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Abstract 

The aerodynamic characteristics of advanced low-pressure turbines could be affected by 

the interaction between the transitional and turbulent flow and the dynamic behaviour of the 

blades. Consequently, analysing the details of the interactions between the transient flow, 

blades vibrations, and the flutter occurrence over the blades in LPTs, are essential in order to 

enhance the aerodynamic efficiency of the modern LPT turbines. The distinctive feature of the 

present analysis is performing high-fidelity simulations based on a DNS approach employing 

a 3D blade model to investigate the flutter instabilities in a T106A turbine at various inter blade 

phase angles (IBPAs) at different Reynolds numbers. The impacts of the flutter on the transient 

flow structure are examined by using a direct numerical simulation method. The results show 

that at IBPA=0o, persistent patterns of vortex generation are detected with fluid flow mixing in 

the downward areas. For IBPA=180o, however, the recirculation generated by the upper blades 

proceeds toward the lower ones and interfere with the shedding from the trailing edge which 

impact the wake structure in the downstream regions significantly. A three-dimensional 

frequency domain model based on the harmonic balance method is also proposed in this study 

to investigate the capabilities and limitations of frequency domain methods in predicting 

aeroelasticity and details of flow structures in LPTs.  
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1. Introduction 

Advanced Low-Pressure Turbines (LPTs) with high lift aerofoils are the key parts in the 

modern gas turbines and aeroengines [1]. They are distinctively manufactured to deliver high 

aerodynamic performances at low-pressure conditions, to regain exhaust energy while reducing 

the back pressure. The elevated blade loading, and the flow separation from the surface of the 

blade at different Reynolds numbers are common physical parameters of the state-of-the-art 

LPTs. The interactions between the unsteady fluid flow and the blade shape in LPTs could 

significantly influence the aerodynamic efficiency of the turbines. The highest efficiency of 

93% can be achieved in LPTs by improving the geometry of the turbine’s blades [2]. 

LPTs have around 30% of the total engine weight and decreasing their weights in aircraft 

engines and associated  manufacturing expenses are  key areas of research and development 

[3]. Designing high-lift turbine blades with high aerodynamic efficiency and  lower number of 

blades is one of the solutions [4]. Nonetheless, this design could result in highly elevated per-

stage loadings [5-7]. Moreover, the high aspect ratio of the those blades could lead to 

aeroelastic instabilities like flutter [8] which can negatively affect the structural integrity of the 

blades [9-11].  

Prediction of aeroelastic instabilities in turbomachinery blades is one the main complex 

challenges in design of the aeroengines [12]. Many research studies were performed in the past 

years to develop accurate numerical methods for aeroelastic analysis [13-15]. Frequency-

domain methods such as the harmonic solution method of He [16], and Rahmati et al [19-20]. 

are computationally very efficient, and they can predict aerodynamic and aeroelastic 

performances of various turbine blades at wide range of air flow velocities. In the numerical 

study of Rahmati et al. [17], a nonlinear frequency-domain method was developed to predict 
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aerodynamic and aeroelasticity parameters of the blades of both a multistage compressor and 

turbine. It was observed that a multi-row simulation can predict the flutter more precisely 

compared to the basic isolated blade-row cases [18]. Recently, frequency-domain methods 

were also applied to the analysis of wind turbines [19, 20]. In a numerical study of Shine et al. 

[21], they employed a nonlinear frequency-domain approach to investigate the aeroelastic 

performances of wind turbines considering different sources of flow unsteadiness. They also 

applied this method to the aeromechanic simulations of a full wind turbine system including a 

tower [22]. They found that the proposed model can not only predict the aerodynamic flow-

filed and aeroelasticity of wind turbines accurately but also decrease the computational times 

substantially compared to the traditional time-domain methods.  

The current available aeroelastic solvers are built upon the Unsteady Reynolds Averaged 

Navier–Stokes (URANS) models. However, the methods based on URANS are not able to 

accurately calculate the performance of the transient flows, particularly in the separated 

regions, because of the insufficiency of the existing turbulence modelling techniques [23-25]. 

So, the flow details and precision would not be achieved by the URANS models in the presence 

of the flow separation, pressure fluctuations and vortex generations, which are common 

phenomena in modern LPTs using in aeroengines. The current aeroelasticity models utilized in 

the aerospace industries primarily concentrate on aeroelastic factors such as the aerodynamic 

damping and ignore the complicated unsteady flow behaviour happening through fluid-

structure interactions (FSIs). Hence, in order to better examine the physical details of the 

interaction between the transitional flow field and the flutter instabilities over the blade high-

fidelity, computational models are necessary. Recently, Nakhchi et al. [26] performed a direct 

numerical simulation (DNS) over an oscillating low-pressure turbine blade using the 

Spectral/hp element method and predicted flow structures due to the oscillating blade. In 

another numerical study of Shine et al. [27], they employed a DNS method to evaluate the 
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interactions amongst the transient flows and the blade oscillations in an LPT. Both studies 

found that the blade oscillations have a major impact on the flow separation and vortex 

generation. However, these methods are based on a quasi-3D model with a periodic boundary 

condition in the span-wise direction. In an experimental and computational study conducted by 

Huang et al. [28], they investigated unsteady flows in a linear turbine cascade under 

oscillations. Their study shows the 3D behaviours of the flow due to the bending mode of the 

blade structure and a need to use a fully 3D solution method to analyse the vortex generation 

and flow structures associated with the vibration. 

