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This paper focuses on a wall-resolved Large Eddy Simntlation (LES) of an isothermal

round submerged air jet impinging on a dieated flat’ plate, at a Reynolds number
of 23 000 (based on the nozzle diameter th‘e)bulk velocity at the nozzle outlet)

and for a nozzle to plate distance of gwo je {atneters. This specific configuration is

known to lead to a non-monotonic vasiation of the temporal-mean Nusselt number as

a function of the jet center distzmksz\\w’fth-the presence of two distinct peaks located
on the jet axis and close to t%!{iz{le diameters from the jet axis. The objectives

are here twofold: first, va e the LES results against experimental data available
in the literature and s explore this validated numerical database by use of
high order statistigsisuch as Skewness and probability density functions (PDF) of the
temporal distr'b% temperature and pressure to identify flow features at the
origin of th&ﬁ;ﬂl sselt peak. Skewness of the pressure temporal distribution
reveals tke/ bou é the primary vortices located near the location of the secondary

peak n%llows o identify the initiation of the unsteady separation linked to the

roba?le event is a cold fluid flux towards the plate produced by the passage of the
tcal structures. In parallel, heat transfer distributions, analyzed using similar

vor
stitistical tools, allow to connect the above mentioned events to the heat transfer

““on the plate. Thanks to such advanced analyses the origin of the double peak is

confirmed and connected to the flow dynamics.
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Publishihg INTRODUCTION

In the aeronautical context, economical and environmental constraints have led engine
manufacturers to work on the enhancement of the thermodynamic engine efficiency. With
current technologies, this is achieved by increasing the Turbine Enfry Temperature (TET)

which makes the cooling of High Pressure (HP) turbine mand

og; tosgontrol the lifetime
of the blades.! Due to the high heat transfer rate it can proditeg/ impinging jet is one of
the most common technique used to cool the HP vane practice for engine

C
ﬁa‘rysdesign phase to determine

manufacturers is to use empirical correlations for the preli
_—

several bulk parameters, e.g. Reynolds number andthole dianteter, inherent to the design

of such a cooling system. However, these correldtions a ss suitable when one wants to
achieve an optimal design as they do not contdin a parsical information. To achieve this,
-
a detailed knowledge of the underlying physical plienomena is therefore required involving
a return to basic flow configurations as fo‘mqm the impinging jet on a flat plate.
\
ig%je ows have attracted the interest of many re-

drature reviews? . Despite the apparent geometric

searchers as can be seen from several
simplicity, impinging jet ﬂowxlg(;a\’\\tﬁuy quite complex as they are composed of different

In this context, submerged impi

zones, each containing different anlics with interlinked effects. The macroscopic descrip-

tion of impinging jets mnozzle to plate distance involves three distinct regions®. In

the free jet region, the jet™ig not affected by the plate and the flow is mainly axial. The
stagnation regionfis charactérized by a deflection of the initially purely axial flow in the

radial directiom. Thisgegion generates a favorable pressure gradient that causes local flow

acceleration. Kindlly in the wall jet region the flow is mainly radial and the radial velocity

initially fagcredsing from 0 m/s at the stagnation point reaches a maximum further down-
strearfi. Due te mass conservation, this region of strong flow acceleration also induces a
redugtion of }he wall jet thickness. Then, the radial velocity starts to decrease and the wall
jetigets fyicker. Several flow visualizations of impinging jets have revealed the development
U&}a@e scale primary structures within the shear layer of the free jet region due to the mean

t68. As the primary vortical structures

velocity gradient between the jet and the ambien
travel downstream in the free jet region they are subject to multiple interactions and vortex
pairings can occur. The coalescence of two or more vortex rings increases the size of the

structure and decreases the passage frequency. Note also that, the initial jet vortex passing
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Publishifrgquency can vary considerably with the distance from the nozzle exit or the Reynolds
number. However, it seems that sufficiently far from the nozzle lip (at a distance larger
than 5D downstream the nozzle lip, where D is the jet diameter), the jet tends to forget the
initial conditions at the nozzle outlet and reported large scale Strouhal numbers tend to a
universal value® of Stp = fD/U, = 0.3, where Uy, is the bulk velocity at the jet outlet. This

19 the jet to plate distance

7,

universal value is commonly referred as the “jet preferred mode
decreases below 4, current consensus identifies two kind of vertiealstructures in impinging
jet flows. First, the so-called primary vortices are induce thewoll-up of the free jet shear
layer discussed above and issued by the growth of the Kel¥iii=Helmholtz instability near
the nozzle exit. As for single vortex ring impinging or? a \Sal , these primary vortices are
stretched in the radial direction as they approach the wall*!3 The local interaction of the

vortex with the wall induces an adverse pressu(ﬁs@ and a local unsteady separation of
hen

the boundary layer.!'# This separation evolvé\\

(with respect to the primary vortices).
\
Heat transfer characteristics of impingingjets have been extensively studied experimentally® 520

“glari
and numerically.'321"24 For a sit%@je ere are three main parameters that govern heat
17

to a counter-rotating secondary vortex

transfer: the Reynolds num

nozzle to plate distance'®?® H m mean velocity profile at the nozzle outlet?% 2?8 which

is different for differe noﬁSgeometrieS for example. For “sufficiently high” Reynolds
1

', Reve UyD /v, where v is the kinematic viscosity, the

numbers and low ngZzzle t te distance, i.e. H/D < 4, one interesting feature is the

non-monotonic vafiatioy of £he radial distribution of the mean wall heat transfer with the

is}mQ)eaks.25 The first peak is related to the maximum mean heat trans-

presence of tw;

fer and is generally located at the stagnation point or near /D = 0.5 while the secondary

peak occtus néar r /4D = 2, where r is the radial distance from the jet axis. Previous studies
have ghown t the first peak at the stagnation point and the high heat transfer rate in
theistaguation region, i.e. for /D < 0.5, is caused by the jet flapping process associated
W theSvortex rings formed in the free jet shear layer.???° The origin of the secondary
Wi{mm was attributed for a long time to the turbulent-laminar transition of the wall
jet, ! Tt was also shown that the location of the secondary peak is closely linked to the
location of the maximum of the root mean square (RMS) velocity fluctuations.'®*® From

these studies a link was proposed between turbulence and the secondary peak without mak-

ing the distinction between the possible coherent fluctuations induced by the passage of the
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Publishih\gg e scale coherent structures and the stochastic fluctuations related to turbulence. More

