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Unsteady flow evolution in swirl injector with radial entry.
|. Stationary conditions
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The vortical flow dynamics in a gas-turbine swirl injector were investigated by means of large eddy
simulations. The flow enters the injector through three sets of radial-entry, counter-rotating swirl
vanes. The formulation treats the Favre-filtered conservation equations in three dimensions along
with a subgrid-scale model, and is solved numerically using a density-based, finite-volume approach
with explicit time marching. Several methods, including proper orthogonal decomposition, spectral
analysis, and flow visualization, are implemented to explore the flow dynamics in the complex
three-dimensional flowfields. Various underlying mechanisms dictating the flow evolution, such as
vortex breakdown, the Kelvin—Helmholtz instability, and helical instability, as well as their
interactions, are studied for different swirl numbers. The flowfield exhibits well-organized motion in

a low swirl-number case, in which the vortex shedding arising from shear instabilities downstream
of the guide vanes drives acoustic oscillations of the mixed first tangential and first radial mode. The
flowfield, however, becomes much more complicated at high swirl numbers, with each sub-regime
dominated by different structures and frequency content20@5 American Institute of Physics
[DOI: 10.1063/1.1874892

I. INTRODUCTION the injector internal flow evolution and its response to exter-
nally imposed forcing, although liquid-propellant rocket in-

Swirl injectors are commonly used in modern gas-jectors have been investigated using an analytical approach
turbine engines to achieve efficient and clean combustior, gmented by experimental data.

In addition to its primary functions of preparing a combus-

. ) ) o The purpose of the present work is to remedy this defi-
tible m|-xlture and stabilizing the flame, the injector acts asciency by developing a comprehensive analysis of turbulent
a sensitive element that may generate and modulate flo

Wwirling flows in a contemporary gas-turbine airblast injec-
oscillations in the chamber through the following three g porary g o I
. . : L .~ tor. Several fundamental mechanisms dictating the flow evo-
mechanisms. First, the internal flow evolution in an in-

jector is intrinsically unsteady and involves a wide variety!unon’_ _|nclud|rjg vprtex p.reakdown, th_e Ker_m—He!r_nhoItz
of structures with different time and length scales. ThesdStability, helical instability, and centrifugal instability, as
structures, when convected downstream, can easily interaf€!l @s their mutual coupling, are carefully investigated. An
with the flowfield near the injector exit and modify improved understanding of these fundamental flow phenom-
the local flame-zone physiochemistry. Second, the injectofna stands out as a prerequisite for successful development
flow dynamics dictate the liquid-sheet breakup and dropof high-performance gas-turbine combustors. The previous
let formation processes, and subsequently affect the fuedtudies of injector dynamics using simplified models are far
distribution. Third, the injector flow may interact reson- from enough to reveal the flow physics in complex geom-
antly with the acoustic waves in the combustor. The couplingetries.

often leads to large flow oscillations in the chamber, a  The injector considered herein consists of a mixing duct
phenomenon commonly referred to as combustiorand a fuel nozzle located coaxially at the head ®rach
instability."* shown schematically in Fig. 1. The former includes a center

Most previous studies on combustion instabilities incylindrical passage and two annular passages, which are

liquid-fueled propulsion systems focused either on thermalg,ceq radially outward from the axial axis. Three radial-
acoustic interactions in the chamber using analytical

) ) lentry swirlers, denoted a$§,;, S,, and S;, and counter-
gpprogche%,or on deta_||ed flow gvolutlon _and flame dynam- rotating with each other, are located at the entrance. The
ics using comprehensive modeling techniques, such as large

eddy simulation4=® The dynamic behavior of an injector analysis is based on a large-eddy-simulati@S) tech-

was loosely modeled with an acoustic admittance function ap'ave, which allows the flowﬂeld.to be resolveq ata S¢ ale
the injector exit, whose specific value was treated as an en%_ufflment to characterize the detailed flow evolution. Various

pirical coefficient. Very limited effort was applied to examine Underlying mechanisms are examined in detail for two dif-
ferent swirl numbers. The study also provides the basis for

dTelephone: +1(814863-6265. Fax:+1(814865-3389. Electronic mail: an explorauc_m of the response of the injector flowfield to
shanwu@psu.edu external forcmgg.
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% S Sy o3 8= (uym; —TT). (8)
They are treated by means of the Smagorinsky model for
compressible flows proposed by Erlebackerl*® because
of its reasonable accuracy and simplicity in simulations of

N turbulent flows in complex geometries. The anisotropic part
of the sgs stresses, E@), is treated using the Smagorinsky

* guide vang~"
Kl

2" guide vane

9l model'" while the isotropic part$5 is modeled with a
_ L [ el formulation proposed by Yoshizawa,
nozzle
sos_ 9 sgs_ 2 _ i
5 Tij 3 Tk =~ 2mp|\ §j ~ 3 S« 9
-
= 20K9°= 2Cip(DA)S?, (10
where
S, S ~
8 ’ 1 =Cgr(DA)?S,
FIG. 1. Schematic of gas-turbine swirl injector with radial entry. Case 1: 1 & Py
§,=30°, S,=-45°, andS,=50°; case 25,=45°, S,=-60°, andS,=70°. - _( o )
2\ ox ax

sos= L (0 - Tl

IIl. THEORETICAL FORMULATION = (U~ ULy
A. Favre-filtered governing equations The dim_ensionless guantiti€ andC, are the compressible

