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a b s t r a c t 

The three-dimensional, two-phase flow dynamics and underlying physics in an open-type liquid swirl in- 

jector are investigated using numerical simulations. The basis for this study is a validated multiphase flow 

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. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Liquid rocket engines (LREs) are an integral part of space ex- 

loration vehicles. In spite of the considerable progress made over 

he past eight decades, there remain many challenges in LRE de- 

ign and development ( Anderson and Yang, 1995 ; Harrje and Rear- 

on, 1972 ). Combustion instability in particular presents important 

hallenges and can have severe deleterious effects on engine oper- 

bility. 

Combustion instability results from the dynamic coupling be- 

ween unsteady combustion and fluid dynamics in the engine 

 Culick and Yang, 1995 ). Fig. 1 schematically shows the interactions 

f the dynamic processes among the three major engine subsys- 

ems: propellant feed systems, injectors and combustion chamber 

 Kim, 2014 ). 

Propellants pass through injectors from the feed system and 

ndergo atomization, vaporization, and mixing in the combus- 

ion chamber. Pressure oscillations that develop in the combus- 
∗ Corresponding author. 
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ion chamber affect injector characteristics such as propellant mass 

ow rate, which in turn causes unsteadiness in the combustion 

rocess and heat release. Injectors play a major role in the inter- 

ctions between the feed system and the combustor ( Bazarov and 

ang, 1998 ; Chung et al., 2016 ; Kim, 2014 ). They not only facili-

ate the atomization and mixing of propellants, but also affect the 

tability and efficiency of the combustion device over the entire 

ngine operation regime. 

Swirl injectors provide good atomization quality and high mix- 

ng efficiency, and have been extensively used in practical LREs 

 Bazarov et al., 2004 ; Khavkin, 2004 ). They enable high flow rates, 

igh thrust per injector element and superior throttling capability. 

urthermore, since the flow passage in a swirl injector is relatively 

arge, the atomization characteristics are less sensitive to manu- 

acturing errors. The mean diameter of droplets is 2.2-2.5 times 

maller than that produced by a jet injector with the same pres- 

ure drop and mass flow rate ( Bazarov et al., 2004 ). 

Swirl injectors can be classified into open and closed-type in- 

ectors according to their geometric configuration. A closed-type 

njector is equipped with an exit nozzle for improving the atom- 

zation quality through flow acceleration. An open-type injector, on 

he other hand, has a straight cylindrical chamber and offers bet- 

er dynamic behavior ( Bazarov et al., 2004 ). The manufacturing of 

pen-type swirl injectors is much simpler than the manufacturing 

https://doi.org/10.1016/j.ijmultiphaseflow.2021.103702
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmulflow
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Fig. 1. Interactions of dynamic processes in LRE ( Kim, 2014 ). 
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f closed-type swirl injectors. The dynamic characteristics of open- 

ype swirl injectors have been studied theoretically and experi- 

entally by Fu and co-workers ( Fu et al. (2019) , Fu et al. (2011a) ,

u et al. (2011b) , Fu et al. (2010) and Fu et al. (2012) ). Their work

as offered extensive insight into the underlying mechanisms and 

ey parameters that dictate the injector performance and dynam- 

cs, and the results have been used to develop engineering design 

uidelines. 

The fundamentals of inviscid swirl injector theory were es- 

ablished in the 1940s ( Abramovich, 1944 ; Taylor, 1948 ). Exten- 

ive efforts were then made to achieve a thorough understanding 

f injector dynamics and flow physics over a wide range of in- 

ector geometries and operating conditions ( Bazarov et al., 2004 ; 

azarov and Yang, 1998 ). The effects of vortex chamber geom- 

try, nozzle length, injector flow rate, and pulsation magnitude 

n dynamic response characteristics were evaluated. Ismailov and 

eister (2011a , 2011b ) conducted linear and nonlinear analyses 

o study the dynamic response of swirl injectors. Both conver- 

ence and conical convergence resonance models were developed 

o investigate wave reflections and resonance behaviors. Chen and 

ang (2014) recently examined the effects of ambient pressure on 

njector flow dynamics using a combined theoretical and numerical 

nalysis. 

A number of experiments have been carried out to study liq- 

id swirl injector flow dynamics. Hulka and co-workers ( Hulka and 

akel (1993) ; Hulka and Schneider (1993) ; Hulka et al. (1991) )

haracterized the spray angle, circumferential spray uniformity, 

nd drop size distribution of swirl coaxial injectors using pure wa- 

er and water/nitrogen as working fluids. Hot fire testing was per- 

ormed by Rahman et al. (1995) with a swirl coaxial injector using 

iquid oxygen (LOX) and gaseous hydrogen (GH2) as propellants. 

isualization of near-injector swirling flames and LOX atomization 

as also conducted. Stable ignition and combustion were achieved 

or oxidizer-to-fuel ratios in the range of 3-166 and chamber pres- 

ure of 140-500 psia. Sasaki et al. (1997) conducted cold-flow and 

ombustion tests at two different operating conditions. Both shear 

nd swirl-coaxial injectors were investigated, with recessed and 

on-recessed LOX posts. Combustion efficiency was found to be 

imited by vaporization efficiency in the case of the shear-coaxial 

njector and mixing efficiency in the swirl-coaxial injector, respec- 

ively. An increase of heat load on the chamber wall and unstable 

ombustion was observed in swirl-coaxial injectors. 

