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The dynamics of vorticit y in a blu®-body geometry for an incompressible, unsteady,
plane, high Reynolds number °ow is studied using a vortex method. The numerical
schemecorrespondsto a hybrid of the Random Vortex Method (RVM) and Finite-Element
Method (FEM). A Vortex-In-Cell post-processingtechnique provides integral (streamfunc-
tion) and primitiv e (velocity) variables. A predictor-corrector pressure eld computation
algorithm is applied to study the pressure eld evolution. Various techniques of instanta-
neousvisualisation, as well particle frequency analysesand average eld tests are applied
to characterise such °ow behaviour. Dynamic visualisation techniques focussing on the
mechanisms of formation and transport of eddy structures represent a powerful tool for
the analysis of such complex °ows. The e®ectof the thickness of the blu®-body and of
di®erert inlet velocity ratios is studied to assesshe ewvolution and interaction of vortical
structures downstream of the blu®-body's mixing zone.

1. INTR ODUCTION

Vortex methods are applied to simulate 2D incompressiblesteady and more particularly
unsteady °uid °ow in a wide range of Reynolds number regimes. The rst successfulpre-
sentation of vortex methods, containing a non-singular discretisation of the Navier-Stokes
equations was proposedby Chorin (1973) and named the Random Vortex Method. Later,
Chorin modi ed his method to accourt for wall boundary conditions, and namedit the Vor-
tex SheetMethod (Chorin 1978). During the last decade di®eren classe®f vortex methods
have been proposedto solve the Navier-Stokes equations with a random or deterministic
di®usion operator.

Vortex methods deal with non-primitiv e variables and their main well-known advantage
is related to the optimised computational etciency arising from the fact that vortex ele-
ments are accourted for only in regions on non-zerovorticity, and partially from the fact
that, dealing directly with vorticit y, we have immediate physical insights on the behaviour
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in vortical sub-domainssuc as those where separated °ow structures occur. Hencethe
essetial feature of this classof simulations methods is related to its unsteady nature and
its suitabilit y to vortex dynamics studies.

Vortex methods have been used to monitor di®erert complex °ows. Ghoniem et al.
(1982) have studied qualitativ ely a high Reynolds nhumber °ow in a backward-facing step
problem. Later, Ghoniem & Gagnon (1987) preseried a complete study of badkward-facing
step laminar °ows. The study of this geometry has further beenextendedto the caseof the
transitional regimeby Sethian & Ghoniem (1988), and completed with precisequartitativ e
studies by Gagnon & Giovannini (1993) for larger Reynolds numbers. Ghoniem & Najm
(1991), and Choi et al. (1988) usedthe RVM to study moderate and high Reynolds number
°uid °ows in short and long cavities. Ghoniem & Najm focussedextensively on the vortex
shedding properties in these kinds of geometries. The capability of these techniques to
focus on vortical sub-regionsmakes them an ezcient tool to study separated °ows and
mixing zones. Sewral authors have therefore beeninterested in this subject. Ghoniem &
Ng (1987) analyzedthe dynamics of a mixing zonedownstream of a °at plate while Blot et
al. (1989) simulated the °ow pattern around and downstream of a rectangular blu®-body
inside a channel, modelling the geometry of a vortex °ow-meter. Gagnon & Huang (1993)
studied the °ow behaviour inside channels with and without lateral injection and nally,
Martins & Ghoniem (1993) simulated the non-reacting °ow in a blu®-body burner. In this
latter work, the authors gave a general overview of vortex interactions in axisymmetrical
mixing zones. Other applications of these schemescan be found in combustion (Sethian
1984), biomedanics (McCracken & Peskin 1980), and in the simulation of wind °ow over
buildings (Summerset al. 1985).

Many of the above mentioned works have validated the RVM for moderate (Ghoniem
et al. 1982, Ghoniem & Gagnon 1987, Choi et al. 1988) and high (Gagnon et al. 1993,
Najm & Ghoniem 1991, Ghoniem & Ng 1987, Blot et al. 1989, Martins & Ghoniem 1993)
Reynolds number °ows, validating them against experiments or other numerical methods.
Thesehigh Reynolds number validation studiescon rm the capability of vortex methods to
simulate accurately complex °ows. Furthermore, the numerical corvergenceof this method
for spatial and time discretisation parametersis extensiwely explored separately (Ghoniem
& Gagnon 1987, Sethian & Ghoniem 1988, Mortazavi 1997, Mortazavi et al. 1996).

