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FIG. 9. Histograms of the intercept of the stagnation line with the centerline
for the three cases: NN, no plate (plain line), TN, plate in top burner (dashed
line), and TB plate on both sides (dotted line).

of interest was also considered, and no noticeable change
was noticed in results. It should be pointed out that, in many
instances, the fluid element “entering” the PIV domain may
leave from only one side, generating a more local stagnation
line surrounding the region of flow injection and ejection.
Our algorithm is capable of capturing all these situations by
exploiting graph theory. In fact, it suffices to find the shortest
path using the starting and end points from the same side or
a standard algorithm to find cycles. All these cases have not
been removed from the statistics, since they produce a single
instantaneous stagnation line and the presence of a 3D region
in the flow would not produce results different from what
could be achieved with a standard technique, such as POD or
nonconditional statistics.

In some respect, the capability of clearly identifying 3D
effects may be an important strength of the algorithm, as we
now have a simple way to characterize them and study their
impact on the flame physics, without the need to resort to the
much more involved 3D-PIV. Of relevance are also cases
with vortices embedded in the stagnation line, resulting in a
roll up of the stagnation line itself (Fig. 8), which, along with
the three-dimensional effects, raises the general issue of how
to define a highly convoluted stagnation line as flow separa-
trix or flow limiting line.

Once the stagnation line is identified, it is possible to
track it, analyze its motion, and perform statistics relative to
the stagnation line. Figure 9 shows the histograms of the
intersection of the instantaneous stagnation line and the
mean centerline for the same three cases: NN, TN, and TB.
The width of the histogram grows progressively in the three
cases, with a =0.5 mm excursion in the NN case, growing
to about =5.0 and =6.5 mm in the TN and TB cases, re-
spectively. Case TN exhibits also some skewness with re-
spect to the symmetric TB case as a result of the asymmetry
of the two burners and the penetration depth of the turbu-
lence fluctuations in the opposite half of the flow field. One
may draw the conclusion that the motion is triggered by an
instantaneous momentum imbalance, likely caused by the in-
teraction of random large-scale eddies with the stagnation
surface. In reality, since the integral scale is on the order of a
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few millimeters (see below), while the radial extension of the
plane is on the order of the nozzle diameter, i.e., ~12.0 mm,
an instantaneous momentum imbalance would just deform
the plane, possibly creating v-shaped stagnation lines.

One has to take into account the fact that, as discussed
earlier, the opposed-jet configuration is a hydrodynamic un-
stable conﬁgurations’7’24’25 even at such high Reynolds num-
bers and strain rates. Our experiments without coflow show
that under the same experimental conditions, but without tur-
bulence generators, the stagnation surface gets steadily at-
tached to either nozzle outlet, which happens also under
laminar conditions.>"**%3 Introducing the coflow brings the
stagnation surface back at about the mid-distance between
the nozzles, and small oscillations can still be observed (Fig.
9). When one or both turbulence generators are in place, the
amplitude of the oscillations increases dramatically [Fig. 9,
see also Figs. 2(b) and 2(c)]. This finding suggests that the
coflow brings some stability to the system by pushing radi-
ally outward the recirculation bubbles, and thus “weakening”
the cause of the instability. The main flow and coflow mass
sources are decoupled, but the radial jet generated by the
opposed-jets impingement acts as a coupling element in the
system. One can argue that the instantaneous perturbations
caused by the incoming eddies alter the direction of the ra-
dial jet, which is temporarily shifted toward one or the other
nozzle, forcing the coflow impingement surface away from
its neutral position. This effect is transient, producing a tem-
porary oscillation of the stagnation surface away from the
“stable” position, soon overcome by the stabilizing effect of
the main flow and the coflow.

