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Laser Measurements on Nonpremixed H2-Air Flames
for Assessment of Turbulent Combustion Models

Michael C. Drake, Robert W. Pitz, and Marshall Lapp
General Electric Company, Schenectady, New York

L Introduction

MOST practical combustion devices are turbulent non-
premixed flames. The development of appropriate

computer models1"3 for practical combustors holds the po-
tential for their computer-aided design with lower develop-
ment costs, higher fuel efficiencies, lower emissions, and
wider fuel specifications. However, to be reliable over a wide
range of conditions, such models should be based upon a
fundamental, quantitative understanding of fuel/air mixing
and chemical reactions. Considerable progress has been
made in modeling fuel/air mixing processes (particularly in
larboratory-scale turbulent nonpremixed flames) using prob-
ability density functions (pdf) of a conserved scalar variable
to account for turbulent fluctuations1"4 and Favre averaging
to account for density variations.5 However, the empirical
correlations used in the model still rely on comparisons with
experiments in nonreacting flows. A better understanding of
the analogies between reacting and nonreacting flows and
their deviations can result from detailed experiment/model-
ing comparisons in turbulent nonpremixed flames. Measure-
ments of at least some of the key model variables (such as
pdf's of conserved and reactive scalars, Favre and conven-
tional averages and fluctuations, inter mitt ency, extent of
reaction, scalar fluxes, gradients, and correlations) are useful
to directly test the model assumptions. This level of
understanding is required to model turbulent chemistry in-

teractions realistically or to predict in a fundamental way the
stability limits (blowoff and relight) or the formation and
emission of pollutants such as carbon monoxide and nitric
oxide.3

Because of the problems in making detailed measurements
in practical combustors and the difficulties in modeling their
complex geometries and flow patterns, the development and
testing of quantitative combustion models is based upon
detailed comparisons with quantitative experimental data in
well-controlled, laboratory-scale, nonpremixed flames
operated over a range of known initial conditions. However,
few comprehensive measurements have been attempted even
in laboratory-scale nonpremixed flames because of the dif-
ficulties in obtaining data having sufficient temporal and
spatial resolution, without significantly perturbing the flame
under study. Fortunately, recent advances in laser measure-
ment techniques6 and, in particular, in pulsed Raman scat-
tering, laser velocimetry, and fluorescence imaging have
greatly expanded the experimental capabilities to make
nonperturbing quantitative measurements in nonpremixed
reacting flows.

This paper summarizes detailed experiments reported
previously4'7"12 and presents new experimental results
characterizing four H2-air jet diffusion flames. Admittedly,
H2 jet diffusion flames do not possess some elements of
practical combustor systems (e.g., swirl, recirculation, corn-
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plex geometries, sprays, hydrocarbon kinetics). However,
they do contain key aspects of turbulence/chemistry interac-
tions (i.e., turbulent fluctuations, high heat release, and
large density variations) in a simple system where the tur-
bulent fluid mixing and the chemistry are reasonably well
known as separate issues. Thus, they are ideal for in-
vestigating the effects of turbulent mixing on chemistry and,
in turn, the effect of chemical heat release on turbulent mix-
ing and are, therefore, useful for analyzing models that in-
clude these effects.

Three aspects of this work are emphasized:
1) Data suitable for detailed model comparison are

presented from a variety of experimental laser-based tech-
niques on the three types (laminar, transitional, and tur-
bulent) of H2 jet diffusion flames in a coflowing airstream.
The data include the initial conditions, the qualitative and
quantitative imaging (schlieren, shadowgraph, and planar
OH fluorescence), and the probability density functions of
velocity (laser velocimetry), temperature, density, major
species concentrations, and mixture fraction (Raman). Favre
(density weighted) and conventional means and variances are
determined along with intermittency and conditional means
and variances.

2) The data are analyzed to address specific modeling
issues such as the importance of "coherent" structures, reac-
tion zone shapes, intermittency, and conditional averaging.
Qualitative differences between nonreacting and reacting jets
are assessed with regard to scale size, half-widths, averages,
and fluctuation intensities of reactive and conserved scalars,
pdf shapes, intermittency, and conditional averaging.

3) Correlations of temperature and major species concen-
trations and comparison with simple thermodynamic models
are used to demonstrate that two processes (differential dif-
fusion and finite-rate chemistry) are important in these
flames.

II. Combustor Design and Initial
Condition Measurement

A jet diffusion flame combustor has been designed for
these fundamental studies on nonpremixed combustion.7'8'12

The combustor provides reproducible, well-characterized
nonpremixed flames, large optical access with little optical
distortion for laser diagnostic techniques, access ports for
measurements requiring solid probes, and three dimensions
of translational motion for flame profile studies with fixed-
bed optics. The configuration of a central jet of hydrogen
fuel surrounded by a coflowing stream of air was chosen
because it:

1) Provides well-characterized and reproducible mixing
generated by shear turbulence between the two gas streams.

2) Permits variation of turbulence levels by changing the
initial velocities of the gas streams.

3) Is amenable to relatively simple theoretical fluid mech-
anic modeling techniques because the flow is parabolic with
well-defined inlet conditions.

4) Provides simplified chemical kinetics through use of H2
fuel.

5) Has been studied extensively by physical probe tech-
niques (as, for example, by Kent and Bilger13'14).

Since the characteristics of the turbulent diffusion flame
combustor have been discussed in previous publications,7'8'12

only a few details are given here. The combustor tunnel

Table 1 Flow conditions for hydrogen/air flames

utilized has a 3.2 mm i.d. fuel tube centered axially in a
15 x 15 cm square by 1 m long test section. The fuel velocity
is controlled by calibrated critical flow orifices and the
velocity of the surrounding, coflowing airstream by a ser-
vocontrol on the exhaust fan. The rms turbulence in the
airflow was found to be acceptably low (-0.2%) by hot-wire
anemometry. The test section and some of the laser Doppler
velocimeter (LDV) and Raman instrumentation are shown in
Fig. 1. The use of four flat Pyrex windows provides a max-
imum clear viewing area with a minimum of optical distor-
tion for schlieren, shadowgraph, and fluorescence imaging.
The test section (along with the inlet section) have been made
moveable in three dimensions in order to permit flame pro-
file studies using LDV and Raman techniques with fixed op-
tic arrangements. This choice facilitates maintenance of the
demanding optical alignment and tracking required, par-
ticularly for experiments where both laser velocimetry and
pulsed Raman measurements are used simultaneously. Posi-
tioning accuracy of —0.2 mm is obtained using precision
screw drives and dial indicator readouts.

