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ARTICLE INFO ABSTRACT

Keywords: This study investigates pulsation phenomena for dual gas-assisted annular sheet nozzles, employing air and
Sheet atomization water as working fluids. Three nozzle configurations with varying liquid sheet thickness were examined
Pulsation experimentally utilizing high-speed imaging of the primary sheet breakup, complemented by CFD analyses
E:{i‘;"?’reaku to clarify the underlying physical mechanism for the observed pulsation. Numerical results revealed that the
CFD Y P pulsation originates from liquid-sheet pinching induced by the outer gas stream, causing pressure buildup
VOF-LES within the central gas flow and subsequent radial expansion of the liquid sheet.

Experimental results obtained over a broad range of operating conditions show that increasing either inner
or outer gas velocity, or liquid velocity, generally increases the pulsation frequency, whereas increasing liquid
sheet thickness leads to a decrease. Based on the experimental data, an empirical correlation for calculation of
the pulsation frequency as a function of the major operating parameters was proposed. However, the pulsation
frequency is primarily governed by liquid sheet thickness and liquid velocity.

1. Introduction

Gas-assisted atomization processes are utilized in numerous in-
dustrial applications, including spray drying, coating, gas cleaning,
combustion and synthesis processes. Among the various atomizer con-
cepts, dual gas-assisted annular sheet nozzles are particularly promising
in terms of minimizing droplet size for high throughput (Ibrahim
and Jog, 2008; Wahono et al., 2008; Wachter et al., 2021). These
nozzles discharge the liquid through an annular slit as a sheet, which
is subsequently disintegrated by two separate gas flows: one supplied
through a central circular tube and the other through an annular
channel surrounding the liquid sheet. Despite their broad relevance,
the influence of process conditions and nozzle geometry on primary
breakup is still not fully understood. The presence of two independently
supplied gas streams introduces additional interfacial shear layers and
interaction mechanisms, resulting in a more complex conversion of the
liquid sheet into droplets compared to gas-assisted atomization driven
by a single gas stream.

The disintegration of liquid sheets is typically initiated by the
formation of surface waves, leading to an oscillating or pulsating spray
pattern. This observation has been repeatedly reported in the literature,
e.g., Dombrowski and Fraser (1954) and Stapper and Samuelsen (1990)
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for planar sheets and Kendall (1986) and Strasser et al. (2026) for
circular annular sheets atomized solely by an inner gas jet (twin-fluid
annular sheet nozzles). Similar pulsation patterns were observed by
Richter et al. (2026) in investigations of the primary breakup of dual
gas-assisted annular sheet nozzles.

The primary breakup, which describes the initial disintegration of
the compact liquid flow, governs the resulting spray characteristics —
both in the near-nozzle region and throughout the subsequent spray de-
velopment. Consequently, a detailed understanding of the atomization
process — and in particular the pulsation dynamics of liquid sheets — is
important to optimize atomization performance. The present study aims
to provide a time-resolved physical description of pulsation dynamics
in dual gas-assisted annular sheet nozzles, to quantify the influence of
operating conditions and nozzle geometry on pulsation frequency, and
to derive an empirical correlation for predicting pulsation frequency.
These findings contribute to a more comprehensive understanding of
liquid sheet disintegration and spray formation.

Theoretical and experimental studies of the atomization of liquids
investigating dual gas-assisted sheet nozzles are limited. The primary
breakup of liquid sheets subjected to two gas flows was studied ex-
perimentally by Chatterjee et al. (2015) through high-speed imaging,
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Nomenclature

Latin symbols

Ag,i, Ag,0 Inner, outer gas orifice area (m?)

a Scaling factor (-)

dg,i Diameter of the central tube (m)

f Pulsation frequency s

J ais J g0 Inner, outer gas momentum flow rate (N)

Mg struc Mass of gas enclosed (kg)

M gio M g0 Inner, outer gas mass flow rate (kg s~1)

M, Liquid mass flow rate (kg s~1)

Pdyn,g,0 Dynamic pressure of the outer gas stream (Pa)

Dstat,struc

Static pressure of the gas-filled structure (Pa)

R Specific gas constant (J (kg K)~1)

Sg0 Thickness of outer annular slit (m)

51 Liquid sheet thickness (m)

T Temperature (K)

t Time (s)

Vgis Ugo Inner, outer gas velocity (m sh

v Liquid velocity (m s~1)

Up Propagation velocity (m s~1)

V struc Volume of the gas-filled structure (m?)

Greek symbols

a Liquid volume fraction (-)

ag Damping coefficient (m™1)

B> Bg o> P1 Velocity exponents (-)

Sw Nozzle wall thickness (m)

A Axial distance (m)

Pgis Pgo Density of inner, outer gas stream (kg m~3)

