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Temperature fluctuations have been measured in a turbulent, natural gas-fueled, piloted jet diffusion flame
with a fuel jet exit Reynolds number of 9700, using broadband Coherent Anti-Stokes Raman Spectroscopy
(CARS) nitrogen thermometry with a best spatial resolution of 0.9 mm. Radial profiles of mean temperature
and root mean square (rms) temperature fluctuations have been acquired and temperature probability
density functions (pdfs) have been constructed for streamwise distances in the range 4.2 <x/d < 66.7.
Comparison with thermocouple measurements shows very good agreement (within 50 K) in regions of
moderate temperature gradients (jet core and jet tails), whereas in the steeper gradient jet flank areas spatial
averaging leads to CARS mean temperatures lower by as much as 60 K for x/d > 25 and by 150 K for
x/d = 8.3. The largest rms temperature fluctuations (640 K) occur at radial locations corresponding to about
70% of the full jet height, for all streamwise distances. Comparison with numerical predictions that employ a
k-£ model for turbulence and a constrained equilibrium model for chemistry along with a presumed pdf
shape ( 8 function) for the mixture fraction, shows very good agreement, for x/d > 16.7, between computed
and measured peak and centerline mean temperatures and rms temperature fluctuations, and fair agreement
for x/d = 8.3. The thermal jet widths are underpredicted for x/d > 25. Measured pdfs attain a variety of
shapes, from nearly symmetric around the centerline and bimodal near the average reaction zone location, to
nearly uniform in parts of the jet flanks and, finally, to triangular at the jet tails. In addition, measured
centerline pdfs evolve from triangular to nearly Gaussian as x/d increases. The agreement between
predicted and measured pdf shapes is excellent at the centerline and is very good in other parts of the jet
flame, with the possible exception of bimodal shapes around the average reaction zone location, attributed to
inherent limitations in the beta function representation. ©1997 by The Combustion Institute

INTRODUCTION

In nonpremixed turbulent combustion there is
great interest in thoroughly understanding
combustion in simple geometrical configura-
tions such as axisymmetric turbulent diffusion
flames. This is a necessary first step toward the
ultimate goal of designing more efficient and
cleaner industrial combustion devices, the vast
majority of which operate with nonpremixed
reactants. In the last 15 years there has been a
rapid growth in laser diagnostic techniques for
the nonintrusive probing of jet diffusion flames.
Crucial in the development of these techniques
was the introduction of simultaneous spatially
and temporally resolved measurements of a
number of scalars [1-6]. This was followed by
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recent planar temporally resolved simultane-
ous measurements of a smaller number of
scalars [7-9]. Such simultaneous measure-
ments are crucial for nonpremixed combustion,
where the mixture fraction and the scalar dissi-
pation rate play a key role. The measurement
of major combustion species along with com-
bustion intermediates (notably CO) and radi-
cals as well as temperature, have enhanced the
understanding of the structure of turbulent
nonpremixed flames. This is particularly im-
portant in processes controlled by finite rate
kinetics such as near extinction conditions
[1-3], formation of NO [5], formation and
burnout of CO [1, 2], and stabilization mecha-
nisms in lifted hydrocarbon flames [4, 8]. Ex-
cept for [6], all previous studies have employed
a combination of Raman and Rayleigh scatter-
ing for the measurement of major species and
temperature. This approach, however, requires
the composition of the fuel stream to be tai-
lored to reduce interference of soot precursors
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with the Raman signal and minimize variations
in the Rayleigh scattering cross section area
across the flame. This has led to the use of
either nonluminous hydrogen—-air flames or
highly diluted hydrocarbon flames.

Although much has been gained on the fun-
damentals of nonpremixed combustion from
the previous studies, information is still needed
on the combustion of realistic fuels such as
undiluted methane or commercially available
natural gas—a need further accentuated by
the current trend toward the use of alternative,
heavier and less clean fuels. In these cases
both NO formation and the formation and
burnout of CO and soot occur primarily in the
higher—temperature, luminous regions where
combined Raman—Rayleigh scattering have
limited or no applicability. The present paper
reports a detailed mapping of the fluctuating
temperature field in a jet flame with a fuel jet
exit Reynolds number of 9700 for streamwise
distances spanning from the lower blue zone to
the middle luminous zone. For nonintrusive
accurate temperature measurements in parti-
cle-laden flames, Coherent Anti-Stokes Raman
Spectroscopy (CARS) is the best suited ap-
proach, albeit with some added complexity,
and was employed in this study. It is a four-wave
mixing technique [10, 11] and has been suc-
cessfully aplplied in the hostile environments
of many practical combustors with a typical
accuracy of +50 K. CARS enjoys the advan-
tage of a coherent and hence highly directional
laser-like signal with very high conversion ef-
ficiency, several orders of magnitude stronger
than spontaneous Raman [11], and hence it
strongly discriminates against laser-induced
background interferences.

Point temperature probability density func-
tions (pdf) measured with Raman-Rayleigh
scattering have been reported in clean turbu-
lent jet diffusion flames, for example, in a
CH,/H, flame at a streamwise distance of
x/d = 65 [12], at the base of a natural gas
lifted flame with a Reynolds number of 28,600
[4], or at the base of lifted CH, flames with
Reynolds numbers of 7000 and 12,100 [8]; in
the blue parts of CH, flames at four different
Reynolds numbers and at three streamwise
distances [2]; in a highly diluted CH, flame
with a Reynolds number of 20,600, at x/d = 25

[9]; and, finally, in a hydrogen flame (Re =
8500) at x/d = 50 [13]. CARS temperature
pdfs have been presented for two Reynolds
numbers (6000 and 2000) propane flames and
five streamwise locations [14]. In [6], CARS
temperature pdfs are presented, conditioned to
simultaneous velocity measurement for a
propane—air mixture at Re = 4000 and three
streamwise locations. Comparison of measured
and numerically predicted temperature pdf
shapes has not been elaborated in previous
studies. The present paper reports such com-
parisons.