The Pyrex windows in Fig. 1 are mounted in aluminum
frames that can be easily removed. Additional frames con-
tain aluminum plates with ~ 5 cm diam Suprasil windows or
a segmented 0.1x0.89 m quartz window for ultraviolet
fluorescence imaging, a series of pressure taps for axial
pressure drop measurements, or ports for inserting physical
probes (hot-wire anemometers, thermocouples, gas sampling
probes). Physical probes can also be inserted through the
combustor sidewalls downstream of the Pyrex windows, as
shown in Fig. 1.

The measured initial conditions for the four H2-air diffu-
sion flames investigated are summarized in Table 1. The
average velocity of the fuel jet Uj is determined from
volumetric flow measurements using calibrated critical flow
orifices. The exit axial velocity of the jet at the flame
center line (Uj)c and the inlet velocity of the airstream Ua are
determined from radial profiles of axial velocity and fluctua-
tion intensities measured 1 mm downstream of the fuel tip
(x/d=0.3) using laser velocimetry. The tunnel air velocity
profile is flat to within ±2%. The measured jet exit velocity
profiles for the Re =1600 and 5200 flames are similar to
those expected for laminar and turbulent pipe flow, respec-
tively (i.e., the ratios of the centerline velocity to the average
jet velocity are 2.0 and 1.4 compared to expected values of
2.0 and 1.3).15

The exit velocity profile of the jet was not measured in the
Re = 8500 flame because the high expected centerline velocity
(Uc — 1.3 Uj = 370 m/s) and its correspondingly high Doppler
frequency made such measurements unreliable. Based upon
the Re = 5200 profile results, the Re = 8500 initial profile

Re

660
1600
5200
8500

Flame
type

Laminar
Transitional
Turbulent
Turbulent

Uj,
m/s

22
53.6

174.2
285

va,
m/s

9.3
8.8

13.3
12.5

U,/Ua

2.4
6.1

13
22.8

dp/dx,
(Pa/m)

~0
-10
-32
-51 Fig. 1 Combustor test section with laser velocimetry and Raman

scattering optics.
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Fig. 2 Pulsed laser schlieren images'of nonpremixed H2/air flames
studied showing laminar (1?£ = 660)? transitional (/te = 1600), and
turbulent (/te = 5200 and 8500) flame structure.
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Fig. 3 Pulsed laser shadowgraph images of nonpremixed H2/air
flames.
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Fig. 4 Planar OH images of reaction zone structures in nonpremixed
H2/air flames (gray scale indicates relative molecular OH concentra-
tion). The bottom of each frame corresponds to the combustor
centerline and the image viewed is 30x30 mm; each pixel cor-
responds to a volume of 0.3 x 0.3 X 0.4 mm. Color photographs are
shown in Ref. 9.

should have close to a turbulent pipe flow profile as well.
The axial pressure gradients were measured by a series of

14 wall pressure taps on the combustor centerline. The
pressure gradient measurements were checked by LDV
measurements of the gradient in the freestream velocity Ufs
using the expression for conservation of momentum along
the axial dimension .x,

(1)

assuming inviscid fluid and no transverse velocity gradients.
The computed pressure gradient determined by Eq. (1) for
the Re = 8500 flame was -49 Pa/m, which is in agreement
with the value -51 Pa/m measured by the pressure taps.

III. Flame Imaging Results
Imaging techniques (schlieren, shadowgraph, and planar

OH fluorescence) were used to characterize the four flames
qualitatively. Schlieren images are shown in Fig. 2 with each
image corresponding to a 100x150 mm area. The central
fuel tube is visible in each farthest left photograph. The
shadowgraph photos in Fig. 3 correspond to a smaller
75 x 80 mm imaged area. Each schlieren and shadowgraph
image was obtained with a 1 jus exposure from a laser
pumped by a flash lamp.

The laminar structure of the Re = 660 flame close to the
fuel nozzle is clearly evident in both the schlieren and
shadowgraph photos, but far downstream some instabilities
are observed. The transitional flame (Re= 1600) shows an in-
itial laminar region with a sharp break (most evident in the
schlieren photo) at x/d~40 followed by a more turbulent
region. Schlieren movies indicate that the transition point
rapidly fluctuates from 12 <*/£/< 50. The time-averaged in-
duction length from these data is 34 diam, in agreement with
the 28 diam value measured by Takeno and Kotani16'17 at the
same Reynolds number. Although both the Re = 5200 and
8500 flames are turbulent, there is a marked decrease in tur-
bulence length scales in the higher Reynolds number flame.
Attempts to further increase the H2 flow velocity resulted in
flame blowoff.

In nonreacting flows (i.e., substituting helium for the
hydrogen fuel), the schlieren images show much smaller scale
sizes in turbulent flows and a much shorter induction length
in transitional flows, in agreement with similar observations
by Takeno and Kotani.17 The results are in accord with the
suggestions by Hottel and Hawthorne18 that combustion
changes jet flame structure by increasing viscosity and
decreasing the Reynolds number. Therefore, heat release
during combustion results in " laminarization" of transi-
tional and turbulent jet diffusion flames.19

Although schlieren and shadowgraph images provide
qualitative indications of flame type and scale size, the rela-
tionship of these data to quantitative information is made
complicated by the line-of-sight averaging of these tech-
niques. For a more quantitative visualization of reaction zones
in these flames, planar laser induced fluorescence of OH
molecules is used.9 The OH molecules are excited by a thin
(<0.4 mm) sheet of light from a single pulse (10 ns, 3 mJ) of
a dye laser tuned to a specific OH absorption frequency (310
nm) and detected using a two-dimensional image-intensified
photodiode array camera. The intensity of the fluorescence is
approximately proportional to the concentration of OH
molecules present. Since OH molecules are predominately
found in reaction zones of nonpremixed flames, planar OH
fluorescence is an excellent indicator of reaction zone loca-
tions and shapes.

Representative examples of OH images in the laminar and
turbulent flames are shown in Fig. 4. The optics were ar-
ranged so that the camera viewed an area of 30 x 30 mm and
the viewing field was adjusted so that the bottom edge of
each view corresponded with the centerline of the flame.
Thus, each element of the lOOx 100 array detector detected
OH fluorescence from a sample volume of 0.3x0.3x0.4
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mm. The maximum OH levels (light areas) correspond to ap-
proximately 6xl016 molecules/cm3.

