked in the dashed box. 

 The following procedure is taken to simulate the case with the assigned Rotor 1 

wake: first, expand the Rotor 1 passage from single passage to full annulus in the 7-row 

steady simulation; second, extract the parameters at the Rotor 1 exit (before the mixing 

plane), which contains the wake information of the full annulus; finally, assign the wake 

in the rotating frame of reference at the inlet of the unsteady simulation (Figure 32). 

 It should be noted that the boundary condition file needs to contain the cross-

section information of the full annulus instead of several selected passages. This is because 

the wakes are rotating but the inlet domain, though only has a sector (4 passages in Stator 

1), is not rotating. When conducting the simulation, the inlet receives information from 

where the full annulus covers the inlet at a certain time instance, and will exhaustively 

utilize the information of the full annulus in one revolution.  
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Figure 32. Total pressure of the assigned rotating R1 wake on the inlet of the 
computation domain. Viewing from the upstream to downstream. 

    

Figure 33. Axial velocity at 50% span, R1gust-S1-R2-S2 on the left and S1-R2-S2 
on the right. 

The comparison between the axial velocity of the two 3-row cases, R1gust-S1-R2-

S2 case and the S1-R2-S2 case, is visualized in Figure 33. It is observed that the wake is 

clearly characterized in the simulation as dense contour lines in the wake region.   
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Figure 34. Normalized unsteady pressure components at the inlet and exit of S2 
in the R1wake/S1/R2/S2 simulation (stationary frame).  

A monitor point is set at the inlet of the Stator 2 domain to examine the 

propagation of Rotor 1 wake. As the number of blades are different in Rotor 3 and R. In 

the S2 domain (Figure 34), both 33/rev and 36/rev unsteady components are seen, even at 

the exit of the S2 domain. The presence of R1 suggests wake pattern can pass through 

three rows, with the absolute value decrease from 6.55 × 104 𝑃𝑃𝑎𝑎 to 4.89 × 104 𝑃𝑃𝑎𝑎, or a 

25.3% decrease. This means the R1 wake effect is still significant after passing through 3 

rows. Further discussion and visualization of the R1 wake is given in chapter 2.1.2. 

Furthermore, it is noticed that the second and third harmonics of 33/rev is significantly 

large in S2. 
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To understand how far downstream the wake can travel, the static entropy of the 

R1gust-S1-R2-S2 case is plotted in Figure 35. The red lines are used to follow the R1 wake 

gust in the plot. The R1 wake passes through S1, R2 and still have presence in S2. This is 

consistent with the frequency domain analysis in the past chapter. Similar conclusions are 

reached by Yao et al in [48] and [49]. 

 

 

Figure 35. Static entropy plot of the R1gust-S1-R2-S2 case. R1 wakes are marked 
with red lines. 

This observation suggests, potentially the IGV wake can pass though R1 and 

interact with S1 thus generate forcing on R2, thus might be one cause of the over- 

prediction of the forcing function. To test this theory, a simulation with an IGV-R1-S1-R2-

S2 analysis is conducted to include the influence of IGV in Chapter 3.4.  
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3.3.3. Extension methodology and setup 

Since the wave reflection is the key issue to address the first hypothesis and will 

provide guidelines for simulations with additional rows, the domain extension study is 

conducted first. The key idea of extending the inlet and exit of the domain is to use the 

additional fictional section to dissipate the wave. There are two potential ways to achieve 

the dissipation: 1) using the resolution of the mesh; 2) using the artificial viscosity of the 

numerical scheme. For the former method, when a wave with small wave length travels 

into a cell with large size, then the cell itself will not resolute the wave. Thus, the wave 

would stop entering the adjacent cells. In this perspective, the cell serves as an “absorber”. 

For the latter method, as the numerical scheme itself contains numerical viscosity terms, 

the energy of unsteady wave will dissipate along the way. Thus, the viscosity serves as a 

“damper”. However, the viscous effect due to numerical viscosity is expected to have 

limited impact as energy dissipation caused by the viscous terms is not significant. 

Therefore, the 1st method is highlighted to reduce reflection. 
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Figure 36. Normalized unsteady pressure amplitude contours at different cross 
sections with location marked on the sketches.  

To obtain the size of the cell that will not resolute the unsteady wave, in current 

work, an inflated mesh is introduced at the inlet and exit sections. The axial size of the 

mesh cells increases when the cells are away from blades, and reaches the maximum at 

the inlet and exit boundary. To determine the required maximum cell length, the 

following equation was used: 

𝒐𝒐(
𝑐𝑐 − 𝑢𝑢
𝑓𝑓

 ) = 𝒐𝒐( 𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) 

S1    R2    S2 
S1    R2   S2 
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This equation ensured that the wave length and the cell length are of the same 

order. The maximum aspect ratio of the cells was also confined to reduce the interpolation 

error caused by high aspect ratio. 

To test the effectiveness of the inflated mesh, the authors designed 4 sets of meshes 

as explained below and depicted in Figure 37:  

a) Original mesh - no extension. 

b) The length of extension domain is about 1.5 times of the length of the original 

bladed computation domain. The mesh is uniform. 

c) The length of extension domain is about 1.5 times of the length of the original 

bladed computation domain. The mesh is inflated. 

d) The length of extension domain is about 3 times of the length of the original 

bladed computation domain. The mesh is inflated. 
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Figure 37. Different meshes used in the analysis. S2 domain is shown as a 
sample. 

The mesh consisted of approximately 640000 cells/passage for the single extended 

cases and 680000 for the doubled extended mesh. Compared with 540000 for the original 

case, there is an increase of 18.5% and 25.6% for the required computation resource. 

Similar studies were conducted for the upstream S1 row. Furthermore, to 

eliminate the wall viscous effect, the hub and shroud of the extension domains were set 

to be inviscid. In general, the case with and without extension domain matches well 

(Figure 38). 
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Figure 38. R2 time-averaged blade loading comparison across different cases. 

 

3.3.4. Three row results and discussions 

The resulting modal force is shown in Table 3, with the first column representing 

experimental data and the following five columns representing simulation data. The case 

e) with 5 rows will be explained in next section of this dissertation. It is noticed that, 

benchmarking with the experimental data, all simulations over predict the modal force. It 

was also observed that for the comparison of cases a) and b), only a 7% difference was 

observed. This suggested a limited wave damping effect from the numerical viscous 

effect. However, comparing cases a) and c), a significant drop in the modal force was 

observed. This indicated that there was an ineligible wave reflection due to the reflecting 

boundary condition. Furthermore, comparing case c) and d), the difference seen was less 
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than 1%. This indicates the convergence of the result with further extensions would not 

change the modal force level. Accordingly, case c) is decided to be used as the best practice 

of domain extension. 

 

 

Figure 39. Comparison of R2 modal force contours. The case c) presented on the 
top and case a) presented at the bottom. 

To have a closer view of the modal force, the modal force density on R2 is plotted 

in Figure 39, with the original short domain case on the top and the extended case c) at 

the bottom. It was observed that the modal force level on both sides of the blade drops, 

especially on the pressure side around the trailing edge tip corner and on the suction side 

along the leading edge. 

