energies

Review

A Review of Laboratory and Numerical Techniques to Simulate
Turbulent Flows

Simone Ferrari 1'*

check for
updates

Citation: Ferrari, S.; Rossi, R.;

Di Bernardino, A. A Review of
Laboratory and Numerical
Techniques to Simulate Turbulent
Flows. Energies 2022, 15, 7580.
https://doi.org/10.3390/en15207580

Academic Editor: Artur Blaszczuk

Received: 18 July 2022
Accepted: 10 October 2022
Published: 14 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Riccardo Rossi

2() and Annalisa Di Bernardino 3

Department of Civil-Environmental Engineering and Architecture (DICAAR), University of Cagliari,
09123 Cagliari, Italy

2 RED Fluid Dynamics, 09127 Cagliari, Italy

Physics Department, Sapienza University, 00185 Rome, Italy

Correspondence: ferraris@unica.it

Abstract: Turbulence is still an unsolved issue with enormous implications in several fields, from
the turbulent wakes on moving objects to the accumulation of heat in the built environment or
the optimization of the performances of heat exchangers or mixers. This review deals with the
techniques and trends in turbulent flow simulations, which can be achieved through both laboratory
and numerical modeling. As a matter of fact, even if the term “experiment” is commonly employed
for laboratory techniques and the term “simulation” for numerical techniques, both the laboratory
and numerical techniques try to simulate the real-world turbulent flows performing experiments
under controlled conditions. The main target of this paper is to provide an overview of laboratory and
numerical techniques to investigate turbulent flows, useful for the research and technical community
also involved in the energy field (often non-specialist of turbulent flow investigations), highlighting
the advantages and disadvantages of the main techniques, as well as their main fields of application,
and also to highlight the trends of the above mentioned methodologies via bibliometric analysis.
In this way, the reader can select the proper technique for the specific case of interest and use the
quoted bibliography as a more detailed guide. As a consequence of this target, a limitation of this
review is that the deepening of the single techniques is not provided. Moreover, even though the
experimental and numerical techniques presented in this review are virtually applicable to any
type of turbulent flow, given their variety in the very broad field of energy research, the examples
presented and discussed in this work will be limited to single-phase subsonic flows of Newtonian
fluids. The main result from the bibliometric analysis shows that, as of 2021, a 3:1 ratio of numerical
simulations over laboratory experiments emerges from the analysis, which clearly shows a projected
dominant trend of the former technique in the field of turbulence. Nonetheless, the main result from
the discussion of advantages and disadvantages of both the techniques confirms that each of them
has peculiar strengths and weaknesses and that both approaches are still indispensable, with different
but complementary purposes.

Keywords: turbulence; laboratory; numerical; simulations; trends

1. Introduction

Turbulence can be defined in several ways but all of them in some way remark that a
turbulent flow is as a state of a fluid flow which is very irregular in time and in space: one of
the ascertained consequences of this irregularity is that turbulence is not deterministic, i.e.,
it is not completely predictable from some initial or boundary conditions, as an infinitesimal
change in those initial conditions produces a finite change in the following motion. On
the opposite, a laminar flow is regular in time and in space and, given some initial or
boundary conditions, predictable, with the same degree of approximation of the given
initial conditions: so, in other words, it is deterministic (see, among the others, Tennekes
and Lumley [1], Falkovich et al. [2], and Davidson [3]). Even if several descriptions of
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turbulence features have been given during the centuries, starting from Leonardo da Vinci’s
descriptions, (Marusic and Broomhall [4]), a definitive definition of turbulence, taking into
account all its characteristics, is still difficult to be achieved, even if some common features
can be identified, such as fluctuating velocities, a multiscale behavior, the presence of
organized structures in the form of vortex filaments and of stagnation points, just to recall
the most common (Davidson [3]). The most relevant consequence in everyday life of this
lack of a complete comprehension of turbulent flows is that, after almost one and a half
centuries from the seminal experiments of Reynolds (Reynolds [5], but see also the critical
review of Jackson and Launder [6]) and despite the fact that the governing equations (the
Navier-Stokes equations, see Equation (1) below) have been known since the XIX century,
a complete understanding of turbulent flows is far from being achieved, leaving turbulence
as an “undefinable concept”, according to Frisch [7], and as the only unresolved field of
classical Mechanics. This often-mentioned sentence by Sir Horace Lamb (see, e.g., Goldstein
and Hultgren [8]) can give an idea of the difficulties encountered in the field of turbulence:
“I am an old man now, and when I die and go to Heaven there are two matters on which I
hope enlightenment. One is quantum electro-dynamics and the other is turbulence. About
the former, I am really rather optimistic”.

This has enormous consequences in practically every field of human life, as turbulent
flows are present almost everywhere and at a broad range of length scales, from 10> m in
galaxies and 107 m in the Earth’s atmosphere or 10° m in clouds, to 1072 m in soap films or
1075 m in liquid crystal flows. Consequently, this lack of understanding of turbulent flows
is possibly the most serious obstacle to reach a systematic description of many important
engineering and environmental phenomena. Only to quote some, the reduction in energy
losses in the movement of cars (Ferraris et al. [9], Palanivendhan et al. [10], Igali et al. [11],
Kurec and Piechna [12]) trains (Wang et al. [13] and [14], Zhang et al. [15]) and aircrafts (Bollt
and Bewley [16], Varshney et al. [17], Miller et al. [18]), the improvement in the efficiency of
engines (Kazmouz et al. [19], Balmelli et al. [20], Krastev and Di Ilio [21]) and the reduction
in their noise (Zhong et al. [22], Polacsek et al. [23], Jun et al. [24]), the dispersion of pollu-
tants released in the atmosphere (Bellini et al. [25], Huertas et al. [26], Defforge et al. [27], Di
Bernardino et al. [28]) or in the ocean (Liang et al. [29], Chen et al. [30], Lee et al. [31]), the
weather forecasts (Chiniforoush et al. [32], Tsiringakis et al. [33], Verbitsky and Khodzin-
skaya [34]), the atmospheric boundary layers (Di Bernardino et al. [35], Lu and Li [36],
Tkachenko et al. [37]), Barbarosa et al. [38]),the mixing and combustion in chemical reactors
(Soto et al. [39], Janoszek and Masny [40], Mularski and Modliriski [41]), the optimization
of turbines (Pacciani et al. [42], Duthe et al. [43], Yang et al. [44]), the study of the air
flowing through the lungs (Wu et al. [45], Rajendran and Banerjee [46], Singh et al. [47]), the
non-equilibrium turbulent flows (Bourguet et al. [48], Cafiero and Vassilicos [49], Lapsa and
Daham [50]), the particle transport in geophysical flows (He et al. [51], Berk and Coletti [52],
Boffetta et al. [53]), the analysis of rough boundary layers (Clauser [54], Piomelli [55],
Ohya [56], Otten III and van Kuren [57], Kornilov and Boiko [58]), the optimization of heat
transfer (Jiao et al. [59], Gradziel et al. [60], Proriczuk and Krzanowska [61], Ngwa et al. [62]),
and the supersonic flows (Kovasznay [63], Volov et al. [64], Li et al. [65]), etc.

As stated before, non-reacting adiabatic Newtonian fluid flows are described by the
Navier-Stokes equations together with the mass conservation equation:
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where D/ Dt denotes the Lagrangian (or total or material) derivative, u; is the fluid velocity,
a; is the fluid acceleration, f; is the forcing, dp/dx; is the pressure gradient, p is the fluid
density, v is the fluid kinematic viscosity, azui / ijax]- is the velocity Laplacian and du i / 8xj
is the velocity divergence. The acceleration of a fluid is the Lagrangian derivative of the



Energies 2022, 15, 7580

3 of 56

velocity (Equation (2)) and so it is by its nature a Lagrangian quantity: this implies it is
directly measurable by Lagrangian measurement techniques only:
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Anyway, it can be extracted by the sum of its two components, the local acceleration
(the partial temporal derivative of velocity) and the advective acceleration (or transport
terms, i.e., the partial spatial derivatives of the velocity times the transport velocity; see
Equation (2)); however, the data from laboratory (and numerical) simulations are neces-
sarily discrete, so this implies an approximation, because the partial derivatives must be
approximated as finite differences.

As above stated, fluid flows are not always, in general, turbulent: they become
turbulent when the Reynolds number Re, the ratio between inertial and viscous forces
or, as it is usually represented, the ratio of a typical flow velocity U times a typical flow
length-scale L divided by the fluid kinematic viscosity v, is high enough, i.e., larger than a
certain critical value, depending on the particular phenomenon under investigation.

e
Y,

Re ®)

As Re tends to infinite, the so-called fully developed turbulence is reached, where the
statistics of the velocity fluctuations are independent of Re itself, the effect of viscous forces
is negligible and nonlinearity dominates the flow: a statistical description over a broad
range of data is so necessary to describe this complicated and irregular behavior.

However, is turbulence a random phenomenon? For many decades the answer to
this question was positive and turbulence was studied only from a statistical point of
view; however, it has been shown that the statistics of particle pair dispersion in turbulent
flows (proportional to the third power of time) are different from the ones in Brownian
motion (random walk) (Ottino [66]), providing an (optimistic?) perspective for a future
general comprehension.

In any case, currently the turbulent flows have to be investigated through the statistical
analysis of large data-sets, which can be obtained thanks to the increased performance
of up-to-date numerical and laboratory simulation and measurement techniques, which
hold the potentiality to allow the scientific community to gain new insights and knowledge
and go toward a deeper understanding of turbulent flows, with a consequent energy
consumption optimization in all the turbulence related fields, and helping to reduce the
related pollution as well.

As a consequence, the two main targets of this paper are:

¢ To provide an overview of the present laboratory and numerical techniques to inves-
tigate turbulent flows useful for the research and technical community involved in
the energy field (often non-specialist of turbulent flow investigations), highlighting
advantages and disadvantages of the main techniques, as well as their main fields
of application, in order to help the reader in selecting the proper technique for the
specific case of interest and then, following the related bibliography, in deepening
the selected one; to the best of the authors” knowledge, this is the first review paper
with these features. As a consequence of this target, the limitations of this review are
twofold: on one hand the details of each single technique cannot be provided and, on
the other hand, even though the experimental and numerical techniques presented in
this review are virtually applicable to any type of turbulent flow, given the numerous
features and characteristics encountered in the very broad field of energy research, the
examples presented and discussed in this work is limited to single-phase subsonic
flows of Newtonian fluids.

e Tohighlight the trends of the above mentioned two methodologies in the investigations
of turbulent flows.
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Moreover, at the end of the paper we also provide a taxonomic analysis of the com-
monly employed language in turbulent related fields in order to contribute to a revision of
the commonly employed language. This because, even if the term “experiment” is com-
monly employed for laboratory techniques and the term “simulation” for the numerical
techniques, both the laboratory and numerical techniques try to simulate the real-world
turbulent flows performing experiments under controlled conditions, so the community
could go beyond this sharp separation between “laboratory experiments” and “numerical
simulations”. The following of this paper is organized as follows: in Section 2, a review
of the technique for the laboratory simulation of turbulent flows is given; Section 3 deals
with a review of the technique for the numerical simulation of turbulent flows; in Section 4,
advantages and disadvantages of laboratory and numerical simulations are given, as well
as the trends of techniques in the investigations of turbulent flows, also through a biblio-
metric analysis, to then face the topic of the meaning of words such as “simulation” and
“experiment” in the contemporary field of turbulent flow investigation, to eventually draw
conclusions and final remarks.

2. Laboratory Simulations of Turbulent Flows

The first modern scientific investigations on turbulence were made via laboratory
experiments, starting from the above quoted seminal experiments of Reynolds [5] and
from the first papers citing laboratory experiments on turbulence and indexed on Scopus
by Mackenzie and Honaman [67] and of Tice [68], as for many decades this was the only
available way, except, of course, the direct observation of real life phenomena which had
the obvious defect to not be repeatable. Nowadays, even if the increasing computational
capabilities of computers has made numerical simulations the most common way of
investigating turbulent flows (see Section 4), laboratory experiments are still indispensable,
because they are needed to validate and calibrate novel codes and models for numerical
simulations, because it is easier and less time-consuming to reach high Reynolds numbers
in the laboratory (see, e.g., Frisch [7]) and, last but not least, because they are still the
most affordable way to reproduce novel phenomena involving turbulent flows and not
investigated before.

The first way to investigate turbulent flows in the laboratory was by means of flow
visualization and observation performed by the scientist, which was soon replaced and/or
sustained by quantitative measurements via physical probes inserted into the flow (the first
measurements of this kind reported on papers indexed in Scopus are the Pitot tube ones by
Bellet [69]). The drawback of physical probes is that they are intrusive, i.e., alter the flow
they are supposed to measure, and pointwise, i.e., they take measures in a single point
of the flow. This means that many experiments are needed to obtain a two-dimensional
(2D) or three-dimensional (3D) representation of the flow field. Otherwise, racks of probes
can be employed, but of course the more the probes are, the more the flow to observe is
altered. To overcome the first drawback, non-intrusive or quasi non-intrusive (or minimally
intrusive) techniques have been developed, while to overcome the second one planar and
volumetric techniques have been designed. On the other hand, usually physical probes can
achieve, with equal cost, higher temporal frequencies than non-intrusive techniques.

In the following, Section 2.1 is devoted to the intrusive techniques, and Section 2.2 to
the non-intrusive and quasi non-intrusive (or minimally intrusive) techniques employed
to perform measurements in turbulent flows, with a particular attention to the techniques
based on digital image analysis (DIA), while Section 2.3 details a brief discussion on the
accuracy of the velocity measurement provided by the main techniques.

2.1. Intrusive Techniques
2.1.1. Pitot Tubes

The Pitot tube, also known as the Pitot probe, is used to determine the fluid flow
velocity by directly measuring total pressure and static pressure from which the velocity
pressure can be obtained. The device consists of a tube pointing directly into the fluid
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flow. When the fluid enters the tube (from the dynamic port, see Figure 1), where it is
brought to rest, the stagnation pressure (or Pitot pressure) is measured. However, it cannot
be used directly to calculate the flow velocity. Therefore, a manometer is connected to
the tube allowing for the measurement of both the static (from the static port, see also
Figure 1) and total pressures. The manometer will then display dynamic pressure, which
can be converted into velocity. In modern Pitot tubes, proper nose or tip design, along
with enough distance between the nose, static pressure taps, and stem, permit to minimize
turbulence and interference.

Manometer
Total Static
pressure pressure
Static
: g ort
Dynamic E I
port
—_—
[
—

Figure 1. Schematic of a Pitot tube (modified from Ezzeddine et al., 2019 [70]).

Pitot tubes are easy to install, not expensive and, thanks to their size, they can be
inserted into the fluid without interruptions. They also contain no moving parts, thus
minimizing frictional losses. In addition, the pressure losses are very small and can be
in-stalled even in extreme environments, in conditions of high temperatures and pressures.
On the other hand, they can only be used in high-velocity flows, having low sensitivity and
poor accuracy. Moreover, Pitot tubes do not permit to evaluate modifications in the velocity
profile, as small velocity changes result in very low differential pressure, difficult to be
evaluated. Finally, the measurements are affected by changes in the flow direction and are
not suitable for dirty fluids or with sediments because they can easily become clogged with
foreign materials in the liquid.

Recently, Pitot tubes have been used to evaluate the trajectory and speed of hy-
brid unmanned aerial vehicles with vertical take-off and landing (Ariante et al. [71];
Zhang et al. [72]). Fixed-wing unmanned aerial systems are also used for the study of
turbulence in the atmospheric boundary layer and in the proximity of wind turbines. In the
latter case, the aerial systems are equipped with multi-hole Pitot probes, calibrated through
laboratory simulations to evaluate, with independent measurements, the uncertainty of
statistical turbulence, flux calculations, and quantitative analysis of the turbine wake charac-
teristics, varying the Reynolds number (Rautenberg et al. [73]). Furthermore, they allowed
studying the gas-dynamic parameters of supersonic microjets, paying attention to Pitot
pressure variations on the jet axis associated with the wave structure of the jet and to
distortions of the supersonic core length (Mironov et al. [74]). In addition, Pitot tubes are
used to measure flow velocity in narrow ducts (D’Amato et al. [75]) and in hydraulic jumps
developed in stilling basins (Macidn-Pérez et al. [76]).

