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Simulations using the Lattice-Boltzmann Method (LBM) are benchmarked to experimen-
tal cooling channel studies performed at the Von Karman Institute for Fluid Dynamics.
The experimental geometry is representative of a typical rib-turbulated cooling channel
for a gas turbine rotor blade. The work aims at describing the flow physics involved,
providing a better comprehension of the role of turbulence in augmenting heat trans-
fer. Computations are found to be in agreement with the available experimental data
highlighting the accuracy of LBM for aerodynamic and thermal prediction. Results are
also compared to Navier-Stokes Large Eddy Simulation (LES). The reduced computa-
tional cost compared to LES based methods offers interesting perspectives for future
developments.

Keywords: Computational Fluid Dynamics; Lattice-Boltzmann method; Turbulence pro-
moters; Blade cooling; Heat transfer.

PACS Nos.:

1. Introduction

Turbine blades are one of the most critical components in gas turbine engines since
they are exposed to significant mechanical and thermal loads, leading to high stresses
which can reduce the overall engine life and reliability. Nowadays, typical turbine
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inlet temperatures for aeronautical engines are in the order of 1800-1900 K. De-
spite the considerable progress in material technology, these temperatures are often
higher than the material melting point, and they could not be sustained without the
assistance of blade cooling technologies. Figure 1 shows the complexity of a typical
cooling system employed in modern multipass turbine blades, where several tech-
niques for internal and external cooling are used. The present work focuses on the
rib-turbulated internal cooling technique, where the ribs are acting as turbulence
promoters. The study provides an aerothermal description of the flow physics that
characterizes these particular cooling passages.

Fig. 1. Typical cooling system of a modern multipass turbine blade.’

Previous studies have demonstrated the difficulty of Reynolds Averaged Navier-
Stokes (RANS) models to account for complex flow fields involving large flow sep-
aration, with results highly dependent on the employed turbulence model. Fransen
et al.? proved the limitations of RANS models for the prediction of separated flows
in typical rib-turbulated cooling channels. On the other hand, ”scale-resolving”
methods such as Large Eddy Simulation (LES), where a portion of the turbulence
spectrum is resolved, provide an alternative. In the last few years, the use of LES
models for academic research has dramatically increased, but the computational
cost remains unaffordable for most industrial applications. The main drawback of
LES is related to the requirement in terms of resolution for wall-bounded flows,
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which implicate a large number of cells in the wall boundary layers. In this context,
the Lattice-Boltzmann solver PowerFLOW which leverages on a Very Large Eddy
Simulation (LB-VLES) approach may offer a valid alternative to the traditional nu-
merical methods for Computational Fluid Dynamics, considering a more advanced
turbulence modelling compared to RANS and a reduced computational cost com-
pared to LES. Previous work has demonstrated that LB-VLES solvers can reduce
the computational cost by 1 to 2 orders of magnitude when compared to LES.?4

In the open literature, Lattice-Boltzmann methods (LBM) have been used for
the investigation of separated flows for relatively simple geometries only.%% The
present work introduces additional critical features which significantly increase the
complexity of the analysis. In particular, the present work investigates the effect
of system rotation on the flow field in a typical ribbed channel and, afterwards,
presents a detailed heat transfer analysis.

2. Numerical Methodology

Over the past few years, the Lattice-Boltzmann method has rapidly emerged in the
field of Computational Fluid Dynamics. This technique is particularly promising
because of its ability to account for complex fluids and geometries, and because of
its highly parallelizable nature. Differently from the traditional numerical schemes
applied in CFD, which characterize the flow motion at a macroscopic level, LBM
relies on a mesoscopic description, where particle distribution functions in discrete
space and time describe the fluid evolution. This method allows recovering the
macroscopic behaviour described by classical Navier-Stokes equations through the
Chapman-Enskog asymptotic analysis.”

The Lattice-Boltzmann equation, which describes the evolution of the particle
distribution function f;, takes the following form:

fi(@ 4+ AL+ At) — fi(Z,t) = Ci(Z, t) (1)

The term on the right-hand side of Eq. (1) is known as collision operator and it
is often simplified through the Bhatnagar-Gross-Krook (BGK) assumption, namely:

Ci(Z,t) = = | f{U(Z,t) — fi(Z,t) (2)

where T represents the relaxation time and f;? is the equilibrium distribution
function. The particle velocity space is discretized into a prescribed number of val-
ues, in magnitude and direction. These discrete velocity vectors are such that, in
a given time step, a particle is restricted to stream in a limited number of direc-
tions. The most adopted scheme is known as the D3Q19 lattice scheme; it was
demonstrated that this discretization is sufficient in order to recover the Navier-
Stokes equations.® The LBM scheme is solved on a cartesian grid composed of
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cubic volume elements (voxels), the only exception being the cells which intersect
solid boundaries.

