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Abstract :

In order to investigate the influence of the initial conditsoon the establishment and features of the self-similee@ipns

of turbulent circular jets, Large-Eddy Simulations are fsemed using low-dissipation numerical schemes combirgd w
a relaxation filtering as subgrid dissipation. Three jetshwthe same initial parameters except for the diameterglirigl
Reynolds numbers of 1800, 3600 and 11000 are first consid€hezh two additional jets at Reynolds number 3600 in
which modified inflow conditions are specified (namely a thirshear-layer thickness and a forcing based on lower
azimuthal modes, respectively) are calculated. Compassd mean and turbulent properties of the flows are shown.

Résune :

Afin d’etudier les effets des conditions initiales swatéiblissement et les progtés de la égion d’auto-similarié des
jets circulaires turbulents, des Simulations des Grandelselies sont effecaesa I'aide de scmas nurériques peu
dissipatifs, en utilisant un filtrage de relaxation dédergie turbulente aux plus petitéshelles ésolues. Trois jets ca-
ractérisés par des conditions d’erte identiques, excepteurs diandtres @finissant des nombres de Reynolds de 1800,
3600 et 11000, sont congirks. Deux autres jetd nombre de Reynolds de 3600, pour lesquels on fait variezdasli-
tions initiales, telles que &paisseur de la couche de cisaillement et les p&ipsi modales des perturbations de vitesse

introduites pour exciter legcoulements, sont aussi cales! Des comparaisons dessultats obtenus pour les champs
moyens et turbulents des jets sont mees:

Mots clefs : large-eddy simulation, jet, turbulence, self-similarity

1 Introduction

The self-similarity region of jet flows has been investigateesively over the last fifty years. Reference so-
lutions for round jets have for instance been provided byettperimental works of Wygnanski and Fiedler [1],
Panchapakesan and Lumley [2], and Hussial. [3]. Discrepancies between the solutions are however ob-
served, which are expected to result largely from diffeesno the measurement methods and in the jet initial
conditions, the diameter-based Reynolds numbers of theérjghese experiments ranging in particular from
11000 to 100000.

The influence of the Reynolds number on jet flow development ldesenh been shown to be significant up to
Reynolds numbers around Re= u;D /v ~ 10000, whereu; and D are the jet inlet velocity and diameter,
andv is the kinematic molecular viscosity. It has been examinggeementally especially by Lemieux and

Oostuizen [4], Namer an@tiigen [5], Kwon and Seo [6], and D& al.[7], as well as numerically by Bogey
and Bailly [8]. In experiments, however, unlike simulasgithe variations of the Reynolds number likely result
in modifications of other initial flow conditions, which mighave a significant indirect impact on the features
of turbulent jet flows.

The properties of the shear layer at the nozzle exit, sucheaprttfile of mean velocity and the turbulence
intensities, have thus to be carefully considered. The@otgdfhave been documented in different experiments
for circular jets at fixed Reynolds numbers. Ferdraaal.[9] reported for instance the influence of nonuniform
initial velocity profiles on the downstream evolution of raljets at the Reynolds number »f000. Ramaret

al. [10] and Antoniaet al.[11, 12] dealt with jets at the Reynolds numbergl@¥000 and86000, respectively,
displaying either transitional or turbulent nozzle-exatindary layers. Both concluded that jets with initially
transitional shear layer develop more rapidly, with shattee length and higher velocity decay rate, than jets
with initially turbulent shear layer. Xu and Antonia [12] memver noticed that jets approach self-similarity
more rapidly when the initial shear layer is laminar.

Given the experimental difficulties, it appears now wortHestd study the influence of the initial conditions
on jet self-similarity using simulations. In computatiotige inflow parameters can indeed be changed in-
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dependently, and consequently their influence can be disthgd, as it has been demonstrated by previous
works [8, 13, 14, 15]. Self-similar jets have for example bealtulated by Boersmet al. [16], Freund [17]
and Uddin and Pollard [18]. In Bogey and Bailly [19], a rountlgea Reynolds number 11000 has also been
calculated by a Large Eddy Simulation (LES) using an approach congpiow-dissipation schemes [20] and
explicit selective filtering to relaxe energy [8]. Jet seifidarity was reached on the computational domain,
and described in detail. A very good agreement with the dataimed by Panchapakesan and Lumley [2] at
the same Reynolds number was found.

