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a b s t r a c t 

Highly viscous flow in a large-scale pressure-swirl atomizer is studied by (1) 3d scale-resolving large- 

eddy simulations and volume-of-fluid method, and (2) experiments based on laser-Doppler anemometry, 

imaging techniques and pressure measurements. Here, a low Reynolds number regime (600 ≤ Re ≤ 910) 

is investigated by varying the mass flow rate of the water-glycerol mixture. The aim of the study is to 

perform a comprehensive comparison between the simulations and experiments at a parameter range 

and nozzle geometry relevant for biomass based fuels. We report the inner-nozzle velocity profiles not- 

ing good agreement for mean velocities inside the swirl chamber between the simulations and the ex- 

periments. Consistent with the earlier work ( Laurila et al., 2019 ), the simulations indicate the flow mode 

to be laminar with weak or non-existent gaseous core inside the swirl chamber. As revealed by both 

approaches, liquid film shapes after the nozzle discharge orifice are qualitatively similar, of hollow cone 

type, and highly unstable. Both approaches indicate linear scaling of the liquid film velocity with the inlet 

Reynolds number and discharge coefficients to be in the range 0.57–0.64. The experimentally measured 

mean opening angles are reported to be 45–62 ◦ , while the numerical counterparts show reasonable corre- 

spondence with the experiments. The results demonstrate the predictive ability of the present numerical 

method in swirl injector analysis. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

There is continuous interest in better understanding combus-

ion of biomass and waste based liquid fuels. These bio-derived

uels include, for example, bio-oils produced via fast pyrolysis

nd liquors from the Kraft pulping process. Such fuels are often

haracterized by their relatively high moisture content, modest

eating value and low volatility ( Czernik and Bridgwater, 2004 ).

he quality of the fuel can be improved, for example, by reduc-

ng the moisture level by drying or by upgrading the biomass

eedstock into bio-oil through pyrolysis. Both methods result in

 higher dry-solids content, thus increasing, not only the heat-

ng value, but also the viscosity of the fuel. Similarly, heavy fuel

ils (HFOs) exhibit comparable levels of viscosity among conven-

ional fuels. Typical viscosities are in the range of 10–700 mPas

or different HFO blends ( ISO 8217:2017, 2017 ) and 35–10 0 0 mPas

or bio-oils ( Czernik and Bridgwater, 2004 ), while black liquors
∗ Corresponding author. 
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ave viscosities of 90–260 mPas for example in the experiments

f Miikkulainen (2006) . However, atomization of liquids with such

igh viscosities is challenging because the increased viscosity hin-

ers the development of natural instabilities and, therefore, de-

ays the disintegration of the spray increasing the droplet sizes

 Lefebvre and McDonell, 2017 ). 

Pressure-swirl atomizers (PSAs) are one of the most commonly

sed nozzle types ( Ashgriz, 2011 ). In a PSA the flow enters into the

wirl chamber through one or several tangential inlet ports (see

ig. 1 ) which creates a swirling flow characterized by the forma-

ion of an air core in typical operating conditions. As the injection

ressure, and therefore the inlet velocity and swirl strength, are in-

reased, the forming spray undergoes different transitional modes

efore reaching a fully developed hollow cone spray ( Lefebvre and

cDonell, 2017 ). The atomization performance of swirl nozzles is

ood as the hollow cone flow regime leads to increased spray

ngle, discharge velocity and the amount of air-to-liquid inter-

ction, thus enhancing atomization ( Vijay et al., 2015 ). In addi-

ion, PSAs seem promising for injection of high-viscosity liquids.

immer and Brenn (2013) observed that increasing the viscosity
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. An illustration of swirl atomizer flow features relevant for the present flow 

cases. The flow inside the swirl chamber is visualized with streamline bundles col- 

ored with the magnitude of the velocity. The illustration is based on the present 

simulation results. 
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3) liquid film velocity. 
of the flow increased the liquid film thickness at the exit orifice

and, therefore, the effective exit area allowing more flow to pass

through the nozzle at a given pressure drop. 

The spray characteristics and internal flow in swirl atomizers

have been extensively studied both experimentally and analytically.

For an overview, see Vijay et al. (2015) and Kang et al. (2018) .

Typically, research on PSAs has aimed at providing empirical cor-

relations for atomizer key parameters such as the discharge co-

efficient ( C d ), spray opening angle and film thickness due to

their importance for modeling the subsequent liquid atomiza-

tion. Such correlations have been proposed, for example, by

Rizk and Lefebvre (1985) , Suyari and Lefebvre (1986) (film thick-

ness) and Babu et al. (1990) (discharge coefficient). More recently,

Yao et al. (2012) studied the effect of high viscosity (1–250 mPas)

on the sprays from a transient trigger atomizer (contrary to con-

tinuous injection) and observed diminishing cone angles with in-

creasing viscosity. Maly et al. (2018) investigated the discharge co-

efficient, cone angle and air core characteristics in simplex and

spill-return PSAs both experimentally and numerically. They also

measured the velocity field inside the swirl chamber by laser-

Doppler anemometry (LDA). 

The performance of a swirl nozzle is known to be affected by

the air core. Centrifugal forces due to the swirling motion create a

low-pressure zone near the axis of the nozzle. At sufficiently high

inlet Reynolds number, the inception of an air core occurs at the

exit of the nozzle (as shown in Fig. 1 ). With increasing Re , the

core expands until it reaches the top of the swirl chamber at a

second critical Reynolds number ( Halder et al., 2002; Som, 2012;

Amini, 2016 ). Atomizer performance in such a developing regime

has been investigated by Lee et al. (2010) . They noted significant

fluctuations of the cone angle in the developing stage and a large

reduction in C d when transitioning from the unstable (no air core)

to the stable (full air core) operating mode. Other studies investi-

gating air core features include ( Som and Mukherjee, 1980; Datta

and Som, 20 0 0; Cooper and Yule, 20 01; Donjat et al., 20 02; Reddy

and Mishra, 2008; Kim et al., 2009 ). 
Several authors have studied the swirl atomizer internal flow

umerically. For example Dash et al. (2001) studied the air core

ynamics in simplex and open-ended atomizers. Yeh (20 07, 20 08)

valuated the performance of various turbulence models in 2d sim-

lations of swirl atomizer flow, while Mandal et al. (2008) investi-

ated the influence of nozzle dimensions on the flow with non-

ewtonian fluids. Renze et al. (2011) carried out 3d large-eddy

imulations (LES) of both a small-scale simplex nozzle and a PSA

ith asymmetric tangential inlet. Fu (2016) studied an open-ended

ozzle and the effect of oscillating ambient pressure on the flow,

hile Galbiati et al. (2016b) studied a small-scale simplex nozzle

nd the effect of turbulence models on film thickness and dis-

harge coefficient. 

