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The paper studies the process of liquid atomization in high-speed gas jets with application to a subject of high-
rate fuel nozzles. Experiments were carried out for gas-liquid jet with the central-axis feeding of liquid to the outlet of
a confuser-type nozzle with pumping of air in subsonic and supersonic flow regimes. The energy balance approach was
developed for describing a gas-liquid jet. This provided us the needed data for comprehensive description of the gas-
liquid jet: gas velocity field without liquid, shadow visualization of geometry and wavy structure of a jet with liquid
and with pure gas, velocity profiles for liquid phase, spray droplet size, spray concentration and spatial distribution.
The gas-liquid flow was characterized by Weber number from the time of liquid jet breakup till the final spray.
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Introduction

Different methods of atomization (dispersion) applied to liquids are widely used in tradi-
tional technologies, but also find applications in innovations, like state-of-art firefighting tools,
chemicals spraying and coating for machinery parts, pharmaceuticals, medical sprays, industry-
scale air cleaning, and heat transfer in microelectronics. The most important applications are
the fuel nozzles in aviation and space engines as well as high-rate gas-liquid nozzles used
for complicated rheology fluids. The latter case of nozzles is widely used in energy industry
and oil industry. However, the spraying processes remain not properly studied, especially for
the operation ranges critical for those technologies. This is true for the modes with supersonic
gas flow. Besides the liquid atomization [1-7], we face a lot of physical processes: velocity
relaxation of phases [3-5, 8, 9], droplets interaction with shocks, interphase heat transfer,
phase transitions and coagulation [1, 2]. Moreover, the transfer processes of that kind can be
found in natural atmospheric phenomena, e.g., in thunder-cloud fronts. In smaller scale, they
are observed in a gas turbine [10]. Here we foresee another fundamental feature in study of gas-
liquid flows — the problem of scaling-up of lab results. The modern technologies dictate ano-
ther motivation for systematic research in the field of gas-liquid flows. The progress in numeri-
cal simulation of aero-induced liquid atomization was observed in recent years. This seems
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to be a fundamental tool for forecasting of behavior of complex two-phase gas-dynamic sys-
tems. However at present, most of simulation results need comprehensive validation.
The systematic experimental data on gas-liquid flow structure obtained with reliable and
proofed methods are of great demand for verification of numerical models developed for lig-
uid atomization in gas flows [11, 12].

Thus, the research of non-equilibrium gas-liquid systems shows importance even beyond
technical applications. Experimental study of liquid atomization and behavior of spays in gas
flows with gradients is an important fundamental problem of multiphase heat and mass transfer
in non-equilibrium heterogeneous systems.

1. Gas-liquid jets and secondary breakup of droplets

There exist many technical applications using pneumatic high-rate nozzles (~1 m*/h), for
example, in situations of waste fuel flaring during well testing (to avoid oil spills with envi-
ronmental damage). In focusing on fuel combustion problem, the pneumatic nozzle efficiency
is determined both by quality of fuel atomization and sufficient input of oxidizer to the sprayed
fuel; this supply can be achieved either through the nozzle or through air ejection from the am-
bient space. The modern technology offers pneumatic nozzles of Y-jet type [13] as most effi-
cient solution for high-rate atomization. Here the primary liquid jet breakup occurs in the mix-
ing chamber (in a prechamber) with the impact from the lateral gas jets, meanwhile the second-
ary droplet breakup occurs during mixture ejection from the nozzle. The key factor of droplet
breakup beyond the nozzle is the velocity delay from the gas flow. This process can be covered
in several stages: the offspring droplets is not a final result, but they keep splitting down
the stream due to velocity difference between two phases. This situation takes place in the gra-
dient-type stream; however, there were no comprehensive studies on droplet behavior in those
streams. Most of experimental data on secondary droplet breakup were obtained for quasi-
stationary flows behind the shock waves or for uniform flows. Those data have been classi-
fied according to the Webber number (We) [1, 2, 5-7]. Typically, this approach was used not
only for original steady flows, but also (lack of alternative data) to other flow configurations:
droplet injection into a vortex wake [10], cross-flow injection of a droplet chain into a stream
[14], and for all types of gas-liquid jets [11-13, 15, 16]. In this paper, we also take the widely
accepted flow classification by the We number, but first we focus on the problem of liquid jet
instability as the primary source of droplets.

