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Internal report

Direct numerical simulations have been performed to study the flow around
a high-lift turbine blade for low and high levels of turbulence intensity. Ini-
tially a two-dimensional simulation has been carried out to study the domi-
nant two-dimensional physics. The chord Reynolds number is approximately
Re = 45000. Moreover, three-dimensional simulations are conducted using two
sets of low and high level background noise mimicking the effect of freestream
turbulence. For both cases the response of the boundary layer to external
perturbations is manifested as streaky structures on the suction side and lon-
gitudinal vortical structures on the pressure side. The latter observation was
first categorized in the work by Wu & Durbin (2001). Rolls of Kelvin–Helmholz
instability were also observed on the suction side accompanied by a spanwise
modulation for the case with a higher turbulence intensity.

1. Introduction

The shear complexity of geometrical topology along with the complex interac-
tion of different flow features in a turbomachine poses a great design challenge
to both numerical and experimental methods. For instance, in a low pres-
sure turbine in a jet engine, the incoming flow alternatively passes through
a set of rotator and stators stages losing its momentum after each stage (cf.
Dixon & Hall 2010), as well as gathering more perturbations. Indeed, wakes
shed from upstream rows induce periodic velocity deficit as well as turbulence
variation at the entrance of the downstream cascade. The former induces the
well-known negative jet effects on the suction side boundary layer of the down-
stream row, that definitively carries small-scale coherent structures inside the
boundary layer. This influences the transition process of the downstream blades
and is superposed to the effects induced by the freestream turbulence intensity.
Numerous experimental and numerical studies have been conducted to better
understand the dominant occurring physics.

For instance Liu & Rodi (1994a,b) conduct experiments to study transition
where a linear turbine cascade is subject to passing wakes. Schulte & Hodson
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(1998) perform a similar experiment where it was found that the flow over the
turbine blade can form a separation bubble once the incoming unsteady wakes
is removed. It means that a clear understanding of wake effects during the real
operation of low pressure turbine (LPT) blades demands a deeper knowledge
on the dynamics characterizing both the separated flow and the by-pass type
transition processes (cf. Brandt & Henningson 2002; Brandt et al. 2004a; Zaki
2013; Zaki & Durbin 2006; Nolan & Walsh 2012; Lengani & Simoni 2015).
Studies from literature (either numerical or experimental) clearly show that
in the case of laminar separation of the boundary layer, velocity fluctuations
are amplified along the inflection point of the velocity profile which in turn
induce the formation of rollup vortices (cf. Hodson & Howell 2005; Stieger &
Hodson 2005; Wu & Durbin 2001). A detailed characterization of the coher-
ent structures that can penetrate inside the boundary layer upstream of the
separation position may increase knowledge and understanding of this com-
plicated transition mechanisms. Simoni et al. (2013) show that, in the case
of low freestream turbulence intensity level, turbulence carried by incoming
wakes interact with the inflectional instability of the laminar separation bubble
growing between two adjacent wakes, inducing a fast transition process on the
separated shear layer. Of course the presence of elevated freestream turbulence
intensity level adds complexity in the flow transition, since a much compli-
cated pattern of coherent structures are generated inside the boundary layer.
Wissink et al. (2006) investigate the separating flow around a turbine blade
and its connection to the incoming periodic wake. Their findings confirm those
by Wu & Durbin (2001) where the evidence of longitudinal vortical structures
were found on the pressure side due to external perturbations. However, the
formation of streaky structures inside the suction side boundary layer has been
only recently recognized by the LES simulation of Nagabhushana Rao et al.
(2013) and the experimental evidences reported in the work of Coull & Hod-
son (2011). A large amount of works can be found in literature describing the
dynamics of streaky structures for flat plate Blasius boundary layers see (cf.
Jacobs & Durbin 2001; Brandt et al. 2004b).