After the computation of the distribution function, macroscopic quantities like
density, velocity and internal energy are computed by discrete summation, taking
the appropriate moments of the distribution function. The remaining quantities are
obtained by applying the thermodynamic relations of an ideal gas.

For high Reynolds number flows, the Lattice-Boltzmann equation solver Pow-
erFLOW employs a turbulence modelling based on the solution of a variant of the
RNG k-e model on the unresolved scales, selected via a swirl model.? This approach,
known as ”Lattice-Boltzmann Very Large Eddy Simulation” (LB-VLES), allows
limiting the computational cost by computing only the statistically anisotropic ed-
dies outside the Kolmogorov range. In contrast, the unresolved turbulent scales are
modelled by replacing the molecular relaxation time scale in the Lattice-Boltzmann
equation by an effective turbulent relaxation time scale. The solver also incorporates
a turbulent boundary layer model which includes the effect of streamwise pressure
gradients.

3. Test Case Description

The numerical analysis performed in the present work reproduces an experimental
test case developed for a specific turbomachinery application and recently analyzed
at the Von Karman Institute for Fluid Dynamics. The experimental facility, designed
by Di Sante et al.,'° is equipped with an on-board Particle Image Velocimetry
(PIV) system which allows measurements in the rotating reference frame. Indeed,
the system can rotate in the clockwise and counter-clockwise direction at variable
rotation speeds. The experimental apparatus allows the measurement of classical
mean quantities from uncorrelated time windows, but also of fluctuating quantities
resolved in time. These considerations are of great importance in order to accurately
validate the unsteady numerical results obtained.

The considered geometry consists of a straight channel with an aspect ratio
equal to 0.9, characterized by the presence of eight equally spaced ribs along one
wall, as illustrated in Fig. 2. The channel has a rectangular cross-section where the
rib blockage ratio is equal to 0.1 and the rib pitch-to-height ratio is 10.

Y
X
z

Fig. 2. Sketch of the computational domain.
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The Reynolds number, based on the hydraulic diameter and the bulk velocity,
is set to 15000. The Prandtl number is equal to 0.72. For this flow condition, PIV
measurements are taken in the symmetry plane of the channel. More precisely, the
investigated area is limited to the region between the 6! and the 7" obstacle,
covering about 1/3 of the channel height.

The numerical results of the present work are benchmarked to the experimental
studies performed by Coletti et al.'**12 and Mayo et al.'? In the latter experimental
campaign, the experimental facility was slightly modified, introducing three signif-
icant changes in the set-up:

e rescaling of the entire test section of a factor equal to 15/8, in order to
allow studying flows at higher Reynolds number and rotation number;

e capability to perform Liquid Crystal Thermography (LCT) to investigate
the heat transfer performance of the considered geometry at the same con-
ditions as in the PIV experiments;

e variation to the geometry of the channel upstream of the test section, with
the introduction of a settling chamber.

In the present work, results are reported in terms of non-dimensional quantities
to allow the comparison among the different experimental campaigns.

4. Results
4.1. Complete cooling channel
4.1.1. Numerical details

The current section investigates the flow field in the same geometry studied ex-
perimentally at the Von Karman Institute for Fluid Dynamics. Even though the
geometry is relatively simple, the underlying flow physics is complex and very chal-
lenging for turbulence modelling.

