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ABSTRACT 

A feature of a modern aeronautical Low-Pressure Turbine (LPT) is the high blade loadings 

with complex, transient and separated flow regimes. Most existing research have focused only 

on analysing the transient flow and flow separation in such turbines. The aerodynamics of a 

modern LPT, however, can be significantly influenced by the interaction between the unsteady 

flow field and the blade structure motion in a complex non-linear fashion which could lead to 

aeroelastic instabilities such as flutter. Therefore, the understanding of the mechanism of the 

interaction between the flow field unsteadiness and the blade structure in a modern LPT is 

essential to examine the vibration stress levels to ensure the blade mechanical integrity. The 

novelty of this paper, first and foremost, is using a high-fidelity direct numerical simulation 

method to explore the mechanism of flutter and forced response in a modern LPT, T106A 

turbine, and to study the effects of various sources of unsteadiness on the aeroelastic 

instabilities of the blade. Secondly, this paper investigates and identifies the adequate working 

ranges of the harmonic balance method, which has been widely used for the aeromechanical 

analysis of turbomachines, on predicting the behaviour of the highly unsteady flow due to fluid-

structure interaction in an LPT. Another emphasis of this paper is the determination of the 

capability of the Unsteady Reynolds Averaged Navier–Stokes (URANS) model for the 

aeroelasticity analysis of an LPT involving the highly unsteady flow. This paper will bridge a 

key gap in the knowledge of aeroelasticity modelling and analysis of modern LPTs. 
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NOMENCLATURE 

U - Vectors of the conservative variables 

τ - Stress tensor 

SM - Momentum source term 

R - Lumped residual and source term 

�̅�  - Fourier coefficient of the conservative variables 

Am - Fourier coefficient of the conservative variables 

Bm - Fourier coefficient of the conservative variables 

ω - Vibration frequency 

m - Number of harmonics 

Δt - time-step size 

CFL - CFL number 

uinlet - Inlet velocity 

ux - Velocity in the stream-wise direction 

uy - Velocity in the pitch-wise direction 

uz -  Velocity in the span-wise direction 

q - Generalized displacement 

�̅�  - Mean value of generalized displacement 

qA - Amplitude of generalized displacement 

d - Global displacement of the blade structure 

�̅�  - Mean value of the blade displacement 
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dA - Amplitude of the blade displacement 

ϕ - Structural mode shape 

Cp - Pressure coefficient 

pw - Wall static pressure 

pref - Reference pressure 

pt-in - Inlet total pressure 

pt - Total pressure 

ωu - Wake deficit 

Cax - Axial chord length 

 

1. INTRODUCTION 

Unsteady flows through various blade rows often influence the aerodynamic performance of 

turbomachines [1]. The interaction between the unsteady flow and the dynamic behaviour of a 

structure can influence the flow unsteadiness behind the structure [2], potentially leading to 

either an instantaneous or a high cycle fatigue (HCF) failure of a structure. Most of the modern 

civil aero engines consist of the Low-Pressure Turbine (LPT) which can account for 

approximately 20-30 percent of the total engine weight [3]. The flow inside an LPT in aero 

engines is prone to separation due to the low air density resulting in a low Reynolds number. 

Several studies have been performed to improve the efficiency of the LPTs and, as a result, the 

high levels of efficiency (90-93%) has been achieved [4,5].  

 

After having achieved the optimum and satisfactory level of efficiency, the focus of the studies 

has now shifted towards reducing the weight and the associated manufacturing costs of the 

LPTs [6]. A significant effort was devoted to producing a ‘high-lift’ blade design which 

increases the aerodynamic loads on the blade. This design ensures that the required stage 
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loading is achieved using a smaller number of blades, thereby reducing the total weight [7]. 

However, these designs not only decrease the highly correlated LPT flutter parameter known 

as reduced frequency but also introduce the higher per-stage loading [8-10], which could 

introduce aeroelastic instabilities such as flutter. Although the flutter and forced response has 

been a problem traditionally associated with the compressors and fans of gas turbines, the LPTs 

of modern gas turbines may also be prone to the aeroelastic instability problems similar to those 

encountered in the compressors and fans due to the high loading conditions in a combination 

with an increase of the blade aspect ratio and reducing the blade thickness [11]. The aeroelastic 

instability problems are also linked with the fatigue and fracture of the blade structure [12]. 

This triggers further studies to be carried out to develop numerical methods and tools to 

investigate the physics of onset of flutter for the LPTs in order to examine the vibration stress 

levels and to ensure the blade mechanical integrity. 