Inamura et al. (2003) investigated theoretically liquid film de- 

elopment in a simplex swirl-coaxial injector. Empirical correla- 

ions for the sheet cone angle and breakup length were found to 

e applicable mainly inturbulent flows, and mismatch with mea- 

urements occurred when the liquid film transitioned from turbu- 

ent to laminar due to decreased flow rate. Im et al. (2005) car- 
2 
ied out self-pulsation experiments to study the spray and acous- 

ic characteristics of a gas/liquid swirl-coaxial injector in the fre- 

uency range of 2–4 kHz. Liquid velocity appeared to be the only 

actor determining the acoustic frequency. Kim et al. (2007) mea- 

ured the spray angle and breakup length using direct photogra- 

hy for different Weber numbers and pressures to investigate the 

pray and flow characteristics of a swirling liquid sheet. The max- 

mum axial Weber number and ambient gas pressure were 1554 

nd 4.0 MPa respectively. The spray angle increased with increas- 

ng Weber number until the breakup of the liquid sheet. In addi- 

ion, the breakup length decreased with increasing Weber num- 

er at high ambient pressure due to the effect of aerodynamic 

orce. Kenny et al. (2009) investigated the behaviors of a liquid 

wirl injector by injecting water into gaseous nitrogen at a rate of 

.09 kg/s. The ambient pressure was varied in the range of 0.10–

.81 MPa. The shadowgraph technique was used to measure the 

lm thickness and spray angle near the injector exit, whereas the 

lm thickness upstream of the injector exit was measured using 

irect photography. The film thickness was found to increase with 

ncreasing ambient pressure, while the spray angle decreased. The 

nderlying physics was explored in the combined theoretical and 

umerical study by Chen and Yang (2014) . Moon et al. (2010) de- 

eloped a sheet breakup model using linear stability theory and 

alidated it against experimental data. Results indicated that liq- 

id sheet breakup takes place in a long-wave regime at atmo- 

pheric conditions. The breakup mechanism switches to a short- 

ave regime at high pressures. Both experimental and computa- 

ional results showed decrease in liquid-sheet breakup length and 

pray angle with increasing ambient pressure. 

Kim et al. (2013) conducted cold-flow experiments to study the 

ffects of recess length and momentum flux ratio on the spray pat- 

erns of gas-centered swirl-coaxial injectors. Water and gaseous 

itrogen were used as working fluids. An increase in the mo- 

entum flux ratio led to a drastic change in the spray pattern 

rom a wide hollow cone to a narrow solid cone. A high mo- 

entum flux ratio was required by the injector with shorter re- 

ess to maintain a spray pattern similar to that of a longer re- 

ess. Santolaya et al. (2013) measured droplet sizes and velocities 

sing a phase Doppler particle analyzer. The spray patterns and 

roplet size distributions for a pressure swirl atomizer were ex- 

mined. Chung et al. (2016) experimentally studied the flow dy- 

amics of open-type swirl injectors with different geometries. The 

njector flow response to externally imposed pressure fluctuations 

as studied systematically for different geometries. The variation 

f the liquid film thickness was found to be proportional to the 

anifold pressure fluctuation. Such sensitivity decreased with de- 

reasing swirl chamber length and diameter. Among the geomet- 

ic parameters, the manifold diameter and tangential entry num- 
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Table 1 

Multiphase flow studies on swirl injectors. 

Author Injector used Interface 

capturing 

Remarks 

Dash et al. (2001) Closed-type and open-type VOF Air core formation 

Yeh (2007a , 2007b ) Plain-orifice atomizer, 

pressure-swirl atomizer 

VOF Performance evaluation of eddy viscosity and Reynolds stress models 

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 

Adaptive VOF Different simulations of primary atomization 

Renze et al. (2011) Pressure-swirl atomizer VOF Spray pattern, pressure drop, and spray angle for non-Newtonian fluid 

Nouri-Borujerdi and 

Kebriaee (2012) 

Pressure-swirl atomizer Level set Simulations using an axisymmetric laminar and turbulent two-phase solver 

Fu (2015) Open-type VOF Effects of ambient pressure on internal flow 

Galbiati et al. (2016a) Pressure-swirl atomizer VOF Primary breakup and grid refinement study 

Galbiati et al. (2016b) Pressure-swirl atomizer VOF Effect of operating conditions and influence of turbulence models 

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

Shao et al. (2017) Annular swirling jet Mass 

conservative 

level set 

Swirl and atomization characteristics with influence of turbulent flow 

Cheng et al. (2018) Pressure-swirl atomizer VOF Response to ramp variation of mass flow rate 

Laurila et al. (2019) Pressure-swirl atomizer geometric VOF Inner nozzle flow and liquid sheet instability for high viscosity fluids and instability 

for Re from 420-5300 

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

injector 

VOF with 

CICSAM 

Self-pulsation characteristics with different annulus width and post thickness 

Laurila et al. (2020) Pressure-swirl atomizer geometric VOF 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 
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er had greater impact, compared with the length and diameter of 

he swirl chamber. 