. _ _ _ Smagorinsky model constants. Yoshizafvaroposed an
A large-eddy-simulation technique is developed andeddy-viscosity model for weakly compressible turbulent
implemented in the present work, in which large-scale mofiows, using a multi-scale, direct-interaction approximation
tions are calculated explicitly, whereas eddies with scaleshethod, and suggestek=0.012 andCg=0.0066 based on
smaller than the grid or filter size are modeled to represenheoretical arguments. The Van Driest damping funciois

the effects of unresolved motions on resolved scales. Thgsed to take into account the inhomogeneities near the wall
formulation treats the Favre-filtered conservation equationgoundary:® and is expressed as

of mass, momentum, and energy in three dimensions, written

—1 _ _ 3
in the following conservative form: D(y") =1 -exd-(y'/25°], (11)
ip gt wherey*=u.y/v, u,=\'r,/p, and r,, denotes wall stress.
T 0, (1) The subgrid energy flux ternt§% is modeled as
i

SgS — &H _Vt ( é’h + C7U| + &kSgs) (12)
Py ~ s s s : . —-_t
apu; J(pulty) _ _Ip <9(~Tu >+ D) 2 TPy % PPy ax, axg ax /)’

at % axi (9xj ~
whereH represents the filtered specific total enthalpy. The
= — ~ L~ turbulent Prandtl number, Pitakes a conventional value of
+ D)0 —T +T%> — O+ 5S95_ 49 , _ :
IE ALpE +PJT] _ 4= +Tj7; — Q™ 07~ HI™) 0.7} The sgs viscous diffusion term$% is neglected in the
at 9% 2 present study due to its small contribution in the energy
(3)  equation:> The nonlinearity of the viscous stress tefdj®;

and the heat flux termQ% is invariably neglectedf
where overbaft-) denotes the spatial- fllterlng operation and

tilde (~) the Favre-filtering operation, |ef—pf/p The  B. Boundary conditions
variablesp, u;,p,E,q;, and7; represent the density, velocity, . . - .
pressure, specific total energy, heat flux, and viscous stres% The computational domain shown in Fig. 2 includes both

respectively. The equation of state for an ideal gas is use(ﬁ € injector interior and an external downstream region in
The subgrid-scalésgs terms are order to provide a complete description of the flow develop-

ment. The length and diameter of the external region are 15

Tisjgszg(m_ainj), (4) anq 8 tir.nes'the ir}jgctor diameter at. tlhe. exit, respectively.
This region is sufficiently large to minimize the effects of
Dsgs (7 =%) (5) boundary conditions on the calculated injector flow evolu-
i tion. The flow is subsonic throughout the entire domain.
S95= (G - G), 6) The boundary conditions are specified according to the

method of characteristics. At the inlet, the pressure is deter-
g5 —=— =~ —— mined using a one-dimensional approximation to the mo-
H®= p(Ey - EG) + (py; — pliy), (7)  mentum equation in the direction normal to the inlet bound-
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to the large disparity in the eigenvalues for low Mach-
number flows. For example, the spectrum of turbulent kinetic
energy calculated using the Adam-Bashforth predictor-
corrector scheme is almost identical to that calculated using a
flow region four-step Runge—Kutta scheme, as will be shown later. In
light of this finding, the present work employs the Adam—
Bashforth scheme for temporal discretization, to save com-
puting time. Spatial discretization of the convective terms is
achieved using a fourth-order central difference scheme
FIG. 2. Overall computational domain. along with sixth-order artificial dissipation in generalized
coordinates®
To minimize the contamination originating from numeri-
ary. The mass flux, total temperature, axial velocity, and floncal dissipation, the coefficient of the sixth-order dissipation
angle are specified. Turbulence is provided by superimposintgrms was carefully selected to leg=0.001. When the SGS
broadband noise with a Gaussian distribution on the meaterms were turned off, unphysical oscillations took place in
velocity profile with an intensity of 8% of the mean quantity. the flowfield. For example, at the location »E21 mm,y
The effect of the inlet turbulence on the flow development=14 mm, andz=0 mm in the case with a high swirl number
seems to be modest due to the strong shear layers and higio- be discussed later, the axial velocity in the main flow
intensity turbulence generated in the flowfield, which over-passage fluctuated between -5 and 100 m/s, whereas the
shadow the influence of the incoming turbulence. long-time mean velocity was 70 m/s. A further decrease in
At the downstream boundarfine CD in Fig. 2, ex-  the numerical dissipation coefficient resulted in an overflow
trapolation of primitive variables from the interior may causeof the calculation. When the SGS terms were activated, the
undesired reflection of waves propagating into the computasolution was stable even if the numerical dissipation was
tional domain. Thus, the non-reflecting boundary conditiongeduced by half. This suggests that the numerical method and
based on the characteristic equations, as proposed by Poinggid resolution employed in the present study did not give
and Lele'’ are applied. A reference pressure, is utilized  rise to a dissipative solution.
to preserve the average pressure in the computational domain A multi-block domain-decomposition method is imple-
using small amplitude acoustic waves. In the present study, mented to facilitate parallel processing in a distributed com-
uniform distribution ofp.. is employed, since the azimuthal puting environment using the Message Passing Interface
velocity at the exit is relatively small. (MPI) library. The overall approach has been validated by
The no-slip, adiabatic condition is applied along all the Apte and Yand>?> Huanget al,*® and Luet al,** against a
solid walls inside of the injector. The slip, adiabatic condi- variety of vortical flow problems to establish its credibility.
tion is used along the boundarié8 andEF of the external The code was further validated against two flow configu-
computation domain. Because the flow is exhausted to arations with complex geometries. The first study dealt with a
ambient condition after passing through the injector, the surtES of turbulent swirling flows injected into a dump
rounding air may be entrained into the computational do-chambef’ simulating the experiments by Favalabal > A
main. At the radial boundarigdines BC andDE), the pres-  swirler with 12 circular inlet guide vanes is located at 50.8
sure, total temperature, and axial velocity are specified. Thexm upstream of the dump plane. The temperature and pres-
laws of conservation of mass and angular momentum areure at the entrance are 300 K and 1 atm, respectively. The
employed to determine the radial and azimuthal velocitiesheight of the backward-facing stephis=25.4 mm. The Rey-
respectively. nolds number is 1.2%8 10° based on the inlet diameter of
101.6 mm and centerline velocity 19.2 m/s. Owing to the
lack of reliable data for the flow conditions at the entrance,
the inlet velocity profiles were tuned to match the experi-
The theoretical formulation outlined above is solved nu-mental data at the first measurement positigfH=0.38).
merically by means of a density-based, finite-volume methReasonable agreement between simulations and measure-
odology. Wan(;.';8 recently extended the approaches of Fabig-ments was obtained in terms of mean velocity components
non et al!® and Apte and Yarf§ to study the numerical and turbulence intensities. The second validation case treated
accuracy of several explicit time-marching algorithms withinthe flow evolution in a twin-swirler injectofi.e., General
the context of LES. The numerical dissipation arising fromElectric CFM56 aero-engine injecjorThe system includes
the discretization of convective terms and artificial viscosityeight counterclockwise elliptical primary swirl jets, ten
were assessed by introducing a reference turbulent kineticlockwise secondary swirl vanes, a venturi, and a flare. The
energy spectrum obtained from isotropic turbulence theoryinlet flow pressure and temperature are 1 atmosphere and
Results indicated that the numerical dissipation of a density291 K, respectively. The diameteB,=27 mm, and mean
based approach in simulations of turbulent flows at lowaxial velocity, Uy=30 m/s, at the downstream side of the
Mach numbers is insensitive to the specific time-marchingsecondary swirl vanes are selected as the characteristic
scheme selected. This may be attributed to the fact that tHength and velocity, respectively. The corresponding Rey-
maximum allowable time step for a density-based scheme igolds number is 5.4 10*. Excellent agreement was obtained
much smaller than the turnover time of grid-sized eddy, duavith experimental data. The length of the central recircula-