Typically, two limiting cases of liquid jet instability are considered [16]: the first case is
a liquid jet in steady gas, while the second is liquid in a gas jet. The first limiting case origi-
nates back to research performed by Plateau and Rayleigh (in 1873 and 1879): the jet decays
into fragments with the lengths (~4D,) being close to the highest wavelength of surface insta-
bility for a jet. Here the surface tension breaks up the jet. This case is known as “thin jet” ap-
proximation and it works for the range of Re; = pyu D, /g4 < 100, where p, ,u;, and g are
the density, velocity, and dynamic viscosity of liquid, and D, is the jet diameter [16].

For the coaxial gas jet (the second variant), the jet decay nature is different: a conjugated
boundary layer is formed below the liquid surface. This is a place for the development of Kelvin
—Helmholtz (KH) instability with waves generated at the interface. The wave growth and wave
stripping defines the average droplet size in the spray; this size is two orders lower than
the size of droplets produced by Plateau—Rayleigh mechanism [16]. The subject of this study is
the aero-induced liquid atomization with appropriate governing parameters — numbers We,
Re, etc.

The Weber number We is the ratio of the disturbing force from the flow onto the droplet
~pu2d ? to the droplet-stabilizing force of surface tension ~od, therefore, we have the ration
We = puzd /o, where p and u are the density and velocity of gas flow, d and o are the size of
droplet and surface tension of liquid [1, 2, 5—7]. In case of jets, we substitute parameter d with
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the jet diameter D;. The morphology features create the classification for droplet shuttering
[1,2,5].

1. Vibrational breakup: 8 < We < 12.

2. Bag breakup: 12 < We < 50.

3. Bag-and-stamen breakup: 50 < We < 100.

4. Stripping of a boundary layer from the droplet equator (sheet stripping): 100 < We < 350.

5. Wave crest stripping: 350 < We < 10°.

6. Catastrophic breakup: We > 350.

The other classifications of breakup process are available: they may be different in
the boundaries for critical Weber numbers We,, or (more importantly) in interpretation of
the same observations. Herein we add some comments on this classification: they might be
important for the secondary droplet breakup after primary decay of the liquid jet.

Actually, the first class of droplet breakup never was recorded in experiments as an inde-
pendent process resulting in droplet breakup; however, this feature can be observed along with
other disturbances [1]. We present this type of disturbance as a hypothesis, because the ten-fold
domination of the aerodynamic force above the stability forces should result in droplet instabi-
lity. Meanwhile, the typical time of oscillation development is longer than the speed relaxation
time. It is remarkable that a similar mechanism of “droplet instability” had been hypothesized
as an analog of nucleus decay.

Modes 2 and 3 exhibit rather distinguishable features and can be reproduced in experi-
ments. For the case of high-speed jets, those mechanisms might occur at the final stage of
a multi-stage spraying process.

Researchers are often disagreeing on this morphology classification for the stripping
mechanisms described as items 4 and 5. Previously they were considered as a single mecha-
nism due to similarity in droplet deformation and mass loss pattern [3, 4]. For example,
the authors of [3] while studying the stream down the shock had found the growth of wavy dis-
turbances on the windward side of the droplet; the wave stripping as mass transfer was men-
tioned, but in doubts. They also obtained the liquid velocity profile in the adjacent boundary layer
in the droplet. Later this formula was used in publication [4], which developed a model of
“boundary layer stripping”. The authors of [3, 4] did not deal with We numbers. Our estimates
of data from [3] revealed that for a water droplet with the size d = 2.7 mm and with Mach
number M, = 1.3, 1.5, and 1.7 for the shock waves, we can calculate the corresponding num-
bers as We = 1500, 4600, and 9500. It is seen that these conditions meet the interval of
the flow mode number 5 (wave crest stripping) and this would not happen for gas-liquid jets.
However, regime 4 is quite possible. That is why we insist on separation of those stripping-
related flow modes in the framework of this study. The later publications [6, 7] confirmed
the differentiation between the nature of those two regimes, and publication [7] found a criteri-
on of transition between the modes.

Another approach for deep insight of the process is based not on the droplet morphology,
but on analysis of physical mechanisms for gas flow impact on the liquid surface [1, 2, 7,
17-19]. This approach was in practice since 1970s [2]. This approach is not a denial of the previous
(morphological) classification and it even takes the same set of ranges for We number: this is
a hint to the initial hypothesis on balancing of disturbing and stabilizing forces applied to
a droplet in gas stream. This approach claims existence of two key mechanisms for gas-droplet
interaction, which produces all the diversity of droplet deformation. This approach assumes
only three regimes. Starting from paper [2] (and continued in [17-19]), this approach sounds as
follows.

