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Abstract— Temperature ang radiation properties of {-8 Mw heat release rare methane/air Jet diffasion
flames without ang with the addition of liquid warer SUPPIessant to the fuel stream are studied. The analysis
includes an existing parabolie flow solver, in CONjEACTion with (he tocally homegencous flow Approyimation
and the lamingr fameles concept. State relationships for methane + liquid Waler mixtures are caleuluted
from species “OnCentration measurements for methane flames withoy; water added. The analyses are
compared with previeusly published data. Tests for fames withowu: water addition show the applicability
of the anaiyses (o 1he present fame scules. The results for Rames with water addition indicate 1ha finite

rates of evaporation and separated flow effects need 10 be considered for accurale predictions a high water
s
ioading,

INTRODUCTION

Radiation and extinetion of large turbulent Jet flames is of interest in the evaluation
of hazard 1o personnel resulting from oif and gas wel| blowours. Motivated by this
problem, experiments concerning the feasibility of extinguishment of large (100-
200 MW; Evans and Plenning, 1985y and medium (110 Mw, McCaﬂ‘rey, 1936, 1989)
scale methane/air lames using water Sprays have bheen conduceted in the past,

Predictions of Structure and radiation properties of Iaboratm'y scale methane
flames (10-20 kW) have been reported by Jeng ef g/ {19843 and by Jeng and Faeth
(1984a). These methods were applied (o the prediction of temperature and radiation
properties of large {100-200 M W) fHames by Gore ¢z af. {1986}, In the past work, the
predictions were restricted to methane/air fames without suppression,

The objective of the present work is o extend the analysis of fame structure and
radiation 10 include the effects of water added to the fyel Stream as a suppressant. As
a first step, the two phase flow effects are treated using the lacally homogeneous flow
approximation described by Faeth ( 1988). Experimental data reported by MceC affrey
(1986 1989) are utilized to evaluate the regujts and to discuss the limitations of the
approach,

Williams (1974, 1981} hag presented a view, based on the extinction of thin laminar
diffusion flamelets, that fire extnguishment js due 1o excessive heat loss 1o the rich
and/or lean side of the flame. This heat loss could be enhanced by the presence of a
Suppressant or by large Bame stretch. Thus, evaluation of heyy loss to water and the
subsequent decrease in flame temperature is important in understanding fire suppres-
sion. With water added to the fyel siream as g suppressant, the additional heat ogs
OCCUrs as a result of increased hear of vaporization and sensible energy extracted from
the famelets, Therefore, the extinction mechanism ix entirely thermal, Seshadri (1978
has verified this for diffusion flames burning ahove a lquid fuel surfuce in & counter-
flow configuration,
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Tn addition to decreasing the temperature. the evaporation of water increases the
partial pressure of water vapor and may lead to an increase in the emissivity of the
flame as discussed by McCaffrey (1989). The resulting effects on flame radiation levels
therefore may not be negligible. The addition of water to the fuel stream also affects
flame radiation by suppressing soot production. Fortunately, radiation from methans
flames iz dominated by the bands of stable molecular species such as carbon dioxide
and water vapor {leng er al, 1984) allowing the present treatment without the
complications of soot chemistry.

Other factors, not considered i the locally homogeneous flow (LHF) approxima-
tion {Faeth, 1988} and the view of extinction summarized above {Williams, 1974,
1981} are the non-uniformity introduced by turbulent mixing in the high speed flow
and differential diffusion of the liquid water suppressant and the gaseous {fuel
oxidizer and product) species. Due to these effiects, flamelets at one location may be
subjected to very high quantities of suppressant while flamelets at another location
may not see any suppressant at all. These separated flow phenomena may have
significant effects on the radiation and extinction properties due to their nonlinear
dependence on flame cooling.

In this work, locally homogeneous flow is assumed in order to evaluate the baseline
case of water added in the form of an idealized mist consisting of infinitesimally small
water droplets. The effect of water addition is assumed to be purely thermal and finite
rate reaction effects are neglected. As conditions close to flame extinction are ap-
proached, this is clearly not valid. However, this approach establishes a baseline case
of practical importance for fire situations where combustion of the fuel with low
radiation hazard is beneficial compared to fire extinction and subsequent discharge of
unburnt fuel. The effects of finite rate chemistry can be assessed by comparing the
measurements with predictions.

