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Numerical Investigation of Turbulent Mixing
in a Jet/Wake Vortex Interaction

C. Ferreira Gago,* S. Brunet,* and F. Garnier'
ONERA, 92320 Chdtillon, France

A three-dimensional temporal numerical simulation of the interaction between a jet and a vortex wake is de-
scribed to contribute to the understanding and modeling of engine jet dispersion of an aircraft in cruise condition.
First, a comparison of the numerical results with a wind-tunnel experiment is presented. Experimental data
comprise turbulent rates measured by a laser Doppler velocimeter and mean temperature fields delivered by ther-
mocouples. The calculation is in quite good agreement with the experiment. Second, the passive scalar distribution
(initially included in the jet) in the vortex wake is focused on. The turbulence induced by the jet flowfield interacts
with the vortex, resulting in large-scale structures generated outside the vortex core, whereas the region very close
to the core keeps its laminar state. The passive scalar concentrates in the large-scale structures where azimuthal
and axial (positive and negative) vortices are combined. The resulting scalar field distribution shows no scalar

inside the vortex core.

I. Introduction

HE increase of pollution in the atmosphere has received par-

ticular attention in recent years."'? One aspect concerns the
presence of aircraftemissionsin a very sensitive region of the upper
troposphere or the lower stratosphere. Throughout artificial cirrus
cloud formation, perturbationsproducedby these effluents may have
an effect on climate change if they are large enough to modify the
Earth’s radiative budget.> However, the formation of the new par-
ticles (aerosols or contrails) in the aircraft wake remains unclear
and needs more study.* In past years, several studies have been
performed to build a theoretical understanding of the mechanisms
responsible for this particle formation. In addition to the formation
process itself, attention has been given to other important phenom-
enasuch as the turbulent mixing of the engine exhaustin the trailing
vortex.

The characterization of subsonic aircraft’s impact on the atmo-
sphere needs numerical tools, which must be able to predict, with
acceptable confidence, the turbulent mixing mechanism. These are
complex and involve several distinct processes. It is convenient to
identify two overlapping regimes’: the jet and deflection regimes.
The first one is that of usual coflowing jets, and it scales with the
jet diameter. Later, the exhaustjet is entrained into the wake vortex
and characterizes the second regime. The convection and shearing
processesassociated with the tangential velocity field of the trailing
vortex strongly affect the jet flow behavior.

The computation of this complex flow has been undertaken by
various authors>~% Garnier et al.> and Miake-Lye et al.’ solved
the average governing equations to describe the mixing processes
in the near field of aircraft wake. Other authors’® used a different
approachbased on the large-eddy simulation method to examine the
trailing vortex interaction with engine jet in the far field of aircraft
wake. However, in spite of the progress made in the understanding
of the turbulence mechanismin a wake vortex, an essential dearth of
informationstill exists,especiallydealing with the role of large-scale
structureson a scalar field distribution. The latter helps in explaining
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the entrainmentand mixing processes of the engine emissions in the
vortex.

The work presented here attempts to give a physical insight into
how the mixing of the engine jet is affected by the three-dimensional
turbulence and the vortex flowfield.

The Reynolds number of flows of aeronautic and environment
interest is often very high. However, many physical phenomena
are also observed in flows at low Reynolds number, and to achieve
this purpose, one may use the direct numerical simulation (DNS).
The numerical simulation of the flow is performed using a three-
dimensional temporal DNS of the compressible Navier-Stokes
equations. The computationis advancedin two steps: the first step is
stopped when it provides an estimation of the end of the jet regime;
in the second step interaction with a Lamb-Oseen vortex field is
accounted for.

