HTML AESTRACT * LINKEES

PHYSICS OF FLUIDS17, 045107(2005

Unsteady flow evolution in swirl injectors with radial entry.
Il. External excitations
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Our previous study on turbulent flows in a gas-turbine swirl injector was extended to explore the
effects of externally impressed excitations on the unsteady flow evolution. Three-dimensional
large-eddy simulations were conducted to investigate the responses of the injector flowfield by
imposing periodical oscillations of the mass flow rate at the entrance over a wide range of
frequencies. Results show that the impressed disturbances are decomposed and propagate in two
different modes because of their distinct propagating mechanisms in swirl injectors. The flow
oscillation in the streamwise direction travels in the form of acoustic wave, whereas the oscillation
in the circumferential direction is convected downstream with the local flow velocity. The vortex
breakdown is mainly controlled by the dynamics in the core region near the axis, not so much by
the excitation in the main flow passage surrounding the central recirculation zone. External
excitations only exert minor influences on the mean flow properties due to the broadband
characteristics of the injector flow. One exception is in the outer shear-layer region when the forcing
frequency matches the intrinsic frequency of vortex shedding, and the mixing process of two
counter-rotating swirl flows is considerably enhanced. The dynamic response of the injector flow,
however, depends significantly on the forcing frequency in terms of the acoustic admittance and the
mass transfer functions. Energy can be transferred among the various structures in the flowfield
under external excitations, causing highly nonuniform spatial and temporal distributions of the
oscillatory flow properties at the injector exit. The mass transfer function between the injector exit
and entrance at the forcing frequency could be substantially greater than unity when the disturbance
resonates with the injector flow. The injector essentially acts as an amplifier under this condition.
© 2005 American Institute of PhysidDOI: 10.1063/1.1874932

I. INTRODUCTION ergetic and periodic when the jet was excited by acoustic
oscillations with discrete frequencies in the upstream region.
The present work extends our earlier study on unsteadgerecedet al’ found that for a co-flow jet, external forcing
flow evolution in a gas-turbine swirl injectbto investigate  at subharmonic or natural frequencies significantly changes
its dynamic response to externally impressed excitations. Theirbulent properties; however, only modest influence was ob-
forcing is obtained by imposing periodical oscillations of served when the forcing frequency is twice the nature fre-
mass flow rate at the injector entrance over a broad range @fuency. They also noted an energy transfer phenomenon be-
frequencies relevant to the intrinsic flow instabilities in thetween the mean, phase averaging, and random flowfields.
injector. Apte and Yan& examined the unsteady flow evolution in
The response of a dynamic system can be conveniently porous-walled chamber with impressed periodic excitations
examined by exciting the system at discrete sinusoidal freat the exit, which led to an earlier laminar-to-turbulence tran-
quencies. Considerable efforts have been devoted to studyingtion than that in stationary flows. Observations were also
forced shear layers and jets in the past few decades. Ho amgade of significant changes in the unsteady flowfield caused
Huerré concluded in their comprehensive review of per- by the interactions between turbulent and acoustic motions.
turbed free shear layers that monochromatic excitation could Cohen and Hibshm&nstudied the response of a two-
suppress broadband background noise and lead to welpassage swirl injector over a frequency range from 300 to
organized vortical structures. In addition, single-frequency600 Hz. An electro-pneumatic actuathing driver) was em-
excitation may considerably delay the appearance of othgsloyed to generate a sinusoidally oscillating flow entering
frequency components observed in shear flows without forcthe swirler. The acoustic impedance, defined as a transfer
ing, a situation commonly known as the frequency-lockingfunction of the fluctuations between the outlet flow velocity
phenomenon. Panda and McLaughkxplored the effects of and the inlet pressure, was measured as a function of excita-
excitations on the flow structures of swirling jets using flow tion frequency to characterize the injector response. It was
visualization techniques. Weak, irregular, large-scale orgafound that the velocity near the wall between the two pas-
nized structures under conditions without forcing became ensages was highly sensitive to external forcing for frequencies
between 400 and 600 Hz. This phenomenon was attributed to
¥Electronic mail: shanwu@psu.edu periodic vortex shedding or other velocity-sensitive mecha-
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nisms. Paschereit and his co-worKerestigated the role of [ | e
coherent structures in a swirl-stabilized combustor using Q, (1/5):-40000 20000 0 20000 40000
acoustic drivers to modify the boundary condition down-
stream of the combustor, and highlighted the axisymmetric
motion during the unsteady combustion process as the domi- | |
nant mode. Lieuwen and Neuméistudied the behavior of a ‘
premixed swirl-stabilized combustor subject to pressure per-
turbations in the downstream region. The heat-release fluc-
tuation increases with increasing amplitude of the imposed
acoustic oscillation, but levels off when the excitation ampli-
tude exceeds a threshold value. A frequency-lock phenom-
enon was also noted when the forcing frequency differs the
nature frequency of the system.