Regime I of droplet breakup covers the three items of morphology classification: the phy-
sics basis is Rayleigh—Taylor instability (RT) or, as also cited in literature, the Rayleigh—Lamb—

Taylor instability (RLT). This regime takes place for 10 < We < 40 and 0.2 < We/+/Re < 1.
Note that authors of [5] claimed that RLT mechanism works in the range 10 < We < 100.
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Regime II covers the modes 4 and 5 from the droplet morphology classification; this re-
gime is defined through developing a conjugated boundary layer in liquid (mode 4) and KH
instability (mode 5); it occurs under conditions 40 < We < 10’ and 1 < We/+/Re <20. In pa-
pers [3, 5-7, 17-19], the mode number 5 was observed up to We ~ 10°.

Regime III covers one item from the previous classification — the catastrophic breakup.
This regime is different from the multistage mass loss (regime I) or on-going mass loss (regime
II): this occurs as a single-moment fly-away of small-size fragments. By the physical mecha-
nism, the catastrophic breakup of droplet corresponds to the Rayleigh—Lamb—Taylor instability
(regime I); it occurs in powerful gas-dynamic pulses subjected to heterogeneous detonation.
The authors of publications [17—19] had doubts on very existence of this regime for the high
Weber numbers 10° < We < 10°. However, the authors of the current study observed a similar
(in morphology) regime in experiments with a falling droplet of ethanol in a falling air stream
at We =90 [20].

Although the morphology of droplet under different flow regimes was in focus of re-
search, some of important characteristics like outcome dispersion and the interval of break-
down induction ¢ [5] have insufficient study. It is worth to note that we have two characteris-
tics: duration of breakup induction ¢ and the time constant of velocity relaxation 7~ (p,/p) x
x (d/(uCp)) [8, 9]. Obviously, the spraying efficiency and its possibility are defined by the ratio
of those two characteristic times. For ¢ << 7, droplet breakup occurs at the early stage of velo-
city relaxation and reaches its full development, as this occurs for a natural-size droplet in
the flow behind the shock [3-9]. For the opposite limiting case (at ¢, >> 17), the droplet breakup
does not occur, since the phase velocity contrast declines greatly during the time z Therefore,
we can claim, at least four key factors that must be accounted for estimating the spraying per-
formance in a gas jet:

— primary breakup of a liquid jet into droplets;

—secondary breakup of droplets under condition We (d, u) > We_ while they enter
the stream;

— period of breakup induction ¢, = #; (We) for the current regime;

—relation between times # (We) and 7(Re).

The fast relaxation between velocities of two phases can be avoided in an accelerated
flow or due to drastic changes of gas velocity typical in a system of jumps. That is why our
paper is focused on high-speed (even supersonic) gas jets. The liquid was fed at the nozzle out-
let along the gas stream axis: this allows jet spraying since liquid entering the stream. This
geometry generates a coaxial jet with gas envelop and gas-liquid core. The structure of coaxial
gas-liquid jet with the liquid feeding to the axis of a high-speed gas jet is a subject of the pre-
sent study.

2. Parameters of gas-liquid jet

It is worth noting that the classification of interactions within the gas-liquid flow exclusi-
vely by We number is an incomplete approach: We number does not take into account the flow
gradients. On the other hand, the problem of liquid break-up in a gas stream lacks the strict and
definite initial conditions for primary droplet entering the main gas flow — here even an ap-
proximate description for two phases in the jet is of great value. The defining of conditions for
interaction between two phases since the moment of entering of big droplets into the gas
stream till reaching the final product (spray) remains an unsolved problem, and here we offer
some approaches to this problem. Figure 1 shows a schematic diagram of a coaxial gas-liquid
jet in the configuration accomplished in the current paper.
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The studied processes occur in the two-phase core of jet 5: this core is optically non-
transparent for the entire length. Due to high concentration of liquid within the zone 5, available
tool cannot detect the process of primary or secondary droplet breakup. That is why it is unknown
how the primary droplets enter the gas stream and at what We number this occurs [21]. Thus,
the mechanisms of secondary breakup remain imprecise. The knowledge is slightly better
when the droplets depart from the nozzle exit along the coordinate x, and the liquid concentra-
tion decreases considerably. However, at a high distance, the speed difference between phase
declines to a minimum and the further refining of droplets comes to the end and the spray is near
to its final state. It turns out that the final spray depends on initial factors describing the aerody-
namic stress on droplets — the factors which are important and understudied. The liquid spray-
ing in presented experiments occurs in subsonic and supersonic underexpanded jets. This type
of gas jets is characterized by a set of detached shocks with typical alternation of gas accelera-
tion and deceleration zones [22].

