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Abstract: In the present work, direct numerical simulation is employed to investigate the unsteady
flow characteristics and energy performance of low-pressure turbines (LPT) by considering the blades
aeroelastic vibrations and inflow wakes. The effects of inflow disturbance (0 < ¢ < 0.91) and reduced
blade vibration (0 < f < 250 Hz) on the turbulent flow behavior of LPTs are investigated for the first
time. The transient governing equations on the vibrating blades are modelled by the high-order
spectral/hp element method. The results revealed that by increasing the inflow disturbances, the
separated bubbles tend to shrink, which has a noticeable influence on the pressure in the downstream
region. The maximum wake loss value is reduced by 16.4% by increasing the ¢ from 0.31 to 0.91.
The flow separation is majorly affected by inflow wakes and blade vibrations. The results revealed
that the maximum pressure coefficient in the separated flow region of the vibrating blade has been
increased by 108% by raising ¢ from 0 to 0.91. The blade vibration further intensifies the vortex
generation process, adding more energy to the flow and the downstream vortex shedding. The vortex
generation and shedding are intensified on the vibrating blade compared to the non-vibrating one
that is subject to inflow wakes. The results and findings from this paper are also useful for the design
and modeling of turbine blades that are prone to aeroelastic instabilities, such as large offshore wind
turbine blades.

Keywords: direct numerical simulation; blade aeroelasticity; fluid-structure interaction; incoming
wakes; turbulence modelling

1. Introduction

Low-Pressure Turbines (LPTs) are an important component of gas turbine engines
used to power passenger aircraft. The engine thrust is mainly generated by a fan driven
by an LPT, which weighs up to 30% of the overall engine weight [1]. LPTs are also an
important part of the gas turbines used to run electric power generators. The efficiency and
structural integrity of an LPT are effectively influenced by the aerodynamic and aeroelastic
behavior of the turbine blades under the influence of flow disturbances [2]. Therefore,
the realistic prediction of the aerodynamics and aeroelasticity of LPTs by using numerical
methods has become popular among many researchers.

Though the aerodynamic flow structure over turbine rotor blades is three-dimensional
and unsteady turbulent, only a few studies have focused on low-pressure gas turbine blades
because of practical limitations [3]. It is possible to reduce the weight of LPTs by designing
relatively thinner high-lift blades. Therefore, the aeroelasticity and structural integrity of
the blades need to be examined carefully. However, the interactions of various sources of
flow disturbances and their influences on blade aeroelasticity are not well understood. The
flow separation over LPTs will cause the transition to turbulence and vortex generation
in the downstream region of the blades. Kubacki et al. [4] used the Reynolds Average
Navier-Stokes (RANS) method to investigate the flow structure over a stationary T106A
LPT blade with clean inflow conditions. They investigated the pressure coefficient and
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velocity profiles in the laminar to turbulent flow transition period. Han et al. [5] used the
RANS method with the SST turbulent model to investigate the aerodynamic performance
of high-pressure and low-pressure axial turbines. They investigated the pressure coefficient
variations at the middle blade section of LP turbine blades. Marty [6] used both RANS
and Large Eddy Simulation (LES) methods to analyze the laminar separation bubble
(LSB) on the surface of the T106C LPT blade. They found that the LES model can better
predict the LSB formation flow instabilities compared to the RANS method because of
the transitional flow regime. Rahmati et al. [7,8] developed nonlinear time and frequency
domain techniques to investigate the aeroelasticity and unsteady aerodynamics of low-
pressure turbines and multirow compressors of gas turbine engines. Their results show
that the inflow disturbances or flow reflection from adjacent blade rows can significantly
affect the aeroelastic behaviours of turbomachinery blades.

Flexible blades and vibrations have a noticeable influence on the performance of
turbines [9]. Investigation of fluid-structure interaction among the blades and the air
flow needs high-fidelity numerical simulations [10,11]. Win Naung et al. [12] numerically
investigated the impacts of vibrations on the vortex production and wake behavior of an
LPT blade. They also implemented a harmonic balance method in their simulations and
concluded that five harmonics are required to compare their results with the time domain
solution method. They also found that the blade vibrations have a strong effect on the wake
profile and flow disturbance in the downstream region of the LPT blades. Fan et al. [13]
numerically studied the effects of vortex-induced vibration on vorticity generation on two
immersed cylinders with short spans. They proposed a nonlinear aerodynamic damping
coefficient into their simulations and concluded that the proposed model only works for
high Scruton numbers and cannot predict flow structure and vorticity fluctuations due to
vibrations. Wang and Zou [14] performed a numerical study to investigate the effects of
geometrical parameters on the performance of turbine blades. They used PC-Kriging for the
uncertainty analysis together with the RANS solver to investigate the effects of the design
parameters on the boundary-layer shape factor (H), the total pressure loss (L;), and other
aerodynamic characteristics of the turbine blades. They concluded that the incoming wake
has a significant influence on flow behavior and vortex generation on gas turbine blades.

