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Introduction 
Turbulent combustion has a particular relevance since typical flows in practical 
devices are inevitably turbulent, because of both their large flow rates and the 
request of intense heat and mass exchanges. The persistence of research on 
turbulent combustion over many decades reflects the formidable challenges of the 
subject, which yield slowly to our increasing understanding and technological 
capabilities in terms of computer power and instrumentation. The modeling 
paradigms of turbulent combustion are also relevant to an even broader range of 
physical phenomena, which exhibit multiscale and multiphysics natures. The 
advances needed in such computational modeling for practical combustion systems 
will require considerable investment in modeling research in this area, including 
the new paradigms of multi-scale modeling. It will also need an increased emphasis 
on research directed at improving experimental databases for model validation that 
are of a hierarchical nature and start with relatively simple problems that 
encapsulate the most important physics. For such reasons, strategies which select 
particular sub-models and which exploit them in such a way that split effects can 
be separately introduced in more and more complex processes, should be preferred 
to other ones. In fact, this rational approach allows more sensible evaluation of 
their effects as well as of their interaction with more complex processes. In this 
context, the paper reports some results of a new framework aimed to analyze non-
premixed turbulent flames. The step-by-step systematic procedure, called 
MultiSECtioning, allows for analyzing different phenomena and their interaction in 
non-premixed combustion processes. The first step (and the “sinews” of the 
approach) considers the stirring of material surfaces in transitional/turbulent flows. 
An experimental setup has been developed to study this. The optical diagnostics 
and the digital image processing procedures are here described and results for a 2D 
transitional flow are reported. Moreover, for this reference case the experimental 
results have been compared with the corresponding numerical patterns obtained 
through a 2D Direct Numerical Simulation with a lagrangian particle tracking. To 
allow a correct evaluation of the results, a crosschecking between experimental and 
numerical results has been outlined. Qualitative and quantitative comparisons 
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indicate quite good agreement between experimental and numerical patterns. The 
knowledge of some specific quantities appears to be necessary for the full control 
of the investigated phenomenon. Improvement in the accuracy of theoretical and 
numerical models and their experimental validation is an indispensable procedure 
in such cases. This issue seems to be especially pertinent when modelling multi-
scale phenomena. 
 
MultiSECtioning Strategy and relevant quantities 
Complex reactive flow systems need proper strategies for their modeling. A 
possible procedure consists in sectioning the whole process in parts, by means of 
geometrical sectioning of the control volumes or selection of a subset of one or 
more physical effects, which are suitable to be separately modelled and are, hence, 
separately validated in a sequential cascade of increasingly complex models. For 
these sequential processes cascade it is possible to check the accuracy of the 
numerical predictions through the comparison with the experimental data “side by 
side” at each one of the “stages” in which the whole combustion process has been 
sectioned. On the ground of these considerations a strategy, named 
MultiSECtioning [1, 2], allowing for a correct analysis of the influence of single 
subprocesses has been conceived. The name refers to the multiple repetition of the 
three letters acronym SEC in its schematic description: “Sequential Enlargement 
Combination” (SEC) of the “Separated Effect Contribution” (SEC) for “Side-by-
side Experimental/Numerical Checking” (SEC). The first part of the procedure is a 
fluid-dynamic characterization of the patterns of interest when not reacting flows 
are introduced in fixed control volume, for fixed boundary-initial conditions, for 
fixed external parameters. 
The fluid dynamic database, generated in this first step, has to be suitable for the 
characterization of the effects generated by considering the injection of not-
diffusing tracers in the control volume. This is the step of the strategy, which is 
reported in fig 1 in the block quoted as “stirring”. It is anticipated here that it can 
be obtained from experimental point as smoke streak-lines, which in turn yield 
interface between the two reactants and that the prediction of the location of such 
surface is the object of the numerical codes which are “enlarged” in order to 
include also the convective transport of an inert, passive not-diffusing material. 
Then a new database is generated which can be analyzed in terms of local or 
integral stirring quantities (interface location) either for mutual checking between 
experimental and numerical determinations or for evaluating the efficiency of 
stirring in relation to the whole combustion process. The most basic structure of 
this methodology is the material surface. By definition, a material surface moves 
with the fluid: every point of the surface is a fluid particle. 
Various measures of the surface geometry, such as surface-to-volume ratio or 
volume-fill fraction, and their relation to the distribution of spatial scales, are, as a 
consequence, important to our understanding and modeling of mixing, chemical 
reactions, and combustion in turbulent flows. 
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If we consider mixing segregated fluids in the absence of diffusion, the mixing 
process is described by the location of the interface between the fluids [3]. For a 
fast mixing flow such as a chaotic or turbulent flow, this interface stretches at an 
exponential rate [4]. This paper aims at the characterization of the stirring sub-
process, which in turn yield interface between the two reactants. In particular, the 
identification of these surfaces can be seen as the “sinew” of the proposed 
approach. 
This expression summarizes a twofold concept: 
 
