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ABSTRACT

Vortex breakdown in compressible swirling jet flow is inigeged by Large-Eddy Simulation (LES) based
on the approximate deconvolution model (ADM) [8]. LES reswre presented for a strongly swirling
Ma = 0.6 jet. Conditions are chosen similar to recent theoreticall @xperimental investigations by Gallaire
& Chomaz [2] and Liang & Maxworthy [4], respectively.

INTRODUCTION NUMERICAL METHOD AND BOUNDARY
CONDITIONS

Swirling flows, both reacting and non-reacting,

occur in many engineering applications. Curv@ur computational code is based on a conser-
ture effects from the azimuthal component ofative formulation of the compressible Navier-
velocity impose a radial pressure gradient arfftokes equations expressed in generalized coor-
influence the development of the jet shear layetinates [1]. For the LES the convective as well
Typical features of swirling jets include the deas the diffusive terms are discretized using sixth
velopment of complex recirculation zones, vorto tenth-order (at interior points) compact cen-
tex breakdown, two or more states occurring &tal schemes [3].

the same values of control parameters (bistabil-

ity), and jump transition between flow states/Ve employ a mapping from Cartesian to cylin-
These effects are of both fundamental and pradrical coordinates to retain the conservative for-
tical interest and are observed e. g. in tornadod@aylation. This eliminates problems related to
over delta wings of aircraft and in vortex dethe specific numerical treatment of additional
vices. Surprisingly, there is still no consensus darce terms (centrifugal and Coriolis force) that

the explanation of the underlying mechanismévise in other (e.g. weakly conservative) formu-
lations. The centerline singularity of the govern-

Accurate prediction of such flows by LES isng equations is treated by a method proposed
a challenging task requiring accurate numeri@s [5]. This approach uses a shifted grid in the
and appropriate subgrid-scale models. In mamngdial direction and thus avoids placing a grid
cases the specification of boundary conditions®int at the polar axisr(= 0). In the azimuthal
complicated because the upstream flow field direction a Fourier spectral method is employed.
highly sensitive to downstream conditions. Thislear the polar axis the azimuthal grid spacing
sensitivity can even extend to the region nelecomes excessively fine due to the nature of
the nozzle inflow plane, making it a challengéhe cylindrical coordinate system. To avoid un-
to define suitable inflow and outflow conditionsnecessarily small time steps, the number of re-



tained Fourier modes s linearly reduced towards
the pole. The grid can be stretched in the ra-
dial and axial directions in order to adequately =
resolve regions with steep gradients. Time inte- &
gration is done by a low-storage explicit third- i

order Runge-Kutta method. As a subgrid-scale =
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model we use the approximate deconvolution =
model for compressible flows [8].
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Special care is taken to define boundary con- ° 0
ditions at the inflow plane that are suitable for r
swirling jet flow simulations. Disturbances are
specified by amplified eigenmodes predicted by
linear stability theory, for which a spatial, vis-

cous linear stability tool has been developed
[6,7]. At the lateral and outflow boundaries non- &
reflecting conditions (accounting for the curvi-
linear radial boundary) are employed and sup-
plemented by sponge layers. The sponge layers

at the inflow and outflow plane incorporate all

five conservative variables. The mass flow rate (b)
at the outflow plane is specified and thus con-
trols entrainment.

The governing equations are nondimensional-
ized using the jet radius, = D;/2, the jet
exit velocity IV;, the ambient density., the
dynamic viscosityu., and the ambient temper-
ature T,.. The Reynolds number is given by
Re = piWiro/ ;.
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RESULTS w
Fig. 1. Instability characteristics: (a) Axial and az-

_ imuthal base flow velocity profiles g (r) andvg(r),
In the following we report results for strongly(p) spatial growth rates «; for azimuthal wavenum-

swirling jets with and without forcing. Simula-pery, — 1 and (c) phase speeds/«,. The arrows
tions were performed at Reynolds numlier= indicate the direction from zero-(----- ) to maxi-

5000 and Mach numbef/a = W;/a; = 0.6. mum (—— ) swirl intensity s, 0 < s < 1.
The resolution wasy,. x Ng x N, = 181 x 36 x

145 points spanning an integration domain dnd
L./ro = 20 and L, /ry = 15. Analytical base
flow profiles at the inflow for the mean axial and
azimuthal velocity are specified as

vp(r) =s5/2 r exp (— (r/rv)4)

with r, = 0.9. Assuming a uniform temperature
Tg(r) = 1 allows to compute the pressure dis-
tribution ps(r) numerically using the momen-

wg(r) =1/ (1 + (exp (r2 log 2) — 1)5>



tum equation in the radial direction

T

yMa?v%(n
pi(r) = polecq -exp | [ 10 0BD)
’]’]:
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Viscous spatial stability analysis for these infls
profiles was performed assuming traveling wi
disturbances