Zhang et al. [15] predicted the time-averaged wake of wind turbines by using convo-
lutional neural networks (CNN). They compared their numerical results with the CNN
method and found that their proposed model is computationally more efficient to predict
the wake compared the numerical analysis. Qu et al. [16] used the RANS method to inves-
tigate the turbulent flow structure and secondary flows over high-pressure turbine blades
by considering the periodic wake effects. They suggested that the contoured end wall
with a wake decreased secondary kinetic energy by 53.8%. But, as argued by Tucker [17],
RANS/URANS methods cannot correctly evaluate the transient flow structure and flow
instabilities, especially in the separated region, which can be commonly observed in LPTs.
Therefore, performing high-fidelity numerical simulations can help designers examine the
effects of vorticities and flow disturbances on the LPT blades in gas turbines.

High-fidelity methods such as LES or Direct Numerical Simulations (DNS) could be
more accurate, and instantaneous physical details of turbulent flows can be detected [18].
Wang et al. [19] used LES to numerically study the transitional flow separation on an LP
turbine. Siddiqui et al. [20] developed a finite-volume high-fidelity method linked with
the reduced-order finite element method of incompressible flows. Jia et al. [21] performed
LES over low-pressure turbine blades to investigate the separating point on the turbine
blades. They concluded that at low Mach numbers, the proposed method is not efficient.
Zaki et al. [22] conducted a DNS study investigating the flow structure over stationary
compressor blades. They also computed the boundary layer structure over the surface
of the blade, and the results agree well with the experimental data. Wheeler et al. [23]
performed DNS on high-pressure turbines and examined the physical characteristics of the
transient fluid structure. Moriguchi et al. [24] used the LES method to investigate the effects
of trailing edge (TE) cutback on the flow structure and vortex generation over the surface of
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the linear turbine blade. They concluded that the TE cutback has a considerable influence
on the boundary layer thickness and the pressure coefficient. They also investigated the
breakdown loss due to the variations in the TE shape. Most recently, Lyer et al. [25] used
high-order DNS to investigate the flow over the MTU-T161 low-pressure turbine blade.
They used a Python-based solver, named PyFR, to run the simulations for the Reynolds
number of 200,000. It was concluded that the proposed DNS method can capture more
mode details of the flow separation compared to typical RANS methods. Wei et al. [26]
performed LES over T106 low-pressure turbine blades. They concluded that due to the
huge CPU time requirement for 3D simulations, they only used 5% of the chord length
for their simulations, which is not enough to capture all the details of the realistic airflow
behaviour. To accurately capture the three-dimensional vorticities in the separated region,
it is necessary to conduct a full 3D analysis on a low-pressure turbine blade. The main
disadvantage of these LES and DNS methods is the huge amount of computational re-
sources required, which can even surpass the capacity of supercomputers. In addition, it is
impractical to consider all complex and realistic physical conditions in multi-stage turbines,
such as the aeroelastic oscillations and inflow wakes. However, these parameters have
considerable effect on flow separation in LP turbines, which have not been considered in
any previous DNS studies.

The spectral-hp element method is a powerful numerical technique with high accuracy
that is used to analyze the aerodynamic performance of turbomachinery [27]. This DNS
method is based on finite element and spectral techniques [28]. One main advantage of
this method is that it requires much fewer computational resources compared to other
high-fidelity DNS methods. This method can be employed to calculate the flutter instabil-
ities over the gas turbine blades by considering the forced vibrations or vortex-induced
vibrations (VIV) of the blades. The effects of aeroelastic vibrations can be included by using
a moving reference frame. Bao et al. [29] utilized the spectral-hp element method to explore
the effects of vortex-induced vibrations on the pressure coefficient and recirculation flows
over a flexible riser. In another DNS study, Cassinelli et al. [30] applied the spectral-hp ele-
ment technique to numerically analyze transitional flow behavior, boundary-layer velocity,
and turbulent kinetic energy over the surface of an LP turbine blade without considering
the blade vibrations. This method has also been used to investigate the transitional flow
regime over various aerodynamic structures with incompressible or compressible flow
conditions [31,32].

According to a literature review, a precise estimate of flow characteristics and sep-
aration over the LP turbine blades is critical in the design of aircraft engines. However,
most previous studies used RANS methods to investigate the turbulent flow characteristics
on the surface of LPTs. However, the flow structure over the turbine blades is transient,
and it is essential to predict and capture the flow instability on the blades by using a DNS
method. In the present paper, the spectral-hp element method has been used to predict
the details of the transitional flow structure and pressure coefficient over the LPT blades
by consideration of the simultaneous effects of inflow wakes and blade vibrations on the
flow structure of LPT blades. In summary, the main novelties of the present work can be
expressed as follows:

e  To develop a highly accurate DNS method to investigate the flow structure, wall shear
stress, pressure coefficient, instantaneous vortex generation, flow separation, and other
essential parameters in the design of LPT blades.

e  For the first time, the effects of aeroelastic vibrations and inflow wakes are considered
simultaneously in a DNS study on gas turbine engines.