Following this simulation, the influence of the initial cotidns on the establishment and features of the self-
similarity regions of turbulent circular jets is investigd by performing additional LES. First, in order to deal
with the effects of the Reynolds number only, two jets wite #ame inflow conditions as the jet at/Re-
11000, but at lower Reynolds numbers 1800 and 3600 are consid€heth, two other jets at Re = 3600,

in which, respectively, the inflow shear-layer thickness #relforcing procedure used to seed the turbulent
transition in the mixing layers are modified with respect te finst jet at the same Reynolds number, are
calculated. In this way, the variations of the jet flows witle thitial conditions can be explored at a fixed
Reynolds number.

In the present paper, the simulation parameters are firghbdescribed, and jet definitions are given. Vorticity
fields are then shown, and some preliminary comparisons keettfee mean and turbulent properties of the
different jets are reported.

2 Simulation parameters
2.1 Numerical procedure

The LES are performed by solving the three-dimensional Caridgtered compressible Navier-Stokes equa-
tions, using low-dissipation and low-dispersion schen2€3. [Fourth-order 11-point finite differences are im-
plemented for spatial discretization, and a 2nd-orderagestow-storage Runge-Kutta algorithm is applied
for time integration. Grid-to-grid oscillations are reneavevery time step by an explicit 2nd-order 11-point
filtering of the flow variables, which is designed to damp onlg #gihortest waves discretized. The filtering
enables to take into account the effects of the subgrid grdisgipating scales without affecting significantly
the scales accurately resolved. It does not lead in paati¢alan artificial decrease of the effective Reynolds
number of the flow, as it might be the case with eddy-viscdsitged LES modellings [21]. More details on this
LES approach based on relaxation filtering (LES-RF) can be found geBand Bailly [8, 19]. Finally, in the
present LES, the budgets for the turbulent kinetic energy aea@mputed directly from the flow-governing
equations. All the energy terms including the viscous gestibn and the subgrid dissipation induced by the
relaxtion filtering are estimated explicitly [19].

2.2 Jet definition

Five isothermal round jets at Mach number 0.9 and at Reynaldsbers 1800, 3600 and 11000 are simu-
lated on computational domains extending up to 90, 120 afdjdiSradiirg in the downstream direction,
respectively. A part of the self-similarity region of theégés thus expected to be calculated.

In the three jets referred to as jetRe1800, jetRe3600 aRe jeit000 in table 1, the jet inflow conditions such as
the mean flow profiles, the shear-layer momentum thickégessr,/16 and the forcing procedure used to seed
the turbulent transition in the mixing layers are identiddey have been described in previous papers [15, 19,
22]. Only the diameters of the jets vary so as to yield Reysaldmbers of 1800, 3600 and 11000.

In the jets jetRe3600thin and jetRe3600mode, the Reynaldsoer is also 3600, but some inflow characteris-
tics are modified with respect to jetRe3600. More precisbly,initial shear layer is thinner in jetRe3600thin
with 69 = r¢/26, whereas the inflow forcing used to seed the turbulent tianditom random velocity distur-
bances is based in jetRe3600mode on the two first azimuthatsnod 0, 1 of the jet, instead of modes from
n =4ton = 15in JetRe3600.

Reference Re Ny X Ny X Ny ng Tuj/D T B A
jetRe1800 1800 411 x 211 x211 1.6 x 10° 0.79 x 10° 24.1r; 5.8 0.096
jetRe3600 3600 531 x 261 x 261 1.6 x 10° 0.79 x 10° 17.1rg 6.1 0.091
jetRe11000 11000 651 x 261 x 261 2.8 x 10° 1.34 x 10° 13.5r, 6.4 0.087
jetRe3600thin 3600 531 x 261 x 261 1.0 x 10° 0.48 x 10° 13.7r¢ 6.5 0.084
jetRe3600mode 3600 531 x 261 x 261 1.0 x 105 0.48 x 10° 14.6r, 6.3 0.088

