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Abstract

Simultaneous PIV and PLIF methods were used to investigate the relationship between vorticity, principal
strain rates, and 2-D dilatation on reaction surfaces in nonpremixed planar jet flames and on 2-D scalar dissipation
rate layers and iso-scalar surfaces in nonreacting planar jets. Examination of simultaneous vorticity (w,) contours and
PLIF images in unsteady laminar and turbulent flames suggest that the reaction zone is associated with long
correlated regions of high vorticity several times the outer-scal e frequency, as well as high values of principal
compressive strain (S i) oriented at 45° to the flow direction and low values of negative 2-D dilatation. Compared
to the simultaneous nonreacting flow measurements, the association of high s, and negative 2-D dilatation on iso-
scalar surfacesis similar to the trends observed in the reaction zones of flames. However, significant differences
exist in the relationship of s, direction relative to surface orientation and w, and surface location. Thesetrends are
quantified with PDFs and show that w, is most likely to have a magnitude near the outer-scal e frequency within the
reaction zone, while zero w, islikeliest on the nonreacting iso-scalar surfaces. In addition, it is observed that S nin
orientation to the iso-scalar surfaces tends to align normal to the surface in nonreacting flows, but thistrend is
somewhat altered in the reacting cases. In all cases, the minimum principa strain is compressive over 80% of the
time, suggesting a predominately sheet-like topology for both the OH layers and nonreacting scalar dissipation layers.
In addition, joint PDFs on the layer surfaces indicate that the relationships between 2-D dilation and s, remain
relatively unchanged in the presence of heat release, but the association of w, and s iy, is significantly altered.

Introduction turbulent nonpremixed flames have suggested that the
structure of the reaction zone is strongly coupled to the
Most of what is known about the relationship underlying strain rate field (owing to the influence of

among strain, vorticity, and reaction zone structure in fluctuating strain on the scalar dissipation rate"%?),
nonpremixed turbulent flamesis inferred from details of this coupling are to date largely unexplored
computational studies and measurements in nonreacting It has been demonstrated through direct
turbulent flows. Thisis due to the relatively few numerical simulations (DNS) of turbulence**® and
experimental studiesin turbulent reacting flows experiments’ that large scalar gradients tend to align
involving both velocity field and scalar field with the axis of the principal compressive strain. Since
information because of difficulty of making such compressive strain acting in the scalar gradient direction
measurements. Although theoretical studies of increases the magnitude of the gradient, it can be

reasoned that high principal compressive strain rates,
- _ and thus the compressive strain rate field, establishes
*(/ig;fﬁ Férmfsfnﬁﬁh g/'megﬂe?e/; A the structure of the scalar dissipation field.

‘ Experimental and computational studiesin both high
Copyright ©1999 by J.E. Rehm and N.T. Clemens. Publishedbythe ~ and low Schmidt number turbulent flows have shown
American Institute of Aeronautics and Astronautics, Inc. with that the dissipation structures tend to exhibit alayer-like
permission. (sheet-like) topology, which results from principal
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strains that are compressional in one direction and
extensional in the two orthogonal directions.*>® These
basic characteristics of the scalar field seem to be
largely unaffected by high levels of heat release.*49°

Measurements of the strain/reaction zone
relationship require the simultaneous measurement of
the velocity field and a suitable flame radical. Until
recently, only afew groups have applied simultaneous
particle image velocimetry (PIV) and planar laser-
induced fluorescence (PLIF) of reactive scalarsin
nonpremixed turbulent flames,""**** and strain field
information near reaction zones is now becoming
available."**® Also, there has been related work in
unsteady laminar premixed flames, where the effect of
strain tangential to the reaction zone surface and flame
stretch was investigated in a periodic flame-vortex
interaction.’®’

The objective of the present study is to directly
investigate the rel ationships among the reaction zone
structure and the underlying principal compressive
strain and vorticity fields using data obtained from
simultaneous PIV and PLIF of the OH radical asa
means of investigating the effects of heat release. These
relationships will be compared to similar relationships
in nonreacting jets using data from simultaneous
conserved scalar PLIF and PIV measurements.

Experimental Consider ations

The experiments are being conducted in a
planar jet facility, which is discussed in detail in Ref.
13. A schematic of the experimental setup is shownin
Figure 1. The planar jet exit hasawidth, h, of 1 mm
with an aspect ratio of 150, and is surrounded on each
side by a slow co-flow (about 0.5 m/s for jet flame cases
and about 0.1 m/s for nonreacting jet cases). Exit
conditions for each case are shown in Table 1. Inthe
reacting flows, the jet fluid is composed of hydrogen
diluted with 50% nitrogen by volume, while the
nonreacting jets are composed of air seeded with
acetone (approximately 30% by volume). In all cases,
both the main flow and co-flow are seeded with 1 mm
alumina particles for PIV. Calculations assuming
equilibrium for the major species and using published
quenching cross sections,™®*® show that the OH
fluorescence signal represents OH mole fraction to
within about +10%. However, due to slow OH
recombination rates (three-body collisions required), we
consider OH PLIF as only an approximate reaction zone
marker. Acetone PLIF was used to provide the
nonreacting jet conserved scalar field. Details of the
diagnostic techniques and equipment are discussed in
detail in Refs. 13 and 15.