In comparison to the studies on the internal flow of PSAs, nu-

erical investigations focusing on the near-nozzle spray region of

ollow cone sprays are more rare. Furthermore, the full coupling

o the inner-nozzle flow is typically left excluded in such stud-

es. Fuster et al. (2009) simulated a hollow cone spray with an-

lytical inlet conditions as a part of the validation effort of their

daptively refined volume-of-fluid (VOF) method. Galbiati et al.

2016a,c) studied the primary break-up of a conical swirled jet by

eans of DNS. They conducted a mesh sensitivity study and also

nvestigated the jet instability and ligament formation. The simula-

ions did not include the nozzle, but boundary conditions extracted

rom prior LES computations were employed. Ding et al. (2016) in-

estigated the atomization of a hollow cone swirling spray in a

ypical simplex atomizer by computing the spray at three differ-

nt injection pressures. Their approach also included the full noz-

le geometry in the simulation. Shao et al. (2017) studied a re-

ated problem of atomization of swirling liquid jet from an annular

ipe. The effect of turbulent inlet conditions on the atomization

as evaluated and the recirculation zone at jet center was studied.

In our earlier work ( Laurila et al., 2019 ) the inner-nozzle

ow and onset of primary atomization in a large-scale PSA was

tudied computationally at a broad Reynolds number range of

20 ≤ Re ≤ 5300 by carrying out a viscosity sweep. In the previ-

us study the swirl nozzle was similar to that of Fig. 1 . The nozzle

as reported to pose essentially three different flow modes. (1) At

e = 420 , the inner-nozzle flow was laminar, gas core was absent

nd the liquid film cross-section was S-shaped. (2) At Re = 830 ,

he inner-nozzle flow was transitional, gas core was still absent,

nd the liquid film was of mixed type with S-shaped and hollow

one features. (3) At Re ≥ 1660, the inner-nozzle flow was either

artially or fully turbulent, fully developed gas core existed, and

he liquid sheet became of hollow cone type with annular cross-

ection. 

In the present study, along with newly available experimental

ata, we now continue the previous work in a focused Reynolds

umber range of 600 ≤ Re ≤ 910 which is relevant for high-

iscosity biomass based fuels. Based on the literature there is a

esearch gap on combined experimental/numerical scale-resolved

tudies on complex swirl nozzles. The study employs the previous

omputational framework by Laurila et al. (2019) along with a new

xperimental setup on a similar arrangement. The study aims at

omparing the two approaches. The particular objectives are to: 

1. Carry out experiments on injection of water-glycerol mixture

using the same nozzle and parameter range as in the simula-

tions. 

2. Compare experimental and simulated velocity profiles and flow

character in different parts of the nozzle. 

3. Compare the liquid film type between the two methods. 

4. Compare the two approaches in terms of other flow metrics in-

cluding: 1) discharge coefficient, 2) spray opening angles, and
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Fig. 2. The nozzle geometry. The dimensions refer to the inner dimensions of the 

nozzle. 

Table 1 

Mean velocity ( U b ) and Reynolds num- 

ber ( Re ) at the inlet pipe as a function 

of the flow rate. 

˙ V [l/s] U b [m/s] Re 

2.00 3.49 604 

2.50 4.37 755 

3.00 5.24 906 
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Fig. 3. Overview of the experimental setup. 
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. Methods 

.1. Nozzle geometry 

The studied nozzle is shown in Fig. 2 . The nozzle design in-

ludes a straight inlet pipe (I), an enlargement region leading to

n inlet port (II), a cylindrical swirl chamber (III) and a discharge

rifice (IV). The main dimensions of the nozzle are shown in Fig. 2 .

he inlet pipe is inclined 45 ◦ relative to the axis of the swirl

hamber and the discharge orifice is slightly off-centered from the

wirl chamber central axis. In the experiments, the final part of

he inlet pipe after a change in pipe diameter is approximately

0 cm long. For laminar pipe flow starting from a constant plug

ow, the viscous entry length can be estimated from the scaling

 v isc /D p = 0 . 05 Re ( Incropera, 2007 ). For the present cases, 80 cm

 L visc < 125 cm. Thereby, it is expected that the experimental

ows are not fully developed inside the inlet pipe as later dis-

ussed. 

.2. Parameters in the studied cases 

The simulations and measurements were conducted by varying

he mass flow rate. Altogether, the focus was on three flow con-

itions at a volumetric flow rate of 2.0–3.0 l/s. The mean velocity

t the inlet pipe ( U b ) and Reynolds number at the three flow rates

re given in Table 1 . In the table, the Reynolds number refers to

he bulk Reynolds number of the inlet pipe, Re = ρl U b D p / μl , where

l and μl are the density and viscosity of the liquid and D p is the

iameter of the inlet pipe. The liquid and flow parameters used in

he different measurement sets and simulations are summarized

n Table 2 . Due to experimental uncertainties, the liquid viscosity

n the simulations is set to μ = 192 mPas with relevance to the
l 
wirl chamber and liquid film measurements. In the simulations,

he ambient gas density and viscosity are set to ρg = 1 kg/m 
3 and

g = 0 . 0148 mPas, respectively. 

In the present experimental setup the accurate determination

f the viscosity is challenging for several reasons. For example, the

ow contains moderate amounts of air bubbles originating from

ecirculation of liquid from the spraying chamber. Also, the liquid

emperature may vary to some extent between two experiments.

he presently used viscosity estimation consists of two comple-

entary parts: (1) indirect measurements during experiments and

2) separate viscometry analysis between successive experiments.

s will be later seen in the paper, simulations and experiments

ave the best correspondence inside the swirl chamber where the

stimated viscosity is closest to the one used in the simulations. 

In the indirect measurement the viscosity was determined from

he correlation of Cheng (2008) which utilizes the measured liquid

emperature and density. The temperature was continuously mon-

tored with a PT100 temperature sensor during the experiments,

hile the density measurement was carried out using a Coriolis

orce based Schlumberger Industries mass flow meter. In the sep-

rate viscometry analysis, liquid samples were collected between

easurement runs from which the viscosity was evaluated using

 Brookfield rotational viscometer (Model DV-II +). The final mean

iscosities and conservative error estimates based on the two esti-

ation approaches are provided in Table 2 . 

.3. Experimental setup 

The experimental setup is a closed-loop hydraulic system as de-

icted in Fig. 3 . The main components include a plastic 1 m 
3 spray-

ng chamber, a circulation pump and the nozzle itself. The loop

as equipped with sensors for measurement of the liquid temper-

ture, density, flow rate and pressure during the experiments. The

esired flow rate was maintained by dynamically controlling the

ump through a variable frequency drive. 
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Table 2 

Flow parameters used in the experiments and simulations. 