The experimental configuration and flow
conditions are first given, along with some ear-
lier measurements that help to delineate the
regime(s) of turbulent combustion for our
flame. A brief description of the mathematical
model then follows, and the results are pre-
sented. Comparison is first made with thermo-
couple measurements and then with numerical
predictions. Initially we compare radial profiles
of mean temperature and root mean square
(rms) temperature fluctuations. A detailed
comparison then follows between measured
and predicted temperature pdf shapes, initiat-
ing a discussion on characteristics of the flame
such as flame strain, extinction, turbulent mix-
ing, and intermittency.

EXPERIMENTAL APPROACH
Burner Configuration and Flow Conditions

The burner is depicted in Fig. 1 and consists of
two vertical, 1-m-long concentric tubes, with
the central tube providing the fuel and the
annular region providing the primary air. Near
the burner nozzle the inner surface of the
annulus becomes conical with a contraction
angle of 7°, leading to an inner annulus diame-
ter of 15 mm at the burner rim. The outer lips
of the annulus are thin. The inner lips, how-
ever, maintain a thickness of 4.5 mm to accom-
modate a pilot flame insert. Behind the thick
inner lip areas a small recirculation zone is
established, providing an additional stabiliza-
tion mechanism apart from that of the pilot
flames. The pilot flame insert ends in a ring-
shaped disk with a 6-mm internal diameter
(d). Pilot flames are located on 12 0.5-mm-



CARS MEASUREMENTS IN JET-DIFFUSION FLAMES 41

burner chamber

throat

burper
/

rd
g <~

ondar
500 secondary
N — air
Fig. 1. Burner, burner throat and chamber, and details of
the burner nozzle. All distances in millimeters.

diameter holes arranged on the 7-mm diame-
ter of the disk. The burner is centered in a
coflowing secondary air stream that flows first
along a ramp, a flow straightening blanket, and
then through a throat. At the test section en-
trance the throat attains an octagonal cross
section to approximate the circular walls used
in the numerical simulations. An octagonal
combustion chamber 0.9 m high and 0.57 m
wide with optical access from all sides is lo-
cated in the test section. At the test section
entrance the secondary air flow velocity is 0.3
m/s with very low turbulence. The fuel was
commercially available Dutch natural gas with
a molar composition of 81.3% CH,, 2.9%
C,H,, and 14.3% N,. The mixture for the pilot
flames consisted of acetylene—hydrogen—-air
with a C/H ratio equal to that of the natural
gas, as in Stdrner and Bilger [15], and their
heat release was 1% of the total flame. The
main fuel gas velocity was 21.9 m/s and the
primary air velocity was 4.4 m/s, resulting in
Reynolds numbers for the fuel jet and primary
air jet of 9700 and 8800, respectively, and a
flame power of 20 kW. The fuel/air ratio
corresponds to a primary air excess of 18%.
The visible flame length is 0.85 m and the
visibly soot-free flame length is approximately
0.2 m.

For the three-flow system described in the
foregoing text, two shear layers develop—an
inner one between the fuel jet and primary air

flow and an outer one between the primary
and secondary air flows. The inner shear layer
is an important source of turbulence because
of the large velocity excess of the two streams.
For high CH, content of the fuel, the stoichio-
metric mixture fraction (&) attains a low value
of 0.07. This places the reaction zone, at least
for small streamwise distances, outside the sur-
face of the strongest shear stresses and close to
the outer boundary of the inner shear layer. As
x/d increases, the average stoichiometric sur-
face (&, = 0.07) approaches the inner shear
layer and coincides with it at x/d = 45. For
streamwise distances x/d > 30, Planar Laser
Induced Fluorescence (PLIF) measurements of
OH [16] suggest that turbulent eddies have
grown sufficiently to entrain secondary quies-
cent flow at the mean stoichiometric surface
location. Figure 2 is a plot of the measured, in
an identical burner, centerline axial (') and
radial (v') turbulent velocities and turbulent
kinetic energy (k) versus x/d, from [17]. On
the same figure, indirect measurements (invok-
ing Taylor’s hypothesis) of the longitudinal ax-
ial integral length scale (L) also are given. The
region 10 < x/d < 33 has the highest turbu-
lent kinetic enmergy and the smallest length
scale of the jet flame, leading to the highest
strain rates. According to Peters’ classification
of regimes of turbulent nonpremixed combus-
tion [18), a distributed reaction zone is encoun-
tered near the burner nozzle and further
downstream a small part of the flame lies in
the extinguishing flamelet regime, whereas the
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Fig. 2. Measured centerline turbulent velocities u’

(circles), v’ (diamonds), turbulent kinetic energy k (divided

boxes), and longitudinal axial integral length scale L (tri-

angles) from [17].
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remaining main part lies in the flamelet regime.
This classification is further supported by ex-
perimental evidence of frequent local extinc-
tion (manifested from the existence of holes in
the PLIF-measured OH structure [16]) in the
intensely strained region extending from x/d
~ 7 to = 25. Measurements were performed
in the higher strain rate and extinguishing re-
gions, 4.2 < x/d < 66.7.