The main goal of this study is to investigate the flutter instabilities of the 3D blade 

structure in low-pressure turbines of the aircraft engines. A high-fidelity computational method 

is employed by considering the flow unsteadiness related to the fluid-structure interactions of 

a 3D blade model. Based on the above literature review and to the authors’ knowledge, most 

previous studies in the field of LPTs have only concentrated on the transitional flow behaviour 

and separation point at the blade mid-span of modern aeroengines LPTs. Therefore, it motivates 

the authors to develop a 3D numerical model, based on a high-fidelity DNS method, to examine 

the impacts of the oscillating LPT blade structure on the vortex generation and the aeroelastic 

performance of the turbine at different Reynolds numbers and inter blade phase angles 

(IBPAs). The values of the IBPAs are selected in a manner to completely analyse the in-phase 

and out-of-phase circumstances among two adjacent blades. The present study investigates the 

mechanisms of the interactions between the aerodynamic flows and the turbine blade’s 

structure in advanced LPTs. The simulations are performed using the DNS based time-domain 

procedure and the harmonic balance method. The present paper can help the designers of LPT 

blades in aeroengines to predict the aerodynamic behaviour of the turbine blades under realistic 

physical conditions. 
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2. Physical Description  

2.1. Geometry of the Turbine Blade 

In the present study, T106A turbine cascade, which is popular for the study of complex 

flow through modern low-pressure turbines in aeroengines, is chosen for the DNS simulations. 

Based on the available experiment and its data [29], various numerical studies [30-37] were 

performed to validate the different numerical models and to predict the flow structures inside 

this turbine numerically. In order to highlight the effect of the blade oscillation on the flow 

behaviour compared to the previously studied stationary blade cases and to show the 

advantages of the present work in predicting them, similar flow and geometrical parameters 

were selected. The blades aspect-ratio and pitch-chord ratio are selected as 1.760 and 0.799, 

respectively. The Reynolds employed in the aforementioned experiment and numerical studies 

is 5.1 × 104. As discussed by Opoka et al. [38], the Reynolds numbers of a low pressure turbine 

blade can be around  5 × 104 at a high altitude in small jet applications. Moreover, the unsteady 

effects of a low-pressure turbine were measured at the Reynolds number between 2.5 × 104 and 

1 × 105 in [39]. Therefore, the Reynolds number, based on the chord length of the blade, is 

varied from 2.5×104 to 7.5×104 with the velocity inlet angle α=45.5o are found to be appropriate 

for the present analysis to not only validate the numerical model but also analyse the effects of 

Reynolds numbers. The details of geometrical parameters of the LPT blade are presented in 

Fig. 1. Titanium Alloy is selected as the blade material with a density of 4620 kg/m3, Young’s 

modulus of 9.60×1010 Pa and Poisson’s ratio of 0.36. Performing a modal analysis using the 

selected material, the first natural frequency is estimated to be 250 Hz. In a modal analysis of 

a low-pressure turbine blade performed by Antony et al. [40], the first natural frequency using 

a conventional titanium material is found to be as high as 455 Hz. Besides, in an experimental 

study of Forbes et al. [41], it is also found that the first natural frequencies of a stationary blade 

of a gas turbine is approximately 117 Hz and that of a rotating blade is around 760 Hz. 
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Furthermore, the frequencies ranging from 100 Hz to 400 Hz are also applied to the simulations 

of the low-pressure turbine blade at low Reynolds numbers in [42]. Therefore, it is determined 

that the frequency of 250 Hz, which corresponds to a dimensionless reduced frequency of 1.5, 

is suitable for this analysis and consistent with the previous research studies. The time-averaged 

pressure coefficients along the mid-section of the LPT blades were evaluated and compared 

with the experiments in the next sections. The blade’s suction, pressure surfaces, the hub and 

the shroud of the LPT passage are considered as no slip walls, and periodic BCs are used in the 

pitch-wise directions. The pressure-outlet boundary condition is also implemented at the outer 

surface of the domain. Prior to the CFD analysis, a modal analysis is performed to evaluate the 

natural oscillation frequencies of the blade based on the aeroelastic behaviour of the turbine. 

The first natural frequency is utilized for the precise prediction of the effect of the blade 

oscillation in numerical simulations of LPTs.  

 

a) Geometry of the LPT T106A blades b) Blade design parameters 
 

Fig. 1 Geometrical and physical parameters of the LPT T106A blade 
 

2.2. Computational Model 

A three-dimensional computational domain including the hub and shroud is used in this 

study to simulate a 3D model. The flow inlet and outlet are located 2Cax from the leading edge 
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and the trailing edge of the blade, respectively, where Cax is the axial chord length. In the pitch-

wise direction, a translational periodic boundary condition is applied to represent straight blade 

rows of a linear turbine cascade. The pitch length between two consecutive blade rows is 

0.9306Cax. The span of the blade is considered to be 2.5Cax to investigate the flow structures 

associated with the 3D blade model and 3D vibration mode. The details of the generated 

computational domain and grid is presented in Fig. 2. The mesh is generated based on an O4H 

topology using a structured mesh generator. The grid point distributions in the stream-wise 

direction and the pitch-wise direction in a single domain are 1028 and 140, respectively. 115 

layers are distributed along the span of the blade in the span-wise direction. A single domain 

is used for the 0o IBPA case. In the case of 180o IBPA, another identical domain is added on 

the top of the reference domain and an internal interface using the general connection type is 

employed to connect the two domains and to transfer the flow data across the interface. 

It is understood that a sufficient mesh resolution is crucial for a DNS simulation to 

resolve necessary flow details. Various mesh resolutions are being tested including 4.5 × 106 

(coarsest grid) and 18 × 106 (finest grid) for this study. The grid point distribution for the finest 

grid is similar to the mesh resolution of Wissink et al. [33] (18 × 106) and that of Michelassi et 

al. [37] (17 × 106), and it was found that the finest grid provides better prediction of the 

unsteady pressure distributions and downstream wake which are comparable to the 

aforementioned reference studies. The difference between the present study and those of 

Wissink et al. [33] and Michelassi et al. [37] is the inflow condition as a steady inflow is only 

considered in the present study whereas inflow wakes are generated in the latter ones. 

Therefore, a fine mesh is not necessary in the inlet block for the present simulation, that leads 

to an optimum mesh size of 16.5 × 106 grid points. It should also be noted that the present 

simulation is the continuation of the authors’ previous work [27] in which 13.5 × 106 grid points 

are employed for a qusi-3D model. 