Measurement set ˙ V [l/s] μl [mPas] ρ l [kg/m 
3 ] σ [mN/m] 

LDA (inlet pipe) 2.00, 2.50, 3.00 222 ± 46 1238 ± 3 63 ± 1 

LDA (inlet port) 2.00, 2.50, 3.00 285 ± 87 1241 ± 4 63 ± 1 

LDA (swirl chamber) 2.00, 2.50, 3.00 191 ± 39 1233 ± 4 64 ± 1 

LDA (film velocity) 2.00, 2.50, 3.00 170 ± 21 1229 ± 3 64 ± 1 

High-speed imaging 2.00, 2.25, 2.50, 2.75, 3.00 190 ± 7 1229 ± 2 64 ± 1 

Pressure for C d 0.08–3.25 180 ± 16 1228 ± 3 64 ± 1 

Simulations 2.00, 2.50, 3.00 192 ± 0 1230 ± 0 64 ± 0 

Fig. 4. Locations of the velocity profiles measured with LDA are marked with p 1–p 4. The high-speed imaging study is done from two directions (front/side) and the spray 

angles are defined from the half angles as shown on the right. 
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2.3.1. LDA measurements 

The average and root mean square (rms) velocities were mea-

sured using a 300 mW Aerometrics phase-Doppler anemometer

equipped with a 10 m long optical cable, a transceiver/receiver

module and ISEL-traversion system. The focusing length of the

transceiver front lens was 300 mm when the measuring volume

was a 3 mm long and 0.2 mm wide ellipsoid. 

The measurements were carried out through 6–8 mm thick pol-

ished plexiglass windows for profiles p 1 and p 2 ( a –c ) and through

plexiglass cover for profiles p 3 ( a –c ) as depicted in Fig. 4 . The

velocity profiles p 4 ( a –d ) were measured by moving horizontally

through the spray film 4 cm below the orifice from different direc-

tions. In the p 4 measurements, the transceiver/receiver was tilted

approximately 29 ◦ from horizontal in order to better align the

measured velocity component parallel with the liquid film orien-

tation. 

Primarily, the mean and rms velocities for each measurement

point are calculated from 10 0 0 individual, valid Doppler burst sig-

nals. Exception are the points for which the maximum measure-

ment time of one minute was exceed and, consequently, the num-

ber of valid samples remained lower than 10 0 0. The measurements

were carried out without any kind of seeding particle addition as

the small entrained air bubbles acted as seeding particles. 

2.3.2. High-speed imaging 

The spray angles and film velocities were determined from

video files which were obtained using Photron FASTCAM SA-3 and

FASTCAM SA-Z high-speed cameras. The cameras were set in a per-

pendicular formation, thus yielding a front and side view of the

emerging spray as shown in Fig. 4 . In order to ensure good con-
rast between the spray and the background, two LED-lamps were

sed to illuminate the spray area from above. 

The camera-to-nozzle distance was set such, that the videos

ad an image width of 40 cm. Furthermore, the tilt of the cam-

ras was ensured to be less than 1 ◦ in any direction and the frame

ate and shutter speed were set to 20 0 0 fps and 0.1 ms, respec-

ively. The chosen frame rate allowed the use of the 1024-to-1024

esolution setting, thus providing good balance between frame rate

nd resolution. 

.3.3. Image based opening angle and tilt determination 

The present sprays are not axially symmetric and therefore the

pening angles are determined from two directions. The mean

pray angles based on the outer edge of the spray were determined

y averaging over the observations from individual frames of the

ideo files (700 data points per flow rate). By utilizing the lighter

olor of the spray against the dark background, each individual im-

ge was binarized to background (black) and spray (white) regions

ased on a suitable intensity threshold value. The locations of the

dges of the spray were subsequently detected at a chosen distance

4 cm) from the orifice and the left and right half-angles were de-

ermined. Knowing the two half-angles allows the calculation of

he total spray opening angle and tilt as indicated in Fig. 4 . Finally,

he observations from individual images were averaged to produce

stimates of the mean values. A similar procedure was also applied

or the simulations. Simulation data was used to create a sequence

f images (with equivalent camera settings) for which the above

escribed analysis was then applied. 
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.3.4. Image based velocity estimation 

The liquid film velocities were obtained by tracking air bubbles

rapped in the film with the Trackmate plug-in in ImageJ Fiji soft-

are ( Tinevez et al., 2017; Schneider et al., 2012 ). Filtering was

pplied to remove misinterpreted bubble trajectories and floating

roplets, which were recognized based on unexpected direction or

elocity. The remaining high-quality tracks (located 2–10 cm from

he nozzle exit) were then used to calculate an average value for

he film velocity. The tracks are moving towards the camera to a

arying degree, thus causing some of the velocities to be underes-

imated. Here, the corresponding projection error was estimated to

e approximately 9% on average. 

.4. Numerical setup 

The VOF interface capturing approach of Hirt and

ichols (1981) is used to calculate the two-phase flow inside

he nozzle and in the near-field region. The gaseous and liquid

hases are considered as incompressible and immiscible. In the

OF approach, the phases are distinguished by the indicator field,

, which obtains a value of one in the liquid and zero in the gas

hase. The flow dynamics are governed by the evolution equation

or the indicator field 

∂α

∂t 
+ ∇ · αu = 0 , (1)

nd the momentum equation which includes the gravitational, vis-

ous and capillary forces 

∂ ρu 

∂t 
+ ∇ · ρu u = −∇p + ρg + ∇ ·

[
μ

(∇ u + ∇ u 
T 
)]

+ σκ∇α. 

(2) 

Above, u , ρ , p , μ, σ and κ are the velocity, density, pressure,

iscosity, surface tension and curvature, respectively. The density

nd viscosity are mixture properties which are calculated as α-

eighted averages of the phase specific properties and the surface

ension force is modeled using the Continuum Surface Force (CSF)

pproach of Brackbill et al. (1992) . 

.4.1. Numerical methods 

The solution of Eqs. (1) and (2) is based on the same numeri-

al approach as in our previous work ( Laurila et al., 2019 ) where

he method was validated for turbulent pipe flow at Re = 5300 .

ere, additional mesh sensitivity study at Re = 910 is provided in

ppendix A . The investigated low-Reynolds-number, quasi-laminar

ange permits highly resolved simulation of the inner-nozzle flow.

utside the nozzle, a geometric VOF method is utilized for re-

olving the sharp liquid-gas interface. The governing equations

re solved in the open source fluid dynamics library OpenFOAM

 Weller et al., 1998 ). First, Eq. (1) is solved and the material prop-

rties are updated. Outside the phase interface, all the derivatives

f Eq. (1) vanish while at the vicinity of the interface the geo-

etric VOF method of Roenby et al. (2016) is utilized. Second,

q. (2) is solved using the PISO (Pressure-Implicit with Splitting

f Operators) algorithm for pressure-velocity coupling. Due to the

ow Reynolds number flow inside the nozzle, no explicit model

as been used for the sub-grid scale turbulence. Instead, scale-

esolving approach based on implicit LES has been utilized. For nu-

erical dissipation in Eq. (2) , the convective terms are discretized

y the non-linear flux limiter of Jasak et al. (1999) . 