An experimentdetailed by Brunet et al.,” delivers a database that
can be used for improving such computation tools. The wake of a
genericmodel correspondingto arectangularplanform NACA 0012
equipped with two heated jets is investigated. The experimental re-
sults comprise mean and fluctuating velocity fields [measured with
a laser Doppler velocimeter (LDV) system] and mean temperature
field (measured with thermocouples). Unsteady aspects of the flow
are also described by means of hot-wire measurements. Thereafter,
numerical results are compared with the experimentaldatabase,and
the passive scalar distributionin the flow is discussed. In a numerical
simulation it is difficult to reproduce the test operating conditions
exactly. Direct comparison with experimental data then becomes
somewhat superficial. One important difference is the way the flow
evolves. In a temporal simulation, the flow is computed in a ref-
erence frame moving at the mean flow speed and flow periodicity
is assumed. In an experimental device, the flow evolves spatially
downstream, and turbulence data are collected over different time
sequences,at the same spatiallocation. A more accurate comparison
wouldbe achievedby performinga spatial simulation. Nevertheless,
the expanse of the flow studied here would then require a number
of mesh points, which makes such a calculation feasible not any-
more. Furthermore, some authors (for example, see Michalke and
Hermann'” or Cortesietal.!') have shown that the numerical simula-
tion based on the time-dependentapproachcould be a useful tool for
interpreting turbulence phenomena if some restrictions have been
applied.

The structure of the paper is as follows. In Sec. II, the governing
equations and the numerical solution technique are outlined. The
accuracy issue concerning the numerical techniques involved for
the transportequation is discussed briefly. In Sec. II1, a comparison
with experimental data is presented, and attention is turned to the
role played by large-scalestructures on the mixing process. Finally,
in Sec. IV, the conclusions are presented.
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II. Model Review and Numerical Methods
The flow is governed by the fully compressible Navier-Stokes
equations. The mass, momentum, and total energy equations are
written in nondimensional form for a Cartesian coordinate system:
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where E =[p/(y —1)] +41 SOU;U; and t; is the viscous stress tensor.
With the law for perfect gas the pre%sure reads

p=pT/yM’ 4)

where y = C,,/C, is the ratio of specific heats and 7 is the temper-
ature. Re, Pr, and M are the Reynolds, Prandtl, and Mach numbers,
respectively. Furthermore, our simulation is performed by using a
low subsonic Mach number of 0.2, which should make the calcula-
tion close to the incompressiblelimit. Nevertheless, the weakness of
temperature gradients considered in our study allows us to assume
the viscosity to be constant.

Scalar Mixing

For simplicity and to introduce a general approach, the flowfield
is consideredhere as a binary mixture. Thus a two-stream problem s
examined that has uniform properties over one part of the flowfield,
which is called the jet stream, and different uniform properties over
the rest of the flowfield, called the external flow stream. Initially, one
assumes that there are no exhaust productsin the external airstream
and no ambient air in the jet stream.

Based on analysis of mixing, the following assumptions are
applied:

1) The mass diffusion velocities of species are expressed in terms
of Fick’s law.

2) Thermal diffusion of emissions is neglected.

3) The diffusion coefficients D; of the different species with re-
spect to the mixture are constant and equal. (D; = D for all of the
species of the jet and the external flow.)

4) Specific heats at constantpressure for all species take the same
value C,,.

5) In many calculations concerning gases, the Lewis number Le
is taken to be equal to one. The Lewis number has a real measurable
value for a given fluid (often close to one for gases) and is only taken
to be an approximate value for particular purposes.

This approximationis frequentlyhelpfulin theoreticalmixing and
combustion analyses.'”> Lewis number can be defined from Prandtl
number Pr and Schmidt number Sc: Le = Sc/Pr. In this analysis, we
will take Pr=0.7. It is convenientto introduce the mixture variable
Z (or the dilution ratio)

7 = FitFuo 5)

Fio+ Fao

where F;, F;, and F, , describe, respectively, the mass fraction of
exhaust 9pec1e§ the initial mass fraction of exhaust species, and the
mass fraction of ambient species. Z is defined as a passive scalar,
whichis initially assumed to have a value of zero in the external flow
and reaches a maximum of one at the center of the jet. Furthermore,
this conserved scalar does not influence the flow dynamics. This
variable satisfies the following conservation equation:
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Numerical Technique and Boundary Conditions

In convective terms, spatial derivatives are taken with sixth-order
compact finite differences.”* To minimize the aliasing error, we fol-
low the procedure applied by Boersma and Lele.'* Thus, the non-
linear terms have been rewritten in skew symmetric form, that is,
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Fig. 1 One-dimensional normalized spectra of the scalar Z; spectra
computed by using or not using a flux-limiter method for the convection-
diffusion equation.
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Diffusive terms are discretized by using a second-order accurate
finite difference scheme. This also helps to damp plausible instabil-
ities. The time integration is carried out with a third-order Runge-
Kutta method (see Ref. 15).

