International Journal of Multiphase Flow 143 (2021) 103702

journal homepage: www.elsevier.com/locate/ijmulflow

Contents lists available at ScienceDirect

International Journal of Multiphase Flow

Numerical study of two-phase flow dynamics and atomization in an n

open-type liquid swirl injector

Check for
updates

Vishnu Natarajan?, Umesh Unnikrishnan®, Won-Sub Hwang?, Jeong-Yeol Choi?®*,

Vigor Yang"

aDepartment of Aerospace Engineering, Pusan National University, Busan, 46241, Republic of Korea

bSchool of Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

ARTICLE INFO ABSTRACT

Article history:

Received 26 July 2020
Revised 8 May 2021
Accepted 23 May 2021
Available online 26 May 2021

Keywords:

Open-type swirl injector
Liquid Rocket
Combustion Instability
Volume of fluid
interFoam
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solver, interFoam, in OpenFOAM. Turbulence closure is achieved by means of LES with a one-equation
eddy-viscosity turbulence model. A volume-of-fluid method is used for tracking the interface between
the gas and liquid phases. The detailed spatio-temporal evolution of the flow field is explored system-
atically, including the liquid surface wave motion and liquid film characteristics within the injector, the
helical air core, and the formation and atomization of the liquid spray cone downstream of the injector.
The spectral content of the pressure field is also examined, to reveal the characteristic frequencies and
feedback mechanisms of gas-liquid interactions.
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1. Introduction

Liquid rocket engines (LREs) are an integral part of space ex-
ploration vehicles. In spite of the considerable progress made over
the past eight decades, there remain many challenges in LRE de-
sign and development (Anderson and Yang, 1995; Harrje and Rear-
don, 1972). Combustion instability in particular presents important
challenges and can have severe deleterious effects on engine oper-
ability.

Combustion instability results from the dynamic coupling be-
tween unsteady combustion and fluid dynamics in the engine
(Culick and Yang, 1995). Fig. 1 schematically shows the interactions
of the dynamic processes among the three major engine subsys-
tems: propellant feed systems, injectors and combustion chamber
(Kim, 2014).

Propellants pass through injectors from the feed system and
undergo atomization, vaporization, and mixing in the combus-
tion chamber. Pressure oscillations that develop in the combus-
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tion chamber affect injector characteristics such as propellant mass
flow rate, which in turn causes unsteadiness in the combustion
process and heat release. Injectors play a major role in the inter-
actions between the feed system and the combustor (Bazarov and
Yang, 1998; Chung et al., 2016; Kim, 2014). They not only facili-
tate the atomization and mixing of propellants, but also affect the
stability and efficiency of the combustion device over the entire
engine operation regime.

Swirl injectors provide good atomization quality and high mix-
ing efficiency, and have been extensively used in practical LREs
(Bazarov et al., 2004; Khavkin, 2004). They enable high flow rates,
high thrust per injector element and superior throttling capability.
Furthermore, since the flow passage in a swirl injector is relatively
large, the atomization characteristics are less sensitive to manu-
facturing errors. The mean diameter of droplets is 2.2-2.5 times
smaller than that produced by a jet injector with the same pres-
sure drop and mass flow rate (Bazarov et al., 2004).

Swirl injectors can be classified into open and closed-type in-
jectors according to their geometric configuration. A closed-type
injector is equipped with an exit nozzle for improving the atom-
ization quality through flow acceleration. An open-type injector, on
the other hand, has a straight cylindrical chamber and offers bet-
ter dynamic behavior (Bazarov et al., 2004). The manufacturing of
open-type swirl injectors is much simpler than the manufacturing
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Fig. 1. Interactions of dynamic processes in LRE (Kim, 2014).

of closed-type swirl injectors. The dynamic characteristics of open-
type swirl injectors have been studied theoretically and experi-
mentally by Fu and co-workers (Fu et al. (2019), Fu et al. (2011a),
Fu et al. (2011b), Fu et al. (2010) and Fu et al. (2012)). Their work
has offered extensive insight into the underlying mechanisms and
key parameters that dictate the injector performance and dynam-
ics, and the results have been used to develop engineering design
guidelines.

The fundamentals of inviscid swirl injector theory were es-
tablished in the 1940s (Abramovich, 1944; Taylor, 1948). Exten-
sive efforts were then made to achieve a thorough understanding
of injector dynamics and flow physics over a wide range of in-
jector geometries and operating conditions (Bazarov et al., 2004;
Bazarov and Yang, 1998). The effects of vortex chamber geom-
etry, nozzle length, injector flow rate, and pulsation magnitude
on dynamic response characteristics were evaluated. Ismailov and
Heister (2011a, 2011b) conducted linear and nonlinear analyses
to study the dynamic response of swirl injectors. Both conver-
gence and conical convergence resonance models were developed
to investigate wave reflections and resonance behaviors. Chen and
Yang (2014) recently examined the effects of ambient pressure on
injector flow dynamics using a combined theoretical and numerical
analysis.

A number of experiments have been carried out to study lig-
uid swirl injector flow dynamics. Hulka and co-workers (Hulka and
Makel (1993); Hulka and Schneider (1993); Hulka et al. (1991))
characterized the spray angle, circumferential spray uniformity,
and drop size distribution of swirl coaxial injectors using pure wa-
ter and water/nitrogen as working fluids. Hot fire testing was per-
formed by Rahman et al. (1995) with a swirl coaxial injector using
liquid oxygen (LOX) and gaseous hydrogen (GH2) as propellants.
Visualization of near-injector swirling flames and LOX atomization
was also conducted. Stable ignition and combustion were achieved
for oxidizer-to-fuel ratios in the range of 3-166 and chamber pres-
sure of 140-500 psia. Sasaki et al. (1997) conducted cold-flow and
combustion tests at two different operating conditions. Both shear
and swirl-coaxial injectors were investigated, with recessed and
non-recessed LOX posts. Combustion efficiency was found to be
limited by vaporization efficiency in the case of the shear-coaxial
injector and mixing efficiency in the swirl-coaxial injector, respec-
tively. An increase of heat load on the chamber wall and unstable
combustion was observed in swirl-coaxial injectors.

[Inamura et al. (2003) investigated theoretically liquid film de-
velopment in a simplex swirl-coaxial injector. Empirical correla-
tions for the sheet cone angle and breakup length were found to
be applicable mainly inturbulent flows, and mismatch with mea-
surements occurred when the liquid film transitioned from turbu-
lent to laminar due to decreased flow rate. Im et al. (2005) car-

ried out self-pulsation experiments to study the spray and acous-
tic characteristics of a gas/liquid swirl-coaxial injector in the fre-
quency range of 2-4 kHz. Liquid velocity appeared to be the only
factor determining the acoustic frequency. Kim et al. (2007) mea-
sured the spray angle and breakup length using direct photogra-
phy for different Weber numbers and pressures to investigate the
spray and flow characteristics of a swirling liquid sheet. The max-
imum axial Weber number and ambient gas pressure were 1554
and 4.0 MPa respectively. The spray angle increased with increas-
ing Weber number until the breakup of the liquid sheet. In addi-
tion, the breakup length decreased with increasing Weber num-
ber at high ambient pressure due to the effect of aerodynamic
force. Kenny et al. (2009) investigated the behaviors of a liquid
swirl injector by injecting water into gaseous nitrogen at a rate of
0.09 kg/s. The ambient pressure was varied in the range of 0.10-
4.81 MPa. The shadowgraph technique was used to measure the
film thickness and spray angle near the injector exit, whereas the
film thickness upstream of the injector exit was measured using
direct photography. The film thickness was found to increase with
increasing ambient pressure, while the spray angle decreased. The
underlying physics was explored in the combined theoretical and
numerical study by Chen and Yang (2014). Moon et al. (2010) de-
veloped a sheet breakup model using linear stability theory and
validated it against experimental data. Results indicated that lig-
uid sheet breakup takes place in a long-wave regime at atmo-
spheric conditions. The breakup mechanism switches to a short-
wave regime at high pressures. Both experimental and computa-
tional results showed decrease in liquid-sheet breakup length and
spray angle with increasing ambient pressure.

