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Fig. 1. (a) Schematic of the experimental setup. The swirler has been colored in orange to highlight its location in the system. All dimensions are in
millimeters. (b) 3D view of the radial swirler. One quarter of the top plane has been made translucent to show the blades. (c) Comparison of two cuts of
the swirlers. Dashed lines represent the original swirler design (swirler 1) and solid lines the manufactured swirler (swirler 2).

eddies and parallelize the flow. Combined with the nozzle, this enables to generate a flat profile at the swirler inlet. The
combustion chamber is made of a 50 mm diameter and 300 mm long silica glass tube.

The bottom of the combustion chamber fixes the origin of the axial coordinate. The operating point is defined by
a bulk flow velocity ub = 9.9 m s−1 determined in the 12 mm injection tube downstream the swirler. It corresponds to
a Reynolds number, based on the injection tube diameter, Re = 7600 at ambient temperature. A Laser Doppler Velocimeter
(LDV) enables to probe the flow in the three directions at the burner outlet. The seeded oil droplets used for LDV mea-
surements have an average diameter of 2.5 µm enabling accurate measurements of mean and RMS velocities of the gaseous
phase [15].

Fig. 1(b) shows the initial drawing of the swirler composed of nine blades, 4 mm in height. As in the experimental setup,
air comes from the bottom of the swirler and is set in rotation by the blades. The diameter of the bottom plate is 20 mm
while the exit diameter is 12.5 mm. This swirler has been manufactured by fast prototyping of plastic material, but due
to manufacturing limitations, the fabricated piece differs from the drawing. The global shape of the blades is that of the
nominal design but the blade length is shorter by about 0.8 mm. The two blade profiles are plotted in Fig. 1(c). The initial
swirler is indicated by dashed lines (swirler 1) and the manufactured one appears as a continuous line (swirler 2).

3. Numerical configuration

Numerical simulations are carried out with the large eddy simulation code AVBP developed at CERFACS. This code solves
the compressible Navier–Stokes equations for inert and reactive flows with unstructured meshes. In the present work, the
time and space third order Taylor–Galerkin scheme [16] is used in combination with the Wale subgrid scale model.

The unstructured meshes of the swirlers, presented in Fig. 2, have been refined identically. The smallest cells (0.3 mm
long) are located in the swirler, burner passage and in a frustum in the combustion chamber near the injection tube.
The meshes are composed of about 6 million tetrahedra, representing about 1.1 million grid points. Only the upper part
of the experimental setup, located downstream of the contraction, has been meshed. The flow can reasonably be assumed
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Radial swirler: 3D printed plastic material
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Fig. 3. Mean (left) and RMS (right) axial velocity profiles along the radial direction calculated for swirler 1 (dashed lines) and swirler 2 (solid lines)
compared to experimental data (circles) at different heights z above the burner outlet. The bulk velocity for the two swirlers is ub = 9.88 m s−1.

Fig. 5 shows the velocity vectors in a horizontal plane colored by the modulus of the velocity for the two geometries
investigated. This figure highlights that small differences of swirler geometry induce strong changes in the flowfield. In
particular, the flow deviation in the azimuthal direction is stronger for swirler 1. The area blockage is also higher, due to
longer blades resulting in an acceleration of the flow inside the swirler. For swirler 2, velocities are smaller and streamlines
do not follow the blade profiles. Flow separation appears near the leading edge of the blade. This explains why the swirl
number induced by swirler 1 is stronger than that of swirler 2. These two swirl numbers can be calculated using the
azimuthal and axial mean velocity profiles at the burner outlet using Eq. (1). One finds 0.84 for swirler 1 and 0.70 for
swirler 2.

4.2. Dynamic mode decomposition study of the PVC

Dynamic Mode Decomposition (DMD) can now be used to extract the essential dynamical features from large space–
time datasets [13,18]. Consider a set of data composed of n samples acquired at regular time intervals !t . Each sample
contains m data corresponding to one physical quantity. For instance, m can be the number of unknowns in the area of
interest. Typical orders of magnitude for datasets issued from numerical simulations are n ∼ 102 and m ∼ 106. One defines
vi the vector representing the data sampled at time ti = i!t and V j

i the matrix of the data acquired from time ti = i!t to
t j = j!t:

V j
i = {vi, vi+1, . . . , v j} (2)

It is now assumed that the dynamics of the system, represented by the data set, is governed by a linear operator A
that maps the system state at time step n − 1 to that at time step n: AV n−1

1 = V n
2 . In this case, the complex eigenvalues

of A represent the characteristic frequencies and the growth rates of particular oscillation modes. However, the size of A is
m × m and the manipulation of this matrix requires large computational resources. The objective is then to define a matrix
S which is of companion type and has similar eigenmodes and eigenvalues as A [19] by setting:
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Fig. 4. Mean radial (left) and azimuthal (right) velocity components along the radial direction calculated for swirler 1 (dashed lines) and swirler 2 (solid
lines) compared to experimental data (circles) at different heights z above the burner outlet. The bulk velocity for the two swirlers is ub = 9.88 m s−1.

Fig. 5. Velocity field, colored by the velocity magnitude, in a section at the middle of the swirler height (2 mm) for swirler 1 (left) and swirler 2 (right).

