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INTRODUCTION

Many practical applications such as oil well
blowout fires and fuel additives for flame emissiv-
ity improvements involve combustion of hydro-
carbon mixtures. However, past studies of flame
structure have generally been restricted to single
component fuels. The objective of the present
work was to study the relationship between the
structure properties of flames burning fuel mix-
tures and single component fuels.

Bilger [1] observed that concentrations of ma-
jor gaseous species i laminar diffusion Aames
burning C,H , [2], CH, {31, and C Hy {4} inair
could be correlated as a function of the local
mixture fraction (the fraction of clemenial mass
that originsled in the fuel stream) over a rela-
tively wide range of stretch rates, Subsequently,
such correlations were ohserved for laminar dif-
fusion flames burning C,H, and C,H, in air {5].
These correlations have been called state relation-
ships [6] and are properties of a particular fuel
burning in atrmospheric air. It must be nowed that
the correlations are not applicable o the concen-
trations of minor pollutant species and for condi-
tions near flame extinction and attachiment. The
makn application of the state refationship has been
in the calculation of radiation heat transfer I5].

The sute relationships for fuels with relatively
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Measurements of concenirstions of major gas species i laminer diffusion flames burning mistures of CH, and
CoHy i air are seported. The resulls are interproted in terms of the leminar Bamelal concepl. Two methods of
estimating the stute relationships of fuel mixtures were evaluated. Overall, & mixing rule that wiilizes the
mforrution concerning the stwte relationships of the individual fucks provides betier estimates of species
conventralions in Aames burning fuel mixtures than the gencralized state relationships,

simple chemistry such as H, and CO can be
obtained from chemical equilibrivm calculations
{7, 8]. State relationships for CH, /air [9] and
CO-H,-Ny air [10] flames have also been ob-
tained from detailed chemical kinetics, However,
for fuels with more complicaied chemistry {par-
ticutarly involving soot), measurements of SPECics
concentrations in laminar diffusion flames have
been the source of state relationships {1-6].

For flames burning mixtures of fuels with
relatively complex chemistry (including  soot),
measurements in faminar flames burning many
possible blends are generally required. These
measurements are tedious and probably impossi-
ble to make for all possible fuel blends, In fact,
micasurements for many single-component hydro-
carbon fuels have not been completed.

Two distinct approaches are curreatly availuble
for the treatment of flames burning hydrocarbon
mixtures. The first involves the gencralized state
relationship concept of Sivanthanu and Facth [11].
Within this approach, the concentrations of major
gaseous species (Ny, O, fuel, CO., €O, H,0,
and H,} can be estimated for any hydrocarbon
fuct C, M, based on universal state retationship
functions developed from experimental dats for
CH,, CyHy, CyH e, C,H,, and C,H, fair
fames. For fuel mixtures, u and m rake frac-
tional values based on the chemical formulae and
molar concentrations of the individual compo-
nents,

Sivathanu and Faeth [11] found that the gener-
alized functions for Ny, O,, and fuel collapsed
very well for tw different hydrocarbons. The

GOO-2180,/91/$3.50
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generalized functions for CO, and H,0 showed

somewhat increased scatter based on the type of

fuel. The generalized plots for CC and H > showed
that flames burning heavily sooty fuels such ag

(C.H, and C,H,) contain much larger quamities

of CO and H, than those burning paraffins ~CH,,

CyHy, and C.H,.. This difficuity would proba-

bly exist in the application of the generalized state

relationships to fuel mixtures COTHainin
more heavily sooty components.

The alternate approach involves combining the
different state refationships for individual fuels to
obtain the state relationships for the fuel mixture
[12. 13} using a mixing rule. This approach has
heen used for Aames burning a CH, /C.H,, mix-
ture [12] and those burning CH, /C,H, mixtures
[13]. In this approach, universal hehavior for the
individual fuel LOmponents is not assumed. How-
ever, interactions between the chemistry of indi-
vidual fuels are neglected.