.4.2. Boundary conditions 

The simulation domain consists of the nozzle interior and a

ylindrical spraying chamber as shown in Fig. 5 a. The spraying

hamber extends 1.0 m in the axial direction starting from the noz-

le orifice and has a diameter of 1.0 m. 
A mixed type boundary condition is used at the outlet bound-

ry which allows the ambient gas to flow in or out through the

oundary of the numerical spraying chamber. When the flow is

ut of the domain, Neumann conditions (zero gradient) are used

or the indicator field and the velocity. When the flow is into the

omain, Dirichlet conditions are used for both fields ( α = 0 and u

xtrapolated from inside the domain). In both cases the total pres-

ure is fixed to 0 Pa at the outlet boundary. 

At the inlet, a Neumann condition is used for p , while a Dirich-

et condition ( α = 1 ) is imposed for the indicator field. A Dirich-

et condition for a fully developed laminar profile is generated by

apping the velocity from inside the domain (6 D p from the in-

et) such that the mean velocity is forced to the bulk value of U b 

t each timestep. Although some velocity fluctuations were exper-

mentally observed in the inlet flow, the inflow is modeled here

s steady flow (see Appendix B for further insight). At the nozzle

alls, a no-slip Dirichlet condition is used for the velocity, while

eumann conditions are applied for both p and α. 

.4.3. Simulations 

Two separate simulations are conducted for each flow case.

nly the inner-nozzle flow is considered in the first one (Set A),

hile the second simulation resolves also the liquid film in the

ear-field (Set B). Set B simulations are used to determine the

ear-nozzle liquid film velocity and the spray opening angle and

ilt, whereas Set A simulations are utilized in all other analy-

es. This separation is done in order to enable longer averaging

imes for Set A simulations (inner-nozzle statistics) compared to

he computationally more demanding Set B simulations. 

The initial conditions for Set A simulations are generated by

onducting precursor simulations in order to reach a statistical

teady state. A precursor simulation is first run on a coarse mesh

n order to allow longer simulation time. After this, the result is

apped to a finer grid. The procedure is subsequently repeated for

oarse, intermediate and dense grids before conducting the final

et A simulation. In turn, initial conditions for Set B simulations

re obtained from Set A simulations by mapping. 

.4.4. Computational mesh and adaptive refinement 

For the meshing, we employ an unstructured mesh consisting

f a Cartesian background grid together with a body-fitted bound-

ry layer mesh. For the two simulation sets (Set A and B), two sep-

rate grids are created as depicted in Fig. 5 b. The grids are other-

ise identical except for the mesh in the near nozzle region (con-

cal region 0–9 cm from the orifice). The Set A grid has a coarse

esh in the near nozzle region, while medium mesh together with

daptive mesh refinement (AMR) is used in Set B. The cell size of

he hexahedral background mesh is �x = 0 . 4 mm inside the nozzle

Sets A and B), �x = 0 . 8 mm in the near nozzle region (Set B) and

x = 0 . 2 mm where AMR is active (Set B). In choosing the afore-

entioned cell sizes we follow our previous work ( Laurila et al.,

019 ), where the same resolution is used also for higher inlet Re

ows. In addition, the applicability of the grid inside the nozzle

s investigated by carrying out a mesh sensitivity assessment in

ppendix A . The assessment indicates that the selected mesh den-

ity (M3) is adequate for resolving also the developing air core. The

hosen Set A grid has approximately 8.2 million cells, while Set B

rid contains 11.5 million cells without AMR and roughly between

0–26 million cells with AMR. 

AMR is used with Set B simulations to adequately capture the

otion of the liquid film (only active in the near-field, not inside

he nozzle). Here, the adopted remeshing strategy aims at keep-

ng the entire interface uniformly refined at the finest refinement

evel at all times. In each level the hexahedral cells marked for re-

nement are split into 8 smaller hexahedra. Presently, two levels

f refinement are used and the refinement is activated in the cells
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Fig. 5. (a) The simulation domain. (b) Set A and B grids showing the different mesh regions and respective cell sizes. 
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containing the interface and in an adjacent three-cell-wide buffer

region. The buffer region enables a relatively long remeshing inter-

val (20 timesteps) and avoids the advection of the interface outside

the AMR region. 

3. Results and discussion 

3.1. Velocity inside the nozzle 

3.1.1. Overview of the velocity fields 

Fig. 6 shows the simulated velocity fields inside the nozzle. It is

noted that the flow is practically stationary upstream of the swirl

chamber for all the studied cases. Inside the swirl chamber tran-

sient flow characterized by unsteady fluctuations intensifies with

increasing Reynolds number (600 ≤ Re ≤ 910). The observations

are in close agreement with our previous study where irregular

and unsteady inner-nozzle flow was observed for Re ≥ 830, while

only a low-amplitude periodic velocity fluctuation was noted for

Re = 420 ( Laurila et al., 2019 ). We note that all cases will become

highly irregular as the liquid exits the nozzle. 

3.1.2. Inlet pipe 

The axial mean and rms velocity profiles at the inlet pipe (pro-

file p 1 in Fig. 4 ) are shown in Fig. 7 . In the simulations, the flow

inside the inlet pipe is laminar and fully developed to a parabolic

mean profile. The experimentally measured mean velocity profiles,

on the contrary, are not fully developed. This discrepancy is at-

tributed to the finite length of the entrance pipe. There is a bend in

the inlet pipe approximately 105 cm (39 D p ) upstream of the mea-

surement location and, more importantly, the pipe diameter de-

creases from D p = 38 mm to 27 mm only 15 cm (5.5 D p ) before the

inlet location as is illustrated in Fig. 3 . For a constant plug flow

profile, the viscous entry length to reach a fully developed profile

is approximately 80 cm < L visc < 125 cm in the current Reynolds

number range ( Incropera, 2007 ). Thus the flow is not fully devel-

oped in the experiments. Furthermore, the higher the Reynolds

number, the lower the level of flow development as seen in Fig. 7 a.