Kim et al. (2013) conducted cold-flow experiments to study the
effects of recess length and momentum flux ratio on the spray pat-
terns of gas-centered swirl-coaxial injectors. Water and gaseous
nitrogen were used as working fluids. An increase in the mo-
mentum flux ratio led to a drastic change in the spray pattern
from a wide hollow cone to a narrow solid cone. A high mo-
mentum flux ratio was required by the injector with shorter re-
cess to maintain a spray pattern similar to that of a longer re-
cess. Santolaya et al. (2013) measured droplet sizes and velocities
using a phase Doppler particle analyzer. The spray patterns and
droplet size distributions for a pressure swirl atomizer were ex-
amined. Chung et al. (2016) experimentally studied the flow dy-
namics of open-type swirl injectors with different geometries. The
injector flow response to externally imposed pressure fluctuations
was studied systematically for different geometries. The variation
of the liquid film thickness was found to be proportional to the
manifold pressure fluctuation. Such sensitivity decreased with de-
creasing swirl chamber length and diameter. Among the geomet-
ric parameters, the manifold diameter and tangential entry num-
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Table 1
Multiphase flow studies on swirl injectors.
Author Injector used Interface Remarks
capturing
Dash et al. (2001) Closed-type and open-type VOF Air core formation
Yeh (2007a, 2007b) Plain-orifice atomizer, VOF Performance evaluation of eddy viscosity and Reynolds stress models
pressure-swirl atomizer
Mandal et al. (2008) Simplex atomizer VOF Power law and geometry effect on flow and atomizer performance

Fuster et al. (2009) Single jet, co-flowing atomizer
and swirl atomizer

Pressure-swirl atomizer VOF

Adaptive VOF

Renze et al. (2011)

Nouri-Borujerdi and Pressure-swirl atomizer Level set

Kebriaee (2012)

Fu (2015) Open-type VOF

Galbiati et al. (2016a) Pressure-swirl atomizer VOF

Galbiati et al. (2016b)  Pressure-swirl atomizer VOF

Ding et al. (2016) Pressure-swirl atomizer VOF

Shao et al. (2017) Annular swirling jet Mass
conservative
level set

Cheng et al. (2018) Pressure-swirl atomizer VOF

Laurila et al. (2019) Pressure-swirl atomizer geometric VOF

Different simulations of primary atomization

Spray pattern, pressure drop, and spray angle for non-Newtonian fluid
Simulations using an axisymmetric laminar and turbulent two-phase solver

Effects of ambient pressure on internal flow

Primary breakup and grid refinement study

Effect of operating conditions and influence of turbulence models
Primary atomization

Swirl and atomization characteristics with influence of turbulent flow

Response to ramp variation of mass flow rate

Inner nozzle flow and liquid sheet instability for high viscosity fluids and instability

for Re from 420-5300

VOF with
CICSAM
geometric VOF

Bai et al. (2020) Liquid-centered swirl coaxial
injector

Laurila et al. (2020) Pressure-swirl atomizer

Self-pulsation characteristics with different annulus width and post thickness

Comparison between computational and experimental investigations, inner nozzle and

near-field flow characteristics

Present study Open-type VOF

Investigation of flow field inside the injector and primary atomization

ber had greater impact, compared with the length and diameter of
the swirl chamber.

A number of numerical studies have been carried out on
swirl injectors. Wang and colleagues (Wang et al. (2001);
Wang et al. (2007)) investigated gas-turbine swirl injector
flow dynamics using large eddy simulations (LES). Zong and
Yang (2008) studied the flow dynamics of a swirl injector un-
der supercritical conditions The interactions of hydrodynamic in-
stabilities and acoustic oscillations in the injector were examined
in detail. Huo et al. (2009) studied the response of swirl injector
flows to external forcing at supercritical conditions over a wide
range of frequency. Fuster et al. (2009) conducted simulations of
primary atomization in several swirl atomizers using an adaptive
VOF method. Siamas et al. (2009) explored the dynamics of an-
nular gas-liquid two-phase swirling jets. Two computational cases
with different gas-liquid density ratios were considered. Nouri-
Borujerdi and Kebriaee (2012) simulated laminar and turbulent
flows in a pressure swirl atomizer using an axisymmetric two-
phase solver along with a level-set method for interface capturing.
Wang and co-workers (Wang et al. (2017a); Wang et al. (2015))
performed three-dimensional analyses of supercritical fluid dy-
namics in swirl injectors. Fu (2015) conducted axisymmetric flow
simulations of open-end swirl injectors with and without pres-
sure oscillations. The effect of turbulence on spray characteris-
tics was investigated and compared with experimental data from
Elbadawy et al. (2015). Recently, comprehensive numerical studies
using LES techniques were carried out to explore detailed flow dy-
namics in liquid oxygen/kerosene bi-swirl injectors (Wang et al.,
2017b) and gas-centered liquid-swirl coaxial injectors (Wang et al.,
2019; Zhang et al., 2018) under supercritical conditions. Table 1
lists multiphase flow studies on liquid swirl injectors.

Until now, most of the numerical studies on multiphase injector
flow dynamics have been carried out using closed-type swirl ge-
ometries. Open-type swirl injectors have been investigated mainly
using experimental techniques. As a result, detailed flow structures
within injectors have not been well understood. The present work

attempts to study the complex flow dynamics inside an open-type
swirl injector by performing multiphase flow simulations. Forma-
tion and evolution of the air core, liquid-film development, and
primary atomization characteristics are treated in detail. The spec-
tral attributes and characteristic acoustic frequencies of the flow
field are also quantified.

2. Numerical approach

The interFoam solver in OpenFOAM is employed to perform
multiphase flow simulations in this study. The code deals with
transient, incompressible, isothermal, multiphase flows with im-
miscible fluids. The interface between two fluids is captured by
means of a volume-of-fluid (VOF) method.

2.1. Governing equations

The continuity equation is given by

V.(U)=0 (1)

U=al+ (1 -a)l (2)

where « is the volume fraction of the liquid phase in a cell, rang-
ing from O to 1. The subscripts 1 and g denote the liquid and gas
phases, respectively. A cell completely filled with liquid is repre-
sented by «=1 and the gaseous phase is indicated by «=0. A value
between 0 and 1 represents the interface between the liquid and
gaseous phases.

The fluid properties at any point in the domain are calculated as
the volume fraction-weighted average of the corresponding prop-
erties of the two fluids. Thus, for example, the fluid density at a
given point in space is computed as,

p=ap+(1-a)p, 3)
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The momentum equation is

8(,)LtljJrv.(pUﬁ) =-VP+V.T+pF, (4)

T in Eq. (4) is the deviatoric stress tensor where the stress term
can be expressed as follows for an incompressible flow.

T =2us (5)

po=ap+(1—a)ug (6)

where p is the laminar molecular viscosity and S is the mean rate
of strain tensor defined as S = 0.5[VU + (VU)']. For Newtonian
and incompressible flows, the stress term in Eq. (4) can be further
decomposed with the aid of the identity of the divergence opera-
tion in vector calculus.