TE SS PS LE LE TE 
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The analysis of modal force not only serves as the metric of forced response 

behavior, but also as an indicator of the wave reflection level. Even though the unsteady 

pressure animation is not shown here, a significant drop of the pulsation of waves around 

boundary, especially near the downstream boundary is observed. 

The comparison across the cases provides an overview of the impact of wave 

reflection on forced response behavior. However, the contribution of upstream reflection 

and downstream reflection is not well presented. To get a deeper understanding, the 

authors probed the two stator stages. The unsteady pressure at the S1 exit and S2 inlet 

cross-section is shown in Figure 36. As is observed in the comparison of the original and 

extended cases, the unsteady level does not differ much at the S1 exit. This indicated that 

originally there was a limited wave reflection going upstream and reflecting. However, a 

substantial difference was observed in S2. With the inflated mesh, the unsteady level is 

much lower compared with the baseline case. The analysis suggests the wave reflection 

from downstream reflecting boundary condition is the key contributor to the difference 

between experimental result and our prediction. 
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Table 3. Comparison of resulting modal force across different cases. 

Case 
label Case explanation 

Computational 
modal force 

normalized by 
experimental 

data 

Difference in mass 
flow, % of 

experimental data 

 Experiment - - 
a 3-row, no extension 1.64 +0.26% 

b 
3-row, extended domain, 

uniform mesh 
1.52 +0.22% 

c 3-row, extended domain, 
inflated mesh 

1.11 +0.13% 

d 
3-row, double extended 
domain, inflated mesh 

1.10 -0.18% 

e 
5-row, extended domain, 

inflated mesh 
1.06 -0.38% 

 

3.4. Five-row Case Analysis 

 

3.4.1. Five-row case setup 

Figure 40 shows the computational domain of the 5-row case setup. In accordance 

with the test rig the inlet section of the computational domain was extended as the 

computation also simulated the inlet section of the test rig, starting from station 0 (shown 

in Figure 12. The mesh was prepared using Turbogrid and the subsequent analysis was 

done using CFX. Since the number of wakes shed by an airfoil is the same as the number 

of airfoils, the entire annulus can be modeled with a few passages and rotational 

periodicity can be used to capture the entire effect.  
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Figure 40. Schematic of the 5-row simulations. Sector ratios between different 
rows are marked in two boxes. 

The time transformation model is used at the stator-rotor interfaces in the current 

problem. Time transformation method is an improvement from the earlier profile 

transformation method in which the flow profile was stretched or compressed over the 

stator rotor interface. The time transformation method provides an added advantage i.e. 

it conserves the frequency content across the interfaces and this enables the IGV 

harmonics content to be visible even in the downstream stator row. This method was 

found to be accurate for cases with a different pitch ratio (current case) and therefore was 

preferred over other methods. In our current case since the ratio was unequal for 2 

interfaces (as shown in Figure 40) the TT method was effectively used only for 2 passages. 

The time transformation method uses a blending procedure which helps preserve 

disturbances across the interfaces. This method being fully implicit, and conservative 

IGV      R1         S1         R2         S2 
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helps preserve the wake through the interfaces without any disturbance. Hence the effect 

of the initial stage wakes can be observed in the later stages as well.  

Three criteria need to be met for using the TT method: 

1) Compressible flow is simulated; 

2) Requires the pitch ratio fall within a range close to unity; 

3) TT interfaces can be only used 2 times in the simulation. 

The three criteria are satisfied in our 5-row simulation. Criterion 1 is obviously 

met. For criterion 2, the ratio of the number of passages in each row is optimized to achieve 

sector ratio close to unity. Thus 4, 3, 4, 3, 4 passages are utilized in the IGV, R1, S1, R2, S2 

domains respectively. Notice that the sector ratio for IGV-R1 and R1-S1 is 1.09, whereas 

the S1-R2 and R2-S2 ratios are exactly 1. For criterion 3, effectively, only the former two 

interfaces are using TT model thus the simulation is within the limit.  

The S2 mesh was extended as explained earlier by 1.5 times to reduce the wall 

reflection which was one of the primary reasons for less accurate results from previous 

literature. The mesh was also inflated to help capture the wake effects from the upstream 

rows. The yellow dots in the figure indicate the monitor points that were used to obtain 

data at certain locations throughout the domain. The data obtained was compared to 

experimental results. 
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3.4.2. Five-row case time-averaged aerodynamics 

Figure 41 and Figure 42 show the time-averaged total pressure and total 

temperature distribution across various stations. The experimental facility was equipped 

with performance measurement apparatus through the compressor rig. The various 

station descriptions are indicated in Figure 12. 

 

Figure 41. Normalized total pressure plots at different stations. Station numbers 
are consistent with the numbering in Figure 1. 
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Figure 42. Normalized total temperature plots at different stations. Station 
numbers are consistent with the numbering in Figure 12. 

Similar to the 3-row case with domain extension, Figure 38 shows blade loading 

comparison. Again, one can see the time averaged aerodynamics is preserved.  

 

3.4.3. IGV wake profile development 

Figure 43 shows the development of IGV wake profile developing through the 

downstream rows at 50% span from the exit of IGV to the Exit of S1. This is a 

characterization of the aerodynamic disturbances and can be quantified with 
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circumferential total pressure plots. The 1st column shows the original distribution of the 

IGV wake. The deep and narrow nature of the wake indicates the energy distribution 

across multiple frequency content, and the higher harmonics are strong. This multiple-

frequency content is quantified in terms of harmonics as shown in the IGV harmonic plot.  

 

 

Figure 43. Comparison of total pressure profile at 50% span at different stations.  

Traveling downstream, the IGV wake starts to change its circumferential 

distribution. The S1 inlet and exit total pressure profiles are shown in the 2nd and 3rd 

columns of Figure 43. The results are obtained at the upstream of Stator 1 before the blade 

row and downstream just after the blade row. The valley is relatively less deep in the 

upstream profile. This indicated a dissipation of energy contents at higher harmonics. 

IGV 
 

S1 
 

S1 Exit 
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Particularly, after the IGV wake travels through R1, only the first harmonic is significant, 

meaning the higher harmonic contents decreases rapidly within the flow field while the 

first harmonic is much slowly dissipated. At the S1 exit, the dissipated IGV wake is 

combined with the S1 wake, thus the deep valley and the sinusoidal wave co-exist. 

 

3.4.4. Spatial harmonics of Stator 1 wake  

To compare the two cases with and without the influence of IGV wake, the 

circumferential wake profile and harmonic components for at the S1 exit are compared 

against experimental results and 3-row simulation results in Chapter 1.3, shown in Figure 

44. Both simulations contain the extension domains at the inlet and outlet. Since there are 

44 blades in all the stators, the harmonics are directly related to the excitations of 44EO, 

88EO and so forth. 