The boundary conditions for the present numerical analysis represent the closest
match with respect to the experimental campaign. In particular, the inflow condition
carefully reproduces the velocity profile measured through PIV on the symmetry
plane of the channel upstream of the first turbulator; this consists in a turbulent
velocity profile characterized by a bulk velocity Uy = 2.83 m/s and by the same
boundary layer height as in the experiments. At the outlet, a uniform ambient
static pressure is applied. Finally, no-slip boundary condition is imposed on all solid
surfaces. The considered duct is characterized by an hydraulic diameter D}, equal to
79 mm and a rib height h equal to 8 mm. The computational domain is discretized
with a Cartesian mesh composed of 25.8 million cubic volume elements (voxels).
The use of the variable resolution (VR) technique allows different voxel sizes within
the simulation volume, ensuring the correct grid resolution in the domain and, at
the same time, reducing the computational effort. The size of the smallest cubic
cells in proximity of the wall is equal to 0.2 mm. The simulation time step is set
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to 5.86 x 107 s, resulting in a Courant-Friedrichs-Lewy (CFL) number equal to
unity. The selection of this specific discretization is the result of a thorough grid
independence study in which four different meshes composed of a voxel number
ranging from 0.6 million to 47.4 million are compared. Since the different grids are
obtained by modifying the size of the finest cell, the simulation time step is changed
accordingly to guarantee numerical stability. In order to quantify and minimize the
numerical errors several indicators are monitored, such as the skin friction coefficient
at the bottom wall and the values of the velocity field at specific locations. The
selected mesh represents the best trade-off between accuracy of the solution and
computational cost, ensuring a complete independence of the solution from the
underlying grid.

Results have been obtained by collecting statistics over 0.76 seconds once the
flow is statistically established. In this time window, the fluid can go three times
from the inlet to the outlet boundary, corresponding to approximately 25 Flow-
Through Times (FTT) between two subsequent obstacles.

4.1.2. Aerodynamic flow field

A qualitative overview of the present flow field is depicted in Fig. 3, which represents
the axial velocity field along the symmetry plane of the channel, non-dimensionalized
with the bulk velocity Uy. The main peculiarities are the presence of large recir-
culation bubbles after the ribs and the strong flow acceleration in the core of the
channel due to the rib blockage effect. Moreover, small corner vortices are present
just upstream and downstream of the turbulators: the former are caused by the
separation of the boundary layer before the rib, whereas the latter are due by the
separation induced by an adverse pressure gradient near the bottom wall.

|

u/uo

e ——

|[0.35 -0.15 0.05 0.25 0.45 0.65 0.85 1.05 1.25 1.45

Fig. 3. Non-dimensional streamwise velocity in the symmetry plane of the channel.

The numerical results obtained in this study are compared against the experi-
mental measurements available between the 6" and the 7t obstacle. For the present
set-up, that is, the channel in static conditions, the results of two different exper-
imental campaigns are available. Computations are in good agreement with the
experimental data, as illustrated in Fig. 4 for the mean (U) and turbulent (Uyp,s)
streamwise velocity profiles extracted at several locations in the symmetry plane of
the channel. Note that U,.,,s represents the root mean square value of the velocity
fluctuations along the streamwise direction.
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Fig. 4. Mean and turbulent streamwise velocity profiles between the 6t and the 7t turbulator.

4.1.3. Pressure drop along the channel

A fundamental aspect concerning the design of a cooling channel is related to the
pressure drop induced by the turbulators. An efficient design must be the result
of a multi-objective optimization in which the pressure drop is minimized and, at
the same time, the turbulence enhancement is maximized to ensure the best heat
transfer performance.

In the present work, the total pressure drop as a function of the streamwise
coordinate is computed as:

APiot(z) = Proy(x) — Py (3)

where Pj:(x) is defined as the total pressure averaged over a transversal slice
located at coordinate z and P,¢! is the average total pressure at the inlet. Figure 5
shows the evolution of the total pressure difference defined in Eq. (3) as a function
of the z-coordinate adimensionalized by the rib pitch P = 80 mm. Note that, for
the sake of clarity, the location of the turbulators has been highlighted using dash-
dot lines. It can be observed that each obstacle creates a severe pressure loss with
its highest across the first rib. Moreover, the region located between the first and
the second rib is characterized by a different pattern compared to the following
ones; indeed, as shown in Fig. 3, this area is featured by a much larger recirculation
bubble which extends over the entire inter-rib space. The pressure drop over two
subsequent turbulators tends to converge to a constant value starting from the 3**
rib onwards.
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Fig. 5. Total pressure drop along the channel

Based on this graph, the friction factor f of the channel has been calculated
according to the following definition:

A—Ptot Dh

F= 2pLUZ )

where L represents the channel length related to the considered pressure drop
and Dy, defines the hydraulic diameter. The friction factor f has been normalized
by the friction factor of a smooth tube fj, given by the Blasius relation:

0.046
Jo= Re02 (5)

Considering the portion of the channel located between the 4** and the 8" rib,
where full convergence is reached, a value f/fy = 2.91 is obtained. This result is in
good agreement with the literature for a similar geometry, characterized by the same
rib pitch-to-height ratio P/h = 10 and by the same rib blockage ratio h/Dj, = 0.1.*