2. Conditional statistics coordinate system

We can now define a curvilinear coordinate system s
along the instantaneous stagnation line [Fig. 10(a)], with ori-
gin at the left of the domain. In the new coordinate system,
the velocity at the stagnation surface has only a component
along s, V, corresponding to the local tangent to the stream-
line and zero component along the local normal. All the data
are then presented in terms of the components (u,v) of V as
a function of the radial component of s, r, to facilitate com-
parison with the nonconditional counterpart. In line with the
conventional nonconditional approach, we measured the
quantities of interest along the mean stagnation streamline
[Fig. 10(a)], but placing the origin of the axial coordinate at
the intersection of such a streamline with the instantaneous
stagnation line [Fig. 10(a)]. The analysis is again “translated”
in terms of axial coordinate z. With this choice of origin, the
axial distance z can no longer be seen as coincident with the
geometric midpoint between the nozzles. In fact, as the ori-
gin moves with the instantaneous stagnation line [Fig.
10(b)], it moves closer to either nozzle, and it is easy to see
that under the extreme case of the instantaneous stagnation
line shifted very close to, say, the top nozzle, one can extract
data samples only from the opposite side of the line, going
toward the bottom nozzle, for a distance equal to the nozzle
separation. Under this conditions, the newly defined axial
coordinate z can extend, in principle, from z=-19 mm to
z=19 mm, producing an effective nozzle separation of
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FIG. 10. (Color online) Coordinate system for conditional statistics showing
(a) the mean stagnation streamline and its intersection with the instanta-
neous stagnation line (z=0) and (b) three instantaneous realizations of the
stagnation lines, some velocity vectors V tangent to the stagnation line and
their components along x and z, u and v, respectively.

38 mm. The amplitude of the stagnation line motion depends
on the presence of the turbulence generators (Figs. 2 and 9),
increasing from NN to TN to TB, implying that the effective
nozzle separation would be increasing accordingly. The
mean stagnation streamline is almost parallel to the geomet-
ric centerline, therefore, the projection of the velocity along
this line is a close approximation to the axial velocity, and in
the ensuing discussion, we will make no distinction between
the two.

D. Comparison among the three data processing

We now make a direct comparison among three sets of
rms data: the data from the nonconditional statistics, those
filtered using the POD technique by removing modes 0, 1,
and 2, as per discussion of Fig. 5, and the data from the
conditional statistics with respect to the stagnation line. We
will start by revisiting the rms profiles along the mean stag-
nation streamline that had been shown only for the noncon-
ditional statistics in Fig. 3(b). Mean stagnation streamline
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FIG. 11. Comparison of the three data analyses. Axial (a) and radial (b)
velocity fluctuations along the centerline (burner axis): nonconditional sta-
tistics (solid black), POD (dotted gray), and SLCS (dashed black).

and stagnation line should not be confused: the first on av-
erage is roughly coincident with the burner axis and the sec-
ond is the intersection of the stagnation plane with the laser
sheet used in PIV.

Figure 11 shows the comparison of the rms axial com-
ponent along the mean stagnation streamline (burner axis).
The removal of mode 1 and, to a much lesser extent mode 2,
induces a dramatic drop in u’. The v’ profile, on the other
hand, is not greatly affected, but shows a pronounced peak
around z~—0.9. It exhibits a short region of decay, before
increasing again at z~ * 5. This profile, up to the point of
maximum before the dip, is in good agreement with the
literature.” The conditional statistics offers a more extreme
picture, to some extent, than the one showed by the POD,
with a more pronounced dip in u’ and peak in v’. The ve-
locity rms along the mean stagnation line conforms to the
picture of stagnation flow against a plate.43_45 In fact, the
axial fluctuations u’ tend to decrease approaching the z=0
point (representative of the stagnation point), while the radial
fluctuations v’ tend peak at the same point. Unlike the stag-
nation point flow onto a flat surface, here the u’ values do
not fall to zero because the instantaneous stagnation line is
highly convoluted and intersects the mean stagnation stream-
line at angles other than 90°, introducing nonzero u and v
entries in the statistics. This finding may help explaining the
difference between POD-filtered data and conditional statis-
tics. With the present choice of coordinate system for the
conditional statistics, the flow can probably be described by
a stagnation point flow over a continuously wobbling sur-
face. This is further supported by the v’ fluctuating compo-
nent, which is in fairly good agreement with the noncondi-
tional one, away from z=0. The large difference in the levels
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of u’ between conditional and POD data with respect to non-
conditional data underline the large contribution of the large-
scale/low-frequency oscillation of the stagnation line to the
statistics. The stagnation line instability is therefore respon-
sible for masking the truly turbulent effects by artificially
increasing the turbulent fluctuations. The turbulence-induced
stagnation line convolution is responsible for the differences
between conditional and POD profiles. Also, moving away
from the center, z=0, one can see that the differences in u’
levels tend to decrease, suggesting that the oscillation does
not affect the entire domain.