In contrast to the aforementioned studies, in which sig-
nificant influences arising from external excitations were ob-
served, only a minor effect was reported by Brereton and his
co-workerg in their study of the response of a fully devel-
oped flat-plate turbulent boundary layer to periodic fluctua-
tions in the downstream region. They concluded that the flow u, (m/s):20 30 40 50 €0 70 80 90 100
characteristics in boundary layers under conditions with and
without free-stream oscillations were equivalent to eaclf!G. 1. (Color). Iso-surface of axial vorticity af),=-2000 and 2000 1/s
other over a wide range of forcing frequencies. This phenom{©" Nigh swirl number(S=0.5 case without forcing.
enon may be attributed to the broadband nature of a turbulent

boundary layer. Gallairet al*® recently conducted an ex- _ _ _ o
perimental study on the helical modes of free and force®f @ central toroidal recirculation zo€TRZ2) arising from

swirling jets. The vortex breakdown was found to be ex-Vortex breakdown. The flow characteristic frequency in this
tremely robust, and remained basically unaffected by the azf€gion is 4.0 kHz. A three-dimensional proper orthogonal
muthal forcing imposed in the upstream region. Since thélecompositionPOD) analysis was conducted for the pres-
vortex breakdown was primarily governed by the dynamicsSUre field to study the dominant mechanisms in the complex
in the core region, external forcing failed to modulate theflow motion. The mode shape corresponding to the fre-
process. quency of 4.0 kHz, shown in Fig. 2, clearly reveals a pre-

In spite of extensive studies of forced non-swirling cgssing_ vortex motion _along the_b(_)undary of the central re-
flows, information about forced swirling flows appears to becirculating flow. A detailed description of the POD analysis
limited. The present work attempts to study the dynamic re€an be found in Part 1 of this study. The frequency spectrum
sponse of a swirl injector, motivated by the experiments of0f the velocity field indicates that the pressure fluctuation is
Cohen and HibshmahThe study employs a time-resolved, fightly coupled with the radial velocity instead of the other
large-eddy-simulatioLES) technique that allows the flow- VeloCity components near the boundary of the central recir-
field to be resolved at a scale sufficient to characterize th€ulation zone. Meanwhile, a strong shear layer originating
injector flow dynamics. The external forcing is implementedrom the rim of the first guide vane induces organized vortex
by periodically varying the mass flow rate at the injectorShedding along the inner side of the second guide vane at a
entrance at discrete frequencies. The paper is arranged Hgguency of around 13 kHz. These two distinct flow patterns
follows. Section Il describes the flow condition and data
analysis methods. Section Il examines the response of the
injector flowfield to external forcing. The acoustic admit-
tance and several transfer functions are calculated to charac
terize the injector dynamics. Finally, a summary is presented
in Sec. IV.

p: 4-3-2-10123 4

Il. FLOW CONDITION AND DATA ANALYSIS

In Part | of the current studk/,vortical flow dynamics in
a gas-turbine swirl injector comprising three passages was
investigated using large-eddy simulations. Air enters the in-
jector through three sets of radial-entry, counter-rotating
swirl vanes, and then exits to the ambient room conditions.
Both high and low swirl-number cases were treated. Figure 1
shows a snapshot of the axial-vorticity field for the high

SWir|'number(S:0-5) case. The large f'OVY structure in the g1, 2. (Colon. POD mode shape of pressure field showing existence of
region downstream of the centerbody indicates the presenggecessing vortexf=4.0 kH2).
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interact with each other near the injector exit. The specific ~ Apte and Yan@ and Huan@;2 further extended this tech-
coupling depends strongly on the swirl number, and maynique to include compressibility effects using the density-
involve an array of frequencies related to the instabilityweighted (Favre-averaged time-averaging and phase-
mechanisms in various flow regions. The flowfield in theaveraging methods given below:
injector can be regarded as a distributed dynamic system
with a wide range of well-defined intrinsic frequencies.

The swirl injector examined in Part | of this study is also ~ — 5 ~& A~
investigated in the present work. The theoretical formulation I =300+ T + T, ©
and numerical method are identical, except for the modifica-
tion of t_he inlet boundary condition to accomrr_pdate thewhere the density-weighted long-time averag?édnd phase
modulation of the mass flow rate. The_ flow condition Corre'averagedja are defined as
sponds to the high swirl-number case in Part . The Reynolds
number, Re, is X 10° and the angles of the three counter-
rotating radial swirl vanes ar&;=45°, S,=-60°, andS; - -
=70°. A total of two-million grid points are used in this  JI(X)=p(X,)I(x,)/p(x), (6)
three-dimensional simulation, and the physical time step em-
ployed isAt=5X 10°ms. The calculation is first performed
over an extended time period until the flowfield reaches its - "
stationary state. Data are then collected for 20imere than I +T%06) = (e, HIX,0)Kp(X,1)). (7)
30 flow-through timekto obtain statistically meaningful tur-

bulence properties for each case. . . .
L A . Evaluation of the phase average in E@). requires calcula-
Periodical oscillations of the mass flow rate, are en- . -
. o . tion and storage of an avalanche of data to achieve statisti-
forced at the injector entrance, similar to the experiment con- : : .
. cally consistent and meaningful results. To bypass this com-
ducted by Cohen and Hibshman, : e . . )
putational difficulty, a windowed Fourier transform is
1) normally used to extract the deterministic motion from the
original time-trace data by choosing the Fourier component

eat the frequency of concern.

