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Finally, in the quest for higher Reynolds numbers without macroscopic blowoff, preliminary experi-
ments have been performed on bluff-body stabilized flames; conditions which appear promising have
been identified.

The computational effort has identified difficulties with the popular "laminar flamelet" model.
These difficulties occur because the flame is not thin, compared with turbulence length scales. On the
other hand, the partial equilibrium (p.e.) class of model is shown to be successful for moderate Rey-
nolds number turbulent flames, using both averaged Navier-Stokes and joint pdf/Monte-Carlo imple-
mentations. It cannot, however, account for extinction due to assuming p.e. in the radical pool regard-
less of the turbulence field. A new computational model for a jet flame under the full span of condi-
tions has been developed. In the model, combustion chemistry is represented by two-body shuffle reac-
tions and three-body recombination reactions. The scalar dissipation field is examined for critical
values, below which the two-body reactions are assumed to be in p.e. and above which they are as-
sumed to be frozen and the gas therefore unburned. The kinetics of the recombination reactions are
activated for the former fraction of the gas. This approach has been implemented in a shear-layer
f'inte-volume averaged-Navier-Stokes model with k-e assumed shape pdf submodels for turbulence.
Comparisons with the data obtained in the experiments are very encouraging. In particular, it appears
incontrovertible that localized extinction does not occur in CO/H 2 flames because of the ability of radi-
cals to exist over spatially large regions violating the concepts of thin flamelets. The new model is more
universal than predecessors, being useful for moderate to high Reynolds number turbulent flames.

Two other computational studies have been completed. Firstly, the p.e. approach for CO/H 2

flames has been extended to include finite rate CO chemistry, so requiring a third scalar for mathemat-
ical description. This has shown that the CO chemistry is fast enough that CO reaches equilibrium
with radical species relatively rapidly, after which the simpler p.e. model is adequate. Secondly, the
compressible strain field and flow about a cylinder have been examined because higher velocities re-
quired for blowoff place the flow in the compressible regime; the principal finding is an unexpected al-
leviation of strain, and therefore an unexpected stabilization of the flame.

These studies have led to an experimentally substantiated theoretical understanding of turbulent
diffusion flames under conditions ranging from weak to strong turbulence-chemistry interactions.
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1. INTRODUCTION AND SUMMARY

This report summarizes work performed in the period May 1, 1985 to June 1, 1988 for the Air
Force Office of Scientific Research under Contract F-49620-85-C-0035. Dr. Julian Tishkoff was the
Project Monitor. The work was performed and the report has been prepared by the Engineering Sys-
tems Laboratory at the GE Research and Development Center.

This section summarizes the technical problem that was considered and the state of understanding
of turbulence-chemistry interactions, outlines present results, and suggests directions for future work

1K as developed in the course of the program.

1.1 Problem

Non-premixed turbulent combustion occurs in practical equipment ranging from aircraft and in-
dustrial gas-turbine engines to relatively simple domestic units. Although the traditional fast chemis-
try or "mixed-is-burned" [Libby and Williams (1980)] model for combustion is useful for understand-
ing the gross aerodynamics in many of these combustion systems, there is an increasingly important
range of phenomena that cannot be so accounted for. For example, finite-rate radical pool chemistry
has been shown to produce excess radicals during combustion. Consequently, it is very influential in
thermal NO. and CO emissions from atmospheric flames [Drake et al. (1987)] and degrades combus-
tion efficiency in supersonic combustion systems [Correa and Mani (1987)]. Localized turbulence
effects may be strong enough to induce extinction, and are due to the chemistry not being fast com-
pared with the turbulent microscales, as has been demonstrated in laminar CH4 flames [Miller et al.
(1984)]. High-altitude blowout limitations on aircraft combustors are caused, in part, by slow kinetics
due to the low densities. It seems clear that, as the limits of combustion equipment are expanded, it is
more and more important to account fundamentally for finite-rate chemical kinetics and for the in-
crea singly strong interaction with turbulence.

Kinetic mechanisms are known for only the simple fuels and even those are rather lengthy. Hy-
drogen combustion in air involves at least eight species (H 2 , 02, -20, N2, 0, OH, H, H02, and so
forth) and associated reactions. Hydrocarbon combustion involves about 30 species and 100 reactions
[Westbrook and Dryer (1981)]. These mechanisms add too many transport equations to kinetics
models to be usable in other than laminar flame calculations. Even in laminar flames, the mathemati-
cal stiffness of the resulting set of equations requires special numerical methods.

Simpler models of the chemical kinetics are required for turbulent flames, where closure of tur-
bulent flux and chemical source terms would increase the difficulties caused by a large set of species.
Such models can be formulated by sacrificing a complete description of the chemistry. Examples are
the partial-equilibrium models used for H2 [Janicka and Koilman (1979)] and CO/H 2 [Correa et al.
(1984)] flames and the multistep (three or four step) schemes for C4I [Bilger and Kee (1987)].

The development of nonintrusive laser-based diagnostics has permitted an in situ examination of
turbulent flames. Laser Doppler Velocimetry (LDV), Raman scattering (for correlated measure-
ments of major species and temperature), and pointwise and planar fluorescence (of OH radicals)
have been used in this laboratory and in other laboratories for quantitative, time-resolved measure-
ments in turbulent reacting flows. Significant contributions to the understanding of turbulent combus-

yN tion have resulted, such as superequilibrium free radical formation; enhanced thermal NO,; CO/H 2
,. partial equilibria; and a start on the problems of local extinction and fuel-bound nitrogen.

C. p.%
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The geometry of a fuel jet in a coflowing air stream has received much attention for both experi-
mental and computational reasons. Experimentally, the apparatus is simple, optically accessible, and
results in a volume of heated gas not large enough to cause laser beam-steering problems. Computa- V
tionally, the turbulence is describable by semiempirical models (such as the two-equation class), and
the flow is dominated by axial convection leading topambolic governing equations (thus greatly sim-
plifying the problem of discretization of differential operators). Because of these advantages, studies
in jet flames have contributed much to turbulent combustion.

Turbulent transport in axisymmetric or "round" jets is worth further mention. While it is now
clear that gradient diffusion does not hold in the near field of a planar mixing layer, such models can
explain to a large extent turbulent transport in fully developed jets. In the mixing layer, the primary
vortex-pairing instability leads to growth of large-scale periodic structures and inviscid entrainment
into their cores [Koochesfahani and Dimotakis (1986)]. Except for homogenization within these cores,
no significant transport is effected by small-scale structures. In round jets, however, the additional
instability mechanisms present, e.g., circumferential waves, lead to fully developed three-dimensional
turbulence, with a spectrum of length scales. Random large-scale structures ("intermittency") can be
accounted for with conditional modeling. Recent experiments in water jets have indicated the pres-
ence of unmixed ambient fluid at the centerline, which has been held up as proof that periodic large-
scale structures do exist in jets [Dahm and Dimotakis (1987)]. Such structures are not seen in gase-
ous jets. Moreover, the structures were imaged using a concentration-sensitive technique, i.e., relying
on diffusion and thus dependent on the Schmidt number, Sc. Since Sc t 600 in water, it is likely that ,.
the supposedly "unmixed" fluid had transferred momentum albeit not mass. In gaseous jets, Sc = 1
and such behavior would not occur. Therefore, we must conclude that round gaseous jets do not exhi-
bit periodic large-scale structures in the fully developed regions and that gradient-diffusion models,
which assume that transport is due to small scales. are at least useful.

As the Reynolds number of the jet flow is increased, the flan, e blows off the lip at the exit of the
nozzle. Thus strong turbulence-chemistry interactions leading to turbulent extinction cannot be stu-
died in the region well downstream of the exit, which is relatively free from the influence of the initial
conditions. A coannular pilot flame burning a small amount of premixed fuel and air has been used in
our laboratory to stabilize the flame in this initial region without influencing the downstream region
significantly. Turbulent extinction effects have been looked for in the region 10 to 20 jet diameters
downstream of the exit, using temperature-mixture fraction scattergrams based on Raman measure-
ments. Mixtures of CO and H 2 were used as the fuel because the chemistry is known reasonably well .,
and the extinction limits approach those of hydrocarbons, which are the fuels of practical relevance.

This work has shown that it is overly simplistic to consider turbulent flames as ensembles of lam-
inar flames subjected to strain. Essentially, the reason for this oversimplification is that the different
kinetic steps in a combustion mechanism have widely disparate time-scales (e.g., chain-branching *-.

reactions are much faster than recombination reactions). The fastest reactions can interact with the
local turbulence in a "flamelet" manner while, for the slow reactions, the Damkohler numbers are re-
latively small and the flame is more akin to a well-distributed zone of reaction. This has led us to a
new model for turbulent flames in which the fast reactions are described by a strained flamelet theory,
while the radicals they produce are considered to be transported, and react according to the theory
used for lower Reynolds number flames. YJ

To increase the interaction between turbulence and chemistry and the probability of localized ex-
tinction, the jet velocity in the pilot-stabilized burner has been increased; however, only a small in-
crease is possible before the flame blows off the lip. Preliminary experiments with a non-premixed
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bluff-body-stabilized flame have been far more successful. The flame appears stretched and ex-
tinguished in a region well away from the inlet plane. Moreover, even with methane fuel, the flame is
blue, which allows Raman scattering diagnostics to be used.

