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Abstract

Recent studies have shown that assisted atomizdgipends on the development of two successivehitises. The mean drop
diameter can be predicted as a function of theadheristic lengths of these instabilities. In thistfpart predictions of the KH
model are compared with experiments. A discrepaéyund for low dynamic pressure ratios and/ohHiguid velocities. In
the second part we investigate a method of passintrol of the transverse instability, with metakxles placed on the splitter
plate. This method is expected to be relevantatgas velocity, when atomization is incomplete lifn@ary results show that
for a transverse spacing of the obstacles correbpgto the most amplified wavelength, the atonimaprocess is improved in
the case of low gas velocities. If however the spais larger than the transverse instability waweth, the performances of the
atomization mechanism are degraded.

INTRODUCTION: length, and consequently the geometry of the twasph
mixing layer (Raynal 1997). As mentioned above, the
Assisted or airblast atomization, in which a liquid interface between the liquid and the gas streamst fi

jetis atomized by a fast coaxial air stream, idehy used in undergoes an axial instability controlled by thiekhess of
combustion processes. Applications range from ecfutic the gas boundary layer. This instability has baadied by
rocket engines to injectors in turboreactors. Hevethe a linear stability analysis, and solved for tempaorsstable
physical mechanisms causing the transformationliofuéd modes. Raynal (1997) has shown that the frequehtiyeo
bulk into droplets have to be better understoodriter to most unstable modes could be approximated,byi Uc/dg
improve combustion efficiency and decrease pollutan [ Ug*? whereds is the gas vorticity thickness and i the
emissions. convective velocity given by a phenomenological siod

The assisted atomization process is composed of (Dimotakis 1986):

two successive instabilities. The fast air streanses first a oYU+ pH2y

destabilization of the slow liquid stream via a ahe U ="———+. 1)
instability (similar to a Kelvin-Helmholtz instaktiy, but P TP

controlled by the thickness of the gas vorticityea

Marmottant and Villermaux 2004), and leads to the This result finds its limits when M is below
formation of axial waves. The wave crests next ugal@n several units (Ben Rayana 2007), the extreme czing the
axial acceleration due to the drag exerted by thsti@eam: case of a liquid jet injected into a still gas (& Taylor
they are then destabilized by a transverse Rayl€agior 1977). In this case the axial and transverse iflgtab have
instability (Hong et al. 2002, Varga et al. 200B)is causes the same characteristic lengths, unlike in assisted
the formation of ligaments (or fingers), which amept by atomization where the transverse wavelength is much
the air flow, and finally break into droplets (deigure 1). shorter than the axial one. But what happens for
Droplet size directly controls combustion efficigndhe intermediate values of M? In the first part of study we
nature of the transverse Rayleigh-Taylor instapikt still will try to investigate how the results validatest high M

the subject of controversy, a different mechanisaxirg assisted atomization cease to be valid when Mdse@desed.
been proposed by Marmottant and Villermaux (2004) i

which the acceleration causing the destabilizatisn The second stage of atomization involves a
perpendicular to the jet (as in a Faraday instgiiland not destabilization of the axial waves by a transverse
caused by the air drag. Rayleigh-Taylor instability. The wavelength of this

instability can be expressed as a function of tkimla
Generic experiments are performed on a accelerationa of the wave, surface tensionand liquid
two-phase planar mixing layer with strong densityd a densityp, :

velocity contrasts. The ratio of the dynamic pressun 2
each phase M .U %psUs? has been shown to be an hy =21 |—
important parameter: it controls directly the liduintact P,
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The acceleration can be related to the axial wereevéa the
drag on the wave and its inertia (Hong 2002, V&0@3).
Marmottant (2004) has shown that drop size is prtbpal
to the transverse wavelength: the model consequgivits
Dyo and B, as direct functions of injection conditions,
provided that the parameter M is large enough (Heing.
2002, Ben Rayana 2007). The model more precisatgst
that drop size scales asgD) Ug>*. However a discrepancy
was observed for low gas velocities: a differemlisag Dy

0 Ug? was measured for JJ< 30m/s. This regime
corresponds to a regime where the formation offigiats is
incomplete: the number of formed ligaments is lotam
the expected number of ligaments. In the secont vpar
will concentrate on drop formation in this reginfdaw gas
velocities. Our objective is to force the transedrsstability
and to test the efficiency of this forcing on ligamh
formation and drop size.