The present numerical results are carried out with a fully

developed parabolic inlet boundary condition. However, an ad-

ditional boundary condition sensitivity test is provided in

Appendix B which indicates that the observed differences in the

inlet pipe between the experiments and simulations may be ex-

plained with the inflow condition. In addition, the influence of the

exact boundary condition is noted to decrease towards the nozzle

orifice. 
Another feature of the measured velocity at the inlet pipe is the

uctuations of the inlet stream revealed by the non-zero rms ve-

ocity in Fig. 7 b. Several factors may explain the observation. First,

eometrical features and imperfections such as the pipe diame-

er change, welds, pipe connections, or seams of the measurement

indow may cause unideal fluctuating component to the flow near

he measurement location. Second, entrained air bubbles may have

ome effect on the flow by generating fluctuations. In the simula-

ion model, the fluctuations are absent as indicated by the fully

eveloped inflow assumption. Near the wall opposite to the mea-

urement window ( r/R = 1 ), the higher measured rms levels are

 result of incomplete convergence of the statistics due to small

umber of valid measurement signals. 

.1.3. Inlet port 

The mean and rms velocity profiles at the inlet port (profiles

 2 in Fig. 4 ) are shown in Fig. 8 . The mean velocity profiles are

haracterized by double peaked distributions. The results indicate

hat the maximum velocities scale with the mean inlet velocity U b 

s the level of peak mean velocities is approximately 0.8 U b in all

ases. Profiles from three different heights (lines a –c , 5 mm inter-

al) have been included to illustrate the sensitivity of the simu-

ated velocity field to the vertical position. 

Although the maximum velocity level is well predicted and the

ouble peaked profile is qualitatively captured by the simulations,

here are differences at the middle of the inlet port. The velocities

etween the two maxima in the simulations are clearly lower than

he measured ones. This may be partly connected to the higher

evel of fluctuations in the inlet stream in the experiments. In addi-

ion, the numerical solution at the measurement location is rather

ensitive to the actual upstream condition (see Appendix B ). As is

een from the rms profiles in Fig. 8 , behind the inlet port the simu-

ated rms levels are somewhat lower than in the experiments. This

s expected as the flow in the inlet pipe is modeled as perfectly

tationary in the simulations. 

As illustrated in Fig. 9 , the velocity maxima are related to the

ean vortices generated by the 45 ◦ bend in the inlet pipe. These

ow structures comprise two counter-rotating vortices in the plane

erpendicular to the main flow direction. Centrifugal forces cause

he high velocity liquid at the center of the pipe to impinge near

he bottom of the enlargement region and subsequently convect

pwards along the side walls. 



E
. La

u
rila

, S. K
o
iv
isto

 a
n
d
 A

. K
a
n
k
k
u
n
en

 et
 a
l. /
 In

tern
a
tio

n
a
l
 Jo

u
rn
a
l
 o
f
 M

u
ltip

h
a
se
 Flo

w
 1
2
8
 (2

0
2
0
)
 10

3
2
7
8
 

7
 

Fig. 6. Velocity magnitude inside the nozzle. Unsteady fluctuations with increasing amplitude are observed in the swirl chamber with increasing flow rate. On the left the shown plane aligns with the axis of the inlet pipe, while 

on the right the plane passes through the vertical midpoint of the swirl chamber. 
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Fig. 7. Axial mean (a) and rms (b) velocity profiles of the axial velocity component at the inlet pipe (profile p 1 in Fig. 4 ). The experimental flow is not fully developed and 

additionally poses certain asymmetric features. 

Fig. 8. Horizontal mean and rms velocity profiles at the inlet port (profiles p 2 in Fig. 4 ). The double peaked velocity profile is a consequence of the Dean vortex at the pipe 

bend. The position y = 0 corresponds to the location of the axis of the swirl chamber. The profile p 2 c is only available from the simulations. 
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3.1.4. Swirl chamber 

The tangential mean velocity profiles at three locations inside

the swirl chamber (profiles p 3 in Fig. 4 ) are depicted in Fig. 10 .

The velocities in different cases scale approximately linearly with

the mean inlet velocity U b . The profiles exhibit positive values at

the right half of the chamber where the inlet port is located, while

the abrupt change in the velocity and its sign indicate the location
of the center of the vortex. We note that the vortex is not located d  
xactly at the center of the swirl chamber due to the asymmetry

f the nozzle geometry. 

Both the experimental and simulated profiles feature slight

emnants of the double peaked profile characteristic to the Dean

ortex ( p 3 b and p 3 c , more prominently on the inlet port side).

gain, additional simulated velocity profiles are shown at ±5 mm

o illustrate the sensitivity to the vertical location. The results in-

icate that the profiles inside the swirl chamber are rather insen-



E. Laurila, S. Koivisto and A. Kankkunen et al. / International Journal of Multiphase Flow 128 (2020) 103278 9 

Fig. 9. Dean vortex at the bend of the inlet pipe visualized by the x -component 

of the mean velocity (perpendicular to the yz -planes shown in the figure) in the 
˙ V = 2 . 5 l/s case. The flow rotation direction is indicated with the arrows. 
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itive to the location from the top of the swirl chamber. Overall,

he simulated profiles are in a good agreement with the measured

nes. Compared to the inlet port, the better correspondence may

e attributed to the diminished effect of the inflow conditions. The

argest differences are seen at the lowest flow rate at location p 3 a ,

here the simulation model overpredicts the strength of the vor-
ex. 

ig. 10. Tangential mean velocity profiles at three locations inside the swirl chamber (p

osition y = 0 corresponds to the center of the swirl chamber. 
The corresponding rms velocities are shown in Fig. 11 . Com-

ared to the mean profiles, the presented experimental rms statis-

ics exhibit a higher degree of uncertainty as is illustrated by the

cattering of values in profiles furthest from the measurement

indow ( p 3 c ). The portion of invalid Doppler signals increases due

o entrained air bubbles obscuring the optical path as the distance

o the measurement window is increased. Hence, fully converged

tatistics are not obtained for the p 3 c profiles. Despite the exper-

mental uncertainties, the simulations capture the general level of

he rms velocity well in cases where the measured statistics are

etter converged ( p 3 a ). The largest difference between the simula-

ions and experiments is noted for the lowest flow rate at location

 3 a where the vortex fluctuations induce large variations charac-

erized by high rms values. 