m=my[1 + a sin(27fet)],

wherem, and fr denote the mean mass flow rate and th 1= ) )
forcing frequency, respectively. The amplitude of the oscilla-  Substitution of Eq(5) into the momentum equations and
tion, a, is fixed at 10%. The forcing frequency covers a application of the intrinsic properties of the density-weighted

range from 400 through 13 000 Hz, due to the broadban&"iple decompos_ition yields th.e fqllowing long-time averaged.
nature of the injector flow dynamiésTurbuIence with an tra.nsport equations for t_he k|1r12et|c energy of the mean, peri-
intensity of 8% of the mean flow quantity is provided by odic, .and. turbulent flowfields: ,
superimposing broadband noise with a Gaussian distribution. Kinetic energy of mean flowfield

As a consequence of impressed periodic oscillations, the
flowfield contains contributions from both well-organized

inisti - - ( GG\ —zdli —F70 9 . —==
(determ|nlst|¢ mc_>t|ons and .randon(stochas.tlic turbulent _ —(puj#) :pu?uja—' +pu}u}—' _ —[ui(pu?uja
fluctuations. For incompressible flows, the triple decomposi-  dx; 2 Ix; X X
tion method developed by Hussain and Reynjélcdxan be 77—, —
employed to analyze the flow motion. Each variablés + puilj + pé; — o)
decomposed into three parts as follows: _ 9 _oG;

—ojj+tp . (8
o (9Xj (9Xi
J(x,1) =T(x) + T3(x, 1) + T, 1), )

Kinetic energy of periodic flowfield

Wherei 32 andJ' denote long-time averaged, phase aver-
aged, and turbulent components, respectively. The long-time

averaged quantity is defined as g (w9 LA
o \PY o Pl
N-1 28 2 IX; 2
— 1
J(x) = lim =, J(X,tg + NAL). (3) 3 T
N—e»N =g - _ pu?uf"‘—' +( puitut-)a—' _Z
! (9XJ ) (9XJ (9Xj
The deterministic periodic motion can be obtained using P
. . . .. = u:
phase averaging based on the given forcing peripde., Xu?[(puitu})aJr P33, - Uﬁ] _ Uﬁﬂ_};
. N-1 — e — !
(3060) =300+ 33x, ) = im = >, I(x,to+ 07, (4) R e AU Lt ©
N==Nn=0 é’Xi : &XJ F '
wherer=1/fg and 7> At. Kinetic energy of turbulent flowfield
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where repeated subscriptsand j, imply summation, and

Jpuius  dpuil; &_ﬁ+ oy _ o(plii)

Ngi=-— (11 FIG. 3. Characteristic frequencies in the injector.
' aXJ (9XJ IX (9XJ ﬁX]
t 6
g = Heuy) A Koy 0~ 2aLil = 2t If,, (13)
W X N O

! whereL is the length of the main flow passage dpdthe

_ Kp(G+u?))  ap)([ + ud) (T + ) 1p  acoustic wavelength at the forcing frequency. Figure 3 shows
B at * % ' (12) the characteristic frequencies in different regions of the flow-
field, obtained from the spectral analysis of the flow motion
HereNg; andN, ; represent the net forces on the flow ele-in Part | of the study.

ment in the long-time averaged and phase averaged flow-
fields, respectively. A. Instantaneous flow structures

In the kinitg%erlergy equation of the mean flowfield, Eq.  Figure 4 shows the snapshots of the fluctuating vorticity
(8), the termpuju; dGi/ 3x; is responsible for energy transfer magnitude fieldsj()'|, obtained by subtracting the long-time

— ==

from the mean flow to turbulence, and the tqmﬁujaaa’i/axj averaged quantity from its instantaneous value, at various
accounts for energy transfer from the mean flowfield to orforcing frequencies. When the frequency is higher tifign

ganized flow oscillations resulting from periodic oscillation. well-defined vortical structures are observed in the forward
In the kinetic energy equation of the periodic flowfield, Eq. section of the injector. These waves, generated by the flow
(9), the energy transferred from the organized flow to turbu-oscillations at the entrance, are convected downstream with

the local flow velocity. The wavelength is inversely propor-
ously, the introduction of organized flow oscillations pro- tional to the forcing frequency, and shortens in the middle

vides an additional pathway to transfer energy from the meaf9ion of the injector due to the flow turning effect, i.e., the
flowfield to turbulent motion in comparison with stationary oW direction turns in this region and the velocity compo-

flow conditions. The viscous dissipation terms in the thred€nt Perpendicular to the wave front decreases. The intensive
kinetic energy equations, i.e.Eﬂ—aﬁ}/ax~,—aﬁau?/(9xj, and turbulent fluctuations downstream of the centerbody over-