2.1.2. Hot Wire Anemometer (HWA)

The Hot Wire Anemometer (HWA) is a thermal transducer widely used to calculate
instantaneous flow velocity from electric voltage measurements in airflows. The sensor
consists of a very thin wire typically made of platinum or tungsten, usually hundreds of
microns long and about 5 pm in diameter—which dictates its spatial resolution—connected
to a measuring bridge (Figure 2). When the wire is fed by an electric current, it heats up
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until it reaches a temperature higher than that of the fluid in which it is immersed. The flow
passing through the wire tends to cool it, and the cooling rate depends on the flow velocity.

HWA, although very delicate, has an extremely high-frequency response and allows
measurements with high spatial resolution compared to other traditional techniques. More-
over, HWA is available as single-point instruments for test purposes, or in multi-point
arrays for fixed installation. The main advantage of using HWA is that, by increasing
the ratio between the length and the diameter of the probe, the temperature distribution
around the wire is more homogeneous and the influence of the sensor on the flow is less.
On the other hand, however, by increasing this ratio, the mechanical stability of the probe
decreases. A single hot wire can measure the norm of the velocity vector if the plane in
which the velocity vector lies is known (in most cases, the probe-stem is perpendicularly
aligned with the mainstream direction of flow) but cannot give any directional information.
In order to add directional sensitivity, two slanted wires (X-shaped probe with two crossed
wire) may be used to obtain transverse velocity components: in this case a two-channel
apparatus is needed for simultaneous measurement of two signals (Lomass, 1986 [77]).
Obtaining accurate point measurements of mean and fluctuating velocities is difficult in
reverse flow regions and standard hot-wire anemometry is virtually useless unless complex
hardware and software systems are employed (Bruun 1995 [78]). To perform this kind of
measurement, either Laser Doppler Anemometry or Pulsed Wire Anemometry (LDA and
PWA, respectively, see below) are needed (Bradbury, 1976 [79], Heist and Castro, 1996 [80]),
even if the HWA can be successfully used in the separated flows outside the reverse flow
region (see, e.g., Leder, 1991 [81], Boiko et al., 1991 [82], Torii and Fuse, 1993 [83]).

Electric
current

/

Fluid
\

flow a
/ \ Wire support

Thin wire

Figure 2. Schematic of a hot wire anemometer (modified from Stornelli et al., 2017 [84]).

HWA is used more frequently for scientific than industrial purposes. In fact, the
fine wire probe is fragile and sensitive to contamination and, therefore, usually is not
appropriate for industrial environments. Furthermore, the wire temperature is often
too high for low-speed measurements, as strong natural convection from the wire can
cause non-negligible errors. For this reason, these sensors can be used in wind tunnels
with velocities ranging between 0.25 m/s and 60 m/s (Wilson [85]), but also allow the
investigation of supersonic flows (see, e.g., Kovasznay, 1950 [86], Weiss et al., 2001 [87],
Sakaue et al., 2020 [88]): in this last case, the prongs have to be designed for minimizing
parasitic effects of shock waves (Gatski and Bonnet, 2009 [89]). Finally, the temperature
compensation is employed to correct for fluctuations in ambient air temperature, which
may not be available or may not cover the desired operating range.

HWA has been also used to evaluate the velocity perturbations and the combustion
instability characteristics of turbulence stabilized combustors (Hwang and Ahn [90]), and
to study the turbulence intensity under a large range of temperature variation (Lee and
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Lee [91]). Since the end of the 1950s (Hinze, 1959 [92]) HWA can be used in a constant
temperature mode, in which the wire resistance and wire temperature are kept virtually
constant (see, e.g., Freymuth, 1967 [93]), avoiding burnout damages to the hot-wire sensor,
irrespective of the flow velocity, compared to the constant-current anemometer (see, e.g.,
Yatskikh et al., 2018 [94], Inasawa et al., 2020 [95]). In this configuration, HWA permits
the measurement of very rapid velocity fluctuations (Ligeza [96]; Ligeza [97]). Moreover,
to improve the sensitivity of the HWAs, macro-sized double-walled carbon nanotube
strands are developed (Wang et al. [98]) and sensors similar to HWA but with a shorter
response time and made in all-silica are under development (Njegovec et al. [99]). Further
technological progresses have made it possible to develop HWA sensors with low noise, low
power, and miniaturization characteristics that are used in the study of insect biomimetic
robots to understand the characteristics of real insect movement (Nam et al. [100]).

2.1.3. Hot Film Anemometer (HFA)

The Hot-Film Anemometer (HFA) is a thermal transducer similar to the HWA. The
main difference is the structure of the sensor: HWA consists of a cylindrical quartz or
glass core (typically, 0.25 mm long with a diameter between 50 and 70 pm), covered with
a platinum or nickel film (less than 0.1 um thick), which, in turn, is electrically insulated
through thin quartz or ceramic coating (less than 2 yum in thickness). Since the rod is longer
than the film, not negligible effects of the prongs on the flow are detectable only when
the flow is almost parallel to the sensor in the immediate surrounding area. Furthermore,
mechanical strength and film thickness are independent. The working principle is similar
to that of HWAs, being HFA able to operate in constant current or constant temperature
conditions. The main advantage, compared to an HWA, lies in the greater mechanical
strength of the film sensor for similar electrical and thermal properties, and the increased
robustness permits use of the HFA also to measure the flow rate of liquids, such as water.
An evolution of the classic HFAs are the split hot-film sensors (Hoshino and Ito [101]), in
which the film on a cylindrical rod is divided into two parts. In this way; it is possible to
distinguish between flow components even in a plane almost perpendicular to the sensor.

In recent years, HFA is typically used wind-tunnel experiments to study the flow
regime into pipelines (Kadam [102]), to investigate at laboratory-scale building mod-
els with particular architectural characteristics are reproduced (Tavakol et al. [103]), or
to study the characteristics of indoor/outdoor airflow and pollutant exchange in build-
ings (Cui et al. [104]). Furthermore, HFA is used to calibrate three-cup anemometers
(Bai et al. [105]) and in aerodynamics to evaluate boundary layer transition on an oscillating
airfoil (Ikami et al. [106]).

2.1.4. Pulsed Wire Anemometer (PWA)

Pulsed wire anemometer is a classical sensor introduced in the late 1960s and continu-
ously improved. The velocity measurement is performed by timing the passage of a heat
tracer between two thin wires (Figure 3). Again, as in the case of HWA and HFA, an electric
current is generated and the sensor wires work as a simple resistance thermometer to detect
the arrival of the tracer. Knowing the distance between the pulsed wires and the sensors,
the instantaneous velocity of the fluid can be derived. So, in PWA, the output only depends
on the velocity component in one predefined direction and it is capable of detecting when
this component reverses flow direction: for this reason, it can be used successfully in
the region of reverse flow of separated flows. Krogstad and Sinangil (1985 [107]) made
comparative measurements between LDA (see below), PWA, and HWA in the near wake
of a circular cylinder and concluded that the measurements using the PHWA are in good
agreement with LDA data, even in the reverse flow region of separated flows, where the
HWA limited directional sensitivity can lead to non-negligible errors (see also Kitzing and
Sammler, 1984 [108], Handford and Bradshaw, 1989 [109], Bradbury, 1978 [110]).
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Figure 3. Schematic of a pulsed wire anemometer (modified from Bradbury and Castro, 1971 [111]).

The time interval required to cool the instrument determines the acquisition rate of
samples. When flows with very low velocities are investigated, high sampling rates are
required to have uncorrelated measurements.

One of the disadvantages of using PWA is the size of the probe, which is significantly
larger than HWA and HFA. It makes this technique applicable only in relatively large-scale
experiments. On the other hand, the instrument configuration reduces the noise of the
instrument to the flow.

Historically, PWAs have been used to study flow behind slightly tapered cones (Brad-
bury and Castro [111]) and flows around obstacles (Hunt and Castro [112]).

As often happens with traditional techniques, PWA is nowadays often used as a
support for other laboratory measurement techniques or to validate numerical simulations
(Luo et al. [113]; Tominaga and Shirzadi [114]). For example, Brown et al. [115] used a wind
tunnel with six canyons measuring flow velocity where the flow reaches the equilibrium.
The same authors (Brown et al. [116]) performed a wind-tunnel experiment by measuring
the velocity at different points and at different altitudes of a three-dimensional array
of cubes.

2.2. Non-Intrusive and Quasi-Non-Intrusive or Minimally Intrusive Techniques
2.2.1. Laser Doppler Velocimetry (LDV)

Laser Doppler velocimetry (LDV), also known as laser Doppler anemometry (LDA),
is a point-wise technique extensively applied to measure the local, instantaneous velocity
in transparent and semi-transparent fluid flows and the linear or vibrational motion of
opaque and reflecting surfaces. It is typically applied for the study of mixing, liquid
flow, and energy dissipation in a variety of flow situations, including stirred bioreactors,
nozzles, and combustion chambers. LDV was introduced in the 1960s and is based on
the Doppler Effect. The light is emitted by a monochromatic, coherent, linearly polarized
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laser source and is split into two parallel beams with equal properties by a beam splitter
(Figure 4). Both beams are refracted passing through a lens system and cross to form
a fringe pattern. The local, instantaneous fluid velocity is computed by detecting the
frequency of light scattered by small particles (typically 1-10 pm in diameter) suspended in
the flow passing through a small control volume and assumed to faithfully following the
flow velocity (Goldstein [117]). In fact, according to the Doppler principle, the frequency of
the light scattered is shifted proportionally to the flow velocity. A photodetector is used to
collect the scattered light and the particle velocity is obtained analyzing the wavelength
(Durst et al. [118]; Tavoularis [119]).

High-spatial resolution measurements can be carried out traversing the sensor in
the flow field. The dimension of the measurement volume determines the output spatial
resolution. Classically, the measurement volume is 1-2 mm long and 100 pm wide. The
temporal resolution is only limited by the intensity of the light scattered by the particles
and by the number of particles suspended in the flow.

The main advantages of the LDV technique are: (i) the absence of disturbance to the
flow to be studied, as this technique is non-invasive and does not require the positioning of
probes within the flow itself, (ii) the high accuracy of velocity measurements without re-
quiring a detailed calibration, (iii) the independence from temperature and fluid properties,
and (iv) the possibility to measure any desired velocity component.

s Particles
i g ' Scattered
Parallel 1 4 light
beams 1 I
Laser source _,_r"»--- -_ e / ‘ Photodetector
—~——— ar f 18___] i \JJI'{ED":* N
L-_ e -—--ﬁf ' ] —— \_
Beam fiens 4 \
splitter r,
Flow

Figure 4. Schematic of a typical laser Doppler velocimetry arrangement (modified from Hennessy,
2005 [120]).

On the other hand, the main disadvantages are: (i) the need to inseminate the fluid if
the number of particles already present is too low, (ii) the difficulty in making measure-
ments crossing curved surfaces, and (iii) the impossibility of carrying out simultaneous
measurements on several planar or volumetric points. To overcome these problems, gener-
ally, the walls of the vessels containing the fluid are made of transparent materials such as
glass, acrylic plastic, and Perspex and, if the measurements fluid is water, silicon carbide,
polystyrene, plastic, and metal-coated material particles with a diameter between 0.1 and
10 pm are generally added. Instead, to obtain information on multiple points, it is necessary
to move the laser and the optics or the flow system so that the laser beams intersect at the
different points of interest.

The sources of error of LDV measurements are mainly due to the inaccurate alignment
of the laser source with respect to the point to be studied, to the finite time necessary for the
particles to cross the control volume, and to variations in velocity within the volume itself.

After decades in which the LDV technique has been widely applied for single mea-
surements, in recent years it has been generally coupled with other optical measurement
techniques or has been used for the validation of numerical simulations. For example,
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Sayeed-Bin-Assad [121] used a 2D-LDV probe mounted on a 3D software-controlled travers-
ing mechanism, flow visualizations, and Unsteady-RANS models to study the turbulent
wake behind a semi-circular step cylinder with a constant flow rate. Their measurement
volume was about 0.123 x 0.117 mm? and water was seeded with polyamide particles.
Agrawal et al. [122] used a water-channel facility and LDV to investigate intermittencies in
low- and high-drag events in Newtonian fluid flows. They modified the transmitting optics
of the LDV to measure the two-component velocity measurements very close to the wall by
rotating the laser head by 45° about the spanwise axis to become closer to the bottom wall
and by placing a biconcave lens in front of the laser head to increase the focal length of the
laser beams. Moreover, Le Bideau et al. [123] used the LDV method to measure velocity
profiles in order to validate the numerical output of a two-phase hydrodynamics model of
alkaline water electrolysis for the production of hydrogen.

A similar technique to the LDV is the Phase Doppler Anemometry (PDA) (sometimes
also known as particle dynamics analysis or with similar definitions). PDA relies on the
same velocity measurement principle as LDV but in PDA the velocity value is measured
by analyzing the frequency shift of light scattered by the flowing seeding particles in the
measurement volume generated by of at least two intersecting laser beams. PDA allows the
measurement of particle size as well (through the evaluation of the phase difference of the
two incident laser beams, which is in fact proportional to the particle diameter), allowing
the measurement of particle concentration and mass flux (see, e.g., Ofner [124]).

2.2.2. Digital Image Analysis (DIA) Techniques

Image-based measurement techniques in fluid flows have been employed since the
1970s, with the diffusion of high frequency cameras and digital images, which allowed to
process, faster than before, groups of images of a flow. Suzuki and Shiozaki, in their paper
from [125], employed high speed photography to analyze a combustion system for diesel
engines. A second explosion happened in the 1990s and 2000s (Fernando [126]), when the
increase in computation and storage capacities of computers allowed us to rapidly analyze
the huge amount of data available from image-based technique experiments (Mayinger
and Feldmann [127]).

In DIA techniques, one or more cameras (depending on the type of measurement
carried on, planar, stereo or volumetric) shoot images of a lighted region of the investigated
flow (a plane or a volume); in the case of planar measurements, the camera must be placed
orthogonally to the illuminated plane (Figure 5). The cameras are usually equipped with
CCD—Charge-Coupled Device or CMOS—(Complementary Metal-Oxide-Semiconductor)
sensors, and can shoot images at a certain frequency and definition. The investigating
region is usually lighted by one or more lasers (so the area of interest in the flow must
have an optical access, e.g., a transparent wall), whose beams are modified into planes
or volumes by suitable lenses. Laser emissions for DIA laboratory experiments can be
continuous or pulsed; in this second case, the laser and the camera must be connected to a
trigger, to ensure the image is shot while the investigation area is illuminated by the laser.
The experiments are usually carried on in a non-illuminated dark laboratory and the flow is
usually seeded with light-reflecting non-buoyant particles or dyes, depending on the target
(velocity or concentration measurements) and on the applied technique, so a typical image
displays some light regions (e.g., particles) on a dark background. On one hand, the DIA
techniques have many advantages, such as: (i) the alteration of the flow is usually negligible;
(ii) 2D and 3D spatial measurements can be rapidly achieved (many DIA techniques can
even operate in real time); (iii) even if the directly measured quantity is the light intensity,
many other quantities can be measured indirectly on the whole investigation field, e.g., the
concentration or, when comparing the position of particles on two consecutive images, the
velocity, vorticity and acceleration; (iv) the optical access needed for this techniques allow
the investigator to look at the flow and see what is happening in the flow, which allows the
researcher to draw first ideas on the flow properties (and, sometimes, adjust something
that can be wrong in the experiment, e.g., unexpected level of turbulence) rather than wait
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for the data to be processed (and sometimes have to setup the experiments again). On the
other side, the DIA techniques main disadvantages are: (i) frequency acquisition, i.e., in
this case, the temporal distance between two consecutive images, is usually lower than
the one achievable, at similar costs, with physical probes; (ii) an optical access to the area
of interest of the flow is needed, which in some cases (e.g., industrial equipment) can be
difficult, expensive or even impossible; (iii) a particular care must be given to the refraction
index of the flow and of the optical properties of the optical access, which, e.g., in the case
of curved surfaces such as in pipes, can alter the light and, consequently, the value of the
measured quantities.

