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ABSTRACT
This paper assesses the accuracy of QDNS simulations for predicting the flow about lin-
ear Low-Pressure Turbine cascades. Simulations are performed with a compact high-
order numerical scheme based on the Flux Reconstruction method. Numerical results
obtained using this technique are compared against a large set of experimental data in-
cluding pressure tappings, hot-wire and LDV measurements. The experiments have been
carried out at the low-speed low-turbulence wind tunnel at the Polytechnic University of
Madrid. Measurements were taken at several Reynolds numbers and reduced frequencies.
The numerical experiments are instrumented consistently with the physical experiments.
Numerical results show excellent agreement with experimental data for every measure-
ment technique and for all the cases. It is concluded that numerical experiments using the
present setup deliver data with a similar level of confidence than those obtained in high-
quality linear cascades, and that the differences between simulations and experiments fall
within the experimental uncertainty.
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NOMENCLATURE
~+ wall units ~1 inlet ~2 outlet α flow angle φ = Vx/Vb

ω total pressure loss cp pressure coeff. cx axial chord fr = f S
V2

reduced freq. M Mach number
Pt total pressure S perimetral chord V2 exit velocity Vb bar velocity Vx axial velocity

INTRODUCTION
Demand for lighter and more efficient aero-engines has driven modern high-lift Low-Pressure

Turbine (LPT) designs. These designs allow for a lower blade count which decreases weight.
As a consequence, the suction surface of such turbines undergoes large adverse pressure gra-
dients. The effect of the adverse pressure gradient on the boundary layer is dependent on the
Reynolds number and the turbulent state of the boundary layer itself. The Reynolds number for
a LPT may vary from order 104 − 105 for high-altitude cruise flight to 105 at take-off. At these
transitional Reynolds numbers the effect is, indeed, considerable on LPT losses. The variation
of loss with the Reynolds number, known as Reynolds lapse rate, is described in Mayle (1991).

Profile losses in LPTs can account for up to 70% of the total loss of the turbine since the air-
foil aspect ratio of a LPT ranges between 3:1 and 7:1 Denton (1993) and Dénos and Paniagua
(2008). Two-dimensional losses in LPTs are controlled by a complex separation-transition-
reattachment mechanism in the suction side of the aerofoil. Unsteadiness plays an important
role being the reduced frequency of the excitation and the background turbulence intensity key
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parameters Hodson and Howell (2005). At the low Reynolds numbers usually encountered in
LPTs, the adverse pressure gradient induces separation of the laminar boundary layer. After
separation, the boundary layer may remain separated, creating a large separated region over
the profile extending to the wake before transitioning to turbulent; or it may transition to tur-
bulence before reaching the trailing edge of the profile so that reattachment can occur and a
new turbulent boundary layer can develop close to the trailing-edge. The former case of sepa-
ration is referred to in the literature (see Hatman and Wang (1999)) as the laminar long-bubble
mode. Transition is induced downstream of the separation by the inflectional instability of the
shear layer but the delayed transition takes place downstream of the maximum displacement
of the shear layer. This transition mode, frequently seen at very low Reynolds and high ad-
verse pressure gradients, is not accompanied by vortex shedding. Conversely, the latter case
is defined as a laminar separation with a short bubble, and on the contrary than in long bub-
ble mode, a distinctive vortex shedding can be appreciated. The Reynolds number controls
this separation-transition-reattachment process. A numerical experiment where the effect of the
Reynolds number on the loss and the separation-transition-reattachment process is examined
can be seen in Bolinches-Gisbert et al. (2020).

The shear layer associated to the separated boundary layer is naturally unstable and breaks
down into span-wise vortices called Kelvin-Helmholtz (KH) vortices which can further break
down due to secondary instabilities into turbulence. This transition mechanism is very depen-
dent on existing unsteadiness of the flow, e.g. background turbulence, incoming wakes. The
effects of incoming wakes and background turbulence on LPT aerodynamics have been stud-
ied experimentally in the past by many researchers. There are two fundamental ways in which
background unsteadiness can affect the transition phenomena described earlier. On the one
hand, flow unsteadiness gives rise near the aerofoil leading-edge to low-velocity streaky pat-
terns, usually referred to as Klebanoff streaks, which travel downstream. These streaks can
generate turbulent spots that when are lift off at the separation point interact with the KH vor-
tices promoting early breakdown. On the other hand, unsteadiness outside the boundary layer
can also directly excite secondary instabilities of the separated shear layer KH vortices acceler-
ating its breakdown. A good summary can be found in Coull and Hodson (2011). In general,
unsteadiness accelerates transition to turbulence and, hence, can reduce losses at low Reynolds
numbers. Indeed, modern LPT designs rely on unsteadiness to achieve higher efficiencies, as
described by Hodson and Howell (2005).

