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ABSTRACT
A twin-fluid atomizer configuration is predicted by means
of the 2D weakly-compressible Smooth Particle Hydrodynamics
(SPH) method and compared to experiments. The setup consists
of an axial liquid jet fragmented by a co-flowing high-speed air
stream (Ug ≈ 60 m/s) in a pressurized atmosphere up to 11 bar
(abs.). Two types of liquid are investigated: a viscous Newtonian liquid (µl = 200 mPa s) obtained with a glycerol/water mixture and a viscous non-Newtonian liquid (µl,apparent. ≈ 150 mPa s)
obtained with a carboxymethyl cellulose (CMC) solution. 3D
effects are taken into account in the 2D code by introducing
(i) a surface tension term, (ii) a cylindrical viscosity operator
and (iii) a modified velocity accounting for the divergence of
the volume in the radial direction. The numerical results at
high pressure show a good qualitative agreement with experiment, i.e. a correct transition of the atomization regimes with regard to the pressure, and similar dynamics and length scales of
the generated ligaments. The predicted frequency of the KelvinHelmholtz instability needs a correction factor of 2 to be globally
well recovered with the Newtonian liquid. The simulation of the
non-Newtonian liquid at high pressure shows a similar breakup
regime with finer droplets compared to Newtonian liquids while
the simulation at atmospheric pressure shows an apparent viscosity similar to the experiment.
NOMENCLATURE
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Symbols
D Diameter
H Height
M Momentum flux ratio
U Bulk velocity
V Particle volume
W Kernel
f Force
f Frequency
h Smoothing length
p Pressure
r Particle position
u Local velocity

Greek Symbols
Ω
Sphere of influence
γ
Polytropic ratio
γ̇
Shear rate
δ
Dirac delta function
Kronecker symbol
δi j
κ
Curvature
µ
Dynamic viscosity
ν
Kinematic viscosity
ρ
Density
σ
Surface tension
τcc
Time delay from
Cross-Correlation

Subscripts
e Entrainment
g Gas
l Liquid
rel Relative

Abbreviations
ATMO Atmospheric test rig
CMC Carboxymethyl cellulose
GLR Gas to liquid ratio
KH
Kelvin-Helmholtz
PAT
Pressurized atomization
test rig

INTRODUCTION
In the context of renewable energies, the gasification process shows the advantage of producing a flexible energy-carrier.
Prior to this process, it is necessary to turn a very viscous and
non-Newtonian liquid into a spray, and the quality of the atom1
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The experiment is presented in a first part, followed by a
description of the numerical model. The simulation results are
compared to the experiment in the final part.

ization has a strong influence on the overall efficiency [1]. It
is therefore necessary to optimize the spray generation, i.e. to
optimize the injecting nozzle. Due to extreme operating conditions of pressure and temperature (p = 80 bar and T ≈ 1500◦ C),
the instrumentation of the gasifier is strongly limited, canceling
any fine tunings of the prototype by means of experiment. The
use of numerical simulation is therefore a promising candidate to
achieve this task.

EXPERIMENT
Sänger and coworkers studied the fragmentation mechanism
of a viscous fluid in a twin-fluid external mixing atomizer at
atmospheric pressure (ATMO test-rig) [2] and at high pressure
(PAT test-rig) [3]. The nozzle is depicted in in Fig. 1 and consists of an axial liquid jet sheared by a co-flowing high speed gas
stream discharging into a quiescent cavity.

In this paper, the 2D numerical simulation of a simplified
nozzle supplied with Newtonian and non-Newtonian fluids is
compared to experiments [2–4], in terms of primary instability,
breakup regime and instability frequency. The employed numerical approach is Smooth Particle Hydrodynamics (SPH). It is a
mesh-free method that relies on a Lagrangian description of the
fluid through particles moving at the fluid velocity and carrying
physical properties such as mass, volume, momentum and energy. This method was originally developed for astrophysics [5]
and later adapted to free surface flow [6]. One advantage of
SPH over traditional grid-based methods in simulating multiphase flow is the natural description of the gas/liquid interface
by the arrangement of gas and liquid particles, so that no reconstruction algorithm is required.
In the field of air-assisted liquid atomization, the gas/liquid momentum transfer is the driving phenomenon so that both phases
must be accurately resolved at their interface. The large density
and viscosity ratio of fluids typically involved in air-assisted liquid atomization brings an additional challenge in terms of stability and accuracy. This particular context constitutes an original
use of the SPH method that was initiated by Höfler et al. [7].
Takashima et al. [8] assessed the SPH method for a liquid jet
breakup in the Rayleigh regime. Braun and coworkers applied
the SPH method to a droplet in a sheared flow [9] and to a generic
planar prefilming airblast atomizer [10] where it was shown that
the method retrieves the proper behavior of the liquid fragmentation. Dauch et al. [11] investigated a realistic annular prefilming airblast atomizer and demonstrated the suitability of the SPH
method in complex industrial configuration. Finally, Chaussonnet et al. [12] investigated the air-assisted atomization of a viscous liquid at atmospheric pressure in a geometry similar to the
one of the present study.
In the field of non-newtonian SPH, Shao et al. [13] investigated
the behavior of mud in the dam break configuration, Hosseini
et al. [14] applied different rheological models in several simple
test-cases, and Shamsoddini et al. [15] simulated the industrial
configuration of an active micro-mixer with a power-law fluid.
Finally Qiang et al. [16] studied the breakup of two impinging
power-law liquid jets. Note that in this case, the gas phase has
a negligible influence on the breakup process. For an extensive
review of the capability of SPH in a broad range of industrial
applications, the reader is referred to [17].