Optical System

The CARS configuration (Fig. 3) consists of a
frequency-doubled Nd:YAG laser (Continuum
YG-680) operating at 10 Hz with a typical
pulse duration of 6 ns, yielding 350 mJ per
pulse at A, = 532 nm. The laser is multimode
pumped, resulting in a o, linewidth of 1 cm™'.
Eighty percent of the w, radiation is split off
to pump a broadband oscillator—amplifier dye
laser (Continuum TDL-60). The resulting
Stokes radiation (w,) has a bandwidth of 150
cm ™! full width at half maximum and its cen-
tral wavelength is tuned to 607 nm by adjusting
the dye concentration (rhodamine 640). The
remaining 20% of the pump radiation is split
off to form two equal intensity pump beams.
The Stokes and the two pump beams are fo-
cused inside the combustion chamber by a
350-mm focal length lens. A folded BOXCARS
phase-matching scheme is used for best resolu-
tion and ease of CARS signal separation [19].
The resulting CARS radiation (w; = 2w, —
w,) is recollimated, spectrally dispersed in a
SPEX-1404 0.85-m double spectrometer, and
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Fig. 3. CARS configuration: M (mirror), BS (beam splitter),
WP (wedge prism), P (periscope), CL (condensing lens),
COL (collimating lens), CF (cutoff filter), GT (Galilean
telescope), BD (beam dump).

recorded on a gated intensified photodiode
array (IPDA) detector of 1024 diodes (Prince-
ton Instruments TRY-1024) with a 14-bit dy-
namic range. In constant pressure combustion
peak CARS intensities can decrease by a fac-
tor of 10° between room and flame tempera-
ture. To increase the dynamic range of the
detector, a beam splitter splits the total CARS
signal in two, with an intensity ratio of 10:1.
Both CARS signals are then spectrally dis-
persed on the spectrometer, which operates
slitless, and recorded simultaneously on the
spectral field of the array detector. The corre-
sponding spectral dispersion is 0.3 cm™' per
diode and the spectral resolution of the
recorded CARS spectra is about 1.5 cm™'. The
active, CARS spectra containing diodes of the
array are digitized and stored in a dedicated
Pentium-based PC with 1.3-Gbyte memory for
later processing. The spatial resolution plays
an important role in CARS thermometry of
laboratory scale turbulent flames with steep
temperature gradients, and therefore its strict
definition should be used [20]. The pump and
Stokes beam diameters are expanded to 10 mm
with Galilean telescopes, and the beam half
crossing angle is set to 2.45°. The resulting
interaction length (95% of the total CARS
energy) was measured as 900 pwm by traversing
a thin quartz plate across the CARS probe
volume.

Evaluation of Precision and Accuracy

The main systematic errors arise from the re-
sponse characteristics of the IPDA detector,
the long term dye laser spectral shift, spatial
averaging effects in areas of steep temperature
gradients, and the accuracy of knowing the
experimental parameters in the CARS code
fitting process. Each of these effects is dis-
cussed subsequently. Nonlinearity and image
persistence is known to be a serious problem
in IPDA detectors incorporating earlier phos-
phor-based intensifiers [21]; both effects result
in low temperature bias. To eliminate these
problems the intensifier was refitted with a fast
P-43 type phosphor. One cleansing scan be-
tween laser shots was sufficient, for the 10-Hz
operational frequency, to reduce image persis-
tence to less than 0.04% of the previous expo-
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sure signal level. The linearity response of the
detector was checked with single-element cali-
brated neutral density filters and room temper-
ature CARS spectra at a fixed gain setting. The
detector sensitivity was found to be constant in
the range of 15-10,000 counts. Hence, neither
IPDA related response characteristic con-
tributes significantly to lower temperature bias.
Dye profile spectral shift in long-lasting experi-
mental runs was found to present a problem.
To minimize this effect, an initial fast radial
scan of the CARS optics was performed and
acquired 1000 measurements at each radial
location, which are sufficient to reproduce the
mean temperature and its rms fluctuations.
Later, at selected radial locations, 5000 mea-
surements were taken to obtain detailed statis-
tics. Data reduction with nonresonant refer-
ence spectra acquired before and after the
experiment showed that the dye spectral shift
effect contributes +30 K uncertainty to the
mean deduced temperature in the hot parts
(T > 1000 K) of the flame.

A main source of error is spatial averaging
[22], which biases the temperature to lower
values; this problem is compounded with the
highly nonlinear nature of the biasing. It be-
comes particularly important in the steep tem-
perature gradient parts near the reaction zone
of the flame. PLIF measurements [16] indicate
instantaneous OH thicknesses of 1.13 + 0.15
and 1.70 + 0.5 mm at streamwise locations
x/d = 8.3 and 50, respectively, where most of
the present measurements lie. Furthermore,
the reaction zone itself is expected to be even
thinner than the OH thickness suggests. Such
steep gradients cannot be resolved even with
the nominal spatial resolution of 0.9 mm for
CARS. However, when constructing tempera-
ture pdfs in turbulent flames, the key element
is the probability of the CARS volume contain-
ing the steepest reaction zone gradients; if this
probability is low, which is the case in our
strongly fluctuating flame, the resulting distri-
butions are largely unaffected. At x/d = 8.3
and in the outer, air-rich hot parts of the jet
wings (7' > 800 K) a mean temperature under-
estimate of about 130 K is to be expected. For
x/d = 25, this underestimate can be as low as
60 K. As will be discussed, at the lowest
streamwise location x/d = 4.2 the gradients

are sufficiently steep to alter significantly the
temperature distributions, except near the cen-
terline.