In the present work, the RVM is usedto describe the strong dynamics of the °ow due
to the interaction betweenan inner jet and an external °ow separatedby two symmetrical
°at plates. The °ow is unsteady, two-dimensional (plane) and incompressible. The study
is oriented toward the characterisation of the formation and transport of eddy structures
in the °ow domain. The interaction and mixing of the two entry °ows downstream of the
separator imposesan interesting and complicated dynamics to the °ow behaviour. Both
entry °ows have uniform proles (the normal componert of the velocity is zero). Because
of the symmetry, only half of the whole geometry is consideredhere (Figure 1). It will be
obsenedthat, in spite of the random nature of turbulence, the creation of vortical structures
downstream of the obstacle, their mutual interactions just before the separation from the
obstacle and their transport by the main °ow follows a quasi-coherem logic which can be
analyzed by instantaneous obsenations of the °uid patterns.

The “rst objective will be to study the e®ectof the plate thicknesson the °ow map. A
thick (hy = 0:45, H=h = 0:5) and a thin (h, = 0:25, H=h = 0:3) obstacle are compared
for di®erert meanand instantaneoussimulation results. Here hy, is the blu®-body thickness
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Figure 1. Geometry of °ow domain showing boundary conditions

and H=h corresponds to the ratio of the obstacle distance from the axis to the channel
half-height. The generation of two opposite-sign vorticity layers on the two edgesof the
separation leads to instabilities, deformation of vortical structures, merging and mixing.
In order to increasethe topological richnessof the vortex pattern analyzed, we chooseto
create a maximum competition betweenthe jet e®ectand the outer wake e®ect,by forcing
the velocity ratio of the two streamsto be equalto unity (Figure 1). For the thin obstacle,
the eddy structures are smaller and cortain fewer vortex elemers. This aspect is quite
important to allow the vortex structures to presene their initial form for a large period of
time; also, it permits one to simplify the vortex agglomerations, following the theoretical
point vortex hypothesis. Howeer, for the thick obstacle casethe eddies' ewolution is quite
slow and their sizeis larger than in the previous case. These large eddieseasily lose their
initial form and are transformed into smaller vortical structures, interacting and mixing
during the beginning of their transport. These obsenations are con rmed by frequency
and Strouhal number analyses.

The secondobjective of this work concernsthe e®ectof the entry velocity ratio on the
vortex formation and transport. For this study, two velocity ratios are compared: V; =\, =
0:5and V; =\, = 2:0, whereV, and V; correspond respectively to the external ow velocity
and the jet velocity. Numerical results shov that events are dominated by the °ow having
the larger velocity and consequetly larger absolute vorticit y.

Qualitativ e and quartitativ e methods of numerical °ow visualisation, spectral and mon-
itoring point analysesand average streamlines and velocity “elds are applied to complete
this study. The °ow is visualised using temporal sequencef "elds of various quartities.
Furthermore, the ewlution of the number of vortex elemers and circulation values with
time are plotted. These plots provide a clear understanding of the eddies'time and space
behaviour.

2. NUMERICAL METHOD

The Random Vortex Method is a numerical technique to solve for the incompressible,
2D, unsteady Navier-Stokes equations corverted to a rotational non-primitiv e formulation.
The equationsto be solved are the PoissonEquation

re=gg @
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and the Vorticity Transport Equation (VTE)
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assaiated with their boundary conditions. Here 2 is the stream function, w the non-zero
componert of the vorticit y, u the velocity vector and Re the Reynoldsnumber. To discretise
the vorticit y, the computational domain is divided into two regions: the \in terior" region
and the numerical boundary region. In the interior region the vorticity is discretised using
vortex \blobs" (Chorin 1973), whereasin the boundary domain vortex \sheets" are used
(Chorin 1978). The VTE is solved by a two-step fractional-step method: the rst step
corresponding to the convection and the secondoneto the di®usion.

2.1. THE MATHEMATICAL MODEL IN NON-PRIMITIVE FORMULATION
(VELOCITY VERSUS VORTICITY)

Classically the solution of the PoissonEquation using the free boundary domain Green's
function leadsto
z
u (x;t) = K(xj x9! (x9dx® ©))

D

where K (x) = (1=2%)(y; i x)=r?) is the integral kernel of the Poissonequation.

In a bounded domain and for an inviscid °ow, the solution is seardbied as: u = u, + Uy ;
Up being the irrotational componert of the velocity.

up=r Aand

r?A=0; (4)

whereA is the potential function. The boundary conditions ass@iated with equation (4) are
sud that u satis es global the boundary condition u ¢n = 0 (or r A¢n = up¢n = j u, ¢n)
on the wall; u is imposedat the entrance of the domain and r u ¢n = 0 at the exit (n is
the normal unit vector to the wall).

For a viscous®ow the wall condition is u = 0; more details about the implementation of
the no-slip conditions will be given in the next section.