liquid
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FIGURE 1: Schematics of external mixing twin fluid atomizer,

side view (left) and front view (right).

The liquid diameter Dl , the gas height Hg , the separator thickness
es and the gas diameter Dg are equal to 2, 1.6, 0.1 and 5.4 mm, respectively. Two types of liquid, L1 and L2, were simulated. The
former is a Newtonian liquid composed of a mix of water and
glycerol, while the latter is a non-Newtonian solution obtained
with carboxymethyl cellulose (CMC) solution that shows an apparent viscosity comparable to L1 in the investigated operating
conditions [4]. Their characteristics are recalled in Table 1. The
viscosity of liquid L2 is modeled with the Cross model

µ=

µ0 − µ∞
+ µ∞
1 + (τ γ̇)m

(1)

where η0 and η∞ are effective dynamic viscosities at zero and infinite shear rate, respectively. Their values were measured with a
Searle type rheometer where the shear rate γ̇ was varied from 1 to
4000 s−1 , and are exhibited in Table 1. The constant τ represents
a characteristic time scale and m is an additional constant of the
fluid. They were calculated to 0.630 and 6.02 × 10−3 , respectively. Figure 2 depicts the excellent agreement between measurements and the Cross model in the considered range of shear
rate. Nevertheless as seen later, the shear rate in the liquid can
reach values up to 106 s−1 , and the liquid viscosity was not measured to such high shear rates.
2
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FIGURE 3: Primary instability: a) pulsating (µl = 200 mPa s) and

Experiment
Cross model

b) flapping (µl = 300 mPa s), from [2]. Breakup regime: c) membrane type (p = 1 bar abs.) and d) fiber type (p = 7 bar abs.),
from [3].
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NUMERICAL MODEL
The starting point of the SPH discretization is the convolution of a field f (rr ) by a Dirac function δ (rr ):

FIGURE 2: Effective viscosity versus the shear rate.
TABLE 1: Experimental parameters and test conditions.

Parameter

Variable

Unit

Liq. L1

Liq. L2

Density

ρ

kg m−3

1233

1006

Dyn. viscosity

µ

mPa s

200

≈ 151∗

Viscosity lim.

µ0 , µ∞

mPa s

−

420, 18

σ

mN m−1

63.6

68.9

Surface tension
*

b)

f (rr ) =

The nondimensional numbers that characterize this configuration are:

f (rr a ) =
Re =

ρDhU
, We =
µ

σ

, GLR =

ṁg
,M=
ṁg

ρgUg2
ρl Ul2

f (rr ′ )δ (rr − r ′ ) drr ′

(3)

In a first step called the kernel approximation, the Dirac function
is replaced by a smooth interpolation function W (rr − r ′ , h) called
the kernel and depicted in Fig. 4 (top). This function is defined
on a compact support, the so-called sphere of influence that depends on the smoothing length h, andRmust fulfill mathematical
properties such as the unity integral ( W (rr − r ′ , h)drr ′ = 1) and
the convergence to δ when h → 0. The kernel approximation is
applied to discrete particles by a quadrature called the particle
approximation. The function f is thus expressed at the particle
location r a by:

apparent viscosity in the investigated conditions.