We begin by presenting the experimental set-up
in part 2. Part 3 exposes the results of our measets on
the axial instability at low M. Part 4 is dedicattxl the
influence of a spatial forcing of the instability particle
size. Part 5 is the conclusion.

EXPERIMENTAL FACILITY:

In our case, experiments are performed on a

two-phase planar mixing layer. We used water andnai
ambient conditions (20°C and atmospheric presskiaid

streams are delivered through convergent rectangula

cross-section nozzles (figure 1). At the exit oftboozzles,
the transverse extension is 10 cm and the heidiaris(the
height in the gas and liquid phase are noted réispbcHg

et H ). With this aspect ratio we neglect the influentside
walls, and ensure that the flow is bidimensionak(Bigure

1 and 2). Injection of both fluids is made through
honeycombs and with a smooth convergence (coraracti
ratio is 10), to ensure relatively clean flows whehe
intensity of perturbation and turbulence is redudgdand
water mean velocities measurements are made resgct
with a mass-flowmeter and a rotameter (Krohne). Air
velocity was varied in the range [15m/s ; 35 mfg] avater
velocity in the range [0.1 m/s ; 1.1 m/s] corregfiog to M

in the range [0.8 ; 38] and a gas boundary l#yieknesg

in the range [40Qum ; 600um].

Measurements of the frequency of the axial
instability is made by strobe light. Special casdaken to

avoid the measurement of harmonic or sub-harmonic
frequencies. The method employed is to vary strobe

frequency until the waves appear frozen for a gixane of
Ugand .
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/

Axial instability (waves)

Figure 1 — Sketch of the experimental facility and
atomization scenario

Ligaments

Figure 2 — Visualisation of the flow, width = 7cm
Ug=25m/s | =0.3m/s M=8.

The transverse instability is studied by
visualization with a CCD camera. A spatial forcirgy
applied on the flow with the use of metal needl¢ise
needles are set on the splitter plate, on the gles at a
spacing corresponding to the transverse waveleagth
given gas velocity.

Particle size is measured with an optical probe :
the optical probe is positioned above the end eflituid
intact length, at the height of the splitter platde signal
delivered by the probe, once processed, givesafth drop
impacting the probe its velocity and chord (Hongle2004).
Sauter diameter is directly obtained via the mehora
through the relation g = (3/2)Go. The chord distribution
can also be inverted to give the diameter distidm,tfrom
which the mean diametefgtan be extracted.
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STUDY OF THE AXIAL INSTABILITY

As indicated below, the measurements of
frequency for the axial Kelvin-Helmholtz instabjlitare
made with a stroboscope. The gas velocityidfixed, and
liquid velocity U is varied in the largest possible range.
Figure 3 shows the results obtained for 4 differgas
velocities.

i ]
®Ugl5
L ¢ Ug20
B Ug25
[] Ug30
a4
g "4
= [ ]
= 3
S| n IS
®
oo L4
o | ®
3
0,1 U (m/s) 1 10

Figure 3 — Axial instability frequency vs. water véocity
U,, for fixed gas velocity .

We can observe two zones: for £J0.3m/s there
is a weak influence of the liquid velocity, bn the axial
frequency £ ; for U. > 0.3m/s there is on the contrary a
very steep increase offwith U.. As mentioned in the
introduction, the model based on KH instability diots a
scaling f, 0 Uc/ds. This scaling is expected to be valid for
large M. How do our data compare with this predic? We
plot on figure 4 the ratio,f/(Uc/ds) as a function of the
dynamic pressure ratio M.

0,025
®Ugl5 ¢ Ug20

0.02 97 . mUg25 A Ug30| |
— = .
w5 0,015 .
g “-I o )
=4 ". E.» &nm . m
& 001 e

0,005 .

