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Abstract Over the past two decades high-fidelity simulations have become feasi-
ble for most main gas path turbomachinery components. This paper introduces the
key challenges of simulating and modelling turbomachinery flows and presents an
overview of possible simulation strategies. A comprehensive overview is given of
which particular design challenges have to date been addressed by high-fidelity sim-
ulations, with a particular focus on high-pressure and centrifugal compressors, and
high-pressure and low-pressure turbines. Recommendations are provided for how
quality and accuracy can be ensured for high-fidelity simulations, using direct nu-
merical simulations of a low-pressure turbine as a case study. It is argued that in-
dustrial impact from high-fidelity simulations can be achieved in two ways, either
by conducting design-of-experiment-like studies that can provide designers with in-
sight into certain physical mechanisms and phenomena, or by helping mature and
improve lower-order models. The latter is discussed with particular emphasis on re-
cent advances in machine learning for model assessment and improvement, and the
potential of one selected data-driven approach is demonstrated on predictions of wake
mixing for low-pressure and high-pressure turbines.

Keywords High-fidelity simulations · turbomachinery · DNS · LES · machine
learning

1 Introduction

Turbomachines, ranging from gas to steam turbines, pumps and compressors are used
in a very wide range of applications. Turbines are used for the generation of mechan-
ical power, eventually converted into electricity, and for thrust generation in aircraft
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engines. Pumps and compressors find application in the chemical and petrochemical
industries and for oil and gas distribution through pipelines. In particular, gas tur-
bines (GT ) are an efficient and relatively clean way to convert chemical energy from
fossil fuels into mechanical power and thrust, while steam turbines ST are necessary
to convert nuclear, thermal solar, or geothermal energy into mechanical or electrical
power. Although wind turbines are often not considered turbomachines, they share
some of the design challenges of GT and ST . Recent GT aeroderivative designs are
also particularly suited for power generation in grids with a large contribution from
renewable sources, like wind and solar, the intermittent nature of which calls for fast-
reacting and short start-up time power generation systems based on fossil fuels. In
summary, whenever chemical, nuclear, geothermal, solar, or wind energy needs to be
converted into power a turbomachine is involved (with the only exception of direct
solar-to-electricity conversion). Aircraft propulsion is probably the fastest growing
segment for GT , and it is also the application that calls for the highest technology
content. The good efficiency and the high power density are among the main reasons
of success of GT for both narrow and wide body aircraft propulsion. It is instructive
to realize that the US alone consumed approximately 35.6 billion gallons of aviation
fuel in 2012 (FAA, 2014). As described by Laskowski et al. [58], the efficiency of a
turbomachine in converting chemical energy into power depends on thermodynamic,
aerodynamic, and thermal efficiency, while additional propulsion efficiency comes
into play for aircraft engines only. In particular, the thermodynamic efficiency of
the cycle is proportional to the pressure ratio, but high pressure ratios come at the ex-
pense of aerodynamic efficiency and operability range. In addition, power density can
be obtained by increasing the firing temperature, but the aero-thermal efficiency of
high-pressure-turbines will decrease due to cooling requirements. Overall, the design
of high-efficiency GT needs to reconcile many different requirements and constraints,
and the accuracy of aero-thermal design methods is of paramount importance.

Today, the aero-thermal-mechanical design of any turbomachine is heavily as-
sisted by computational methods, which have a direct impact on the prediction of
the different efficiencies mentioned above. Therefore, the accuracy of computational
design methods must be put in the correct industrial perspective. The inaccurate pre-
diction of the thermal load, aerodynamic efficiency, operability, and durability of
a turbomachine component may require extremely expensive redesign and re-tests,
sometimes worth hundreds of million dollars, without considering the delay in taking
advantage of market and revenue opportunities. A simple way to address inaccurate
design predictions would be to take so-called “engineering safety margins”, for exam-
ple downgrading expected performance. This is not acceptable as turbomachines are
selected also on their return-of-investment time. Therefore, a turbomachine for which
the efficiency is quoted low is expected to burn more fuel, or generate less power, and
it will not be selected as its return-of-investment time will increase. Hence, design
methods are asked to be more and more accurate.

A good example of design accuracy impact is given by the high-pressure turbine
(HPT ) of a GT , that operates at high pressures and temperatures often at, or above,
the material melting point. The mechanical integrity and the life of the HPT is guar-
anteed by the internal and external cooling system that cools the parts, and creates
a thermal shield around vanes and blades. The HPT cooling air is extracted from
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the GT compressor and pumped into the HPT bypassing the combustion chamber.
A design that could safely reduce by 1% the cooling air flow rate will increase by
0.4% the GT cycle efficiency, depending on the GT thermodynamic cycle. Another
interesting example are compressors, needed to deliver pressurized air into the GT
combustion chamber. The aerodynamic efficiency of the compressor is critical to the
energy conversion system quality, as 1% of compressor adiabatic efficiency can be
worth 0.5% of cycle efficiency. It is therefore needless to say that the accuracy of both
the cooling design and compressor design tools will need to be very high to appreciate
less than 1% performance derivatives. The list could be easily extended to propulsion
fans of high by-pass ratio aircraft engines, power turbines applied to both propulsion
and mechanical drive engines, steam turbines and wind turbines. The impact of GT
component efficiency on the overall energy conversion efficiency may appear small,
but the combined effects from different components can sum up to numbers exceed-
ing multiple percentage points. Considering the huge turbomachinery installed base,
including industrial, power generation and propulsion, even a small increase in the
energy conversion cycle efficiency may result in multi-billion-dollar fuel burn sav-
ings and emission reduction.

The current GT generation is the result of more than six decades of designs. As a
result, GT are already extremely reliable and efficient, and the associated technology
fairly mature. Hence, it has become increasingly difficult to extract additional tenth-
of-point of performance or durability improvements, partly on account of the diffi-
culties current design methods and performance verification tools have to guarantee
the necessary degree of accuracy. Along these lines, the fundamental and industrial
research aimed at improving energy conversion cycle efficiency spans from materials
to engine architectures, manufacturing techniques, aerodynamics, thermodynamics,
aeromechanics only to name a few. In particular, aerodynamics is important to deter-
mine compressor, combustor, and turbine efficiency, operability and durability and,
ultimately, cost. The design of these three components is very heavily assisted by
Computational Fluid Dynamics (CFD). Unfortunately, CFD does not always have
the required degree of accuracy in capturing the flow physics due to a number of
challenges related to the flow complexity. One of the top offenders contributing to
lack of CFD accuracy is the stochastic (turbulence driven) and deterministic (stator-
rotor interaction driven) nature of flow unsteadiness in turbomachinery, with the two
phenomena generally featuring different frequencies. The interaction of the two phe-
nomena drives the mixing process of momentum and enthalpy which, in turn, controls
the growth of irreversibilities and ultimately efficiency. Despite the difficulties caused
by some well documented inaccuracies, design iterations are based upon Reynolds-
Averaged Navier-Stokes methods, RANS, or their unsteady counter part, unsteady
RANS, URANS, in which all scales of turbulence are modelled. The inaccuracies,
some of which were illustrated by Pichler et al. [104] do not allow a fully reliable
design optimization and technology maturation.

Here Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES)
come into play as they both resolve the turbulent unsteady flow field. DNS and LES
have been proven able to reproduce turbomachinery flow physics with high degree
of accuracy. Nevertheless, the associated computational cost, more than 100× with
respect to conventional RANS and URANS, make them practically inapplicable to
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perform design iterations (e.g. [86, 117, 152]) even when focussing on simplified ge-
ometries. It has been shown in some cases, though, that adopting coarse grids to run
Very Large Eddy Simulations can be sufficiently affordable to enable genetic-based
optimizations of specific turbine aerodynamic features (e.g. [147]).

Another important factor that increases the overall computational cost is the sta-
tor and rotor blade count that, in addition to aerodynamic requirements, is deter-
mined such that aeromechanics issues like forced response and high-cycle fatigue are
avoided. Stator and rotor count are often prime numbers for both turbines and com-
pressors so that single and multi-stage simulations would require a full 360-degree
computational domain. While this is sometimes affordable in URANS, it is currently
not possible using DNS and LES. It is thus necessary to approximate the real stator-
rotor count by adjusting pitch and/or chord to limit the number of row passages to
1-2, or a maximum of 2-3, where the first and second number refer to the stator and
rotor passages, respectively. The impact of such approximations must be carefully
evaluated prior to embarking in very costly simulations, as it changes frequencies
and throat areas that are two key design parameters.

Measurements can give important insights into GT flow fields, but they are of-
ten expensive and can be difficult at realistic operating conditions, i.e. high pressure
and temperature. Moreover, the flow details needed to understand the nature of the
unsteady flow phenomena are only rarely available. In practice, a GT designer must
incorporate safety margins to the CFD results to ensure performance and component
life meet expectations to compensate for the CFD assisted design loop aero-thermal
loading prediction uncertainties. Current methods do not have sufficient accuracy to
appreciate the flow physics details and the associated performance to drive a reliable
design optimization. However, high-fidelity CFD, coupled with appropriate valida-
tion, provides an opportunity to resolve the physics in gas turbines with the required
level of detail to develop advanced technologies.

With this in mind, this paper aims at reviewing the current state of high-fidelity
simulations for turbomachinery applications and their impact on industry as a viable
tool to assist the aero-thermal design of GT .

2 The challenge of simulating turbulent flows

It is well known that turbomachinery flows have both deterministic and stochastic
contributions, the former being typically driven by stator-rotor interaction, while the
latter being due to turbulence. These two distinct contributions are superposed onto a
time-averaged flow field that can be subsonic or supersonic with or without shocks.
What is less commonly understood is that the deterministic and stochastic unsteady
components do interact, and it is their interaction that controls the majority of ir-
reversibilities. From the standpoint of turbulence models based upon the Reynolds
averaging approach, such interaction poses additional challenges that can be summa-
rized in the spectral-gap problem. The time averaging process conceived by Reynolds
assumes a shape of the energy content associated with the turbulent motion, but it
does not necessarily include the additional contribution of deterministic unsteadi-
ness. If the frequency associated with the deterministic contribution is lower than the
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frequencies associated with the turbulent energy cascade, as illustrated by the grey
box labelled BPFL in figure 1, the Reynolds averaging process holds valid. In this
situation there exists a measurable gap between the deterministic and the stochastic
spectra than prevents any significant interaction between the two.

Fig. 1 Sketch of turbulent spectrum with blade passing frequency (BPF ) ranges

However, when the frequency of the deterministic unsteadiness is high and it
overlaps with the frequencies associated with the large turbulent scales, as illustrated
by the dark grey box labelled BPFH in figure 1 the spectral gap vanishes and the
two spectral contributions interact. In the absence of the spectral gap the Reynolds
averaging process does not hold valid any longer as it is not meant to model the
concerted contribution of two unsteady phenomena, a deterministic and a stochastic
one. This concept is described by Tucker [140] and by Michelassi [83] who suggest
that in such flows a two-equation turbulence model will not perform as expected.
Turbomachines are now smaller and the components rotate faster to reduce weight
and increase power density. Therefore the frequencies and the harmonics associated
with stator-rotor interaction are growing to the point that the spectral gap becomes in-
sufficient to prevent the stochastic-deterministic interaction, for which conventional
two equation models are not derived. Moreover, the improvements in manufactur-
ing techniques and materials have allowed to safely reduce profile and trailing edge
thicknesses, so for the same Strouhal number, the shedding frequencies increase to
the point where they can interact with the turbulent spectrum. The increase in speed
also comes with flow regimes that are moving from high-subsonic to transonic and
supersonic. In such conditions, shocks and their interaction with endwall boundary
layers become of paramount importance as a source of additional losses and flow
instabilities. These are additional features that conventional turbulence models strug-
gle to predict. Thus, the greatest challenge for accurate simulations of main gas-path
flows in turbomachinery is the presence of turbulence and its interaction with deter-
ministic unsteadiness, and in some cases the laminar-turbulent transition.
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Another fundamental difficulty in computing the internal flow in gas turbine com-
ponents is the presence of curvature and pressure gradients. Curvature provokes a
redistribution of turbulent shear stresses from a simple shear layer that is responsible
for additional momentum and enthalpy diffusion and consequently entropy produc-
tion that ultimately controls the onset of irreversibilities. But while curvature effects
are common in turbulent flows, what characterize turbomachinery flows are the very
large pressure gradients. With the improvements in materials, aeromechanics, and
aerodynamics, turbines and compressors are subject to very strong favorable pres-
sure gradients, like in the first half of high pressure turbine vanes and blades, in highly
loaded low pressure turbines, and on the pressure side while approaching the trailing
edge. Also, the strength of adverse pressure gradients, that need to be carefully con-
trolled to avoid excessive growth of losses or the onset of separations, is growing, as
witnessed by the reduced number of axial compressor stages for increasingly large
pressure ratios. Such pressure ratios are responsible for massive deformation of the
turbulent flow field, and they are generally beyond the range of validity of the original
calibration and validation of two-equation models.

The flow in turbines and compressors is wall driven, as opposed to combustion
chambers where the flow is wall bounded. This makes boundary layers very impor-
tant in the former, as more that 80% of the losses are generated in the proximity of the
boundary layer. It is nevertheless very instructive to observe that despite the strong
background turbulence intensity grown by the interaction between stators with wakes
and pressure waves, that can be larger than 5%, turbulent boundary layers can relam-
inarize due to very strong accelerations, like on the pressure side trailing-edge region
of turbines, from the leading edge to the peak suction of low pressure turbines and,
under certain conditions, in the first half of axial compressor airfoils.

To summarize, the stochastic and deterministic nature of the flow, the presence of
strong curvature, in conjunction with large favorable and adverse pressure gradients,
and large turbulence intensities are the main difficulties encountered in the simulation
of GT flows.

3 Simulation and modelling strategies

As described in the previous paragraph, the unsteadiness of turbomachinery flows is
comprised of random and periodic components. These two sources of unsteadiness
must be addressed differently.

With reference to figure 2, the fine scale turbulent motion can be resolved only by
conducting first-principle based simulations, i.e. directly solving the Navier–Stokes
equations with so-called direct numerical simulations (DNS). The associated com-
putational effort depends on the Reynolds number, Re, as it determines the size of
the smallest length and time scales. It is possible to estimate the computational ef-
fort as a function of Re starting from an equilibrium flow. In one spatial direction
the number of grid points required to resolve the smallest scale of turbulence mo-
tion is dictated by ratio of the Kolmogorov scale ηK and the length of the largest
scales `, associated with the geometry of the flow. The required grid nodes scales
as N1D = `/ηK ∝ Re

3
4
t , with Ret denoting the turbulence Reynolds number. The
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three-dimensional nature of turbulence, not necessarily isotropic, calls for a num-
ber of grid nodes in 3D proportional to Re9/4t . By considering also the need to re-
solve the time scale associated with the length scale, the total computational effort
becomes proportional to Re3t . A more refined estimate by Choi and Moin [10] for
evolving boundary layers over a flat plate gives Re37/14Lx

. Despite this challenging
scaling, the continuous growth of computational resources allowed the computation
at practical Reynolds numbers first of canonical cases such as homogeneous isotropic
turbulence [48], moving to turbulent channel flow [61] and finally to turbomachinery
flows in realistic conditions [152].