The novel proposed model can help the designers to improve the efficiency of the
gas turbines and aircraft engines by capturing the details of flow fields and its effects on
aerodynamics and the aeroelasticity of LPTs.
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2. Physical Model

Figure 1 displays the schematic of the oscillating T106 blades in the LP turbine cascade.
The blades vibrate with a specific vibration frequency (f = 250 Hz) and amplitude (0 < A < 3%
chord) in the normal direction. For validation purposes and to compare the aerodynamic
performance of non-oscillating T106 blades, the flow conditions used in this study is the
same as those used by Wei et al. [26]. The span length (L) is assumed to be 0.4C. The
Reynolds number is defined as Re = UTC The DNS investigations of the T106 blade are
made at the Reynolds number of 51,800 to investigate the effects of various realistic flow
conditions on instantaneous flow structure and flow separation on the blades. Various
inflow conditions (clean inflow and incoming wakes with three different frequencies) are
investigated in this study. To generate the inflow disturbance (¢), the same method of
Michelassi et al. [33] is used in the present DNS study. Moving cylindrical rods with a
diameter of 0.02C are implemented in the upstream region of the leading edge of the LP
turbine blade. The cylinders have a velocity of uy,, = —0.41 U in the y-direction. The flow
disturbance ¢ is defined by ¢ = F.C/Vy;js where f and Vy;g are the passing frequency and
isentropic exit velocity, respectively. By changing the bar spacing, different dimensionless
inflow disturbances (¢ = 0.0,0.31,0.61,0.91) can be achieved, in which ¢ = 0 represents
the clean inflow boundary condition. The values of the inflow disturbance are selected
based on the study of Michelassi et al. [33] for validation and comparing purposes.

Blade vibrations
y=Asin(2nft)

Separated outflow
region

Inflow disturbance
()

Figure 1. Schematic of the T106 low-pressure turbine with the geometrical parameters.

The details of the forces on the T106 blade are provided in Figure 2. The geometrical
definitions of T106 blade are given in Table 1. The blades are fixed at the hub with aeroelastic
harmonic oscillations of y = Asin(27ft) at the blade shroud. The pitch-to-chord length ratio
(s/C) is selected as 0.798. The non-dimensional chord length (C) is set as one, and the non-
dimensional axial chord length (Cgy) is selected as 0.85C. The inlet angle of 45.5° is selected
for the present numerical simulations, which is in agreement with previous numerical
investigations over stationary LP turbine blades. The outlet angle is set at 63.2° with an
exit Mach number of 0.59. The geometry details of the T106 blade can be found in [34].



Energies 2023, 16, 2803

50f21

Rotor wakes
0 o\ \
5 \Y T
/j,:/‘,?’ Stator ¢

Stator wakes
Rotor 1

wake structure in a multi-stage LP turbine

Tangential Force
Drag, Fa

Lift, Fy

y P il Axial Force
P~ \\
= T ————— e BN
7/ \
|
550 N I \
&N A\
I \\
Inflow | \
disturbance | A}
| B 1
| I\ 63.2°
|
|
I
I

Detailed view of forces on the blade

Figure 2. Schematic view of the wake generation in a multi-stage turbine and forces over LP

turbine blade.

Table 1. Geometrical and physical parameters of the T106 LP turbine cascade.

Parameter Symbol Value Parameter Symbol Value
Chord length c 99 mm Fiten to chord s/C 0.798
ength
Axial chord length Cax 85 mm Cylg.‘dmal rod d 0.02C
iameter
Inflow angle B1 37.7° Cylinder velocity Upgr —0.41U
. o Reduced vibration
Exit angle B2 63.2 frequency fred 0.51
Trailing edge thickness - 1.8 mm Reynolds number Re 50,000-51,800
Trailing edge radius - 0.5 mm Inflow disturbance 1 0-0.91
Span length L 0.8C
3. Results

The high-fidelity analyzes with high-order spectral-hp element approach in NEK-
TAR++ solver are under the following assumptions: (i) constant thermophysical properties
of the working fluid; (ii) incompressible turbulent flow; (iii) the flow is unsteady and
transient; and (iv) a three-dimensional model. The Navier-Stokes equations in their non-
dimensional form can be expressed as:

ou;
¥+a—xi(u,u]) = ﬁ+ﬁv U )

]

where P and Re are pressure and Reynolds number of the working fluid (air). The pro-
posed high-fidelity method could capture the details of the vorticity generation and time-
dependent variables of turbulent flow over the surface of the oscillating LP turbine blade
with various inflow wakes. The moving reference frame (MRF) scheme is utilized to impose
forced vibrations on the surface of the blades.
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The spectral-hp element methodology, the Galerkin scheme, has been used to investi-
gate the turbulent flow on the vibrating LP turbine blades. In the methodology, the domain

is decomposed into subdomains, such as (3 = |J ),. Where () is the computational domain
ece
in the global coordinate system. The solver converts the geometry from the local geometry

(x1, x2) to a reference coordinate system of ({1, &) as:

x1 = X1(81,82), x2 = x3(81,82) 3)