Figure 4 shows representative images from each of the
three flames at each of the three positions investigated. Com-
paring the results of many different images at the same
flame location demonstrates that laminar flames give smooth
reaction zones that have little variation in width or position.
The turbulent flame shows markedly different reaction zone
shapes, widths, and positions from one measurement to the
next. The most probable reaction zone width is smaller in the
turbulent flame than in the laminar flame (i.e., —2.1 vs
— 5.0 mm at x/d =50) because of the flame front stretching
due to increased shear forces. The average reaction zone
widths in each flame increase with increasing distance
downstream. A continuously connected reaction zone was
observed in qualitative agreement with a "stretched laminar
flamelet" model20'21 at all flame locations studied except far
downstream (x/d-150) in the Re = 8500 flame. At that
flame location, approximately half of the 90 images taken in-
dicate the absence of any continuous reaction zone from one
side of the frame to the other (perhaps indicating either the
breakup of the flame sheet or a burnout of the fuel).

Large-scale "coherent" (taken in this context to mean
organized, regular, repetitive) structures have been ex-
perimentally observed by others22'23 in turbulent nonreacting
and reacting shear flows (i.e., mixing layers, boundary
layers, and early regions of jets and wakes). Although there
appears to be little controversy that large-scale structures are
present in all regions of turbulent jet flames and that they
can have an important influence on fuel/air mixing, the
coherence of these structures in the downstream regions of
turbulent jet diffusion flames remains open to question. As
Yule24 has stated. "The ease with which coherent laminar
vortex-type structures can be visualized in low Reynolds
number transitional or artificially stabilized turbulent flows
can lead to the tempting, but often unsubstantiated, use of
the data...to describe the structures of the fully turbulent
regions of the same flows."

Large-scale vortex-like reaction zone shapes are observed
in the OH fluorescent images of turbulent H2 jet flames (see
Fig. 4). However, the limited data that are currently
available in this study9 show no conclusive evidence for
repetitive "coherent" structures in the downstream regions.
In our view, the large-scale structures that are present may
not be inconsistent with the classical views of turbulence25

nor with the usual Eulerian modeling approaches. Clearly,
more work using planar laser-induced fluorescence imaging
as well as other laser techniques is required to determine the
importance of coherent structures in turbulent reacting
flows.

IV. Reactive Scalar Measurements
Laser Velocimetry

The laser velocimetry measurements were made with a
dual-beam, real-fringe optical configuration, a 100 MHz
period counter, and a digital oscilloscope interfaced to a
minicomputer.12 Fuel and air streams were independently
seeded with nominal 1 /*m diam alumina particles. The
velocity measurements in the Re = 1600 flame are 4096 point
averages and those in the other flames consist of 2048 point
averages.

The axial decay of excess centerline axial velocity U (defined
as the average axial velocity on the centerline minus the free-
stream axial velocity at the same x/d position) normalized by
the initial excess velocity measured close to the nozzle at
x/d- 0.3 is shown in Fig. 5. The results are compared with the
decay of Favre-averaged mixture fraction £ measured by
Raman scattering in these flames as reported by Drake et al.4
(Raman scattering results are discussed in more detail in the
next section.) Qualitatively, in the transitional Re = 1600 flame,
the excess velocity decays more slowly than the mixture frac-

tion. (Note, however, the rapid decay in excess velocity in the
Re = 1600 flame between x/d =25 and 50.)

In the turbulent Re = 5200 and 8500 flames, the decay of
excess velocity and Favre mixture fraction are nearly equal
with an initial dependence of ~x~2/3. Farther downstream
(x/d> 150), both the excess velocity and Favre mixture frac-
tion decay much more rapidly (~jc~5/3 and ;c~3, respec-
tively). The same trend in the centerline velocity was observed
in a coflowing H2-air jet diffusion flame by Glass and
Bilger,26 who found that the excess velocity decays in the
same way as x~2/3 in the main flame regions (x/d=50 to 150)
and ~#~3/2 far downstream (x/d> 150). These results are
quite different from nonreacting turbulent round jets into
still air27 that decay as x~l or from nonreacting turbulent
coflowing round jets that decay like a jet initially (~x~l)
and then decay less rapidly as a wake downstream
(~jt~2/3).28"31 The decay observed far downstream in the
flames is close to that measured in nonreacting plumes with
a slope of -5/3 (see Ref. 27, pp. 32-37).

The centerline decay of axial velocity fluctuation intensity
(U'2)V2/U is compared in Fig. 6a with the Favre-averaged
mixture fraction fluctuation intensity (£"2)' /2/£ reported
previously.4 The turbulent Re = 5200 and 8500 flames have a
constant centerline fluctuation intensity of between 0.18 and
0.20 at x/d< 100. Farther downstream (x/d> 100), the fluc-
tuation intensities rapidly increase. The difference between
the excess velocity and Favre mixture fraction fluctuation in-
tensities in the downstream region (see Fig. 6a) is primarily
due to the density weighting (Favre averaging). For example,
the conventionally averaged mixture fraction fluctuation in-
tensities have values much closer to the conventionally
averaged excess velocity fluctuation intensities in intermittent
regions of the Re = 8500 flame.

The present measurements of axial velocity fluctuation in-
tensities in turbulent H2 flames are shown in Fig. 6b to be in
good agreement with previous measurements in turbulent jet
diffusion flames with H2

26-32-35 and with H2/argon fuels.36'39

In Re = 11,200 H2 flames with axial pressure gradients of
- 18 and - 102 Pa/m, Starner and Bilger32 measured a nearly
constant value of 0.2 for excess velocity turbulent intensities
in both flames at axial locations between 40 and 80 diam.
Farther downstream, Starner and Bilger measured higher in-

1.0 G-
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5200 A
8500 D
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Fig. 5 Axial centerline profile of excess axial velocity u normalized
by its initial value w 0 3 measured at x/d = 0.3. Data compared to
Favre-averaged mixture fraction £ profile in the Re = 1600 and 8500
flames.4
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a) Data compared to fluctuation intensity of Favre-averaged mixture
fraction f profile in the lte = 1600 and 8500 flames.4

.3 -

NONREACTING
JETS

$ •!*
dP/dx

* H2 -18 Starner & Bilger 1980
A H2 -32 Drake, Pitz & Lapp 1984
a H2 -51 Drake, Pitz & Lapp 1984
+ H2 -102 Starner & Bilger 1980
• Ha/Ar Driscoll et al. 1980

SO 100
x/d

150 200

b) Data compared with fluctuation intensities of axial excess velocity
measured by others in nonreacting jets and in H2 and H2/Ar jet
flames as a function of axial pressure gradient.