Unfortunately, most of theGT main gas-path simulations have a domain size that
is much larger than that of the boundary layer evolving on a blade, and, consequently
length scales may be considerably larger than ReLx

. For these reasons, DNS cannot
be used to simulate flows with the necessary geometrical fidelity and extension. For
a general review on DNS and its challenges, see Moin and Mahesh [92].

Fig. 2 Sketch of turbulence spectrum with turbulence model type as a function of cut-off frequency

Rather than resolving the fine scale turbulent motion, to the right of the inertial
subrange in figure 2, it is possible to model them assuming they are substantially
isotropic. Large Eddy Simulation (LES) does this by using a discretization in space
and time unable to resolve the fine scale motions, and models the effect of these on the
resolved part of the flow with a so-called sub-grid scale (SGS) model. Such a model
performs a local spatial averaging of the flow, as originally described by Smagorin-
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sky [127]. Successive evolutions of the SGS model can be found in Germano [33],
with further improvements to improve accuracy in wall driven flows [21]. The ap-
plication of LES to turbomachinery flow has been quite successful, as described in
the next sections, and it has allowed to shed some light on key physical phenomena
in both turbines and compressors. However, LES still suffers in transitional bound-
ary layers [88, 159]. The SGS model computes the unresolved sub-grid stresses by
using local information only. Despite the large computational effort reduction over
DNS (of the order of 102), LES is not yet a viable design verification tool, or at least
it cannot be practically used to perform hundreds of design iterations due to the size
and complexity of the computational domain and the high Re.

The well known Reynolds averaging method, a much more drastic way to sim-
plify turbulent flows, can be found in the leftmost section of figure 2. This approach
requires the solution of the so-called Reynolds averaged Navier-Stokes (RANS) or
unsteady RANS (URANS) for unsteady calculations that intend to resolve only the
low frequencies, like those associated with a stator-rotor interaction. In these mod-
ified Navier-Stokes equations the averaging process causes two additional terms to
appear, the turbulent stress and the turbulent heat flux, and require numerous as-
sumptions to be made in order to close the problem. These two terms are diffusive
in nature and their role is not really to model turbulence, rather to model the effect
of turbulent momentum diffusion and turbulent enthalpy diffusion on the Reynolds
averaged flow field. The gradient diffusion hypothesis is typically used to correlate
these two terms to the local deformation of the time averaged velocity and thermal
fields, respectively. The coefficient of proportionality between the turbulent shear
stress tensor and the velocity deformation tensor is the so-called turbulence viscos-
ity, that, with the additional contribution of the turbulent Prandtl number, is also the
proportionality coefficient between the turbulent heat transfer vector and the time av-
eraged temperature gradient vector. Therefore, after the gradient diffusion hypothesis
is enforced, the only additional unknown needed to compute a time averaged flow
field is the turbulence viscosity. Over more than 40 years a wide spectrum of mod-
els has been proposed. The simplest are local formulations that do not require any
additional transport equation (similar to SGS models), like the well known Baldwin-
Lomax [4], which is sometimes still used in the early stage of CFD assisted design
iterations. In order to account for transport effects, one equation models, such as the
Spalart-Allmaras model [132] or two-equation models were introduced. These lat-
ter models use a transport equation for the trace of the turbulent stress tensor, better
known as turbulent kinetic energy, and an additional equation for either the turbu-
lence frequency [153], or the turbulence dissipation [100], or the turbulent integral
length scale as proposed by Rotta [115]. These models always determine a time and
a length scale of turbulence to compute the turbulence viscosity, and require a com-
putational effort that is a fraction of what is needed by LES, often more than a factor
of 100. Despite some fundamental differences, like in the SST by Menter [80], such
models always underpredict the turbulent diffusion of both momentum and enthalpy.
As a consequence, steady and unsteady aerodynamic losses, as well as heat transfer
and aerodynamic forcing for fluid-structure interaction, are not always predicted with
the accuracy required to drive the evolution of the fairly mature aerothermal design
of turbines and compressors. Such inaccuracy is driven by two distinct weaknesses:
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1 - The turbulence viscosity can be defined as the ratio of the turbulent stress tensor
rank with the strain rate tensor rank. If a DNS flow field is available, such turbulence
viscosity can be computed exactly, although its definition is not always straightfor-
ward [105, 155], and it can be compared with the turbulence viscosity coming from
a two-equation model. The same can be done for the turbulent Prandtl number or di-
rectly for the turbulent heat flux coefficient [155]. The comparison reveals very large
spatial differences between the two.
2 - Both turbulent stress and heat flux are tensors, and in principle one should verify
not only the proportionality between the exact tensor and its modeled version, but
also their alignment. Such alignment checks have been performed a number a times
(e.g. [86, 87, 135] and they have revealed that the concerted action of incoming wakes
and pressure gradients can provoke a full misalignment.

In an attempt to cure some of the weaknesses described above, Gatski and Speziale
[32] developed an evolution of the gradient diffusion hypothesis adding non-linear
terms to the constitutive law that describes turbulent diffusion in RANS. After their
original paper, new formulations, both quadratic and cubic, have been introduced to
mitigate the numerical stiffness of non-linear RANS models. One of the most suc-
cessful is the one of Wallin and Johansson [144], that proved measurable improve-
ment with respect to linear laws. There is also a wide variety of models that sit be-
tween RANS and LES, like DES [128] and SAS [81]. These models blend RANS and
LES depending on the local grid quality. Despite their attractiveness, the difficulty in
defining a robust RANS-LES blend has to date limited their application for design
verification.

4 Review of recent high-fidelity simulation work and its industrial value

The next sections will cover specific design challenges for each GT components and
describe how scale-resolving simulations may assist in addressing those. The list is
not supposed to be complete, but it addresses the major design uncertainties in which
conventional CFD is known to fail.

4.1 High-pressure Compressor

Design Trends. High pressure compressors are probably among the most challenging
components from the aerodynamic standpoint. Smith [129] offers a comprehensive
summary of the difficulties and trends in axial compressor design for aero-propulsion.
Although the paper dates back to 2002, the majority of the key questions still hold
valid, as witnessed by the very wide literature on highly-loaded axial compressor
aerodynamics [19]. Axial compressors design point performance is indeed of im-
portance because if an engine experiences a compressor efficiency shortfall the user
may need more fuel to get the same power. However, the operability range, i.e. the
flow rate from choke to stall, is even more important as if the compressor is unstable,
or if its operability range is too narrow, the engine cannot be started and/or operated.
Therefore, on top of the design point, the aero design needs to address off-design per-
formance as well. Moreover, some of the key points in axial compressor design are
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related to three-dimensional effects, stator-rotor interaction, off-design, and perturba-
tions to the main flow fields, while the aerodynamics of a single compressor airfoil is
relatively well understood. Before discussing in detail the fundamental investigations
of axial compressors that have been conducted with high-fidelity simulations, it is
worth observing how the engineering community is trying to take advantage of the
improved accuracy of CFD, as discussed by Ivengar and Sankar [49]. It is foreseeable
that such methodologies will be extended to LES or Hybrid-LES in the near future
to address specific design topics in axial compressors. The compressor design trends
are described in Smith [129] and Dickens and Day [19]

Advanced 3D shapes. Axial compressor stators and rotors are designed to bal-
ance the flow and pressure ratio distribution along the spanwise direction. Given the
different relative speed from hub to tip, this often requires complex three-dimensional
shapes, as described by McNulty et al. [77], who describe the impact of rotor blade
tip forward sweep on performance and stall margin. Both measurements and CFD
predictions suggest a very complex 3D flow pattern dominated by the streamwise
vorticity generated in the rotor tip gap. The interaction of such secondary flow struc-
tures with the core flow ultimately governs the spanwise mass flow shift, the loss
generation and the operability range. More recently, Taylor and Miller [138] further
discussed how advanced three-dimensional rotor blades can help improving oper-
ability without jeopardizing efficiency. In particular, the combination of bowing and
leaning proved very successful. At the same time, they also observed that CFD could
be trusted only in a range of geometrical parameters that, once exceeded, caused CFD
to significantly deviate from experiments. This may suggest a CFD confidence region
that may limit the full exploitation of an optimal design. In summary, both investi-
gations illustrated that RANS CFD was often able to capture the right trend, while
flow details and absolute performance values were often not in agreement with exper-
imental results. Moreover, with the growing geometrical complexity, RANS cannot
reproduce flow details that may be essential for a proper design optimization.

Shock boundary-layer interaction. In the attempt to reduce their size, the tip
speed of axial compressor front stages has increased to the transonic and supersonic
flow regime. Hence, on top of the complexity of controlling a high-speed flow with
adverse pressure gradients, the airfoil design must handle complex shock-boundary
layer interactions in conjunction with aggressive profile cambering, while trying to
avoid local stall. A compressor rotor blade shape optimization, aimed at reducing
losses by minimizing the shock-boundary layer interaction, is described by Okui et
al. [95], who used a multi-objective optimization method. The optimization, based
on the response from RANS, produced complex three-dimensional shapes along the
lines described by Taylor and Miller [138] and McNulty et al. [77]. Still, the com-
plexity of the optimized geometry and the associated flow field raise some questions
on the validity of the optimized solution. In particular, as demonstrated in Vieira
and Azevedo [142], who compared four different turbulent closures, in presence of
a strong shock boundary layer interaction RANS may not predict the flow correctly
at the foot of the shock. Michelassi [82] showed that, while the shock strength and
position may be captured correctly, the separation at the foot of a strong shock in
presence of a downstream adverse pressure gradient was not captured accurately.
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Cavities and extractions. The adverse pressure gradient nature of the majority
of the flow path amplifies the so-called secondary effects. It is well known that a
jet in cross flow will provoke larger flow disruption if the core flow experiences an
adverse pressure gradient and it does not benefit from the “polishing” effect of flow
acceleration. The main compressor flow path is distorted by the presence of cavities
at the interface between stator and rotor and small local leakages may act as a small
jet released at an angle with respect to the core flow. Therefore, the interaction of the
core flow with leakages alters the endwall boundary layers and may change local in-
cidences and ultimately provoke anticipated stall, if not properly accounted for in the
design phase. To make the picture even worse, axial compressors are equipped with
flow extractions along the flow path for multiple purposes, as illustrated in figure 3.
Such extractions are shaped like continuous slots or discrete holes, both at hub and
shroud, to feed fresh air to the high-pressure turbine for cooling purposes, pressurize
internal cavities to avoid hot gas ingestions, and facilitate start-up and shut-down of
the compressor when the front and back stages are heavily mismatched. For example,
during start-up when the rotor speed is low the front stages develop very low pressure
ratio, but the volume flow is already high enough to choke the back-stages. To avoid
these difficulties, compressors are also equipped with bleed ports, or with by-pass
pipes, that divert the flow around half-way the compressor to reduce the volume flow
of the back stages during start-up and avoid choking. Grimshaw et al. [37] investi-
gated the tangential flow distortions induced by bleed ports, and their impact on the
stability of the compressor. The distortion is the result of a complex interaction be-
tween velocity and pressure fields in the proximity to the bleed that alters the vector
diagram seen by the downstream blade row. Such distortions are often the cause of
anticipated stall and, to the knowledge of the authors, have never been studied by
scale-resolved simulations.

Tip clearance. Axial compressors vanes and blades are often unshrouded be-
cause they need to be very thin to gain aerodynamic performance. The reduced blade
cross-sectional area makes the profile unable to sustain the stresses associated with a
shroud. Consequently, blades, and often vanes as well, are operated with a hub or tip
clearance to avoid contact between stationary and rotating parts (see figure 3). The
so-called tip clearance flow is often responsible for early stall, and may ignite surge
if proper compressor operation corrective actions are not taken immediately. Such
tip clearance flow is characterized by a strong shear layer that, departing from the
pressure side, crosses the profile and reaches the suction side with a velocity vector
strongly misaligned with the core flow. The resulting vortical structure is similar to
a spiral, the intensity and size of which grows from leading to trailing edge, thereby
provoking local blockage and spanwise flow rate redistribution. The accurate predic-
tion of such flow features has been demonstrated to be of paramount importance to
predict the onset of stall. You et al. [162] completed the LES of an axial compressor
linear cascade with tip clearance. The results of their simulations were benchmarked
with measurement with stationary and moving endwall. The results showed an excel-
lent agreement with measurements in terms of tip leakage path and strength, together
with the spanwise penetration of the secondary vorticity, a key aspect that impacts
stall margin. The addition of casing treatment, as described by Juan et al. [52], can
mitigate the negative impact on stall margin of the tip leakage flow, but it comes
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with additional aerodynamic complexity that simple RANS are not entirely able to
capture.

Fig. 3 Typical axial compressor sketch with unshrouded rotor (R) and stator (S) blades with hub and
shroud extractions

Off-design. The compressor flow complexities described above are further exac-
erbated when moving to off-design conditions, when the compressor may be operated
at the edge of stall, or even in presence of mild stalls on some stages that can be toler-
ated as long as the overall compressor characteristics remain stable. The flow field in
such conditions becomes even more complicated due to the additional unsteadiness
provoked by local separated areas and very thick wakes. In fact, when a compres-
sor is operated strongly off-design, local stall phenomena, like multi-lobe rotating
stall, may develop. Axial compressors may follow two different stall mechanisms.
The first one is known as “modal stall”, and it can be identified by the flattening of
the pressure ratio curve moving from high to low flow rates. This is a clear indication
of a gradual increase of aerodynamic blockage and losses. The second is the so-
called “spyke-stall” that may happen when the pressure ratio is still growing while
moving from high to low flow rate. In this case, while the compressor characteris-
tics look healthy, the compressor develops a sudden stall that may quickly develop
into surge. It is needless to say that the two different stall mechanisms require dif-
ferent cures. The difficulty here is that while modal stall can generally be predicted
with moderate accuracy expectations by a steady calculation, spyke stall is essen-
tially a compressor dynamic problem that requires multistage unsteady calculations.
Stall was investigated by a dedicated experiment and RANS of a six stage axial com-
pressor by Cornelius et al. [15]. Their simulation carefully maintained geometrical
fidelity including fillets and clearances, and they ran steady mixing plane and non
linear unsteady simulations completed by a systematic grid sensitivity study. Their
results confirm the difficulties of RANS and URANS to predict the right flow capac-
ity and stall point in a multistage compressor and highlighted how local separations
grow at off-design conditions, where the predicted speedlines deviate the most from
measurements. More recently, Yamada et al. [161] completed a DES of the flow in
a multistage axial compressor. Their analysis revealed very complex flow structures
growing from the interaction of hub clearance and corner stall. The simulations sug-



Title Suppressed Due to Excessive Length 13

gest that the accurate prediction of these flow features and the associated aerodynamic
blockage is necessary to predict flow rate at which the compressor stalls. DES was
still unable to predict the stall flow rate in agreement with experiments, although the
mismatch was below 2%. More worryingly, the numerical results also suggested that
the predicted front stage pressure ratio was higher than in the experiments, while the
opposite was true for the back stages.