1.2° performed unsteady measurements of wall temperature fluctuations

recently, Roux et a
using infrared thermography and evidenced the propagation of warm and cold fronts with
propagation velocities very close to the vortices convection velocity. Hadziabdi¢ and Han-

jali¢?? performed a Large Eddy Simulation (LES) of a single rozléd, normally-impinging
jet issuing from a long pipe for a nozzle to plate distance H = at = 20 000. They
attributed the secondary peak to the unsteady reattachme t%oumdary layer while
the dip between the two peaks is believed to be caused %‘ce dy separation of the

boundary layer. Instantaneous analyses of low Reynold
—

also shown a link between the location of the primaryiand s@so ary vortices and local heat

mber impinging jets*'3? have

transfer variations. Another interesting point h@igh‘c v Rohlfs et al.3? for a laminar
forced impinging jet using instantaneous visualiza 10@& the ejection of the vortices that
takes place near the location of the secon% However, as mentioned by these au-
thors, these instantaneous analyses cer aiere mmportant clues but do not provide a full

explanation of what happens in a time-avezaged view. Dairay et al.?! conducted the first

Direct Numerical Simulation (DNS) wcbnﬁned round impinging jet in a relatively high
Reynolds number case, Re = 10 0 d“d = 2D. They were able to observe the primary

vortices formed in the free jet \aﬂayer as well as the secondary vortices generated near
the wall. The secondary/p was related to strong and highly intermittent thermal events
associated to negativ Wge\‘a‘ilrbr stress events used to characterize the near wall backward
flow that can b?%

From this rsey, appears clearly today that a link exists between large scale coherent

}o he secondary vortices.

structures andiheat transfer. However, it is still difficult to fully understand the physical
behind the mean heat transfer enhancement process. Hence, the main
goal ¢f this study is to provide additional information to characterize the physics using
LES. pa})er begins with the specification of the flow configuration and a description
of\the a%a,ilable experimental data in terms of heat transfer and flow dynamics. Then,
}hﬁ r&merical methods are described, uncertainties related to LES are quantified and the
results are compared to the available experimental data. This leads to the conclusion that
the results obtained from this simulation can be used confidently to analyze the physics.

After a description of the general organization of the flow field, the LES database is used to

construct high order statistics such as Skewness and Kurtosis, jointly with probability density

4
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FIG. 1: Schematic view of the flow conﬁguratit:r/‘ith ciated coordinate system: the
origin is located on the plate at the nozzle gﬂxcaﬁ)en‘cer and the y axis is normal to

the plate pointing inward; r is the radial from the origin and # the azimuthal

angle (0 =01 Q\ g the = axis).
functions (PDFs) of the tempor% utlon of pressure, axial velocity and temperature
to highlight the trajectory of: y and secondary vortices as well as their effect on
the near wall behavior. Finally, tlhe wa 1 heat transfer is analyzed and compared to the flow

dynamics highlighting }bstwe link with the previous events evidenced by the use of
PDF's and high ord m9me

1I1. FLOW URATION AND AVAILABLE EXPERIMENTAL DATA

A schématic of the jet impingement configuration investigated here is presented in Fig. 1.

It is An uncortfified three dimensional turbulent subsonic isothermal round jet normally-
pinging on' a hot flat plate. The nozzle to plate distance H is 2 times the diameter of
jet lsand the Reynolds number based on the bulk velocity and D is 23 000. The Mach
Mlgr is M = U,/c = 0.1, where c is the sound speed. This specific configuration is
known to lead to a double peak in the plate Nusselt number distribution.?1622:24 Several
experimental studies have dealt with this set-up and heat transfer results are not always
in agreement. For example, for similar flow configurations and similar injection nozzles,

i.e. long straight round pipe, the first peak in the radial Nusselt distribution is either

5
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Publishifogind at the stagnation point'®*"3* or near r/D = 0.5%°. In the literature, it appears that
the mean velocity profile at the nozzle outlet, mainly influenced by the nozzle geometry,

is one of the main parameters affecting the radial Nusselt distribution for small nozzle to

26,27 21,32

plate spacings as shown experimentally and numerically. Note also that except for
recent studies®*, it is difficult to find, in the existing literature, comfprehensive experimental
héat nsfer. This makes

an accurate comparison between experimental and numericalgresult§ difficult as it leads to a
ta

databases reporting at the same time the flow dynamics and t
combination of different experiments with different experi acilities for the validation
process of numerical simulations. For this reason, two di nt“data sets are used here for

—-—

the validation of the flow dynamics and heat transfe 3

The experimental data from Tummers, Jaco@a oorbrood,®> obtained for an im-
pinging jet on a flat plate at Re = 23 000 and ozzi;ﬁo plate distance H = 2D, are here
used for the validation of the flow dyna The Jinjection nozzle is a straight pipe and
has a length of 76D leading to a fully v&l-o.p\velocity profile at the outlet. The velocity
profiles are measured at several ra a%ca ns using the two component Laser Doppler
Anemometry (LDA) techmque hr olu tion one component LDA technique is also used
to perform velocity measure close to the wall. These near wall measurements
along with a linear fit to the mean, radial veloc1ty allow to determine the radial wall shear
stress at several radial 1 ca‘gﬁh} For the validation of the thermal results, the data of Fenot,

Vullierme, and Dorighac3? ohtained for a cold jet impinging on a quasi-isothermal hot plate

at Re = 23 000 ?{d —2. are used as their boundary condition on the plate is similar
to what is do %&{ES
£

i~ 4

113 M)ERICAL METHODS

S[‘QS section is dedicated to the description of the numerical methods used for this study.
e solver is first described along with the inherent approximations, issued by the numerical

schemes, and the various turbulence closures or models. Then, the treatment of boundary

conditions is discussed and numerical uncertainties related to the spatial discretization and

the Sub-Grid Scale (SGS) modeling are specifically illustrated.