Neither the generalized state relationships of
Ref. 11 nor the mixing role of Refs. 12 and 13
have been evaluated by comparison with experi-
mental data for flames burning fuel mixtures ex-
cept for the 99% CH, + 1% C,Hy flame of Ref,
4. However, the concentrations of major gas

species within this flame were identical to those
in a single compotient CH, flame within experi-
mental uncertainty. The objective of the present
work was 10 remove this deficiency by consider-
ing two representative mixtures of a relatively
clean burning (CH,) and a highiy sooty (C.H,)
fuel. Flames burning CH, and C,H, individu-
ally were also studied as baseline.

The article beging with 4 description of the
experimental methods. The generalized stite rela-
tionships of Ref. 1] are then discussed in light of
the present CH, and C,H; single fuet data. The
mixing rule of Refs. 12 and i3 is then described.
The article concludes with a comparison of the
experimerdal data for the mixture flames with the
generalized  siaie relationships and the mixing
rule.

g one or

EXPERIMENTAL M ETHODS

Foliowing description of the experimental meth-
ods is brief. Details of similar experiments have
been discussed elsewhere [5, 15- 171
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Apparatus

The staw relationship data available in the litera-
ture have been inferred from four dirferent Hame
configurations (see Ref. H for details). A co-flow
laminar jet diffusion Aame burner (simitar to Refs.
5. 15 and 16) was used in the present work, The
individual fueis (C.H, and CH,) were metered
using calibrated rotameters and mixed in an ap-
posed jet chamber with baffles and a fong fuet
pipe. All the flames were attached uniformly
the rim of the fuel tuhe. The burner was mounted
on a vertical traverse with measurement acey-

racy of 0.5 mm to probe the flames at different
heights above the exit.

Operating Conditions

Four flames were considered. Two of the flames
burn the single component C,H, and CH, and
the remaining burn mixtures with 27% and 57%
CH, by mass in CyH,. The flames burning
single component fuels were studied for compari-
son with existing measurements. The three flames
containing C,H, in the fuel stream emitted smoke

while the CH,, flame showed a0 evidence of soot
at the Aame tip.

Gas Sampling and Analysis

The soot particles produced in the flames tend to
clog the quartz microprabes used for sampling
gases for chromatographic analysis {5]. In a con-
tinuous sampling mode, this problem prevented
Gore [5! from obtaining measurements in the
heavily sooty regions of the C,H, /uir flames. In
the present study, an evacuated bulb technique
was used to obtain measurements in sooty regions
of the flames. The technique is based on the
simple principle that the flow that clogs the probe
also carries the gas sampie.

A quartz microprobe with an orifice of 250-300
#m dismeter i catinected {0 an evacuated Sar-
pling bulh approximately 0.3 atry of carrier gag
—G9 995 heliumy with an isolation valve. A
purge kine carrying a small flow of helium is aiso
connected 1o the probe via 3 purge flow valve.
The sampling bulb is equipped with an evacuation
bort, a carrier gas pressurizing valve, an absohse
préssure pauge, and g sampling septum.

e
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During operation, the probe is moved quickly
o a desired location in the fame while carrying s
small (just to maintain overpressure) purge How
of helum, The sampling bulb is isolated duaring
this process. Once the probe is at the appropriate
location, the purge flow valve is closed and the
 tulb isolation valve is opencd. The pressure in-
side the bulb is monitored. If the probe does not
clog, then the sampling ends when the pressure in
the bulb reaches | atm. At this time the bulb
isolation valve is closed and gas samples are
removed with a syringe for routine chromatogra-
phy. If the probe clogs, the bulb reaches a con-
stant subatmospheric pressure, At this time, the
solation valve is closed and the pressure in the
bulb noted. A flow of helium is started by open-
ing the sample pressurization valve uniil the pres-
sure in the bulb reaches 1 atm. The fraction of
flame sample in the bulb is known from the
various pressure readings. At this time 2as sam-
ples are removed for routine chromatography.
The measurements are corrected for the purge
and pressurizing helium flows. Data were col-
lected from three different axial positions and
several radial positions within all Qames,