A sinusoidal wave is seen in the wake profile of the 5-row case, which is not 

obtained in the earlier 3-row simulations. This sinusoidal pattern is similar to the one 

obtained in the experiment data, where the peak of the wave offsets the valley of the V-

shape dip. An improvement in accuracy is indicated for the 5-row simulation compared 

to earlier 3-row case. Additionally, the 5-row case predicts the harmonic pattern that the 

amplitude increases to highest from the first to the second harmonic, and decreases at the 

third and fourth. This pattern is also in agreement with the experimental results. It is 

concluded that the Rotor 1 is subjected to the excitations of the wakes shed by IGV and 
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S1. Due to the clocking feature of IGV and S1, i.e. a relative phase shift, a destructive 

interference in excitations is formed between the wake of the two, leading to a reduction 

of the forcing function. As a result, the first harmonic is lowered. 

 

Figure 44. Comparison of wake profiles at 50% of the S1 exit. Spatial 
distributions on the left and spatial harmonic contents on the right. 

 

3.4.5. Impact on resulting modal force 

Referring to Table 3, the five-row results show a mild 4% improvement in modal 

force prediction when compared with case (c), the 3-row case with domain extension. This 

is mainly attributed to the destructing effect of IGV wake and S1 wake caused by the 

clocking position of the two. However, this improvement was at the cost of 64% increase 

in computation resource, thus should be carefully considered when planning for the 

simulation. Compared with the spurious wave reflections, the benefit may not justify the 

incremental cost. 
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As the reflecting waves are significant when computing modal force, other 

reflection-related factors will be investigated in next chapter. 
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4. The Influence of Physical Wave Reflections from 
Blade Rows 

In Chapter 3, the spurious wave reflection is studied, and a conclusion is drawn 

that the wave reflections from reflecting boundary conditions have a significant impact 

on the unsteadiness of the flow. In the analysis, the non-reflecting boundaries are serving 

as artificial “walls”, thus the wave reflection from those “walls” should be eliminated. 

However, there are other blade rows at presence in the compressor. When waves 

propagate through the compressor, the blade rows serve as “walls” with partial admission 

and will reflect waves. Those physical reflecting waves might interact with the original 

excitations and influence the results. 

Thus, in this chapter, a continuation of the forced response study is conducted to 

understand the physical wave reflections. The content was originally included in [50] and 

[51]. 

 

4.1. Introduction 

Wave propagation and acoustic theory have been used to understand the 

unsteadiness of flow. Some authors explored the option of using properties of waves and 

the blade passages to explain wave propagation and its aeromechanical impact. Owczarek 

discussed the phenomena of acoustic resonance in compressors due to wave reflection 

between an embedded rotor and the upstream and downstream stators in [52] and [53]. 
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He established a theory to explain the forced vibration in compressors by considering the 

unsteadiness due to reflecting waves. Specifically, equations were derived based on 

general wave theory and the reflection based on airfoil shape. Three types of wave 

reflections were discussed: forward running, backward running and ones at a fixed 

circumferential location in the annulus. The non-synchronized vibration frequencies in 

test results were attributed to wave reflection between stages. Owczarek also discussed 

the effects of pressure pulses which could lead to flow separation due to adverse pressure 

gradient which could in turn lead to a loss in efficiency and initiate stall. However, his 

geometrical wave reflection method is limited to 2-D configurations, whereas the analysis 

in the current chapter is conducted by modeling the 3-D blades. Thus other approaches 

need to be explored.  

The wave traveling through flow passages can lead to an acoustic resonance 

phenomenon, the aspect of which is usually neglected by authors. The aero damping can 

be significantly changed over a small range of inter-blade phase angles when acoustic 

resonance is at presence, and hence it becomes important to predict the same. The 

formulation to determine the IBPA for a 2-dimensional subsonic flow by Kielb [54] helps 

determine the possible angles at which acoustic resonance can occur and further by the 

theory put forward by Waite [57]. The wave can be predicted to either propagate without 

decay (cut-on) or propagate with exponential decay (cut-off).  
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To quantify the effect of upstream and downstream excitations separately Zhao et 

al [58] implemented a model split subtraction technique based on clocking. This was the 

only available paper on quantifying the upstream and downstream excitations. The 

influence range and the direction of propagation of each of the influences were observed. 

The fluctuations were influenced by both the upstream and downstream rows and they 

were individually separated and quantified. 

 

4.1.1. Research Objectives 

The research in this chapter is conducted to continue exploring the computation 

principles of forced response simulations. Since the overall objective is to use the 

minimum CFD computation resource to obtain decent forcing function, a guidance is 

needed on how many rows are required. Thus it is planned to test the necessity of 

including R3 and the physical wave reflections.  

Moreover, the industry has been including only the excitation sender and receiver 

in the forced response computation. It is an intuitive yet unproved practice in identifying 

modal force. Hence, the practice will be validated by separating the forcing functions and 

examine the simulation is adequate.  
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4.2. Extending to Downstream Rotor  

The analysis in Chapter 3.2 of comparing the up-and downstream unsteady 

pressure leads us to believe that the downstream wave reflections are significant, whereas 

the upstream ones are not. Thus a simulation of a 4-row (S1-R2-S2-R3) case is selected to 

understand the physical wave reflections. Figure 45 shows the schematic of the wave 

reflections. The reflecting wave of 44EO excitation from R3 can potentially interact with 

the wake effect of S1, and the potential effect of S1 and S2, and provide a different forcing 

function than the 3-row (S1-R2-S2) case.  

 

Figure 45. Schematic of wave reflection from a downstream blade row. 

 

4.2.1. Four-row case setup 

Figure 46 shows the computational domain of the 4-row case setup, from S1 to R3. 

In accordance with the test rig the inlet section of the computational domain was extended 
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as the computation also simulated the inlet section of the test rig, starting from station 3 

(shown in Figure 12). Same as Chapter 3, the mesh was prepared using Ansys Turbogrid 

and the subsequent analysis was done using Ansys CFX for same reason of stator hub 

separations. Again, the boundary condition profile is extracted from the 7-row steady 

simulation.  

 

 

Figure 46. Sketch of the 4-row simulations. Sector ratios between different rows 
are marked in two boxes. 

To meet the criterion of the TT method, the ratio of the number of passages in each 

row is carefully chosen to achieve sector ratio close to unity. Thus 4, 3, 4, 3 passages are 

utilized in the S1, R2, S2, R3 domains respectively. Since S1, R2 and S2 blades have 44, 33 

and 44 blades respectively with a common factor of 11, the selected 4, 3, 4 is an accurate 
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simplification. As for R3, 3 passages were selected to have the optimized sector ratio with 

the value closest to 1. Notice that the sector ratio for the S1-R2 and R2-S2 are exactly 1, 

whereas for S2-R3 the ratio is 1.1. Effectively only the last one interface is using TT model.  

To borrow the insights obtained earlier, the R3 mesh is extended to eliminate the 

spurious wave reflection, which was one of the primary reasons for less accurate results 

identified in Chapter 3. The 3-D R3 blades are set as wall boundaries, thus shape of the 

blades has been considered in the simulation. 

 

4.2.2. Time-averaged blade loading  

Figure 47 shows the time-averaged blade loading for the 3- and 4-row cases. As 

observed, the difference in the blade pressures of the two cases is not significant, 

indicating that the blade loading is preserved even after the addition of an extra rotor. The 

condition of comparing unsteady results is thus met. 



 

82 

 

Figure 47. R2 time-averaged blade loading comparison across different extended 
domain cases. 