Fig. 6 Axial centerline profile of the fluctuation intensity of excess
axial velocity.

tensities, particularly for the flame with the more negative
pressure gradient. In this downstream region of the present
Re = 5200 and 8500 flames (with axial pressure gradients of
-32 and -51 Pa/m, respectively), the measured fluctuation
intensities (Fig. 6b) lie between the results from the two
flames studied by Bilger and Starner. The turbulence intensity
measurements in a H2/argon flame by Driscoll et al.36 are
also in excellent agreement when the difference in flame
length (x/d-60 compared to -150 in H2 flames) is used to
scale the axial distance.

The nearly constant value of 0.19 measured here at
x/d< 100 for turbulent flame axial velocity fluctuation inten-
sities is in reasonable agreement with mixture fraction fluc-
tuation intensities measured in the same flame by Raman
scattering.4 Somewhat larger mixture fraction fluctuation in-
tensities (0.3-0.4) were estimated by Kent40 from the
copresence of hydrogen and oxygen in the sample probe
volume of the Re=l 1,200 flame. The very large mixture
fraction fluctuation values (>0.4) measured by Mie scatter-
ing techniques41 are very likely erroneous.4

In nonreacting turbulent jet flows into still air, the values
of fluctuation intensities of excess velocity42 and jet fluid
concentrations43 are also equal to each other, although their
value tends to be higher (0.28-0.29).27'42'45 In nonreacting,
coflowing turbulent jets,28 the centerline temperature scalar

5or

100

x/d

150 200

Fig. 1 Axial dependence of Ru the radius at the one-half excess
velocity point. The straight line is for a jet in still air (UJUa = oo).
The other solid lines are predictions for nonreacting coflowing jets
according to a correlation by Abramovich44 at three values of
Uj/Ua = W, 13, 23. The data from H2/air jet flame is: n /te = 8500,
Uj/Ua=23; A /te = 5200, Uj/Ua = l3 from this work; and o
Re = 11,000, Uj/Ua = lQ from Glass and Bilger.26

fluctuation intensities are 0.16-0.21, which is close to the
values for fluctuation intensities found in the near field of
the jet flame. The centerline velocity fluctuations in the
nonreacting coflowing turbulent jets28'45 are 0.2-0.3 in the
near field (the "jet-like" zone) and increase to 0.3-0.5 far-
ther downstream (the "wake-like" zone). The same trends
are observed in the present coflowing jet flame data in Figs.
6a and 6b.

The trends in excess velocity fluctuation intensities in the
transitional (jRe=1600) flame shown in Fig. 6a are more
complex. Near the jet very low values are observed, while in
the region x/d = 25-5Q very high (-0.35) values are mea-
sured. Farther downstream (x/d>50), a smooth decay in
fluctuation intensity is observed, in close agreement with that
for Favre mixture fraction. The fluctuation intensities for ex-
cess velocity and Favre mixture fraction are equal to each
other in this flame as well (except at x/d = 50). Unfortunately,
Raman measurements were not made at x/d<50 in the
Re= 1600 flame.

The trends in fluctuation intensity measured in the
Re= 1600 flame are consistent with the rate of excess velocity
decay shown in Fig. 5 [i.e., shallow rates of decay at
x/d<25 and >75 in Fig. 5 correspond to regions of low
fluctuation intensity in Fig. 6a and very rapid decays
(x/d=25-50) in Fig. 5 correspond to regions of high fluctua-
tion intensity]. It is likely that the high fluctuation intensity
is a result of axial oscillation (x/d= 12-50) in the transition
point between laminar and turbulent flow for this transi-
tional (Re =1600) flame.

The variations of Ru, the half-radius of the jet at the one-
half excess velocity point, for the present turbulent Re- 5200
and 8500 flames and the £e=l 1,000 flame of Glass and
Bilger26 are shown in Fig. 1'. The flame results are compared
to a correlation developed from an integral analysis of a
nonreacting coflowing jet by Abramovich (see pp. 195-197 of
Ref. 44). This correlation fits the nonreacting coflowing jet
data of Antonia and Bilger45 to within ±5% for x/d>30.
The correlation is plotted in Fig. 1 for the velocity ratio of
the three flames Oj/U0 = lQ, 13, and 23. The straight line
shown in Fig. 1 is for the growth of a nonreacting jet into
still air that has a slope of 0.0891 (mean value determined
from a collection of growth data given by Rodi27). In all the
reacting jet flames, the half-radius increases more slowly (as
much as 20-25% in the far field) than in the corresponding
nonreacting cases. This decrease could be due to the
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laminarization in the turbulent flame zone19 that occurs near
the boundary of the H2/air jet. This lowered growth rate
due to reaction is similar to that found in a reacting shear
layer formed behind a rearward facing step, where the edge
of the shear layer defined by the velocity field grew more
slowly into the premixed reactants with reaction than
without reaction.46 Half-radii of nonreacting coflowing jets
grow as a jet (~x) initially and like a wake (~xl/3) farther
downstream. The power law dependencies of the growth
rates from the flames shown in Fig. 7 have been analyzed
and lie between these two limits. The Re = 8500 and 5200 flames
with higher values of Uj/U0 (23 and 13, respectively) grow like
xl/2 in the far field. The Re = 11,000 flame of Glass and Bilger26

has a lower value of Uj/U0 and approaches the growth rate of a
wake in the far field ( ~ X A ) .

Both Favre averaged R^ and conventionally averaged R$
mixture fraction half-radii have also been measured in the
Re =1600 and 8500 flames using Raman scattering. In the
Re = 8500 flame, the measured ratio R^/R^ is approximately
1 near the nozzle and —0.8 downstream at x/d > 100. The
reason for the differences in half-radii stems from the defini-
tion of Favre averaging, which is

(2)

Using simultaneous Mie scattering and laser velocimetry,
Starner and Bilger35 have shown that the correlation p 'J' is
always negative in turbulent H2 flames (which gives £ < £ )
and the ratio of £: £ decreases at the edges of the flame (so
that/?£</?$).