1.2 Statement of Work

A. Improve and expand the database for turbulent CO/H 2/N2 jet flames utilizing pulsed Raman
spectroscopic measurements.

B. Use experimental results to evaluate assumptions made in formulating prediction methods
based on probability density functions and on laminar flamelets.

C. Modify the experimental facility to conduct turbulent jet combustion tests at Reynolds numbers
greater than 9000 without blow-off at nozzle. Use PLIF* to visualize extent of extinction.

D. Model a CO/H2 /N2 jet flame at the 8500 Reynolds number using two-scalar and flamelet ap-
proaches.

E. Conduct experiments on two CO/H 2/N2 jet flames at Reynolds numbers above 9000 under
conditions of local extinction.

F. Formulate alternatives to the partial equilibrium chemical kinetics model previously used to
predict the chemistry of carbon monoxide flames.

G. Extend laminar flamelet model for hydrocarbon flames

1.3 Project Accomplishments

The goal of this three-year research program was a quantitative understanding of turbulence-
chemistry interactions in non-premixed turbulent flames. These turbulence-chemistry interactions are
responsible for excess radical formation, which leads, for example, to incomplete combustion in
scramjet engines and to increased pollutant formation in conventional combustors. In very intense
turbulence, these interactions can lead to flame extinction.

Specific accomplishments of the program include:

1. Reanalysis of preexisting Raman data using high-temperature correction factors. Reassessment
(favorably) of partial equilibrium/joint p.d.f. Monte-Carlo models.

2. Development of Raman scattering system for fuels containing enough carbon to make chemi-
luminescence an issue.

3. Experimental identification of a CO/H 2 fuel mixture with Rayleigh cross section matched
between products and reactants in diffusion flame situation, and with critical strain rate for ex-
tinction approaching that of methane.

4. Development of an analytical theory for the effect of compressibility on critical strain rate for
flamelet extinction.

PLIF: Planar Laser-Induced Fluorescence

3



5. Development of a three-variable model for CO/H 2 flames including finite-rate CO kinetics.

6. Development of a pilot-stabilized turbulent diffusion flame burner for combustion at high Rey-
nolds number, approaching extinction.

7. Space- and time-resolved Raman scattering measurements of temperature and concentrations
of major species in flames of CO/H 2 mixtures at conditions approaching extinction.

8. Development and application of a new class of flamelet models for turbulent diffusion flames.
Comparison of results of new model with data in high Reynolds number flame.

9. Preliminary experiments with a bluff-body stabilized burner used to increase the Reynolds
number of the flame.

1I
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2. TECHNICAL DISCUSSION

This section describes experimental and modeling studies of turbulent combustion, performed

under this contract, in more detail.

2.1 Reanalysis of Prior Data and Comparison with Joint pdf/Monte Carlo Model

A significant improvement in the analysis of the raw Raman data for the Re = 8500 flame of 40%
CO, 30% H2, 30% N2 fuel ("medium-Btu gas" or "syngas") was made by correcting for the fraction
of Raman signal in the Raman band pass of the major species (02, N2 , H2, 120, CO) at elevated
temperatures. This correction factor was inadvertently set to unity in prior analyses of the raw Ra-
man signals [Drake et al. (1984)]. The significance of this correction to the measured Raman signal at
elevated temperatures arises from the fact that the Raman exit slits have a finite width caused by
space limitations and noise considerations; therefore significant portions of the hot Raman bands at
higher temperatures do not fall within the finite exit slit and are not measured. The correction factors
required to account for the limited Raman spectral band pass are a function of the species involved,
temperature, width of the exit slit, and the wavelength region covered by the physical Raman band
pass. They were calculated by determining the fraction of the predicted Raman vibrational contour in
the Raman bandpass using codes developed by Lapp et al. (1983). Table 1 lists typical values of the
correction factors for the major species involved. As can be seen, the correction factors for H2 and
H 20 are significantly in excess of unity, whereas those for CO, 02, and N2 are less than unity.
Tables 2 and 3 compare typical mean values of temperature, mixture fraction, and mole fractions of
major species obtained at x/d = 25 in the Re = 8500 syngas flame for two cases: in Table 2, all
correction factors have been set to unity, while in Table 3, the correction factors assume proper values
(listed in Table 1). The mean temperature values are less sensitive to nonunity correction factors

Nsince temperature is based upon the sum-of-mole-fraction method, which is not significantly affected
by the corrections. However, the mole fractions of some major species - including CO, H20, and H,
- are found to differ by as much as 20%. The mixture fraction values, which are based on the hydro-
gen element, are found to increase by 20%, corresponding to the increase in the mole fractions of H2
and H20.

Because CO 2 has a particularly complicated Raman contour caused by flame resonance interac-
tions between the relevant vibrational transitions, its concentration was determined initially by assum-
ing that the atomic ratios of carbon and hydrogen are invariant throughout the flame and are equal to
the carbon-to-hydrogen ratio in the fuel, i.e.,

(CO) + (cO2 ) _(GO) _ 4
(H 2) + (H 20) (H2) iniial ()

Since the mole fractions of CO, H2, and 1120 are known from their measured Stokes vibrational
Raman scattering intensities, instantaneous mole fractions of CO 2 could be calculated. This approach
was not totally satisfactory because (1) it ignores preferential diffusion effects that have been observed
in turbulent H2 jet diffusion flames [Drake et al. (1982)], and (2) it does not permit a totally indepen-
dent measure of temperature from the sum of the mole fractions of all major species.

Because of the reasons mentioned above, this approach for measuring CO 2 was abandoned.
Instead, a laminar, premixed porous plug burner was used for a series of calibration experiments.
Temperatures were measured in the center of the flame 1 cm downstream from the burner in
stoichiometric H2 -air mole% in the burnt gas. Flame temperatures were independently controlled by

5
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Table 1
High-temperature correction factors for vibrational Raman scattering

used to correct fraction of hot bands of various species falling
outside their respective exit slits.

Temp.

(K) 02 CO N2  H2 0 H2

300 1.00 1.00 1.00 1.000 1.000

600 0.975 0.994 1.019 1.001 1.014

900 0.914 0.966 1.009 1.011 1.060

1200 0.848 0.922 0.982 1.058 1.133

1500 0.799 0.876 0.953 1.141 1.229

1800 0.769 0.839 0.932 1.270 1.345

2100 0.756 0.812 0.922 1.440 1.479

2400 0.757 0.796 0.922 1.650 1.629

2700 0.768 0.790 0.932 1.900 1.795

3000 0.787 0.792 0.950 2.159 1.976

'.v
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Table 2
Temperature and mole fraction of major species at x /d = 25, obtainedU without correcting for high-temperature effects (correction factors set to unity).

(30% H2 , 40% CO,30% N2) Re = 8500,x/d = 25

Position Temperature Mole Fraction Mixture Fraction

(r/a) T/2000 K CO2  02 CO N2  H 20 H 2  Conv. Fawe

.63 0.600 0.084 0.007 0.233 0.489 0.105 0.075 0.443 0.448

1.89 0.687 0.099 0.012 0.189 0.530 0.114 0.049 0.385 0.39

3.15 0.722 0.110 0.034 0.127 0.587 0.109 0.024 0.297 0.293

439 0.647 0.101 0.084 0.054 0.655 0.090 0.008 0.199 0.176

5.66 0.478 0.061 0.139 0.021 0.706 0.062 0.002 0.117 0.081

6.92 0.333 0.035 0.175 0.010 0.733 0.037 0.001 0.059 0.033

8.18 0.229 0.017 0.194 0.004 0.757 0.019 0.001 0.023 0.011

9.44 0.159 0.005 0.208 0.001 0.770 0.007 0.000 0.004 0.001

10.69 0.146 0.004 0.209 0.001 0.772 0.004 0.000 0.001 0.000

7
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Table 3
Temperature and mole fraction of major species at x Id = 25 corrected "

for high-temperature vibrational bands using the correction factors Ur.
listed in Table 1.

Position Temperature Mole Fraction Mixture Fraction

(r/a) T/2000 K CO2  02 CO N2  H20 H2  Cony. Favre

0.63 0.638 0.080 0.005 0.193 0.505 0.122 0.090 0.541 0.541

1.89 0.739 0.093 0.007 0.144 0.545 0.141 0.062 0.504 0.506

3.15 0.785 0.104 0.025 0.085 0.605 0.141 0.032 0.408 0.396

4.39 0.699 0.096 0.072 0.025 0.676 0.113 0.010 0.267 0.225

5.66 0.504 0.059 0.129 0.004 0.725 0.072 0.003 0.145 0.093

6.92 0.343 0.034 0.169 0.000 0.746 0.040 0.001 0.067 0.036

8.18 0.231 0.016 0.191 0.000 0.763 0.019 0.001 0.024 0.011

9.44 0.159 0.005 0.207 0.000 0.771 0.007 0.000 0.004 0.001

10.69 0.146 0.004 0.209 0.000 0.773 0.004 0.000 0.001 0.000

8
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inserting a series of stainless steel screens upstream of the measurement zone to increase the radia-
tive heat loss. Figure 1 shows the comparison of temperature measurements with radiation-corrected
silica-coated fine wire (0.176 mm-coated bead diameter) Pt/PtRh thermocouples with temperatures
measured by pulsed Raman scattering using the NZ Stokes/anti-Stokes ratio method. The results
show excellent agreement -deviations are equal to the expected error in the Raman measurements
(+ 50 K). Figure 2 shows the calculated apparent CO2 mole fraction calculated from the measured
CO2 Stokes vibrational Raman intensity, assuming that the percentage of CO2 vibrational Raman
band in the spectrometer bandpass is independent of temperature. Thus, for the spectral bandpass
used, the calculated apparent CO2 mole fraction was constant from 300 to 1000 K and then slowly in-
creased with temperature. However, the total variation was less than 20% from 300 to 1700 K Ap-
parent correction factors for CO2 were then added to the Raman data reduction program, and the
previous Raman data for the Re = 8500 turbulent CO/H 2/N2 jet diffusion flame were reanalyzed.

