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ABSTRACT
Fuel atomization is of significant importance to the combustion performance in propelling systems of aeronautic and

astronautic engines. The atomization of swirling liquid sheet which is commonly seen in fuel injectors is studied numerically
in detail in this paper. Adaptive mesh refinement with the quadtree/octree grid structure is applied to refine the grids
where the higher resolution is required such as gasliquid interfaces. A transforming algorithm is developed to transform
the Eulerian droplets whose sizes are comparable to the grid resolution into the Lagrangian particles. The Lagrangian
particles are tracked with the dynamic drag model and transformed back into the Eulerian droplets when they move close
to the resolved liquid structures. This simulation strategy reduces the computational errors in capturing interface shapes
and provides a more realistic initial condition for the simulation of secondary atomization. The algorithm is verified and
applied to simulate the primary atomization of swirling liquid sheet under different conditions. The mechanism behind the
atomization process is studied through clear information of the flow field. Atomization characteristics and the information
for droplets are also analyzed and compared under different conditions.

INTRODUCTION
Phenomena of atomization exist widely in nature and applications of industrial production, such as the breakup of

waves, the spraying of water for plants and the sedimentation of pollutants. In the aeronautic and astronautic field, the
combustion efficiency as well as the performance of the aircraft engine are closely related to the atomization quality of the
fuel or propellants. The atomization process of the fuel is mainly achieved with the help of fuel nozzels in the combustor.
Main forms of fuel atomization include the atomization of single swirling fuel sheet, the atomization of dual swirling fuel
sheets, the airassisted prefilming atomization, and the airsheared cross flow atomization etc. The atomization of single
swirling fuel sheet is successfully applied to the design of aeroengines due to its advantages of good atomization quality. For
example, the atomization characteristics of aviation fuels were studied in a pressure swirl atomizer in Dafsari et al. (2019).
The liquid fuel is injected into the cylinder chamber from tangential ports and swirls towards the converging outlet. Under
the effect of inherent instability, aerodynamic forces, surface tension, and centrifugal force etc., the fuel sheet becomes
unstable and breaks into massive droplets for evaporation and combustion. The atomization of swirling liquid sheet is the
base for more complicated atomizing forms. However, the mechanism behind the atomization process is not presented
clearly because of the nonlinearity of instabilities as well as the complexity of the flow field. In this paper, the atomization
process and the mechanism are studied with numerical simulations and the droplet information under different conditions
are obtained by a transforming algorithm.

Large amounts of studies from both theoretical and experimental aspects such asRayleigh (1878); Ashgriz andMashayek
(1995); Senecal et al. (1999); Sirignano and Mehring (2000); Wu et al. (1995); Sallam et al. (1999); Marmottant and Viller
maux (2004); Tammisola et al. (2011) have been carried out by researchers on the atomization process of liquid jet under
different conditions. With the development of numerical methods, it is possible to further simulate and study the detail
mechanism of the atomization process. The work of Shinjo and Umemura (2010, 2011) on the atomization mechanism of
a round liquid jet demonstrated the dominating mechanisms to form different liquid structures by analysing the numerical

This work is licensed under AttributionNonCommercial 4.0 International (CC BYNC)
See: https://creativecommons.org/licenses/bync/4.0/legalcode

https://www.gpps.global
https://creativecommons.org/licenses/by-nc/4.0/legalcode


results on high resolution grids. Desjardins et al. (2013) simulated the atomization of liquid fuel under the turbulence effect
using the highorder, discretely conservative, finite difference method. The primary instabilities for atomizing flows were
captured under this framework. Li and Soteriou (2013) simulated the atomization phenomena in a realistic atomizer in detail
with large computational costs. It was shown that the jet breakup process was similar to that under planar shear effects.
Siamas et al. (2009) studied the swirling atomization process with Direct Numerical Simulation(DNS). Results showed that
the flow instability was enhanced by the swirling motion, leading to the wider spread of liquid structures. Shao et al. (2017)
studied the swirl and the atomization characteristics of a ring swirling sheet with a turbulent inlet boundary condition. The
twophase simulation exhibited a chaotic velocity distribution downstream compared with the single phase case, and the
processing vortex core was not observed in the center of the sheet.