t 1 . . . shadow the organized vortical waves, which are eventually
-0y dui/dx;, and the volume dilatation terms, ie, damped e . R
o ped out by turbulent diffusion and viscous dissipation.
pati/ ax,pduil ax, and p'au;/ o, account for the transfer \when the forcing frequency is less thay it is difficult to
between the kinetic and internal energy. All terms includingc|early observe organized vortical waves inside the injector
p%,p', or uf result from compressibility effects. because of the long vortical wavelengths associated with the
low-frequency oscillations.
Figure 5 shows snapshots of the fluctuating velocity and
Il. RESULTS AND DISCUSSION pressure fields under external forcing with a frequency of
13 000 Hz. This case was chosen because of the presence of
The vortical and acoustic fields in the injector can bea well-established vortical wave, which helps identify the
globally characterized by two frequenciésandf,, measur- disturbance propagation mechanisms. The vortical wave is
ing the convective and acoustic motions, respectively. Thenainly aligned with the fluctuating azimuthal velocity,
former can be estimated by the mean-flow residence timayhereas the acoustic wave is most closely related to the pres-
and has a value of 1.7 kHz. The latter is obtained based osure oscillation. The imposed excitation at the injector en-
the time required for downstream acoustic wave to travetrance can be decomposed into two components in the azi-
through the injector, and has a value of 11 kHz. The phasenuthal and radial directions. The former generates a vortical
difference of the traveling acoustic wave between the enwave due to the shear stress resulting from the flow oscilla-
trance and the exit of the injecta, is tion in the azimuthal direction, and its dynamics are gov-

lence is accomplished by theuiu))2ui/dx; term. Obvi-
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FIG. 4. (Color). Snapshots of fluctuating vorticity magnitude field on a longitudinal cross section under conditions with and without forcing. Contour levels
between 1®and 13 I/s with exponential distribution.

erned by the conservation of angular momentum. The lattemuthal directions at three different locations along the
produces an irrotational, traveling acoustic wave, and can bstreamline originating from the middle point of the entrance.
characterized by the pressure and streamwise-velocity flucFhese measurement points are all in the forward section of
tuations through mass conservation. the injector, and the corresponding distances from the en-
To further clarify the wave propagation mechanisms, thetrance are 0, 5.9, and 12.2 mm, respectively. Both the stream-
fluctuating velocity components in various regions of the in-wise and azimuthal velocity fluctuations increase when the
jector are investigated. Figure 6 shows the temporal variafluid particles travel downstream, due to the conservation of
tions of the velocity fluctuations in the streamwise and azi-mass and angular momentum, respectively. The traces are

t
u',u

' '
T2

=

S = N W ks 0 & N

q
(m/s)lfl

FIG. 5. (Color). Snapshots of velocity and pressure fluctuations at forcing frequenigy=df3 000 Hz. Velocity contour levels between -49 and 49 m/s with
increment of 0.2m/s in square root of velocity magnitude; pressure contour levels between -6 and 3 kPa with increment of 0.1 kPa.
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vortical wave acoustic wave FIG. 7. Integral of vorticity fluctuation in regions with instantaneous vor-
40 m/s ~400 m/s ticity magnitude greater thal)|; over entire injector flowfield.

R S old value,|Q|;. Figure 4 shows that those pockets with in-

354 356 358 36 36.2  tensive vorticity fluctuation are enhanced at low forcing fre-
time, ms quencies(e.g., 500 and 1500 Hizbut suppressed at high

FIG. 6. Fluctuations of streamwise and azimuthal velocities at three differfOrcing frequenciege.qg., 4000 and 13 000 hiZTo quantify

ent locations along the streamline originating from the middle point of thethis phenomenon, the fluctuating vorticity within those pock-

entrance. ets with their instantaneous magnitude greater 3 is

integrated over the entire flowfield. The results for three dif-

_ ferent threshold values are presented in Fig. 7. The low-
smoothed by filtering out the background turbulence. Of parfrequency forcing promotes flow fluctuation through the ex-

ticular interest is the propagation of the streamwise disturgiiaiion of the vortical wave at the entrance. The situation,
bance in the form of an acoustic wave with its phase spe

eHowever, is qualitatively different when the forcing fre-

egual to the Ipcal acoqstic wave'propagation speed. The fIO‘e{uency is greater than the injector characteristic frequency
disturbance in the azimuthal direction, on the other handfor vortical motion(i.e., f,=1.7 kH2. The corresponding or-
e, f,=1. .

trﬁvels n thj forml of ahcolnvelctfllve/vortllcaq W_T_\r’]e’ |W|th ';? ganized short-wavelength motion tends to suppress the de-
phase Epee equra]\ to the ﬁca ow vzoc_lt)g_ € ar%e ISyelopment of high-intensity flow oscillation because of its
parity between the two phase speeds indicates that th?{rong shear force. Furthermore, the viscous damping effect

streammsg dlsturb_ance arrives in the downstr_eam regiofcreases with the wavelength decrement, and consequently
much earlier than its azimuthal counterpart. This phenomaissipates flow fluctuations more effectively. When the

enon of decomposed-oscillations is analogous to the WaV@ reshold increases, the frequency at which the integral

propagation during an earthquake: the vertical oscillation isachieves the maximum shifts to the low-frequency regime.
always detected earlier thaq the horizontal .counterpart at th?he vorticity pockets filtered with a higher threshold repre-
surface because of the higher propagation speed of th§‘ent more intensive vorticity fluctuations, which are nor-
former. mally associated with larger flow structures and are more