The hub stall in axial compressors is difficult to predict. Scillitoe et al. [122]
completed a detailed analysis of the three-dimensional separation in an axial flow
compressor that accounted for the important effect of freestream turbulence intensity
and endwall boundary layer state and demonstrated that the choice of the LES SGS
model is critical by comparing with a companion DNS. The same authors [123] also
investigated the effect of turbulence intensity and discrete incoming wakes on the
suction side boundary layer state and its robustness to adverse pressure gradients.
This information is essential in the design verification phase.

Deterministic unsteadiness. The axial compressor flow field is the result of the
superimposition of a mean flow, a deterministic unsteady flow driven by adjacent
blade row interaction, and a stochastic component, that is the turbulence field. While
in turbines the deterministic unsteadiness can drive the generation of additional un-
steady losses, in axial compressors the blade-row interaction, and the consequent po-
tential effect and wake-profile interaction is known to have an impact on stall margin
predictions. Henderson et al. [45] completed an extensive experimental campaign
on a 1.5 stage axial compressor and took accurate measurements of the wakes and
their impact on the stator row boundary layer with different levels of background
turbulence. They also concluded that the correct prediction of wake dispersion is of
paramount importance to the prediction of axial compressor performance. Unfortu-
nately, Legget et al. [62] confirmed that RANS predicts wakes quite differently from
LES. Zaki et al. [163] and Wissink et al. [157] both investigated the impact of incom-
ing wakes on axial compressor blades by DNS. They selected the V 103 compressor
blade for which measurements are available. In their investigations they concentrated
on the midspan section assuming a homogeneous flow in the spanwise direction, as
also done by Legget et al. [62] for the same test case. Zaki and Wissink both con-
centrated on wake dynamics and performance, with focus on the interaction of the
incoming wakes with the boundary layer. Their fundamental investigations shed light
on the boundary layer instability and by-pass transition triggered by the periodic dis-
turbances carried by the incoming wakes. In particular Wissink et al. [157] studied
the effect of the incoming wake strength on the boundary layer and concluded that
strong wakes may keep boundary layers attached longer. This conclusion suggests
that if wake decay is not predicted properly, like in RANS (see Legget et al. [62])
one could expect an incorrect prediction of the stall point. Axial compressor bladings
are characterized by small thicknesses for aerodynamic performance, but this exposes
the design to aeromechanics and flutter risks. In fact, thin profiles with limited cam-
ber may have a number of mechanical eigenfrequencies that must differ from aerody-
namic excitation frequencies to avoid forced-response issues. The aerodynamic exi-
tation is the outcome of the concerted action of pressure waves, wakes, and shocks
in rotor-stator gaps. It is important to observe that the interaction between adjacent
blade rows is driven by perturbations travelling both upstream and downstream due to
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the subsonic nature of the meridional flow. For variable speed machines and for any
gas turbine that may be operated at part load, and during start-up and shutdown, it
is virtually impossible to avoid the so-called “crossing”, i.e. an aerodynamic forcing
frequency that coincides with one of the mechanical natural frequencies. In this case,
it is necessary to determine the actual blading response to the aerodynamic exitation,
and what the associated mechanical stress is. In such circumstances, the exact predic-
tion of the aerodynamic forcing in terms of frequencies, modal shapes, and phases,
is critical. Thus, an incorrect aerodynamic forcing prediction will cause an incorrect
mechanical stress prediction, and, once again, the accuracy of CFD is critical to suc-
cess. Along these lines Espinal et al. [27] used a 1.5 stage high speed compressor to
investigate the onset of non-synchronous vibrations by means of RANS. Their pre-
dicted frequency agreed fairly well with measurements, and also allowed to identify
the unsteady flow mechanism responsible for the exitation.

URANS and LES. The short list of aero and aero-mechanics design challenges
reveal that RANS or URANS are often unable to predict absolute performance, but
they can often be of great help to determine trends and identify flow features. Hence,
Joo et al. [51] investigated the rotor37 tested at NASA by means of RANS and wall-
modeled LES. While they could afford the prediction of a full speedline by RANS,
the complexity of the flow field and the high Reynolds number (1.3×106) forced them
to compute only one operating point with LES. Nevertheless, the scale resolved sim-
ulation predicted adiabatic efficiency, pressure and temperature ratio in much better
agreement with measurements than the RANS. They also compared spanwise profiles
of the same quantities and observed how LES was generally in better agreement with
measurements, especially close to endwalls. They also noticed how LES was able to
predict boundary layer transition that does affect the blade load distribution, at vari-
ance with RANS in which the boundary layer had to be tripped manually. Gourdain
[34] completed a similar LES and URANS comparison with measurements on a dif-
ferent axial compressor stage. A dedicated grid sensitivity analysis showed how LES
was very sensitive to resolution. The final grid was still fairly coarse, as witnessed by
the fairly large size of the resolved flow structures. This is probably one of the rea-
sons why LES showed a limited improvement over URANS in terms of speedlines
or pressure ratio and efficiency. Nevertheless, the author compared the measured ve-
locity profiles with predictions and found that LES was able to predict wake shapes
much better than URANS. In particular, LES was capable of predicting the correct
width and depth of wakes, a key factor to determine stator-rotor interaction and its
impact on performance, aeromechanics, and acoustics.

McMullan and Page [76] used LES to accurately determine the performance of
a controlled diffusion compressor blade profile at midspan. Their simulation proved
the transitional nature of the boundary layer, despite the fairly high Reynolds num-
ber of 700, 000. They compared their predictions with measurements at design and
off-design conditions observing how the loss prediction deviated from the expected
value of strong off-design incidences. More recently, Legget et al. [62] performed
a detailed comparison of LES and RANS with data of an axial compressor profile
in a linear cascade with variable incidence. The experimental data set covered both
design and off-design inlet angles and reported the so-called loss-bucket, key infor-
mation to understand the operability of a compressor blade. The grid used for the
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LES was very fine and allowed resolution of around 98% of the turbulent kinetic en-
ergy, thereby reducing the error associated with the sub-grid-scale model (in this case
the WALE model). RANS provided nearly as good a prediction as LES of profile
load distribution, and of the loss-bucket. Some differences arose at off-design, and
in particular at extreme negative incidence. As already observed in [34], the LES
wakes were found to be quite different from RANS. This difference can be partly
attributed to the different turbulent kinetic energy and velocity profiles in the vane,
where LES showed larger reverse flow regions that impact the value of the trailing
edge momentum thickness and finally the wake shape. By following the approach
described by Denton [18], Legget et al. [62] split the losses into form or pressure
loss, momentum loss, and blockage loss. This analysis was extended to the four in-
cidence angles investigated, and revealed how the loss split differs between RANS
and LES, although the overall loss level may be similar. More recently Laborderie
et al. [57] completed a wall modeled LES of a three-stage axial compressor with
IGV with the specific intent to investigate off-design performance and compare with
measurements. They concluded, not unexpectedly, that sufficient grid resolution was
critical in order for the LES to improve the match with measurements over URANS.

With the range of complexities described above, in conjunction with the latest ax-
ial compressor design trends towards the increase of pressure ratio and tip speed with
and aggressive three-dimensional blading, CFD is becoming increasingly important
as designs based on proprietary correlations are unable to describe the effect of de-
tailed design choices and their impact on the flow. Gourdain et al. [36] conducted
a comprehensive review of LES in industrial compressors and concluded that scale
resolving simulation methods will not be practically applicable until 2035 due to the
prohibitive mesh requirements in case all the geometrical and flow features described
above need to be resolved. It is fair to conclude that, academia and industry are nev-
ertheless both slowly moving in the direction of scale-resolved simulations of axial
compressors, given the limiting inaccuracies of conventional CFD.

4.2 Centrifugal Compressors

Centrifugal v/s axial compressors. Centrifugal compressors find their applications
in small aircraft engines and in industrial process compression. The reasons for their
attractiveness is two-fold: firstly, small scale aircraft engines, with < 1MW power,
have very small axial compressor back stages that suffer of endwall and tip clearance
effects that limit both their efficiency and operability range; secondly, the compres-
sion process takes advantage of centrifugal forces, and not only flow deflection, a
physical process that is more robust to adverse pressure gradients and flow separa-
tion and, ultimately delays stall and widens operability [79]. Moreover, when very
high operating pressures are necessary, above 300 bar, the centrifugal compressor
guarantees a mechanical strength and reliability that an axial compressor is unable
to give. The strengths of centrifugal compressors also represent the difficulties in
computing the flow field, as the Reynolds number is generally very high due to the
combination of high tip speeds and operating pressure, and the flow field is highly
three-dimensional due to the concurrent action of the strong meridional curvature, as
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shown in figure 4, and blade-to-blade turning. RANS and URANS accuracy is there-
fore compromised by the strong secondary streamwise vorticity that interacts with
the main flow, especially at off-design conditions where such interaction is ampli-
fied by the off-design loading of vanes and blades, as documented by Guleren et al.
[38] who ran both RANS and LES of a low speed centrifugal compressor tested at
NASA. They discovered that LES, unlike RANS, was able to predict separations and
complex corner interactions that produced secondary vorticity in good accordance
with measurements. An exhaustive list of publications on this subject can be found in
Medic et al. [79].

LES applications. Despite the fairly high Reynolds number, often accompanied
by transonic operating conditions, LES has been successfully used to investigate the
flow in radial compressors, especially at off-design conditions where conventional
RANS-based CFD fail as the flow develops large flow structures that interact with
the main stream. In particular, Shahin et al. [125] used LES to compute the challeng-
ing near-surge operation of a radial compressor coupled with a vaned exit diffuser.
The LES predictions compared well with data, and allowed to shed light on the com-
plex mechanism associated with the full flow inversion across a surge cycle. These
simulations allowed determination of the unsteady impeller load due to the significant
flow dynamics associated with the surge event, and provide very accurate data for the
mechanical design of the highly mechanically stressed rotating parts. Thus, on top of
the added aerodynamic insight, radial machines benefit from LES for the mechanical
design aspects as well. The near-surge aerodynamics were investigated by Hellstrom
et al. [44]. Their analysis applied to a radial compressor coupled with an exducer
typical of automotive applications in which the stall and surge of the compressor is
generally dictated by a tip leading edge separation. LES proved able to predict the
frequencies associated with the early stage of stall, while the detailed flow visualiza-
tions were helpful in following the stall mechanism in view of an improved redesign.
More recently, the problem of a vaneless diffuser stall was investigated by LES of a
simplified diffuser-like geometry that included the cavities around the impeller trail-
ing edge [136]. In that case, LES shed some light on the development of reverse
flow in the radial diffuser when running the compressor close to the left operating
limit, revealing the close link that exists between the periodic perturbations from the
impeller and the diffuser instability.

4.3 High-pressure Turbine

The aerothermal challenges of HPT. A detailed understanding of the aerothermal
behavior of high-pressure turbines is another formidable challenge because the Reynolds
numbers are high, transonic Mach numbers lead to shock waves that interact with
boundary layers, and large scale flow and thermal variations generated in the com-
bustion chamber are encountered at the inflow. Of particular interest is the interaction
of the incoming unsteadiness with the HPT vane or blade boundary layers as it not
only affects aerodynamic efficiency but also the heat transfer from the gas to the
metal components and thus ultimately determines the life of the component. This is
of paramount importance for both users and developers of GT as the residual life
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Fig. 4 Typical centrifugal compressor sketch with unshrouded rotor (R), vaned diffuser (VD), deswirler
vanes (DV), and hub rotor cavity

and maintenance intervals are dictated by the so-called hot-gas-path that includes
the combustor and the high-pressure turbine. As illustrated in figure 5, the stator is
equipped with a hub labirinth seal while the rotor is unshrouded due to the combina-
tion of high tip speed and high gas temperature. The cavities need to be pressurized
to avoid the risk of ingesting hot gas in regions of high mechanical stresses, like
the disks that hold the rotor blades. The so-called purge air is extracted from the
compressor (see figure 3) and it leaks into the main flow path thereby increasing the
complexity of the endwall flow. All these details need to be captured properly by
CFD.

Fig. 5 Typical high-pressure turbine sketch with stator (S) equipped with hub seal, unshrouded rotor (R)
and purged cavities

Cooling and performance impact. HPT design is driven by cooling requirements.
Internal and external HPT cooling is a very sensitive subject as it is designed mostly
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by using industrial proprietary correlations that condense company multi-year expe-
rience. Therefore, GT manufacturers do not reveal their HPT cooling design details
and the open literature only offers a large number of academic papers dealing with
pre-competitive geometries and operating conditions. While in reality nearly all HPT
vanes and blades, at least for the first stage, feature a range of internal and external
cooling strategies, with film cooling significantly affecting the flow in the main gas
path with the only exception of old generation heavy-duty gas turbines, studies con-
ducted without cooling can enable designers to understand how much cooling air is
actually required to achieve desired metal temperatures. Considering that a 1% cool-
ing reduction may be worth more than 0.3% GT cycle efficiency, it is clear why such
benchmarking is important as it allows to carefully balance cooling requirements
with firing temperatures to reach the best overall cycle efficiency. Needless to say
that any cooling flow reduction for better performance must be weighed against any
potential life reduction. In addition, understanding the uncooled performance helps
to quantify the impact of cooling on HPT aerothermal baseline performance. For ex-
ample, Leach [60] measured the impact of coolant flow on aerodynamic efficiency of
an HPT stator, quantifying that cooling resulted in an additional 3.5% total pressure
loss drop at 50% span compared to a non-cooled stator. Along these lines, Sieverding
et al. [126] and Michelassi et al. [85] investigated both experimentally and numer-
ically the impact of HPT cooling ejection from both trailing edge and pressure side
slots at various blowing ratios and isentropic Mach numbers. Their analysis revealed
how trailing edge cooling ejection may have a positive impact on losses by changing
the turbine base pressure, and also showed that RANS was unable to capture general
trends with sufficient accuracy. While better overall predictive accuracy was achieved
with URANS, this was not the case for the critical leading edge region.

Laboratory experiments that can record the turbulence properties within HPTs
are very difficult due to the complexities of performing fast-response measurements
within engine-scale experimental rigs, in particular for realistic operating condition
such as high pressures and temperatures. It is the high operating temperature that may
prevent optical access and may limit the applicability, accuracy, and life of temper-
ature measurement devices. It is in this challenging scenario that high-fidelity simu-
lations of HPT promise to provide the required information for future high-pressure
turbines to be designed with increased aerodynamic performance and durability as
well as to withstand even hotter gas flows with reduced cooling.

Scarcity of open literature measurements. The purpose of the comprehensive
experimental campaign of Arts and Rouvroit [3] was in fact to provide a detailed data
set useful to industry to determine the heat transfer coefficient of an uncooled HPT
nozzle under a range of operating conditions in terms of Mach number, from subsonic
to supersonic, and with realistic turbulent inlet conditions in terms of turbulence in-
tensity. This data set, that dates back to 1990 is still extensively used for fundamental
validation. Most of the high-fidelity simulations conducted to date have been guided
by this experimental campaign that demonstrated the importance of free stream tur-
bulence on the heat flux of an uncooled, transonic linear vane (LS89) cascade. The
exit Reynolds and Mach numbers vary between 0.5 × 106 < Re < 2 × 106 and
0.7-1.2, respectively, at turbulence intensities from 1% to 6%. It is worth mentioning
that the variation of inlet turbulence intensity was achieved by changing the upstream
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position of the bar grid used to generate the turbulence. Although this is expected to
also change the resulting turbulence length scale of the inlet condition, the resulting
length scales were not reported. The impact of length scale is also very important, as
shown in Pichler et al. [101], as the first HPT nozzle experiences the effect of large
flow structures generated by swirlers in the combustion chamber and the consequent
disrupting effect on the velocity and thermal boundary layers.