 

As an accurate prediction of flutter and forced response in turbomachines, especially in LPTs, 

is one of the greatest unsolved challenges faced by the industry, a lot of efforts have been made 

over the last decades to seek efficient numerical methods. One of them is the time-linearized 

harmonic frequency-domain method which has been developed and widely used for 

turbomachinery aeromechanical applications [13-14]. However, these methods were 

superseded by the harmonic balance method of Hall et al. [15], the phase solution method of 

He [16], and Rahmati et al. [17-18] which provide a particularly elegant way of modelling 

harmonic disturbances. Rahmati et al. [19] developed a harmonic balance method for the 

turbomachinery aeromechanical analysis and design of multiple blade row configurations. It is 

shown that a fully coupled multi-row analysis should yield more accurate flutter predictions 

than the simplified isolated blade row case [20]. Shine et al. [21-22] also applied the non-linear 

harmonic method to the aerodynamic and aeromechanical analysis of wind turbine rotors. 
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Breard et al. [23] proposed an integrated aeroelasticity model to predict the forced responses 

of a high-pressure turbine blade based on a two-way coupling approach. However, the existing 

high-fidelity aeroelasticity models are based on the Unsteady Reynolds Averaged Navier–

Stokes (URANS) equations. URANS models are often used in the industry to study unsteady 

flows [24-25]. As discussed by Tucker [26-28], the URANS models are not capable of 

predicting the unsteady flow behaviour, especially in the flow separation zone due to the 

interaction between the transient flow and the blade structure, which is usually seen in LPTs. 

Therefore, the required confidence and accuracy cannot be obtained with the URANS models 

because of the inadequacy of the turbulence models. The existing aeroelasticity models and 

solvers used in the industry mainly focus on the aeroelasticity parameters such as the value of 

aerodynamic damping or the structural responses but disregards the complex physics occurring 

during the fluid-structure interaction process which gives rise to a black-box effect. As a result, 

the understanding of the interaction between the various sources of unsteadiness and the blade 

structure is still limited, and it requires further investigations. Therefore, a high-fidelity 

numerical model should be developed to provide an understanding of the physics behind fluid-

structure interactions.  

 

Direct Numerical Simulations (DNSs) are highly efficient and they can provide a detailed 

insight into the physics of turbulence. However, the computational resources required by a 

DNS simulation are extremely high and sometimes can exceed the capability of powerful 

computers. Due to recent technical and computational advances, DNS has become more 

feasible and it has been applied in different engineering applications [29-33]. The overarching 

aim of this paper is to explore the forced response and flutter instability in a modern LPT using 

a high-fidelity DNS method in which the various sources of unsteadiness associated with the 

fluid-structure interaction are included. To the best of the authors’ knowledge, all research to 
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date have focused only on the transient flow and flow separation in modern aeronautical LPTs. 

The present work will provide fundamental understandings of the mechanism behind the 

interaction between the flow field unsteadiness and the blade structure in a modern LPT. This 

work will bridge a key gap in the knowledge of aeroelasticity modelling and prediction, and 

results will be relevant to other turbomachines prone to aeroelastic instabilities such as steam 

turbines and wind turbine blades. 

 

2. T106A LINEAR TURBINE CASCADE 

The highly loaded T106A linear turbine cascade has been selected for the present study. This 

turbine has been studied both experimentally [34] and numerically [35-43]. The experimentally 

studied test rig consists of seven aft-loaded blades. A single passage domain with a blade at the 

middle and periodic boundary conditions are used for the present numerical investigations. The 

blade aspect ratio and pitch-to-chord ratio are 1.76 and 0.799, respectively. The experimental 

measurements of this turbine were performed at a relatively low Reynolds number of 51,800 

with an inflow angle of 37.7 degrees. The required Reynolds number is obtained based on the 

inflow speed and the axial chord length in the present simulations. However, it should be noted 

that the inflow angle for the numerical simulations is shifted to 45.5 degrees due to some 

uncertainties in the experiment as explained by Michelassi et al. [42-43]. The time-averaged 

pressure coefficient distribution and the wake loss profile in a cross-section downstream of the 

blade trailing edge were measured during the experiment, and they will be compared to the 

numerical results for validation purposes. Besides, the wall shear stress on the blade surfaces 

is also computed and compared to the reference DNS simulation. Titanium Alloy is considered 

to be the material of the blade in this study and it has a density of 4620 kg/m3, Young’s modulus 

of 9.6E+10 Pa and Poisson’s ratio of 0.36. 
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3. DIRECT NUMERICAL SIMULATION 

