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Abstract

Efficient atomization of liquid fuels over a broad range of physical properties is important
for practical utilization. However, the response of pressure-swirl atomization to substantial
variations in liquid viscosity remains insufficiently understood, particularly the transition
from a hollow-cone atomization to a degraded atomization regime. A volume-of-fluid
numerical method is employed to investigate liquid-film formation and primary breakup in
a pressure-swirl nozzle over a range of viscosities and surface tensions of waste-derived
pyrolysis oils in this study. The results show that increasing viscosity substantially alters
the liquid-film morphology, cone angle, and primary breakup behavior. At high Reynolds
numbers, a hollow-cone liquid film develops and undergoes interfacial destabilization and
breakup. As the Reynolds number decreases, the hollow-cone morphology is replaced by
a spiral-blade morphology. The high-viscosity condition is accompanied by substantially
weakened internal swirl and circumferential mixing, allowing the liquid streams originating
from individual tangential slots to retain distinct spiral paths. Consequently, centrifugal
expansion is suppressed and continuous liquid persists in the central region. These re-
sults clarify the flow characteristics associated with the viscosity-dominated transition
from hollow-cone to spiral-blade atomization and provide insight into the pressure-swirl
atomization of liquids with a broad range of viscosities.

Keywords: liquid film fragmentation; swirl nozzle; pyrolysis oil; primary breakup

1. Introduction

Waste-derived pyrolysis oils have attracted increasing attention as alternative lig-
uid fuels because of the potential to partially substitute conventional petroleum-derived
fuels [1-3]. Atomization is the process by which a continuous liquid phase disintegrates
into smaller liquid structures and droplets under the action of aerodynamic forces and
interfacial instabilities. Effective atomization is essential for the practical utilization of such
fuels because it increases the gas-liquid interfacial area and promotes fuel-air mixing,
thereby facilitating subsequent evaporation and combustion.

Pressure-swirl nozzles are widely used among pressure atomizers, causing the swirling
flow to further enhance the atomization process. The atomization of swirl nozzles is pri-
marily driven by the high-speed rotation. Strong internal swirling motion converts the
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discharged liquid into a thin conical film, which then destabilizes and undergoes primary
breakup. Ma et al. [4] found the increase in air flow rate in swirl nozzle changes flow field
from a columnar to a funnel-shaped structure, enhancing the fragmentation effect. Liu
et al. [5] identified three distinct breakup regimes, including rim, perforation and wave dis-
integration modes, occurring with the increase in Reynolds number (Re). Martino et al. [6]
observed that the hollow-cone spray transitions from a conical pattern to a jet with a de-
crease in Re and Ohnesorge numbers (Oh) for Newtonian and non-Newtonian fluids. Yan
etal. [7] proposed a compact pressure-swirl nozzle integrating tangential inlet flow channel
and swirl chamber. Zheng et al. [8] studied the influence of eccentricity distance of the
vortex channel on spray parameters in pressure-swirl nozzles. Liu et al. [9] designed various
swirl nozzles with geometric parameters and found that the inlet and outlet diameters,
inlet direction, swirl chamber diameter, and swirl chamber height affect the atomization
performance. Xie et al. [10] established a nonlinear functional relationship between the
variables, such as swirl chamber diameter, length, circulation area ratio, and swirl core
angle by the BP method—and the swirl number, as well as the atomization effectiveness.
Zhang et al. [11] obtained the optimal values for the influence of the swirl section diameter,
contraction section angle, straight section diameter, and expansion section angle on the
spray cone angle and liquid-film thickness. Yan et al. [12] replaced the helical flow guide
groove and increased the staggered angle, resulting in an increased atomization angle and
a reduced Sauter Mean Diameter (SMD).

The numerical approach constitutes a vital branch of atomization research, enabling
high-fidelity analysis of underlying mechanisms that are challenging to capture experimen-
tally. Sunetal. [13] employed a direct seamless coupling approach combining the volume-of-
fluid method with Lagrangian particle tracking. The simulations revealed that instabilities
develop on the conical liquid-film, leading to the formation of perforations, the detachment
of filamentary structures, and the breaking up into larger droplets. Shrestha et al. [14] pro-
posed a nasal spray atomizer volume model to study primary spray and revealed the early
pre-stable and stable phases of spray plume development. Numerical atomization studies
commonly employ Reynolds-averaged Navier-Stokes (RANS) [15] or large-eddy simulation
(LES) approaches, whereas direct numerical simulation (DNS) remains relatively limited
because of its substantially higher computational cost [16]. Liu et al. [17] used a VOF-LES
framework to study disturbed liquid-jet breakup and revealed the effects of disturbance
amplitude and frequency on surface-wave and ligament development. Many researchers
have focused on the combination of liquid-film morphology, liquid film fragmentation
mechanism, and atomization characteristics. To avoid computational cost associated with
unnecessary atomization features, Dekterev et al. [18] conducted a steady-state nozzle flow
simulation using a coarse grid and large time steps, followed by spatiotemporal refinement
at the gas-liquid interface and initial atomization zone. To gain deeper insights into the
transient characteristics of the nozzle flow field, Vashahi et al. [19] employed orthogonal
decomposition to spatially visualize the vortex core inside the nozzle, thereby identifying
distinct flow structures associated with specific frequencies.