Whether those wave structures (cells) remain intact with the presence of liquid — this is
a question unanswered among the unknown aspects of supersonic gas-liquid jets.

The knowledge on a gas-liquid jet structure is important, but more comprehensive de-
scription needs some quantitative parameters as well. What exactly characteristics of the gas-
liquid jet should be studied — this is offered by two approaches (typical of academic and ap-
plied research). In problem statement for application, we first have to define the proper condi-
tions for generating a spray with assigned parameters. To meet this challenge, we have to collect
data for a wide range of parameters and then pick up the input conditions. Typically, this set of
data is obtained from a series of single-type experiments with step-by-step variation of tested
regimes (this is typical of academic research). However, now the problem is stated in the opposite
manner: to define the final parameters of the spray for every specific case from the whole table
of flow regimes. The condition of the spray can be described by a set of parameters available in
the energy equation for the disperse phase. In the simplest case — without account for heat
transfer and phase transitions — we take the spray energy E(x) in a section x as a sum of gas
work consumed for increasing the liquid surface S estimated as E¢= So, and the kinetic energy
of flying droplets

2
B =27, %a + 2 (D (D) )

where V|, is the initial velocity of liquid in a jet
with the initial diameter D, o and p, are the sur-
face tension coefficient and liquid density, B(x)
and ¥ (x) are the volumetric fraction and velocity
of droplets with the diameter d(x) at the distance
of x from the nozzle exit, D(x) is the diameter of
the two-phase core of jet (Fig. 1). The size d(x)
and volumetric fraction £(x) are also required for
calculating the interface area when we have to
account for heat transfer situation of thermal
nonequilibrium between the phases.

Fig. 1. Diagram of liquid jet breakup in the core
of gas jet.
1 —liquid feeding with velocity V{), 2— air pumping,
3 — liquid jet breakup into droplets,
4 — secondary breakup of droplets, 5 — boundary of two-
phase core of jet with diameter D(x),
6 — mixing layer, d(x) and V|(x) are droplet size and droplet
velocity as function of distance x from the nozzle outlet.
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The estimates obtained from expression (1) have revealed that the interface energy trans-
fer is consumed mainly for the increase of the spray kinetic energy (the second term in (1)),
but the first term is important as well. It has the parameter d(x) which describes the atomization
efficiency. The profile d(x) is also required for estimating S (x). Therefore, the following set of
parameters for spray description in a gas-liquid flow is required: geometry parameters of main
structures of the jet, like D(x), dispersion profile d(x), velocities of gaseous U(x) and liquid
V1 (x) phase, and volumetric fraction of spray £(x).

3. Experiment setup and diagnostic tools

All experiments were performed at the “Gas-liquid bench” available in ITAM SB RAS.
It is constructed with the ability to create high-speed gas jets with a high content of liquid spray
and operate in a wide range of modes. The general diagram of experimental setup and nozzle
geometry are shown in Fig. 2. A vertical nozzle block 2 generates a coaxial gas-liquid jet suita-
ble for optic diagnostic tools; then the jet is caught by the receiver vessel 3, which is equipped
with a draught system and a kit of mesh screens (to avoid return flow of liquid into the zone of
tested flow). The nozzle block can be moved along the vertical guide within 700 mm; this
helps in studying the flow structure by shifting the nozzle position while keeping the diagnostic
tools 5 in steady positions. The outlet diameter of nozzle is 14 mm. The inner and outer diame-
ters of the central pipe are 2 mm and 3 mm.

The parameters of a gas-liquid jet were measured using four optical methods. 1. PIV
(Particle Image Velocimetry) was used for recording the gas flow velocity field. 2. The diffrac-
tion analyzer Malvern Spraytec was mounted for recoding spray dispersion. 3. Shadow visuali-
zation was used for recoding geometry and wave structures of the jet. 4. Laser Doppler Ane-
mometer (LDA) measured the droplet velocity within the spray. Measurements 1 and 2 were
conducted using market-available devices. Proprietary diagnostic tools created in the Lab for
optic diagnostic methods in gas flows (ITAM SB RAS) were used for realization of methods 3
and 4 [23-26]. Typically, the recording of velocity field in a gas-liquid jet with a PIV tool can
be performed at low concentrations of liquid in the spray (e.g., [27]), but in our case the jet

b
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Fig. 2. General view of experimental setup “Gas-liquid testbench” (a) and nozzle diagram (b).