 

4.2.3. Modal force analysis 

 Table 4.Comparison of resulting modal force across different cases. 

Case 
label Case explanation 

Computational 
modal force 

normalized by 
experimental 

data 

Difference in 
mass flow, % of 

experimental 
data 

 Experiment 1 - 
a 3-row, no extension 1.85 +0.26% 

b 
3-row, extended domain, 

inflated mesh 1.25 +0.13% 

c 
4-row, extended domain, 

inflated mesh 
0.90 -0.1% 

 



 

83 

The resulting modal force is shown in Table 4, with the first row representing 

experimental data and the following three representing simulation data. The experiments 

were conducted for both the acceleration and deceleration frequency sweep, and the 

average data was used. 

It is noticed that, benchmarking with the experimental data, the modal force of the 

original 3-row case without extension over-predicts the modal force by over 80%. 

Comparing cases, a) and b), a 32% difference due to the spurious wave reflections is 

observed. Furthermore, comparing case b) and c), one can observe a significant drop in 

the modal force. It indicated that there are ineligible wave reflections due to the presence 

of R3. 

To have a closer view of the modal force, the modal force density on R2 is plotted 

in Figure 48, with the extended 3-row case b) on the top and the extended 4-row case c) at 

the bottom. It was observed that the magnitude of the modal force on both sides of the 

blade increases, especially on the pressure side around the trailing edge tip corner and on 

the suction side along the leading edge. However, though the value in some regions 

increases, the reflection has a destructive impact on modal force thus the resulting value 

is lower. This destructive impact is different from the 3-row case, in which the spurious 

reflection has a constructive interference with the original wake and potential field. 
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Figure 48. Modal force distribution on R2 blades. Three-row simulation is on 
the top and the 4-row case on the bottom. 

 

Figure 49. Static pressure amplitude contours of the 4-row case at one time 
instance. Pressure wave reflections from R3 is seen.  
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The comparison across the cases provides an overview of the impact of wave 

reflections on forced response behavior. However, the contribution of upstream reflection 

and downstream reflection is not well presented. To have a deeper understanding, the 

two stator stages are further probed.   

Figure 49 shows the instantaneous static pressure of the unsteady simulation for 

the 4-row case. It is observed that the wave impinges on the R3 blades and reflects 

upstream. 

 

Figure 50. Normalized unsteady pressure amplitude contours at different cross 
sections with location marked on the sketches.  

The unsteady pressure at the S1 exit and S2 inlet cross-section is shown in Figure 

50. Extended 3-row simulation is on the left and the 4-row case on the right. As is observed 
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in the comparison of the 3-row and 4-row cases, the unsteady level does not differ much 

at the S1 exit. This indicates that originally there is limited wave reflection going upstream 

and reflecting. However, a substantial difference was observed in S2 inlet. When R3 is 

simulated, the unsteady level is higher compared with the 3-row case without reflection. 

The analysis suggests the wave reflection from downstream row cannot be ignored, and 

the blade row does serve as a reflecting wall with partial admission of waves.  

 

4.2.4. Unsteady wave propagation analysis 

  

Figure 51. Perturbation pressure sequence of the 4-row simulation. The wave 
marked in red is moving reflecting back from R3.  
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Figure 50Figure 51 shows the time sequence to demonstrate the propagation of 

unsteady waves in the 4-row configuration. The reflecting wave from R3 passes through 

S2 and impinges on the suction side of R2. This backs up the observation that the modal 

force on the rear part of R2 blades is higher than the 3-row case. As a side note, different 

from the case in Figure 29, the wave is not reflecting on the inlet and exit boundaries as 

the mesh treatment serves as a wave filter. 

4.2.5. Acoustic resonance analysis 

As discussed briefly in Section 4.1, acoustic resonance, if at presence, may also 

contribute the strong wave reflections when the wave is cut-on and travels without decay. 

For two-dimensional subsonic flow, the equation that determines whether an 

acoustic (pressure) disturbance decays or propagates is given by Kielb et al [54]: 

�
𝛽𝛽𝑟𝑟 + 2𝜋𝜋𝑛𝑛
𝑐𝑐/𝑐𝑐

�
2

+
4𝑀𝑀2

𝑀𝑀2 − 1
𝑘𝑘 �𝑘𝑘 +

(𝛽𝛽𝑟𝑟 + 2𝜋𝜋𝑛𝑛)
𝑐𝑐/𝑐𝑐

𝑐𝑐𝑠𝑠𝑛𝑛𝛾𝛾� = 0 

where 𝛽𝛽𝑟𝑟 is the r-th inter-blade phase angle (IBPA) in radians. The bracketed term 

(𝛽𝛽𝑟𝑟 + 2𝜋𝜋𝑛𝑛) is bounded between –𝜋𝜋 and 𝜋𝜋 by adjusting the integer multiple n. The division 

of 𝑐𝑐/𝑐𝑐 is the inverse of solidity (𝑐𝑐/𝑐𝑐) where 𝑐𝑐 is the chord length and s the pitch. This 

equation can be evaluated at both the inlet and exit of the flow domain, where 𝑀𝑀 is the 

Mach number, 𝑘𝑘 the reduced frequency, and 𝛾𝛾 is the stagger angle at inlet or exit. The 

definition of the reduced frequency 𝑘𝑘 used here is based on semi-chord, 𝑘𝑘=𝜔𝜔𝑐𝑐/2v, where 

𝜔𝜔=2𝜋𝜋𝑓𝑓 is the disturbance frequency and v the axial flow velocity. Both M and k are 

evaluated in the relative frame of reference, and for Rotor 2, a rotating domain is used. 
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The equation is used to understand the propagation pattern of the wave. An 

acoustic disturbance decays exponentially with distance if the left-hand side of equation 

is greater than zero (“cut-off”); whereas it may also propagate without decay (a wave-

type solution) if the left-hand side is less than zero (“cut-on”). When it is identically zero, 

it is called an acoustic resonance – the acoustic waves are on the edge of propagation. Thus 

the way to identify the cut-on region is to compute the critical IBPAs for the acoustic 

resonance, as there are two solutions to equation of acoustic resonance, the cut on region 

is bounded by the two acoustic resonant IBPAs. When happens, acoustic resonance can 

have beneficial or detrimental effect on the aerodynamic damping, as is shown in [29]. 

However, it is not the focus of this chapter and will be briefly discussed. 

Table 5. Parameters used for IBPA calculation. 

Parameters Value 
V Inlet (m/s) 114.7 
V Exit (m/s) 82.01 

Mach Number-Inlet 0.3447 
Mach Number-Exit 0.2477 

Chord-c (m)                                         0.071 
Pitch-s (m)  0.052 

Stagger Angle-Inlet (°)                                                                            55.07 
Stagger Angle-Exit (°)                                                                            30.24 

Reduced Frequency-Inlet 5.3173 
Reduced Frequency-Outlet 7.3979 
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Table 6. IBPA at the inlet and outlet of the compressor 

Location Inter-Blade Phase Angle (°) 

Inlet -96.1 
-147.46 

Outlet -131.46 
-157.43 

 

Though the case being studied is a 3-D case, the blade geometry and flow 

properties do not vary much across different spans, since the prototype of the rig is a high-

pressure compressor. Thus the 2-D method explained above provides a good estimation. 