• Characterization of advected-surfaces is the “skeleton” of this strategy and it is 
connected to the other step; 
• Interface identification is the mainstay of the approach. The strength of 
MultiSECtioning is derived from this stage. In this sense, the subsequent steps are 
a consequence of the first one. In fact, without a good prediction of the stirring 
phenomena, the whole combustion process cannot be analyzed in a correct way. 
 

 
Figure 1. Main sequential blocks of the “MultiSECtioning” strategy 
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The main difficulties in the experimental/numerical evaluation of the stirring part 
will be discussed in the following and the main limits of the presented procedures 
will be pointed out for a reference case. It is worthwhile to note that some 
quantities, reported in Fig. 1 in the fluid-dynamics characterization stage (stirring-
block), such as mean velocity and the stretch rate, conditioned on the interface 
location have to be evaluated in order to characterize the interface evolution.  
 
Main results and cross-checking 
Some results relative to a reference condition, corresponding to a mean Reynolds 
number of 2800 are reported in the following. The Reynolds number is based on 
the mean velocity pattern in the chamber. 
For this case, profiles of interface density have been obtained and they will be 
shown in the following with results of main velocity fields and strain rate 
conditioned on the interface location. The flow visualizations have been performed 
for seeding-flow velocity of 3.3 m/s while the velocity in the outer channels has 
been fixed to 0.5 m/s. These values have been chosen to reproduce transitional 
flow conditions into the test section. 
In order to obtain an assessment of the experimental results, a comparison with 
some numerical results is here reported. 
A Direct Numerical Simulation has been performed in FLUENT 6.3 on a simple 
flat configuration with an adaptive mesh. The geometry consists of a main channel 
with a ratio 1:3 of height to length, in which 35 square channels of 2 mm in width 
compose the inflow boundary. In order to create a relatively unstable flow near the 
exit of the channels, the seeding-flow is fed in the central one with a velocity 
approximately 6 times higher than the others (3.3 m/s). The Reynolds number in 
this channel is, however, such as to ensure a laminar initial motion (Re = 470). 
Starting from a fixed time, which is conventionally assumed to be equal to the 
value zero, the flow is seeded with massless particles at the tip of the rim, which 
separates the central duct with the lateral ducts in correspondence of the first 
contact point. The trajectory of the particles is simulated using an Eulerian-
Lagrangian approach. In practice the trajectory calculations are performed using 
the local continuous phase conditions as the particle moves through the flow. The 
interpolating curve determines the intermaterial line at different times. From this 
point of view, the interface is defined as a set of particles that have same border of 
the jet confinements. The isosurfaces are instead related to the solution of the 
transport equation on a fixed volume control. In this case, a unitary mass fraction is 
distributed along the points of the input section of the small central channel. For 
the flow configuration abovementioned an ensemble of patterns obtained from flow 
visualizations and numerical computations are reported in Fig. 2. 
Blue particles indicate the right interface contour and red indicates the left one. 
The upper row is relative to numerical predictions while the lower one is relative to 
pattern of laser light scattered by a sub-micron seeding. The field of view is 4 cm x 
10 cm. Both numerical and experimental results are reported in Fig. 2 for five 
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selected times. 
 