Jacobs & Durbin (1998) show that only low frequency disturbances can
penetrate inside the boundary layer. Velocity fluctuations once generated in-
side the boundary layer grow in a transient way inducing the formation of en-
ergetic low and high speed streaks. These structures affect the pre-transitional
(still laminar) part of the boundary layer, and trigger transition only after their
breakdown as shown by Adrian (2007). The breakdown of the streaky struc-
tures occurs as a consequence of sinuous and/or varicose instability processes.
Experimental and numerical works such as Andersson et al. (1999); Luchini
(2000); Matsubara & Alfredsson (2001); Mans et al. (2007); Schlatter et al.
(2008), give a statistical representation of these phenomena in terms of streak
spacing, wave length at breakdown, amplitude threshold level of positive and
negative jet velocity into the streak as well as self-similarity properties. How-
ever, data available in literature for adverse and/or strong adverse pressure
gradient conditions, such that characterizing the real operation of LPT blades,
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are very scarce. In this case literature data are mainly aimed at evaluating
overall efficiency characteristics or overall statistical boundary layer parame-
ters (see e.g. the effects of FSTI on the skin friction coefficient reported in
Mahallati et al. (2013)) with respect to FSTI variation. A detailed knowledge
of the effects induced by different freestream turbulence intensity level on the
generation of coherent structures inside the boundary layer of LPT blade may
further contribute to understanding their role under unsteady inflow.

Here we investigate the role of freestream turbulence on the dominant
transition mechanism on a LPT blade. Two- and three-dimensional simula-
tions have been performed with two levels of perturbations added to the three-
dimensional simulations. This paper discusses the numerical setup and presents
the preliminary results obtained from direct numerical simulations (DNS).

2. Flow configuration

Figure 1 shows the schematic of the numerical setup following the experiments
by Lengani & Simoni (2015). The Reynolds number based on the chord length
is Rec = 45000. The inlet flow angle with respect to the horizontal line is αin =
40◦ and the outlet angle is approximately αout = 60◦. The inlet temperatures
is reported as Tin = 19.8◦. The blade length is 120mm and has a span of
z = 300mm . To reduce the computational cost we have reduced the span to
100mm with periodic boundary conditions. Such domain reduction will have
minimal effect in capturing the interesting physics within the computational
domain. In other words the choice of spanwise length in the experiment allows
for minimal interaction between the horseshoe vortices near the junction of
the blade and side walls, with the rest of the flow. Such vortices typically
arise when an object is placed in a boundary layer, see Dixon & Hall (2010).
The current spanwise extent of the computational domain is much wider than
the previous studies. It must be noted that sufficient spanwise length of the
computational domain is also determined by the level of freestream turbulence
since they influence the dominant transition mechanism. In other words, higher
freestream turbulence levels require a wider spanwise length to avoid inducing
numerical artifacts. It is expected that the selected spanwise length avoids
creating such artifacts.

3. Methodology

3.1. Numerical method and mesh setup

Direct numerical simulations were performed using the incompressible Navier–
Stokes solver ‘Nek5000’ by Fischer et al. (2008), which uses the spectral-element
method proposed (SEM) by Patera (1984). Enabling the geometrical flexibility
characteristic of finite-element methods combined with the accuracy provided
by spectral methods are the main advantages of using SEM. The equations are
cast into weak form. The spatial discretization is then done by means of the
Galerkin approximation, following the PN −PN−2 formulation. The solution to
the Navier–Stokes equations is approximated element-wise as a weighted sum of
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Figure 1: Layout for the numerical setup of the DNS. U and V are the horizontal
and vertical velocity components. The incoming flow (Uin) has an angle of
αin = 40 with the horizontal direction.

Lagrange interpolants defined by an orthogonal basis of Legendre polynomials
up to degreeN (of degreeN−2 in the case of the pressure). Inside each element,
Gauss–Lobatto–Legendre (GLL) quadrature points are used, and extended to
3D in a tensor-product formulation. The geometry is mapped isoparametrically
from the reference element to the actual grid. The nonlinear terms are treated
explicitly by third-order extrapolation (EXT3), whereas the viscous terms are
treated implicitly by a third-order backward differentiation scheme (BDF3).
The present SEM code is optimised for modern computers with thousands of
processors (Tufo & Fischer 2001).

The mesh setup follows the dimensions from the experiment. The plus
units criteria of, ∆x+ < 10 , ∆y+ < 1, and ∆z+ < 5 are maintained around
the turbine blade at streamwise positions past x/c = 0.3. Note that here ‘+’ de-
notes scaling with the viscous length ℓ∗ = ν/uτ (where ν is the fluid kinematic

viscosity and uτ =
√
τw/ρ is the friction velocity, ρ being the fluid density).