In twophase flow simulations, main computational frames to describe interfaces and material property jumps include
the EulerianEulerian singleequation frame and the EulerianLagrangian dualequation frame. The EulerianEulerian frame
captures accurate positions and shapes of interfaces in real time to describe the evolution of liquid structures. Drawbacks
of this frame include the relative high mesh resolutions requirements to compute the interface shapes, the loss of mass
conservation, the low accuracy in computing the curvatures and the unphysical breakup of ligaments. In the Eulerian
Lagrangian frame, the liquid phase is modeled as Lagrangian particles which are tracked with drag models. This frame
loosens the requirement for high resolution grids to some extent. And it makes the simulation of atomization in large
scale and complicated conditions possible by combining the secondary atomization models, the vaporizing models and the
combustion models in particle calculations. However, the atomization result is closely related to the atomization models
and the empirical parameters because it ignores the process of jet breakup in real conditions according to Li and Soteriou
(2013). Restrictions on the working conditions reduce the applicability of these models. The coupling computational strat
egy which combines the advantages of the two frames attracts great interest of researchers because it makes the simulation
of the whole atomization process possible. The EuerianEulerian frame is used to capture the breakup process of the con
tinuous surfaces in the primary atomization stage. Droplets can be then transformed into Lagrangian particles when their
sizes are comparable to the mesh resolution scale to reduce the computational cost. Herrmann (2010) presented a parallel
EulerianLagrangian multiscale coupling algorithm applicable to twophase flow in detail. Kim and Moin (2011) presented
an EulerianLagrangian breakup algorithm coupled with the LevelSet method in the simulation of coaxial round liquid
jet breakup. Tomar et al. (2010) presented a multiscale twoway transforming algorithm to track the movement and dis
tribution of minimal droplets. Arienti et al. (2013) simulated the atomization of impact jets with the EulerianLagrangian
coupling frame. It was shown that the description transformation of droplets from the Eulerian frame to the Lagrangian
frame under proper criteria enabled simulations of larger scales and longer physical time without reducing the accuracy. In
this paper, the transforming algorithm coupling the two description frames is developed and applied to the simulation of the
atomization of single swirling sheet.

METHODOLOGY
Governing equations for the continuous gas and liquid phases are solved using the opensource software Basilisk

which is originally developed by Popinet (2015). Basilisk is a set of Clike codes to solve the partial differential equations
of fluid dynamics with the quadtree/octree adaptive spatial discretion method. Variable resolution grids can be distributed
at necessary positions and a stable and efficient numerical method corresponding to the adaptive mesh refinement(AMR) is
developed. The computational accuracy for the fluid is second order. The volume of fluid(VOF) method and the piecewise
linear method are used to capture the evolution of interfaces in multiphase simulations. To better estimate the interface
curvature, the optimised heightfunction formula are adopted. Accurate interface evolution can be obtained with the above
methods for complicated atomization problems. An algorithm transforming small Eulerian droplets into Lagrangian parti
cles is developed and coupled with the computation of the continuous phases in this paper.

Governing equations for the gasliquid flow are the incompressible, variabledensity NavierStokes equations with
surface tension force Popinet (2009):

ρ(∂tuuu+uuu ·∇uuu) =−∇p+∇ · (2µDDD)+σkδsnnn (1)

∂tρ +∇ · (ρuuu) = 0 (2)

∇ ·uuu = 0 (3)

where uuu represents the fluid velocity vector, ρ represents the fluid density, µ represents the dynamic viscosity, and DDD =
(∂iu j + ∂ jui)/2 represents the deformation tensor. The surface tension calculation is restricted to the interface using the
Dirac function δs. k and nnn represent the curvature and the normal vector respectively. The advection term in the momentum
equation is discretized with the robust second order upwind Bell, Colella and Glaz(BCG) scheme Bell et al. (1989), and the
finite difference operator is used at boundaries of different refinement level grids. The grid refinement is performed at the
fractional timestep with the provisional velocity as explained in Popinet (2003).
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The quadtree/octree data structure is first applied to the spatial neighbor search in graphics postprocessing field.
Different from traditional adaption methods, which need to set up boundary conditions at the resolution boundaries, the
quadtree/octree discretion scheme solves the coupling problem with the finite difference operator. Fig 1 shows the quadtree
mesh in 2 dimensions (Popinet (2003)). The maximum refinement difference between neighboring grids is restricted to 2
in basilisk. The adaptive mesh refinement is realized through the ’downsampling’ and the ’upsampling’ operations (van
Hooft et al. (2018)). The ’downsampling’ sets variables at the coarse grids by volumeweighting variables on the fine grids.
The ’upsampling’ recalculates variable values on the fine grids by interpolating variables on the coarse level. The adapting
criteria are checked by comparing the recalculated variable values on the fine grids with their initial values.
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3

4

Figure 1 Sketch of the quadtree mesh(left) and the corrresponding tree data structure(right)
.