TAB. 1 — Simulation parameters : jet Reynolds numbers, numbers of grid peipis,,n.) and of time
stepsn;, simulation timeslI" ; and mean flow characteristics : locations of the end of the potentiabgcoend
decay constanB and spreading ratd in the self-similar jet flows.
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2.3 Computational parameters

The numerical set-up used for the five LES is the same exceptdanxial and radial extents which are reduced
at lower Reynolds numbers to save computational time. This gontain from 22 to 44 millions of points, and
between 1 and 2.8 millions of time steps have been perfor&sckported in table 1, this led to very significant
computational time§", which is necessary to obtained converged statistics isdHlesimilarity region of the
jets, in particular for high-order velocity moments and ttoe energy budgets. More numerical details can be
found in a recent paper [19].

3 Results

Mean flow and turbulence properties, including the secon@soand third-order velocity moments, and the
energy budgets, have been evaluated in the jets from the LES.fletine results are provided here to give
some insight into the influence of the initial conditions.

3.1 \Vorticity

A first illustration of the Reynolds number effects is provddey the vorticity fields presented in figure 1.
The transitions from laminar shear layers toward fully-deped turbulence can be seen. As the Reynolds
number increases, the presence of fine scales is more visieinitial development of the jet occurs also
more rapidly, leading to a decrease of the length of the pialezore, in agreement with experimental findings.
The potential core lengths., defined byu.(z.) = 0.95u; whereu, is the centerline mean axial velocity, and
given in table 1, are consequen®y.1r for jetRe1800,17.1r for jetRe3600 and 3.5 for jetRe11000.

20

0 30 60 20 0 30 60 20 120

0 30 60 a0 120 150
xer

FiG. 1 — Snapshots of vorticity norm normalized by the jet diameter and the centenkan axial velocity,
|w|D/uc, in the planez = 0, for : jetRe1800 (top left), jetRe3600 (top right) and jetRe11000 (bottormg. T
color scale ranges for levels from 0.4 to 2.

The impact of the initial conditions on the three jets at Régamumber 3600 is also visible on the vorticity
fields represented in figure 2. In both jetRethin and jetRemantical structures are generated in the mixing
layer more rapidly than in jetRe3600, resulting in potdridtaes shorter by about-; as shown in table 1. Itis
also interesting to note that the turbulent transition iR@E600mode basically differs for the transitions in the
other jets. In the former jet, strong persistent axisymioewrtices can indeed be seen in the jet shear layer,
whereas 3-D turbulence appears to dominate in the latter jet

3.2 Mean flow properties

The effects of the initial conditions of the mean flow developtwd the jets are studied here from the variations
of the centerline mean axial velocity. = [u.](y = 0) and of the jet half-widthy 5 defined by[u,](y =
do0.5) = u./2, where[u,] is the mean axial velocity.

The profiles of the inverse af. and ofd, ;5 determined for jetRe1800, jetRe3600 and jetRe11000 aresep-
ted in figure 3. After the transitional region, they seem toyJarearly as expected. In self-preserving round
jets, the mean axial velocity evolves indeedigsu; = B x D /(x—x(), whereB is the velocity decay constant
andzx, denotes a virtual origin, and the jet half-width can be writasiy 5 = A x (x — z), whereA is the jet
spreading rate. The establishment of mean flow self-simjilags then been investigated by evaluating the in-
verse of the local decay constant and the local spreadiagwdiich are defined dy B’ = d(u;/u.)/d(z/D)
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FIG. 2 — Snapshots of vorticity norm normalized by the jet diameter and inflow ¥gl¢©|D /u;, in the plane
z = 0, for : jetRe3600, jetRe3600thin and jetRe3600maode, from left to right.cola scale ranges for levels
from 0.6 to 3.

and A’ = déy5/dz, respectively. These local mean flow characteristics areisptayed here because of the
limited space of the paper, but both are observed to tendylm@stic values in the downstream direction,
which indicate self-similarity and provide constats= 5.8 and A = 0.096 for jetRe1800,B = 6.1 and

A = 0.091 for jetRe3600, and3 = 6.4 and A = 0.087 for jetRe11000 in table 1. The mean flow of self-
similar round jets therefore develops at a lower rate atdrigdeynolds number, in agreement with the recent
experimental data obtained for plane jets by [@eal.[7].
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FiG. 3 — Variations of the inverse of centerline mean axial velogjtyu. (left) and of the jet half-widtldg 5 /7o
(right), for: — - — - jetRe1800, jetRe3600, and- — — jetRe11000.