The precision of CARS-deduced tempera-
tures depends also on how accurately experi-
mental parameters such as nonresonant sus-
ceptibility, slit width, and spectral dispersion
are known. A major problem in diffusion flames
is the large nonresonant susceptibility ( y,,) in
the fuel-rich parts of the flame. A two-parame-
ter fit (temperature and the ratio of the probed
species mole fraction to the average molecular
background susceptibility) is then essential to
avoid substantial temperature overestimate
[23]. With a two-parameter fit, the inferred
temperature is largely unaffected by the initial
value of the unknown instantaneous back-
ground susceptibility or composition, as long as
there is a sufficient resonant signal. In our
flame a minimum 14.3% mole fraction for the
resonant nitrogen species is assured at all loca-
tions. An additional complication arises in the
fuel-rich core of the flame with the standard
convolution of CARS spectra. The standard
convolution was found [22] to give slightly
higher temperatures in regions of large non-
resonant background and when the pump laser
linewidth was much greater than the Raman
linewidth of the probed molecule, as is the
case with the multimode pumped laser. We
also observed somewhat higher mean tempera-
tures (by about 30 K) in the fuel-rich core of
the flame, compared with thermocouple mea-
surements, and this is attributed to this effect.
Finally, in sooty flames and when the pump is
the frequency-doubled Nd:YAG radiation, ab-
sorption in the fundamental band of the CARS
radiation by C, (formed by laser vaporization
of soot particles) can cause substantial temper-
ature overestimate when fitting the entire
CARS spectrum is attempted. The small soot
volume fraction of the flame (1.5 x 10°%)
measured with a suction probe does not pose a
serious problem. In [24] a minimum soot vol-
ume fraction of 107® is judged important for
C, absorption related problems.

Random errors are mainly shot-to-shot dye
spectral fluctuations. They were assessed by
calibrating in the 1500~1850-K temperature
range, across a lean (® = 0.84) CH ,~air pre-
mixed laminar flat flame with postflame gas
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radiation heat losses. Measured mean temper-
atures were within 25 K of the numerical pre-
dictions and the rms fluctuations were about
50 K. The random error of 50 K has a minimal
effect on the measured pdf shapes, particularly
in the hot parts of the flame where large
temperature fluctuations (up to 640 K) are
present. The random error at room tempera-
ture can be as high as 20 K..It can therefore
become the most important source of error for
the jet tails, where very low fluctuations are
encountered around an almost room tempera-
ture mean. Finally, beam steering could cause
measurement rejections (and hence a tempera-
ture bias) whenever beam overlap is not at-
tained in the CARS volume. This problem was
not present in this study due to the small
optical path lengths.

The computer code used for the spectra fit
was DACAPO [25]. Four parameters were fit-
ted: the temperature, the ratio of concentra-
tion to nonresonant susceptibility, a frequency
stretch factor, and a frequency shift factor. A
least-squares fit method was used for the nor-
malized measured spectra. An indicator of the
fitting error for each spectrum was the rms
deviation o = [Z (I, — I, )*/(N — D]I*?,
where I, and I ; are the intensities of the
measured and calculated spectra, respectively,
and N is the number of diodes per spectrum.
Requiring o < 0.05, acceptances were about
95%. The fitting errors did not correlate with
the values of the temperature, but rather with
the values of the nonresonant susceptibility. At
the jet core of the lowest streamwise location
x/d = 8.3, the acceptance was somewhat lower
(90%).

Overall, we estimate the combined uncer-
tainty for the deduced mean temperatures to
be about +30 K/ — 70 K in the fuel-rich part
of the flame between the average reaction zone
locations (further referred to as the jet core);
to +40 K/— 20 K in the low temperature
(T < 600 K) parts of the air-rich wings of the
jet flame (further referred to as jet flanks) for
x/d > 16.7, and +80 K/ — 0 K at x/d = 8.3;
to +160 K/ — 0 K for the steep gradient high
temperature regions (7 > 800 K) of the jet
flanks at x/d = 8.3. At the higher streamwise
locations the last uncertainty can be as low as
+80K/—- 0K

NUMERICAL APPROACH

The mathematical model [16] is based on
Favre-averaged transport equations for mass,
momentum, and energy in cylindrical coordi-
nates. For turbulence, a first order closure is
employed with a standard k- model supple-
mented with a correction for round-jet devel-
opment. For chemistry the constrained equilib-
rium model of Bilger and Starner, [26] is
adopted. In this model a pyrolysis flame sheet
for the main fuel is included at §, = &, +
0.018.

As a coupling submodel a presumed shape
(B function) is used for the mixture fraction
pdf P;:

P.(¢) =[T(a + b)/(T(aT(B))]
XM= ¥

where the tilde denotes Favre averaging and T’
denotes the gamma function. First order clo-
sure is applied for chemistry by constructing

modeled transport equations for ¢ and £"2
These in turn determine uniquely the mixture
fraction pdf parameters a and b. The tempera-
ture pdf P, is then obtained [27] as

Pr(T) = P,(&)/\dT/dE |-,
+ P.(&)/1dT/d€ |-, ()

because temperature is a double-valued func-
tion of mixture fraction, 7(&,) = T(§,). The
calculations in Eq. 2 are performed numeri-
cally. The beta function representation of Eq.
1 poses certain limitations in the description of
the physical processes occurring in the jet
flame. It cannot handle an intermittency-
induced delta function at £ =0 and at the
same time a continuous distribution with a
maximum in the range 0 < £ < 1, or zero con-
tributions at both £ = 0 and 1 and a continu-
ous distribution with two local maxima in the
range 0 < ¢ < 1. Bimodal pdf representations
are thus impeded. Finally, although no inter-
mittency was explicitly included in the mathe-
matical model, the notion of intermittency is
maintained throughout the next section. Fur-
thermore, intermittency will be considered in
the fluid mechanical rather than the thermo-
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chemical context; it will thus indicate contribu-
tions from the secondary quiescent flow,
whereas the interactions between the jet and
annulus flows will retain a fully turbulent de-
scription. This approach is particularly useful
in certain areas of the jet flame (in small x/d
for example) where one of the preceding pro-
cesses dominates. Nonadiabaticity was not in-
cluded in the model because gas or soot radia-
tion heat losses were negligible (temperature
drop less than 15 K for x/d < 66.7).