a: 1 — jet unit, 2— nozzle unit, 3 — receiving tank,
4 — devices for jet parameters control, 5 — diagnostic tools;
b: 1 — casing, 2— nozzle outlet, 3 — central pipe for liquid feeding beyond the nozzle outlet.
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Spectral device
WS-7
[ ]

Fig. 3. Arrangement of optical tools for diagnostics.
1 —nozzle, 2—4 — elements from PIV scheme, 5—7 — laser, input slit and spectral device WS-7 in LDA system,
8 and 9 — transmitter and receiver for Malvern Spraytec,
10— PC communicating to LDA, // — PC communicating to PIV.

core is not transparent and PIV method fails. Firstly, in this study, we recorded the gas velocity
field in the situation without liquid (pure gas). The impact of liquid on flow structure was eval-
uated using the shadow visualization method (with and without liquid). The setup for shadow
visualization comprises two telescopes TAL-125R with 125 mm lenses and focus distance
of 1125 mm. We also used a round diaphragm with adjustable radius (normal mode) and
the adaptive visualization transparent (AVT) designed for enhancing the sensitivity of this
shadow method. This adaption is enough for visualization of low-speed subsonic gas jets [23].

The droplet velocity was measured with a Laser Doppler Anemometer with direct spec-
tral analysis of frequency shift; the device was based on a multi-beam Fizeau interferometer
[24-26]. The schematic of arrangement of diagnostic tools within this setup is shown in Fig. 3
(shadow analyzer is not shown). This instrumental set was used for atomization of water and
dynamic of a spray in high-speed coaxial jets. The air jet was created by air flow from a conver-
gence nozzle with the pressure ratio of prechamber to the ambient pressure NPR =
= 1.5, 2, 4, and 6 at the corresponding air flowrates 33, 47, 97, and 146 g/s. The liquid flowrate
was the same and kept at 45 g/s.

Figure 4 presents the shadow visualization of the near zone of supersonic underexpanded
jet emitted from convergent nozzle / with a central pipe 2 (without and with liquid). The jet
without liquid exhibits typical wavy structures of a gas jet: the barrel shock 3, reflected shock
4, and the Mach disk 5 at NPR =4 (Fig. 4a) and NPR = 6 (Fig. 4c). For this configuration of
nozzle, we observe not only main set of shocks, but also the tail shock 6 behind the central
body 2 and its reflections. This makes the wave pattern more complicated, but the benefit is
additional zones with gradients (facilitating spraying). Experiments demonstrated that this ex-
perimental setup meets the requirements to diagnostic tools formulated in section 2, except for
the case of measuring the spray concentration f. However, we will show that this parameter
can be evaluated indirectly from the main set of data.
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Fig. 4. Wave structure in the near-nozzle zone of supersonic underexpanded jet for regimes
NPR =4 (a, b) and NPR =6 (c, d) for the configurations without (a, ¢) and with liquid (b, d).
1 —nozzle outlet, 2— pipe for liquid feeding, 3 — barrel shock, 4 — reflected shock,

4" —reflected shock carrying liquid, 5 — Mach disk, 5" — zone of liquid jet decay,

6 — tail shock behind the central body, 7, 8§ — shocks similar to 4 "

4. Experimental results
4.1. Spray concentration in a coaxial gas-liquid jet

The spray concentration is an important characteristic of gas-liquid jet for the practical
purposes and for analysis of energy balance according to (1). Since we have no special tools
for measuring £, we use here the indirect estimates derived by the following method. The rules
of linear optics state that for the known optic path L through the suspension of particles with
diameter d, this medium would screen out a parallel light beam. This process is described by
transmission index ¢ =S, /S for a limited area of CCD-matrix S, with the area S, occupied by
particles (Fig. 5a). At the known optical thickness of object L, the volume SL comprises N par-
ticles (N = 6SLS/ 7d 3), which can screen the area S, = Nz 2/4, so that

Nrd*

B

followed by S :é% at p=1. 2)
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Fig. 5. Screening of a parallel light beam with aerosol (a)

and the light transmittance profile in the cross section of the jet in shadow images ()

Segment A-B — selected section, / — supersonic jet boundary, 2 — gas envelope of a coaxial gas-liquid jet,
3 — boundary of a two-phase jet core, 4 — transparency boundary of a two-phase medium,
5 — measurable distance (in pm) between movable markers 6 and 7, § — an opaque area.