2.2. THE VORTICITY TRANSPORT EQUATION

Equation (2) is solved by a method using two fractional steps. First, we solve the con-
vective part of this equation:

D!

ot - 0 (5)
and

dx ©)

a Y
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The trajectory of a °uid particle de ned by

Zt
X(®;t) = x(®0)+ udt @)

The secondstep correspond to solving
d! 1 2

G- Re (8)
using the random walk method deweloped in the next section which is basedon the 2D
solution of the heat equation (Ghoniem & Sherman 1985), namely

i (x¢x)
49t

1
Gr(x;t) = p——
(x;1) Pt

Thesetwo solutions are combined to obtain the total transport of vorticit y due to convection
and di®usion.

exp( ): 9)

2.3. NUMERICAL MODEL

In the interior domain, we discretise ! (x) by small area elemers called vortex blobs.
Each elemert carriesa nite andinvariant circulation j. The vorticit y of a blob is smoothed
accordingto a rapidly decreasing,radially symmetric core function f .(r) with a nite core
radius . Then, the vorticit y distribution can be approximated with Ny vortex blobs (Ny
is the number of vortex blobs in the computational domain) by

Rv
F(x) = iife(xi xij): (10)
i=1
Using equation (3), the rotational velocity is approximated by
XV - -
uy (xj) = i K(x) i Xif): (11)
i=1

where K . is the smoothed integral kernel of velocity:

Zr
1 (y;i x) 2%

Yy 12 +2
0

K+(x;0) = i rfo(5) dr: (12)

In this work a Rankine core function is used.

For the potential function Ain equation (4), the solution is obtained using a “nite-element
method. Linear basisfunctions on triangular elemens are usedfor the approximation of
A, and a Galerkin weighted-residual minimisation is employed to reduce the di®ererial
equationto a setof linear algebraicequations(Martins & Ghoniem 1993). Here, a commert
on the choice of the numerical model seemgo be useful. For such a complex geometry with
no-slip conditions, the useof the Biot-Savart law, applied using the fast multip ole methods,
was not possible (becauseof their applicability to non-viscous °ows). It seemedto be
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appropriate to choosea nite-element method that is conveniert to complex geometries.
This reducesthe consumingtime to a proportional value of the number of particles Ny and
Ns.

As mertioned in the previous section, the velocity must be zero at the wall. Therefore,
the vorticity in the boundary region (of +; thickness)is discretised by Ng vortex sheets
(Chorin 1978)with h asthe sheetlength and °; the unit strength. (Here, Ns is the number
of vortex sheetsin the numerical boundary layer).

The vortex sheetsare transformed to vortex blobs and vice-versaasthey crossthe bound-
ary region. The approximation for u is determined by:

WNs
u(x;y) = up(X &)+ ur (1) +  °iba(xi xp)H(Y i V;); (13)
j=1

where b(x) is the smoothing function for vortex sheets,and H (y) is the Heaviside function.

At ead time step, at ead corntrol point of the wall, the spurious velocity u(x; 0;t) is
evaluated (by equation (12)) and the corresponding circulation +j = u(x; O;t) ¢h is converted
into Ns newly created vortex sheetsof individual strength j ,. This procedurenullies the
otherwise non-zeroslip velocity u(x; 0;t) at that point, and consequetly mimics the correct
physics of the medanism of vorticit y generationat material boundaries. More preciselyon
the corner points of the separator, instead of the Kutta condition, the vorticity is injected
with a velocity componert parallel to the upper wall with a rate:

VA — -
bl g !udy::M:; (14)
2
where! ' @=@.

The mathematical scheme for the advection and di®usion calculations in the boundary
and interior domains are the same(the viscoussplitting method). For the corvection step
vortex sheetsand vortex blobs are advected by their own local velocities.

For the di®usion step the Random Walk Method (RWM) (Ghoniem & Sherman 1985)
is used. This is basedon the rule that a large collection of particles undergoing Brownian
motion provide a good approximation of the heat equation. Here, to increasethe accuracyof
the random walk method we increasedthe number of the vortex elemerts (that is, equivalert
of decreasingtheir strength).

Of course,in this kind of high Reynoldsnumber vortex °ow, the °ow is mainly dominated
by convection and the e®ectof the di®usionis generally much lessimportant (Mortazavi
1997). Nevertheless, a large number of particles (with smaller values of j ,) not only
provides a better approximation of the di®usionprocessby the RWM (Ghoniem & Gagnon
1987,Ghoniem & Sherman1985)but alsogivesa more precisediscretisation of the rotational
“eld through a greater degreeof core overlap (Ghoniem & Gagnon 1987, Mortazavi 1997,
Mortazavi et al. 1996). The criteria for the choice of the number of particles is related to the
accuracy and the corvergenceof the RVM and has beenseparately studied by the authors
(Mortazavi 1997, Mortazavi et al. 1996).