The main problem in resolving the transport equation, that is,
Eq. (6), is the bounded discretization of convection terms in steep
gradientzones. Such a critical situationis encounteredin the exhaust
jet mixing within a vortex flow.!® In the present work, a superbee
flux-limiter algorithm!” of second order is retained. It prevents non-
physical oscillations and maintains positivity of the passive scalar.
To gain confidence in the accuracy of the flux-limiter algorithm in-
volvedin solving Eq. (6) and to check if the more energetic scalesin
the flow are adequatelyresolved,one-dimensionalspectraof the pas-
sive scalar have been performed. Typical scalar spectra are shown
in Fig. 1, where a comparison between two simulations using or
not using the flux-limiter algorithm has been plotted. The energy
distribution at low wave numbers is practically identical. However,
when using the flux-limiter scheme, a small energy accumulationis
detected at the highest frequency.

In the axial, thatis, streamwise, direction, periodicityis assumed,
as usually done in temporal developing jets flows. The wavelength
in the streamwise direction, that is, the length of our control volume,
is based on Michalke and Hermann’s' stability analysis for a spa-
tially evolvingjet. By using Gaster’s'® transformation,we obtain the
wavelength of maximum growth of the first azimuthal disturbance.
To observe a pairing event, the downstream size of the computa-
tional domain is taken equal to twice this wavelength.!”-?° Note that
the pressurefield is obviouslynot periodic. However, we can assume
that variations around the pressure field gradients could be periodic.
Finally, nonreflexive conditionsintroducedby Thompson®! are used
at the lateral boundaries of the computational domain.

Initial Conditions

Only one-half of the flow, that is the interaction of one jet with
one vortex, has been computed. Forcing a single grid to conform
to both the jet and the vortex flows would be extremely difficult.
Thus, when the procedure used by Myake-Lye et al.,® Lewellen and
Lewellen,® Garnieret al.,’ and Gerz et al.” is used, the computation
is performed in two steps. A schematic of the flow configuration is
presented in Fig. 2.

In a first step one computes the jet development alone, without
accounting for the vortex field, that is, the jet regime, as defined in
Sec. I. For this jet regime simulation, the equations are nondimen-
sionalized by scaling the velocities with the centerline velocity, and
the length scale is equal to the radius R. The former is expressed
as the middle of the jet shear layer defined by U(R) = %(Uj + U),
where U; and U, are, respectively, the jet core velocity and the
external flow velocity.
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Fig. 2 Schematic of the flow configuration. Step I, simulation of the
jet and step II, simulation of the interaction of the jet with the vortex
flowfield; for step II, the initial position of the jet relative to the vortex
center is provided by the experimental data.

In the following, we use the initial velocity profile
U(r) = L(U; +Uy) — 1(U; — Uy) tanh[ 1 (R/6)(r/R— R/r)]  (8)

The distance r is related to the Cartesian coordinates by the relation
r=./(x*+7z%), and 6 is the momentum boundary-layer thickness
of the jet shear layer:
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Note that the static case Uy =0 has been investigated by several
authors?>~?* and seems to model the circular jet flow in the po-
tential core region quite well, as was shown by Moore.”> We re-
strict the present investigation to one value of the jet parameter,
namely, R/0 = 10. Indeed, among the cases studied by Michalke
and Hermann,'° this value corresponds to the most unstable jet ve-
locity profile. Random Gaussian shape perturbations are imposed
on the three componentsof the velocity field. The initial distribution
of the passive scalar follows a law identical to that of velocity. The
computational domain is rectangular, and the grid is uniform in all
directions. As explained in the preceding section, the streamwise
extent of the computational box is L, =6R, with 61 nodes, corre-
sponding to a mesh of A, =0.1R. The cross plane extends from
x,z= —5.1Rtox, z=5.1R and is defined with 137 x 137 nodes,
correspondingto a space step of A, , =0.075R. The first step of the

computation is performed using a Reynolds number based on the
radius R and equalto Re =U;R /v =10°.