4.2. Reduced cooling channel
4.2.1. Numerical details

For the current analysis, the computational domain is reduced to a limited por-
tion of the ribbed channel (see Fig. 6) and the geometry is rescaled by a factor
15/8 as explained in Section 3. The hydraulic diameter Dy is equal to 145 mm
and the rib height h is equal to 15 mm. In order to keep the Reynolds number
at 15000 the bulk flow velocity is reduced to Uy = 1.56 m/s. Periodic boundary
conditions are applied at inlet and outlet, thus implicitly assuming that the flow
field can be considered periodic after the 6" rib. This assumption is proven both
experimentally and numerically with an acceptable level of approximation. A no-
slip wall boundary condition is applied to all surfaces. The top and lateral walls
have an imposed uniform and constant temperature of 293 K, while the bottom
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wall has a temperature equal to 314 K. Both these temperature conditions repro-
duce the experimental setup. The temperature difference causes heat transfer from
the floor to the fluid, and from the fluid to the top and lateral walls. Moreover, on
the surface of the turbulator, a zero heat flux condition is imposed. The motivation
under this simplifying assumption is that in the experimental setup, the rib is built
with a low conductivity material and, hence, the heat flux from the turbulator to
the fluid can be considered negligible. Finally, in order to match the correct mass
flow rate measured in the experimental campaign, a body force aligned with the
main flow direction is imposed. It is important to remark that the current analysis
takes into account the convective phenomenon, which includes energy transfer due
to bulk fluid motion (advection) and random molecular motion (diffusion), whereas
wall conduction effects and radiation are not considered. The solver also takes into
consideration the coupling between temperature and momentum equations; there-
fore, the density variation of the fluid due to temperature change is fed back to the
momentum equation.

10.2 h

Fig. 6. Sketch of the computational domain: inlet (green) and outlet (red).

The decision to investigate the reduced geometry brought several essential ad-
vantages:

e Availability of high fidelity LES results.

e Reduction of the computational effort.

e Possibility to increase mesh resolution without exceeding the available com-
putational power.

e Possibility to simulate a long physical time in order to average data and
collect statistics over a large amount of Flow-Through Times (FTT).

e Independence of the solution from small variations in the inflow conditions.

The domain is discretized with a Cartesian mesh composed of 6.1 million cu-
bic elements (voxels). Three different voxel sizes are used in order to ensure high
grid resolution in proximity of the walls and in the separated regions, and use less
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detail in the central part of the duct. The smallest cubic elements have a dimen-
sion of h/20, with h being the height of the turbulator. The simulation time step
non-dimensionalized using the hydraulic diameter and the bulk velocity is set to
3.8 x 107%, resulting in a CFL number equal to unity.

The study is not limited to the static configuration, but also considers the rotat-
ing conditions. The idea is to create flow conditions similar to the ones encountered
in industrially relevant rotating cooling channels, where the Coriolis and the cen-
trifugal forces actively modify the fluid dynamics. Rotation is prescribed through
a methodology often employed in the literature. The approach consists in selecting
the rotating frame as the reference frame, and therefore it requires to include the
contributions of the Coriolis and the centrifugal forces into the fluid flow equations.
The present simulations use a global non-inertial reference frame fixed to the solid
geometry, where the angular velocity of the system is prescribed in order to achieve
the desired rotation number. The rotation number, defined as Ro = QD}, /Uy, is set
to £0.30 and it expresses the ratio between the Coriolis forces and the inertia forces.

Simulations are performed on 430 cores, and the required computational cost
is approximately 1000 total CPU hours for all conditions. More precisely, the time
necessary to simulate a single Flow-Through Time is equal to 6.3 CPU hours. Nowa-
days, these values represent a relatively limited computational effort, which can be
easily managed also in an industrial context.

The obtained results are validated against experimental data from Particle Im-
age Velocimetry (PIV) and Liquid Crystal Thermography (LCT), and they are also
compared to the numerical simulation performed by Mayo et al. using LES.'315
Unfortunately, no information concerning the computational effort required by that
LES computation is available. In the literature, the only reference providing details
on the computational cost required for this kind of internal cooling simulations is
given by the publication of Borello et al.'® The authors performed LES compu-
tation with a dynamic Smagorinsky model on the same test case analyzed in the
present work, but considering a double-length computational domain, consisting in
two rib-pitches and periodic boundary conditions imposed at inlet and outlet. The
overall number of elements used in the computation is 17.6 million, corresponding to
8.8 million cells for the discretization of a domain length equal to a single rib-pitch.
The numerical simulations of Borello et al. were performed on the ENEA-Cresco3
and on CINECA-Eurora supercomputers using 64 cores and the authors reported a
computational cost which is approximately two orders of magnitude larger compared
to the one required by the Lattice-Boltzmann solver PowerFLOW. This difference

in computational effort is in accordance with other references in the literature.® 4