Laser source

Light sheet

Camera

Investigation area

Figure 5. Schematic of a typical laboratory setup for digital image analysis techniques (modified
from Correia et al., 2021 [128]).

Particle image velocimetry (PIV) has become the most widespread techniques for
velocity measurement in fluid flow (Westerweel et al. [129]). The term PIV first appeared
in the scientific literature in the 1980s, in the paper by Pickering and Halliwell [130] even
if this technique was already employed since the mid of the 1970s but under the name of
Laser Speckle Velocimetry (Pusey [131]). In P1V, the flow is seeded with a high density of
non-buoyant particles (much higher than the one allowed in particle tracking velocimetry—
PTV, see below), and the velocimetry technique is based on digital image correlation—DIC,
i.e., on the auto/cross correlation between a small interrogation window on an image
taken at time f and the same window on the successive image, taken at a time t + Af,
but slightly shifted around its position on the first image: the distance between the first
window and the window in the second image maximizing a given correlation function
(i.e., the most similar to the first one) is considered the distance covered by the particles
in the time At. This correlation, under the hypothesis of brightness constancy and small
particle motion between the two images, is performed on a regular grid of windows and a
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single velocity is found for each window, usually containing a certain number of particles:
so the measured velocity field is actually the mean velocity of that group of particles,
reason why PIV is an Eulerian measurement technique. Relying on the comparison of two
consecutive images, PIV is sometimes called two-pulse PIV, which means that usually PIV
returns instantaneous velocity fields for each couple of images: if the temporal distance
between couples of images is short enough to follow the flow structures, we can talk of
time-resolved PIV, as firstly mentioned by Vogel and Lauterborn in 1988 [132]. On one
hand, the high-seeding density allow the PIV to easily measure velocity field on the entire
investigation field, and the adoption of correlation functions makes it a very robust method
to digital noise, as stated, among the other, by Kahler et al. [133], who list the improvements
of PIV techniques in terms of accuracy, resolution, dynamic range, and extension to higher
dimensions. For instance, to improve the robustness of correlation, Falchi et al. [134] has
developed and tested a robust image velocimetry (RIV), where, in place of the traditional
auto/cross correlation, a more robust measure of the dissimilarity between interrogation
windows is adopted. On the other hand, the spatial resolution is inversely proportional to
the dimension of the interrogation window (the grid size). In addition to planar PIV, which
allows to measure two components (2C) of the velocity field in a plane employing a single
camera (2D-2C measurements), Stereo PIV (allowing 2D-3C measurements employing
two cameras shooting the same illuminated plane from different angles and introduce by
Hinrichs et al. [135]) and tomographic PIV (allowing volumetric 3D-3C employing at least
three cameras and introduced by Brucker [136]) have been developed. Moreover, a four-
exposure PIV system can be employed to measure the acceleration and pressure distribution
in a flow field by comparing the velocity of the same group of particles at different times
(see, e.g., Liu and Katz [137]). The widespread diffusion of PIV is proved by the large
number of reviews available in the literature in different fields of application. For instance,
Williamson et al. [138] and Noor and Johari [139] examined the employment of PIV to
study laboratory models of hemodynamic flows with and without cardiovascular devices or
artificial devices, highlighting that PIV have been mostly employed to investigate unstented
models or intra-aneurysmal flow rather than peri or distal stent flow behaviors, and that
PIV has been used both for standalone measurement and for validation of CFD studies.
Jolley et al. [140] focused on the recent use of large-scale PIV and PTV for non-contact
remote measurements in rivers, highlighting potentialities, and current drawbacks, e.g., the
sensibility to the outdoor environmental conditions. Further, Scarano et al. [141] focused
on large-scale PIV, but with attention to its use for industrial aerodynamics, introducing
the fundamental principles of flow seeding with peculiar particles, the helium-filled soap
bubble (HFSB), and showing data from experiments where the free-stream velocity of
50 m/s, which according to the authors can be considered the upper boundary with this
type of measurements, is reached. Jena et al. [142] focused on the applications of PIV for
the investigation of fluid flow and diagnostic purposes in internal combustion engine,
highlighting how PIV can be an essential tool in this field, even if some challenges for its
utilization for in-cylinder flow investigations still exist, e.g., the complication related to
optical access in the intricate geometry of internal combustion engines or to the appropriate
selection of seeding particles in a rapidly evolving ambient, involving fast combustion
and chemical reactions. Blocken et al. [143] reviewed the employment of PIV (and LDA)
and compared their capacity of providing accurate results, when compared to CFD, in the
field reviews wind tunnel and CFD techniques to determine pedestrian-level wind (PLW)
speed for outdoor comfort assessment. Cao et al. [144] have also stressed that the main
reasons that allowed the PIV to become the most popular and promising technique for
airflow field measurement in indoor environment in the last decade are the well-developed
technologies, the great quantity of available experimental works and the large availability
of commercially codes and ready for installation systems. Other relevant reviews about PIV
can be found in the work of Adrian and Westerweel [145], Adrian [146], Buchhave [147],
and Adrian [148].
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Particle Tracking velocimetry (PTV) or low image density particle image velocimetry
is an image analysis technique typically used to reconstruct the two- and three-dimensional
velocity field of a fluid. The PTV allows reconstructing the trajectories of the particles,
identifying the particles’ centers, and obtaining the components of the Lagrangian velocity
of the moving particles, suspended in the fluid itself, by measuring their displacement in
consecutive images recorded with a well-known frame rate. The acquisition system consists
of four main components: illumination system, image recording devices, tracer particles,
and algorithms for image evaluation. In order to use the PTV correctly, the density of the
particles must be low enough to allow the identification of individual particles. From the
direct measurement of the Lagrangian velocity, the Eulerian description of the flow can
be subsequently obtained. Furthermore, the information acquired with the PTV permits
obtaining information with high spatial resolution, guaranteeing the possibility of studying
turbulent structures of small dimensions and with low-velocity gradients. On the other
hand, the main disadvantages in the use of PTV reside in the high sensitivity to noise, the
appearance/disappearance of particles within the single image due to transverse motions
to the illuminated plane, and the superposition of the particles, which complicates their
correct identification. Traditionally, this technique is widely used to study small-scale flows
(Azadi and Nobes [149]) and to low-particle density flows (Cornic et al. [150]) but recently
its use has also been expanded to large-scale indoor airflows (Fu et al. [151]) and to the
investigation of the near-wall regions (Fu et al. [152]). Further recent studies used PTV
to study the combustion of methane hydrate over a powder layer (Misyura et al. [153]),
the activation of the low reactivity industrial fuel (Egorov et al. [154]), the effect of high-
speed jets in highly abrasive environments (Riha et al. [155]), and velocity measurements
in porous media (Sabbagh et al. [156]). In recent years, the evolution of PTV has mainly
concerned technological and algorithmic development, leading to the definition of 3DPTV
and 4DPTV. 3DPTV technique is able to detect the 3D particle position at high accuracy and
at different successive time steps. It uses a multi-camera with a photogrammetric approach
to measure the 3D velocity components, calculated from the relative displacements on each
camera detector between two consecutive images that are subsequently translated into a
3D velocity field using a back projection. As a result, the 3DPTV allows to simultaneously
capture time-resolved series of particle images to make an accurate reconstruction of the
Lagrangian velocities by measuring on a statistically significant and independent number
of samples in order to find a locally convergent solution by means of an appropriate media
process. Moreover, it allows the estimation of other quantities fundamental for the in-depth
study of turbulence—such as vorticity, shear, and normal stresses—and is used to study the
role of coherent structures in the spatial/temporal development of momentum and energy
exchange within the flow. Trieu et al. [157] used 3DPTV to examine the velocity of free
surface flow using two photogrammetry-based PTV algorithms regarding different types
of surface particles employed on the water flow. The increasing engineering interest in 3D
measurements in fluid dynamics also manifests in the application of X-ray tomography
(Weis and Schroter [158]), 3D PTV with digital holography (Wu et al. [159]), with the aim
of also improving the reconstruction quality and improving the measurement accuracy
and reliability (Bruecker et al. [160]). Otherwise, 4DPTV allows the reconstruction of the
velocity field based on spatial (three dimensions) and temporal (plus one dimension) high
resolution (Schanz et al. [161]). For example, this technique has been used to study the three-
dimensional flow structure in stirred tanks (Kuschel et al. [162]). The inherent Lagrangian
nature of PTV has allowed to develop techniques to measure the fluid particle acceleration,
an intrinsically Lagrangian quantity (see Equation (1)), from the time derivative of velocity,
which, in turns, is obtained as the temporal derivative of particles’ positions. Unfortunately,
PTV techniques are very sensitive to measurement noise, which is amplified by the time
derivative, so the acceleration measures can be very noisy. In La Porta et al. [163] and in the
following works by Voth et al. [164] and Mordant et al. [165], a low-pass filter on the tracked
particle positions was applied to reduce the measurement noise: this approach holds the
main issue of the fixed size of the temporal window employed by the proposed filter, which
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is determined without particular physical consideration for each investigated case, with the
target to not delete small flow fluctuations with a too large window size while still removing
noise (which cannot be efficiently removed if the window size is too small). To overcome this
issue with a physical-based criterion, Ferrari and Rossi [166] have developed a self-adaptive
iterative method (Particle Tracking Velocimetry and Accelerometry, PTVA). PTVA relies
on an adaptive number of tracked positions for the reconstruction of particle trajectories,
depending only on the local flow properties, withdrawing some convection/sweeping
information from the measures. PTVA has demonstrated to generate errors which are about
six times smaller for the velocity and about four times smaller for the acceleration than
the ones generated by methods employing a fixed window size. This technique has been
then further developed by, among of others, Martinez et al. [167], in the framework of the
development of a horizontal shock tube facility for measuring velocity and acceleration of
shock-accelerated particles, and by Wang et al. [168], who developed an imaginary particle
tracking accelerometry (IPTA) technique, where a polynomial fitting of the velocities along
imaginary particle trajectories is applied iteratively, until reaching a convergence condition,
in order to improve the accuracy of the acceleration measurement.

Particle streak velocimetry (PSV) can be considered as a subset of PTV, typically used
to track objects moving at high speed in one or more directions. The PSV technique is based
on capturing streak particles using cameras with a long exposure time. The streaks are
essentially the tracks of the particles, the endpoints of each streak can be used to identify
the position of a particle in the frame and, then, the curves that join them form a track of
the particles’ displacement. Therefore, the instantaneous velocity field is obtained directly
from the length of the streaks. PSV was a widely used technique before two-head pulsed
lasers were available to researchers when the length of the streaks was manually assessed
and converted into velocity vectors, through an onerous, time-consuming, and inaccurate
process. Although in recent years this technique has been supplanted by PTV, it allows us
to obtain more accurate and resolved values of the Lagrangian velocity, unlike the group
Euler estimates obtainable from PIV and PTV. On the other hand, however, the PSV cannot
be used in standard PIV configurations because the high spatial correlation of the particle
streaks causes decorrelation and loss of precision in the results. In addition, the problems
of overlap and occlusion, the high spatial uncertainty about the position of the particles,
and the idea that the particle streaks are actually blurs and imperfections of the velocity
field itself are among the most limiting factors. In recent years, PSV has been widely used
in the study of turbulence in indoor environments (Voelker et al. [169], Fu et al. [151]).
Moreover, significant technological advances allowed its application to 3D fields, leading
to the definition of 3D-PSV (Zhao et al. [170]), and the color sequence particle streak
velocimetry (CSPSV, Wang et al. [171]; Wang et al. [172]). Furthermore, the PSV technique
has been improved by applying an ensemble of convolutional neural networks trained on
streak images to draw a statistical prediction of the displacement magnitude (Grayver and
Noir [173]), proposing evolutions of the traditional technique based on decaying streaks
formed by individual phosphor particles following pulsed excitation (Fan et al. [174]), and
improving the resolution of particle streak velocimetry (Tsukamoto and Funatani [175]).

Feature tracking (FT) is the name under which DIA techniques are classified for
computer vision, which, when applied to measurements in fluid flow, are sometimes
also called optical flows (OF). The flow is still seeded with non-buoyant particles and the
experimental setup is the same as PIV and PTV, but the main difference with these is that
the object to track is not chosen a priori (groups of particles in PIV and particles’ centers
in PTV) but is defined as a feature that can be successfully tracked, which is a region in
the image with high luminosity gradients in two directions. Feature tracking was firstly
proposed by Lucas and Kanade [176] and further developed by Shi and Tomasi [177] in the
field of computer vision, where the target was to track objects moving in space, where the
features are most often corners or strongly textured areas in the image; in the area of optical
flows, the best feature to track are usually borders of particles, where the largest brightness
gradients are usually found. Features are then sorted according to their cornerness (i.e.,
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the value of the 2D brightness gradient) and tracked between consecutive images in a
similar way as the PIV correlation (usually minimization of the brightness differences,
e.g., according to Miozzi et al. [178], employing the minimum of the sum of squared
differences of interrogation window light intensities; the linearized equation governing
the minimization problem is then solved only where the solution is guaranteed to exist).
As FT tracks the single features, it returns Lagrangian measurements. Mendes et al. [179],
have presented a comparison study of different OF methods (the most diffused ones by
Lucas and Kanade, 1981 [176], Horn and Schunck [180], and Farnebéack [181], combined
or not with the algorithm by Liu and Shen, 2008 [182]) algorithm), finding that the Lucas—
Kanade method combined with the Liu-Shen algorithm provides the most accurate results
for all the tested flow types and image conditions. FT has rapidly developed in a 3D
velocimetry method, employed in various fields of fluid flows (e.g., in cardiovascular flows,
Zhang et al. [183], in reactive flows for aerospace applications, Lauriola et al. [184], in
high-speed train wake aerodynamics, Ferrari et al. [185], etc.).

The laser-induced fluorescence (LIF, acronym employed also for the light-induced
fluorescence) takes advantage of the fluorescence property of certain substances, i.e., the
property of a dye to emit light at a certain frequency when illuminated by a light (usually
a laser coherent light at a fixed frequency). Since the first employment by Stewart and
Judeikis [186], LIF has become one of the most widely used DIA technique to measure
concentrations and temperature, in particular in gas application (Mayinger and Feld-
mann [127]). The working principle is simple, as the fluid under investigation is seeded
with a fluorescent dye (e.g., Fluorescein or Rhodamine, see Melton and Lipp [187]), illu-
minated with a light at a certain frequency, then the concentration is linearly proportional
to the intensity of the fluorescence signal, provided that the density of the dye is in the
correct range, usually to be very low (Sutton et al. [188]). A calibration image of the lighted
background must be acquired before the experiment, in order to measure the distribution
of the light intensity in the investigated area and to ensure that the fluorescence intensity
varies only because of the concentration. Moreover, a filter lens can be placed on the camera,
in order to record only the frequencies emitted by the dye, even if this can decrease the
amount of light recorded by the camera sensors. Further, the temperature can be measured
by LIF, but with different techniques based, for instance, on the spectral analysis of the
emitted light (see, e.g., the recent study of Orea et al. [189], about the most suitable tracer
for high-temperature molten salt applications, of Zhu et al. [190], about the applications
of LIF to the combustion diagnostics and practical engine measurements, or of McMana-
men et al. [191], about the shock-wave—turbulence interactions in high-speed flight and
propulsion). LIF can be coupled with PIV to obtain simultaneous measures of concentration
and velocity (see, e.g., Savitskii et al. [192], Zhang et al. [193], Charogiannis et al. [194]).