0 ‘ ‘ ‘
0 10 20 30 40

M

Figure 4 — Axial frequency nondimensionalized by
Uc/d;, as a function of the dynamic pressure ratio M.

Figure 4 exposes clearly how experimental dataatesi
from the phenomenological model for M < 10. Thelisga
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is however very good for M > 10, showing that inisth
regime the model efficiently captures the scalirffigthe
axial frequency. In addition, in this regime thetica
faxi/(UcC/dg) is the same for the four values of gas velocity
investigated. For large values of M, the scalinfigtan be
simplified, since in this case according to (1)hewe Uc

Ug: this leads tof; 0 Ug¥? But this scaling is only valid for
large values of M.

For M < 10 the experimental frequency deviates
strongly from the frequency predicted by the modgé
want to distinguish if this deviation is due to the
simplifications introduced in the derivation of ttredel, or
if it is a failure of the linear stability analysim which the
model is based. The dispersion relation obtaineudn fr
linearization of Navier-Stokes equations plus auunity

conditions is given by:
(1) K
QJ [1+Sj+[rz_1—aj]

:[Z[K“zrz‘l_QJ_lj[K(“f‘mﬁ]*[;‘l_
S T

with r, = Ug/U_ the velocity ratio, S s/p. the density
ratio, Q = wds/(Us-U,) the nondimensionalized pulsation,
and K = d; the nondimensionalized wavenumber. This
dispersion relation also takes into account posgioavity
effects and capillarity effects via the Richardsoi Weber
numbers based ai;:

Ri, = (pL _pe)ga—e . We, = pG(UG _UL)ZJG .

Ps (UG _UL)2 g

The velocity profile in the boundary layer is assanto be
linear, and the boundary layer in the liquid is taden into
account (figure 5a). Even though this profile isrkealy
different from the experimental velocity profilegfire 5b),
we follow Raynal (1997) in assuming that theseedéhces
do not affect quantitatively the results of thebdity
analysis. The dispersion relation is solved withtlsta for
values of 1§ and | corresponding to the experimental ones.
We look for spatially unstable solutions, given theriori
better agreement of experimental conditions wipatial
analysis than with a temporal analysis.

Uy, ——

=,
P

T g - (g]-L
4 '

¥ —
£
#

L~

a) [:.
Figure 5 — Raynal’s linear stability (a) and real b) inlet
velocity profiles

For given flow conditions, the solver yields a m@yiof
positive K (imaginary part of the nondimensionalized wave
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number), corresponding to spatially unstable sohgi(see
for example figure 6, with values atgl= 30 m/s). We
extract from these curves the value correspondinthé
most unstable mode. Figure 6 shows that the fraxyueh
the most unstable mode increases with increasing i
accordance with the trend observed in experiments.

0045

o
i)
in
(%]

25 3 15 4 45 5

W/ AU vio®

Figure 6 — Growing rates K-H instability

In order to quantitatively compare experiments
and the results of spatial theory, we plot on feguithe ratio
of the experimental frequency to the frequencyhefmost
unstable spatial mode. Even though there is stihdation
at low M, the regime where the experimental freqyeis
captured is extended to M>7. In addition, the magla of
deviations for low M appears to be relatively loviban
when the frequency is scaled by &lg/{compare low M
regions for figure 4 and for figure 7). There isnmver a
clear failure of the spatial theory, as in the cssaling by
Uc/dg, for low M and large values of the gas velocitgr F
low values of M but low values ofd) (Us=15m/sand
= 20 m/s), the deviation is almost non-existent.

35
3 4
#o
2,5 ’ﬁf
5 “9 (™ .‘ d I} PY o
=15
1 ®Ugl5 & Ug20 ||
m Ug25 Ug30
0,5 L
o Ug35
0 ‘ ‘ :
0 10 20 30 40
M

Figure 7 — Ration of measured axial and theoretical
frequency as a function of M. Experimental data isvell
captured by theory for large M.
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This large dispersion of data for low values of M
suggests that M may not be the right parametehim t
domain. We plot the same data on figure 8, buttiimie as a
function of 1/4? (in order to allow comparison with figure
7). It can be seen on figure 8 that the data for M, or
equivalently for large liquid velocities, now rough
collapse on a single curve.