6
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PublishiAg Solver

The parallel LES solver AVBP3¢ developed by CERFACS and IFP-EN is used to solve
the 3D filtered compressible Navier-Stokes equations. A finite element two-step time-explicit
Taylor Galerkin scheme (TTGC)3 is used for the discretization of the convective terms
based on a cell-vertex formulation. The scheme provides third-order accuracy in time and

eB&)eement with the

space while ensuring low dispersion and diffusion properties whit

requirements of LES applications.?” A second order Galerkia scheme is used for diffusion
38 le

terms®®. Such numerics are especially designed for LES/ meshes and have been

extensively validated in the context of turbulent flow applic ons 4 The explicit temporal

integration is the major drawback of this strategy

ecauss the time step At is limited,
for stability reasons, by the acoustic Courant F: iedrichs wy number defined as CFL =

(u 4 ¢) At/Az where Az and u are respecﬁ\l‘%th‘e)local mesh size and flow velocity
the

(CFL = 0.7 for this study and At ~ 0.4 MS\\S ‘ nest mesh) leading to a relatively high

computational cost. The unresolved Su - cale (SGS) stress tensor is modeled using the
Boussinesq assumption* and the S v1sc ty is computed with the Wall Adapting Local
Eddy-viscosity (WALE) model that 1 eTP suited for wall-resolved LES*® as it recovers
the proper y* near-wall scali &\ dy viscosity contrarily to the more conventional
Smagorinsky model?”. The SG eat*flux vector is modeled using the classical gradient-
diffusion hypothesis®® aﬁl}t’es the SGS heat flux to the filtered temperature gradient
using a SGS thermal conductivity. This approach postulates a direct analogy between
the momentum and /t trénsfer through the SGS turbulent Prandtl number (Prsgs =
psas Cp/Ascsd hNe at Prgas = 0.5. To assess the effect of the turbulent Prandtl
number value; }imulation with Prgsgs = 0.9 was also performed. Due to the LES wall-
resolved pn()a,ch osen here, this has only a small effect on heat transfer results in the
stagn tion regighi. The maximum relative difference, |Nu(Prsgs = 0.5) — Nu(Prsgs =

Pr as = 0.5), is 4% and locates at the stagnation point. For r/D > 0.25 the

tive glfference between the two cases is less than 2%.

=~

B.\, Boundary conditions

A mean velocity profile is imposed at the inlet along with a uniform temperature, T, =

300 K, using the Navier-Stokes Characteristic Boundary Condition (NSCBC) formalism.*®

7
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Publishiffic axial velocity is prescribed using a power law profile for turbulent pipe flows*® given
in Eq. (1) following the recommendation of Cooper et al,Cooper et al.®® while the other

components are set to zero:

%:) _ (1 B %>1/7.23’ 0

where U, is the centerline velocity given by Eq. (2) and r represe@istance to the jet

axis: )

Uy
7 = 0811+ 0.038(log(Re) %\ (2)

To mimic the turbulent flow developing in the nozzle, is oqf)?é"velocity fluctuations are

injected at the inlet using a Passot-Pouquet spectrum and\following a non reflecting for-

malism to avoid numerical noise.* The most el@etic ength scale that defines the peak
in the spectrum is set to D/3 and the amplitude of thedinjected velocity fluctuations is set
to 0.05U,. For unconfined impinging jetg\a‘ eci

boundary is required. Setting the stati seggifte on this top boundary and treating it as an
outlet is not suitable as massive infl ccursdn such configuration due to the entrainment of
».

: numerical treatment of the top free

i y?s‘ to impose a weak constant and perpendicular

jet. Such a boundary conditio ot“completely irrelevant from a physical point of view,

ambient air by the jet. Another pogsi

co-flow directed towards the pl m es not impact the development of the impinging
%

since present in the ex erimﬁ and as long as its effect on the jet is minimal. Note that

this flow characterizédtion 1Swsually not provided but can be indirectly observed in experi-

ments as seen forexample id Fig. 4b where the axial velocity goes to 0.03U, outside of the

wall jet in th N’c of Tummers, Jacobse and Voorbrood.?® Ideally, measured mean

co-flow velgci ofiles should be imposed but such information is not provided neither by

Tummeréy Jadobse ‘and Voorbrood®® nor by Fenot, Vullierme, and Dorignac3® which adds
to thd uncertatufies of the various experimental databases. Several co-flow intensities have
been, tested bere ranging from 2% to 10% of the bulk velocity and the velocity magnitude

wag ﬁnaf)y fixed at 5% of the jet bulk velocity as it was the highest velocity that does not

hgugce the jet dynamics while preserving the control of the simulation. One can note that
is intensity is small compared to the jet velocity that acts as a shield protecting the plate
from any influence of the co-flow. These modeling issues comply with existing studies that
have also shown that such moderate co-flow velocity does not impact the jet behavior.?? At

the outlet, the static pressure is enforced using the NSCBC formalism accounting for the
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Publishi“ngj isverse terms.”? The nozzle wall is adiabatic with a no-slip condition imposed. The plate

is treated as an isothermal no-slip wall with a wall temperature, T,, = 330K.

IV. VALIDATION AND EVALUATION OF NUMERICAL

UNCERTAINTIES \

In addition to the classical LES problem of defining inlet h conditions that match
an experimental facility (assuming that all information % LES is subject to
several uncertainties. For instance, grid resolution an ehng are two degrees of

freedom that can have a strong influence on the num

1cal p tions. Therefore, as part of
the validation process, these numerical uncertaidties ne be assessed. In the following
sections, the total physical time used to constfuct e‘sDatistics represents about 17 cycles,
if not specified otherwise, where one perio\‘%;—e—d from the Strouhal number corre-

large scale structures in the simulation

sponding to the impinging frequency of th
(Stp = fD/U, = 0.79 based on vel cfiy\as?ﬂ heat flux signal analysis). The temporal

averaging procedure starts when the \o‘@somes statistically stationary. Note also that to
increase the convergence of th sta s,

uantities of interest are averaged in the homoge-

neous azimuthal direction after al averaging. The heat transfer results are compared
hence using the mean N, ssel%umber defined as:
(r)D/(ks (T — Tc)), (3)

where ¢, (r) is ora ly and azimuthally averaged wall heat flux and ky is the thermal

atT

conductivity

T'wo §nstructured hybrid grids are considered for this study. They are both composed
etra edral cells and ten prism layers on the plate to increase the near-wall resolution
out increasing too much the total number of cells. The first mesh, M1, composed of

21 million cells with specific refinement in the free jet, stagnation and wall jet regions. The
normalized near wall distance y* remains below 5 in the region of interest. M2 differs from

M1 in the near wall region. Points are added in the wall jet and y™ remains below 3 except

9
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FIG. 2: y™ on the plate as a function of distance from the jet axis r/D.

L...-
TABLE I: Computational grid properti N resolution mesh (M1) and the high
Mh (M

resol‘s'\ 2).