3.1 Computational Domain and Grid 

The computational domain, shown in Fig. 1 (a), is created to simulate the flow at the mid-span 

section of the T106A LPT cascade where the flow is two-dimensional. It is important to ensure 

that the entire domain is optimal in all stream-wise, pitch-wise and span-wise directions to 

capture and resolve the necessary flow structures. The span-wise extension used in this paper 

is 0.2Cax where Cax is the axial chord length. Previous studies [37-43] suggest that 0.2Cax or 

0.15Cax should be sufficient to capture the separated flow transition. Therefore, the span-wise 

length of 0.2Cax is considered enough in this study. Moreover, the wake profiles are 

investigated at the section of 40% chord downstream of the trailing edge in the experiment as 

well as the numerical studies, and therefore the outlet of the domain is placed 2Cax from the 

trailing edge of the blade in this study to fully resolve the downstream wake region. Although 

the length of 1Cax is enough, which is mostly used in previous studies, that of 2Cax ensures that 

the downstream wakes and flow structures are captured which is particularly important when 

the blade vibration is involved. The same length from the leading edge of the blade is used for 

the inlet. In the pitch-wise direction, the pitch length is 0.9306Cax, which is consistent with the 

experiment and other studies. Therefore, the domain used in this study is considered adequate 

in all directions for the present study. 

 

The grid employed in this study is carefully generated using a structured grid generator, 

NUMECA AutoGrid5, based on structured multi-block techniques to be suitable for DNS 

computations. The O4H topology is used to create the grid which consists of five blocks – the 

skin block which is an O-mesh surrounding the blade, the inlet block which is an H-mesh 

located upstream of the leading edge, the outlet block which is an H-mesh located downstream 

of the trailing edge, the upper block which is an H-mesh located above the blade section, and 
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the lower block which is an H-mesh located under the blade section. The mesh in the skin 

block, the upper block, the lower block and the outlet block are significantly refined to resolve 

the necessary flow structures. As a steady inflow is only considered in this study, a coarser 

mesh is generated in the inlet block to reduce the total number of cells and the computation 

time. The first layer thickness, which is the width of the first cell close to the wall, is selected 

with care to capture the flow phenomena inside the boundary layers. The non-dimensional wall 

distance, y+ value, is less than one in this study and the final grid has 13.5 million grid points. 

It should be noted that, before generating this grid, the authors tested different grid sizes with 

the total grid points of 4.5 million (coarse mesh) and 18 million (fine mesh) and investigated 

the differences in predicting pressure distributions over the blade surfaces and wake profiles. 

The latter is similar in grid size as well as gird point distributions to those of Wissink et al. [38] 

and Michelassi et al. [42-43]. It is found that only a slight difference is seen between the coarse 

mesh and the fine mesh in terms of the pressure distribution over the blade surfaces. However, 

a great difference is observed in capturing the wakes as the difference in wake profiles between 

the two grids is accounted for 20%. The wakes and the flow structures are sufficiently captured 

and resolved with the fine mesh. As this study does not include inflow wakes, it should be 

possible that the coarse mesh can be used in the inlet block which could reduce the total number 

of grid points as well as the computation time. This leads to the final grid size of 13.5 million 

without compromising the accuracy in capturing the wakes in the downstream region. The final 

grid is still greater in size than that of Garai et al. [36]. Figure 1 (b) shows the representative 

coarse mesh at the blade mid-span section. 
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(a) 

 

(b) 

 

Figure 1. (a) Computational domain: 1 – skin block, 2 – inlet block, 3 – outlet block, 4 – upper block, 

5 – lower block, and (b) representative computational grid at the blade mid-span section of the T106A 

turbine 

 

3.2 Computational Methods 

The analysis of unsteady flow using the stationary blade is initially performed with the purpose 

of validating the CFD model. After validation, the blade is imposed a vibration with a 
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frequency and amplitude to initiate the flutter instability in T106A turbine and to analyse the 

interaction between the transient flow and the blade structure vibration. The first vibration 

mode is approximated by imposing a periodic displacement in the pitch-wise direction on the 

blade. Both the time domain method and the harmonic balance method are used for the 

unsteady simulations using the vibrating blade. By using the same numeric for both methods, 

the capability of the harmonic balance method on analysing the forced response and flutter 

instability in modern LTPs involving highly unsteady flow can be determined. The primary 

flow simulations are conducted using the DNS method. However, the results from the URANS 

model will also be added to the comparison in the case using the vibrating blade to investigate 

the differences between the DNS model and the URAN model, and to identify their capabilities.  