Topological changes of interfaces are captured with the VOF method, which is a good balance between accuracy and
complexity Ling et al. (2015). Interfaces are located in grids whose liquid volume fraction c is between 0 and 1. The
evolution of interface is calculated with:

∂tc+∇ · (cuuu) = 0 (4)

To accurately compute the surface tension force, the optimized height function is adopted in the curvature calculation. This
method is more accurate in computing interfaces which are sharp and have radii of curvature close to the mesh size. Details
about the surface tension force calculation can be found in Popinet (2009).

In downstream regions of the jet atomization, the liquid breaks into large amounts of droplet structures. Capturing
the evolution of every droplet interface costs vast computational resources and the numerical errors are increased when
massive tiny droplets are generated whose diameters are close to the mesh size. Study of Ling et al. (2015) showed that
tracking the movement of small droplets with the Lagrangian model can have more accurate results than those with the low
resolution VOF description. Droplets resolved with low resolution are transformed into Lagrangian particles dynamically
in simulations of this paper. The movement of particles is tracked with the Lagrangian dynamic drag model. The spatial
distribution and the diameter distribution of particles are obtained.

Droplets are generated dynamically from the main flow shearing, the sheet breakup, the ligament stretch and the large
drop breakup in the process of jet atomization. A criterion is needed to verify if a droplet is described accurately with the
VOF description. All the unresolved structures are transformed to Lagrangian particles. General transforming criteria in
previous studies include the grid scale, the droplet shape, the distance to the injector, the local concentration of droplets,
and the localWe number etc. The grid scale and the droplet shape criteria are mostly applied considering the computational
efficiency and accuracy for describing the interfaces. From the studies of Tomar et al. (2010); Arienti et al. (2013); Ling et al.
(2015), it is generally accepted that the shape and the surface tension force calculation of the droplet will exhibit significant
errors when the drop diameter is close to or less than 46 grid sizes. On the other hand, the droplet shape criterion requires
the droplets to be nearly spherical when they are transformed to avoid simply transforming thin ligaments into particles.
These criteria are usually expressed as:

Vd ≤Vcut (5)

e = max
Γd

∥xxx− xxxddd∥
max(∆xG,Rd)

≤ ecut (6)

where Vd is the volume of the liquid structure, Vcut is the volume criterion, e is the eccentricity of the liquid structure which
means the ratio of the maximum distance between any point on the interface and the mass center to the maximum of the
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grid size ∆xG and the effective radius of the drop Rd . ecut is usually chosen to be 1.5 according to Herrmann (2010); Ling
et al. (2015). Effects of these two criteria are tested, and only the grid scale criterion is adopted in the following simulations
considering that the droplets have been small enough to reach the accuracy limit of the Eulerian VOF method. Droplets
whose radii are smaller than 2∆xG are transformed into Lagrangian particles.

Governing equations for particles are:

dxxxd

dt
= vvv, and

dvvv
dt

= FFF particle (7)

where FFF particle are forces exerted by the flow field including the quasisteady force, the pressure gradient force, the added
mass force and the gravity force etc Ling et al. (2015). The classical rigid sphere drag model is Arienti et al. (2013):

dvvv
dt

= Fd(uuu fff − vvv) (8)

Fd =
18µg

ρld2
d

CDRed

24
(9)

CD =

{
0.424 Red > 1000
24

Red
(1+ 1

6 Re2/3
d ) Red ≤ 1000

(10)

where uuu fff is the flow field velocity at the particle position, µg is the dynamic viscosity of gas, ρl is the liquid density, dd
is the particle diameter, Red = ρg|u f − v|dd/µg is the particle Re number, and CD is the drag coefficient for the particle
according to Amsden et al. (1989).