The sample injected into the chromatograph
first goes through a desiccant column to remove
water vapor. Condensation of water was not ob-
served in the sumpling bulb or in the syringe. The
samiple leaving the desiccant section is analyzed
on a dry basis. The measured concentrations are
converted to a wet basis by assuming the C-H
ratio of the preducts is identical to that of the
fuel. The mass originating in the fuel stream is
calcuiated by multiplying the number of carbon
atoms in the sample by the molecular weight of
the fuct and then dividing the result by the num-
ber of carbon atoms per fuel molecule. The muss
origimating in the air siream is calculated by
multiplying the number of N, moles in the sam-
ple by the number of moles of air per mole of N,
(1.266) and by the molecular weight of air (28),
The mixture fraction is calculated using the above
two estimates of the mass in the sample from
each streams,

The mass of soot particies is not considered in
the above procedure of calculating the mixture
fraction, It has been found that the concentrations
of major gas species correlae well with the Eus-
phase mixture fraction |3} calculated in this man-
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ner. However, the effects of heterogeneous pro-
cesses and differential diffusion on sooty fames
have not been fully understood,

Finite probe and sampling size result in gradi-
ent broadening errors in concentration measure-
ments. When the resulting data are interpreted in
the mixture fraction space, the gradient broaden-
mig effects in the physical space ure of no conse-
quence in regions where concentrations vary lin-
carly with mixture fraction. Near the flame sheet,
the sign of the slope of the concentration profiles
of product species in the mixture fraction space
changes, leading to possible gradient broadening
effecty.

Based on the approximate rule given by Fris-
tom and Westenberg [18] for a cylindrical probe
volume and estimates of scalar dissipation rate
and mass diffusivity, the resohution of the present
measurcments in the mixture fraction space is
estimated 1o be +0.01 in the vicinity of the flame
sheet (in the range of mixture fractions 0.05-0.1
depending on the fuel). Within this range the
concentrations of major species in the Aame sheet
region (CO,, CO, N,, and H,0) change by fess
than £ 5% of their Aame sheet values. This varia-
ton is well within the uncertainty of the present
data. The concentrations of fuel and oxygen arg
very small in this region and are not important
for Bame radiation caleulations.

A second well known consideration in the in-
terpretution of duta obtained from sampling probes
i quenching of the chemical reactions at the point
of sampling. Colket et al. [19] have discussed the
acrodynamics of sampling probes and conclude
that the quenching mechanism for quartz micro-
probes does not result from a critical flow at the
ofifice. Schoenung and Hanson [20] found up to
100% variation in measured CO concentrations
with back pressure using a choked probe. Increas-
ing backpressure resulted in a factor of 7 increase
in CO concentrations in their experiments.

The effects of backpressure in the sampling
bulb on the measured conceatrations were cvalu-
ated by varying the backpressure at the start of
sampling from 0.3 (0 0.1 atm and the backpres-
sure at the end of sampling from 1 to 0.5 atm.
The changes observed in the concentrations of
€O and CO, were less than 10% and those for
Ny, O, and the fuel were less than 5% . Further-
more, the changes were not systematic. The pres-
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ent resulis can also be evaluated by comparison
of the data with those obtained by Smyth ¢1 al.
{211 using 100-150-pm  probes under much
higher-pressure ratios. The maximum differences
between concentrations of CO,. CO, CH,, N,
and O, measured in methane flames in the pre-
sent study and those reported in Ref, 71 were less
than 0% (concentrations of CO were estimated
from equilibration of the water gas shift reaction
in Ref. 21,

The experimental uncerainties in the species
concentration measurements are estimated to be
less than 15% for concentrations ahove 3% of the
measured peak values governed primarily by lim-
ited data. The lower bound (5% of the peak
measurements} for reliable (within 15%) concen-
tration measurements is set by the dynamic range
of the calibrations and the integrator.

RESULTS AND DISCUSSION
Single Component Fuels

As discussed above, the present measurements of
state relationships for the CH, flames are in
excellent agreement with the data of Ref. 21.
These data are also in good agreement with mea-
surements reported in Refs, 3.5,

Estimates of species (N;. 0,, CO,. CH,, and
CO} concentrations based on the generalized state
refationships of Ref. 11 showed very good agree-
ment with the present CH 4 data. These resulrs
are shown in Ref. 17 and are not repeated here in
view of the existing data for CH, in the litera-
ture,

The measurements of Ny, Oy, and C,H, plot
ted as a function of local mixture fraction for the
present C,H, flame are shown in Fig. 1. The
estimates of these quantities based on the general-
ized state retationships of Ref. 11 shown in Fiz. 1
agree very well with the present data, The present
data are alse in good agreement with the mea-
surements reported in Ref. 5.