 

The flow is governed by the Navier-Stokes equations and a set of the unsteady Navier-Stokes 

equations are solved by a three-dimensional pressure-based finite volume solver, ANSYS 

CFX. The equations of mass and momentum conservation can be written as follow: 

 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑈) = 0          (1) 

𝜕(𝜌𝑈)

𝜕𝑡
+ ∇. (𝜌𝑈 ⊗ 𝑈) = −∇𝑝 + ∇. 𝜏 + 𝑆𝑀        (2) 

 

where U is the vector of the conservative variables, τ is the stress tensor and SM is the 

momentum source term, respectively. The above equations can be simply written in a semi-

discrete form as: 

 

𝜕

𝜕𝑡
(𝑈) = 𝑅(𝑈)           (3) 
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where R is the lumped residual and the source term. With the DNS method, the Navier-Stokes 

equations are directly solved without any turbulence model. The pseudo-time marching 

approach is used for the steady-state solution. For the unsteady solution, the advection terms 

are discretized using a bounded high-resolution advection scheme and the temporal derivatives 

are discretized using a 2nd order backwards Euler approximation for the time domain method.  

 

In the cases of the flutter and forced response instability problems of the turbomachinery, the 

source of unsteadiness of the flow is mainly due to blade vibration. Therefore, in this study, 

the unsteadiness of the flow is associated with the frequency and amplitude of the blade 

oscillation. As the blade is periodically vibrating, the unsteady flow variables, U,  can be 

represented by a Fourier series, based on the harmonic method, for a prescribed fundamental 

frequency, ω, and the specified number of harmonics, m, as expressed in Eq. (4).  

 

𝑈 =  �̅� +  ∑ [𝐴𝑚 sin(𝑚𝜔𝑡) + 𝐵𝑚 cos(𝑚𝜔𝑡)]𝑀
𝑚=1        (4) 

 

where �̅�, 𝐴𝑚, and 𝐵𝑚 are the Fourier coefficients of the conservation variables. Substituting 

Eq. (4) into Eq. (3) yields the following equations. 

 

𝜔 ∑ [𝑚𝐴𝑚 cos(𝑚𝜔𝑡) − 𝑚𝐵𝑚 sin(𝑚𝜔𝑡)]𝑀
𝑚=1 = 𝑅       (5) 

 

The harmonic balance method, typically used in the turbomachinery analysis, is also 

implemented in this paper with a pressure-based solution approach to identify its capability. 

Using this method, the unsteady period is equally divided into N = (2m+1) time levels and the 

system of nonlinear equations coupling all N time levels are solved iteratively. In this method, 

the time derivatives are evaluated using the spectral approximation.  
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To resolve the unsteady flow accurately, the time-step size, Δt, must be small enough such that 

a fluid particle moves only a fraction of the mesh spacing h with fluid velocity u in each step, 

and it is given by [44]: 

 

∆𝑡 = 𝐶𝐹𝐿
ℎ

𝑢
            (6) 

 

where CFL is the CFL number and it is kept in the range of 0.5-1 throughout the computation 

to ensure a very small time-step which leads to Δt of 10-5. 

 

3.3 Boundary Conditions 

For the simulations discussed in this paper, the velocity inflows are applied at the inlet and the 

pressure outlet boundary condition is defined at the outlet. The solid wall boundary conditions 

are applied on the blade surfaces. The periodic boundary conditions are applied in the pitch-

wise direction and the mirror boundary conditions are applied in the span-wise direction. The 

details of the boundary conditions are described below. 

 

3.3.1 Inlet 

A velocity inlet boundary condition is defined where the flow enters the domain. As there is an 

inflow angle, the velocity components are specified in the Cartesian frame of reference as 

follow: 
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𝑢𝑖𝑛𝑙𝑒𝑡 =  √𝑢𝑥
2 + 𝑢𝑦

2                   (7.a) 

𝑢𝑥 = 𝑢𝑖𝑛𝑙𝑒𝑡cos (45.5)                   (7.b) 

𝑢𝑦 = 𝑢𝑖𝑛𝑙𝑒𝑡sin (45.5)                   (7.c) 

 

uinlet is calculated based on the required Reynolds number of 51,800 and the axial chord length, 

and the Z-component of the velocity (i.e. velocity in the span-wise direction), uz, is zero. 