S = arg min
M

∥∥V n
2 − V n−1

1 M
∥∥ (3)

where S is a relatively small (n − 1) × (n − 1) matrix that can be diagonalized. One also defines λ j the eigenvalues of S
and X j the corresponding matrix of eigenvectors. The jth dynamic mode DM j is obtained by projecting the jth eigenvector

onto the snapshot basis: DM j = V n
1 X j . The frequencies f j = ωfreq

j /2π and the growth rates ωgrow
j can also be retrieved by

using the complex eigenfrequency ω j = ωgrow
j + iωfreq

j which verifies λ j = eω j$t .
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and X j the corresponding matrix of eigenvectors. The jth dynamic mode DM j is obtained by projecting the jth eigenvector

onto the snapshot basis: DM j = V n
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j /2π and the growth rates ωgrow
j can also be retrieved by

using the complex eigenfrequency ω j = ωgrow
j + iωfreq

j which verifies λ j = eω j$t .
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3D printing, today



MSHI – 3D printing
3D printing via Direct Metal Laser Sintering (DMLS) in Inconel 718
No thermal treatment
Polishing by sandblasting

1. What is the precision with respect to drawing? 
2. What about reproducibility? 



IMFT X-ray tomograph
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X-ray beam

Rotating sample



Tomographic X-ray process
Rotating sample X-ray absorption by 

matter
Slice 

reconstruction



Image post-processing
Z-cut

1. Selection of relevant cut planes.

2. Overlay of X-ray images and CAD sketch section at 
identical scales (Inkscape)

3. Orientation of the Z-cut: X-ray  vs. CAD

X ray image resolution: 65 
pixels /um
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X cut Y cut
Image post-processing



Comparison between CAD and printed swirler

• Difference in air inlet channel profile: approximately 0.4 
mm.

• Poor  quality of the printing for sharp angles of the air inlet
channel (support is required for printing in these areas)
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0.4 mm 
difference in the 
diameter of the 

deflector

Difference of 0.1 mm 
on

H2 tube diameter

Comparison between CAD and printed swirler



Updated CAD with respect to X-ray tomography
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---- Original CAD
---- Updated CAD
for CFD



Comparisons between EXP and CFD: an 
example
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Target flames
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FLAME A (Anchored)
𝑈!"# = 12 𝑚/𝑠
𝑈$! = 14 𝑚/𝑠

𝑃 = 3.8 𝑘𝑊 − 𝜙 = 0.45

FLAME L (Lifted)
𝑈!"# = 29 𝑚/𝑠
𝑈$! = 35 𝑚/𝑠

𝑃 = 9. 5 𝑘𝑊 − 𝜙 = 0.45



Initial PIV – LES comparisons Marragou / Aniello

Flame L 
Cold flow



Initial PIV – LES comparisons Marragou / Aniello

Flame L 
Hot flow



Check list
• Geometry
• Air and fuel mass flowrates
• Leaks 
• Air and fuel temperatures 
• Geometry
• Laser sheet alignment
• Quality of seeding
• Geometry
• Air and fuel mass flowrates
• PIV parameters:  DT between laser 

pulses, interrogation windows
• Laser sheet thickness
• ….



Particle size!

St_k 29,872

ug (m/s) 50
lg 3

Tau_g 6,00E-05

Tau_p (s) 1,79E-03

Tau_g (St_K =0.1) 1,79E-02
Tau_g (St_K =0.01) 1,79E-01

Nom particule Dioxyde de zirconium, 96-98 %, extra pur, 
SLR, Fisher Chemical

Densité volumique (g/cm3) 5,85
Diamètre (um) 10

Final powder 

St_k 29,872

ug (m/s) 50
lg 3

Tau_g 6,00E-05

Tau_p (s) 1,79E-03

Tau_g (St_K =0.1) 1,79E-02
Tau_g (St_K =0.01) 1,79E-01

Nom particule Dioxyde de zirconium, 96-98 %, extra pur, 
SLR, Fisher Chemical

Densité volumique (g/cm3) 5,85
Diamètre (um) 10

ug (m/s)
lg (mm)
Tau_g
St_k

50
3

6,00E-05
0,20

Tau_p (s) 1,22E-05

Tau_g (St_K =0.1) 1,22E-04
Tau_g (St_K =0.01) 1,22E-03

Nom particule 50361-10, TYPE DX, ALPHA ALUMINA POWDER, 
1um

Densité volumique (g/cm3)
Diamètre (um)

3,97
1

Desired powder

ug (m/s)
lg (mm)
Tau_g
St_k

50
3

6,00E-05
0,20

Tau_p (s) 1,22E-05

Tau_g (St_K =0.1) 1,22E-04
Tau_g (St_K =0.01) 1,22E-03

Nom particule 50361-10, TYPE DX, ALPHA ALUMINA POWDER, 
1um

Densité volumique (g/cm3)
Diamètre (um)

3,97
1

Stokes Number : 𝑺𝒕𝒌 =
𝝉𝒑
𝝉𝒈
= 𝝆𝒑𝒅𝒑𝟐

𝟏𝟖 𝝁𝒈

𝒖𝒈
𝒍𝒈

≪ 1 Particles follows the flow

≫ 1 Balistic particles (insensitive 
to the small structures of flow)



Comparison between intial and final PIV

Old 
PIV

New 
PIV
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Final PIV vs LES
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Z = 5 mm Z = 15 mm

Flame A

Flame L



EXP / CFD comparisons: A long chain process

CAD Geometry verification
(X ray, vernier caliper, 

…)

Real burner
(Machining, 3D 

printing) 

CAD CAD cleaning for 
CFD

Mesh

EXP

CFD

Focal point for database
M. Villespy 



Other defects
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Impact of spoiler on flame stabilization
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