A number of numerical studies have been carried out on 

wirl injectors. Wang and colleagues ( Wang et al. (2001) ; 

ang et al. (2007) ) investigated gas-turbine swirl injector 

ow dynamics using large eddy simulations (LES). Zong and 

ang (2008) studied the flow dynamics of a swirl injector un- 

er supercritical conditions The interactions of hydrodynamic in- 

tabilities and acoustic oscillations in the injector were examined 

n detail. Huo et al. (2009) studied the response of swirl injector 

ows to external forcing at supercritical conditions over a wide 

ange of frequency. Fuster et al. (2009) conducted simulations of 

rimary atomization in several swirl atomizers using an adaptive 

OF method. Siamas et al. (2009) explored the dynamics of an- 

ular gas-liquid two-phase swirling jets. Two computational cases 

ith different gas-liquid density ratios were considered. Nouri- 

orujerdi and Kebriaee (2012) simulated laminar and turbulent 

ows in a pressure swirl atomizer using an axisymmetric two- 

hase solver along with a level-set method for interface capturing. 

ang and co-workers ( Wang et al. (2017a) ; Wang et al. (2015) )

erformed three-dimensional analyses of supercritical fluid dy- 

amics in swirl injectors. Fu (2015) conducted axisymmetric flow 

imulations of open-end swirl injectors with and without pres- 

ure oscillations. The effect of turbulence on spray characteris- 

ics was investigated and compared with experimental data from 

lbadawy et al. (2015) . Recently, comprehensive numerical studies 

sing LES techniques were carried out to explore detailed flow dy- 

amics in liquid oxygen/kerosene bi-swirl injectors ( Wang et al., 

017b ) and gas-centered liquid-swirl coaxial injectors ( Wang et al., 

019 ; Zhang et al., 2018 ) under supercritical conditions. Table 1 

ists multiphase flow studies on liquid swirl injectors. 

Until now, most of the numerical studies on multiphase injector 

ow dynamics have been carried out using closed-type swirl ge- 

metries. Open-type swirl injectors have been investigated mainly 

sing experimental techniques. As a result, detailed flow structures 

ithin injectors have not been well understood. The present work 
3 
ttempts to study the complex flow dynamics inside an open-type 

wirl injector by performing multiphase flow simulations. Forma- 

ion and evolution of the air core, liquid-film development, and 

rimary atomization characteristics are treated in detail. The spec- 

ral attributes and characteristic acoustic frequencies of the flow 

eld are also quantified. 

. Numerical approach 

The interFoam solver in OpenFOAM is employed to perform 

ultiphase flow simulations in this study. The code deals with 

ransient, incompressible, isothermal, multiphase flows with im- 

iscible fluids. The interface between two fluids is captured by 

eans of a volume-of-fluid (VOF) method. 

.1. Governing equations 

The continuity equation is given by 

. ( � U ) = 0 (1) 

�
 

 = α�
 U l + (1 − α) � U g (2) 

here α is the volume fraction of the liquid phase in a cell, rang- 

ng from 0 to 1. The subscripts l and g denote the liquid and gas

hases, respectively. A cell completely filled with liquid is repre- 

ented by α= 1 and the gaseous phase is indicated by α= 0. A value

etween 0 and 1 represents the interface between the liquid and 

aseous phases. 

The fluid properties at any point in the domain are calculated as 

he volume fraction-weighted average of the corresponding prop- 

rties of the two fluids. Thus, for example, the fluid density at a 

iven point in space is computed as, 

= αρl + (1 − α) ρg (3) 
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The momentum equation is 

∂ρ �
 U 

∂t 
+ ∇ . 

(
ρ �

 U 

�
 U 

)
= −∇ P + ∇ .T + ρ�

 F b (4) 

T in Eq. (4) is the deviatoric stress tensor where the stress term 

an be expressed as follows for an incompressible flow. 

 = 2 μS (5) 

= αμl + (1 − α) μg (6) 

here μ is the laminar molecular viscosity and S is the mean rate 

f strain tensor defined as S = 0 . 5[ ∇ 

�
 U + ( ∇ 

�
 U ) 

T 
] . For Newtonian

nd incompressible flows, the stress term in Eq. (4) can be further 

ecomposed with the aid of the identity of the divergence opera- 

ion in vector calculus. 

 .T = ∇ . 
(
μ∇ 

�
 U 

)
+ ∇ 

�
 U . ∇ μ (7) 

F b in Eq. (4) is the body force term consisting of gravity and 

urface tension. The latter is evaluated using the Continuum Sur- 

ace Force (CSF) model as 

 

 σ = σκ∇α (8) 

here σ is the surface tension constant and κ is the mean curva- 

ure of the free surface, obtained from the following relation 

= −∇ . ̂  n = −∇ . 

( ∇α

| ∇α| 
)

(9) 

here ˆ n is the interface unit normal vector. It is common to use a 

odified pressure in the VOF method for convenience in applying 

oundary conditions for pressure. The modified pressure is given 

s 

 d = P − ρ� g . � x (10) 

here � g and 

�
 x denote acceleration due to gravity and the position 

ectors in Cartesian coordinates, respectively. Using Eqs. (5)–(10) , 

q. (4) can be re-written for a two-phase, Newtonian, incompress- 

ble flow as 

∂ρ �
 U 

∂t 
+ ∇ . 

(
ρ �

 U 

�
 U 

)
− ∇ . 

(
μ∇ 

�
 U 

)
− ∇ 

�
 U . ∇μ

= −∇ . P d − �
 g . � x ∇ ρ + σκ∇ α (11) 

The phase continuity equation is 

∂α

∂t 
+ ∇ . 