The physical properties of liquid fuels play a fundamental role in pressure-swirl atom-
ization by altering inertial, viscous, and surface-tension forces that govern internal swirling
flow, air core, and the liquid film. In particular, increasing liquid viscosity enhances viscous
dissipation and suppresses interfacial deformation, thereby weakening the development of
the swirling liquid-film. Chung et al. [20] demonstrated that liquid viscosity and surface
tension substantially influence liquid-film disintegration in simplex pressure-swirl atomiz-
ers. Liu et al. [9] proposed that temperature can substantially alter spray characteristics,
because fuel viscosity is strongly temperature-dependent. Rezaei et al. [21] found that
decreasing the temperature of Jet A-1 fuel increased its viscosity, resulting in a smaller spray
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cone angle and substantially longer primary and secondary breakup lengths. Similar trends
were reported by Rostami [22] for heavy fuel oil, which exhibited a thicker liquid film,
longer breakup length and smaller spray angle than the lower-viscosity diesel fuel. More
importantly, liquid properties play a critical role in determining the spray morphology [23].
Ma et al. [24] investigated the atomization characteristics of diesel swirl liquid-film breakup
across various regimes, including cylindrical jetting, twisted film, open vortex, complete vor-
tex and fully developed modes. Yue et al. [25] demonstrated that increasing liquid viscosity
progressively contracts the air core and suppresses interfacial disturbances, eventually
causing the hollow-cone liquid film to degenerate into a solid cylindrical jet. However, the
detailed pathway by which a conventional hollow-cone liquid film loses its circumferential
continuity remains unclear under strong viscous effects.

The present study focuses on the response of pressure-swirl atomization over a broad
range of liquid viscosities representative of waste-derived pyrolysis oils. A three-dimensional
VOF model is employed to resolve the internal swirling flow, air-core development, liquid-
film formation, and primary breakup. Particular attention is paid to the transition from the
conventional hollow-cone liquid film to the spiral-blade morphology at high viscosities.

2. Research Methods
2.1. The Geometry of Pressure-Swirl Nozzle

Figure 1 shows the schematic diagram and flow region of the pressure-swirl nozzle
in this study. The configuration in which tangential slots are connected to a conical swirl
chamber is widely used [6,14]. The fuel is directed through the tangential slots into the
conical swirl chamber, converting pressure energy into rotational kinetic energy. The
fluid angular momentum is conserved, as the tangential velocity multiplied by the radial
distance ideally remains constant. As the fluid moves radially inward, the tangential velocity
increases, leading to a larger centrifugal force. Consequently, the strongest centrifugal force
occurs near the center, which effectively promotes liquid centrifuging. The centrifugal force
overcomes surface tension, causing the film to accelerate outward and form a hollow-cone
film. The hydrodynamic instabilities of cone film are triggered due to aerodynamic shear
force, leading to liquid-film fragmentation into fine spray.

tangéntial slot

0
R
. <% *
conical swirl chamber ’
*nozzle outlet

Vertical view

Figure 1. Schematic diagram and flow region of pressure-swirl nozzle.

The geometric sizes of the nozzle are as follows: The nozzle outlet diameter (Do) is
1 mm and the outlet length (Lo) is 0.74 mm. The number of tangential slots (N) is 4 with
the rectangular inlet having a width (wp) of 0.4 mm and a length (Lp) of 0.8 mm. The
height of the tangential slot (Hp) is 0.85 mm and the tangential angle (8) of the tangential
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slots is 32.4°. The conical swirl chamber diameter (Ds) is 5 mm. The conical swirl chamber
height (Hs) is 1.06 mm. The conical swirl chamber cone angle (6) is 62°.