Figure 12(a) shows the rms axial and radial velocity pro-
files evaluated by the nonconditional statistics at a few axial
locations as a function of the radial coordinate. The presence
of the turbulence generator produces the desired effect of
boosting dramatically the turbulence levels as compared to
values on the order of 0.2 m/s in the absence of the plates.
The profiles show good radial homogeneity near the center-
line. The radial uniformity for u’ tends to deteriorate as the
stagnation plane is approached, with the growth rate of the
axial fluctuations decreasing at the centerline as compared to
larger radial positions, probably as a consequence of a mix-
ing layer instability. Whereas the v’ are reasonably uniform
regardless of the distance from the mean stagnation plane, u’
increases as the stagnation plane is approached regardless of
radial location. Turning to the POD-filtered data [Fig. 12(b)],
we note that subtracting mode 1 and mode 2 has a modest
effect on v’ and fairly dramatic one on u’, that now becomes
much more homogeneous throughout the flow field. Gener-
ally, in view of the modest difference between the filtered
data of u’ and v’, the level of isotropy of the field is also
good. This is yet further proof that the POD filtering ap-
proach manages to remove the artifacts of the opposed-jet
instability that artificially boost the velocity fluctuations be-
yond those caused by turbulence. To avoid excessive clutter-
ing of the plot, we show the comparison between noncondi-
tional data and the SLCS ones in a separate graph [Fig.
12(c)]. The comparison is performed just along the stagna-
tion line. When compared to the nonconditional counterpart,
we see definitely lower absolute values of u’, n underlining
the artifact of the large-scale fluctuations and turbulent jets
interaction (stagnation line convolution) on the velocity rms
estimates, and the effectiveness of also the SLCS approach to
separate them. Also in this case, the large-scale fluctuations
have a much more pronounced effect on u’ rather than v’,
suggesting that the fluctuations result mostly in the “bounc-
ing” up and down of the stagnation line. This observation
suggests that the RANS models are unable to predict the
correct fluctuations profiles in the opposed-jet configuration
because of their intrinsic inability to model an unsteady field.
Generally, the conditional statistics data are in reasonable
agreement with the POD-filtered ones [Fig. 12(b)] with some
discrepancy in u’ around r=0. This is because the z=0 origin
for the conditional statistics is on the instantaneous stagna-
tion line, therefore following it in its motion, while the z
=0 origin in the POD statistics is fixed with respect to the
laboratory frame of reference and at each instant can be on
either side of the instantaneous stagnation line.

Turning our attention to the turbulent length scales, we
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FIG. 12. Comparison of the three data analyses for the radial profiles of
axial and radial velocity fluctuations. [(a) and (b)] Radial profiles at different
distances from the mean stagnation line assumed as z=0. Circles: z
=0.5 mm; squares: z=3.0 mm; triangles: z=7.0 mm. (a) Nonconditional
statistics. (b) POD filtered statistics. (c) Conditional statistics (gray) vs non-
conditional statistics (black) along the stagnation line. Circles: axial velocity
fluctuation; triangles: radial velocity fluctuations.