Using the identit y betweenthe Green'sfunction of the di®usionequation and a probability
density function of a random Gaussian variable, we simulate stochastically equation (9)
through a two-dimensional displacemert at ead time step ¢t using a set of independen
Gaussianrandom numbers (" ;" y) with standard deviations %4 = 2°¢ t.
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Finally, the total transport of vortex elemerns is obtained adding the two fractional
cortributions to the movemen

k+l — Jk [
X=X L(ueet)+ 7y, (15)

with © = ("x; y): Here, L is the convective tranp ort operator (in this work, Heun's second-
order method and the “rst-order Euler method are usedfor the time integration of vortex
particles, respectively, in the interior and boundary regions).

The precision of the computational procedureis in°uenced by: the time step (¢ t), the
intensity of the elemerts (their circulation, i ), the spatial discretisation valuesof sheetsor
blobs (h or +), and the meshsize. The accuracy and numerical convergenceof the scheme
for complex °ows, as a function of the above mentioned parameters, has been already
studied by Ghoniem & Gagnon (1987), Sethian & Ghoniem (1988), Mortazavi (1997), and
Mortazavi et al. (1996). Numerical parameter valuesimplemented in this work are: ¢t =
0:05, j = 0:0033and h = 0:05. These parameters satisfy all necessaryrequiremerts for
numerical corvergenceof the computational results ( Mortazavi 1997, Mortazavi et al.
1996). It should be noted that the spatial choice of h = 0:05is directly related to the choice
of the coreradius + by + = h=2 that ful'lls the spatial cortinuity conditions (Martins &
Ghoniem 1993, Mortazavi 1997, Mortazavi et al. 1996). Furthermore, the core diameter
(or the sheetlength) is related to the meshsize. In our case,this numerical condition is
satis ed by choosing equal valuesof the meshand the sheetlength. It has beenshown, by
comparingresults with di®eren vortex coresizes,that for a suitable range of the spatial and
the time discretisation parameters(h or £ should vary asthe squareroot of j ,, and ¢ t), the
solutions do not depend on the choice of vortex core size(Ghoniem & Gagnon1987,Sethian
& Ghoniem 1988, Mortazavi et al. 1996). Furthermore, thesenumerical corvergencestudies
are strengthened by the experimental validations of the RVM for sewral high Reynolds
number complex °ows (Ghoniem & Gagnon 1987, Gagnon et al. 1993, Najm & Ghoniem
1991, Ghoniem & Ng 1987, Martins & Ghoniem 1993) similar to the °ow studied in this
work.

After a °ow establishmer phase,the post processingprocedureand the parametric study
described at the next section correspond to a sample of 600 consecutiwe time steps.

2.4, POST-PROCESSING PROCEDURE AND NUMERICAL VISUALISATION

Quantitativ e and qualitativ e °ow visualisations are applied to identify various °uid struc-
tures and characterise their spatial dependencies. Once de ned, the spatial relationship
between these structures can be compared by visualising them. This visualisation is also
helpful to study their generation, ewolution and mutual interactions. Furthermore, the
statistical signi cance and relevance of ead classof structures, their spatio-temporal rela-
tionship and dynamical behaviour can be studied using this classof visualisation methods.
This °exibilit y is accompaniedby a hugeamourt of information on the structural featuresof
the °ow behaviour and soit permits usto selectthe statistics conveniert to the description
of the reproducible sequence®f everts. A helpful analysisof the above mertioned subjects,
and particularly the strategy of turbulent °ow visualisation and related data processing,is
preseried by Robinson et al. (1988).

This study is of speci ¢ interest to the caseof °ows with large Reynolds number (Re =
7000), wherevortical structures have an important role in the turbulence production and in



The Simulation of Vortex Dynamics 48

the momertum transfer (Robinson et al. 1988). In this work, the generation of two vortex
layersof opposite signsthat mergefrom two sidesof the plate, just after the separationzone,
causesinstabilities and deforms the eddy structures in the mixing zone (Giovannini et al.
1995). On the one hand, sinceRe is large, the vortical zonesare very preciselyde ned and
concerrated in sub-vortical regions. On the other hand, the analysis of complicated °uid
medanisms,e.g. \backs (velocity discortin uities)", needa powerful numerical visualisation
tool. Another ditcult y that must be overcomein this study are badground regionsof very
low vorticit y. The weakvortical intensity of theseregionscan make their in°uence disappear
from the computational "eld. This elimination can be the origin of a false interpretation
of the vortical behaviour. Nevertheless,the vortex method that deals directly with the
rotational °ow directly can easily overcomethis type of problem.