In the light attenuation (LA) or diffused back illumination (DBI) technique the area of
interest must have optical accesses on both side, because on one side the camera is placed,
while on the other side the light is placed: as the working fluid is seeded with a light
absorbing dye (e.g., methylene blue), the light reaching the camera is absorbed by the fluid.
As the light crosses the flow, the light has to be uniformly diffused in the investigation area
(an image of the investigation area without flow should be taken before the experiments to
calibrate the brightness in the recorded images of the flow) and the measured quantity is
usually the integral of the concentration of the dye in the direction of the light. See Allgayer
and Hunt [195] for a more detailed description of the principle of application of LA, in
particular regarding the dye, the dye concentration, the illumination source and the more
suitable optics. In Hacker et al. [196] a LA technique was used to investigate the mixing of
fluid properties transported by gravity currents. Payri et al. [197], employed a DBI setup
to investigate the behavior of liquid sprays injected through two singe-hole nozzles of
different conicity, with the target to optimize the fuel consumption of direct injection diesel
engines. In Choi et al. [198] the layer-averaged concentration fields of an inclined buoyant
jet, discharged into a co-flowing current, has been studied by means of LA.
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The temperature sensitive particles (TSPs) are employed to record temperature field:
they can be prepared with different temperature sensitive dyes that have the capacity to
change color depending on the flow temperature. In this way, a flow seeded with TSPs
can be investigated via a DIA setup to obtain simultaneous measurement of temperature
and velocity fields (as the particles” displacements can be processed thorough PIV or PTV
algorithm). The main problem is usually the calibration of the various used dye, because
the quantity directly measured is a color intensity. In Someya et al. [199] the particles were
luminophors, typically rare earth-doped ceramics. In Massing et al. [200], the particles
were polymer particles doped with the temperature sensitive dye europium III thenoyltri-
fluoroacetonate -EuTTA- for the temperature measurement, and the nearly temperature
insensitive dye perylene for the velocity one. Kim et al. [201] used thermographic phosphor
tracer particles to simultaneously measure the temperature and velocity fields in a confined
oil jet with high temperature. Zhou et al. 2019 [202] proposed an ex situ calibration of
phosphorescence particles, usually calibrated in situ, to measure temperature and velocity
fields in water droplets evaporating in an upward air stream. Burkle et al. [203] employed
two different dyes, uranine and rhodamine B, to eliminate the influence of the droplet size
in the temperature measurement, reaching very reduced uncertainties in the velocity (0.4%)
and temperature (0.24 °C) with a high spatial resolution of 10 pym. An extensive review
about TSP techniques and their coupling with velocimetry can be found in Someya [204],
where a particular attention is given to the phosphor particles and to other dye-doped
particles (more suitable for measurements in different flows and at different temperature),
to their fabrication, limitations, and calibration.

2.2.3. Other Non-Intrusive and Quasi-Non-Intrusive or Minimally Intrusive Techniques

Schlieren (and shadowgraphy or other interferometric techniques, such as Moiré in-
terferometry) takes advantage of the deflection that a collimated light beam experiences
when crossing gradients of the index of reflection in a transparent medium, due to discon-
tinuities in the fluid density. Even if it is a rather old technique, developed in the 1860s
(Cheshire [205]), it is still often employed in particular to measure heat and mass transfer
phenomena (e.g., Pellessier et al. [206] employed the Schlieren method for the investigation
on pulsed synthetic jets for cooling applications) and to investigate supersonic flows (e.g.,
Yanhao et al. [207] investigated, via a high-speed schlieren system, the influence of the
streamwise-pulsed spark discharge array to the incident shock wave/boundary layer inter-
action; Znamenskaya et al. [208] studied, via a schlieren technique and CFD simulations,
the plasma formation impact on the supersonic flow over a blunt cone-cylinder).

Under the classification of light scattering (LS) fall various techniques relying on
the light scattering phenomenon, i.e., the physical processes occurring when an incident
light encounters a group of particles and is consequently partially absorbed, deviated
or deflected. So, in a typical LS laboratory setup a light source before the investigation
area and lenses and detectors after the investigation area are present. The role of the
detectors is to analyze the scattered light to acquire information about the flow present in
the investigation area. Depending on the specific scattering process, the LS can be classified
as LDV (Mie scattering), Rayleigh thermometry, and spectroscopy (Rayleigh scattering),
LIF (fluorescence), Raman spectroscopy (Raman scattering), etc. Without considering LDV
and LIF, already faced above, Rayleigh thermometry allows the measurement of fluid
temperature and density, Rayleigh spectroscopy of diffusivity and thermal conductivity,
Raman spectroscopy of molecular concentration and temperature. LS techniques have been
first developed between the end of 1800s and the beginning of 1900s and are still largely
employed in investigations of fluid flows involving high velocity (i.e., supersonic flows,
such as in Bowlan et al. [209], or in Kouchi [210]) or strong reactions (e.g., combustion, such
as in Shariatmadar et al. [211], or in Franzelli et al. [212]).
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2.3. Accuracy of Laboratory Technigues

In this section, as above stated, a brief discussion on the accuracy of the velocity
measurement provided by the main techniques above described is provided, as this can
help in choosing the proper technique depending on the specific scope of the measurement
campaign. In fact, if on one-side imaging techniques can be very useful in providing
instantaneous velocity fields (and are consequently more indicated for the first investigation
of not completely known flows), the accuracy of velocity measurements with their help is
frequently worse than with point-wise techniques, such as HWA (which are consequently
more indicated for in deep analysis of already known flows). First of all, hot wire methods,
thanks to their fast response and good spatial resolution, are irreplaceable for investigations
of rapidly varying flows and, consequently, are the best method for measurement of velocity
fluctuation in turbulent flows (see, e.g., Bruun, 1995 [78]). As a matter of fact, HWA is the
only method for measurement fluctuations of order of several tens of kilohertz, as it has a
very high frequency response (up to 500 kHz or even higher) and a high spatial resolution,
as the measuring point is typically from 1 to 10 pmm in diameter and from 0.5 to 2 mm in
length. The small measuring point is crucial, as high frequency fluctuations are connected
with the smallest structures (vortices) in turbulent flows: for correct measurement of such
structures the pressure transducers are disqualified because of too big measuring point. As
for the accuracy, there are two factors. The first one is calibration and the second one is
electrical noise. Every HWA probe should be calibrated and the precision of calibration
determines the precision of the measurement (systematic error). For example, employing a
calibration facility with standard precision, the error of the velocity determination is usually
less than 1% (see, e.g., Jonas et al., 2000 [213]) on the instantaneous and mean velocity
evaluation. Electrical noise determines the random error of a given HWA: for instance, the
high-precision laboratory device StreamLine by Dantec Dynamics Company (with high
temporal resolution, as fluctuations up to 450 kHz can be measured, high spatial resolution,
as eddies down to fractions of a mm can be resolved and high dynamic range, from a few
cm/s to supersonic velocities, Dantec Dynamics, 2020 [214]) allows evaluation of intensity
of velocity fluctuations about 0.1%. So, the typical error of the correctly applied HWA
method is less than 1% on the mean velocity and about 0.1% on intensity of fluctuations
(defined as a ratio of standard deviation and mean). Moreover, the turbulence spectrum of
turbulent fluctuations can be evaluated easily, even if no calibration applied: the reason is
that for spectrum mainly its shape (i.e., the —5/3 slope and possibly peaks—frequencies)
is relevant, so in a log-log graph the noise could be determined as part of the spectrum
with the slope smaller than —5/3, or even null, indicating white noise, which is typical for
electrical noise but not in turbulence.

The LDA measurement does not require calibration and the experimental setup practi-
cally determines the measurement inaccuracy. In fact, the inaccuracy is primarily due to
the alignment of the LDA measurement beams concerning the chosen coordinate system:
the greater the deviation (angle) of these beams from the coordinate system, the greater the
error. So, it is highest at an angle of 45° when the LDA does not know the correct direction
and magnitude of the particle velocity. The inaccuracy is further increased by the boundary
conditions of the measurement, such as whether the measurement is made through glass
or other transparent objects. It is also important that the flow is sufficiently saturated
by the passive sensors (the particles suspended in the flow ) from which the beams are
reflected by the LDA detector, as insufficiently continuous saturation causes incomplete
time series and, in turns, the sampling rate that can be used to analyze the data; however,
high sampling rates (up to 10 kHz) can be achieved with the LDA method, depending
on the experimental setup, with an overall measurement error between 1 and 5% (see,
e.g., Janke et al., 2020 [215]). The spatial resolution is related to the sizes of the measuring
volume: Saga et al., 2000 [216], report about 65.3 ptmm (volume diameter) x 0.68 mm
(volume length). Uncertainties in velocity measurements from PIV depend on several
different factors (see, among the others, Adrian and Westerweel, 2011 [145] and Raffel et al.
2018 [217]): on the acquisition frequency, on the sensor resolution, on the postprocessing
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code (e.g., the chosen window interrogation size and correlation scheme, and the peak-
finding and sub-pixel peak fitting scheme), on the diameter and non-buoyancy properties of
the seeding particles, on the particle image intensity distribution, on the background noise,
on the displacement gradients within an interrogation window, on out-of-plane tracer
particle motion, etc. If, on one side, pulsed-burst PIV can reach an acquisition frequency
from 50 kHz (see, e.g., Price et al., 2021 [218]) to 1 MHz (Beresh et al., 2021 [219]), on the
other side this can be reached with a lower image size and, consequently, a lower spatial
resolution. A typical estimation of the error in PIV mean velocity measurement can be less
than 3% (except where velocities are close to zero, Saga et al. 2000 [216]). Regarding the
spatial resolution, as stated by Theunissen and Gjelstrup, 2018 [220], while PIV can provide
velocity data within planar or even volumetric regions of the investigated flow, HWA and
LDA can usually reach highest spatial resolutions: in particular, Lavoie et al. (2007) [221]
quantified that, on their experiments, the HWA spatial resolution was roughly four times
higher than that of PIV. The spatial resolution in PIV should be selected carefully if all
the turbulent scales of interest (largest and smallest) are to be evaluated correctly: given a
particular camera resolution, a compromise needs to be found between an image size large
enough to capture the large scales and an interrogation window small enough to capture
the small scales, while still providing an appropriate signal to noise ratio to minimize the
number of spurious velocity vectors. Saga et al., 2000, [216] reached a spatial resolution
of the order of 0.1 mm/px. Sciacchitano et al., 2015 [222], in the collaborative framework
for PIV uncertainty quantification indicates a spatial measurement uncertainty ranging
from 0.1 px to 0.05 px. Regarding the capability of PIV to properly measure power spectra,
Beresh et al., 2021 [219], highlighted that, even if PIV multi-frame correlation analysis can
reduce the error of vector computations summed over an entire data set, this does not
imply that these improvements are observed at all frequencies, and their comparison with
HWA data indicates that the high-frequency content of the spectrum is very sensitive to
choice of the PIV interrogation algorithm and may not return an accurate response.

3. Numerical Simulations of Turbulent Flows
3.1. Turbulence Simulation and Energy Research

As noted in the aim of this journal, the general field of energy encompasses a very
broad spectrum of applications, from technologies of energy supply, conversion, dispatch
and final use to the physical and chemical processes behind such technologies. Still,
despite such a wide range of phenomena and processes involved in energy research, the
majority of flows occurring in such context are turbulent. Thereby, turbulence modeling
and simulation techniques play a major and crucial role towards increasing the efficiency
in energy harvesting, management, and consumption.

Since the first numerical solution of the Navier—Stokes equations presented in the work
of Chorin in 1968 [223], the number of papers published in indexed scientific journals and
conference proceedings with furbulence and simulation terms in title, abstract, or keywords,
have seen an exponential growth with the advent of the computer era in the early 80s, with
documents number doubling every year, and have reached a steady linear increase in the
last twenty years, with almost 200 papers published annually (Figure 6). About 30% of
papers have been published in the more general field of engineering and roughly 6% fall
strictly in the field of energy. Among those, applications include sustainable energy, fuel
processing, nuclear sciences, thermophysics and thermal sciences, combustion and fusion
theory and modeling, propulsion, wind engineering, and building simulations, to cite a
few, which clearly shows the large impact of turbulence modeling and simulation in the
field of energy research (see also Table 3 in Section 4).

It must be noted that such a wide spectrum of applications involves an analogous
wide spectrum of turbulent flows ranging from subsonic to supersonic regimes, fluids with
complex rheology and flow with complex thermodynamic phenomena, such as multiphase
flows with phase change and chemical reactions which would be impossible to discuss
thoroughly in the present review. Therefore, even though the modeling techniques pre-
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sented in the following (mainly DNS, LES, and RANS) are virtually applicable to any type
of turbulent flow, the examples presented in this section will be limited to single-phase
subsonic flows of Newtonian fluids.
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Figure 6. Statistics of papers published in indexed scientific journals and conference proceedings
with turbulence and simulation terms in title, abstract or keywords (source: Scopus.com [224]).

3.2. Overview of Turbulence Simulation and Modeling

In a turbulent flow, a large spectrum of time and length scales intimately interacting
with each other coexist. The separation between the largest and the smallest scales of
turbulence increases with the Reynolds number Re. In the ideal case of homogeneous and
isotropic turbulence, where turbulence characteristics are both independent of position
and direction, and for sufficiently high Reynolds numbers, the Kolmogorov theory [225]
predicts a separation between the largest and the smallest spatial and temporal scales of
Re3/* and Re'/?, respectively, thereby posing an enormous computational burden to the
explicit simulation of turbulence, i.e., without the use of some level of empirical modeling.
On the other hand, the interaction between turbulent scales, even when a significant
separation occurs at high Reynolds numbers, and the different dynamic and characteristics
of the large and small scales make it merely impossible to derive a universal model for
the entire turbulent spectrum. Therefore, many simulation and modeling approaches
have layered over the years and a significant research effort is still directed towards the
development of new models and techniques to enable more accurate or more efficient
predictions of turbulent flows.

Among all the numerical techniques and models available today, direct numerical
simulations (DNS), large-eddy simulations, and Reynolds-averaged Navier-Stokes (RANS)
simulations represent the three principal techniques and historic pillars on which the
numerical simulation of turbulence was founded. An overview of the main character-
istics of such techniques is provided here and a detailed discussion is presented in the
following sections.

In a DNS, all essential turbulent scales are resolved directly and without introducing
any level of modeling. Therefore, they are able to predict turbulent flows to a degree of
accuracy comparable to laboratory experiments and, for this reason, DNS are also often
referred as numerical experiments. On the other hand, the computational effort dictated
by the separation between the large and small scales of turbulence is such to limit the
applicability of DNS to flows at low Reynolds numbers and to simplified flow domains
and, as such, to the realm of academic research. To the contrary, in RANS simulations the
entire turbulent spectrum is modeled by estimating the effect of turbulent motions on the
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mean field via turbulence models, thereby reducing dramatically the computational effort
required to run turbulent flow simulations even at high Reynolds numbers and in complex
flow domains. However, the level of uncertainty introduced by turbulence models, which
are mostly of empirical or semi-empirical nature, is such to require a careful preliminary
evaluation when used within the context of a new application and only after a fine tuning of
models coefficients is carried out very accurate predictions of turbulent flows are generally
possible. A compromise between accuracy and computational effort is provided by LES,
where filtering techniques are introduced to model only the computationally expansive small-
scales of the turbulent spectrum via the so-called sub-grid models, while the largest scales
are computed explicitly. LES belong to, and it is the main representative of, the so-called
high-fidelity techniques for the simulation of turbulence, being capable of providing accurate
results for a wide range of flows without the need of fine tuning the closure models as
in RANS.

A visual comparison of DNS, LES and RANS simulations is portrayed in Figure 7,
where the vorticity field computed by each technique for a turbulent flow over a backward
facing step is presented at a given instant in time once a fully developed regime is reached
in the simulations. The instantaneous flow structure provided by the DNS simulation
resemble very closely that of a laboratory visualization, from which the broad range of
spatial scales can be readily distinguished. In the LES map, a similar flow structure where
the approaching flow separates from the step and becomes turbulent downstream can
be observed, but the turbulent structures are now more blurred due to the filtering of
the smallest scales performed, in this specific simulation, by the lower resolution of the
computational grid. On the other hand, in the RANS simulation the instantaneous flow
structure is completely lost due to filtering, both in time and space, of the entire turbulent
spectrum. Therefore, only the mean vorticity map, representing the ensemble average
of the instantaneous flow realizations provided by DNS and LES, is predicted by the
turbulence model.

