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ABSTRACT

This study addresses and evaluates the use of high fidelity
Large Eddy Simulation (LES) for the prediction of Conjugate
Heat Transfer (CHT) of an impinging jet at a Reynolds num-
ber of 23 000, a Mach number of 0.1 and for a nozzle to plate
distance of H/D = 2. For such simulations mesh point local-
ization as well as the turbulent model and the numerical scheme
are known to be of primary importance. In this context, a com-
pressible unstructured third order in time and space LES solver
is assessed through the use of WALE sub-grid scale model in
a wall-resolved methodology. All simulations discussed in this
document well recover main unsteady flow features (the jet core
development, the impinging region, the deviation of the flow and
the wall jet region) as well as the mean statistics of velocity. Con-
vergence of the wall mesh resolution is investigated by use of 3
meshes and predictions are assessed in terms of wall friction and
heat flux. The meshes are based either on full tetrahedral cells or
on a hybrid strategy with prism layers at the wall and tetrahedral
elsewhere. The hybrid strategy allows reaching good discretiza-
tion of the boundary layers with a reasonable number of cells.
Unsteady flow features retrieved in the jet core, shear layer, im-
pinging region and wall jet region are analyzed and linked to the
unsteady and mean heat flux measured at the wall. To finish, a
LES based CHT computation relying on the finer grid is used to
access the plate temperature distribution. Nusselt number pro-
files along the plate for the isothermal and the coupled cases are
also provided and compared.

*Address all correspondence to this author.

NOMENCLATURE
SYMBOLS

D Diameter of the Nozzle jet

H Nozzle to plate distance

Nu Nusselt number

P Pressure

Pr, Pr; Prandtl number and turbulent Prandtl number

gy, Wall heat flux

r Radius

Re Reynolds number

T Temperature

U, Bulk velocity

Uc Centerline velocity

T,r8" Dimensionless wall distances

r + sy
T;,T,,T. Jet, wall and conjugate temperatures
St,  Strouhal number based on bulk velocity
As  Solid heat conductivity

A+ Sub-grid scale turbulent heat conductivity
vy Sub-grid scale turbulent viscosity

A;  Sub-grid scale turbulent conductivity

Tywau Wall friction

ACRONYMS
CFD Computational Fluid Dynamics
CFL Courant Friedrichs Lewy number
CHT Conjugate Heat Transfer
LES Large Eddy Simulation
SGS  Sub-Grid Scale

Copyright © 2014 by ASME



INTRODUCTION

Determination of heat loads such as wall temperatures and
heat fluxes, is a key issue in gas turbine design [1-5]: the interac-
tion of hot gases with colder walls is an important phenomenon
and a main design constraint for turbine blades. In recent gas
turbines, the constant increase of the thermodynamic efficiency
leads to a turbine inlet temperature that is far beyond the materi-
als melting point. As a result, optimized cooling technologies are
necessary to ensure life time of the engine without reducing its
efficiency. Impinging jets are a common technology to perform
efficient localized cooling in aeronautics applications as well as
in electronics for example [6-14]. Heat transfer of impinging
flows is influenced by various factors like the jet Reynolds num-
ber, its exit to wall surface distance, its orifice shape, as well as
the surface curvature, roughness, or the free stream turbulence.
All these phenomena are individual challenges for efficient and
predictive numerical simulations. Among all the currently avail-
able numerical methods, Large Eddy Simulations (LES) poten-
tially offer new design paths to diminish development costs of
turbines through important reductions of the number of experi-
mental tests. Validation strategies and demonstrations are how-
ever still needed for a relevant and routine use of LES on this
problem and in a design phase [11, 12, 14-16].

