	
  
	
  
	
  
	
  

www.flame-structure-2014.com

	
  

Berlin Institute of Technology
(TU Berlin)

	
  

Prof. Dr. Frank Behrendt
Fakultät III: Prozesswissenschaften,
Institut für Energietechnik

	
  

Chair Energy Process Engineering and
Conversion Technologies for
Renewable Energies (EVUR)
Fasanenstr. 89
10623 Berlin

	
  
Berlin Institute of Technology • Fasanenstr. 89 • 10623 Berlin

Institute of Thermophysics,
Siberian Branch of RAS
Prof. Dmitriy Markovich
1, AC. Lavrentieva ave
Novosibirsk, 630090, Russia	
  
	
  
	
  

Confirmation of paper submission
Name:
Email:
Co-author:
2nd co-author:
3rd co-author:
Title of Paper:

Prof. Dmitriy Markovich
dmark@itp.nsc.ru
L.M. Chikishev
A.S. Lobasov
D.K. Sharaborin, M.P. Tokarev, V.M. Dulin
3D VELOCIMETRY FOR A LAMINAR PREMIXED
FLAME
Program:
Laminar flames
Name of Institute: Institute of Thermophysics, Siberian Branch of
RAS

	
  
	
  

	
  

Contact
info@flame-structure-2014.com
frank.behrendt@tu-berlin.de

	
  	
  	
  4. Juni 14

3D VELOCIMETRY FOR A LAMINAR PREMIXED FLAME
L.M. Chikishev1,2, A.S. Lobasov1,2, D.K. Sharaborin1,2, M.P. Tokarev1,2, V.M. Dulin1,2,
D.M. Markovich1,2*
1

Kutateladze Institute of Thermophysics, Siberian Branch of Russian Academy of Sciences,
Novosibirsk, 630090, Russia
2

Novosibirsk State University, Novosibirsk, 630090, Russia
*corresponding author: dmark@itp.nsc.ru

Abstract
The present work reports on application of tomographic PIV to an axisymmetric laminar
premixed propane/air flame. In contrast to 2D PIV systems, commonly used for planar velocity
measurements, the aim was to measure 3D velocity distribution through the whole depth of the
flow. Thus, the thickness of the illuminated volume was 40 mm (for 15 mm nozzle diameter).
This work describes the used tomographic PIV system, the cameras calibration procedure, the
3D image reconstruction method, and the result of velocity evaluation from two snapshots of 3D
tracer particle images. It is discussed that the optical distortions caused by the flame could
produce particle image shift up to one pixel that can be critical for accuracy of the tomographic
PIV.
Introduction
Instantaneous volumetric flow fields measurements are required for a deeper understanding of
turbulent flames phenomena, which are inherently three-dimensional (3D). Developing
volumetric velocimetry techniques, such as tomographic PIV [1], can provide new insight into
this issue. This method based on tomographic reconstruction of 3D particle distribution in space
[2] has a high potential to provide all components of velocity and its gradient in a volume. There
are several papers on application of tomographic PIV for 3D velocity measurements in nonreacting flows. For example, in the recent paper [3] the instantaneous volumetric velocity fields
were measured for a non-reacting swirling flow in a model combustor of aeroengine.
Particle image concentration is the crucial parameter for the quality of particle
reconstruction, which depends on on the number of cameras, the imaging quality and the particle
image diameter. Reconstructed 3D image contains a certain amount of non-physical
reconstruction artifacts, including ghost particles [4], since the reconstrution is ill-posed
problem. These ghost particles increase the noise level when evaluating velocity in a
measurement domain, particularly for large depth volumes where the particle concentration on
projections is high. The maximum measurement depth using Tomographic PIV up to now does
not exceed 40-50 mm [1, 3, 5].
In flames, the reconstruction of the particle location becomes even more challenging due to
varying of refraction causing beam-steering, non-uniform tracer particles concentration, flame
and soot luminosity, which reduces signal-to-noise ratio. Paper [6] reports on tomographic PIV
in a turbulent lifted methane jet flame with four cameras arranged in a horizontal plane around
the jet flame. The depth of field was approximately 8 mm.
The present paper aims at 3D velocity field measurements in a laminar premixed flame for
the volume depth of two nozzle diameters.
Approach
The laminar flame was organized by a contracting nozzle with outlet diameter of 15 mm. The
equivalence ratio of the premixed propane/air mixture was 0.9 (the bulk velocity of the mixture
was 1.7 m/s). To provide PIV measurements, the flow issuing from the nozzle was seeded by 4
μm Al2O3 particles.