.2. Discharge coefficient 

The discharge coefficient is defined as the ratio of the ac-

ual flow rate to the ideal, inviscid flow rate ( Lefebvre and Mc-

onell, 2017 ): 

 d = 

˙ V 

A o 

√ 

2�p 
ρl 

, (3) 
rofiles p 3 in Fig. 4 ). The simulated profiles agree well with the experiments. The 
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Fig. 11. Tangential rms velocity at three locations inside the swirl chamber (profiles p 3 in Fig. 4 ). The experiments show a subtle increase in rms velocity level as a function 

of the flow rate. The position y = 0 corresponds to the center of the swirl chamber. 
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where A o is the area of the outlet orifice and �p is the pressure

difference over the nozzle. The measurement is conducted at two

locations in the inlet pipe as is shown in Fig. 3 . The pressure differ-

ence is defined as �p i = p i − p re f , where i refers to locations 1 and

2 in Fig. 3 , respectively. The two pressure differences are depicted

as functions of flow rate in Fig. 12 a. It is noted that the pressure

loss is approximately proportional to the square of the flow rate as

is typical for hydraulic systems. At location 1, the pressure differ-

ence grows faster than at location 2 which is expected due to the

additional viscous losses in the inlet pipe. The pressure difference

in the simulations is evaluated from the time averaged pressure at

a point corresponding to location 2 yielding a good match to the

experimental data. 

The discharge coefficient as a function of the flow rate is shown

in Fig. 12 b. The coefficient is calculated with Eq. (3) based on the

pressure measurements. A decreasing trend is noted at high flow

rates ( ̇ V > 1 . 7 l/s), whereas at low rates C d tends towards zero due

to the increasing effect of viscous forces ( C d defined relative to

the inviscid solution). It should be noted, that at low flow rates,

the calculated discharge coefficients are sensitive to uncertainties

in the measurements due to the higher relative errors at low �p .

At higher flow rates, a decreasing trend is observed. Similar trend

has been noted by Lee et al. (2010) (at 1600 ≤ Re ≤ 4600). In their

study, the investigators also observed a drastic drop in C d which

s  
as attributed to the formation of the air core inside the swirl

hamber. In the present study, C d decreases and its slope changes

fter ˙ V = 1 . 7 l/s as is indicated by both measurement locations in

ig. 12 b. Although it is not clear whether this change is directly re-

ated to the formation of the air core, the connection is supported

y the simulations. As is further discussed in Section 3.4 , the sim-

lations suggest that the air core starts to form and interact with

he flow inside the swirl chamber at a flow rate slightly lower than
˙  = 2 . 0 l/s which coincides with the change in the measured C d . 

Based on Fig. 12 , it is noted that the �p and C d from the sim-

lations agree well with the measured values. The slightly lower

alues of �p (and respectively higher values of C d ) indicate lower

ressure losses in the simulations. This difference may be at-

ributed to the ideal nozzle geometry of the simulations as op-

osed to the real nozzle with surface roughness, welds and other

mperfections in the experiments. 

.3. Spray opening angle and tilt 

High-speed imaging and simulations (Set B) were used to study

he near-field spray characteristics. For an overview of the con-

inuous injection process, snapshots of instantaneous near-nozzle

prays are depicted in Fig. 13 . Qualitative agreement between the

imulations and experiments is established. For example, continu-
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Fig. 12. (a) The pressure difference over the nozzle and (b) the discharge coefficient as functions of the flow rate. The locations of the two pressure sensors are shown in 

Fig. 3 . The simulated values correspond to location 2 in the experiments. 
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us liquid film, growing large-scale perturbations and qualitatively

imilar spray shape are observed in both experiments and simu-

ations. The experiments also reveal small air bubbles in the film

hich have been entrained in the liquid in the pumping process

center column in Fig. 13 ). As the near-nozzle liquid film fluctuates

ubstantially, the appearance of the spray may differ considerably

etween different time instances of a single run. In order to make

ualitative comparison between the experiments and simulations

ossible, the particular time instances in Fig. 13 have been chosen

uch that the sprays are in a similar phase of their evolution. 

The film motion can be characterized as highly unsteady as sur-

ace waves on multiple length and time scales are observed in the

xperiments. The disturbances are noted to start directly after the

ozzle exit suggesting that inner-nozzle velocity fluctuations may

ffect the onset of the break-up. The amplitudes of the waves grow

ntil break-up occurs due to stretching and perforation of the film.

he high-speed footage indicates that, on the outer edge of the

pray, such events may include violent bursting of the film due to

nertial and aerodynamic forces as depicted in Fig. 14 . Visual in-

pection of the videos also suggests that bulk of the break-up oc-

urs approximately 15–40 cm from the nozzle exit (6 < z / D p < 18).

 large number of droplets and ligaments of various sizes are gen-

rated in the process. The ligaments are expected to undergo fur-

her break-up leading to the final droplet size distribution. How-

ver, accurate estimation of the distribution is not possible with

he current experimental setup and will be left as a topic of future

esearch. 

The experimentally measured mean opening angles and tilts are

uantified in Fig. 15 . The angles are determined at the distance of

 cm from the nozzle exit as discussed in Section 2.3 . In the exper-

ments, the total opening angle is between 45–52 ◦ when viewed

rom the front and correspondingly 52–62 ◦ from the side, indicat-

ng slightly non-circular spray patterns. Furthermore, a non-zero

ilt is observed in all cases (3–8 ◦ to the left viewed from front and

–10 ◦ to the right from side). Such variation is attributed to the

symmetry of the nozzle geometry and the resulting inner-nozzle

ow field. 

The opening angles and tilts determined from the simulations

re also depicted in Fig. 15 . Some deviations are present when

ompared to the experimental values. Overall, the best agreement

s observed at the highest flow rate, while the lowest flow rate

l  
hows larger deviations from the experimental observations. At

6–69 ◦ the opening angles from the front are overestimated, while

t 45–58 ◦, the side angles are slightly underestimated. However,

he most consistent difference is noted in terms of the front tilt.

he simulations systematically predict tilt of 5–6 ◦ to the right con-

rary to the slight left tilt observed in the experiments. On the

ther hand, the tilt viewed from the side (5–7 ◦ to the right) is

n good correspondence with the experiments. The inconsistencies

ay be explained by the differences in the exact flow parameters

nd the small discrepancies between the actual and computational

ozzle geometries. 

.4. Film velocity 

An important parameter for predicting the subsequent break-up

rocess of the spray is the initial film velocity after the exit orifice.

ere, the film velocity has been determined by three complemen-

ary methods: direct LDA velocity measurements, tracking small

ubbles from the high-speed imaging data, and simulations. Next,

e consider the velocity observations, while methodological as-

ects of the different methods are discussed further in Appendix C .

The mean film velocity U f , as a function of the inlet Reynolds

umber, is shown in Fig. 16 a. As is evident, the film velocity in-

reases linearly with the inlet Reynolds number. Although there

s some deviation in the slopes of the linear fits, the correspon-

ence is good. While the linear trend is consistently predicted by

ll three methods, there are differences in the absolute value of

he velocity. The LDA measurements indicate the highest values,

hile bubble-tracking and simulations coincide. In addition, we

ote that based on the simulations the peak swirl velocities at

he outlet orifice also scale with Re and are approximately U swirl =
 . 5 , 6 . 6 and 7 . 7 m/s ( ±13%) for Re = 600 , 760 and 910 , respectively.

n fact, the swirl velocity profile across the orifice is nearly linear

n the central parts of the orifice with relevance to solid body ro-

ation analogy. 