Figure 3 shows the mean temperature obtained using two methods, viz., SAS and sum of mole
fraction. Figure 4 shows the radial variation of major species H20, CO, C0 2, and 02 atx Id = 10.
These data are compared with model calculations in detail and are reported next; see also Correa et
al. (1988).

The results of the partial-equilibrium/Monte Carlo model [Pope and Correa (1986)] have again
been compared with data on the non-premixed 40% CO, 30% H2, 30% N2 "syngas" jet flame in
coflowing air [Correa et al. (1988)]. The Raman data on major species, density, and temperature are
those of Drake et al. (1984) corrected here for high-temperature effects as described above. The Ra- g
man data are compared at three axial locations, (x Id = 10, 25, and 50); x/d = 50 corresponds ap-
proximately tc- the visible length of the flame.

Radial profiles of the Favre-averaged mean mixture-fraction (1) agree quite well at x /d = 10
(Figure 5) except that the jet is predicted to have decayed too slowly on the centerline, and e is slightly
overspread at the boundary. These differences are exaggerated in the mean density normalized by
that of air (Figure 5). The central region of the jet is hotter (lower density) than indicated by the %
data. Temperature profiles (Figure 6) further confirm this discrepancy and also indicate a difference

3 of about 100 K in the off-axis peaks. Nitrogen concentrations plotted in Figure 6 show better agree-
ment. It should be recalled that the mixture fraction data are based on the measured H2 and H20
concentrations. More will be said below about this. Some of the other mean major species concen-
trations are shown in Figure 4 as discussed earlier. Compared with the data, CO is underpredicted by
12% at worst, H2 is overpredicted by about 10%, and CO2 is overpredicted, which is consistent with a
carbon balance. The jet spread is again slightly overpredicted. The discrepancies in the core seem
consistent with overpredicting the amount of CO burned and therefore the temperature. The oxygen
profiles also appear to agree reasonably well.

Mean mixture fraction and density at x Id = 25 show that the jet spread is predicted quite well, but
the centerline mixture fraction is about 10% too low (Figure 7). Correspondingly, since the gas is
predicted to be closer to stoichiometric, the temperature is higher by about 150 K than measured in
the central region (Figure 8). The spread rate appears to be quite reasonable. Once again, the nitro-
gen profiles (Figure 8) agree well, except in the central region, i.e., r/a < 4.

Mean major species concentrations at x /d = 25 are shown in Figure 9. The agreement is much
better than presented in Pope and Correa (1986) because of the changes in the Raman data. Here
CO is underpredicted by at worst 10%, and 02, H2, and CO2 are predicted very well.
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Mean mixture fraction profiles atx/d = 50 show significant disagreement, whereas the mean den-
sity (Figure 10) agrees well with the data. Mean temperature and N2 concentrations also agree fairly
well, as seen in Figure 11. The good agreement in N2 mole fraction is, at first glance, surprising,
given the relative lack of agreement in e. N2 is essentially an inert species (only trace quantities are
converted to NOX) and therefore should follow a conserved scalar distribution.

This apparent contradiction can be resolved. The measurement of the mole fraction of N2 is in-
dependent of the systematic errors involved in the measurement of other species, whereas the mixture
fraction is a derived quantity involving errors in measurements of all major species. The instantane-
ous value of fraction, t, can, for example, be defined as

XJ/(E-Xiwi) mixture - Xkwir (2)

= X§:wj-t Xt/Wair

Hence, the systematic errors in are due to (a) errors in measurement of all major species, and
(b) neglecting all radicals and other minor species because they are not measured by Raman scatter-
ing. These errors affect the "measured" molecular weight EXiWi used in Equation 2. In fact, a
change in mean molecular weight of the gas mixture from 27.86 to 28.8, for the same measured mole
fraction of nitrogen (XNh =0.711) results in the mixture fraction changing from 0.15 to 0.22. Thus,
"measurements" of the mixture-fraction are very sensitive to the molecular weight of the mixture,
especially at low values of e (as at x /d = 50). It should be noted that all the data for e are based on
hydrogen element, but the same argument holds since, as Table 4 shows, the values of I based on
three elements (C,H, and N) agree well. This latter agreement is expected because the effects of
differential diffusion, observed in flames at lower Reynolds numbers [Drake et al. (1982)] should be
negligible in this (Re = 8500) flame. Systematic errors in the measurement ofe discussed above are
common to the three cases.

The comparison between data and the model predictions shows that, with the addition of two vari-
ables to describe the nonequilibrium kinetics and thermochemistry, it now appears that finite-rate
radical pool kinetics can be predicted with reasonable accuracy in the context of turbulent non-
premixed syngas flames. Results plotted here show better agreement with (reanalyzed) data on major
species than previously thought. Thus, this study shows that the partial-equilibrium model for the
oxyhydrogen radical pool including CO is more useful than was concluded by Correa (1985) and Pope
and Correa (1986). Although there are unresolved discrepancies between the predictions and the
data, these are perhaps the result of obtaining and interpreting Raman data to a greater extent than
previously thought. The reanalyzed data do not show large amounts of CO present where H2 is
absent, which would have been a strong indication of the breakdown of partial equilibrium. Generally
good agreement on the minor species (OH) in this flame obtained earlier [Correa et al. (1984)]
further supports the partial-equilibrium model and emphasizes the importance of the relatively slow
radical-recombination chemistry.

2.2 High Reynolds Number Flame: Selection of Fuel
One of the primary goals was to obtain a better understanding of nonequilibrium chemistry effects

in non-premixed turbulent jet flames at high strain rates. Such flames may have regions of locally ex-
tinguished eddies embedded in the flame, which may be a precursor to flame liftoff and blowoff. TheC' probability of finding large regions of local extinction in the flame is a strong function of the fuel being
used. The choice of the fuel was motivated primarily by the desire to increase this probability. How-
ever, there were other considerations involved in the choice of the fuel, which are discussed below.
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Table 4 J

Mean mixture fraction aty = 0, based on the Carbon, V

Hydrogen, and Nitrogen elements.

Predicted Values
x Id Based on N Based on H Based on C Pope and Correa (1986)

10 0.85 0.78 0.85 0.83
25 0.59 0.54 0.52 0.48
50 0.27 0.28 0.23 0.15
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The fuel chosen for detailed study consists of 10% H2, 40% CO, and 50% N2 (by volume) and
hereafter is referred to as low hydrogen content (LHC) gas. The prime considerations in the selec-
don of the fuel were:

1. The probability of extinction in the turbulent flame should be sufficiently high to warrant de-
tailed measurements. To estimate the probability of extinction, a simple experiment was con-
ducted to estimate the value of the critical strain rate parameter (a = 2 V/R); see Section 2.5
for derivation and explanation. A counterflow diffusion flame burner of the type used by Tsuji
and Yamaoka (1970) and described in Drake (1985) was used to estimate the value of q, for
various fuel compositions. The burner consists of a 5-cm diameter cylinder (5 cm long) with a
60 * sector porous plug, which is used to stabilize a flame 2 to 5 mm away from the surface of
the porous burner. The burner is installed in the subsonic low turbulence variable-free-stream
velocity tunnel such that the 60 * sector is symmetric about the stagnation stream line. As the
free-stream air velocity is increased, the flame is pushed closer to the burner surface and even-
tually blows off abruptly at a critical strain rate, for which the characteristic mixing time r. evi-
dently exceeds the characteristic reaction time r.

Figure 12 shows % as a function of percentage of hydrogen in the fuel, which consists of
50% N2 and the rest of CO. In these measurements, the fuel velocity ratio was held constant to
avoid excessive heat loss from the flame when it is close to the burner. As can be seen in the
figure, the value of a increases from 400 s-1 corresponding to 2% H2 to 1350 s- corresponding
to 15% H2. The value of % is 950 s-1 for the LHC gas chosen for this study. This value is much
lower than the estimate (12,000 s1) for hydrogen and the estimate (greater than 2000 s-1) for
medium Btu gas (40% CO, 30% H2, 30% N2), and is of the order of a, for methane flames
(0330 sl).

The probability of local extinction thus decreases very rapidly as the hydrogen content is in-
creased. For a pure hydrogen flame, it is almost impossible to achieve extinction. Even though
data presented by Dibble and Magre (1987) show existence of eddies that are lean mixtures ot
air-fuel and have very low temperatures, these eddies could be the result of large holes in the
flame through which air has penetrated into the main jet and mixed with fuel without burning.
In fact, that flame was visually unsteady. In hydrocarbon flames there is evidence of local ex-
tinction at relatively low strain rates (as suggested by the low value of ,), but hydrocarbon
flames have the complications of involving complex chemistry, which is not well understood, and
of not being particularly amenable to Raman measurement because of fluorescence interfer-
ences [Dibble et al. (1987)]. These measurements of % indicate that for the LHC gas chosen
for this study the probability of extinction is fairly significant.