LES applications. One of the first high-fidelity simulations of a linear HPT cas-
cade was conducted by Bhaskaran and Lele [6], who used LES to show that distortion
of the turbulent inflow structures causes the formation of streamwise streaky struc-
tures on the leading-edge part of the vane and affects laminar turbulent transition
further aft, with both effects significantly enhancing the heat transfer to the blade
surfaces.

Ever since, a limited number of additional LES studies of HP turbine flows have
been reported, with the majority focusing on evaluating the effect of inflow turbu-
lence characteristics on the heat transfer to the vane surface. Considering the cases
MUR129 and MUR235 of Arts and Rouvroit [3] for the LS89 geometry, Fransen
et al. [29] showed that for high inlet turbulence intensity LES was able to correctly
predict the aerodynamics and its impact on the heat transfer, while RANS failed in
predicting the wall heat transfer. Subsequent LES of the same cases also revealed that
the correct simulation of the incoming free-stream turbulence, and its decay, is crucial
to determining the heat transfer on the blade surface [35]. It was found that near-wall
streaks on the pressure-side greatly augment the surface heat transfer but tend not to
lead to turbulent breakdown further downstream. The structures were attributed to the
formation of Görtler vortices. However, Wheeler et al. [152] argued that the very low
pressure-side curvature would suggest otherwise and showed that streaks are present
on both the pressure-side and early suction-side, which have opposing curvatures.

Segui et al. [124] compared the properties of inflow turbulence generated either
by separate pre-cursor simulations, as used in a number of previous studies [6, 50]
and synthetic inflow turbulence considered by others (e.g. [101, 103]) and found no
significant difference in heat flux predictions using either method. The sensitivity
of the flow and heat transfer to inflow conditions including turbulence intensity and
inlet/outlet pressure differences has also been investigated with LES [42]. The study
concluded that the kinetic loss is mainly concentrated in the blade boundary layers
and wake regions, at least in absence of discrete incoming wakes generated by an
upstream blade row.

A series of highly resolved LES of the LS89 linear cascade were conducted vary-
ing the inlet turbulence intensity from 5% to 20% and the turbulence length scale
between 5% and 20% of the axial chord [103]. It was found that both turbulent inten-
sity and length scale play a significant role in the transition behavior and therefore
the heat transfer to the blade.

To our knowledge the most (geometrically) advanced high-fidelity simulations to
date are wall-modelled LES of an integrated combustor simulator/HPT stage con-
figuration [20, 56]. By comparing the results from the full coupled simulations with
those from a standalone stage with the same mean inflow conditions and varying in-
let turbulence, the aerodynamic performance of the turbine stage was found to be
almost insensitive to the inlet turbulent conditions. However, the authors showed that
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realistic inflow conditions for the HPT, generated from an upstream combustor with
the associated large scale flow structures generated by fuel/air injector swirlers, are
critical to the temperature distribution and heat transfer.

First DNS applications. Wheeler et al. [152] performed the first DNS of a high-
pressure vane at transonic conditions with different levels of inlet turbulence intensity.
They confirmed that at the leading edge and on the pressure surface near-wall streaks
generated by stretching of the inflow vortices increased surface heat transfer but did
not lead to transition to turbulence. On the suction side of the vane a strong inter-
action of pressure waves originating from the trailing-edge and the development of
2D Kelvin-Helmholtz-type instabilities were found to drive transition to turbulence,
with the transition location varying significantly over time. The flow in the trailing-
edge region was found to be dominated by highly turbulent vortex shedding, with a
broad turbulence spectrum. The DNS data allowed for a loss breakdown analysis that
showed the time-mean strain, the turbulent dissipation and the irreversible heat trans-
fer to contribute roughly 40%, 40%, and 20% to the total irreversible entropy gen-
eration, respectively, with the majority of the turbulent dissipation generated in the
near wake. Performing instability analysis using this DNS data, Zauner et al. [164]
were able to predict with good accuracy the predominant frequencies of the turbulent
structures found in the DNS close to the trailing edge. The linear stability analysis
was also used to determine the most amplified spanwise wavenumber and thus pro-
vide a guideline for what spanwise domain size should be recommended for the scale
resolving simulations focusing on midspan section.

Alternative numerical schemes. Several studies also assessed the ability of dif-
ferent solvers to accurately predict the flow and heat transfer on an HPT vane, com-
paring codes with structured and unstructured grids, implicit versus explicit solvers,
and different numerical schemes. Unstructured grid capability is of importance due
the geometrical complexity caused by the presence of film cooling holes and the need
to include the blade interval cooling fluid feed cavities in the simulations. In Morata
et al. [93] both structured and unstructured solvers captured the long stream-wise
streaky structures responsible for the augmentation of the heat transfer and leading to
the transition of the suction-side boundary layer. The study highlighted that unstruc-
tured LES, capable of modelling complex geometries, are able to capture the heat
transfer accurately, although at higher computational cost than LES using structured
grids. Pichler et al. [101] compared LES conducted with a structured high-resolution
research code to results obtained with a commercial code on an unstructured grid for
a statistically 2D linear transonic high pressure turbine vane cascade. In the unstruc-
tured LES the inflow turbulence was generated by explicitly meshing the turbulence
generating grid while in the structured high-accuracy research code inlet turbulence
was generated synthetically. The flow around the vane obtained from both codes was
found to be in good agreement with reference data, however, differences were seen
in the wake of the vane, i.e. the kinetic loss values were not the same. Bhaskaran
et al. [5] also used different solvers with structured and unstructured grids and were
the first to include the upstream bars for the inflow turbulence generation in a 6-th
order accurate LES of the LS89 vane. The expected result was that heat transfer is
controlled by the combination of turbulence intensity and length scale at the blade
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leading edge axial position, an information that is seldom available in the design
phase, but that can have a large impact on performance.

Garai et al. [31] used a spectral element discontinuous Galerkin method with up to
16th order accuracy to conduct scale-resolving simulations of an HPT cascade, with
focus on comparing natural transition occurring with clean inflow and bypass tran-
sition triggered by turbulent inflow. They reported that the turbulent characteristics
of the vane boundary layers differed depending on whether the flow had undergone
natural or bypass transition.

Noise. Another motivation for conducting high-fidelity scale resolving simula-
tions is the study of the noise mechanisms, as prediction of aerodynamically gener-
ated sound requires accurate numerical schemes and resolution of a wide frequency
range and the associated range of length scales. Comprehensive reviews on the nu-
merical challenges of aeroacoustic simulations are available [13, 63, 137, 146]. Wang
et al. [145] performed LES to study the noise sources in the fully three-dimensional
transonic high-pressure turbine stage MT1. In particular the turbine noise generation
mechanisms were studied for a steady inflow and one where a plane entropy wave
train was injected leading to indirect noise generation, generated by the acceleration
and distortion of entropy waves through the turbine stages. The indirect combustion
noise was found to significantly affect the overall noise signature of the turbine. A
subsequent study on indirect combustion noise [97] used Dynamic Mode Decompo-
sition of the flow field and decomposed the noise field into upstream and downstream
propagating waves.

Machine learning for HPT. Finally, high-fidelity scale resolving simulations of
HPTs have most recently also been used to provide data for model development us-
ing data analysis and machine learning. In [116], LES of the LS89 cascade were
performed to generate a data set covering different inlet turbulence intensities and
inflow angles. Uncertainty quantification was then applied to the LES data to help
build better predictive models. Weatheritt et al. [148] used the DNS data by Wheeler
et al. [152] to develop nonlinear RANS closures using a symbolic regression ap-
proach based on gene-expression programming. A more detailed discussion of the
translation of high-fidelity data to low-order models suitable for design will be given
in section 7.

The importance of the HPT on performance and durability of GT is the main
driver for additional applications of scale-resolving methods. The proven inability
of conventional CFD to drive towards accurate and safe design is stimulating the
investigations of simple cooling flows as a means to complete fundamental validation
by both RANS and LES, or DNS, and constitutes the foundation for both a better
understanding of the physics and for improving less computational intensive methods
with the help of Machine Learning.

4.4 Low-pressure Turbine

Low pressure turbine impact on GT performance.
The low-pressure turbine (LPT) drives the propulsion device in aerospace appli-

cations, an electric generator in the case of power generation, or an external process
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compressor in the case of mechanical drive. While it generally operates in the high-
subsonic regime, the LPT shares some of the aerodynamic challenges of the HPT, as
illustrated in figure 6, due to the presence of seals and cavities that need to purged
to avoid hot gas ingestion. The lower gas temperature together with the lower tip
speed allows to equip the rotor blades with shrouds. Unshrouded HPT rotors gener-
ally evolve along axial endwalls to control the tip clearance, whereas LPT rotors are
generally shrouded thanks to the reduced rotational speed and lower gas temperature.
Both hub and shroud walls may be inclined with respect to the axial direction (see
figure 6) to expand the flow along the span, reduce the exit Mach number and the
associated kinetic losses together with jet noise.

The performance of the LPT directly affects the efficiency of the entire gas turbine
and thus is of great importance. The operating conditions of an LPT in this wide range
of applications change in terms of Mach numbers, from low to high subsonic, and
Reynolds numbers. The Reynolds number needs special attention as in propulsion
applications it may range from 30, 000 to 300, 000 depending on the engine size and
the altitude of operation, from take-off to cruise. Such a small number is driven by the
small profile chord, to reduce weight and have boundary layers as laminar as possible,
the low revolution speed dictated by the speed of the propulsion fan, at least in direct
drive applications, and the low operating pressure at altitude. Conversely, for ground
based applications, like power generation of mechanical drive, the Reynolds number
is generally higher around 1× 106.

In summary, the small chord-size of both vanes and blades and their operation in
low air density environments, the aero-propulsion LPT generally experiences signif-
icantly lower Mach and Reynolds numbers than the HPT or the HP compressor and
therefore is more amenable to high fidelity simulations. At the same time, this combi-
nation of low Mach and Reynolds number, in conjunction with the very high loading
of modern designs, in an effort to reduce engine weight, size and cost, results in the
suction and pressure side boundary layers becoming prone to laminar separation and
subsequent laminar-turbulent transition of the separated shear layers [39, 75].

Separation bubbles and the type and location of laminar-turbulent transition are
sensitive to upstream disturbances, including background turbulence in the main
stream and wakes from the upstream rows [26, 46]. Such flow separations, happening
mostly on the suction side after peak suction, are to be avoided at design conditions
as they obviously constitute an excessive source of losses, but they can be tolerated
in off-design conditions provided the separation bubble reattaches before the blade
trailing edge. In such a case, the profile loss growth, that is proportional to the blade
trailing edge suction side momentum thickness, is acceptable.

Therefore, as the profile losses depend strongly on the state of the boundary lay-
ers on the blades [43], it is crucial that the boundary layer states, and the presence
of a local boundary layer separation, can be predicted accurately in order for LPT
design to match stringent performance and weight requirements. The above charac-
teristics pose considerable challenges for turbulence modelling approaches that need
to specifically address boundary layer transition of the by-pass and separated flow
type, while this class of internal flows do not experience natural boundary layer tran-
sition due to the concerted action of high background turbulence and discrete wakes
and pressure waves.
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Although Reynolds Averaged Navier–Stokes (RANS) incorporating the latest
transition models appear to achieve good agreement with experiments at low Reynolds
numbers in terms of pressure coefficient and transition onset, these models are often
unable to provide accurate results in terms of total pressure losses [54, 96] in the
wide design space generally required for changing operating conditions of LPT. Also
RANS are often found inadequate to resolve the complex interactions of periodic in-
flow perturbations, often combined with large background turbulence intensity, with
the boundary layers. For these reasons, the LPT was one of the first gas turbine com-
ponents to be investigated with high-fidelity simulations. As the LPT has possibly
received more attention with DNS and LES than the other gas turbine components
reviewed in this contribution, the following overview is far from complete and sum-
marizes a number of milestones that admittedly will be subject to the author’s in-
evitable bias.

Fig. 6 Typical low-pressure turbine sketch with stator (S) equipped with hub seal and shrouded rotor (R)
with purged cavities

Early DNS and LES. The first incompressible flow DNS of a turbine cascade
was performed by Wu & Durbin [158] who observed a Kelvin–Helmholtz-type roll
up mechanism on the aft section of the suction side and described longitudinal vor-
tical structures forming on the pressure side induced by the incoming wakes for all
phases. Additional incompressible DNS have contributed further to the understand-
ing of the effect of incoming wakes on the pressure and suction side boundary lay-
ers [89, 154, 156], in particular how these incoming wakes affect the suction side
separation bubble and consequently the profile losses. Despite the low speed of LPTs,
the flow speed is high subsonic and at peak suction the local isentropic Mach num-
ber can reach values of 0.6 or more. Under these operating conditions, a simulation
performed under the assumption of incompressible fluid will overestimate the peak
Mach number, and will locate it upstream of where a compressible simulation will
indicate, as proven by Michelassi et al. [89] who compared incompressible DNS and
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LES with compressible URANS. Therefore incompressible simulations will overpre-
dict the strength and extent of the adverse pressure gradient region on the blade suc-
tion side after peak suction, and will probably overestimate the losses in this critical
flow region.

Highly loaded LPT. Several early studies also focused on flow control for loss
reduction, considering low Reynolds number cases with pronounced separation bub-
bles. Numerical simulations were conducted of highly loaded LPT blades at low
Reynolds number (25,000), assessing the benefits of pulsed injection vortex control
on losses [112]. By mitigating the suction side separation, wake losses were shown to
be reduced by as much as 22%. Inspired by the success of the experimental study by
Sondergard et al. [130] where vortex-generators jets were used to control separation
on the suction side of an LPT, Postl et al.[108] used DNS to investigate the potential
of pulsed vortex generator jets to control laminar separation. However, this study was
conducted for a setup using a flat plate, with suitable boundary conditions to produce
a laminar separation bubble. It was shown that pulsed vortex generator jets were more
effective than their steady counterparts for the same momentum coefficient used for
the actuation. Although such fundamental studies are indeed of interest, the question
on the robustness to fouling of such devices remains and despite the proof-of-concept
completed by scale-resolved simulations, they are not implemented in real engines
yet.

High-fidelity simulations at realistic operating conditions. To reduce compu-
tational cost, large eddy simulation were performed of LPT turbine cascades in a
number of studies [74, 111, 119]. Matsuura & Kato [74] performed compressible flow
LES of an LPT cascade at Reynolds numbers 500,000 with no and 5% freestream
turbulence levels and noticed that without inflow perturbations pressure waves prop-
agating from the blades wake have a noticeable effect on the separated-boundary
layer near the trailing edge. A similar phenomenon was also observed by Wheeler et
al. [152] on an HPT. Medic & Sharma [78] performed compressible flow LES using
the WALE subgrid-scale stress model of three different LPT midspan sections for a
Reynolds number range of 30,000 to 150,000. The freestream turbulence intensity
was varied and detailed comparisons with experimental data showed that the LES
captured the main trends across all geometries quite well as opposed to RANS. How-
ever, the LES suffered from difficulties in predicting boundary layer transition and
capturing the delay of laminar separation with varying inlet turbulence levels. Such
difficulty of LES was also observed and documented in [88] where LES predicted a
delayed by-pass transition with respect to DNS.