4.2.2. Aerodynamic flow field

The results outlined in the present section have been obtained by averaging data
and collecting statistics over a long physical time, corresponding to about 70 FTT
after the flow characteristics are statistically established.
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Figure 7 shows a very favourable agreement in terms of streamwise velocity
among the results obtained with LBM and the data available in the literature. The
numerical solution captures accurately the effect of system rotation, which primar-
ily affects the fluid dynamics, actively modifying the shape of the velocity profiles
and the size of the recirculation bubble downstream of the rib. The positive rotation
reduces the length of the separated region by approximately 10%, whereas the neg-
ative rotation leads to a much larger bubble which takes almost the entire inter-rib
space. The enlarged area of reverse flow for the negative rotation has a consequence
on the rest of the domain as well. Indeed, considering that the Reynolds number is
kept constant at 15000 in all three configurations, the broad area of negative axial
velocity is balanced by a higher velocity region in the core of the channel.

The different sense of rotation also affects the turbulent levels in the flow. Con-
sidering the positive rotation, the turbulent kinetic energy assumes higher values,
especially in the region of the turbulators. In this case, in which the ribbed wall
represents the pressure side, turbulence is strongly enhanced. As for the negative
rotation, the flow is stabilized by the rotation and turbulence is suppressed, since
the ribbed wall acts as the suction side.

- - LES Mayo

PowerFLOW|
4 PIVMayo
© PV Colett
- - LES Mayo

PowerFLOW
s PIVMayo
©  PIV Colett
- - LES Mayo

Yh
Yh

Yh
o kv w s 0 o N e w®

U/U0 + X/h U/UO0 + X/h U/U0 + X/h
(a) (b) ()

Fig. 7. Streamwise velocity profiles in the symmetry plane of the channel: positive rotation (a),
static (b), negative rotation (c).

4.2.3. Secondary motions

A key aspect of the present study is the investigation of secondary motions, which
are promoted by the low aspect ratio of the channel. The analysis is conducted con-
sidering a section perpendicular to the main flow direction and located downstream
of the rib at X/h = 3.33. In the static configuration, Fig. 8(a), two large and sym-
metric counter-rotating vortices occupy a significant portion of the cross-section.
Their origin is in the rib-induced secondary flows, which are generated between the
rib and the lateral walls and are later advected downstream. As far as the rotat-
ing configurations are concerned, the flow field is modified by the Coriolis force,
which acts orthogonally to both the main flow direction and the rotation vector.
The Coriolis force is proportional to the flow velocity; therefore, a strong effect is
expected in the core of the channel. Conversely, a different behaviour characterizes
the flow in the vicinity of the lateral walls: in this region, the low axial velocity in the
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boundary layer generates a mild Coriolis force which is not sufficient to counteract
the transverse pressure gradient locally. The Coriolis force is directed downwards in
the case of positive rotation, whereas the negative rotation causes the Coriolis force
to act from the bottom wall towards the top wall. In the case of positive rotation,
Fig. 8(b), the effect of the Coriolis force strengthens the rib-induced vortices, giv-
ing more energy to the secondary motion. For the negative rotation, Fig. 8(c), the
Coriolis force overpowers the rib-induced vortices and produces a motion in which
the fluid in the proximity of the lateral walls is directed in the negative vertical
direction. In addition to the Coriolis-induced secondary flows, the negative rotation
also shows the presence of two other counter-rotating cells in the vicinity of the
upper wall, which are believed to be originated by the Taylor-Gortler instability.

V/Uo
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15

A RIRUINL

Fig. 8. Streamlines and vertical velocity contours: positive rotation (a), static (b), negative rota-
tion (c)

4.2.4. Heat transfer analysis

This part of the work covers a detailed heat transfer analysis which represents a
fundamental aspect for turbine blade cooling channels. The parameter commonly
employed in order to assess heat transfer is the Nusselt number, which is defined as
the ratio between the thermal energy convected to the fluid and the thermal energy
conducted within the fluid, namely:

hDy,
Nu=—— 6
u=— (6)
The heat transfer coefficient h is computed as:
qCOTL’U
h=——"— 7
Tw _ Tc ( )

where ¢eony is the convective heat flux at the interface between the fluid and the
solid boundary, T, is the temperature at the centre of the cross-section and T3, is the
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temperature of the heated wall. Note that in the definition of the Nusselt number,
k represents the thermal conductivity of the fluid computed at film temperature
Trim = 3(Tw+Te).