To estimate the parameter S, we picked up the boundary of transparency for the two-phase
zone (¢ = 1), taken here as a defined element of the shadow image. Here the droplet concentra-

tion in this zone can be obtained if we know the average diameter of particles d and optical
depth L.

The droplet size distribution for spray was analyzed by off-the-shelf device Malvern
Spraytec (analysis of light angular scattering on droplets). For the case of subsonic (NPR = 1.5)
and sonic (NPR =2) jets, we observe a bimodal droplet size distribution for the jet ranging up
to 150 mm (Fig. 6). The profile exhibits two size peaks (for both flow modes): ~35 and
300-350 um — for the subsonic flow (NPR = 1.5), and bimodal peaks with 10 and 25 pm —
for sonic jet. Note that for the sonic jet, the large droplets cannot be found in downstream zone
(x > 150 mm). For the supersonic flow modes, the size measurement shown d ~ 12 pm for case
NPR =4 and d ~ 7 um for NPR = 6, wherein at x > 50 mm there was no big difference in size
distribution, while for x < 10 mm the liquid jet, apparently, remains intact.

The measurement of two-phase zone depth L was based on the analysis of light transmis-
sion profile on shadow images. The transmission profile (see curve in Fig. 5b) is a result of
photo digitizing of the brightness distribution for shadow image. This task is possible with any
kind of graphical code, and we used the «Image Pro» code. The optical depth L was estimated

100 7 - 10.0
22 S
o 1 L >
2 750 g
3 =
2 &
= 50 F5.00 o
E £
§ F2.50 =
2 >

0 = AL DU AL 0
2 10 100 d,um 1000 2000

Fig. 6. Typical bimodal size distribution for a spray at NPR = 1.5
and at x = 80 mm.
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Fig. 7. Volumetric concentration in spray.

a— [ (x) at the transparency boundary of coaxial gas-liquid jet according to (2) and (3);
b— volumetric concentration averaged over jet cross section S, (x) according to (4); NPR = 1.5 (1), 2 (2), 4 (3) and 6 (4).

as a chord of the annular cross section of jet with radius R = D/2 under the condition that this
chord is a tangent to the coaxial circumference with radius » = R — &, where r is the radius of
non-transparent core of jet, Jis the distance between two movable markers 6 and 7 in Fig. 5b:

L(x) = V2R - 6% =2/ D(x)5 - 52. 3)

To estimate the uniformity of jet distribution over the jet section, we determine both
the concentration f at the periphery of two-phase core of the jet and the concentration f,, av-
eraged over cross section. This value is estimated from the liquid flux balance: at the known
input flowrate Q, into the stream (in this paper, O, ~ 45107 m3/s) the average concentration
of spray f3,, in any jet cross section with diameter of D(x) is the following:

4 O

4. =0 4
T D*(xV(x) )

ﬂav =
where V(x) is the spray particle velocity in a section x recorded by LDA method. Figure 7a
depicts the results of calculations for volumetric concentration £(x) on the boundary of two-
phase zone by formulas (2) and (3). Figure 7b presents the profile of average spray concentration
Ba(x) calculated by (4). Comparison of Figs. 7a and 7b demonstrates that two different ap-
proaches create similar profiles for spray concentration. This confirms the whole structure of
flow, but the general tendency of decline along x axis for the average concentration shows that
the average concentration by more than order higher than the boundary concentration up to
distance x = 100 mm. The difference between the local and average concentrations testify that
at the nozzle outlet, the main mass of liquid is concentrated in the jet core, and this is a supply
source to the jet periphery. However, at distances x = 150-200 mm, the spray distribution over
jet section becomes more uniform.

4.2. Spray dynamics in a coaxial gas-liquid jet

Keeping in mind the logarithmic scale for axis f(x) and S, (x) in Fig. 7, we see that
a drastic decline in spray concentration occurs at the initial segment of the jet. This decline of
concentration (either local or average one) is completed up to x =~ 100 mm, but the shadow vis-
ualization (Fig. 4) does not reveal any special features in the jet position. We observe one pecu-
liarity of flow: a maximum on the spray velocity profile (Fig. 8a). This spray deceleration
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Fig. 8. Profiles for droplets velocity (a) and droplet acceleration () along the jet axis.
a: symbols— experiments, curves — 5-order polynomial approximation; b: NPR = 1.5 (1), 2 (2), 4 (3), and 6 (4).

down the maximum point can occur because of gas flow deceleration (due to losses typical of
gas-only submerged jet) and because of energy loss for liquid phase atomization and accelera-
tion of atomization products.