In a large-eddy simulation study of the T106D-EIZ linear cascade at Reynolds
number 60,154 the effects of inlet freestream turbulence intensity on aerodynamic
performance as well as temporal and spatial evolution of coherent structures in sep-
arated shear layers were investigated [165]. The incoming freestream turbulence lev-
els varied from 0 to 10%. The results showed that the open separation present on
the suction side could not be removed even by the highest inlet turbulence levels,
but nevertheless could be significantly reduced in size. It was shown that the coher-
ent structures in the separated shear layer were significantly affected by the inflow
conditions.
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DNS of a linear T106A LPT cascade at isentropic exit Reynolds number 51,831
without incoming wakes or freestream turbulence were recently conducted with a
finite volume code [110]. It was found that cell counts previously considered to be
high for such a Reynolds number, e.g. 95 million points, could produce qualitatively
different results to an even finer mesh (161 million), such as a leading edge separation
and no laminar separation upstream of the trailing edge.

Hammer et al. [40] performed well-resolved LES of a linear T106A cascade in
which the upstream wake-generating bars were either only translated in the pitchwise
direction or rotated clockwise or anti-clockwise while moving, in order to generate
different wake shapes and turbulence characteristics. The results indicated that in all
cases the wakes triggered boundary layer transition and thus intermittently prevented
separation on the suction surface. Of particular interest was the observation that the
weakest wakes led to the largest profile losses, due to their inability to fully suppress
the separation bubble, but resulted in the smallest overall LPT loss, presumably as
they experienced the smallest wake distortion loss.

Design of experiments with high-fidelity simulations. To address some of those
shortcomings, and benefiting from the increased available computing power, Sand-
berg et al. [117] performed the first compressible flow DNS of the linear T106A
LPT cascade. It was found that for compressible flow simulations acoustic waves
generated at the blade trailing edge could accumulate in the domain if the in- and
outflow boundary conditions were not successfully preventing spurious reflections,
and thus could lead to an (artificial) in flow turbulence intensity of close to 1%. More
importantly, it was found that when comparing to presumably ‘clean’ experimental
data, it was important to specify the same inflow turbulence intensity, even for in-
tensities well below 1% in order to correctly predict the kinetic wake loss profiles.
With the aim of supporting and guiding the LPT design process, a series of DNS
were then conducted with incoming wakes at various reduced frequencies [86], dif-
ferent inflow turbulence intensity levels and for two Reynolds numbers, 60,000 and
100,000, with a total of 12 cases. A detailed loss generation analysis revealed that
unsteady losses caused by the incoming wakes experiencing significant distortion in
the passage significantly contributed to the overall losses for reduced frequencies for
which the wakes remained distinct and did not mix with each other before entering
the variable area section. The study also interrogated the DNS data to examine the
validity of the Boussinesq eddy viscosity assumption, and showed that the error made
by the linear stress-strain relationship used in many RANS models was highest in the
trailing edge region. At the same time, it was found that the minimum achievable
error, or a so-called entitlement, for a linear RANS model was about a factor of 3 to
4 smaller than the error computed using a standard k − ε model applied to the DNS
data. This set of DNS constitutes the first attempt to complete a design-of-experiment
based on scale-resolving CFD and it allowed to investigate a design space of specific
industrial interest. Moreover, the DNS postprocess in [86] attempted to use the data
as a virtual test by applying the control volume approach based on the theory il-
lustrated by Denton [18]. Doing so it was possible for the first time to use DNS
to dissect different source of losses generally identified by LPT aero-designers, and
quantify the additional losses caused by the unsteady interaction of the profile with
incoming wakes. The simulations proved that the variable pressure incoming wake
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mixing that takes place between the turbine leading and trailing edges is responsible
for the unsteady losses that are an amplification of constant pressure mixing of the
same incoming wakes. LES has been also used to investigate the concerted impact
of several important design parameters, like the revolution speed, the through-flow
velocity, the vane and blade count. These numbers can be condensed in the so-called
reduced frequency and flow coefficient, that measure the unsteadiness generated by
incoming wakes seen by the downstream blade row and the ratio of the through flow
velocity with the revolution speed respectively. While it is well known that these
two parameters alone are worth a considerable portion of the lost efficiency, scale-
resolved simulations have never been used before to complete the investigation of the
associated design space. The LES results of [84] suggested the existence of a best
combination of these two parameters, the impact of which was condensed in perfor-
mance trends. Quite interestingly, the simulations revealed that the unsteady losses
were proportional to the normal distance between the incoming wakes, suggesting
that when wakes interact and merge before the blade leading edge the expected un-
steady losses are small. Moreover, the simulations indicated how the unsteady load
pattern changes on the blade, as the largest unsteadiness moved in different chord-
wise positions with potential impact on the aeromechanics and flutter response. It is
also important to remind that the LES results were anchored to DNS to make sure the
subgrid scale model did not introduce excessive bias to the results.

Moving closer to engine configuration. It is common practice to investigate the
impact of discrete incoming wakes on LPT blades by a set of upstream moving bars.
So doing the bars can de designed to produce realistic wakes, but such approach is
unable to reproduce the potential effect that takes place in the axial gap between a sta-
tor and rotor blade of a turbine. To overcome such limitation the only alternative is to
perform a complete stage simulation, as done by Pichler et al. [102] who completed
highly resolved LES of the blade-to-blade interactions in a realistic LPT stage. The
simulations were conducted at exit Reynolds number 100,000 andM = 0.6 for mod-
ern blade sections. To determine the performance derivative, the gap size between
stator and rotor was varied from 21.5% to 43% rotor chord. A loss breakdown analy-
sis allowed to identify the prevailing loss mechanisms as a function of the gap size. It
was found that in the large gap size case, the turbulence kinetic energy levels of the
stator wake close to the rotor leading edge were only one third of those in the small
gap case, due to the longer distance of constant area mixing. The small time averaged
suction side separation on the blade, found in the large gap case, disappeared in the
small gap calculations, confirming how stronger wakes can keep the boundary layer
attached. The higher intensity wake impinging on the blade, however, did not affect
the time averaged losses calculated using the control volume approach of Denton. On
the other hand, losses computed by taking cross sections upstream and downstream of
the blade revealed a greater distortion loss generated by the stator wakes in the small
gap case. Despite the suction side separation suppression, the small gap case gave
higher losses overall due to the incoming wake turbulent kinetic energy amplification
along the blade passage.

The majority of high fidelity simulations addressed the midspan section, as this
is the portion of the flow where the majority of losses are generated. Recently the
endwall region is gaining attention as, while its impact at the single blade row level
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is not as important as the midspan section, it controls the majority of the losses carry-
over to the downstream rows.

As an example, the study by Cui and Tucker [16] addresses endwall flow and the
interaction with the cavity purge flow by LES. Although in LPT endwalls are not as
important as in HPTs, their impact on performance is quite significant, especially for
the front stages of an aircraft engine multistage LPT.

Recently high-resolution LES have been conducted of a linear low-pressure tur-
bine cascade including endwalls [106] at an exit Reynolds number of 120,000. The
authors showed results for two different grid resolutions and concluded that there
were still subtle changes in the endwall vortex system prediction between the coarser
and finer mesh and thus recommended that the finer mesh resolution is necessary. The
study was conducted using incoming endwall boundary layers with different momen-
tum thicknesses and the endwall vortex characteristics and the associated loss were
shown to be considerably affected. The results further revealed that RANS calcu-
lations, if performed following strict best practice rules, agreed well with LES, in
particular in the prediction of the end wall vortex system, with the only significant
differences observed in the loss generation of the blade wake, due to the inability of
correctly predicting wake mixing [73]. Ciorciari et al. [11] performed a similar in-
vestigation in presence of discrete incoming wakes generated with moving bars by
running both a set of linear cascade experiments and the companion CFD simula-
tions. The results suggested that the endwall region is moderately affected by the
deterministic unsteadiness provoked by the upstream wakes.

With respect to the aerodynamic load of the T106 blade, the geometry predomi-
nantly used in high-fidelity simulations, latest design trends indicate a load increase
and quite different pressure distributions, as witnessed by the geometries investigated
by Medic & Sharma [78]. Consequently, the Zweifel number, that is a measure of the
aerodynamic load, is growing in the attempt to reduce blade and vane count, prod-
uct cost and weight, without jeopardizing performance. As a result the suction side
boundary layer is longer exposed to increasingly large adverse pressure gradients.
At the same time, chord Reynolds numbers are moderate as a consequence of small
chord-size of the blades and their operation in low air density environments, like at
cruise conditions. This combination results in the suction and pressure side bound-
ary layers becoming prone to laminar separation and subsequent laminar-turbulent
transition of the separated shear layers [39, 75]. Separation bubbles and the type
and location of laminar-turbulent transition are sensitive to upstream disturbances,
including background turbulence in the main stream and wakes from the upstream
rows [26, 46]. As the profile losses depend strongly on the state of the boundary lay-
ers on the blades [43], it is crucial that the boundary layer states can be predicted
accurately in order for LPT design to match stringent performance and weight re-
quirements. Although Reynolds Averaged Navier–Stokes (RANS) incorporating the
latest transition models appear to achieve good agreement with experiments at low
Reynolds numbers in terms of pressure coefficient and transition onset, these models
are often unable to provide accurate results in terms of total pressure losses [54] in the
wide design space generally required for changing operating conditions of LPT. Also
RANS are often found inadequate to resolve the complex interactions of periodic in-
flow perturbations, often combined with large background turbulence intensity, with
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the boundary layers. The design trends and the risk associated with RANS are the
main reasons why LES of LPT is gaining momentum [74, 111, 119], owing to the
improved accuracy achieved by resolving the energy-containing structures in the flow
while keeping computational cost at bay by modeling the small scales of turbulence.
However, as mentioned before, LES suffers from difficulties in predicting boundary
layer transition and capturing the delay of laminar separation with varying inlet tur-
bulence levels [78], or due to periodic incoming wakes [88].

The concerted action of incoming turbulence intensity and surface roughness does
impact the suction side boundary layer and may promote earlier reattachment in the
presence of an adverse pressure gradient induced separation, as indicated by the very
fundamental studies of Nagabhushana et al. [94]. In another LES study [41], high-
resolution LES was used to conduct numerical experiments of the effect of an as-cast
roughness patch on the suction side of a T106A LPT to investigate their effect on
losses. However, maybe more importantly they also demonstrated that a roughness
model, with the required parameters chosen appropriately, could reproduce the fully
represented roughness results, both in terms of transition behaviour on the blade and
kinetic wake loss in the wake.

Alternative numerical schemes. Over the last few years, the suitability of dis-
continuous Galerkin and spectral-element codes for DNS of low-pressure turbine
cascade simulations has been assessed. Garai et al. [30] performed DNS of a linear
T106D cascade and reported that the method was able to capture the main features
of the flow, and attributed subtle differences between DNS and the reference data to
the fact that freestream turbulence was not included in the simulation. In the DNS of
the T106A cascade by Cassinelli et al. [9], again no inflow turbulence or wakes were
included. The effect of the polynomial order used, the spanwise domain size and the
spanwise resolution were investigated and results were compared with experimental
data up to exit Reynolds number 160,000, showing excellent agreement. High-order
Flux Reconstruction schemes have also recently started to see deployment for turbo-
machinery applications. Vincent et al. [143] performed simulations of a linear LPT
cascade primarily to demonstrate the performance of the code, reaching up to 58%
of peak system performance on unstructured grids and sustained computation up to
13.7 double precision PetaFLOP/s. To assess the suitability of flux-reconstructions
schemes using strongly stretched and warped grids, as commonly encountered in tur-
bomachinery applications, Trojak et al.[139] performed simulations of several canon-
ical test cases and found good wave propagating capabilities.

5 Alternative postprocessing

Alternative postprocessing: POD. The DNS and LES data sets are extremely rich
and contain a large amount of important information that is not trivial to extract. This
is particularly true for cases that feature both stochastic and deterministic unsteadi-
ness, as found, for example, for stator-rotor interaction. A question that often arises
is how much is unsteadiness worth in terms of losses, and what are the respective
unsteady flow features responsible for loss generation. The direct analysis of compu-
tational results can provide answers to the first half of the question, while the second
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half requires more work. Proper Orthogonal Decomposition (POD) has emerged as
a useful method to analyze measurements and it was successfully applied to LPT
linear cascade data by Lengani et al. [65], who discerned flow features directly and
not directly related to the passing wakes. The same method was also successfully
applied to LES datasets [64]. The LES data provided a detailed set of flow statistics
that allowed the direct computation of the entropy rate of change equation. Crucially,
Lengani et al. [64] managed to project some of the entropy equation terms onto each
POD mode, making it possible to associate the contribution of each mode to loss
generation. Considering that POD is able to discern deterministic from stochastic
unsteadiness, as elaborated in Lengani et al. [64], it is then possible to rank each un-
steady mode (or groups of modes), related to certain physical mechanisms, in terms of
how much loss is generated, and this could guide both the development of turbulence
models as well as the aerothermal design of LPT by pointing to the top-offenders.

Alternative postprocessing: Entropy Loss Analysis. An entropy-based simula-
tion quality framework was also recently developed to assess the quality of RANS
calculations [168]. The entropy transport equations based on averaged flow quan-
tities were derived, and the entropy generation process decomposed into the salient
physical mechanisms, such as mean viscous dissipation, turbulence production, mean
and turbulent heat flux, etc. Applying the framework to LES and RANS results of a
VKI LS-89 HPT vane, it was shown that entropy generation caused by mean flow
features were in close agreement between LES and RANS, suggesting good overall
RANS mean flow predictions. However, the turbulence production contribution to
loss in the vane wake was not captured well by RANS, constituting the main reason
for an inaccurate total loss prediction by RANS.

6 Ensure high-fidelity CFD quality

This section is motivated by the authors’ observation that past studies have used the
term ‘DNS’ and ‘LES’ rather loosely. Claiming that a simulation is a DNS because no
modelling was invoked is clearly not appropriate. However, how do we decide when
to call a simulation DNS or LES? In the purest sense, a true DNS is a simulation in
which all length- and time scales are fully resolved by the numerical approximation.
In the context of turbomachinery simulations, many studies have settled on assessing
the grid quality based on first-order statistics, such as mean pressure distribution on
the blade and wake losses. In contrast, DNS studies of more canonical flows, turbu-
lence quantities like turbulence kinetic energy or its dissipation and their spectra have
been assessed in addition to mean quantities to show grid independence (see, e.g., Lee
and Moser [61]). There is no good reason for why these more stringent criteria should
not also apply to turbomachinery flows.