This study addresses and evaluates the use of high fidelity
LES for the prediction of Conjugate Heat Transfer (CHT) in an
impinging jet at a Reynolds number of 23 000, a Mach number of
0.1 and for a nozzle to plate distance of H/D = 2. For such simu-
lations mesh point localization as well as the turbulent model and
the numerical scheme are known to be of primary importance.
In this context, the capabilities of the unstructured compressible
LES solver are assessed through the use of the WALE sub-grid
scale model of and wall-resolved methodology. It is showed that
all the simulations well recover the main flow features obtained
by experimentations: the jet core development, the impinging re-
gion and the deviation of the flow and the wall jet region. First
and second order statistics of velocity are found to be in good
agreement with available experimental and numerical data. Con-
vergence of the wall mesh resolution is investigated by use of 3
meshes and assessed in terms of wall friction and heat flux. The
meshes are based either on full tetrahedral cells or on a hybrid
strategy with prism layers at the blade wall and tetrahedral else-
where. The hybrid strategy allows reaching good discretization
of the boundary layers (wall unit y+ close to unity) with a rea-
sonable number of cells. Unsteady flow features retrieved in the
jet core, shear layer, impinging region and wall jet region by the
LES are then analyzed and linked to the unsteady and mean heat
flux measured at the wall. To finish and based on the previous
validations, a LES based CHT computation relying on the finer
grid is used to access the plate temperature distribution. Nusselt
number profiles along the plate for the isothermal and the cou-
pled cases are also provided and compared.

The paper is organized as follows. The target impinging jet
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FIGURE 1. Schematic view of the impinging jet configuration.

is first introduced. Then the LES fluid and solid solvers are pre-
sented and the numerical setup is detailed. A grid convergence
study is achieved and the flow field as well as heat transfer char-
acteristics obtained by the simulations are discussed and com-
pared with experimental data. At this occasion, focus is made on
the identification of unsteady flow features controlling the con-
vective heat transfer that LES is able to capture. Finally, a CHT
resolution is proposed to gauge the influence on the heat transfer
predictions of heat diffusion in the wall.

1 Problem description

The tested configuration is an unconfined 3D turbulent
round jet that impinges normally onto a flat plate (Fig. 1). The
nozzle to plate distance H is 2 times the diameter D of the jet.
The Reynolds number of the jet based on its diameter and bulk
velocity is of the order of Re = 23000 and the Mach number is
0.1. The case is representative of the experiments of Geers et
al. [9] and Tummers et al. [12] as well as of the numerical simu-
lations of Hadziabdic [10] and Lodato ef al. [11].

In this range of Reynolds number and nozzle to plate dis-
tance, the flow field can be described by 3 main regions (Fig. 1).
The first one is the free jet region where the jet is unaffected
by the wall. The structure of the flow corresponds to a turbu-
lent free jet without impingement. The axial velocity on the jet
axis is almost constant. Due to the short nozzle to wall distance
used in this study, the longitudinal size of this region is shorter
than typical jet potential core lengthes. The second characteristic
zone is the impingement region that exhibits a stagnation point
as well as a deflexion zone where the axial flow field becomes
radial. On the jet axis, the axial velocity decreases until reaching
zero at the wall. The third region corresponds to a radial wall jet
that develops around the main jet. In this region, viscous forces
are dominant and ultimately a turbulent boundary layer develops
further downstream along the wall.

Heat transfer at the wall results from this complex flow field
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and the nature of turbulence in the stagnation region as well as
in the developing wall jet. With the parameters retained for the
present study, it is commonly observed that the radial Nusselt
number exhibits two peaks [6,7, 12, 14]: the first one is linked
to the stagnation region and impingment of vortical structures on
the wall while the second one locates at about r = 2D. This latter
peak origin is however not clear and there is no consensus on its
physical explanation.

This paper proposes the evaluation of a compressible un-
structured flow solver based on LES for the prediction of these
heat transfer characteristics. Once validated, the solver is used
for a CHT computation to gauge the impact of the wall tempera-
ture on the thermal flux predictions.

2 Numerical approach

The method adopted to solve the CHT problem in the con-
figuration is to couple a parallel LES solver with a conduction
code. Efficient implementation of such a CHT framework re-
quires a software to manage the parallel execution of the two
different solvers as well as the data exchanges during their exe-
cution. In order to insure the performance of the coupling, a fully
parallel code coupler is used [17, 18]. This section describes the
fluid and conduction solvers as well as the numerical setup used
to model the impinging jet.