leading to the identification of five distinct breakup modes for kerosene
sheets, most of which have not been reported in other studies. These
include: (i) jet mode, in which the liquid sheet issues as a continu-
ous jet without significant disintegration, (ii) necklace mode, which is
characterized by a droplet chain-like structure, (iii) early breakup mode,
which features complete sheet disintegration in the near-nozzle region
and is conceptually analogous to the prompt atomization described by
Lefebvre (1992), (iv) onion-type mode, where the liquid bulges outward
before re-converging in the axial direction, and (v) perforated conical
sheet mode, marked by the formation of holes within the expanding
conical liquid sheet. Based on these findings, Richter et al. (2026)
systematically investigated the influence of inner gas, outer gas, and
liquid flow as well as liquid sheet thickness. They classified breakup
modes into the two main categories: bubble-induced, as will be il-
lustrated and discussed in more detail in the context of Fig. 8, and
non-bubble-induced. Bubble-induced modes — such as Rayleigh (first
described by Kendall (1986) and Choi and Lee (1997) for twin-fluid
sheet nozzles), inner/outer gas-driven bubble breakup, pure pulsating (first
reported by Choi and Lee (1997) for twin-fluid sheet nozzles), Christmas
tree (introduced by Adzic et al. (2001) for dual gas-assisted sheet
nozzles), pulsating atomization and membrane-dominated mode — are
initiated by bubble formation and bursting, and display a periodic,
radial expansion of the liquid sheet, resulting in a pulsating spray
pattern. The findings of Leboucher et al. (2010) further support the
existence of bubble-induced breakup modes, as they also observed
the Rayleigh mode, the bubble breakup and the Christmas tree regime.
Richter et al. (2026) further identified the pulsating atomization mode —
characterized by a pronounced radial expansion of the liquid sheet —
as the regime most commonly observed under a wide range of operat-
ing conditions. Non-bubble-induced modes include beads-on-a-string,
membrane-like breakup (described by Chigier and Faragd (1992) for jet
nozzles), fiber type breakup (also described by Chigier and Faragé (1992)
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Table 1
Nozzle data (Nozzle 1-3).
dg; in mm s in mm Sgo i Mm
Nozzle 1 3 1 4.1
Nozzle 2 3 2 3.6
Nozzle 3 3 3 3.1

for jet nozzles) and prompt atomization mode (originally introduced by
Lefebvre (1992) for jet nozzles).

Theoretical studies of dual gas-assisted annular sheet nozzles —
hereafter referred to as sheet nozzles — complement experimental ob-
servations by describing surface instabilities that drive sheet breakup.
Linear and nonlinear stability analyses revealed that both sheet surfaces
oscillate either nearly in phase (with a phase shift close to zero)
or nearly out of phase (with a phase shift close to r), resulting in
para-sinuous and para-varicose wave modes, respectively Ibrahim and
Jog (2008), Shen and Li (1996), Cao (2005) and Duke et al. (2012).
Unlike strictly sinuous or varicose waves, which correspond to precisely
defined phase shifts of 0 or x, the prefix para — denotes wave modes
with phase shifts close to these values. Para-sinuous surface waves
exhibit higher growth rates than para-varicose modes, and growth rates
increase with liquid sheet thickness as well as with relative and absolute
gas velocities. High-speed imaging by Wahono et al. (2008) confirmed
that sheet rupture is dominated by sinuous waves, corresponding to
strictly in-phase oscillations (phase shift ~ 0), rather than the para-
sinuous modes described in theoretical analyses. The periodic radial
expansion of the liquid sheet and subsequent breakup into ligaments
and large droplets observed in bubble-induced modes may be regarded
as a macroscopic manifestation of these underlying surface waves.

Computational studies (CFD) applying volume-of-fluid methods
have further classified pulsation phenomena in internal-mixing sheet
nozzles, where inner gas and liquid interact inside the nozzle, with
respect to their appearances and frequencies (Strasser, 2011). Where
feasible, CFD predictions were validated against high-speed imaging
data. In a subsequent study, Strasser and Battaglia (2017b) examined
the influence of nozzle geometry — particularly contrasting internal
and external mixing configurations, in which gas and liquid interact
only outside the nozzle — on the evolution of pulsation pattern.
The external mixing design was found to promote a stronger lateral
dispersion of the pulsation-induced ligaments and large droplets at
low inner gas flow. This observation is consistent with the larger
droplet sizes reported for external mixing nozzles by Strasser and
Battaglia (2018). In summary, previous studies have established the
existence of pulsating breakup modes in dual gas-assisted annular sheet
nozzles. However, comprehensive experimental data quantifying the
influence of inner gas flow, outer gas flow, liquid flow and liquid sheet
thickness on pulsation frequency across a broad operating range remain
limited for external mixing dual gas-assisted annular sheet nozzles. To
address this gap, the present study conducts a systematic experimental
investigation focused exclusively on pulsation phenomena in annular
liquid sheets. The experiments were designed to isolate the influence
of key operating parameters and nozzle geometry, thereby providing
direct insights into the dependence of pulsation characteristics on liquid
sheet thickness, inner and outer gas flow and liquid flow. Three sheet
nozzles with varying liquid sheet thicknesses (s;) were utilized. The
inner gas orifice areas (Ag;) were kept constant. The outer gas orifice
areas (Ay,) were maintained approximately constant by adjusting
the outer gas gap widths (sg,); deviations remained within 2.2%,
dictated by manufacturing tolerances. Accompanying CFD-simulations
were performed, offering access to physical quantities not measurable
in experiments and enabling a physical interpretation of the observed
pulsations.
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Fig. 1. Nozzle top view. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

2. Setup
2.1. Experimental setup

As described in detail by Sidnger (2018), the experimental setup
consists of the atmospheric spray test rig (ATMO) in combination with
a high-speed camera (HSC). A schematic of the spray test rig ATMO is
shown in Fig. 2(i). Sheet nozzles are mounted on an axially movable
(z-direction) three-fluid lance. The liquid mass flow, supplied by an ec-
centric screw pump, was controlled in the range of M; = 5-100 kg h~!
and measured with a Coriolis flow meter (Bronkhorst High-Tech B.V.)
with an uncertainty of 0.1%. Compressed air was supplied through two
separate lines with hot-wire anemometers and precision control valves
(Bronkhorst High-Tech B.V., uncertainty 0.1%), enabling mass flow
rates of 0.4-20 kgh~! (inner) and 10-100 kgh~! (outer). A honeycomb
flow straightener was installed at the inlet of the spray collection tank
to suppress droplet recirculation.

