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Abstract. Presented are results from the application of a shock-capturing numerical scheme to the solution of the Favre-
averaged Navier-Stokes fluid-flow equations, coupled with compressibility-corrected turbulence models. The relative
performance of both a two-equation model and a Reynolds-staesport model are evaluated in their application to the
modelling of both moderately under-expanded, and highlyeregpanded experimental releases. Both standard, and
compressibility corrected models are investigated, and the superiactpeedapabilities of the second-moment
Reynolds-stress model are demonstrated.
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INTRODUCTION

The flow-field structure of sub-sonic, perfectly expanded jet releasdseleaswell documented over the years.
During this time, a number of descriptive correlations have been obtaineld welate the release geometry and
fluid properties to the behaviour of the mean flow properties. dthieen shown that the decay of the mean fluid
volume fraction is proportional to the release diameter, inversely proprtimthe square root of the fluid density,
and independent of the velocim [1]. Increasing the driving pres$wsach a flow will proportionally increase the
release velocity until the local speed of sound is reached. At this critesdype ratio, the maximum velocity is
achieved, and any increase in driving force will not increase the velBcitther pressure increases will however
increase the observed release pressure, thus resulting in the flaitsiexn occurring downstream from the release
aperture, and supersonic fluid flow being observed. The ratio ofetfervoir to atmospheric pressure defines
whether a jet is moderately under-expanded (1.1 to 2.1) or higher-expanded (>2.1), the structures displaged i
the releases being dependent upon this classification. Such undereskgatel have a very wide variety of
engineering applications including rocket propulsion and manegv§@h fuel injection systemg 3], and the
assessment of consequences and risk assessment of industries fgleas additional to natural occurrences such
asduring the rapid expansion of volcanic eruption. The ability to accurpteljict the detailed structure of such
flows requires an understanding and numerical representation of the intera€timbulent mixing and
compressibility effects due to associated phenomena. Presented in thianeapesults from a rigorous modelling
approach applied to a variety of high-pressure releases, in which turbulesureslare investigated with respect to
their efficacy in reproducing experimental observation. Modifications to acéounbmpressibility effects, based
upon the most recent theoretical advancements have been incorporatesthnwo-equation, and second-moment
transport models, and comparisons made with standard models. It hahbearrecently that previous advances in
the modelling of compressible turbulence using a two-equation approadbuyghltiproffering improvement in
performance over the unmodified model, have been theoretically flf§jetience, moving forward, it will be
required to apply second-moment closures to the prediction of under-exghwaetb ensure a consistent scientific
approach, and the sound validation of turbulence models designed to repoeseressible fluid phenomena.



NUMERICAL METHOD

The numerical approach to the modelling of the under-expanded jetsased bpon the solutions of the
Reynolds-averaged, density-weighted forms of the transport equétionsass, momentum, and total energy as
described in detail [n Woolley et al.][6]. This equation set was closed by the applifatitwo-equation turbulence
model[7] and also a second-moment Reynolds-stress transport [8odehumber of turbulence sub-models have
been investigated, and are further described below.

The two-equation turbulence closure has been extensively used irethietipn of incompressible flows, but is
well known to over-predict turbulence levels in under-expanded jetstadmet accounting for the turbulence
dampening effect of the Joule-Thompson expansion. Observatates of shock-containing flows py Sarkar et]al.
[[9] indicated that the important sink terms in the turbulence kinetic energyebgdnerated by the shocks were a
compressible turbulence dissipation rate, and to a lesser degree, the priéssti@iderm. In isotropic turbulent
flow, the pressure-dilatation term was found to be negligibly small, aridveas proposed that the compressibl
dissipation rate was introduced as a function of the turbulent Mach nuntigeapplication to the k-model was
then made through modification of the source term for the turbutsrergy evolution, and the turbulence viscosity.

A number of possible Reynolds-stress transport approachesrifotetuice modelling have been reviewed by
Gatski, and the most investigated closures centre around the descriptioe miessure-strain termé() in the

descriptive equation (Equation (1)). The pressure-strain term is accouintatite redistribution of the Reynolds
stresses, and is now widely accepted as the main contributor to structuretssihility effecs [11].
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The pressure-strain term is typically deconstructed into a 'slow' and jpapidreferring to the rate of response
of the terms to changes in the flow-field. Ignoring this 'raglietnen{_Rotta [12] modelled the term as Equation (2),
which was later extended oy Khlifi and Lili [1.3] to incorporate the éfef compressibility by the introduction of a
Mach number dependency, as indicated by Equation (3). Prior fodhi&s dnd Musonge [8] concentrated upon the
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representation of the 'rapid' part which has a fourth-rank tensor astauemmsThe simplest representation of this
was given to be that described by Equation (4), whereGhderm corresponds to the 'slow' part previously
discussed. Again, this model was later extendgd by Gomez and Girindjiy{itd]modification using gradient and
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turbulent Mach numbers, as defined by Equation (5), and implementepiasds (§.
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RESULTSAND DISCUSSION