In the following, a case study is provided to establish a relationship between re-
quired grid resolution and certain quantities of interest. High-fidelity simulations of
a linear low-pressure turbine cascade are chosen as the moderate Reynolds number
does allow for a rigorous grid independence study with current computational re-
sources. However, it is the authors’ belief that most of the conclusions made can be
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extrapolated to cascade simulations at higher Reynolds numbers. For general grid
count estimates for other turbomachinery applications, see section 6 in Tyacke and
Tucker [141]. First, a brief review of grid-resolutions used in selected previous stud-
ies is given, followed by a discussion on the requirements of the various characteristic
flow regions present in an LPT cascade simulation. Then LPT simulations using one
particular high-fidelity compressible flow solver on a range of different grids are pre-
sented and used to investigate the grid quality needed to achieve grid convergence
for quantities related to either the mean flow, the energy-containing large turbulence
scales or the energy-dissipating small turbulence scales.

Along these lines, industrial companies generally determine the most appropriate
grid structure and resolution in combination with boundary conditions in the form of
CFD best practices to minimize the risks of getting inaccurate design trends. While
RANS and URANS are still the workhorse of the CFD assisted design, the open
literature suggests turbomachinery companies are looking more and more into LES
the accurate execution of which will require the development of best practices for
scale resolving simulations.

6.1 Grid resolution used in previous high-fidelity simulations of LPTs

We start by summarizing grid resolutions that have been used in select previous stud-
ies in table 1. It is of course difficult to directly compare the resolutions used in
these studies due to the complex interdependencies of grid resolution and numeri-
cal schemes. Thus the different cases are listed here mainly to highlight that very
different resolutions have been considered sufficient in different studies.

Ref Reis spatial scheme np nsp in thousands ntot in millions x+,y+,z+

[159] - FV 410 128 52 24,-,11
[158] 148,000* FV 440 129 57 -
[154] 60,000* 2nd FV 263 64 16 -
[53] 148,000* FV 665 129 57 28,2.3,19
[156] 100,000 2nd FV - - 93 25,1.7,15
[105] 60,000 4th FD 993 98 132 8,1.0,6.5

* based on inlet velocity and axial chord

Table 1 Simulation details driving accuracy and cost of published LPT DNS where Reis, np, nsp, ntot

are the isentropic exit Reynolds number, the number of points in the blade to blade plane, the points in the
spanwise homogeneous direction, and the total number of points. The last column shows the streamwise,
wall normal and spanwise spacings in wall units. FV denotes finite volume methods, FD denotes finite
difference, with preceding numbers indicating the formal order of accuracy.

To study the interaction of incoming wakes with the suction side boundary layer
of an LPT blade, Wu and Durbin [159] simulated a flat plate boundary layer subjected
to an LPT-inspired streamwise pressure profile. The grid design was consistent with
previous flat-plate boundary layer studies in that the first 10 grid lines in the wall-
normal direction were located below a y+ of 9. To present grid convergence they
investigated the incoming wake profiles of the precursor simulation. For the actual
flat plate simulations the mean velocity profile and the Reynolds stress components
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across the boundary layer were presented. Wu et al. [158] subsequently used the grid
quality established in their previous flat-plate simulations for real turbine geometry
simulations and showed that the mean pressure distribution around the blade agreed
well with experiments [134]. Kalitzin et al. [53] also focused on adequately resolving
the blade boundary layer, further decreasing wall spacing at the expense of coars-
ening the passage with respect to the study by Wu et al. [158]. Wissink [154] and
Michelassi et al. [88] used the mean pressure distribution and wake loss to demon-
strate grid convergence and Wissink and Rodi [156] used the blade pressure distribu-
tion to conclude on grid convergence. Over the next ten years most of the subsequent
DNS investigations of LPT flows have used similar grid resolutions to the above ini-
tial DNS studies. We do not list all of them here for conciseness. To the authors’ best
knowledge, only Pichler et al. [105] also reported detailed turbulence quantities, such
as turbulence dissipation rate, for their LPT simulations and used a significantly finer
grid than previous studies considering an isentropic exit Reynolds number of 60,000.

As for LES studies, Michelassi et al. [88] compared their data to DNS results
and showed good agreement in terms of pressure distribution and mean wake loss,
suggesting that LES are capable of accurately predicting the mean flow for the same
blade as used in many of the aforementioned DNS studies at considerably reduced
resolution. Still, LES predicted a delayed suction side boundary transition with re-
spect to DNS. As an additional example, Medic and Sharma [78] conducted a series
of LES studies at different Reynolds numbers and found significant differences to
benchmark measurements in particular for low Reynolds numbers, presumably as the
grid did not support transition to be accurately captured.

6.2 Grid-requirements in different regions

Unlike canonical flow cases such as channel flow, where grid resolution requirements
can be established in a straight forward manner, the needed resolution in the different
flow regions present in cascades might be driven by different requirements, especially
in presence of incoming wakes. The required resolution in each region is determined
by the smallest scales that have an effect on the quantities of interest. This can mean
that the smallest scales needed to be resolved are those that directly affect the tur-
bulence kinetic energy, or those that only have an indirect impact on the mean flow,
for example by leading to delayed transition prediction on the suction side of an LPT
blade. The effect of insufficient grid resolution on the simulation results depends on
the numerical scheme used. For high-accuracy solvers with little numerical dissipa-
tion, not resolving the smallest scales may lead to an overprediction of energy in the
scales larger than the grid cut-off. However, this might not manifest itself in quan-
tities that are mostly determined by the large-scale behavior, such as the mean flow
or level of turbulence kinetic energy. When using codes with low-order accuracy the
aliasing of energy from the unresolved scales to resolved scales might not lead to any
overprediction of energy in the inertial subrange as the excess energy is dissipated
by the numerical method. Nevertheless, it is the authors’ view that regardless of what
numerical method is employed, a substantial amount of the inertial sub-range needs
to be resolved such that there is no significant influence on the large scales driving
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mean flow quantities and first order statistics. Should the grid resolution become too
coarse, i.e. too small a part of the inertial subrange is resolved, the largest scales will
be affected by resolution and even mean flow quantities will be compromised.

In the following we divide an LPT flow into three characteristic regions in which
different scales dominate, namely the free-stream, the blade walls and the wake re-
gion. For each of these regions, we can make comparisons with canonical cases for
which a wealth of information on how to establish grid independence is available.

Upstream of blade. In this region, turbulent fluctuations are due to background
turbulence and/or incoming wakes. In the case of compressible flow simulations, ad-
ditionally perturbations induced by aerodynamic noise generation can also be present
and without special treatment can contribute to a disturbance level of 0.5% that might
affect suction side transition [117]. In a turbomachinery environment, it is unlikely
that the incoming turbulence upstream of a blade can be classified as isotropic decay-
ing turbulence, since the disturbances are comprised of discrete wakes of blade rows
and other flow devices upstream. In experiments background turbulence is mostly
generated using an upstream grid and the turbulence approaching the blade in the
constant area section can be classified as decaying turbulence, which has been the
subject of many studies (e.g. [14]). However, to model the influence of wakes of up-
stream rows many experiments have employed cylinder bars upstream of the blade
row (also referred to as wake generators) that move in the pitchwise direction (e.g.
Liu and Rodi [70] and Schulte and Hodson [121]). The wakes shed by these bars are
essentially cylinder wakes and spectra measured in these wakes will show differences
to the theoretical turbulence cascade at the large scales while showing a similar iner-
tial subrange and dissipation range at the small scales (e.g. Braza et al. [8]). Hence, in
the latter case of incoming wakes the resolution requirements might be less stringent
than in the case of incoming decaying turbulence in order to obtain the correct flow
field interacting with the blade because it might be sufficient to resolve the dynami-
cally relevant larger scales. Comparing the incoming turbulent flow from high-fidelity
simulations to engine data or experiments is generally very difficult because detailed
information on its characteristics, such as anisotropy, turbulent length scales or fre-
quency spectra are not available. Nevertheless, in the simulations an inlet condition
needs to be specified and the streamwise evolution of that inflow condition can be
assessed to determine whether the grid resolution is sufficient.

Blade boundary layers. Here the interaction of the flow with a wall drives the
solution. Initially, laminar boundary layers form from the front stagnation point that
are subjected to continuous (free-stream turbulence) or/and intermittent (upstream
wakes) disturbances and the grid resolution has to be sufficiently high to be able to
correctly represent the physical receptivity process and to resolve the subsequent evo-
lution of the boundary layer disturbances that can affect the laminar-turbulent transi-
tion. Laurent et al. [59], who simulated a flat plate with a prescribed adverse pressure
gradient subject to upstream disturbances, recommended that the required resolution
in this area be comparable, if not more stringent, than in a turbulent boundary layer
directly after transition.
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For wall bounded flows the situation is different because even the smallest (near-
wall) scales are of crucial importance. In transitional regions of the flow insuffi-
cient resolution might affect the level of forcing in the receptivity region (see, e.g.,
Mayle [75]) and might also damp disturbances inside the boundary layer. Either as-
pect results in a delayed transition or an earlier separation, depending on the blade
profile and Reynolds number and, thus can have a significant impact on the global
flow behavior. To complicate things, the near-wall LPT flows in the typically consid-
ered Reynolds number range are hardly fully turbulent, e.g. in simulations at isen-
tropic exit Reynolds numbers of 60,000 where incoming bar wakes promote transi-
tion, the momentum thickness Reynolds numbers, defined as

Reθ =
ρis,exitVis,exitθ

µ (Tis,exit)
, (1)

is approximately 360 [86]. This is a low value, in particular compared with previ-
ous DNS studies that have focused on just the boundary layer subject to an adverse
pressure region [12]. Hence, this might partly explain why some LPT simulations
performed to date, as listed in table 1, have used coarser wall resolutions than pure
boundary layer or channel studies, where values of x+ = 5 − 10, y+ < 0.5 and
z+ < 6 are common [61].

Blade wake. Similarity to the upstream incoming flow can be assumed, particu-
larly once the wake has fully developed and a turbulence cascade, as occurring for
an equilibrium turbulent flow at sufficiently high Reynolds number, is recovered [7].
In the near wake, for thick trailing edges often vortex shedding occurs and the shear
layer velocity gradient will lead to significant turbulence production and a subsequent
redistribution of turbulence kinetic energy in the wake. These mechanisms are pre-
dominantly large-scale structure phenomena for which grid requirements are more
benign. However, the near-wake region is fed by flow coming off the trailing edge
of the blade and thus the grid requirements depend on the characteristics of the aft
boundary layers. If the boundary layers are turbulent, the grid needs to support reso-
lution of the streamwise aligned structures, known as streaks. The near-wall turbulent
boundary layer structures lose this streamwise orientation just upstream of the trail-
ing edge to become mainly spanwise orientated in the near wake region [118]. This
has implications on the grid design but in most cases is inherently addressed by the
typically significantly tangentially refined grids in the trailing region.

A detailed grid resolution study for a linear LPT cascade at isentropic Reynolds
number of 60,000 was recently conducted, assessing the sensitivity of different quan-
tities to varying grid quality in the three regions discussed above [104]. A summary of
the setup and the key findings is provided in the following, while for more details on
the grid properties, such as the blockwise grid counts and orthogonality, and statisti-
cal convergence of the results the reader is referred to the original paper. However, for
completeness, Figure 7 shows the 9-block topology employed for the coarsest DNS
conducted of the LPT case. An O-type mesh with four blocks around the blade is
used to enable a high-quality grid distribution around the profile leading and trailing
edges, while an H-type mesh with five additional blocks is used for the inflow, pas-
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sage and outflow sections to ensure good resolution of the incoming flow, the wake,
and to enable the use of pitchwise periodic boundary conditions.

Fig. 7 Block topology and grid distribution for LPT case study. Case shown is grid G1 from table 2, with
only every third grid point shown in each direction for clarity.

6.3 T106A case study

The tests are performed for a linear T106A cascade operating at an isentropic exit
Reynolds number Reis = 59, 815 and an isentropic exit Mach number of Mais =
0.405 (see Sandberg et al. [117] for more details). The turbulence length scale is
about 5% chord length and the turbulent intensity is 3.8%. The operating conditions
used are similar to an experiment conducted by Stadtmüller [134]. While the exper-
imental case available at this low Reynolds number does not have a significant level
of inlet turbulence the turbulence intensity for the case considered has been raised
to 3.8% which is in the range of typical engines (3 − 8% [2]). The spanwise extent
of the domain is 20% true chord. Additional simulations with up to 60% chord have
been conducted showing virtually identical results and thus implying that the span-
wise domain size originally chosen was sufficient. If not otherwise stated all lengths,
velocities and densities have been nondimensionalized with true chord length, inlet
velocity magnitude and inlet density, respectively.

A total of eight grids were used to perform a grid sensitivity study, with the main
characteristics summarized in Table 2. Grids G1 to G3 were DNS grids used to inves-
tigate the influence of the mesh size close to the blade on the loading and boundary
layer properties. The spacing in the wall normal direction was roughly halved for
each refinement level and the number of points in the spanwise direction was dou-
bled from G1 to G2 and increased by another 50% from G2 to G3. The number of
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Grid np nz ntot × 106 y+

L1 85,248 34 2.7 2.4
L2 85,248 34 2.7 1.0
G1 274,176 66 18.1 1.5
G2 581,760 130 75.6 0.6
G3 1,179,648 194 200 1.0
D1 248,400 98 24 0.9
D2 993,600 130 130 0.9
D3 3,463,168 194 672 0.9

Table 2 Grids used for the grid-resolution study of linear T106A LPT cascade at Reis = 60, 000 and
Mis = 0.4. Grids L1 and L2 denote LES grids, G1, G2 and G3 denote DNS grids varying wall resolution
and grid D1, D2, D3 are DNS grid varying wake resolution. np is the number of grid points for the axial-
pitchwise plane, nz denoted number of spanwise collocation points (over 20% axial chord span), ntot is
total number of points and y+ is maximum wall normal spacing on suction side.

points around the blade was increased from 864 to 1,296 and 1,824 for grids G1 to G2
and G3, respectively. This resulted in an increase of points around the blade of about
50% for each refinement level with most of the refinement clustered in the adverse
pressure gradient region on the suction side where the majority of profile losses are
expected to grow, and close to the trailing edge on the pressure side where transition
might occur.

Grids L1 and L2 were based on grids G1 and G2, but with roughly double the
grid spacing in each direction of the axial-pitchwise plane and with half the number
of collocation points in the spanwise direction to be used for large eddy simulations
with the same high-fidelity code. The wall adapting local eddy viscosity (WALE)
model [21] was used for modeling of the sub-grid scale stresses with the standard
coefficient of 0.325.

Finally, another set of grids with increased resolution in the wake region was
generated. The cell count in the downstream wake region was substantially and pro-
gressively increased while attempting to not further reduce the size of the smallest
cells at the blade surface, which due to the use of an explicit time integration scheme
dictates the time step of the simulation. With the grid counts shown in table 2 the
non-dimensional grid spacings, normalized with blade chord, ∆ =

√
δξ2 + δη2 at

the measurement location in the wake region, 0.24 axial chords downstream of the
blade trailing edge, are approximately 3.3×10−3, 1.6×10−3 and 0.7×10−3 for grids
D1, D2 and D3, respectively. Here, δξ and δη are the grid spacings in the mapped
computational space for the axial and pitchwise directions, respectively.