2
ρg Dl Urel

Z

∑ Vb f (rr b )W (rr b − r a , h)

(4)

b∈Ω

(2)
where Vb is the volume of particle b. The index b refers to neighbour particles located in Ω, the sphere of influence of the particle
a, as illustrated in Fig. 4 (bottom). The kernel is chosen here as a
quintic spline and h = ∆x where ∆x is the mean particle spacing,
and the radius of Ω is R = 3 ∆x. For the sake of clarity, in the
following, f (rr a ), f (rr b ) and W (rr b − r a , h) are shortened to fa , fb
and Wab , respectively.
The differential operators needed to evaluate the contact
forces are computed with the gradient of the kernel. The gradient ∇ fa [18] and the Laplacian ∆ fa [19] are expressed as:

Equations (2) shows, in order of appearance: the Reynolds
number where Dh is the hydraulic diameter equal to Dl for the
liquid and 2Hg for the gas, the Weber number where Urel is
the liquid/gas relative velocity, the Gas-To-Liquid ratio, and
the momentum√flux ratio, respectively. The Ohnesorge number
defined as µl / σ ρl Dl is 0.50 for L1 and varies between 0.048
and 0.62 for L2.
The liquid disintegration was recorded with a high-speed
camera. It was observed in the ATMO rig that the jet undergoes
different types of primary instability (pulsating and flapping
modes) depending on the liquid viscosity at constant GLR as
illustrated in Fig. 3a) and b), leading to two different spray
characteristics. It was also found that the breakup regime
changes from a membrane type to a fiber type breakup when the
pressure increases at constant gas velocity (Fig. 3c and d).

∇fa =

∑ Vb ( fb + fa ) ∇W ab

(5a)

b∈Ω

∆ fa = 2

∑ Vb ( fb − fa )

b∈Ω

∂Wab
∂r

(5b)

The Navier-Stokes equations of an isothermal multiphase flow
are subsequently turned to a SPH form, and applied to both the
3
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To close the system, the pressure is expressed through a Tait
equation of state that depends on the particle density only:
pa =

cle distribution superimposed with the kernel value and illustration of the sphere of influence.
liquid and the gas phase. The continuity equation is solved algebraically by computing the particle volume and density:

∑ Wab

and

ρa = ma /Va

µ =2

where ma is the constant mass of particle a. Equations (6) exactly
conserve mass and as it relies only on the particle volume, the
density expression avoids numerical diffusion of density near the
liquid/gas interface [20]. The momentum equation is given by

D=
= f a,p + f a,v + f a,st

(7)

a

f a,v = K

∑ Vb (pb + pa ) ∇W ab

γ̇ =

(8a)

u ab · r ab
∇W ab
2
ab + η

b∈Ω

f a,st = − σa κ δΣ n


− 1 + pback

(9)

ρa ρb νa + νb
ρa + ρb
2

(10)

tr(U)
1
(U + tU) −
I
2
N

(11)

s

∂u ∂v
−
∂x ∂y

2



∂u ∂v
+
+
∂y ∂x

2

(12)

and the velocity gradient U is approximated with the SPH operator:

b∈Ω

∑ Vb µ r2

γ

where is U is the velocity gradient and N the number of dimension. In 2D, γ̇ is expressed as:

where u is the particle velocity and the terms f p,a , f v,a and f st,a
are the forces due to pressure, viscosity and surface tension, respectively. They yield:
f a,p = −

ρa
ρ0

where ν = µ/ρ is the kinematic viscosity. Equation 10 can be
seen as a blending function for the viscosity that favors the liquid of lower density in the interface zone. In the case of a nonNewtonian fluid, the viscosity µa of particlepa is expressed by
Eq. 1 where the shear rate is given by γ̇ = 2 tr(D2 ), D being
the trace-free shear rate tensor which represents the fluid deformation with no change of volume:

(6)

b∈Ω

duu
ρa
dt



where ρ0 is the nominal particle density, γ is the polytropic ratio
and pback is the background pressure. The term c in Eq. (9) is the
artificial speed of sound and must be chosen to verify c > 10 umax
in order to fulfill the weakly compressible condition by ensuring
that density variation is lower than 1% [23], the final purpose
being to increase the time step through the CFL condition.
The inter-particle viscosity µ in Eq. 8b yields:

FIGURE 4: Top part: surface of a 2D kernel. Bottom part: parti-

Va = 1/

ρ0 c2
γ

(8b)
U = ∇⊗u =

(8c)

Equations 8a and 8b are the SPH expressions of the pressure gradient and velocity Laplacian. Additionally, Eq. 8b introduces the
prefactor K equal to 8 in 2D [21], the inter-particle viscosity µ
is derived from a density-based average explained later. Equation 8b also involves the scalar product of velocity difference
u ab = u a − u b by the inter-particle distance vector r ab = r a − r b .
2 = 0.
The term η = 0.1 h avoids the singularity when rab
In the surface tension force (Eq. 8c), σa is the surface tension coefficient at particle a and κ is the interface curvature. The terms
n and δΣ are the interface normal and the surface-delta function,
respectively [22].