Three external-mixing sheet nozzles were employed to atomize
water with pressurized air (see Table 1). A schematic of the cross-
sectional view of the utilized nozzles is shown in Fig. 2(ii). The liquid
(blue) was discharged through an annular slit with thickness s;, which
was varied in the steps of 1, 2 and 3 mm. Surrounding the liquid sheet,
two coaxial gas flows (green) were introduced: the inner gas through
a circular central tube with diameter d,; and the outer gas through
an annular slit (Fig. 1) with thickness Sg.0° Keeping both the inner and
outer gas orifice areas constant across all nozzles applied ensured that,
for any given inner and outer gas velocity, the resulting gas momentum
flows were identical for all nozzle configurations. This approach allows
for the isolated investigation of the effect of liquid sheet thickness on
the pulsation phenomenon. The walls of the tubes separating liquid and
gas at the nozzle exit have a thickness of 6, = 0.1 mm in order to
minimize coaxial gas flow disturbance by Tian et al. (2014), see Fig. 1.
Although the authors focused on the atomization of liquid jets rather
than annular liquid sheets, no significant influence of wall thickness
was observed for a nozzle geometry with dimensions comparable to
the smallest liquid sheet investigated in the present study (jet diam-
eter of 0.97 mm, wall thickness of 0.15 mm). Therefore, the effect
of wall thickness is expected to be negligible. Liquid sheet breakup
was recorded using a high-speed camera HSC (Phantom v1840, Vision
Research) in two configurations: HSC1 and HSC2. An overview of
both settings is provided in Table 2. The corresponding fields of view
are indicated in Fig. 2(ii). Backlight illumination was realized with a
high-intensity LED array (LED 4438-Boost, High Speed Vision GmbH,
peak power 1000 W). The strong illumination enabled extremely short
exposure times of 1 and 1.5 ps, ensuring sharp images of the rapid
disintegration process. For each operating condition, at least 1000 high-
speed images were acquired, along with a background reference image
recorded without liquid flow.
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Table 2

High-speed camera settings.
Setting HSC1 HSC2
Resolution in px 1280 x 800 2048 x 1952
Field of view in mm? 36 x 22 76 x 73
z position in mm 0
Focal length in mm 105
Frame rate in Hz 4500
Aperture 5.6 8
1SO 4000 3200
Shutter speed in ps 1 1.5

2.2. Numerical setup

The experimental study is complemented by numerical analyses
conducted for selected operating conditions. We note that the moti-
vation for the numerical study in the present work is to accompany
the experimental analysis and to provide additional information help-
ing to explain the experimentally-observed pulsation phenomenon, see
Section 3.1. A detailed CFD analysis of the full experimental series
is beyond the scope of the present paper and the subject of future
work. To our best knowledge, only Strasser and Battaglia (2017b)
have conducted combined numerical and experimental investigations
of external-mixing annular sheet nozzles in the past. Their numerical
approach was based on RANS and used either axi-symmetric 2D setups
or 3D wedge domains. In Strasser and Battaglia (2017a) the same
authors showed that fundamentally different RANS models like RSM
and SST can predict essentially the same flow physics.

The present study employs a large eddy simulation (LES) approach.
Since the LES paradigm requires the resolution of the large, energy-
containing turbulent structures and turbulence is inherently three-
dimensional (3D), a full 360° 3D domain is employed to capture
(the high kinetic energy part of) the vortex stretching mechanism
present in all turbulent flows (Pope, 2000). We use the volume of
fluid (VOF) method available in the open-source C++ library Open-
FOAM (OpenFOAM, 2023), which applies the PIMPLE algorithm for
pressure-momentum coupling. The VOF method and its implementation
of interface compression in the transport equation of the liquid volume
fraction « in OpenFOAM (Cifani et al., 2016, Eq. (30) therein and
subsequent closure eqns.) have been extensively described in Cifani
et al. (2016), Deshpande et al. (2012) and are only referenced here. The
surface tension model uses the continuum surface force (CSF) approach
proposed by Brackbill et al. (1992). Unresolved contributions by the
convective term of the momentum equation are closed by the eddy
viscosity assumption, as described in Saeedipour and Schneiderbauer
(2021) using the Wall-Adapting Local Eddy Viscosity model by Nicoud
and Ducros (1999).

The computational domain and mesh are based on nozzle3 de-
scribed in Table 1 and shown in Fig. 3. The domain extends upstream
into the nozzle to allow the flow to develop from its imposed inlet
condition set as a uniform velocity profile corresponding to the experi-
mental mass flow rate. Simulations with different upstream configura-
tions confirmed that these flow diversions do not alter the large-scale
breakup dynamics or the pulsation frequency of the primary breakup.
The computational grid consists of 9.5 million hexahedral cells, resolv-
ing 4,=100 pm and 4,=50 pm within the densest regions, i.e. the
shear layers and the inflow channels. Following the guideline proposed
by Pope in Pope (2000), the resolved turbulent kinetic energy was kept
at 80 percent and above in the region of interest and only fell slightly
below 80% in coarser areas remote from the breakup region. The
grid sufficiently captures the large-scale event of the primary breakup
close to the nozzle exit, whereas resolving the further disintegration
of the ligaments is beyond the scope of this study. No-slip boundary
conditions are applied at all walls. The near-wall region (on average
2< y* <6) is treated using a wall-modeled LES approach, employing a
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Fig. 2. Schematic of the experimental setup: atmospheric spray test rig (ATMO) (i); nozzle cross-sectional view (ii). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