The method has been used by Besem [29] and was proved to be effective. For the current 

simulation based on the inter-blade phase angles and the reduced frequency values were 

calculated at the inlet and exit of the compressor. Table 5 shows the parameters used for 

the calculation and Table 6 shows the results of the calculation. The data at both the inlet 

and exit are shown, as the parameters at the two locations can vary due to the blade 

camber. It should be noted that the velocities used are in the relative frame, and the 

circumferential averaged values are calculated. 

Figure 52 shows the nodal diameter vs. reduced frequency. The cut-on region is 

defined as the area between the two acoustic resonance lines and hence for any angle 

between them, the wave propagates without decay. The two constant reduced frequency 

lines are marked on the plot. Since the -11ND due to the 44EO forcing is dominant, the 

constant -11ND line is also marked on the plot. The crossings of the -11 ND and constant 

reduced frequency line represent the location of perturbation due to the external forcing. 
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They clearly lie in the V-shape region between the lines as indicated in Figure 52. This 

partially explains why the wave reflection propagates throughout the compressor domain 

with little energy decay. It also reinforces the importance of the mesh treatment with 

extension and inflation, and the necessity of including physical wave reflections.  

 

  

Figure 52. Acoustic resonant nodal diameter vs. reduced frequency of Rotor 2. 
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4.2.6. Mistuned vibration amplitude 

 

Figure 53. Comparison of the average experimental vibration amplitude and 
predicted amplitude of R2 blades, 1T-44EO.  

A comparison between the average predicted mistuned vibration amplitude and 

experimental data is shown in Figure 53. Each of the lines in Figure 53 is an envelope 

covering the vibration amplitude of all 33 blades, and a demonstration of the envelope is 

shown in Figure 54. The average amplitude is used to average out the influence of the 

outliers, which is a more accurate predictor of modal force. In Figure 53 the dashed lines 

are experimental data taken by Purdue University [55], and the solid lines are numerical 

predictions. Data is taken during both acceleration and deceleration stage of the 

turbomachine in the experiment. The acceleration data is marked in red and deceleration 
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data in green. It should be noted that the data are taken multiple times and the 

repeatability is excellent. The prediction is obtained from an in-house single-degree-of-

freedom mistuning prediction code MISER, with the aerodynamic data and blade 

frequencies as an input, and the vibration amplitude as an output [56].  

 

Figure 54. A demonstration of the vibration amplitude envelope of the 33 R2 
blades. 

It is observed that the 4-row extended case provides an excellent match with the 

experimental data, both in terms of the overall amplitude level and the peak locations. 

However, the historical 3-row case with the short domain, where the spurious wave 

reflections are included, over-predicts the amplitude by over 60%. 
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A potential explanation of the underprediction is also uncovered. Figure 55 shows 

the nodal diameter components of the peak. Two more components, -14 ND and -8 ND 

components are identified, beyond the dominant -11 ND peak. As the mode shape 

considered in this section is purely real, the other ND components are not included. The 

predicted modal force is expected to be higher when the other components are considered. 

 

Figure 55. Decomposition of modal force. Secondary ND components (side 
peaks) are marked on the plot (after Li [49]). 

In Section 4.2, it is concluded that the reflected cut-on wave reflections from Rotor 

3 contributed to the modal force on Rotor 2. However, between the S1 and S2 stator pair 

with the same blade counts, wave reflection may also exist. A solution of separating the 

two stators and examining wave reflections from adjacent stators is proposed in Section 

4.3. 

 

Side peaks 
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4.3. Modifying Blade Counts and Separating Forcing Functions 

Beyond the 4-row case including Rotor 3, an additional study is conducted on a 

modified configuration, where the original S1 is replaced by the new S1 and 44 vanes are 

replaced by 38 vanes. By reducing the vane count of Stator 1, there will no long be equal 

counts upstream and downstream of Rotor 2; thus the excitation of S1 and S2 are at 

different frequencies. This new configuration is used to examine the excitations from the 

rows adjacent to Rotor 2 and can also serve the purpose of understanding physical wave 

reflections from the two stators. 

 

4.3.1. Background of the S1(38) new configuration 

 

Figure 56. Longitudinal view of Purdue 3.5-stage test rig, S1 blade counts 
modified. 

A sketch of the new configuration is shown in Figure 56. Aerodynamically, the 

design achieved a modification of vane count without significantly altering the 

aerodynamics. In order to keep the solidity constant, sample cases with 38 and 40 vanes 

were preliminarily selected by Purdue and experiments were conducted. Since the 

purpose of the previous analysis was to determine the minimum number of stator 1 vanes 
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for which the steady aerodynamic properties remain fairly unchanged from those of the 

baseline design. A new Stator 1 design with 38 vanes met this criterion. 

Aeromechanically, the reduction in vane count will provide an additional crossing 

on 1 torsion mode line, 1T-38EO, which also increases the speed of crossing to 86% shaft 

speed on Campbell diagram (Figure 57). 

 

Figure 57. Campbell diagram of Purdue stator-rotor configuration. The first two 
mode shapes of Rotor 2 blade are plotted. 

 

4.3.2. Simulation methodology 

Two separated configurations are considered for this study. The original three row 

configuration contains 44,33,44 blades (S1-R2-S2) respectively, and the new configuration 
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has 38,33,44 (S1-R2-S2) respectively. In addition, to study the influence of each stator row 

individually, two separate 2-row simulations (S1-R2, R2-S2) and two separate 3-row (S1-

R2-S2) simulations are carried out. The S1(38vanes)-R2 simulation is carried out at the 1T-

38EO crossing (86% speed), and the R2-S2(44 vanes) simulation is carried out at the 1T-

44EO crossing (74% speed), to address the excitation of each stator. The two separated 3-

row simulations are carried out at 38 and 44EO crossings respectively. All the cases are 

summarized in Table 7. 

Table 7. Summary and comparison of the cases investigated 

Case label 
Case 

configuration 
Number of S1 

Vanes Crossing 

38-1 S1-R2 38 1T-38EO 
38-2 S1-R2-S2 38 1T-38EO 
44-1 R2-S2 38/44 1T-44EO 
44-2 S1-R2-S2 38 1T-44EO 
44-3 S1-R2-S2 44 1T-44EO 

 

To determine the influence of wave reflections on the forcing, the upstream stator 

count is changed in order to quantify the influence of the excitation on the rotor. The 

research consists of several 2 and 3 row cases. The 2-row case (R2-S2) does not have the 

wave reflection from Stator 1 and (S1-R2) does not include the reflections from Stator 2. 

Figure 58 is used as a demonstration of the difference of the 3-row case and the 2-row case, 

and the 38EO excitation is used as a sample. This separation provides us a control group, 

and through comparison the stator wave reflections will be uncovered as the difference 



 

97 

of the two cases. Since the new configuration has a non-uniform pitch ratio between S1 

and R2 (38-33) unlike the old configuration (44-33), a TT interface is used.  

 

Figure 58. The schematic of the forcing from the original and reflecting 
excitations. 