Transformed particles may move close to the resolved liquid structures under the effect of aerodynamic forces. It is
necessary to transform these Lagrangian particles into droplets described by the Eulerian VOF method to conserve the total
mass and momentum. When a particle is propagated in the flow field, nearby grids within the particle’s radius are searched
and it will be transformed back into a droplet when the volume fraction in these grids is higher than a specific value. The
droplet interface is reconstructed according to the radius and the center of mass of the particle by refining grids surrounding
the particle to the highest level and reinitializing the volume fraction field as shown in Fig 2.

Figure 2 Sketch of the back transformation when the particle moves close to the liquid.

RESULTS AND DISCUSSION
Validation of the particle transforming algorithm

The particle initialization, the information exchange among processors, the transformation between the Eulerian droplet
and the Lagrangian particle, and the spatial advection of particles are needed in parallel frame to achieve the description
transformation of small droplets and the coupling computation with the Eulerian flow field. Several simulations are designed
and the results are compared with references to verify the correctness of the particle transforming algorithm in this paper.

The first test case is focused on the particle initialization and the information exchange in parallel frame. Basilisk par
titions the computational domain into subdomains under the Message Passing Interface(MPI) frame. The subdomain flow
field is calculated on separate processors and exchanges information at processor boundaries. The information exchange is
needed to keep track of particles when they move across subdomains. Particles flowing out of the local subdomain are
collected together after the update of particle positions. If a particle is now in the subdomain of the current processor, the
particle information is added to the particle list of the current processor and removed from the outflow processor. A particle
is not tracked anymore when it is out of the computational domain.

In the first test, 100 droplets whose radii increase from 0.01 to 0.04 linearly are initially placed in a square of length unit
and described using the VOF method, as shown in Fig 3. Then particles with radii smaller than 0.028 are transformed into
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Lagrangian particles at the same positions. 16 processors are used to verify if the particle information is recorded correctly
in parallel frame. Droplets with radii larger than the transforming criterion are kept described using the VOF method as
shown in the right figure. Colors of particles in the right figure represent their radii. It is shown that 60 droplets in all are
transformed into Lagrangian particles after the transformation by adding and collecting particles in every processor. The
number of remaining droplets is 40, which is exactly in accordance with the transforming criterion.

Figure 3 Droplets/Particles placement before(left) and after(right) the transformation

As shown in the section ”Numerical method”, multiple transforming criteria exist to judge if a droplet should be
transformed into a Lagrangian particle. The grid scale criterion and the droplet shape criterion are tested in this case. 4
drops of different sizes and shapes are initially placed in the square computational domain of unit length, as shown in Fig 4.
Both of droplets at the upperleft corner and the bottomright corner are spheres with radii of 0.1. The drop at the upperright
corner is a sphere with a radius of 0.2 and the drop at the bottomleft corner is an ellipse with a semimajor axis of 0.2 and
a semiminor axis of 0.05. Droplets whose radii and eccentricity are smaller than 0.15 and 1.5 respectively are removed
from the domain, as shown in the right figure. The upperleft droplet and the bottomright droplet are removed because they
satisfy both transforming criteria. The upperright droplet is remained because it disqualifies the grid scale criterion. The
bottomleft droplet is remained because it breaks the droplet shape criterion. Drops are removed as expected, and it shows
the correct implementation of the transforming criteria.

Figure 4 Droplets before removal(left), and remained droplets which disqualify the transforming criteria(right).

The movement of particles under the effect of the flow field is controlled by drag models. Referring to the work of
Ling et al. (2015), the transformation between droplet and particle and the dynamic drag model are verified in the simulation
of the liddriven flow. The computational domain is a cubic of length L = 3.2×10−4m with periodic boundary conditions
on the front and the back surfaces. The boundary condition for the upper surface is the uniform velocity condition from left
to right, with a liddriven velocity of Utop = 3.125m/s. And other boundaries are wall boundaries. The singlephase gas
flow field with a density of 10kg/m3 is first simulated. The velocity components(u,v) of the simulation on the horizontal
central line(v component) and the vertical central line(u component) of the vertical central plane(z = L/2) when the steady
state is reached agree well with reference Ghia et al. (1982), as shown in Fig 5.