wall function based on Spalding’s law (Spalding, 1961) for the subgrid-
scale viscosity. The pressure at the walls and at the gas and water inlets
is adjusted to ensure consistency with the imposed velocity field. At
the outlets, the pressure is set to 1 bar absolute, while the velocity is
treated with a pressure-driven open boundary condition allowing for
outflow and possible entrainment. Numerical schemes are adapted from
our previous studies on twin-fluid jet atomizers (Zhang et al., 2023).
Transient terms are discretized using a first-order implicit Euler scheme
required for computational stability, similar to Sun et al. (2025). Spatial
discretization is performed using second-order finite volume schemes
for the convective terms (Zhang et al., 2020). The timestep is adapted
to a maximum Courant number of 0.5. However, the Courant number of
cells at the interface is kept strictly below 0.2 (Roenby et al., 2016) and
four corrector loops for the advection of the liquid volume fraction are
employed. Statistical sampling started after a flow initialization period
of 20 gas flow-through times, which corresponds to a physical time of
t = 0.02 s. Sampling was conducted for a period of 20 ligament traversal
times, which corresponds to a physical time of 4 = 0.23 s, resulting in
more than 1000 samples for meaningful statistics.

3. Results and discussion
The experimental investigation comprises three test series address-

ing (a) the influence of inner and outer gas velocity, (b) the effect of
liquid sheet thickness, and (c) the impact of the liquid mass flow rate.

Complementary numerical simulations were performed at a represen-
tative operating point specified as (for definitions of Re and Ma see
below):

* 5p =3 mm,

* Mg; =2kgh! (Reg; = 13,000), Mag; = 0.19,

+ M; =60 kg h™1 (Re; = 1800),

* Mg, =24kgh! (Rey, = 18,600), Ma,, = 0.13

The complete set of operating conditions is summarized in Table
3, with sheet thickness (s), mass flow rate (M) and velocity (v). The
subscripts “1”, “g,i” and “g,0” indicate liquid, inner and outer gas.
The corresponding dimensionless numbers, including Reynolds (Re),
aerodynamic Weber (We,.,,) and Mach (Ma) numbers, are listed in
Table 4. The dimensionless numbers are defined as

v pi- L
Re; = R ") @
1y
(vj—v)? - p; - 25
Weacro,j = f &)
v
Ma = 2 (3)

where p denotes density, n dynamic viscosity, ¢ surface tension, ¢
speed of sound and L. characteristic length. For the calculation of the
dimensionless numbers, the characteristic length is defined as 2s; for
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Fig. 3. Numerical setup. (i) Computational domain and boundary conditions, (ii) Cross-sectional view of the mesh with a zoom into the liquid filled inlet region.

Table 3
Operating conditions of the experiments.
31 My Ugi M, v Mg, Ugo
inmm inkgh' inms?! inkgh?! inms? in kg h™' in m s7!
@ 1 0.4-1.4 13-46 60 1.3 5-15 9-28
() 1/2/3 2 65 60 1.3/0.5/0.3 24-72 45-137
(© 1/2/3 2 65 5-100 0.21/0.36/0.48 68 130

the liquid sheet, dg
flow (see Table 1).

;i for the inner gas flow, and 2s, , for the outer gas

3.1. Physical description of the pulsation phenomena

In the following, a pulse refers to a single atomization event char-
acterized by the radial expansion of the liquid sheet and its subsequent
breakup into ligaments and droplets, whereas pulsation refers to the
associated periodic process comprising a sequence of such pulses. Fig.
4 compares experimental observations with numerical predictions, in-
dicated by an iso-contour of the liquid volume fraction « = 0.3. The
absence of visible liquid further downstream in the simulation is due
to the decreasing ligament size relative to the increasing cell size,
causing the ligaments to fall below the threshold of the iso-contour
used for illustration purposes. ¢ is the absolute time normalized by the
characteristic frequency f = 50 s~! and is held consistent with the
temporal sequence in Fig. 6 which will be discussed at the end of this
section.

The temporal progression of a pulse in the pulsating atomization mode
shown in Fig. 4 is not only captured experimentally but also reproduced
in the simulation. Owing to the periodic nature of the pulsation process,
the pulsation frequency, captured by HSC images, was determined via
a Fast Fourier Transform (FFT) analysis using the SPRAYCAT MATLAB
toolbox following the methodology outlined in Sdnger et al. (2016).
For this purpose, the HSC images were converted into binary images
using Otsu thresholding. Subsequently, a time-dependent signal was
obtained from the number of dark pixels (black pixels in the resulting
binary image) along a predefined evaluation line in the y-direction
at a fixed axial position z. Following this, the dominant pulsation
frequency was identified from the FFT spectrum of this signal. For the
evaluation of the LES data, a xy-plane was placed through the domain

22 mm

Fig. 4. Temporal sequence of a pulse for s; = 3 mm, Mg,i = 2 kg h!
(Reg; = 13,000), M, = 60 kg h™' (Re = 1800), M,, = 24 kg h!
(Reg’0 = 18,600); numerical simulation results (left) and HSC images (right).
The times are normalized by the characteristic frequency of f = 50 s~'.