It is clear that the air core will impact the initial film velocity

s the mean flow rate is fixed. For a small air core, the liquid cross

ection at the orifice is large, which results in a lower liquid ve-

ocity. Conversely, the film velocity is high when the liquid cross

ection is small due to a large core. The effect of the reduced out-

et area is illustrated in Fig. 16 a where the theoretical single-phase
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Fig. 13. Instantaneous snapshots of the continuous injection process. The sprays are viewed from the side of the nozzle. Continuous liquid film emanates from the nozzle 

before it undergoes break-up further downstream. The experimental mean tilt and spray angles are marked in the pictures with lines, while the locations of the close-ups 

(magnifications of the pictures on the left) are indicated with boxes. 

Fig. 14. A perturbation with growing amplitude forces the liquid film to stretch and finally burst due to inertial and aerodynamic forces. Flow rate 3.0 l/s. 
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Fig. 15. Spray angle and tilt as functions of the flow rate. The instantaneous quantities exhibit a large variation in time, whereas no definite trends as function of the flow 

rate are observed for the means. The variation is illustrated by the 1, 25, 50, 75 and 99% quantiles of the instantaneous experimental data (700 sample frames). 

Fig. 16. (a) Velocity of the liquid film in the near-nozzle region increases linearly with Re . The observed velocities are higher than the theoretical mean velocity at the exit 

orifice when the orifice is assumed to be fully covered by liquid. (b) Time averaged indicator field (Set A simulations). In the upper row, contour lines of the mean field 

indicate a developing air core with increasing height as Re is increased. In the lower row, conical spray shapes with non-uniform azimuthal mass distributions are observed. 

The locations of the lower planes are marker with an arrow in the leftmost frame. 
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ean velocity at the orifice, U o , is plotted. Here, it is assumed that

he orifice is fully covered by liquid only, and thus equating the

nlet pipe and orifice volumetric flows yields 

 o = 

D 
2 
p 

D 
2 
U b = 

D p μl Re 

D 
2 ρ

, (4)

o o l 
here D o is the diameter of the exit orifice and D p , U b and Re are

he diameter, mean velocity and Reynolds number at the inlet pipe,

espectively. The higher observed velocities indicate that the liquid

s accelerated compared to the velocity predicted by the mass bal-

nce alone. This deviation can be linked to the air core. Although
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Fig. 17. Time averages and PDFs of the air core diameter ( d eff) together with the 

existence factor ( F ave ). Increasing F ave with increasing Re indicates transition towards 

more developed air core. 
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direct measurement of the air core is not available from the ex-

periments due to the non-transparent nozzle, such information is

available from the simulations. The time averaged indicator field

in Fig. 16 b shows that, on average, the air core is small and typ-

ically visible only at the outlet orifice and lower part of the swirl

chamber. As the Reynolds number is increased, the air core be-

comes more established. The simulations indicate a conical spray

shape despite the small air core which, at times, does not even

extend inside the swirl chamber. This suggests that a fully devel-

oped air core is not a prerequisite for increased film velocities in

the nozzle near-field. We also note that, although the spray shape

is conical, the azimuthal mass distribution is not perfectly uniform.

Fig. 16 b shows how the uniformity of the distribution improves as

the Reynolds number is increased and the air core develops. 

3.5. Air core diameter and intermittency 

As shown in Fig. A.2 of Appendix A , the present grid resolu-

tion captures a grid insensitive time-averaged position and shape

of the air core. However, the air core position and consequently

the film thickness fluctuate in time. The air core moves vertically

between the inside and outside of the nozzle. The following two

metrics are defined in order to quantify air core properties: (1)

air core existence factor ( F ave ∈ [0,1]), where F ave is defined as the

fraction of time when air core of any size is present at the ori-

fice plane, and (2) effective air core diameter ( d eff) based on the

dry part of the orifice area. Fig. 17 shows the probability density

functions of the air core diameter along with the existence fac-

tor F ave . It can be noted that for increasing Re : (1) F ave increases,

i.e. the air core becomes more prevalent but does not yet reach

a fully developed state ( F a v e = 1 ), and (2) d eff increases, i.e. the

liquid film thickness decreases. Additionally, (3) for Re = 910 the

prevalent air core indicates a PDF biased towards higher values of

d eff. The results demonstrate a developing air core in the transi-

tional regime. Based on the mean effective diameters, the mean
lm thicknesses (when the air core is present at the orifice) are

 e f f /D o = 0 . 42 , 0 . 41 and 0 . 39 for Re = 600 , 760 and 910, respec-

ively. 

. Conclusions 

In the present study, the previous work of Laurila et al. (2019) is

xtended by conducting a comparison between computational and

xperimental investigations of a large-scale swirl atomizer. The

nner-nozzle and near-field flow characteristics are studied as a

unction of the inlet flow rate at a parameter range relevant for

njection of high-viscosity fuels. Atomizer parameters are quanti-

ed, while similarities and differences between the computational

nd experimental approaches are pointed out and discussed. The

ain observations of the present work are: 

1. The experimental and simulated mean velocity profiles inside

the swirl chamber showed good agreement. At the inlet port,

the agreement was reasonable and the discrepancies were ex-

plained by differences in the inflow conditions. In the inlet re-

gion, the cases exhibit Dean vortices which induce a double

peaked velocity distribution at the inlet port. In the swirl cham-

ber, the counter-rotating flow turns into a strong swirling flow

structure. 

2. The experimental and simulated liquid film shapes were noted

to be qualitatively similar and of hollow cone type. The films

are highly unstable as revealed by both approaches. Further

downstream, approximately 15–40 cm from the nozzle exit

(6 < z / D p < 18), the high-speed videos indicate how the grow-

ing fluctuations of the film lead to the break-up of the film into

ligaments and droplets. 

3. The simulations indicated the nozzle to operate in a mode

without a clear gaseous core. This indicates that it may be pos-

sible to produce hollow cone sprays without a fully developed

gaseous core. 

4. In both the simulations and experiments, the discharge coeffi-

cient was quantified to be in the interval 0.57–0.64 at the con-

sidered flow rate range. In the experiments, the spray opening

and tilt angles were found to be in the range θ = 45 - 62 ◦ and

φ = 3 - 10 ◦, respectively. Large time-dependent fluctuations of

the opening/tilt angles were noted, while the differences in the

observed front/side opening angles indicate a non-uniformity of

the spray. 