\x -

‘

M1 M2
umber o 1d cells (millions) 21 42
um r of prisms (millions) 4 9
2-5 1-35
~rot |- 8—405-20

13 0.312 0.397

é CPU time for 1 cycle [hours] 450 710

10r)0 5 < r/D < 1 where it reaches a maximum value of 3.5 (see Fig. 2). The
]% solution in the radial and azimuthal direction is also increased for M2. The main
ac

eristics of the two meshes are summarized in Table I. Mean velocity profiles are

p %ented in Figs. 3 and 4 for both radial and axial components. The experimental data
reported by Tummers, Jacobse and Voorbrood?®® are also plotted for comparison. First, one
can note that a good agreement is found between the LES and the experiment for the mean

velocity profiles indicating that LES reproduces correctly the development of the mean wall

10
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FIG. 3: Radial mean velocity U, /U, (a) and axi 1 mean Vi (31ty U, / Uy (b) as a function of
the distance from the wall y / D at the radia osmL r / D = 0.5. ): experiments of

Tummers et al, 2011, MNe I), (see table I).

N

jet. Discrepancies appear for the 1al§oc® profile at /D = 1 for y/D > 0.3 (see Fig 4b).
This is caused by the co-flowgt a)\)q‘s d the value of axial velocity outside the wall jet
region while in the experlment\amal velocity is driven by the natural entrainment of
the ambient air. How er-}ﬁile the wall jet region for y/D < 0.3 a good agreement is
found between LES&nd e ents supporting the statement that the co-flow does not
influence the Wal et av r. The profiles of the variances of the axial and radial velocities
are presente dlal locations in Figs. 5 and 6. Discrepancies are found between
LES and e ;{qts and there are several possible reasons for these behaviors. First, in
the simulatiod only~a pipe of length 2D is used while in the experiments the pipe is 76D
long. (The vor al structures developing in the free jet region are certainly more coherent
ngn“he e perlment generating larger velocity fluctuations. Such features were observed

b Loday), Vervisch, and Domingo*® for the same configuration and the same SGS model,
% 0 E. Another explanation proposed by these authors point to the WALE model that
s not allow energy backscatter from the unresolved to the resolved fields resulting on
average to a too dissipative model and slowing down the process of vortex breakup which
is favor of higher levels of resolved velocity fluctuations. Although such turbulent modeling

difficulty is out of scope of the current work, they indicate that their similarity mixed model

11
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FIG. 4: Radial mean velocity U, /U, (a) and axial mean velocity U, /U, (b) as a function of
the distance from the wall y/D at the radiakposition r/D = 1. (O): experiments of

Tummers et al, 2011, (—): M W I), (—=): M2 (see table I).

— N 4 \\/ F 10 S ‘ -
_____ Ny — M1 \\\
0.8} Mz o \\ \\ \ ---- M2 C
O Tummers et al \ ‘\ 0.8 O Tummersetal * )
\ Y\ O
A 0.6 2 \ - 0.6
> 0.4 9 N S04 S
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e
%\‘ ,{‘ \/ oc»’ﬁ
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0.0 0 .0 2.0 2.5 3.0 3.5 00 05 1.0 1.5 20 25 3.0 3.5
2 /U2 X 1072 U2 /U; x 1072
/ (a) (b)

ﬁ /
FIG5: V%iance of the radial velocity U] */Uy (a) and axial velocity U} */U; (b) as a
ﬁ

fungtion of the distance from the wall y/D at the radial position /D = 0.5. (O):

Se iments of Tummers et al, 2011, (—): M1 (see table I), (——): M2 (see table I).
~

is potentially capable of taking into account such energy backscatter, improving slightly the

predictions of second order moments in the near wall region.

The two grid resolutions used here give similar results except for the axial velocity at

12
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FIG. 6: Variance of the radial velocity U/ 2/ an ial velocity U, ?/U; (b) as a
function of the distance from the wall y t adlal p0s1t10n r/D=1. (O):
experiments of Tummers et al, 2011, (&)1 (see table I), (—): M2 (see table I).
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FIG.T: n/ wall shear stress 7,,/(pU?) (a) and mean Nusselt number Nu (b) as a
fu,gc n o) the distance from the jet axis r/D. (()): experimental data, (—): M1 (see
3 table I), (——): M2 (see table I).
\ <
r KD = 1 where differences of 20% appear on the prediction of the peak of the variance. Aside
from that, the global tendency is well predicted by both M1 and M2. Having knowledge
of these differences, the radial evolution of the mean radial wall shear stress and the mean

Nusselt number are compared in Fig. 7. A slight improvement of the prediction of the
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Publiship]gu eau near r/D = 1.5 in the wall shear stress distribution is noticed with M2. However,
for the Nusselt number the two curves are superimposed except for r/D > 2.5 where the
coarsening of the mesh is stronger for M1 than for M2. It can be concluded that the mesh
resolution has a negligible effect on wall quantities despite the discrepancies observed for

the variance of the axial velocity.

J/’\

B. Subgrid-scale model

In this section the impact of the SGS model on the el_(_ggy@:ﬂ‘ies and the wall quantities

sh M%. he first one is the WALE

is assessed. Two SGS models are compared with

model*® based on the second invariant of the trdceless symmetric part of the square of the

velocity gradient tensor. This model is built to "odu(@ zero turbulent viscosity in the case

of a pure shear (important to handle tra 1’&&‘:\1\?1\!) and to recover the proper near-wall

scaling of the turbulent viscosity. It W%t e grid convergence study of the previous

section. The second model tested is o model based on the singular values of the
R

velocity gradient tensor.?® It is dési o produce a zero turbulent viscosity for any two-
dimensional and/or two-com NS and when the resolved scales are either in pure

onen
axisymmetric or isotropic expan\?ontraction. Moreover, it recovers the proper near wall

scaling of the turbulent@::{'ty. For sake of brevity, the velocity profiles are not presented

t is found between the two models for the mean and RMS

here, however, a good agr
£
velocity proﬁles{ﬂa um differences of about 10% appear for the profiles of the variance

of the radial an Nfe ocity components. Finally, wall quantities are found not to be
affected byt cDange of the SGS model (see Fig. 8).

itivity amalysis of the results to grid resolution and to SGS model highlight that

as forfexperimenfs, numerical simulations are subject to uncertainties. Nevertheless, in that
e élcertainties affect mainly the levels of the variance of the velocity field but
donot ifypact wall heat transfer. The physics that produces the non-monotonic variation
Wh& radial distribution of the Nusselt number seems furthermore well captured by LES.

erefore, this fully unsteady LES database can be used to characterize and improve our
understanding of the physics behind the existence of the double peak of such a flow. For all
the following, the LES predictions obtained with mesh M2 and the SGS model WALE are

used.

14
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V. RESULTS AND DISCUS

As LES gives access to the full dependent flow field, the main idea is here to use

Mdditional details on the main mechanisms responsible

this space-time information to p
for the non-monotonic b iour of the radial Nusselt distribution. First, a quick description

of the statistical toolsfused for the analysis is provided. The flow dynamics is then analyzed

transfer at the

in terms of larg‘?t Jrga ization and near-wall aerothermal behavior. Finally the heat
aws ibed and connected to the flow dynamics.