corresponding to the z-position that was analyzed in the image post-
processing of the aforementioned toolbox. In this plane, cells with a
liquid volume fraction >0.5 were considered for post-processing along
the y-axis. Each y-position was counted once if at least one such cell
was present along the corresponding x-axis. This evaluation reduces
the two-dimensional spray distribution to the HSC view, which captures
the spray without resolving its distribution in x-direction. The resulting
one-dimensional signal was then subjected to FFT analysis, ensuring
methodological consistency between experiment and simulation. Fig. 5
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Table 4
Dimensionless numbers corresponding to the investigated operating conditions listed in Table 3.
Reg" Re, Reg_0 Wewo&i V[/eamvgv0 M ag; M [
(a) 2600-9200 2500 5200-15,500 4.7-66 2.2-24.5 0.04-0.13 0.03-0.08
(b) 13,000 1800/2000/2500 18,600-74,900 136/278/419 64-1900 0.19 0.13-0.40
(© 13,000 400-2900 62,400/53,700/71,000 139-420 560-1700 0.19 0.38

experimental data

$ 1.01 numerical data
2 o f
a
£
< 0.5
£
'™
o
-4

0.0 T 4

0 500 1000 1500 2000

Frequency in s

Fig. 5. Frequency analysis of the time-dependent intensity signal derived from
the number of dark pixels in the spray image and number of cells with
a > 0.5 in the simulation at a measurement plane located at z = 9 mm.
The resulting spectrum is normalized by the respective maximum amplitude.
The spectrum exhibits a dominant component corresponding to the pulsation
frequency at f ~ 50 s! for s; = 3 mm, M,; = 2 kg h™! (Re,; = 13,000),
M, = 60 kg h™! (Re; = 1800), M&o =24 kg h™! (Re,, = 18,600); frequency
spectra based on the HSC images (green) and numerical simulation data (blue).
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

shows very good agreement of the fundamental pulsation frequency f
captured in the experiments at 53 s~! and in the simulation at 48 s~1.
This is consistent with previous RANS-based simulations (Strasser and
Battaglia, 2017b), which have also demonstrated that the relevant
pulsation frequencies can be captured at lower computational cost.
Furthermore, these studies provided valuable insights into the flow
structures within a 3D, but circumferentially reduced computational
domain. The present LES extends these previous findings by resolving
the full 360° flow domain, thereby providing instantaneous insights
into the underlying transient and asymmetric flow dynamics before and
after the pulse, see Fig. 6.

The progressive constriction of the liquid sheet, which starts at the
outer surface of the liquid sheet and subsequently propagates inward,
causes a gradual reduction in the cross-sectional area available for the
inner gas stream. This process is illustrated in Fig. 6 by the temporal
evolution of the instantaneous static pressure field and the white-
contoured liquid-gas interface between ¢ = 0.0 to 0.04, where ¢ is the
absolute time normalized by the characteristic frequency f = 50 s~!
and defined as zero at the beginning of the pulse. This spatial con-
finement leads to a continuous pressure increase within the central gas
core, i.e, the gas pressure rises due to the restricted flow passage. In
Fig. 6, this increase is evident at 7 = 0.03 and 0.04 from the emergence
of warmer color regions (yellow, red). This elevated pressure induces a
radially outward inflation of the gas-filled liquid structure, as visible in
Fig. 6 between 7 = 0.05 and 7 = 0.09 and consistent with the observa-
tions reported by Richter et al. (2026). A rupture event of this structure
occurs between 7 = 0.09 and 7 = 0.13. Such rupture may occur via two
different mechanisms: Either the liquid sheet becomes progressively
thinner during the inflation until it loses its structural integrity, or
externally imposed aerodynamic forces exceed the stabilizing capillary
and viscous forces of the liquid, causing it to rupture. The rupture
event marks the end of a pulse, but not necessarily the beginning of

the next one. The time between two subsequent pulses is a function of
operating conditions. This interpretation of pulse formation as a process
driven by increasing pressure and subsequent rupture is supported by
the dominant frequency obtained from the simulated pressure signal
(48 s71), which is in good agreement with the dominant pulsation
frequency identified in Fig. 5.

A pressure build-up and subsequent relief mechanism has also
been reported previously for internal mixing annular sheet nozzles
by Strasser and Battaglia (2016). In that configuration, the pressure
increase was associated with liquid bridging and fountain formation
inside the nozzle. In contrast, the present external mixing nozzle
configuration exhibits a transient constriction of the inner gas passage
caused by the inward deformation of the liquid sheet in the vicinity of
the nozzle exit. Although both mechanisms involve a pressure increase
followed by rupture, the underlying flow configurations and the cause
of the pressure rise differ.

Following the interpretation of a pulse as a macroscopic manifes-
tation of a surface wave, the deformation of the liquid sheet in Fig.
6 exhibits a qualitatively sinusoidal nature: the inner and outer sheet
interfaces move largely in parallel, both inward (e.g., at = 0.03) and
outward (e.g., at t = 0.09). While the deformation does not constitute
a fully developed wave, its qualitative sinusoidal features correspond
to the characteristics noted by Wahono et al. (2008) and reported by
Strasser and Battaglia (2017b) for the flushed nozzle design, where the
inner gas, liquid and outer gas channels terminate in the same axial
plane. A schematic of the cross-sectional view of the utilized nozzles is
shown in Fig. 2(ii). The operating point examined in Figs. 5 and 6 was
selected as a representative case; analogous trends were also observed
for other operating conditions.

3.2. Experimental investigation of the pulsation frequency

After establishing the physical mechanisms underlying pulsation in
Section 3.1, the next step is to quantify its characteristics based on
experimental data. In particular, pulsation frequency, defined as the
repetition rate of individual pulses, is a governing parameter for char-
acterizing and assessing pulsation phenomena. This rate is equivalent to
the rupture frequency, as both the inflation and the subsequent rupture
of the liquid structure belong to the same pulse. Experimental studies
were conducted to assess the impact of operating parameters and liquid
sheet thickness s; on the pulsation frequency f.

3.2.1. Influence of inner and outer gas velocity on pulsation frequency

The periodic appearance of the pulsation phenomenon produces
an axially repeating pattern of inflated liquid structures. Thus, the
pulsation frequency can be expressed as:

fod @

where v, denotes the axial propagation velocity of the inflated liquid
structure and A is the axial distance between the positions of maximum
radial extent of two consecutive inflated liquid structures.