The value of the wall shear stress τw is estimated from a Reynolds averaged
Navier–Stokes (RANS) solution. A total number of 439200 elements of order
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Figure 2: Spectral element mesh used for direct numerical simulation. An
element order of N = 9 has been used. Note that here only the spectral
elements are shown.

N = 9 amounting to roughly 439 million grid points have been used. A Dirich-
let boundary condition is used at the inlet as depicted in figure 1. Stress-free
boundary condition have been used at the outlet, see Fischer et al. (2008). Pe-
riodic boundary condition has been used for the upper and lower side as shows
in figure 1, colored in red. It must be noted the prescription of the periodic
boundary condition constitutes that the corresponding points from both the
upper and lower side have matching chordwise positions. This requirement
adds further complexity in the mesh generation considering the different mesh
topology of the upper and lower side. The generated mesh copes with such
complexities despite causing some of the elements to be skewed which are lo-
cated away from regions with high gradients. Abdessemed et al. (2009) use a
similar setup in order to study the linear instability of a low-pressure turbine
for Reynolds numbers below 5000. The authors conduct a check on the con-
ventional periodic boundary conditions used for numerical simulations in these
cases. They find that easing the periodic boundary condition, i.e. using two
blades instead of one and imposing the the periodic boundary condition, results
in the vortex shedding behind the blade to be slightly asynchronous. Moreover
it is shown that by neglecting the subharmonic effects (one blade with periodic
boundary conditions) can alter the stability characteristics of the flow. Never-
theless they point to the work by Lazaro 2007 (private communication) where
it is suggested that acoustic shedding can result in a phase-lock in shedding, i.e.
in-phase flow. Zaki et al. (2010) argue that this asynchronous shedding results
from the interaction of one separation bubble of one blade with the shedding
vortices of the trailing edge of another blade. In our study, which is done at a
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Figure 3: RANS solution used for imposing the Dirichlet boundary condition at
the inlet, and the initial condition of the simulation. Pseudo-colors of velocity
magnitude are shown. Periodic boundary condition is used for the top and
bottom boundaries. Two additional periods of the solution field are shown in
transparent pseudo-colors for visualization purposes.

higher Reynolds number this effect is expected to be negligible. Moreover, we
aim to focus on the effect of freestream turbulent on the transition mechanism.
Thus, the assumption of only one blade with periodic boundary condition can
isolate additional factors that can play a part in transition mechanism. Note
that in some figures for visualization purposes to periods of the simulations are
shown.

Figure 2 illustrates the resulting two-dimensional spectral mesh. The
skewed elements at the trailing edge can be clearly seen. The three-dimensional
mesh is an extrusion of the two-dimensional mesh in the spanwise direction.
This is achieved by replicating the mesh with 60 elements of order N = 9.
The velocity values for the Dirichlet boundary condition are extracted from
the RANS solution as depicted in figure 3. Near the outlet, a fringe region is
used to avoid numerical instabilities at the outflow. The flow within the fringe
region is forced to the RANS solution.

3.2. Perturbed flow

The three-dimensional simulations are performed by adding two different lev-
els of background noise to the simulation. This in effect mimics the effect of
freestream turbulence in the experiment. Note that here we try to isolate other
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Figure 4: Pseudo-colors of instantaneous (left) and time-averaged (right) chord-
wise velocity for the two-dimensional simulation. The colormap is set for (left)
-1:2.8 and (right) -0.1:0.1.

external disturbances normally present in LPT. The controlled noise is gener-
ated by a random volume forcing similar to the work by Hosseini et al. (2013).
The location of the forcing strip is near the leading edge and only comprises
of a force in the vertical direction. For details on the forcing mechanism and
parameters refer to Schlatter & Örlü (2012).