Re{q(r) exp(i(az +nb — wt))} .
Further details of the linear stability solver m /T
be found in [7]. By varying the strength of tt
swirl intensitys = i/31, i = 0,...,31 we ob-
tain stability characteristics for an azimutt
wavenumbem = 1 as shown in figure 1. W
performed two LES. The first one imposes
purely laminar base flow profile at the inflow z/rg

plﬁl_r;e lrjlsmg‘; :.1 (unforced, Self-gé(_c_lted ljet)oFig. 2. Vortex breakdown in compressible swirling
while the other incorporates an additional (4 'J/%t flow: contour plot of instantaneous velocity mag-

amplitude) forcing consisting of the most dansiyde in ther——plane at — 0, self-excited jet.
gerous helicah = 1 instability (for s = 1) in
the positive frequency range (i. e. co-rotatinfons are shown in figure 4. Compared to the
instability atwe;. &~ 2.5, which agrees almostflow features found in experiments by Liang &
exactly with the frequency of the solid bodyMaxworthy [4] for water flow at a Reynolds
rotation part of the azimuthal velocity componumber of 500, the compressible breakdown ex-
nent). In both cases, the flow field was initialjibits a significantly faster deceleration of the
disturbed with small random fluctuations. centerline axial velocity. The deceleration is fol-
lowed by a quite strong reverse flow in the axial
In the simulations, we observe a rapid decelerdirection downstream of the stagnation point.
tion of the axial velocity component within oneThis phenomenon can be understood by consid-
jet diameter downstream of the inflow planeering the fact that according to the () depen-
A conical vortex breakdown develops with amlence derived above compressibility results in a
initially laminar conical high-speed fluid sheetarger ambient-to-jet pressure ratio compared to
which first narrows with downstream distancéhe incompressible limit. The RMS fluctuations
from the inflow plane, see figure 2. Instabilitiegn our case are much higher than in the experi-
distort the sheet which finally breaks up intonents, especially near the centerline. This is at-
small-scale turbulence. The motion within thé&ibuted to the higher Reynolds number present
cone consists of recirculating currents that are our simulations. The peaks of mean-velocity
weak compared to the motion within the sheetomponents as well as those of the RMS fluctu-
Streamlines of velocity fields averaged in timations are slightly shifted outwards by the forc-
(over a time interval of 60 dimensionless timéng and accordingly, the cone angle is slightly
units) as well as azimuthal direction are visualncreased by the forcing. However, the qualita-
ized in figure 3. Averaged velocity profiles fortive picture remains essentially unaltered by the
all three components as well as RMS fluctudercing.
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Fig. 3. Visualization of streamlines of averaged ve- % v

locity: (a) self-excited jet, (b) forced jet. 1 —
The axial velocity component of instantaneous . Y - Pk - L5
flow fields was Fourier transformed in the az- r/D; /D,

|muthal direCtion and aSSOCiated amplitUdeS f(Pjig 4. Averaged flow statistics Versu/SDj at subse-
different wavenumbens versus downstream co-quent axial positions/D;. Left column: Favre-av-

ordinate are plotted in figure 5. The= 1 mode eraged mean velocityx( 0.25), right column: asso-
is initially dominant, closely followed by theciated RMS fluctuations. (a) Axial velocity, (b) az-
n = 2 mode. The higher modes: (> 7) de- imuthal velocity, (c) radial velocity. Self-excited jet
crease monotonically with as expected. The(——) and forced jet (------- )-

corresponding maximum locations of the= 1

mode within ther-z-plane are plotted in figure CONCLUSIONS

6. In the region near the inflow plane, the forced

jet flow shows a growth of the = 1 mode

that is consistent with linear theory. It exhibit§he capability of the approximate deconvolu-
a clearly visible helical instability co-rotatingtion model to predict vortex breakdown of com-
in time with the jet and with orientation of itspressible swirling jet flow with massive swirl
inclination opposite to the mean swirl. In casbas been tested. The flow features include the
of the self-excited jet, this instability structurdormation of a cone and a recirculation zone.
is probably suppressed by the perfectly axisynthe simulations show good qualitative agree-
metric and laminar inflow profile. Neverthelessnent with recent experimental results [4]. Spec-
the highest amount of turbulent energy of atral decompositions in space and time indicate
helical waves is contained in the= 1 mode. that strong helical waves with low azimuthal



wavenumber support the destabilization and 3
breakup of the cone sheet.
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£ Fig. 6. Self-excited jet: RMS fluctuations of axial
& 0001 velocity and temporal average of radial location of
K. le-04 : n = 1 peaks versus/D; at subsequent axial posi-
s tions. The errorbar indicates temporal band of peak
1e-05 ! | locations.
1e-06 o c 10 ' s [4] H. Liang and T. Maxworthy. An experimental

/r investigation of swirling jets.J. Fluid Mech,
0 525:115-159, 2005,
Fig. 5. Azimuthal Fourier amplitudesax |w(n,t)|

versus downstream coordinate(a) Self-excited jet,
(b) forced jet. The solid line in (b) shows the growth
rate of the forcedh = 1 mode predicted by linear

stability theory. [6] S. B. Milller, F. Keiderling, and L. Kleiser.
Viscous compressible stability investigations
in cylindrical coordinates. InProc. Appl.
Math. Mech, pages 466-467, 2004. DOI:
10.1002/pamm.200410215.

[5] K. Mohseni and T. Colonius.  Numerical
treatment of polar coordinate singularitiesl.
Comput. Phys.157:787—-795, 2000.
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