The propagation velocity v, was obtained from HSC recordings at
the optically accessible outer gas-liquid interface. It was determined
by tracking the axial displacement Az at the point of maximum radial
expansion, see Fig. 7, over the corresponding time interval At¢, using
vp =4z / A1

Fig. 8 shows the breakup mode classification reported by Richter
et al. (2026) for s; = 1 mm and a liquid mass flow rate of M| = 60 kg
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Fig. 6. Time sequence of instantaneous slices through the centerline of the computational domain showing the liquid-gas interface (white contour at « = 0.3)
superimposed on the static pressure field in Pa. The times are normalized by the characteristic frequency of f = 50 s~!. Operating conditions: s, = 3 mm,
Mg’i =2kgh! (Reg; = 13,000), M, = 60 kg h™! (Re; = 1800), M go = 24 kg h-1 (Re,,, = 18,600). Data derived from VOF-LES. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. HSC visualization for determination of propagation velocity vy; 7, (right) > #; (left), where  denotes time.

h-1, as a function of the inner (J g’i) and outer gas momentum flow
rates (J/, ), defined as

.szujz-pj-Aj %)

where A denotes the exit orifice area and the subscript j refers to the
inner gas stream (g,i) or the outer gas stream (g,0). The filled symbols
indicate the operating conditions examined for the investigation of
vp in this study (Table 3(a)). In the pulsating atomization mode, see
Fig. 8 top right, liquid disintegration occurs near the nozzle orifice,
precluding a reliable determination of Az via HSC diagnostics. As the
fundamental pulsation mechanism persists across all bubble-induced
regimes, the operating conditions were systematically adjusted towards
lower gas flow rates, thereby enabling the observation of additional
bubble-induced breakup modes. In these regimes, the liquid breakup
occurs at larger axial distances, allowing for an accurate determination
of vy,

Increasing the inner gas momentum flow rate from J gi = 0.0015 N
to 0.018 N at a constant outer gas momentum flow rate of J, , = 0.026
N (corresponding to v, =13 m s71) leads the breakup mode to evolve
from the Rayleigh mode to the inner gas-driven bubble mode and finally
to the pure pulsating mode. Conversely, maintaining the inner gas mo-
mentum flow rate at J gi = 0.0015N (corresponding to Vg =13m shH

and increasing the outer gas momentum flow rate from J go=0.013N
to 0.12 N causes the breakup to evolve from the Rayleigh mode to the
outer gas-driven bubble breakup mode and finally to the Christmas tree
mode. Despite their different appearances (see Fig. 8), all of these modes
are classified as bubble-induced, characterized by a periodic formation
and disintegration of gas-filled liquid structures.

As the pulsation frequency f depends on both the propagation
velocity Up and the axial distance 1 (Eq. (4)), a qualitative consideration
of A is required. Fig. 8 therefore includes schematic illustrations of A for
the inner and outer gas-driven bubble breakup mode. An increase in vg; is
associated with a reduced A; whereas, a higher v, , results in a larger
A, consistent with the characteristic differences in appearance observed
between these breakup modes.

Fig. 9 presents the propagation velocities v;, (top) and pulsation fre-
quencies f (bottom) as functions of the inner and outer gas velocity. In
both diagrams, filled symbols refer to cases with constant vg; (varying
Ug o), whereas hollow symbols correspond to constant v , (varying v ;).

In Fig. 9 (top), v, increases almost linearly with gas velocity in both
cases, with a more pronounced increase when the outer gas velocity is
varied. This stronger increase with v, , is attributed to the outer gas
interacting axially with a larger surface area of the gas-filled liquid
structure.
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Fig. 9 (bottom) shows that f increases with Ugo- TWO mechanisms
account for this trend: First, the outer gas stream initiates a pulse by
imposing an inward deformation of the liquid sheet through its dynamic
pressure (pgyng o)

1 2

pdyn,g,o = Epg,o ) Ug,o (6)

with pg, being the density of the outer gas stream. Increasing vg,
therefore intensifies the deformation, which triggers the subsequent
radial inflation of the gas-filled structure, and increases f. Second, the
stronger dependence of v, on v,, (Fig. 9, top) exceeds the accom-
panying increase in A. Thus, the ratio v,/4 increases with vg,, and
f rises accordingly, consistent with Eq. (4). It should be noted that
v, determined from HSC recordings represents the initial propagation
velocity of the gas-filled liquid structure in the vicinity of the nozzle
exit, before subsequent gas-liquid interactions along the flow direction
further affect its axial velocity. Therefore, the relation in Eq. (4) is
considered in the near-nozzle region, where the gas-filled structures are
formed.

In contrast, increasing vg; reduces A (HSC images in Fig. 8). This
trend can be attributed to the response of the inner gas stream to the
inward deformation of the liquid sheet imposed by the outer gas stream.
The deformation constricts the cross-sectional area available to the
inner gas flow, thereby generating an increase in static pressure, which
in turn drives the subsequent radial inflation of the gas-filled structure.
If the inner gas is assumed to behave ideally and to provide a qualitative
estimate of the expected trends, applying the product rule to the time
derivative of the ideal gas relation pyagsiruc = M g struc RT/V sruc yields

apslal,s"uc _ R-T . aMg,struc _ Pstat struc X aVstruc
ot Vi ot | ot

struc struc

)