A. Sta t{cal ools

-

onsche one point temporal evolution of a variable x(t), the common quantities

t canSbe extracted are the first order moment (i.e. mean (z(t))) and the second central

wn&n (i.e. variance ((x(t) — (z(t)))?)). Dimensionless higher order central moments, such
as\Skewness (Sk) and Kurtosis (Ku), are also useful when one wants to have a better idea
of the PDF’s shape®® or in the presence of intermittent events as they are more sensitive
to intermittency. Sk and Ku are, respectively, the third and fourth dimensionless central

moments. The Skewness evaluates the balance between the left and the right parts (with
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PubliShi]‘Eg] ect to the mean value) of a PDF. The Skewness of a symmetric PDF, like Gaussian
distributions, is 0 but the reverse is not true. For unimodal distributions, i.e. single peak,
the Skewness can also be seen as the “distance” from the mean to the peak, i.e. the mode (or
most likely value). Positive (resp. negative) Skewness implies that the mean value is greater
(resp. lower) than the mode value. The interpretation of Kurtosis % more difficult®” but can

5

be viewed as a movement of mass that does not affect the vari S8 High Kurtosis value

implies that, for the same distribution, mass is moved simul‘ai\sly from the shoulder to
the'wg

the tails and to the mean value of the distribution to le ariance unchanged. This

results in an increase of the probability of occurrence of es very close to the mean and
—

is, thesm ss is moved from the mean

extreme values located at the tails. For small Kurt
and the tails to the shoulder of the distribution (n‘c‘l in ymmetric case the distribution
is flattened. One may notice that the KurtosiSwalue if:?lﬂuenced by the asymmetry of the

distribution.?® Recall for reference that theurtosis of a Gaussian PDF is Ku = 3. For

_—

sample set, the reader is referred to lennekes and Lumley .

<

B. Flow dynamics \&

In this section the 1 ga;ie organization is described and compared to the available
literature. High ordii‘i icsare used to go further in the characterization of the dynamics
t

a more detailed description of the me@j\ tliese two quantities in terms of PDF and

and PDFs are buidt igh}ight the influence of the large scale structures on the near-wall

region. \
5

1. Larg !cal7 organization

-

As 1ti(§16d in the introduction, there are two kinds of large scale structures present

in 'mpin(ging jet flows. The primary vortices are formed in the free jet region due to the
hﬁﬁizi instability of the shear layer while the secondary vortices are developing near the

1 due to the interaction of the primary vortices with the wall (see Fig. 9). The presence
of the primary and secondary vortices is evidenced here using instantaneous iso-surfaces of
Q-criterion colored by the sign of the azimuthal vorticity as proposed by Dairay et al.?!

and shown in Fig. 10. The negative azimuthal vorticity, in black here, characterizes the
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q\\
-

~

FIG. 10: Instantaneouzi;surface f Q-criterion colored by the azimuthal vorticity sign:
1 vo

positive a@ticﬂ;y (grey), negative azimuthal vorticity (black).
A/

primary vorti fi\the secondary structures, located closer to the wall, are identified

iuthal vorticity. Figure 11 shows the space/frequency map of the pressure

at th¢ azimuthal position § = 0. The space resolution is A(y/D) = 0.1 and the frequency
resolutl isSA(StD) = 0.06. Different peaks are observable along the shear layer. These
peaks co}respond to Stp = 1.6, 1.13, 0.95, 0.8, 0.6. It is interesting to note that the
H’o;li{ant frequency decreases as the probe approaches the plate (positioned at y/D = 0)

hout reaching the “free jet preferred mode”, Stp = 0.3, due to the small nozzle to plate
distance. Frequency halving occurs as the vortices approach the wall due to vortex pairing®

except for Stp = 0.95 which could be the results of interaction between mode Stp = 1.13

and mode Stp = 0.8. Finally close to the wall two peaks are still observable at Stp = 0.6
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FIG. 11: Iso-contours of pressure fluctuation argplitu )L) in the (y/D, Stp) plane at

e

r/D = 0.5 an 0

\\L

and Stp = 0.8. Note that the spatial @f the peaks is in part linked to the spatial
ion

intermittency of the vortex pairing | 9. vortices are not always merging at the same
axial location for such a flow, in 'c&lﬁt the observed coherent structures are neither
fully deterministic nor stoch t'cx\xle erministic part is linked to the generation of the
coherent structures, assuminag;t\\\t% phenomenon is periodic with a well defined period
that is a good approxi tig%é feedback loop exists as for high-speed subsonic jet®! or if an
external forcing is p e‘;& stochastic part however relates to the interaction between
vortical Structur?( ¢ y.

One of the da}hsl\tal problems behind impinging jets is the impingement of vortex ring
for which t, (Qition of secondary and tertiary vortices is observed as well as a rebound
of the p@/‘mr ices.!? In the context of impinging jet flow at high Reynolds number,
the rdbound o {e primary vortices is difficult to detect as it is part of a transitional flow.
This.s lhgh order statistics that are more sensitive to intermittent events, such as those
g erate§ by unsteady coherent structures, are preferred for this study. Using the fact that
V’b}ﬁic\es generate negative spikes in the temporal distribution of pressure fluctuations, the
rebound of the primary vortices is highlighted using the azimuthally averaged Skewness
issued by the analysis of the temporal pressure evolution. Note that these diagnostics

are preferred to classical autocorrelation lengthscales due to several reasons. First, using

autocorrelation lengthscales implies to choose an a priori accurate definition of the researched
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FIG. 12: Iso-contours of azimuthal average(@ke‘w?ess of the pressure temporal

distribution in t% D) plane.
\
timescale event. As such, an arbitr!%hre old for the integration of the auto-correlation
uredf

the structure timescale, will produce uncontrolled

, based on one-point autocorrelatign functions, requires the use of Taylor’s hypothesis, the

function for example, to yield a S
results and a potential misinKiL%\\\t?l of the results. Reconstruction of the lengthscale

flow, it has also b at the accuracy of the Taylor’s hypothesis decreases with

a
validity of which is in £Zloubtsin presence of large scale interactions.®? For wall bounded
e sli%\
the increase of thé pr '/ctigﬁ distance.%® Such a hypothesis and arbitrary threshold are not
required for t INS as the negative Skewness is induced by the passage of the vortical

structures in this’case. Note finally that computing autocorrelation functions imposes to