2.2. Physical Properties and Operating Cases

The pyrolysis oil is separated from the pyrolysis products of waste polymeric materials.
As illustrated in Figure 2, the granulated waste rubber is typically pyrolyzed in an oxygen-
deficient environment, producing the volatilization of a mixture of pyrolysis oil and gas,
which requires condensation to isolate the oil phase. By controlling the production process,
pyrolysis oil is separated into heavy and light fractions, which have been reported to exhibit
significantly different physical properties, according to reference [26].
waste rubber ; -

—=— light fraction pyrolysis oil
—e— heavy fraction pyrolysis oil | | ¢

: non-condensable T
Aaved b gas

the mix pyrolysis oil and gas E

condensation tower
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Figure 2. Waste rubber pyrolysis oil preparation and its viscosity—temperature characteristics.
(a) Pyrolysis and condensation process, (b) measured kinematic viscosity.

Four representative thermophysical-property conditions were constructed from ex-
perimentally measured waste-tire pyrolysis-oil data. The physical properties adopted
in the simulations are based on representative values reported for different fractions of
waste rubber pyrolysis oil as shown in Table 1. The two representative fractions exhibit
markedly different viscosity levels because the removal of lighter components during high-
temperature condensation increases the relative contribution of heavier compounds. The
viscosity measurements were performed using an NDJ-9S rotational viscometer coupled
with a KDC-1WB thermostatic bath, with a stated measurement accuracy of +2% for Newto-
nian liquids. Surface tension was measured using a Data Physics OCA 20 system based on
the pendant-drop method. Over the measured temperature range of 15-80 °C, the kinematic

viscosity of the light fraction pyrolysis oil decreased from approximately 8.1 to 1.7 mm?-s~%,

whereas that of the heavy fraction pyrolysis oil decreased from 163.41 to 26.05 mm?-s~!

as
the temperature increased from 20 to 40 °C. The measured densities of the light fraction and
heavy fraction pyrolysis oils were 905.8 and 932.6 kg-m~3, respectively, at 20 °C, correspond-
ing to a difference of approximately 3.0%. Therefore, a constant liquid density of 900 kg-m~—3
was adopted as a controlled modeling simplification. The measured surface tensions of
the two fractions were 27.36 and 31.14 mN-m~!, respectively. Accordingly, the simulations
employed two representative surface-tension levels of 27.4 and 31.1 mN-m~!. The differ-
ence between these values is approximately 13.8%, which is substantially smaller than
the approximately 15-fold variation in kinematic viscosity across the four simulated cases.
Similar studies of pressure-swirl atomization have also reported that viscosity variations
associated with temperature can be considerably larger than the corresponding variations
in density and surface tension and can exert pronounced effects on internal swirling flow,
liquid-sheet breakup, and spray development [21,27]. Therefore, the four cases considered
here should be regarded as representative thermophysical-property conditions rather than
exact reproductions of individual oil samples.
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Table 1. The liquid’s physical properties considered in the simulations.

Pyrolysis Oil Case 1 Case 2 Case 3 Case 4

Kinematic viscosity (m2-s71) 1.73 x 107° 451 x 107° 8.58 x 107° 25.8 x 107°
Dynamic viscosity (kg'm=1-s71)  1.557 x10®  4.059 x 107 7.722x 1073  2.322x 1072

Surface tension (N/m) 2.74 x 1072 2.74 x 1072 3.11 x 1072 3.11 x 1072
Density (kg/m?) 900 900 900 900
Temperature (°C) 80 32 56 40

The atomization characteristics are governed by several dimensionless numbers, which
characterize the balance between inertial, viscous, and surface tension forces, as defined in
Equations (1) and (2). The calculation of the dimensionless numbers primarily depends
on the selection of the characteristic velocity and diameter as shown in Table 2. The liquid
average velocity (U) at the nozzle exit is taken as characteristic velocity. The nozzle outlet
diameter (D) is taken as the characteristic size.

Table 2. Characteristic velocity and dimensionless parameters for different cases.

Pyrolysis Oil Casel Case 2 Case 3 Case 4
Velocity (m-s~1) 21.88 21.60 21.68 23.82
Re 12,647 4789 2527 923
Oh 0.00992 0.02587 0.04613 0.13870

Reynolds number (Re) is defined as

Re = pUD, /1, (1)
Ohnesorge number (Oh) is defined as

Oh = i/\Jp,o D, (2)

The swirl intensity is quantified by the swirl number (S), which determines the air
core size and influences the liquid film. The S is evaluated at the nozzle outlet cross-section,
which serves as the reference plane for characterizing the swirl intensity.