now follow the evolution of length scales in the straining
field and relate them to the measured gradients. Integral
scales can be estimated by integration of the two-point one-
time correlation coefficients, R;;, by full-field approaches,
such as 2D spectral analysis or 2D autocorrelation
estimate,*® or by spatial filtering techniques,34 possibly
coupled to vortex detection schemes to estimate the vortex
size. The analysis of the two-point one-time correlation co-
efficients is widely accepted and allows for comparison with
the literature. Therefore, it will be used for the three data
analysis methodologies. The 2D spectral analysis or autocor-
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relation requires a region where the length scales involved
are statistically homogeneous, and the present flow field is
not the ideal target, in view of the axial inhomogeneity. The
two-point correlation coefficients were estimated along the
axial distance, starting from the edge of the PIV domain
closer to the nozzle exit section (z=—8) to the other side. At
every point, integration was taken from the point of interest
to the point where the coefficient decreases to a value of 0.1,
toward the stagnation line. Although unusual, this value was
chosen in place of the first zero crossing, to account for the
lack of zero crossing near the stagnation line, possibly as a
consequence of the larger measurement error, and at the
same time to have an estimate comparable to the previous
measurements. '

The longitudinal integral length scale and transversal in-
ner length scale are identified respectively as L, and A,
[Figs. 13(a) and 13(b)]. Near the nozzle exit section, z~ -8,
the nonconditional velocity longitudinal integral length scale,
L,~5.0 mm, while the equivalent length scales estimated
by the POD filtered velocity and by the SLCS data analysis
are both ~3.0 mm. This suggests that the nonconditional
length scale is overestimated, since the two-point correlation
is affected by the stagnation line large-scale/low-frequency
instabilities, notwithstanding the fact that there is an inherent
underestimation in the calculation since the correlation coef-
ficient does not drop to zero because of the limited domain
size.*” Furthermore, evidence in literature®’ suggests that the
PIV domain size to integral length scale ratio is an indicator
of length scale accuracy and a ratio in the range of 2-8 is
suggested for accurate estimates, a criterion that is met in the
present work, more so for the conditional and POD filtered
estimates. Notice that the conditional integral scales do not
change significantly if estimated from the original or POD-
filtered fields (not shown), confirming the consistency of the
conditional statistics. Plotting the integral scale along the
burner centerline [Fig. 13(a)] through the mean stagnation
point shows that the nonconditional L, first increases to a
maximum at z~ *5 mm and then decreases approaching
the mean stagnation line at z=0. The initial increase may be

0
z [mm]

an artifact of the large-scale oscillations, as it is not present
in either the POD filtered or the conditional estimates. The
decrease is in line with the idea that the large-scale structures
are deformed by the straining field, as they are convected by
the flow, in fair agreement with previous results.” In reality a
different picture appears from the analysis of the conditional
or POD filtered data, where there is a clear decay of the
longitudinal integral length scale approaching the stagnation
line at z=0, and the decay is more pronounced in the case of
the conditional length scale, reaching a value of ~0.5 mm,
than for the POD-filtered length scale, reaching a value of
~1.5 mm. The transversal integral scale (not shown) de-
creases from about 1.6 mm at z~-8 to about 1.1 mm at
z~0, to a good approximation, independently of the data
filtering and conditioning and can be considered approxi-
mately constant for practical purpose. The conditional or
POD filtered results suggest that structures elongated in the
axial direction downstream the nozzle exit section deform
into quasicircular structures at the stagnation line, as a con-
sequence of the straining field, in agreement with the ob-
served near stagnation line vortices (Figs. 7 and 8). The dif-
ferences between conditional and POD-filtered longitudinal
length scale profiles are a consequence of the stagnation line
convolution, unaccounted for in the POD-filtered statistics.

The inner or Taylor scale [Fig. 13(b)] is estimated from
the velocity rms and the velocity gradients rms.* The spatial
derivatives are computed using the second order accurate
Richardson scheme.” The transverse Taylor scales are rela-
tively constant and about 0.7-0.8 mm in all the cases.