The output parameters, such as velocity components (&1, §>), can also be converted
by using the moving reference frame in the spatial domain as [35]:

P P
u(g1,82) = Z Fy(81,62)tly = 2 2 ¢p(§1)¢q(§2)ﬁpq 4)
neN p=04=0
The momentum equation can be written as:
ou; 1
= = N = Vp+ - L(u) ©)

In Equation (5), N(u) = BLXZ- (U;Uj) and L(u) = V?Uj are the convective and diffusive
terms of the momentum equation, respectively. Based on the velocity-correction scheme
(VCS) and the advection, Poisson and Helmholtz terms can be written as:

J J-1
w ==Y wuu"" = ALY BuN(u"M) (6)
m=1 m=0
vl = Ly @)
At
2. n+1 %0 n+1:_‘17’e J p———
Viu vAtu VAL + VVp ®

where "*1th time step after performing integration over time and using Equations (6)—(8)
can be discretized as [36]:

Ji—1 n—m Je—1
oou" ™ =Y wu _ 1
Amt otm _ Z ﬁmN(u” m) —VPH-H'FRE»C(UH-H) (9)
m=0

This equation could be simplified as:

Uoun+1 —u*

N = NT - Vp"™ pvL(u") (10)

where u* = Z%;}) ayu" ™ and Nt = Zﬁ;}) BmN(u"~™) are the series of decomposed
terms. By integrating over the computational domain (), the Poisson equation can be
written as:

~n+1
' nal _ u* —opu + 1
/Q VptLYRIQ = /Q M N (VX V)| Vpda (1)

where VN is the operational function in the domain (). Finally, u can be computed as [28]:
WG, t) = L ai(E 1) (12)
i

A precise high-order outflow boundary condition, which is a popular model in un-
bounded physical domains, is employed in the present DNS study over the LP turbine
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blades with inflow wakes. The equation below is utilized to treat the outflow boundary
condition [37]:

n+1

P =un. V" -

2
; u*'”“‘ So (n.u*'”“) + f*n (13)

where Sp(n.u) = %(1 — tanh4) is a scalar function, uy denotes the characteristics of
velocity, and 6 > 0 is a small dimensionless constant. The convergency can be controlled by
a spectral vanishing viscosity (SVV). SVV Cutoff Ratio = 0.5 and SVV Diff Coefficient = 0.1
are used to avoid divergence of the simulations. The DG-kernel methodology is used for the
SVV coefficient. By increasing the polynomial order (P), the Courant-Friedrich-Lewy (CFL)
number becomes larger, and therefore, the time step should be reduced. The simulations
were performed with a time step of At = 10~ sec when p = 5, and it was decreased to
At =2 x 107> sec when p = 9 to make sure that the CFL number remained less than one.
The open-source NEKTAR++ code (v 5.2.0) is employed on the national supercomputer
of the UK (ARCHER-2) with different numbers of AMD 2.2 GHz CPU cores (128 cores for
lower polynomial orders and 512 cores for high-order simulations) and an allocated 256 GB
of memory.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Mesh Generation

Figure 3 depicts the details of the computational domain and grid generation in the
linear low-pressure turbine cascade of T106 blades. However, the polynomial order used
for the final simulations must be selected based on a grid independence study to properly
capture the instantaneous variations of the vorticity production on the oscillating turbine
blade with inflow wakes (discussed in the next section). Twelve inflation boundary-layer
prism meshes with the smallest layer size of 0.002 m for the layer close to the blade wall
and a growing ratio of 1.15 have been selected to resolve the laminar viscous sub-layer
resolution. The mesh size in the downstream region of the blade and also in the inflow
disturbance region is smaller than the other regions to precisely detect the transient flow
details due to the aeroelastic vibrations of the blades.

Oscillating blades

(fre=0.51)

() ayem mopjup

T106 LP turbine
blade

MO[JINO 19PIO-

P=5 (Mesh preview)
L=04

|
|
-

y lyer
mesh (12 layers

‘‘‘‘‘‘‘‘

% Reference domain Mapped domain

Figure 3. Mesh generation in the computation domain of T106 blade with p = 5.
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A grid study is performed on the number of Fourier layers in the span direction. By
comparing the results of different numbers of layers, ranging from 24 to 64 layers, it was
observed that N, = 48 layers provided the most accurate results. Using a higher number of
layers than 48 will increase the computation cost without impacting the flow characteristics.
As discussed earlier, each element will be decomposed from the original domain into the
mapped domain through a mapping function. The details of the mapping process are also
shown below.

3.2. Viscous Sub-Layer Resolution

Before performing further DNS simulations according to the spectral-hp element
method, the most appropriate polynomial order must be investigated. To find the most
accurate P-order for an accurate prediction of the unsteady flow behavior over the surface
of the oscillating LP turbine blade and detect realistic fluctuations of the pressure and
vortex generation, a different analysis was conducted for the grids ranging from p = 5 to 11.
It was observed that p = 9 is the most accurate polynomial order and the pressure coefficient
variations on the suction side of the oscillating T106 blade with various inflow wakes will
be less than 0.5% compared to a higher polynomial order of 11. Therefore, it is selected for
the DNS simulations.