The jet development, obtained with the first step, is then com-
pared to the experimental results by considering the profiles U
=U = Uy)/(U; — Uy)= f(y/r;), where Uy, U, and r; are the
freestream velocity (20 m/s), the jet exit velocity (60 m/s), and the
jet nozzle radius (5 x 10~>m), respectively. Coupling with the vor-
tex starts when U =0.112, which corresponds to y/b=0.5, the
first cross section measured downstream. This also corresponds to
y/r; =50, areasonable characteristicdistance for the end of the jet
regime. Then interaction with the vortex wake is taken into account,
and a Lamb-Oseen vortex is fitted on the transverse part of the ex-
perimental velocity field. Here, the reference quantities are defined
in the first station at y/b =0.5. The diameter of the vortex core,
d. =12 mm, is chosen as the length scale. The reference velocity
Uymax corresponds to the maximum tangential velocity measuredin
the experiment. It is deduced from the relation

U9max - Fc/zndc (10)

where I’ =0.68 m? s~! is the vortex circulation measured at the
viscous radius 7.

The computationgrid is enlarged to 327 x 327 nodes, in the cross
planes. It is uniform in the domain —11.1d. <x, z <11.14,, with
a mesh of 0.075d.. Then it is stretched using a monotonic tanh
law, up to 25.1d.. The core of the Lamb-Oseen vortex comprises
approximately 21 node points (an equivalent value to that used by
Ragab?®). The circulation-basedReynoldsnumber Re =T, /v of the
computation is equal to 5 x 10°.

The time step is Af =0.005, and the Courant-Friedrichs-Lewy
number is 0.4. The simulation of this second step of the flow uses
2.8-GB memory and needs 25 s CPU time per time step, on a NEC
SX-5 series computer.

III. Results and Discussion

In the present study, we have performed a temporal simulation
of the flow, depending on the time variable ¢ /fy, where £, is the
timescale given by fo =d./Upna. On the other hand, the spatial
evolution of the flow, observed in the experiment, depends on the
spatial variable y/b, where b denotes the span of the model wing
(b =50 cm). Because we want to compare the experimental results
with the numerical ones, a relation between ¢ /#, and y /b must be
established,accordingto the Taylor assumption’’ (also see Ref. 28).
If U, denotes the experimental freestream velocity (U, =20 ms™!),
the time variable 7/, and the axial position y/b are related by

t/tg = {ly/b— (y/b)ol X b/(Uy x 1y)} (1D

with (y/b)o =0.5. When the jet vortex simulation starts, we have
t/ty =0, as already explained, it correspondsto y /b =0.5. In what
follows, we will refer mainly to the axial position y/b.

Comparison with Experimental Data

Figure 3 shows a comparison of the experimental and numeri-
cal axial velocity profiles as a function of the jet radius r (initial
jet radius is ;). The experimental one is obtained at the station
y/b=0.5. The numerical velocity profile is computed as follows.
First, the instantaneous velocity is averaged in the axial direction
y. Second, the averaged velocity is interpolated into a polar grid.
Third, later velocity is averaged in the azimuthal 6 direction, to
obtain a profile, which is a function of . No averaging in time is
performed; therefore, the mean profile is a function of time (or spa-
tial location). The experimental jet being slightly distorted by the
vortex flow at y /b = 0.5 (shown subsequently), the velocity profiles
showninFig. 3 mark the end of the jet regime calculation,character-
ized by the value U =0.112. As already explained, the interaction
with a Lamb-Oseen model is then taken into account.