Figure 7. Flow visualizations of DNS, LES, and RANS simulations of the flow over a backward-facing
step (Courtesy of Center for Turbulence Research, Stanford University).
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In Figure 8, the velocity history provided by the LES and RANS techniques at a given
point in the turbulent separated region downstream of the step is presented in conceptual
fashion starting from the original DNS signal showing, as expected, a high content of
turbulent frequencies, from low modulation waves associated with the movement of
large scale structures up to high-frequency oscillations due to disruption of large scales
into smaller scales. The corresponding LES signal, obtained by spatially averaging the
original DNS profile and shown by the continuous blue line in the plot, is able to provide
an accurate representation of the low-frequency modulation whereas most of the high-
frequency oscillations are lost. On the other hand, only the average value of the DNS signal,
shown by the dashed black line in the plot, can be estimated within the RANS framework.
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Figure 8. Illustration of results provided by LES (continuous blue line) and RANS (dashed black
line) modeling starting from the original DNS signal (continuous black line) of streamwise velocity
in the turbulent separation region of the flow over a backward facing step (Courtesy of Center for
Turbulence Research, Stanford University).

A picture of historic and current trends in the use of DNS, LES, and RANS techniques
for the simulation of turbulent flows is presented in Figure 9, where the number of papers
published in indexed scientific journals and conference proceedings with turbulence and
names of different simulation techniques in title, abstract, or keywords are shown. From the
end of the last century and up to the beginning of the era of turbulent flow simulations,
the records are dominated by DNS and LES simulations, as most of the papers were
dedicated to the understanding of the physics of turbulence and to establish the necessary
knowledge to develop accurate and robust simulation tools for technical applications. Such
trend has changed about half-way of the first decade of the new century, when RANS
simulations have overtaken the number of published DNS studies and became as frequent
as LES simulations. Further, while an exponential trend is observed at the beginning of the
development and use of each technique, the number of published papers shows a linear
trend in the last ten years, where RANS simulations seems to have surpassed the number of
LES studies. Nonetheless, while the DNS trend shows a significant reduction in the number
of papers published in the last decade, LES and RANS seem to have similar projections in
the near future.
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Figure 9. Statistics of papers published in indexed scientific journals and conference proceedings with
turbulence and names of simulation techniques (DNS, LES, and RANS) in title, abstract or keywords
(source: Scopus.com [224]).

3.3. Direct Numerical Simulations (DNS)

The first direct numerical simulation of turbulence dates back to the pioneering work
of Orszag and Patterson for homogeneous and isotropic turbulence [226], but it was only
with the work of Kim et al. [227] that the more technically relevant problem of wall-
bounded turbulence was approached for the very first time using DNS. A fully developed
turbulent channel-like flow between flat plates was simulated at a friction Reynolds number
Rer = uh/v of 180, where u; = (1 / p)l/ 2 is the friction velocity and 7, the wall shear-
stress, corresponding to a bulk Reynolds number based on the bulk velocity and half
channel height / of 3300. Turbulence statistics and statistical correlations were computed up
to the wall and compared to existing experimental data finding an overall good agreement
but also discrepancies that were mostly imputed to the accuracy of available measurements
at the time, thereby already suggesting the complementary role of numerical simulations
to laboratory experiments, which is very well established today. Flow visualizations using
particle tracking were also reported and the structure and dynamic of near wall turbulence
revealed for the very first time.

Since the work of Kim and coworkers, the boundaries of direct numerical simulations
have been pushed thanks to the rise in the available computing power and through the
development of more accurate and efficient numerical methods. About ten years later,
Moser et al. [228] extended the work of Kim and coworkers using a friction Reynolds
number Rer: = 590, corresponding to a bulk Reynolds number of about 11,000, and
reported quasi asymptotic behavior of turbulent statistics, suggesting universal behavior
of wall-bounded turbulence at sufficiently high Reynolds numbers. Almost a ten times
larger friction Reynolds number was achieved by Lee and Moser [229] almost fifteen years
later, corresponding to a bulk Reynolds number of about 125,000. At such high Reynolds
number regime, the existence of a logarithmic region in the mean velocity profile, whose
characteristics have major implications for frictional losses in fluids and thus for energy
consumption, is expected and was confirmed by simulation results.

DNS was also applied extensively to other types of canonical flows to investigate
the similarity and asymptotic behavior of wall-bounded turbulence under simple-shear
flow conditions. Spalart [230] performed the first DNS of a turbulent boundary layer over
a flat plate subjected to a zero pressure gradient at Rey = U6/v of 1410, where 0 is the
momentum thickness of the boundary layer. A good agreement with available experimental
data and theoretical results was found but the accuracy of the numerical solution was partly
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inhibited by the artificially applied streamwise periodicity used to handle the spatially
developing nature of the boundary layer and limit the computational effort required by the
simulations. Almost twenty years later, Wu and Moin [231] were able to perform a DNS of
a zero pressure gradient turbulent boundary layer at slightly lower Reynolds numbers but
without imposing artificial periodicity in the streamwise direction, thereby allowing the
flow to encompass a natural transition from a laminar state at the inflow to fully turbulent
conditions downstream. The intermittent localized disturbances arising from patches of
isotropic turbulence introduced periodically from the free stream to promote the transition
to turbulence proved to leave the dynamic of the transitional flow unaffected, which was
then investigated in detail thanks to the accuracy and resolution of the DNS data. Several
studies of fully developed turbulence in pipe flows have also been published starting from
the work of Eggels et al. [232], where a friction Reynolds number Re; = 180 was simulated.
The effect of the circular cross-section on the turbulent flow was analyzed by comparing
turbulence statistics to the results of Kim et al. [227] for the plane channel, showing some
discrepancies in the mean velocity profile near the channel center and a deviation from the
logarithmic region predicted by theory. However, the most recent paper submitted on this
topic by Pirozzoli et al. [233], where a DNS of the turbulent pipe flow is performed at a
much higher, and the highest to date, friction Reynolds number of 6000, proves that the
logarithmic region still holds in pipe flows and that a strong similarity between turbulent
flows in pipe and channels exists. Moreover, visualizations of DNS results (see Figure 10
and also [234]) show that a strong similarity also exists in the structure and dynamics
of near wall turbulence across the range of Reynolds numbers investigated in the paper
(Rer = 180 = 6000).

Figure 10. Instantaneous streamwise velocity contours (color scale from blue to red) in turbulent
pipe flow as obtained from DNS. Contours are shown on a cross-stream plane and on a near-wall
cylindrical shell (y* = 15). Friction Reynolds number Re; ranges from 180 in DNS-A to 6000 in
DNS-F (reproduced from [233]).

In the context of energy research, some examples can be also found in the literature
where DNS has been used outside the domain of canonical simple-shear flows to address
phenomena more readily connected to technical applications. In the work of Rie et al. [235],
for example, DNS was used to investigate the near-wall thermal processes in an inclined
impinging jet at low Reynolds number (Figure 11), a relevant topic for the design of
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highly efficient gas turbines operating at very high inlet temperature, where the design
of cooling passages is crucial. Using DNS the authors were able to identify regions of
counter-gradient transport, i.e., regions of the flow where heat is transported against the
temperature gradient. This phenomenon may occur in complex turbulent flows and may
undermine the prediction of heat transfer rates via RANS simulations when employing
the standard gradient-diffusion hypothesis, where a perfect analogy between molecular
and turbulent transport is introduced. Thanks to the extremely accurate and rich databases
obtained by DNS simulations, improved models can be derived accounting for the counter-
gradient transport mechanism (see also Rossi [236]). Since empirical modeling of the
turbulent spectrum is avoided in a DNS, the main source of uncertainty in the numerical
solution is associated with discretization errors arising from the numerical model adopted
to approximate and solve the flow governing equations. Despite the fact that it is usually the
entity of discretization errors, dictated by the order of accuracy of discretization schemes,
which is of main concern in a numerical simulation, it is rather their nature that should
be carefully evaluated when performing a DNS and, in general, high-fidelity simulations.
The work of Felten and Lund [237] shows that enerqy-conserving schemes, regardless of
their order of accuracy, are able to provide more accurate results when performing high-
fidelity simulations of turbulent flows. Among other test cases, they performed an LES of
a turbulent channel flow using a non-uniform grid in the direction between the parallel
plates and compared a central scheme for convection discretization with mesh-independent
weights, nominally first-order accurate but energy-conserving, to a second-order accurate
and weighted scheme accounting for the grid stretching but unable to conserve-energy,
showing better agreement in the mean velocity profile predicted from the low-order central
scheme when compared to the reference DNS dataset. The work of Rossi [238] extended
the analysis on the impact of discretization errors to DNS of scalar transport and found that
high-order central schemes with correction for stretching and distortion, which guarantee
second-order accuracy over irregular grids, may alter the turbulent spectrum in the range of
the highest wavenumbers by adding spurious numerical modes. Since the scalar transport
equation forms the basis for the simulation of heat as well as mass transfer in turbulent
flow, the implications of numerical techniques employed to perform DNS simulations in
energy research are thus evident. For an extensive review on the role of DNS in turbulence
research, the reader is also referred to the work of Moin and Mahesh [239].
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Figure 11. DNS of heat transfer in a turbulent jet impinging on an inclined surface. Instances of:
(a) instantaneous magnitude velocity at the mid-plane section; (b) time-averaged magnitude velocity
at the mid-plane section with superimposed streamlines of mean velocity; (c) time-averaged absolute
shear stress induced by the inclined jet on the impinged wall; the numbers from I to V denote five
main regions with distinctive flow features, i.e.: I stagnation region, II wall-jet region, III shear
layer region, IV opposed wall-jet region, V recirculation zone. See the main text for further details
(reproduced from [235]).
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3.4. Large-Eddy Simulations (LES)

The idea of applying a spatial filter to fluid flow equations, which led to the birth of
large-eddy simulations, was introduced in the late 60s within the field of meteorology
by Smagorinsky [240] to solve a two-layer quasi-geostrophic model and represent large
scale atmospheric motions. This filtering technique was then adopted by Deardorff [241] to
perform, for the very first time, the simulation of the fully developed turbulent channel
flow, but without solving explicitly the near-wall region. More than a decade later, Moin
and Kim [242] performed the first LES of the turbulent channel flow by solving explicitly,
albeit under-resolved, the near-wall region. Interestingly enough, both LES simulations
of Dearforff and Moin and Kim preceded the DNS of Kim et al. [227], simply because
at the time the available computational resources did not allow for solving all turbulent
scales explicitly.

In LES the spatial filtering can be performed either explicitly by applying the filter to
the numerical representation of the field variable function, such as in spectral methods,
or implicitly. For example, in the framework of the finite-volume method, the grid size
represents an implicit top-hat type filter leading to the filtered field variable (see Figure 12).
Regardless of its formulation, once the spatial filter is applied to the flow governing
equations, the filtered equations read as follows:

o
P 0 4)
g TJCj(ujul) B _Eaixl Vax]-axj B TJCJ(TZ] ) (5)

where (-) denotes the spatial filter operator and Tisjgs = uuj — u;ul; the subgrid-stress or
residual-stress tensor, consisting of all the contributions from the unresolved turbulent
stresses and representing their effect on the resolved velocity field. In energy research,
heat and mass transport or chemical reactions are frequently encountered; in these cases, a
spatial filter can also be applied to a generic scalar transport equation which, after filtering,
reads as follow:
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where f;gs = u;j — ;¢ is the vector of subgrid-fluxes, consisting of all the contributions
from the unresolved turbulent scales and representing their effect on the transport of the
resolved scalar field.
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Figure 12. Illustration of filtering of a spatial velocity profile by a finite-volume grid.

In order to predict the unfiltered velocity and scalar fields, a closure model is required
for the unknown subgrid-stress tensor and subgrid-fluxes vector. Smagorinsky [240]
proposed the first closure model for the filtered momentum equation via an eddy viscosity
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model, based on Boussinesq’s hypothesis [243], where the subgrid stresses are assumed
proportional to the strain rate of the resolved velocity field:

885 = :
5 = 20sgsSij + ngkfsij/ Sij = 5 <ax; + ax,> (7)

In Smagorinsky’s model, a sort of mixing-length assumption is made, in which the
eddy viscosity is assumed to be proportional to filter size A and to a characteristic tur-
bulent velocity based on the second invariant of the resolved velocity field deformation
tensor [244]:

Vsgs = (Cs)?[S] 8)

where C; is the model constant. Along with eddy viscosity models, eddy diffusivity models
are commonly employed for closure of the filtered scalar transport equation, where subgrid
fluxes are assumed proportional to the gradient of the resolved scalar field:

0
fjsgs = _asgsafj )

Although the modeling of a;¢s as a function of a set of selected basic quantities, simi-
larly to eddy viscosity models, is possible, the eddy diffusivity is most frequently obtained
by further assuming that the Reynolds analogy holds true for turbulent transport per-
formed by subgrid eddies, thereby introducing a subgrid Schmidt number Scsgs = Vsgs / sgs-
The subgrid Schmidt number is usually assumed constant and therefore a;gs is known once
the vsgs is calculated [245].

The Smagorinsky’s model is very popular in engineering applications but suffers from
several limitations, being excessively dissipative and not possessing correct asymptotic
behavior in the near-wall region, thereby necessitating the use of ad hoc damping functions
in order to be employed in the simulation of wall-bounded turbulent flows. Moreover,
the model constant C; is strongly problem dependent and for specific applications model
calibration might be needed for accurate predictions of the turbulent flow. In order to
prevent the need for calibration, dynamic eddy viscosity models have been developed
based on the idea of Germano et al. [246]. In a dynamic model, the model constant is
locally calculated based on the information available from the resolved part of the velocity
field, thereby allowing the model to be sensitive to the local structure of the flow and
extending significantly its applicability. Nonetheless, the variability of the model constant
can sometimes be severe and deteriorate the stability of the numerical method. For this
reason, dynamic models are often coupled with averaging techniques of the model constant
along existing homogeneous direction of the flow [247] or along the local trajectories of
fluid particles for fully inhomogeneous flows [248]. Other types of models developed
to improve over the performance of Smagorinsky’s model but without introducing the
complexity of dynamic models exist, such as the model of Yoshizawa [249], where an
additional transport equation is solved for the turbulent kinetic energy of subgrid scales,
ksgs, in order to compute the coefficient for the eddy viscosity, and the wall adapting local
eddy viscosity (WALE) model of Nicoud and Ducros [250], where ksgs is estimated via a
tensor based on the symmetric and anti-symmetric part of the resolved velocity gradient
tensor, making the model sensible to rotation and providing the correct behavior in the
near-wall region, thereby avoiding the need for damping functions. Other models and
variants exist but a detailed analysis and description of subgrid-scale modeling lie beyond
the scope of the present work. For a comprehensive review, the interested reader is referred
to the work of Lesieur and Métais [244].

In LES simulations, the sub-grid modeling introduces some empiricism with respect
to the full scale resolution typical of DNS. However, in LES calculations, the large amount
of resolved scales (recommendation for LES simulations is to resolve no less than 80% of
the turbulent spectrum [251]) and the richness of the associated turbulence dynamics are
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such that the importance of employing proper numerical techniques is still paramount. The
guidelines concerning energy-conserving schemes presented in the previous section are
thus still recommended. Nonetheless, the test cases presented in the work of Felten and
Lund [237] deal with simple geometries and fairly regular grids, so one may wonder if
the use of lower-order schemes with mesh independent weights may impair the accuracy
of numerical solutions over grids of increasing complexity and thus lower quality. The
answer can be found in the work of Mahesh et al. [252] where a low-order, co-located and
energy-conserving numerical method has been presented and tested in complex geometries,
including a gas turbine combustor with numerous passages, holes of various sizes and
shapes, swirlers, and obstacles in the flow path. A comparison with experiments for the
mass flow rate through the various components is made for the flow in the combustor,
showing an average deviation below 5% for the LES simulation and thus validating the use
of low-order energy-conserving schemes for complex, industrial-type, calculations.