The boundary layer grid with 12 inflated layers is selected for the DNS study to resolve
the viscous sub-layer effects and to accurately predict the causes of aeroelastic vibrations on
the flow structure on the suction side of the blades. To make sure the wall+ parameters are
in an appropriate range, the following condition should be met: Ant < 1[38]. During entire
simulations, the normalised grid size in the streamwise (As™), and spanwise direction
(Az™) are also kept less than 10 [38]. The wall+ values over the surface of the vibrating
T106 blade with clean inflow (¢ = 0) are shown in Figure 4. The wall+ values are all
within acceptable ranges. Consequently, the prism mesh is accurate enough to capture the
flow structure and flow separation in the boundary layer region of the oscillating T106
low-pressure turbine.

8
-.—. As*
6 - An*
wn
< o +
3 Az
—_ .
I 0\
> [
+ J 7 L W
24 } - /\/\'./“ /”’ ' \r\",
o g . -
< .',L'I\‘, v R ),/ \\_ \'
E DAL NN Ly, \
3 | NS ! ~N-ZTT~ \
290, ! \
o '
I N \
\'/\/\/—\/\‘
0 Tttt
0 0.2 0.4 0.6 0.8 1
x/C

Figure 4. Instantaneous wall® values on the surface of the vibrating T106 low-pressure turbine blade
for ¢ =0, freqg = 0.5, A =1%.

4. Results and Discussion
Validation

Prior to investigating the impact of the inflow disturbances on the unsteady flow
behavior, the DNS simulation based on a stationary blade without any inflow wakes is
first made for validation of the numerical model. The wake deficit profile (2 is specified as
(Prin — Pt)/ (Prin — Pyp), in which p; is the total pressure and p,f, and p;.;, are the reference
pressure and the total inlet pressure, respectively. The wake deficit is obtained at 40% of
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the chord length downstream of the trailing edge of the blade. () predicted by the present
DNS simulation is compared to those of the experiment [39] and the reference simulation
using an unsteady finite volume method [12], and they are presented in Figure 5. Overall,
a close agreement is achieved between the present DNS simulation and the experimental
data. Likewise, the pressure coefficient C, from the present simulation is compared to the
experiment and the reference simulation using a finite volume method [12], as shown in
Figure 5. C, is calculated as (py - prf)/ (Pr-in — Pr), where py, is the surface pressure. It is
seen that the C,, distribution predicted by the present simulation is in very good agreement
with the experiment and the reference simulation. The obtained results are also in good
agreement with the numerical results of Nakhchi et al. [40] over stationary low-pressure
turbine blades with clean inflow conditions. Therefore, it is deduced that the method
reasonably resolves the unsteady flow and the downstream wake, which is considered
sufficient for further simulations involving inflow disturbances and blade vibrations.

0.25

@ Exp.[33]

0.15 -

Wake, Q

0.05 1

(a) Pressure coefficient (b) Wake profile

Figure 5. Validation of C and wake loss profiles (Q2) with the previous experiments [39] and the
numerical data [12] over a non-oscillating T106 blade.

Figure 6 compares the iso-surfaces of vorticity (coloured by velocity) between the sta-
tionary and vibrating blade cases with and without inflow wakes to qualitatively highlight
the flow structures that occurred due to blade vibration. The inflow wakes at different
frequencies, which are achieved by placing a different number of cylinders in the upstream
region of the blade. The cases using a stationary blade will be first discussed. When there
is no inflow wake present at the inlet, the flow separation occurs near the trailing edge
due to the curvature of the blade and the angle of attack of the incoming flow. When
there is an inflow wake upstream of the blade, the flow across the blade is extremely
distorted. At ¢ = 0.31, the vortex structures from the wake mostly influence the pressure
surface of the blade before contributing to the downstream wake. At ¢ = 0.61, the suction
surface of the blade is more affected by the wake structures, whereas the flow structures
travel underneath the pressure surface and hit the trailing edge of the blade, where they
combine with those from the pressure surface. However, at ¢ = 0.91, the T106 blade is
influenced by the inflow wake. As a result, the downstream wake is stronger than that
of those with a stationary blade. The blade vibration triggers more flow disturbances. It
can be clearly observed in the case of a clean inflow without wakes. It is seen that strong
vortex structures are generated on the suction side due to the blade motion. These flow
structures travel downward and contribute to the vortex shedding, resulting in a larger
downstream wake. A combination of inflow wake and blade vibration causes significant
flow distortions around the blade, and both pressure and suction surfaces are affected. This
leads to high-intensity turbulence and wake in the downstream region. It is very clear in
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the case of ¢ = 0.91 that the downstream wake is not only highly unsteady and turbulent
but also dramatically large in size.