The velocity vectors computed from the PIV
images have an effective resolution of 1 mm?® (estimated
assuming no interrogation window overlap and 1 mm
laser sheet thickness). The resolution of the OH PLIF
images is about 150 mm and the resolution of the
acetone PLIF imagesis about 140 mm. These
resol utions should be compared to the scales of
turbulence. For example, the Taylor microscale, | 1 »
ug15n/e)” and the Kolmogorov scale, h=(n%e)"*. Here,
ucis the rms velocity (computed from an ensemble of
PIV data), e» (uf/L) isthe kinetic energy dissipation
rate, L istheintegral length scale, and n is the kinematic
viscosity. When the local strain rateis of order the
outer-scale value, then the dissipation scaleis of order
the Taylor scale, whereas inner-scale strain rates result
in dissipation structures of order the Batchelor scale.
For all cases presented in this study, the velocity
measurements fully resolve the Taylor microscale, but
the Kolmogorov scale is not resolved (see Table 2).

The experimental uncertainty of PIV
measurements in flames has been extensively analyzed
by Mufiiz et al.>* They considered effects of algorithm
uncertainty, beam steering, image distortion, and
thermophoresis. They concluded that the largest
component of systematic error was due to
thermophoresis, which introduced worst-case
thermophoretic velocities of about 10 cn/s inside the
reaction zone. However, uncertainty introduced by the
peak finding scheme (Whittaker’s reconstruction) in an
autocorrelation or crass-correlation algorithm (e.g. as
used by TSI Insight) is about 0.1 pixels, which for all
cases represent about 1% of the total particle
separations, resulting in a 1% velocity error - the oft
cited error in PIV measurements.

Since the presented analysis relies heavily on
guantities derived from the PIV vector field, the
uncertainty of derivatives computed from the PIV data
isimportant. The largest estimated particle
displacement error from PIV algorithm, pe, is about 0.1
pixels, regardless of the particle displacement. Thus,
the velocity error, V,, is

Ve=pexs/Dt
where sisthe spatial scale conversion factor (meters per
pixel) and Dt is the time between laser pul ses (seconds).
The derivative is taken over a distance, X, where
X=Wxs
where W is the size of the correlation window in pixels
(and hence the distance between data points). Thus, the
error in a computed derivative can be estimated as V/X,
and reduces to
VX = ped (WD)
in units of (s%). Thus, the error in computed derivatives
is300sand 520 s for the high and low Reynolds
number flames cases in this study. For nonreacting
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cases, error in derivatives are 11 s* and 31 s* for the
low and high Reynolds number flows, respectively.
These errors represent 11 % of the outer-scale frequency
(UJ/d) for the both flame cases, and 20% and 15% of the
outer-scal e frequency for each nonreacting case (see
Table 2 for local flow conditions for each case). The
largest error in vorticity of approximately 20% of the
outer-scal e frequency (in the lowest Reynolds number
nonreacting case) is acceptable since computed values
on the scalar dissipation surface (the area of interest) are
often significantly larger than the outer-scal e frequency.
Contours of derived quantities will be presented
normalized by the outer-scale frequency in order to
clarify this point. In addition, a small Gaussian
smoothing (5 x 5) function® is expected to lower the
error of computed derivatives.??*

The correlation window size (and thus the PIV
resolution) is 1 mm. However, the vector field is
processed with 50% overlap to aid in interpolation of
holes | eft in the validated vector field (raw vector fields
typically contain over 95% valid vectors). Thus, the
data are effectively smoothed over a2 mm region even
though points greater than .5 mm away receive very
little weight. Therefore, a conservative estimate of the
effect of smoothing on resolution is to effectively
decrease the cited PIV resolution to 2 mm. Thisis
approximately the size of the Taylor microscale for all
cases (Table 2). However, examining vorticity, strain,
and dilatation fields before and after smoothing
indicates only minor differences due to the low-
weighted smoothing, so the PIV resolution is still
considered to be 1 mm.

Due to the limitation to two-component
velocity field data, the principal strain rates computed
are only valid in regions where the flow islocally 2-D,
or when the z-axisis already a principal axis. The latter
condition islikely to occur for very thin OH regions.
Thisis because it can be inferred that the thin reaction
zones have a locally sheet-like topology™>® oriented
approximately normal to the laser sheet™ (laser sheet in
X-y plane) as shown in Figure 2. In this case, the z-
direction must be a principal axis (regardless of rotation
of the sheet about the z-axis), in which case the
direction shear components of the strain rate tensor are
approximately zero, and the transformation to principal
coordinates from two-component datais straightforward
and gives the correct principal strain rates.

The jet flame and nonreacting jet cases must be
matched based on local Reynolds numbers, since the
local Reynolds number in planar jetsincreases with
downstream distance, and because of a global reduction
inlocal Reynolds number associated with the presence
of heat release in the flame cases. The local Reynolds
number is defined as Re, = Ucd /n, where Uc isthe

local centerline velocity, and disthelocal full width at
hal f-maximum mean velocity. To account for the
global increase in the kinematic viscosity due to heat
release, n was calculated by assuming the jet consisted
entirely of entrained air heated to 1500 K for the flame
cases. Thisresultsin alocal Reynolds number
reduction by afactor of about 15 over that of a
nonreacting case with the same velocity.”®

Since we are interested in examining the scalar
dissipation rate field in nonreacting cases, we must first
determine the mixture fraction field. When acetoneis
seeded into the jet fluid, the LIF signal is proportional to
the concentration (C) of acetone within the probe
volume. The two-dimensiona scalar dissipation rate
field, c,.p, can then be computed directly, as

c20= DNC(x,y)NC(xy)

where D is the molecular mass diffusivity.