Governing equations and LES models.

The initial governing equations solved are the unsteady com-
pressible Navier-Stokes equations that describe the conservation
of mass, momentum and energy. For compressible turbulent
flows the primary variables are the density p, the velocity vec-
tor u; and the total energy E = e; + 1/2 u;u;. The fluid follows
the ideal gas law, P = pRT and ¢, = fOT cpdT —P/p, where
ey is the sensible energy, P the pressure, T the temperature, ¢,
the fluid heat capacity at constant pressure and r is the mix-
ture gas constant. The LES solver takes into account changes
of heat capacity with temperature using tabulated values of cp,.
The viscous stress tensor and the heat diffusion vector use classi-
cal gradient approaches. The fluid viscosity follows Sutherland’s
law and the heat diffusion coefficient follows Fourier’s law. The
Prandtl number of the fluid is taken as Pr = 0.72. The application
of the filtering operation to the instantaneous set of compress-
ible Navier-Stokes transport equations yields the LES transport
equations [19] which contain Sub-Grid Scale (SGS) quantities
that need modelling [20,21]. The unresolved SGS stress tensor
is modelled using the Boussinesq assumption [22,23]. The Wall
Adapting Local Eddy (WALE) model [24] is chosen to model the
SGS viscosity. This model is designed to provide correct levels
of turbulent viscosity down to the wall and no wall model is re-
quired. The SGS energy flux is modeled using a SGS turbulent
heat conductivity A; obtained from v; by 4, = p v, ¢, /Pr; where
the turbulent Prandtl number is kept constant at Pr; = 0.5 [11].

Governing equations for solid heat transfer models.
Heat transfer in solid domains is described by the energy
conservation:

oT(x1) g
pSCS 8t - _axi (1)

where T is the temperature, py is the density, Cy is the heat ca-
pacity and g the conduction heat flux. The heat diffusion follows
Fourier’s law g; = —lsg—; where A, is the heat conductivity of
the medium. The solid solver takes into account local changes of
heat capacity and conductivity with temperature though a tabula-
tion of the material properties.

Numerical schemes.

The parallel LES code [25] solves the full compressible
Navier-Stokes equations using a two-step time-explicit Taylor-
Galerkin scheme (TTGC or TTG4A) for the hyperbolic terms
based on a cell-vertex formulation [26, 27], a second order
Galerkin scheme for diffusion [28]. The schemes provide high
spectral resolution as well as low numerical dissipation and dis-
persion. Such numerics are especially designed for LES on hy-
brid meshes and have been extensively validated in the context
of turbulent flow applications [16, 29, 30]. The schemes pro-
vides third-order accuracy in space and third-order (TTGC) or
fourth-order (TTG4A) accuracy in time [27]. The main differ-
ence between TTGC and TTGA4 is linked to the amplification
factors of the schemes that show a different behavior on small
spatial wave length structures: TTG4A has a more dissipative
behavior on small wave lengths compared to TTGC. Neverthe-
less, TTG4A is less prone to numerical instabilities issued by
the centered spatial discretisation. The major drawback of this
strategy arises from the explicit nature of the solver whose time
step is controlled by the low acoustic CFL number (0.7 for the
present computations) preventing from reducing the characteris-
tic cell size below the wall unit scale. Therefore, for acrodynamic
applications, where the viscous sub-layer needs to be computed,
mesh refinements force small time steps and a higher computa-
tional cost is inferred when compared to incompressible code for
example. For the most refined mesh M3 (Tab. 1), about 8320
CPU hours are necessary to simulate one flow-through time on
128 cores on a BULL Sandy Bridge machine. Note that despite
this clear constraint, the unstructured hybrid approach enables
refinement of the mesh in zones of interest by using prisms in
the wall region [31,32].

The parallel conduction solver is based on the same data
structure and thus uses a second order Galerkin diffusion
scheme [28]. Time integration is done with an implicit first order
forward Euler scheme. The resolution of the implicit system is
done with a parallel matrix free conjugate gradient method [33].