3,5
3
2,5 1
2| WRE e W
1,5 -
®Ugl5 Ug20
! BUg25 AUg30 ||
05 O Ug35 -
0 : : :
0 20 40 60 80

1/U.2 [m?s3

Figure 8 — Ration of measured axial and theoretical
frequency as a function of 1/? Curves for different
gas velocities are collapsed at low M.

This proves that the failure of the spatial thesry
controlled by liquid velocity. What is the physicaehson of
this failure? Three causes could a priori be resitda for
the deviation. The first cause is the influencehef liquid
boundary laye®,: in the spatial analysis presented above
this boundary layer has not been considered. R€$88I7)
has shown that the instability controlledd@yhad actually a
larger growth rate than the instability controllegdg, but
that the low Reynolds number of the liquid boundaser
strongly inhibited the growth of this mode. Thelded
observed on figure 8 for large liquid velocity mighen be
related to an increase in the Reynolds numbereofitiuid
boundary layer, and consequently an increasingentte of
the liquid unstable mode on the gas mode.

The second limitation related to liquid velocity is
apparent on figure 5b: the splitter plate induceslacity
deficit in the liquid phase. The time needed to pensate
this deficit is expected to depend on. Uf the deficit is
compensated by viscous diffusion, it will decreizsa time
1. = §.°/v, (diffusive viscous time). Howevey, 0 U, 2
shows thatr, 0 U, : for large liquid velocities the time
needed to compensate the deficit decreases. Theityel
deficit is therefore expected to be a problem éov liquid
velocities, and not for large liquid velocities. \&&n then a
priori discard the velocity deficit as a possibig@lanation
for the discrepancy at largg U

A final limitation of the spatial theory is due to
the neglect of viscosity effects ; the differendeviscosity
between the gas and liquid phase can trigger atahies
mode, known as H-mode (Hinch 1984). Recent direct
computations of 2D two phase flow have indicatedt t
this mode could be the dominant unstable mode, with
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growth rates larger than the inviscid KH-mode (Boand
Zaleski 2005). This H-mode also exhibits shorter
wavelengths in the temporal analysis of Boeck aaléski
(2005), corresponding to higher frequencies.
deviation observed for large liquid velocities abube
caused by the emergence of this mode, even though
additional information on the behaviour of the Hdaawvith
liquid velocity would be needed to conclude.

The

In order to shed light on this issue, we tried to
image the flow for conditions of large liquid veites, and
to identify a different behaviour for these condfits. Figure
9 shows a top view of the flow for large (flow is from top
to bottom): it can be seen that the flow has ldst i
two-dimensionality (compare with figure 2), with ves
having a lateral extent of the order of their wawejth. It
must be noted that this phenomenon coincides Wélbirth
of new ripple-like waves, of very small wavelengtiee
figure 9); these waves could be parasitic waves
(Longuet-Higgins 1962) generated at the crest @& th
Kelvin-Helmholtz waves, and developing downstream.

In these conditions, where waves have a 3-D
structure, measurements of frequency with the esodpe
become impossible. Alternative measurements witast
camera and/or with an optical probe will be testedn.

JQ,Fimm 1 cm after inlet !g,

Figure 9 - Us=20m/s , Y=0.85m/s, M=0.6

TRANSVERSE INSTABILITY :
AND PRELIMINARY RESULTS

PASSIVE CONTROL

We will now focus on the transverse instability.
The dynamic pressure ratio M is fixed to a consteattie.
Since the liquid intact length is directly conteall by M,
this warrants that measurements are made for d fintact
length, i.e. for a fixed two-phase flow geometrin order
to compare our results with those of Ben Rayan@{pwve
choose to work at M = 16.
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Figure 10 - Dimensionless ligaments lineic densigs a
function of the gas velocity, M=16 (Rayana et al 2®)

As said in the introduction, for low gas velocities
the number of ligaments is lower than expectedg €U
30m/s at M=16). Figure 10 shows that the lineicsitgrof
ligaments decreases forgl 30m/s and M = 16 (Ben
Rayana et al 2006). We now offer a possible expiamdor
this phenomenon: In the “classical” transverseaioisity
mechanism, a wave first undergoes an axial accidara
which initiates corrugations on the crest of theeyapaced
at the amplified wavelength of the Rayleigh-Taylor
instability. Then, these corrugations are stretcliett
ligaments. However, one can imagine that ligamesmish
are not sufficiently developed can drain into their
neighbours because of surface tension. Only thaireny,
larger, ligaments will then break into droplets.