8 
 

 

 
 

Fig. 2 Details of the representative computational domain and mesh of the LPT blade. 
  

2.3. Computational Methodology 

In the first step, direct numerical simulations have been performed over stationary LPT 

blade for the comparison with the available experimental and numerical data in the literature. 

Then, oscillations of the blade are implemented by defining specific vibration frequency and 

amplitude along the blade of the turbine passage. The vibration frequency is estimated based 

on the first natural vibration frequency of the T106 blade obtained by conducting the modal 

analysis in a structure solver using a finite element method. The effects of the vibrations on the 

flutter instabilities over the blades and the fluctuations of vortex generation in the separated 

Inflated B-L mesh 
near the walls  
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shatter layer will be investigated under the turbulent/transitional flow regimes. Two 

computation methods such as the time-domain method and harmonic balance technique have 

been utilized for the simulations to capture the strong recirculations and transient flow 

behaviour in the separation bubble and also in the wake region of the modern LPT blade.  

The unsteady Navier-Stokes (N-S) equation in general three-dimensional form, and in 

the cartesian coordinates can be defined by: 

. .I TS VS
F FUd dS dS S d

t Ω Ω

∂ Ω + =+ Ω
∂   

  
 (1.a)

In this equation, Ω and S are the volume and surface, respectively. 𝑈 is the vector of a 

conservative variable, and it can be defined as:  𝑈 = 𝜌, 𝜌𝑣 , 𝜌𝑣 , 𝜌𝑣 , 𝜌𝐸  (1.b)�⃗�  and �⃗�  are the inviscid and viscous flux terms, respectively. They can be expressed as: �⃗� = 𝜌𝑣 , 𝜌𝑣 𝑣 + 𝑝, 𝜌𝑣 𝑣 + 𝑝, 𝜌𝑣 𝑣 + 𝑝, (𝜌𝐸 + 𝑝)𝑣  (1.c)

�⃗� = 0, 𝜏 , 𝜏 , 𝜏 , 𝑞 + 𝑣 𝜏  (1.d)

The source term (𝑆 ) can be defined as: 𝑆 = 0, 𝜌𝑓 , 𝜌𝑓 , 𝜌𝑓 ,𝑊  (1.e)

where 𝑓  to 𝑓  are the components of the external forces in the governing equation (1.a), 

and 𝑊 = 𝜌𝑓 . �⃗� is the work done by the external forces.  

Eq. (1) can be expressed in the simple form, as: 

( ) ( )U R U
t

∂ =
∂

 (2)

Where R is the lumped residuals and the source terms of the N-S equation. 

In this paper, direct numerical simulation is approached by solving the incompressible 

N-S equations directly without modelling turbulence by means of turbulence models. A three-

dimensional pressure-based incompressible finite volume solver is used to solve the N-S 
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equations in this study. A pseudo-time marching method is employed to solve the steady-state 

equations which is then used as an initial condition for the unsteady solution. A cell centred 

finite volume method is applied to the discretization of the N-S equations. The mass and 

momentum equations are integrated over each control volume, and Gauss’ Theorem is used to 

for the conversion of volume integrals to surface integrals as expressed below, so that the 

gradients φ can be evaluated on the cell faces. ∇⃗𝜑 = ∇⃗𝜑𝑑Ω = 𝜑𝑑𝑠          (3) 

A 2nd order bounded central differencing scheme is employed for the spatial discretization, and 

it is expressed as: 𝜑 = 𝜑 + 𝛽∇⃗𝜑. ∆𝑛           (4) 

where 𝜑  and 𝜑  are the values at the cell face and at the node of a neighbouring cell. 𝑛 is the 

vector from the neighbouring node to the cell face. With a central differencing scheme, 𝛽 is set 

to 1. The SIMPLE algorithm is used for the pressure-coupling scheme.  

A harmonic balance method is also implemented in the present study to investigate its 

capability on predicting unsteady flow structures due to the effect of the blade flutter. Using 

this method, the transient flow variables, U, can be modelled based on a Fourier series for a 

prescribed fundamental frequency, ω, and a specified number of harmonics, q, as expressed in 

Eq. (5).  𝑈 = 𝑈 + ∑ 𝐴 sin(𝑞𝜔𝑡) + 𝐵 cos(𝑞𝜔𝑡)        (5) 

where 𝑈, 𝐴 , and 𝐵  are Fourier coefficients of the conservative variables. Substituting 

Eq. (5) into Eq. (2) produces the following equations. 𝜔∑ 𝑞𝐴 cos(𝑞𝜔𝑡) − 𝑞𝐵 sin(𝑞𝜔𝑡) = 𝑅       (6) 

With a harmonic balance method, an unsteady period of the blade vibration cycle can be 

divided into N = (2q+1) time levels, and the system of nonlinear equations coupling all N time 
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levels are solved iteratively. A spectral approximation approach is employed to evaluate the 

time derivatives in this method.  

As a blade vibration is involved, the mesh deformation becomes an important treatment 

for the simulation. A wall boundary of the blade is deformed as expressed below: 𝛿(𝑡) = 𝛿 + 𝛿 𝑐𝑜𝑠(𝜔 𝑡)          (7) 

where 𝛿̅ and 𝛿  are the average and amplitude of the blade deformation. The mesh deformation 

treatment is determined by the displacement diffusion mesh deformation model. With this 

mode, the displacements specified on the boundary nodes of the blade are diffused to other grid 

points by solving the following equation. ∇. Γ ∇δ = 0                     (8) 

In this equation, δ is the displacement with respect to the previous grid location and Γ  is the 

mesh stiffness, which controls the node movements. In this study, the mesh stiffness is 

increased near the small volumes. The benefit of expanding the stiffness near small cells is that 

overall mesh quality is improved by absorbing more mesh motion in larger control volumes. 