Computational setup.
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The fluid domain is composed of a cylindrical nozzle of di-
ameter D and length 2D connected to a cylinder of diameter 7D
and height H = 2D (Fig. 2). In this paper, the axis of the jet
as well as the wall normal direction of the impinged plate are
aligned with the y direction. The velocity profile imposed at the
inlet of the nozzle is given by [11]:

1/7.23
UU(r) _ (1 _2Dr> )
c

where r is the radial position, and the centerline velocity Uc =
U(r =0) is obtained from the experimental correlation [34] :

% — 0.811 +0.038[log(Re) — 4] 3)
C

It is important to underline that a fully developed turbulent pipe
flow profile exhibits a velocity deficit of about 20% compared
to the profile imposed here. Such difference largely impact the
development of the jet. The velocity profile associated with a
constant temperature are imposed at the inlet of the fluid do-
main using the Navier-Stokes Characteristic Boundary Condition
(NSCBC) formalism [35]. In order to mimic the turbulent flow
developing in the nozzle at a Reynolds number of Re = 23000,
isotropic velocity fluctuations are injected at the inlet following
a non reflecting formalism to avoid numerical noise [36]. The
simulated jet is unconfined, meaning that the upper boundary of
the domain is not a wall but an open boundary. In order to help
the stability of the computation, an inlet with a target velocity
of the order of 5% of the jet bulk velocity U, is imposed. Tests
from 2% to 10% have been carried out to ensure that the retained
co-flow velocity has no influence on the jet impingement region
and is sufficient to fill correctly the computational domain. Ex-
isting studies show that such moderate co-flow velocity does not
impact the impingement region [10]. Static pressure is enforced
at the cylindric outlet boundary in characteristic NSCBC form
accounting for transverses terms [37]. The nozzle wall is treated
as an adiabatic no slip wall. The plate is treated as an adiabatic
no slip wall for the aerodynamic study and as an isothermal no
slip wall when heat transfer is considered. In the following, all
the quantities are normalized by the jet diameter D and its bulk
velocity Up.

Typical unstructured meshes of complex geometries consist
in tetrahedra. In order to provide the right viscous stress and
heat flux at the wall, the grid cells adjacent to the wall must
be inside the viscous sublayer. This condition requires a high
density of very small grid cells close to the wall that leads to
expensive simulations. When the boundary layer is explicitly
resolved, using prismatic layers close to wall surfaces is more
efficient than using tetrahedra. First, quadrilateral faces normal

Turbulent Inlet

7D

FIGURE 2. Schematic view of computational setup.

to the wall provide good orthogonality and grid-clustering capa-
bilities that are well suited to thin boundary layers, whereas the
triangulation in the tangential direction allows for more flexibil-
ity in surface modeling. Second, for the same spatial resolution
in the normal direction, the prismatic layer approach uses less el-
ements and leads to a higher minimum cell volume than the full
tetrahedral grid approach because prismatic elements can have
larger aspect ratios. To confirm hybrid mesh capabilities, an ap-
proach with prismatic layers in the near-wall region of the im-
pinged plate and tetrahedra in the fluid domain is compared to
a full tetrahedra approach [16,32]. The objective is threefold:
(1) reduce the number of cells in the nearby region of the wall,
(2) meet the preferential directions of the boundary layer flow
and (3) limit the constraint on the acoustic time step. The solu-
tion adopted has ten layers of prisms where the vertical length of
the prism Ay is smaller than the triangle base-length Ar or rA8
(here, Ar = rA0). The stretching ratio between two prism layer
is 1.02. A limit is imposed to this mesh adaptation to avoid nu-
merical errors in these layers: the aspect ratio of the first and
thinnest layer is set to Ar =~ rA8 ~ oAy, with o lower than 8
(i.e., r* ~ r0" =~ ay™) in agreement with known observations
and boundary layer scales [20]. The TTG4A scheme is preferred
when using hybrid meshes to ensure a better numerical stability
of the simulations.