_ f plua usrdAO

3
R piUzdA, ®)

Within the present experimental measured property range, viscosity exhibits by far
the largest relative variation and therefore dominates the changes in the viscosity-sensitive
dimensionless Re and Oh, whereas the variations in surface tension and density are compar-
atively smaller. In addition, waste-tire pyrolysis oil is a compositionally complex liquid, but
its major liquid fraction consists predominantly of C12—-C20 hydrocarbons [28]. Because
the liquid phase is dominated by relatively low-molecular-weight hydrocarbons rather
than polymeric species, a Newtonian constitutive relation is adopted here as a first-order
approximation for the bulk liquid.

2.3. Numerical Method

The transient gas-liquid flow and primary breakup were simulated using the volume-
of-fluid (VOF) method. Air was defined as the primary phase and pyrolysis oil as the
secondary phase. The two phases share a single momentum equation, while the gas-
liquid interface is captured through the transport of the liquid volume fraction. Turbulence
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was modeled within the Reynolds-averaged Navier—Stokes (RANS) framework using the
shear-stress-transport (SST) k-w model.
The continuity equation for the gas-liquid mixture is

d
L4V (om =0 (4)

The transport equation for the liquid volume fraction is

d(a0p)
ot

The mixture density and molecular viscosity are calculated as

+ V- (apu) =0 (5)

p =+ (1—a)pg (6)
p=oagpp+ (1 —a)p, (7)
The RANS momentum equation is expressed as

A1)
ot

Fo represents the surface-tension force per unit volume. The Reynolds stresses are

+V - (o) = —Vp + V- [u(Va+ V' )| = V- (ouw’) + pg + F,, (8)

closed using the Boussinesq eddy-viscosity hypothesis,

— u, ou;
o = y(‘;—;‘] v 3 ) - 3okt )
The turbulent dynamic viscosity () is obtained from the SST k-w model. The SST
formulation employs the standard k-w model in the near-wall region and gradually blends
toward a transformed k- formulation away from the wall, thereby retaining the near-wall
accuracy of the k-w model while reducing its sensitivity to the free-stream value of w.
The objective of the present study is therefore restricted to the resolved primary breakup,
including the formation, deformation, and fragmentation of the liquid film and the transition
between hollow-cone and spiral-blade atomization. The SST k-w RANS model is used to
represent the effects of unresolved turbulent fluctuations, while the gas-liquid interface
structures larger than the local grid scale are directly captured by the VOF method.
Although LES/VOF offers superior resolution of transient turbulence—interface cou-
pling and fine-scale ligament formation, its computational cost is substantially higher,
particularly for simulations covering a wide range of liquid properties. Previous studies
have shown that SST k-w coupled with VOF can capture the internal swirling flow, conical
liquid-film formation, and large-scale primary breakup characteristics of pressure-swirl
atomizers [29,30], while direct comparisons between SST-RANS/VOF and LES/VOF in-
dicate that LES provides an improved resolution of fine-scale atomization and droplet
statistics [31]. The present simulations are intended to resolve the large-scale liquid-film
formation, deformation, and primary breakup morphology, including the transition from
hollow-cone to spiral-blade atomization, rather than the full turbulence spectrum, minimum
droplet sizes, or fine-scale ligament statistics. The RANS SST + VOF thus represents a com-
promise between resolving the dominant primary breakup morphology and maintaining a
feasible computational cost for the present parametric study.

2.4. Numerical Settings

All transient simulations were performed using the pressure-based solver. A pressure
inlet boundary condition was imposed at the nozzle inlet with a gauge pressure of 1 MPa,
while the outlet was specified as a pressure outlet with a gauge pressure of 0 Pa. The operat-
ing pressure was set to 101,325 Pa. All solid surfaces were treated as stationary no-slip walls.

https://doi.org/10.3390/pr14213579


https://doi.org/10.3390/pr14213579

Processes 2026, 14, 3579

7 of 16

Pressure—velocity coupling was achieved using the coupled algorithm. The pressure field
was discretized using the PRESTO! scheme, while the momentum equation was discretized
using the second-order upwind scheme. The turbulent kinetic energy and specific dissipa-
tion rate equations were discretized using the first-order upwind scheme. The VOF equation
was solved using the implicit formulation, and the compressive scheme was employed for
interface reconstruction. Surface tension was represented using the continuum surface
force (CSF) model. A first-order implicit scheme was used for temporal discretization.
An adaptive time-stepping scheme was employed, with the maximum Courant number
restricted to 0.6 to improve the numerical stability of the transient gas-liquid interface
calculation. Courant-controlled time stepping has been widely adopted in VOF simulations
of swirling liquid-sheet breakup and pressure-swirl atomization. For example, Liu et al. [9]
employed a CFL number below 1, while Shrestha et al. [ 14] restricted the maximum Courant
number to 1. Similarly, Harizi et al. [31] adopted a time-step size of approximately 107 s to
maintain CFL below 1. Compared with these reported settings, the present study adopted a
more restrictive Courant-number limit of 0.6 to improve numerical stability during transient
interface evolution.