Attempts to predict numerically LPT losses have been made in the past. Some of these
studies are based on simplified geometries or setups. For instance, McAuliffe and Yaras (2010)
performed a Direct Numerical Simulation (DNS) of a flat plate with a pressure gradient dis-
tribution resembling that of the LPT so that the transition mechanism could be isolated and
studied with and without background turbulence. It was found in their simulations that the
background turbulence generated longitudinal streaks in the boundary layer, the shear of which
promoted the appearance of turbulent spots which eventually triggered early transition. This is
in accordance with the work of Coull and Hodson (2011).

The effect of incoming wakes has been studied by means of numerical experiments. Michelassi
et al. (2015) investigated the effect of inflow turbulence along with incoming wakes for different
Reynolds numbers and reduced frequencies over a T106 linear cascade using DNS with a struc-
tured compressible solver based on a mixed fourth-order/spectral spatial discretization: fourth-
order in the pitch- and chord-wise direction and spectral in the spanwise direction. A number
of cases combining different levels of background turbulence and incoming wakes at differ-
ent reduced frequencies were considered. In their experiments, they found that background
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turbulence on its own can reduce profile losses whereas these can increase when combined
with incoming wakes which might be due to losses generated by turbulence-wake interaction in
the blade passage. This is in agreement with the experimental findings of Zhang and Hodson
(2010).

Medic and Sharma (2012) studied the effect of free inlet turbulence on profile losses at
different Reynolds numbers with LES using a compressible solver second-order in time and
space. The simulations predicted general flow trends but were unable to accurately predict
losses when compared with experiments and were not able to predict the change in loss variation
trend with Reynolds number.

More recently, Ameri (2018) performed implicit LES of an LPT aerofoil with no inlet turbu-
lence using a second-order finite volume code. The simulation included the end-walls and were
performed for two incidences (cruise incidence, i1 = 40◦ and take-off incidence, i1 = −2.5◦)
at essentially the same Reynolds number, Re = 2.21 × 105 and Re = 2.15 × 105, at which a
short laminar separation bubble existed. The pressure distribution around the aerofoil agreed
very well for both incidences with experimental data. Losses also agreed well in nominal case
but differed slightly for the negative incidence case.

Although past simulations have been successful in predicting some of the physics involved
in the LPT flows, they have not provided an in-depth comparison against experimental data.
In the present work, a comprehensive comparison between numerical and experimental data
is made for different reduced frequencies and Reynolds numbers. We perform Quasi DNS
(QDNS) of an LPT designed by ITP Aero and tested at the Polytechnic University of Madrid.
Different measurement techniques are compared to numerical data consistently.

EXPERIMENTAL SETUP
The numerical results are compared against a comprehensive set of experimental data. The

experiments were performed over a research linear cascade. The cascade has a highly loaded
profile with the suction peak at 30% of the chord. The inlet angle is α1 = 32 deg and the total
turning of the flow is around 90 deg. The cascade is composed of 5 blades with an aspect ratio
of 3.5. The experimental set-up is described in detail in Bolinches-Gisbert et al. (2020) and
Bolinches-Gisbert et al. (2021) and it can be seen schematically in Fig. 1. It can be seen in this
figure the passing bars in front of the cascade which generate the periodic unsteadiness.

The experiments were carried out at the Polytechnic University of Madrid in the low-speed
low-turbulence wind-tunnel that operates as an open return, impulse wind tunnel. The approach-
ing flow has a 495 × 240 mm rectangular cross section. Prior to the test section, conditioning
elements are included to ensure the proper quality of the cascade approaching flow with a mea-
sured free stream inlet turbulence below 0.2%. The experiments were performed at an array of
Reynolds numbers although only three cases are considered in this work, namely Re = 5×104,
105 and 2 × 105 which are Reynolds numbers of interest in aeronautical LPTs. The exit Mach
number of the experiments was M2 = 0.02, 0.04 and 0.08 for each of the Reynolds numbers,
respectively.