The numerical and experimental tangential velocity profiles are
shown in Fig. 4, at the two locations y/b =0.5 and 8. The initial
Lamb-Oseen velocity distribution is labeled “Numerical simula-
tion: y /b =0.5"in Fig. 4. A half-circle has been added showing the
initial position of the jet. The distancebetween the jet and the vortex
centersis equal to 14 vortex core radii r, and correspondseffectively
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Fig.4 Computational Lamb-Oseen vortex fit of the experimental ve-
locity field aty/b = 0.5 and 8; jet located atr/r, =14; dashed circle shows
the diameter and the initial position of the jet relative to the vortex cen-
ter, provided by the experimental data.
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Fig. 5 One-dimensional spectra for the computational velocity field.

to that measured in the experiment, at 0.5 wingspan downstream. A
quite good agreement between experimental and numerical profiles
is observed in the potential region of the vortex. In the later region
the tangential velocity follows a law in 1/r. It takes place when the
radius r is greater than the vortex core radius r,.

Figure 5 presents one-dimensional energy spectra E (k,), com-
puted at different times during simulation (referenced by spatial
location in Fig. 5). The spectrum is obtained by taking the Fourier
transform of the velocity field in the axial direction and integrating
the Fourier coefficients in the x, z plane. The low energy content
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Fig. 6 Downstream evolution of total turbulent kinetic energy.
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Fig. 7 Numerical axial component of vorticity ,, in a meridional
plane normal to the axial direction where dashed lines correspond to
negative values of Q; and contours range from — 1 to 4 in steps of 0.5.

at the higher-wave-numberend of spectra indicates that the flow is
well resolved.

Figure 6 shows the numerical downstream evolution of the tur-
bulent kinetic energy. It is obtained by adding the values of the
one-dimensional spectrum for all wave numbers. Thus, kinetic en-
ergy can be expressedonly as a functionof time (or spatial location).
The turbulentrates measured by LDV in the jet centerlineand in the
vortex center are also shown.’

Examining the evolution of turbulentkinetic energy provided by
the computations, one could display three stages. At first, and un-
til y/b ~ 1, the integrated energy exhibits a brief increase mainly
generated by the growth of the most unstable mode, which devel-
ops within the jet flowfield. Furthermore, we have plotted in Fig. 7
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Fig.8 Comparison between downstream cross sections of the experimental temperature tracer: a) y/b =0.5 and c¢) y/b = 8; and downstream averaged

of the computational passive scalar field: b) y/b =0.5 and d) y/b = 8.

the numerical longitudinal component of vorticity €2, at stations
y/b=0.5and 1, in a meridional plane normal to the axial direction.
At the center of the computational domain, that is, x/d. =0 and
z/d. =0, positive and concentric contours represent the vorticity
distribution of the vortex core. The presence of the most unstable
mode, that is, the most energetic, within the jet, is highlighted in
Fig. 7a, where the longitudinal component of vorticity is relatively
well organized in two fields: one positive and the other negative.
During energy increase, that is, up to the station y/b =1, the jet
flow will keep its vorticity field nearly coherent with large-scale
structures.

In Fig. 7b, the bursting of the structuresis shown, characterizing
the fully turbulentstate of the jet. In the experiment, the jetis already
fully turbulentat y /b =0.5. Thus, no comparison with experimen-
tal data can be performed between y /b =0.5 and 1. In Fig. 6, the
kinetic energy undertakes then to decrease until three wingspans
downstream. A similar trend is observed for the turbulentrate mea-
sured in the center of the jet. The energy fall is probably accelerated
by the presence of the rotational component of the vortex field. This
first stage, between y/b = 0.5 and 6 characterizesthe tangential ve-
locity influence of the vortex on the jet development. Until y /b~ 6,
the vortex core doesnot move. Indeed, the turbulent jet field does
not affect the Lamb-Oseen model.

As the downstream distance increases, that is, between the sta-
tions y/b ~ 6 and 8, the vortex center starts to oscillate in the cross
planes, with maximum amplitude of the order of Ar =~ %dc (data
not shown). This oscillatory movement involves an increase of tur-
bulent kinetic energy, also measured experimentally in the center
of the vortex. This seems consistent with Devenport et al.?® and
Youssefet al.*® experimental and computationalresults, which will

be discussed more precisely in the next section. This second stage
could be characterizedby the influence of the turbulence generated
by the jet flow upon the vortex behavior. Finally, in a third stage,
beyond eight wingspans downstream, the turbulent kinetic energy
saturates, and then a period of decay sets in.

