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ABSTRACT 
     Modern aeronautical Low-Pressure Turbines (LPTs) are 

prone to aeroelastic instability problems such as flutter. The 

aerodynamic performance of a modern LPT is often 

influenced by the interaction between the transient flow and 

the dynamic behaviour of the blade. Therefore, the 

investigation and understanding of the physics behind the 

interaction between the unsteady flow and the flutter 

phenomenon of the blade in an LPT, which is normally left 

out by existing studies, is an important aspect of the research 

to improve the aerodynamic performance of the turbine as 

well as to ensure the blade mechanical integrity. In this 

paper, a novel analysis is conducted to explore the flutter 

instability in a modern LPT, T106A turbine, using two inter 

blade phase angles (IBPAs), and their effects on the unsteady 

flow field are investigated. The zero degree and 180 degrees 

IBPAs are considered in this paper. A high-fidelity direct 

numerical simulation method is used for the flow simulations. 

Another distinctive feature of this paper is the use of the 3D 

model to analyse the effects associated with the 3D blade 

structure and the 3D vibration mode. The investigation and 

identification of adequate working ranges of the harmonic 

balance method, which has been widely used for the 

aeromechanical analysis of turbomachines, are also 

presented in this work. This paper will bridge a key gap in the 

knowledge of aeroelasticity modelling and analysis of 

modern LPTs. 

 

     Keywords: low-pressure turbines; computational fluid 

dynamics, fluid-structure interaction, aeroelasticity; direct 

numerical simulation method; harmonic balance method 

 

NOMENCLATURE 
 
U Vector of conservative variables 

Ω Fluid volume 

S Surface 

�⃗�𝐼  Inviscid flux vectors 

�⃗�𝑉  Viscid flux vectors 

ST Source term 

R  Lumped residual and source term 

𝑈  Fourier coefficient of conservative variables 

𝐴𝑚  Fourier coefficient of conservative variables 

𝐵𝑚  Fourier coefficient of conservative variables 

m Number of harmonics 

ω Vibration frequency 

Δt Time-step size 

h Mesh spacing 

u Fluid velocity 

CFL CFL number 

Cp Time-averaged pressure coefficient 

pw Wall static pressure 

pref Reference pressure 

pt-in Inlet total pressure 

pt Total pressure 

ωu Wake deficit 

𝜏𝑤  Wall shear stress 

C Chord length 

Cax Axial chord length 

IBPA Inter blade phase angle 

W Aerodynamic work per vibration cycle 

p Fluid pressure 

�⃗� Velocity of the blade due to imposed displacement 

�̂�  Surface normal unit vector 

A Surface area 

to Initial time 

TPeriod Period of one vibration cycle 

 

1. INTRODUCTION 
     Low-Pressure Turbines (LPTs), typically found in modern 

civil aero engines and gas turbine engines, weight 

approximately 20-30 percent of the total engine weight [1]. 

The high blade loadings and the flow separation due to a low 

Reynolds number are typical features of a modern LPT, and 

the interaction between the transient flow and the blade 

structure in an LPT can have a significant influence on the 

aerodynamic performance of the turbine. A number of studies 

have been conducted to maximise the performance of LPTs 

and a high level of efficiency, 90-93 percent, has been 

achieved as a result [2].  

 

     Reducing the weight of LPTs in aero engines and gas 

turbines and their associated manufacturing costs have been 

the main focus of the research industry after a high level of 

efficiency has been obtained [3]. A ‘high-lift’ blade design, 

which increases the required aerodynamic loads on the blade 

but using fewer blades, is one of the outcomes [4]. However, 

this design not only decreases the highly correlated LPT 

flutter parameter known as reduced frequency but also 

introduces the higher per-stage loading [5-7], potentially 
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leading to aeroelastic instabilities such as flutter as a result of 

a high aspect ratio of the blade [8]. Many structural failures 

of the blade of LPTs are directly associated with aeroelastic 

instability problems [9]. Therefore, the assessment and 

understanding of the physics of the flutter instability of LPTs 

are required to ensure the blade mechanical integrity. 