In front of the cascade there is a row of moving bars of diameter 0.03cx. These bars are
equally spaced and moved by a computer controlled electric motor in a setting similar to other
configurations (Schulte and Hodson (1998)). Three different reduced frequencies, fr, are con-
sidered, i.e., 0.05, 0.5, and 0.1. The two latter frequencies are of interest in LPT whereas the
the lowest reduced frequency is taken as the limit with no incoming wakes. Note that operating
the tunnel at fr = 0 leads to acoustic coupling within the tunnel which can distort the mea-
surements. Operating a very low but non-zero frequency leads to more consistent and accurate
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Figure 1: Schematic of the experimental configuration along with images of pitot probe and
LDV.

Table 1: Summary of the cases and naming convention.
Re

5× 104 105 2× 105

fr

0.05 S1 S2 S3
0.5 Fr1R1 Fr1R2 Fr1R2
1 Fr2R1 Fr2R2 Fr2R2

readings. The velocity of the bars was chosen so that a flow parameter of φ = 1.1 was achieved
which is typically found in LPTs. To achieve different reduced frequencies the spacing of the
bars is changed so that the flow parameter remains constant. For the reduced frequency of
fr = 0.5 the ratio between the bar and blade pitches is close to one.

Measurements are taken upstream of the bars, over the suction surface of the middle blade
and downstream of the cascade. The middle blade is equipped with pressure tappings on both
the suction and pressure sides whereas boundary layer hot-wire measurements are taken over
the aft of the suction side. Laser Doppler Velocimetry (LDV) measurements are taken at the
exit section along with a pitot probe. The flow is seeded with oil droplets to enable LDV
measurements. The pitot traverse system and the LDV at the exit cover two pitches around the
central aerofoil.

NUMERICAL SETUP
The simulations have been performed with a compressible high-order solver integrated in

the Mu2s2T suite of solvers (see Gisbert et al. (2018), Corral et al. (2017), and Bolinches-
Gisbert et al. (2020) for further reference). The sixth-order spatial discretization is based on
the high-order compact the Flux-Reconstruction (FR) method by Huynh (2007). An explicit
four-step fourth-order Runge-Kutta scheme has been chosen to march the solution in time.
Non-reflecting boundary conditions have been implemented following the approach proposed
by Odier et al. (2019). The solver has been implemented to run efficiently on commodity
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Figure 2: Mesh topology of both steady and unsteady cases (for Re = 5× 104) and close-up of
the mesh around the profile, and leading and trailing edges. Different colours have been used
between the linear (second-order) high-order mesh. Note that the leading-edge mesh has been
coarsened significantly for representation purposes.

Graphics Processing Units (GPU).
DNS simulations require the use of very fine meshes. This is because these simulations

require that turbulent structures be resolved down to the dissipative scales. In Quasi-DNS
(QDNS) simulations the smallest scales of the spectrum are not simulated which allows for
slightly coarser meshes. The effect of the under-resolved scales over the resolved scales must
be modelled to obtain a consistent model. This is usually achieved by a Sub-Grid Scale (SGS)
model which for these very small scales is of dissipative nature. In the present work, the effect
of the SGS is left to the numerical dissipation of the present discretization which dissipates
under-resolved scales while the resolved scales are left unaffected Moura et al. (2015).

Table 1 summarises the cases presented in this work. The cases representing the absence of
moving bars, i.e., those with reduced frequency fr = 0.05, have been simulated with a fourth-
order discretization; whereas the unsteady cases have been run with a sixth-order discretization.
The motivation behind this choice is the increase size of the meshes of the unsteady cases which
use a higher resolution within the blade passage than the cases without incoming wakes. For an
equivalent spatial resolution the computational cost of the sixth-order simulations is about 30%
less than that of the fourth-order ones.