(
�
 U α

)
= 0 (12) 

The appropriate modeling of tubulence remains one of the great 

uestions of fluid dynamics. Modeling of single-phase flows is a 

omplex topic in itself; turbulence in multiphase flows is even 

ore intricate ( Kolev, 2012 ). Near the interface between fluids, the 

urbulence structures become anisotropic, andin immiscible flu- 

ds, the interfacial turbulence may incorporate various types of 

reakup and reformation of the boundaries, including vortex inter- 

ctions, rapid deformations, and ligament formation ( Shirani et al., 

006 ). A robust modeling framework for multiphase turbulent 

ows is still an open research question. In recent decades, with 

ncreases in computational power, LES has become an attractive 

pproach for turbulence modeling ( Balabel, 2012 ). The LES tech- 

ique, along with the one-equation eddy viscosity subgrid model 

 Kim and Menon, 1995 ), is adopted for turbulence closure in our 

tudy. The one-equation subgrid model uses the eddy viscosity ap- 

roximation, where the subgrid-scale stress tensor τi j is approxi- 

ated as follows: 

i j ≈
2 

k sgs δi j − 2 νsgs de v 
(
D 

)
i j 

(13) 

3 

4 
ere νsgs is the subgrid-scale eddy viscosity, D is the resolved-scale 

train rate tensor defined as 

 i j = 

1 

2 

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)
(14) 

nd the subgrid-scale kinetic energy k sgs is 

 sgs = 

1 

2 

τkk = 

1 

2 

( u k u k − u k u k ) (15) 

The subgrid scale eddy viscosity νsgs is computed using k sgs as 

sgs = C k 
√ 

k sgs 
 (16) 

here 
 is the local grid (filter) size and C k is a model con- 

tant whose default value is 0.094. The difference between the 

magorinsky model ( Smagorinsky, 1963 ) and the one-equation 

ddy-viscosity model lies in the computation of k sgs . The Smagorin- 

ky model assumes local equilibrium to compute k sgs whereas the 

ne-equation eddy viscosity model solves a transport equation for 

 sgs as follows 

∂(ρk sgs ) 

∂t 
+ 

∂(ρu j k sgs ) 

∂ x j 
− ∂ 

∂ x j 

[
ρ( ν + νsgs ) 

∂ k sgs 

∂ x j 

]

= −ρτi j : D i j − C ∈ (17) 

here the operator : denotes a double inner product, ρ is the den- 

ity, ν is the kinematic viscosity and C ∈ is another model constant. 

The governing equations are discretized using the finite vol- 

me method (FVM) on an unstructured grid. A second order im- 

licit, bounded Crank Nicolson scheme is applied for time inte- 

ration. The Gauss linear interpolation is implemented for inter- 

olation of values from cell centers to face centers for the gradient 

omputations. Linear interpolation is used for the computation of 

ivergence terms, except for the divergence of ϕ (where ϕ is flux 

cross cell faces) and α, for which the van Leer limiter is used. 

he PISO (Pressure Implicit with Splitting of Operators) algorithm 

s employed for coupling the momentum equations with the mass 

onservation equation. A preconditioned conjugate gradient (PCG) 

olver is used along with the diagonal incomplete-Cholesky (DIC) 

reconditioner for the pressure term and a smooth solver with 

auss-Seidel smoother is used for solving all the other terms. 

.2. Injector configuration and boundary conditions 

Fig. 2 shows a schematic of the three-dimensional open-type 

wirl injector considered in the present study along with the un- 

tructured grid system. The injector consists of three inlets each 

f 1.4 mm diameter and 5 mm length, which inject water tangen- 

ially into the swirl chamber. The swirl chamber is 7 mm in di- 

meter and 55 mm long. An exterior domain, which is 30 mm in 

iameter and 30 mm long, is included at the exit of the injector, 

o enable examination of the liquid spray and flow field character- 

stics downstream of the injector. The top surface of the injector 

s modeled as a solid wall and the no-slip boundary condition is 

ssigned to it and all other injector walls. For the exterior domain 

oundary, an outflow boundary condition through which flow can 

ass is prescribed. The exterior domain and injector are initialized 

ith air at zero velocity and atmospheric pressure. Water is in- 

ected through the tangential inlets at a total flow rate of 90g/s 

nd the pressure difference across the injector is set to 6.0 bar. 

he dimensions of the geometry and the boundary conditions were 

hosen to match the experimental study of Kim (2014) . 

The unstructured grid comprises tetrahedron cellsof sizes rang- 

ng between 15-125 μm. The finest cells are located within the in- 

ector and in its vicinity, and the cells are coarsened in the ex- 

erior domain. The time step size is calculated at every iteration 
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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 
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Fig. 3. Liquid-volume-fraction contours for three different mesh resolutions 

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

three mesh resolutions. 

t

i

g

j

I

d

s

f

c

a

T

(  
ith a maximum Courant number of 1.0. The computational do- 

ain is decomposed into 288 subdomains using the Scotch decom- 

osition method and the decomposed case is run using MPI. The 

ow-through time, defined as the time taken for the flow to reach 

he injector exit, is around t = 10 ms, and the simulation is further 

un until t = 20 ms to ensure that the flow is fully developed and

as reached a steady state. 