In order to determine the location of
stoi chiometric mixture fraction surfacesin the
nonreacting cases, the jet mixture fraction must be
determined. When the measured concentration is
normalized by the jet exit concentration, the jet fluid
mole fraction (c;)is obtained. The jet mole fraction can
then be used to cal culate the mixture fraction (x) from
therelation

1
x o]
1+ é 1. 1j&
c; gMo
where M, and M, are the molecular weight of the jet
and co-flow gases, respectively.

When considering planar jet flows of varying
density and reacting jet flows, the modification of
entrainment and hence centerline vel ocity/concentration
decay must be accounted for by considering the jet
momentum width. In the planar jet, we can define the
"effective” slot width, h*, which for a uniform exit
velocity ish* = h(ro/ry). Thisissimilar, in concept, to
the momentum diameter d*= dy (r o/r ¥)1’2 used in round
jet flows.

X =

Results

Simultaneous OH PLIF and PIV data, along
with derived quantities are presented for two cases of
approximately local Reynolds number matched jet
flames and nonreacting jets. For flame cases, Cases A
represents a rel atively low Reynolds number planar jet
flame, while Case B represents a more turbulent flame.
Nonreacting jet Cases A and B represent the
nonreacting flow equivalent (approximately |ocal
Reynolds number matched to their respective flame
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case). Theincluded figures are typical examples
selected from an ensemble of 100 PIV/PLIF image pairs
for each case. The field-of-view represents a region 40-
75h downstream of the jet exit (centered at
approximately one-third of the flame length for jet
flame cases).

Jet Flame - Case A

A simultaneous OH PLIF image and PIV
vector field for the unsteady laminar flame (Case A, Rey
=910) isshown in Figure 3 (a,b). Both the velocity
field and OH images show that thisflow is
characterized by a small range of velocity fluctuation
scales and laminar-like reaction zones. Comparing the
velocity field and OH fields a so shows that the high
velocity jet fluid is essentially bounded by each side of
theflame. Thistrend isevident up to the flame tip (not
shown), but is clearest in the near-field. This
observation isin agreement with the 2-D numerical
simulations of Yamashitaet al.”® It is also observed
that there exists ahigh level of shear across the reaction
zones that is more clearly seen by considering vorticity
contour plots.

In Figure 3c, the z-component (i.e. normal to
the laser sheet) of vorticity (w) is shown normalized by
the outer-scale frequency (U/d). Regions of high
vorticity (larger than outer-scale frequency and
equivalent to vorticity levelsinside the main jet flow)
appear well correlated with the reaction zones. The
high vorticity does not necessarily imply that vortical
eddies exist within the reaction zone, but may indicate
shear across the reaction zone. The vorticity/reaction
zone correl ation appears to result from the fact that a
large fraction of the velocity difference of the jet (i.e.
U,) istaken across the rel atively thin reaction zones.
Furthermore, the high values of w;, suggest that it is the
primary component of the vorticity vector, which is not
unexpected given the laminar-like nature of the flow.

The reason for the observed correlation of
vorticity with the reaction zone is not known, athough
the simplest explanation is that since the flow is highly
laminarized, the stoichiometric surface (and hence the
reaction zone) and the region of maximum vorticity may
simply coincide, as can occur in a honreacting laminar
jet. However, this possibility appears doubtful when
viewed in light of nonreacting flow data presented in
this paper. Another possible explanation is that the
presence of the flame locally stabilizes the velocity
fluctuations (caused by vorticity diffusion, dilatation, or
baroclinic effects), thus inhibiting momentum mixing
across the reaction zone.?® This reduced momentum
mixing causes the high shear across the reaction zone
and hence the high vorticity.

The correlation between the reaction zone and
vorticity was previously observed in both premixed®’

Bunsen flames and in nonpremixed turbulent flames.*>*®

Reacting flow DNS computations also suggest a
correlation between vorticity and reaction zone
location.?8%

Mungal et al.?” showed that |arge values of
positive 2-D dilatation (i.e. the dilatation computed
from two-component vel ocity data) was highly
correlated with the reaction zone in Bunsen flames. In
this study, both positive and negative 2-D dilatation
(Figure 3d) shows a dlight correlation with reaction zone
location. Low levels of positive dilatation are evident in
the thicker reaction zones (upper left OH zone), but
negative dilatation correlates equally well with thinner
OH regions (upper right OH zone). The level of
correlation may likely be alimitation of using 2-D data
to estimate a 3-D calculation (where the out-of-plane
component has equal importance). But, it isalso
possible that positive dilatation from heat rel ease may
only be evident in regions of very low compressive
strain (such asin a Bunsen flame). In turbulent flows,
the flow expansion in a given region from heat release
may be overwhelmed by the compressive strain in the
sameregion.® For example, a sheet-like topology of the
scalar gradient would require two principal directions of
extensive strain in the plane of the sheet and one
principal direction of compressive strain normal to the
sheet. Thus, negative 2-D dilatation could indicate
expansion out of the plane of the measurement due to
extensive strain in that direction. It should be
emphasized that the expansion from heat releaseis till
present, but it is diverted in the direction of the outward
principal extensive strain (rather thanin al directions).
This relationship between 2-D dilatation and
compressive strain will become clearer upon further
analysis.

In order to investigate the rel ationship between
the strain rate field and the reaction zone structure, the
magnitude and direction of the minimum principal
strain rates (Smi,) are shown in Figure 3 (d,e). Note that
the majority of the minimum principal strain field in the
reaction zone is compressive (negative), and thiswill be
referred to as the ‘compressive strain field. Due to the
limitations of two-component velocity field data already
discussed, the principal strain rates computed are only
valid in regions where the flow islocally 2-D, or when
the z-axisis already a principal axis. It was argued in the
previous section that the latter condition is likely to
occur for thin OH regions.