VI =V.(uVU)+VUVpu (7)

F, in Eq. (4) is the body force term consisting of gravity and
surface tension. The latter is evaluated using the Continuum Sur-
face Force (CSF) model as

E, =okVa (8)

where ¢ is the surface tension constant and « is the mean curva-
ture of the free surface, obtained from the following relation

N Va
Kk=-V.i= _V'<|Vot|) (9)

where 1 is the interface unit normal vector. It is common to use a
modified pressure in the VOF method for convenience in applying
boundary conditions for pressure. The modified pressure is given
as

P, =P— pgx (10)

where g and X denote acceleration due to gravity and the position
vectors in Cartesian coordinates, respectively. Using Eqs. (5)-(10),
Eq. (4) can be re-written for a two-phase, Newtonian, incompress-
ible flow as

apU0 - - .
-+ V.(pUU) = V.(uVU) - VU.Vpu
=-V.P-gxVp+okVa (11)
The phase continuity equation is
o -
WJFV.(Ua) =0 (12)

The appropriate modeling of tubulence remains one of the great
questions of fluid dynamics. Modeling of single-phase flows is a
complex topic in itself; turbulence in multiphase flows is even
more intricate (Kolev, 2012). Near the interface between fluids, the
turbulence structures become anisotropic, andin immiscible flu-
ids, the interfacial turbulence may incorporate various types of
breakup and reformation of the boundaries, including vortex inter-
actions, rapid deformations, and ligament formation (Shirani et al.,
2006). A robust modeling framework for multiphase turbulent
flows is still an open research question. In recent decades, with
increases in computational power, LES has become an attractive
approach for turbulence modeling (Balabel, 2012). The LES tech-
nique, along with the one-equation eddy viscosity subgrid model
(Kim and Menon, 1995), is adopted for turbulence closure in our
study. The one-equation subgrid model uses the eddy viscosity ap-
proximation, where the subgrid-scale stress tensor t;; is approxi-
mated as follows:

2 —_—
Tjj ~ §k5358ij — szgsdev(D)ij (13)
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Here vsgs is the subgrid-scale eddy viscosity, D is the resolved-scale
strain rate tensor defined as

— 1(0u; 0uj
D”_Z(axj+3xi (14)
and the subgrid-scale kinetic energy ksgs is

1 1
ksgs = ifkk = i(ukuk — Ugelly) (15)

The subgrid scale eddy viscosity vsgs is computed using ksgs as

Vsgs = Cn/ Ksgs A (16)

where A is the local grid (filter) size and C, is a model con-
stant whose default value is 0.094. The difference between the
Smagorinsky model (Smagorinsky, 1963) and the one-equation
eddy-viscosity model lies in the computation of ksg. The Smagorin-
sky model assumes local equilibrium to compute ksgs whereas the
one-equation eddy viscosity model solves a transport equation for
ksgs as follows

a(pksgs) " a(Pujksgs) _ a |:/0(V+ngs) aak;gs]

ot an 8Xj
=—pPTj : Dij —Ce (17)
where the operator : denotes a double inner product, p is the den-
sity, v is the kinematic viscosity and Cc is another model constant.
The governing equations are discretized using the finite vol-
ume method (FVM) on an unstructured grid. A second order im-
plicit, bounded Crank Nicolson scheme is applied for time inte-
gration. The Gauss linear interpolation is implemented for inter-
polation of values from cell centers to face centers for the gradient
computations. Linear interpolation is used for the computation of
divergence terms, except for the divergence of ¢ (where ¢ is flux
across cell faces) and «, for which the van Leer limiter is used.
The PISO (Pressure Implicit with Splitting of Operators) algorithm
is employed for coupling the momentum equations with the mass
conservation equation. A preconditioned conjugate gradient (PCG)
solver is used along with the diagonal incomplete-Cholesky (DIC)
preconditioner for the pressure term and a smooth solver with
Gauss-Seidel smoother is used for solving all the other terms.

2.2. Injector configuration and boundary conditions

Fig. 2 shows a schematic of the three-dimensional open-type
swirl injector considered in the present study along with the un-
structured grid system. The injector consists of three inlets each
of 1.4 mm diameter and 5 mm length, which inject water tangen-
tially into the swirl chamber. The swirl chamber is 7 mm in di-
ameter and 55 mm long. An exterior domain, which is 30 mm in
diameter and 30 mm long, is included at the exit of the injector,
to enable examination of the liquid spray and flow field character-
istics downstream of the injector. The top surface of the injector
is modeled as a solid wall and the no-slip boundary condition is
assigned to it and all other injector walls. For the exterior domain
boundary, an outflow boundary condition through which flow can
pass is prescribed. The exterior domain and injector are initialized
with air at zero velocity and atmospheric pressure. Water is in-
jected through the tangential inlets at a total flow rate of 90g/s
and the pressure difference across the injector is set to 6.0 bar.
The dimensions of the geometry and the boundary conditions were
chosen to match the experimental study of Kim (2014).

The unstructured grid comprises tetrahedron cellsof sizes rang-
ing between 15-125 um. The finest cells are located within the in-
jector and in its vicinity, and the cells are coarsened in the ex-
terior domain. The time step size is calculated at every iteration
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(a) Physical Model

(b) Computational Grid (111,964 nodes)

(c) Zoomed View

Fig. 2. Schematic of an open-type swirl injector and the computational mesh.
(Coarse mesh is shown for clarity).

Table 2

Film thickness values for four mesh resolutions and experimental result
Type No. of Nodes  Film Thickness, mm
Experimental result (Kim, 2014) - 1.29
Coarse mesh 111,964 2.24
Medium mesh 590,857 1.66
Fine mesh 3,523,955 1.21
Very Fine mesh 6,554,640 1.20

with a maximum Courant number of 1.0. The computational do-
main is decomposed into 288 subdomains using the Scotch decom-
position method and the decomposed case is run using MPI. The
flow-through time, defined as the time taken for the flow to reach
the injector exit, is around t = 10 ms, and the simulation is further
run until t = 20 ms to ensure that the flow is fully developed and
has reached a steady state.

2.3. Model validation and grid convergence study

The performance of the interFoam solver used in our study was
investigated in detail by Deshpande et al. (2012). They found that
the solver is capable of capturing flow physics reasonably well
even with modest grid resolution for simulation of liquid sheet
atomization. In their work, they evaluated the liquid crown di-
ameter and showed excellent agreement with experimental work
(Cossali et al., 1997), proving the validity of the interFoam solver.

In this paper, we present a validation test based on film
thickness values compared against the experimental results of
Kim (2014). The validation is performed at three levels of mesh
resolution, with increasing node or cell counts, as listed in Table 2.
The pressure, liquid film thickness, and the interface dynamics be-

International Journal of Multiphase Flow 143 (2021) 103702
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Fig. 3. Liquid-volume-fraction contours for three different mesh resolutions
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Pressure (kPa)
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Radial Location (mm)

Fig. 4. Radial pressure profiles at the injector exit (y/L = 1.00) at t = 20 ms for
three mesh resolutions.

tween water and air, which are the main considerations for our
investigation, are examined for model validation and grid conver-
gence. Fig. 3 shows the liquid-volume-fraction contours in the in-
jector at time t = 20 ms for the three different mesh resolutions.
It is clear that the interface becomes more distinct as the cell size
decreases. The thickness of the film is higher and the interface is
smeared with the coarse mesh. As the mesh is refined, the inter-
face becomes sharper and the wavy structure of the flow field be-
comes more distinct.

The variation of instantaneous pressure at time t = 20 ms along
a radial position is shown in Fig. 4 for the three mesh levels.
The pressure profiles are taken at a radial line at the injector exit
(y/L = 1.00) at time t = 20 ms. It is seen that the medium and
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Fig. 5. Snapshots of (a) liquid-volume-fraction contour along a longitudinal section
and (b) iso-surface contour for liquid-volume-fraction, @ = 0.25.

fine mesh cases show very similar profiles, but since the interface
tracking is sharper in the fine mesh, we use the fine mesh here.