The generation of realistic inflow conditions represents another issue and source
of uncertainty, specifically for LES simulation. In fact, although DNS too requires the
specification of boundary conditions at the inlet of the computational domain when dealing
with flows that are inhomogeneous in the streamwise direction, they remain primarily a
research tool and, as such, the necessity of generating inflow conditions able to mimic the
variety of conditions found in technical applications, where a finite level of turbulence
intensity is present in most cases, is far less stringent than in LES. Possible approaches
for artificial generation of turbulent fluctuations at the inlet section of the computational
domain are random fluctuations, precursor simulations, the recycling-method, and the synthetic-
turbulence generation method [253]. In the random fluctuations method, uncorrelated
spatial and temporal fluctuations are specified and, as such, they dissipate very quickly and
do not satisfy the divergence-free constraint for incompressible flows, thereby introducing
numerical instabilities. On the other hand, both the precursor simulations and the recycling
methods are computationally expensive and generally restricted to simple flows in fully
developed and stationary conditions. A significant research effort has been undertaken
over the years towards the use of synthetic-turbulence approach, which was demonstrated
to be the most promising method for the generation of realistic turbulent inflow conditions.
Multiple techniques have been proposed based on the idea of Kraichnan [254], where
sinusoidal modes are superimposed to the mean flow, and the digital filter method of
Klein et al. [255], which is able to reproduce first and second-order one-point statistics as
well as a locally given autocorrelation functions. These two techniques, however, present
some drawbacks since only homogeneous statistics can be imposed using sinusoidal modes
and a constant time-step and uniform grid are required by the digital filter. More recently,
structure based methods have been developed and proposed, where turbulent structures
are superimposed directly on the mean field allowing for inhomogeneous statistics to be
adopted on non-uniform grids and variable time-steps [256,257].

Even with the current available computing power, the computational cost of fully
resolved LES including the entire near-wall region, where most of small scale turbulent
structures reside, still represent to date a limit to the applicability of LES simulations to
high Reynolds number flows in complex, industrial geometries. Accurate estimates based
on available knowledge of near-wall turbulent structures and consequent grid resolution
requirements to capture such features show that the number of grid points scales with
O (Re'®) when performing fully resolved LES [258,259], where Re is the Reynolds number
characterizing the flow. This means that even for a simple pipe flow at friction Reynolds
number of 10%, corresponding to a bulk Reynolds number of the order of 10°, more than
107 grid points are required to resolve explicitly the near-wall region [260]. Therefore, only
massively separated flows will be affordable in the near future by fully resolved LES, since
the large eddies have length scales that are dictated by the geometry and are not strongly
dependent on Re [261].

The computational cost of LES simulations can be greatly reduced by performing
wall-modeled LES (WMLES), where wall-models are introduced to represent the inner, and
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computationally most demanding, part of the turbulent boundary layer [262]. Several
models have been developed over the years mainly based either on the wall-stress-modeling
approach or the hybrid LES/RANS method [263]. In the wall-stress-modeling technique (see
the left side of Figure 13), the LES domain extends up to the wall but the grid resolution
is such to resolve only the outer region of the boundary layer (located above y™ > 50 for
simple-shear flows, where y™ = yu /v is the distance from the wall in viscous units, given
by the ratio of friction velocity u. to the kinematic viscosity of the fluid v). The wall-stress
model provides an estimate for the filtered wall shear stress, which serves as the boundary
condition for the under-resolved LES grid where the no-slip condition cannot be applied
directly [264]. In the hybrid approach (see the right side of Figure 13), the grid resolution is
such to resolve the viscous region of the boundary layer (located below y™ = 5), but the
LES equations are solved only in the outer region while the RANS equations are solved in
the viscous layer. There are advantages and disadvantages associated with both methods
as well as several models and techniques developed over the year for estimating the filtered
wall shear stress and handle the interface between the LES and RANS domains in the
hybrid method, respectively. A detailed discussion of these topics lies beyond the scope
of the present work and the interested reader is referred to the review of Piomelli and
Balaras [262] for a comprehensive overview of WMLES.

solution
LES domain wall model LES domain
Interface
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wall-stress mod(zlli;gvr hybrid LES/RANS

Figure 13. Schematic representation of two modeling approaches for WMLES: wall-stress modeling
(left) and hybrid LES/RANS (right) (adapted from [264]).

Despite the apparent similarity with other numerical techniques for the numerical
simulation of turbulence, such as detached-eddy simulations (DES) and the wall-functions
approach in RANS simulations, it is important to stress that in WMLES only the inner
part of the boundary layer is modeled whereas the energetic and dynamically important
motions in the outer region are resolved explicitly. Therefore, WMLES has the potential
to be significantly more accurate than DES. The computational cost of WMLES scales just
linearly with Re and therefore allows to broaden significantly the range of affordable flow
regimes and applications for this method. In the recent work by Goc et al. [265], WMLES
has been used along with the low-dissipative numerical schemes for complex geometries
previously discussed and physics-based subgrid-scale models to perform, for the first time,
accurate simulations of a realistic aircraft in landing configuration. Despite the additional
level of uncertainty introduced by wall-modeling, simulation results are in very good
agreement with wind tunnel measurement across a range of angles of attack, including
maximum lift and post-stall regimes. The ability of WMLES modeling to resolve explicitly
the outer part of the boundary layer also allowed for capturing and visualizing the complex
near-wall flow structure (see Figure 14) and important features for the flow around the
aircraft geometry in realistic flight conditions, such as the onset of inboard flow separation
in the post-stall regime. The computing time of 7 h reported in the paper when running
the simulations on GPUs (graphical processing units) for the largest grid employed in the
analysis, about 160 M cells, suggests that WMLES may become a viable industrial tool in
the near future for complex turbulent flows where not only the very large scales but also
the near wall features must be properly modeled.
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Figure 14. Isosurfaces of Q-criterion colored by velocity magnitude showing the structure of the
turbulent flow field over an aircraft wing in landing configuration (adapted from [265]).

3.5. Reynolds-Averaged Navier—Stokes Simulations (RANS)

The first numerical computation of turbulent flows based on the Reynolds-averaged
Navier-Stokes equations dates back to the early 1970s of the past century [266]. Thanks to
the extremely low cost of RANS models, simulations of turbulent flows of practical rele-
vance, such as wall-jets employed for cooling of turbine blades [267], have been performed
using RANS more than a decade before the first ever DNS was attempted and more than
three decades before LES of the same flow configuration at comparable Reynolds numbers
was reported [268].

In the RANS framework, the entire turbulent spectrum is filtered in time to yield the
Reynolds-averaged Navier—Stokes equations for the mean field, which read as follows:

u;

9 =0 (10)
0 1 9P 92U, )

where P and U; are the mean pressure and mean velocity of the fluid, respectively, and
Rjj = uju; is the Reynolds stress tensor, consisting of the single-point correlations between the
components of turbulent fluctuations #; and representing the effect of unresolved turbulent
motions on the mean velocity field.

Similarly to LES, heat and mass transport simulations can be performed within the
RANS framework by solving the temporally averaged transport equation for a generic
scalar, which reads as follows:

) 2D

d
a_x], (qu)) = Vaxjax], - a_x] (f]) (12)

where @ denotes the mean scalar field and f; = u]_CIJ the vector of turbulent scalar fluxes,
consisting of the single-point correlations between the velocity fluctuations and the scalar
fluctuations ® and representing the turbulent transport of the scalar field performed by the
unresolved turbulent motions.
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Similar to in LES, a closure model must be introduced to estimate the unknown
Reynolds stress tensor R;; and turbulent scalar fluxes f; in order to predict the mean
velocity and the mean scalar field using the RANS equations. The first closure model for
the RANS momentum equations was proposed by Prandtl [269], starting from Boussinesq’s
hypothesis [243] for the turbulent stresses:

2 1(ou; Ay
Rij =2uSj — 305k, Sij = 5 (ax]l + o ) (13)

where v; is the eddy viscosity and k = w;1;/2 the turbulent kinetic energy. In Prandtl’s model,
the eddy viscosity is estimated as v; ~ u;l;;, where u; is a turbulent velocity scale and
is the mixing-length. By introducing a perfect analogy with molecular transport processes,
the mixing-length was used by Prandtl to compute the turbulent velocity scale as u; ~
I;n|oU /9n|, where n denotes the shear-normal direction. Under these assumptions, the eddy
viscosity becomes v; = Cy, 1,31 |oU /on|, where C,, is a model constant. Once a correlation for
the mixing-length is provided, the model can be used to compute the Reynolds stress tensor
and close the RANS momentum equations. Prandtl’s model represents an algebraic-type
closure and, as such, comes at no additional computational cost. The model, however,
can be only used for the simulation of simple-shear flows, such as flows in pipes and
channels of very high-aspect ratio and one-dimensional, attached boundary layers, for
which simple expressions of the mixing-length are available. Further, it is important to
stress the perfect analogy between turbulent and molecular transport, where the mixing-
length is taken as the equivalent of the mean free-path of molecules, does not hold outside
the realm of simple-shear flows, where the mixing-length is generally not small compared
to the scale of variation of the mean velocity, thus violating the hypothesis at the base of
gradient-diffusion models valid for molecular diffusion processes [270]. Moreover, despite
the similarity between eddy viscosity modeling adopted in RANS and LES closures, it is
worth noting the gradient-diffusion hypothesis is employed in LES to represent only the
small turbulent scales, showing stronger similarity with diffusion processes at molecular
level [271]. Therefore, the modeling uncertainty associated with eddy viscosity RANS
closures is, in general, far more significant than in LES.

Improved RANS-based predictions of complex turbulent flows can be achieved by
abandoning algebraic modeling in favor of turbulence models based on differential trans-
port equations used to compute explicitly the turbulent velocity and length scales employed
in the definition of the eddy viscosity. These type of models are thus able to adapt the
estimated eddy viscosity to local flow conditions, thereby improving significantly the
predicted mean field using the RANS equations. Although one-equation models have been
initially proposed, such as the Spalart-Almaras model specifically designed for aerospace
applications [272], two-equations models, such as the k — e model by Launder and Spald-
ing [266] and the k — w model by Wilcox [273], are the eddy viscosity type closures most
frequently adopted to predict turbulent flows in industrial applications. Both models are
based on the solution of differential transport equations of the respective variables, i.e., the
turbulent kinetic energy k, its dissipation rate € and the specific rate of dissipation w. In the
k — e model, the eddy viscosity is estimated as v; = Cyk2 /€, where C;, is a model constant,
whereas the k — w assumes vy = k/w. It is worth noting the k — w model was formulated
in its original version to be used all the way to the wall and within the viscous sublayer,
where the effect of viscosity is dominant and turbulent fluctuations are damped regardless
how high the bulk Reynolds number of the flow is, without the use of damping functions. To
the contrary, the standard k — € model is formulated for the fully turbulent flow regime
and requires ad hoc formulations, usually termed low-Re, in order to be used to solve the
inner part of the turbulent boundary layer (see e.g., the work by Jones and Launder [274]).

The k — € and the k — w models, along with the Prandtl’s model, are also termed
eddy viscosity models (EVMs) being based on Boussinesq’s hypothesis, where the eddy
viscosity is used to compute the Reynolds stress tensor. Although eddy viscosity models
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with some variations have been employed successfully for virtually all practical engineering
computations [275], the linear relationship between the Reynolds stress tensor and the mean
strain rate adopted in Boussinesq’s model may lead to significant errors in flows where
the anisotropy of turbulent stresses comes into play. For example, it is known that linear
EVMs are unable to predict cyclonic flows [276], where the combined effect of swirl and
streamlines curvature is such to determine a strong anisotropy between turbulence intensity
in the axial, radial, and tangential directions [277]. Modified eddy viscosity models, where
stress anisotropy is introduced via non-linear relationships between the Reynolds stress
tensor and the mean strain rate, have been developed over the years to allow for improved
predictions of flows dominated by rotation, curvature and other complex features (see e.g.,
Speziale et al. [278]). These complex flow features can be alternatively and more naturally
predicted by the so-called second-moment closures, such as the Reynolds stress model (RSM)
originally proposed by Launder et al. [279]. In the RSM, the transport equations for the
six-independent components of the Reynolds stress tensor are solved, thereby implicitly
embedding and providing predicting capabilities for complex flow features depending
upon the anisotropy of Reynolds stresses. Such models, however, brings a significant
computational overhead as well as reduced numerical stability due to the strong coupling
between the transport equations of the individual stresses. For this reason, RSM type
models have historically gained little popularity against EVMs (see Figure 15).
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Figure 15. Statistics of papers published in indexed scientific journals with turbulence and names of
RANS models in title, abstract, or keywords (source: Scopus.com [224]).

Compared to turbulent stresses, the modeling of turbulent scalar fluxes f; have re-
ceived much less attention over the years. Nonetheless, the capability of solving the scalar
transport equation may have a significant impact on energy research via heat and mass
transfer simulations and therefore turbulent scalar flux models should also be carefully
evaluated when dealing with complex flows. Similar to in LES, the modeling of turbulent
scalar transport in the RANS framework typically relies on the standard gradient-diffusion
hypothesis, where turbulent scalar fluxes are assumed proportional to the mean scalar
gradient via the eddy diffusivity a:

od

5 (14)

fi = -
where a; is usually estimated via the turbulent Schmidt number Sc; = vi/«;. In the case
of simple-shear flows, such as flows in pipes and attached boundary layers, Sc; can be
assumed reasonably constant (experimental measurements suggest a value of Sc; = 0.9
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in boundary layers while Sc; = 0.7 for free-shear flows [275]) and the standard gradient-
diffusion model provides reasonably accurate predictions of turbulent scalar transport. In
complex turbulent flows, however, the isotropic nature of the standard model may lead to
significant errors. The work of Rossi [280] shows that even in case of a two-dimensional, in
the mean sense, velocity and scalar field behind an obstacle the standard gradient-diffusion
hypothesis is unable to predict the streamwise component of the turbulent scalar flux.
Although this may be of limited impact for a two-dimensional mean flow, a significant
improvement in the accuracy of the predicted mean scalar field can be obtained when
accounting for turbulent fluxes anisotropy in complex turbulent flows [281].

As a consequence of the high-level of uncertainty associated with the modeling of
the entire turbulence spectrum and, for this reason, being a lower-fidelity method for the
numerical simulation of turbulence, RANS simulations are less dramatically affected by
the numerical methods employed for solving the temporally averaged momentum and
scalar equations compared to DNS and LES. Nonetheless, since RANS modeling is more
frequently employed to compute flows in industrial applications and therefore in complex
geometries, the quality of the computational grid may have a significant impact on the
accuracy of the numerical solution, especially in the near-wall region [282]. Particular care
should thus be used, to the contrary of DNS and LES, in selecting numerical algorithms
able to preserve their order of accuracy when employed over irregular grids [283].

3.6. Scale Resolving Simulations (SRS)

For almost four decades after the beginning of the era of turbulent flows computations,
DNS, LES, and RANS have represented the only hierarchy of models for the numerical
simulation of turbulence. Nowadays, a wider spectrum of models is available, ranging from
partially averaged Navier-Stokes (PANS) to hybrid LES/RANS models as detached eddy
simulations (DES) and more, where part of the turbulent spectrum is resolved explicitly,
in the same spirit of LES, at least in one portion of the computational domain. For this
reason, such models are termed scale-resolving simulations (SRS). It is worth noting a
certain degree of arbitrary exists here in classifying one given model as belonging to SRS, as
well as in considering one model capable of providing high-fidelity solutions of turbulent
flows. For example, Unsteady-RANS (URANS) are able to resolve the largest scales the
flow when sufficient scale-separation occurs, e.g., time variations that are of much lower
frequency than turbulence as in vortex-shedding phenomena, but are unable to capture
any portion of the turbulent spectrum even when the spatial and temporal resolution of
the numerical model are increased [260]. On the other hand, the PANS method is not often
included in SRS even though there is evidence of the capability of the model in reproducing
part of the turbulent spectrum [284].

A visual comparison of scale-resolving simulations and standard RANS simulations is
presented in Figure 16, where the turbulent flow around circular cylinder in cross-flow is
simulated using the k — w SST model of Menter [285] in steady and unsteady mode and the
DES model proposed by Spalart [286]. In DES, the entire turbulent boundary layer on the
cylinder surface, where the smallest and most computationally demanding turbulent scales
are found, is modeled via the RANS Equations (10) and (11) whereas in the detached flow
away from the cylinder surface, the LES Equations (4) and (5) are solved. As it can be noted,
using the RANS model only the largest turbulent structures developing downstream of the
cylinder are represented by the simulation, whereas a broadband spectrum is captured by
the DES model. Moreover, as the grid is refined turbulent structures of smaller length-scale
emerges from the simulation.