The nonconditional estimates again show some differ-
ences that can be associated with the large-scale fluctuations
affecting the estimate and increasing considerably toward the
stagnation line. The integral length scale behavior results in a
large overestimate of the associated turbulent Reynolds num-
ber [Fig. 13(c)] for the nonconditional data near the nozzle
mouths, at about 1100, versus a consistent estimate of about
600 in the other cases. Furthermore, in agreement with lit-
erature, the nonconditional statistics shows that the Re(L,)
increases toward the mean stagnation line, while both POD
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FIG. 14. Profiles of axial and radial velocity gradients along the stagnation
line. (a) Nonconditional statistics. (b) POD filtered statistics. (¢c) Conditional
mean and rms velocity gradient.

filtered and conditional estimates show a more or less pro-
nounced decrease, implying that the actual turbulent field
experienced by a flame near the stagnation line is not neces-
sarily well described by estimates at the nozzle exit section.
The Taylor scale Reynolds number [Fig. 13(d)] is instead
quite unaffected and on the order of 200 regardless of the
data analysis. As a result, it is a more robust indicator of
level of turbulence as compared to the outer scale Reynolds
number.

Next, we consider the strain rate that, as discussed ear-
lier, plays a critical role in combustion applications with re-
spect to flame extinction. The axial velocity gradient in the
z-direction and the radial velocity gradient in the r-direction,
du/dz and dv/dr, are plotted as a function of the radial co-
ordinate and the axial one in Figs. 14 and 15, respectively. In
Fig. 14 the measurements are performed along the stagnation
line, whereas in Fig. 15 they are performed along the stag-
nation streamline. In both figures, the plots on the top row
result from the nonconditional statistics, those on the center
row from the POD-filtered approach and those at the bottom
from the SCSL approach. Consistently with mass conserva-
tion, the gradient of the axial velocity component, that is
coincident with the strain rate, is approximately twice the
radial component gradient near the mean stagnation line. The
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FIG. 15. Profiles of axial and radial velocity gradients along the stagnation
streamline. (a) Nonconditional statistics. (b) POD filtered statistics. (c) Con-
ditional mean and rms velocity gradient.

nonconditional mean gradient profiles [Fig. 14(a)] are rela-
tively flat, but with a considerable spread that is probably
reflective of the large measurement uncertainty. Mode 1 and
mode 2 contribute modestly to the straining field since the
data [Fig. 14(b)] are similar to those for the nonconditional
statistics [Fig. 14(a)]. We notice here that in these cases the
measurement uncertainty is of the same order as the varia-
tions. If we now turn to the conditional statistics, using the
curvilinear coordinate system as previously defined, we can
estimate the instantaneous velocity gradient experienced by a
fluid element at the stagnation line as dv,/ds, where v, is the
instantaneous velocity along s. Figure 14(c) shows the mean
and rms values of such velocity gradient, providing a differ-
ent picture from the conventional or POD statistics. The
mean velocity gradient is higher at the center of the domain
than at its periphery, and the velocity gradient standard de-
viation is again constant, suggesting that higher instanta-
neous velocity gradients will be experienced closer to the
centerline, consistently with the fact that the extinction holes
are found mostly in the center of the domain under burning
conditions."® The velocity gradient rms absolute values are
also much lower than the nonconditional ones (not shown),
reflecting the effect of turbulence structures interacting at or
with the stagnation line, purged of the large-scale fluctua-
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tions. In addition, the lower data scattering is probably in-
dicative of the robustness of the data analysis.