The film thickness at the exit of an injector characterizes the
injector performance; here here we calculate film thickness as the
radial distance from the wall at which o = 0.1 (recall that « is
the volume fraction of the liquid phase in a cell). Film thickness
varies over time and, corresponding to pressure, it varies at dif-
ferent circumferential locations inside the injector. Therefore film
thickness is measured at the injector exit (y/L=1.00) at differ-
ent circumferential locations and different time instants, and the
mean values (averaged over both circumference and time) are tab-
ulated. Table 2 details the mean film thickness values correspond-
ing to the three mesh resolutions, and the experimental result. The
computed results more closely match the measured film thickness
value closely as the mesh is refined. The error in the calculated
film thickness is only 6.43% for the fine mesh.

To check whether a finer mesh would produce an even lower
film thickness value, another case with a larger number of nodes
was tested. It can be seen from Table 2 that the film thickness
value does not decrease much further with the Very Fine mesh.
This is because the decrease in cell size and the corresponding
change in interface position happens within a few micrometers.
Therefore, the change in film thickness with further decrease in
mesh size is also of the order of few micrometers. This result justi-
fies, qualitatively and quantitatively, that the fine mesh model with
the current solver and choice of numerical schemes is sufficient to
capture the three-dimensional flow dynamics and the multiphase
flow interface at the desired level of accuracy.

3. Results and discussion
3.1. Instantaneous flow fields

Fig. 5a shows a snapshot of the liquid-volume-fraction distri-
bution along a longitudinal cut section. The thickness of the film
varies in an uneven manner along the length of the swirl cham-
ber. Regions of alternating low and high film thickness gives the
liquid film a wavy structure. The thickness of the film is inversely
proportional to the axial velocity of the flow in the swirl cham-
ber. In the open-type swirl injector, there is no convergent sec-
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Fig. 6. Liquid-volume-fraction contour at various streamwise locations inside the
injector from t = 18 ms to t = 20 ms with At = 1 ms.

tion at the end of the injector and so there is no acceleration of
the flow due to the change in injector shape, and the liquid film
thickness of the open-type swirl injector is slightly higher than
that of an equivalent closed-type injector. Hydrodynamic instabili-
ties are also present inside the swirl chamber. The iso-surface con-
tour of the liquid-volume-fraction is used to visualize the three-
dimensional structure of the liquid film inside the swirl injector.
Fig. 5b presents a snapshot of the iso-surface contour for @ = 0.25,
which is almost at the end of the transition region from water to
air, that is the interface between water and air. This illustrates the
helical path of the swirling flow inside the swirl chamber along
with the conical spray formed outside the injector. The liquid is
injected tangentially and the centrifugal force associated with the
swirling motion causes the liquid to swirl along the injector wall,
while the region inside the liquid vortex is filled with ambient gas.
The swirling motion within the injector increases the flow resi-
dence time compared to that of a jet injector, and has several ad-
vantages from a mixing standpoint. A significant portion of the
acoustic energy from the combustion chamber is withdrawn into
the gas manifold, and the gas cavity acts as an acoustic resonator
(Long et al., 2003). Since the air core formed at the center of the
swirling flow in the swirl chamber acts as an acoustic damper, the
pressure fluctuations generated in the combustion chamber do not
easily propagate from the combustion chamber to the feed system
and vice versa (Bazarov, 1996). Since there is no convergent section
downstream, there will also not be reflected waves as in the case
of closed-type swirl injectors. Outside the injector, the flow forms
a conical sheet, which breaks up into ligaments and eventually into
small droplets. These phenomena are examined in more detail in
Section 3.3.

3.2. Flow field inside the injector

3.2.1. Overview

Fig. 6 depicts the variation of liquid-volume-fraction at various
streamwise locations inside the swirl injector at different time in-
tervals. The snapshots are taken from t = 18 ms to t = 20 ms with
a time interval of 1 ms between snapshots. Although the flow is
swirling within a circular chamber, the developed liquid film sur-
face inside the injector is not circular. Near the head end of the
injector, the liquid film surface is relatively smooth with a small
film thickness value. The film thickness increases as we go down-
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Fig. 7. Circumferentially-averaged tangential velocity profile along the radius at dif-
ferent axial locations of the injector at t = 20 ms.

stream, except at the injector exit where it is relatively smaller.
The contours at y/L = 1.00 show a smaller film thickness com-
pared to the contours at y/L = 0.75 due to the variation of the axial
fluid velocity along the length of the chamber. In general, the film
thickness increases as the axial velocity decreases. Initially, near
the injector head, the axial velocity is comparatively small, since
the flow is injected in the tangential direction. Due to wall fric-
tion, the axial velocity decreases further, causing the liquid film
thickness to be higher at y/L = 0.5 and y/L = 0.75. Near the in-
jector exit, the axial velocity increases as the static pressure in-
duced by the swirling motion is converted into axial acceleration
(Chen and Yang, 2014), and therefore the liquid film thickness is
relatively lower at y/L = 1.00, as shown by the contours in Fig. 6.
The circumferential waviness in the film surface also intensifies as
we move from the injector head end to the exit. The variation in
film thickness implies that the shape of the central air core has
changed. The radius of the air core is an important parameter that
determines the film thickness and average drop size in the pro-
cess of atomization (Som and Mukherjee, 1980). In addition to the
variation in the streamwise and circumferential directions, the film
thickness also varies in time. The temporal changes in the film
thickness near the head end are minimal, whereas the fluctuations
become more prominent downstream along the length of the swirl
chamber.

The circumferentially-averaged tangential velocity profile is
plotted along the radius at four different axial locations of the in-
jector at t = 20 ms in Fig. 7. It is seen that the profiles are al-
most identical in all the locations, although there is a slight differ-
ence in the peak values. The peak velocity is highest at y/L = 0.75,
followed by y/L = 1.00. The effect of the wall region is also seen
in these profiles. The air core region is almost stagnant, although
low velocity flow is present. Even at the center the velocity is not
exactly zero. as the flow does not swirl exactly around the geo-
metric center. The velocity increases as we move into the liquid
film toward the wall, and then decreases again at the wall. The
swirling motion of the liquid and resulting viscous stress at the
liquid-air interface force the air close to the liquid film surface
to move along with it, and this gives the stagnant air inside the
chamber a small velocity. The tangential velocity in the circumfer-
ential direction also varies. Due to non-uniform tangential velocity,
the liquid film inside the swirl chamber is also non-uniform and
non-circular, as seen in Fig. 6. The variation of film thickness and
velocity fluctuations affect the primary breakup of the conical lig-
uid spray.
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Fig. 9. Air core formation inside the swirl injector, helical striation waves - 1, 2, 3.

3.2.2. Streamlines

A three-dimensional visualization of streamlines from each of
the three tangential inlets along with the top view of the stream-
lines is shown in Fig. 8. The streamline characteristics vary along
the swirl chamber. The streamlines do not remain equidistant and
do not even follow similar paths inside the chamber. The rela-
tive distance between the streamlines and the helical angle of
the swirling flow increase along the swirl chamber, causing the
streamlines to spread apart. The helical flow path along with the
increase in the helical angle can be seen in Fig. 8. The streamlines
of the velocity field indicate that the flow spreads further after ex-
iting the swirl chamber. At the injector exit, the streamlines are
discharged at different angles with respect to each other. The rel-
ative angles between the streamlines at the exit are significantly
different from the initial angle between them (120°) at the start
of injection, and the streamlines also have a larger helical angle
outside the injector.

3.2.3. Air core and surface waves

A fully developed helical air core formed inside the injector is
visualized in Fig. 9. This corresponds to the iso-surface contour at
o = 0.25. An air core is formed when the centrifugal force of the
swirling flow inside the injector dominates the viscous force. Due
to the centrifugal motion of the liquid, a low pressure area is cre-
ated near the injector exit which entrains ambient air into the in-
jector (Amini, 2016). Thus, formation of an air core inside the injec-
tor depends on the presence of sufficient inlet velocity or flow rate
(Dash et al., 2001). The average diameter of the air core computed
from our study is around 4.58 mm, and the core is not symmetrical
about the center of the swirl chamber.