. '_I;_he depourp])llnghbe;weelrw the two ;/eLomty o_iml_latlof?s ISsusceptible to a lower frequency oscillation. In other words,
sighi |c_ant_|n that the ) eve_oprr_lent of the oscl _atlng_ OW- the vorticity integral starts to fall earlier, i.e., at a lower forc-
fields in different spatial directions may be quite dlstlnct.ing frequency

Because the fluctuations have the same frequency but differ- The variation of the vorticity pockets against the forcing

ent speeds, the vortical wavelength is smaller than its acougzoq ency demonstrates that periodic oscillation plays an im-

tic counterpart by almost one order of magnitude in the,,tant role in the energy transfer, as explained theoretically

presfent study. an&derm% the |njecrsor dlmelnsmrk\] a?dhforcl—n Egs. (8)—(10). In addition to the conventional energy
Ing Trequency under consi eration, the wavelengt O,t € Olfransfer mechanism between the mean and turbulent flow-
ganized vortical motion is closer to the large scales in vari-. T r.e —F 5. .

: - . fields, pu;u; dU;/ 9%, @ new termpuiu?dl;/ Jx;, provides an-
ous regions of the injector, which are less than the ! !

- ; . . other channel for energy transfer between the mean and pe-
characteristic length of the main flow passage. Since interac: _ - ) . L .
. . L riodic flowfields. This mechanism is finally connected with
tions between flow motions with similar scales are generally ) _ — T .
stronger than those with highly disparate scales, a vorticdhe turbulent flowfield with the ternfpuiu;)®dui/ ax;. It is
wave with a frequency higher thafp (i.e., its wavelength ~ clear that the addm_ongl path_ is _h|ghly dependent on the fre-
less than the flow-passage lengéixerts more significant in- guency of the periodic oscillation. When the forcing fre-
fluence on the energy transfer process involving differenflu€ncy increases, the length scales of the periodic motions
scales. arising from the external excitations inevitably decrease. The

As implied in Eqs(8)<(10), the impressed periodic forc- gradients of the phase-averaged componéaus., au;/ Jx))

ing provides an additional channel to transfer energy beincrease and subsequently improve 'Fhe energy 'Fran.sfer pro-
tween the mean and turbulent flowfields through organize@ess. For the same reason, the viscous dissipation term
motion. This energy redistribution process is manifested byesulting from the periodic oscillation,o-ﬁ auf‘/axj, rises ac-
the presence of vorticity pockets in the flowfield, in which cordingly. Thus, more energy is drawn from the mean to the
the fluctuating vorticity is greater than a prespecified threshperiodic flowfield in order to satisfy the energy balance de-
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1.2}

§1.oi

FIG. 9. Effect of forcing frequency on long-time averaged azimuthal veloc-
ity field. Contour levels between —-90 and 150 m/s with increment of
10 m/s. Solid lines: positive values; dashed lines: negative values.

Hz is closer to the characteristic frequency of flow convec-
tion, f,, than the others studied in the present work. The flow
tends to resonate with the external excitation at this fre-
quency in the streamwise direction.

B. Mean flow properties

Figure 9 shows the long-time averaged azimuthal veloc-
ity fields atfr=1500, 4000, and 13 000 Hz. No discernible
difference is observed between the flows with and without
external excitations except in the region where the counter-
FIG. 8. Time evolution of axial velocity field within one cycle of oscillation rotating flows through thes, _and S, swirlers merge affg
with forcing frequency of 1500 Hz, spatially averaged in azimuthal direc-=13 000 Hz. The mixing region can be characterized by the
tion. Contour levels between -50 and 100 m/s with increment of 6 m/sline of zero azimuthal velocity, which shrinks by almost half
Solid lines: positive values; dashed lines: negative values. at this forcing frequency. The impressed oscillation resonates

with the local shear-layer instabilitf.e., 13 000 H¥* when

the two frequencies match each other, and even causes the
scribed by Eq(9), although the process may become indis-reversal of the azimuthal flow direction. The effect of exter-
cernible under low-amplitude forcing. In general, the kineticnal forcing on flow development can be further examined in
energy associated with periodic motion decreases with inFig. 10, showing snapshots of the iso-surfaces of the azi-
creasing forcing frequency. muthal velocities atl,=—2 and 2 m/s in the azimuthal phase

Figure 8 shows the evolution of the instantaneous axiabpace(#=0°-3609. The flowfield exhibits a helical struc-
velocity field, which is spatially averaged in the azimuthalture originating from the trailing edge of the first guide vane
direction, within one cycle of oscillation at a forcing fre- under conditions without external forcing. The coherent
guency of 1500 Hz. Also included is the time trace of thestructure, however, is destroyed by the impressed axisym-
mass flow rate at the injector exit, obtained by filtering outmetric disturbance at the injector entrance, and breaks into
turbulent fluctuations. When the mass flow rate achieves themall bulbs. As discussed in Part | of the present study, two
maximum attf-=38.43, a ring structure with strong positive mechanisms, in addition to the external forcing, contribute to
velocity appears in the downstream region of the seconthis phenomenon: the Kelvin—Helmholtz instability in the
guide vane, where the mean axial flow velocity also reacheazimuthal direction and centrifugal instability. Both of them
its maximum. The ring structure then sheds downstreanstrongly depend on the swirl number. The ensuing enhance-
while the mass flow rate decreases. A new one is producehent of flow instability in the azimuthal direction consider-
when the mass flow rate increases in a new cycle. The stroraply enhances local turbulent mixing. The same phenomenon
flow oscillation in this region can potentially influence the is observed in the turbulent kinetic energy field. Figure 11
atomization process of the liquid film accumulated on theshows the effect of external forcing on turbulence properties.
surface of the second guide vane. This evolution patternStrong flow resonance occurs fgt=13 000 Hz, and conse-
however, cannot be observed at the other forcing frequerguently leads to a substantial increase in turbulent kinetic
cies. The discrepancy may be attributed to the fact that 1508nergy in the downstream regions of the two guide vanes.
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—