In the present work the Nusselt number has been normalized by a reference
Nusselt number Nug given by the Dittus-Boelter correlation which is valid for a
straight smooth circular tube:

Nug = 0.023 Re’8pr0-4 (8)

Therefore, the parameter presented for the evaluation of the heat transfer is
called Enhancement Factor and takes the form:

N
EF = 4

~ Nug 9)

In order to have a quantitative representation of the heat transfer evolution
in the inter-rib area, the EF is extracted on the centerline of the ribbed wall for
the three different rotating conditions, as reported in Fig. 9. The graph shows
that the present numerical simulations well capture the heat transfer enhance-
ment /suppression that can be observed in the experimental campaign for the posi-
tive/negative rotating configurations, respectively. Moreover, in the case of positive
and non-rotating configurations the simulations correctly reproduce the EF reduc-
tion starting from X/h ~ 4, which is due to the development of the boundary layer
after reattachment. Under negative rotation, the large separation bubble occupies
the entire inter-rib space and produces a different EF pattern, which is almost flat
in the region 3 < X/h < 8. Only minor discrepancies are present in comparison to
the data available in the literature, partly due to the simplified thermal boundary
conditions employed in the CFD simulations.

w
w
2r 4
1 s
0 T | I I I I I I
-1 0 1 2 3 4 5 6 7 8 9 10
X/h
— Ro = +0.3: PowerFLOW —— Ro = 0: PowerFLOW —— Ro =-0.3: PowerFLOW
—e— Ro = +0.3: Experiment —e— Ro = 0: Experiment —e— Ro =-0.3: Experiment
--- Ro=+0.3: LES --- Ro=0:LES --- Ro=-0.3:LES

Fig. 9. Comparison of the centerline Enhancement Factor computed on the symmetry line of the
ribbed wall.
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A more comprehensive understanding of the heat transfer pattern over the en-
tire bottom wall is given by the EF distribution reported in Fig. 10, which shows a
different behaviour for the three considered conditions. By taking the static case as
the reference configuration, it can be observed that opposite effects are produced
depending on the sense of rotation. The counter-clockwise rotation has a destabi-
lizing effect which promotes turbulence enhancement and produces a higher heat
exchange between the heated wall and the fluid. On the contrary, under clockwise
rotation, the heat transfer capability is significantly reduced due to the turbulence
suppression near the ribbed wall and due to the low-momentum caused by the
enlarged recirculation bubble.

The rotational effect on the heat transfer performance of the cooling channel
is quantitatively evaluated by computing the surface-averaged EF. This value, av-
eraged over the entire inter-rib floor, reveals that the counter-clockwise rotation
increases the heat transfer capability by 28%, whereas under clockwise rotation the
heat exchanged from the wall to the fluid drastically reduces by 57% compared to
the static configuration.

EF
B [

06 10 14 18 22 26 30 34

Counter-clockwise Static Clockwise

B o
2 -"
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0 2 4 6 8 0 2 4 6 8
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0 2 4 6 8
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Fig. 10. Enhancement Factor contours on the bottom wall.

5. Conclusions

The present work demonstrated the accuracy of the Lattice-Boltzmann methods for
the prediction of aerodynamic and thermal fields in a typical rib-turbulated internal
cooling channel. Results showed good accordance with the data available in the lit-
erature, denoting the suitability of the solver to account for complex rotating flows.

The numerical simulations allowed to ensure a better understanding of the full
three-dimensional flow field, which was only partially investigated in the experimen-
tal campaigns. The availability of unsteady measurements over the entire domain
revealed turbulence enhancement/suppression depending on the sense of rotation
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and allowed a better comprehension of the fundamental role of turbulence in aug-
menting heat transfer. Finally, the effect of the Coriolis force on the development
of secondary motions was highlighted.

The current work has thus presented a detailed aerothermal analysis of the flow
physics in a typical rib-turbulated internal cooling channel, providing a similar accu-
racy compared to more expensive LES based methods. The reduced computational
effort offers an exciting perspective for future developments, primarily related to
the application of LBM to more realistic geometries.
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