Aside from the obvious correlation of
compressive strain rate with reaction zone location, it is
seen that along the reaction zones, the direction of the
principal compressive strain ratesis primarily aligned at
45° to the flow direction. This preferred direction is
indicative of a simple shear flow where the strain rate
tensor has off-diagonal (shear strain) elementsthat are
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much larger than the diagonal elements. Thus, the
preferred direction of principal strain is expected given
the high shear across the reaction zone (as inferred from
the vorticity contours). A comparison of the OH zones
and principal compressive strain direction shows that
the reaction zone, which is primarily vertical, is not
typically aligned normal to the principal compressive
strain. Thislack of alignment is a characteristic of
laminar flows where the stabilizing effect of viscosity
does not allow material elements to freely adjust to the
applied strain. Nevertheless, it is seen that regions of
high compressive strain correlate well with the reaction
zone location. The magnitudes of the strain rates near
the reaction zones are as high as 6 times the outer-scale
value, which is of order the inner-scale strain if we are
to assume that the flow is turbulent. However, dueto
the laminarized nature of this flow, it is unlikely that
turbulent flow scaling laws are appropriate. It ismore
likely that the high strain rates are smply aresult of the
high shear as discussed above.

A comparison of the s, and OH fields also
shows that diffuse OH regions are typically associated
with low strain rates (whether compressive or
extensive). For example, the large diffuse region in the
upper right hand corner of Figure 3ais associated with
very low compressive strain. Note that the region of
near-zero compressive strain (upper left) isalso aregion
of positive dilatation. Thiswould indicate that either
the thick reaction zone does not have a sheet-like
topology or that the flame sheet unit normal is simply
reoriented out of the plane of the measurement. The
thin OH region under high compressive strain (upper
right) isaregion of negative dilatation. Thisthin OH
region apparently has a sheet-like topol ogy, evidenced
by the compressive strain acting nearly normal to the
OH surface. Thus, the two remaining principal strain
directions (tangential to the OH surface and normal to
the plane of the measurement) are extensive. Negative
2-D dilatation in this region seemsto indicate that any
expansion due to heat release in the reaction zone must
be directed out of the plane of the measurement (fw/{z
is positive). These observations are consistent with the
view that the diffuse OH regions are caused by the
broadening effects of diffusion, dilatation from heat
release, and extensive strain normal to the reaction zone,
while thin reaction zones result from high compressive
strain normal to the reaction surface.

Jet flame - Case B

Similar velocity and OH fields for a more
turbulent jet flame (Case B, Rey = 2200) are shown in
Figure 4 (a, b), where the downstream | ocations and
fields-of-view are identical to the previous case. Here
we again see that the high velocity flow also appears to
be largely bounded by the reaction zones, although this

isless clear than with the lower Reynolds number case.
As was also noted in previous work in round turbul ent
jet flames, the OH zones reveal larger diffuse regions
typically connected by thin OH regions.***

The vorticity field (Figure 4c) shows that w; is
also fairly well correlated with the general reaction zone
location, although the correlation is not as strong as for
the lower Reynolds number case. Similar to Case A, the
maximum values of the vorticity are large relative to
outer-scale frequency. It appears that the presence of
the flame produces the strong correlation, since
isothermal flow DNS has shown that there is not a
strong correlation between regions of high scalar
dissipation and vorticity.*3 Another interesting
observation seen in Figure 4 is that regions of peak
compressive strain tend to be associated with lower than
maximum vorticity. The reason for thisis probably due
to the realignment of the vorticity. Numerical
simulations and experiments of turbulence®”33** show
that vorticity aligns with the intermediate or maximum
principal extensive strain, which will tend to act in one
of the two directions orthogonal to the principal
compressive strain. Since the alignment of the vorticity
with the extensive strain will tend to enhance the
vorticity through vortex stretching, the relatively lower
values of vorticity in the regions of high compressive
strain indicate that the vorticity has been realigned into
the plane of the laser sheet.

Examination of the principal compressive
strain rate field in Figure 4d revealsthat, similar to the
lower Reynolds number case, the large shear across the
reaction zone results in principal compressive strain
axesthat are primarily aligned at 45° to the flow
direction. However, in contrast to Case A, the thinnest
reaction zones are now aligned normal to the direction
of the principal compressive strain, in addition to being
associated with high values of compressive strain. These
observations are in agreement with previous work in
isothermal and reacting turbulent flows.*>® In general,
the shapes of the reaction zones and high strain regions
differ since strain rate variations occur throughout the
turbulent flow field (regardless of stoichiometry)
whereas the reaction zone location is restricted to lie
along the stoichiometric surface; that is, it cannot
always follow regions of high scalar dissipation. Figure
4d al so shows regions of lower than maximum strain
near (center left) or crossing (top |eft) the reaction zone.
For the latter case, the OH zone seems to be realigning
in response to this strain and may be an example of the
finite time required for the reaction zone to adjust to the
applied fluctuating strain rate. Similar to flame Case A,
low strain (compressive or extensive) in conjunction
with diffusion, dilatation, and possibly small-scale
turbulence acts to broaden the reaction zone. However,
in flame Case B, thin OH regions and regions of local
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extinction occur when the flame orients itself normal to
the direction of the principal compressive strain.

Nonreacting Jet - Case A

The structure of the reaction zonein a
nonpremixed flame is fundamentally tied to the local
stoichiometry and the local scalar dissipation, where the
dissipation is strongly related to the local strain rate.