The conventionally and Favre-averaged velocity are related
in a similar way,

fu' Ip (3)

Starner and Bilger35 have also shown that p'u' is always
negative, but it has a much smaller relative value making
u = u (i.e., the difference between u and u determined from
Table II in Ref. 35 is less than 4%). Therefore, the half-radii
determined from u and u should be nearly identical.
Although the previously reported values of the correlation
p'£' and p'u' may not be accurate (because Mie scattering
has been shown4 to overestimate mixture fraction fluctua-
tions and the extent of intermittency), the relative magni-
tudes of p'u' and p'£' should be correct.

In confined turbulent nonreacting jets, Steward and
Guruz47 used the square of the measured half-radii of excess
velocity and excess temperature to determine a mean effec-
tive Prandtl number (a measure of the relative rate of tur-
bulent diffusion of momentum compared with turbulent dif-
fusion of heat). An analogous relationship involving the
half-radii of excess velocity and species concentration was
used by Batt48 to determine a mean turbulent Schmidt
number for a nonreacting shear layer and by Glass and
Bilger26 in a H2 jet flame. The only assumption used was
that the normalized radial profiles of velocity and mixture
fraction have the same shape.

Using this relationship for the turbulent Schmidt number
Sc,

Sc=(R,/R^)2 (4)

(and assuming that Rii=R{i) gives an average value of —0.6
for an effective turbulent Schmidt number in turbulent
regions of the transitional (Re= 1600) flame. This is consis-
tent with the trends in Fig. 5, where the excess velocity
decays more slowly than Favre mixture fraction. The value
of 0.6 measured here in a transitional flame is close to the
value of 0.7 measured for the Prandtl and Schmidt numbers
in nonreacting turbulent jets by numerous investigators.27

The results in the turbulent Re = 8500 flame are rather dif-
ferent. The excess velocity decay in Fig. 5 is close to the de-
cay in Favre mixture fraction and measured values of

2000

KENT & BILGER
PROBE T

EST.frV2

' Re T (f*)1'2

S 1600 O v
\ 8500 D +

c

50 100 150
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Fig. 8 Axial profile of average and rms fluctuations of temperature
from pulsed Raman data compared to probe measurements of average
temperatures13'14 in —— U}/Ua = W and - - - Uj/Ua = 5 flames
and to estimated rms temperature fluctuation in — Uj/Ua = 10 flame.

i x/d = 150
2000 x/d = 50

x/d = 10

y/R £
Fig. 9 Radial profiles of conventionally averaged temperature in
the /te = 8500 flame at n x/d=W, + x/d=5Q, and o x/d =150.
The radial distance y is normalized by the half-radius based upon
Favre mixture fraction R?.

(Ra/R$)2 imply a turbulent Schmidt number of -1.2. [Us-
ing conventional mixture fraction half-radii gives an average
of 1.0 for (Rfi/Rf)2.] Analysis of radial profiles of £ and u
from Raman and laser velocimetry data at x/d =50 in a tur-
bulent H2/argon flame by Dibble et al.38 also gives a value
of 1.0 for the square of the ratio of half-radii. Glass and
Bilger26 measured Schmidt numbers of =1 at x/d< 80 and
values as low as 0.7 at x/d> 160.

The value of the turbulent Schmidt number from our
Raman and laser velocimetry measurements is only approxi-
mate, primarily because of difficulties in determining the
half-radii from the relatively coarse spatial grid of Raman
measurements. However, the data suggest a turbulent
Schmidt number close to unity, rather than the value of 0.7
measured in nonreacting flows and often assumed in tur-
bulent combustion modeling.4'5'49 It is interesting to note
that Kent and Bilger49 get somewhat better agreement with
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their H2 flame experimental results in the outer parts of the
flow using a model with Schmidt and Prandtl numbers equal
to 1.0 rather than 0.7. Similar model/data comparisons in
the present flames4 using a Schmidt number of 0.7 show that
diffusion of turbulence kinetic energy is underpredicted in
the Re = 8500 flame, but not in the Re =1600 flame. More
extensive measurements are needed to clarify this issue. In-
deed, it is by no means obvious that an overall average tur-
bulent Schmidt and Prandtl number is even a meaningful
concept when applied to turbulent jet flames.

Pulsed Raman Scattering
The apparatus and data reduction for pulsed spontaneous

Raman scattering measurements have been discussed in
detail previously.4'10-12 A dye laser pumped by a flash lamp
provides pulses of ~ 1 J at 488 nm to excite the Raman scat-
tering, which is analyzed by a 34 m spectrometer, six
photomultiplier tubes, and a gated electronic detection
system. For each individual laser pulse, the temperature is
determined from the anti-Stokes-to-Stokes N2 Vibrational
Raman scattering intensity ratio and the concentration of
each of the major species (H2, N2, O2, H2O) are determined
from their respective Stokes, vibrational Raman intensities.
Extensive calibrations of the Raman system in laminar,
premixed flames indicate the Raman measurements are ac-
curate to ±50 K for temperature10 and ±1 mole% for
species mole fraction.12 The temporal resolutions (2 pis) of
the Raman system is limited by the laser pulse length, the
spatial resolution (0.3X0.3x0.7 mm) by the spectrometer
entrance slit and the collection optics magnification, and the
data acquisition rate (1 pps) by the laser repetition rate.
Most of the Raman results reported here consist of 200 point
data samples, although sdme 2000 point samples are
included.

Because the Raman scattering diagnostic technique pro-
vides such a complete description of the thermodynamic
state of the system, other instantaneous quantities such as
density and mixture fraction can be calculated. Repetitively
pulsing the laser at the same flame location gives direct mea-
surements of probability density functions (pdf) for each of
the scalar variables from which intermittency arid conven-
tional or density-weighted (Favre) averages, rms fluctuations,
higher-order moments, and correlations can be determined.