 

3.3.2 Outlet 

A pressure outlet boundary condition is defined where the flow leaves the domain. The 

atmospheric pressure of 1 atm is specified at the outlet.  

 

3.3.3 Wall 

A no-slip wall boundary condition is defined over the blade surfaces. Stationary wall boundary 

is specified in the stationary blade case whereas the deforming wall boundary with a periodic 

displacement is specified in the vibrating blade case. In the case of the vibrating blade, the 

global displacement of the blade structure is defined as: 

 

𝑑 = 𝑞𝜙            (8) 

 

where q is the generalized displacement and ϕ is the structural mode shape of the blade which 

needs to be imported before the flow simulation. The generalized displacement q can be 

specified for the considered amplitude of vibration and it can be written as: 

 

𝑞 (𝑡) =  �̅� + 𝑞𝐴 sin (𝜔𝑡)          (9) 
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where �̅� and 𝑞𝐴 are the mean value and the amplitude of the generalized displacement, 

respectively, which define the blade vibration. 

 

3.3.4 Mirror and Periodicity 

The symmetry boundary condition is specified on each side of the domain in the span-wise 

direction so that the flow on one side of the domain is the mirror image of that of the other side. 

The translational periodicity is implemented in the pitch-wise direction to represent a straight 

row of turbine blades of the linear cascade.  

 

4. RESULTS 

4.1 Analysis of Unsteady Flow using the Stationary Blade 

Before analysing the effect of the blade structure vibration on the unsteady flow, the unsteady 

simulation using the stationary blade is first conducted to validate the CFD model. The 

numerical results are compared to the experiment as well as the reference DNS simulations for 

validation. The time-averaged static pressure coefficient, Cp, can be defined as (pw – pref)/(pt-in-

pref), where pw is the blade wall static pressure, pref is the reference outlet pressure, and pt-in is 

the inlet total pressure. The time-averaged Cp distribution computed from the present 

simulation is compared to the experiment as well as the previous DNS simulation performed 

by Wissink et al. [38], and they are presented in Fig. 2. As seen, the pressure computed from 

the present simulation is in very good agreement with the experiment as well as the reference 

DNS simulation.  
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Figure 2. Time-averaged pressure coefficient distribution at the blade mid-span obtained from the 

experiment (symbol), reference DNS simulation of Wissink et al. [38] (dotted line) and the present DNS 

simulation (line) 

 

The wake loss profile, also called as wake deficit, ωu, can be defined as (pt-in-pt)/(pt-in-pref), 

where pt is the total pressure, and it is computed at 40% chord downstream of the blade trailing 

edge. Similar to Cp, the time-averaged wake loss profile calculated from the present simulation 

is compared to the experiment as well as the DNS simulation conducted by Michelassi et al. 

[42], and they are shown in Fig. 3. A slight difference can be seen between the DNS 

computations and the experiment. This has been discussed in previous studies [36,42]. Overall, 

a good agreement is obtained between the present simulation and the experiment, and the 

results are close to that of Michelassi et al. [42]. Therefore, it can be noted that the present CFD 

model captured the wake loss reasonably well and this is considered enough for further 

investigations involving the blade vibration. 
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Figure 3. Wake loss profiles at 40% chord downstream of the blade trailing edge obtained from the 

experiment (symbol), reference DNS simulation of Michelassi et al. [42] (dotted line) and the present 

DNS simulation (line) 

 

In addition to the pressure coefficient distribution and the wake loss profile, the shear stresses 

on the blade surfaces are also computed, and they are compared to the previous DNS simulation 

performed by Michelassi et al. [42], and they can be seen in Fig. 4. As shown, they are in very 

good agreement. Therefore, it is concluded that the CFD model used in the present study is 

valid for further investigations after having obtained the results which agree well with the 

experiment as well as the reference DNS simulations.  