For this reason, to compare the nonreacting jet data to
the flames, we investigate the effects of strain, vorticity,
and 2-D dilatation on both stoichiometric (iso-scalar)
surfaces and scalar dissipation rate fields derived from
the conserved scalar measurements.

A simultaneous PIV vector field and 2-D scalar
dissipation ratefield, c,p, (derived from the acetone
PLIF image inset) for anonreacting jet (Case A, Rey =
1000) are shown in Figure 5 (a,b). Here, the c,p fieldis
normalized and has arbitrary units, where dark regions
denote low dissipation and light regions denote high
dissipation. This nonreacting jet Case A is
approximately local Reynolds number matched to the
unsteady flame Case A (Figure 3). The downstream
locations and fields-of-view are identical to the previous
jet flame cases. The c,.p field calculation of Figure 5a
suffers from discretization effects that produce the
extremely thin filaments that run along the length of the
dissipation layers. Due to the presence of these
structures and to noise, the images were smoothed to
such an extent that the scalar dissipation structures
observed appear thicker and have lower magnitude than
is actually the case.

At first glance, the scalar dissipation rate field
of Figure 5a does not appear very similar to the reaction
zones of Figures 3a or 4a, mainly due to the dissipation
layers' lateral movement and crossing the jet centerline.
However, the flame zone is required to follow the
stoichiometric mixture fraction surface, which may not
alwaysliein aregion of high scalar gradient.
Furthermore, regions of high scalar gradient are
expected to be comparable only to the thin OH regions.
With thisin mind, a comparison of the velocity field of
Figure 3b with the 2-D scalar dissipation rate field
(Figure 3a) shows similarities to the trends discussed for
the flame case. Again, it appears that the higher
velocity inner jet fluid is largely bounded by the high
scalar gradient region.

In contrast to what is observationsin the
reacting flow, there appears to be no obvious correlation
of vorticity (Figure 5¢) and the c,.p layers. Although
high vorticity regions do sometimes cross the layer, the
vorticity structures do not follow the layer. The lack of
correlation, or presence of long regions of w, near the
outer edges of the flow (or anywhere within the flow,
for that matter), again suggests the presence of a shear

region created by the reaction zone in jet flames that
does not exist in nonreacting jets.

The dilatation field (Figure 5d) shows an
interesting correlation with the dissipation layer surface,
similar to the flame cases. Negative dilatation is most
often associated with high scalar dissipation onthe c,p
layer, which can most easily seen by following the high
scalar dissipation rate region beginning at bottom right
(more abviousin the following case). The magnitudes
of negative dilatation vary over the layer and appear to
follow the magnitude of the gradient across the layer.
At the end of the layer (upper |€eft), the scalar gradient
magnitude and dilatation magnitudes both decrease and
the structures increase in size. Positive dilatation does
exist in the flow, but is generally not associated with the
dissipation layer. If the same trend discussed for the
flame case holds for the nonreacting jet, regions of
negative 2-D dilatation should be a good indication of
regions of high compressive strain in the nonreacting
jet.

Figure 5e shows minimum principal strain rate
contours and the directions of the strain are shown in
Figure 5f. Asin the flame cases, the minimum principal
strain rate is nearly always negative, indicated
compressive strain. Again, regions of compressive
strain are fairly well correlated with regions of high
scalar dissipation rate, suggesting the scalar dissipation
structures have a layer-like topology.? On the
dissipation layer, compressive strain is predominately
oriented normal to the layer surface (Figure 5f) unlike
the flame Case A, where the compressive strain
direction was predominately at a 45° angle to the flow
direction. However, like the correlation of high
compressive strain with reaction zone location of jet
flame Case A, regions of high compressive strain
correlate well with region of high dissipation rate. It
also appears that larger regions of low compressive
strain appear in regions where the scalar dissipation
layer isthicker and of alower magnitude. The
association of negative 2-D dilatation and compressive
strain rate noted in reacting cases appearsto hold in the
nonreacting case aswell. Note that regions of high
compressive strain coincide with regions of negative 2-
D dilatation and regions of positive dilatation denote
regions of near-zero compressive strain. These effects
are consistent with those observed for the reacting
cases.

Nonreacting Jet - Case B

A simultaneous PIV vector field and 2-D scalar
dissipation rate field (derived from the acetone PLIF
image inset) for a higher Reynolds number nonreacting
jet (Case B, Rey = 3000) are shown in Figure 6 (a,b).
This nonreacting jet Case B is approximately local
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Reynolds number matched to the turbulent flame Case
B (Figure 4).

Again, the dissipation layers approxi mately
bound the high velocity jet fluid, and visible gradientsin
the velocity field appear to correlate with the location of
the dissipation layer. Asin the previous nonreacting
case, there is no obvious correlation between regions of
high vorticity and high scalar dissipation rate.
However, unlike the lower Reynolds case, thereis an
extended region of negative vorticity correlated with a
region of moderate compressive strain and scalar
dissipation (bottom center). Upon viewing many such
image sets, this does not appear to be a common
occurrence.

Again, it is observed that negative 2-D
dilatation (Figure 6d) correlates quite well with the
dissipation layer, and also with regions of high
compressive strain (Figure 6€). For the most part, the
dissipation layer surface has adjusted normal to the
direction of principal compressive strain, regardless of
the orientation. From Figure 6f, it is evident that the
direction of principal compressive strain can have any
orientation relative to the flow direction. Thisisin
contrast to the trend observed in the flame cases, where
there exists a preferred direction of compressive strain
(45°), for which the thin reaction zones (for case B)
would align.