 
 

Figure 2. Exp/Num comparison of interfaces for a 2D transitional flow. 
 
It is of great interest to underline that the comparison is quite satisfactory. Among 
the numerical predictions, the agreements are not so good in the high-convolution 
zones. Interfaces are quite convoluted, as it is possible to observe in Fig. 2. They 
undergo a relatively intense stretch rate. The stretch rate is sufficient for high level 
of convolution. Moreover, the interface contour at the downstream region in the 
numerical results is not well identified due to the high stretch rate. In general the 
agreement are quite satisfactory and they depict an important assessment of the 
experimental results.  
Finally, the interface density has been obtained from both experimental and 
numerical procedures. The development of interface density is shown in Fig. 3 for 
the reference case. Both experimental and numerical profiles are plotted versus the 
streamwise direction Y. It appears that the generation of surface area is dominated 
by the length scale variations with the distance, and it depends on the increase of 
the turbulence intensity. 
The evolution of surface is a reversible process where fluid elements are 
transported across the domain, rotated, stretched and folded. Even for very simple 
velocity fields, the combined action of stretching and folding of fluid elements 
generates complex patterns, hence the name ‘chaotic advection’ or ‘stirring’ [5]. In 
the absence of diffusivity, the advection homogenizes the distribution of the tracer 
at an exponential rate and blurs the structures present in the initial distribution as 
well as the patterns created by chaotic stirring. These considerations partially 
justify the profiles along Y which show the main effect of stretching and folding, 
i.e. a more than linear increase of interface density in both experimental and 
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numerical profiles. 
 
 

 
Figure 3. Comparison of Exp/Num interface density profiles along the streamwise 
direction. 
 
Discussion and Conclusions 
Complex reactive flow systems need proper strategies for their modeling. The 
MultiSECtioning strategy has been proposed as a procedure to the evaluation and 
verification of non-premixed combustion processes. In the paper, the first step of 
this procedure, namely the characterization of the interface kinematics, was 
analyzed in detail, taking into account the most relevant quantities that characterize 
the stirring process. Experimental and numerical evaluations of interface density 
were discussed in relation of an experimental apparatus, which has been purposely 
designed in order to be suitable for the experimental/numerical comparison. 
Patterns of the flow field have been experimentally obtained for different selected 
times and they showed quite good agreement with DNS computations. Ensemble 
average velocity and strain rate profiles have been cross-checked for both 
experimental and numerical procedures. The results are quite similar only for the 
mean velocity profiles. The final comment, devoted to the diagnostic aspects, 
concerns the difficulty of performing Lagrangian measurements in a wide control 
volume [6]. The experimental method for generating material surfaces seems to be 
a unique choice in the case of gaseous systems. In fact it is formed by a tracer, 
which, by definition, is a non-diffusing, fully-convected material. However, the 
diffusion of particles dispersed in a gaseous medium can be considered negligible 
with respect to gaseous diffusion. In this case particles have to be dragged in such a 
way that they are representative of the gas displacement. For the TiO2 particles, 
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used for the interface characterization, the Stokes number at the injection point is 
smaller than 10-3. In this respect diffusion effects have to be taken into account in 
some flow local conditions. There are a number of considerations, however, that 
must be taken into account in order to show the inaccuracy of the experimental 
results. They include the image processing procedures, differential diffusion 
effects, and imaging resolution. Therefore, it is expected that there can be some 
subpixel stirring, but it is not expected to strongly bias the results. Some numerical 
computation inaccuracy has been also demonstrated in the cross-checking of the 
interface density profiles.  
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