3. ANALYSIS AND VISUALISATION OF NUMERICAL RESULTS
3.1. THICK PLATE: (A) AVERAGE FLOW FIELD

Averagestreamlinesare presered in the Figure 2. A large recirculation zone,just down-
stream of the obstacleis obsened. The °ow map is essetially dominated by the external
°ow; newertheless,a part of the internal jet escagstoward the exit boundary along the axis
of symmetry. As the "gure shaws, the upper negative recirculation zoneis attached to the
wall, and the lower positive one is blocked betweenthe jet °ow and the upper zone. The
total length of theseregionsis approximately equalto 2hy,.

Figure 2. Average streamlines (j = 0:0033, ¢ t = 0:05 h = 0:05 and Re = 7000; thick blu®-body).

3.2. THICK PLATE: (B) INSTANTANEOUS DESCRIPTION OF THE FLOW
DYNAMICS

The ewlution with time of ! , the vorticity, and the integrated quantity 2, the stream
function, are an important sourceof information to study the vorticit y dynamics. Movie 1
and Movie 2 correspond respectively to streamlinesand to the vorticity ! . Two important
seriesof everts detectedin the vortex behaviour (Movie 2) concernessetially the formation
and transport of eddies. This kind of visualisation shows the quasi-periodic creation of
two important vortical structures: a clockwise rotating eddy at the external edge of the
blu®-body (that movestowards the axis with negative circulation values), and a positive
counterclockwise eddy created by the inner jet °ow which has an outward motion. The
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jet °ow which has a momertum equal to: l/z\f, provides a positive circulation in the °ow:
Hin = ij¢ t=2.

3:2:1: The Formation Phase

The mutual interaction of the jet and the external °ow is the principal origin for the
formation of vortical structures. It is easyto seethat the upper vortical structure dominates
generally the motion of the lower one. This aspect limits the growth of the vortex which
residesunderneath, and which "nally is separatedfrom the normal wall by a vertical upside
motion. Furthermore, when these structures come together to create an instantaneous
regionwith twicethe length of the averagerecirculation zone,a breakdown with the creation
of a vortex pair is obsened. Theseeverts are described as follows: the corvergert motion
of these two eddies createsfor a short time a composite vortical structure and initiates
progressiely the vortex shedding. Later, a separation of these eddies from ead other
occurs, approximately at the sametime that the bigger external vortex separatesfrom
the blu®-body wall. The reasonfor the separation of the external eddy from the blu®-
body seemsto be the transverse creeping motion of the inner eddy toward the external
edge,on the wall surface(closeto time-step 510). Oncethe upper °ow beginsto block the
dewvelopmert of the inner jet, the inner °ow breaksdown into two portions (T2 & T3, Figure
3), onepart taking a badkward motion and progressingalong the normal wall, the other one
growing behind the external °ow and separatingthis °ow in two parts (T4 & T1); this e®ect
due to the internal °ow createsa blockagein front of the external vortex and divides the
vortex alsoin two sections (Figure 3). The two above mentioned separations, which take
place successiely, are the principal causesof the vortex sheddingand eddy structure pairs
generation. The vortex pairs created are immediately injected in the °ow. Few stepslater,
the rest of the inner structure separatesfrom the wall, to be replacedby two new vortical
structures which form in front of the blu®-body (the separatedlower vortex is moving in
°uid following two generalbehaviours: either it is advancing along the axis toward the exit
boundaries, or it is propagating in the domain closerto the upper wall). This procedure
represens a quasi-periodic sub-cycle which occurs approximately every 200 steps, in the
statistically steadyregime. Nevertheless,in a high Reynolds number °ow this periodicity is
never xed with anidentical repetition of °uid motions (e.g. sometimes,during the creation
of two vortex pairs, several very small structures with smaller circulations are formed and
dispersedalong the axis of symmetry); howewer, it constitutes a capability of prediction of
global °uid macro-structure behaviour (e.g., vortical structures motion and interactions)
during time.

3:2:2: The Transprt Phase

Once imparted into the °ow, vortex pair structures have various tra jectories (Movie 2).
Either they are attracted toward the upper wall, corresponding to the so-calledmedanism
of dipole ejection, with the negative vortex that is advancing in the vicinity of the wall
downstream of the positive vortex, or they are acceleratedattaining upstream eddiesand
creating more complex structures that corntain seweral vortices mixing and spinning around
ead other. Also, other behaviours can be detected: someparticles of the negative structure
spin around the positive vortex and remains of that structure then acceleratetoward the
exit boundary acrossthe upper wall (e.g., step 680-730,Movie 2). It is apparert that,
globally, negative structures move faster than positive vortices (steps 700-730, 560-600,
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Figure 3. Eddy formation mechanism (j; = 0:0033, ¢ t = 0:05 h = 0:05 and Re = 7000; thick blu®-body).

Movie 2). As shown in Movie 2, someeddy agglomerationsare formed from smaller particle
patcheswhich advancein time translating and spinning around ead other. However, some
isolated patcheswith individual behaviour are noticeablein di®erert parts of the °ow. These
isolated agglomerations, that were previously detached from the large eddies, correspond
to low-vorticity regions. Later, they can reattach again to other large-scalestructures or
cortinue their individual movemert.