In the following. the experiments deseribed in detail by McCaffrey (1986, 1989) are
briefly summarized before discussing the present theoretical methods. The results
concerning state relationships with water addition are presented next, followed by a
comparison of measurements and predictions for turbulent flames without suppres-
sant and then for those with added water spray. The paper concludes with a statement
concerning the limitations of the present theoretical approach.

EXPERIMENTS

The experimental apparatus used by McCaffrey (1986, 1989) involved a 104 mm
diameter main natural gas pipe with a pressure atomizing nozzle (PAN) mounted at
the center at a depth of 5% mm from the exit as shown in Figure 1. At the exit, the pipe
had a sudden contraction to 32mm diameter. The twin fluid pressure atomizing
nozzle was supplied with liguid water in the central pertion and atomizing methane
driver admitted at approximately 150 KPa to the annuotus, Two different exit geome-
iries were considered {sharp-edged orifice or straight cut hole). However, the differen-
ces in the measuremenis were within the measurement uncertainties (McCaffrey, 1986,
19893, Therefore, no distinclion between the two nozzie geometries has been made in
the present paper. The nozzle was tocated at the bottom of a 3 m deep underground
pit. Air entered the pit from large openings at the surface.

Water and atomizing methane were metered using rotameters. The mamn methane
flow was metered using a2 laminar flow element. The temperature measurements
involved six chromel-alumel thermocouple junctions formed from 8.3 mm diameter
wire mounted at 0.5, 1, 2. 3. 4 and 5 meters from the injector exit. The radiative heat
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FIGURE 1 Sketch of the eXperimental apparatys,

flux detectors involved two wide angle (150° viey angle) broad band radiometerg
(Medtherm Corp.) mounted at: (1) 2.6y radius and L9 meters height from the
injector exit and (2y 3,5 radius and 2.5 meters height from the injector exit. The
radiometer locations were selected somewhat arbitrarily o sample representative

he nominy} heat release rates for the operating conditions selected by McCaﬁ"rey
(1984, 1989} varied between I-1oMw. These conditions yield fully turbujens {exit
Reynolds tumbers = Ry = Uydiv = 3(},{)006(}0,(}00. where 1, is the equivalent exiy
velocity catculated from mass flow rates, ¢ i the injector diameter a1 the exit and v
s the kinematjc ViSCosity) flow at the jet exit, The flames are momentum dominated
in the near-injector region by hnoyuncy influences the flame height dye 1o reduction
in loca) momentum of the Jjets by Mmixing, Accordmg to the criterion of Becker and
Liang (1978}, the fames are ip the intermediye regime (Richardson Number =

Ri = addiig = ()J)OOOM—().OO()I 2. where ¢ i the Eravitationaj acceleration), Many of
the flames were ifted from the Injector exi since no pilots or Other methods of flame
altachment were proviged,

The tests were begun by firgt lighting a sma flame of methane ang then increasing
the fuel mass Aow unul the desired Operating condition Wi reached. During the
SUPPTESSion tests, rwe minutes afrer the sstablishment of the desired gas flow con-
dition, the waer flow was srarted and increased iy desired Sieps untif the limiting flow
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was reached. This allowed collection of emperature profile data and radiative heat
flux data for the baseline methane flames without suppression and also for flames with
different water/methane mass ratios.

THEORETICAL METHODS

Since radiation from methane fames is dominated by gasecus bands (Jeng o7 al,
{9843, the effects of water addition are assumed to be purely thermal. Thus the state
relationships for flames with water added to the fuel stream are constructed using
species concentration data for pure methane James and adding Hquid water Lo the fuel
in an appropriate amount as an inert species. The effect of water is to reduce the
temperature by extracting the heat of vaporization and sensible heat. Changes in
temperature caused by water addition will clearly atfect the rates of chemical reac-
tions. However, as a first step. the reaction rales are assumed to be much faster than
the mixing rates. The validity of this assumption for the present test conditions can
be examined using the results,

It is noted that the reduced temperatures caused by the addition of water will affect
the details of the flame structure significantly. The present approximation is for the
purpose of calculating flame radiation only. Trace species formation will be affected
significantly by finite reaction rates. As discussed before, the effects of these species
(including soot) on flame radiation properties can be neglected for the present
methane flames.

It is assumed that water is added to the fuel stream in the form of very fine mist so
that the instantaneous velocities of the two phases are identical at the exit and that
differential diffusion effects between the gas phase and water drops are negligible. This
corresponds to the locally homogeneous fAow (LHF) approximation desecribed by
Facth (1988). Effects of Hftoff of fames from the injector exit are neglected since the
liftoff heights are smali compared to the flame height and also due to the considerable
uncertainty concerning the structure of lifted flames (Pitts, 1988). Potential effects of
liftoff can be assessed based on the results for methane flames without suppression.