These results appear to support the idea that the
local strain-diffusion competition that leads to the
formation of the scalar dissipation rate layersis
relatively unchanged in the presence of heat release.?
However, the relationships of compressive strain
direction relative to reaction zone/scalar gradient
directions and the association of reaction zone/scalar
gradient location to regions of high vorticity suggest a
modification of these relationships due to heat release.
These observations seem to confirm the existence of a
laminarized shear region in the flame case, created by
the presence of the reaction zone, that is not present in
nonreacting cases.

Statistical Analysis

Although relationships discussed above appear
to be consistent throughout the entire image set, amore
guantitative analysis is warranted to verify these
observations. Specifically, we aim to address the
statistical relationships between vorticity, strain,
dilatation and reaction zone/dissipation layer location as
compared to the trends observed in the nonreacting jet.
This is accomplished by matching the simultaneous
PLIF/PIV fields and only considering data on the
centerlines of the OH zones and on the centerlines of the
scalar dissipation rate layers. Because the flame may
not always liein regions of high scalar dissipation
(since it must follow the stoichiometric mixture fraction

surface), we have also considered stoichiometric
mixture fraction surfaces derived from the same acetone
PLIF images used to compute the scalar dissipation
rates.

Two sample stoichiometric mixture fraction
contours, Xg, are shown in Figure 7a,b that were derived
from the PLIF data of Figures 5aand 6a. One problem
with such a comparison is the reduced simulated
"stoichiometric flame length” resulting from the well
documented reduced entrainment of jet flames as
compared to nonreacting jets (due to the reduction in
density resulting from combustion®). In order to
account for this density effect, the scaling factor h* has
been increased by a factor of 5, which produces
"stoichiometric flame" with the same length as the
actual flames.®*® These rescaled stoichiometric contours
are shown in Figure 7c,d. The maost obvious effect of
rescaling is to move the reaction surface to the outer
edges of the conserved scalar field. Thus, the origina
Xg Surface tends to be associated with dissipation layer
structures to the inside of the jet, while the rescaled
stoi chiometric mixture fraction surface, X4, tendsto be
associated with outer dissipation structures. In both
cases, the surfaces tend to be associated with regions of
high scalar dissipation connected by regions of lower
scalar dissipation. The two stoi chiometric mixture
fraction surfaces, as well as both the scalar dissipation
layer surface and actual reaction zones surface, are
considered in the ensuing probability analysis. In all
cases, the centerline of the surfaces and surface unit
normals are determined by a modified version of an
algorithm originally developed by Dr. L. Su for
determination of dissipation layer thickness.*” The
principal compressive strain vectors shown in Figures
3f, 4f, 5f, and 6f are samples of data extracted on the
OH and c,.p layers by the algorithm, and appear to
faithfully represent these regions for all cases.

PDF functions for each case were computed
from data points only within the specified surfaces
computed from the flame and nonreacting case data.
The number of PIV data points corresponding to these
surfaces was generally in the range of 20,000 points for
the nonreacting cases and 9,000 points for reacting
cases. Figure 8a shows the probability of vorticity
magnitude on these surfaces for both the low Reynolds
number (left) and high Reynolds number (right) reacting
and nonreacting cases. The error in derived quantities
for flame cases is approximately 0.1(U/d) and 0.2(UJ/d)
for nonreacting cases. The PDFs show that the most
likely value of vorticity in the reaction zoneis
approximately the large-scal e frequency, while the most
likely value of vorticity on the nonreacting jet
dissipation layers, x4 surface, and Xs surfaceis zero.
Although finite values of vorticity are possible on these
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nonreacting surfaces, they are likely due to the random
crossing of small structures (seen in Figure 5c¢), rather
than the dominance of long regions of correlated
vorticity seen in the reacting flow cases. It should be
noted that for the nonreacting x4 contour, larger values
of vorticity appear to be more likely than the other
nonreacting surfaces. Thisislikely dueto the
association of the x4 surface with the scalar gradient
structures near the center of the flow, where higher
vorticity islikely to exist. At higher Reynolds number,
the trends persists, although the most probably value of
vorticity in the flame case does decrease slightly to
around 3/4 the large scale frequency. The PDF's on the
nonreacting surfaces appear virtually unchanged at the
higher Reynol ds number.

Figure 8b shows similarly acquired PDF data
for minimum principal strain on the same surfaces. For
all surfacesin Case A, about 90% of the minimum
principal strain is compressive, and the most probably
value of compressive strain is about 1/2 the outer scale
frequency. Nonreacting surfaces are virtually identical
(likely because both the x4 and x4* surfaces are often
associated with high scalar gradient regions), but the
flame case has a much higher probahility of the likeliest
compressive strain value (about 0.6U/d). Thisis most
likely due to the stabilized reaction surface which
appearstoresidein aregion of high shear and thusis
most often in aregion of compressive strain (Figure 3e).
For Case B, the nonreacting jet and jet flame case PDF's
appear very similar to one ancther, although the
nonreacting X¢ and c,.p surface PDF's peak at zero. In
addition, the likelihood of a positive minimum principal
strain isincreased (about 80% compressive) for al
surfaces. Because of the assumptions used to derive
principal strains, it was expected that accurate
predictions of principal strain rate would only be
accurate where the reaction zones are thin (sheet-like).
Due to this restriction, only the principal strains
computed on the high scalar dissipation rate surfaces
(nonreacting) are expected to be correct. However, the
probability of compressive strain within the reaction
zone and dissipation layers suggests that these regions
may have a sheet-like topol ogy the majority of the time.
In any event, it appears that the relationship of
compressive strain with reaction zone location and
scalar dissipation rate appear relatively unchanged in
the presence of heat release.