The comparison between the generatized state
relationship estimates of CO and CO; concentra-
tions and the present measurements is shown in
Fig. 2. The estimates are in pood agreement with
the data on the fuel lean side, However, similar
to the findings of Ref, 11, the concentralions are
underestimated by more than 50% and the CO,

J.P.GORE AND 8. M. SKINNER

concentrations are overestimated by an equivalens
amount on the fuel-rich side. The present data are
in general agreement with those of Ref. 5. How-
ever, the present measurements of CO, concen
trations are lower than those of Ref. 5 in the
heavily sooty regions. The difficulties with clog-
ging and buildup of soot around the probe ep-
countered in Ref. 5 are probably the cause of this
discrepancy,

As discussed in Ref T, the difficulties assac-
ated with estimation of CO (and the correspond-
ing difficulty with the estimation of CO, found
above} are associated with the complications of
soot chemistry, When a mixture of heavily sooty
fuel and a refatively clean fuel is considered,
these difficulties may persist, Mativated by this. 1
mixture rule that utilizes the information from the
State relationships of the individual fuels was
proposed in Refs. 12 and 13. This rule is de-
scribed briefly in the foliowing.

Mixture Rule for State Relationships

In constructing the mixture rufe for state relation-
ships, it is assumed that the chemistry of the
individual fuels in the mixture cannot be general-
ized. However, the interactions between the reag-
tions involving the two fuels are neglected andgr
the present hypothesis. Since, differential diffu-
sion effects are neglected under the conserved
scalar hypothesis, the ratio of the reacted and
unreacted mass of fuel I to the reacted and
unreacted mass of fuel 2 remains unchanged.
Thus the state relationships for identical mixture
fractions are selected for constructing the mising
rule.

At a given mixture fraction, the state relation-
ships for the individual fuels involve mole frac-
tions of the major gaseous species (CO,, CO,
H,, H,O0, N,, O,. CH,. and C,H, in the
presenty. The siate relationships for a fuel mix
Wre containing R kg of CH,, mixed with 1 kg
of C.H, in the fuel stream (R = 0.37 and 133
for the present mixtures) are obiained 25 follows:

(26aR /16¢) Xion, + X e,

b2 CH o

X = Lt )
[+ 26aR /16¢ ‘

.8

In Eq. 1, X, represents the mole fraction of
species 1 (i = CO,, €O, N;. Oy, H,0H,,
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CH, CoH;) in the state relationship for the
mixture flame and Xy on, and Xy c,u, repre-
sent the mole fractions of species / in the state
relationships for CH, and C,H,, respectively,
The factor weighing the mole fractions from indi-
vidual fuel state relationships is the ratio of num-
ber of moles of products generated by that fuel
and the total number of product moles. This
factor is calculated from the state relationships
for individual fuels. In particular, " is the
aumber of moles of C,H, burned to generate |
mol of its products and ‘¢’ is the number of

moles of CH, required to generate 1 mol of its
products. The moie fractions of the individual
fuel components in the incoming mixture were
used as the weighing factors for the reciprocal
flammability limit by Hustad and Sonju [22]. This
13 different than the present mixing rule where the
normalized sums of mole fractions of products
generated by the individual fuel component are
used as the weighing factors,

It is noted that if the state relationships of
idividual fuels in the mixture are in close agree-
ment with the generalized siate relationships then
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the estimates of the state relationships for mix-
tures based on the mixing rule are identical 1o
those based on the generatized state relationships.