∑ Vb (uub − u a ) ⊗ ∇W ab

As the simulations conducted in this paper are 2D, three
modifications are added to the numerical method to represent
the 3D effects of the experiment. First, in order to take into
account the curvature of the round jet interface, an artificial
surface tension force
 2


=
1
−
exp
− hy2
ε
y


σa
f a,curv = −εx εy δΣ n with
(14)

0.2

|y|

x
 ε = 1−
x

4

(13)

b∈Ω

Lc
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is added to the momentum equation. The term y is the radial
coordinate and εy a damping function to avoid the singularity
at y = 0. The function εx ensures that far from the nozzle,the
artificial surface tension force is zero. It is defined between
√0
and the length of the potential core Lc , expressed as 6 Dl / M
by [24]. The second modification is to adapt the vector operators
expressed in a cylindrical system to their Cartesian expressions,
in order to take into account the divergence of the fields with y
(r in the cylindrical system). The comparison between Cartesian
(x, y) and cylindrical (r, z) coordinates shows no difference for
the gradient operator whereas the Laplacian differences yield, for
the velocity:
1 ∂Uy Uy
− 2
y ∂y
y
1 ∂Ux
∆CYL (Uz ) = ∆CART (Ux ) +
y ∂y

∆CYL (Ur ) = ∆CART (Uy ) +

jets in the experiment, the cavity is fed with a coaxial gas stream
with a bulk velocity ue = 10 m/s over a slit of height He of 8 mm
(green lines in Fig. 5 left), which guarantees a correct Q̇e up to an
arbitrary distance of 10 mm according to the free jet entrainment
law. On the sides of the cavity, the velocity is mainly axial due
to the entrained flow, so that the use of an outflow boundary condition would generate a strong numerical noise. Therefore, the
sides are set to slipping walls and they open with an angle larger
than the free jet opening angle (semi-angle of 15◦ ). The outlet is
set to a constant pressure equal to 1, 7 or 11 bar. The chamfer of
the nozzle is added to improve the interaction between the outer
recirculation zone and the nozzle itself. With a particle size ∆x
entrainment inlet
gas inlet

(15a)
(15b)

no slip walls
The Laplacian operator, used for viscosity, is thus modified according to Eqs (15a) and (15b), the additional terms being also
multiplied by εy (Eq. 14) to avoid singularity at y = 0. Physically,
this modification aims to render the difference of the shearing
surface between the inner and the outer radius of an infinitesimal
element.
The third modification is to take the mass conservation into account in the radial velocity. For a constant mass flow rate along
the radial coordinate, the mass conservation imposes that the velocity decreases along the radial axis. By expressing this condition in a differential form between y and y + dy, neglecting the
density change over dy and second order terms, the radial velocity yields:
UrCYL

r+dr

= UyCART

y+dy



1−

dy
y



He
slip wall

gas
duct
P0
P5
P10
P15
P20
P25

liquid
inlet

P6
P11
P16
P21

gas
duct
P8
P13
P18
P23

pressure outlet
FIGURE 5: Sketch of the numerical domains. Left: global view.

Right: closeup of the nozzle exit superimposed with all probes
location (grey), the black symbols indicates the probes investigated in the following.

of 10 and 20 µm, the numerical domain is contains 23.3 and 5.83
millions of particles, respectively. The initial solution consists of
a cavity filled with SPH particles of gas type. The calculations
are run in parallel on up to 2560 CPU, during a physical time of
45 ms with a time step ∆t of 20 ns. This results in 67 convective
times that ensures an acceptable statistic convergence.

(16)

These corrections are particularly significant at small radius
(terms in ”1/y”) but becomes negligible in outer regions. Note
that the modifications do not aim to model an axisymmetric domain but only the center slice of an axial configuration, so that it
is not necessary to modify the computation of density.

RESULTS AND DISCUSSION
The investigated cases are summarized in Table 2. First,
simulations with the Newtonian liquid L1 and different pressures are conducted (cases A, B and C) to check that the breakup
regime (membrane and fiber) is well recovered, then a simulation
with the non-Newtonian liquid L2 is run at 1 bar (case D). Finally
the atomization of liquid L2 is investigated at high pressure with
case E for two different resolutions.

NUMERICAL SETUP
The numerical domain depicted in Fig. 5 is composed of the
inlet ducts and the cavity (length of 40 mm) where atomization
takes place. The length of inlet ducts are six jet diameters for the
gas and one diameter for the liquid, and the inlet velocity profiles are turbulent and laminar, respectively. A no-slip boundary
condition is imposed at the walls of the inlets duct and the nozzle
(all walls included in the dashed rectangle in Fig. 5 left). In order to reproduce the entrainment rate Q̇e induced by the gaseous

Newtonian liquid at different ambient pressures
Cases A, B and C are qualitatively compared to the experiment in Fig. 6, which depicts snapshots of the liquid phase. The
5
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TABLE 2: Test-case matrix.