store infémmafion which can rapidly increase memory requirement while the computation
of stafistics ¢ e done during the simulation keeping only the final value. As expected
the.Sk 1es> of the temporal distribution of pressure, plotted in the (y/D,r/D) plane in
.12 iénegative (indicative of the presence of events happening for values below the mean)
\l&s ear layer of the free jet region (r/D =~ 0.5 and y/D > 0.5) as the passage of the
primary vortices induces negative pressure fluctuations in the temporal signal. Two main
regions of remarkable values for Skewness of pressure appear near the wall. The intermittent
formation and convection of secondary vortices generate region B where Sk < —1.6. This

region disappears near r/D = 1.9. Note that this region B coincides with the location
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Publishinf@initiation of the unsteady boundary layer flow separation that occurs just before the
formation of secondary vortices'® at r/D a~ 1. Region A relates to the primary vortices
which orient upwards as the radial location increases. This reveals the rebound of the
primary vortices which is induced by the secondary vortices velocity field.!? The rebound
starts here at r/D = 1.6 and disappears near r/D = 2 (extent of région

To complement the analysis of the flow dynamics, the near Ee\ha“or of the temper-
ature and the velocity fields are analyzed to investigate the \f the vortical structures

on the aerothermal field.

2. Temperature field ks

The near wall thermal behavior of the flow is_an ?ed using numerical probes radially
distributed at a normal distance y/D = O above t plate. Based on the analysis of several
instantaneous snapshots (not shown he is normal distance from the plate, the probes
are found to mainly reflect the effect 6f %*ndary structures on the near wall flow. For the
discussed diagnostics, 12 probes dre 1b\fed in each of 10 azimuthal directions as shown
by Fig. 13. Sampling is madedo &Q es, where one cycle is evaluated from the impinging
frequency of the main large&t ctures, and 33 000 samples are collected for each
probe. Note that this 1 ds%sssampling frequency which is in agreement with the Nyquist
frequency for the plMienomema dnvestigated here. Based on these samples the PDFs are
estimated using hiSto s #hat are normalized to respect the property: fj;o PDF(x) dx =
r tu}{)F are presented in Fig. 14 for 9 radial locations for the normalized

a)ed as T* = (T — T) /(T — Tw), where T' is the local instantaneous

1. The temp

Deviation fro Gaussian starts at r/D = 1 where the PDF gets positively skewed. This
positiv keéless indicates that the near wall fluid is considerably heated by the plate. It
is eliev%d that this is the consequence of the intermittent local flow deceleration which
%311’5\8 in a local increase of the fluid residence time, due to the adverse pressure gradient
goéuerated by the approach of the primary vortices. This phenomenon takes place before
the separation of the boundary layer and seems amplified by the boundary layer separation.
When the boundary layer is separated, i.e. around r/D =~ 1.1 (cf. Fig. 12), the secondary

vortex is initiated amplifying the segregation between hot and cold fluid near the wall thereby
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FIG. 13: Location of the numerical probes in the g&)D ) plane used for the PDF

analysis. The probes are located at y/D = 0. for ¢ near wall investigation and at

y/D = 0 for the ana@ﬁaﬂ heat flux.
\
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dius. £ Gaussian distribution with the same mean and standard deviation values as
b the temperature PDFs, (——): mean value.

\ <

explaining the bimodal shaped PDFs at these locations, i.e. 1.25 < r/D < 1.75. The first

of the dimensionless temperature time series 7" at 9 locations along the

PDF peak, located on the left side of the mean value, is a cold mode and has the highest

probability while the second peak, located on the right side of the mean value, is a hot mode
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with a lower probability. One can also note that this regi E)’ﬁ)im al behavior corresponds

to the radial extent of region B previously linked to the'seco a??\‘fortices. For r/D > 2 the

distributions are flatter indicating a less organized mixing. s\s the probes are located very

-

close to the wall, it is most likely that the hot thode ﬁin uced by the recirculating fluid
that is trapped and heated by the plate as obse\dxbx_ adziabdié¢ and Hanjali¢?? while the
cold mode is the consequence of a local ca& id i

induced by the secondary vortices. \
The numerical approach used in i allows to record simultaneously the temper-

ature and the velocity time S@"l%ﬁuch samples are used in the next section to gain

further insight into the near—v\

3. Jownt velocity- @’um analysis

rusion in the wall boundary layer flow

process.

Several authord have qualified the above mentioned process as “cold fluid flux” towards
the wall to explain the mean heat transfer enhancement.?!*? However to the authors’ best
knowledge 4thi lbaim has not been proven except by Dairay et al.?! who used conditional

averagingwneal theocation of a cold spot. In this study, the problem is addressed using
joint fixial velogity-temperature PDFs that do not require any arbitrary threshold value.
Indeed,“depending on whether the observation point is upstream or downstream a vortical
st Cturé the 2 possible events are the fluid injection or the fluid ejection, i.e. negative or
?b}iti\ve axial velocity (see Fig. 15). Adding the temperature to the analysis allows therefore
toynake the distinction between hot and cold events (hot and cold being defined with respect
to the local time and azimuthal averaged temperature). It is then possible to construct the

4 quadrants corresponding to the 4 possible events, i.e. cold/hot fluid ejection/injection as

shown in Fig. 16. The corresponding joint axial velocity-temperature PDF's are shown in
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P
events are identified respectively by U, < 0 and U, > 0.{Nc\ai'f:d~cold events are identified
tlms a

-

respectively by T > (T') and T' < (T'), where (T) is the ti

-

temperature.

N
o

Fig. 17 for 8 radial locations. Cloge t nezzle, i.e. v/D < 0.75 the dominant event is the
fluid injection as the flow is u del&}h\ ence of the axial jet. Relatively far away from the

nozzle, i.e. r/D > 1, one can n there is still a clear organization of the mixing until

d azimuthal averaged local

®.

r/D = 1.75 with the co id injection being the dominant process. This is in agreement
with the observation ahia n the temperature PDF where the cold mode appears to be the
most likely. It is t %}e o state that the large scale structures generate preferentially
a cold fluid flux zw wall. A more quantitative representation is presented in Fig. 18

0
where the jotut PDF's are integrated over each quadrant to compute the probability related

to each the/4 possible events. Again it appears clearly that the dominant process in the

the re

-

events h%ve a similar probability.