Figure 8 gives a visual impression on the capabilities of the coarsest and finest
grids tested, i.e. L1 and D3, respectively, to resolve turbulent flow structures. The
same iso-surface levels of the second invariant of the velocity gradient tensor, Q =
100, are chosen for both cases to allow for direct comparison. Overall, grid D3 ap-
pears to support a much greater amount of turbulent structures than grid L1. This
is in particular the case for the inflow region where the nearly isotropic turbulence
injected into the domain can be observed, which then undergoes strong acceleration
and stretching resulting in lengthy streamwise orientated structures in the passage.
For grid L1, the upstream turbulence is hardly visible and there are only few struc-
tures in the favorable pressure gradient part of the passage while the same type of
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Fig. 8 Instantaneous isosurfaces of the second invariant of the velocity gradient tensor Q = 100, colored
by the spanwise velocity component (range -0.1 to 0.1) on grids L1 (left) and D3 (right)

long structures appear in the passage downstream of the suction peak as for grid D3.
This indicates that although the grid is too coarse to resolve the small structures close
to the leading edge region, it is sufficient for the resolution of the larger structures that
result from the strong acceleration of the inflow turbulence. These structures strongly
interact with the suction side boundary layers and as the next figures will show, be-
ing able to capture them allows the simulations to produce the correct loading and
boundary layer properties. The much higher resolution of grid D3 also supports a
much wider range of turbulence scales in the wake region. Whether this has an im-
pact on the wake loss and turbulence quantities in that region will be discussed in the
following.

In order to assess if grid convergence is achieved results for L and G grids are
compared in figure 9 for several properties commonly used to assess the accuracy of
numerical simulations. The pressure distributions are virtually identical for all grids,
especially in the key peak suction and trailing edge regions, and the wall shear stress
on the suction side, with only the last 20% chord shown to highlight the separation
bubble, only shows negligible differences between the different grids. The kinetic
wake loss is also compared between cases L1, L2 and G3 in figure 9, showing only
very subtle differences. This indicates that for blade quantities and the wake loss,
likely to be of most interest to designers, even the coarsest grids used for LES provide
good accuracy.

In figure 10 several Reynolds stress components are compared in the wake re-
gion, for a measurement plane of 1.1 axial chords, i.e. 0.24 axial chords downstream
of the blade trailing edge. This distance was chosen for the wake to fully develop
and thus rigorously test whether the different grids allow for correct wake mixing.
All normal Reynolds stress components and the shear stress component show only
insignificant differences between the different DNS grids. Note that the LES grids L1
and L2 were by design significantly coarser in the wake region and thus the resolved
Reynolds stress profiles, not shown here for clarity, exhibit some deviation from the
DNS data. Thus it can be concluded that if second-order moments such as Reynolds
stress profiles are of interest, a grid like G1 will produce grid-converged solutions.

Finally, the grid convergence is assessed using turbulence kinetic energy (TKE),
the production of TKE and the dissipation of TKE as metrics. These are quantities
of interest, for example, for turbulence model assessment and modelling, as well as
for aerodynamic performance as the production of TKE is proportional to the entropy
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rate of change. In the wake the level of TKE and the production of TKE are domi-
nated by large flow scales, thus these two quantities are unlikely to be much affected
by the increasing resolution in grids D1 to D3, given that D1 already is sufficiently
fine to produce grid converged Reynolds stress profiles. However, the dissipation of
TKE is a viscous process and thus highly dependent on the accurate representation
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of the smallest turbulence scales, or the Kolmogorov scales discussed in section 2.
Therefore, the dissipation of TKE serves as a much more stringent measure of grid
convergence. The results shown in figure 11 are again presented for an axial position
of 0.24 axial chords downstream of the trailing edge.

The three grids show reasonable agreement between each other in terms of TKE
(k) and its production, with the solutions on D1 exhibiting only slight differences to
the other two grids. In contrast, the dissipation of TKE shows a different behaviour
where grids D2 and D3 show reasonable agreement between each other while the
magnitude of D1 is significantly smaller. The peak in dissipation of TKE is only
about 60% of the corresponding value on the other grids.

In summary, the results presented in this section demonstrate that different reso-
lution requirements are needed to achieve grid independence of different quantities.
Ultimately, the required numerical discretization quality thus depends on the purpose
of the simulations, i.e. what quantities are of interest. If mean flow properties, such
as loading, skin friction, or even kinetic wake loss are of interest, grids with the qual-
ity of L1 are sufficient to produce grid independent results. If second-order statistics
are of interest, grids like G1 are recommended. To obtain grid-independent results of
dissipation of turbulence kinetic energy, as would be the case if the data were to be
used to enhance turbulence models (see section 7), a grid like D2 is required. The
latter case is what, strictly speaking, deserves to wear the label ‘DNS’.

6.4 Entropy based simulation quality assessment

To establish guidelines for what simulation fidelity, in terms of grid resolution and
order-of-accuracy, is required to correctly capture entropy losses, Przytarski & Wheeler
[109] established that the entropy generation rate based on the entropy flux could be
used as a proxy for loss. Using a Taylor–Green vortex problem to represent fully
turbulent flow, it was shown that a grid resolution with spacing of 4 and 2 times the
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Kolmogorov scale for 8th-order and 4th-order accurate schemes, respectively, was
required for an accurate prediction of the entropy loss. Further, performing linear
compressor cascade simulations with varying grid densities and freestream turbu-
lence levels, they also demonstrated that losses can strongly depended on mesh qual-
ity through differences in transition location. Their study showed that an insufficient
grid resolution in the laminar leading-edge region, where typically one would expect
more benign resolution requirements, would suppress the boundary layer structures
induced by the inflow turbulence and thus delay transition.

7 Lower-order model maturation and improvement

There are two avenues for high-fidelity simulations to have direct industrial impact.
One is the use of the simulation data for physical insight, for example elucidation of
detailed transition mechanisms or reliable calculation of entropy loss, that can be ex-
ploited by designers for improved aerothermal performance. However, there are not
many examples of high-fidelity studies that have been conducted for a sufficiently
wide parameter space to help guide designers, i.e. where design of experiments have
been performed with high-fidelity approaches. The alternative is to use the high-
fidelity simulation results as gold- (or silver-) standard data bases that can be used
for low-order model assessment and ultimately improvement.

Using high-fidelity data to test and develop turbulence models is not a novel con-
cept. For example some of the early turbulent channel flow DNS data was also pro-
cessed with the purpose of providing information for modelers, such as individual
terms of the turbulence budget equations [72]. Rodi et al. [114] also used the same
fully developed channel flow simulation data [55] to determine how turbulence is al-
tered in terms of anisotropy, ratio of production rate versus dissipation, and length
scale by the presence of a wall. This allowed the investigation of turbulence model
assumptions and their accuracy in the proximity to a wall, an important effect in wall
driven flows. The authors then ‘manually’ formulated a one-equation model capable
of matching the wall normal velocity fluctuation and turbulent length scale from DNS
at two Reynolds numbers. While the new model showed superior performance to oth-
ers for channel flows, the authors also discovered that the improved accuracy in the
wall proximity, i.e. for y+ < 30 − 40, was unable to improve the overall prediction
of the flow over a backward facing step.

Over the years, there have been many subsequent studies that have calibrated
and modified turbulence models using high fidelity data, however, not always with
the success desired. In the current contribution, we want to focus on the recent de-
velopment of data-driven turbulence model assessment and development. This has
come about as a result of the confluence of two key ingredients: (i) the availability of
large amounts of data generated from high fidelity simulations, enabled by the dra-
matic growth of computing capabilities; and (ii) the proliferation of machine-learning
and artificial intelligence approaches mainly driven by applications requiring image
recognition and/or decision making, also enabled by the impressive developments in
computing power, in particular accelerator-supported or based architectures.
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7.1 Review of data-driven model assessment and development

While machine learning algorithms, such as deep neural networks, have been used
for a number of years in areas such as image or pattern recognition, the concept of
using machine learning for the development of turbulence models is new. By try-
ing to fit models to data, the machine learning techniques ultimately are not unlike
classic curve-fitting methods that have been used to calibrate closures [17]. How-
ever, in machine learning jargon, the word ‘train’ is used instead of ‘calibrate’, as
will also be done in the following. The crucial advantage of applying modern ma-
chine learning techniques to large data sets is that not only coefficients are trained,
but also mathematical forms of closures can be inferred (trained). The aim is for
the trained models to correctly represent the physics, albeit the closures might have
no explicit connection to the exact turbulence equations. This modelling approach
therefore can be classified as ‘Openly Empirical’ when following the taxonomy in-
troduced by Spalart [131]. In fact, fully relying on a machine-learning algorithm to
train a model from data could even be termed ‘Maximally Empirical’ [150].

The use of machine learning in a turbulence modelling context can be broadly di-
vided into two areas: assessment and development. Uncertainty quantification, which
aims to systematically determine why models fail and to provide confidence levels
in the accuracy of the model predictions, falls into the first category. Several studies
were conducted in the early 2000’s that inspected high-fidelity databases to under-
stand uncertainty and determine whether a given closure is applicable for a given flow
topology [47, 120]. Other methods of general uncertainty identification include pas-
sively solving the RANS equations using the mean velocity field extracted from DNS
to assess the closures used [133]. In the context of machine-learning, the potential
of three different algorithms (support vector machines, Adaboost decision trees, and
random forests) to identify regions of high RANS uncertainty was investigated [69].
The uncertainty in the values of closure coefficients was determined with Bayesian
methods [24] while a similar approach was chosen to quantify uncertainty in pre-
dicted flow quantities [160]. For a review of the uncertainties in RANS models the
reader is referred to Duraisamy et al. [23]. However, to the authors’ knowledge no
machine-learning approaches have to date been applied to high-fidelity data of main
gas path turbomachinery components for uncertainty quantification. In the following,
we therefore want to focus on the use of machine learning for model development.

The use of machine learning for turbulence model development has been further
categorized into studies that can demonstrate success in an a-priori or a-posteriori
sense. In the prior case, the resulting models can be shown to approximate the training
or other test data well. An example would be showing that a stress-strain closure
model fits the turbulence stress from a high-fidelity data set well when applied to the
strain field extracted from the high-fidelity data. It is assumed that having minimized
a particular cost function will produce improved CFD predictions, although as will be
shown later, this is not necessarily true. For models to be developed and tested in an a-
posteriori sense means conducting full CFD analysis with the new model producing
improved results on previously (to the model) unseen cases. Although this is much
harder to achieve, it is the authors’ opinion that it is the only route for machine-learnt
models to have industrial impact.
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In the last few years, several different machine-learning techniques have been
used. These can be approximately categorized into two groups. One group contains
methods such as neural networks that have been applied to secondary flow predic-
tion [68] and random forests [91], used for jet-in-crossflow studies. Gaussian pro-
cesses have modeled corrective terms for channel flow [98]. Here correction param-
eters were learnt and added to the model transport equations. However, these were
functions of space and thus any a-posteriori demonstration was limited to an identi-
cal geometry. More complex regression methods that alter more than the coefficients
of a particular model have also been demonstrated. For example, deep neural net-
works have been used to model the Reynolds stress [67]. Although good a-priori
agreement with reference data was found, a-posteriori demonstration required the
matrix of Reynolds stresses at each grid point to be inserted into the solver, constrain-
ing the success of the model to the same geometrical configuration. One study also
successfully extracted functional forms for intermittency transport to model bypass
transition [22, 166]. For heat-transfer problems random forest regression has been
applied to model the turbulent thermal diffusivity, for a gradient-diffusion model in
the scalar transport of temperature [91]. These approaches provide the user with a
black box model and to the authors’ mind, it is not entirely clear how portable the
results obtained from those approaches are and whether they can easily be inserted
into CFD codes. However, recent work has partly addressed this by also attempting
to interpret a machine learning decision process by analyzing the model features and
determining their importance [90]. Edeling et al. [25] have used Bayesian methods to
modify model coefficients for a full a-posteriori demonstration and showed encour-
aging results. However, this approach proved to be computationally very intensive.

The other group is based on gene expression programming [28] (GEP), a form
of evolutionary algorithm. The application of GEP to turbulence modeling was first
reported in Weatheritt & Sandberg [149], where a new stress-strain relationships for
separated flow was presented. The GEP algorithm is a form of symbolic regression,
such that the result of the high-fidelity data-fitting are tangible mathematical equa-
tions that are easy to manipulate, are transparent to the human user and, crucially,
can be inserted into CFD solvers for no extra algorithm cost [150]. GEP has recently
been applied to high-pressure turbines, where a-priori model training showed im-
provement over the linear model [148]. Basing their study on high-fidelity data of
a jet-in-crossflow, Weatheritt et al. [151] compared neural networks and GEP ap-
proaches to regress non-linear stress-strain relationships and showed very similar
predictive performance, yet the GEP optimization was at a fraction of the cost.

To close this short, non-exhaustive review, several different machine-learning
strategies have recently been presented for turbulence model assessment, or uncer-
tainty quantification, and development, all with different strengths and weaknesses.
The review paper by Duraisamy et al. [23] provides additional information for the
interested reader. In the next section, we present the application of one of those ap-
proaches for the development of models with improved predictive accuracy for low-
and high-pressure turbine wake flows.
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7.2 Data-driven model development for LPT and HPT

The development of novel turbulence models with better predictive accuracy, ideally
across the operating range of interest to designers, requires two ingredients. Reliable
data for a sufficiently large sample of the design space, and machine learning algo-
rithms that are capable of building the desired models. In this section we summarize
recent efforts on applying the GEP approach [149] to the data that has been obtained
from recent high-fidelity simulations [86, 103, 117, 152] of low- and high-pressure
turbine cascades.

The modelling assumption in RANS that has been the initial focus on the closure
training is the commonly used Boussinesq approximation

τij =
2

3
kδij − 2νtSij . (2)

This approximation dictates that deviations from the isotropic part 2
3kδij , where k is

the turbulent kinetic energy, are linear in the strain rate tensor Sij . The constant of
proportionality, the eddy viscosity νt, in most cases will be obtained from one or two
transport equations [66]. Addressing this closure approximation first was motivated
by the fact that the Reynolds stress term appears both in the RANS momentum equa-
tions, more precisely its divergence, and in the production terms of the turbulence
transport equations. Furthermore, assessment of the Boussinesq assumption against
high fidelity data has shown it to be a significant source of error [105].

Using high fidelity data, one of the error sources can be quantified by consid-
ering the alignment of the strain rate tensor and the anisotropy tensor, computed as
follows [120]

γ = −
aDNSij Sij√

aDNSmn aDNSnm SpqSqp
, −1 < γ < 1 , (3)

with

aDNSij = τDNSij − 2

3
kDNSδij = −2νDNSt SDNSij , (4)

where τij is the Reynolds stress tensor, k the turbulence kinetic energy, νt the turbu-
lence viscosity and Sij the strain rate tensor. A value of−1 implies that the strain rate
and anisotropy tensor are aligned in the opposite direction. A value of 0 implies no
alignment between the stress and strain rate tensor. Finally, a value of +1 indicates
strong alignment between the anisotropy and strain rate tensor.