SIM.

EXP.
Param.

Unit

A

B

C

D

E

p

bar

1

7

11

1

11

ρg

kg m−3

1.20

8.43

13.25

1.20

13.25

Ug
Liq.
type
̀x

m/s

58.3

58.3

58.3

72.8

58.3

−

L1

L1

L1

L2

L2

µm

20

20

20

20

10/20

Reg

1 × 103

17.0

119

187

21.2

187

−

125

874

1375

181

1269

−

0.4

2.8

4.4

0.6

5.5

−

4.5

31

49

8.2

62

We
GLR
M

a) Case A, p = 1 bar

behavior of the liquid jet is qualitatively well captured by the
simulation for each case. At 1 bar, the jet disrupts into a single ligament that sometimes forms a membrane (membrane-type
regime). In the numerical simulation, the characteristic scale as
well as the curvature of the ligament are similar to the experiment. However the space discretization is too coarse to capture the membrane. At 7 bar, the experiment shows a fiber-type
regime, characterized by a liquid jet peeled-off in small scale
fibers, and a shorter intact length. The simulation is too coarse
to predict the fibers, however it is able to capture the small scale
structure, under the form of small droplets. In addition, it succeeds to predict the shorter intact length of the fiber-type regime.
Case C corresponds to a pulsating mode [25] of the fiber-type
regime, which exhibits local changes of volume fraction in the
spray. This behavior is also observed in the simulation even
though it is not easily visible on one snapshot. The comments
of 7 bar also applies to 11 bar.
For all cases, the experiment shows that the jet undergoes a
Kelvin-Helmholtz (KH) instability under the form an axisymmetric disturbance at the nozzle exit, whereas the simulation captures a KH instability that alternates on both sides of the liquid,
instead of being axisymmetric. Most of the time, this difference
leads to a frequency prediction, underestimated by a factor 2,
compared to the experiment. In addition, the alternating KH
instability results in a flapping motion whereas the experiment
shows a pulsating instability. These discrepancies might originate from the inability of the 2D simulation to render the stiffness
of the liquid jet, despite the 3D correcting terms, and is explained
in the following. When a round jet undergoes a local deformation, due to e.g. an eddy, the local variation of curvature leads
to a heterogeneous distribution of the capillary pressure force
induced by the surface tension, as depicted in Fig. 7 (top left).
Thus, the resultant force is oriented upwards and counteracts the
source of the perturbation. When a planar liquid sheet, which
corresponds to the 2D simulation, undergoes the same vertical

b) Case B, p = 7 bar

c) Case C, p = 11 bar

FIGURE 6: Comparison of experiment/simulation on PAT test-

case at 1, 7 and 11 bar.

deformation (Fig. 7 bottom left), the artificial force induced by
the 3D correcting term (Eq. 14) is rather constant on both faces
of the sheet. Therefore, the resultant force is zero and cannot
counteract the source of the perturbation, so that the jet will be
deflected downwards. However, the liquid/gas momentum transfer is correctly predicted and the onset frequency of the KH instability equal to the one of the round jet, but the liquid sheet
6
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is deflected towards the opposite side of the perturbation. This
leads to a flapping jet with the flapping half-time equal to the
onset time of the KH instability, as illustrated in Fig. 7(right).
As a result, the estimation of the KH frequency based on the liquid detection presented below leads to a frequency twice lower
as it might be in a 3D case. This implies that (i) the set of 3D
corrections terms is incomplete to properly retrieve a correct 3D
instability and (ii) it is expected that a 3D simulation would retrieve a correct frequency estimation.

Liq.

Gas

Spectrum [1/ms2 ]

15

20
25
Time [ms]

25
20
15
10
5
0
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P10-P15
P10-P20
P10-P25

0

100

200

300 400 500
Frequency [Hz]

600

700

FIGURE 8: Time signal of liquid presence (top) recorded at

probes P10 and P25 and the cross-spectrum magnitude (bottom)
between different probes, for Case A.
FIGURE 7: Left: front view of a round jet (top) and a flat liquid

sheet (bottom) after a deformation, superimposed with the local
forces induced by the surface tension. The original location of
the interface is depicted in gray. Right: sketch of the axisymmetric Kelvin-Helmholtz instability in the (3D) experiment (top)
and in the 2D simulation (bottom).