2. The fuel should have relatively simple chemistry. The finite rate chemistry mechanisms in
H2/CO/N 2 flames are fairly well understood. Both H2 and H2/CO turbulent flames at lower
Reynolds numbers have been studied in detail in the past [Drake and Kollmann (1985)]. The

:6': study of H2/CO flames is also important because most hydrocarbon fuels undergo pyrolysis and
form H 2 and CO as intermediate constituents before burning out.

3. The resulting flame should be amenable to Raman diagnostics. Even though it is advantageous
to reduce the H2 content of the fuel, it was found that for less than 10% H2 content, the amount
of CO had to be increased significantly to obtain a stable flame. Excessive amounts of CO
present in the flame seriously interfere with Raman diagnostics because of chemiluminescent
interference from the CO+O --+ CO2 reaction. This chemiluminescence is fairly broad-banded
and extends all the way to the far red. Even though flame luminescence can be subtracted on a
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shot-to-shot basis during Raman data collection, the change in the chemiluminescence during
the time interval can result in spurious Raman signals. Thus, it was necessary to reduce both
the CO and H2 content of the flame as much as possible by diluting it with nitrogen. For nitro-
gen dilution more than 50%, a stable flame at high Reynolds number could not be obtained
even with the aid of a pilot. The LHC flame at 15,000 Reynolds number was fairly stable with
the premixed pilot. Thus, the Raman feasibility, the stability of the flame, and the probability of
localized extinction required a compi-omise in the choice of the fuel composition.

4. A final consideration regarding the choice of the fuel was the ability to use Rayleigh scattering
to obtain 2D images of density in the flame by matching the Rayleigh cross section of air, fuel,
and products. With a fuel composed of 10% H2, 40% CO, 25% N2, and 25% Ar, it is estimated
that the change in Rayleigh cross section between the fuel, air, and products is less than 7%.
This important property of the modified LHC gas will facilitate the measurement of strain rate
in the future.

22.1 Pilot-Stabilized Burner

As the Reynolds number of the unpioted jet flame is increased, the flame blows off. It was found
that medium-Btu and H2 gas flames could not be stabilized beyond Reynolds numbers of 8500 and
17,000, respectively, without additional modifications. Therefore, the main jet in the tunnel was
modified to obtain a pilot-stabilized flame. Figure 13 shows a schematic of the burner exit. The pilot
flame consists of a stoichiometric mixture of the main-jet fuel and air that was mixed well upstream of
the combustor exit. This fuel-air mixture ratio (F = 0.43) results in the combustion products of the
premixed flame having the same C/H/O ratios as the main fuel (LHC gas) when burned
stoichiometricaly, and simplifies the modeling of the flowfield by retaining the two-stream feature.IA
The premixed annular burner has an open area five times that of the main jet. A flame arrestor con-
sisting of 18 1-mm diameter holes is installed 4 mm upstream of the exit to anchor the premixed
flame. The exit velocity of the premixed products is estimated to be 20 m/s, based on an estimated
post-flame temperature of 2000 K The coflowing air velocity in the tunnel was set at 5 m/s. Two
flames at cold flow exit velocities of 25 m/s and 80 m/s, corresponding to Reynolds numbers of 5000
and 15,000, respectively, were studied. The pilot-stabilized burner is designed to provide a stable
flame in the region of large strain near the exit, yet is devoid of gross unsteady features. The pilot
flame results in reduced initial strain rates and provides radicals resulting in the stabilization of the
main flame. Further downstream, the turbulence is fully developed, the strain rate is still high, and
the effects of the pilot are not significant. The main jet flame at Re = 15,000 is approximately 50 di-ameters long (based on main jet diameters). The premixed pilot flame extends to about 5 to 6 diame-

V7 ters when lit without the main jet. It is estimated that the enthalpy content contributed by the pilot is
KM, less than 5% of that by the main jet because of its relatively low volumetric flow rate. Figure 14 shows

a schematic of the flame identifying the various regions in the flame. The pilot flame, the main jet,
and the region of maximum strain rate where the flame is narrow are also identified in the figure.

2.2.2 Measurements in Pilot-Stabilized Jet Flames

The Raman diagnostic system used for detailed measurements in the turbulent flame reported
here is similar to that used for medium-Btu flame studies, with modifications to permit measurements
in the more luminous LHC gas due to increased chemiluminescence. The joint Raman-Rayleigh di-
agnostic system is used to obtain instantaneous measurements of temperature and mole fractions of
the major species (H2, CO, CO2, H2 0, 02, N2). A flash lamp pumped dye laser that provides pulses
of = I J in 2 to 4 js, within a 0.2-nm bandpass at 488.0 nm at a repetition rate of 1 pps is used to excite
the scattering processes. The light scattered at right angles is collected by two lenses, separated in
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frequency by a 3/4-m spectrometer, and is detected by eight photomultiplier tubes. The photomulti-
plier tubes detect anti-Stokes vibrational Raman scattering from N2; Stokes vibrational Raman
scattering from N2, 02, H2, H20, CO and C02 ; and Rayleigh scattering. The temporal resolution (2
ps) of the technique is limited by the laser pulse length, the spatial resolution (0.2 x 0.2 x 0.6 mm), by
the spectrometer entrance slit, and by the collection optics, while the data aquisition rate (I pps) is
limited by the laser-firing rate. The flame luminescence was found to be very broad- banded
throughout the visible region. Three more photomultiplier tubes were added to the Raman system.
One of the photomultiplier tubes is used to monitor Rayleigh scattered light for temperature meas-
urements, whereas the other two are provided to monitor the chemiluminescence from the flame. A
polarization filter was used in the collection optics system to reduce flame luminescence. The polari-
zation vector was aligned to pass the horizontally polarized Raman and Rayleigh scattered light. Typ-
ically, 200 measurements were made at each flame locationalthough 2000 shots were also recorded at
some locations for statistical purposes.

The joint Rayleigh-Raman data are obtained as follows. The photomultiplier tubes are gated elec-
tronically before and after the firing of the laser. The differential voltages, which correspond to the
Raman signal minus the flame background at t = 0 are amplified and filtered before digitization using
a 12-bit A/D convertor. The signals are then corrected for electrical and other background errors
corresponding to each channel and are normalized by the laser energy for every shot. The subsequent
signals are corrected for relative sensitivities of the photomultiplier tubes to obtain the final values
corresponding to the vibrational intensities of Raman scattering (which is linearly proportional to the
number density) in the bandpass of the exit slits of the spectrometer. The system was calibrated ex-
tensively using 100% pure gases and well-characterized premixed porous plug burners before the
measurements reported here were made.

The instantaneous temperature at every shot was determined by using three independent methods.
The Stokes-anti-Stokes (SAS) ratio method described in Drake (1985), based on the nitrogen ele-
ment, yields the value of the temperature directly. The second method is based on the iteration
scheme in which an initial temperature is guessed, based on which the mole fraction of all major
species are calculated using their measured vibrational intensities. The mole fractions are then
corrected using the high-temperature correction factors to account for changes in the fraction of the
Raman band falling in the slit function provided for the respective photomultiplier tubes. The itera-
tion process is repeated until the sum of the mole fractions is unity. This iteration procedure con-
verges in two to three iterations since the correction factors are relatively weak functions of the tem-
perature. The third method, Rayleigh scattering, is discussed below.

In this flame it was found that the chemiluminescence caused by CO + 0 -+ CO2 reaction was
significant, and extra precautions had to be taken to improve the signal/noise ratio, such as inserting a
polarization filter in the collection optics, reducing the entrance slit size, and adding two additional
photomultiplier tubes (one in the Stokes region and one in the outer-Stokes region), etc. In addition.
since the N2 channel is affected most by the luminosity of the flame, the SAS measurements were sus-
ceptible. Hence, Rayleigh scattering was used to obtain an independent measurement of tempera-
ture. Since it is a diffusion flame, additional information about the Rayleigh cross section of the
species involved is needed for Rayleigh scattering to be applicable. In this flame the Raman scatter-
ing signals from the major species were used to obtain information about changes in Rayleigh cross
section of the mixture and thus measure temperature in an iterative manner. Some of the typical
results obtained from Raman measurements in this flame are shown in Figures 15 through 18.
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Figures 15 through 18 show the scattergrams of temperature vs. mixture fraction at four axial loca-
tions in the Re = 15,000 LHC gas flames. Each data point in the figures represents an instantaneous
simultaneous realization of temperature and mixture fraction (based on carbon element). In each
figure, data from all radial positions are included.

Figure 15 represents data obtained in the high Re = 15,000 flame at x Id = 10. This location is
representative of a region of high strain rate. Figure 15 shows an enormous amount of scatter in the
data (2000 points) and large departures from equilibrium values. The mixture fractions lie in the
range 0.0 to 1.0, and temperature departures from equilibrium in the range 400 to 1500 K. The data
points having mixture fraction values near stoichiometric and significantly low temperatures might be
thought to represent locally extinguished flamelets. Local extinction refers to a flammable mixture of r
fuel and air that is unburnt or that has been extinguished; however, the data indicate no evidence of
local extinction. The large deviations from adiabatic equilibrium are caused by finite rate radical pool
chemistry. The scattergram at xId = 20 (Figure 16), at which location the fuel and air are
significantly mixed and the strain rates are significantly lower, shows most of the data to lie along the
adiabatic equilibrium curve and the departures from equilibrium to be minimal. There is virtually no
evidence at all of localized extinction at this axial location. Figures 17 through 19 confirm that this
trend continues downstream.