A number of simplifications have been made for these simulations. First, the exit Mach
number, M2, has been increased to M2 = 0.2 in all cases. This is justified since it is still
within the incompressible regime and allows to run the simulations at a fraction of the cost
(at low Mach numbers the computational cost of explicit solvers decreases linearly with the
Mach number). A second simplification is that no inlet turbulence has been considered. This is,
again, reasonable assumption since the wind-tunnel has very low inlet turbulence. One further
assumption is the effect of the end-wall boundary layer growth on the flow around the mid-
section of the blade. Even though the mid-section is not affected by the end-wall secondary
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Table 2: Summary of the meshes used in the simulations.
Case S1 S2 S3 Fr1R1/Fr2R1 Fr1R2/Fr2R2 Fr1R3/Fr2R3

Span (%cx) 40 20 15 30 30 15
z−elements 75 75 100 35 50 60

Comp. points (M) 150.5 122.5 337 188.8 250.2 454.2
Physic. points (M) 58.9 48 132 102.1 135.2 245.9

4x+ < 5 < 8 < 12 < 4 < 8 < 10
4y+ < 1 < 1 < 1 < 1 < 1 < 1
4z+ < 5 < 5 < 5 < 3 < 7 < 7

flows, these give rise to a blockage that need to be accounted for. This is taken into account by
the use of a stream-tube correction. In practice, this correction consists on inserting a source
term Giles (1991) in the Navier-Stokes equations such that

∂U

∂t
+∇ · (Finv − Fvisc) = S (1)

being Finv and Fvisc the inviscid and viscous fluxes, respectively, and where the source term S
takes the form

S = p
∂h

∂x
[0 1 0 0 0]T − 1

h

∂h

∂x
F x
inv (2)

where it has been assumed that the stream-tube width, h, varies only in the x−direction. This
correction is not adjusted to match experimental data but rather the constriction in the tunnel
is measured and used in the simulations. Lastly, the bars are simulated using an immersed
boundary condition approach. This allows the simulation of bars without the need of moving
meshes Bolinches-Gisbert et al. (2021). The effect of the Mach number and the stream-tube has
been assessed in Bolinches-Gisbert et al. (2020).

The meshes used in the present simulation consist of straight extrusions of linear 2D meshes
formed by quadrilateral and triangular elements. Figure 2 shows the topology of the 2D meshes
for the steady and unsteady cases for Re = 5× 104. As it can be seen, the meshes of the cases
without incoming wakes are coarser in the passage area since no turbulence is to be simulated
there. It can also be seen that the boundary layer and wake regions are discretised with stretched
quadrilateral elements to account for the flow directionality. The detail of the trailing-edge
shows the linear mesh (black lines) along with the mesh that results from connecting the internal
high-order nodes (red lines). It can be seen that the high-order meshes are conformal with the
surface, i.e., the nodes internal to the high-order element adjust to the surface curvature.

Table 2 presents a summary of the meshes used in the simulations. As it can be seen the por-
tion of span modelled varies from case to case. This is because the span-wise length needed to
account for secondary instabilities is larger for lower Reynolds numbers. The resulting meshes
are large, ranging from 58.9M to 245.9M physical points, i.e., the repeated nodes at the element
boundaries are removed. Table 2 also shows the mesh spacing in the turbulent region of the
boundary layer which is slightly smaller than the recommended values of Hallbäck et al. (2013)
for LES.

RESULTS
Although the cases without incoming perturbations might not seem relevant in a realistic

LPT environment they do serve as an excellent benchmark to test the accuracy of the numerical
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Figure 3: Left: experimental (symbols) and numerical (lines) time-averaged pressure coefficient
distributions over the profile in the absence of incoming wakes. Case S1: solid black line
(simulation) and squared symbols (experiment); case S2: long dashed red line (simulation)
and rhomboid red symbols (experiment); and case S3: short dashed blue line (simulation) and
circular symbols (experiment). Right: experimental and numerical time-averaged and RMS
of the absolute value of the velocity in the x − y plane for location 2 (top) and 3 (bottom);
◦ experimental mean velocity; 4 experimental RMS of absolute velocity; − numerical mean
velocity; −−numerical RMS of absolute velocity.

setup. This is because in steady cases the only influential physical processes are the develop-
ment of the boundary layer, and its separation and break-down. At the same time, these pro-
cesses are very sensitive to flow perturbations, e.g., background turbulence or pressure waves,
so that the correct prediction of the flow in cases without inlet forcing guarantees that an appro-
priate numerical set-up has been achieved.