 

Figure 4. Wall shear stress on the blade surfaces at the blade mid-span obtained from the present DNS 

simulation (line) and the reference DNS simulation of Michelassi et al. [42] (dotted line) 
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Figure 5. Instantaneous vorticity fields obtained at: (a) t/T = 0.25, (b) t/T = 0.50, (c) t/T = 0.75, and (d)  

t/T = 1 (t is the local time-step and T is the total simulation time)  

 

After having validated the CFD model in terms of the time-averaged parameters, it is also 

crucial to visualise and analyse the vorticity to determine whether this model captures the 

necessary flow structures, which is very important for this study. Figure 5 illustrates the 

instantaneous vorticity structures, at four equally spaced time-steps, obtained from the present 

simulation. Although a single passage domain is simulated in this study, the additional two 

passages are added and shown for better visualisation of the flow structures. As seen, on the 

pressure side of the blade, the flow remains laminar and attached whereas the flow separates 

in the aft region on the suction side which leads to laminar vortex-shedding from the trailing 

edge of the blade of which the flow structures are similar to that of Karman vortex. As time 

goes on, the evolution of coherent structures and separation of shear layers can be observed. 

(a) (b)

(c) (d)
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The rolling up and breaking down of the separated shear layer occur due to Kelvin-Helmholtz 

instability which results in a transition to turbulence near the trailing edge and forming 

unsteady and complex vortex structures further downstream. After a certain period, the flow 

structure is stretched near the trailing edge and the organised mushroom-like vortex structures 

are developed to form a fully turbulent wake in the downstream region. 

 

4.2 Analysis of Interaction between Transient Flow and Blade Structure Vibration 

To explore the forced response and flutter instability in a modern LPT due to the interaction of 

unsteady flow and the blade structure, the blade is prescribed a vibration with a frequency and 

amplitude in the flow simulation. The first vibration mode is approximated by imposing a 

periodic displacement in the pitch-wise direction on the blade as shown in Fig. 6 and is used in 

this analysis. This means that each node of the blade has the same displacement and the blade 

periodically moves up and down, in the Y-direction, with a prescribed frequency and amplitude 

throughout the run. The global displacement of the blade can be written, based on Eq. (8) and 

Eq. (9), as: 

 

𝑑(𝑡) = �̅� + 𝑑𝐴 sin(𝜔𝑡)                    (10) 

 

where �̅� and 𝑑𝐴 are the mean value and amplitude of the blade displacement. The first natural 

frequency, 250 Hz, obtained from the modal analysis, is adopted to be the vibration frequency 

in this case. In the aeromechanical analysis of turbomachines, the vibration amplitudes of 1-

3%Cax are typically used in both experimental and numerical studies [19-20,45-46]. As this 

paper only simulates the flow at the mid-span section of the blade, a relatively small amplitude 

of 1%Cax is considered and set to be the vibration amplitude. 
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Figure 6. Schematic diagram of the blade vibration showing the blade moving in the pitch-wise direction  

 

The time-averaged pressure coefficient distribution computed from this analysis is first 

compared to the stationary blade case, and they are shown in Fig. 7. In terms of pressure 

coefficient distributions on the blade surfaces, only a slight difference is seen between the two 

cases. This is understandable as the blade displacement is periodic in time and the time-

averaged pressure distribution due to the vibration can be similar to that of the stationary case. 

However, it should be noted that this effect is also related to the frequency and amplitude of 

the vibration. A little pressure fluctuation due to the flow separation on the suction surface is 

also observed near the trailing edge. 

 

 

Figure 7. The comparison of time-averaged pressure coefficient distributions between the stationary 

blade case (dotted line) and the vibrating blade case (line) 
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The effect of vibration on the unsteady flow can be clearly observed in the wake profiles (See 

Figure 8). They are computed at the same location as discussed in the stationary case. A 

significant difference can be seen between the two cases as the flow is disturbed by the blade 

vibration. The blade experiences acceleration and deceleration on both pressure and suction 

surfaces due to the vibration, which leads to an increase and decrease in total pressure in the 

downstream region. This results in negative and positive wake profiles, as seen in Fig. 8, and 

the magnitude of the wake is also much larger in the vibrating blade case compared to the 

stationary blade case. 

 

Figure 8. The comparison of wake profiles between the stationary blade case (dotted line) and the 

vibrating blade case (line) 

 

The evolution process of vorticity over vibration periods is demonstrated in Fig. 9 which allows 

visualising the mechanism of the interaction between the flow unsteadiness and the blade 

structure vibration. As soon as the blade undergoes vibration, the blade structure motion 

triggers disturbances and the vortex structures shed from the blade trailing edge. The blade 

produces similar vortex structures as vibration goes on and the initially produced vortex 

structures are pushed away by the latterly produced ones. After about 20 vibration periods, 

some of the vortex structures are mixed up with those from the neighbouring blades. The 
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breaking down and mixing up of vortex structures are clearly observed beyond 30 vibration 

periods. As vibration periods go on, the highly unsteady vortex structures and completely 

turbulent flow fields are seen in the downstream region. Overall, it is seen that the flow is 

predominantly distorted by the blade movement and the periodically moving blade causes the 

recurring pattern of vortex formation from the trailing edge of the blade. The frequency of 

vorticity is determined by the blade vibration frequency.  