external

D

IIl. NUMERICAL METHOD
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x=16.3 mm, y=9.9 mm, z=0.0 mm

10°E

N
Nominal Grid &} Nom
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FIG. 3. Comparison of flowfields simulated using different grida).

Pseudo-streamlines based on mean axial and radial velocitiesbaodn- FIG. 4. Spectra of turbulent kinetic energyxat16.3 mm,y=9.9 mm, and
tours of mean azimuthal velocity. Contour levels between =90 and 160 m/g=0.0 mm.

with increment of 10 m/s. High swirl numbégs=0.49.

) . 0 .
tion zone is identical to the measured value. The maximumSyStemS' With an increase of 50% computational cells, the

. . . mean velocity components and turbulence intensities only
discrepancies of mean velocity components and turbulence . - .
. e : s vary by 1% and 2% of the bulk velocity at the injector exit,
intensities between simulations and measurements are, re-

spectively, about 0.1 and 0.0%, at the injector exit and less respectively. The frequency spectrum of the pressure field

than 0.05 and 0.0RJ), at an axial location one injector diam- |nd|cates. an identical dynamic behavior. The gnd system
. adopted in the present work appears to be credible.
eter downstream of the exit.

A total of 54 computational blocks are used to facilitate
parallel processing. The physical time step ix 80°ms
and the maximum CFL number is 0.8. For each case, the

The mixing duct in the injector, shown in Fig. 1, has a calculation is first conducted for an extended period until the
diameter ofDy=32 mm at the exit. Two different sets of flowfield reaches its stationary state. The time stamp is then
swirl vanes are considered. The low swirl-number case hageset, and data are collected for more than 30 flow-through
swirl vane angles 08,=30°, S,=—-45°, andS;=50°, and the times (i.e., 20 m$ to obtain statistically meaningful turbu-
high swirl-number case he§=45°, S,=-60°, andS;=70°. lence properties.

The corresponding swirl numbers, defined as the ratio of the Figure 4 shows the spectra of the turbulent kinetic en-
axial flux of angular momentum to the production of the ergy at a probe in the main flow passage, calculated using
axial flux of axial momentum and the injector diameter, areboth the Adam—Bashforth predictor-correct@B) and the
0.35 and 0.49, respectively, at the injector exit. The baselinéour-step Runge—KuttéRK4) schemes. The wave number is
flow condition includes an ambient pressure of 1 atm, ardenoted byk. The Kolmogorov scalén~ D, Re /) is 3um
inlet temperature of 293 K, and a mass flow rate ofand the Taylor scalgl;~DyRe*?) 70 um, based on the
0.077 kg/s. The Reynolds number based on the diameter arfiReynolds number. Here Taylor's hypothé&S8iss applied to

the bulk axial velocity at the exit is 2 10°. approximate spatial correlations with temporal correlations,

A three-dimensional grid system is generated by rotatingsince the original data are the velocity-time traces at single
a two-dimensional grid around the centerline. The entire gricpoints, from which spatial correlations cannot be directly de-
system has two million cells, of which 0.9 million grids are rived. An accuracy conversion based on this hypothesis is
located within the injector. The mean grid size within thelimited to homogeneous turbulence with small intenty.
injector interior is around 0.2 mm, which is sufficient to Although the present study does not satisfy this strict con-
resolve the turbulence length scales in the inertial sub-ranggraint, it still can be regarded as a good reference for data
of the turbulent energy spectrum, as will be discussed lateanalysis. The large scales on the order of the characteristic
The spatial resolution near the wall falls in the range of 3length, D, are arounds/Dy~ 104, and most of turbulent
<y*<10, which is roughly within the viscous sub-layer re- kinetic energy is carried by flow motion with normalized
gion. scales less than 1¥) as evidenced in Fig. 4. The result fol-