The mesh stiffness value is determined by the following equation and applied in the 

displacement diffusion equation, expressed in Eq. (8). 

Γ = = 0         (9) 

In this equation, the stiffness model exponent, 𝐶 , determines the rate of the increment 

of the stiffness value, which increases as the size of the control volume, L, decreases. 𝐿  is 

the reference control volume. 

To achieve a high resolution of the unsteady flow structures, the flow should move only 

a fraction of the length of the cell h with a fluid velocity u in each step of the computation. 

Therefore, the time-step size Δt used in the computation must be very small, and it can be 

determined based on the following equation. 
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𝐶𝐹𝐿 = 𝑢∆𝑡/ℎ                     (10) 

The CFL number must be kept below unity to obtain a very small time-step and to avoid 

the simulation divergency.  

3. Results and Discussions 

3.1. Validations 

Prior to investigating the impact of flutter instabilities on the transient flow structure over 

the LPT blades, it is necessary to validate the results from the present simulation by comparing 

them to the experimental and numerical data available in the literature. For this purpose, the 

time-averaged pressure coefficient profiles at midsection of the blade are evaluated. The 

pressure coefficient can be defined as ( ) ( )/p w ref t in refC p p p p−= − − , where pw, pref, and pt-in are 

the static wall pressure, reference outflow pressure, and total inflow pressure. Fig. 3 shows the 

validation of the pressure coefficient from the present numerical study with the experimental 

data and DNS results of Wissink et al. [33] for stationary turbine blades without considering 

the realistic oscillations. It is observed that the numerical results of the present study are in 

excellent agreement with previous results available in the literature for stationary LPT blades.  

 
 

Fig. 3 Validation of the time-averaged Cp with the experiment and the reference 
simulation over a stationary blade. 
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The time-averaged wake-loss profile can be calculated as ( ) ( )/u t in t t in refp p p pω − −= − −  

where tp is the total pressure which is calculated at 40% of the chord in the downstream of the 

blade. The results are compared with the experimental data and the previous numerical results 

of Michelassi et al. [36] in Fig. 4. The comparison reveals that the proposed three-dimensional 

model is able to capture the wake-loss profile correctly. Therefore, it can be deduced that the 

mesh utilized for the numerical simulations is appropriate enough to capture the flow structures 

subject to blade oscillations.  

 
 

Fig. 4 Validation of the wake profile with the experimental and the numerical data 
over a stationary blade. 

 

Along with the Cp and wake profile variations, the wall shear stress (WSS) values on the 

suction surface and the pressure surface of the turbine blade are evaluated. Fig. 5 shows the 

comparison between the wss values in the present work and the numerical results of Michelassi 

et al. [36]. It can be seen that a close agreement was observed between the results of the present 

study and the previous work. As good agreements were obtained between the numerical results 

and the reference data available in the literature, it can now be concluded that the proposed 

numerical model is trustworthy and can be utilized for further simulations.  
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Fig. 5 Validation of the WSS with the experimental data (stationary blade) at 
Re=5.1×104. 

 

The unsteady pressure coefficient obtained in the present work are compared with the 

previous study of Nakhchi et al. [26] over the vibrating T106 blade in Table 2. Good agreement 

is observed between the results of the present study and the previous over the vibrating LPT 

blade. The results are provided for different axial sections over the LPT blade on both the 

suction side and pressure side of the blade.  

 

Table 2 Validation of the unsteady pressure coefficient over the vibrating LPT 

blade with the numerical results of Nakhchi et al. [26]. 

X/C 
Pressure surface Suction surface 

Present study Nakhchi [26] Present study Nakhchi [26] 

0.1 1.012 1.065 0.709 0.711 

0.3 1.215 1.210 0.518 0.520 

0.5 1.279 1.275 0.289 0.289 

0.7 1.220 1.227 0.082 0.081 

0.9 0.829 0.832 0.316 0.318 
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The main aim of this study is to investigate the details of the transient flow structures 

because of the interactions of the flow with the turbine blades. It is essential to develop a high-

fidelity numerical model to capture the details of the vortex generations and fluctuations in the 

flow structure over the blades due to the oscillations. Fig. 6 shows the instantaneous vorticity 

contours in the X and Z directions at the mid-section of the blade (50% span) at 2 equally 

spaced times. It can be seen that the flow separation is occurred on the suction side of the blade 

prior to the trailing edge vortex shedding. The results show that the flow stays laminar without 

detachment from the pressure surface of the turbine blade. Von-Karman vortex shedding near 

the trailing edge of the blade, which is known as Karman vortex, is dominant within the early 

time steps. Similar behaviour is also detected in experimental visualisations [43, 44]. The 

separated shear layers are generated by moving toward the solution time. The rolling up and 

shattering down of the detached shear layers arise because of the Kelvin-Helmholtz instabilities 

leading to the onset of transition from laminar to turbulence flow behind the trailing edge. After 

specific time steps, the flow is reattached to the surface of the blade and generates recirculations 

in the vortex structure in the downstream area of the blade. These recirculating flows cause 

strong unsteadiness and fluctuations in the wake region. Consequently, the high-fidelity 

numerical model which is employed in the present study is able to capture the details of the 

transitional flow structure over the turbine blades which could be utilized for the design process 

of low-pressure turbines.  
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Vortex shedding of von-Kàrmàn [44] 
(Smoke Visualization) 

a) Vorticity (z) at T1*

 

 

b) Vorticity (x) at T1* c) Vorticity (x) at T2* 
 

Fig. 6 Instantaneous vorticity contours in the X and Z directions at 50% span at 
Re=5.1 × 104. 

 

The modal analysis showed that the first natural frequency of the T016A blade is 250Hz. 