.3. Model validation and grid convergence study 

The performance of the interFoam solver used in our study was 

nvestigated in detail by Deshpande et al. (2012) . They found that 

he solver is capable of capturing flow physics reasonably well 

ven with modest grid resolution for simulation of liquid sheet 

tomization. In their work, they evaluated the liquid crown di- 

meter 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 

hickness values compared against the experimental results of 

im (2014) . The validation is performed at three levels of mesh 

esolution, with increasing node or cell counts, as listed in Table 2 . 

he pressure, liquid film thickness, and the interface dynamics be- 
5 
ween water and air, which are the main considerations for our 

nvestigation, are examined for model validation and grid conver- 

ence. Fig. 3 shows the liquid-volume-fraction contours in the in- 

ector at time t = 20 ms for the three different mesh resolutions. 

t is clear that the interface becomes more distinct as the cell size 

ecreases. The thickness of the film is higher and the interface is 

meared with the coarse mesh. As the mesh is refined, the inter- 

ace becomes sharper and the wavy structure of the flow field be- 

omes more distinct. 

The variation of instantaneous pressure at time t = 20 ms along 

 radial position is shown in Fig. 4 for the three mesh levels. 

he 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, α = 0.25. 
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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 
t = 1 ms. 
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ne mesh cases show very similar profiles, but since the interface 

racking is sharper in the fine mesh, we use the fine mesh here. 

The film thickness at the exit of an injector characterizes the 

njector performance; here here we calculate film thickness as the 

adial distance from the wall at which α = 0.1 (recall that α is 

he volume fraction of the liquid phase in a cell). Film thickness 

aries over time and, corresponding to pressure, it varies at dif- 

erent circumferential locations inside the injector. Therefore film 

hickness is measured at the injector exit (y/L = 1.00) at differ- 

nt circumferential locations and different time instants, and the 

ean values (averaged over both circumference and time) are tab- 

lated. Table 2 details the mean film thickness values correspond- 

ng to the three mesh resolutions, and the experimental result. The 

omputed results more closely match the measured film thickness 

alue closely as the mesh is refined. The error in the calculated 

lm thickness is only 6.43% for the fine mesh. 

To check whether a finer mesh would produce an even lower 

lm thickness value, another case with a larger number of nodes 

as tested. It can be seen from Table 2 that the film thickness 

alue does not decrease much further with the Very Fine mesh. 

his is because the decrease in cell size and the corresponding 

hange in interface position happens within a few micrometers. 

herefore, the change in film thickness with further decrease in 

esh size is also of the order of few micrometers. This result justi- 

es, qualitatively and quantitatively, that the fine mesh model with 

he current solver and choice of numerical schemes is sufficient to 

apture the three-dimensional flow dynamics and the multiphase 

ow interface at the desired level of accuracy. 

. Results and discussion 

.1. Instantaneous flow fields 

Fig. 5 a shows a snapshot of the liquid-volume-fraction distri- 

ution along a longitudinal cut section. The thickness of the film 

aries in an uneven manner along the length of the swirl cham- 

er. Regions of alternating low and high film thickness gives the 

iquid film a wavy structure. The thickness of the film is inversely 

roportional to the axial velocity of the flow in the swirl cham- 

er. In the open-type swirl injector, there is no convergent sec- 
6 
ion at the end of the injector and so there is no acceleration of 

he flow due to the change in injector shape, and the liquid film 

hickness of the open-type swirl injector is slightly higher than 

hat of an equivalent closed-type injector. Hydrodynamic instabili- 

ies are also present inside the swirl chamber. The iso-surface con- 

our of the liquid-volume-fraction is used to visualize the three- 

imensional structure of the liquid film inside the swirl injector. 

ig. 5 b presents a snapshot of the iso-surface contour for α = 0.25, 

hich is almost at the end of the transition region from water to 

ir, that is the interface between water and air. This illustrates the 

elical path of the swirling flow inside the swirl chamber along 

ith the conical spray formed outside the injector. The liquid is 

njected tangentially and the centrifugal force associated with the 

wirling motion causes the liquid to swirl along the injector wall, 

hile the region inside the liquid vortex is filled with ambient gas. 

he swirling motion within the injector increases the flow resi- 

ence time compared to that of a jet injector, and has several ad- 

antages from a mixing standpoint. A significant portion of the 

coustic energy from the combustion chamber is withdrawn into 

he 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

wirling flow in the swirl chamber acts as an acoustic damper, the 

ressure fluctuations generated in the combustion chamber do not 

asily propagate from the combustion chamber to the feed system 

nd vice versa ( Bazarov, 1996 ). Since there is no convergent section 

ownstream, there will also not be reflected waves as in the case 

f closed-type swirl injectors. Outside the injector, the flow forms 

 conical sheet, which breaks up into ligaments and eventually into 

mall droplets. These phenomena are examined in more detail in 

ection 3.3 . 

.2. Flow field inside the injector 

.2.1. Overview 

Fig. 6 depicts the variation of liquid-volume-fraction at various 

treamwise locations inside the swirl injector at different time in- 

ervals. The snapshots are taken from t = 18 ms to t = 20 ms with

 time interval of 1 ms between snapshots. Although the flow is 

wirling within a circular chamber, the developed liquid film sur- 

ace inside the injector is not circular. Near the head end of the 

njector, the liquid film surface is relatively smooth with a small 

lm 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. 
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Fig. 8. Flow streamlines from the three tangential inlets. 