 

Figure 9. Instantaneous vorticity fields obtained after: (a) 5 vibration periods, (b) 10 vibration periods, 

(c) 20 vibration periods, (d) 30 vibration periods, (e) 40 vibration periods, and (f) 50 vibration periods 

 

 

Figure 10. Close-up view of the vorticity around the trailing edge of the blade after 50 vibration periods  

 

(a) (b) (c)

(e) (f)(d)
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The close-up view of the vorticity around the trailing edge of the blade after 50 vibration 

periods is shown in Fig. 10 to highlight the flow structures near the trailing edge. The outer 

bound of the colourmap is increased to be able to clearly see the flow separation and vortex 

structures in this region. As seen, the rolling up of separated shear layer and flow recirculation, 

similar to KH rolls, are observed on the suction side near the trailing edge before shedding 

from the trailing edge. A little fluctuation in pressure distribution near the trailing edge, which 

was seen in Fig. 7, is associated with this phenomenon.  

 

Figure 11 compares well-developed flow fields from the stationary blade case and the vibrating 

blade case after 50 vibration periods in which the differences between the two cases can be 

observed. As seen, the flow field is dominated by the blade motion in the latter case. 

Furthermore, the flow structures are highly unsteady, more organised and stronger in the 

vibrating blade case, compared to the stationary blade case, due to the periodic movement of 

the blade. Therefore, the conclusion can be drawn from these observations that the blade 

vibration has a significant impact on the flow, and the unsteady flow structures are strongly 

influenced and controlled by the blade vibration frequency and amplitude.  

 

Figure 11. The comparison of vorticity fields between (a) the stationary blade case and (b) the vibrating 

blade case after 50 vibration periods 

 

(a) (b)
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In addition to the time domain method, the harmonic balance method is also used in this study 

using different harmonics to determine the capability of the harmonic balance method on 

analysing the aeroelasticity and unsteady flow inside a modern LPT at a low Reynolds number 

involving the highly unsteady vorticity and wake. Figure 12 presents the vorticity developed 

from the trailing edge of the blade within the initial vibration periods obtained from the time 

domain method and the harmonic balance method using different harmonics. As shown, the 

vorticity predicted by using 1 harmonic and 3 harmonics are not comparable to that of the time 

domain method which indicates that 3 harmonics are not even enough to resolve the flow 

structures. It is seen that using 5 harmonics produces similar vortex structures as the time 

domain method. However, none of them seems to have accurately captured the flow leaving 

from the trailing edge. Although the flow resolution will be better with higher orders of 

harmonics, this will also increase the requirement of computational resources by a significant 

factor which could also be beyond the capabilities of supercomputers. Nevertheless, it can be 

said that at least 5 harmonics are required to resolve the necessary flow structures due to the 

interaction between the unsteady flow and the blade structure vibration inside an LPT. 

 

 

Figure 12. The comparison of vorticity fields captured by (a) the time domain method and the harmonic 

balance method using (b) 1 harmonic, (b) 3 harmonics, (c) 5 harmonics 

 

One of the important parameters in the aeromechanical analysis of turbomachines is the 

aerodynamic damping value, which is used to determine whether the blade vibration is stable. 

(a) (b) (c) (d)
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The URANS models are traditionally employed by the existing high-fidelity aeroelasticity 

solvers and they are still widely used in the industry to compute aerodynamic damping as they 

are computationally less expensive. In this paper, the URANS simulation is also carried out in 

addition to the DNS simulation to examine the capability of the URANS model on not only 

computing the aerodynamic damping but also predicting the behaviour of the unsteady flow 

after interaction with the blade structure. The k-omega SST turbulence model is used for the 

URANS computation. For a direct comparison to the DNS computation, the same time-step 

and total run time are used. The aerodynamic damping values computed from both methods 

are presented in Table 1. It is seen that the aerodynamic damping predicted by the URANS 

model is comparable to that of the DNS model. However, as shown in Fig. 13 and 14, the 

URANS model is, in fact, unable to not only capture the flow separation but also resolve the 

unsteady flow accurately compared to the DNS model. Therefore, it is evident that the use of 

URANS model is theoretically problematic when the highly unsteady flow and the flow 

separation are the main concerns, and it is unable to provide the physical understanding behind 

the complex fluid-structure interaction process which is essential to study the wake interaction 

between the blade rows and the transient flow. Figure 15 describes the total wall work 

distribution on the blade which shows that the blade has a dominant stabilizing effect on the 

suction surface. 