RESULTS AND DISCUSSION

Figure 4 presents radial profiles of CARS mea-
sured and numerically predicted mean temper-
atures and rms temperature fluctuations, as
well as thermocouple mean temperature data,
for seven streamwise locations. Each CARS
data point is the average of over 1000 mea-
surements. This population yields a statistical
confidence on the mean reduced temperatures
ranging from 2 to 18 K whereas the statistical
confidence on the rms temperature fluctua-
tions is about 2.3% of their corresponding val-
ues. CARS measurements are acquired on both
sides of the jet flame to properly determine the
jet width and examine possible asymmetries.
The radial traversing step ranged from 0.5 mm
in the steep gradient parts of x/d = 4.2 to 3
mm at x/d = 66.7. The thermocouple radial
traversing step ranged from 0.5 mm at x/d =
42to 2 mm at x/d = 41.7.

Comparison with Thermocouple Measurements

We first compare CARS and thermocouple
mean temperatures. The thermocouples [16]
were of uncoated 50-um-thick Pt/Rh(6%)-
Pt /Rh(30%) with a bead diameter of 130 wm.
Limitations arise due to chemical (catalytic),
aerodynamic, and thermal effects. Thermal ef-
fects were accounted for by allowing for radia-
tion and conduction heat losses. Conduction
heat loss poses a difficulty at the lowest
streamwise locations with steep temperature
gradients across the thermocouple wires. Cat-
alytic effects can become important in un-
coated thermocouples and particularly in the
fuel-rich flame parts leading sometimes [28] to

substantial temperature overestimates; there is
no evidence of this in the turbulent jet flame.
Aerodynamic effects are difficult to character-
ize; nevertheless, care was taken in the ther-
mocouple positioning to minimize flow field
disturbances.

At the jet core and for x/d > 16.7 tempera-
tures as measured by CARS are higher than
those measured by thermocouples, by as much
as 30 K. This can be attributed, as discussed in
the Experimental section, to the CARS convo-
lution effects in the fuel-rich areas. At x/d =
4.2 and 8.3, however, CARS core temperatures
are lower by 60 and 100 K, respectively. A
possible explanation is that the steeper gra-
dients at the jet core of the lowest two
streamwise locations lead to a spatial averag-
ing-induced low-temperature biasing. This
overtakes the milder high-temperature convo-
lution biasing. Both CARS and thermocouple
measurements show a small increase in mean
peak temperature with increasing x/d, for 16.7
<x/d < 41.7. In this region CARS mean peak
temperatures increase from 1570 to 1620 K.
CARS peak temperatures are higher by as
much as 20 K than their thermocouple coun-
terparts, for x/d > 16.7. For x/d = 4.2 and
8.3, however, CARS peak temperatures are
lower by about 270 and 160 K, respectively.
The last discrepancies are rather large and can
be attributed to low-temperature biasing due
to CARS-induced spatial averaging and to er-
rors introduced during the thermocouple con-
duction correction. Both effects stem from the
higher-temperature gradients encountered at
the lowest streamwise distances. An additional
factor is the relative coarse radial traversing
steps (0.5 and 1 mm at x/d = 4.2 and 8.3,
respectively) in both types of measurements.
The same reason could possibly account for an
observed asymmetry in the CARS and thermo-
couple temperature profiles at x/d = 4.2 and
8.3.

At the jet flanks CARS measurements are
more susceptible to spatial averaging, leading
to low-temperature biasing. A quantification of
this biasing was performed in [22], by adopting
a two-temperature fluid model within the
CARS volume. The modeled CARS tempera-
ture exhibits a defect compared to the thermo-
dynamic mean temperature that depends on
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the chosen pair of low and high temperatures
and the volume fraction occupied by each type
of fluid. For a pair of fluids with temperatures
of 600 and 2200 K, for example, the maximum
defect can be as high as 300 K. Bradley et al.
[29] corrected their single-temperature fit
CARS pdfs (acquired in the reaction zone of a
weakly turbulent premixed flame) using a two-
fluid model avoiding a substantial (450-K) mean
temperature underestimate. Such an approach
was not necessary in this study, because both
our spatial resolution (0.9 mm as opposed to 3
mm in [29]) and the strong turbulent fluctua-
tions in the reaction zone location resulted in
much lower temperature underestimates.
When CARS and thermocouple data are com-
pared in the steep gradient areas of the jet
flanks, two factors must be considered. The
first is the CARS-induced defect from the mean
thermodynamic temperature described previ-
ously; the second is the difference in thermo-
dynamic temperatures due to size disparity be-
tween the CARS probe volume (0.9 mm) and
the thermocouple beads (0.13 mm). The rela-
tive weighting of the second factor is also ex-
pected to decrease with increasing x/d, as
turbulent scales increase.

We can now attempt to assess the effects of
spatial averaging for the lowest streamwise lo-
cation x/d = 4.2. The maximum mean tem-
perature gradient at the jet flanks calculated
from Fig. 4a is about 600 K/mm, and certainly
the instantaneous gradients can be much
steeper. Following [22] we can estimate a maxi-
mum temperature defect of more than 200 K.
In the jet flank areas mean temperatures as
measured by CARS appear lower than those
measured by thermocouples, by as much as 350
K. In the steep gradient areas the temperature
statistics are not reliable except possibly around
the centerline and we shall not elaborate on
the x/d = 4.2 streamwise location. The steep-
est mean temperature gradients decrease
rapidly as x/d increases; typical mean temper-
ature gradients calculated from Fig. 4 are 400
(x/d = 8.3), 220 (x/d = 25.0), and 30 K/mm
(x/d = 66.7). This leads to CARS mean tem-
peratures that are lower than thermocouple
temperatures by about 50-70 K in the jet flank
areas, for all locations x/d > 25. Finally in the
tails of the jet profiles (7 < 500 K) and for

x/d = 16.7 the agreement is very good, with
the thermocouple measurements higher by
about 25 K. For x/d = 83 the agreement is
still good with thermocouple temperatures
higher by about 80 K. Overall, the agreement
between CARS and thermocouple measure-
ments is excellent in the core region of the jet
flames and very good in all other areas, at least
for x/d > 16.7.