3.3. THICK PLATE: (C) PRESSURE FIELD

The visualisation of this "eld allows us to study the vortex pressure-elocity relationship
(e.g.,the relationship betweenlow pressureregionsand vorticit y or the high pressureregions
distribution versusthose of the vortical structures). Vortical structures are concerirated
in low pressureregions (Sa®man1993), but somelow pressureregions (i.e., regions not-
elongated (Robinson et al. 1988)) represen other °uid interactions (local accelerations).

Snapshotsof the pressure elds with corresponding vortical streamlines (Figure 4) en-
lighten the strong correlation between vortical structures of opposite signs and the corre-
sponding induced pressure. Elemertary e®ects,resulting essetially from inviscid interac-
tions, can be isolated and explained as follows (Mortazavi 1997):

(1) Under-pressureinside the vortical core of the structure dueto the presenceof vorticit y
and to its rotation.

(2) In the neighbourhood of the upper wall and the axis of symmetry, the e®ectsare
similar. We notice the presenceof a depressionin the right hand of the structure
due essetially to its movemert. This dynamical e®ectis recovered by the unsteady
term of the Bernoulli equation (being the total velocity potential). The image e®ect
cortributes alsoto the depression.

(3) Betweentwo structures of opposite signs,as encourtered in our geometry, we visualise
an under-pressure.

3.4. THIN PLATE: (A) AVERAGE FLOW FIELD

Figure 5 shows the ewlution of average streamlines for the thin blu®-body. The recir-
culation zone, which does not presen the complex features of the previous case,is short
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step= 600

step= 800

Figure 4. Vorticit y contour plot (top) and corresponding pressure eld (bottom) (; = 0:0033, ¢ t = 0:05,
h = 0:05 and Re = 7000; thick blu®-body).

and streamlinesbecomerapidly parallel to one another at the downstream of the channel.
This e®ectis due to the smaller thicknessof the obstaclethat permits two °ow-streamsto

join easily and rapidly together downstream of the obstacle. Nevertheless,the existenceof
two recirculation zonesof opposite sign constitutes the main resenblance betweenthe thin

blu®-body °ow and the previous thicker one; the positive zone being blocked betweenthe
inner jet and the negative recirculation zone. The total length of theserecirculation regions
is again equal approximately to 2hy,.
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Figure 5. Averaged streamlines (j = 0:0033, ¢ t = 0:05, h = 0:05 and Re = 7000; thin blu®-body).

Figure 6 comparesaveragestreamwise velocity pro les for three di®eren obstaclethick-
nesses:H = 0:3, 0.4 and 0.5, but at the samenormalised distances x=hy, where x corre-
sponds to the distance of the section from the blu®-body base. As shown in this “gure,
velocity pro Tes U(y) normalised respectively by V. for the velocities and by hy, for the
distancesto the axis exhibit equivalent minimal velocities and wake gradients behaviour.
So, averagestreamwise velocity valuesand distributions are geometrically similar and vary
asa function of blu®-bodies thickness.

3.5. THIN PLATE: (B) INSTANTANEOUS DESCRIPTION OF THE FLOW
DYNAMICS

For the thin blu®-body the instantaneous ewlution of the °ow “eld is described in two
stages,as follows (seeMovie 3).
3:5:1: The Formation Phase

This stage can be summarisedby the following obsenations:
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Figure 6. Normalised averaged streamwise velocity proles U=Ve = f (y=hy) for the three blu®-bodies for
the same relativ e distance x=hy from the blu®-body base.
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@)

®3)
(4)

®)
(6)

Formation of a large eddy structure, which rotates in the clockwise direction, on the
upper edge of the blu®-body due to the roll-up of the external °ow boundary layer.
During this part of the cycle, someof the inner-jet °uid escamsalong the certerline.
Formation of a smaller eddy, which rotates in the anticlo ckwise direction, on the inner
edgeof the blu®-body due to the roll-up of the inner jet boundary layer. This eddy
remains con ned by the external °ow.

Separation of the upper °ow eddy from the plate wall as the jet-eddy Tls the gap
betweenit and the plate face.

The external °ow con nes the jet °ow and cuts it in two parts; the separation of the
secondpart of the jet eddy is then ertrained by the external °ow while the latter is
°owing downstream.

The upward expansionof the inferior structure which imposesa rupture in the upper
vortex and a®ectsits later shedding.

Pairing of thesetwo eddiesasthey °ow downstream.