The surface waves developed over the air core are also seen
in Fig. 9. These waves influence the liquid film characteristics at
the injector exit, which in turn affect the atomization process. The
air core inside the swirl chamber reveals the presence of edges or
striations, which are formed due to the flow from the three in-
lets. A triple helix shape is formed, rotating in the same direction
as the liquid swirl inside the chamber. This is in agreement with
the results of Chinn et al. (2016), who reported that the number
of edges in the helical air core is equal to the number of tangen-
tial inlets that feed the flow into the chamber. Two of these edges
are very sharp and one edge is somewhat blunt. It is also seen
from Fig. 9 that the distance between the air core edges increases
as we move toward the injector exit. The axis of the air core is
not exactly aligned with the center of the swirl chamber but is
rather slightly off-center of the central axis of the chamber. The air
core formed inside the injector along with the liquid flow swirling
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Fig. 10. Variation of iso-surface contours at different time instants for liquid-
volume-fraction, o = 0.25.

around the chamber, act as a damper for the pressure fluctuations
propagating from the combustion chamber to the feed system and
vice versa. Therefore, the shape and size of the air core play an
important role in the dynamics of the injector.

3.3. Flow field outside the injector

3.3.1. Spray characteristics

The temporal variation of the liquid-air interface represented
by the iso-surface contour for «=0.25 is shown in Fig. 10. Since
there is no acceleration of the flow due to the injector shape in an
open-type swirl injector, the liquid sheet breakup length is larger
than in an equivalent closed-type swirl injector. The liquid spray
is almost conical and hydrodynamic waves are observed on the
conical surface. Primary breakup of the liquid sheet occurs due to
growth of these unstable waves at the interface between the wa-
ter and air. The breakup length is found to vary around the con-
ical spray due to the variation of film thickness in the circumfer-
ential direction inside the injector. A droplet is formed when the
turbulent fluctuations in the liquid jet have sufficient momentum
to overcome the surface tension force (Wu et al., 1991; Wu et al.,
1992). Most of the droplets formed after primary breakup are ir-
regular in shape or like elongated ellipsoids, although a few spher-
ical or ovoid droplets are also seen after secondary and tertiary
breakup. Droplets are formed more promptly in regions where the
film thickness is small, and there is a delay in droplet formation
when the film thickness is high. The droplets formed are larger in
size when the film thickness is higher, while finer droplets are ob-
tained in regions where there is smaller film thickness.

3.3.2. Spray cone angle and Weber number

The conical liquid sheet formed in the exterior domain has a
non-uniform spray angle due to the velocity variation in the cir-
cumferential direction inside the swirl injector. The spray cone an-
gle is measured from our simulation at different cut sections for
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Fig. 11. Primary breakup process and droplet formation in the conical spray. a) dis-
turbance waves, b) ligament formation, c) fluid thread breakup by pinching, d) pri-
mary breakup, e) secondary breakup (small droplet).

different time intervals. The estimated mean spray cone angle is
about 61 degrees, and it varies by +/- 8 degrees around the conical
spray. The cone angle is higher in regions of smaller film thickness
due to the higher tangential velocity, and lower in regions of larger
film thickness.

The balance of deforming (inertial) and restoring (surface ten-
sion) forces acting on the liquid film govern the disintegration of
the liquid film into fragments. This balance can be described using
the Weber number, a dimensionless number that quantifies the ra-
tio of inertial force to the surface tension force. The Weber number
is given by,

2
we = LD (18)
o

For the present case, the Weber number is equal to 7595.92.
This implies that the inertial force is much larger than the surface
tension force. The surface waves are more turbulent and the flow is
more likely to deform into droplets as it reaches the injector exit.

3.3.3. Atomization

The atomization processes inside the swirl injector are ex-
plained in more detail with the help of Fig. 11, which shows the
iso-surface contour obtained for @ = 0.5. The liquid emerges from
the injector as a swirling sheet, and several processes promote its
eventual breakup into droplets. Since the flow is swirling radially
outwards, the film becomes thinner, and breaks into ligaments, and
these ligaments further break up into droplets through Rayleigh in-
stability. The swirling motion of the jet also supports the break-
down into droplets and liquid threads. The ligaments formed are
not uniform in size, and there is a significant difference in liga-
ment size based on the thickness of the liquid film. The droplet
sizes in turn depend on the size of the ligament from which they
are formed. Furthermore, as noted earlier, the liquid film thickness
varies around the circumference of the spray at the injector exit,
so surface waves form on the spray cone starting from the nozzle
exit. These waves grow as they propagate downstream and foster
breakup into droplets. Disturbance waves also form on the spray
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Fig. 12. Probe locations for data acquisition inside the injector.

surface, promoting the breakup of the liquid film into droplets.
The breakup processes are not all internal to the spray; aerody-
namic forces exerted by the surrounding air also support liquid
sheet breakup.

The process by which the liquid film or ligament breaks up into
droplets is called the primary breakup process. The liquid breakup
length is defined as the distance up to which the liquid film stays
connected with the injector. This is an important parameter in the
study of atomization characteristics as it defines the spatial extent
of the primary atomization region (Charalampous et al., 2016). The
average vertical breakup length is estimated in this case as 18.94
mm. In some regions, the primary droplets are formed quickly,
while in some regions we only observe partial disintegration of the
liquid film within the set domain length. The droplet size varia-
tion in the conical spray is also indicated somewhat generally in
Fig. 11, where larger and smaller droplets are clearly visible after
primary breakup. Downstream of this region, these droplets fur-
ther breakup into smaller droplets during the secondary breakup
process, and coalescence may also occur. The circumferential vari-
ations in the breakup length and droplet formation are minimal
compared to other injector configurations, and the spray pattern is
almost uniform(an advantage of open-type injectors).

3.4. Spectral analysis

In this section, we investigate the spectral dynamics of the swirl
injector quantitatively using the fast Fourier transform (FFT). To
perform FFT, flowfield data are collected at various probe loca-
tions along the longitudinal and circumferential locations inside
the swirl injector. The probe locations identified for our analysis
are shown in Fig. 12. Data was collected after the flow was fully
developed and had reached a quasi-steady state, from t = 15 ms
to t = 20 ms, with a sampling time interval of 1x10~7 s. The grid
convergence study conducted earlier (Section 2.3) was based on
the pressure value inside the injector. So the pressure fluctuations
from the fine grid are considered to be converged and accurate for
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our analysis. To verify the validity and sufficiency of the sampling
frequency, we extracted data from probe 1, which is near the top
surface of the injector, with different sampling times. FFT was per-
formed using data corresponding to each sampling time step, and
the results obtained are shown in Fig. 13. It is seen that the peak
frequency, defined as the frequency at which the power spectral
density (PSD) reaches a maximum value, and the corresponding
magnitudes of PSD, are the same for all time step sizes considered.
Based on this finding, we used the sampling time step 1x10-%7 s
for the remainder of the analyses. The present spectral analysis can
be considered accurate, based on the sampling time step size and
the grid resolution.