Turning to the profiles of the same variables as a func-
tion of the axial coordinate [Fig. 15(a)], we notice that there
is little difference between the nonconditional and POD-
filtered profiles, and the bell shaped profiles along z peak
around the mean stagnation point, suggesting that large strain
rates are more frequent when the stagnation line is around
that point. The conditional statistics allow us to estimate the
instantaneous velocity gradient along the stagnation stream-
line, du/ dz, which is expected to be the same as the noncon-
ditional one. In reality, the statistics are substantially differ-
ent, since with the present choice of origin, the statistical
quantities are calculated with respect to the instantaneous
stagnation line. The conditional mean and rms [Fig. 15(c)]
present a sharp peak at z=0, with values for the mean reach-
ing almost 5000 s~!, quite different from the previous re-
sults. The sharp peak and the very high value imply that the
sampling is being performed in a region (around the stagna-
tion line) characterized by higher velocity gradients than the
rest of the field. Overall, the strain/stretch rates peaks are at
the stagnation line (Fig. 14) and are centered on the mean
stagnation streamline (Fig. 15), suggesting that in this region
there is a higher probability of extinction.

We can now estimate the ratio, 7,/ 7., between the mean
residence time 7, and the eddy turnover time 7.. The mean
residence time, 7,~1/S,~1.0 ms, where S,~dV/dr
~1000 s~ (at r,z=0), as we have seen, independently of
the filtering procedure. The eddy turnover time, 7,~L/k%>
may depend on the filtering procedure, since the integral
length scale L and the turbulent kinetic energy k are greatly
affected by the removal of the large-scale oscillations, as
seen previously. Using the POD filtered data, we estimated
k% ~3.4 m/s and L~2.8 mm, therefore 7,~0.8 ms, and
the ratio 7,/ 7.~ 1.2. We conclude that the present configura-
tion has, to some extent, sidestepped the limitation of young
turbulence and, at the same time, that rapid distortion theory
arguments do not apply to scales on the order of the integral
length scale because the requirement 7,./7,<<1 is not satis-
fied. Furthermore, in view of the millisecond residence time
and the compactness of the spatial domain, with the flow
field resulting in a disk with vertical dimensions of approxi-
mately 1.9 cm and transverse dimensions of less than 10 cm,
the system should be better-suited for fully resolved direct
numerical simulation studies as compared to turbulent jets at
comparable turbulence level.

High-speed movies of particle-seeded flows revealed
that the large-scale low-frequency instabilities with the ensu-
ing oscillation and precession of the gas stagnation surface
(or line) occur with characteristic times on the order of tens
of milliseconds or larger, that is, much longer than the eddy
turnover time, regardless of whether such a time is computed
from the filtered or unfiltered data. As a result, these insta-
bilities are unquestionably distinct from turbulence and their
masking effects need to be screened out to assess the turbu-
lence features of these flows, by using the procedures out-
lined in this article in the preceding sections.

It is interesting, at this point, to consider the effect of the
turbulent flow field on the structure of the local instantaneous
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FIG. 16. (Color online) Coordinate system for local conditional statistics.
(a) One instantaneous realization of the stagnation line, two stagnation
points, the stagnation point local sectional streamlines, and vortex. (b) Local
stagnation line, local stagnation streamline, the stagnation point local sec-
tional streamlines (thin lines), stagnation point (black circle), local coordi-
nate system (s,n), and respective direction vectors (black).

stagnation points defining the instantaneous stagnation line.
The statistics are now conditional to the local instantaneous
stagnation point [Fig. 16(a)], i.e., every such point is local-
ized in each PIV snapshot, and the velocity is measured
along its characteristic directions, up to some distance [Fig.
16(b)]. All the collected velocity measurements are then sta-
tistically analyzed. The stagnation points are of interest be-
cause they are closely related to turbulence pair separation
and scalar rnixing,49 both relevant to combustion and, spe-
cifically, to extinction/reignition problems. To this end, we
define a local curvilinear coordinate system [Fig. 16(b)] with
origin on the instantaneous stagnation point and axes (s, n),
tangent, respectively, to the sectional streamlines related to
the eigendirection of the specific stagnation point. The veloc-
ity along s and the velocity along n will be described in
terms of their Cartesian components u and v, while the ve-
locity gradients are, respectively, dV/ds and dV,/dn.