Although the rel ationship with principal
compressive strain magnitude discussed above appears
unchanged for nonreacting jets and jet flames, an
interesting effect of heat release was observed in the
preferred direction of principal compressive strain for
the jet flame and nonreacting jet (Figures 3-6f). Figure
8c shows the probability of the angle between the

8

reaction surface unit normal vector and the principal
compressive strain direction, designated a, wherea =0
means the compressive strain direction and surface unit
normal are parallel. For Case A, the nonreacting
surface cases appear quite similar, where the most likely
alignment of surface unit normal and compressive strain
direction is zero degrees. In this case, the compressive
strain is aligned in the gradient direction, thus
increasing the gradient. This results in agreement with
both numerical simulations®*® and experiment.” The
dissipation layers have a higher probability of
alignment, since the x4 surfaces are not always
associated with a high scalar gradient. However, in
contrast to the nonreacting x¢ and c,.p surfaces, the
reaction zone surface has a two equally probable
nonzero values of a near 15° and 75°. This can most
easily be explained when considering a sketch of an
unsteady reaction zone surface (Figure 9).

With a preferred compressive strain direction
of 45° (Figure 3f) apparently due to the presence of a
shear region created by the flame, and with the
stahilizing effect of heat release on the reaction surface
preventing the reaction zone from adjusting to the
applied strain rate, the reaction surface is confined to a
predominately narrow range of fluctuations (and thus
range of unit normal angles). Thistrend is modified
drastically when the jet flame is more turbulent asin
Case B (Figure 8c - right). The more turbulent flame
case shows a more pronounced likelihood of alignment
to the compressive strain direction. Although the
preferred direction of s, in the flameis till
approximately 45° due to the flame-generated shear
(Figure 4f), the turbulent reaction surface can freely
adjust to the applied strain, becoming more likely to
align with the direction of principal compressive strain.
The probability of alignment of flame surfaces and X«
surfaces now appear virtually identical with the
exception of extreme misalignment (a » 90°), where the
flame is more likely to be misaligned with the
compressive strain direction. Joint PDFs of a and Spin
(not shown) indicate that the majority of the misaligned
(a » 90°) compressive strain occurs at low strain
magnitudes. This seems consistent with the observations
in the more turbulent flame case, where the flame
surface is observed to have alternating thin regions
aligned with principal compressive strain and thick
regions misaligned with the direction of principal
compressive strain.

When examining similar probability
distributions of dilatation (not shown) for the reacting
and nonreacting cases, the most likely dilatation of all
casesis zero. In addition, the distributions of all cases
arevirtually identical, except for avirtually
indistinguishable preference of the jet flames to contain
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more positive dilatation. This result is be expected do
to positive dilatation created due to heat release,
although the 1-D PDF is unconvincing. Since an
apparent correlation between negative dilatation and
principal compressive strain was observed in both
reacting and nonreacting cases, it is more interesting to
examine joint PDF's of these quantities on the layer
surfaces. Thejoint PDFs for minimum principal strain
(Smin) and 2-D dilatation on the OH surface and the xg~
surface of the nonreacting jet for Case A are shownin
Figure 10a,b. It should be noted that the joint PDFs on
the c,.p and xg surfaces are virtually identical to the
joint PDF onthe x4 surface (Figure 10b). Despite the
larger range of dilatation and strain magnitudesin the
nonreacting jet case, the relationships between s i, and
(NW),. for both flows are quite similar as discussed
when referring to Figures 3-6 d,e. For both flows, the
majority of s, on the reaction zone or stoichiometric
surfaces is compressive (negative) and negative values
of 2-D dilatation are always associated with
compressive strain. With increasing compressive strain
magnitude, the level of negative dilatation increases for
both flows. Conversely, as dilatation increases and
becomes positive, the minimum principal strain
becomes positive, indicating expansion in the plane of
the measurement in both flows. Although these
similarities further validate claim that the underlying
strain field that establishes the scalar dissipation layer in
nonreacting flows is fundamentally unchanged in the
presence of heat release®®°*°, a subtle yet important
distinction between the two flows is evident upon closer
inspection. When the nonreacting jet case surface lies
in aregion of zero strain, the most probable value of
dilatation is zero. However, in the event of zero strain
on the OH layer, 2-D dilatation is most likely to have a
positive finite value. Thistrend is more clear when
considering the 1-D PDF of (N%/),.5 conditioned on
zero minimum principal strain (actually sampled to zero
Smin £ 5% of the large-scal e frequency since exact zero
values of s, are unlikely). From Figure 10c, it can be
seen that in the event of zero strain on the OH surface,
the most likely value of dilatation is positive and around
60% of the large-scale frequency, while the most
probable value for the nonreacting flow x4~ layer is
zero. Error bars represent uncertainty due to computing
derivatives from PIV data. Conversely, Figure 10d
shows that for zero 2-D dilatation on the x4 surfaces,
the most probable value of s, is zero. Aside from this
addition of positive dilatation on the reaction surface,
the relationship between principal compressive strain
and 2-D dilatation on the OH and X layers remains
relatively unchanged between reacting and nonreacting
flows. These trends are also evident when viewing
similar joint PDFs of the more turbulent Case B.