NI

This section has focused on the flow dynamics highlighting the presence of vortical struc-

regionfofdfor tid(n and convection of the secondary vortices is the cold fluid injection. After
und}f the primary vortices however, the cold fluid injection and hot fluid ejection

tures, their effect on the near wall behavior and the rebound of the primary vortices from the
wall. The idea is now to compare these results to the wall heat transfer process and make

the connection between the large scale organization and the mean heat transfer distribution.
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C. Wall heat transfer \S“

The first part of this section fosuses on the unsteady behavior of the wall heat transfer
process using instantarfeous visualizations and temporal maps. Then, the statistical tools

are used to confirmdn a ,stat ical sense the instantaneous behavior and connect the results
to the flow dynasiics.

1. Unstea ehavior

£

The instantagieous evolution of the fluctuating Nusselt number for 2 distinct instants is
presented in Fig. 19. To ease the analysis, a radial axis is added recalling that the location of

t loca1511inimum is at r/D = 1.1 while the secondary maximum appears at r/D = 1.9. For
K?}h\ins ants, two cold fronts, i.e. region of positive Nusselt number fluctuations, identified
aswcold front A and B are visible. The cold front B is stronger and has a better azimuthal
coherence than cold front A. Cold front B is generated by the secondary vortex that is
located closer to the wall than the primary vortex. Note also that cold front B loses its

azimuthal coherence near the location of the secondary peak at /D = 1.9. Fig. 20 shows
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FIG. 18: Probability of the 4 possible events, i.efeold fluidiinjection/ejection and hot fluid
injection/ejection, as a function of the %@noe from the jet axis r/D.
N
the spatio-temporal maps of the Nussd%ﬁ@r extracted from numerical probes placed
on the plate at # = 0, i.e. along the his\\mth t* = tStpU,/D is the dimensionless time
allowing to track the temporal evglution of the cold fronts. Cold front B is generated at
r/D = 1 coinciding with the Mimum in the mean Nusselt radial distribution. Cold
front A develops continuougly front the stagnation region to r/D = 1.6 and is seen to
accelerate for 0.5 < 7 /Q‘\BT hen it is slowed down by cold front B, around r/D ~ 1,
¢
tice

both having appro ly the same convection velocity, U, = 0.61U,. It seems therefore
that the primar/(

The cold @i aection induced by the secondary vortex, located just above cold front B,
is clearlydseensin Fig. 21 where the instantaneous temperature fluctuations along with the
streandlines a Iépresented in a wall-normal plane at § = 0. This feature is in agreement
with t obs}rvation by Dairay et al.?! where secondary vortex is detected close to cold

ﬁ
spots. Tﬁe hot front upstream of cold front B is the consequence of the trapped fluid in the

re not the only cause behind the generation of cold front A.

‘Tscirc tion region issued by the boundary layer separation confirming the previous analysis
N

sed on the temperature PDFs. It also appears that the positive Nusselt fluctuation for
cold front B is approximately two times higher than for cold front A as evidenced by the

lower part of Fig. 21 which pictures the Nu’ map on the wall surface near the normal plane.

Cold front A is located between two primary structures where negative temperature
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FIG. 19: Sequence of 2 instanta \w\ apshots of the local fluctuating Nusselt number,

N/, on the plate identify%)l fronts related to the passage of the large scale
co}<tstruc res. (—): isocontours of Nu' = 0.
£

served I)éar the wall. It is believed that cold front A is mainly the
(Na y development of the wall jet when not perturbed by the primary

fluctuations are
consequence o
vortices. The v be an influence of the primary vortices as some high heat transfer regions

splace are observed in cold front A. It could be the consequence of an azimuthal

instalfility, as obServed for free jets.” Here the plate is placed so close to the jet exit that the

is amomplete when the primary vortices reach the plate. The azimuthal instability

causes t@ primary structure to be closer to the wall at specific azimuthal locations inducing
}ﬂﬂi&)nal cold fluid intrusions in the boundary layer and localized high heat transfer regions
imncold front A.
From this instantaneous analysis, it is concluded that the secondary vortices are linked to
one intense cold front that is suspected to generate the strongest thermal events responsible

for the occurrence of the secondary peak. The next part focuses on the impact of these
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FIG. 20: Contours of the Nusselt number fluctgations{ N u', at @ = 0 along the r axis in
the (t*, r/D) plane. Straight black solid linés;_Conyection velocity Ueppy = 0.61U;. (——):

N g
» Primary struct; —

. _ _—
Secondary structure )

-\ s e

Cold front A old frong ‘h

\i\?l: Instantaneous snapshot of the Nusselt fluctuations, Nu’, on the wall (lower part
of the figure) and streamlines along with the temperature fluctuation, 7", projected in the

plane 6 = 0. The scale for Nu' is the same as the one used for Fig 19. (—): isocontours of

Nu' =0and T" = 0.
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FIG. 22: Skewness (a) and Kurtosis (b) of the Nussélty Nu, temporal distribution on the
plate in the (x/D, z/D) plane. Black isocontotmg: $k'= 0, Ku = 3. White isocontours:

Ssz\ =

\
cold fronts on the wall heat transfer ei;q%or istribution to highlight their role in the heat
~
transfer enhancement process. \\
2. Statistical analysis \

Skewness and K to;is)-\ne temporal evolution of the local Nusselt number are in

Publishing
6
5
2 1
,‘ ‘.." W . ;‘; 2
—3
xr
ﬁ
(a) (b)

this section constsfucted at fach computational node on the plate to produce spatial maps
as presented i M or both quantities, three regions appear that are linked to the
different b h{'ox:)f the mean Nusselt radial distribution. The first one extends from the

stagnati% /t the local minimum at /D = 1.1. In this region Sk and Ku values are

close fo the ssian values, i.e. Sk =0 and Ku = 3. Skewness and Kurtosis values start

toedey1 fr)m the Gaussian values with Sk > 1 and Ku > 4 in the region of heat transfer

e ance@ent 1.1 < r/D < 1.9. The positive Skewness indicates that relatively strong

&fﬁc\s at are not balanced by equivalent weak events occur. Relatively high Kurtosis
values highlight the intermittency of these strong thermal events. After the secondary peak,
i.e. 7/D > 1.9 the Kurtosis and Skewness decrease slowly without returning to the Gaussian
values.