The relevant quantities are then time-averaged at fixed
curvilinear distance from the origin. This coordinate has no
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FIG. 17. Axial and radial velocity rms profiles along the local instantaneous
stagnation line (a) and local instantaneous stagnation streamline (b).

simple or intuitive relationship with the standard coordinate
system (r, z), although, statistically speaking, the s coordi-
nate will roughly align with r and the n coordinate with z.
The velocity rms levels reflect the presence of the turbulence
generators (Fig. 17). The zero value of the fluctuations is
consistent with the definition of critical points as points of
zero velocity. We also notice that under these conditions, the
stagnation points present isotropic conditions around the ori-
gin, up to a few millimeters, along s. The velocity gradients
along s and n (Fig. 18) show sharp peaks in the mean and
sharp dips in the rms at z=0. The mean velocity gradients
(Fig. 18) are on the order of ~5500 and ~10 000 s~!, re-
spectively, for dV,/ds and dV,/dn. Such high mean values
suggest that the stagnation points are points where extinction
is likely to happen.

E. Relative merits of POD versus SLCS

The newly developed algorithm has some advantages as
compared to POD, as a very natural and intuitive approach
being based on critical point analysis. In contrast to POD,
which requires a number of fields to guarantee converged
statistics, our approach works on instantaneous velocity field
and is able to capture instantaneous events. An interesting,
and possibly important, feature is the capability to identify
and screen 3D effects. The main drawback with respect to
POD is the higher computational cost. Furthermore, POD
has a wider range of applicability.

The ability to lock on the instantaneous stagnation sur-
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FIG. 18. Velocity gradients along the local instantaneous stagnation line (a)
and local instantaneous stagnation streamline (b).

face represents a highly valuable tool for studying turbulent
counterflow flames, as the stagnation surface is an approxi-
mate indicator of the flame position in diffusion and partially
premixed flames. Instantaneous strain rates, conditioned on
the position of the stagnation surface, give access to data,
which could otherwise be obtained only by more costly and
difficult techniques, as by combining planar laser induced
fluorescence and PIV measurements. The new algorithm can
also be regarded as complementary to POD analysis, since it
can be applied to a POD-filtered field.

IV. CONCLUSIONS

A systematic experimental study was conducted on
highly strained, isothermal, opposed-jet flows under intense
turbulence using PIV. The bulk strain rate was kept at
1250 s~! and specially designed and properly positioned tur-
bulence generation plates in the incoming streams boosted
the turbulence intensity to 22%, under conditions that are
suitable for flame stabilization. The turbulent flow field was
analyzed by three different data reduction techniques: non-
conditional, POD, and stagnation line conditional statistics
(SLCS) analyses. The conditional analysis is the result of a
novel approach relying on the identification and tracking of
the instantaneous stagnation line (the two-dimensional coun-
terpart of a stagnation surface in three dimensions), with re-
spect to which the statistical analysis is conditioned. It is
labeled SLCS. The ability to lock on the instantaneous stag-
nation line, at the intersection of the stagnation surface with
the PIV measurement plane, is particularly useful in the com-
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bustion context, since the flame is aerodynamically stabilized
in the vicinity of the stagnation surface. Principal conclu-
sions follow.

e The POD analysis shows the existence of two modes
of oscillation, an axial oscillation, and a precession
motion about the system axis of symmetry. High-speed
movies confirmed that the existence of large-scale
low-frequency instabilities are chaotic in nature. How-
ever, they are distinct from turbulence, as revealed by
a comparison of their characteristic time with the inte-
gral turbulent timescale, the first being at least one
order of magnitude larger than the latter. The ensuing
motion of the instantaneous stagnation line may mask
the truly turbulent fluctuations and needs to be prop-
erly filtered.