The density of the material leaving the mjector is increased due to the presence of
liquid water reducing the air entrainment rates for the jet. The velocity of the jet
leaving the injector, ug, is calculated using a mass balance and assumed to be uniform
at the jet exit. In addition to initial density and velocity distributions, mixture fraction,
turbulent kinetic energy, mixture fraction fluctuations and dissipation of turbufent
kinetic energy are needed at the initial station. Approximate initial conditions are
specified simitar to past practice (Jeng and Faeth, 1984a, b; Gore ¢1 al., 1986; Faeth,
19%8). Once the distributions of the above variables in the flow are known, mean
scalar properties needed for calculating radiative heat flux such as temperature and
species concentrations are obtained from the state refationships using averaging based
on a clipped Gaussian probability density function (Jeng and Faeth, 1984a, b).

State Relationship in the Presence of Liguid Water

Bilger (1977) proposed the laminar famelet concept based on the observation that
measurements of gaseous species concentrations in laminar flames without suppres-
sant are functions only of mixture fraction. As long as the effect of water addition is
thermal. this idea can be exiended to flames with water suppressant as deseribed in
the following.

Measurements of gaseous species concentrations for laminar flames burning reth-
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ane i air {Tsujf and Yamaoks, 1969} show that the glohal rgaction {considering only
the spacies whose mole fractions are above 0,07 ag important for the present calcula-
tonsj can bhe Written as:
CH, + H0. 4+ 3.766N, - Yo, CH, + X, N. o+ Yo, CO,
};‘HE(} H:{) -4 .’5:(_~i_3 CO 4 'YH; H: {i}

Where “x. are the number of moleg on the product side for species L for 1 mole
of methane on the reactant side. caleulaed from the Species voncentration measyre.

ments and Cand H arom balances. Moleg of oxygen on the feactant side per mole of

Methane gre denoted by “h" and are determined from the local mixture fraction, In
order to construct the state relationships for methane + Hquid water burning wiry
4ir, X_ moles of liquid water are added to the fuel stream per mole of methane, Since
the effects of this addition are only thermal, the chemical reaction now becomes:

CH, + x, H,O(1) + b0, + 3T76HN, = Yeu, CH, + Y N, + Xeo,CO;
T o H O + @0 H, O(1)
T X CO + Xy H,, (2}

The moles of water added per mole of CH, are caleulated from the Operating
conditions, The additional unknowrn in Eq. (2)is the moles of water i the liquid form
in the products. Under the preseny approximations, the mole fraction of water vapor
is determined by assuming zhermodynamic equitibrium for the combustion products,
Thus the mole fraction of water in the vapor phase in the presence of liquid water is:

YoM = P(7) (3)

where v, . is the mole fraction of Water vapor and FAT) is the equilibriym vapor
pressure of water 4t temperature 7. The lemperature of the broducts must be known
to find the VaPOT pressure in Eq. (3). The temperature ig Obtained using the first law
of thermodynamics with a fixed radiative heat jose fraction ¥, for , given water
addition. This can be summarized as:

{r - ‘YR){}I,EQT“H; + X, /?_;;13{) = LN = Lk, (4)

where the summation is over g species on the product side {denoted by i) of Eq. (2)
and v, denote the moles of species ; and 1 is the heat of formation of species § with
elements on the reactant side assumed 1o be in the reference state. Eq. (3)and (4) mrust
be solved simufr’aneousiy for obtaining the partial pressure of water vapor and the
temperature of the products. The mole fractions of j ndividual produyct Species are then
obtained using atom balance on Eg. (2).

The density of the (wo phase mixture s obtained noting that the specific volumes
of the twg phases are additive:

o= Koo+ Yo, (5}

where » is the specitic volume of the Mixture and ¥, is the mass fraction of 411 species
in the gas or vapor phase {specific voltme 7 pand Vi the Mass fraction of the higuid
Waler (specific volume ™1

ST .
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The mixture fraction of each point in the state relationship for a methane + water
mixture is calculated by modifying the mixture fractions in the gasecus fuel state
relationship to include the effect of water addition:

foo= W B, + D0+ S W), (6)

where 7 is the mixture fraction in the onginal state relationship, 7, is the mixture
fraction in the state relationship with water addition, and W are the molecular weights
of water and methane for i = w or CH,.