PIV cameras were mounted as shown in Figure 1. Four ImperX IGV-B2020 (4 Mpix)
cameras were oriented horizontally (with the angles of −35º, −11º, 11º, and 35º, relatively to the
horizontal normal of the mounting rail). The cameras were equipped with Sigma AF #50 lenses
and narrow width bandpass optical filters (Edmund Optics) with 60% transmittance at 532 nm
and full width of 10 nm at half maximum. The seeding particles were illuminated by the second
harmonic of a pulsed Nd:YAG double-head laser (Quantel EverGreen 200) with 200 mJ energy
per each pulse. The delay between two pulses was set to 100 μs. The system was running at
approximately 1 Hz. Two mirrors were used to organize multi-pass scheme for the beam [7, 8].
The depth of the illuminated volume was 40 mm. For each camera lens the aperture number was
set to#32 to provide large enough depth of field for the measurement volume and to avoid
Scheimpflug correction (the reconstructed volume was 37.537.557.4 mm).
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Fig. 1 Tomographic PIV system and burner.
For the calibration of the optical system, a plane calibration target (Edmund Optics 100x100
mm, dot spacing 2mm) was mounted above the nozzle and moved by a traverse system.. Direct
linear transform model was used for the cameras calibration. Difference between the positions of
the detected markers and their locations in the model was less than 0.8 pix. A local median value
for 11x11 pixels was subtracted from the particles images to reduce background noise. This type
of the image filter was used in order to get bigger zero intensity domains in the projections to
reduce particle streaks along the pixel line of sight in horizontal planes and to suppress the ghost
particles formation. Self-calibration procedure [9] was performed to align all camera models by
using the experimental particle images and to get a perfect multiple ray correspondence through
the measurement volume. The residual disparity after three iterations of the self-calibration
procedure was below 0.2 pixels. The PIV images were processed by hybrid CPU-GPU
realizations of Multiplicative Line of Sight and Simultaneous Multiplicative Algebraic
Reconstruction Technique (MLOS-SMART 15 iterations) reconstruction algorithms [10]. The
server station with 2x16 AMD Opteron processors 6274, 2200 MHz (32 cores in total) with the
graphics processor NVIDIA Tesla C2075 was used for the calculations. An iterative crosscorrelation routine with continuous volume shifting was applied to estimate 3D velocity fields.
The final size of the interrogation volume was 543 voxels with 75% overlap factor.
Results and discussion
To estimate images distortion introduced by the flame, the printed image with random dot
pattern was placed behind the nozzle (70 mm away from the central axis). To calculate the
background dot displacement, a cross-corelation algorithm was applied (see the result in Figure
2). The maximum distortions, as expected, were caused by the flame front and by the region
between hot products of combustion and ambient air.

Pix

a
b
c
Fig. 2 Evaluation of optical distortions by the flame: background images (a) without flame (b)
with flame. (c) The esimtated background dot displacement

The raw particle image for one of the cameras is shown in Figure 3a. For each camera there
is a local region of high particles intensity that corresponds to the first passage of laser beam
through the measurement volume. In Figure 3b reconstructed with 2 iterations of MLOS+15
iterations of SMART volume 7681150768 is shown. In the horizontal cross-sections the
particles have shape of dots only for the upper region, where the optical distortions are small. In
the cone region before the flame front, where particles concentration is high, the reconstructed
particles have a shape of streaks. Moreover, a horizontal cross-section of conical flame does not
represent a circle (Figure 4c). Nevertheless the iterative cross-corelation routine with continious
volume shifting, applied to estimate 3D velocity field, provide reasonable results (Figure 5).
Namely, the more-or-less uniform vertical velocity is resolved inside the cone and streamlines
deflection takes place after the flame front. Thus, low spatial resolution due to the poor
reconstruction quality is not critical, since the laminar flow is considered. However, for turbulent
flames such significant optical distortions should be corrected.
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Fig. 3 Projection image (a) and reconstructed 3D volume of tracers particles (b) for a laminar
premixed flame (10% of voxels are shown)
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Fig. 4 Horizontal cross-sections of reconstructed 3D volume in a laminar premixed flame at
(a) y=1078 pixels; (b) y=490 pixels; (c) y=290 pixels.

Fig. 5 3D instantaneous velocity field for the laminar premixed propane/air flame.
Conclusions
Laminar premixed propane/air flame was studied by means of tomographic PIV system with
relatively high thickness of illumination volume. It was shown that ghost particles significantly
effect the form of horisontal cross-section of the flow. Even for laminar flame measurements
tracers disparity up to one pixel can be caused by flame front in the region with high difference
of refractive index. This fact should be taken into account especially for measurements in
turbulent flames. In this case a single-shot self-calibration routine should be performed as one of
the ways to correct optical distorsions.
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