A droplet/particle is added at a specific position of the computational domain when the steady state is reached for the
single phase simulation(about 1ms). The droplet/particle will be carried by the flow field. A droplet described by the VOF
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Figure 5 Comparison of the velocity components with the experimental data of Ghia et al. (1982).

method is transformed into a particle when it moves to x < 1.5×10−4m. The same process is also implemented for the par
ticle to droplet transformation, as shown in Fig 6. The origin is located at the lowerleft corner of the computational domain,
and the droplet/particle is initially placed at xxx = (1.952,1.952,1.888)×10−4m. The initial velocity of the droplet/particle
is obtained by interpolating the velocity of the surrounding gas. Other parameters for the simulation are shown in Table 1.

Figure 6 Sketch of the computation of the liddriven flow.

Table 1 Parameters of the simulation of the liddriven flow.

properties value

liquid density ρl(kg/m3) 3000
liquid viscosity µl(Pa·s) 0.001
gas viscosity µg(Pa·s) 0.0001
liquid surface tension coefficient σ (N/m) 1.5×10−4

drop diameter dd(mm) 0.01
grid size ∆xG(µm) 2.5

The drop diameter dd and the grid size ∆xG satisfy dd = 4∆xG to simulate the condition when the droplet reaches
the limit of the VOF description. Fig 7 compares the velocity components of the droplet/particle before and after the
transformation with the result of the DNS simulation using the VOF method to describe the droplet. No matter the droplet
is transformed from an Eulerian droplet (VOF_stage in Fig 7) to a Lagrangian particle(LP_stage in Fig 7) or the opposite,
the difference between the DNS simulation(VOF_u and VOF_v in Fig 7) and the transforming simulation is minor. The
droplet/particle follows the movement of the gas flow and the correctness of the transforming algorithm is guaranteed.

Primary atomization of swirling liquid sheet
Multistage, airassisted atomizing nozzles are developed now to reach a smaller droplet scale and amore homogeneous

droplet distribution for fuel atomization. The fundamental of these advanced atomizers is the atomization of swirling liquid
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Figure 7 Comparison of the velocity components of the droplet/particle with the DNS result (left: the droplet is
transformed into a particle, right: the particle is transformed into a droplet).

sheet which is hard to observe and study. The atomization process is reproduced by numerical simulations to conclude the
flow field characteristics and analyze the atomization mechanisms. The droplets’ information are obtained and compared
under different atomization conditions. The sketch of simulation condition is shown in Fig 8. A round fuel sheet flows
into the simulation domain from left. The fuel sheet is h = 0.1mm thick and its rim diameter is Dout = 0.4mm. The axial
velocity uaxi and the swirling velocity uθ are both 10m/s. The computational domain is 10Dout × 10Dout × 10Dout with
a velocity inlet boundary on the left, and outflow boundaries on all other faces. The liquid material is jet fuel whose
properties are shown in Table 2. Nondimensional parameters show general characters of the flow field and control the
sizes of final drops. Nondimensional Rel number and Wel number to represent the general flow condition are defined as:
Rel = ρlDoutuaxi/µl , Wel = ρlDoutu2

axi/σ based on the outer diameter Dout and the axial velocity uaxi. The grid resolution
is determined according to the grid number across the sheet thickness to capture the interface evolution and the gasliquid
interaction. There are equivalently 25 grids of the highest refinement level across the sheet, which is in accordance with
Shao et al. (2017). Adaptive mesh refinement is applied to positions where errors in computing the volume fraction and
the velocity are larger than a specific value. The maximum refinement level is 10, corresponding to a grid resolution of
∆xG = 3.9µm.

Figure 8 Sketch of the simulation domain of the atomization of single swirling liquid sheet.

Table 2 Physical properties of jet fuel in simulations.

properties value

liquid density ρl(kg/m3) 800
dynamic viscosity µl(Pa·s) 0.0016
surface tension coefficient σ (N/m) 0.036
density ratio ρl/ρg 20
viscosity ratio µl/µg 10
liquid Rel 2000
liquidWel 888.9