With pgar srue @S static pressure in the gas-filled liquid structure, Vg
as its volume, Mg . as mass of the enclosed gas and R as the specific
gas constant. For a given constriction rate (9,Vsyye < 0), 0,Pstat struc
tends to increase with 9, M g g The latter is influenced, among other
factors, by M gi (@nd thus by v, ;), as the gas-filled structure is supplied
by the inner gas flow. Since M, ; = p,;0,;A,; and the inner gas nozzle
exit area A,; is constant, an increase in v, ; leads to an increase in Mg,i
and, therefore, in the rate at which gas is supplied to and accumulates

within the structure. As a consequence, the gas-filled structure ruptures
closer to the nozzle, thereby shortening A. In accordance with Eq. (4),
the combined effect of increasing v, and decreasing 4 yields an increase
in f with increasing Vg i (Fig. 9, bottom). Overall, Ugo both enforces
constriction and increases v,, whereas vg; primarily accelerates the
increase in static pressure after the onset of constriction, while its
influence on v, remains comparatively weaker. Therefore, v, has a
more pronounced impact on f (Fig. 9, bottom). Similar trends have
previously been reported for primary instabilities in twin-fluid jet noz-
zles (Sanger et al., 2016, 2014), where increasing aerodynamic forces
resulted in higher instability frequencies, although the underlying insta-
bility mechanisms differ from the pulsation phenomenon investigated
here.

All operating points examined in the following, see Table 3(b) and

(c), lead to the pulsation atomization mode.

3.2.2. Influence of liquid sheet thickness on pulsation frequency

Having established the influence of the inner and outer gas stream,
the subsequent investigation focuses on the effect of liquid sheet thick-
ness s; under varying outer gas velocities v, , (Table 3(b)). This ap-
proach is motivated by previous findings documented in Wachter et al.
(2021) and Zhao et al. (2018), which identified Vgo — in contrast to
vg; — as the dominant factor for droplet size.

Fig. 10 illustrates the dependence of pulsation frequency f on
s for different vy, revealing a significant influence. A pronounced
decrease in f is observed with increasing s; at constant gas velocities,
and thus constant gas momentum flows. Furthermore, the influence
of vg, diminishes with increasing sheet thickness. For s; = 1 mm,
the frequency increases with increasing vg,, as also shown in Fig. 9
(bottom). Further investigations applying s; = 2 mm and 3 mm lead to
a slight decrease.

A possible explanation for the observed influence of s; on f is the
following: Fig. 6 shows that pulsation is triggered by a pressure rise
in the inner gas channel, resulting from a constriction. This constric-
tion is primarily induced by the outer gas stream, which pushes the
liquid sheet inward. Deflecting a thicker sheet from axial to radial
direction requires stronger aerodynamic forces due to its higher inertia.
Additionally, the internal gas pressure has to reach a higher level to
initiate radial expansion in thicker sheets. Consequently, the timescale

8
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Fig. 9. Top: Propagation velocity v, as a function of the gas velocity v,.
Bottom: Pulsation frequency f versus v,. The experiments were conducted
using the nozzle with s; = 1 mm and a constant liquid mass flow rate of
M, =60 kg h™! (y; = 1.3 m s71, Re; = 2500). Data obtained from experiments.

of pulsation formation increases with sheet thickness, leading to a lower
frequency. The observed reduction in frequency is further affected
by the decrease in liquid velocity v; at constant mass flow rate with
increasing sheet thickness. If two fluids flow with different velocities, a
hydrodynamic instability known as a Kelvin-Helmholtz wave can form
at their interface. The wave provides locations at which an inward
deformation of the liquid sheet can be initiated by the outer gas stream.
Previous studies by Bernal and Roshko (1986) as well as Dimotakis
(1986) have shown that the convection velocity of Kelvin-Helmholtz
waves increases with the liquid velocity, and that the wave frequency
is proportional to the convection velocity. Consequently, a reduction in
v; lowers the rate at which such locations occur. As a result, inward
deformations of the liquid sheet are initiated less frequently, which
contributes to a further reduction in f. In addition, the reduction in
liquid velocity increases the gas-liquid interaction time and enhances
the interfacial shear. Both effects promote premature rupture before
radial swelling can fully develop. These mechanisms contribute to
the observed decrease in pulsation frequency with increasing v, for
thicker liquid sheets. HSC images in Fig. 10 (bottom) support this
interpretation. For s; = 1 mm, the liquid sheet remains intact during
radial expansion close to the nozzle exit, whereas at s; = 3 mm, fiber-
like structures detach from the sheet, initiating disintegration from the
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Fig. 10. Top: Pulsation frequency as a function of 5. Bottom: HSC images
of the primary sheet breakup for vy, = 130 m s, s = 1 mm (left,
= 71,000), s; = 3 mm (right, Re,, = 53,700); M, = 60 kg h!
(Re; = 1800/2000/2500) and Ugi = 65 m s! (Reg’i = 13,000) for all cases.
Data obtained from experiments. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

outside (highlighted exemplarily by the red circle in the right image).
These observations confirm that breakup can occur prior to significant
radial swelling. This effect becomes dominant with increasing sheet
thickness. Therefore, we expect that a further increase in s; beyond
3 mm will lead to an even greater suppression of pulsation events.

The HSC images in Fig. 10 (bottom) were selected to show the
onset of radial expansion near the nozzle orifice and do not reflect
pulsation frequency. Although the spray appears wider for s; = 3 mm,
under the given operating conditions, the s; = 1 mm sheet produces
a wider spray on average. This highlights the strong influence of
pulsation dynamics: A higher pulsation frequency, corresponding to a
more frequent occurrence of individual pulses, leads to broader lateral
dispersion, whereas lower f result in extended non-pulsating phases
that produce a narrower spray. Consequently, high frequencies promote
a more homogeneous spray, while low frequencies give rise to local-
ized droplet clouds with larger droplets and a more inhomogeneous
droplet size distribution. These findings emphasize that, beyond the
influence of sheet thickness on droplet size, pulsation frequency is
a significant factor affecting the droplet size distribution and overall
spray uniformity.