The experimental cross sections of the dimensionless tempera-
ture at y/b=0.5 and 8 are presented in Figs. 8a and 8c. At this
stage, the temperature variations are sufficiently weak (less than
10%, see Brunet et al.?). Consequently, the temperature acts as a
passive scalar and could be compared with the computed passive
scalar Z of Eq. (6). Furthermore, such an assumption has already
been made by Cortesi et al.!! The corresponding numerical results
are shown in Figs. 8b and 8d, where averages along the periodic
direction y have been performed. The entrainment process shows
a stretching and distortion of the interface between jet and exter-
nal flow, followed by a relatively large-scale engulfment into the
rotational region (Figs. 8¢ and 8d). Furthermore, the comparison
between Figs. 8c and 8d shows that the qualitative features of the
jet entrainment are relatively well predicted by the numerical simu-
lation at eight wingspans. Nonetheless, the entrainment of the com-
puted jet flow by tangential momentum is slightly delayed. Exam-
ining the experimental and numerical mean profiles of the jet axial
velocity at 0.5 wingspan, as shown in Fig. 3, we can notice that
the computationalresult seems to overpredictthe experimental one.
As a consequence, an excess of axial momentum is then produced
within the jet leading the delay of the entrainment process.

Figure 9 presents the downstream variations of temperature
T peak values and those of Z peak values (both called tracer
concentrations in Fig. 9). Here thermocouple measurements are
comprised inside a £0.5 K error bar.’ Numerical results appear



FERREIRA GAGO, BRUNET, AND GARNIER 281

to be in a good agreement with the experimental ones. The present
simulation gives a good estimation of the mixture variable down-
stream evolution.

Turbulent Mixing

The contours of axial vorticity and computational passive scalar,
at different streamwise distances, are shown in Fig. 10 in a merid-
ional plane normal to the axial direction. The solid lines indicate
positive contours of vorticity, and the passive scalar is represented
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Fig.9 Downstream evolution of the tracer concentration: comparison
of the numerical vs experimental results.
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by flood contours. For plotting purpose, the computational domain
is truncated to a smaller one: —4d, <x,z<4d,.. Until y/b~ 6,
the vortex core consists of positive concentric axial vorticity con-
tours (Fig. 10a). The vorticity field and the contours of the passive
scalar distributionassociated to the turbulent jet are localized at the
limit of the plot, beyond 4 vortex core diameters, that is, not shown
in Fig. 10a, indicating that the jet flow is not yet trapped around
the vortex core. As already discussed, kinetic energy variations six
wingspans downstream characterize the rotational component in-
fluence of the trailing vortex, that is, the strong axial component of
vorticity, on the jet turbulence. Because no significant increase of
the energy is detected between y /b~ 3 and 6 (see Fig. 6), we can
deduce that, during this last period, the vortex keepsits laminar state
and, consequently,preservesits positive and concentricaxial vortic-
ity contours. The turbulenceinduced by the jet flowfield has not yet
reached the vortex core. Later (Fig. 10b), the jet interacts with the
vortex core. This interactionresults in the generation of small-scale
motions all around the core. Both positive and negative vorticity
contours are seen embedded within each other, which is a sign of
small-scale motions as observed initially by Ragab and Sreedhar.’!
The region very close to the core retains its positive axial vorticity
contours, but they are not concentric anymore. However, coher-
ent vortical structures develop outside the vortex core region. They
make up a pair of crowns characterized,respectively,by positiveand
negative axial vorticity (Fig. 10b). Those two crowns correspond to
high axial vorticity levels, compared to those observed around the
vortex core, and are approximately of the same amplitude. One can
see in Fig. 10b that the scalar follows the new organized structures.
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Fig.10 Numerical axial component of vorticity Q, and computational passive scalar Z, in a meridional cross plane; dashed lines are negative values
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The crowns appearduring the increaseof the turbulentkineticenergy
at approximately eight wingspans, as shown in Fig. 6. As already
proposed in earlier work (for example, see Devenport et al.?®), the
high level of energy can result from buffeting of the vortex core
generated by these crowns of large vortical structures. These later
disappear as the simulation progresses downstream. In Fig. 10c, the
region outside the core shows a mixture of positive and negative
axial vorticity contours, and no more large-scalemotions are gener-
ated. The breakup of these large-scale structures takes place when
the decay energy period sets in, that is, at approximately y /b ~ 13.
Finally, in Fig. 10d, the vortex core retrieves its initial contours of
axial vorticity: The vortex returns to a laminar state. Indeed, the
vortical structures lose coherencein a very short time, and stabiliz-
ing effect of the flow rotation suppresses the small-scale motions of
turbulence. The relaminarizing tendency of the trailing vortex core
has been observed experimentally’>** and numerically?¢~*! During
all of the calculations, no scalar goes into the vortex core, and the
latter always keeps its positive axial vorticity contours.