FIG. 11. Effect of external forcing on turbulent kinetic energy. Contour
levels between 10 and 3600°hg® with exponential distribution.

tion of the turbulent kinetic energy appears to be insensitive
to external forcing in the bulk of the flowfield. This may be
attributed to the weakness of the excitation as compared to
the intrinsic high-intensity flow motion. The kinetic energy
of the periodic motion is considerably smaller than that of
the turbulent motion at the injector outlet. The broadband
nature of the injector flow also discourages the modulation of
the mean flow by a single-harmonic excitation unless the
forcing resonates with the local flow structure at appropriate
frequencies.

FIG. 10. Snapshots of iso-surfaces of azimuthal velocities,at-2 and

2 m/s in azimuthal phase spa¢é=0°-3609 in shear layer originating C. Response of injector flow

from trailing edge of first guide vane. Upper panel: top view; lower: bottom

view. The dynamic response of the injector to external excita-

tions was first characterized by conducting an extensive sur-
vey of the frequency contents of the flowfield. Figure 12
) ) o . shows the spectra of pressure oscillations in the forward sec-
It should be noted that in an operational injector, liquid i of the main flow passage=0.61R,, y=0.7&R,, andz
fuel injected from the ceqterbody impinges onto _thg in_nerzo_oaqo) under 500, 1500, and 4000 Hz forcing. H&gis
surface of the second guide vane and forms a liquid filmyne radius of the injector exit. A dominant harmonic corre-

which is then atomized to a spray of fine droplets by theg,,nging to the forcing frequency is clearly observed. The
local shear flow near the rim of the second guide vane. The

potential influence of external forcing on the breakup of the
liquid film appears in the two conflicting areas. On the one

hand, the strong fluctuation in the azimuthal direction pro- 10l free oscillation 10} 5001 fp= 300Kz
motes the development of an instability wave on the fuel g 500 Hz

filming surface and the subsequent atomization pro@e@a e 10t 107

the other hand, as shown in Fig. 9, the external forcing may IWM’WWM . WM\&M
significantly modify the mean azimuthal velocity field near 10 - AR - -

the fuel filming surface, especially when the forcing fre- 7, = 4000 Hz
quency approaches the shear-layer characteristic frequency 10 _

(i.e., 13 000 Hz The flow near the downstream part of the & 4000 Hz
second guide vane even changes its direction from counter- & 10°

rotating to co-rotating with the flows in the main and the w0l

third (S;) passages. This qualitative switch of flow pattern 030004000 €00 03000 4000 €00
represents an undesired feature from the perspective of fuel frequency, Hz frequency, Hz

. . 4
atomlzatl.onl' e . . FIG. 12. Frequency spectra of pressure oscillationsxa0.61R,, y
In spite of the modification of the flowfield between the g 7&r, and z=0.0R, under conditions with and without external

first and second guide vanes fat=13 000 Hz, the distribu- excitations.
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FIG. 14. Radial distributions of acoustic admittance function at injector exit

FIG. 13. Frequency spectra of velocity oscillations »at1.2R,, Yy for different forcing frequencies.
=0.61R,, and z=0.0R, under conditions with and without external
excitations.

rocal of the impedance function, measures the velocity fluc-

excitation atfr=1500 Hz leads to the maximum pressuretuation in response to incident pressure fluctuation.

oscillation among the three cases considered herein. Following common practice, the acoustic admittance func-
The velocity field appears not to be as sensitive as théon, Ay, is defined as

pressure field to external forcing, especially in regions with

high turbulence intensity, such as the central recirculation  A,(f) = ——,

zone and the downstream regions of the guide vé?lﬁig- P yp

ure 13 shows the frequency spectra of the velocity compoyherep anda denote the mean pressure and the speed of
nents at a probe in the main flow passage1l.2Ro, Y sound, respectively. The caréh)? represents the Fourier