2.3 Bimodal Laminar Flamelet Calculation

Under the assumption that the laminar flame thickness is small compared with the turbulent
scales in the flow, the "laminar flamelet" analysis for turbulent diffusion flames has been advanced
[Peters (1984)]. In this model, the instantaneous composition of the turbulent flow is assumed to
correspond to that of an undisturbed laminar diffusion flame at the prevailing value of mixture frac-
tion. It offers an alternative to explicit multivariable representations of the chemistry, such as those
for turbulent H2 diffusion flames[Janicka and Kolman (1979, 1982) and CO/H 2 flames [Correa et al.
(1984); Correa (1985)]. Turbulent flames are hypothesized to be ensembles of these laminar
flamelets.

Numerical studies of the structure of laminar diffusion flames with full kinetics indicate a strong
dependence on the strain rate [Miller et al. (1984)1. A configuration often studied is the counterf low
diffusion flame burner [Tsuji and Yamaoka (1970)]. It is established that as the strain rate 2V/R -
where V is the oxidizer velocity and R is the radius of the burner - is increased, the maximum tem-
perature in the system decreases until an abrupt transition to inert flow occurs. The critical strain
rate varies with fuel type ranging from about 12,000 s-1 for H2 [Dixon-Lewis (1984)] to about 330 s-1
for methane [Miller et al. (1984)].

The sensitivity of the laminar flame to strain rate implies that the instantaneous composition in a
turbulent flame will depend on the local scalar dissipation X(T) as well as mixture fraction. In physi-

cal terms, the composition would correspond to that at the same mixture fraction in a laminar flame
subjected to the same straining. fn principle, a "library" of such strained flames could be generated

* computationally or experimentally; however, Liew et al. (1984) adopted the simpler approach of sam-
pling the undisturbed flame (from experimental data) or inert flow, depending on X being less or
more than an assumed quenching value of scalar dissipation rate, Xq. In highly turbulent flames
where the local probability density function (pdf) of strain rate results in X > Xq much of the time,
the mean flow would be strongly biased towards the inert flow. Local extinction would therefore be
very significant.
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The pilot-stabilized 40% CO, 10% H2, 50% N2 flame at Reynolds number 15,000 has been simu-
lated by means of a laminar flamelet model in which equilibrium or inert flow are assumed for strains
(X) less or greater than a critical level (Xq), respectively. In highly turbulent flames where the mean
scalar dissipation rate is large, much of the time X >Xq and then the flame is "extinguished." The
laminar flamelet model follows the version of Liew et al. (1984), which was developed for a non-
premixed turbulent jet flame [see also Liew et al. (1981)].

The argument by which the local distribution of scalar dissipation rate is obtained follows Liew et
al. (1984). Kolmogorov's hypothesis of a log-normal distribution is made with the mean X given by

'X = cg. .. 2 / k (3)

which is the modeled term in the variance transport equation. The local pdf for X is

1 1 1 exp[-(1nX-_s) 2 /202 (4) "P(x) : x ~()

where a2 is the variance of lnX. The pdf of X conditioned on the presence of zones of intense reaction
(here we refer to two-body reactions) is assumed to be identical, and may be integrated to give the
probability of being below a critical level Xq, i.e., the probability of "combustion" Pc (more precisely,
the probability of two-body reaction equilibration:

= 1- 1 erfc [(InXq - A,)/V2o]. (5)

As the gas flows downstream, the strain rates decrease and the probability P, of the gas being
below the burning limit increases. Thus, more of the gas is equilibrated.

The pdf over thermochemical states is needed to obtain various quantities such as mean density.
Since the flow is either inert (u) or in a state of equilibrium (e), the pdf is P( ) = (1 -Pc) P,, (e) + Pc"
P (C) where Pc is the fraction of gas that is burning. The pdf for the occurrence of values of the mix-
ture fraction is needed. Such pdfs can be obtained directly from evolution equations based on the
Navier-Stokes and species equations [Pope (1981)] or more simply by assumed-shape pdf methods as
in Kent and Bilger (1976) for Pe(C), which is taken to be a beta-function. Figure 20 shows the
modeled probability of combustion P, in the flame for three assumed values of Xq (the quenching
parameter). The region of maximum probability of extinction of two-body reactions and the trend of
its radial variation are predicted reasonably well by the model. Figure 20 shows the model predictions
for Xq = 40, 100, and 1000 s- . Xq is the quenching rate parameter used in the model. The experi-
mental data follow a similar trend, although the model predicts a slower temperature growth rate for
all values of Xq. The deviations of experiment from data are greatest at x Id = 20. Further down-
stream (e.g., atx/d = 50), the strain rates are expected to be much lower and so the predicted
profiles for all these values of Xq collapse and are much closer to the experimental results. This how-
ever, is not conclusive support of the model because if a flamelet is quenched in the large strain
region (lower x Id values), it is premixed and cannot be described adequately by the model. This is
because. the model is applicable to strained flames of the diffusion type only, whereas extinguished
flamelets lead to a premixed situation. Detailed comparisons between model and experimental
results are presented in Gulati and Correa (1987).

Discrepancies in the region of greatest strain near the nozzle exit could be attributed to one or
more of several possible causes. Exit conditions in the nozzle and pilot are difficult to characterize
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and may exert a nontrivial influence on the near-exit region despite the large shear. These conditions
include turbulence quantities and the heat loss in the pilot. From model calculations, it was found
that the results were sensitive to the temperature profile at the exit of the premixed pilot burner.
Later, experiments were conducted to measure the velocity profiles at the exit of the pilot burner to
provide more initial conditions.

These findings were summarized as follows; a more accurate model has been developed, as dis-
cussed next.

1. There is no firm evidence of local extinction (or frozen conditions) in the LHC gas Re = 15,000
flame, even in the regions of largest strain. It is observed that approximately 20% of data points
have mixture fraction values close to stoichiometric, but have significantly lower temperatures
than adiabatic equilibrium. These low temperature eddies could result from any of the follow-
ing reasons: (a) they could represent eddies that were extinguished but are above 300 K as a
result of mixing with surrounding hot products; (b) they could represent strained eddies with
much lower temperatures (than AE) caused by large nonequilibrium chemistry effects; (c) they
could represent mixed eddies that are partially burned (ie., they were extinguished due to large
strains after initial ignition). Past experience suggests large nonequilibrium chemistry effects to
be the most plausible explanation of the departure from AE curve.

2. The theoretical predictions of the model show that the results are sensitive to the assumed value
of Xq, the quenching value of dissipation rate, especially in the region of large strain, and are
also sensitive to the assumed velocity and temperature profiles at the exit of the pilot burner.

3. Even though the model provides significant insight into the quenching and localized extinction
phenomena in turbulent diffusion flames, there is significant disagreement between the data and
calculations, especially at x/d = 20. The relatively better agreement at x/d = 50 may be fortui-
tous. The model suffers from serious drawbacks of (a) relying on an unknown quenching
parameter Xq, (b) an inability to adequately describe flamelets after they are quenched
(premixed strained flamelets), and (c) considering only two types of flamelets: equilibrium and
unstrained. This suggests a need to improve the chemistry modeling and to combine partial-
equilibrium models, which have been very successful in the past, with laminar flamelet models
as discussed below. ..21

2.4 Alternate Approach to Modeling Turbulent Extinction

An important shortcoming of the laminar flamelet analysis is that, in practice, laminar flames are
not necessarily thin compared with turbulent scales. In H2 and CO/H 2 flames, there are two distinct
sets of scales associated with the chemistry: the set corresponding to two-body chain-branching or
propagating reactions and the set corresponding to three-body recombination reactions. The large
disparity between these scales has led to partial-equilibrium models that assume the two-body reac-
tions are in equilibrium [Janicka and Koilman (1979), Bilger (1980), Correa et al. (1984), Correa
(1985), Pope and Correa (1986)]. This disparity also implies that, in intense turbulence, the two-body

*reaction zones would remain comparatively thin while the three-body zones would overlap, leading to
distributed reaction zones that are incompatible with the laminar flamelet hypotheses.

Thus, if independent control over the turbulent mixing was exercised, as the time-scale is progres-
sively reduced from large values, the OH concentrations (to pick a radical) would first increase be-
cause the recombination reactions are no longer fast enough to realize equilibrium; the concentra-
tions then abruptly drop as the two-body reactions are quenched and the gas is inerted. Temperature -

shows a monotonic decrease "hroughout this process with a more rapid decrease as extinction is ap-
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proached. This behavior is consistent with the notion that the abrupt transitions in a stretched
flamelet are characteristic of high-activation energy (shuffle) reactions, while well-distributed reaction
zones are characteristic of low or zero activation-energy (recombination) reactions.

The large difference in the rates of the two-body and the three-body reactions is apparent from ex-
periments at relatively low Reynolds numbers. Correa et al. (1984) used the partial-equilibrium
model for CO/H 2 in an Re = 8500 (based on jet exit) flame. The data indicated negligible or no local
extinction, Le., none of the Raman data showed low temperature in flammable gas, but the data did
indicate large amounts of superequilibrium OH, up to factors of 5. The model agreed well with these
data. One may conclude that the time-scales of turbulence in such flames are short enough to inter-
fere with three-body recombination chemistry, i.e., a Damkohler number based on the recombination
reactions is of 0(1). The time-scales are still too long to disturb the two-body reactions
(D 26, dy > > 1), and so there is little or no local extinction.