2.5. Grid and Verification

The structured base mesh for the internal and external flow regions of the pressure-swirl
nozzle is shown in Figure 3a, while the internal nozzle geometry is presented in Figure 3b.
The external computational domain is cylindrical, with a diameter of 40 mm and an axial
length of 50 mm, covering the nozzle outlet and the downstream near-field atomization
region. To balance spatial resolution and computational cost, local refinement in the critical
internal-flow regions was adopted at the nozzle exit and in the near-nozzle region, whereas
relatively coarser cells were employed farther downstream. The initial base mesh contained
approximately 2.31 x 10° cells, with a minimum cell size of approximately 23 pm near the
nozzle exit before adaptive refinement. To better resolve local liquid-sheet deformation
and primary breakup, a liquid-volume-fraction-based adaptive mesh refinement (AMR)
strategy was employed in the transient VOF simulations. Cells satisfying the refinement
criterion were locally refined, while cells meeting the coarsening criterion were coarsened,
thereby concentrating computational resources in and around the evolving liquid—gas
interface.

(a)

Figure 3. The grid diagram of swirl nozzle. (a) Structured base mesh, (b) internal nozzle mesh.

To examine the sensitivity of the predicted liquid-sheet morphology and major flow
characteristics to interfacial mesh resolution, two configurations with maximum AMR levels
of 1 and 2 were considered. Where the same base-mesh cells undergo successive isotropic
refinement, the characteristic local cell width at Level 2 is approximately half that at Level 1.
The comparison focuses on the outlet-averaged velocity and outlet swirl number for the
representative hollow-cone Case 3. At AMR Levels 1 and 2, the outlet-averaged velocities
were 22.93 and 21.68 m/s, respectively, while the corresponding swirl numbers were 0.582
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and 0.614. Taking the Level 2 results as reference, the relative differences in outlet-averaged
velocity and swirl number were approximately 5.77% and 5.21%, respectively. These modest
variations indicate that the major outlet flow characteristics exhibit limited sensitivity to
further interfacial mesh refinement. With a maximum AMR level of 2, the cell count during
the quasi-steady atomization stage was approximately 3.16 x 10°.

The transient liquid-film evolution predicted by the present model was qualitatively
compared with experimental observations reported in the literature on pressure-swirl at-
omization. Van Strien et al. [32] used high-speed imaging to document the developing
and fully developed stages of spray formation. The characteristic distorted-pencil, onion,
and tulip morphologies during the early development of pressure-swirl sprays have also
been discussed in previous studies [14,32]. The present simulation captures a similar mor-
phological progression from an initial liquid column to an expanding conical liquid sheet,
followed by liquid-sheet destabilization and breakup, as illustrated in Figure 4a. Further-
more, Yao et al. [33] experimentally investigated the transient atomization of water—glycerol
mixtures using a swirl atomizer with a 1 mm outlet diameter and three tangential inlets. Un-
der high-viscosity conditions, liquid-sheet breakup was suppressed, and a three-branched
liquid-sheet structure accompanied by a rotating liquid stream was observed. Similarly, the
high-viscosity case in the present study exhibits an incompletely expanded liquid sheet,
consisting of four coherent spiral sheets surrounding a persistent central liquid column, as
illustrated in Figure 4b. The number and arrangement of these spiral sheets are associated
with the four-slot geometry of the present nozzle. The qualitative similarities between
the present numerical observations and previously reported experimental phenomena
provide support for the physical plausibility of the simulated liquid-film evolution and
morphology transition.

Present |
VOF simulation

o
o
Conceptual /
schematic
///
Distorted pencil Onion stage Tulip-like sheet and breakup Spiral films
N J

~

(a) Transient development of hollow-cone atomization (b) High-viscosity spiral-sheet morphology

Figure 4. Qualitative comparison of liquid-film evolution and morphology transition. (a) Transient
development, (b) high-viscosity morphology.