Strong recirculations

due to vibrations

Start of flow

separation

TE vortex

shedding

(f) ¢ =0.61, vibrating

Fully separated

flow regions

(g) ¢ =0.91, stationary (h) @ =0.91, vibrating

Figure 6. The effects of the inflow wakes (¢) and the vibrations on the vorticity contours over the LP
turbine blade.

The vortex development near the trailing edge resolved by the present DNS model
and those of the experiment [41] and the previous LES model [26] for a stationary blade
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.. Trailing edge

subject to no inflow wakes are compared in Figure 7. It is seen that the LES model can
reasonably provide the vortex shedding from the trailing edge. However, the method
can detect the vorticity production in more detail, and it is comparable to the experiment.
In particular, the DNS model resolves and provides detailed vortex structures in the
downstream wake region, which are difficult to capture by lower-fidelity models as well as
the experiment. Therefore, the use of a DNS model should be considered in the design of
low-pressure turbine blades, and the present DNS model is found to be much more efficient
at a reasonable computational cost than other typical finite volume DNS models.

e

(b) (c)

Figure 7. Comparison of the vortex generation near the TE of non-oscillating T106 blade with clean

inflow with previous experimental and numerical data for Re = 5 x 10°. (a) Present DNS study.
(b) Experimental [41]. (c) LES model [26].

To better understand the physical behavior of the turbulent flow subject to incoming
wakes and blade vibration, the turbulent kinetic energy contours around the T106A turbine
blade are plotted at ¢ = 0.31 and 0.91 for both stationary and vibrating blades in Figure 8.
At @ =0.31, the turbulent flow resulting from the inflow wake decay and the flow distortion
occurs in the blade passage. Apart from the area close to the cylinder where the wake is
generated, the maximum turbulent kinetic energy is seen in the downstream wake region.
In the case of the stationary blade, the maximum value was captured in the region next to
the trailing edge. In contrast, it is evident that the blade vibration adds more turbulence to
the flow. Subject to the same inflow wake condition, the kinetic energy flow is much higher
on the suction surface. Increasing the inflow wake frequency to ¢ = 0.91, the turbulent flow
is observed around the stationary blade. Similar to the ¢ = 0.31 case, the turbulent kinetic
energy distribution is intensified by the blade vibration. In particular, the maximum values
of the turbulent kinetic energy are observed almost all over the suction surface, in addition
to the downstream wake region.

Figure 9 illustrates the wall shear stress distribution for different inflow frequencies.
It is found that the blade oscillations have a noticeable influence on the wall shear stress
distribution in both clean inflow and inflow wake cases. Compared to the clean inflow
case, the inflow wake also has an effect on the wall shear stress, especially near the trailing
edge. Besides, the region in close proximity to the leading edge is also affected by the wake
at a high frequency. The wall shear stress, depending on its level of intensity, is directly
associated with the flow separation and recirculation on the suction side.

The flow streamlines in the blade passage of the T106A turbine are demonstrated in
Figure 10. The figure provides the effect of the inflow wake and the blade vibrations on the
behavior of the flow. For clean inflow, it is clear, without the effect of the distortion due to
the wake, that the flow is affected by the vibrations. The oscillations cause flow separation
on the suction surface with some recirculation in the separation zone. Inflow wakes add
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further flow disturbances. The streamlines traveling over the pressure surface are more
affected by the wake.

due to vibrations

/

TKE production 5.0e-02
I 0.04

0.03

TKE

— 0.02

0.01

0.0e+00

(a) @ =0.31, stationary blade (b) @ =0.31, vibrating blade

Strong TKE due to

inflow disturbance

(c) @ =0.91, stationary blade (d) ¢ =0.91, vibrating blade

Figure 8. The effects of the vibrations and the inflow wake on the TKE contours behind the T106 blade.



Energies 2023, 16, 2803 13 of 21
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Figure 9. Wall shear stress contours over the non-oscillating and oscillating turbine blades with
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Figure 10. Effects of the vibrations and the inflow disturbance on the flow streamlines over the blade.
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The effect of inflow wakes on the downstream wake profile of the stationary blade
case is presented in Figure 11. The wake loss is defined as (pt.in — pt)/ (Prin — Pref), Where
pi is the total pressure, and measured at 40% of the chord length in the downside region.
The dimensionless pitch (Y") is defined as Y/Pitch. It is observed that the profile is slightly
reduced by increasing the inflow disturbance from ¢ = 0 to 0.91. By raising the inflow
disturbance, the separated bubbles tend to shrink, which has a noticeable influence on the
pressure value in the downstream region. The inflow disturbance reduces the boundary-
layer separation region. It is observed that the maximum value occurs at Y = 0.401, and it
moves downward to Y = 0.492 by raising ¢ from 0 to 0.91.

025 1
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(a) Stationary blade (b) Oscillating blade

Figure 11. The effects of the inflow wake and the blade vibrations on the wake profile over the
low-pressure turbine blade at Re = 5.18 x 10%.