Figure 3 (left) shows the time-averaged distribution of the pressure coefficient,
cp = (pt − p) /

(
1
2
ρ2V

2
2

)
, over the profile for both the experimental data and numerical results.

As it can be seen the numerical set-up is able to predict the separation and reattachment po-
sitions very accurately, especially considering that this is a simulation without any incoming
perturbation. Small differences can be seen in the reattachment point which are to be expected
given the high sensitivity of steady cases to small differences in the flow both in the numer-
ical and experimental setups that could arise due to modelling and experimental uncertainty.
Positions 1, 2, 3, 4 and 5 in the figure denote the positions where the boundary layer hot-wire
traverses were taken.

Hot-wires measure the modulus of the velocity in a plane perpendicular to the wire but they
misread or completely disregard the component of the velocity aligned with the wire. Because
of this, numerical data have been post-processed such that the readings of the hot-wire can be
directly compared with the simulations. This is done by computing the time-average and Root
Mean Square (RMS) of the absolute value of the velocity in the x − y plane. Because the
hot-wire is of finite length, its readings average the velocity fluctuations across the length of
the wire. This means that when energetic scales in the wire direction are shorter than the wire
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Figure 4: Top: time-averaged distributions of total pressure defect scaled with the maximum
defect for S2. Bottom: time-averaged distributions of exit angle with respect to a reference
angle. Symbols: experimental data. Lines: numerical results. Two sets of symbols denoting
data for central passage and adjacent passage.

length an average reading is obtained. Though this is not an issue when computing the time-
averaged velocity it does damp down the velocity fluctuations. This effect was reported in Ng
et al. (2011) and values of the hot-wire length in wall units below `+ < 20 were recommended
for accurate measurements.

Figure 3 (right) shows the time-averaged distribution of the mean velocity and its fluctu-
ations at two locations of the boundary layer, namely, 2 and 3 which are very close to the
reattachment location in the three steady cases (S1, S2, S3). For both locations, the mean ve-
locity profile is very well captured. The fluctuations are also very well captured in the low
Reynolds number case S1. For cases S2 and S3 it is seen that numerical simulations seem to
over-predict experimental results. In the case S3, the differences are only present near the RMS
peak. In this case, the length of the wire in wall units is `+ ≈ 50 and so experimental data are
expected to be filtered out. In the S2 case, the hot-wire length is `+ ≈ 25 so the readings from
the experiments should not be far off the actual values, and the simulation should agree well. In
this case, however, locations b and c are on the reattachment location and so small differences
in this location can give rise to significant differences in RMS profiles.

Figure 4 shows time-averaged total pressure defects and angle distributions at the exit sta-
tion. Note that there are two sets of experimental data at this location which correspond to
the central and an adjacent pitch. These data can be used to assess the level of periodicity of
the cascade. As it can be seen, a perfect periodicity is not achieved for all quantities simul-
taneously. The figure shows that both total pressure defect and angle distributions agree well
(within experimental uncertainty) with experimental data except for the case S1 for which the
angle distribution presents a different shape. This difference is due to the slightly different reat-
tachment location in the aerofoil. In the simulations an earlier reattachment results in a more
developed turbulent boundary layer which results in slightly different wake shapes.

Figure 5 depicts the pressure coefficient distributions around the profile for the unsteady
cases Fr1R1, Fr1R3, Fr2R1 and Fr2R3. As it can be seen, excellent agreement between ex-
perimental and numerical data is found to within experimental and numerical modelling un-
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Fr1R1

Fr2R1

Fr1R3

Fr2R3

Figure 5: Time-averaged pressure coefficient distribution around profile for unsteady cases:
Fr1R1, Fr1R3, Fr2R1 and Fr2R3. Steady case is included for reference (circles: experimental
data, dashed line: numerical result). Squares represent experimental data. Solid line represent
numerical results.

certainty. These pressure distributions are consistent with the general consensus that with in-
creasing reduced frequencies and Reynolds numbers the bubble becomes shorter. Indeed, the
separation-reattachment locations cannot be distinguished for the largest Reynolds numbers in
the cp distribution (cases Fr2R2 and Fr2R3).