This vibration frequency is employed to predict the flutter instabilities over advanced low-

pressure turbine blade.  
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Fig. 7 depicts the total mesh displacement of the first vibration mode shape of the T106A 

blade. In an experimental and numerical study of a low-pressure turbine cascade performed by 

Huang et al. [28] and a numerical study of Rahmati et al. [18], a vibration amplitude of 3%Cax 

was specified at the tip of the blade, where Cax is the axial chord length. With the purpose of 

analysing the effect of a relatively high amplitude, a maximum vibration amplitude of 3%Cax 

is also considered in this study. The authors previously specified an amplitude of 1%Cax in the 

quasi-3D models representing the mid-section of the blade [26, 27]. By specifying a 3%Cax 

amplitude at the tip of the blade, the amplitude at the mid-span section of the blade is also 

approximately 1%Cax, which is commonly used most studies.  Two different IBPAs of 0o and 

180o are selected for the present study. Analysing the effect of the in-phase and out-of-phase 

vibration between two consecutive blade rows will provide a detailed understanding of the flow 

physics for the design of LPT blades in advanced aeroengines.  

 
 

Fig. 7 Total mesh displacement of the LPT blade at the first vibration mode 
 

Fig. 8 shows the time-average pressure coefficient (Cp) variations over the suction and 

pressure sides of the LPT blade for both vibrating cases with IBPA=0o and IBPA=180o at 

different Reynolds numbers. The results are provided for different span sections. It can be 

observed that the pressure variations over the blade surfaces are primarily influenced by the 

blade oscillation with various IBPAs. At IBPA=180o, there are substantial impacts on the blade 

because of the variations in the pitch length among the oscillating turbine blades. The influence 
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is considerably higher in the blade tip region behind the shroud due to the stronger oscillations, 

especially when the flow over one blade is disrupted by those of the nearby blades. Similar 

flow behaviour is detected at IBPA=00. In terms of the effect of Reynold number on the 

pressure distributions, significant differences are seen between the two IBPA cases at Re = 2.5 

× 104. Due to a lower inflow speed at a low Reynolds number, the flow separates early on the 

suction surface, compared to other Reynolds number, and the recirculation of the separated 

shear layer occurs in the separation zone. The interaction between the separated flow at a 

relatively lower fluid velocity and the blade oscillation enhances the flow unsteadiness. This 

unsteadiness is further amplified when the blades are vibrating at an IBPA of 180o. Raising the 

Reynolds number to 5.1 × 104 reduces these differences in the blade inner region. The 

resistance of the boundary layer separation is increased when raising the Reynolds number. 

However, in the blade outer region where the vibration amplitude is relatively high, the flow 

separation and the vortex generation are still stronger. Consequently, it is observed that the 

differences between the two IBPA cases are higher at 90% span. Furthermore, the out-of-phase 

vibration mode at an IBPA of 180o produces more disturbances to the unsteady flow and further 

complicates the formation the flow structures. It is also noted that the boundary layer separation 

is reduced by increasing the Reynolds number to 7.5 × 104 that, at the same time, decreases the 

flow unsteadiness caused by the separated shear layer, and thereby reducing the differences in 

pressure distribution at IBPA=0o and 180o. 

The effect of IBPA and Reynolds number on the spanwise vorticity production is 

presented in Fig. 9. The results are extracted at the mid-span section of the blade. The flow 

separation and rolling up of the separated shear layers are seen on the suction surface of the 

blade when the Reynolds number is 2.5 × 104. At Re = 5.1 × 104, the flow unsteadiness and 

turbulence in the wake region is much higher in the case of IBPA=180o compared to that of 0o. 

When Re = 7.5 × 104, the flow structures and vortex shedding from the trailing edge of the 
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blade are similar in both IBPA cases. However, the mixing of flow structures is observed in 

the far downstream region at IBPA=180o. It is also observed that the size of flow structures and 

recirculation become larger when raising Reynolds number. Moreover, the structure of the 

vorticity in the downstream region is significantly dependent on the IBPA. The results illustrate 

that the flow disturbance and fluctuations in the vortex shedding process become noticeable by 

increasing IBPA from 0o to 180o. This is due to the blades moving out of phase to each other. 

The phase-shift between the two adjacent blades can be seen in Fig. 10 in terms of the blade 

displacement over two cycles of vibration. Due to this phase-shift and blades vibrating out of 

phase to each other, the flow disturbances and unsteadiness are amplified. Overall, at a lower 

Reynolds number, a smaller inflow velocity causes the early and larger flow separation whereas 

the resistance of the boundary layer separation is increased at a higher Reynolds number. The 

interaction between the fluid flow at different speeds and the blade oscillation has a significant 

impact on the behaviour of the unsteady flow by primally influencing the formation of the flow 

structures. 

a) Re=2.5×104, 50% Span
 

b) Re=2.5×104, 90% Span 
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c) Re=5.1×104, 50% Span d) Re=5.1×104, 90% Span 

e) Re=7.5×104, 50% Span f) Re=7.5×104, 90% Span 
Fig. 8 Cp comparison between IBPA=0o and 180o at different blade sections at 

different Re numbers. 
 

 
a) Re = 2.5 × 104, IBPA = 0o b) Re = 2.5 × 104, IBPA = 180o 
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c) Re = 5.1 × 104, IBPA = 0o d) Re = 5.1 × 104, IBPA = 180o 

 
e) Re = 7.5 × 104, IBPA = 0o f) Re = 7.5 × 104, IBPA = 180o 

 
Fig. 9 Vorticity contours at different Reynolds number and IBPAs. 

 

 

Fig. 10  Blade displacements over two vibration cycles 

Fig. 11 shows the iso-surfaces of the vorticity generated from the vibrating blade with 
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function of the flow velocity. This figure highlights the effect of blade motion and vibration 

phase angles on the flow and the development of flow structures. The flow is highly distorted 

by the blade vibration and it has a significant impact on the development of vortex structures. 