A grid independence study was performed as part of thdows the Kolmogorov—Obukhov spectru@5/3 law) in the
validation procedure. A refined mesh with 3.2 million grid high wave number regime, and the grid size employed in the
points was considered. The node numbers in the axial angresent study is located in the inertial sub-range of turbu-
radial directions were increased by 20% and 30%, respedence.
tively. The average grid size inside the injector was reduced
by 17%. The ex_ternal computational domain was also eXy RESULTS AND DISCUSSION
panded to examine the effects of the outflow boundary con-
ditions. Figure 3 shows the calculated streamlines and azi- Figure 5 shows snapshots of the vorticity-magnitude
muthal velocity field on a longitudinal plane for the two grid fields on two cross sections for both the low and high swirl

IV. FLOW CONFIGURATION AND GRID SYSTEM
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FIG. 5. (Color). Snapshots of vorticity magnitude contou¢a) Low swirl
number andb) high swirl number.

numbers. The flow evolution exhibits several distinct fea-
tures, as follows. First, the flowfield is essentially irrotational
after passing through the radial-entry swirl vanes. The weak
vorticity downstream of the inlet arises from the imposed
broadband noise simulating the inflow turbulence. Strong
vorticity then develops in the boundary layers near the walls,
and in the regions downstream of the guide vanes and the
centerbody, due to the large velocity difference in the sheai
layers.

Second, when the flow travels downstream of the center-
body, the strong swirling motion and its associated centrifu-
gal force produces large radial pressure gradients, which ther
induce a low-pressure core around the centerline. As the flow
expands and the azimuthal velocity decays with the axial
distance, the pressure is recovered. A positive pressure gre
dient is consequently generated in the axial direction and(
leads to the formation of a central recirculating flow, a phe-
nomenon commonly referred to as vortex breakdown or VOIEG, 6. (Colon). Instantaneous iso-surfaces of azimuthal velocities at
tex burst. The resultant flow detachment from the rim of the=10 and 50 m/s(a) Low swirl number andb) high swirl number.
centerbody gives rise to a vorticity layer, which subsequently
rolls, tilts, stretches, and breaks up into small eddies. These
small vorticity bulbs interact and merge with the surroundingflow structures associated with the periodic vortex shedding
flow structures while being convected downstream. The enin the outer region are small and well organized. The shear-
tire process is highly unsteady and involves a wide range olayer instability, along with the helical and centrifugal insta-
length and time scales. bilities, induces large asymmetric structures on the transverse

Third, because of the opposition of the swirler vaneplane.
angles, two counter-rotating flows with different velocities in Finally, the aforementioned flow structures in various
the streamwise and azimuthal directions merge at the trailingarts of the injector and their underlying mechanisms inter-
edges of the guide vanes. Vortices are generated in the sheact and compete with each other. When the swirl number
layer regions and shed downstream sequentially due to thehanges, the dominant instability mode may switch corre-
Kelvin—Helmholtz instabilities. In comparison with the spondingly. A detailed analysis of these phenomena will be
vortex-breakdown-induced central recirculating flow, thedelivered in the following sections.
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¢ low swirl number © high swirl number

= N

FIG. 7. Streamlines of mean flowfields for swirl numbersSsf0.35 and
0.49.

FIG. 9. Close-up views of streamlines downstream of centerbody for high
swirl-number case 06=0.49. Flowfields spatially averaged in azimuthal

direction. The time interval between pictures is not constant.
A. Vortex breakdown P

Much insight into the vortex breakdown in the core flow
region can be obtained from the iso-surfaces of the azimuthal 5
velocity shown in Fig. 6. In the low swirl-number case, a 9P fo~ p—ue, (13
stable bubble type of vortex breakdown is clearly observed 9" r