Unsteady velocity profiles in the boundary layer, and total pressure defect and angle exit
distributions follow very similar trends to those encountered in the steady state cases. For the
sake brevity they will not be discussed here but the reader can find more details in Bolinches-
Gisbert et al. (2020) and Bolinches-Gisbert et al. (2021).

Cascade losses
Aeronautical LPT designs are mostly driven by the two-dimensional total pressure loss of

the profiles defined as

ω =
Pmo
t1 − Pmo

t2

Pmo
t1 − p2

(3)

where the super-script mo denotes mixed out values calculated as in Gisbert and Corral (2016),
Pmo
t2 denotes total pressure downstream of the cascade at the exit measurement station and p2 is

the static pressure at the exit station. Pmo
t1 is the mixed out total pressure between the moving

bars and the leading edge of the cascade. In the experiments, this last value, Pmo
t1 , cannot be

measured. Instead, it is calculated using a bar drag model which is a function of the relative
velocity. Figure 6 shows the losses of all cases as a function of the Reynolds number scaled
with the loss value for the Fr1R2 case. In the steady cases, the simulations can predict the
losses albeit a small difference in the S1 case is appreciated. The different loss trends with the
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Figure 6: Numerical and experimental mixed out losses of the cascade as a function of the
Reynolds number scaled with a reference loss. Left: steady cases scaled with loss for the S2
case along with the lines ω ∝ Re−1 and ω ∝ Re−1/2. Right: unsteady cases and experimental
steady case scaled with the loss for case Fr1R2.

Reynolds number, i.e., ω ∝ Re−1 if Re < 10−5 and ω ∝ Re−1/2 if Re > 10−5 are a clear
indication of a change in the physics of the problem which is retained in the simulations 1. As
mentioned in Bolinches-Gisbert et al. (2020) at the higher Reynolds numbers the separation is
small and thin compared against the profile thickness so that the boundary layer approximation
of the Navier-Stokes equations holds for most of the aerofoil suction surface. In this situation
the largest contribution to losses is viscous friction which behave as ω ∝ Re−1/2. At the lower
Reynolds numbers the thickness of the separation becomes of the order of the profile thickness
and that thin boundary layer approximation no longer holds. The flow within the bubble and
around it is believed to be responsible for the scaling of the loss as ω ∝ Re−1.

Figure 6 also shows the trend of the losses with the Reynolds number and the reduced
frequency. As it can be seen, at the highest Reynolds numbers (Re = 105 and Re = 2 × 105)
losses increase with the reduced frequency. This is consistent with previous results by other
authors, e.g., Schulte and Hodson (1998). A larger turbulent fraction of the boundary layer and a
increase of the passage loss are responsible of this trend. At the lowest Reynolds number, losses
in the unsteady cases decrease with respect to the steady state. This is because the unsteadiness
reduces the size of the separated region, hence, reducing the region of lower momentum which
is responsible for a large portion of the total loss.

CONCLUSIONS
The present work summarises a joint effort carried out by ITP Aero and the Polytechnic

University of Madrid to assess the level of accuracy that can be achieved in the numerical pre-
diction of the LPT losses. Numerical results using a compressible high-order compact method
are compared against a large comprehensive set of experimental data of a low-speed LPT linear

1The slope ω ∝ Re−1/2 required an additional run at Re = 3× 104 for which there was not experimental data
and is included in this figure with the purpose of comparing slopes only.
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cascade. High resolution meshes have been used. The solver does not have an explicit treatment
of under-resolved wave-lengths which are dissipated by the numerical scheme. These simula-
tions fall under the realm of QDNS though there are authors claiming to have performed DNS
of similar configurations with much less resolved simulations.

Numerical results have been compared against probably the largest and more comprehen-
sive set of experimental data in a single cascade. Different types of measurements, i.e., pressure
distributions, hot-wire boundary layer profiles, and total pressure defects and angles distribution
derived from LDV measurements at the exit station have been assessed. The results agree very
well with experimental data for every measure with small differences which are within exper-
imental and modelling uncertainties. It is believed that these type of simulations, if performed
carefully, deliver nearly the same level of accuracy than high-quality low-speed linear cascade
data. This work contributes towards building confidence in these high-fidelity simulations for
novel LPT configurations.
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