Comparison of CARS Measurements with
Numerical Predictions

Two issues are of interest in comparing tem-
perature profiles. The first is the model limita-
tions near the burner, arising from the three
dimensionality of the pilot flames: the flow is
three-dimensional and nonisotropic and can-
not be captured well by the axisymmetric k-
model. The second issue is the underprediction
of jet width spread rate [16]. These facets also
have implications for the thermal jet profiles,
as will be discussed subsequently.

The following comparisons refer to Favre-
averaged predictions. There is no clear demar-
cation, however, as to the specific nature of the
measurements (Favre or Reynolds averaged);
as the density decreases, spatial averaging ef-
fects become more important, resulting in a
low-temperature biasing that could mimic a
Favre-averaged process. We first compare
mean and rms temperature profiles at x/d =
25 (Fig. 4d)—a distance where the thermal jet
width is well predicted. Predicted peak and
centerline mean temperatures are lower than
the CARS values by about 50 K. Except for the
centerline region, core mean temperatures are
overpredicted by about 50 K. Jet flank temper-
atures are underpredicted by as much as 80 K,
partly due to slight jet width underprediction.
Peak computed rms values are in very good
agreement with the measurements (640 K).
Predicted and measured peak rms fluctuations
occur at radial locations corresponding to about
70% of the full height of the mean tempera-
ture profile, and this is also the case for all
values of x/d. The predicted rms profile ex-
hibits kinks at the radial locations of peak
mean temperature for all streamwise distances
x/d < 41.7. The measurements show milder
kinks for 25 < x/d < 41.7, which are more evi-
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dent at x/d = 41.7 and 33.3. It is worth noting
that kinks in the rms temperature radial pro-
files at the radial position of peak mean tem-
perature have been observed to be even more
pronounced, taking the form of local maxima,
in the H, (Re = 8500) jet flame of Drake et al.
[13] at their lowest streamwise location (x/d =
10), as well as in the CH,/H, jet flame of
Dibble and Hollenbach [12] at their highest
streamwise location (x/d = 110), and also in a
lower Reynolds number (Re = 4900) jet flame
of our burner for x/d < 25.

At x/d = 8.3 and 16.7 (Fig. 4b and c, re-
spectively) peak mean temperatures are under-
predicted by about 100 K, whereas at all higher
streamwise locations the underprediction is less
than 50 K, becoming as low as 15 K at x/d =
66.7. Predicted and measured centerline mean
temperatures are within 50 K (see also Table
1). The thermal jet width is overpredicted for
x/d < 16.7 and underpredicted for x/d > 25.
The jet width mismatch is primarily responsi-
ble for the substantial mean temperature dis-
crepancies at the jet flanks (overprediction by
about 400 K at x/d = 8.3 and underprediction
by about 300 K for x/d = 66.7). When the pdf
shapes will be compared in the next section,
this mismatch will be accounted for by a rescal-
ing of the predicted profiles. The predicted
peak rms temperatures are nearly constant for
x/d < 41.7 (655 K), with a somewhat lower
value (630 K) at x/d = 66.7. The agreement
with CARS measurements is very good (within
20 K) for x/d = 25, whereas for x/d < 16.7
predictions are higher by 50-100 K. Centerline
rms temperatures are slightly overpredicted for
x/d > 16.7 (agreement within 20 K), whereas
at x/d = 8.3 the overprediction is about 40 K
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(see also Table 1). Additional factors contribut-
ing to the preceding differences are flame ex-
tinction (frequent in these low streamwise lo-
cations), strain-reduced flame temperatures,
and incorrect turbulent mixing. The measured
maximum rms temperature fluctuations in the
CH, jet flames of Masri et al. [1, 2] were 658 K
(very close to our measured value of 640 K). In
the H,/CH, flame of Dibble and Hollenbach
[12] peak rms values were as high as 475 K. In
the H, flame of Drake et al. [13], as well as in
the lifted CH, flame of Starner et al. [4], peak
rms temperature fluctuations were as high as
750 K.

Overall, the predictions of peak mean tem-
peratures and peak rms fluctuations are very
good for x/d > 16.7 and fair for x/d = 8.3.
Centerline mean temperatures and rms fluc-
tuations are very well predicted at all stream-
wise distances. The jet width is overpredicted
at x/d = 8.3, but its spread rate is underpre-
dicted downstream, resulting in narrower tem-
perature profiles for x/d = 25.

Comparison of Temperature pdf Shapes

Figures 5 to 10 present computed and CARS-
measured temperature pdfs for six streamwise
distances in the range 8.3 < x/d < 66.7. The
majority of the measured pdfs are constructed
from 5000 measurements. The higher popula-
tion gives a statistical confidence on the mean
values better than +9 K. At x/d = 25 (Fig. 7),
the jet width is well predicted. This streamwise
location serves as a reference case for the
introduction of key issues such as flame strain,
extinction, turbulent mixing, and intermittency,
which are relevant to all other locations. The

TABLE 1

Measured and Computed Centerline Temperature pdf Parameters.*

x/d Mean rms Skewness Kurtosis

8.3 354 381 112 114 2.15 2.20 8.6 8.3
16.7 640 594 188 182 0.58 0.96 3.3 4.1
25.0 900 840 192 204 0.66 0.61 3.8 35
333 1080 1036 195 209 0.72 0.47 3.7 33
41.7 1150 1192 184 217 0.67 0.38 39 31
66.7 1578 1571 235 238 0.19 0.03 31 2.7

aThe first column in each entry corresponds to CARS-measured pdfs.
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Fig. 5. Measured (open rectangles) and predicted (dashed
lines) temperature pdfs at x/d = 8.3. (a), (c), and (d) were
constructed from 5000 measurements and (b) was con-
structed from 1000.