The vortex generation is dramatically amplified by the oscillating motion of the blade. The 

pattern of vortex generation and the size of vortex structures strongly depend on the vibration 

amplitude and phase angle. As the bending mode is considered for the blade vibration in this 

study, the blade is fixed at the hub and the blade displacement linearly increases along the span, 

and the maximum amplitude is observed at the tip near the trailing edge. Due to the nature of 

the bending mode, the vortex structures are small with some rolling up of the separated shear 

layer in the blade inner region where the vibration amplitude is low, and they become larger as 

it moves towards the tip along the span. The vortex generation is noticeably high starting from 

approximately the mid-span section of the blade, and it becomes much more significant in the 

outer region near the shroud where the vibration amplitude is high. The vortex structures are 

also much larger in this region. In the case of 0o IBPA, each blade row within the cascade 

triggers a similar pattern of vortex generation, and the flow structures are mixed up in the 

downstream region and the wake becomes turbulent. The effect of vibration phase angle on the 

unsteady flow and flow structures can be clearly seen in the 180o IBPA case. In this case, the 

blades in a cascade are vibrating out of phase to each other with an angle of 180o. Therefore, 

the pitch length between two consecutive blades changes in time within a vibration cycle, and 

it has a great impact on the vortex generation process. Due to this nature, the vortex structures 

generated from each blade row are highly disturbed by those of the neighbouring blades. This 

physical behaviour leads to a higher turbulence in the wake region. The effect of blades 

vibrating out of phase is not just seen in the wake region but also it is noticeable on the blade 

surfaces. The vortex structures start to develop near the leading edge before it becomes stronger 

near the trailing edge. In terms of Reynolds number, the flow separation and separation bubbles 
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are observed on the suction surface in both IBPA cases at Re = 2.5 × 104. When Re = 5.1 × 

104, a strong flow recirculation can be seen in the flow separation zone at IBPA=180o whereas 

the flow structures are mostly uniform on the suction surface with some detachment in the 

blade aft region near the trailing edge at IBPA=0o. Similar flow behaviour is detected at Re = 

7.5 × 104; however, the flow structures and recirculation are much larger and stronger at this 

Reynolds number. The vortex generation is much stronger in the blade outer region near the 

shroud where the vibration amplitude is large. The downstream wake and turbulence are higher 

in the 180o IBPA case compared to the 0o IBPA case. As the fluid velocity becomes higher 

with increasing Reynolds number, it can minimise the separation bubbles and reduce the flow 

separation. The out-of-phase blade motions between the two consecutive blades, shown in Fig. 

10, have a great impact on the formation of the flow structures and the level of turbulence in 

the downstream flow. 

 

 

a) Re = 2.5 × 104, IBPA = 0o b) Re = 2.5 × 104, IBPA = 180o
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c) Re = 5.1 × 104, IBPA = 0o d) Re = 5.1 × 104, IBPA = 180o

 

e) Re = 7.5 × 104, IBPA = 0o f) Re = 7.5 × 104, IBPA = 180o

 
Fig. 11  Iso-surfaces of vorticity at different Reynolds number and IBPAs 

 

To have a confidence on the accuracy of the flow resolved, the near wall mesh resolution 

over the blade in each direction for the stationary blade case and one of the vibrating blade 

cases at Re = 7.5 × 104 and IBPA = 180o are presented in Fig. 12 (a). In this figure, Δn+ and 

Δs+ are the near wall resolution in the directions normal and tangential to the blade, and Δz+ is 

the wall resolution in the span-wise direction. It is seen that Δn+ is much lower than 1, whereas 

the maximum values of Δs+ and Δz+ are lower than 10, which can be considered sufficient for 

a fully resolved flow. Another important parameter to evaluate whether the turbulent flow 

Recirculations 
become larger 
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structures are precisely resolved over the surface of the LPT blade is the power spectra of the 

turbulent kinetic energy. The turbulent kinetic energy is calculated by: 

( ) / 2TKE u u v v w w′ ′ ′ ′ ′ ′= + + , where ,u v′ ′ and w′ are the velocity fluctuations in x, y and z 

directions, respectively. The power spectra of the kinetic energy ( )kE  over both stationary and 

vibrating LPT blade at Re = 7.5 × 104 and IBPA = 180o are provided in Fig. 12 (b). The results 

show that the computed energy spectrum shows a good agreement with the Kolmogorov -5/3 

slope line.  

  

a) Near wall mesh resolution b) Power spectra 

Fig. 12  Near wall mesh resolution and power spectra of the kinetic energy from the 

stationary blae case and the blade vibration blade case at Re = 7.5 × 104 and 

IBPA = 180o. 

A detailed analysis of the consequences of the blade vibration on the vortex generation 

process and the downstream wake will now be discussed based on the case at Re = 5.1 × 104. 

Figs. 13-14 illustrate the instantaneous vorticity generation contours after different cycles of 

vibration at IBPA=0o and 180o. The recirculating flows are generated once the blade starts to 

oscillate, and the primarily generated vortex flows are pushed back by the newly generated 

recirculations at both IBPA values. It can be seen in Fig. 13 that for IBPA=0o, periodic flow 
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generations become noticeable after 10 oscillations, and the separated shear layer from the 

upper blade interacts with the lower one. The formation of the separation bubble near the 

trailing edge of the LPT blades become more non-uniform after 15 vibration periods at 

IBPA=0o. In contrast, these non-uniform vortex generation at IBPA=180o, is more significant 

even after just five oscillations (See Fig. 14). The rolling up of the recirculations and the 

separation of the flow are detected on the surface of the LPT blades after 10 vibration periods 

and it becomes stronger after 15 vibration periods. It can be seen that the size of the rolling up 

is larger and the flow disturbance is more noticeable after 20 oscillations. At IBPA=180o, the 

downstream flow and wake is more unsteady and turbulent than that of the IBPA of 0o as the 

flow structures in the downstream region are highly distorted by those of the neighbouring 

blades. 