 

     An accurate prediction of flutter instability in 

turbomachines, especially in LPTs, remains one of the 

greatest unsolved challenges in the industry. Several studies 

have been conducted over the last decades to seek efficient 

and effective numerical methods. One of them is the time-

linearized harmonic frequency-domain method which has 

been developed and widely used for turbomachinery 

aeromechanical applications [10-11]. However, these 

methods were superseded by the harmonic balance method of 

Hall et al. [12], the phase solution method of He [13], and 

Rahmati et al. [14-15] which provide a particularly elegant 

way of modelling harmonic disturbances. Rahmati et al. [16] 

developed a nonlinear frequency domain solution 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 [17]. 

Shine et al. [18-19] also applied the non-linear harmonic 

method to the aerodynamic and aeromechanical analysis of 

wind turbine rotors.  

 

     The existing high-fidelity aeroelastic solvers are based on 

the Unsteady Reynolds Averaged Navier–Stokes (URANS) 

models. However, the URANS models are unable to 

accurately predict the behaviour of the unsteady flow, 

especially in the flow separation zones, due to the inadequacy 

of turbulence models [20-22]. Therefore, the required 

confidence and accuracy cannot be obtained with the URANS 

models when the highly unsteady flow and the flow 

separation, which are seen in LPTs, are involved. The existing 

aeroelastic models and solvers used in the industry mainly 

focus on aeroelasticity parameters such as the value of 

aerodynamic damping and disregard 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, high-fidelity numerical methods 

and models are required to further investigate the physics 

behind the interaction between the unsteady flow field and the 

flutter behaviour of the blade. 

 

     This paper aims to assess the flutter instability in a modern 

LPT using a high-fidelity Direct Numerical Simulation 

(DNS) method in which the various sources of unsteadiness 

associated with the fluid-structure interaction are included. 

To the best of the authors’ knowledge, most research to date 

have focused only on the transient flow and flow separation 

at the blade mid-span of modern aeronautical LPTs. The 3D 

model is used in this paper and the effects associated with the 

3D blade structure are investigated. Two inter blade phase 

angles (IBPAs), zero degree and 180 degrees, are used in the 

present simulations and their effects on the unsteady flow 

field are analysed and discussed in this paper. These phase 

angles are particularly chosen to investigate the completely 

in-phase and out-of-phase scenarios between two adjacent 

blades. This work will provide fundamental understandings 

of the mechanism behind the interaction between the flow 

field unsteadiness and the blade structure in a modern LPT. 

Adequate working ranges of the harmonic balance method, 

which has been widely used for the aeroelasticity analysis of 

turbomachines, are also investigated and identified in this 

paper. This work will bridge a key gap in the knowledge of 

aeroelasticity modelling and prediction of turbomachines. 
 
2. T106A LINEAR TURBINE CASCADE 

 
2.1 Description of the T106A Turbine 
     The highly loaded T106A linear turbine cascade has been 

selected for the present study. This turbine has been studied 

both experimentally [23] and numerically [24-31]. The 

experimentally studied test rig consists of seven aft-loaded 

blades. 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 in [30-31]. 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. In 

addition, the wall shear stress on the blade surfaces is also 

computed and compared to the previous 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. 

 
2.2 Computational Domain and Grid 
     The complete 3D model including the hub and the shroud 

is considered for the present simulations to analyse the effect 

of the 3D blade vibration on the flow. The span of the blade 

is 2.5Cax, where Cax is the axial chord length. The pitch length 

is 0.9306Cax. The computational grids are generated using a 

structured grid generator based on structured multi-block 

techniques. The O4H topology is used to create the mesh 

which includes 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 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 has 

been generated in the inlet block to reduce the total number 

of cells and the computation time. The grid point distributions 

in the stream-wise, pitch-wise and span-wise directions in the 

skin block, the upper block, the lower block and the outlet 

block are 385x33x97, 393x29x97, 393x29x97 and 

225x49x97, respectively, whereas that of the inlet block is 

25x49x97. The first layer thickness which is the width of the 

first cell close to the wall is 1e-5 meters leading to the non-

dimensional wall distance, y+ value, less than 1. The mesh has 

the total grid points of 4.5 million in a single passage. Two 
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IBPAs, zero degree and 180 degrees, are considered in the 

present work. A single passage is used for the zero degree 

IBPA case and an additional passage is added on the top of 

the referenced passage in the case of 180 degrees IBPA. 

Figure 1 shows the computational grid at the blade mid-span 

section of a single passage. 