Fig. 9. Air core formation inside the swirl injector, helical striation waves - 1, 2, 3. 
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tream, except at the injector exit where it is relatively smaller. 

he contours at y/L = 1.00 show a smaller film thickness com- 

ared to the contours at y/L = 0.75 due to the variation of the axial

uid velocity along the length of the chamber. In general, the film 

hickness increases as the axial velocity decreases. Initially, near 

he injector head, the axial velocity is comparatively small, since 

he flow is injected in the tangential direction. Due to wall fric- 

ion, the axial velocity decreases further, causing the liquid film 

hickness to be higher at y/L = 0.5 and y/L = 0.75. Near the in-

ector exit, the axial velocity increases as the static pressure in- 

uced by the swirling motion is converted into axial acceleration 

 Chen and Yang, 2014 ), and therefore the liquid film thickness is 

elatively lower at y/L = 1.00, as shown by the contours in Fig. 6 .

he circumferential waviness in the film surface also intensifies as 

e move from the injector head end to the exit. The variation in 

lm thickness implies that the shape of the central air core has 

hanged. The radius of the air core is an important parameter that 

etermines the film thickness and average drop size in the pro- 

ess of atomization ( Som and Mukherjee, 1980 ). In addition to the 

ariation in the streamwise and circumferential directions, the film 

hickness also varies in time. The temporal changes in the film 

hickness near the head end are minimal, whereas the fluctuations 

ecome more prominent downstream along the length of the swirl 

hamber. 

The circumferentially-averaged tangential velocity profile is 

lotted along the radius at four different axial locations of the in- 

ector at t = 20 ms in Fig. 7 . It is seen that the profiles are al-

ost identical in all the locations, although there is a slight differ- 

nce in the peak values. The peak velocity is highest at y/L = 0.75, 

ollowed by y/L = 1.00. The effect of the wall region is also seen

n these profiles. The air core region is almost stagnant, although 

ow velocity flow is present. Even at the center the velocity is not 

xactly zero. as the flow does not swirl exactly around the geo- 

etric center. The velocity increases as we move into the liquid 

lm toward the wall, and then decreases again at the wall. The 

wirling motion of the liquid and resulting viscous stress at the 

iquid-air interface force the air close to the liquid film surface 

o move along with it, and this gives the stagnant air inside the 

hamber a small velocity. The tangential velocity in the circumfer- 

ntial direction also varies. Due to non-uniform tangential velocity, 

he liquid film inside the swirl chamber is also non-uniform and 

on-circular, as seen in Fig. 6 . The variation of film thickness and 

elocity fluctuations affect the primary breakup of the conical liq- 

id spray. 
7 
.2.2. Streamlines 

A three-dimensional visualization of streamlines from each of 

he three tangential inlets along with the top view of the stream- 

ines is shown in Fig. 8 . The streamline characteristics vary along 

he swirl chamber. The streamlines do not remain equidistant and 

o not even follow similar paths inside the chamber. The rela- 

ive distance between the streamlines and the helical angle of 

he swirling flow increase along the swirl chamber, causing the 

treamlines to spread apart. The helical flow path along with the 

ncrease in the helical angle can be seen in Fig. 8 . The streamlines

f the velocity field indicate that the flow spreads further after ex- 

ting the swirl chamber. At the injector exit, the streamlines are 

ischarged at different angles with respect to each other. The rel- 

tive angles between the streamlines at the exit are significantly 

ifferent from the initial angle between them (120 0 ) at the start 

f injection, and the streamlines also have a larger helical angle 

utside the injector. 

.2.3. Air core and surface waves 

A fully developed helical air core formed inside the injector is 

isualized in Fig. 9 . This corresponds to the iso-surface contour at 

= 0.25. An air core is formed when the centrifugal force of the 

wirling flow inside the injector dominates the viscous force. Due 

o the centrifugal motion of the liquid, a low pressure area is cre- 

ted near the injector exit which entrains ambient air into the in- 

ector ( Amini, 2016 ). Thus, formation of an air core inside the injec-

or depends on the presence of sufficient inlet velocity or flow rate 

 Dash et al., 2001 ). The average diameter of the air core computed 

rom our study is around 4.58 mm, and the core is not symmetrical 

bout the center of the swirl chamber. 

The surface waves developed over the air core are also seen 

n Fig. 9 . These waves influence the liquid film characteristics at 

he injector exit, which in turn affect the atomization process. The 

ir core inside the swirl chamber reveals the presence of edges or 

triations, which are formed due to the flow from the three in- 

ets. A triple helix shape is formed, rotating in the same direction 

s the liquid swirl inside the chamber. This is in agreement with 

he results of Chinn et al. (2016) , who reported that the number 

f edges in the helical air core is equal to the number of tangen-

ial inlets that feed the flow into the chamber. Two of these edges 

re very sharp and one edge is somewhat blunt. It is also seen 

rom Fig. 9 that the distance between the air core edges increases 

s we move toward the injector exit. The axis of the air core is 

ot exactly aligned with the center of the swirl chamber but is 

ather slightly off-center of the central axis of the chamber. The air 

ore 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, α = 0.25. 
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Fig. 11. Primary breakup process and droplet formation in the conical spray. a) dis- 
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round the chamber, act as a damper for the pressure fluctuations 

ropagating from the combustion chamber to the feed system and 

ice versa. Therefore, the shape and size of the air core play an 

mportant role in the dynamics of the injector. 