delay τcc from the cross-correlation of the signals leads to 283,
554, 821 µs. Combining τcc with the inter-probe distances ̀x
lead to a propagation velocity of 1.77, 1.80 and 1.83 m/s. The
average velocity is 1.80 m/s to be compared with the Dimotakis
velocity [26] UD equal to 2.59 m/s and defined by:

The presence of liquid was monitored in the numerical simulation on several virtual probes (Fig. 5 right) located at the nozzle
exit close to the liquid jet interface, to capture the KH instability.
A time signal s between 0 (gas) and 1 (liquid) was extracted on
each probe. A Fourier Transform (FT) F (s) was applied on the
signal and the Cross Spectral Density (CSD) between two probes
(e.g. P0 and P5 ) was calculated as CSD( f ) = F (s0 ) · F ∗ (s5 )
where ∗ is the conjugate operation. The CSD allows to filter out
the uncorrelated noise on the probes and keep the frequencies
shared by the two probes. Furthermore, the cross-correlation of
the two temporal signals was calculated to estimate the time delay τcc between associated two probes.
Figure 8 (top) shows the time signal of the liquid presence
recorded at probes P5 and P20 for Case A. The periodic pattern is
representative of the KH instability at the jet surface, a roughly
constant time delay is observed. The CSD between (P10 ,P15 ),
(P10 ,P20 ) and (P10 ,P25 ) are depicted in Fig. 8 (bottom). They
show the same peaks at 170 and 251 Hz, which is lower than in
the experiment where f = 524 Hz. Since the frequency measured
in the experiment is 524 Hz, the pulsating frequency is underestimated by a factor of two, as explained earlier. Therefore, if
the simulation were predicting an axisymmetric KH instability,
the frequency would be correctly predicted. Calculating the time

√
√
ρl Ul + ρgUg
UD = √
√
ρl + ρg

(17)

Considering Case B, Fig. 9 (top) shows the time signal of P0
and P15 , located at the liquid jet interfaces, 0.5 and 2 mm downstream the nozzle exit, respectively. The signals show a clear periodic event with a constant time delay between the two probes.
The CSD between probes spaced of ̀x = 0.5, 1 and 1.5 mm
are presented in Fig. 9 (bottom), and show two peaks located at
755 and 1486 Hz, corresponding to the fundamental mode and
its first harmonic. As for Case A, the underestimation by a factor 2 of the fundamental frequency is attributed to an alternating
KH instabilty. The time delays τcc from the cross-correlation of
the signals leads to 131, 230, 314 µs, which results to a propagation velocity of 3.82, 4.34 and 4.78 m/s. The average velocity is
4.31 m/s to be compared with the Dimotakis velocity UD equal
to 5.24 m/s, which is in acceptable agreement and suggests a
correct momentum transfer from the gas to the liquid for Case B.
Figure 10 (top) shows the time signal recorded for Case C.
Due to a more more turbulent flow, the gas/liquid interface is
more disturbed so that the signal is distorted, but still shows periodic events. The CSD between probes spaced of ̀x = 0.5, 1 and
7
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are 73, 127 and 162 µs and lead to a convective velocity of 6.88,
7.87 and 9.25 m/s. Their average is 8.00 m/s, which is slightly
overestimating UD = 6.25 m/s. The growth of the convective velocity with x may be explained by increasing perturbations of the
liquid jet surface, leading to degenerated conditions where the
calculation of UD is not valid anymore.

Liq.
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Spectrum [1/ms2 ]
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Non-Newtonian liquid at 1 bar

P0-P5
P0-P10
P0-P15

10.0
7.5
5.0
2.5
0.0
0

500

1000
1500
Frequency [Hz]

2000

FIGURE 9: Time signal of liquid presence (top) recorded at

probes P0 and P15 , and the CSD magnitude (bottom) between
different probes, for Case B.
FIGURE 11: Comparison of experiment/simulationat 1 bar with

Liq.

liquid L2.

Figure 11 displays a comparative snapshot of the experiment
and the simulation for Case D. The agreement is good in terms of
intact length ligament characteristic length. However the experiment shows a pulsating mode whereas the simulation predicts a
flapping behavior. In order to highlight the influence of the nonNewtonian model, Fig. 12 depicts a closeup view of the nozzle
exit, colored by the shear rate γ̇ (left) and the viscosity (right).
The shear rate is large at the gas/liquid interface and minimum
at the center of the jet. Moreover, it is larger further downstream
as the liquid jet becomes thinner because its inertia decreases so
that it is more influenced by the aerodynamic stresses. The viscosity follows this influence, with particularly low values at the
gas/liquid interface, and at the end of the intact length. Because
of the shear-thinning behavior of the liquid, an amplification loop
occurs at the jet interface: due to the high shearing induced by
the aerodynamics stresses, the liquid viscosity decreases, offering less shear resistance to the gas which, in turn, accelerates
the liquid deformation i.e. the shear rate. Note that this effect
is limited to the outer part of the liquid jet, and the core part is
less influenced by the non-Newtonian effect, due to a moderate
shearing.
The cross-spectra between pairs of probes (P0 ,P5 ), (P0 ,P10 )
and (P0 ,P15 ) is shown in Fig. 13. Many peaks of the same value
are observed, so that the fundamental mode is not obvious. The
time delays τcc are 290, 534 and 791 µs and lead to a convection velocities of 1.72, 1.87 and 1.97 m/s while UD = 3.28 m/s.