A mesh dependency study of the mean flow quantities as
well as wall friction and heat flux have been done based on three
meshes. Due to the flow topology described on Fig. 2, the main
regions of importance for proper evaluation of the heat transfer
at the wall are:

1. the free jet development region where injected turbulence
and shear layer instabilities have to be captured,
2. the deflection region where the flow and turbulent structures
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are reoriented,

the wall jet zone where turbulent boundary layers develop,

4. the impinged wall where the friction and heat transfer take
place.

bt

Table 1 gives the main properties of the three meshes. Mesh #1
is a basic pure tetrahedral mesh with attention given to the main
jet region. Mesh #2 is obtained from mesh #1 by largely increas-
ing the mesh resolution at the wall in conjunction with a slight
decrease of the mesh density in the main jet zone. Finally, mesh
#3 takes advantage of hybrid tetrahedral / prism cells to provide
a grid with almost the same number of cells mesh #2 but with a
higher density in the main jet regions (free jet, deflection) as well
as at the wall. Figure 3 shows the evolution of the wall resolution
though the radial profiles of normalized wall distance y™ for the
three meshes. As expected, increasing the mesh size leads to a
decrease of the measured y™. The benefits of the hybrid mesh
strategy adopted for mesh #3 is clearly evidenced Tab. 1 lead-
ing to y* always smaller than 5 in the region of interest without
increasing to much the mesh size as compared to mesh #2.

Ml M2 M3
Number of grid cells M 19M 21M
Number of prisms - - 4M
Jet cell size [-] 21072 41072 | 2251072
Wall cell size [-] 21072 61073 21073
Max cell size [-] 1107! 1107! 71072
Time step [-] 34107* | 7.82107° | 1.0510~*
vyt [ 7-40 5-10 2-5
rtxret [-] 7-40 5-10 8-40
Numerical Scheme TTGC TTGC TTG4A
CPU time per 7 [hours] 580 8320 8320
Phys. time for stats 4.57 17 17

TABLE 1. Description of the three meshes used. The physical refer-
ence time T = V/Q = 22 [-] correspond to one convective time with V

the volume of the domain and Q the mass flow rate.

3 Flow analysis

In this section, the main flow features captured by the LES
are analyzed with the results obtained on mesh #3. The grid
dependency from mesh #1 to #3 is then assessed based on the
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FIGURE 3. Radial profiles of y* for the three meshes.

proper resolution of the principal flow characteristics. For the
computations presented in this section, the wall is treated as adi-
abatic.

Description of flow topology.

All the three meshes used in this study retrieve the main in-
stantaneous flow topologies. Figure 4 shows the complex dy-
namics of the wall jet interaction obtained with mesh #3: the jet
shear layer (A), the growth of Kelvin Helmholtz type instabilities
leading to ring vortex apparition that experience azimutal insta-
bilities as well as vortex pairing (B), the generation of elongated
vortex structures (C) and finally the transition to a turbulent flow
due to the interaction of these structures with the mean flow. The
wall shear stress representation on Fig. 4 clearly shows the pat-
tern of the wavy toroidal vortices that hit the wall (B’), the effect
of elongated structures on the radial direction (C’) as well as the
turbulent mixing occurring in the wall jet. The identification of
all these structures shows that LES gives a large temporal and
spatial spectra of frequencies. The jet vortex ring is the main
flow structure. The frequency of its formation obtained by signal
analysis and flow visualization corresponds to a Strouhal number
St;, based on the bulk velocity Uj, and the jet diameter D of the or-
der of St;, = 1. Due to the jet deviation and the modification of the
local convective velocity along the flow path as well as the dif-
ferent mechanisms of vortex paring and turbulent generation, the
Strouhal number of the vortex wall interaction is about 0.63S%;,.
Figure 5 gives the space-time evolution of the vortex dynamics
in the mid-plane of the configuration thanks to and iso-surface of
the Q-criterion [38]. This 3D view allows to clearly track vor-
tices in space and time: the periodic vortex ring formation in the
jet shear layer at St;, = 1 followed by the deflection of the flow
and the complex interaction between the vortex rings leading to
the development of turbulent structures in the wall jet region at
about r/D=1-1.5.