.3. Flow field outside the injector 

.3.1. Spray characteristics 

The temporal variation of the liquid-air interface represented 

y the iso-surface contour for α= 0.25 is shown in Fig. 10 . Since

here is no acceleration of the flow due to the injector shape in an

pen-type swirl injector, the liquid sheet breakup length is larger 

han in an equivalent closed-type swirl injector. The liquid spray 

s almost conical and hydrodynamic waves are observed on the 

onical surface. Primary breakup of the liquid sheet occurs due to 

rowth of these unstable waves at the interface between the wa- 

er and air. The breakup length is found to vary around the con- 

cal spray due to the variation of film thickness in the circumfer- 

ntial direction inside the injector. A droplet is formed when the 

urbulent fluctuations in the liquid jet have sufficient momentum 

o overcome the surface tension force ( Wu et al., 1991 ; Wu et al.,

992 ). Most of the droplets formed after primary breakup are ir- 

egular in shape or like elongated ellipsoids, although a few spher- 

cal or ovoid droplets are also seen after secondary and tertiary 

reakup. Droplets are formed more promptly in regions where the 

lm thickness is small, and there is a delay in droplet formation 

hen the film thickness is high. The droplets formed are larger in 

ize when the film thickness is higher, while finer droplets are ob- 

ained in regions where there is smaller film thickness. 

.3.2. Spray cone angle and Weber number 

The conical liquid sheet formed in the exterior domain has a 

on-uniform spray angle due to the velocity variation in the cir- 

umferential direction inside the swirl injector. The spray cone an- 

le is measured from our simulation at different cut sections for 
8 
ifferent time intervals. The estimated mean spray cone angle is 

bout 61 degrees, and it varies by +/- 8 degrees around the conical 

pray. The cone angle is higher in regions of smaller film thickness 

ue to the higher tangential velocity, and lower in regions of larger 

lm thickness. 

The balance of deforming (inertial) and restoring (surface ten- 

ion) forces acting on the liquid film govern the disintegration of 

he liquid film into fragments. This balance can be described using 

he Weber number, a dimensionless number that quantifies the ra- 

io of inertial force to the surface tension force. The Weber number 

s given by, 

 e = 

ρv 2 D 

σ
(18) 

For the present case, the Weber number is equal to 7595.92. 

his implies that the inertial force is much larger than the surface 

ension force. The surface waves are more turbulent and the flow is 

ore likely to deform into droplets as it reaches the injector exit. 

.3.3. Atomization 

The atomization processes inside the swirl injector are ex- 

lained in more detail with the help of Fig. 11 , which shows the 

so-surface contour obtained for α = 0.5. The liquid emerges from 

he injector as a swirling sheet, and several processes promote its 

ventual breakup into droplets. Since the flow is swirling radially 

utwards, the film becomes thinner, and breaks into ligaments, and 

hese ligaments further break up into droplets through Rayleigh in- 

tability. The swirling motion of the jet also supports the break- 

own into droplets and liquid threads. The ligaments formed are 

ot uniform in size, and there is a significant difference in liga- 

ent size based on the thickness of the liquid film. The droplet 

izes in turn depend on the size of the ligament from which they 

re formed. Furthermore, as noted earlier, the liquid film thickness 

aries around the circumference of the spray at the injector exit, 

o surface waves form on the spray cone starting from the nozzle 

xit. These waves grow as they propagate downstream and foster 

reakup into droplets. Disturbance waves also form on the spray 
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Fig. 12. Probe locations for data acquisition inside the injector. 

s

T

n

s

d

l

c

s

o

a

m

w

l

t

F

p

t

p

a

c

a

3

i

p

t

t

a  

d

t  

c

t

f

o

f

s

f

t  

f

d

m

B

f

b

t

1

p

t

p

o

m

P  

t

p

d

s

b

f

t

e

f

i

P

F

s

a

c

l

c

s

F

i

s

I

t

t

o

t

fi  

1

urface, promoting the breakup of the liquid film into droplets. 

he breakup processes are not all internal to the spray; aerody- 

amic forces exerted by the surrounding air also support liquid 

heet breakup. 

The process by which the liquid film or ligament breaks up into 

roplets is called the primary breakup process. The liquid breakup 

ength is defined as the distance up to which the liquid film stays 

onnected with the injector. This is an important parameter in the 

tudy of atomization characteristics as it defines the spatial extent 

f the primary atomization region ( Charalampous et al., 2016 ). The 

verage vertical breakup length is estimated in this case as 18.94 

m. In some regions, the primary droplets are formed quickly, 

hile in some regions we only observe partial disintegration of the 

iquid film within the set domain length. The droplet size varia- 

ion in the conical spray is also indicated somewhat generally in 

ig. 11 , where larger and smaller droplets are clearly visible after 

rimary breakup. Downstream of this region, these droplets fur- 

her breakup into smaller droplets during the secondary breakup 

rocess, and coalescence may also occur. The circumferential vari- 

tions in the breakup length and droplet formation are minimal 

ompared to other injector configurations, and the spray pattern is 

lmost uniform(an advantage of open-type injectors). 

.4. Spectral analysis 

In this section, we investigate the spectral dynamics of the swirl 

njector quantitatively using the fast Fourier transform (FFT). To 

erform FFT, flowfield data are collected at various probe loca- 

ions along the longitudinal and circumferential locations inside 

he swirl injector. The probe locations identified for our analysis 

re shown in Fig. 12 . Data was collected after the flow was fully

eveloped and had reached a quasi-steady state, from t = 15 ms 

o t = 20 ms, with a sampling time interval of 1 ×10 −7 s. The grid

onvergence study conducted earlier ( Section 2.3 ) was based on 

he pressure value inside the injector. So the pressure fluctuations 

rom the fine grid are considered to be converged and accurate for 
Fig. 13. Power spectral densities for di

9 
ur analysis. To verify the validity and sufficiency of the sampling 

requency, we extracted data from probe 1, which is near the top 

urface of the injector, with different sam pling times. FFT was per- 

ormed using data corresponding to each sampling time step, and 

he results obtained are shown in Fig. 13 . It is seen that the peak

requency, defined as the frequency at which the power spectral 

ensity (PSD) reaches a maximum value, and the corresponding 

agnitudes of PSD, are the same for all time step sizes considered. 

ased on this finding, we used the sampling time step 1 ×10 −07 s 

or the remainder of the analyses. The present spectral analysis can 

e considered accurate, based on the sampling time step size and 

he grid resolution. 