The PDFs of the Nusselt number are analyzed using the numerical probes used for the
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FIG. 23: PDF of the Nusselt numbe m’m& (Nu), on the plate at 8 locations along the
radius. (—): Gaussian PDF with w e mean and RMS values as the Nusselt data set.
\\

temperature field anal is‘ﬂhseid on the plate at y/D = 0 and with the same sampling.
The PDF's are presefited 8 radial locations in Fig. 23. As anticipated, the PDFs are
close to the Gaugéian apg/for r/D =0 tor/D = 1. Afterwards, the shape of the PDFs
starts to devi fr}r\(}aussian with an increasing probability of occurrence of relatively
low Nusselt n er values around r/D = 1.25, breaking the balance between low and high
Nusselt valued. This imbalance is to be linked to the unsteady separation of the boundary
layer.(Then, r évely strong events, i.e. high Nusselt number values, appear and the PDF's
skewi to'the right. This feature explains the observed positive values of Skewness previously
re ortedyor 1.1 <r/D < 1.9 (see Fig. 22a). The PDFs remain then skewed up to r/D =3
Wga\tmg a persistence of relatively strong thermal events that are no longer able to increase
heat transfer. After /D = 2, the probability to have Nusselt number values smaller than
the mean value increases while there are fewer strong events and the probability to have
Nusselt number values higher than the mean decreases. This explains why the Nusselt

number is decreasing for r/D > 2 despite the positive Skewness. To confirm that the strong
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c& the secondary peak, the decomposition

thermal events are responsible for the
of the PDFs in a symmetric and a mietric part proposed by Dairay et al.?! is used.

The important point here is to @ote T% the asymmetric part causes the deviation of the
mean value from the mode lu& ith 'such positively skewed PDFs the mean value is
greater than the mode value. m the importance of the strong intermittent thermal
events in the generatio 01?hssecondary peak, the mode value is compared to the mean

value in Fig. 24. Thefsecondary peak is not recovered in the radial distribution of the mode
Nusselt value thaffis 1 { reginent with the previous results obtained by Dairay et al. 21 This
confirms that géﬂkation of the secondary peak is due to the strong intermittent thermal
events, i.e. torflmetric part of the PDFs. One can also note that after r/D = 2, the
two cur apé not superimposed. This reflects the contribution to the mean value of the

persistent an atively strong thermal events even after the second peak.

Eipa tbese results have to be linked with the flow dynamics to propose a scenario
t

e the heat transfer enhancement. In agreement with the documented experi-

7!:7: ) results, the primary vortices impinge the wall as expected for this low nozzle to
plate separation,” inducing an adverse pressure gradient and the separation of the boundary

714 jdentified by the emergence of region B on the Skewness of the temporal distribution

layer
of the pressure presented in Fig. 12. The separation process induces low heat transfer events

as shown by the Nusselt PDFs and causes the local minimum in the mean heat transfer
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Publishi'riig1 ribution where the separation evolves into a secondary vortex. These results are coher-
ent with previous findings???13? that have shown a coincidence between the instantaneous
position of the Nusselt minimum and the instantaneous location where distinct secondary
vortices appear. Secondary vortices, in addition to the primary vortices, organize the mixing
near the wall producing preferentially a cold fluid flux towards the ?/ate in the region of heat
transfer enhancement. After the local minimum, the most pro ab$: eveut is the cold fluid

injection generating high heat transfer events confirming tbe\r\\ts of Dairay et al.?' It
ea

®

{¢old front B which combined

seems also that the secondary vortices compensate the lo ansfer events induced by

the separation and produce the strongest thermal events,

with the intermittent unperturbed wall jet, i.e. cold fi I:; A deads to the mean heat transfer

enhancement. Near the location of the secondar;@ak, ebound of the primary vortices

is highlighted in agreement with recent experihw; a‘e)othermal investigation,®! while the
rall.

L -
t the location where the primary and

secondary vortices seem to stay close to th
secondary vortices could not be distinguishedyfront one another on the Skewness map (see
Fig. 12), the cold fluid injection andgthe hog fluid ejection converge to the same probability
and the mean heat transfer enha; cemvsmps, although the Nusselt PDF's remain skewed
beyond the secondary peak up to%\ ¥ The positive Skewness is linked to residual strong
thermal events intermittent i%d space. Indeed as seen in Fig. 19, circular patterns
with a reduced azimut l‘mﬁence are present at /D ~ 1.9 for the two instantaneous

snapshots. These regidualsgtrong thermal events are also related to the secondary vortex

p e‘{ltiey/interaction with the rebounding primary vortex which reduces

that is subject t;y
circumferential cohésgnce and leads to the transition of the flow field to a fully turbulent

state in the 'IQVay as for the impingement of a single vortex ring on a flat plate.!>9465

y.
i~ 4
VL. CONg SIONS

-

Waf}resolved LES of a single unconfined round jet normally-impinging on a flat plate
wl&en performed to investigate the link between the Nusselt secondary peak and the near-
1 flow dynamics. The results have been validated against experimental data available in

the literature. Prior to detailed flow analyses, the numerical uncertainties issued by the
SGS model and the grid resolution are reported for the mean and RMS velocity profiles, the

wall shear stress and the wall heat transfer. Based on this validated numerical database,
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Publishi‘ri‘g flow dynamics and the heat transfer process are investigated to establish a link between
the vortical structures present in impinging jet flows and the non-monotonic mean Nusselt
distribution. For this configuration, primary and secondary vortices are evidenced using
iso-surfaces of Q-criterion in agreement with the previous studies.?! The Skewness of the
temporal distribution of the pressure allowed to highlight the rebou?é of the primary vortices
that is observed for a single vortex ring impinging on a flat plat thatiis more difficult to
characterize in a fully turbulent impinging jet flow. It appears that this rebound is the event
that stops the mean heat transfer enhancement as the se %\Kea in the mean Nusselt

distribution is located at the same position. In addition, Skewness of the pressure also

allowed to identify the location of the initiation of t Elst dy separation which coincides
with the location of the local minimum. This poﬁu;a,na \ jointly with the Nusselt PDF's
brings a clear evidence that this separation gw Ll:_(Dv heat transfer events, due to fluid
pockets that are heated by the plate, whichi“gontribute to the local minimum of the mean
Nusselt radial distribution. This obser atioi%n the direction of the scenario proposed
by HadZiabdi¢ and Hanjali¢?? to e laik&dip between the two peaks. A correlation is
also observed between the location of )0"@&1 minimum and the intermittent generation of

a strong cold front related to a col id mjection induced by the secondary vortices. These

results are coherent with Daira Ml that have highlighted a cold fluid flux towards the

wall in the vicinity of a g0 ot using conditional averaging. From the Nusselt PDFs, it is
concluded that the héat nsfer enhancement is the consequence of an imbalance between
high and low Nu?lt f{es

mechanism inducing«ghe positive Skewness, confirming once again the scenario proposed by

%used by the secondary structures, which appears to be the main

Hadziabdi¢, 4ud Hanjali¢.?? Finally, the rebound of the primary vortices is found to be the

event thaf causes the second peak representing the end of the heat transfer enhancement.

i~ 4
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