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1. Introduction

Mixing of flows has significant applications in chemistry, energy or environment industries. The heat
and mass transfer controls the effectiveness and the efficiency of systems. In turbulent flows, these
transfers depend mainly on the characteristics of the aerodynamic. Experimental methods are needed
to analyze the coupling between the instantaneous field and the diffusion of heat or mass. In the last
decades, optical methods were developed which permit to analyze these phenomena (Papanicolaou
and List, 1988; Hanson et al., 1990; Lemoine et al., 1996; Su and Dahm, 1996; Cowen et al., 2001).
Among them, coupled techniques using Planar Laser-Induced Fluorescent and Particles Image
Velocimetry were applied on different configurations (Su et al., 2000; Gicquel et al., 2005). These two
techniques give useful information on the structural features of the velocity and scalar fields and
permit to understand the interactions between large and small scale structures in the velocity field
and their implication in the entrainment and mixing processes. Such analysis is useful for the
development of numerical tools such than LES methods for which detailed databases are needed to
validate the results.

In this paper an application of these new techniques is shown. It concerns the mixing of eight
transverse jets in a pipe flow simulating the dilution zone of a gas turbine combustor. On this
geometry, two optical methods are applied: PIV for the velocity field characterization and PLIF for the
flow mixing analysis.

2. Experimental Setup and Measurement Techniques
2.1 Experimental Setup
—— A sketch of the test section is presented in figure
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Fig. 1. Sketch of the test section. chamber and the pipe controls the jets velocity.

2.2 Experimental Techniques
For PIV measurements, the flow is seeded with glycol droplets injected upstream of the test section, in
the jet and the pipe flow. The flow is illuminated by a laser sheet. The images delivered by a CCD video
camera (1300 (H) x 1030 (V)) are recorded on a PC computer. The acquisition rate is equal to 3 Hz. The
inter-frame times can be as small as 200 ns. Details of the treatment can be found 1n Lourenco and
Krothapalli, 2000. For each fields, 250 pairs of image are acquired.

Concentration images are obtained using planar laser-induced fluorescence (PLIF). This
technique uses a monochromatic light source which is formed into a sheet and passed through the
flow field. The light source excites an energy transition in a marker species, which fluoresces upon
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relaxation (Hanson et al., 1990). In this work, the acetone vapor used as tracer absorbs in the UV
light (225-320 nm; 278 nm peak) andemits in the visible (350-550 nm, 435 peak). For each test, 100
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Fig. 2. Instantaneous flow observed in a jet in cross
flow (Frick and Roskho, 1994).

2.3 Flow Conditions

images are recorded. Post processing is
applied to eliminate the background. On the
longitudinal views the concentration is
calculated using a linear law giving a
concentration of 100 % in the potential zone
of the jets and 0 % in the pipe section located
upstream of the jets entrance. For cross
views which do not visualized the potential
region of the jets, the concentration levels
are calculated by comparing the profiles
obtained on longitudinal and transverse
views. A correction is applied on each image
in order to take into account the laser
intensity decrease induced by the absorption
by the acetone molecules and the spreading
of the sheet. This correction is based on a
comparison of the concentration fields
measured on the eight jets.

The bulk velocity is fixed to 25 m/s and 5 m/s for PIV and PLIF measurements respectively. Previous
works indicate that the jet behavior is mainly controlled by the momentum flux ratio /between the jet
and the main flow. For isothermal flows, the velocity ratio £ can be used. Two values of this parameter
were considered (£ =2 and 4). The inlet flow conditions concerns the main flow and the jet flows. The
first are determined from LDA. It corresponds to a fully developed pipe flow.
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Fig. 3. Instantaneous fields measured from PIV technique (R = 4) (Colors correspond to the
Mergulian operator and vectors to the two tranverse velocity components (abritary scale)).
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Fig. 4. Averaged fields obtained from PIV measurements (R = 4) (Colors correspond to the
Mergulian operator and vectors to the two tranverse velocity components (abritary scale)).
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3. Results and Discussion

3.1 PIV Results

Previous works based on flow visualizations (Werlé, 1968; Fric and Roshko, 1994) show that the
interaction between a jet and the main flow induces the formation of different categories of vortical
structures (Fig. 2). Instantaneous fields obtained in different cross sections for £ = 4 are plotted in
figure 3. For x/d= 0, a zoom of one jet exit is presented. The vectors are the projection of the velocity
on the cross section. The color scale corresponds to the amplitude of Mergulian operator exhibiting
the intensity of the vorticity linked to structures (Jeong and Hussain, 1995).

On the first cross sections (x = 0d), the injection velocity between two time steps is quite
constant close to the wall but varies further inside the pipe. Further downstream the counter rotative
vortices are observed. The jets become more unstable and great oscillations of the vortices are put in
evidence. Averaged fields plotted in Fig. 4 indicate that, for each jet, the twin structures are
symmetrical. Their intensity increases close to the jet outlet then decrease further downstream
through diffusion effects.

3.2 PLIF Results

The instantaneous concentration field shown in Fig. 5
exhibits the jet deflection and the shear layers vortices.
Further downstream the spreading of the jet towards
the pipe axis and the wall is observed. Averaged
distribution of acetone vapor and r.m.s. distribution
plotted in Fig. 6 permit to observe the potential core
close to the jet exit and the tracer diffusion further
downstream. The r.m.s. iso values exhibit the potential
core and the high level zone linked to the shearing at
the jet boundary. From these fields the streak lines can
be visualized and averaged trajectory and the envelope
of the jets are calculated (Fig. 7). The trajectory path
corresponds to the maximum of concentration on each
xline. The jet envelope is defined as the y coordinate b
where the concentration is equal to half the maximum
concentration on each profile. Note the x and y origins
are set at the jet outlet in its centre.

Fig. 5. Instantaneous concentration field
measured from PLIF techniaue.
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Fig. 6. Mean and r.m.s. concentration fields measured in a plane perpendicular to the wall
including the jet axis: R = 4.

3.8 Comparison between Velocity and Concentration Fields

The comparison between the velocity and the concentration fields indicates that, for each jet, the
maximum concentration zone is located between the twin vortices and the pipe axis (Fig. 8). A similar
result was observed on the velocity field obtained by LDA. In this case, a zone of high longitudinal
velocity is located above the two counter rotative structures.

4. Conclusions

This paper presents a study using PIV and PLIF techniques to investigate the mixing of eight jets
flowing transversally into a pipe flow. These methods permit to identify the unsteady and steady
features of the flow. The different vortical structures are revealed and quantitative information is
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obtained to characterize the mass transfer between the different flows. The analysis of the
instantaneous velocity field indicates that the two counter rotative structures typical of this flow
configuration, are stable close to the jet exit and become unsteady further downstream. The PLIF
techniques applied on acetone permits to analyze the mixing of the different jet. Mean trajectories are
determined with respect to the R ratio and the spreading of the jets is analyzed. Comparison between
the velocity and the concentration results reveals the coupling between the aerodynamic and the
mixture fields. Further treatments can be done in order to identify the influence of the Schmidt
number on the mass and momentum diffusion. All these results were used to validate LES
calculations (Priére, 2005)

Flow field measured 5d downstream of the jets exit (R = 4).
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Fig. 7. Jet trajectory and envelopes deduced Fig. 8. Comparison of averaged velocity (vectors)
from the concentration (R = 4). and concentration fields (R = 4; Re = 3.3 10* x/d
=5).
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