in the downstream region of the centerbody, whereas a muGjhere f, denotes the centrifugal force ang the azimuthal
more complex structure prevails at the high swirl numberyg|ocity. The maximum mean azimuthal velocities and their
The streamlines and the axial velocities of the mean ﬂOW'corresponding radial locations are 157 m/s at 5.0 mm for the
fields given in Figs. 7 and 8, respectively, reveal the formahigh swirl number and 151 m/s at 2.3 mm for the low swirl
tion of a central toroidal recirculation zone in this region number, respectively, near the centerbody. The smaller radius
guantitatively. As the swirl number increases, the size of th?i.e., 2.3 mnj in the low swirl-number case results in a mini-
recirculation zone becomes greater accordingly. The stagngy,m pressure of 78 kPa, which is even lower than that in the
tion point of the vortex breakdown moves upstream for aMigh swirl-number case, 88 kPa. This phenomenon contra-
equilibrium position and finally reaches the centerbody. Thejicts the usual assumption that a stronger swirling flow in-
local flow development depends on the relative magnitudegyces a lower pressure in the core region. Not only swirl
of the downward momentum inertia of the incoming flow strength but also flow topology determine the local flow evo-
and the outward flow motion arising from the centrifugal ytjon. At the same time, the no-slip condition results in rela-
force_. Altr_lough the former remains alm(_)st the same due tfﬁ\/ely high pressure in the wall region. The resultant negative
the fixed inlet mass flow rate employed in the present studyyressure gradient in the axial direction leads to a strong jet
the weaker centrifugal force in the low swirl-number casey|ong the centerline downstream of the centerbody. The flow
causes the incoming flow to penetrate all the way to the corgqcelerates rapidly from 0 to 125 m/s within 2.2 M his
region, as evidenced in Fig. 7. The ensuing flow Strucmrephenomenon was not observed in the high swirl-number
bears a close resemblance to a tornado near the ground Whgigse |nstead, a large central recirculating flow is established
a large accumulation of vorticity in the center region takesy, the same region.
place, a kind ofcollapseof the swirling flow?® The formation of the central toroidal recirculation zone,
The difference in the flow topology affects the pressureyhich is attached to the centerbody in the high swirl-number
and v_elocity development considerably. The s_ituation can b_%ase, mainly results from the vortex breakdown. The wake
explained based on the momentum balance in the radial dyownstream of the centerbody exerts a very limited influence
rection as follows: on the flow reversal since it is not observed even in the low
swirl-number case. Two points should be mentioned here.
First, in general, both the swirl and the wake contribute to
the generation of a flow reversal. A slight change in the cen-
terbody geometry may greatly alter the local flow develop-
ment and the injector dynamics. Care must therefore be ex-
ercised in designing the injector configuration. Second, the
streamline topology shown in Fig. 7 dictates the effective
flow-passage area, which plays an important role in deter-
mining the injector dynamics, as will be elaborated later.
The temporal evolution of the flowfield permits insight
into the vortex breakdown phenomenon. Figure 9 shows in-
stantaneous streamlines on a longitudinal plane, spatially av-
FIG. 8. Contours of mean axial velocity for swirl numbersS0.35 and eraged in the azimuthal direction, at various times during a

0.49. Contour levels between -30 and 125 m/s with increment of 5 m/stypical ﬂO_W e\{OIUuon period for the high swirl-number case.
Solid lines: positive values; dashed lines: negative values. Uneven time intervals between frames were chosen to show

¢ low swirl number © high swirl number
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swirl-number case, in which a strong wall jet exists in the

wake of the centerbody and the incoming flow can penetrate
deeply into the core region. The temporal variation in the

vortical structure affects the injector characteristics through
its influence on the effective flow-passage area.

B. Outer shear-layer instability

Vortex shedding arising from the Kelvin—Helmholtz in-
stabilities in both the axial and azimuthal directions takes
place at the trailing edges of the guide vanes. Figure 10
shows the iso-surfaces of the azimuthal velocity at 10 m/s in
the phase space, i.e., the physical domain is unwrapped in
the azimuthal direction, illustrating the shear-layer evolution
in the outer region of the injector flowfield. For the low
swirl-number case, small-amplitude instability waves are ini-
tiated as soon as the flows merge at the rim of the guide
vane. These waves then develop to large-scale billows, be-
come distorted into hairpin structures, and finally break up
into small eddies in the downstream region of the mixing
layer due to turbulent mixing.

The dominant frequency of the vortex shedding due to
the Kelvin—Helmholtz instability in the streamwise direction
can be estimated using the formula given in Ref. 29,

FIG. 10. Iso-surface of azimuthal velocity@=10 m/s in azimuthal phase
space(#=0°-3609. (a) Low swirl number andb) high swirl number. _

U
fo=St_, (14)

the important phases of the oscillation. Obviously, the spa-

tially averaged flow structures are more distinguishable thathere the Strouhal number, St, is 0.044-0.048 for turbulent
those of the original three-dimensional flowfield, which is flows. In the present study, the mean velocity,is 50 m/s,

too complex to allow an effective analysis. Two large vorti- and the momentum thickness of the shear laggeis around

ces exist in the region downstream of the centerbody, anf.2 mm for both swirl numbers. The frequency of the most
evolve in two different forms. First, between 14.45 and 14.85unstable modef,, is estimated to be % 10* Hz. This value

ms, a small vortex separates from its parent structure, travels comparable with the numerically calculated instability fre-
downstream, and eventually coalesces with the large vorteguency of 13 000 Hz using the spectral analysis described in
located in the downstream region. In a later stage, betweeBec. V E, further demonstrating that the outer shear flow
15.25 and 15.85 ms, a small vortex is generated in front oflynamics is dictated by the Kelvin—Helmholtz instability in
the array of vortices and the large vortex, which is normallythe streamwise direction in the low swirl-number case.
anchored at the centerbody, is detached, causing a switch in The situation is vastly different in the high swirl-number
the flow topology. The instantaneous flow pattern at 15.8%ase. As a result of the strong shear force and the associated
mm is considerably different from its time-mean counterpart Kelvin—Helmholtz, helical, and centrifugal instabilities in the
and bears a close resemblance to the situation for the loawzimuthal direction, the flow becomes highly disordered

x=11.0mm x =16.5 mm x =22.0 mm x =27.5 mm

FIG. 11. Snapshots of azimuthal velocity fields on four
transverse cross sections, contour levels between -70
and 120 m/s with increment of 10 m/s. Solid lines:
positive values; dashed lines: negative valiasLow

swirl number andb) high swirl number.
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soon after the incoming streams merge together in the regioB. Interaction and competition of instability modes
dO\thstLeam |Of the ggl?ﬁ vanef. 'Il'?e m;e:acuqn t)lettyvee][; the As mentioned above, three major flow mechanisms, i.e.,
glusc?rczn(ter?bru?eyse:oat?\e e§ dcet?r(;Zkuor?a:ng r:ﬁ;ilrzcu arc')r;gsscévélortex breakdown, Kelvin—Helmholtz instability, and helical

the eddy breakup } Mixing p nstability, exist and interact with each other within the in-
The flow evolution in the azimuthal direction, as shown.