 

 
a) After 5 Vibration Periods

 
b) After 10 Vibration Periods 

 
c) After 15 Vibration Periods 

 
d) After 20 Vibration Periods 
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Fig. 13 The effects of vibration periods on the vortex generation contours over the 

oscillating blade with IBPA=0o. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
a) After 5 Vibration Periods 

 
b) After 10 Vibration Periods 

 
c) After 15 Vibration Periods d) After 20 Vibration Periods 

 
Fig. 14  The effects of vibration periods on the vortex generation contours over the 

oscillating blade with IBPA=180o. 
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The variations of the vorticity contours at various blade sections are presented in Figs. 

15-16. The results are provided after 20 oscillation periods to envisage the effects of various 

oscillation phase-angles on the flow structure over the vibrating blades. It is observed that small 

and similar flow structure and recirculations are generated at 30% of the span in both IBPA 

cases. This is because of the small oscillation amplitude at 30% of span and therefore, the inter 

blade phase angle has a negligible impact. But obvious deviations among the cases are observed 

at 50% span, and these deviations become noticeable by moving in the span-wise direction at 

the 70% and 90% span sections. The flow structures from the vortex generation of the upper 

blade goes down and mixes with the recirculation generated from the lower blade just after 

shedding from the trailing edge at IBPA=180o. At the external sections of the blades (50% or 

higher) for both IBPA=0o and 180o, the fluid combination happens as soon as it sheds from the 

trailing edge. Besides, the transitional flow structure and turbulent fluctuations of the flow 

become noticeable at IBPA=180o. Consequently, the LPT oscillations have a huge impact on 

the transitional flow structure and vortex generation, and the shape of the recirculating flows 

is highly dependent on the amplitude of the blade oscillation and the value of IBPA between 

the two consecutive blades.  
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a) 30% Span b) 50% Span 

c) 70% Span d) 90% Span 
 

Fig. 15  Instantaneous vorticity contours at different blade span sections at IBPA=0o.  
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a) 30% Span b) 50% Span 

c) 70% Span d) 90% Span 
 

Fig. 16  Instantaneous vorticity contours at different blade span sections at IBPA=180o. 
 

Fig. 17 further depicts the wake profile variations for the stationary blade, and oscillating 

LPT blades with IBPA=0o and 180o at Re = 5.1 × 104. The results are provided for 40% chord 

downstream of the trailing edge at the blade mid-span of the lower flow passage. Significant 

difference is observed for the wake profiles between the stationary and oscillating LPT blades, 

which indicates that the blades oscillations have significant influence on the transient flow 

structure around the blades. It can be seen that the vibrations increase the peak value of the 
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wake compared to the stationary LPT blades. The results show that the wake has a transverse 

profile at IBPA=0o compared to 180o, which has a wavy structure along the pitch direction. 

  

 
 

Fig. 17  The effects of vibrations on the wake profile over LPT blade at different 
IBPAs. 
 

 

Figs. 18-19 compare the vorticity structures developed from the trailing edge of the blade 

within the initial periods of vibration at both IBPAs, resolved by the time-domain method and 

the harmonic balance method using different harmonics. It is observed that the harmonic 

balance method using one and three harmonics cannot resolve the vortex structures accurately 

whereas the downstream flow structures computed using 5 harmonics are similar to that of the 

time-domain solution. However, it is also noticed that the flow structures leaving from the 

trailing edge of the blade are not accurately resolved even in the case of using five harmonics. 

This can be noted as the limitation of the harmonic balance method. Nonetheless, it can be 

concluded that at least 5 harmonics are required to predict the vortex structures due to the effect 

of the blade flutter with different IBPAs in an LPT if the harmonic balance method is used. 
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a) Time-domain Method

 
b) 1 Harmonic 

 
c) 3 Harmonics 

 
d) 5 Harmonics 

 
Fig. 18  Comparison of instantaneous vorticity contours between the time-domain 

method and the harmonic balance method using different harmonics at 
IBPA=0o. 
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a) Time-domain Method

 
b) 1 Harmonics 

 
c) 3 Harmonics 

 
d) 5 Harmonics 

 
Fig. 19  Comparison of instantaneous vorticity contours between the time-domain 

method and the harmonic balance method using different harmonics at 
IBPA=180o. 

 

Further comparisons between a DNS model and a standard URANS model is also 

provided in this paper to highlight the difference between the two models in resolving the 

unsteady flow. The unsteady pressure coefficient and phase angle at different span sections are 
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compared and presented in Figs. 20-21. The results are extracted at 30% and 90% of span. The 

results illustrate that the unsteady pressure distribution predicted by the URANS model is 

reasonably comparable to the DNS model. The aero-damping parameter is one of the critical 

parameters in the design of aeroengine and low-pressure turbines. This parameter is defined as 

the total work done by the turbine blades on the air flow during an oscillation period. The 

aerodynamic work can be defined as: 

0

0

ˆ.periodt T

t A
W pv ndAdt

+
=  

  (6)

In which, t0, TPeriod, p and v  are the initial solution time, time period of the oscillation 

cycle, flow pressure, and velocity vector of the blade owing to the displacements, respectively. 

Physically, if the aero-damping parameter is positive, the oscillations are damped for the 

selected frequency and amplitude. Table 1 shows the values of aero-damping in the Log-Dec 

format for IBPA=0o and 180o. The results are calculated from both DNS and URANS models. 

Good agreement is observed between the results of the two models. The results indicate that 

the URANS model predicts unsteady pressure distribution on the blade surface adequately 

subject to a clean and uniform inflow condition. Realistically, the inflow condition is not 

always steady and uniform, especially in a multi-stage turbine where the effects from different 

blade rows and neighbouring blades are complex and significant. In fact, a dramatic difference 

is observed between the two models in resolving the downstream wake as shown in Fig. 22. 