By modeling the entire turbulent boundary layer using RANS, the DES model is able
to reduce significantly the computational effort compared to WMLES, where only the
inner-layer is modeled, and dramatically compared to fully resolved LES (see Section 3.4).
Nonetheless, the DES solution can depend critically by the reliability of RANS modeling of
the entire boundary layer [261].
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Several other SRS models exist but a detailed description and discussion lies be-
yond the scope of the present review and the interested reader is referred to the work of
Spalart [286]. The practitioner may also find useful the best practices for scale-resolving
turbulent flow simulations by Menter [260].

(a) (d)

(e)

)]

Figure 16. Vorticity isosurfaces by a circular cylinder: Rep = 5 x 10*, laminar separation. Experi-
mental drag coefficient: C; = 1.15-1.25. (a) Shear-stress transport (SST) turbulence model, steady
RANS, C; = 0.78; (b) SST, two-dimensional unsteady RANS, C; = 1.73; (c) SST three-dimensional
unsteady RANS, C; = 1.24; (d) Spalart—Allmaras (SA) detached eddy simulation (DES), coarse grid,
C; = 1.16; (e) SA DES, fine grid, C; = 1.26; (f) SST DES, fine grid, Cd = 1.28. Adapted from [286].

3.7. Numerical Methods and Codes for Turbulent Flows Simulations

Along with the development of new simulation techniques and turbulence models, the
numerical methods and software used in turbulent flow simulations have also evolved over
the years. As far as numerical methods are concerned, there are several properties character-
izing each numerical technique which must be considered, such as accuracy, conservation
properties, and spectral resolution, some of which have already been discussed in the
previous sections. Since the impact of each property may vary with the level of turbulence
modeling involved, if any, in the calculations, numerical techniques and numerical schemes
must be carefully evaluated and selected depending on the type of simulations performed.

In the early days of turbulent flow simulations, when efficiency was of paramount
importance due to the limited availability of computational resources, both DNS and LES
simulations relied on spectral or pseudo-spectral methods, where high spectral resolution,
i.e., the capability of a numerical method to represent the frequency content (either spatial
or temporal) of a given function or signal, can be achieved with the highest possible
numerical efficiency. Even today, despite pure spectral methods are limited to simple
domains and simple boundary conditions [287], spectral codes are most frequently adopted
when performing DNS simulations [288] because of the predominant use of this technique
in turbulence research, where computational domains are typically of simple shape and
one or more homogeneous directions exist in the flow.
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On the other hand, with the ongoing effort towards evolving LES from a research
tool to a design tool, there has been an increasing interest in unstructured finite-volume
methods for high-fidelity simulations of turbulence [252]. In fact, despite the use of high-
order finite-differences schemes with spectral-like resolution [289] and good conservation
properties [290] has also been explored, the finite-volume method provides a framework
where conservation can be more readily enforced while handling, at the same time, complex
geometries more efficiently. Due to the limited connectivity between cells available in
unstructured finite-volume grids; however, low-order numerical schemes are usually
adopted in such context and despite the construction of high-order compact finite-volume
schemes have been attempted in the past [291] in the spirit of the finite-difference method
originally proposed by Lele [289], unstructured finite-volume schemes are usually limited
to second-order accuracy.

A high-order accurate alternative for high-fidelity simulations of turbulence is offered
by the spectral-hp method [292], which combines the geometric flexibility of the classical
finite element technique with the desirable numerical properties of spectral methods, i.e.,
high spectral resolution, employing high-degree piecewise polynomial basis functions on
coarse finite element-type meshes. However, the proliferation of this method has been
limited by its complexity, which poses a challenge in the implementation of extended and
multi-purpose modeling capabilities as well as in its use by practitioners.

The finite-volume method, originally in its staggered and structured formulation and
nowadays in its co-located and unstructured derivation, used to be the preferred choice
when performing RANS, i.e., low-fidelity, simulations of turbulent flows, due to their
focus on practical applications. The numerical schemes adopted in such context are more
concerned with their ability to preserve the order of accuracy over irregular meshes, albeit
usually limited to second-order, which are customary in an industrial framework.

A comparison of the performance of some of the numerical methods mentioned above
is possible for some benchmark cases available in the literature. Saini et al. [293] reported a
comparison between the open-source codes OpenFOAM [294], based on the unstructured
finite-volume method, and Nektar++, based on the spectral-hp method, for LES of a
moderately complex geometry relevant to gas turbine combustor, showing better agreement
with reference experimental data for Nektar++ for a given computational cost between
codes or, viceversa, the same agreement could be obtained with OpenFOAM with 3.4 times
more expensive simulation. Higher computational efficiency for the spectral-hp method
was also demonstrated by [295] in the LES study of flow past a circular cylinder for Reynolds
numbers ranging from 400 to 3900. The work of Goc [265] also provide a comparison
between the computational cost between LES and RANS for the same benchmark case, a
realistic aircraft in landing configuration, showing that it is possible to perform a medium-
resolved LES for similar computational cost whereas a properly resolved LES required
almost six times the computational effort of the RANS simulation.

It is also interesting to analyze the trend over the years in the use of in-house developed
codes for turbulent flow simulations against commercially available and open-source
software. In Figure 17, the number of paper published in indexed scientific journals with
turbulence, simulation, and software types in title, abstract, or keywords is presented using
Ansys Fluent [296] as the reference commercial code and OpenFOAM [294] as the reference
open-source. From the plot it is clear that in-house software has already reached a plateau
most likely due to its prominent use in academic research (further analysis of records based
on the simulation type has not been attempted for the sake of brevity), whereas a constant
increase in commercial software is observed. Nonetheless, OpenFOAM statistics highlight
an a significantly increasing interest towards the use of open-source software for turbulent
flow simulations and suggests a closing gap with commercial software in the future.
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Figure 17. Statistics of papers published in indexed scientific journals with turbulence, simulation, and
software types in title, abstract, or keywords (source: Scopus.com [224]).

In the framework of high-fidelity simulations, i.e., DNS and LES, breakthroughs in
available computational power and potential radical shifts in current computers” archi-
tecture and programming paradigms will represent the most important advancements
towards highly accurate simulations of turbulent flows in more complex, and complete,
geometries of industrial relevance. The use of GPUs in place of CPUs, for example, has
been explored and saw increasing interest from both the research community and industrial
software vendors, with speed-ups of the order of 10x and more compared to CPU-based
simulations, depending on the specific application as well as on the numerical method
adopted in the computations [297]. The work by Goc et al. [265], where WMLES is applied
to realistic aircraft in landing configuration (see Figure 14), shows about 25x speed-up
in the turnaround time of the simulations when performed on GPUs thanks to the com-
pressible and explicit nature of the solver used in the computations, fitting particularly
well the GPUs architecture and operation [297]. Shu and Yang [298], reported a speed-up
even higher, about 60x, for the simulation of turbulent mixing in a stirred tank using the
Lattice Boltzmann method (LBM) and LES, thanks to the better suitability of LBM to GPU-
based processing, while two order of magnitude of speed-up, about 150x, was obtained by
Bieringer et al. [299] when using GPUs to form an ensemble of single-realization of pollu-
tion dispersion solutions using LES and coupled atmospheric transport (AT) and dispersion
models. In order to fully exploit the potential of GPUs, however, significant investments in
software development and technical collaborations between the research community and
GPUs developers and vendors will be necessary due to the need for adapting the current
established numerical methods to GPUs architectures [297].

Exascale computing systems, i.e., those capable of at least 10'8 floating point opera-
tions per second (FLOPS) using CPUs, GPUs, or hybrid architectures, will also represent
a leap forward in the achievable complexity and size of high-fidelity simulations of tur-
bulence. It is interesting to note, however, that concluding remarks from the workshop
Turbulent simulations at the Exascale: opportunities and challenges [300] stressed that even
exascale computing will have an impact on the size and complexity of turbulence problems
accessible, but only a modest increase in an achievable Reynolds number will be possible.
Nonetheless, for some classes of problems even a modest increase may be transformative
by exposing transition to new flow characteristics including, in the energy research context,
the simulation of an entire wind farm under realistic atmospheric flow conditions and in
complex terrain where turbine geometry is well resolved, thereby providing pathways to
optimization and reduced cost of energy. To pursue such opportunities and to maintain
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the existing research capability on next-generation computer hardware, however, it will be
essential for the scientists developing the algorithms and computational tools to adapt to
the changes in the computer hardware. Without algorithmic and implementation changes,
today’s petascale class turbulence simulations may take even longer to run on anticipated
exascale hardware. Research work to move even beyond the existing classical computer
architectures for turbulence simulations have also been initiated as in the work of Grif-
fin et al. [301], where the use of quantum algorithms for direct numerical simulations has
been explored.

As the complexity and size of high-fidelity simulations will increase, the need for cost-
effective and highly efficient post-processing tools able to handle the enormous amount
of data produced by DNS and LES will also increase. Research fields such as Artificial
intelligence, data mining and machine learning can thus be foreseen to be playing an
increasingly important role in this respect. In the case of direct numerical simulations,
which will represent a research tool for many years to come and, as such, being focused on
improving our understanding of turbulence dynamics, tasks such as features recognition
will be subjected to automation and support from specialized algorithms in order to
efficiently extract coherent structures responsible and associated with technically relevant
phenomena. For example, it is well established that friction drag in wall-bounded turbulent
flows is intimately connected to the momentum exchange between the near-wall region
and the outer part of the turbulent boundary layer via the so called sweeps and ejections
events. During the sweep event, patches of accelerating flow (u > 0) move from the bulk
region of the flow towards the wall (v < 0), whereas during an ejection event patches of
decelerating flow (u < 0) move from the near-wall region towards the outer layer (v > 0).
Such mechanisms are, in turn, associated with the formation and subsequent breakdown of
coherent structures in the form of hairpin-like vortices and lead to very high correlations in
the components of velocity fluctuations and therefore to high Reynolds stresses [302]. In
the work by Aguilar-Fuertes et al. [303], two machine learning techniques, the multi-layer
perceptron and the long short-term memory, have been used and tested to automatically
track hairpins vortices emerging in a turbulent channel flow. The algorithms were used in
particular to predict at run-time the evolution of coherent turbulent structures by predicting
geometrical features, such as the center of mass, the bounding box and the volume, at the
time step 7 + 1 by using and training the algorithms with the information available at the
current time step n.

In the upcoming era of exascale computing, the need for post-processing of high-
fidelity simulations at run-time will not only be dictated by process automation but also
by the predicted impact of increasingly higher I/O streams from the simulation workflow,
calling for the use of in situ post-processing techniques. An example of such techniques is
given by quantitative imaging, i.e., images enriched with custom metadata that maps every
pixel to its location in simulation space and any associated data value, sequences of which
can be used, for example, to rapidly compute turbulence statistics at run-time without the
use of any I/0 call (Cascade [304], personal communication by Dr. Michael Emory).

While the increase in available computational power will affect less directly and
dramatically the complexity and size of low-fidelity simulations of turbulence, where
turbulent scales are not resolved explicitly and therefore the computational cost greatly
reduced, artificial intelligence will have a significant impact in improving the modeling
accuracy and predictive ability of RANS models in the future. Using machine learning
techniques, for example, it is possible to potentially establish the relation between closure
models coefficients and the mean flow field using data from high-fidelity simulations
or measurements data [305] instead of relying on manual fitting of simulations results
against reference datasets. Duraisamy and Durbin [306] applied artificial intelligence to
model bypass transition using intermittency transport models and experimental data,
inverse solutions were used to extract modeling information from reference data and
machine learning to convert information into modeling knowledge, resulting in successful
reproduction of the measured data used for training.
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Another important and already established future direction in the field of RANS
simulations is the so-called uncertainty quantification (UQ) [305], where the variability
of input parameters to the simulations, such as the inflow conditions, and the effect of
modeling parameters, such as the coefficients of turbulence models, are evaluated in
order to interpret simulations results in probabilistic terms and provide a confidence
interval to the low-fidelity numerical predictions. Both artificial intelligence and advances
in computational resources will have an impact on uncertainty-quantification methods.
Machine learning, in fact, can be used to better identify and quantify uncertainty associated
with turbulence models [307], whereas the larger computational capacity which will be
provided by next generation computing platforms will allow for perform more easily
multiple simulations with perturbed parameters or initial /boundary conditions needed to
for UQ as well as for design exploration [300].

4. Discussion: Advantages and Disadvantages, Challenges, Trends, and Taxonomic
Analysis of Laboratory and Numerical Techniques

As discussed in details in the respective sections, both laboratory and numerical tech-
niques have nowadays reached a mature status and are able to provide affordable data in
various fields of engineering where turbulent flows play a dominant role. Nonetheless,
the two techniques still have some peculiarities that can make one or the other a better
choice for specific problems to be investigated. For example, while at the early stages of the
numerical simulation of turbulent flows the costs, both in terms of computing time and
hardware, were relevant, today both the software and hardware required to run turbulent
flow simulations for industrial geometries at realistic operating conditions, at least within
the RANS framework, have become accessible even for medium and small industries at
affordable costs. Moreover, some specific codes are open source and commercial software
have reached a level of automation such as to not require specific skills and expertise
anymore. However, this also opens a potential conflict between accuracy and robustness of
numerical results and the “democratization” of numerical simulations pursued by many
legacy software developers and distributors. On the other hand, laboratory simulations
still bear higher costs to be performed, because of the instrumentation and dedicated envi-
ronments needed, but are usually performed by specialized technicians and scientists and,
therefore, there are less possibilities to acquire nonphysical results. This is even more true
for new and unexplored fields of application of numerical simulations of turbulent flows.

An emblematic case is represented by the simulation of thermally driven turbulence or
turbulent Rayleigh-Bénard convection, which governs turbulent flows in the atmosphere
for meteorological forecasting and climatological studies (Hartmann et al. 2001 [308]), in
oceanography for the analysis of thermohaline circulation driving deep-ocean circulation
(Marshall and Schott, 1999 [309]), and for studies on melting ponds (Scagliarini et al.
2020 [310]). Due to the high complexity of these phenomena, generally the turbulent
Rayleigh-Bénard convection is studied with the Eulerian approach, focusing on local and
global turbulent heat transfer processes (Grossman and Lohse, 2000 [311]; Chavanne et al.,
2001 [312]; Lohse and Xia, 2010 [313]), while Lagrangian analyses are still rare (Schumacher,
2009 [314]). The most recent technological developments have made it possible to develop
laboratory simulations for the study of the velocity field by creating a large convection
cell (Xia et al., 2003 [315]), for the analysis of biphasic flows (Wang et al., 2020 [316]) and
for the investigation of the interaction between urban heat island and sea-breeze regime
(Cenedese and Monti, 2003 [317]). However, the investigation with laboratory simulations
of the thermally driven turbulence is still quite rare due to the difficulties related to the
creation of a stable setup and this problem is far from full understanding, yet. Typically,
numerical simulations are preferred to study the role of buoyancy in the breakup criteria of
drops or bubbles (Liu et al., 2021 [318]) or to examine the dynamics and structure of large-
scale circulation under inhomogeneous boundary conditions (Vasiliev and Sukhanovskii,
2021 [319]).
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Another challenge to be faced for the complete understanding of turbulence is the
comprehension of stratified flows, particularly interesting for the analysis of the atmo-
spheric nocturnal stable boundary layer, in which the turbulence has local origin and
the structure of the surface layer obeys the Monin-Obukhov similarity theory (Obukhoyv,
1946 [320], Monin, 1954 [321]), and the mutual interaction between sub mesoscale motions
and turbulence (Staquet and Sommeria, 2002 [322]). The formation of sub mesoscale waves
in katabatic flows caused by the rupture of turbulent jets has been demonstrated through
laboratory (Dohan and Sutherland, 2003 [323]) and numerical (Renfrew, 2004 [324]; Larg-
eron et al., 2013 [325]) simulations. Furthermore, the scientific debate concerning turbulence
in rotating flows appearing in several geophysical and industrial applications, in which
extremely complex spatial structures develop (Godeferd and Moisy, 2015 [326]) is still open.