The evolution of the liquid sheet is shown in Fig 9, taking the nondimensional time T = tuaxi/Dout as standard. Results
compare well with the study of Shao et al. (2017). A mushroomshaped, outward bending head is formed under the effect
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of inertia and friction force after leaving the injector. The classical RayleighTaylor(RT) instability is observed at tip of the
sheet with the density difference in fluid properties. At T = 4, the outward bending sheet is stretched into uniform axial
ligaments while the head breaks into circumferential ligaments. At T = 8, holes are formed at head of the sheet, and both
axial and circumferential ligaments are therefore generated. The radical momentum of the sheet is attenuated. The head has
a tendency to bend inward when the surface tension force and the viscous force become dominating. Coiling ligaments may
interact with the sheet under the recirculation of local flow field, and hinder the development of the sheet. Ligaments and
droplets are generated continuously from here because the sheet is stretched thinner and is prone to be more influenced by
the gas field. At T = 12,15, the atomization reaches a steady state. Large amounts of ligaments and droplets/particles are
generated downstream. The sheet keeps smooth before reaching the maximum expanding positions. The radical momentum
is expended after the expanding stage and asymmetric disturbs become obvious on the sheet surface. Holes are formed and
enlarged greatly. The continuous sheet breaks up under the chaotic aerodynamic effects.

Figure 9 Interface evolution of the swirling liquid sheet at T=2,4,8,12,15

The sheet thickness and the spray cone angle are both key indexes to describe the atomization process. The sheet
thickness determines scales of atomizing droplets and the spray cone angle determines the spatial distribution of droplets.
The liquid sheet spreads both in axial and circumferential directions satisfying the continuum equation under the effect of
swirling. According to Ashgriz (2011), the sheet thickness varies with the axial distance to the injector in the form:

h = x tanθ −

√
(x tanθ)2 − ṁ

ρluaveπ
(11)

where x is the axial distance to the injector, θ is the half spray angle (set to π
4 according to the inlet velocity), ṁ is the mass

flow rate (set to ṁ = 1
2 ρlπ(Dout +Din)hinuaxi = 7.54×10−4kg/s, hin : the sheet thickness at inlet), ρl is the liquid density,

uave is the average axial velocity at x/Dout = 0.5,1.0,1.5,2.0,2.5 (equal to 9.0m/s). The variation of nondimensional
sheet thickness with axial distance to the injector at T = 12 is shown Fig 10, and compared with reference Shao et al. (2017)
and equation (17). The result compares well with reference and theory, and verifies the accuracy in computing the liquid
sheet positions and velocities. The continuous sheet starts bending inward because of the relative small circumferential
momentum and the shrinking effect of surface tension and viscous force. The spray cone angle is measured and averaged
at 0◦,60◦,120◦,180◦,240◦,300◦ circumferential positions. The continuous sheet has an average spray angle of 62.53◦

under relative small circumferential perturbations. The swirl motion and perturbations should be increased to obtain a
fullydeveloped, nonshrinking atomization process.
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Figure 10 The variation of sheet thickness with axial distance at T = 12.

The overlaps of interfaces of 0◦− 180◦, 60◦− 240◦, 120◦− 300◦ are shown in Fig 11 at T = 2,4,8,15 to study the
mechanism of the atomization process clearly. Contours represent ux of the flow field. At the initial stage of the develop
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ment, the sheet spreads downstream with high inertia and forms the classical RT instability structures in fluids with different
densities. At T = 4, the sheet is further stretched downstream. The radical momentum is converted into the axial momentum
when the sheet bends inward and the axial velocity is increased to the maximum of the flow field. The thin sheet is easier to
be influenced by the gas flow at this position. Ligaments are shed at the tip of the sheet. They move backward with the gas
flow inside the sheet and impact with the continuous sheet. At T = 8, a large backflow of gas can be seen inside the sheet
due to the pressure difference. The sheet is deformed in larger amplitude at tip. At T = 15, the atomization process has
reached a steady state. The asymmetry in circumferential direction is more manifested at head of the sheet. Large amounts
of droplets are formed downstream of the sheet and the flow field becomes complex at this position. The shape of the sheet
becomes a tulip due to the low initial circumferential momentum.

(a) T = 2 (b) T = 4

(c) T = 8 (d) T = 15

Figure 11 Overlap of interface sections contoured by ux.

The vorticity field can be displayed to help understand the formation of characteristic liquid structures. The liquid
interfaces accompanied with the gas field vorticity vectors are depicted in Fig 12. At T = 2, an outward bending head is
formed under the interaction with surrounding gas. The vorticity vectors clearly manifest the existence of axialsymmetric
vortices, which promotes the shedding of circumferential ligaments. Part of the sheet also bends inward because of the RT
instability. Axialsymmetric vortices are also found inside the sheet which are formed by the recirculation of the gas flow.
Axial ligaments can also be seen besides the circumferential ones when the sheet tip breaks up. Vorticity vectors show that
axial vortices exist along these ligaments. The vorticity vectors surrounding ligaments verify the conclusion of Shinjo and
Umemura (2010) that nearby vortices determine the ligament formation direction.