Gas

Spectrum [1/ms2 ]

30

32

34
36
time [ms]

38

40

16
P6-P11
P6-P16
P6-P21

12
8
4
0
500

1000

1500
2000
Frequency [Hz]

2500

FIGURE 10: Time signal of liquid presence (top) recorded at

probes P6 and P21 , and the cross-spectrum magnitude (bottom)
between different probes, for Case C. Then vertical lines represent the fundamental mode and its first harmonic.
1.5 mm are presented in Fig. 10 (bottom). The fundamental frequency f0 and its first harmonic f1 are found at 958 and 1991 Hz,
respectively, whereas fexp = 2153 Hz. The underestimation by a
factor 2 of the frequency f0 is attributed to an alternating KH
instability, as seen in the two previous cases. The time delays
8
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FIGURE 12: Closeup view of the nozzle exit. Left: shear rate.

Right: viscosity.

Spectrum [1/ms2 ]

This deviation may originate from a significant effect of the nonNewtonian aspect of the liquid on the Dimotakis velocity, even
though the viscosity does not appear in the expression of UD .
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FIGURE 14: Snapshot of Case C (top) and Case E (bottom).
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the finer space discretization, Case E was also simulated with
̀x = 20 µm and the structures are also significantly lower than
Case C. This suggests that the atomization of a non-Newtonian
liquid at high pressure also leads to a fiber-type regime, with
a larger number of fibers of smaller length scale compared to
with a Newtonian liquid of the same apparent viscosity. This behavior was also experimentally observed by Sänger et al. [4] at
atmospheric pressure, where they highlighted the favorable influence of the shear-thinning property in the fragmentation of nonNewtonian liquids. Note than the spacial distribution of the liquid phase is more homogeneous in Case E due the smaller fibers.
Finally, the larger number of droplets visible in the top corners of
Fig. 14 bottom in comparison to Case C is attributed to the strong
recirculation zone that drags the smaller particles.
The CSD between the pairs (P8 ,P13 ), (P8 ,P18 ) and (P8 ,P23 )
are displayed in Fig.15, and peaks at 1252 and 1388 Hz are observed. If the same phenomenon of alternating KH instability in-

FIGURE 13: Fourier transform of liquid presence signal for L2

at 1 bar.

Non-Newtonian liquid at 11 bar
The atomization of non-Newtonian liquid L2 was simulated
at an ambient pressure of 11 bar, with a space discretization of
10 µm. A snapshot comparison between L1 and L2 is displayed
in Fig. 14. The intact length is similar in both cases because of
the moderate liquid shear rate in the core of the jet. In Case E,
the characteristic length of the ligaments torn from the jet is significantly lower than Case C and many more smaller droplets are
created. In order to be sure that this trend does not originate from
9
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Spectrum [1/ms2 ]

plateau at ≈ 110 mPa s. The viscosity then is averaged between
x = 0 and 6 mm as done in [4] where the apparent viscosity is
evaluated from the frequency of viscosity dependent KH instabilities, employing high-speed visualizations. This leads to an
average viscosity of 122 mPa s in the simulation, compared to
an average viscosity of 151 mPa s in the experiment, which is in
acceptable agreement. For the two Cases E, the mean viscosity
reaches its largest value directly at the nozzle exit, and continuously decreases. This particular behavior is explained by the
fact that a larger air pressure increases globally the liquid entrainment, so that the jet is stretched into the cavity, leading to
a substantial decrease of its diameter. This generates a recirculation zone at the nozzle exit, e.g. visible in Fig. 14, where the
lower gas velocity induces a lower shear rate, i.e. a larger viscosity. In addition, the matching of the curves of Case E for ̀x = 10
and 20 µm constitutes another formal proof of mesh convergence,
implying that ̀x = 20 µm is a sufficient resolution to capture the
influence of the flow field on the rheological behavior of the liquid.
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FIGURE 15: Fourier transform of liquid presence signal for L2

at 11 bar with ̀x = 10 µm.