in Fig. 11, clearly indicates the existence of an outer sheeJreCtor' The specific type of coupling depends on the swirl

. . umber and can be classified into two categories. First, the
layer due to the counter-rotating flows through the first an ; . : !
. . . quter shear-layer may interact with the large disorganized
second passages and a center recirculating flow induced b

the vortex breakdown. For the low swirl-number case, theI :;Ctlilrevi \;a\l/ﬂs':gt]hfrovvi:rr? (rar:/t? IL:'uc;(n ofdthe ;erntrﬁl |r§(\:,lr(|:u_
azimuthal velocity remains almost uniform upxe 11 mm, ating 1o enthes umber exceeas a threshold vaiue,

in spite of the small-scale turbulence embedded in the inle®S evidenced in Fig. 5. The interaction usually increases with

flow. Large organized structures then develop under the ef!'c"€@snd swirl number and varies within each flow evolu-

fect of the Kelvin—Helmholtz instability when the incoming tion period. The vortex shedding tends to be more organized

streams merge together. The situation becomes more obviom‘ﬂ@en the center recirculation zone shrinks, and vice versa.

for the high swirl-number case. The center recirculating flow! N€ spatial distributions of turbulent kinetic energy, shown
|p Fig. 12, also demonstrate this interaction. The turbulent

even intersects the outer shear layer, causing a compld® ™ ) X X
flowfield near the injector exit. kinetic energy in the central recirculation zone and the wake

of the guide vanes is much greater than that in the rest of the

C. Helical instability dpmain because of vigorous vorltic.al motions in 'Fhese re-

. ) o gions. The two shear layers are distinctly separate in the low

In spite of the flow symmetry at the inlet, periodic flow gyirl.number case, but merge in the high swirl-number case.
oscillations develop in the azimuthal direction due to thegjnce fyel is delivered into the injector from the centerbody,
strong shear .force in this direction. To faC|I|tate d'lscuss'lonthe high turbulence intensity in this region can significantly
each flow variable can be expressed using a Fourier series IMhance the atomization of the injected liquid fuel. At the

the cylindrical coordinate systefw,r, 6), same time, the strong shear stress in the downstream region

- of the second guide vane promotes rapid mixing between the
fxr, 6,0 = 2 fu(x.r,expime), (15  air and the fuel impinging and accumulating on the second
= guide vane.

wherem is the wave number in the azimuthal direction, and  In the second type of flow coupling, the instability waves
f., the Fourier coefficientm=0 represents the axisymmetric in the axial and azimuthal directions in the outer shear layer
mode, and the othergn+0) the helical modes. As will be compete with each other. In the low swirl-number case, the
shown later based on proper-orthogonal-decompositiostreamwise instability dominates the shear-layer evolution;
(POD) analysis, than=-1 helical mode dominates the flow- therefore, the billow structures and subsequent hairpin vorti-
field atx=15 mm in the low swirl-number case, suggestingces prevail in the flowfield. In the high swirl-number case,
that the helical wave rotates in the opposite direction of théhe development of the billows is suppressed and flow struc-
swirling flow. Lessenet al® and Martin and Meibufg1 tures are severely distorted by the azimuthal flow instabili-
found that the counter-rotating helical wavés<0) are ties.
more unstable in swirling jets. The helical-mode oscillation ~ Several other competing mechanisms may also exist in
propagates in the azimuthal direction at a speed much fastéhe flowfield, such as the one involving the Kelvin—
than that of the mean flow. Helmholtz and centrifugal instabilities. Swirling flows usu-
Helical motions are not so evident in the high swirl- ally result in an unstable radial stratification, thereby leading
number case. The interaction between the center recirculate centrifugal instability”,1 which is enhanced by a higher
ing flow and the outer shear layer gives rise to a complexazimuthal velocity gradient and further influences the
flow structure that tends to suppress the prevalence dftreamwise Kelvin—Helmholtz instability in the outer shear
simple, well-defined harmonic oscillations. layer, as shown in Fig. 11.
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FIG. 13. Frequency spectra of pressure oscillations along main flow pasgi 15, Frequency spectra of pressure oscillations along main flow pas-
sage, low swirl numbefS=0.35. sage, high swirl nUmbe(S=0.49.

E. Spectral analysis

The injector dynamics involve an array of intricate flow herence in the azimuthal direction. This effect, along with the
processes characterized by a wide range of time and leng@rowth of vortices in the shear layer, results in a decreased
scales. Quantitative information can be obtained using spe@mplitude of flow oscillation at probe 1-4. Figure 14 shows
tral and proper-orthogonal-decomposition analyses. To thighe spectral contents in the outer region of the central recir-
end, extensive effort was made to conduct measurements 6glation zone. A dominant frequency of 5783 Hz is observed,
flow properties at 626 locations. corresponding to the precession of the vortex d@¥C).