=0.61Ry, andz=0.0Ry) at a forcing frequency of 4000 Hz. component of the oscillation at the forcing frequency. Since
The responses are much smaller than that of the pressurge packground noise in the free-forcing case is too strong to
and the axial and azimuthal oscillating magnitudes are higheftain meaningful results, an external excitation is required

than the radial counterpart. In the main flow passage, thg, getermine the acoustic admittance at the frequency of con-
streamwise and azimuthal velocity fields always exhibitqgpn

stronger responses due to the impressed oscillations in these Figure 14 shows the radial distributions of the admit-
two directions at the injector entrance. Conservation of masgynce functions at the injector exit for four different forcing
and angular momentum, along with the geometric Compathrequencies of 500, 900, 1500, and 4000 Hz. The maximum
ness of the injector in reference to the wavelength of theresponse occurs at 500 Hz, especially near the rim of the
external forcing, tends to preserve streamwise and azimuthah.ong guide vane. Excitations at 500, 900, and 1500 Hz
velocity fluctuations without much diffraction into other spa- oyhipit the same trend and the admittances achieve their
tial directions. At the injector exit, the streamwise oscillation ,avima when the outer boundaryR, is approached. This
dominates the fluctuating velocity field. The azimuthal veloc-may be attributed to the relatively low pressure oscillation
ity oscillation .is relatively easi!y Qiﬁused by high-intensity and high velocity fluctuations near the upper boundary. In
turbulent motion, and then dissipated by viscous effectsyis region, the pressure response at 500 Hz forcing is less
Such damping mechanisms have less influence on the pregan 300 Pa, which is smaller than its counterparts at other
sure oscillation propagating in the form of acoustic wave,qyitation frequencie$>1000 P When the oscillation is
and thus result in different responses for the pressure aﬂijnpressed at 4000 Hz, the velocity response in the outer
velocity fields. A related observation of the acoustic and VOlregion (0.8<r/Ry< 1.0) becomes very small. Since the lig-
tical flow evolution is given in Ref. 5. uid film breaks up in the trailing edge of the second guide
vane, the flow response in this region plays an important role
in dictating the dynamic behavior of the liquid fibeh smalll

The global response of the injector can be described bpressure oscillation at 500 Hz may result in a large velocity
the acoustic admittance at the exit. The information obtaineductuation, which consequently exerts a strong influence on
can be effectively used to serve as the upstream boundaspray formation at that location.
condition for analyzing the unsteady flow motion in a com-  The phase distribution of the admittance function indi-
bustion chambe® The admittance function, also the recip- cates a lag between the velocity and pressure fluctuations

U%a

(14)

1. Admittance function
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magnitude of T,

phase of I, radian

2R

0 5000 70000
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FIG. 16. Effect of forcing frequency on transfer function of total mass flow
rate.

the range of 1200-1800 Hzlt decreases to less than unity
FIG. 15. Radial distributions of transfer function of mass flux at injector exit near the boundary of the central recirculation ZOI']BRO
for different forcing frequencies. ~0.3. The excitation may resonate with the flow motion in
the main flow passage in a form of shedding ring structures,

o : as shown in Fig. 8, and considerably modifies the local flow
around 907 in the main flow passag23<r/Ry<0.8). The evolution. In a striking contrast, the influence of the 4000 Hz

situation is consistent with the behavior of a simple travelingf o : :
. . . orcing is much reduced. In spite of the existence of a peak
acoustic wave without much influence from shear layers. The

phase behavior for the 4000 Hz case exhibits a trend distin near the boundary of the central _recwculatlon zone
. . . . E~0.3/R0), where the natural frequency is around 4000'*Hz,
from the other cases, especially in the central recirculatio

zone. A major factor contributing to this phenomenon is thethe response within the central recirculating flow and the

proximity of this forcing frequency to the characteristic fre- downstream regions of the guide vanes remains weak. This

quency of the central recirculating fidwThe imposed axi- observation is consistent with the result of the acoustic ad-
mittance function discussed earlier. The 4000 Hz external

symmetric excitation in the streamwise and azimuthal direc- .~ . . .
. . . excitation only exerts a minor influence on the precessing
tions does not promote the evolution of the precessing vorteX™ . : . . 10
. : motion of the central recirculating flow. Gallaiet al.”™ also

along the boundary of the central recirculation zone. The L . .

) . S observed a similar phenomenon, in which vortex breakdown
pressure and velocity coupling at 4000 Hz is different fromWas mainlv controlled by the dvnamics in the core reqion
that at other frequencies because of the phase difference be- y y y 9

S : . .~ “near the centerline, not so much by the excitation in the main
tween the oscillations induced by external forcing and intrin- . . .
. . - flow passage surrounding the central recirculation zone.
sic flow instabilities.

The instantaneous distribution of mass-flux fluctuation
depends greatly on the forcing frequency, although the pro-
file of the mean mass flux is almost identical to each other.

Another important measure of the injector dynamic re-The ensuing effect on the air/fuel distribution and mixing in
sponse is the mass-flux transfer function, defined as followsan operational injector could be significant. The overall be-
havior can be characterized using the transfer function of the