It was previously discussed that the downstream vortex shedding is stronger with
more vorticity structures in the wake. Moreover, the maximum wake loss value is reduced
by 16.4% by increasing the inflow wake (¢) from 0.31 to 0.91. It was also noticeable that the
vortex structures are broken into smaller pieces in the wake region due to inflow wakes.
These factors contribute to the shift in the peak of the wake profile. Furthermore, it is
obvious that the blade oscillations have a great impact on the wake profile. Similar to
the rigid (non-oscillating) blade, the profile is reduced as the inflow wake frequency is
increased. The peaks of the profiles are also found at Y* = 0.501. Significant deviations
in the profile can be seen between 0.3 < Y* < 0.6. The blade vibration triggers additional
flow disturbances, which add more turbulence to the downstream wake. In addition, the
downstream wake is distorted by the blade motion. As a result, the profile is highly affected,
and fluctuations are observed in the profiles.

Time-averaged pressure coefficients C, computed from different inflow conditions
over the surface of the vibrating low-pressure T106 turbine blade are shown in Figure 12.
By increasing the inflow disturbance parameter from ¢ = 0 to 0.91, the separation bubble
diminishes and flow reattachment occurs at the upstream region on the suction side,
resulting in a pressure coefficient increment in the region of 0 < X* < 0.6. This flow
behavior was previously shown in Figure 11. Extra flow disruption on the suction side of
the blade has a significant influence on the vortex generation and pressure increment in
this region. The highest coefficient on the suction side of a low-pressure turbine occurs at
X* = 0.072 for clean inflow conditions (C, = —0.03), while it is moved to X* = 0.038 with
the maximum value of C, = 0.35 for ¢ = 0.91. This means that the maximum pressure
coefficient on the separated flow region of the vibrating blade has been increased by 108%.
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Clean inflow
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— - —=0.61

X

Figure 12. The effects of the inflow disturbance on the instantaneous and time-averaged variations of
Cp over the low-pressure turbine surface.

Due to the harmonic motion of the blade, the pressure distributions over the surfaces
of the LPT blade fluctuate within a cycle of the oscillation of the blade. The unsteady
pressure distributions over the oscillating LPT blade can be divided into a mean value and

an amplitude as P = P+ Pysin(wt) 4+ Pgcos(wt). In this equation, P is the mean value,
and P_A and P_B are the coefficients of the Fourier series, respectively. The amplitude of

unsteady pressure is calculated as \/ P42 + Pg%. No experimental data for the unsteady
component of the pressure is available. The coefficient of unsteady pressure amplitude,
described as Cp1, normalised by the dynamic inlet pressure, is plotted in Figure 13. It is
shown that the unsteady variation of the pressure is affected by the inflow wakes on both
surfaces of the LPT blade as the Cp1 distribution shrinks as the frequency of the inflow
wakes is increased. The variation of Cpl between the suction surface and the pressure
surface of the oscillating blade subject to a clean inflow is 1.2, whereas 1, 0.9, and 0.7 are
recorded at the wake frequencies of 0.31, 0.61, and 0.91, respectively. This is related to
the generation of vorticity from the surfaces of the blade. The introduction of the wakes
and unsteadiness adds more strength to the generation of the vortex structures over both
surfaces of the LPT blade. However, the unsteady vortex structures are generated mainly
on the suction surface when no inflow wakes are considered.
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Figure 13. The effects of the inflow disturbance on the unsteady pressure coefficients over the
T106 blade.
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Figure 14 shows the effects of low-pressure turbine oscillations and inflow disturbances
on the time-averaged velocity profiles and turbulent characteristics in the separated area
of the blades. It is provided at X/C = 0.95 in the normal direction to the blade surface
and close to the trailing edge. It can be seen that the flow separation is influenced by the
oscillations, and strong reverse flows are observed for the flexible low-pressure turbine
blade with ¢ = 0.31. It can be seen that the velocity fluctuations become larger by raising
the inflow disturbance. Additional turbulence fluctuations are detected close to the blade
trailing edge with a higher inflow wake. The peak fluctuation of u'u’ is around 0.0092 in
the separated region of the rigid blades, while this peak value is 0.0384 in the oscillating
blade case with an identical inflow disturbance of ¢ = 0.91. The maximum fluctuation is
4.17 times larger than the oscillating LPT blade with the same inflow wake.
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(b) Turbulent fluctuations

Figure 14. The effects of the blades oscillations on the velocity and the turbulent fluctuations profiles.

To better compare the velocity fluctuations over the surface of the stationary and
oscillating low-pressure T106 turbine blade, a fast Fourier transform (FFT) is performed on
the velocity signals on the surface of the blade. The energy spectrum variations with the
turbulent frequency are shown in Figure 15. It is observed that due to the oscillations, a
stronger energy spectrum is detected at f,,; = 0.51 and A = 1% C. The results agree with
the previous physical discussions. The highest peak of the energy spectrum over the
surface of the vibrating blade is detected at F* = 0.50, which agrees well with the reduced
harmonic vibration frequency of the low-pressure turbine blades. Moreover, it is observed
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that for both stationary and vibrating turbine blades, the energy spectrum drops below the
“—5/3 slope” line, indicating the convergence of simulations.