8

Mean liquid viscosity [mPa s]

Spectrum [1/ms2 ]

stead of axisymmetric KH instability is assumed in this case, then
the pulsating frequency is estimated between 2500 and 2800 Hz.
The time delays τcc are 31, 73 and 108 µs. The convective velocities extracted from τcc are 15.9, 13.7 and 13.9 m/s whereas the
Dimotakis velocity is 6.8 m/s. The most probable reason for this
large deviation is that the jet is already very disturbed at 1 mm
downstream the nozzle exit, the conditions to derive the Dimotakis velocity are not met. It is to be noted that the spectrum
of Case E is similar to the one of Case C (Fig. 10), with a shift
towards higher frequencies.
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FIGURE 17: Time and radially average viscosity versus the axial
FIGURE 16: Fourier transform of liquid presence signal for L2

coordinate.

at 11 bar with ̀x = 20 µm.
Finally, a particular phenomenon is observed in Case E and
illustrated in Fig 18. Due to the deviation of the liquid jet to
right, a recirculation zone appears in the wake of the nozzle, on
the left of the jet. This recirculation zone rotates counterclockwise and therefore shears the liquid jet in the opposite direction
of the global flow (i.e. from bottom to top in Fig. 18) and leads to
a KH pattern moving upstream the liquid jet on one side, while
the KH instability is convected downstream on the other side.
This phenomenon is dramatically enhanced by the shear-thinning
behavior of the liquid, as previously mentioned, an leads to an
gas/liquid interaction more complex that in the case of a Newtonian fluid. As there is no experimental data for Case E yet, this
phenomenon needs to further validation.

The CSD for Case E with ̀x = 20 µm is displayed in Fig. 16.
The spectrum looks similar as for Case E with ̀x = 10 µm, with
a noisy spectrum up to f ≈ 1200 Hz. A clear peak is found at
f ≈ 1307 Hz, compared to 1252 Hz for ̀x = 10 µm. This good
agreement shows that ̀x = 20 µm is a sufficient resolution to
capture the liquid jet dynamics in these operating conditions.
A time and radial average of the liquid viscosity for Case D
and Case E (̀x = 10 and 20 µm) is plotted versus the axial coordinate in Fig. 17. The x-extents of the curves were limited to an
arbitrary length representative of jet length. It shows that at atmospheric pressure, the mean viscosity starts at its lowest value,
then reaches a peak at x ≈ 1.5 mm and decreases smoothly to a
10
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CONCLUSION
The numerical simulation of a twin fluid atomizer with SPH
method showed that the simplified 2D approach does not correctly predict the mode of instability (pulsating/flapping), despite the addition of 3D correction terms. However, the numerical simulation exhibited a good qualitative agreement concerning the breakup regime (membrane or fiber-type). In addition,
the dynamics and the characteristic length of the ligaments are
correctly predicted, which is promising with regards to the prediction of the drop size distribution. The frequency of the KelvinHelmholtz instability shows a deviation of ≈50% due to an sidealternating onset of this instability. When this anomaly is taken
into account, the introduction of a factor 2 leads to an acceptable
frequency prediction, for Newtonian liquids. In the case of a
non-Newtonian fluid at atmospheric pressure, the mean viscosity
is in acceptable agreement with the experience, which partially
validates the applicability of the SPH method in simulating the
air-assisted atomization of non-Newtonian liquids. It was also
shown via a mesh convergence study that an inter-particle distance of 20 µm is sufficient to capture (i) the liquid jet dynamics
and (ii) the influence of the flow field on the rheological behavior
of the liquid. Finally, the 2D SPH simulation of a shear-thinning
liquid highlighted a characteristic length of fibers and ligaments
lower than for a Newtonian liquid, suggesting a favorable effect
of shear-thinning liquids on air-assisted atomization. The next
step of the study is to conduct a three-dimensional simulation on
a full geometry, which will be done by creating an initial 3D domain and using a 3D formulation of the SPH method, as done
previously by Braun et al. [27]

Shear rate [1/s]
100 1e3 1e4 1e5 1e6

FIGURE 18: Time series (̀t = 100 µs) of the breakup
phenomenon zoomed in the nozzle exit region for Case E
(̀x = 10µm). The sequence is ordered from left to right then
from top to bottom.
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TABLE 3: Comparison of measured/computed frequencies.

Frequency [Hz]

A

B

C

D

E

Simulation
Simulation
corrected
Experiment

251

755

958

−

≈1320

502

1486

1991

−

≈2640

524

1479

2153

768

Deviation [%]
Deviation
corrected [%]

-52

-49

-56

−

−

-4.2

0.47

-7.5

−
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