 

2.3 Computational Methodology 
     The analysis of unsteady flow using the stationary blade is 

initially performed to validate the CFD model. After 

validation, the blade is imposed a vibration with a 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 modal analysis is 

conducted before the flow simulation to compute the natural 

frequencies and the structural mode shapes of the blade. The 

first vibration mode is used for the blade vibration in which 

the first natural frequency is defined to be the vibration 

frequency. 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 flutter instability in modern LTPs involving 

highly unsteady flow and wake can be determined. The flow 

simulations are conducted using the DNS method.  

 

     For the flow simulation, the flow is governed by the 

unsteady Navier-Stokes equations and the general Navier-

Stokes equations written in a Cartesian frame can be 

expressed as: 
 
𝜕

𝜕𝑡
∫ 𝑈𝑑Ω + ∫ �⃗�𝐼𝑆Ω

 . 𝑑𝑆 +  ∫ �⃗�𝑉𝑆
 . 𝑑𝑆 =  ∫ 𝑆𝑇𝑑Ω

Ω
      (1) 

 
 where Ω is the volume, S is the surface, U is the vector of the 

conservative variables, ST is the source term, and �⃗�𝐼and �⃗�𝑉are 

the inviscid and viscous flux vectors, respectively. The above 

equation can be simply written in a semi-discrete form as: 

 
𝜕

𝜕𝑡
(𝑈) = 𝑅(𝑈)          (2) 

 

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 commercially available 

three-dimensional pressure-based finite volume solver, 

ANSYS CFX, is used in the present study. 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 this study, the harmonic balance method is also 

implemented with a pressure-based solution approach. With 

this method, the transient flow variables, U, are represented 

by a Fourier series for a prescribed fundamental frequency, 

ω, and the specified number of harmonics, m, as expressed in 

Eq. (3).  

 
𝑈 =  𝑈 + ∑ [𝐴𝑚 sin(𝑚𝜔𝑡) + 𝐵𝑚 cos(𝑚𝜔𝑡)]𝑀

𝑚=1        (3) 
 
where 𝑈, 𝐴𝑚, and 𝐵𝑚 are the Fourier coefficients of the 

conservative variables. Substituting Eq. (3) into Eq. (2) yields 

the following equations. 

 
𝜔 ∑ [𝑚𝐴𝑚 cos(𝜔𝑡) − 𝑚𝐵𝑚 sin(𝜔𝑡)]𝑀

𝑚=1 = 𝑅       (4) 

 
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.  

 

     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: 

 

𝛥𝑡 =  𝐶𝐹𝐿
ℎ

𝑢
          (5) 

 
where CFL is the CFL number and it is kept to a value less 

than one.  

 

 

 
 

FIGURE 1: COMPUTATIONAL GRID AT THE BLADE MID-SPAN OF THE T106A TURBINE 
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2.4 Boundary Conditions 
     The inlet velocities in Cartesian components, as explained 

in [27], are applied at the inlet to achieve the required inflow 

angle of 45.5 degrees and the desired Reynolds number of 

51,800. The pressure outlet boundary condition is defined at 

the outlet. The solid wall boundary conditions are applied on 

the blade surfaces. As the hub and the shroud are also present 

in this study, they are treated as wall boundaries, and the 

periodic boundary conditions are applied in the pitch-wise 

direction. As two passages are involved in the 180 degrees 

IBPA case, the general connection interface model, available 

in ANSYS CFX, is used to connect the two passages. This 

interface is used to collect and exchange the flow information 

between the two passages and the flow data are then 

transferred to the periodic boundaries. 

 
3. RESULTS 

 
3.1 Analysis of Unsteady Flow using the Stationary 
Blade 
     Before analysing the effect of the flutter instability 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 results 

discussed are extracted at the blade mid-span section. 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. [27], and they are presented in 

Fig. 2. As seen, the results obtained are in very good 

agreement with the experiment as well as the reference DNS 

simulation.  

 
     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 from the present simulation is compared to the 

experiment as well as the DNS simulation conducted by 

Michelassi et al. [30], and they are shown in Fig. 3. It is seen 

that the studied 3D model captures the wake loss reasonably 

well, but the peak location is slightly different from the 

experiment. The reason for this is not very clear, as discussed 

in [25,30], but it can be related to the fact that a small inflow 

turbulence intensity was noted during the experiment. 

Nevertheless, the mesh used in this study is considered fine 

enough for further investigations involving blade vibration. 

 

     In addition to the pressure coefficient distribution and the 

wake loss profile, the shear stresses on the blade surfaces are 

also computed in this study, and the results are compared to 

the previous DNS simulation performed by Michelassi et al. 