1.E+01 3

1.E+00 4

Energy Spectrum

—— Vibrating blade

1LE04 1
] —— Stationary blade

1E-05 |

1.E-06 T — T
0.1 1 10

Frequency

Figure 15. Illustration of the turbulence energy spectrum with and without the blade vibration at
Re=5.18 x 10* and ¢ =0, at X/C = 0.7.

5. Discussion

A high-order spectral-hp element DNS method is proposed to extensively analyze
the transient flow inside a modern LTP cascade, taking into consideration inflow wakes
and blade structure oscillation. The accuracy of the proposed DNS method is validated
against an experiment and reference simulations before applying it to further analyzes
involving inflow wakes and blade oscillation. The validations in terms of pressure coeffi-
cient and wake profile prove that the proposed method can precisely predict the required
aerodynamic parameters. In addition, the employed DNS model sufficiently captures high-
resolution unsteady flow details, which have been difficult or impossible to achieve with
experiments or lower-fidelity methods. It is also revealed that the proposed spectral-hp
element DNS method is computationally much more efficient than other conventional finite
volume methods.

This study clearly highlights the impact of the blade structure vibration on the evo-
lution of flow structures and the unsteady flow behavior in comparison to the stationary
blade based on clean inflow and inflow wakes. When the blade is not oscillating, boundary
layer separation typically occurs on the suction surface in the aft region of the blade near
the trailing edge, with KH vortex shedding in the wake region. High distortion in the
unsteady flow and the vorticity development are detected when the wakes are introduced
in the upstream region of the blade, which influences the boundary layer separation and
the vortex generation depending on the level of intensity of the wake. The impact is more
pronounced on the pressure surface at ¢ = 0.31 and the suction surface at ¢ = 0.61, whereas
both the pressure and suction surfaces are highly affected by the wakes at ¢ = 0.91. It is
distinctly observed that the oscillation of the blade introduces additional flow disturbances,
which, consequently, deform vortex shedding and add more turbulence to the downstream
flow. As a result, the maximum TKE is found on the suction surface and the downstream
wake region of the oscillating blade.

This observation and understanding of the mechanism of the evolution of vortex
structures and the physics behind the interaction between unsteady inflows and oscillating
blades are very important for the design and analysis of not just LPTs but also other turbines
for energy conversion systems such as wind turbines. For instance, an offshore wind farm
consists of multiple large-scale wind turbines, and it is expected that the blades of offshore
wind turbines will simultaneously undergo vibration due to their extremely long length
and slenderness, and unsteady incoming flows due to the turbulence and wakes from
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neighboring wind turbines. The proposed DNS method can explicitly resolve necessary
unsteady flow structures and makes it possible to visualize the behavior of the unsteady
flow and the vorticity development around turbine blades subject to different sources of
flow unsteadiness, such as inflow wakes and blade oscillations.

6. Conclusions

A high-fidelity DNS model is employed to analyze the unsteady behavior inside a
T106A low-pressure turbine subject to inflow wakes and blade vibrations. The effect of the
unsteadiness due to inflow disturbance and blade oscillation on unsteady flow parameters
is investigated. In this paper, for the first time, a DNS method is employed to analyze the
flow over a low-pressure turbine blade, taking into account both inflow wakes and blade
vibration. The main findings of this study are as follows:

e  The flow separation is majorly affected by inflow disturbance and blade vibration. The
maximum pressure coefficient on the LP turbine occurs at X* = 0.072 for clean inflow
conditions (C, = —0.03), while it is moved to X* = 0.038 with the maximum value
of Cp = 0.35 for @ = 0.91. This means that the maximum pressure coefficient on the
separated flow region of the vibrating blade has been increased by 108%.

e The evaluation process of vorticity over the blade surfaces and in the downstream
region changes significantly with the level of intensity of the inflow wakes. The
blade vibration further intensifies the vortex generation process by imposing more
disturbances to the flow and the downstream vortex shedding. The vortex generation
and shedding are much greater in comparison with the stationary blade subject to
inflow wakes.

e By increasing the inflow disturbance, the separated bubbles tend to shrink, which has
a noticeable influence on the pressure value in the downstream region. The inflow
disturbance reduces the boundary-layer separation region. It is observed that the
highest value of the wake happens at Y* = 0.401 and it moves downward to Y* = 0.492
by raising ¢ from 0 to 0.91.

e  Significant fluctuations are observed in the wake profiles under blade vibration, while
the inflow wakes are causing the shift in the peak location of the profile. The maximum
wake loss value is reduced by 16.4% by increasing the inflow wake (¢) from 0.31 to
0.91. The vortex structures are broken into smaller pieces in the wake region due to
inflow wakes, which results in a shifting of the peak value of the wake loss.

In addition to LPTs, the findings from this paper are also useful for the design and
analysis of other turbomachines which can potentially experience aeroelastic instabilities
such as offshore wind turbines due to their extremely long blades and the influences of
wake and turbulence from neighboring turbines.
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