Raman results have been reported previously for reactive
scalars in the Re= 1600 and 5200 flames7'8 and for the con-
served scalar mixture fraction4 in all fdur flames. This sec-
tion details reactive scalar measurements, primarily tempera-
ture in the Re = 8500 flame, and compares them to previous
probe sampling and laser results. The axial centerline profile
of conventionally averaged temperature T and its rms fluc-
tuation (r/2)1/2 in the Re= 1600 and 8500 flames are shown
in Fig. 8. The axial profile for the /te = 8500 flame is in
reasonable agreement with thermocouple measurements by
Kent and Bilger13'14'49 on an Re=\ 1,200 H2 flame (with
Uj/Ua = 10). In our Raman results, the maximum average
temperature on the centerline occurs at the turbulent flame
length (x/d= 125) with a value of 2100 K, which is below the
adiabatic flame temperature of 2380 K due to turbulent fluc-
tuations. The measured rms temperature values for the
Re= 1600 flame slowly decrease from a value of —170 K at
x/d =50 down to 110 K at x/d = 200. In the turbulent
Re = 8500 flame, the temperature fluctuations are somewhat
larger than the Re = 1600 results at x/d< 125. The values of
temperature fluctuation become very large (>500 K) at
x/d= 150—the same location at which the fluctuation in ex-
cess axial velocity and Favre mixture also increase (see Fig.
6a). __

The axial profiles in (7"2)1/2 for the Re = 8500 flame show
good agreement with those estimated by Kent and Bilger49

for their Re=l 1,200 H2 flame (shown as a dotted line in
Fig. 8); however, direct measurements of the temperature
fluctuations in their flame have not been made. Although

reliable measurements of temperature fluctuations using
thermocouples are very difficult, measurements on CH4 tur-
bulent jet diffusion flames have been reported by Roberts
and Moss50 and by Lockwood and Moneib51 (which super-
sede previous measurements52 where the reported fluctuation
levels were erroneously low). In their CH4 flames, the
maximum measured values of rms temperature fluctuations
were —500 K. Temperature fluctuations are expected to be
higher in our turbulent H2 flames because of the higher max-
imum flame temperature and steeper temperature gradients.

The radial profiles of 7 and (T'2)l/2 in the .Re = 8500 flame
at x/d=lO, 50, and 150 are shown in Figs. 9 and 10. The
maximum radial flame temperature coincides with the
average position of the flame front, peaking off-axis until
the flame reaches the centerline at x/d~ 150. The maximum
flame temperature values determined from the radial profiles
increase from the nozzle to x/d= 150 (Fig. 9) and decrease
thereafter (Fig. 8). The lower flame temperatures near the
nozzle may be due to superequilibrium radical^ concentra-
tions (discussed in Sec. VI). The trends in (r/2)1/2 are the
same as those measured previously in the Re= 1600 flame.8

Off-axis values of (r'2)1/2 are larger than on the centerline,
peaking at 550,t 750, and 725 K for */W=10, 50, and 150,
respectively in the Re = 8500 flame. The_shapes of the radial
profiles and the magnitudes of (jT'2)I/2 are in agree-
ment with Raman measurements by Dibble et al.,38 who
found peak rms temperature values of 600 K in a turbulent
H2/argon jet flame.

Radial profiles of the values of the mole fraction of H2,
N2, O2, and H2O and of the density normalized by the den-
sity of room air are shown in Fig. 11 for the Re = 8500 flame
at x/d= 10, 50, and 150. Note that the density is quite con-
stant near the center of the flame and rises sharply at the
outer edge of the flame (similar to trends seen by Schefer
and Dibble37).

V. Probability Density Functions, Intermittency,
and Conditional Averages

The reactive and conserved scalar means and rms fluctua-
tions discussed in Sec. IV are calculated from probability
density functions (histograms) that are measured directly by
laser velocimetry or Raman scattering. Examples of pdf s of
a reactive scalar (in this case, conventionally averaged
temperatures) at various radial locations at x/d =50 are
shown in Figs. 12 and 13 for the Re = 1600 and 8500 flames,
respectively. The pdf s in the transitional flames consist of a

800 r

x/d = 50

Fig. 10 Radial profiles of rms temperature fluctuations in the
/te = 8500 flame at n x/d=lQ, + *A/ = 50, and o x/d=150.
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Fig. 11 Radial profiles of major species mole fractions and nor-
malized density in the /fe = 8500 flame.

single peak similar to that found in laminar diffusion flames,
except that it is considerably broader. The pdf's in the tur-
bulent flame (Fig. 13) are qualitatively different, showing a
marked bimodal distribution. The sharp spike, which
becomes more pronounced for larger values of yt is due to
nonturbulent uncontaminated air, while the broad peak is
due to turbulent fluid. These pdf's are qualitatively similar
to those of other reactive or conserved scalar variables.4'41'53

Many turbulent mixing models for nonreacting and reacting
flows are based upon these pdf's, which are assumed to con-
sist of an intermittent spike (nonturbulent fluid) and a
clipped Gaussian (turbulent fluid).

3.0

An important parameter characterizing these pdf's is the
Favre-averaged intermittency 7, which is the density-
weighted fraction of time that turbulent fluid is present at a
point in the__flow. Favre intermittency is mathematically
defined as, p//p, where /(/) for each instantaneous measure-
ment is zero in the freestream and one when significant tur-
bulent jet fluid is present. For intermittency and conditional
averaging measurements, the discrimination between tur-
bulent and nonturbulent fluid should conceptually rely on
the variance of the vorticity fluctuations, which is very dif-
ficult to measure. However, since the initial air stream is
laminar and the hydrogen jet is initially turbulent, the
presence of significant hydrogen bearing species is used to
identify turbulent zones.

Preliminary results of intermittency and conditional
means, rms values and pdf's have been reported earlier based
on the sum of ̂ u2o + ̂ H2

 as tne discriminating function.4'11

The results presented here are more accurate because the
conserved scalar hydrogen element mass fraction mixture
fraction £ is used as the discriminating function, corrections
are made for water vapor in the inlet airstream, and the
threshold level is more systematically determined.54 The flow
is considered turbulent when £> 0.0004. The variation of
Favre intermittency plotted on a probability scale with radial
position normalized by the mixture fraction half-radius is
shown in Fig. 14. As before,4 linear behavior is observed in
Fig. 14 at all axial positions except x/d=2QO, where intermit-
tency has reached the flame centerline. This linear behavior
indicates a Gaussian time-averaged interface, which is consis-
tent with that found by Starner34 in a turbulent H2 flame
and by Schefer and Dibble37 in a turbulent H2/argon flame.
This Gaussian behavior is not unique to reacting flows, hav-
ing been reported in nonreacting jets55 and wakes.56 The dif-
ference in turbulent H2 flames is the decrease in slope with
increasing x/d, as seen in Fig. 14. This is in agreement with
the results of Starner34 and may be yet another indication of
a transition from jet-like behavior close to the nozzle to
wake-like far downstream (as discussed earlier). A lack of
similarity in profiles of density (not shown) and intermittency
(Fig. 14) that we observe here is not surprising due to the in-
fluences of the coflowing airstream and the combustion-
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Fig. 12 Probability density functions of temperature measured in
the transitional /fe = 1600 flame at various radial positions at
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Fig. 14 Radial dependence of Favre intermittency
data in the /?e = 8500 flame: © jc/cf=10, + x/d = 25,
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Fig. 13 Probability density functions of temperature measured in
the turbulent /fe = 8500 flame at various radial positions at x/d = 50.

induced density changes. This is in contrast to the results of
Schefer and Dibble37 who found similarity in intermittency
and density profiles in an H2/argon flame, but their results
may be a consequence of the much higher jet momentum in
the H2/argon flame.