[30]. Figure 4 demonstrates the comparison of the wall shear 

stresses between the present simulation and that of Michelassi 

et al. [30]. It should be noted that inflow turbulence was 

introduced in the simulation of Michelassi et al. As shown, 

they are in very good agreement although a little difference is 

seen near the trailing edge. However, this is due to the 

difference in inflow turbulence between the two simulations. 

A clean inflow is used in the present simulation. 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 2: TIME-AVERAGED PRESSURE COEFFICIENT 

DISTRIBUTIONS 

 

 
FIGURE 3: WAKE LOSS PROFILES 

 

 
FIGURE 4: WALL SHEAR STRESS 
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     As the emphasis of this paper is to analyse the unsteady 

flow mechanism due to interaction with the blade, it is 

important to determine whether the employed model can 

capture the necessary flow structures. Figure 5 illustrates the 

instantaneous vorticity fields at the blade mid-span at four 

equally spaced instants, where t is the local time step and T is 

the total run time. Although a single passage domain is 

simulated for this analysis, the additional two passages are 

added and shown for better visualisation of the flow 

structures. The flow separates in the aft region on the suction 

surface of the blade before shedding from the trailing edge, 

whereas the flow remains laminar and attached on the 

pressure surface. Laminar vortex shedding from the trailing 

edge, of which the flow structures are similar to that of 

Karman vortex, is dominant within the initial periods. The 

separation of shear layers and the evolution of coherent 

structures are observed as time goes on. The rolling up and 

breaking down of separated shear layers due to Kelvin-

Helmholtz instability leads to a transition to the turbulence 

near the trailing edge. After a certain period, the flow 

structure is stretched near the trailing edge and the organized 

mushroom-like vortex structures are developed in the 

downstream region resulting in the highly unsteady and fully 

turbulent downstream wakes. Therefore, it can be noted that 

the numerical model used in this paper captures the unsteady 

flow structures and can be used for further analysis. 

 
3.2 Analysis of the Flutter Instability of the Blade on 
the Unsteady Flow 
     The main objective of this paper is to assess the flutter 

instability in a modern LPT and to analyse their effects on the 

unsteady flow field. The first vibration mode, of which the 

first natural frequency is 250 Hz, is used and prescribed in the 

flow simulation. The first natural frequency is set to be the 

vibration frequency in this study. The maximum vibration 

amplitude is defined to be 3%Cax at the tip of the blade in this 

study so that the amplitude at the blade mid-span section is 

approximately 1%Cax. This will also allow visualising the 

flow structures relating to relatively large amplitude. Two 

IBPAs, zero degree and 180 degrees, are used in this paper to 

investigate the effects associated with the different IBPAs. 

The mode shape of the T106A turbine blade is demonstrated 

in Fig. 6. 

 

     The time-averaged pressure coefficient distributions on 

the surfaces of the reference blade, the lower blade, obtained 

from the two cases using different IBPAs are compared to the 

stationary blade case to investigate the effects of vibration 

with different IBPAs, and they are presented in Fig. 7 and 8. 

As seen, in the case of 180 degrees IBPA, there is a significant 

impact on the reference blade due to the change in pitch 

length between the blades within a vibration cycle. The 

impact is much greater in the blade outer region close to the 

shroud, especially near the trailing edge where the vibration 

amplitude is maximum, as the flow is most disturbed by those 

from the other blade sections as well as the neighbouring 

blades. The similar nature is also observed in the zero degrees 

IBPA case but the flow disturbance by the neighbouring 

blades is less compared to the 180 degrees case. In both zero 

and 180 degrees cases, slight differences are seen in the blade 

inner region where the vibration amplitudes are small.