e The SLCS algorithm identifies highly convoluted stag-
nation lines and even roll up in the presence of vorti-
ces. It can also identify and screen three-dimensional
effects that may lead to more than one stagnation line
in a two-dimensional velocity field.

e The Taylor scale Reynolds number remains relatively
constant from nozzle to nozzle at a value of approxi-
mately 200 and shows also good consistency among
the different data reduction techniques, suggesting that
it is a more reliable measure of turbulence than the
Reynolds number based on the integral scale.

e The use of POD and SLCS revealed that the POD-
filtered integral length scale decreases as one ap-
proaches the stagnation line, as a consequence of the
straining field, with the corresponding turbulent Rey-
nolds number following a similar trend.

e The SLCS suggests that the highest mean velocity gra-
dients are around the system centerline, which results
in a higher probability of flame extinction in that re-
gion under chemically reacting conditions.

* Estimates of the mean residence time compared to the
vortex turnover time yielded values greater than unity
suggest that the turbulence is reasonably well devel-
oped in the present flows.
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APPENDIX: SLCS ALGORITHM

The SLCS algorithm to identify the instantaneous stag-
nation line follows the following main steps.

* Finding critical points. The time-averaged flow field is
subtracted from the instantaneous ones before identi-
fying the zero velocity points. In our case, because of
the nature of the flow, we could localize the critical

Phys. Fluids 22, 105101 (2010)

points by looking directly for the zero velocity condi-
tion in each snapshot.

e Identifying type of critical points. At each of these

points we estimate the velocity gradient tensor Vo.
The velocity tensor invariants (p, g, A), as defined by
Zhou et al.,” define the critical point topology: saddle
(also stagnation) point for q<<0; node for A>0 and
q>0; focus for A<0 and p # 0; center for p=0 and
q>0. Also, a node/focus is attracting if p<<O and re-
pelling if p>0.%

Obtaining sectional streamlines end points. Critical
point eigenvalues and eigenvectors are estimated to
identify the saddle points’ principal directions. We
then calculate the characteristic sectional streamlines
for each stagnation point and store the corresponding
end points.

* Building adjacency matrix. The stagnation line can be

seen as the line starting at one edge of the PIV domain
(e.g., left) and reaching the opposite edge (e.g., right)
and connecting one or more stagnation points (and
nodes/foci/limit cycles). If one now computes the end
points of the sectional streamlines associated with the
positive eigenvalues of each stagnation point and iden-
tifies them by integer numbers, the system can be de-
scribed as a graph,50 where the end points are the
nodes and the sectional streamlines are the edges. The
graph is represented by the adjacency matrix. At this
point, the problem becomes that of finding the path
from two points on opposite ends of the PIV domain.
To this end, we used the end point identifiers to build
the adjacency matrix™’ of the graph.

» Applying Dijkstra algorithm. To find the shortest path

between any two nodes, we used a Matlab routine’!

based on the Dijkstra algorithm.50 All the sectional
streamlines end points (associated with the stagnation
points) belonging to the left and right edge of the PIV
domain were taken as starting and end points of the
paths, respectively.

o Identifying instantaneous stagnation line. The previ-

ous step can return multiple paths between any two
points (left and right). We assumed the shortest path to
be representative of a possible stagnation line. The as-
sumption is confirmed by the results. A stagnation flow
by definition is characterized by at least one saddle/
stagnation point. In a turbulent counterflow configura-
tion, the stagnation line can be quite convoluted and
more than one saddle point can be defining it.

e Identifying three-dimensional flow regions. The previ-

ous step can still return multiple stagnation lines. This
situation requires a flow source within the PIV plane,
which can be caused by strong three-dimensional ef-
fects. To automatically deal with such situations, we
exploited the fact that stagnation lines cannot intersect
each other, therefore, of all the stagnation line end
points, we consider only the two points with the lowest
and highest values of the axial coordinate. We then
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impose that the starting point with high axial coordi-
nate can only connect to the end point with the equiva-
lent high coordinate, to avoid “crossing.”
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