3.2.3. Influence of liquid mass flow on pulsation frequency

In the previous experiments, the liquid mass flow rate was kept con-
stant. In the following, it is varied to investigate its effect on pulsation
frequency (Fig. 11, Table 3(c)). The mass flow rate was increased in
two distinct ways: (i) by increasing s; at constant liquid velocity and
(ii) by increasing the liquid velocity v; at constant s;. In the first case,
the pulsation frequency decreases — consistent with the sheet thickness
effect discussed earlier and shown in Fig. 10. In the second case, the
frequency increases, because a higher v leads to a more frequent
occurrence of locations at which inward deformation of the liquid sheet
can be initiated. The higher liquid velocity reduces the residence time
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Fig. 11. Pulsation frequency as a function of M;; v,; = 65 m s

(Reg; = 13,000) and vg, = 130 m s (Reg,, = 62,400/53,700/71,000) for
all cases. Data obtained from experiments.

of the liquid within the near-nozzle region, where the strongest gas—
liquid interaction takes place, and decreases the interfacial shear. Both
effects further contribute to this trend, consistent with the previous
discussion. These findings indicate that M, alone is not a meaning-
ful parameter for characterizing the pulsation frequency. Instead, the
underlying parameters s; and v; must be considered separately.

Additional dimensionless representations of the experimental data
based on the Strouhal and Reynolds numbers were evaluated for the
data presented in Figs. 10 and 11. However, these formulations did
not provide additional physical insight. For this reason, the results
are discussed in terms of the dimensional operating parameters, which
allows the influence of the independently varied quantities on the
pulsation frequency to be assessed more directly.

3.3. Empirical correlation for the pulsation frequency

Section 3.2 demonstrated that (i) the pulsation frequency increases
with increasing inner and outer gas velocity as well as liquid velocity at
fixed liquid sheet thickness, and (ii) the pulsation frequency decreases
with increasing liquid sheet thickness at fixed inner and outer gas
velocity, as well as liquid velocity. A central objective, therefore, is to
identify which parameter exerts the strongest influence on pulsation
frequency under a minimal variation.

To capture the observed trends, an empirical correlation is proposed
that combines two structural components:

(i) A power-law dependence for velocity effects, discussed in Sec-
tions 3.2.1 and 3.2.3.

(ii) An exponential attenuation term for pulsation suppression, re-
flecting the results of Section 3.2.2.

This formulation reflects the growth of f with increasing velocities and
incorporates the pronounced suppression induced by larger s; (Eq. (8)):

Vg0 Ugi 41 5|

= () ()™ () - evpl o)

I ms! I ms-! I ms! 11 mm

®

where a is a scaling factor, fy . fy;, B are velocity exponents, and
is a damping coefficient. All velocities vy o, vg; and vy are expressed in
m s~1, sheet thickness s; in mm and the resulting frequency f in s~!.
The least-squares method yields:

a=104, f,, =0.18, f,; =022, =091, &, =055
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with R? = 0.94, indicating good agreement with experimental data. The
validity of this formulation is confirmed for the 39 sets of experimental
data corresponding to the operating conditions investigated in Table
3, covering liquid mass flow rates between 5 and 100 kg h~!. Fig.
12 presents a parity plot comparing the correlation-derived pulsa-
tion frequencies (f .aiculateq) With the experimental values (f jeasured)s
illustrating the accuracy of the proposed empirical correlation.

Eq. (8) and the fit parameters indicate that variations in s; have
the most pronounced effect on f, followed by v, whereas v,; and
Vg o €Xert a comparatively weaker influence. Accordingly, with suitably
chosen s; and v, operating regions associated with low or high f can
be approached, while adjustments of the gas velocities offer additional,
secondary tuning.

4. Conclusion

This study presents a systematic experimental investigation focused
on pulsation phenomena in annular liquid sheets, complemented by
CFD simulations conducted at selected operating conditions to provide
insight into the underlying physical mechanism. Three dual gas-assisted
annular sheet nozzles with varying liquid sheet thicknesses were exam-
ined. High-speed visualization techniques were applied to investigate
pulsation patterns. The following conclusions can be drawn:

CFD simulation — Physical mechanism of pulsation phenomenon:

1. Cause: Pinching of the liquid sheet by the outer gas stream

2. Effect: Pressure increase in the inner gas flow

3. Consequence: Radial spreading of the liquid sheet followed by
rupture

Experimental observations:

1. Increasing the inner and outer gas velocity, as well as the liquid
velocity, generally raises the pulsation frequency.

2. An increase in liquid sheet thickness leads to a reduction in
pulsation frequency.

Empirical correlation governing pulsation frequency:

1. An empirical correlation for the pulsation frequency was formu-
lated as a function of liquid sheet thickness, liquid velocity, and
inner and outer gas velocity.
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2. The correlation indicates that liquid sheet thickness has the
strongest influence on the pulsation frequency, followed by lig-
uid velocity; whereas, inner and outer gas velocities play a
secondary role within the investigated parameter range.

This study provides a time-resolved physical description of the pul-
sation dynamics in dual gas-assisted annular sheet nozzles and suggests
key parameters that govern its occurrence. Ongoing work is focused
on a detailed characterization of the droplet size distribution and will
be addressed in a subsequent publication to complement and extend
the present findings. Future work will focus on systematic VOF-LES
investigations of a broader range of operating conditions.
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