Figure 13 shows the frequency spectra of pressure oscilFhe phenomenon is confirmed by visual inspection of the
lations along the main flow passage for the low swirl-numbeiflow evolution data. Although the long-time mean flowfield
case. A dominant frequency of 13000 Hz is clearly ob-associated with vortex breakdown is axisymmetric, the in-
served, corresponding to the most amplified mode of thé&tantaneous flowfield is highly time-dependent. PVC is one
shear-layer instability downstream of the first guide vaneof the primary unsteady flow motions when the vortex break-
The oscillation reaches its maximum at probe 1-2 where théown occurs in the high-Reynolds-number flow regime, as in
shear-layer structure arising from the Kelvin-Helmholtz in-turbulent swirling flows in cyclone chambers and combus-
stability is highly organized. As the flow travels downstream,tion devices. It is normally located in the boundary of the
the development of the hairpin vortices reduces the flow co-
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FIG. 14. Frequency spectra of pressure oscillations in outer region of centrdfIG. 16. Frequency spectra of pressure oscillations in outer region of central
recirculation zone, low swirl numbéeS=0.35. recirculation zone, high swirl numbég=0.49.
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FIG. 18. Energy distribution of POD modes on longitudifoadr) plane, low
FIG. 17. Frequency spectra of pressure and velocity oscillations within censwirl number(S=0.35.
tral recirculation zone(x=28.5 mm,y=5.7 mm, z=0.0 mn), high swirl
number(S=0.49.

flow. The present result, however, indicates that the fluctua-

recirculation zone between the zero velocity and the zer(f)'ons in the radial direction may dominate the unsteady ve-

streamliné®%%1n the downstream region, turbulent diffusion °CIY €volution, and play an important role in driving pres-
and flow expansion prevalil. sure oscillations.

The flow motion becomes broadband in nature, and nQ Praper orthogonal decomposition analysis
dominant oscillation can be found. The situation is qualita- -
tively different for the high swirl-number case, as shown in ~ The injector dynamics were further explored using the
Figs. 15 and 16. As a consequence of the strong interactionqmoper orthogonal decompositiaf?OD) technique, which
between the outer shear layer and the central recirculatioextracts energetic coherent structures from the calculated
zone, the spectral content of the flowfield becomes very richflowfields. For a given flow property(x,t), the POD analy-
and is characterized by several different frequencies in varisis can determine a set of orthogonal functignsj=1, 2,
ous regions. A low-frequency mode around 500 Hz domi-..., such that the projection dfonto the firstn functions
nates the flow oscillations near the in{ptobes 1-1 and 1)2 n
whereas high-frequency modes around 4000 Hz prevail in  f(y t) = f(x) + >, a,( (%) (16)
the downstream regiofprobe 1-4. The former may be at- j=1
tributed to the flow displacement effect of the central recir- N
culation zone, as evidenced in Fig. 9. The occurrence of thBas the smallest error, defined&§/f - f||%). Here,a;(t) rep-
4000 Hz oscillation at the injector exit can be better ex-resents the temporal variation of tfth mode, andE(-) and
plained by considering the flow development along thell-|l denote the time average and a norm in tifespace,
boundary of the central recirculation zone in Fig. (8@e respectively. The functior can be extended to a vectd,
probes 4-1 through 4)4A harmonic around 1500 Hz is ob- =[u,v,w,p]", by introducing an appropriate inner product
served in the mixing layer downstream of the first guide vanén F. A more complete discussion of this subject can be
and its amplitude increases in the further downstream regiofound in Refs. 34 and 35.
This frequency, as indicated in subsequent wougrre- Because of the limitations of data storage for the calcu-
sponds to the resonance frequency of the injector in respond@ted flowfields over an extended time period, the POD
to external forcing at a high swirl number. The prevalence oftnalysis was only conducted for the velocity fields on one
distinct frequencies in different regions suggests that the flodongitudinal and two transverse planes. A total of 850 snap-
instability mechanisms vary in different regions, a phenom-shots spanning a time period of 8.5 ms and 1000 snapshots
enon consistent with Martin and Meiburg's expectatibn. ~ over 10 ms were recorded for the low and high swirl-number

Figure 17 shows the frequency spectra of the velocitycases, respectively. The temporal resolution is*hs and
and pressure oscillations within the central recirculation zondhe corresponding cutoff frequency is<8.0* Hz. The inner
(x=28.5 mm, y=5.7 mm, z=0.0 mm) for the high swirl- product of functionsF, is defined as the kinetic energy and
number case. The radial velocity fluctuation is intimatelythe method of snapshots is implemented to compute the POD
coupled with the pressure oscillation compared with themodes.
other two velocity components. A major factor contributing
to this phenomenon is the large radial pressure gradien} Low swirl number
caused by the swirling flow. A small velocity disturbance in ™
the radial directiony,, results in a relatively large pressure Figure 18 shows the energy distribution of the POD
disturbancep’. Most of the past research focused on themodes on a longitudina(x—r) plane for the low swirl-
axial and azimuthal velocity fields, instead of the radial ve-number case. Here the energy of jtie mode E;, is defined
locity, due to their overwhelmingly large values in a swirling as
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FIG. 21. Spatial distributions of first two POD modgwessure fielgdon
transverse plane at=15 mm, low swirl numbefS=0.35. Contour levels
between —-18 000 and 18 000 Pa with increment of 2000 Pa. Solid lines:
positive values; dashed lines: negative values.