2. Mass transfer function

’.‘,a

1" (f) = MexAex (15) total mass flow rate between the injector entrance and exit,
m 'Amﬁ] an ' defined as
wherem’@ represents the Fourier component of the mass flux e
P P 1,(f) = ex. (16)

at the forcing frequency and the cross section area. The a
subscripts in and ex denote the injector entrance and exit, "

respectively. The mass flux oscillation at the entramdf?, Herem? is the Fourier component of the mass flow rate at the
remains constant, since the magnitude of the mass flow ogercing frequency, which is obtained by integrating the mass
cillation is fixed at 10% as an inlet flow condition. Figure 15 flux over the entire surface of concern. Figure 16 shows the
shows the radial distributions of the transfer functions formagnitude and phase di,, as a function of the forcing
four different forcing frequencies. The mass flux at the exit isfrequency. The magnitude reaches its maximum fat
significantly modulated by the external excitation. The mag=1500 Hz, as expected from the previous results. A large
nitude distribution is almost uniform in the range of 1+0.2 disparity of the fluctuation of the mass flow rate between the
under low-frequency forcing at 500 and 900 Hz. The magni-entrance and exit is clearly found. This observation, at a first
tude forfr=1500 Hz, however, is greater than two near theglance, seems to violate the law of mass conservation for
upper boundary, where the flow characteristic frequency is isuch an acoustically compact injector, for which the forcing

3
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forcing frequency, kHz FIG. 18. Effect of forcing frequency on fluctuation of normalized CTRZ
radius.
FIG. 17. Mean total mass flow rates and magnitudes of Fourier components
of mass flow rate for different excitation frequencies.
e o
frequency is much lower than the acoustic characteristic fre-  m(r) = 277j plrdr =0, (17)
0

quency of the injectorf,. Under this condition, the flowfield

in the injector can be treated as incompressible, and the in-
stantaneous total mass flow rate at the entrance and exithere (™) represents the spatial averaging in the azimuthal
should be identical. To explore the underlying physicaldirection. The net mass flow rate in the region between the
mechanisms responsible for the phenomenon shown in Figenterline and, is zero. The periodic variation of the radius
16 and to ensure numerical accuracy, the time-averaged maséthe dividing streamline is further normalized with its mean
flow rates at the injector entrance and exit are calculated. Thealue,

result shown in Fig. 17 for a sampling period of two cycles

of oscillation confirms the conservation of the overall mass par—

flow rate for all the forcing frequencies considered herein. R (f)= ——= (18

The maximum difference of 2.6% may result from numerical ma/rmy,

errors. Also included in Fig. 17 is the excursions of the in-

stantaneous mass flow rates at the two ends of the injectqnare R denotes the Fourier component of the normalized
The 1500 Hz forcing indeed excites the flowfield at the eX-4qjys at the forcing frequency. The phase of the normalized
pense of suppressing fluctuations at the other frequenueﬁddius, shown in Fig. 18, lags that of the mass flow rate by
The mass-flow transfer function for the 4000 Hz forcing is1gge The external excitation affects not only the mass flux
less than unity. In addition to the channeling of mass flownagnitude, but also the effective passage area. The detailed
among different Fourier components, flow compressibilityqq,y, evolution within one cycle of oscillation at the 1500 Hz
takes effect at high-frequency forcing, allowing for a refa- ¢4 cing is shown in Fig. 19, where the flowfield is spatially
tively large mass variation inside the injector temporarily. Ingyeraged in the azimuthal direction. The size of the central
short, the forcing frequency affects not only the spatial diSygjrcylation zone shrinks to a minimum when the mass flow
tribution of the mass flux fluctuation, but also the temporal.5te reaches its maximum at the exit, and vice versa. This
variation of the overall mass flow rate. ~ . phenomenon suggests that the magnitude of the mass-flow-
_The phase shift in Fig. 16 exhibits a linear distribution ra¢e gscillation can exceed that of the mass-flux fluctuation,
with the forcing frequency due to compressibility effects. y,¢ 1o the modulation of the central recirculating flow.
This phenomenon can be examined using the acoustic char- thg apove phenomenon seems to conflict with the result
acteristic frequencyf,, and the phase difference, in EQ.  of the spectral analysis presented earlier, in which no obser-
(13). The good agreement between the analytic estimationayion is made of strong velocity response near the boundary
Eq. (13), and the numerical result further verifies that the ot ihe central recirculation zone at the 1500 Hz forcing. The
oscillation of the mass flow rate propagates in the form of i ajization result shown in Fig. 19 is attributed to the

acoustic wave. reduced-order data analysis implemented in the present
) ) ) study. The turbulent swirling flow is fully three-dimensional
3. Radius of central recirculation zone and features strong helical motion, large-scale intermittence,

In view of the importance of the central recirculation and high background noise, as shown in Fig. 1. Thus the
zone in a swirling flow, it is instructive to investigate its spectral information at a single point may misrepresent
dynamic response to external excitations. A dividing streamdominant flow mechanisms. The spatial averaging in the azi-
line is used to define the boundary of the central recirculationmuthal direction effectively filters out the influences of heli-
zone, whose radiug,., at the injector exit is determined cal motion and the background noise, and hence improves
through the following definition: the understanding of key phenomena in a complex flowfield.
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quencies of the flow motion match the forcing frequency.
The flow evolution under forcing is highly frequency-
dependent. Low-frequency excitations in general promote
flow fluctuations, but the trend is reversed for high-frequency
excitations. The global response of the injector is character-
ized using the acoustic admittance and mass transfer func-
tions. The fluctuation of the instantaneous mass flow rate of
a given frequency component at the injector exit may reach a
magnitude substantially greater than that at the entrance
~ when the forcing resonates with the injector flow.
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