3:5:2: The Transprt Phase

The newly formed vortex pair structure follows the °ow approaching the upper bound-
ary of the domain. The negative eddy adheresrapidly to the upper wall and the positive
one shows the samebehaviour later. The mecanism of dipole ejection is visible, e.g., for
steps690-750. This scenariois sometimesperturb ed by eddiesthat turn around ead other
forming larger composite structures with an increasing rate of dispersion. Furthermore,
convected vortex pair structures advance more rapidly and form more concerrated struc-
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tures in the °ow than in the previous case. Another signi cant di®erencebetweenthe two
caseds that for the thin blu® body the length and time of vortex sheddingis proportionally
shorter comparedto the thick blu® body.

3.6. MONITORING POINTS AND FREQUENCY ANALYSIS

To complete this study we have chosenseweral monitoring points trying to detect their
individual frequenciesfor both cases.This detection is made on 600 successie stepsat the
establishedphasefor the streamwise velocity values. The dominant frequency for a point
at the recirculation zonefor the thin obstacle (f = 0:67) was larger than for the thick one
(f = 0:49); this higher value corresponds to a faster mechanism of eddy formation and
vortex shedding. Using the corresponding eddy sizeand computed averagevelocity at that
point, a Strouhal number equal to 0.24is calculated for both cases.This value agreeswith
the Strouhal number obsenedin other experimental and numerical studiesconcerning®ows
past blu®-bodiesinside channels(Kenworthy 1971,Ho & Huerre 1984, Martins & Ghoniem
1987). For other points, closeto the shearlayers betweenthe recirculation zone and the
main streamswe obtain a Strouhal number equal to 0:17{0:18. This result is alsoin good
agreemen with the universal Strouhal number (St=0.17) achieved as a referencevalue in
blu®-body °ows (Martins & Ghoniem 1987, Calvert 1967). In this casethe obstaclethick-
nessis usedasthe referencelength. Finally, for seweral monitoring points we comparedthe
instantaneous velocity modulus during 800 successie time steps. The thin plate generates
a faster velocity pulsation with larger intensities.

3.7. EFFECT OF THE VELOCITY RATIO

This comparisonis doneusing two di®erert entry velocity ratios corresponding to V; =\, =
0:5and V; =Ve = 2:0 (Ve is the external ertry velocity and V, represeits the jet enry veloc-
ity). For the secondvelocity ratio, to satisfy the Courant timestep restriction (Mortazavi
et al. 1996), the following parametersare used (¢ t = 0:025, = 0:0033and h = 0:05).
For larger values of the external °ow we obsened complex interactions of the large eddies
essetially dominated by the main stream. Nevertheless,the ewlution of these complex
vortex interactions is predictable by two principal seriesof quasi-cyclic everts in the °ow
map. For the secondcasestudy (larger jet velocities) we obsened a reasonabledecreasdn
the vorticit y formation that leadsdirectly to a decreaseof the interactions betweenvortical
structures of internal and external °ow.

3:7:1: (a) First CaseV, =\, = 0:5

Movie 4 shaws the ewolution of vortical structures betweensteps650and 1500. One can
easily obsene that the inner jet is completely blocked by the external °ow which stops
its motion along the axis. Therefore, the jet “ow that is the origin of the creation of the
positive vorticit y, either goesup on the vertical faceof the blu®-body toward its upper edge,
or is disperseddownstream of the obstacleintensifying the sheddingprocedure of negative
structures (steps 800, 1150, 1300and 1450). This positive eddy that is extended along the
wake of the obstacleis also broken in two parts by the external °ow. The sheddingof large
negative vortical structures is then followed by the separation of an ensenble of positive
vortices (broken in two parts). Thesetwo large eddy structures, which shawv a reciprocal
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progressi\e creeping motion, are corvected together in the °ow (e.g., steps 700, 850, 1050,
1200,1350and 1500).

Thesesheddingevents are repeated approximately every 200 stepsin a quasi-cyclic man-
ner. At times a kind of arti cial blockageis created by a part of an eddy structure, just
downstream of the formation region, which waits for the joining of some other detached
eddiesfrom the formation region. Larger eddiesdue to this processare then corvectedin
the °ow (e.g., steps 800, 1150 and 1300). An important cortribution to these large vor-
tical structures are from small positive vortex patcheswhich often orbit around the large
negative structures until they exit the domain.

Averagestreamlines (Figure 7) con rm these obsenations. Two principal recirculation
zonesare visualised. The rst oneis a small recirculation zonejust attached to the obstacle
which dependsessetially on the interaction of the jet with the solid wall. A secondlarge
recirculation zone can be attributed directly to the formation and shedding of large eddy
structures beforethe transport phase.
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Figure 7. Average streamlines (Vj=Ve = 0:5, j = 0:0033, ¢ t = 0:025, h = 0:05, Re = 7000; thick blu®
body)

3:7:2: (b) Second Case (Vj =V, = 2:0)

In this casewe obsened a restriction of merging and mixing of eddies. This is directly
related to the weaker energy level of the structures.