The gas phase mole fractions of all the species are affected due to the addition of
water, These are caleulated from the RHS of Eq. (2). Thus the mole fraction of water
vapor at all mixture fractions mereases due to water addition while the mole fractions
of all other gaseous species decrease.

Once the state relationships for the fuel-water mixture are calculaied as described
above, the procedure for calculation of flame structure and radiative heat fluxes is
similar to the one used in past studies (Jeng and Facth, 1984a, b; Jeng er al., 1984; and
Gore et al., 1986). The flame structure calculations involve solution of governing
equations for mean mass, momentum, nuixiure fraction, turbulent kinetic energy and
its dissipation and mean square mixture fraction fluctuations using the GENMIX
algorithm of Spalding (1977}, A Favre averaged formulation described by Bilger
{1976) as modified by Jeng and Faeth {1984a) was used. All of the constants in the
turbulence model were unchanged from the values used by Jeng and Faeth (1984a).

The radiation calculations utilized a modified version (Jeng and Faeth, 1984b) of
the discrete transfer method of Lockwood and Shah (1981). The RADCAL algorithm
of Grosshandler (1980} as modified by Jeng et /. (1984) was used in the calculation
of radiation intensities along discrete paths. The near mfrared (1-10 microns wave-
length) bands of CO,, H.O, CH, and CO were included in the calculations.

RESULTS AND DISCUSSION

Flames without Water Addition

As discussed before, the experimental procedure allowed the collection of data for
flames burning methane without the addition of water suppressant as a baseline. In
the following, these data are used to compare the baseline predictions first before
considering the effects of water addition. Present theoretical methods have been
evaluated in the past for laboratory flames (around 20kW heat release, Jeng and
Faeth, 1984) and very large scale flames {around 200 MW heat release, Gore et @,
1986). The present tests allow an evaluation of the scaling effects using intermediate
size flames (heat release rates between 1-10 MWL

Figure 2 shows measurements and predictions of temperature along the axis of a
4.6 MW flame burning methane without water suppressant. The symbols represent
averages of data from several runs. The data are not corrected for radiation heat loss
from the thermocouples and conduction fosses to leads and guide wires. These losses
are estimated to be 200-400 K. The predictions are in reasonable agreement with the
data considering limitations of the present analysis, measurement uncertainty and
efiects of flame liftoff. The agreement between data and predictions is sirnilar to that
of earlier analyses for attached flames suggesting that the effects of hftoff are not
significant for the present operating conditions.

Radiative heat flux measured by two radicometers Tacing the axis of the flames are
plotted in Figure 3, The radiometer positions are arbitrary and therelore representa-
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FHGURE 2 Temperature distribution along the axis of 4.6 MW methane flames.

tive of the surrounding locations, The positions utilized by McCaffrey (1986 (also
1989)} are given in the nser of Figure 3. Predictions of the radiative heat fluy using
the discrete transfer method are also plotted in Figure 3, The radiative heat flux is
plotted as a function of the nominal heat release rate of the flames. As seen from
Figure 3, the agreement between predictions and measurements is good for the range
(0.5-7 MW) of heat release rates considered. The slope of the heat fux versus heat
release rate curves changes due to the flame length and width variations introduced
by the effects of buoyancy and momenium (characterized by the Richardson number).
It is particularly encouraging that the analysis captures the changes in the slope
observed from the data. The predictions are consistently somewhat lower than the
measurements due to possible effects of continuum radiation from soot and effects of
turbulence radiation interactions (Goreer gl 1986). However, the déﬁ'{:renccs are wel
within other uncertainties in predictions and measurements. The radiative heat flux
data and predictions also indicate that effects of iiftoff on this global, integrated
property can be neglected in engineering calculations,

Effect of Water Addition onr State Relationships

The effects of water addition on the state relationships are described next. Figure 4
is & plot of mole fractions of water vapor as a function of equivalence ratio (which
is a single valued function of mixture fraction) for no water addition and for four
water mass loading ratios {1}1E,,=”;"f;r(-“4 ). For all the water loadings shown in Figure 4,
the water vapor mole fractions are figher than the baseline case. At a water loading
rato of 3, the peak mole fraction of water vapor is over 0.4 at an equivalence ratio
of 2. The peak occurs on the fuet rich side because (he liquid water is added 10 the
fuel and the contribution from its vaporization is much higher for this foading ratio
than the contribution from the oxidation of methane. The water vapor mole fraction
decreases sharply for zquivilence ratios greater than 2.0 since the additiona! waier
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FIGURE 3 Radiative heat Alux 25 a function of heat release rate for methane fames in the range 0.3 MW
w0 E MW,