Figure 8a demonstrates that the largest acceleration for droplets takes place at the initial
jet area (with the biggest difference between velocities of phases). The droplet acceleration a (x)
along the coordinate x was calculated by differentiation of velocity approximations V| (x), a(x) =
= 11 (x)(dV(x)/dx) and plotted in Fig. 8b. For all tested flow modes, we observe a gas-liquid jet
with the maximal velocity of spray V| ., occurring at distance of 7-8 scales (i.e., nozzle diam-
eter) and with a maximal droplet acceleration a,,, at the distance of 2—3 diameters. We expect
that the secondary atomization is most productive in the zone of a,,,. The maximal droplet
acceleration/deceleration is observed for supersonic flow modes: the deceleration can be up to
~—10" m/s” at the distance of more than 10 diameters.

Thus, the measured liquid phase velocity profile allows evaluating the droplet accelera-
tion in gas flow; which, in turn, helps in calculating the droplet size (with a sphericity assump-
tion). Indeed, from the droplet motion equation after entering the gas flow, we can obtain the rela-
tion between the droplet diameter d(x) and the acceleration a(x) through this formula [8, 9]:

2
PN . B CACIRUIG)
47 p a

where p, and p are the densities of gas and liquid, U, (x) and V|(x) are the velocity profiles

)

for gas and liquid flows along the jet, C, is
the aerodynamic drag coefficient for Ve /s
the droplet. Note here that coefficient C, for ; é e i

a droplet [8, 9], because of droplet defor-
mation and mass loss can be very different 400 +
from a case of solid sphere Cj [22]. Ac-

cording to [8, 22], we can take C,=2C)p

. . 3006
~1-1.5 for sonic and supersonic speeds.
200 1
Fig. 9. Gas velocity profile at the jet axis (PIV).
Symbols — experiment, curves — 5th order
polynomial approximation; 100 T T T
NPR =1.5(1),2 (2),4 (3),and 6 (4). 0 50 100 150 X, mm
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Fig. 10. Average droplet size vs. axis coordinate calculated by (5) (a),

and Weber numbers for droplets with sizes plotted in Fig. 10q, in a coaxial jet (b).

Solid horizontal line in Fig. 10 is the low margin for Weber numbers (We = 12) required for aerobreakup of droplets,

curves — 5th order polynomial approximation;
NPR =1.5(1),2(2),4 (3), and 6 (4).

The experimental data on gas velocity U,y(x) measured with PIV tool and used in formula (5) is
plotted in Fig. 9.

The atomization results according to (5) are plotted in Fig. 10a. The tendency for We
during acceleration and breakup the droplets along the jet is shown in Fig. 105. Here Weber
number We < 12 are not plotted being considered as non-physical values for further decay of
droplets; meanwhile, the points above the critical We number indicate the length of zone with
expectancy of efficient droplet breakup.

5. Discussion of results

Here we present a short analysis of results. First, we should review the measurement ac-
curacy. The LDA method for measuring the dispersed phase velocity has the accuracy AV, /V; =
=~ 5 %, the gas velocity was measured with PIV tools with the error about Au/u = 10 %.
The Malvern device offers the data on particle size with accuracy Ad/d =5 %, and the concen-
tration measurements were performed with accuracy ~ 10 %. The accuracy in calculating We
number is plotted in Fig. 105, so the presented data would answer most of questions about
the gas-droplet jet structure and mechanisms of secondary droplet breakup.

In part 2, we formulated two key questions about the flow of saturated gas-liquid jets.
The first point is defining the conditions of interaction between phases since the moment of
droplet entering the main stream up to the final state of spray. Since we lack the direct observa-
tions on primary breakup of the jet, all conclusions on secondary droplet breakup are founded
on estimates for We number (derived from measurement of spray size and velocities of two
phases). The range of We number for the case of subsonic jets (20 < We < 200, Fig. 10b) indi-
cates that we face a Rayleigh—Taylor instability (RT) (bag breakup, bag-and-stamen breakup)
or the mode of boundary layer stripping. For the supersonic modes of gas-liquid jet, the range
for We number is rather narrow (15 < We < 70); this corresponds to Rayleigh—Taylor instabil-
ity. It is known that those modes develop in two stages. This results in bimodal distribution of
droplet size. The low Weber numbers (We < 70) of primary droplets occurring during super-
sonic flow modes can be explained by small sizes of droplets during primary breakup of liquid
jet (Fig. 10a).