Mean flow properties.
Mean quantities described in the following of the paper are
time and azimuthally averaged. Figure 6 compares the mean ra-
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FIGURE 4. Identification of the main flow features responsible for
heat transfer. Visualization of vorticity field on the vertical plane, wall
shear stress on the plate and iso surface of Q-criterion.

FIGURE 5. Ring vortices traveling in the space-time domain. Left

side, instantaneous iso-surface of Q-criterion, left side space-time evo-
lution on half of the jet mid-plane - upper : side view, lower upper view.
Time is normalized by D/Uj,.

dial and longitudinal velocity profiles along the axial direction
y obtained with the three meshes with experimental data [9, 12].
The simulations with the three meshes reproduce accurately the
radial and longitudinal profiles at different radial positions. Mesh
resolutions inside the domain (comparing M1 with M2) or at the
wall (comparing M1 with M3) are sufficient to capture the mean
flow properties inside the different jet regions. The mean axial
flow property is well captured as evidenced by the null radial ve-
locity on the jet axis (t/D = 0). The potential core of the free jet

| yp
N

/D

is illustrated on Fig. 6-d with a plateau of axial velocity on the
jet axis, which start to drastically decrease at y/D = 0.9 when
approaching the wall. This decrease linked to the radial flow
redirection is accompanied with the wall jet generation that ac-
celerates along the wall: the peak of radial velocity is about 0.8
U, atr/D = 0.5 (Fig. 6-b) and then 1.15 U, at r/D = 1 (Fig. 6-c).

The axial distributions of fluctuating velocities u/u/. and u,u/,
are presented on Fig. 7. The shape of the profiles are globally
well captured. Nevertheless, the simulations have the tendency
to over-predict the levels in a large part of the domain above
y/D = 0.2 (mainly with mesh #3). Compared to existing LES
on structured grids [10, 11, 14], present fluctuating velocity re-
sults exhibit poorer quality. Explanations can be linked to the
important backscatter from small turbulent scales to bigger ones
that takes place in such configurations and which is not taken
into account in the SGS model used, as evidenced by Lodato et
al. [11]. A related reason probably responsible for the high level
of velocity fluctuations in the shear layer of the free jet (Fig. 7-b)
as well as in the shear layer of the wall jet (Fig. 7-f) is the too
coherent prediction of turbulent structures that contain a lot of
energy and a long lifetime indicating of a potential too low ef-
fective Reynolds number in parts of the flow. This can be either
linked to the mesh quality as well as in the turbulent length scales
injected at the inlet.

The radial wall friction distributions resulting from the three
computations compared to measurements [12] are plotted on
Fig. 8. The profiles illustrate the convergence of the wall shear
when increasing the wall resolution. Only mesh #3 exhibits the
right trend of the curve as the well the levels of friction inten-
sity. In the core of the jet (from r/D = 0 to 0.5), the wall friction
increases due to the acceleration of the flow along the plate. A
maximum of shear stress is observed next to r/D = 0.5 where
the vortex rings impact the wall and the flow continues to ac-
celerate significantly. This acceleration of the wall jet continues
until about r/D = 1 as evidenced on Fig. 6 and 9 and then reaches
an almost established convective velocity. From r/D =1 to 1.5,
the wall friction distribution shows a plateau which is related to
the intense interaction between vortex rings and local turbulent
structures mentioned previously and illustrated by a peak of pres-
sure fluctuations (Fig. 9). This region of intense flow activity has
been reported in many works under different point of views and
is responsible for the second peak of heat transfer [6, 7, 12, 14].
Finally from /D = 1.5 to the end of the region of interest, a
turbulent boundary layer develops along the wall with a slight
continuous decrease of the convective velocity due to the expan-
sion of the flow passage surface. I results a continuous decrease
of the wall friction after r/D = 1.5 (Fig. 8).