remains in the liquid form due (0 lower temperatures attained by evaporaiion as
discussed later on. For a water loading ratio of 2.0, the peak water vapor mole
fractions occur at an equivalence ratio of 3.0. As the water loading is decreased
further, the state relationships develop two peaks—one corresponding (o the stoic-
hiometric point and another corresponding to the maximum vapor phase equilibrium
mixture. In fact at a water loading ratio of 0.46, the water vapor mole fraction is
highest at an equivalence ratio of 10. _

The mole fractions of water vapor have an effect on the absorption coefficient in
the water vapor bands as discussed by McCaffrey (1986, 1989). In particular the
relatively low decrease in radiation heat fluxes was attributed to the enhanced flame
enussivity based on an early evaluation of the data. However, the overall absorption
coetficient also depends on the concentrations of CO, and on temperature and may
vary in a complicated way as water loading is increased. The results of the present
calculations will provide an indirect check on the variation of the absorption coeffi-
cient with water loading,

The state relationships for the mole fractions of Hquid water are plotted in Figure
5. These show maximum liquid water at the highest fuel equivalence ratio {1 in
Figure 33 for all water toadings. The liquid water mole fraction decreases as the
fuel + water mixes with the combustion gases {equivalence ratio decreases) for all
loadings. Figure S shows that liquid water reaches nearer the stoichiometric flame
surface as the water loading is increased. It appears that at a loading ratio of
approximately 3, hquid water penclrates the active reaction zone {estimated 1o be
between equivalence ratios of 0.4 and 2 based on the analysis of Bilger ez af., 19903
explaining the critical loading for flame extinction. As ligud water penetrates to
locations near the flame surface. the heat loss from the flame to the fuel side (when
water is added 1o the fuel stream) increases continuously. At water foadings near
exiinction the heat loss would be such that chemical reactions could no longer be
sustained. As this imit is approached the present trealment 18 no longer valid since




DIFFUSION FLAMES WITH SUPPRESSION 197

04+

X 1,0 (Vapor)

g ; il i l L
0.1 1.0 10.0

EQUIVALENCE RATIO

FIGURE 4 State refationships for water vapor mole fraction for methane Rames with water SEpPressant.

effects of finite rate chemistry become predominant. The enhanced heat loss can be
studied using the temperature state refationships discussed in the following.

Figure 6 shows the state refationships for temperature. The radiative heat loss
fraction is assumed to be constant at 0.18 in calculating these state relationships. Tt
was found that the results are somewhat insensitive to this parameter. Thus the
coupling between radiative heat losses and the flow enthalpy has heen neglected
similar to past practice. The state relationships for temperature without water ad-
dition show a peak temperature of approximately 2000 K near the stoichiometric
point. As the water toading is increased, the peak temperature decreases. At low water
loadings, all the water is evaporated in the very rich regions. In regions where liguid
water exists, the temperature is held o refatively low vaiues as dictated by the vapor
pressure curve. At equivalence ratios leaner than the point at which ali water evapora-
tes, the temperature rises rapidly up to the stoichiometric equivalence ratio and then
decreases on the fuel lean side. The peak temperature decreases to approximately
1400 K at a water loading ratio of 2 and to 300 K at a water loading ratio of 3. These
temperatures are close to where the rates of most chemical reactions are reduced 1o
such small values that in the presence of heat loss, extinction occurs, The rate of heat
loss can be assessed based on the gradient of temperature near the peak. Asseen from
Figure 6, as the water loading is increased, the heat loss fo the fuel rich side increases
significantly while the heat loss to the fuel tean side decreases only shightly.

The eflect of water addition on the mole fractions of CO. is plotted in Figure 7. Twao
representative water loadings together with the baseline zero water toading case are
shown. As seen from Figare 7. the mole fraction of CO, decreases for all equivalence
ratios as the water loading is increased. Thus although the flame absorption coefficient
would increase due to additional water vapor, it would decrease due to a reduction
in OOy mole fraction. The net effect is complicated since the absorption cocfficient is
also a function of 1em perature,
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FIGURE 7 Stare relationships for CO, mole fractions for methane Hames with waser suppressant.