FIG. 19. Spatial distributions of first four POD modg@zimuthal velocity Figure 21 shows the pressure field of the first t"‘fo POD
fields) on longitudinal (x—r) plane, low swirl numbeirS=0.35. Contour modes on the transverse pIanexatlS mm. The dominant
levels between —1000 and 1000 m/s with increment of 50 m/s. Solid linesfrequency is f,=1.3x 10* Hz, according to the spectral
positive values; dashed lines: negative values. analysis of the time-varying coefficients. The mode shape
bears a close resemblance to the mixed first-tange(ifial
and first-radial(1R) mode of the acoustic motion. If the in-

E = E(||aj(t)(pj(X)||2). (17)  jector interior geometry is approximated with a cylinder with
an average diameter of 19 mm, then a simple acoustic modal
analysis, without taking into account the mean-flow effects,
indicates that the eigen-frequency of the 1T/1R acoustic

Figure 19 shows the spatial distributiofi®., mode shapes,
¢;) of the first four POD modes. The first two modes have
almost the same energy levél1.0% and 20.6%and ac- a6 s 1.5¢10" Hz, which is close tof,, assuming the
count for more than 40% of the total energy of the fluctuat-speed of sound to be 340 m/s for air at the room condition.
ing velocity field. This suggests that the flow structure due torpe reqyit clearly shows that the shear-layer instability can
vortex shedding in the outer shear layer is dominant in the,aqjly resonate with the acoustic field in the injector and
streamwise direction. The phase differences between the firgh\gequently lead to large excursions of flow oscillations,
two mod_es n bOt_h time and space aré2. The local mean provided their characteristic time scales match. Another im-
streamwise velocitw),, wavelength),, and frequencyf,,  norant factor dictating the vortico-acoustic interaction is the
satisfy the relation of, ~U,/\, along the outer shear layer, gatia) |ocation of the shear layer with respect to the acoustic
suggesting the existence of a well-organized vortical wave iMode shape. An acoustic wave can be excited more effi-

the wake of the first guide vane. Here the wavelength ig;jenqy if the driving source is located at its antinodal posi-

defined as the distance between the two adjacent coheremgn_ Similar phenomena were also observed by Huanhg

s.tructures. The fregueng:y spectra of the timtla-va.rying coeffia|_23 and Luet al?*in their studies of internal swirling flows.
cients,g;(t), of the first six modes are shown in Fig. 20. The a gma)| flow oscillation arising in a shear layer tends to seek

dorrg)ilnant frequency of the first two modesogl‘§=1..3 a specific acoustic mode to interact, so long as |tiod-in
% 10" Hz. Another important frequency of 5:710°Hz is requirements are fulfilled. In addition to the vortex shedding

o.bserved in the third que, Which corresponds to the PreCe$; the wake of the first guide vane, there may exist other
sion of the central recirculating flow based on the visualy,echanisms for exciting acoustic motions in the injector. For

evidence. example, the helical mode of hydrodynamic instability may
drive the first-tangential mode of the acoustic field. The outer
shear layer may trigger the first-radial mode of the acoustic
Ty — wave for certain injection geometries and flow conditions.
-g 2. High swirl number
E- mode 01 Figure 22 shows the azimuthal velocity fields of the first
3 5700 Hz Ar)l\'\“ mode 02 six POD modes on a longitudin@k-r) plane for the high
3 mode 03 swirl-number case. The corresponding frequency contents
E %&mm given in Fig. 23 reveal a much broader distribution compared
z T ALV SO a with the low swirl-number case. The first mode only ac-
VA A e M M 4000 05, | counts for 6.8% of the total energy, as indicated in Fig. 24.
I&&MMMM& As a result of the strong swirling effect, the large-scale mo-

0 5000 10000 15000 20000 tion in the central recirculation zone dominates the flow de-
Frequency, Hz velopment, with a characteristic frequency of 4000 Hz. The
FIG. 20. Frequency spectra of temporal variations of first six POD modesinteractions between the shear layer downstream of the first
low swirl number(S=0.35. guide vane and the central recirculating flow also play a
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FIG. 24. Energy distribution of POD modes on longituditgtr) plane,
high swirl number(S=0.49.

structure in the fourth and fifth modes. This kind of helical
motion represents intrinsic flow instabilities associated with
the precession of the vortex core. They are decoupled from
the injector acoustic field since the characteristic frequencies
FIG. 22. Spatial distributions of first six POD modezimuthal velocity (2000 Hz fo_r the first t\évo POD modes and 4000 Hz for the
fields) on longitudinal (x—r) plane, high swirl numbefS=0.49. Contour ~ fourth and fifth mode)& are much smaller than that of the
levels between —1000 and 1000 m/s with increment of 50 m/s. Solid lines|gwest transverse acoustic mode in the inje(ﬁm’q around
positive values; dashed lines: negative values. 5000 Hz for the first tangential moge

prevalent role in the first four modes, with a characteristic
frequency around 1500 Hz. The fifth and sixth modes are
closely related to the streamwise Kelvin—Helmholtz instabili-
ties downstream of the first guide vane, with a dominant
frequency around 14 10*Hz. Their spatial distributions are
almost identical to the first two modes in the low swirl- .
number case, but the energy level is severely suppressed un-
der the effects of the vortex-breakdown-induced recirculating
flow in the center region.

Figure 25 shows the mode shapes on the transverse
plane atx=15 mm. The alternating organized structures in
the outer shear layer results from the Kelvin—Helmholtz in-
stability in the azimuthal direction downstream of the first
guide vane. A dipole structure clearly exists near the center-
line in the first two modes, which transits to a quadrupole

OH2 46002
mode 01
% PAAAAME A A AAAn AR AA A .
:g mode 02
£
iy mode 03
g Anens
g MWWMAA‘ mode 04
2 14000 Hz—= mode 05
YW N i
mode 06
0 5000 10000 15000 20000

Frequency, Hz FIG. 25. Spatial distributions of first six POD modgsessure contour®n

transverse plane, high swirl numbés=0.49. Contour levels between
FIG. 23. Frequency spectra of temporal variations of first six POD modes;-60 000 and 60 000 Pa with increment of 2500 Pa. Solid lines: positive

high swirl number(S=0.49. values; dashed lines: negative values.
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