S
Ty N

i _x'\\\ A

Figure 11 — Splitter plate with obstacles. Metal nedles
are not to scale.

This possible scenario led us to set up a
transverse forcing in order to develop all expected
ligaments for gas velocities ranging from 15m/S8@m/s.
The idea is to create an initial deformation ofweeve crest
at a transverse spacing corresponding to the laggesith
rate of R-T instability, therefore helping ligamdéatmation.

To achieve this, we force a perturbation with obls&
glued at the end of the splitter plate (see fidlire

Several types of obstacles have been tested.
Preliminary measurements via visualization, andrignt
lineic densityAgr™ counting (over a set of 100 images),
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suggested that metal needles were the most effigien
increasing the number of ligaments per wave (atoéns).
Larger obstacles were also tested: their wakersedaction
with the fluid phase were so important that thegstically
changed the flow structure (see figure 12) making a
counting of ligament quite arduous.

a) Quadrate obstacles

k) Cylindnical obstacles

Figure 12 — Large obstacles (characteristic lengthmm)
Us=18m/s , M=16.

The metal needles are 0.8mm in diameter and
15mm long. We place them at a transverse spacing
corresponding tagr =Ug >“0*? (Hong 2002). The needles
are set so as to project 3mm beyond the splittatepl
(figures 11 and 13). Thus, they create a transvgese
velocity modulation and an initial perturbation die
interface. The meniscus created by each needlebean
distinguished on figure 13.

Optical probe

.p‘{

K-H wave & ligament

Figure 13 Splitter plate with metal
Ug=15m/s, M=16 Agr=9mm

needles.

We carried out two types of measurements with
the optical probe: firstly, we adapted the transgespacing
for each gas velocitied ¢rrangingfrom 4.8mm to 9.1mm,
corresponding to the rangectR5m/s to 15m/s) and
observed the behaviour of the spray distribution
characteristics. Secondly, measurements were mvétie
Art constant equal to 7.2mm (corresponding ¢18m/s).
The spatial position of the optical probe is kemstant, at
the end of the intact liquid length.

To obtain accurate properties of the spray, we
need to calibrate the optical probe. This step wasle

6" International Conference on Multiphase Flow,
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difficult by the use of a new type of optical fibexhibiting
a different behaviour than optical probes previpusied
with the same set-up. This is why, in the followimg only
present qualitative results when comparing the efdrc
situation with the unforced case.

2 < Mean chords F2
W Droplet detection frequency
|
o 15 15
) = z
o z
© 1 2 1
L 4
|
0,5 ‘ ‘ 0,5
10 15 ug (m/s) 20 25

Figure 14 — Optical probe measurements for a forcip at

a transverse wavelength adapted to each gas velggit
for M=16. Comparison of the ratio of mean chord in
forced case to mean chord in unforced case (blue
symbols) ; ratio of droplet detection frequency irforced
case to unforced cases (red symbols).

We can firstly observe that metal needles have an
effect on atomization. Indeed, the droplet detectio
frequency N is increased for gas velocities betweeand
20m/s (figure 14). In parallel, the mean chorgdgeems to
be less affected by the control, with only a waaltéase of
the ratio Go forced/Cio unforced?hen W is increased. These
preliminary results consequently indicate thatftireing is
effective in increasing the quality of atomizatibtowever,
for higher gas velocities, the mean chord is laigethe
forced case than in the unforced case, and the euptb
detected drops is simultaneously lower (figure ddl; >
20 m/s). This corresponds to a rafiolose to 1 (see figure
10), i.e. a number of formed ligaments close torthmber
of expected ligaments. In these conditions, theifgr is
unable to improve the quality of atomization, andre
appears to degrade it. Further data is needed rifirrco
these results. High-speed camera visualizationdcaldo
help us describe the flow structure.