According to data in Fig. 105, for flow with NPR = 1.5, the droplet breakup occurs at
the length up to x = 100—120 mm (7-8 diameters), for NPR = 2, the breakup occurs only up
to x = 80-90 mm (5-6 diameters), and for supersonic flow regimes the process, of atomization
is completed at the distance of 50-70 mm (4-5 diameters). Comparison of droplet sizes
estimated by formula (5) with experimental direct data (readings of Malvern device) have
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demonstrated good agreement between two approaches for all flow modes. This means that
the dynamic model is suitable for estimating the spray droplet size.

As for the second question from part 2 of this paper about conservation of wave structures
(cells) in presence of liquid — the results have ambiguous interpretations. Figure 4 demonstrates
that the wave structure in presence of liquid (in the transparent zone) is slightly distorted as
compared to gas-only jet, but there lacks any quality difference. All key structures of
underexpanded jet — input and reflected shocks — are observed. The zone of their overlap-
ping (physically a “triple point”) shows exactly the position of the direct shock — “Mach
disk” — for pure gas flow. For two-phase jet core, this is an indirect indication of existence of
a “third” shock originating from the triple point. There exists one more feature of back bounda-
ry of the first cell: the drastic expansion of two-phase zone of jet after flow deceleration; the
same occurs on the Mach disk in supersonic underexpanded pure-gas jet. Therefore, with the
involvement of liquid, the cell-like structure of jet retains (at least in the near wake), even if
the boundary of the first cell may be not a flat localized shock. For the problem of efficient
atomization of liquid, it is important to retain the gradient-like structure of a supersonic
underexpanded jet (of any kind).

Conclusion

Experimental study was focused on coaxial gas-liquid jets with a central feeding of liquid
at the outlet of a confusor-type nozzle with flow modes NPR = 1.5, 2, 4, and 6. The paper of-
fers energy balance approach in choosing the physical parameters for total description of iso-
thermal gas-liquid flows. The following parameters were studied: geometry of two-phase zone
of jet, profiles of gas velocity and liquid velocity, droplet size, and spray concentration. For
the first time, we provided the comprehensive and simultaneous measurements of droplet ve-
locity and droplet sizes in a high-speed gas-liquid flow at a high concentration of liquid phase.
Measurements demonstrated the sprays with bimodal droplet size distribution. We offered
the method for evaluating the liquid concentration at the boundary of two-phase core of the jet
using the shadow visualization method. Experiments measured the spray concentration aver-
aged over gas-liquid jet cross section. It was demonstrated that at the initial part of jet, the main
mass of liquid is transported within the jet core. However, at the distances about ten diameters,
the spray concentration equalizes over cross section. The paper offers a method for estimating
the droplet sizes from their acceleration in high-speed gradient-like flows. The gas-liquid flow
was characterized by droplet size and We number from the moment of primary breakup till
the final spray. The role of “bag breakup” mechanisms for generating a bimodal droplet size
distribution was demonstrated. Experiments have shown that for the near wake of the su-
personic underexpanded jet characterized by NPR =4 and 6 and for the relative flow rates of
liquid and gas equal 0.5 and 0.3, correspondingly, the flow retains its gradient nature.

Nomenclature

NPR — (Nozzle Pressure Ratio) ratio of pressure in
nozzle prechamber to atmospheric pressure,
x —coordinate along the jet axis with countdown from
the nozzle outlet,
D(x) — diameter of two-phase core of jet along coordi-
nate x,
D,— initial diameter of liquid jet,
V,— initial liquid velocity at the nozzle outlet,
V| (x) — approximation of droplet velocity along x,
Ug(x) — approximation of gas velocity along x,
d,— initial diameter of droplet,
d — current midel diameter of droplet,
p, u— density and velocity of gas,
Pp U, 4 — density, velocity, and dynamic viscosity
of liquid,
o— surface tension of liquid,

B (x) — volumetric concentration of spray
at the boundary of transparency as a function of x,
p,,(x) — averaged volumetric concentration
of spray in section x,
C, —drag coefficient of a droplet,
Cp —drag coefficient of a solid sphere,
7~ (p/p)(d/(uC,)) — time constant for velocity
relaxation of droplet,
t,— period of induction for droplet breakup,
We=pu-V, Y’d/ 6— Weber number,
Re = p (u V) d/;1— Reynolds number,
L — optical path at the boundary of transparency
of two-phase zone,
¢ — relative light refraction index
for two-phase medium,
a(x) — profile of droplet acceleration along x.
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