Fig. 14 shows plots of pressure fluctuations for probe locations
1-4, positioned along the longitudinal direction of the injector. The
plot shows the variation of p’/p (%) with time, where the instan-
taneous pressure fluctuation p’ is normalized by the time-averaged
pressure p. The pressure oscillations are periodic near the head end
of the injector and become more intermittent and irregular as we
move downstream closer to the injector exit. The corresponding
PSD of the pressure fluctuations are shown in Fig. 15. It is seen
that at probe 1, which is closest to the injector head, there is a
peak value of PSD at a frequency of about 40 kHz. As we move
downstream towards the injector exit, this peak drops, and we ob-
serve several peaks at high frequencies, perhaps due to the insta-
bility or disturbance waves that emerge over the liquid film sur-
face. The overall peak values of PSD, however, decrease. In addition,
the peak frequencies change. As we move n closer to the injector
exit, we observe that the high frequency peaks diminish and a low
frequency peak in the range of 2-3 kHz becomes prominent. At the
injector exit, the peak frequency is about 2 kHz. The maximum
PSD values drop by four orders of magnitude along the injector.
From these observations, it is inferred that high frequency pres-
sure oscillations damp out as we move toward the injector exit,
and are replaced by a low frequency mode. This low frequency os-
cillation mode could have an important effect on the subsequent
liquid sheet breakup and atomization processes.

The pressure fluctuation-time history plots for probes 4-7, lo-
cated circumferentially at the exit of the injector (y/L = 1.00) are
shown in Fig. 16, and the corresponding PSD are presented in
Fig. 17. The variation in the behavior of the pressure oscillation
in the circumferential direction is evident. The 2 kHz peak ob-
served at probe 4 is not found at other circumferential locations.
In fact, multiple peaks are observed in the frequency range be-
tween 2-8 kHz. At probe 6, a peak at slightly higher frequency in
the range of 31.5 kHz is also observed. The high frequency mode
oscillations at the injector exit are obtained in regions where the
time-averaged film thickness value is comparatively small since the
film thickness values at probes 4, 5, 6 and 7 are 1.34 mm, 1.18 mm,
1.06 mm, and 1.27 mm respectively.

time step = 4x10”s
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Fig. 13. Power spectral densities for different sampling time step sizes.
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4. Concluding remarks

A numerical study was carried out to investigate the three-
dimensional flow dynamics of an open-type swirl injector. The in-
terFoam solver in OpenFOAM was used for multiphase flow simu-
lations. The computational framework employs the LES technique
with a one-equation eddy-viscosity subgrid model for turbulence
modeling, and the VOF method for capturing the gas-liquid inter-
face. The mesh resolution required to obtain converged flowfield
quantities was identified through a grid convergence study. The
numerical results obtained with the current computational setup
show good agreement with experimental results.

The three-dimensional multiphase flow characteristics are pre-
sented at different locations inside the injector. It is observed that
the helical flow field inside the injector is not smooth, but has a
wavy structure. The smoothness of the flow field decreases as we
move toward the exit of the injector. A helical air core is formed
inside the injector, which damps the pressure waves propagating
from the combustion chamber to the feed system. A triple helix-
shaped edge is seen swirling along the air core, due to the pres-
ence of three tangential inlets that feed the liquid into the swirl
chamber. The helical air core and the liquid film are asymmetric
with respect to the center of the chamber. The liquid spray out-
side the injector is examined in detail to describe the liquid jet
breakup and atomization processes. An almost conical spray pat-
tern is found outside the injector. Surface waves formed on the
conical spray are turbulent and cause the liquid jet to breakup. The
variation in film thickness has an important influence on the liquid
film breakup and atomization processes. The atomization process
in which the liquid film breaks into ligaments, which then break
down into primary and secondary droplets, is also discussed in this
study.

The unsteady dynamics of the injector are quantified in detail
using spectral analysis. The high frequency pressure oscillations in-
side the injector decay as the flow reaches the exit of the injector.
The spectral characteristics of the liquid film at the exit of the in-
jector vary in the circumferential direction, leading to asymmetries
in the subsequently formed spray cone and droplet distributions.
This paper lays the foundation for more detailed studies of open-
type swirl injectors, and future investigation of the effects of dif-
ferent swirl chamber geometries.

Authorship contributions

Conception and design of study: V. Natarajan, W.-S. Hwang, J.-Y.
Choi.



V. Natarajan, U. Unnikrishnan, W.-S. Hwang et al.

Acquisition of data: V. Natarajan, W.-S. Hwang.

Analysis and/or interpretation of data: V. Natarajan, J.-Y. Choi.

Drafting the manuscript: V. Natarajan, W.-S. Hwang, J.-Y. Choi
revising the manuscript critically for important intellectual con-
tent:

V. Natarajan, U. Unnikrishnan, V. Yang, J.-Y. Choi.

Approval of the version of the manuscript to be published (the
names of all authors must be listed):

V. Natarajan, W.-S. Hwang, U. Unnikrishnan, V. Yang, ].-Y. Choi.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The present work was carried out with the support of a
Space Core Technology Research Grant (2017M1A3A3A03015993)
of the National Research Foundation (NRF) of Korea, funded by the
Ministry of Science and ICT (MSIT) of the Korean Government.

References

Abramovich, G.N., 1944. The theory of swirl atomizers. Industrial Aerodynamics.
BNT ZAGI, Moscow, Russia.

Amini, G., 2016. Liquid flow in a simplex swirl nozzle. Int. J. Multiphase Flow 79,
225-235.

Anderson, W.E., Yang, V., 1995. Liquid Rocket Engine Combustion Instability. Ameri-
can Instiute of Aeronautics and Astronautics.

Bai, X., Sheng, L., Li, Q., Cheng, P.,, Kang, Z., 2020. Effects of annulus width and post
thickness on self-pulsation characteristics for Liquid-Centered Swirl Coaxial In-
jectors. Int. ]. Multiphase Flow 122, 103140.

Balabel, A., 2012. Numerical modeling of turbulence-induced interfacial instability
in two-phase flow with moving interface. Appl. Math. Modell. 36, 3593-3611.

Bazarov, V., 1996. Influence of propellant injector stationary and dynamic parame-
ters on high frequency combustion stability. 32nd Joint Propulsion Conference
and Exhibit. AIAA 1996-3119.

Bazarov, V., Yang, V., Puri, P,, 2004. Design and Dynamics of Jet and Swirl Injectors,
Liquid Rocket Thrust Chambers. American Institute of Aeronautics and Astro-
nautics, pp. 19-103.

Bazarov, V.G., Yang, V., 1998. Liquid-propellant rocket engine injector dynamics. J.
Propul. Power 14, 797-806.

Charalampous, G., Hadjiyiannis, C., Hardalupas, Y., 2016. Comparative measurement
of the breakup length of liquid jets in airblast atomisers using optical connec-
tivity, electrical connectivity and shadowgraphy. Measurement 89, 288-299.

Chen, X., Yang, V., 2014. Effect of ambient pressure on liquid swirl injector flow
dynamics. Phys. Fluids 26, 102104.

Cheng, P, Li, Q., Chen, H., Kang, Z., 2018. Study on the dynamic response of a pres-
sure swirl injector to ramp variation of mass flow rate. Acta Astronaut. 152,
449-457.

Chinn, ]J., Cooper, D., Yule, AJ.,, Nasr, G.G., 2016. Stationary rotary force waves
on the liquid-air core interface of a swirl atomizer. Heat Mass Transf 52,
2037-2050.

Chung, Y., Kim, H., Jeong, S., Yoon, Y., 2016. Dynamic characteristics of open-type
swirl injector with varying geometry. ]. Propul. Power 32, 583-591.

Cossali, G.E., Coghe, A., Marengo, M., 1997. The impact of a single drop on a wetted
solid surface. Exp. Fluids 22, 463-472.

Culick, FE.C.,, Yang, V., 1995. Overview of combustion instabilities in liquid-propel-
lant rocket engines. Liquid Rocket Engine Combustion Instability. American In-
stitute of Aeronautics and Astrophysics.

Dash, S.K., Halder, M.R., Peric, M., Som, S.K., 2001. Formation of air core in nozzles
with tangential entry. J. Fluids Eng. 123, 829-835.

Deshpande, S.S., Lakshman, A., Mario, ET,, 2012. Evaluating the performance of the
two-phase flow solver interFoam. Comput. Sci. Discov. 5.