3. Results
3.1. Liquid-Film Transition from Hollow Cone to Spiral Blade

Figure 5 presents the three-dimensional liquid-film morphology and cross-section
velocity contours under different Re. As shown in Figure 5a—c, inertial and centrifugal
forces dominate under high Re, generating a hollow-cone liquid film. The film subsequently
undergoes breakup via interfacial instability, disintegrating into dispersed liquid fragments.
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In contrast, as shown in Figure 5d, the liquid film fails to fully expand, forming a spiral-
blade jet linked to liquid column via residual liquid bridges. The marked reduction in swirl
number and tangential velocity indicates a substantial attenuation of rotational motion under
the high-viscosity condition. The transition demonstrates that high viscosity suppresses
interfacial instabilities and delays primary breakup and deteriorates overall atomization

quality.

Velocity
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30  (m/s)

Figure 5. The three-dimensional liquid-film morphology and cross-section velocity contours under
different Re. (a) Re = 12,647, (b) Re = 4789, (¢) Re = 2527, (d) Re = 923.

Figure 6 shows the three-dimensional liquid-film prior to complete breakup under
different Re. As shown in Figure 6a—c, the uniform swirling flow is induced by the conical
swirl chamber from the bottom-view. The oil accelerates through the four tangential slots
into the conical swirl chamber, resulting in four spiral wrinkles along the conical liquid film,
as seen in Figure 6a,b. The hollow-cone morphology is retained in Case 3 at Re = 2527, Oh
= 0.04613, and S = 0.614, whereas Case 4 exhibits a spiral-blade morphology, as shown in
Figure 6d at Re = 923, Oh = 0.13870, and S = 0.321. It is indicated that the morphology
transition is bracketed between these two operating states for the present nozzle configu-
ration. The fluid near the conical swirl chamber wall maintains a high tangential velocity
due to the continuous momentum transfer from the fluid ejected from the tangential slots.
In contrast, the fluid in the central region experiences rapid dissipation of initial angular
momentum through intense viscous internal friction, leading to a sharp drop in tangential
velocity. Furthermore, the fluid streams ejected from each tangential slot exhibit weak
mixing in the circumferential direction, instead maintaining their own independent liquid
film trajectories, thereby forming spiral films whose number equals the number of slots.
The S decreases from 0.617 (a), 0.637 (b) and 0.614 (c) to 0.321 (d) as viscosity increases.
The decrease in S suppresses the centrifugal expansion of the liquid film.

Figure 7 illustrates the stable cone angle of the liquid film under different Re. An
approximate elliptical air core forms at the nozzle exit from Figure 7a—c. The liquid film
exhibits pronounced surface instabilities and strong fluctuations, producing a hollow-cone
liquid film with a larger cone angle under high Re and low Oh. For Cases 1 (Re = 12,647)
and 2 (Re = 4789), the measured cone angles are both approximately 79°, indicating that
the liquid film expands fully under the dominance of centrifugal and inertial forces at high
Re. For Case 3 (Re = 2527), the cone angle decreases slightly to about 72°. This reduction is
attributed to the increased viscous dissipation, which weakens the centrifugal expansion
of the liquid film. The breakup length increases with the decrease in Re. As shown in
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Figure 7d, the air core disappears and is replaced by a continuous liquid column at the
nozzle exit. Four spiral liquid-film structures develop around the central column and extend
downstream while the central liquid column gradually narrows.

& < Four spiral blade
liquid films

(c) (d)

Figure 6. The three-dimensional liquid film prior to complete breakup from bottom-view under
different Re (a) Re = 12,647, (b) Re = 4789, (c) Re = 2527, (d) Re = 923.

(a) (b)
| D LIl I ©Oil Volume Fraction

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Figure 7. The stable cone angle of the liquid film under different Re. (a) Re = 12,647, (b) Re = 4789,
(c) Re = 2527, (d) Re = 923.
3.2. Transient Evolution of Hollow-Cone and Spiral-Blade Atomization

Figure 8 presents the transient liquid film morphology and velocity of hollow-cone
atomization. The atomization process can be divided into three stages, including liquid
injection, liquid-film development and primary breakup. Before the establishment of stable
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swirl flow in the conical swirl chamber, the injected liquid forms a straight column jet
without centrifugal force, as shown in Figure 8a. As rotational momentum transfers to the
tail of the liquid column, it deforms and splits into four spiral coherent films, reflecting the
four tangential slots and signifying the transition from a simple jet to swirling flow. Figure 8b
shows that the initial development of the cone angle occurs as the onion stage approaches
breakup. The primary breakup instability is driven by the inertial and centrifugal forces
supplied from upstream of the nozzle, which overcame the surface tension and viscous
forces, leading to the appearance of interfacial instability on the liquid film. Consequently,
as depicted in Figure 8c, localized ruptures in the thin liquid film initiate the ligaments
formation. The elongated ligaments subsequently undergo capillary breakup into smaller
resolved liquid fragments. The development of the conical liquid film induces the separation
between the straight liquid column and the conical film, as shown in Figure 8e. At the
rupture region between the conical liquid film and the straight liquid column, the thin
and tearing liquid ligaments and numerous dispersed liquid fragments can be observed.
Simultaneously, perforation breakup occurs on the fully developed liquid film as shown in
Figure 8f.