The variations of the inverse af. and ofds obtained for the three jets at Reynolds number 3600 areeplott
in figure 4. They are found to depend appreciably on the jetain@dnditions. In both jetRe3600thin and
jetRe3600mode, the mean flow develops indeed, far from theninftore slowly than in jetRe3600. These
behaviours are supported quantitatively by the values etttinstantsA and B estimated in the self-similar
mean flows, given in table 1. Therefore, in jets at a given Ralgaolumber, changes in the initial conditions
do not only affect the shear layer development, as it coulddseimed at first sight, but also the spreading of
the self-similar mean flow, several radii downstream of tmbulent transition, which is in agreement with the

experimental observations made by Xu and Antonia [12].
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FiG. 4 — Variations of the inverse of centerline mean axial velogjtyu. (left) and of the jet half-widtldg 5 /7o
jetRe3600thin, and

(right), for :

jetRe3600,

jetRe3600mode.
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3.3 Turbulent intensities

The centerline profiles of the axial and radial turbulent istees[u/u/]'/? /u. and[v'v']'/2 /u. are presented

in figure 5 for the three jets with same initial conditions batying Reynolds numbers, and in figure 6 for the
three jets at Reynolds number 3600. The axial locations attwihie turbulent jet flows achieve self-similarity
can thus be determined.

In figure 5, the establishment of self-similarity, obtainedden constant values are observed on the jet axis,
is shown to occur more slowly at higher Reynolds number,at farther axial distance, in agreement with
experimental and numerical results [8, 23]. More quantigdy, self-similarity seems to be reached around

x = 60r in jetRe1800,x = 70r in jetRe3600 and: = 1207 in jetRe11000.

0.32 A 0.32
A\
Loz [ MR . — — 0.24 "
5 i 2 PN -
= 0.16f I < 016 !
> >
=] ! ‘ > _I
o.08f I[1 0.08f I/ !
0= 04
0O 30 60 90 120 150 0O 30 60 90 120 150

x/ro

x/ro

FIG. 5 — Variations along the jet centerline of axial and radial turbulence ittieng./v/]'/? /u, (left) and
[v/v']'/2 Ju,. (right), for: — - — - jetRe1800, jetRe3600, and- — — jetRe11000.

The distance required to achieve self-similarity in the tleht jets also appears to depend on the jet initial
conditions. As shown in figure 6, the variations of the radidbtilent intensities suggest in particular that self-
similarity is reached in jetRe3600mode aroung 90r(, instead oft ~ 60r in jetRe3600 and jetRe3600thin.
It is finally interesting to notice that, while the centerlingbulent intensities indicate that self-similarity es-
tablishment varies appreciably with the initial conditiceind the Reynolds number, they exhibit very similar
asymptotic values in the five jets considered. This little ierfice of the jet inflow conditions on the self-similar

fluctuating velocity intensities has been previously margaby Xu and Antonia [12].
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FIG. 6 — Variations along the jet centerline of axial and radial turbulence itties&./v/]*/? /u,. (left) and
[v/v']'/2 Ju,. (right), for : jetRe3600, jetRe3600thin, and jetRe3600mode.

4 Conclusion

The LES results shown in the present paper provide prelimimdoymation on the influence of the initial
conditions on far-field development of round turbulent j¥#hen they vary, the effects are in particular strong
on the characteristics of the self-preserving mean flowsgarttie distance required to achieve self-similarity
of the turbulent flows. To evidence the rather weak modificatiohthe turbulence features with the initial
conditions more clearly, the simulations for jetRe3600tind jetRe3600mode will be extended, and further
analyses will be proposed. The question whether the effédteedReynolds number on the self-similar jets
could be indirect effects of the variations of the early depment of the jet with the Reynolds number will be
also addressed.
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