 

4.3.3. Boundary conditions and solutions schemes 

Similar to the previous approach, the boundary conditions are extracted from a 7-

row simulation, which is initialized from experimental data. All the domains are extended 

to avoid wave reflections which was found to have a significant impact on the unsteady 

pressures [30]. The time transformation model was used at the stator-rotor interfaces in 

the current problem for the unsteady simulation.  

The ratio of the number of passages in each row is optimized to achieve sector 

ratio close to unity. Thus 4, 3, 4 passages are utilized in the S1, R2, S2 domains respectively. 
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Since S1, R2 and S2 blades have 38, 33 and 44 blades respectively the selected 4, 3, 4 is an 

accurate simplification. Since the last 2 rows have a common factor of 11 effectively, only 

1 TT interface is used at the S1-R2 interface. 

 

Figure 59. The schematic of the domain simulated with extensions. 

 

4.3.4. Time-averaged results  

 

Figure 60. Blade loading comparison across cases at both 1T-38EO and 1T-44EO. 

Figure 60 shows the blade loading comparison across the 2-row (S1/R2) and 3-row 

(S1/R2/S2) cases. As observed the difference in the blade pressures is not significant in 
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both the cases, indicating that the blade loading is preserved even after the addition of an 

extra stator. 

 

Figure 61. Comparison of total pressure and temperature at different streamwise 
stations. Station numbers are consistent with Figure 1. 

Figure 61 shows the time-averaged total pressure and total temperature radial 

distributions at stations 3 and 4. The data from 38-1 case is used as an example. The 

experimental facility is equipped with performance measurement apparatus through the 

compressor rig at stations between the rows. A good agreement between the experimental 

and CFD values is observed.  

 

4.3.5. Stator wave reflections 

In this section, unsteady data at 2 crossings are presented, 1T-44EO and 1T-38EO. 

The case at 1T-44EO is used to understand the wave generated by downstream S2 
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potential and reflected by upstream S1; and the case at 1T-44EO is used to understand the 

wave generated by upstream S1 wake and potential field and reflected by downstream S2. 

The modal force distribution of all five cases on R2 are shown in Figure 62. The 

five columns from left to right are: (a) 2-row 38EO crossing, (b) 3-row 38EO crossing, (c) 

2-row 44EO crossing, (d) 3-row 44EO crossing, (e) 3-row 44EO crossing for the old 

configuration. The pressure side of all cases are listed on the top, and the suction side at 

the bottom.  

 

Figure 62. Modal force distribution on both sides of the blades.  

Modal force evolution 

An interesting modal force distribution pattern for the 1T-38EO is obtained in the 

results. On the suction side of the 44EO cases, there are seemingly two nodal lines 

observed. Thus an evolution of modal force is conducted to understand the reason.   
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Figure 63. Modal force evolution for S1(38)-R2-S2 at 44EO 

Figure 63 shows the modal force evolution for the S1(38)-R2-S2 new configuration 

case at the 44EO crossing. The modal force is obtained as a dot product of the aerodynamic 

forces and mode shape integrated over the blade surface. Figure 63 (a) gives a clear 

indication of the nodal line at about 40% of chord, where the modal displacement is small; 

and in Figure 63 (b) the source of the low unsteady pressure is observed at 90% chord on 

the suction side. Thus the modal force density is low at both 40% chord on both sides and 

90% on the suction side. Even though the modal force distribution appears to be similar 

to the 1CWB mode, it is a coincidence driven by the unsteady pressure distribution. 

 

Upstream stator wave reflections (44EO) 

Table 8 shows the computational modal force for the 2-row (S1-R2) case and the 3-
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row (S1-R2-S2) cases at 44EO. The values in the last column are calculated from the user 

defined modal force computation modules implanted to CFX. Because of the lack of the 

identified experimental data, only numerical results are shown. The difference between 

the case 44-1 and 44-2 is the inclusion of the upstream new stator 1, which only provides 

44EO wave reflections instead of directly contributing to it. Comparing the two cases, the 

case 44-1 has a modal force of 55.8N whereas the case 44-2 has a modal force of 130.2N. 

The difference of modal force of 57.1% is contributed by upstream stator wave reflections. 

This shows that the wave reflections from an upstream stator have a significant 

contribution to the forcing. By adding Stator 1, a constructive influence on the forcing is 

obtained.  

Table 8. Modal force comparison across different cases 

Case 
label 

Case 
configuration 

Number of S1 
vanes Crossing Computational 

modal force [N] 
44-1 R2-S2 - 1T-44EO 55.8 
44-2 S1-R2-S2 38 1T-44EO 130.2 
44-3 S1-R2-S2 44 1T-44EO 99.8 

 

The difference of 44-2 and 44-3 is the change of vane counts in Stator 1. For the 

case 44-3, both the up and downstream stator generates excitations; whereas for the case 

44-2, only the downstream one does. When comparing the two, it can be observed that 

there is a destructive interference. This conclusion is similar to the one Li obtained in [49], 

but without spurious wave reflections that could contaminate the results. 
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Downstream stator wave reflections (38EO) 

Table 9 shows the resulting computational modal force for the 2-row (S1-R2) and 

3-row (S1-R2-S2) 38EO case. With a similar logic to the previous analysis, the difference 

between the two cases is the wave reflections from the downstream stator. The overall 

modal force on the blade from 38-1 is found to be 98.3N and for the 3-row (S1/R2/S2) case 

it is found to be 131.8N, with a difference of 24.4%. As observed in Figure 62 the modal 

force is significantly higher near the leading and trailing edges. Hence, the reflection off 

the downstream stator is found to be have a significant effect on the modal force. Similar 

to the conclusion of the upstream reflections, the downstream reflection is also  

Table 9. Modal force comparison across different cases 

Case 
label 

Case 
configuration 

Number of S1 
vanes Crossing Computational 

modal force [N] 
38-1 S1-R2 38 1T-38EO 98.3 
38-2 S1-R2-S2 38 1T-38EO 131.8 
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Complex modal force 

 

Figure 64. Average vibration amplitude vs. frequency comparison at the 44EO 
crossing for S1(44) and S1(38) cases. 

Figure 64 show the average amplitudes of the forcing as a function of the excitation 

frequency data obtained experimentally. The amplitude is measured at the tip near the 

trailing edge, peak-to-peak value. The experimental averaged amplitude is approximately 

3.9 mils, which is higher than the 3.5 mils of the 44EO crossing.  Accordingly, the modal 

force is higher as predicted computationally. Figure 64 also shows the same distribution 

but for the new configuration case at the same crossing. The ratio of the average amplitude 

was found to be 1.17 and the ratio of computational modal force was found to be 1.34. The 

increase in modal force after changing the S1 count is consistent with the experimental 

prediction which helps conclude that the excitations from 2 stators destructively interferes 
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to bring down the value of modal force in the original configuration.   

 

Figure 65. Real and Imaginary parts of modal force for 38EO crossing(a) and 
44EO crossing(b). 