Fig. 14 shows plots of pressure fluctuations for probe locations 

-4, positioned along the longitudinal direction of the injector. The 

lot shows the variation of p’/p (%) with time, where the instan- 

aneous pressure fluctuation p’ is normalized by the time-averaged 

ressure p. The pressure oscillations are periodic near the head end 

f the injector and become more intermittent and irregular as we 

ove downstream closer to the injector exit. The corresponding 

SD of the pressure fluctuations are shown in Fig. 15 . It is seen

hat at probe 1, which is closest to the injector head, there is a 

eak value of PSD at a frequency of about 40 kHz. As we move 

ownstream towards the injector exit, this peak drops, and we ob- 

erve several peaks at high frequencies, perhaps due to the insta- 

ility or disturbance waves that emerge over the liquid film sur- 

ace. The overall peak values of PSD, however, decrease. In addition, 

he peak frequencies change. As we move n closer to the injector 

xit, we observe that the high frequency peaks diminish and a low 

requency peak in the range of 2-3 kHz becomes prominent. At the 

njector exit, the peak frequency is about 2 kHz. The maximum 

SD values drop by four orders of magnitude along the injector. 

rom these observations, it is inferred that high frequency pres- 

ure oscillations damp out as we move toward the injector exit, 

nd are replaced by a low frequency mode. This low frequency os- 

illation mode could have an important effect on the subsequent 

iquid sheet breakup and atomization processes. 

The pressure fluctuation-time history plots for probes 4-7, lo- 

ated circumferentially at the exit of the injector (y/L = 1.00) are 

hown in Fig. 16 , and the corresponding PSD are presented in 

ig. 17 . The variation in the behavior of the pressure oscillation 

n the circumferential direction is evident. The 2 kHz peak ob- 

erved at probe 4 is not found at other circumferential locations. 

n fact, multiple peaks are observed in the frequency range be- 

ween 2-8 kHz. At probe 6, a peak at slightly higher frequency in 

he range of 31.5 kHz is also observed. The high frequency mode 

scillations at the injector exit are obtained in regions where the 

ime-averaged film thickness value is comparatively small since the 

lm thickness values at probes 4, 5, 6 and 7 are 1.34 mm, 1.18 mm,

.06 mm, and 1.27 mm respectively. 
fferent sampling time step sizes. 
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Fig. 14. Time histories of pressure fluctuations at various longitudinal probe loca- 

tions. 

Fig. 15. Power spectral densities of pressure fluctuations at various longitudinal 

probe locations. 

Fig. 16. Time histories of pressure fluctuations at various circumferential probe lo- 

cations. 

Fig. 17. Power spectral densities of pressure fluctuations at various circumferential 

probe locations. 
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10 
. Concluding remarks 

A numerical study was carried out to investigate the three- 

imensional flow dynamics of an open-type swirl injector. The in- 

erFoam solver in OpenFOAM was used for multiphase flow simu- 

ations. The computational framework employs the LES technique 

ith a one-equation eddy-viscosity subgrid model for turbulence 

odeling, and the VOF method for capturing the gas-liquid inter- 

ace. The mesh resolution required to obtain converged flowfield 

uantities was identified through a grid convergence study. The 

umerical results obtained with the current computational setup 

how good agreement with experimental results. 

The three-dimensional multiphase flow characteristics are pre- 

ented at different locations inside the injector. It is observed that 

he helical flow field inside the injector is not smooth, but has a 

avy structure. The smoothness of the flow field decreases as we 

ove toward the exit of the injector. A helical air core is formed 

nside the injector, which damps the pressure waves propagating 

rom the combustion chamber to the feed system. A triple helix- 

haped edge is seen swirling along the air core, due to the pres- 

nce of three tangential inlets that feed the liquid into the swirl 

hamber. The helical air core and the liquid film are asymmetric 

ith respect to the center of the chamber. The liquid spray out- 

ide the injector is examined in detail to describe the liquid jet 

reakup and atomization processes. An almost conical spray pat- 

ern is found outside the injector. Surface waves formed on the 

onical spray are turbulent and cause the liquid jet to breakup. The 

ariation in film thickness has an important influence on the liquid 

lm breakup and atomization processes. The atomization process 

n which the liquid film breaks into ligaments, which then break 

own into primary and secondary droplets, is also discussed in this 

tudy. 

The unsteady dynamics of the injector are quantified in detail 

sing spectral analysis. The high frequency pressure oscillations in- 

ide the injector decay as the flow reaches the exit of the injector. 

he spectral characteristics of the liquid film at the exit of the in- 

ector vary in the circumferential direction, leading to asymmetries 

n the subsequently formed spray cone and droplet distributions. 

his paper lays the foundation for more detailed studies of open- 

ype swirl injectors, and future investigation of the effects of dif- 

erent swirl chamber geometries. 
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