Movie 5 con rms this obsenation. The jet °ow maintains its individualit y acrossthe
axis of symmetry; and the in°uence of the negative structures (that have an injection rate
of circulation four times smaller) on the jet °ow is weak. However, the accunulation of
the eddiesissuedfrom the upper °ow, just on the top side of the jet °ow, permits the
formation of a large negative structure (step 700) and its interaction with neighbouring
positive vortices results in a mutual simultaneous shedding of positive and negative struc-
tures (step 750). The roll up behaviour of the negative vortex around the positive eddy and
its developmert by the last one can be consideredas a particular caseof the eddy suction
phenomenon. Moving toward the exit boundary of the domain, the two structures remain
always separatedand grow gradually. The negative eddy that cortinuesto grow blocks the
channel °ow by reacing the top of it, and the positive structure is diluted slightly (step
950-1100).

A di®erent behaviour is noticed for negative vortices that are not suzciently energeticto
break down positive structures. Therefore, these structures continue systematically their
motion along the axis of symmetry (step 1100). A portion of the particles issuedfrom the
jet °ow rise along the blu® body's vertical wall, but this phenomenondoesnot generatea
direct shedding consequence.Essettially, positive and negative structures which advance
and dewelop progressiwely in the channel, remain almost parallel together. They do not have
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enoughdynamical energyto mix and merge and therefore, no dipole creation is noticed in
the °ow. The higher velocity of the jet “ow and its larger momertum seemsto be at the
origin of this behaviour.

Figure 8 (averagestreamlines) con rms theseremarks. The recirculation zoneis not only
longer than in other cases(x,=h, ' 3:5), but alsois neighboured near its bottom by a large
low circulation region: on the one hand, the jet claims this low circulation area,and on the
other hand it pushesupward the recirculation zone.
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Figure 8. Average streamlines (Vj=Ve = 2:0, j = 0:0033, ¢ t = 0:025, h = 0:05, Re = 7000; thick blu®
body)

4. CONCLUSION AND PERSPECTIVES

In the presen work, we usedthe Random Vortex Method to study the °ow downstream
of a blu®-body geometry The e®ectof the obstacle thicknessand the inlet velocity ratio
on the physics of the °ow and the vortex dynamics was analyzed. The variable of most
interest, ! , is directly connectedto the vortical structures; hence,the computational task
is adapted and re ned in regionsof high vorticit y, where vortex shearewens, the physics of
vorticit y generation, and the dynamics of ewolution are quite well depicted by this vortex
method.

Visualisation techniquesare applied to achieve a better understanding and generalisation
of instantaneous °ow ewvents. They allow us to classify the various steps of the °uid °ow.
The post processingof the results occurs during a long time sequencecomparedto the
ewlution scaleof the largest eddies. The simultaneous presenation of animated 2D plots
of scalarvariables lik e stream-function and vorticit y allows us to understand the signi cant
interactions and later classify the elemenary corresponding everts.

The thick and thin blu®-body geometriessimulated using the vortex method are charac-
terised by a strong interaction of coheren structures of opposite signs. We chosea velocity
ratio betweentwo streamsequal to onein order to increasethe topological interest of the
phenomenon. Two vorticity layers on the two edgesof the separation feed positive and
negative vortical structures that grow, interact, and then mergeinside the channel astheir
length scaleincreases. In both casessimulated, the dynamics is governed initially by the
shedding of large vortex eddiesfrom the inner and outer sidesof the blu®-body. Mixing
between the two streamsis enhancedby the merging of these eddies downstream of the
blu®-body and the formation of composite structures. The entrainment medanism is the
merging of the two eddies. We found that the level of °uctuations increasesand the fre-
guency of shedding decreaseswith larger thicknessratios. The ewlution of these complex
vortex interactions is predictable by two principal seriesof quasi-cyclic everts in the °ow
map. The formation and shedding procedure of eddy structures occur approximately on
a cycle of dimensionlessperiod equal to about 10. For both structures, these everts lead
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to the creation of vortex pairs which ewlve and advance in the °ow, with various (and
di®eren) behaviours as function of the blu®-body thickness. For the thin blu®-body, we
detected a better consenation of the identit y of the eddy structures along their trajectory
in the °ow. This e®ectseemso be dueto their smaller sizeand faster transport in the °ow.
The in°uence of di®ererial inlet velocity on the ewlution and interaction of vortical struc-
tures for two opposite casesis studied. In both casesthe °ow mecanismsare essetially
dominated by the °ow having the largestinlet velocity value.

The combination of this vortex method with the post-processingdynamic visualisation
software makesthis a powerful approac in order to understand, analyze and characterise
unsteady vortical °ows.
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Stills from movies 1 through 5.