(a) T = 2, back view (b) T = 2, front view (c) T = 4, front view

Figure 12 Vorticity vectors near the sheet interface.

The sheet begins to breakup at approximately fixed positions where the gas recirculation regions lie. The stretched
thin sheet can be teared up by the complex and chaotic gas flow to form holes on its surface. Fig 13 shows the gas vorticity
field near the breakup positions. The nonuniform vorticity vectors indicate a complex gas field and vorticity vectors having
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different directions with the nearby uniform ones can be found at surface holes. The vorticity magnitude is also larger at
these positions. The gas perturbations together with the surface tension, will enlarge the holes further.

(a) T = 12 (b) T = 14 (c) T = 16

Figure 13 Gas vorticity vectors near the hole positions.

The accuracy of the transforming algorithm in atomization simulations is verified by comparing the droplet information
with that of the simulation without transformation. On the left of Fig 14, the diameter distribution of the simulation with
the transforming algorithm is shown in histogram, while the result of the simulation without the transforming algorithm is
presented by lines. The comparison demonstrates that the transforming algorithm represents the realistic diameter distribu
tion quite well. On the right of Fig 14, the number of liquid droplets, ligaments and particles in the flow field is summed at
different time. The number of these liquid structures is close with and without the transforming algorithm. Therefore the
transforming algorithm and the mesh resolution adopted in this paper can successfully and correctly capture and transform
most droplets close to the mesh resolution which do not further breakup.
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Figure 14 Comparison of liquid structure diameter distribution and liquid structure number in simulations with and
without the transforming algorithm.

The atomization characteristics are quite different under different conditions. In Fig 15, the atomization of a swirling
sheet with a 15m/s axial velocity is shown at top, while the atomization of a swirling sheet with a 15m/s swirling velocity
is shown at bottom. A typical tulip shape is formed for the sheet with higher axial velocity. The sheet shrinks and collapses
again at downstream positions, which indicates a bad atomization performance. Ligaments are mainly distributed in axial
direction due to higher axial momentum. Droplets and particles are mainly distributed along the axis and downstream the
breakup position. In contrast, droplets and particles spread in larger space for the sheet with higher swirling velocity. The
shrink of the sheet is not seen when increasing the swirling velocity. The sheet experiences a more violent breakup with
fewer large ligaments downstream. Most of ligaments are formed in circumferential direction.

(a) uaxi = 15m/s,T = 8 (b) uaxi = 15m/s,T = 15
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(c) uθ = 15m/s,T = 8 (d) uθ = 15m/s,T = 12

Figure 15 Interfaces and particles for the swirling liquid sheet with a 15m/s axial velocity(top), and a 15m/s swirling
velocity(bottom).

Fig 16 compares the sheet thickness at different axial positions and the number of liquid structures at different time
under different conditions. Liquid sheet thickness continuously decreases for the three conditions. The sheet with a 15m/s
axial velocity possesses the highest thickness during the whole spreading process, while the sheet with a 15m/s swirling
velocity possesses the lowest one. Increasing the swirling velocity relative to the axial velocity can enhance the stretch of the
sheet. In all conditions, the sheets break up when their thickness/Dout reaches around 0.05. The number of liquid structures
during atomization is shown on the right. The sheet with higher swirling velocity is stretched most and experiences the
most violent breakup. The number of liquid structures is almost twice the number for the sheet with higher axial velocity. It
is interesting to note that the number of liquid structures for the sheet with a 15m/s axial velocity is larger than that having
uaxi = uθ = 10m/s. This is caused by the higher momentum of the sheet with a 15m/s axial velocity and the further breakup
of ligaments when they shrink and collide with each other. It is therefore reasonable to promote the atomization process by
increasing the swirling velocity relative to the axial velocity.

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2  2.5  3

th
ic

k
n

e
s
s
/D

o
u
t

X/D
out

u
axi

=15

uθ=15

u
axi

=uθ

(a) Film thickness

 0

 1000

 2000

 3000

 4000

 5000

 6000

 7000

0.8 0.9 1.0 1.1 1.2

N
u

m
b

e
r

T

u
axi

=15

uθ=15

u
axi

=uθ

(b) Number of liquid structures

Figure 16 Variation of film thickness and number of liquid structures under different conditions.