radial distances for the predicted pdfs of Fig. 7
are shorter than the corresponding measured
ones except near the centerline. As shown in
Fig. 4b a small radial stretch (0.2-0.9 mm) of
the predicted profiles is needed to attain a
mean temperature profile match. This stretch
also yields a better rms fluctuation profile
match.
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Fig. 6. Measured (open rectangles) and predicted (dashed

lines) temperature pdfs at x/d = 16.7. (b)—(f) were con-

structed from 5000 measurements and (a) was constructed

from 1000.

1600 2400 ¢ : 00

M‘!‘Uﬂm

800 1600 24 ' 1600 3400

‘(f) r=15.7mm|
|

800 1600 2400
TK)

Fig. 7. Measured (open rectangles) and predicted (dashed
lines) temperature pdfs at x/d = 25. All pdfs were con-
structed from 5000 measurements.

Figure 7a shows the centerline pdfs. The
predicted pdf has been shifted by +60 K to
account for the lower mean predicted tempera-
ture, because no radial stretch is possible at
the centerline. A temperature shift of +50 K
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Fig. 8. Measured (open rectangles) and predicted (dashed
lines) temperature pdfs at x/d = 33.3. (b)—(f) were con-
structed from 5000 measurements and (a) was constructed
from 1000.
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Fig. 9. Measured (open rectangles) and predicted (dashed
lines) temperature pdfs at x/d = 41.7. (a) and (c)—(f) were
constructed from 5000 measurements and (b) was con-
structed from 1000.

was also applied for the predicted pdf of Fig.
7b. The agreement between measured and pre-
dicted centerline pdfs is excellent. The predic-
tions capture the mild skewness toward the hot
side and only a narrow zone around the most
probable temperature is underpredicted. Fig-
ure 7b—d are in the jet core region. Computed
and measured pdfs become more asymmetric
with increasing radial distance and their agree-
ment is again very good. At various spatial
locations the computed pdfs exhibit delta func-
tions near the adiabatic flame temperature T;
=~ 2200 K (see, for example, Fig. 7d). This is
because near the stoichiometric location (¢’ =
&) Eq. 2 reduces to a single-valued function of
g, PiT(&N] = B(£)/|dT/d€s- g, with
|dT/d€|¢- ¢ becoming zero. The strength of
this delta function in a temperature pdf con-
structed at a spatial location x shows the prob-
ability of the reaction zone (&' = &) to be
located at x. Two comments can be made in
this regard. First, CARS measurements clearly
cannot resolve the reaction zone, and even if
such a delta function existed, it would have
smeared out in the measured pdfs. Second, at
the streamwise location of Fig. 7, the strain
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Fig. 10. Measured (open rectangles) and predicted (dashed
lines) temperature pdfs at x/d = 66.7. (b), (d), and (f)
were constructed from 5000 measurements; (a), (c), and (e)
are constructed from 1000.

rate is large and extinction is frequently en-
countered, as discussed in the Experimental
section. Strain could thus redistribute the flame
temperature population in a range of lower
temperatures, and in the event of extinction to
the lowest temperatures, result in a spread of
the predicted spike. An equilibrium model, of
course, cannot account for these effects. The
discontinuity appearing in the predicted pdf
shapes close to the flame temperature is due to
the discontinuity in d7/d§ at the fuel decom-
position flame sheet (£ = ¢.). The low-
temperature population (293-600 K) of Fig. 7d
is underpredicted. It could be attributed to the
inability of the model to account for extinction
and/or to overprediction of turbulent mixing.
These effects cannot be discriminated due to
lack of simultaneous mixture fraction informa-
tion.

Figure 7e is located at the peak mean tem-
perature, which closely corresponds to the lo-
cation of the average reaction zone. The entire
allowable temperature domain from roem tem-
perature to flame temperature is now popu-
lated in both pdfs. The measured pdf ap-
proaches a bimodal shape, but the predicted
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pdf shape, although qualitatively correct, does
not capture this behaviour due to a population
excess in the 900-1400-K range. It would thus
appear that as bimodality is approached, the
ability of a two-parameter B function pdf
model to capture the details of the pdf shape is
reduced. Figure 7f corresponds to the jet tail.
The predicted room temperature delta func-
tion bears the contribution of two factors. The
first is the initial (x/d = 0) pdf shape of P,
which is a double delta function at ¢ = 0 and
&€ = 1. As P; evolves downstream, the areas of
both delta functions are reduced through tur-
bulent mixing. The second factor is_the inter-
mittency-induced delta function on P; at £ = 0.
Both pdf shapes of Fig. 7f are in good agree-
ment; an exception is the predicted strength of
the delta function at 293 K. The random error
of +20 K in the cold parts of the jet could
account to a large extent for the observed
difference by redistributing the measured room
temperature population fraction over a some-
what larger range. In addition, Favre averaging
emphasizes the cold delta function contribu-
tion compared to Reynolds averaging (as also
noted in [30D and our measurements at such
low temperatures are closer to Reynolds aver-
aging. Another factor contributing to the dis-
crepancy is the underprediction of turbulent
mixing. The contribution from intermittency is
not significant at x/d = 25, because turbulent
eddies have not grown sufficiently to entrain
secondary air flow. Overall the agreement be-
tween measured and predicted pdf shapes at
x/d = 25 is impressive given the model limita-
tions in both turbulence and chemistry. The
agreement is particularly good in the jet core
zone. Chemistry models have appeared [31]
that close the mean reaction rates by assuming
a joint Gaussian pdf for the temperature and
species mass fractions. The marginal pdf of
temperature is hence Gaussian and, as Fig. 7
suggests, this is consistent with our findings
only around the centerline.