In Fig. 12, it can be seen that there exists a regions of poor alignment close to the
trailing edge and along the red dashed lines. Thus, the objective of the GEP frame-
work is to add terms to the linear Boussinesq approximation, to form a non-linear
constitutive stress-strain relationship that improves the alignment γ. Such turbulence
closures, also known as explicit algebraic stress models, have been developed in the
past (e.g. [32, 144]) invoking a weak equilibrium hypothesis [113] to express a tensor
basis V (k)

ij and scalar invariants Ik for the anisotropy tensor aij [107].
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Fig. 12 Alignment of turbulent stress anisotropy with negative strain, γ, using DNS data of a linear LS89
HPT cascade at Re = 570, 000 [152] in the wake region of the blade.

τij =
2

3
kδij −2νtSij︸ ︷︷ ︸

linear Bouss.

+ 2k
4∑
k=1

ζkV
k
ij .︸ ︷︷ ︸

additional non−linear terms

(5)

This relates the Reynolds stress tensor τij to its trace 2k, strain rate tensor Sij and
additional non-dimensional terms. V kij are basis functions formed from polynomials
of non-dimensional strain sij = τSij and rotation rate wij = τΩij tensors

V
(1)
ij = sij , V

(2)
ij = sikwkj − wikskj ,

V
(3)
ij = sikskj − 1

3δijsmnsnm,

V
(4)
ij = wikwkj − 1

3δijwmnwnm,

(6)

The coefficients ζk are functions of the non-dimensional invariants Ik produced from
sij and wij , of which there are only two for statistically 2D flows,

I1 = smnsnm, I2 = wmnwnm. (7)

τ is the turbulence model timescale that is obtained by solving the turbulence trans-
port equations for ω or ε, depending on which underlying baseline model will be
used for the non linear EARSM models. Thus the turbulence time scale can either be
computed from the specific dissipation rate τ = 1/ω, or as τ = k/ε.

The baseline RANS solution thus is obtained from setting ζk = 0 and the task of
the machine learning algorithm is to use the high-fidelity data to find the coefficients

ζk = ζk(I1, I2), k = 1, . . . 4, (8)
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that are suitable for the flow under consideration. It is important to note that because
the new models are a linear combination of basis functions derived from the velocity
gradient tensor, Galilean invariance is inherently enforced and does not need to be
imposed as an additional constraint, as is the case in other data-driven model devel-
opment approaches[68].

Fig. 13 Schematic of GEP model development framework.

Figure 13 summarizes the model development framework. From the high-fidelity
data the mean flow field, the turbulence kinetic energy, and the Reynolds stress, strain
rate and vorticity tensors are extracted. In order to non-dimensionalize the basis func-
tions and scalar invariants for the model training, a turbulent timescale, τ is required.
Extracting this timescale directly from the high-fidelity data has proven difficult and
resulted in very noisy fields. Therefore, the turbulent time scale is obtained by solv-
ing a transport equation for ε or ω, ‘freezing’ the high-fidelity velocity and turbulence
kinetic energy field. This also has the advantage that the model to be developed will
be based on the high-fidelity data while being consistent with the transport equation
used to determine τ , provided the same transport equation is then used for subse-
quent CFD calculations with the trained model. Note that this implies that a different
Reynolds stress closure will need to be trained for each set of underlying turbulence
transport equations to be used. For more information on this ‘frozen’ technique, see
previous works [99, 133, 150].

Once the turbulence time scale is known the scalar invariants and basis functions
In and V (k)

ij can be calculated from the high-fidelity data and the GEP algorithm
is tasked to create a number of candidate models (how many is determined by the
user). The so-called fitness is then evaluated for each of these candidate models.
This can be done in two was. Firstly, a cost function is evaluated, which in the cases
presented below is the squared error between the anisotropy tensors of the model
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and the high-fidelity data (first option in Figure 13). We term this ‘frozen training’
as the model fitness is evaluated using the frozen velocity field from the high-fidelity
data set. This method is unable to account for any additional errors introduced by the
turbulence transport equations of the RANS method used. In the second approach,
the candidate models are implemented into a CFD solver and a RANS calculation is
performed for each of the models [167]. This approach has multiple advantages: the
cost function used to evaluate whether the new model is successful is not limited to
turbulence quantities or terms that appear in the RANS equations but can be mean
variables of interest, e.g. kinetic wake loss or shear stress on the blade, etc. Also, any
additional errors introduced by other modelling assumptions of the RANS equations
are accounted for. However, there are two downsides to this approach. Firstly, the
resulting models are more difficult to interpret as they might try to compensate for
multiple form errors of the turbulence model. Secondly, and much more restricting,
this method is computationally much more expensive as CFD solutions are required
for the candidate models. This might even be prohibitive if models are to be developed
for complex three-dimensional geometries or unsteady RANS where each CFD run
requires substantial time.

With ’frozen’ approach the cost function does not entirely capture transport ef-
fects and the training can be called ’local’. If the quality of the model is determined
by a RANS calculation the training process is ’non-local’ as the cost function will
explicitly incorporate transport effects.

Once the model fitness has been evaluated, it is checked whether the resulting
error is less than a prescribed threshold. Should this be the case, the model is out-
put and can then be used for future CFD runs. If the fitness is less than desired,
the GEP algorithm creates new candidate models using the previous generation of
models, disregarding the least fit models, mating the most fit ones and introducing
mutations [149]. The fitness of these new models is then evaluated and the process
continues until suitable models are found or a prescribed number of model genera-
tions has been reached.

Using the ’frozen’ approach just outlined, for the T106A LPT cascade described
in Sandberg et al. [117] the GEP approach applied to the DNS data produced the
following model

τij =
2

3
kδij − 2νtSij + 2k

[
(9)

+
(
3I1 + 3.205I2 − 1.2665

)
V 1
ij

+
(
− 4.0I1I

2
2 − 12I1I2 − 8I1 + 4I32 + 20I22 + 32I2 + 16

)
V 2
ij

+
(
− 8I1 + 48

)
V 3
ij

]
,

when using the ‘frozen training’ approach. Using only the leading order term of the
trained model, the linear part of the Reynolds stress tensor can be written as

τij =
2

3
kδij − 2νtSij − 2k[1.2665τSij ]

=
2

3
kδij − 2(1 + 1.2566)νtSij . (10)
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Therefore the trained model increases the turbulence diffusion by roughly 125%. Ad-
ditionally, nonlinear terms based on V 2

ij and V 3
ij are added. In contrast, when choosing

the CFD-supported training approach, the new model takes the form

τij =
2

3
kδij − 2νtSij + 2k

[
(11)

−
(
2.3− 0.089I2 + I22 − 0.15I32

)
V 1
ij

+
(
− 1 + I1I

2
2 − I21I2

)
V 2
ij

+
(
1.903I2 − I1I2 + I21I2 + I32

)
V 3
ij

]
.

In this case, the model diffusion is increased by 230%, thus significantly more than
in the ‘frozen training’ approach. At the same time, the leading order coefficients of
the nonlinear basis functions have considerably reduced. The resulting CFD predic-
tions using these models are shown in Fig. 14. The left figure shows the kinetic wake
loss at 25% chord downstream of the trailing edge obtained from RANS conducted
of the linear T106A LPT cascade configuration at Re = 60, 000, i.e. the case the
new models were trained on. The baseline model using the linear stress-strain rela-
tionship overpredicts the kinetic wake loss significantly and underpredicts the width
of the wake. The model trained using the frozen approach (Eg. 9) reduces the peak
amplitude and shows a better spread of the profile. Thus, the additional diffusion in-
troduced by the new model improves the mean flow solution. The CFD-supported
training shows an even better agreement with the reference data, particularly in terms
of the peak amplitude of the kinetic wake loss. In order to test whether this new model

Fig. 14 Kinetic wake loss for LPT cascade with T106A profile atRe = 60, 000 (left) andRe = 100, 000
(right), obtained from DNS [86], and k− ω-SST model with linear (baseline) and GEP trained non-linear
stress-strain relationships.

(Eqn. 11) also does well on cases it was not trained for, it is also applied to a higher
Reynolds number case (Re = 100, 000) that features a qualitatively different flow
field in that the separation on the suction side of the LTP blade is closed rather than
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open as in the Re = 60, 000 case [1]. The model trained on the Re = 60, 000 case
also shows significant improvement of the kinetic wake loss for the Re = 100, 000
case.

In the case of the linear LS89 HPT cascade, using the setup and data described in
Pichler et al. [103], the frozen training results in the model [148]

τij =
2

3
kδij − 2νtSij + 2k

[
(12)

−
(
1.334− 0.438I1 − 2.653I2 − 0.0102I21 + 1.021I22 − 12.280I1I2

)
V 1
ij

+
(
0.573− 1.096I1 + 8.985I2 − 0.1102I21 + 2.876I22 + 90.633I1I2

)
V 2
ij

+
(
12.861− 25.094I1 + 6.449I2 + 1.020I21 − 304.979I1I2 − 184.519I22

)
V 3
ij

]
.

As in the LPT case, the GEP-trained model diffusion is increased over the linear
baseline model by more than 100%. However, when choosing the CFD-supported
approach, a further dramatic increase, 700%, in turbulence model diffusion is ob-
tained.

τij =
2

3
kδij − 2νtSij + 2k

[
(13)

−
(
I1I2 + 7

)
V 1
ij

+
(
I31I2 + 2I21I2 − I21I22 + 2I1I2 − 2I2 + I1 − 2

)
V 2
ij

+
(
I1 + 3I2 − 1.62

)
V 3
ij

]
.

As can be seen in Fig. 15, this large additional diffusion factor is indeed needed in
order to predict the (nearly) correct amplitude of the kinetic wake loss for these high
Reynolds number cases. Relying only on the frozen training in this case does not
significantly improve results, presumably because driving the anisotropy tensor to
match the training data does not guarantee better prediction of mean flow quantities
once full CFD calculations are performed. The new model (Eq. 13) was also used to
run RANS of the higher Reynolds number case, Re = 1, 100, 000, and a significant
improvement of the kinetic wake loss prediction was again observed.

Thus, the GEP approach presents itself as a promising avenue for the development
of turbulence models with improved accuracy that can be easily implemented into ex-
isting CFD solvers. Such a method that demonstrates robust accuracy improvements
over a broader parameter space can help with generating more industrial impact from
high-fidelity data.

8 Summary and Outlook

The exponential growth of papers on DNS and LES of turbomachinery relevant flows
is testament to the growing interest of both academia and industry on this subject.
The so-called high-fidelity simulations are indeed shedding light on fundamental
aero-thermal phenomena happening in turbines and compressors, and they have also
proved capable of helping the development of lower-order models, the use of which
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Fig. 15 Kinetic wake loss for HPT cascade with LS89 profile at Re = 570, 000 (left) and Re =
1, 000, 000 (right), obtained from LES [103], and k − ω-SST model with linear (baseline) and GEP
trained non-linear stress-strain relationships.

is dictated by the still excessive computational effort of LES if used for design itera-
tions.

The complexity of realistic flow configurations, that should include clearance,
cavities, extractions, high Reynolds and the combination of low and high Mach num-
bers, together with the need to consider variable operating conditions mean that the
practical and routine use of LES to complete design iterations is currently not prac-
tical in industry. However, this must not be perceived as an unsurmountable obstacle
as further advances in both computational power and post-processing techniques will
lead to increased adoption of the practical application of LES in industry. For exam-
ple, high-fidelity CFD is already used to run DoEs to investigate fundamental design
parameters, like flow coefficient, reduced frequency, axial gaps, profile loads, or to
determine the details of axial compressor stall mechanism, to name a few. In this
case the computational domain focuses exclusively on the physics and the regions of
interest in a sort of scaled-down investigation.

Therefore, DNS and LES are becoming a very accurate virtual test-rig for a grow-
ing range of design related problems that had been so far investigated mostly by using
scaled down experimental rigs in simplified operating conditions, a typical example
of which are linear compressor and turbine linear cascades. Despite the formidable
improvements in measurement techniques, often experimental tests can identify the
“what”, while high-fidelity CFD is capable of explaining the “why” thanks to the
higher degree of resolution and depth. The consequent findings can be used to im-
prove existing design correlations with a physical foundation and accuracy superior
to correlations based solely on experiments. In summary, the numerically produced
data allows to discern the different physical processes that impact aero and thermal
performance, forced response, flutter, and life.

Another promising short term application of both DNS and LES is to provide ref-
erence data sets to improve lower order models with the aid of Artificial Intelligence
(AI). As pointed out by Lumley [71], a general constitutive law that will hold valid in
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the entire flow field of a turbomachine is impossible to achieve due to the very wide
range of time and length scales. Nevertheless, machine-learning techniques are capa-
ble of determining the portions of the computational domain where different closure
amendments should be applied. In other words, it appears that high-fidelity simula-
tions with the aid of AI can indicate model improvements to cure known deficiencies
of RANS and revive turbulence model development, that has been stagnating over
the last decades. In particular, the development and calibration of non-linear consti-
tutive laws of the type indicated by Gatski [32] can benefit from machine-learning,
as witnessed by recent preliminary developments applied to wakes and effectiveness.

The very rich DNS and LES results cannot be postprocessed by using conven-
tional techniques. Among the different methods used to extract the most out of high-
fidelity CFD datasets, POD deserves a special mention. Recent advances in this tech-
nique have shown how it is possible to associate each POD mode to a specific en-
tropy content. Following this approach makes it possible to associate an entropy rate
of change to each mode. For example, POD is capable to point at performance top
offenders that a designer may concentrate on during design iterations.

The tremendous growth of computational power enables simulations that were
unthinkable only few years ago. Paradoxically, the vast amount of data generated
make it hard to scrutinize in detail the numerical data sets, that are literally gold −
mines in terms of physics content. Advances in improved and faster postprocessing
methods, like the AI and POD approaches mentioned in this paper, are necessary to
supplement phenomenological analysis with a more analytic approach. To fully ex-
ploit the valuable data sets, produced at significant cost in terms of both human and
computing time, will also require a rethink of how to share such data. This will in-
clude agreed data standards and individual researchers dropping their idiosyncrasies,
and other procedural and IP-related issues. Most likely, support from data science
and informatics will be required to address this challenge through the development
of protocols and platforms to share and mine new and old data.

Ensuring the quality of both DNS and LES simulations is also of paramount im-
portance. High-fidelity simulations come with very stringent requirements in terms
of resolution in both space and time, as well as boundary conditions. A proper DNS,
with appropriate resolution of the boundary layers, critical in wall driven flows, as
well as of the flow core, where a good portion of losses are generated due to blade-
rows interactions, is currently possible only for limited classes of flows. LES is indeed
a valid alternative, but it is necessary to verify the impact of the sub-grid-scale model
and errors induced by the numerical scheme or the grid resolution. Therefore, strin-
gent quality checks are required to make sure the proper balance between modeling
and resolving turbulence is achieved, and the results are not contaminated by spurious
errors and thus reliable. Nevertheless, with continued increase in available computing
power, high-fidelity simulations will unveil the detailed flow physics in increasingly
complex and realistic main gas path turbomachinery component configurations, and
thus their industrial impact will grow.
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