 

 

 
 

FIGURE 5: INSTANTANEOUS VORTICITY FIELDS AT THE BLADE MID-SPAN  

 

 

t/T = 0.25

t/T = 0.75

t/T = 0.5

t/T = 1
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FIGURE 6: FIRST VIBRATION MODE OF THE T106A TURBINE BLADE 

 

 
                    (a)                 (b) 

 
                    (c)                 (d) 

 
FIGURE 7: TIME-AVERAGED PRESSURE COEFFICIENTS AT (A) 30%, (B) 50%, (C) 70%, AND (D) 90% SPAN BLADE SECTIONS 

FROM THE ZERO DEGREE IBPA CASE 
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      (a)                (b) 

 
       (c)                (d) 
FIGURE 8: TIME-AVERAGED PRESSURE COEFFICIENTS AT (A) 30%, (B) 50%, (C) 70%, AND (D) 90% SPAN BLADE SECTIONS 

FROM THE 180 DEGREES IBPA CASE 

 

     Figure 9 illustrates the wake profiles, obtained from the 

zero degree IBPA case and the 180 degrees IBPA case, 

computed at 40% chord downstream from the blade trailing 

edge at the blade mid-span of the lower blade passage. The 

wake profile from the stationary blade case is also added to 

the comparison to see the differences between the stationary 

blade case and the vibrating blade case. A complete 

difference in wake profiles is seen between two IBPA cases 

and the stationary blade case which show that the blade 

vibration has a significant impact on the unsteady flow 

downstream. The magnitudes of wake profiles are much 

larger in the vibrating blade cases compared to the stationary 

blade case. The wake profile is a total opposite of the 

stationary blade case in the zero degree IBPA case whereas, 

in the case of 180 degrees IBPA, a sinusoidal-like pattern of 

wake profile is observed. The total pressure rise after about 

80% pitch in the latter case is associated with the flow 

disturbances from the upper blade passage. These 

disturbances can be visualised in Fig. 10 which shows the 

total pressure distributions for the two IBPA cases.  

 

     Figure 11 and 12 demonstrate the evolution process of 

vorticity at the blade mid-span over the vibration periods for 

the two IBPA cases. The vortex structures are produced as 

soon as the blade starts vibrating, and the initially produced 

vortex structures are pushed away by the latterly produced 

ones in both cases. As shown in Fig. 11, in the case of zero 

degree IBPA, a recurring pattern of vortex formation can be 

seen over the vibration periods and the vortex structures 

produced by the upper blade start mixing up with those from 

the lower blade after about 10 vibration periods. The turbulent 

flow field and wake can be observed in the downstream 

region after 20 vibration periods. On the other hand, the flow 

behaviour is different in the case of 180 degrees IBPA (see 

Figure 12). The vortex structures from the upper blade seem 

to go down and approach those from the lower blade, which 

is also consistent with the wake profile and total pressure 

distribution as previously seen, and the turbulent flow field is 

formed soon after they departed from the blade trailing edge. 

At about the 15 vibration-period, the rolling up of vortex 

structures and a flow separation can be noticed on the suction 

surface of the blade due to the change in pitch length between 

the blades within the vibration cycle. This effect is much 

greater after about 20 vibration periods. 
 

 
 

FIGURE 9: WAKE PROFILES 
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       (a)             (b) 

FIGURE 10: TOTAL PRESSURE CONTOURS FROM (A) ZERO DEGREE AND (B) 180 DEGREES IBPA CASES AT THE BLADE 

MID-SPAN 

 

      Figure 13 and 14 illustrate the vorticity fields at different 

blade sections, obtained after 20 vibration periods, from the 

two studied cases to visualise the effect of different vibration 

phase angles on the flow at different blade sections. The flow 

fields are very similar at the 30% span blade section where 

the amplitude of vibration is very small and hence the effect 

of the IBPA is not significant. However, a noticeable 

difference between the two cases is observed at the blade mid-

span. The vortex structures from the upper blade come down 

and mix up with those from the lower blade soon after they 

departed from the blade trailing edge in the 180 degrees IBPA 

case whereas a similar pattern of vortex structures with the 

flow mixing up in the far downstream region is seen in the 

zero degree IBPA case. At the blade outer sections, the flow 

mixing up occurs as early as they shed from the trailing edge 

in both cases. However, the flow unsteadiness and turbulence 

are higher in the case of 180 degrees IBPA. Therefore, 

conclusions can be drawn from these observations that the 

blade vibration has a significant impact on the unsteady flow 

field and the flow behaviour strongly depends on the IBPA. 