Next, contours of azimuthal component vorticity are discussed

Fig.11 Tridimensional view of the azimuthal vorticity component Qg (Figs. 11 and 12). Until six wingspans, no azimuthal vorticity
aty/b =7.7; black and light gray surfaces correspond to azimuthal com- is observed in the vortex core (not shown here). Because of jet
ponent Qg equal to — 1 and 1, respectively. instabilities, vortical structures develop outside the core, as seen
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fromazimuthalisovorticitysurfacesat y/b ~ 8,inFig. 11. Here, the
light gray surface indicates a positive value and the black a negative
one. Thus, these large-scale helical structures are counter-rotating
vortices. The amplitude of those two isosurfaces is of the same or-
der. Similar structures were detected by various authors 334736 Ag
an example, in their study, Sreedhar and Ragab* observed the ef-
fect of random disturbances superimposed on the mean profiles of
a Taylor vortex and of a Lamb-Oseen vortex. For the Taylor vortex,
they* obtained structures similar to those presented in Fig. 11, but
for the Lamb-Oseen vortex, the authors* detected no sign of the
formation of new large-scale structures. Indeed, the simulation per-
formed by Ragab?® shows no significant turbulence growth for the
Lamb-Oseen vortex. It is stable to linear and axisymmetric invis-
cid disturbances, but the addition of an axial component of velocity
can make the Lamb-Oseen unstable and susceptibleto linear distur-
bances (see Refs. 31-34). Nonetheless,in our numerical simulation,
the generation of large vortical structures is due to the presence of
an axial velocity profile superimposed initially in the vicinity of a
two-dimensional Lamb-Oseen model.

In Fig. 12, the azimuthal component of vorticity is shown in a
longitudinal plane, plotted at a cut x /d. = —1. Contours of passive
scalar are also presented. The organized helical structures positive
and negative, which were so clearly visible in Fig. 11, are now seen
in the streamwise cross-sectional cut. As the streamwise distance
increases, mushroom structures can be identified outside the vortex
core. They are formed by two counter-rotatingazimuthal vortices at
the top and the bottomof the plots. Simultaneously,both positive and
negative of small-scale azimuthal structures are created inside the
vortex core. Furthermore,onecan also observethatthe passivescalar
concentrates only in the azimuthal vorticity of high positive levels,
outsidethe vortex core. Ragab?® has already remarkedin his calcula-
tion that contours of high azimuthal vorticity correspond to regions
of condensationof passive scalar. However, no scalar is seen inside
the core. Later (Fig. 12d), those large-scale structures disappeared,
and no more azimuthal vorticity is generatedin the vortex core. The
breakupprocess of these large-scalestructurescoincides with this of
axial vorticity structures. It takes place during the decay of the tur-
bulentkinetic energy at approximately 13 wingspans downstream.

Turning now to a zoom view of one large-scale structuredevelop-
ing outside the vortex core (Fig. 13), it can be noticed how the axial
component (positive and negative) of the vorticity is enclosedin the
azimuthal componentone. The latter is chosen positive because the
passivescalar seems to be trappedinside this azimuthal vortex. Here
magnitude azimuthal (positive) vorticity is three times higher than
the axial (negative and positive) one.