Ding, ].-W.,, Li, G.-X,, Yu, Y.-S., Li, H.-M., 2016. Numerical investigation on primary
atomization mechanism of hollow cone swirling sprays. Int. J. Rotating Mach.
2016.

Elbadawy, I., Gaskell, P.H., Lawes, M., Thompson, H.M., 2015. Numerical investigation
of the effect of ambient turbulence on pressure swirl spray characteristics. Int.
J. Multiphase Flow 77, 271-284.

Fu, Q.-F, 2015. Numerical simulation of the internal flow of swirl atomizer un-
der ambient pressure. Proc. Inst. Mech. Eng. Part C ]J. Mech. Eng. Sci. 230,
2650-2659.

Fu, Q.-F, Ge, F, Wang, W., Yang, L.-]., 2019. Spray characteristics of gel propellants
in an open-end swirl injector. Fuel 254, 115555.

Fu, Q.-F, Yang, L], Qu, Y.-Y,, 2011a. Measurement of annular liquid film thickness
in an open-end swirl injector. Aerosp. Sci. Technol. 15, 117-124.

n

International Journal of Multiphase Flow 143 (2021) 103702

Fu, Q.-F, Yang, L.-J., Qu, Y.-Y,, Gu, B., 2011b. Geometrical effects on the fluid dynam-
ics of an open-end swirl injector. J. Propul. Power 27, 929-936.

Fu, Q.-F, Yang, L.-J., Wang, X.-D., 2010. Theoretical and experimental study of the
dynamics of a liquid swirl injector. J. Propul. Power 26, 94-101.

Fu, Q.-F, Yang, L.-]., Zhang, W., Cui, K.-D., 2012. Spray characteristics of an open-end
swirl injector. At. Sprays. 22, 431-445.

Fuster, D., Bagué, A., Boeck, T., Le Moyne, L., Leboissetier, A., Popinet, S., Ray, P,
Scardovelli, R., Zaleski, S., 2009. Simulation of primary atomization with an oc-
tree adaptive mesh refinement and VOF method. Int. J. Multiphase Flow 35,
550-565.

Galbiati, C., Ertl, M., Tonini, S., Cossali, G.E., Weigand, B., 2016a. DNS Investigation
of the Primary Breakup in a Conical Swirled Jet, High Performance Comput-
ing in Science and Engineering '15. Springer International Publishing, Cham,
pp. 333-347.

Galbiati, C., Tonini, S., Conti, P,, Cossali, G.E., 2016b. Numerical simulations of in-
ternal flow in an aircraft engine pressure swirl atomizer. J. Propul. Power 32,
1433-1441.

Harrje, D.T., Reardon, FH., 1972. Liquid Propellant Rocket Combustion Instability. Sci-
entific and Technical Information Office, National Aeronautics and Space Admin-
istration,, U.S. Govt Print. Off.

Hulka, J., Makel, D., 1993. Liquid oxygen/hydrogen testing of a single swirl coax-
ial injector element in a windowed combustion chamber. 29th Joint Propulsion
Conference and Exhibit. AIAA 1993-1954.

Hulka, J., Schneider, ]., 1993. Single element injector cold flow testing for STME swirl
coaxial injector element design. 29th Joint Propulsion Conference and Exhibit.
AIAA 1993-2161.

Hulka, J., Schneider, J., Dexter, C., 1991. Performance and stability of a booster class
LOX/hydrogen swirl coaxial-element injector. 27th Joint Propulsion Conference.
AIAA 1991-1877.

Huo, H., Zong, N, Yang, V., 2009. Cryogenic fluid dynamic response of swirl injec-
tor to external forcing at supercritical conditions. 47th AIAA Aerospace Sciences
Meeting including The New Horizons Forum and Aerospace Exposition. AIAA
2009-233.

Im, J.-H., Kim, D., Yoon, Y., Roh, T, Koo, J., 2005. Self-pulsation characteristics of
a swirl coaxial injector with various injection and geometric conditions. 41st
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit. AIAA 2005-3749.

Inamura, T., Tamura, H., Sakamoto, H., 2003. Characteristics of liquid film and spray
injected from swirl coaxial injector. J. Propul. Power 19, 632-639.

Ismailov, M., Heister, S.D., 2011a. Dynamic response of rocket swirl injectors, part I:
wave reflection and resonance. J. Propul. Power 27, 402-411.

Ismailov, M., Heister, S.D., 2011b. Dynamic response of rocket swirl injectors, part ii:
nonlinear dynamic response. ]. Propul. Power 27, 412-421.

Kenny, RJ., Hulka, J.R., Moser, M.D., Rhys, N.O., 2009. Effect of chamber backpressure
on swirl injector fluid mechanics. J. Propul. Power 25, 902-913.

Khavkin, Y., 2004. The Theory and Practice of Swirl Atomizers. Taylor & Francis, New
York.

Kim, D., Im, J.-H., Koh, H., Yoon, Y., 2007. Effect of ambient gas density on spray
characteristics of swirling liquid sheets. J. Propul. Power 23, 603-611.

Kim, H., 2014. Experimental Study on the Dynamic Characteristics of Open Type
Swirl Injector with Varying Geometry M.S. Thesis. School of Mechanical and
Aerospace Engineering. Seoul National University.

Kim, J.G., Han, Y.M., Choi, H.S., Yoon, Y., 2013. Study on spray patterns of gas-cen-
tered swirl coaxial (GCSC) injectors in high pressure conditions. Aerosp. Sci.
Technol. 27, 171-178.

Kim, W.-W., Menon, S., 1995. A new dynamic one-equation subgrid-scale model
for large eddy simulations. 33rd Aerospace Sciences Meeting and Exhibit. AIAA
1995-356.

Kolev, N.I, 2012. Introduction to turbulence of multi-phase flows. In: Kolev, N.L.
(Ed.), Multiphase Flow Dynamics 4: Turbulence, Gas Adsorption and Release,
Diesel Fuel Properties. Springer Berlin, Heidelberg, Berlin, pp. 39-65.

Laurila, E., Koivisto, S., Kankkunen, A., Saari, K., Maakala, V., Jarvinen, M., Vuori-
nen, V., 2020. Computational and experimental investigation of a swirl nozzle
for viscous fluids. Int. ]. Multiphase Flow 128, 103278.

Laurila, E., Roenby, J., Maakala, V., Peltonen, P., Kahila, H., Vuorinen, V., 2019. Anal-
ysis of viscous fluid flow in a pressure-swirl atomizer using large-eddy simula-
tion. Int. J. Multiphase Flow 113, 371-388.

Long, M., Bazarov, V., Anderson, W., 2003. Main chamber injectors for advanced hy-
drocarbon booster engines. 39th AIAA/JASME/SAE/ASEE Joint Propulsion Confer-
ence and Exhibit. AIAA 2003-5499.

Mandal, A., Jog, M.A., Xue, ]., Ibrahim, A.A., 2008. Flow of power-law fluids in sim-
plex atomizers. Int. ]. Heat Fluid Flow 29, 1494-1503.

Moon, Y., Kim, D., Yoon, Y., 2010. Improved spray model for viscous annular sheets
in a swirl injector. J. Propul. Power 26, 267-279.

Nouri-Borujerdi, A., Kebriaee, A., 2012. Numerical simulation of laminar and turbu-
lent two-phase flow in pressure-swirl atomizers. AIAA ]. 50, 2091-2101.

Rahman, S., Pal, S., Santoro, R., 1995. Swirl coaxial atomization - cold-flow and hot-
fire experiments. 33rd Aerospace Sciences Meeting and Exhibit. AIAA 1995-381.

Renze, P, Heinen, K., Schénherr, M., 2011. Experimental and numerical investigation
of pressure swirl atomizers. 34, 1191-1198.