 

 

 
 

FIGURE 11: EVOLUTION PROCESS OF VORTICITY OVER THE VIBRATION PERIODS AT THE BLADE MID-SPAN IN THE ZERO 

DEGREE IBPA CASE 

 

 

After 5 Vibration-Period After 10 Vibration-Period

After 15 Vibration-Period After 20 Vibration-Period
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FIGURE 12: EVOLUTION PROCESS OF VORTICITY OVER THE VIBRATION PERIODS AT THE BLADE MID-SPAN IN THE 180 

DEGREES IBPA CASE  

 

 
 
 

FIGURE 13: VORTICITY FIELDS AT DIFFERENT BLADE SECTIONS IN THE ZERO DEGREE IBPA CASE 

 

After 5 Vibration-Period After 10 Vibration-Period

After 15 Vibration-Period After 20 Vibration-Period

30% Span 50% Span

70% Span 90% Span
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FIGURE 14: VORTICITY FIELDS AT DIFFERENT BLADE SECTIONS IN THE 180 DEGREES IBPA CASE 

     

     In addition to the time domain method, the harmonic 

balance method with different harmonics is also used in this 

analysis to determine its capability on analysing the 

aeroelastic instabilities and the unsteady flow in an LPT at 

low Reynolds number. The vorticity fields predicted by 

different methods for both cases are presented in Fig. 15 and 

16. As shown, the vorticity captured by the harmonic balance 

method using 1 harmonic and 3 harmonics are not 

comparable to that of the time domain method. This means 

that 3 harmonics are not enough to resolve the flow structures. 

Using 5 harmonics seems to have captured the similar vortex 

structures as the time domain method. Therefore, it can be 

said that at least 5 harmonics are required to resolve the 

necessary flow structures in these cases. Fig. 17-20 show the 

unsteady pressure amplitude coefficient and phase angle, 

extracted at 30% span and 90% span, obtained from the time 

domain method and the harmonic balance method using 5 

harmonics. As seen, the results obtained from both methods 

agree well with each other. Computational resources required 

by using 5 harmonics and 3 harmonics are three times and 

two times more than that of using 1 harmonic, respectively. 

Although the flow resolution will be better with higher 

numbers of harmonics, using more harmonics will result in 

increasing the requirement of computational resources by a 

significant factor, which is not preferable and sometimes can 

exceed the capability of powerful computers. 

 

 
FIGURE 15: VORTICITY FIELDS PREDICTED BY DIFFERENT METHODS IN THE ZERO DEGREE IBPA CASE 

30% Span 50% Span

70% Span 90% Span

Time Domain Method Harmonic Method using 1 Harmonic

Harmonic Method using 3 Harmonics Harmonic Method using 5 Harmonics
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FIGURE 16: VORTICITY FIELDS PREDICTED BY DIFFERENT METHODS IN THE 180 DEGREES IBPA CASE 

 

 
         (a)                 (b) 

FIGURE 17: (A) UNSTEADY PRESSURE AMPLITUDE COEFFICIENT AND (B) PHASE ANGLE AT 30% SPAN AT IBPA=0 

 

 
     (a)                  (b) 

FIGURE 18: (A) UNSTEADY PRESSURE AMPLITUDE COEFFICIENT AND (B) PHASE ANGLE AT 90% SPAN AT IBPA=0 

Time Domain Method Harmonic Method using 1 Harmonic

Harmonic Method using 3 Harmonics Harmonic Method using 5 Harmonics
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      (a)                  (b) 

FIGURE 19: (A) UNSTEADY PRESSURE AMPLITUDE COEFFICIENT AND (B) PHASE ANGLE AT 30% SPAN AT IBPA=180 

 
     (a)                  (b) 

FIGURE 20: (A) UNSTEADY PRESSURE AMPLITUDE COEFFICIENT AND (B) PHASE ANGLE AT 90% SPAN AT IBPA=180 

 

TABLE 1: AERODYNAMIC DAMPING IN LOG-DEC FORM 

 

Case Time Domain Method Harmonic Balance Method 

Zero Degree IBPA 0.027 0.025 

180 Degrees IBPA 0.053 0.050 

 
TABLE 2: COMPUTATIONAL COST 

 

Method No. of Processors CPU Cost 

Time Domain Method (1 Passage) 224 43 Hours 

Time Domain Method (2 Passages) 224 60 Hours 

Harmonic Balance Method using 1 Harmonic (1 Passage) 32 2.5 Hours 

Harmonic Balance Method using 3 Harmonics (1 Passage) 32 4.5 Hours 

Harmonic Balance Method using 5 Harmonics (1 Passage) 32 6 Hours 

Harmonic Balance Method using 1 Harmonic (2 Passages) 32 4 Hours 

Harmonic Balance Method using 3 Harmonics (2 Passages) 32 9 Hours 

Harmonic Balance Method using 5 Harmonics (2 Passages) 32 14 Hours 

 