It has been assumed in some conserved scalar modeling
approaches4'5'49 that the Favre intermittency can be related
to £"2/£2 using an empirical correlation derived by Kent and
Bilger49 from measurements in near isothermal flows. This
correlation is shown as a solid line in Fig. 15 with a slope of
1.25. The present experimental results in the Re = 8500 H2
diffusion flame show a slope greater than 1.25 with a
systematic decrease in slope with increasing axial location
(i.e., slope of 2.9 at x/d= 10 and of 1.8 at x/d = 200 using
measurements from 7 = 0-0.8 and requiring that the curves
go through the origin). The present data show marked
nonlinearity for 7>0.8. The measured slopes are much
higher than that found by Antonia and Bilger28 in a nonreac-
ting coflowing jet (slope of —1.1), but are in reasonable

NONREACTING
CORRELATION

O — X/D = 10
+ — X/D=25
*• — X/D=50
x — X/D=100
A — X/D=150
D — X/D=200

Fig. 15 Correlation of Favre intermittency with Favre mixture frac-
tion fluctuation intensity from Raman measurements in the
Re = 8500 flame. Solid line is correlation by Kent and Bilger49 from
nonreacting flow data.

agreement with the cold-flow jet into still air data of Becker
et al.57 and with the H2/argon flame results of Schefer and
Dibble37 (slope of -2.2).

Once the pdf from a point in the flow has been separated
into individual pdf s for the turbulent and nonturbulent
parts of the flow, each part can be separately analyzed to
produce the conditional averages and higher-order
moments.58 The present Re = 8500 data have been analyzed
using conditional averaging; more detailed results are
discussed elsewhere.54'62 Such measurements of intermittency
and conditional moments54 are needed to compare with
models59'60 that separately describe turbulent and nontur-
bulent fluids. The major conclusion from such an analysis is
that all of the pdf's of conserved and reactive scalars (for ex-
ample, see Fig. 13) show a continuous distribution between
turbulent and nonturbulent fluids and the turbulent pdf is
distinctly non-Gaussian. This is also seen in pdf's from
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Fig. 16 Correlation of average values of N2 concentration and
temperature conditioned on measured mixture fraction from Raman
data in the /te=1600, 5200, and 8500 flames at */d=50. Compared
to correlation calculated from an adiabatic equilibrium ther-
modynamic calculation8 (solid line) and from a laminar H2/air
flame method64 (dashed line).

nonreacting flows58 and in reacting flows using other tech-
niques.50'53 Effelsburg and Peters61 suggest that the measured
pdf shapes indicate the importance of a third component
(called the viscous superlayer) lying between the turbulent
and nonturbulent zones. They have proposed a three-zone
model, mathematically dividing the turbulent part of the pdf
into a superlayer and a fully turbulent part. Based upon data
from nonreacting wakes, they calculate that the superlayer
can contribute up to 60% of the total flow. Similar analysis
of the present H2 diffusion flame data62 show even larger
apparent superlayer contributions.

VI. Identification of Important Processes
(Differential Diffusion and Finite Rate Chemisty)
A major objective of these experiments has been to iden-

tify and quantify important processes in nonpremixed
flames. Previously, the Raman measurements at Re =1600
and 5200 were presented7'8 in terms of correlation plots be-
tween the nitrogen concentration and temperature and com-
pared with the adiabatic equilibrium correlation curve
calculated assuming no heat loss from the flame, equal diffu-
sion of species within the flame, and infinitely fast chemical
reaction rates. A plot, similar to that published earlier,8 is
shown in Fig. 16. Here, however, the Raman data have been
averaged in small mixture fraction intervals (rather than in
temperature intervals) and data for the Re =8500 flame have
been added. The substantial deviations between the data and
the adiabatic equilibrium calculation, particularly in the rich
zones, were caused by differential molecular diffusion ef-
fects,8 which had not been observed previously in turbulent
flame experiments. This was confirmed by both comparison
to conserved scalar modeling by Bilger,63 which included
molecular diffusion effects using perturbation analysis, and
by detailed model/experiment comparisons.4 Also shown in
Fig. 16 is the correlation calculated for laminar H2/air diffu-
sion flames by Miller and Kee64 corresponding to a Reynolds
number of less than 100. The data in Fig. 16 (and the con-
served scalar modeling4'63) demonstrate that differential dif-
fusion effects are largest in laminar flames and become
relatively unimportant in H2 turbulent jet diffusion flames
(at least at this x/d location) at Reynolds numbers greater
than 8500.

Departures from the classical "fast chemistry" assumption
are expected to be small in typical laboratory H2/air tur-
bulent diffusion flames and have been predicted using a per-

Z 2

Re = 8500

ADIABATIC EQUILIBRIUM

800 1600
TEMPERATURE (K)

Fig. 17 Correlation of average values of N2 concentration and
temperature conditioned on measured mixture fraction from Raman
data at various axial positions in the /fe = 8500 flame.

turbation analysis65 or a two-scalar pdf approach.66-67

Specific predictions of the effect of finite-rate chemistry in
the Re = 1600 and 8500 flames indicate effects on the uncon-
ditioned mean temperature of —5 and —40 K, respectively,
at x/d=50.4 Further analysis of the Raman data for the
Re = 8500 flame is shown in Fig. 17, where data at
x/d= 10-200 are plotted. The x/d- 50 data in Fig. 17 are the
same as shown in Fig. 16, except that averages were obtained
in narrower mixture fraction intervals. Clearly, no deviations
from the adiabatic equilibrium theory are evident in the lean-
flame zones or in the rich-flame zones at x/d>50. However,
small deviations are evident in rich zones at x/d= 10 and 25
and largest deviations occur for near stoichiometric mixture
fractions at the nose of the curve in Fig. 17. Table 2 lists the
maximum mean temperature conditioned on mixture fraction
measured in the turbulent .#£ = 8500 flame as a function of
x/d. The maximum adiabatic H2/air flame temperature
determined from an equilibrium flame calculation is 2380 K.
Based upon extensive calibrations in laminar premixed
H2/air flames, temperature measurements made with the
present pulsed Raman apparatus have a 4% relative standard
deviation and an average temperature accuracy of ±50 K.
Thus, the Raman measurements agree within experimental
error with the adiabatic equilibrium value at x/d> 100.
However, the deviations closer to the nozzle are over 200 K,
much larger than expected from experimental error.
Although they could be due to inadequate spatial resolution
of the Raman measurements close to the nozzle, these devia-
tions are more likely due to the formation of super-
equilibrium concentrations of free radical (a finite-rate
chemistry effect which lowers the flame temperature).