Here it is proposed to retain the partial equilibrium model - successful in the studies discussed
above - but with the quenched flamelet approach to the two-body reaction zone. The two-body reac-
tion zone is assumed to be either in partial equilibrium or quenched (i.e., leading to inert flow),
depending on the local dissipation X being less or more than the quench level, Xq.

The kinetic mechanism adopted consists of fast shuffle reactions (Si) to (S5), which are con-

sidered to be in partial equilibrium, such as

H + 0 2 = OH + O (Si)

0 + H2 = OH + H (S2)

H2 + OH = H20 + H (S3)

20H = H20 + 0 (S4)

CO + OH = C02 + H (S5)

and relatively slow three-body recombination reactions, (RI) to (R4), such as

H + OH + M- H20 + M (R1)

H+ 0+ M-OH+ M (R2)

H + H + M--+H2 + M (R3)

H + 02 + M-. HO2 + M (R4)

Kinetic data are taken from Baulch et al. (1972).

In the model, combustion chemistry is represented by two-body shuffle reactions, taken to be
infinitely fast or frozen, and three-body recombination reactions. The scalar dissipation rate field is
examined for critical values, below which the two-body reactions are assumed to be in partial equili-
brium and above which they are assumed to be frozen and the gas therefore unburned. The kinetics
of the recombination reactions are activated for the former fraction of the gas. This approach is
implemented in a shear-layer finite-volume averaged Navier-Stokes model with k-c/assumed shape
pdf submodels for turbulence. The model is applied to the Re = 15,000 pilot-stabilized 40% CO/ 10%
H2/50% N 2 jet flame for which laser-based spectroscopic data on major species and temperature
have been obtained. The fuel is chosen to maximize the probability of local extinction. The model is
useful for moderate to high Reynolds number diffusion flames.
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Since the mean scalar dissipation rate decreases as the jet fluid flows downstream, the region of in-
tense stretch experiences a transition through the critical strain rate. The two-body reactions are as-
sumed to be colocated with this region and are further assumed to immediately reach partial equilibri-
um. This is analogous to the approach used by Liew et al. (1984), who assumed a burnt flamelet state
for the flamelets, which were below a critical scalar dissipation rate. In the present case, only the 2-
body reactions are assumed to reach (partial) equilibrium; the recombination reactions commence
and drive the system towards full chemical equilibrium. Thus this model has both flamelet features
and partial equilibrium features. The argument by which the local pdf of scalar dissipation rate is ob-
tained was described in the previous reaction.

The model is easily visualized in one dimension. If the pdf's for local dissipation rate X at an
upstream and downstream location are denoted by P.(X) and PA(X), respectively, and the probabili-
ties of 2-body reaction equilibration are PU(X < Xq) and Pd(X < Xq), then it follows that the proba-
bility that the recombination reactions "just" started is Pd (X<Xq) - Pu (X<Xq). The gas which un-
dergoes this transition is added to the gas described by the "reactedness" (Y) transport equation
[Correa et al. (1985)] with an initial value of - = 0. The increments are calculated by evaluating the
differential change in the probability P(X<Xq) along the mean streamlines. This contribution enters

the mean reactedness equation as a source term S

S =_ 6dP=- .m (6)
PC

where Pc represents P(X<Xq) and m is the mass flux along the stream tube.

The pdf over thermochemical states is needed to close the chemical source terms and obtain vari-
ous quantities such as mean density. Since the flow is either inert (denoted by subscript i) or in astate of partial equilibrium (denoted by subscript b), the pdf is

P(, ) =( lPce(,") + Pc " eb (C) (7)
For the fraction of gas that is burning, the joint pdf for the occurrence of values of the two ther-

mochemical variables is needed. Here occurrences of the two variables are assumed to be uncorre-
lated, and so the joint pdf may be assumed to be separable. [Pope and Correa (1986)] solved the evo-
lution equation for P(',Ct1;) with a Monte Carlo technique and showed that C and rq were correlated, ,'
but the results were qualitatively quite similar to those obtained using the assumed-shape model, at
least on mean quantities. Here the pdf in the direction of mixture fraction is taken to be a beta-
function that can be parameterized in terms of its lowest moments, i.e., the mean and variance, for
which standard modeled transport equations are available. The influence of the shape of the pdf in the
reactedness (q) has been studied previously and suggests that a single delta-function at the mean reac- ,7
tion - is sufficient, because negligibly weak contributions are made by delta-functions at q = 0 and 7 = 1.

The calculation procedure is similar to that used previously [Correa et al (1984)], except that the
pdf described above is used for closure. The shear-layer equations are solved numerically in axial
distance-stream function coordinates [Patankar and Spalding (1972)]. They consist of the axial velo-
city, turbulence kinetic energy k, dissipation rate c, mean and variance of mixture fraction, and mean
(reactedness progress variable). Boundary conditions on the variables correspond to fully developed
turbulent fuel flow with appropriate assumed intensity and length-scale of turbulence.
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The computational model was run for the LHC gas flame at Re= 15,000. Raman data were taken
atx /d= 10, 20 and beyond (d = fuel tube diameter, a = d/2). Since the region of maximum strain
rates is within the first 20 diameters, the comparisons reported here are restricted to the axial planes
x /d = 10 and 20.

Figures 21 through 24 comparete computed mass-averaged mean mixture fraction (I )and con-
ventionally averaged temperature (7) at x Id = 10 and 20 with the data. The agreement on e is reason-
able at x /d = 10, although the computed jet has spread too rapidly. This is more pronounced at
x /d = 20 and shows that the model overpredicts the jet spread. The mixture fraction data have been
obtained by averaging mixture fractions based on C, H and 0. Errors in measuring the correspond-
ing molecular species contribute in part to the differences from predicted values. The temperatures
obtained by two methods (sum of mole fractions, Rayleigh) agree well. The mean temperature at
x /d= 10 is predicted well except for the cool fuel-rich core of the flame, where partial equilibrium is
expected to break down. [Correa et al. (1984); Correa (1985)]. The comparisons atx /d = 20 are very
similar, with a generally higher predicted temperature particularly in the core.

The overprediction of the jet spread rate is due in part to the sensitivity to initial conditions. Gen-
erally, jet flames are studied in the fully developed region far downstream (e.g., x /d = 50 to 200 for
H2 flames in which the stoichiometric mixture fraction 6 is 0.0283). Here, however, the near-exit
high strain rate region is of interest because of the local extinction issue and because the flame is

QN, shorter (e, = 0.43). Further measurements are being made to adequately characterize the initial con-
ditions. Given the difficulty of probing the annular pilot, a numerical sensitivity analysis may be the
only practical approach. For present purposes, however, the results are adequately accurate.

The computed "probability of combustion," P, (Figure 25), defined above, is higher in the regions
of greater strain rate. Note that, strictly speaking, this probability refers to the radical pool and not to
the overall system. The turbulence is not intense enough to cause widespread extinction. These
results are somewhat sensitive to the choice of quench scalar dissipation rate Xq (here taken as 35 s- -
on the basis of prior work [Gulati and Correa (1987)]; Xq is related to, but not the same as, the critical
strain rate %i measured in counterflow diffusion flame burners). Indirect evidence of the probability of
combustion is available from mixture-fraction vs. temperature scattergrams constructed from the Ra-
man data (Figures 15 through 19). The large variations of the temperature data (up to 1200 K) from
the adiabatic equilibrium curve indicate that local temperature-decreasing mechanisms are active.
There is, however, no evidence of local extinction even at this location (x /d = 10) where the strain
rates are high; extinction would have manifested itself in low temperatures in the flammable range of
samples. The temperature scatter is due to the slowness of recombination reactions, as suggested by
the computed mean reaction progress variable (Figure 26).

2.5 Strain in Compressible Flow

Critical values of strain corresponding to flame extinction in a cylindrical counterflow diffusion
flame burner are approximately 330 0 for CH4 [computed, Miller et al. (1984)], 950s 1 for a mixture
of 40% CO, 10% H2, and 50% N2 (measured as discussed above] and 12,000 s- [computed, David et
al. (1984)]. The large critical strain for fuels with significant H2 implies that, for cylinders of reason-
able size (R = 2 cm.), the critical air velocity (V = 120 m/s, for H 2 fuel) is in the compressible flow
range. Velocities this high suggest the need for a compressible analysis of the flow. In particular, the
strain rate at the forward stagnation point in cylinder flow is needed, since cylindrical sector burners
[Tsuji (1970)] are routinely used to measure flame extinction limits [e.g., Section 2].
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The incompressible flow about a cylinder resembles the Hiemenz plane stagnation flow, in the re- -

gion of the forward stagnation point, s /R < < 1 where s is an arc coordinate starting at the stagnation -Y
point. This flow consists of an outer potential flow and an inner boundary layer flow (Figure 27). The
characteristic normal strain (a) can be obtained from the solution for the cylinder - a doublet plus a
uniform flow - evaluated at the forward stagnation point on the cylinder surface, as

2V2V -(8)

where V is the approach velocity. In physical terms, this strain is due to the velocity going from V to
zero (at the cylinder surface) over a region whose extent is on the order of R [O(R)]. This result is
incorrect when applied to extinction of flames of fuels containing significant amounts of H2, as shown
next.

The concept of an inner incompressible region within which the flame resides and the correspond-
ing incompressible calculations [e.g., Miller et al. (1984)] are still valid; the present analysis will show
how compressibility in the free stream affects the strain in the inner incompressible region of a
cylinder in uniform flow.