Paper No 677

| |
<o
< B Natural case
0.1 R g © Forced case
S 8 o)
= °]
B
S [+]
O ‘]
0.01 - Q % .
°m
o
0.001 T T T T T
0 1 2 3 4 5 6
C/Clo

Figure 15 — Chord distribution for Ug=18m/s, M=16

Figure 15 shows the chord distributions obtained
after the optical probe signal is processed fgr18m/s, in
the forced case and in the unforced case. Figurehtivs
that the chord distribution is roughly the sameneein the
natural and the forced case in this regime, in @=zowe
with the data of figure 14. It can be noted that tinforced
case exhibits a slightly broader distribution. Themeric
flux ¢ can be estimated gs= N/D,, a relationship valid in
the case of uncorrelated radii and velocities (H2002).
This gives a numeric flux of 2.5.2G#/nfs in the unforced
case, and a slightly larger value of 3°#Ints in the forced
case: the variation is of the order ¢fling$o)/Po =20%.

We now present results obtained for a fixed
spacing of the needles not corresponding to the/gjasity
investigated. We take a value of 7.2mm, correspanth
the transverse wavelength at a gas velocigy=U18 m/s.
Figure 16 shows the chord distribution obtained tfose
unforced case, and for the forced casesgt30m/s. Two
locations of measurements are chosen in the farase: in
front of a metal needle and between two metal msedt
can be seen that larger chords are observed
measurements in front of the needles. A larger noband
is observed for these conditions, confirming tleisult.

for

1
© Between needles
OIn front of
0.1 1
W Unforced case

2001
B2
o
ey
(@)
0.001 -
0.0001
0 1000 2000 3000 4000 5000
Chord (um)

Figure 16 — Chord distribution for Ug=30m/s. With and
without forcing at Agr=7.2mm.
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Figure 17 — Dimensionless chord distribution for
Ug=30m/s. With and without forcing atAgr=7.2mm.

Figure 17 now shows the chord distributions thisetias a
function of the ratio C/@. The chord distributions for
smaller chords (most probable values) are now wearl
similar in the natural case or with forcing, comréo the
case of figure 16.

We could observe that when the forcing is not
adapted, the numeric flux is smaller than in thieirzd case.
The loss of flux is well-marked when the opticablpe is
positioned in front of a metal needle. When thebpris
positioned between two needles, the flow might have
enough space to develop naturally for these caniti
Effectively, the transverse wavelength correspomainUs
=30 m/s is 3.8 mm, twice as small as the spacatgéden
needles.

Our results show that a non-adapted forcing
(forcing at a larger wavelength) degrades stronjly
atomization process. This degradation, as well las t
enhancement of atomization observed when forcing is
adapted, need to be further investigated.

CONCLUSION:

We have studied two successive instabilities
which lead a liquid jet to break into droplets whiens
sheared by a fast air stream.

For the axial instability (Kelvin-Helmholtz type),
experimental measurements of the frequency shotittiea
phenomenological model proposed by Ben Rayana 2006
finds its limit for M=10. Going back to the original linear
stability analysis from which the model was buiittits the
extent of the discrepancies with experiments. Hamev
significantly larger frequencies than predicted @lveerved
for large liquid velocities. The exact role of figuid phase
on the instability (via its boundary layer or viaviscous
mode) has to be understood before further prograse
made.

In the second part, we proposed a passive control
method with metal needles on the splitter platentoease
ligament production at low gas velocities. The asto
force the transverse instability (Rayleigh-Taylopd)
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which transforms waves into ligaments. Preliminasults
give an increase of numerical droplet flux for acfog at

the most amplified wavelength, and a decrease afnme
chord for low gas velocities. However, forcing ataeger
wavelength than the natural one seems to impair
atomization. More measurements are needed to ootffis
result. Visualization with a fast camera could aisdp us
determine how the flow structure and the spray
characteristics are impacted by the forcing.
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