(e)
Bl Velocity

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 (m/s)

Figure 8. The transient liquid-film morphology and velocity of hollow-cone atomization. (a) initial
liquid column, (b) onion stage, (c) ligament formation, (d) conical-film development, (e) liquid-
column/film separation, (f) fully developed hollow-cone atomization.

Figure 9 presents the transient liquid-film morphology and velocity of spiral-blade
atomization. As shown in Figure 9a, the injected liquid initially forms a straight column jet in
the absence of sufficient centrifugal force. The jet tail subsequently splits into four coherent
spiral films due to flow development by the four tangential slots. These films stretch into a
stable elliptical rotating structure rather than undergo rapid breakup. The overall shape of
the rotating liquid film at the nozzle exit evolves into a conical form with flow development,
as illustrated in Figure 9b. A large number of dispersed liquid fragments are generated in the
region between the rotating conical film and the straight liquid column. This phenomenon
stems from the competition between the centrifugal force driving film expansion and the
inertial force sustaining the jet. As depicted in Figure 9d,e, the rotating liquid film continues
to develop under centrifugal force, resulting in its thinning and rupture, and stretching into
ring-like liquid ligaments. As seen in Figure 9e, the centrifugal force acting on the spiral film
is significantly weaker in the central region. Consequently, a continuous liquid core persists
in the central region, whereas fragmentation is concentrated mainly along the peripheral
spiral films, resulting in reduced radial dispersion and poorer overall atomization.
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Figure 9. The transient liquid-film morphology and velocity of spiral-blade atomization. (a) initial
liquid column, (b) spiral-film development, (c¢) dispersed liquid fragments, (d) spiral-film thinning
and rupture, (e) developed spiral-blade atomization.

3.3. Resolved Liquid Fragmentation in Hollow-Cone and Spiral-Blade Atomization

Figure 10a,b show the center cross-section liquid film and dispersed liquid fragments’
velocity contours and vectors in the hollow-cone and spiral-blade atomization. As seen in
Figure 10a, the conical liquid film expands radially at a finite spray angle. The expansion of
the conical spray is accompanied by a broadening of the high-velocity region, reflecting an
increase in the degree of flow fragmentation. The liquid film expands radially while being
deflected downward by gravity. Figure 10b illustrates the process of ligament breakup into
liquid fragments. The liquid fragment velocities noticeably decrease after expansion. In
contrast to conical atomization, Figure 10c shows that an outward radial vector exists only
at the spiral-blade region, accompanied by significant deceleration. Figure 10d shows that
the velocity vectors of the spatially rotating liquid film flow downward along the spiral
direction and turn rapidly downward after breakup. The liquid fragment velocity vectors
are mainly downward with little radial dispersion, leading to low spatial coverage.

Figure 11 illustrates the injection streamline, internal flow vector and axial velocity
profiles at different distances (i, ¥,, ¥3) across the near-nozzle cross-section. The formation
of the conical liquid film exhibits a correlation with the swirling flow within the conical
swirl chamber. As shown in Figure 11a, the pyrolysis oil enters the conical swirl chamber
through the tangential slots with a high initial rotational velocity. As the flow converges
toward the nozzle outlet in the conical chamber, the decreasing flow radius leads to an
increase in swirl velocity. It gradually mixes with the surrounding fluid, resulting in a
homogenization of the rotational speed. Once the conical liquid film is expelled from the
nozzle, the swirl intensity decays. The axial velocity peak emerges at y; = 1 mm for the
spiral-blade liquid film from Figure 11b. The symmetric distribution is evident about the
central axis for the conical liquid film. As shown in Figure 11c aty, =4 mm, the axial velocity
near the centerline decays rapidly, splitting into four distinct peaks in the spiral-blade liquid
film. The maximum velocity for the spiral-blade liquid film drops to approximately 22 m/s
from Figure 11d at y; = 8 mm. In contrast, the spiral-blade film generates multiple velocity
peaks, reflecting the persistence of several coherent liquid films and ligaments. All figures
reveal that the velocity peak of conical liquid film progressively decreases and broadens in
range consistently, promoting film destabilization and atomization. The region between the
two velocity peaks of the hollow-cone liquid film exhibits intermittent negative axial velocity,
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indicating local reverse flow or recirculation. As the swirling motion decays downstream
and the reverse-flow region weakens, the axial velocity in the central region of Case 1

eventually becomes positive.
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Figure 10. The center cross-section liquid film and dispersed liquid fragments” velocity contours
and vectors: (a) hollow-cone atomization, (b) hollow-cone atomization, (c) spiral-blade atomization,