Effect of Water 4 ddition on Turbujen; Flames

The effect of water addition on the turbulent flames is studied by examining the
Mmeasurements and predictions of temperature at dmeters from the injector exit {a
Fepresentative location) as g function of the water loading ratio for the 4.6 MW flame.
This jocation remains approximately the position of the peak temperature based on
both the data and the predictions. This is a combined effect of the reduced air
requirements for complete combustion, increased intial momentyum and decreased
buoyancy on air entrainment with increased water loading, It is encouraging that the
anatysis predicts the combined effects of these complex phenomeng.

Figure 8 shows the variation in the measurements and predictions of temperature
as a function of water loading. The difference between measurements and predictions

between the two is reduced to iess than oK implying that the predicted tem-
peratures are decreasing faster with increasing water loading than the thermocouple
measurements. Thus the reduction in lemperature is overpredicted by the analysis,
This is probably due to the assumption of complete evaporation. In the experiment,
complete evaporation was not realized due to imperfect atomization and finite evapo-
ration rates as suggested by some amount of water {unfortunately not measured)
observed on the floor after cach test. A second reason for the increased temperature
drop is associated wi th the reduced radiative heat Josses that are not considered in the
construction of the lemperature state rdationsths. However, this effect was found to
be small based on 4 parametric analysis of the radiation calculations. Thus the
discrepancies appear to be associated with the incomplete evaporation of water within
the spray. This effect can only be addressed by considering separaled How models with
finite evaporation ry tes. The temperature of the flames with water addition appears
o be overestimated although to a lesser degree than thay of the flames without water
addition based on Figure & Based on this, the radiatjve heat #ux o surrounding
locations, which was predicted vorrectly for the flames without water addition, is
expected (o be underestimated for the flames with water addition.
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FIGURE & Peak temperature as a function of water tading for turbulent methane flames with wazer
suppressant.

Figure 9 shows the measurements and predictions of radiative heat flux, averaged
between the two locations shown in Figure 3, as a function of the water loading. As
the water loading increases the difference between measurements and predictions
iicreases progressively. At a water loading of 0.46, the decrease in radiative flux is
predicted correctly. It appears that the temperature is underestimated because of the
assumption of complete evaporation of water, Another reason for the discrepancies
in the measurements and predictions of radiative heat fluxes could be that the liquid
water is not transported to the edge of the jet together with the gaseous fuel. Thus,
near the edge flamelets may be established with relatively low water loading while the
central core may contain high water toading with near extinction flamelets. Visual
observations of the flames with water addition show a white core of liquid towards
the center surrounded by blucish flamelets on the outside qualitatively supporting this
idea. Separated flow calculations that aliow for finite interphase ransport rates
described by Faeth (1988) are needed to address this difficulty. It is noted that the
discrepancies increase with increasing water loading supporting this idea.

The present calculations account for the increased water VADOT concentrations and
the resuiting increase in the flame gas emissivity. However, the results shown in Figure

toading. It is noted that the predictions shown in Figure 9 fortuitously agree with the
78 (where 71 1s the center line lemperature with water addition normalized by thar
without water addition) profiles plotted by McCaffrey (19895, Temperature ratios,
simifar o T, , used in the present calculations, vary over a wide range as shown in
Figure 6. Besides, calculations for higher detector focations showed lower tem-
perature sensitivity than 77,

It is noted that if the rates of reaction had decreased significantly (contrary Lo the
present assumptions) leading o lower than expected temperatures and product
species concentrations, then the radiative heat flux would have been overestimated.
The data show that as far as guantities needed for the prediction of flame radiation
are concerned, the reaction rates are not Hmiting even ai relatively high water
Ivadings. This is also supported by the higher (compuared to predictions) measured
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temperatures. However, ji must be added that, detaifs of the flame structure witl be
substantially different and production of poliutant species will be significantly altered
by the reduced temperature. Treatment of the effects of finite rate evaporation and
separated flow effects appears to be the next logical step in the analysis.

CONCLUSIONS

The conclusions that can be drawn from the present study can be sumarized as
follows;

(1) Baseline tests for bure methane indicate that existing flame structure and
radiation analysis for turbulent jet flames can be applied over a wide range of flame
scales. For engincering caleulations, the effects of lame liftoff also appear to be small.

{2) For the present test conditions, the laminar flamelet method can be extended to
flames with water addition to the fue} stream for conditions away from extinction for
the purpose of calculating lame radiation.

(3) For higher water loadings, the effects of finite rate evaporation and also dif
ferential transport between the £4s and liquid phases gre important. Attention needs
to be focussed on these topics,
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