4 Heat transfer analysis
The previous section has described the main aerodynamic
features captured by LES both in terms of unsteady phenomenon

Copyright © 2014 by ASME



O Exp. Tummers 0.8 O Exp. Tummers O Exp. Tummers
il ' A Exp. Geers A Exp. Geers
AR M1
06p W L M2
Qo
2 —M3
o 04
02
0 .. D
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1 0.6 0.8 1
y/D y/D y/D
(a)r/D=0 (b) r/D=0.5 ) r/D=1
1.5 0.8
1 0.6
el Qo e
2 2 04
> 05 O Exp. Tummers| = O Exp. Tummers
' A Exp. Geers A Exp. Geers
M1 0.2 M1
----- M2 M2
—M3 —M3
0 0.2 04 06 0.8 1 0 0.2 04 0.6 0.8 1
y/D y/D
) r/D=0 (e)r/D=0.5

FIGURE 6. Axial profiles of radial velocity (up) and axial velocity (down) for different radial positions.
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FIGURE 7. Axial profiles of radial velocity fluctuations (up) and axial velocity fluctuations (down) for different radial positions.

and mean comportments. This section is devoted to the heat
transfer study between the jet and the wall. To do so, the im-
pinged wall is treated either as an isothermal no slip condition
with a fixed temperature 7,, = 1.17}, T; being the inlet jet tem-

perature, or as an isothermal no slip condition with a temperature
T, issuing from a conjugate heat transfer computation. When
CHT is used, the solid domain consists in a cylinder with a ra-
dius equal to 3.5D and a thickness of 0.1D with the outer wall
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FIGURE 9. Radial wall mean and fluctuating normalized pressure
distributions.

temperature imposed to 7,,. Small temperature differences are
used to avoid buoyancy effects as well as to keep fluid heat con-
ductivity and capacity constant. The thermal conductivity of the
solid is A, = 38.84 where Ay is the fluid conductivity. Details
about the CHT methodologies with LES are provided in [16].
Figure 12 shows the radial distribution of the Nusselt num-
ber on the impinged wall for the three isothermal simulations
performed with mesh #1 to #3 and the coupled simulation done
with mesh #3 compared to experimental data [39]. The conver-
gence of the Nusselt number profiles towards experimental data
as the wall mesh refinement increases is clearly identified. The
resolution of mesh #1 is too poor to capture the shape and level of
the profile, whereas the simulation with mesh #2 gives a distribu-
tion of heat transfer coherent with experimental data in terms of
shape but underestimates a lot the levels. Results obtained with
the third mesh are the most accurate. Interestingly, existing LES
results on structured grids with better wall resolution than current
simulations [10,14] give better estimations of the Nusselt number
profile. In the setup condition (Re = 23000 and H/D = 2), both
experimental and results with mesh #3 exhibit a peak of Nusselt
number at the stagnation point (r/D = 0). The Nusselt num-
ber is then almost constant in the jet core until the impingement

of the vortex rings (r/D = 0.6). In the simulation, convective
heat transfer decreases deeply until about »/D = 1 correspond-
ing to beginning of the intense mixing zone described in the pre-
vious section. This important flow activity is the starting point
of the second Nusselt number peak whose maximum locates at
r/D = 1.6 in the present simulation. The Nusselt number peak of
experimental results are generally centered around r/D =2 [14],
showing modelization weaknesses of both the aerodynamic and
the heat transfer at the wall. Investigations have to be done to
clarify the interactions between the mesh, the numerical schemes
as well as the SGS models in the unsteady flow field predictions
and the impact on the heat flux results. To do so, the dynamic in
the fluid domain has to be related to wall quantities such as fric-
tion and heat flux through advanced analyses, necessary to iden-
tify the role of the mean flow and of unsteady motions on the 4
main flow regimes in the near wall region evidenced previously:
(1) 0 < r/D < 0.6 where the shear stress increases while the heat
flux decreases, (2) 0.6 < r/D < 1 where both the shear stress and
heat flux decrease, (3) 1 < r/D < 1.5 with an increase of heat flux
and a decrease of the shear stress, and finally 1.5 < r/D where
both quantities decrease. For example, Fig. 10 presents the prob-
ability density functions (PDFs) of Nusselt number time series at
7 stations along a radius of the configurations. The shape of the
PDFs illustrates the flow regime that develops along the wall, go-
ing from a Gaussian with small standard deviation at the center
of the configuration to a log-normale like PDF with significant
spreading around r/D = 1 where turbulence starts to fully de-
velop due to ring vortex interactions. To extract the part of the
fluid activity that creates shear stress and heat flux at the wall
at the main flow frequency, the local power spectral density at
the Strouhal number 0.63St, is performed on a temporal set of
fluid solutions. Temporal contribution of shear stress and Nus-
selt number at St = 0.63S57,, are thus decomposed as followed:

. N .
Touat (1) = T + (Ton) = Togy + Acsin( o1 + )

“4)
NuSt (1) = Nu¥' + (NuSt) = NuS' + Ay, sin( ot + gy,)

where o is pulsation associated to the Strouhal number. Fig-
ure 11 illustrates the correlations between the fluctuating wall
shear stress and heat flux as well as the convective nature of the
fluctuating parts (z%,)" and (Nu™)'. The fluctuations of the
wall variables at this Strouhal number of 0.63S#, represent an
important percentage of the mean profiles (up to 20% for the
friction and 10% for the heat flux). Note also that the 4 main
flow regions are visible on the profiles which illustrates the con-
tribution of these structures on wall quantities at this particular
frequency.

To conclude, coupled and isothermal simulations give al-
most the same distribution of Nusselt number along the wall
(Fig. 12), i.e. in these conditions the heat transfer coefficient
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FIGURE 10. Probability density functions of normalized Nusselt number time series at 7 stations along a radius of the configurations obtained with
M3.
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FIGURE 12. Radial distribution of normalized Nusselt number on the
impinged wall. The Nusselt number is normalized as proposed in [14].
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FIGURE 13. Radial temperature distribution at the fluid/solid inter-
face in the CHT case.

h(r) = qw(r)/(T(r) — T}), q,, being the wall heat flux, depends
only on the aerodynamics. Figure 13 gives the radial distribution
of temperature of the fluid/solid interface obtained by the CHT
simulation. The temperature profile follows the Nusselt number
one, showing lower temperature when convective heat flux in-
creases. The 4 main flow regimes in the near wall region have an
important impact on the temperature distribution.

5 Conclusion

Large Eddy Simulation has been coupled with a thermal
solver to investigate the flow field and heat transfer in an imping-
ing jet at Reynolds number of 23 000 and nozzle to wall distance
of H/D = 2. The analysis of the flow field gives a comprehen-
sive view of the main flow unsteady features responsible for heat
transfer, mainly the stagnation flow, the vortex ring formation as
well as the development of the turbulent wall jet. The meshing
strategy (hybrid grid with 5 layers of prisms at the wall and tetra-
hedra elsewhere) combined with a high fidelity LES solver gives
accurate predictions of the global mean aerodynamic quantities.
Due to the combination of mesh resolution, numerical scheme
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and sub-grid scale model, the simulations overestimate the fluc-
tuating quantities in the shear layer regions. Mesh convergence
underlines the known result that wall-resolved LES requires dis-
cretisations for which y™ is of the order of one. Due to the mesh
size constraint, this target is not obtained in this study, the y™
of the finer grid resolution being around 5. The impacts on wall
heat transfer are direct: the global tendency of the Nusselt num-
ber distribution are well captured, nevertheless, the location of
the second pick is altered in the simulation and underestimations
of heat fluxes are observed. Four main regions have been identi-
fied in the fluid wall interaction: (1) the impact region, (2) the de-
velopment of a laminar pulsed boundary layer due to vortex ring
convection, (3) the transition of the boundary layer toward turbu-
lence due to vortex interactions and (4) the development of the
turbulent boundary layer. Original post-treatment as space-time
plots, probability density function of time series, power spectral
density analyses are proposed to investigate the role of unsteady
flow structures on heat transfer in these regions. Deeper analyzes
have to be done in this direction to give clear insights on interac-
tions between mesh resolution, numerical scheme and sub-grid
scale model on the wall heat transfer predictions. Finally, it was
shown that the heat flux obtained by the isothermal computation
and by the coupled one are very similar all along the wall which
can be important for designers to extract a unique convective co-
efficient for a given flow configuration.
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