We further discuss pdf shapes at other
streamwise locations, starting with the center-
line pdfs. Table 1 provides the first four mo-
ments for the measured and computed center-
line pdfs. The measured pdf at x/d = 8.3 is
highly skewed, with a skewness of 2.15, but as

x/d increases, the measured pdfs become more
symmetric and reach a skewness of 0.19 at
x/d = 66.7. The measured kurtosis falls from
86 at x/d =83 to 3.1 at x/d = 66.7. The
skewness and kurtosis for a Gaussian pdf are
0.0 and 3.0, respectively. It thus appears that
measured pdfs approach a Gaussian shape with
increasing x/d. There is debate [32] as to
whether the joint thermochemical scalar pdf
evolves to a Gaussian shape, at least for nonre-
acting cases. Predicted and measured pdf
shapes at all other values of x/d exhibit the
same good agreement with that of the refer-
ence case (x/d = 25) discussed previously.
Figures 8~10 present temperature pdfs for x/d
> 33.3. Radial distances have been stretched
out by as much as 6.0 mm (Fig. 10f) to attain a
thermal profile match. Centerline and core pdfs
are again very well predicted, whereas mea-
sured pdfs at the peak mean temperature loca-
tion (Figs. 8c and 9d) are nearly bimodal and
not well reproduced by the predictions. In the
upper parts of the jet flank locations (Figs. 8d,
9e, and 10e), measured pdfs are nearly uni-
form. At the jet tails the measured pdfs attain
an almost triangular shape (Figs. 8¢, f and 9f)
with overprediction of the room temperature
population. This suggests that the model could
underpredict not only turbulent mixing, but
also the intermittency factor, because at x/d
> 33.3 turbulent eddies are large enough to
entrain secondary flow in certain parts of the
jet. Pdfs at the lowest streamwise distances
x/d = 8.3 and 16.7 are presented in Figs. 5 and
6, respectively. Centerline measured and pre-
dicted pdfs at x/d = 8.3 (Fig. 5a) are in very
good agreement with each other and nearly
triangular in shape. The high temperature (T
> 2000 K) population fraction measured at the
jet flank locations of Figs. 6e and 5c is smaller
than the corresponding fraction at the jet flanks
of higher streamwise distances (see, for exam-
ple, Figs. 8d, 9¢, and 10f). Two possible reasons
contribute to this. The first is the steeper tem-
perature gradients at x/d < 16.7, leading to a
more pronounced CARS spatial averaging
which depletes the higher temperature popula-
tion. The second is the increased strain rate
which leads to strain-reduced flame tempera-
tures and flame extinction—effects frequent at
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these locations but not captured by a con-
strained equilibrium model.

CONCLUSIONS

Temperature fluctuations have been mapped
in a turbulent natural gas-fueled piloted jet
diffusion flame with a fuel jet exit Reynolds
number of 9700. These were compared with
thermocouple measurements and with the pre-
dictions of a numerical model employing a k-&
model for turbulence and a constrained equi-
librium model for chemistry along with a pre-
sumed shape (B function) for the mix-
ture fraction pdf. The key conclusions are as
follows:

1. Comparison with thermocouple mean tem-
peratures at x/d > 16.7 shows very good
agreement (within 60 K) in regions of mod-
erate temperature gradients (jet core). At
the steeper temperature gradient jet flanks,
however, spatial averaging leads to CARS
mean temperatures lower than the corre-
sponding thermocouple ones by 100 K at
x/d = 16.7 and by as much as 50 K for
x/d = 33.3. At x/d = 8.3, jet core temper-
atures are still in very good agreement
(within 50 K) whereas for those at the peak
and jet flank the agreement is fair (within
150 K.

2. CARS-measured peak mean temperatures
are constant within 20 K around 1550 K in
the range 8.3 <x/d < 41.7 and they in-
crease to 1700 K at x/d = 66.7. Peak mea-
sured temperature rms. fluctuations are
about 640 K and they occur at radial dis-
tances corresponding to approximately
70% of the full jet height, for all stream-
wise distances. Centerline rms temperature
fluctuations are nearly constant (around
190 K) for 16.7 <x/d < 41,7 and finally
attain a value of 230 K at x/d = 66.7.

3. Comparisons of CARS-measured and nu-
merically predicted radial temperature
profiles show very good agreement be-
tween peak and centerline mean tempera-
tures, as well as peak and centerline rms
temperature fluctuations for streamwise
distances x/d = 16.7, and fair for x/d =
8.3.

4. Measured centerline pdfs are nearly trian-
gular at x/d = 8.3, becoming more sym-
metric as streamwise distance increases and
finally evolving to a Gaussian shape as
computed higher moments suggest. Pdf
shape predictions at the centerline are in
excellent agreement with the measure-
ments.

5. Measured temperature pdfs exhibit a wide
range of shapes. They are nearly symmet-
ric at the jet core with their shape very
well predicted by the model. Close to the
average reaction zone location the mea-
sured pdfs are nearly bimodal and the
agreement with predictions is only qualita-
tive, primarily due to the inability of the
beta function to represent bimodality. At
the higher temperature parts of the jet
flanks the measured pdfs can be nearly
uniform, whereas at the jet tails they be-
come triangular. In these regions pdf pre-
dictions are very good except for the room
temperature zone. Chemistry models em-
ploying Gaussian joint pdfs for the thermo-
chemical scalars are consistent with the
measurements only in the narrow zone
around the centerline and for x/d > 16.7.
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