4. Results

4.1. Two-dimensional simulation

The mesh setup is initially tested via two dimensional simulations to check
the consistency of the boundary conditions and mesh topology. The two-
dimensional runs can also be used for further comparison of the inherent two-
and three-dimensional flow phenomena. Figure 4a shows the velocity magni-
tude of a snapshot of the two dimensional simulation of the flow. The shedding
vortices can be clearly seen downstream of the trailing edge. Similarly figure 4b
shows the time-averaged chordwise velocity, where the color levels are adjusted
to distinguish between positive and negative velocity values. The blue is the
positive time-averaged chordwise velocity and the red represents the negative
velocity values. Two distinctive regions with negative chordwise velocity can
be observe, i.e. the region near the trailing edge on the suction side, and on the
pressure side near mid-chord. The interaction of freestream turbulence with
the unsteady flow field in these regions are of particular interest.

Figure 5 depicts the power spectral density values of the streamwise ve-
locity for the probes located at position 1 as is shown in the figure. The non-
dimensional shedding frequency is fshed = 90.69. The peaks at the multitude
of this frequency show the subharmonics of the shedding.
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Figure 5: Power spectral density values of streamwise velocity perturbation of
a probe placed near the trailing edge for the two-dimensional simulation.

4.2. Three-dimensional simulation

In order to mimic the effect of low (LFST) and high level (HFST) freestream
turbulence, two different cases with different tripping amplitudes are chosen.
The tripping amplitude for HFST case is one order of magnitude higher than
the amplitude of LFST case. A snapshot of the three-dimensional simulations
of the LFST case is shown in figure 6. Breakdown of the wake can be observed
downstream of the trailing edge. In order to better understand the evolution
of the perturbations introduced near the leading edge, figure 7 shows the root-
mean-square (r.m.s.) of the spanwise velocity perturbations (wrms) for the two
cases. It can be observed that different levels of perturbations enter the bound-
ary layer after the tripping strip for either of the cases. On the pressure-side,
the perturbations appear to have an initial decay and later grow in magnitude.
Moreover, the spread of the perturbations seems to be sizable compared to the
suction side where the perturbations decay continuously. This applies to both
LFST and HFST. The wrms values of the HFST case is also higher in the wake
region indicating more energetic turbulent structures. For the HFST case on
the suction side near the trailing edge the values of wrms show higher values
than LFST case which points to the formation of more intermittent structures.
This observation can be confirmed in the comparison of pressure coefficient Cp

between RANS and DNS as shown in figure 8. A near perfect match can be
observed except near the trailing edge on the suction side where a separation
bubble forms.

The response of the boundary layer on the top side for both cases can be
visualized in figure 9, where the isosurfaces of streamwise velocity perturba-
tions are shown. The streaky structures can be seen for both cases, however
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Figure 6: Pseudo-colors of instantaneous velocity magnitude (left) and pressure
(right) for the three-dimensional simulation. Two periods of solution field are
shown and the axis are removed for visualization purposes.

Figure 7: Pseudo-colors of r.m.s. of spanwise velocity perturbations (w′
rms) for

LFST (left) and HFST (right). The pseudo-colors are in logarithmic scale.
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Figure 8: Pressure coefficient around the turbine for HFST (− − −), LFST
( ) and RANS (− · − · −)

the streaks appear to decay further downstream for the LFST case. This con-
firms the observation from figure 7 where the r.m.s. of the spanwise velocity
perturbation decays along the chordwise direction. Note that the streaks have
an amplitude of roughly 10% of freestream velocity close to the trip region
for the LFST case and around 50% of freestream velocity for the HFST case.
These values decay somewhat rapidly as can also be seen from figure 7 where
the isosurfaces of the streamwise perturbations are shown at ±2% of freestream
velocity. Note that in the experiments of Lengani & Simoni (2015) the ampli-
tudes of the streaks were measured to be around 20% of the freestream velocity
before breakdown to turbulence. Further analysis are needed in order to better
understand this decay and rule out the possibility of numerical artifacts arising
from different factors, such as grid resolution.

Figure 10 shows the visualization of vortical structures using λ2 criterion
proposed by Jeong & Hussain (1995). It can be observed that in the LFST
case no tangible vortical structures exist on the surface while in the HFST case
a modulation of the vortical structure associated with the separation bubble
can be seen near the trailing edge. The signature of this structure can also
be observed in figure 7b, where wrms has a higher value in that region for
the HFST case. This observation is similar to the works by Lardeau et al.
(2012); McAuliffe & Yaras (2009); Burgmann & Schröder (2008), where they
reported shed vortex rolls resulting from Kelvin–Helmholtz instability go thr-
ough a spanwise modulation before breakdown.