Finally, the resulting scalar field distribution shows no scalar in-
side the vortex core, as observed earlier in Figs. 10 and 12.
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Fig. 13 Zoom view of a large-scale structure seen in Fig. 12a, where
azimuthal vorticity (thin line, contours range from — 3 to 3 in steps of
0.5) and axial vorticity (thick line, contours range from — 0.6 to 0.6 in
steps of 0.1) are superimposed to passive scalar contours.
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Fig. 14 Scalar fluxes at y/b="17.7.

In addition to the investigation of the scalar field distribution,
we now look at the statistics of scalar concentration or the scalar
fluxes. In this temporal simulation, these quantities are determined
as follows. First we compute the Fourier transform of each velocity
componentu; and scalar Z. We next obtain the scalar fluxes, which
are defined as

|Z'u)| = Z(x, 2, ky, Dt (x, 2, ky, 1) (12)

where VA N Iif and ky are the Fourier transform of the scalar Z, the
complex conjugate of the velocity Fourier transform, and the wave
number in the axial direction, respectively. Finally (Z'u}) is com-
putedby takinga simple averageoverall pointsin the axial direction.
To characterize the turbulentfluxes in the vicinity of the vortex core,
we focus on the axial (Z’u’y) and radial (Z'u/) components of the
scalar fluxes. Note that, the third component (Z’'u;) has a negligible
contribution compared to the two others (data not shown). There-
fore we have only plotted (Figs. 14a and 14b) the radial and axial
components of the scalar fluxes at y /b & 8, correspondingto the he-
lical structure development (see Fig. 11). Near the vortex center, the
value of the axial contributionis positive and more important than
that of the radial contribution, which is closed to zero (Fig. 14a).
Hence, the axial velocity produced by the turbulent jet through the
vortex center probably dominates the transport mechanism of the
scalar field.

IV. Conclusions

A numerical simulation of the interaction between a jet and a
wake vortex has been performed.
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Results have been compared to experimental data on heated
jets interacting with the vortex wake of a generic wing. In the
computation, the jet flow is marked by means of a passive scalar.
The downstream evolution of this passive tracer is in quite good
agreement with experimentalresults (temperature), even though the
simulation shows a slightly delay in the entrainmentof the computed
jet flow by tangential momentum.

The Lamb-Oseen vortex is used as a model for a trailing vortex.
The Lamb-Oseen is stable to linear and axisymmetric inviscid dis-
turbances, but the addition of an axial component of velocity can
make the vortex unstable and susceptible to linear disturbances. In
our calculation, a jet profile is imposed in the vicinity of the Lamb-
Oseen vortex. This results in the generationof large-scalestructures
all around the vortex core. These appear as counter-rotating vor-
tex rings, where both azimuthal and axial vorticity occur. Note that
the level of azimuthal vorticity is approximately three times higher
than the axial one. The vortical structures are generated during the
kinetic energy increase and seem to be responsible for the oscil-
latory movement of the vortex core. Such an enhancement is also
measured in the experiment of Brunet et al.” As the downstream
distance increases, the large-scale vortical structures disappear, and
kinetic energy decays. This fall is in close correlation with an ap-
parent return of the flow to a laminar state. The vortical structures
rapidly lose coherence and the stabilizing effect of the flow rotation
suppresses the small-scale motions of turbulence. During all of the
simulation the vortex core keeps its positive axial vorticity.

Because the turbulent mixing processes involved in the interac-
tion of a trailing vortex with an engine jet are of interest, we have
considered a mixture variable (or passive scalar) Z, of which values
are comprised between zero and one. To prevent nonphysical oscil-
lations and maintain positivity of the passive scalar, a superbee flux
limiter is used. Scalar spectra show that the more energetic scales in
the flow are adequatelyresolved. Moreover, two dominating mecha-
nisms have been highlighted: first the mixture variable concentrates
in the vortical structures mentioned earlier, and no scalar is seen
inside the vortex core. Furthermore, the axial velocity through the
vortex core is seen to play an important role in the transport mech-
anism on the scalar field.
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