The values in Table 2 are qualitatively consistent with tur-
bulent combustion model predictions,65"67 which suggests
that the amount of superequilibrium should be largest close
to the nozzle and decrease farther downstream. Using a par-
tial equilibrium thermodynamic calculation,68 a temperature
decrement (TAE— f) of 270 K corresponds to an average OH
concentration for a stoichiometric H2/air mixture that is
— 2.5 times its equilibrium value. Such large super-
equilibrium OH concentrations have been measured directly
in the same H2 flames using single-pulse OH laser saturated
fluorescence and are reported in detail elsewhere.68 Because
of inaccuracies in the Raman temperature measurements and
the relative insensitivity of temperature to superequilibrium
effects, quantitative evaluations of finite-rate chemistry ef-
fects in turbulent combustion models are best made by com-
parisons with the OH concentration measurements.



JUNE 1986 LASER MEASUREMENTS ON NONPREMIXED H2-AIR FLAMES 915

Table 2 Comparison of maximum measured temperatures
conditioned on mixture fraction measured in the

Re = 8500 H2 /air flame3__________

x/d Maximum temp, K TAE-maximum temp, K

10
25
50
100
150
200

2110
2185
2300
2320
2350
2425

-270
-195
-80
-40
-30
4-45

aThe maximum H2/air flame temperature from adiabatic equilibrium theory
is 2380 K.

However, the present Raman results suggest that finite-rate
chemical kinetic effects occur in H2/air turbulent jet diffu-
sion flames even at relatively modest Reynolds numbers
(Re = 8500) and are qualitatively consistent with direct
measurements of OH radical concentrations.

VII. Summary
Four H2/air jet diffusion flames, including laminar

(Re = 660), transitional (Re= 1600), and turbulent (Re = 5200
and 8500) types, were studied using the laser diagnostic
techniques of planar OH fluorescence imaging, laser
velocimetry, and pulsed Raman scattering. The planar OH
fluorescence technique selectively images reaction zones and,
although large and varied reaction zone shapes were observed
in the turbulent flames, "coherent" structures were not evi-
dent. Laser velocimetry and pulsed Raman scattering pro-
vides probability density functions of axial velocity,
temperature, density, major species concentrations, and a
conserved scalar (hydrogen element mixture fraction).
Averages, rms fluctuations, and half-radii are calculated
from the measured pdf's and compared with previous
measurements in reacting and nonreacting jets. Center line
decays of excess axial velocity measured in the Re^ 1600 and
8500 flames paralleled those of the Favre mixture fraction.
The fluctuation intensities of excess axial velocity and of
Favre mixture fraction are the same in the Re = 8500 flame
with values of 0.18-0.20 at Jt/d<100, in agreement with
nonreacting jet data. Far downstream (x/d> 100) in the tur-
bulent flames, the fluctuation intensities increase to values
found in nonreacting wakes (>0.3). Fluctuation intensities
of excess axial velocity in the transitional Re= 1600 flame are
very low in the laminar zone (x/d<25), very large (-0.35)
in the transition region (25 < x/d< 50), and intermediate
(0.08-0.15) in the turbulent zone (x/d> 100). In the turbulent
flames, the half-radii (based upon excess velocity) has been
compared to that predicted by correlations for nonreacting
coflowing jets at different values of Uj/Ua. The reacting
coflowing jets are found to grow more slowly with distance
and have a half-radius about 20% less than their nonreacting
counterparts in the far field.

The estimates of turbulent Schmidt number (based upon
ratios of half-radii of excess velocity and Favre mixture frac-
tion) in the Re= 1600 flame are in reasonable agreement with
the value of 0.7 found in nonreacting turbulent jets, but in
the turbulent .Re = 8500 flame the measured turbulent
Schmidt number is approximately equal to or somewhat
greater than one.

Average values of temperature are in good agreement with
previous thermocouple measurements and the rms fluctua-
tions agree with model predictions in similar turbulent H2
flames. The rms fluctuation values of 500 K on the centerline
and 750 K off axis measured in the #£ = 8500 flame are
somewhat larger than those measured by the thermocouples
in CH4 turbulent jet flames or by Raman scattering in
H2/argon turbulent jet flames.

Probability density functions of axial velocity were not
bimodal in any of the flames studied, nor were the pdf's of
the other variables in the transitional Re =1600 flame.

However, in the mixing layer regions of the turbulent
CRe = 5200 and 8500) flames, the pdf's were bimodal—con-
sisting of a sharp spike due to the freestream air and a broad
peak due to the turbulent fluid. A continuous distribution
between the nonturbulent and turbulent peaks was observed,
similar to that found in nonreacting flows, which may in-
dicate the importance of a broad superlayer region. The
Favre intermittency profiles are Gaussian with the standard
deviation of the interface becoming larger as x/d in-
creases—perhaps indicating a trend from jet-like to wake-
like behavior. The correlation of Favre intermittency with
(£ "2)'/2/£2

 is in agreement w_tn that foun(i jn nonreacting jet
flows in still air and in turbulent H2/argon jet flames, in-
dicating that 7 = 2.2 (r'Vp + l)-1, but differs somewhat
from that found in nonreacting coflowing jets.

Correlations of nitrogen concentrations and temperature
conditioned on mixture fraction suggest that preferential dif-
fusion of H2 is important in the transitional flames, but of
little importance at jRe>8500. However, the formation of
superequilibrium amounts of free radicals (a finite-rate
chemistry effect) is found to be significant close to the nozzle
in the turbulent #e = 8500 flame, but of decreasing
significance farther downstream.
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