(d) spiral-blade atomization.
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Figure 11. The injection streamline, internal flow vector and axial velocity profiles across the
near-nozzle cross-section: (a) streamline and internal flow vector, (b) y; = 1 mm, (¢) y, =4 mm,

(d) y; = 8 mm.
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4. Conclusions

Clarifying the atomization performance and liquid fragmentation mechanisms of waste-
derived pyrolysis oils in pressure-swirl nozzles is critical for enabling the efficient utilization
of alternative fuels. Based on a VOF numerical simulation method and interface-refinement
method, the liquid-film fragmentation and atomization characteristics of waste-derived
pyrolysis oil with a wide range of physical properties are investigated in a pressure-swirl
nozzle in this study:.

Variations in the physical properties of pyrolysis oil, dominated by viscosity, signif-
icantly affect the primary breakup mode, stable cone angle and liquid-film morphology.
The hollow-cone liquid-film breakup is accompanied by interfacial instability, promoting
liquid-film thinning, expanding the cone angle and decreasing liquid-film breakup length
with the increase in Re. The hollow-cone liquid film degenerates into a spiral-blade shape as
Re decreases from 12,647 to 923. Atlow Re, the circumferential mixing capability of the fluid
is extremely weak. The jets discharged from each tangential slot develop independently and
cannot merge into a continuous liquid film. Consequently, four spiral liquid-film structures
develop around a persistent central liquid column, resulting in deteriorated atomization.
Under the investigated nozzle geometry and inlet-pressure condition, the transition is asso-
ciated with the variations in liquid properties, with viscosity representing the dominant
property variation. The transition boundary may shift with nozzle geometry, slot configu-
ration, injection pressure, and flow rate. For high-viscosity liquids, maintaining sufficient
internal swirl and tangential momentum transfer is important for preserving a hollow-cone
spray. Operational measures that reduce liquid viscosity may therefore improve atomiza-
tion. This study is limited to nozzles with a specific number and geometry of tangential slots.
The effects of slot geometry and operating conditions on the transition between hollow-cone
and degraded atomization regimes will be investigated in future work.
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Nomenclature

A, Nozzle outlet area (mm?)

Dy Nozzle outlet diameter (mm)

D,  Conical swirl chamber diameter (mm)

Fo  Surface-tension force per unit volume (N/m?)
Gravity acceleration (m/s?)

Tangential slot height (mm)

Conical swirl chamber height (mm)
Turbulent kinetic energy (m?/s?)

=

)

[aalianiianiial
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L, Nozzle outlet length (mm)
L Rectangular inlet length (mm)
Number of tangential slot (dimensionless)
Oh  Ohnesorge Number (dimensionless)
[4 Pressure (Pa)
r Grid node radius (m)
R Characteristic radius (m)
Re  Reynolds number (dimensionless)

S Swirl number (dimensionless)

t Time (s)

U, Axial velocity (m/s)

U, Tangential velocity (m/s)

u Mean liquid velocity at the nozzle outlet (m/s)
u Mean velocity vector (m/s)

u; Velocity component of i direction (m/s)

u; Velocity component of j direction (m/s)
w,  Rectangular inlet width (mm)

X; Cartesian coordinate in the i direction (m)
X; Cartesian coordinate in the j direction (m)
@ Liquid volume fraction (dimensionless)

B Tangential angle of the tangential slots (°)
d; Kronecker delta (dimensionless)

0 Cone angle of conical swirl chamber (°)

U Mixture dynamic viscosity (Pa-s)

#,  Gas dynamic viscosity (Pa-s)

U Liquid dynamic viscosity (Pa-s)

Uy Turbulent dynamic viscosity (Pa-s)

0 Mixture density (kg/m?)

pg  Gas density (kg/m’)

0 Density of pyrolysis oil (kg/m?)

o Surface tension of gas-liquid phase (N/m)
w Specific dissipation rate (s7!)
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