The incompressible flow solution cited above can be extended to the (subsonic) compressible
regime using the Rayleigh-Janzen method of successive approximations. The method is tedious,
becoming impractical for generating terms past second-order. Van Dyke and Guttmann (1983)
automated the procedure and (symbolically) computed a 29-term solution for the velocity potential.
Because the resulting expressions were too lengthy to be presented, these authors discussed only the -.
numerical results for the maximum tangential speed. Their interest lay in the structure of the flow
when locally sonic speed was first attained - specifically, whether a continuous range of shock-free
potential flow solutions existed. This information is not sufficient to calculate the strain field. Hence
the calculation was repeated in this study and the expression for the potential function was obtained to
six terms. As will be seen, higher-order terms were not needed for an adequate level of convergence.

The equation for the velocity potential 0 for steady, two-dimensional, planar inviscid flow about a
right circular cylinder is

1 1 (9)r r 2

where C is a function which contains terms due to compressibility. The subscripts denote
differentiation with respect to polar (r, 0) coordinates. The cylinder radius R and uniform-stream velo-
city V have been used to nondimensionalize the variables. M is the free stream Mach number and -y is
the ratio of specific heats.

The boundary conditions on the velocity potential are that the normal velocity is zero on the
cylinder surface

= Oatr=l (10)

where the subscript denotes differentiation and the far-field velocity is V

r cos Gasr-oc (11) -
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Moreover, there is no circulation about the cylinder so that only solutions that are symmetric in the
polar angle 9 can be allowed.

For M =0 (the incompressible case), Equation 9 becomes linear, and the solutkn can al.,) be
derived by the superposition of a uniform stream and a doublet. This leads eventually to the strain
given by Equation 8. In the compressible case, the nonlinearity of Equation 9 precludes superposition
or other methods of solution in closed form. A method of successive approximations is used to solve
Equations 9 through 11.

By expanding the solution for . in a series,
00

-- M 2 -2  (12)
n =1

and substituting the series into Equation 9, a equence of Poisson equations for each of the
coefficients 4, in turn, is obtained. The (i-I) u solution is substituted into the right side of Equation 9
to obtain a Poisson equation for the term of order i. This iterative procedure starts with the
incompressible solution, ca, which is

C= (r + r)cos 0 (13)
r

Because the effort required to generate higher-order solutions in analytical form rapidly exceeds rea-
sonable (manual) bounds, the procedure was automated using a symbolic manipulation language
[Moses (1967)].

The solution was obtained up to the term of fifth (zero'th to fifth) order; here the first three terms
are presented to show the form of the solution

r c + ( 12 r 2 r3  12 r 5  12 r3  4 r

+ M 4 [(225r8 + 315r6 - 234r4) cos5 0 + (- 1425r 8 - 741T. 6 + 945r4 - 186r2 + 25) cos3 9

+ (6573r8 - 4980r6 + 3045r4  - 1215r2 + 183) cosO]/ (3600 r9 ) + O(M 6) (14)

The higher-order terms are too lengthy to be included here.

The solution for the velocity potential is differentiated twice to obtain the equation for the normal
strain as an analytic function of r, 9 and M2 . It is evaluated at the forward stagnation point
(r = 1, 9 = r), to produce a series for the normal strain of interest here. Retaining terms to fifth
order, the result is

2V (1-0.8333M' - 0.3283M 4 - 0.7237M 6 - 1.6106M 8 - 4.2178M1 ° ) (15)

The ratio of specific heats (-y) appears in terms past second-order, and was taken to be 1.4. Note that
the coefficients of the higher-order terms remain of order unity.
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The radius of convergence of the series for the maximum surface speed is estimated as M = 0.4035 (to three significant figures) by Van Dyke and Guttmann (1983). This series

= 00knMn -2(16)
SV I k(6

imax

has coefficients k' which grow with n; for example, a, = 2.0, a6 - 96.3, a12 = 7.26 x 105, a2o = 2.95 x
101. On the other hand, the coefficients of the series for the normal strain, as given in Equation 15,
remain of order unity.

Equation 15 may seem surprising because the higher-order terms, which are due to compressibil-
ity, reduce the strain in the region of interest. Figure 28 shows that this reduction can be quite
significant. To investigate this phenomenon, the strains corresponding to the first three terms are
plotted along the stagnation streamline. These strain terms are

ao(r)= r (17)

(r) = ( + 2- ) (18)

and

o2.985 18.020 + 31.300 _ 21.793 + 5.200 V (19)
r 3  r 5  r7 >1 )9 r -R

, where, to second-order,

c(r) = o(r) + a,(r)M2 + acz(r)M 4  (20)

The signs in Equations 17 through 19 are consistent with the coordinate system. (The strains in
Equations 8 and 15 are the absolute values of sums of series similar to Equation 20.)

Figures 29 through 31 show the variation of these strain terms. The leading term decays monoto-
nously (Figure 29), while the higher-order terms each display a zero-crossing. From Equation 18 it
can be shown that the term a, crosses zero at r = 1.538. Thus, the reduction in strain due to
compressility exists only within this location. Outside r = 1.538, this first order strain term becomes
negative (Figure 30) and so increases the strain, agreeing with the intuitive notion that compressibility
ought to reduce the forward influence of the stagnation point. These regions will be referred to as the
near- and far-fields, respectively.

Equation 11 also shows that the near-field reduction of strain is due to the r5s term. The r-3 term
corresponds to a doublet, as discussed earlier, and has the same sign as the leading strain term, ct.
Thus, the near-field reduction in strain is due to the localized effects of higher-order singularities,

which enter the solution due to the source terms in Equation 9. Equation 19 and Figure 31 show that
the second-order term a2 expands the near-field region of reduced strain (the zero crossing occurs
further upstream, at r = 1.925) and the overall size of the region affected by compressibility (the
asymptotic approach to zero occurs further upstream).
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Assuming a cylinder radius of 2 cm, the free stream velocity corresponding to an extinction strain
of 12,000 s1 is 120 m/s which is equivalent to a free stream Mach number of approximately 0.34,
within the scope of this analysis. (A free stream air sonic speed of 347 m/s has been assumed).

Figure 32 shows the critical velocity required to produce the (critical) strain of 12,000 s-1 as a func- K
tion of the cylinder radius. The deviation from the linear relation of Equation 8 at higher velocities
(Mach numbers) is clear. The velocity range is chosen to emphasize the regime where compressibili-
ty is first noticed. These results should be used to correct laboratory measurements of critical strain
for extinction of hydrogen flames and suggest an alleviation of strain in compressible turbulence.

2.6 Extended Partial-Equilibrium Model

In the partial-equilibrium model for CO/H 2 flames just described, CO is considered to be in par-
tial equilibrium with the radical species by assuming the reaction (S5)

CO + OH-* CO2 + H (S5)

to be fast enough. This assumption has been relaxed in other studies [Correa (1985)]. Denoting the
partial equilibrium CO levels with the superscript pe, a third variable 0 can be defined to account for
CO kinetics

Yco - o(21)

b varies between 0 (when CO kinetics are sufficiently fast for CO to be in partial equilibrium with the
radical pool) and 1 (when the CO is completely frozen). Thus the two-variable partial equilibrium
model is a special case (0 = 0) of the current model. Similarly, full chemical equilibrium is realized
when -1 and --0.

Eleven equations are required to solve for the concentrations, temperature, and density. The mix-
ture fraction provides five of these via the four elemental concentrations and total enthalpy. Using
equilibrium relationships for the radical pool, three more equations are obtained while specification
of q yields a fourth equation. Another equation results from Equation 21 for given 'k and the equation
of state completes the set. The three-dimensional space defined by the three variables , t7, and 0 is
then covered with a uniform mesh and the above equations solved for each point of interest (CY7,ik),
thus generating a thermochemical "library" for the instantaneous state of the fluid as in the two-
variable approach.

Application of the model, with k -c/assumed-shape pdf closure, to the above 40% CO/ 30% H2/
30% N2 jet flame at a Reynolds number of 8500 shows that CO kinetics are significant only in the ini-
tial region of the jet [Correa (1985)]. Within 30 diameters, the CO attains partial equilibrium with the
radical pool, and the entire pool reaches full chemical equilibrium via relatively slow three-body .
recombination reactions by about 50 to 75 diameters. Once the CO is in partial equilibrium, ,k = 0,
and the two-variable model discussed earlier would apply. In flames at higher Reynolds numbers,
however, the CO may not reach partial equilibrium as rapidly, and the entire flame might be
influenced by CO kinetics. Full details of this thermochemical model and the transport equations are
presented in Correa (1985).

2.7 Bluff-Body-Stabilized Flame

A bluff-body-stabilized combustor that employs recirculating flow in the near-exit region of the jet
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to stabilize the flame was designed and used to provide flame stabilization at higher Reynolds
numbers. A schematic of the apparatus is shown in Figure 33. Preliminary results with different fuels
are reviewed here. The bluff-body combustor has an outer diameter of 38.1 mm and is installed in the (n

tunnel such that the exit plane is fairly downstream from the contraction zone. The bluff body has a
jet of diameter 3.18 nun located in its center. The flame is stabilized by the recirculation zone provid-
ed by the bluff body. The ratio of the bluff-body diameter to the central jet diameter is 12:1 as op-
posed to the 28:1 design studied by Roquemore and coworkers [1980, 1982]. The blockage ratio pro-
vided by the bluff body is less than 5%. Hence, the flowfield can be assumed to be axisymmetric.
Different fuels such as CH4 and CO/H 2 mixtures were used to stabilize the flame in the tunnel at
various Reynolds numbers. It was found that the flowfield was jet-dominated for most of the cases
studied. Despite this, modeling would be complicated by recirculation for reasons of numerical accu-
racy and less reliable models of turbulence [Correa (1984)], as discussed briefly below.