Santolaya, J.L., Garcia, J.A., Calvo, E., Cerecedo, L.M., 2013. Effects of droplet collision
phenomena on the development of pressure swirl sprays. Int. J. Multiphase Flow
56, 160-171.

Sasaki, M., Sakamoto, H. Takahashi, M., Tomita, T, Tamura, H. Sasaki, M.,
Sakamoto, H., Takahashi, M., Tomita, T., Tamura, H., 1997. Comparative study of
recessed and non-recessed swirl coaxial injectors. 33rd Joint Propulsion Confer-
ence and Exhibit. AIAA 1997-2907.


https://doi.org/10.13039/501100003725
https://doi.org/10.13039/501100014188
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0001
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0001
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0002
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0002
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0003
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0003
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0003
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0004
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0004
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0004
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0004
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0004
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0004
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0005
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0005
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0006
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0006
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0007
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0007
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0007
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0007
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0008
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0008
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0008
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0009
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0009
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0009
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0009
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0010
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0010
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0010
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0011
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0011
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0011
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0011
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0011
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0012
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0012
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0012
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0012
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0012
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0013
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0013
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0013
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0013
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0013
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0014
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0014
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0014
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0014
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0015
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0015
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0015
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0016
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0016
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0016
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0016
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0016
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0017
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0017
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0017
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0017
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0018
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0018
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0018
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0018
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0018
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0019
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0019
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0019
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0019
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0019
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0020
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0020
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0021
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0021
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0021
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0021
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0021
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0022
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0022
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0022
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0022
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0023
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0023
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0023
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0023
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0023
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0024
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0024
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0024
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0024
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0025
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0025
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0025
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0025
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0025
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0026
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0027
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0027
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0027
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0027
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0027
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0027
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0028
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0028
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0028
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0028
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0028
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0029
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0029
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0029
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0030
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0030
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0030
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0031
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0031
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0031
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0032
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0032
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0032
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0032
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0033
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0033
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0033
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0033
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0034
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0034
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0034
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0034
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0034
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0034
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0035
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0035
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0035
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0035
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0036
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0036
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0036
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0037
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0037
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0037
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0038
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0038
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0038
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0038
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0038
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0039
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0039
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0040
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0040
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0040
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0040
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0040
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0041
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0041
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0042
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0042
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0042
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0042
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0042
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0043
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0043
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0043
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0044
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0044
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0045
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0046
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0047
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0047
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0047
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0047
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0048
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0048
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0048
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0048
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0048
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0049
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0049
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0049
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0049
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0050
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0050
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0050
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0051
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0051
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0051
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0051
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0053
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0053
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0053
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0053
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0053
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0054

V. Natarajan, U. Unnikrishnan, W.-S. Hwang et al.

Shao, C,, Luo, K., Yang, Y., Fan, ]., 2017. Detailed numerical simulation of swirling pri-
mary atomization using a mass conservative level set method. Int. J. Multiphase
Flow 89, 57-68.

Shirani, E., Jafari, A., Ashgriz, N., 2006. Turbulence models for flows with free sur-
faces and interfaces. AIAA ]. 44, 1454-1462.

Siamas, G.A., Jiang, X., Wrobel, L.C., 2009. Dynamics of annular gas-liquid two-phase
swirling jets. Int. J. Multiphase Flow 35, 450-467.

Smagorinsky, J., 1963. General circulation experiments with the primitive equations:
I. The basic experiment. Monthly Weather Rev. 91, 99-164.

Som, S.K. Mukherjee, S.G., 1980. Theoretical and experimental investigations on
the formation of air core in a swirl spray atomizing nozzle. Appl. Sci. Res. 36,
173-196.

Taylor, G., 1948. The mechanism of swirl atomizers. In: Proceedings of the 7th In-
ternational Congress for Applied Mechanics. London.

Wang, S., Hsieh, S.-Y., Yang, V., 2001. Numerical simulation of gas turbine swirl-sta-
bilized injector dynamics. 39th Aerospace Sciences Meeting and Exhibit. AIAA
2001-0334.

Wang, S., Yang, V., Hsiao, G., Hsieh, S.-Y., Mongia, H.C., 2007. Large-eddy simulations
of gas-turbine swirl injector flow dynamics. J. Fluid Mech. 583, 99-122.

Wang, X., Huo, H., Wang, Y., Yang, V., 2017a. Comprehensive study of cryogenic fluid
dynamics of swirl injectors at supercritical conditions. AIAA J. 55, 3109-3119.

Wang, X., Huo, H., Wang, Y., Zhang, L., Yang, V., 2015. A three-dimensional analysis
of swirl injector flow dynamics at supercritical conditions. 53rd AIAA Aerospace
Sciences Meeting. AIAA 2015-1827.

12

International Journal of Multiphase Flow 143 (2021) 103702

Wang, X., Wang, Y., Yang, V., 2017b. Geometric effects on liquid oxygen/kerosene
bi-swirl injector flow dynamics at supercritical conditions. AIAA J. 55,
3467-3475.

Wang, X., Wang, Y., Yang, V., 2019. Three-dimensional flow dynamics and mixing in
a gas-centered liquid-swirl coaxial injector at supercritical pressure. Phys. Fluids
31, 065109.

Wu, PK, Ruff, G., Faeth, G., 1991. Primary breakup in liquid/gas mixing layers. 29th
Aerospace Sciences Meeting. AIAA 91-19219.

Wu, PK,, Tseng, LK., Faeth, G., 1992. Primary breakup in gas/liquid mixing layers for
turbulent liquids. 30th Aerospace Sciences Meeting and Exhibit. AIAA 92-0462.

Yeh, C.-L., 2007a. Numerical simulation of a turbulent liquid jet emanating from a
plain-orifice atomizer and a pressure-swirl atomizer. Numer. Heat Transf. Part A
51, 1187-1212.

Yeh, C.-L., 2007b. Turbulent flow simulation of liquid jet emanating from pres-
sure-swirl atomizer. Heat Mass Transf. 44, 275.

Zhang, L., Wang, X, Li, Y., Yeh, S.-T,, Yang, V., 2018. Supercritical fluid flow dynam-
ics and mixing in gas-centered liquid-swirl coaxial injectors. Phys. Fluids 30,
075106.

Zong, N., Yang, V., 2008. Cryogenic fluid dynamics of pressure swirl injectors at su-
percritical conditions. Phys. Fluids 20, 056103.


http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0055
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0055
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0055
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0055
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0055
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0056
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0056
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0056
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0056
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0057
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0057
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0057
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0057
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0058
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0058
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0059
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0059
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0059
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0060
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0060
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0061
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0061
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0061
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0061
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0062
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0062
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0062
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0062
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0062
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0062
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0063
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0063
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0063
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0063
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0063
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0064
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0064
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0064
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0064
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0064
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0064
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0065
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0065
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0065
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0065
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0066
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0066
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0066
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0066
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0067
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0067
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0067
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0067
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0068
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0068
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0068
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0068
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0069
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0069
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0070
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0070
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0071
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0071
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0071
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0071
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0071
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0071
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0072
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0072
http://refhub.elsevier.com/S0301-9322(21)00150-6/sbref0072

	Numerical study of two-phase flow dynamics and atomization in an open-type liquid swirl injector
	1 Introduction
	2 Numerical approach
	2.1 Governing equations
	2.2 Injector configuration and boundary conditions
	2.3 Model validation and grid convergence study

	3 Results and discussion
	3.1 Instantaneous flow fields
	3.2 Flow field inside the injector
	3.2.1 Overview
	3.2.2 Streamlines
	3.2.3 Air core and surface waves

	3.3 Flow field outside the injector
	3.3.1 Spray characteristics
	3.3.2 Spray cone angle and Weber number
	3.3.3 Atomization

	3.4 Spectral analysis

	4 Concluding remarks
	Authorship contributions
	Declaration of Competing Interest
	Acknowledgements
	References