Table 3 summarizes the cone spray angles and the breakup lengths under different conditions. The spray angles are
measured at positions where the sheets expand most in radical direction. It is shown that sheet with higher circumferential
velocity has the largest spray angle and the shortest breakup length, while the sheet with higher axial velocity reaches the
opposite limit.

Table 3 Spray angles and breakup lengths under different conditions.

T = 15 uaxi = 15 uθ = 15 uaxi = uθ = 10

Spray angle(◦) 45.24 101.17 62.53
Breakup length(mm) 2 1.2 1.8

Fig 17 shows the diameter distributions of liquid structures at steady states(T = 12) under different conditions. On
the upper half, droplets represented by the Lagrangian method are colored orange. It is shown that the tiny droplets are
transformed at the expected transforming threshold. Small droplets/particles occupy the main partition of liquid structures
in all cases. Due to the injection conditions, the diameter distributions of liquid structures are similar on the whole for the
three conditions. Difference appears when we look into the distributions of resolved liquid structures. It can be seen that
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more droplets/ligaments of smaller scales are generated for the sheet with higher circumferential velocity and the decrease
slope is lower for this case. Detailed diameter distributions show a more violent breakup for the sheet with higher swirling
velocity, which agrees with previous analyses.
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(b) uaxi = 15m/s,uθ = 10m/s
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(c) uaxi = 10m/s,uθ = 15m/s
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Figure 17 Distributions of diameter of liquid structures.

CONCLUSIONS
The atomization of swirling liquid sheet is basic and important for propelling systems in aeronautic and astronautic

field. The complex and dense flow field puts a great challenge for the experimental study. The atomization process of
swirling liquid sheet is studied numerically in this paper with a transforming algorithm which transforms small droplets into
Lagrangian particles. The main conclusions are:

The atomization process is captured in detail with the adaptive mesh refinement method. The spread, stretch, deforma
tion and breakup of the sheet are calculated precisely in numerical results. The formation of characteristic structures such
as ligaments and holes are identified and analysed with the help of the vorticity vectors in the flow field.

The atomization characteristics are compared under different conditions. The spreading sheet shrinks and forms a
tulip shape under the effect of surface tension and viscous force when the swirling momentum is not large enough. The
relationship between the axial and the swirling momentum determines the spatial distribution of liquid droplets.

A transforming algorithm is developed to transform small droplets into Lagrangian particles. With the transforming
algorithm presented in this paper, a more realistic flow field can be provided for further simulations while the physical
description of primary atomization stage is kept.

NOMENCLATURE

• AMR = adaptive mesh refinement

• VOF = volume of fluid

• DNS = direct numerical simulation

• c = liquid volume fraction

• CD = drag coefficient for the particle

• DDD = deformation tensor

• dd = diameter of the particle

• Din = inner diameter of the liquid sheet

• Dout = outer diameter of the liquid sheet

• e = eccentricity of the liquid structure

• ecut = shape criterion

• Fd = drag model coefficient

• h = liquid film thickness

• hin = sheet thickness at inlet
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• k = curvature of the interface

• L = domain length of the liddriven simulation

• ṁ = liquid mass flow rate

• nnn = normal vector of the flow field

• p = pressure of the flow field

• Rd = effective radius of the liquid structure

• Red = particle Re number

• Rel = liquid Re number

• T = nondimensional time

• uuu = velocity vector of the flow field

• uave = average axial velocity of the sheet

• uaxi = axial velocity of the sheet at inlet

• uuu fff = flow field velocity at the particle position

• uθ = circumferential velocity of sheet at inlet

• Utop = boundary velocity of the liddriven simula
tion

• vvv = particle velocity

• Vcut = volume criterion

• Vd = volume of the liquid structure

• Wel = liquidWe number

• xxx = position on the interface

• xxxddd = mass center of the liquid structure

• δs = Dirac function

• ∆xG = the minimum grid spacing

• µ = dynamic viscosity of the flow field

• µg = dynamic viscosity of gas

• ρ = density of the fluid

• ρl = density of the liquid

• ρg = density of the gas

• σ = liquid surface tension coefficient

• θ = half spray angle
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