The realistic simulation of turbulence is challenging also for the study of biological
systems, mainly related to the human body, with the aim of improving the quality of life
and optimizing the prototypes developed in the field of biomedical engineering. In this
field, recent numerical simulations, guided by ever more accurate three-dimensional mod-
els of organs and tissues, have made it possible to simulate the turbulent airflow in human
respiratory tract (Srivastav et al. [327]), the coronary arteries under stenotic condition (Ma-
halingam et al. [328]), and the aerosol deposition in the nasal cavity (Liu et al. [329]), among
others. The realization of setups for the experimental study of turbulent flows in biological
systems is certainly complex, although not impossible. As instance, Fortini et al. [330] used
image analysis techniques to reconstruct the mean velocity and turbulence field in a human
ventricle model, Giilan et al. [331] used 3D-PTV to examine turbulent flow in the ascending
aorta, while Boutsianis et al. [332] used PTV to investigate the turbulent flow characteristics
during abdominal aortic aneurysms. Modern metrology used in experiments permit to
obtain a refined picture of the velocity field topology and of the axisymmetric velocity
field statistics, including high-order moments, by applying image analysis techniques such
as PIV and PTV (Praud et al., 2006 [333]; Van Bokhoven et al., 2009 [334]; Moisy et al.,
2011 [335]). Nonetheless, experimental scientific progress is still limited in this sector as
the evolution of turbulent structures is due to the simultaneous effect of edge effects, shear,
rotation, and stratification (Davidson, 2013 [336]). From the numerical point of view, intro-
ducing the Coriolis force can be much easier than in experiments (Teitelbaum and Mininni,
2010 [337]) and the larger resolution direct numerical simulations guarantee the correct
separation of the turbulence scales. Nevertheless, many challenges remain open, such as
the coupling of rotation and stable stratification effects (Godeferd and Moisy, 2015 [326]).

In the context of numerical techniques, turbulence modeling remains crucial in or-
der to improve the accuracy and capabilities of turbulent flow simulations. One of the
latest attempts stems from fractal geometric considerations, which lead to new turbulence
models that are not only nonlinear, but also nonlocal and fractional, whereby these two
features have most properties in common. To cope with Kolmogorov’s inertial range
spectrum of turbulent eddies and its extensions including intermittency, Chen has started
with a nonlocal description by introducing into the Reynolds shear stress a fractional
derivative (Chen [338] and Chen et al. [339]). Several other authors have taken up this
recipe and have generalized their corresponding Reynolds stress modeling (Churbanov
and Vabishchevich [340] and Di Leoni et al. [341]). Different authors have preferences for
different fractional derivatives, e.g., Sousa introduces in his model of turbulent diffusion
the Riesz fractional derivative (Sousa [342]). Research on fractional partial differential
equation modeling (FPDE) for turbulent flow fields near solid walls have been reported
by Keith et al. [343]. Egolf and Hutter [344] report on the difference-quotient turbulence
model (DQTM), which is a generalization of Prandtl’s mixing length and shear layer model
and copes directly with fractional properties in correspondence with Lévy flights, related to
clustering spatial eddy distributions. Such models and their developments are ready to in
the near future replace simple gradient-based turbulence models with their insufficiencies.
However, not every case has the transformation to simple applicable numerical algorithms
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been outlined yet. The first promising attempts have been undertaken by Samiee et al. [345]
and Seyedi and Zayernouri [346] and applied to LES turbulence modeling.

In order to support what was stated above, but also to highlight the trends in the
research on turbulence, a bibliometric analysis has been performed through the research
and analysis tools of the scientific database Scopus [224]. The relevance of the turbulence
field in the scientific community can be estimated comparing the total number of indexed
documents in Scopus (around 80 million) to the total number of documents containing
the word “turbulence” in the title, abstract or keywords (226,787 on 7th February 2022):
the research on turbulence turns out to be around 3%. of the total produced research. In
Table 1, the distribution of subject areas of those documents is reported: under “Other”
are grouped areas weighing less than 1.00% on the total. Most of half of all the research
on this field is in the area of engineering and of physics and astronomy, with the energy
field which concerns almost 5% of the total. The prevalence of engineering (together with
other areas of applications such as energy, material science, environmental science, etc.)
highlights the practical relevance of the research on turbulence, whilst the weight on the
total of areas such as physics and astronomy or mathematics recalls the unsolved questions
that turbulence still carries on.

Table 1. Percentage of the subject areas of the papers published in indexed scientific journals
and conference proceedings with the word “turbulence” in title, abstract, or keywords (source:
Scopus.com).

Subject Area %
Engineering 28.99
Physics and Astronomy 20.85
Earth and Planetary Sciences 9.50
Chemical Engineering 7.38
Mathematics 5.65
Energy 4.98
Materials Science 4.85
Environmental Science 4.44
Computer Science 4.42
Chemistry 2.59
Agricultural and Biological Sciences 1.50
Other 4.84

The tendency of the research on turbulence can be estimated from Figure 18, where the
papers indexed in Scopus until 2021 (entries from 2022 have been neglected because the data
are too partial, as the database was accessed the last time on 7th February 2022) have been
plotted versus the year of publication. The data set consists of 225,115 documents, starting
from the first one of 1915 by Humphrey and Hatschek [347], regarding an laboratory
experiment about the viscosity of suspensions of rigid particles at different shear rates.
After about fifty years of a very slight growth, almost invisible from the figure due to the
scale, from the mid of the 1960s this growth has been very fast, with a further increase at
the beginning of this century, highlighting the growing interest about this field.

Given the topic of the present review paper, the trends of the employment of laboratory
or numerical techniques have been analyzed. In order to do this, the data-set of documents
containing “turbulence AND experiment OR laboratory AND NOT numerical” has been
examined to estimate the laboratory investigation on turbulent flows. This data-set consists
of 26,755 papers, starting from the first two from 1920 of Mackenzie and Honaman [67] and
of Tice [68], related to the optimization of fuel consumption and of cylinder combustion
in engines. Regarding the numerical investigations on turbulent flows, these have been
estimated from the data-set of documents containing “turbulence AND numerical AND
simulation AND NOT laboratory”. This data-set is made up of 44,689 papers, starting from
the first two dating back to 1969 (Lilly [348] and Orszag [349]), where some schemes for
the numerical solution of the Navier-Stokes equations (at moderate Reynolds number in
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two-dimensional incompressible approximation) are presented. It should be highlighted
that this bibliographic analysis is intended to give an estimation of the trends and not the
exact distribution of the two approaches, as can be seen, for instance, by the fact that the
sum of the laboratory data-set with the numerical one does not correspond to the total
number of documents containing turbulence: this can be due, for example, to fact that
not always authors write the search terms here employed in the title, the abstract, or the
keywords (as in the above quoted work of Humphrey and Hatschek [347] from 1915, which
is a laboratory investigation but where the search words here employed are not included),
preferring to directly indicate the technique adopted. Moreover, some papers are about
theoretical models or field measurements, etc. The two data-sets are plotted in Figure 19
versus the year of publication: laboratory data are in blue, numerical ones in red. The
figure shows that, from 1969 till 1994, the laboratory techniques were prevailing, from
1995 till 2001 numerical techniques were just a bit more employed than laboratory ones
(but with similar values), while from 2002 till present the distance has gradually increased,
with studies employing numerical techniques, which nowadays, are much more than twice
(almost three times) the laboratory ones.
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Figure 18. Papers per year published in indexed scientific journals and conference proceedings with
the word “turbulence” in title, abstract, or keywords, until 2021 (source: Scopus.com).

In Tables 2 and 3, similarly to what was shown above in Table 1, the distribution of
subject areas of documents about laboratory investigations and numerical ones, respectively,
are reported. As for Table 1, under “Other” are grouped areas weighing less than 1.00%
on the total. The energy field concerns less than 6% for both laboratory and numerical
investigations, with a slightly higher value for the numerical ones. The distribution is
similar in the two cases, with the clear prevalence of engineering, but with some relevant
differences, the most relevant being arguably about mathematics, which counts for 6.50%
and a 5th position for the numerical investigations, while counting 4.70% and an 8th
position in the case of laboratory investigations, highlighting the more theoretically oriented
interest of this area.
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Figure 19. “Laboratory” versus “numerical” in turbulence research: in blue, papers per year pub-
lished in indexed scientific journals and conference proceedings with the words “turbulence” AND
“experiment” OR “laboratory” AND NOT “numerical” in title, abstract, or keywords, until 2021; in
red, papers per year published in indexed scientific journals and conference proceedings with the
words “turbulence” AND “numerical” AND “simulation” AND NOT “laboratory” in title, abstract,
or keywords, until 2021 (source: Scopus.com).

Table 2. Subject areas of laboratory research in turbulence: percentage of the subject areas of the pa-
pers published in indexed scientific journals and conference proceedings with the words “turbulence”
AND “experiment” OR “laboratory” AND NOT “numerical” in title, abstract, or keywords (source:
Scopus.com).

Subject Area %
Engineering 28.58
Physics and Astronomy 19.54
Earth and Planetary Sciences 9.10
Chemical Engineering 7.40
Environmental Science 6.22
Energy 5.74
Materials Science 5.53
Mathematics 4.70
Computer Science 3.87
Chemistry 2.94
Agricultural and Biological Sciences 2.34
Medicine 1.01
Other 3.03

As previously stated, the term “experiment” is generally linked to a laboratory inves-
tigation, while the term “simulation” usually recalls CFD investigations. From our point
of view, this taxonomy can be overtaken and these constraints can be relaxed, as both the
techniques have broadly demonstrated to be mature enough to simulate features of the real
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world turbulent flows thorough repeatable experiments under controlled and reproducible
conditions. If we start from literal definitions, in the Collins English Dictionary [350]
“experiment” is defined as “a test or investigation, especially the one planned to provide
evidence for or against a hypothesis”, while “simulation” is defined as “a representation of
a problem, situation, etc., in mathematical terms, especially using a computer”, or “as the
construction of a mathematical model for some process, situation, etc., in order to estimate
its characteristics or solve problems about it probabilistically in terms of the model”. So,
from this point of view an experiment can be carried on both numerically or in a laboratory,
while a simulation relies on a mathematical representation, so it is more suited, from a
lexical point of view, for CFD investigation. Anyway, to check and estimate the scientific
employment of the word “simulation” in correlation with laboratory investigations, we can
perform a bibliographic analysis on Scopus searching for the documents with the words
“turbulence” AND “experimental simulation” OR “laboratory simulation”. This query
returns 161 papers, from the first one of Besco [351], employing the term “experimental
simulation” in his study of the effects of vertical accelerations on aircraft pilot ability to track
a signal, to the last one of Dewan et al. [352], employing the term “laboratory simulation”
in the field of astrophysical phenomena. As shown by the blue data reported on Figure 20,
this approach is slowly increasing, as we could find only one paper in the 1960s, 20 in the
1970s, 15 in the 1980s, 25 in the 1990s, 27 in the 2000s, 57 in the 2010s, and already 16 in the
first few years of the 2020s.

Table 3. Subject areas of numerical research in turbulence: percentage of the subject areas of the papers
published in indexed scientific journals and conference proceedings with the words “turbulence”
AND “numerical” AND “simulation” AND NOT “laboratory” in title, abstract, or keywords (source:
Scopus.com).

Subject Area %
Engineering 31.78
Physics and Astronomy 20.76
Chemical Engineering 9.63
Earth and Planetary Sciences 7.90
Mathematics 6.50
Energy 5.82
Computer Science 4.42
Environmental Science 3.88
Materials Science 3.70
Chemistry 2.71
Other 2.89

As shown in Table 4, this definition is employed more often in the engineering field, in
the physics and astronomy field, and, differently from what seen so far, in the environmental
science. It is also interesting what arises from the query about indexed documents with
the word “experiment” used in correlation with numerical investigations (“numerical
experiment” AND “turbulence” AND NOT “laboratory”): Scopus returns 1264 entries
from 1966 (Jeng et al. [353]) till 2022 (Fehn et al. [354]). It is interesting to note that Jeng et al.
employed the term “numerical experiments” before the first paper employing the now
classical term “numerical simulations”. As visible from the red line on Figure 20, the use
of the term “numerical experiment” is clearly increasing, with a much faster trend than
“laboratory simulation” (the 2021 value is more than six time larger).

Table 5 shows the distribution of subject areas employing numeric experiments: the
role of more theoretical sciences turns out to be more relevant, with areas as physics and
astronomy, earth and planetary sciences and mathematics reaching the highest values
so far.
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Table 4. Percentage of the subject areas of the papers published in indexed scientific journals and
conference proceedings with the words “turbulence” AND “experimental simulation” OR “laboratory
simulation” in title, abstract, or keywords (source: Scopus.com).

Subject Area Y%
Engineering 30.97
Physics and Astronomy 16.77
Environmental Science 10.32
Earth and Planetary Sciences 9.68
Energy 5.81
Materials Science 5.16
Mathematics 5.16
Computer Science 3.87
Chemical Engineering 3.55
Agricultural and Biological Sciences 2.58
Chemistry 1.94
Other 4.19
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Figure 20. Papers using laboratory simulation versus numerical experiment in turbulence research:

in blue, papers per year published in indexed

scientific journals and conference proceedings with the

word “turbulence” AND “experimental simulation” OR “laboratory simulation” in title, abstract,
or keywords, until 2021; in red, papers per year published in indexed scientific journals and confer-
ence proceedings with “numerical experiment” AND “turbulence” AND NOT “laboratory” in title,
abstract, or keywords, until 2021 (source: Scopus.com).
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Table 5. Percentage of the subject areas of the papers published in indexed scientific journals and
conference proceedings with the words "numerical experiment" in title, abstract, or keywords (source:
Scopus.com).

Subject Area Y%
Engineering 24.74
Physics and Astronomy 22.39
Earth and Planetary Sciences 14.95
Mathematics 10.21
Computer Science 6.76
Chemical Engineering 6.34
Environmental Science 4.83
Materials Science 2.94
Energy 2.86
Chemistry 1.34
Agricultural and Biological Sciences 1.18
Other 1.47

5. Conclusions

In this work a review of techniques and trends in turbulent flow simulations, which
can be achieved through both laboratory and numerical modeling, has been given in order
to provide a useful reference for the research and technical community involved in the
energy field, highlighting the advantages and disadvantages of the principal techniques. A
bibliometric analysis was also performed in order to highlight the trends in the published
literature, and therefore in the usage, of the above mentioned methodologies.

From the bibliometric analysis, it is clear that general research on turbulence shows a
steady continuous growth in the last 50 years. A similar trend is also found when searching
for published literature within the energy field only, showing that turbulence simulations
will have an increasingly larger impact on energy research in the future.

The bibliometric data, however, show that not only a 3:1 ratio of publications based
on numerical simulation over laboratory experiments exists, but above all a significantly
higher slope of the curve associated with numerical publications can be observed in the
last 30 years. This suggests a predominant use in the present time of numerical techniques
over laboratory ones and even in the near future such dominance is likely to grow. It must
be noted, however, that such trend might also be determined by, one one hand, the actual
time in preparing and performing a laboratory experiment of a new flow setup. On the
other hand, the impact of measured data, such as for a DNS simulation, are usually of
re-iterated use for advancing the capabilities of numerical modeling techniques such as LES
and RANS. For example, for any established laboratory dataset for a given turbulent flow
setup, there are many numerical studies based on turbulence modeling taking advantage
of measured data for validation, tuning, and comparison purposes.

This review work and the discussion of advantages and disadvantages of both labo-
ratory and numerical techniques within, thus confirm that each of them has still peculiar
strengths and weaknesses and that both approaches are thus still indispensable, with
different but complementary purposes.
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Abbreviations

The following abbreviations are used in this manuscript:
DES Detached Eddy Simulations

DNS Direct Numerical Simulation

EVM Eddy Viscosity Model

FLOPS  Floating-point operations per second

GPU Graphical Processing Unit

LES Large Eddy Simulation

RANS Reynolds-Averaged Navier-Stokes
RSM Reynolds Stress Model

5GS Subgrid Scale

SRS Scale-Resolving Simulations

UuQ Uncertainty Quantification

URANS  Unsteady Reynolds-Averaged Navier-Stokes
WMLES  Wall-Modeled Large Eddy Simulation
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