     

     One of the most important parameters in the 

aeromechanical analysis is the aerodynamic damping value 

which is calculated based on the aerodynamic work done by 

the blade on the fluid over the vibration period. The 

aerodynamic work per vibration cycle can be expressed as: 

 

𝑊 =  ∫ ∫ 𝑝�⃗�. �̂�𝑑𝐴𝑑𝑡
  

𝐴

𝑡0+𝑇𝑃𝑒𝑟𝑖𝑜𝑑

𝑡0
          (6) 

 

where t0 is the initial time, TPeriod is the period of one vibration 

cycle, p is the fluid pressure, �⃗� is the velocity of the blade due 

to the imposed displacement, A is the blade surface area, and 

�̂� is the surface normal unit vector. If the aerodynamic 

damping value is positive, the vibration is damped for the 

frequency being studied. The aerodynamic damping values in 

the form of Log-Dec for two IBPA cases, computed from the 

time domain method and the harmonic balance method, are 

presented in Table 1. As shown, the aerodynamic damping 

values are positive in both cases, but it is slightly larger in the 

180 degrees IBPA case. The results obtained from the two 

methods are in good agreement. Fig. 21 illustrates the 

aerodynamic damping values for various IBPAs. As the 

computational cost required by the time domain method to 

calculate the aerodynamic damping for various IBPAs is 

significantly high, the harmonic balance method is employed 

to produce Fig. 21. It is observed that the aerodynamic 

damping values are positive at all IBPAs considered in this 

study indicating that the blade vibration is stable. The 

aerodynamic damping is larger at higher angles. 
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FIGURE 21: AERODYNAMIC DAMPING FOR VARIOUS 

IBPAS 

 
3.3 Computational Cost 
     The simulations discussed in this paper are all performed 

on an HPC cluster. 224 processors are used for the time 

domain method whereas 32 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 180 degrees IBPA case requires much more 

CPU time than the zero degree one for the same run time as 

two passages are used. The harmonic balance method solves 

significantly faster than the time domain method. The 

solution takes longer with an increasing number of 

harmonics. The 180 degrees IBPA case takes 14 hours on 32 

processors with the harmonic balance method using 5 

harmonics whereas it takes about 60 hours on 224 processors 

using the time domain method. 

 

4. CONCLUSIONS 
     In this paper, the numerical investigations of the effect of 

the flutter instabilities of the blade on the unsteady flow inside 

T106A turbine are conducted using a high-fidelity DNS 

method. 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 effects of the flutter instability of 

the blade on the unsteady flow in this turbine are investigated 

based on two IBPAs, zero degree and 180 degrees, in terms 

of time-averaged pressure coefficient distribution, wake 

profile and vorticity field. Results obtained show that the 

unsteady flow field is highly distorted by the blade vibration 

and the rate of impact depends on the section of the blade, the 

amplitude of vibration and the IBPA. In the case of zero 

degree IBPA, a recurring pattern of vortex formation is 

observed with the flow mixed up in the far downstream 

region. However, in the case of 180 degrees IBPA, the flow 

structures produced by the upper blade approach the lower 

blade soon after they shed from the trailing edge and mix up 

with those from the lower blade forming the turbulent wake 

and affecting the wake profiles in the downstream region. The 

flow unsteadiness and turbulence are higher at the blade outer 

sections in both cases, but the magnitudes are much greater in 

the 180 degrees IBPA case. Positive aerodynamic damping 

values are obtained for all IBPAs considered in this study, but 

it is larger at higher IBPAs. Therefore, it can be concluded 

that the aeroelastic instability of the blade has a direct and 

significant impact on the unsteady flow dominating the wake 

forming process in the downstream region.  

 

     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 unsteady flow in a modern LPT. Results 

show that at least 5 harmonics are required to resolve the 

necessary flow structures. The unsteady pressure amplitude 

coefficient and phase angle obtained from the time domain 

method and the harmonic balance method are in very good 

agreement. In terms of computation time, the 180 degrees 

IBPA case requires a larger amount of CPU time as two 

passages are required. Although the harmonic balance 

method solves considerably faster than the time domain 

method even when using a smaller number of processors, this 

method requires a significant amount of computational 

resources compared to the time domain method and the use 

of higher numbers of harmonics is limited for these particular 

cases using the DNS method.   
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