Finally, joint PDFs of vorticity and minimum
principal strain on the OH zones and nonreacting x
layers are considered in Figure 11a,b. The association of
vorticity with reaction zone location has already been
discussed. However, on the OH surface it is apparent
that the highest levels of vorticity (w;) are most often
associated with regions of intermediate compressive
strain. Furthermore, the regions of highest compressive
strain are most often associated with intermediate values
of vorticity. The trend on the nonreacting xs layer
appears quite different, with awider range of strain rates
corresponding to awide range of w, Unlike the flame
case, there is atendency for the highest compressive
strains to be associated with the lowest values of w,
(predicted by the aforementioned numerical turbulence
studies). But asin the flame cases, the highest values of
vorticity are likeliest to be associated with intermediate
values of compressive strain rate. The joint PDF trends
of smin @nd w, observed on the nonreacting c,.p and X«
surfaces (not shown) are similar to those discussed on
the nonreacting xs layer. These observations are
consistent in both low and high Reynolds number jet
flame and nonreacting jets considered in this study.

Conclusions

Simultaneous velocity and OH field
measurements in unsteady laminar and turbulent
nonpremixed planar jet flames and simultaneous
velocity and conserved scalar field measurementsin
nonreacting jets were made to investigate the
relationship between vorticity, principal strain rates, and
2-D dilatation in the presence of heat release. PLIF of
the OH radical was used as an approximate reaction
zone marker in flame cases, while PLIF of seeded
acetone vapor was used to measure nonreacting jet
concentration fields and compute scalar dissipation rate
fields and stoichiometric surfaces. Simultaneous 2-
component PIV data were used to determine the
guantities derived from the velocity field. In
laminarized jet flames, the OH zones are highly
correlated with high vorticity and compressive strain,
indicating the presence of high shear across the reaction
zone. A related observation is that the reaction zone
does not tend to align normal to the direction of the
maximum compressive strain. In contrast there appears
to be no correlation of vorticity with scalar dissipation
rate layers (or nonreacting stoichiometric mixture
fraction surfaces) in nonreacting jet cases, and the
principal compressive strain direction is most often
aligned with the layer surface unit normal.

For turbulent flame cases, thin reaction zones
are associated with large values of principal
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compressive strain and they tend to be aligned normal to
the preferred direction of principal compressive strain.
The alignment predominately occurs at around 45° to
the flow direction owing to the dominant shear near the
reaction zones. In contrast, the principal compressive
strain direction tends to align with the nonreacting
scalar dissipation layers, regardless of their orientation
relative to the flow direction. The maximum magnitude
of the compressive strain rate and vorticity are
significantly larger than the outer-scale strain rate for
both jet flame and nonreacting jet cases. The general
reaction zone locations often correspond to regions of
high shear, evidenced by the correlation of reaction
zone location and high vorticity (w,). The strong
correlation of w, with reaction zone location seems to be
due to the presence of the flame, rather than an
association with the scalar dissipation layer, as
evidenced by observations in the nonreacting cases.

These observations are statistically confirmed
by analysis of probability distribution functions of
vorticity (W), minimum principal strain, and minimum
principal strain alignment on the OH surface and
compared to the same distributions on nonreacting jet
stoichiometric surfaces and scalar dissipation layers for
each case. For the flame cases, the most likely value of
w, on the OH surface is near the value of the large-scale
frequency, and zero for the nonreacting jet layers. In all
cases, the minimum principal strain is compressive over
80% of the time, suggesting a predominately sheet-like
topology for both the OH layers and nonreacting iso-
scalar surfaces. The direction of principal compressive
strain tends to be aligned normal to the layer surface for
all nonreacting jet surfaces. However, for the low
Reynolds number flame case, the alignment has two
equally probable alignment angles of approximately 15°
and 75°. This appearsto result from alaminarization of
the reaction zone that establishes a preferred direction of
strain at 45° to the flow direction. In the more turbulent
flame case, the likeliest alignment is normal to the
reaction surface (as in the nonreacting layer cases),
although a distinct region of 90° misalignment exists
that corresponds to low compressive strain magnitude.

Joint PDFs of 2-D dilatation and s i, on flame
and nonreacting stoi chiometric surfaces are virtualy
identical, with the exception of a positive dilatation
offset in the flame case of approximately 0.6(U/d),
likely due to heat release. Joint PDFs of w, and S,
further suggest that the reaction zone creates a region of
high vorticity and compressive strain, while nonreacting
layers are more likely to correlate with near-zero
vorticity regardless of compressive strain magnitude.

All of the above findings suggest that the
fundamental relationship between principal compressive
strain magnitude and the underlying scalar dissipation

rate layer in nonreacting jetsis relatively unchanged in
the presence of heat release. However, significant
differences exist in the alignment of the principal
compressive strain relative to the layer surfaces. In
addition, the flame appears to generate regions of high
vorticity within the reaction zone.
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Table 1 - Exit conditionsfor flame and nonreacting

jet cases.
jet flame nonreacting jet
Case Case Case Case
A B A B
Uo (M/9) 41 77 21 5.8
Uy (m/s) 0.5 0.5 0.2 0.2
ro (kg/m®) 0.62 0.62 151 151
Qujet (SCfM) 3 25 0.066 0.18
Reut 1600 3000 192 532
Com2/Conz 0.5/0.5 | 0.5/0.5 - -
Coair/ Coacetone - - 0.7/0.3 0.7/03

Table 2 - Local conditionsin measurement region
(40 < x/h < 75) for flame and nonreacting jet cases.

jet flame nonreacting jet
CaseA | CaeB | CaeA | CaeB

Uc (m/s) 24.2 46.7 0.94 3.04
d (mm) 8.5 10.1 16.1 14.9
Rey 910 2200 1000 3000
Ucd (sY) | 2850 4620 58.4 204
h (mm) 0.2 0.11 0.22 0.1
[ + (mm) 2.4 19 3.6 19
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