As expected, the URANS model is unable to predict the unsteady and turbulent nature of the 

flow. The similar behaviour was also discussed in [27]. The inadequately of resolving the 

downstream wake leads to a black-box effect and inaccuracy in predicting the aeroelasticity 

behaviour of the blades when multiple blade row configurations are involved. Employing a 

high-fidelity numerical model will make it possible to capture the necessary unsteady 

behaviour of the flow and thereby increasing the accuracy in predicting the flutter behaviour 

in all blade rows, especially in a multiple blade row configuration. 
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a) Cp1 at 30% Span 

 
b) φ at 30% Span 

 
c) Cp1 at 90% Span 

 
d) φ at 90% Span 

 
Fig. 20  Unsteady Pressure coefficient (Cp1) and phase angle (φ ) over the oscillating 

turbine blade at IBPA=0o and Re = 5.1 × 104. 
 

 
a) Cp1 at 30% Span

 
b) ϕ at 30% Span 
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c) Cp1 at 90% Span

 
d) ϕ at 90% Span 

 
Fig. 21  Unsteady Pressure coefficient and phase angle over the oscillating turbine blade 

at IBPA=180o and Re = 5.1 × 104. 
 

 

a) DNS Model b) URANS Model 
 

Fig. 22  Vorticity contours resolved by DNS and URANS models 
 

Table 1 The Aero-damping parameters over the LPT blade at different IBPAs. 

Case DNS URANS 

IBPA=0o 0.027 0.021 

IBPA=180o 0.053 0.045 

 

The numerical analysis presented in this study were performed on Oswald HPC cluster 

at Northumbria University. Each node contains Dual Intel Xeon E5-2680 with 128GB of 
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useable for the harmonic balance method as a considerable amount of memory was required 

for the simulations, which can be noted as the limitation of the harmonic balance method. The 

details of the computation times for various solution methods are provided in Table 3. It should 

be pointed out that the required memory for the harmonic balance method is much higher 

compared to the time-domain method. However, the computation time is reduced by 78% by 

using the harmonic balance method. Besides, the accuracy of this method to predict the 

aeroelasticity parameters and the impact of the blade’s oscillations on the vortex generation 

process in an LPT is high.  

 

Table 3. Computation times of each numerical model used in the present study. 

Methodology CPU cores Calculation time 

Time-domain method  224 570 hours 

Harmonic balance method (one harmonic) 32 15 hours 

Harmonic balance method (three harmonic) 32 33 hours 

Harmonic balance method (five harmonic) 32 60 hours 

 

4. Conclusion 

In the present study, direct numerical simulations have been performed over oscillating 

blades in the modern low-pressure turbines to investigate the flutter instabilities and transitional 

flow structures due to the oscillations of the blades. Previous studies only concentrated on the 

stationary LPT blades. However, it is essential to consider the realistic oscillations of the LPT 

blades to have more accurate predictions. Therefore, in this study, a high-fidelity computational 

model is developed based on a DNS method to capture the unsteady flow behaviour and 

pressure fluctuations over the blades of the modern aeroengine turbines. The simulations were 

performed at two different IBPAs in the T016A turbine.  
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Firstly, the numerical results were compared to the experiment and reference simulations, 

and an excellent agreement was observed between the present simulation and the reference 

data. Then, the time-averaged pressure coefficient over the turbine blades were investigated 

over both stationary and oscillating blades. Considerable deviation was observed for the Cp 

over the suction side of blade between the oscillating LPT blade and the stationary one. It was 

concluded that the oscillations have significant impact on the vortex generation process and 

recirculation flows in the separated shear layer over the blade surface, that is directly related to 

the location of the separation point over the blade surface. The obtained numerical results 

revealed that the impact of the vibrations on the flow structures is much higher at the blade tips 

due to the higher vibration amplitudes.  

For IBPA=0o, a wavy pattern of vortex generation was detected together with more fluid 

mixing in the downstream region of the oscillating blades. But, for IBPA=180o, the structures 

of the fluid flow generated by the superior blade have a great impact on the lower one by mixing 

with the recirculation and vortex generation from the lower blade in the wake region just after 

shedding from the trailing edge. It is concluded that the flow instabilities and perturbations are 

stronger over the external surface of the blade for both IBPA=0o and 180o. Moreover, the 

aerodynamic damping parameters are positive for all of the test cases, but they are greater at 

higher values of the inter blade phase angle. In addition, the vortex generation is much stronger 

in the blade outer region near the shroud where the vibration amplitude is large. The 

downstream wake and turbulence are higher in the 180o IBPA case compared to the 0o IBPA 

case. Raising Reynolds number can minimise the separation bubbles in the separation zone and 

can reduce the size of flow separation. The differences of pressure distribution on the aerofoil 

surfaces between both IBPA cases can be reduced by raising Reynolds number. However, the 

differences are still considerable in the blade outer region due to the high amplitude of 

oscillation near the blade tip. An accurate prediction of the flow behaviour over the blade 
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surface subject to a relatively large amplitude of vibration will make it possible to enhance the 

physical understanding of the blade flutter and thereby overcoming the aeroelastic instabilities 

as well as ensuring the structural integrity of the blade. 

Apart from the time-domain method, a harmonic balance method is also employed in the 

present study, and it is found that at least 5 harmonics are required to resolve the flow 

structures. However, the harmonic balance method requires a significant amount of memory 

compared to the standard time domain method. The unsteady pressure coefficient (Cp1), and 

the pressure phase angle (𝜙) over the LPT blades have been evaluated using DNS and URANS 

models, and they reasonably agree well with each other. However, the URANS model is unable 

to resolve the downstream wake and flow behaviour leading to an underestimation of the 

turbulence and unsteadiness in the downstream flow. Overall, employing a high-fidelity 

numerical model makes it possible to capture the necessary unsteady behaviour of the flow and 

thereby increasing the accuracy in predicting the flutter behaviour of the blades, especially in 

a multiple blade row configuration. The important flow structures due to a bending mode of 

the blade vibration, where the amplitude is not constant along the blade span, cannot be 

obtained using 2D or quasi-3D models. This study provides a comprehensive understanding of 

flow structures associated with a 3D blade structure and 3D vibration mode. 
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