State Relationships for Fuel Mixtures

The concentrations of MOr gas species for a
flame burning 27% CH, by mass in CyH. (R =
0.37) are plotted as a function of focal mixture
fraction in Fig. 3. For comparison, the estimates
based on the generalized stafe relationships of
Ref. 11 and the mixing rule discussed ahove are
also plotted. For N2, O,, and fuel, the estimates
based on the generalized state relationships and
the mixing rule are identical and are in reasonable
agreement with the measurements. The estimates
of concentrations of CO, and CO based on the
two methods are similar in the fuel-lean region
and are also in good agreement with the measure-

1. P.GORE AND 5. M. SKINNER

ments. The generalized state relationships under-
estimate the CO apd overestimate the CO, for
fuel-rich regions by up 10 50%. This is similar 1o
the difficulties encountered by this method for s
sooty fuels [11]. The mixing rule accounts for the
differences in the chemistry of the sooty fuels by
including information from the individual rely.
tionships. Therefore, the estimates based on the
mixing rule are in close agreement with the daty,

Figure 4 shows measurements of species cog-
centrations and estimates based on the geperat-
ized state relationships as well ag the mixing ruje
for a flame burning 57% CH, by mass in C,H,
(R = 1.33). Once again, reasonable estimates of
Q,.N,, and fuel are obtained by both methods.
Both estimates of CO, and CO on the fuel-lean
side are also reasonable. Similar to the other
sooty fuels, the generalized state  relationships
underestimate the CO and averestimate the CO,
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in the fuel-rich region. Since the sooting tendency
of the R = 1.33 mixture is lower than that of
CyH, and the R = 0.37 mixture, the discrepan-
cics are somewhat reduced. The mixing rule esti-
mates the CO and CO, variations reasopably well
i the R = 1.33 case as well.

For both fuel mixtures the estimates of O,, N,
and fuel based on the mixing rule and the general-
ized state relationships are identical, This is be-
cause the state relationships for these species for
the two fuels are in close agréoment with the
generalived state relationships. For concentra-
gons of CO and CO, in the fuel-rich regions, the
state relationships of C,H, for CO and CO,
depart significantly from the generalized state
relationships leading 10 the differences between
these estimates and the experimental data as wel
as the mixing rule. Thus mixing rule provides a
way of accounting for the departures of ndividual
fuels from generalized state relationships.

The present tests have shown the resuits for
mistures of CH, and C,H,. Sivanthanu and
Faeth [11] have suggested that the generalized
state relationships have difficuliies in the estima-
tion of CO and H, {(and consequently CQ, and
H,0} in regions containing soot particles. In their
study Fi1E, CoH, flames showed these problems
in addition 1w C,H, flames. Tests for mixtures
involving other fuels have not been performed but
sirilar difhiculties can be expected with general
ized siate relationships for aroratic und other
sy fuehs.

CONCLUSIONS

The mixing rules proposed in Refs. 12 and 13
provide good estimates of state relationships for
all muajor paseous species for the two fames
burning CH, and C,H, mixtures. Although a
refatively clean bursing fuel and a heavily sooty
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fuel were selecied to provide a siringent test for
the concepts, further experimental evaluation us-
ing more than two fuels and extension to mult-
phase fuel mixtures is warranted.

The generalized state relationships of Ref. 1]
provide reasonable estimates of N;,O,, and fuel
for ail the flames considered in the present study,
The concentrations of CO, and CO are predicted
well for relatively clean fuels and for fuel-lean
conditions in sooty fuels. However, concentra-
ttons of CO are substantially underestimated and
those of CO, are correspondingly overestimated
by the generalized state relationship method in
the very sooty regions of all flames.

It i therefore logical to use the mixing rules
for obtaining state relationships of fuel mixtures
when those of the individual fuels are available.
When the state relationships for the individual
fuels are not available, the generalized state rela-
tionships can be used with caution regarding the
low CO and high CO, estimates, 1t is noted that
when the state refationships of one or more species
of all fuels in a mixture follow the generalized
stie  relationships closely, then the estimates
based on the mixing rule and the generalized state
relationships collapse.
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Department at the University of Marviand ot
College Park. This work was supported by the
Center for Fire Research of the National Insti-
tute of Standards and Technology, Grant No.
SONANBSDO834, with Dr. 00D, Evans serv.
ing as Scientific Qfficer. The oit weil blowout
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Mineral Management Service of the Drepart-
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