Figure 11 shows the response of the boundary layer to external pertur-
bation on the pressure side via visualization of vortical structures using λ2

criterion. It can be seen that the structures decay initially and later grow in
magnitude as was also observed in figure 7. It is interesting to note the appear-
ance of longitudinal vortical structures. It can be observed that increasing the
turbulence level gives rise to more longitudinal structures. These structures
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Figure 9: Streamwise velocity perturbations for LFST(left) and HFST(right).
The isosurfaces are set at ±0.02U .

Figure 10: Visualization of vortical structures using λ2 criterion by Jeong &
Hussain (1995) for LFST (left) and HFST (right). The iso-surfaces are colored
with streamwise velocity magnitude.

were first observed in the work by Wu & Durbin (2001) where the authors in-
vestigated the interaction of an incoming wake with a stationary turbine blade.
Despite the similarities these structures have with Görtler vortices and that
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Figure 11: Visualization of vortical structures using λ2 criterion. The iso-
surfaces are colored with streamwise velocity magnitudes.

they emerge on a concave surface, the authors argue that these structures do
not arise nor sustain due to Görtler instability. They associate these structures
to the straining of the passing wake. Note that in our simulation the source
of perturbation is merely a tripping strip near the leading edge. Wissink et al.
(2006) also observed similar longitudinal structures on the concave surface of
a turbine blade and confirmed the observation by Wu & Durbin (2001). In our
analysis similar to the work by Zaki et al. (2010), we calculate Görtler number
on the pressure side using

Gθ =
Uinθ

ν

√
θ

R
, (1)

where θ is the momentum thickness and ν is the kinematic viscosity. The radius
of curvature is denoted by R. Figure 12 shows the computed Görtler on the
pressure side. According to the previous studies (cf. Saric 1994) the onset of
Görtler instability start at Gθ ∼ 0.3 and the resulting vortices can be detected
around Gθ ∼ 5− 6, and secondary instability is prone to occur at Gθ ∼ 6− 9.
It is clear that in our simulation this value reaches at most Gθ ∼ 3 near the
end of the domain which confirms that these structures are of the same nature
as the observations by Wu & Durbin (2001).

Iso-contours of pressure and λ2 criterion are plotted together at a spanwise
mid-plane for different simulation times. The separated boundary layer can
be visualized by the rolls of Kelvin–Helmholz instability on the suction side
near the trailing edge. This is similar to the observation by Zaki et al. (2010),
however they use the spanwise vorticity to visualize such structures. Further
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Figure 12: Calculated Görtler number on the pressure-side.

downstream these rolls breakdown into smaller pieces as they leave the trailing
edge.

5. Conclusions & Outlook

Direct numerical simulations have been performed to study the transition mech-
anisms in the flow passing through a low pressure turbine blade cascade. The
incompressible Navier-Stokes solver ’Nek5000’ has been used in order to per-
form Two- and three-dimensional simulations. The three-dimensional simula-
tions are accompanied by introduction of background noise on both suction
and pressure side near the leading edge of the turbine blade in order to create
the effect of freestream turbulence. Two cases with different levels of pertur-
bations are selected, termed as low level freestream turbulence (LFST) and
high level freestream turbulence (HFST). The response of the boundary layer
to freestream turbulence manifests itself as streaky structures on the suction
side, and longitudinal vortical structures on the pressure side for both cases.
The amplitude of the streaks showed to decay rapidly on the suction side. It
appears that the amplitude of the streaky structures for the HFST case near
the trailing edge corresponds to low to moderate freestream turbulence levels
in the experiment. Further investigation is needed to better understand the
rapid decay of streaks on the suction side. Rolls of Kelvin–Helmholz instability
were also observed on the suction side accompanied by a spanwise modulation
and remained non-turbulent as they convected downstream. Further analysis is
required in terms of mesh dependency and exploring the effect of higher ampli-
tudes of streaks on the suction side and their role in the transition mechanism.
Moreover, the nature of the observed longitudinal structures on the pressures
side needs to be examined.
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Figure 13: Visualization of iso-contours of pressure, superposed by iso-contours
of λ2 criterion.
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