The data discussed above (for Re = 15,000 LHC turbulent flame) indicates a low (or zero) proba-
bility of local extinction in pilot-stabilized jet flames. Attempts to increase the Reynolds number of
the jet beyond Re = 17,000 were unsuccessful. Thus, there is a need to change the strain rate field by .
altering the mechanism of stabilization. The following discussion deals with our experiments (in a
limited manner) with bluff-body-stabilized flames.

Bluff-body stabilized flames have two advantages over jet flames, but have one very serious draw-
back The first advantage is that the wake behind the bluff body and the shear layer adjacent to it on
both sides provide a region of large strain rates, which increase up to the forward stagnation point.
Thus, the region of maximum strain rate (the region of interest) is located sufficiently downstream of
the lip of the flameholder so that inlet perturbations there should not affect the strain field dramati-
cally. In jet flames the maximum strain rate is at the lip of the jet and is very sensitive to the inlet
free stream conditions. Secondly, there is no need for pilot stabilization, and thus there is no interfer-
ence from the premixed pilot as suspected in jet flames. The major drawback in studying bluff-body-
stabilized flames is that the recirculation zone is very difficult to model because of the mathematically ?
elliptic nature of the flowfield and the lack of a sufficiently reliable turbulence model. Thus, the
modeling of turbulence-chemistry effects may become overshadowed by the problems associated with
the turbulence model and computational scheme [Correa (1984)], thus making the interpretation of
the results difficult.

Figure 34 shows the bluff-body combustor installed in the 6 in. x 6 in. tunnel. Three different fuels
were used: (a) H2/N 2 mixtures, (b) LHC gas, and (c) methane. Figure 35 shows a turbulent flame at
Re = 31,600 (based on cold flow jet conditions) with fuel composition of 78% H2, 22% N2. The jet
velocity is estimated to be 340 m/s, whereas the coflowing air speed is 20 m/s. The flame is seen to
be completely jet-dominated and is stabilized in the recirculation zone behind the bluff body. The .

flame brush appears very turbulent even in this time-averaged photograph. The flame has negligible
luminosity as expected in H2/N 2 flames. At higher Reynolds numbers and higher nitrogen concentra-
tions, the flame was found to begin to lift off and eventually blow off.

Figures 36 through 38 show the effect of the bluff-body stabilizer in a 20% H2, 80% CO turbulent
flame. The jet velocity in all cases is 40 m/s and the Reynolds number is estimated to be 7400. Fig-
ures 36, 37, and 38 correspond to coflowing air speeds of 10, 20, and 30 m/s, respectively. At low air

velocities the flame is quite jet-like since the ratio L is > > 1. As the air velocity is increased, the
U,

flame appears more wake-like and eventually appears totally wake-dominated. The flame appears
more luminous because of the CO + O-CO2 chemiluminescence. Figure 39 shows a 15% H2, 60% -
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Figure 33. Schematic of a jet-dominated bluff-body stabilized turbulent diffusion
flame.
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Figure 3S. Bluff-body stabilized turbulent flame Re -31,000 (78% H12, 22% N2).The jet velocity is 340 m/s; co-flowing air is 20 rn/s.

Figure 36. Bluff-body stabilized turbulent flame Re -7400 (20% H2, 80% CO, VJ

59



A6

Figure 37. Turbulent flame, Re =7400 (20% H2, 80% CO, Vj 40 m/s, V.
20 m/s).
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Figure 39. Turbulent fMue Re 10,%0;0 1% H2, 60% Co, 25% N2, Vj =55 m/s, V.
30 m/s.
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CO, 25% N2 flame at Re = 10,500 (Uj = 55 m/s) with coflowing air at 30 m/s. Even though the
flame is jet-dominated, the effect of the wake and the adjoining shear layer is clear in this photograph.
Up to the forward stagnation point, the flame appears jet-dominated, but in the intense shear zone
there, the turbulent brush appears highly convoluted and is broadened by the recirculation zone. The
flame there looks quite different from a jet. Finally, Figure 40 shows the same 10% H2, 40% CO,
50% N2 (LHC) Re = 15,000 flame brush stabilized by the bluff body instead of a premixed pilot. The
flame is jet-dominated, but the recirculation results in a broadening of the flame front and makes it
look more turbulent. The probability of local extinction should be greatest in the region near the stag- -
nation point where the brush appears to be most turbulent.

The most dramatic effect of bluff-body stabilization is apparent in the case of the methane flame.
Figures 41 through 43 illustrate the effect of increasing the jet Reynolds number of a 100% methane
flame in coflowing air at 20 m/s. At a jet velocity of 65 m/s (Re = 12,600), the flame (Figure 41) as-
sumes the appearance of a traditional bluff-body-stabilized flame. The flame narrows progressively
from the exit plane and is narrowest at the end of the recirculation zone, where the strain field should
be maximum. In this region the flame appears to be significantly stretched. As the jet velocity is in-
creased to 75 m/s (Re = 15,000, Figure 42), the flame starts to blow off intermittently in the narrow
neck region. Apparently, the strain in this region causes the flamelets to be locally extinguished in this
region but as the strain field diminishes exponentially further downstream, these flamelets reignite be-
cause there are still sufficient radicals and hot products from the wake region to provide sources of ig-
nition. The main flame region is downstream of the narrow neck and appears to the eye to be con-
nected to the wake only in an intermittent fashion. As the jet velocity is further increased (Uj =
90 m/s, Rej = 17,000) in Figure 43, the flame downstream of the neck eventually blows off and is no
longer able to reignite. This is probably because, for fixed coflowing air, as the jet velocity is in-
creased, the flame gets stretched enough so that eventually it is extinguished and blows off. The flame
near the wake of the flameholder remains in the recirculation zone.

This dramatic effect of interaction between the jet, recirculation zone, and the coflowing air is
most apparent in methane flames because the flame speed is low and the stoichiometric mixture frac-
tion value ($ = 0.058) is low, which implies that the stoichiometric contour extends significantly
downstream of the exit plane and is thus affected by the intense shear zone at the stagnation point.
The LHC gas has a similar value of flame speed, but the value of C, is 0.43 such that the flame brush
is very small, and most of the fuel is burned upstream of the region of largest strain. The hydrogen
flame shows no effect (s 0.028) for a different reason; its flame speed is extremely high, and hence
it is very difficult to induce local extinction in H2 flames even with significant nitrogen dilution. A
further difference between H2 (and CO/H 2) flames versus methane flames is that, in the latter, radi-
cals are consumed by alkyl species. If not continuously produced by reactions, therefore, these radi-
cals disappear and the flame is extinguished.
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Figure 40. Turbulent &~me, Re 15,000, 10% H2 , 40% CO, 50% N2, (LHC), V.
30 m~,vj 0ns

I A

Figure 41. Turbulent methane flame, Re =12,600, Vj 65 m/s, V. 20 rn/s.
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Figure 42. Turbulent methane flame, Re =15,000, Vi 75 m/s, V. 20 m/s.
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3. NOMENCLATURE

a,b Parameters in beta function

C - c 3  Parameters in pdf

Cg2  Constant in variance transport equation
C 1 ,C2, CO Constants ink k-e model i
D Diffuision coefficient

d Diameter

f pdf of conserved scalar

Fr Froude number

g pdf of reactive scalar

h Total enthalpy

I Intermittency

j Turbulent flux

i Jacobian

k Turbulence kinetic energy, reaction rate, coefficients in series

M Number of chemical elements, Mach number

MA Molecular mass of species i

N Number of species

p Pressure

P Joint pdf of two scalars

Pe Peclet number

Pr Prandtl number

q Twice the turbulence kinetic energy .*1

qij Metric terms in coordinate transformation

R Universal gas constant, turbulence time-scale ratio -

R Cylinder radius

Re Reynolds number

/" Reaction rate per unit volume

S Swirl ratio

Sc Schmidt number

T Temperature

u,v Velocity components in Cartesian coordinates

V Velocity of approach flow
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ui Velocity component in i direction

I~i  Rate of reaction i

X Scalar dissipation rate

xi Cartesian coordinate i

Yi Mass fraction of species i

Zi Elemental mass fraction of species i 7

aStrain rate

Beta function

I'i Diffusion coefficient for quantity i

6 Dirac delta function

bij Kronecker delta

6 Dissipation rate

17 Reaction progress variable, coordinate

A Viscosity

4j Mass of ith element in unit mass of jth species

V Kinematic viscosity

Polar angle

a Mixture fraction, coordinate

P Density

01i  Turbulent Prandtl number for quantity i

Time

r0j Turbulent stress

4, Scalar variable, generalized variable, velocity potential function

44 Deviation variable for CO kinetics

Subscripts

r, 0 Derivative with respect to coordinate r, 0

c Critical
4 i Cartesian component

s Species index ,

Superscripts

1 Laminar
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a Air

Ue Equilibrium
f Fuel

s Stretched

t Turbulent

u Unburned (frozen)

() Density-weighted mean

Density-weighted fluctuation
* Transformed variable

() Conventional mean

Conventional fluctuation

:'7I
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