Figure 1 depicts predictions of the normalized centreline axial velocity, plottétsagaperimental data for a
highly under-expanded air jft] with a nozzle-pressure ratio of 3.57. As expected, the unmodifiedodel over-
predicts the jet mixing, leading to an over-dissipative solution. The applicafian compressible turbulence
dissipation rate goes some way to correcting this, as can be seen hyréhsarin the amplitude and more gradual
decay of the decompression-compression cycle evident in the veloaiy. dlre resolution of the initial shock-
laden region remains poor however, and the solution subsequeotynée overly dissipative with downstream
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FIGURE 1. Normalised axial velocity predictions (lines) of the highly under-expdrel plotted against experimental
data (symbols) as a function of distance normalised by the nozzlealidd)e

progression. The Reynolds stress transport model with the cloktine pressure-strain correlation attributed to
[Rotta [1d] notably improves upon the resolution of the shock regiuh the prediction of the dissipation of
turbulence kinetic energy. The introduction of a compressible eletméle ‘slow’ part of the model as discussed
by|Khlifi and Lili [13] effects an additional increase in peak magmitpdedictions in the near field, although has
little effect upon the subsequent downstream dissipation. Applicatiomofial br the ‘rapid’ part of the pressure-
strain term[]]], incorporated with theodel of Rotta for the ‘slow’ part is a significant improvement with respect to
predictions of the shock resolution and the turbulence dissipatias.isTagain improved by the introduction of
corrections based upon the turbulent and gradient Mach numbers reapp@ediez and Girimaji [14].
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FIGURE 2. Normalised pressure and Mach number predictions (lines) of the moderadelsexpanded jet plotted
against experimental data (symbols) as a function of distance norntgligezinozzle diameter (d)

Figure 2 depicts normalised pressure predictions plotted against experimentalr data fooderately under-
expanded air jet pf Seiner and Norum|[16] with a nozzle-pressure fdtid5 Once again, the kmodel produces
an overly- dissipative solution, which the introduction of a compriesdibsipation rate improves upon, increasing
the amplitude of the predicted wave, and also bringing the phase more intdthinebservation. Also shown are
pressure predictions obtained using the most successful compressibiliiffed Reynolds-stress transport model
noted above, which clearly demonstrate the superiority of the appmwaattaining a greater wave amplitude and
hence predicting a less-dissipative jet flow. Also shown in Figure 2 are tHeMach number predictions of the
moderately under-expanded jet obtained through the application of thiesh@@cond-moment model. Although
the frequency of the predicted decompression-compression curve comielimgth experimental observation, the
spread of the jet is over-predicted from approximately 15 jet diam@terards. Also, the model fails to predict the
magnitude of the first peak, which was also evident in thenledel predictions. It can be noted that the behaviour
of all the models over the range of the first two cycles are almost ideshtiedab the flow being essentially inviscid
in this region.




CONCLUSIONS

The relative performance of a two equation turbulence model and a lBeygtiess transport model has been
evaluated, in the prediction of two under-expanded jets displaying diff8oav characteristics. The Reynolds-
stress transport model has been shown to provide superior predictigmessures and velocities in both the
moderately and highly under-expanded flows. The introduction ofrpi@ssible dissipation-rate term to the k-
model impacts positively upon the model's predictive ability, but this dmteshow superiority over an unmodified
Reynolds-stress transport model. Subsequently, it has been showrethgteement of the second-moment model
with experimental data can be sequentially improved via the application ofegsogly more complex
representations of the pressure-strain term in the transport equatioa foodielled Reynolds stress.

NOMENCLATURE
Roman letters: Greek letters:
a adiabatic sound speed J; Kronecker delta
b Reynolds-stress anisotropy & dissipation rate ok
k turbulence kinetic energy P density
I length scale T turbulence time scale
Mach number Subscripts:
p pressure g gradient
S rate of strain tensor [ spatial indice
t time j spatial indice
u velocity k spatial indice
X, Z spatial dimension t turbulent
Superscripts: 0 reference state
A, A, A Reynolds average/Favre average/fluctuating component
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