Figure 65 (a) and (b) shows the complex modal force for the 2 cases at the 38EO 

and 44EO crossings. It should be noted that, even though the modal force amplitude is a 

real number, the modal force is in nature a complex number. In the new S1(38) /R2/S2 case, 

both the original excitation from S1 and the physical reflections from S2 are included in 

the simulation; whereas in the new S1(38 vanes) /R2 case, only the original excitation is 

considered because of the simplification of modeling. Comparing the two scenarios, the 

difference between the 2 cases accounts for the reflection of 38EO wave from S2, marked 

as the red vector in (a). Similarly, the blue vector represents the wave reflections from S1. 

Both stator reflections provide a constructive interference with the original excitations, 

which is different from the previous rotor reflections that generate a destructive effect. 

Considering the significance of the reflections, it is recommended to include both 
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upstream and downstream adjacent stators, for the forced response study of the 

imbedded rotor, regardless of the vane counts of the stators.  
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5. Conclusions and Future Work 

Conclusions 

Conclusions of the concurrent forced response and flutter study in Chapter 2: In 

Chapter 2, a compressor stage subject to concurrent forced response and flutter is 

analyzed. A two-row quasi-3D configuration in a subsonic compressor is considered, and 

the mid-span is selected as being representative. The simulation is conducted with the 

Harmonic Balance method, in the vicinity of the 1st torsion mode - 44 engine order crossing 

on the Campbell diagram. The steady results are presented in comparison with 

experimental result and time-accurate CFD result. The unsteady results are presented at 

the blade vibration frequency and the vane passing frequency respectively. Key 

conclusions are: 

1) For the concurrent forced response – flutter problem, a one-way cross-talk 

from flutter to forced response is observed. The cross-talk is presented by the 

anomaly of pressure and velocity at the rear blade and wake region, with a 

pattern similar to shedding vortices.  

2) The shedding anomaly is attributed to the viscous effect of rotor blade, 

possibly shedding vortices induced by the vibrations of the rotor blade at a 

neighboring frequency. When eliminating the viscous effect on the rotor blade, 

the anomaly vanishes.  
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3) There is no obvious cross-talk at the blade vibration frequency. Various 

vibration amplitudes are tested, and the linear relationship is observed 

between the aerodynamic damping and the blade vibration amplitude. As the 

maximum torsional angle tested is 6.7 degrees (less than the physical 

amplitude), it is concluded that the linearity is valid within the range of normal 

operation (less than 3 degrees). 

4) When computing aerodynamic damping, a single spinning mode is adequate. 

This finding is consistent with most simplifications widely used within 

industry. 

  

Conclusions of the boundary wave reflection and inter-stage excitation studies 

in Chapter 3: In Chapter 3, a Rotor 2 subject to forced response under multiple sources of 

forcing and the impact of spurious wave reflections is analyzed. A full 3-D simulation  is 

conducted with three rows (S1-R2-S2) and five rows (IGV-R1-S1-R2-S2), and with 

different mesh treatments to control the unsteady wave reflections. The modal force on 

the embedded R2 was compared across various cases and experimental data, and a 

significant improvement of prediction accuracy was achieved. Key conclusions are: 

1) Via an observation of the perturbation pressure sequencing plots for the 3 and 

5 row configurations in the short-domain simulation, the unsteady solutions 

are highly contaminated by the spurious wave reflections from the boundary. 
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It is attributed to the lack of non-reflecting boundary conditions in the time 

domain solutions. This contamination significantly contributed to the over-

estimation of the forcing function on Rotor 2. 

2) Wave reflections from down-stream reflecting boundary greatly influence the 

prediction of forced response, whereas the upstream reflection is not 

significant. This is observed with the cross section unsteady pressure in both 

Stator 1 and Stator 2 domains. After eliminating the reflecting waves, the 

prediction of forcing function is only 12% higher compared with the 

experimental data.  

3) The inflated mesh and extension domain can significantly reduce wave 

reflection. The axial length of the longest cells will should be at the same order 

of the wave in order to “absorb” the wave. Single extension (about 1.5 chord) 

is sufficient to eliminate most of the wave reflections, as further extending the 

domain does not provide changes to the modal force. A convergence of 

extension has been reached. 

4) The wake excitation from the IGV can travel across 3 rows and influence the 

unsteady pressure in Rotor 2 domain. The IGV wake/potential field 

contributes to approximately 5% of forcing on Rotor 2.  
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Conclusions of physical wave reflection study in Chapter 4: in Chapter 4, the 

influence of the physical wave reflections due to the existence of blade rows are studied. 

Two sets of cases are studied in this chapter to understand the physical wave reflections: 

1) a 4-row (S1-R2-S2-R3) simulation is conducted to test the influence of 1T-44EO wave 

reflected from R3 back to R2 domain. 2) a 3-row (S1-R2-S2, S1=38) simulation and multiple 

2-row (S1-R2, R2-S2) simulations are conducted to separate the excitations and their 

respective wave reflections at two different frequencies. Improvement of modal force 

predictions is achieved. Key conclusions are: 

1) In the 4-row (S1-R2-S2-R3) case, adding an additional row of Rotor 3 and 

including the wave reflections from it can significantly influence the unsteady 

pressure on the Rotor 2 blades. The waves travel upstream, impinge on the 

suction side of R2 trailing edge, destructively interfere with the unsteady 

pressure on the pressure side, and reduce the modal force. The resulting modal 

force was 90% of the identified value from the experimental data. 

2) In the modified vane count analysis (44 to 38), the upstream and downstream 

excitations are separated in frequency. The downstream S2 is important for the 

1T-38EO simulation, even though the S2 has 44 vanes. This is because the wave 

reflections from S2 can be addressed in a 3-row (38-33-44) case, but not the 2-

row case (38-33). Consistent conclusions are reached that the wave reflections 

from the adjacent stators are also significant. 
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3) When simulating a blade row sandwiched by two stators, even if the blade 

counts are not the same and gives excitations at different frequencies, it is still 

necessary to include both rows in the simulation. This is because the 

downstream stator reflects the unsteady wave generated by upstream stator 

and vice versa. This conclusion also explains the invalidity of superposing two 

2-row simulations to construct a 3-row result, as the physical wave reflections 

are not simulated in the 2-row cases.  

 

Future work 

Potential future research is introduced in different topics respectively. 

 

Concurrent forced response and flutter study: 

1) Explore the lock-in effect of flutter and forced response at the same frequency. 

The physical phase between the flutter and forcing function should be studied 

as nature permits only one physical phase between the two. 

2) Further understand the mechanism behind the shedding anomaly at the vane 

passing frequency. It is concluded that the anomaly is caused by viscous effect, 

whereas the root cause of why the frequency happens to coincide with the VPF 

is unknown. 
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Wave reflections study 

1) Understand the influence of Stator 3. The extension to further downstream, the 

last row of the compressor can be conducted to further understand if the 

reflection from Stator 3 is significant to influence the Rotor 2 forced response. 

2) Reflection properties associated with the blade characteristics. A study should 

be conducted to correlate the properties of the physical wave reflections 

(loading, amplitude, phase, reflection coefficient, etc.) and the characteristics 

of the blade rows (loading, solidity, stagger angle, etc.). This can help form the 

design principles to actively control the forcing function. 