To conclude, the used numerical method provides a good quan-

itative match with the experiments inside the nozzle. Outside the

ozzle, the primary flow characteristics are correctly predicted re-

ardless of the uncertainty of the experimental flow parameters

nd subtle discrepancies between experimental and simulated noz-

le. Additionally, the numerical model was shown to be mesh in-

ensitive and also rather insensitive to the exact inlet condition.

he results demonstrate a predictive character of the simulation

ethod for analyses of swirl nozzles at the studied low Reynolds

umber range. 
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Fig. A1. Sensitivity of the numerical solution to the mesh resolution. Mean and rms velocity profiles from inside the nozzle at Re = 910 . Apart from the nozzle orifice, even 

the coarsest grid (M1) captures the relevant flow features. 

Table A1 

The base cell size (inside the nozzle) 

and the total number of cells. 

Mesh �x [mm] N cells [million] 

M1 1.00 0.79 

M2 0.55 4.19 

M3 0.40 8.19 

M4 0.30 18.47 
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Fig. A2. Height of the air core based on time-averaged α. The vertical location of 

the isosurface peak ( z max ) is evaluated at different iso-values of α for each mesh. To 

illustrate the differences in z max at α = 0 . 8 , the air core iso-surfaces relative to the 

nozzle orifice diameter ( D o = 22 mm) are depicted in the inset. 
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ppendix A. Mesh sensitivity assessment 

A mesh sensitivity assessment is carried out for the highest

eynolds number case ( Re = 910 ). In addition to the dense mesh

M3) used in the simulations presented in the paper, three other

eshes ranging from coarse (M1) to very dense (M4) are eval-

ated. Here, we characterize the meshes with the base cell size

f the hexagonal background grid inside the nozzle. The base cell

izes and number of cells for the different meshes are given in

able A.1 . All the simulations start from the same initial condition

mapped from M3 mesh) and have the same total simulation time.

n all cases the Courant number is maintained at 0.5. 

The mean and rms velocity profiles from different locations in-

ide the nozzle are shown in Fig. A.1 . At the inlet port and inside
he swirl chamber, the mean flow is noted to be fairly insensitive

o the mesh resolution. In addition, the fluctuation profiles agree

elatively well for all meshes. However, at the outlet orifice more

ronounced differences are observed. Here, the coarsest mesh does

ot capture the mean flow profile correctly. The region near the

enter of the orifice, where largest differences are observed, is in

he vicinity of the developing air core. This observation suggests
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Fig. B1. Sensitivity of the numerical solution to the velocity boundary condition at the inlet (parabolic/uniform). Mean and rms velocity profiles from inside the nozzle at 

Re = 910 . Largest differences between the two inlet conditions are observed upstream of the swirl chamber. 
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that the air core may be under-resolved for the coarsest mesh

(M1). 

To further evaluate the effect of the mesh on the air core reso-

lution, the air core heights based on time-averaged α near the noz-

zle orifice are shown in Fig. A.2 . The coarsest mesh clearly under-

predicts the core height, while there is a relatively good agreement

between the two finest meshes. The comparison suggests that the

M3 mesh is fine enough to adequately resolve both the flow inside

the nozzle and the air core in the orifice vicinity. 

Appendix B. Sensitivity to inlet conditions 

The sensitivity of the numerical solution to the inlet boundary

condition is studied at the highest Reynolds number ( Re = 910 ).

Here, the inlet boundary condition for velocity is changed from

the fully developed parabolic profile used in the final simulations

to a uniform (top hat) condition with the same mean velocity U b .

All other aspects of the simulation, including the mesh, remain the

same. 

The mean and rms velocity profiles from four locations inside

the nozzle are shown in Fig. B.1 together with the available exper-

imental data. The following observations are made. (1) The largest

inlet boundary condition sensitivity is observed at the upstream

part of the nozzle. (2) Inside the inlet pipe, the flow is still de-

veloping as indicated by the flat topped profile. In addition, the

result indicates that the differences observed at the inlet pipe be-

tween the experiments and simulations are explained by the ef-

fect of the inlet condition. (3) At the inlet port, the profiles are

qualitatively similar, but the velocity is more sensitive to the verti-

cal location with the uniform inlet. (4) In contrast, the flow inside

the swirl chamber is only moderately affected by the change in

the inlet condition. The inlet port side of the profile ( y > 0 mm)

is slightly affected, while the opposite side corresponds very well
ith the parabolic profile. (5) At the outlet orifice, the features of

he profile do not significantly change, although small deviations

re observed. (6) We also note that the level of rms fluctuations

t the inlet port and inside the swirl chamber coincide rather well

etween the two inlet conditions. Thereby, the flow seems to be

nly moderately dependent on the exact inlet boundary condition

xcluding the immediate vicinity of the inlet. 

ppendix C. Methodological aspects on film velocity estimation

For the simulation data, the mean velocities in Fig. 16 a are de-

ermined from Set B simulations. Here, the simulated velocity field

or the fluid part ( α > 0.5) is sampled from ~120 time instances to

onstruct a velocity magnitude PDF. An interval 3–5 cm from the

ozzle exit is used to gather statistics around the 4 cm plane used

n the LDA measurements. The total time interval in Set B simu-

ations spans approximately 12 ms of real time. The experimental

easurement procedures are described in Section 2.3 . 

In Fig. 16 a, the error bars indicate the temporal variation of the

elocity around the mean value. In the simulations, the bars rep-

esent the standard deviation calculated directly from the discrete

DFs, while with tracking the standard deviation of mean veloci-

ies of the 150 bubble samples is used. With LDA the bars indicate

he mean of the rms velocities of individual measurement points. 

There are certain methodological aspects that may contribute

o the observed differences between the methods in Fig. 16 a. First,

he exact locations of the measurements vary from method to

ethod. With LDA the measurements are extracted from a plane

 cm from the nozzle exit, whereas the simulated values are de-

ermined from an interval 3–5 cm from the exit. Similarly, the

ubble-tracking data is from a relatively large interval of approx-

mately 2–10 cm from the nozzle. 
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Second, we note that only certain components of the local ve-

ocity magnitude are measured in the two measurements. While

he whole velocity magnitude is considered in the simulations,

nly the axial and radial components are included in the LDA mea-

urements. In addition, the measurement angle remains constant

ignifying that instantaneous velocity is not parallel to the mea-

urement plane at all times. In the bubble-tracking method, pro-

ection to the image plane depends on the location on the hollow

one film. Depending on the measurement location, either the tan-

ential or the radial component of the velocity may be underesti-

ated due the 2d projection of the data. Therefore, the film veloc-

ty magnitudes may be in reality higher than indicated by the two

easurements. 
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