 

Table 1. The comparison of aerodynamic damping values obtained using the DNS and URANS models 

Type of Model Aerodynamic Damping 

DNS 0.056 

URANS 0.055 
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  Figure 13. The comparison of vorticity fields between (a) the URANS model and (b) the DNS model 

 

Figure 14. The comparison of close-up views of the vorticity around the trailing edge between (a) the 

URANS model and (b) the DNS model 

 

 

Figure 15. Total wall work distribution on the surfaces of T106A turbine blade (positive values 

represent stabilizing effect and negative values represent destabilizing effect) 

(a) (b)

(a) (b)
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4.3 Computational Cost 

The simulations discussed in this paper are all performed on an HPC cluster. Each node consists 

of Dual Intel Xeon E5-2680 v4 14 core 2.4GHz CPU, 64GB RAM, 120GB SSD. Total of 56 

processors are used for the time domain method whereas 24 processors can only be used with 

the harmonic balance method due to extremely large memory requirement. This can be noted 

as the limitation of the harmonic balance method. The computational costs with respect to the 

total processors used for each case are listed in Table 2. The harmonic balance method solves 

significantly faster than the time domain method. The solution takes longer with higher orders 

of harmonics. It takes approximately 26 hours on 24 processors with the harmonic balance 

method using 5 harmonics whereas it takes about 10 days on 56 processors using the time 

domain method. 

 

Table 2. The total computational cost of each numerical method with respect to total processors used 

Method No. of Processors Computation time  

Time Domain Method  56 238 hours 

Harmonic Balance Method using 1 Harmonic  24 5 hours 

Harmonic Balance Method using 3 Harmonics  24 15 hours 

Harmonic Balance Method using 5 Harmonics  24 26 hours 

 

5. CONCLUSIONS 

In this paper, the numerical investigation of the interaction between the transient flow and the 

blade structure vibration in a modern LPT is presented. A high-fidelity DNS method is used 

for flow simulations. First of all, the CFD model used in this paper is validated against the 

experiment as well as the previous DNS simulations in terms of time-averaged pressure 

coefficient distribution, wake profile and wall shear stress. Using the validated CFD model, the 

forced response and flutter instability in this turbine is investigated. Results obtained show that 

a slight difference in time-averaged pressure distribution is seen between the vibrating blade 
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case and the stationary blade case whereas a significant difference is noticed between the two 

cases in terms of wake profiles. Negative and positive wake profiles with higher magnitudes 

are observed in the vibrating blade case. Visualisation of the flow structures indicates that the 

flow is highly distorted by the blade structure motion and the evolution of vortex structures are 

directly associated with the blade vibration. The breaking down and mixing up of vortex 

structures are identified after about 30 vibration periods leading to the highly unsteady and 

completely turbulent flow in the downstream region. The flow structures and vorticity fields 

are more organized and stronger in the vibrating blade case. KH rolls like vortex structures are 

also seen on the suction surface near the trailing edge. Therefore, a conclusion can be drawn 

from these observations that the unsteady flow inside an LPT is highly influenced by the blade 

structure vibration, and the shape and the size of the vortex structures are determined by the 

frequency and amplitude of the blade vibration.  

 

The URANS computation is also conducted in this paper and the results are compared to that 

of the DNS computation. It is found that the aerodynamic damping value predicted from the 

URANS model is comparable to that of the DNS model. However, the URANS model is unable 

to capture the flow separation and the unsteady flow accurately resulting in lack of flow 

information to understand the physics behind the fluid-structure interaction process which is 

very important for LPTs and essential to study the wake interaction between the blade rows. 

Thus, it can be concluded that the URANS models are not preferable for the study of LPTs 

involving highly unsteady flow.  

 

In addition to the time domain method, the harmonic balance method using different harmonics 

is also used in this paper to determine the capability of the method in analysing aeroelasticity 

and the transient flow inside a modern LPT. Results show that at least 5 harmonics are required 
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to resolve the necessary flow structures. In terms of computation time, the time domain method 

requires a considerably larger amount of CPU time compared to the harmonic balance method. 

However, the harmonic balance method requires a great number of computational resources 

and the use of higher orders of harmonics is quite limited. 
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