 

Forcing function components study 

Model force side peak due to rotor-rotor interactions. According to the modal 

force identification study from the experimental results, two more components, 

-14 ND and -8 ND components are identified, beyond the dominant -11 ND 

(Figure 55). Those side peaks might help explain the 10% under-prediction of 

the forcing function, as only the -11 ND component is included in the 

prediction due to the limitation of real mode shape input in CFX.  

Loading study 

Understand the non-linear relationship between loading and vibration 

amplitude. A non-linear pattern has been observed when going from low 
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loading to the peak efficiency, and peak efficiency to high loading. The 

amplitude at the high loading is significantly higher than the rest two. The 

cause of it can be studied to identify potential universal principles. 

 

Study of the asymmetric blading 

Understand the influence of the asymmetric blading. Different from the 

traditional design, where the spacing of stator blades is a constant, a new 

concept of asymmetric spacing has been introduced and tested by multiple 

institutions[59], [60], [61]. This technique has been shown to reduce forcing at 

a specific frequency, but introduces additional frequency components.  
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Appendix A: Analysis of frequency-collapsed multi-
excitation aeroelastic problem  

In this appendix, an analysis is conducted to mathematically explain what 

happens when forced response frequency and flutter frequency collapse.  

We first consider the case when two frequencies are identical. For simplicity, in a 

special case when only the two fundamental frequencies associated with two excitations 

are present. The inverse Fourier transform is presented as: 
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⎫

 

Now first assume the two frequencies collapse, thus we have: 

𝜔𝜔1 = 𝜔𝜔2 

Notice that column 𝑎𝑎 and 𝑏𝑏 are identical in this special case. Thus, the inverse 

transformation matrix 𝑬𝑬  will be singular and the Fourier transformation matrix 𝑬𝑬−𝟏𝟏 

cannot be calculated. 

Secondly, another special case worth being studied is that the two frequencies are 

very close to each other. In this case, the column 𝑎𝑎 and 𝑏𝑏 will not be identical, but being 

quantitatively close with respect to the corresponding entries in each row. This will 

potentially render an ill-conditioned  𝑬𝑬  and 𝑬𝑬−𝟏𝟏  matrices, thus inaccurate result in 
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computation. Regarding the analysis in this paper, the frequencies are carefully examined 

to insure the matrices 𝑬𝑬 and 𝑬𝑬−𝟏𝟏 are well conditioned. 

Those two conditions indicate the innate constraint in frequency domain 

Harmonic Balance solver. Without loss of generality, the conclusion can be extended to 

cases with multiple excitation frequencies are the identical or very close to each other. This 

conclusion is also valid in cases when some excitation frequencies are integer multiples of 

others and the difference among them are used as secondary frequencies for computation. 
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Appendix B: Modal Force Computation and Post-
processing with CFX 

B.1. Description 

This manual is designed for the modal force computation and post-processing of 

blade modal force in Ansys CFX. The type of analysis used for the simulation is Transient 

Blade Row (TBR), with the Time Transformation (TT) method applied at interfaces among 

rows. However, it does not apply to the traditional transient simulations (with multiple 

solutions at different time steps). This procedure was explored and tested by the Duke 

Aeroelasticity group and not documented in CFX manual. Examples of Purdue 

configurations, in particular the 1T-44EO crossing is used for demonstration in this 

manual. 

 

B.2. Preparations 

Several files need to be prepared for the procedure: 

1) Mode shapes. The mode shape can be obtained with FEM softwires. The 

coordinates of the grids and the associated displacement (mode shape) should be included 

in the mode shape file.  

2) Steady solution file. A steady CFD solution is needed to initialize the flow field. 
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B.3. Work flow 

There are 4 major steps for the modal force analysis: 

1) Conduct the unsteady CFD simulations with the TBR method till unsteady 

convergence. 

2) Implement the modal force module and continue unsteady run for the 

computation. 

3) Identify and define the key variables of interest in CFX post. 

4) Calculate modal force density and the resulting modal force. 

And the steps are explained in detail as follows: 

 

B.3.1. Conduct the unsteady CFD simulations with the TBR method.  

The key to compute the modal force is the Fourier coefficients of variables. The 

Transient Blade Row model fits this need naturally. By using the TBR model, the Fourier 

coefficients will be transmitted through the interfaces between rows. One needs to specify 

the number of Fourier coefficients for the data transmission. 

The unsteady simulation is conducted until the convergence. 
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B.3.2. Implement the modal force module and continue unsteady run 
for the computation. 

When using CFX to compute the modal force, the mode shape is assigned to the 

fluid domain as a wall boundary condition, which is only use for assigning the location 

and defining the variable, whereas not for the CFD process.  

A sample mode shape file is shown in Figure 66. It is a .csv file, with the field name 

of in the square brackets. On the top, the general name, descriptive parameters, and spatial 

fields are shown. Below are the coordinates and eigenvectors of the mode shape. The last 

column, sector tag, is used to separate the mode shape data associated with different 

blades. 

 

Figure 66. A sample of mode shape spreadsheet. 

 



 

119 

 

Figure 67. The imported mode shape spreadsheet as a user defined function. 

The file can be assigned in CFX-pre as a boundary only field on the blades, and the 

details are shown in Figure 68.  
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Figure 68. Additional variable created for post-processing. 

Continue running the unsteady simulation for another 2 periods for the 

computation of the new variables. It should be noted that if the step 1) & 2) are 

interchanged, the computation time will increase by 30-50% due to the additional 

computing and storing time, thus is not recommended by the author. 

 

B.3.2. Identify and define the key variables of interest in CFX post. 

Two key variables are needed: a. pressure Fourier coefficient; b. mode shape 

components. 

If TT method is used, the Fourier coefficients are computed automatically. If other 

methods are used, make sure pressure Fourier coefficients are ready. 

 

B.3.3. Calculate modal force density and resulting modal force 

Figure 69 shows how the modal force density is calculated. Coefficient A1 is the 

real part (default in CFX) of the 1st harmonic of pressure, and B1 the imaginary part. Mode 

shape 1T X, mode shape 1T Y and mode shape 1T Z are the three components of the mode 

shape in Cartesian coordinate, consistent with the name of the variables in the mode shape 
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file introduced in step 2). The mode shape density will be calculated in User Defined 

Variables. 

 

Figure 69. User defined function, real part of modal force density of 1T-44EO.  

Similarly, the imaginary part can be calculated. 

If the modal force associated with higher order harmonics (e.g. 1CWB-88EO) are 

needed, then the higher order Fourier coefficients (e.g. A2 and B2) can be used for the 

computation. 
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With the steps above, the amplitude of modal force density can be calculated by 

combining the real and imaginary parts of the parameter and calculating the modulus. 

 

Figure 70. User defined function, amplitude of modal force density of 1T-44EO.  

Plot the contour of the variable “Fmodal force 1T44EO Amp Density” on the blade 

of interest, the modal force distribution on the blade will be obtained. A sample plot is 

shown in Figure 71. 
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Figure 71. A sample plot of the 1T-44EO modal force distribution. 

 

Figure 72. User defined function for resulting modal force calculation.  
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The resulting modal force is the integration of the modal force density, a scaler. 

Create an expression in the tab Expressions with the integration formula, and the result 

can be obtained. 

The amplitude of the resulting modal force vector will be the scaler value we are 

interested in. 
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