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1 INTRODUCTION 

To control pollution from aero-engines generated in and around airports 
the United States Environmental Protection Agency (EPA) has promulgated emis- 
sion standards for aircraft gas turbine engines. Also, the introduction of 
emissions, particularly NO, (oxides of nitrogen), into the stratosphere is 
an area of current concern. In the Climatic Impact Assessment Report (l), 
NO, were identified as key pollutant emissions during high altitude flight of 
both subsonic and supersonic aircraft. Preliminary findings suggested that 
substantial reductions in NO, need to be achieved to avoid ozone depletion of 
the stratosphere with consequent increases in sea-level radiation. The Climatic 
Impact Assessment Program recommended six- to ten-fold reductions in NO, below 
current levels. To meet these emissions standards and cruise objectives, sev- 
eral advanced combustor concepts are being developed. Combustion in a gas tur- 
bine engine represents a unique problem with regard to the control of the pro- 
duction of NO,. The NO, is produced as a result of reactions involving either 
molecular oxygen (with atomic nitrogen) or molecular nitrogen (with atomic 
oxygen). The extreme stability of these molecules implies that reactions in- 
volving either atomic oxygen or atomic nitrogen become important only at high 
temperatures. However, in a gas turbine engine, the air is compressed before 
it is mixed with the fuel and burned, resulting in high temperature levels in 
the combustion zone. This makes the conventional gas turbine combustion process 
particularily prone to the formation of NO,. 

One new combustor concept with the potential for very low NO, emissions 
is the lean premixed-prevaporized system (2). This idea, suggested in refer- 
ences 3 and 4 is basically simple: since the NO, formation process is extrem- 
ely temperature sensitive, reductions in the local flame temperature achieved 
with little or no sacrifice in the combustion efficiency should result in sub- 
stantial reduction in emissions. A key feature of this technique is the at- 
tainment of complete evaporation of the fuel, and complete mixing of the fuel 
and air before combustion. By operating the primary combustion region at an 
equivalence ratio substantially leaner than stoichiometric, NO, emissions should 
be substantially reduced. This technique has been shown to be effective in 
reducing thermal NO, emissions (5-9). For example, Anderson (5,6) showed that 
by leaning out the combustion zone, an order of magnitude reduction in NO, is 
achieved while still maintaining 99 percent combustion efficiency. He obtained 
an emission index of between 0.3 and 1.0 g NO2/kg fuel; values for conven- 
tional combustors are in the range 3 - 20 g N02/kg fuel. 

Although the technique of premixing and prevaporizing shows great promise 
for reducing NO, emissions levels, there are several problems associated with 
the practical application of this concept (2). This report addresses two of 
these problems: (i) the avoidance of blowout and (ii) altitude relight. For 
lean premixed flows combustion stability is poor and blowout occurs at much 
lower flow velocities than for stoichiometric mixtures (10). Thus, while mix- 
ture uniformity reduces NO, emissions, it makes the desired combustor stability 
limits much harder to achieve. In a conventional combustor, the mean fuel-air 
ratio can be less than the lean flammability limit and locally richer than average 



zones will help maintain stable combustion. For the uniform mixture combustion 
that results from premixing,this advantage is lost and blowout will occur near 
the lean flammability limit. 

This report examines the effects of fuel-air ratio nonuniformities on 
flame stability in (fuel) lean fuel-air mixtures. More specifically, this 
study examines the effects of premixing quality on the lean ignition and blow- 
out limits in a simple tubular combustor. This work has involved both theore- 
tical and experimental investigations. Although the effects of fuel-air mix- 
ture nonuniformities on the production of NO, are well understood (e.g. 
reference ll), little is known about their effects on flame stability. Nearly 
all the theoretical and experimental research relating to turbulent flame 
propagation has been concerned with premixed flames and application to real 
combustors is limited (12). 

In the modeling phase, a correlation for the blowoff velocity of premixed 
turbulent flames has been developed using the concept of coherent turbulent 
structures. The model uses the basic quantities of a turbulent flow; i.e. the 
integral length scale, the Taylor microscale, the Kolmogorov length scale, 
and the turbulent intensity. The model identifies the laminar burning of the 
fuel-air mixture across the microscale as being the critical process for tur- 
bulent flame stabilization. The correlation is based on a Karlovitz analysis 
where two characteristics times - a chemical time and a flow time - are iden- 
tified, and compared with each other. The ratio of these two times defines a 
limiting value at which a flame will no longer propagate. The blowoff veloc- 
ities predicted by the correlation are shown to be in good agreement with 
experimental data. 

In order to investigate the effects of fuel-air ratio nonuniformities on 
the lean ignition limit, a stochastic mixing model with chemical reaction 
based on the work of Flagan and Appleton (13) has been developed. In this 
model, the recirculation zone downstream of the flameholder is treated as a 
partially stirred reactor. The composition of the recirculation zone is de- 
scribed by an ensemble of (N) equal mass fluid elements which have a distri- 
bution of thermodynamic states. The major inputs into the model are the char- 
acteristic size of the reactor, the reference velocity and the residence time. 
These inputs define a mixing frequency which determines the frequency at which 
these (N) elements interact, and a removal rate determined by the residence 
time. The model allows for nonuniformities in mixture composition and involves 
a minimum of geometric variables. 

This model has been used to predict the lean ignition and blowout limits 
of fully premixed systems. To simulate the ignition process, a few elements 
are ignited at time t = 0, and the properties of the ensemble are calculated 
as a function of time. Successful ignition is characterized by a growth in 
the ensemble burnt fraction. The blowout process is simulated by igniting most 
of the elements at time t = 0; blowout is characteriz.ed by the ensemble burnt 
fraction continuously decreasing with time to approach zero. Using an assumed 
distribution to describe the fuel fraction distribution entering the recircu- 
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lation zone, the effect of mixture nonuniformity on the lean ignition limit 
is studied. 

The experimental work was carried out in an atmospheric pressure tubular 
combustor. The experimental facility consisted of an air-heater, a fuel pre- 
mixing section constructed in modules so the premixing length could be varied, 
a perforated plate flame stabilizer, and a combustion section. The fuel used 
was gaseous propane. Thus, an idealized combustion situation was created which 
did not include the effects of droplet evaporation, dilution air etc., which 
are present in gas turbine combustors. In this way the variables of interest 
were isolated so that their effects on flame stability could be studied at a 
fundamental level. 

In Section 2 the underlying concepts of flame stabilization are reviewed. 
The correlation of the blowoff velocity of premixed turbulent flames is de- 
rived in Section 3. In Section 4 the statistical mixing model for flame ig- 
nition and blowout is described. The next section, 5, describes the experi- 
mental apparatus and procedures. The results from the modelling and experi- 
mental efforts are presented and compared in Section 6. The conclusions based 
on these findings are presented in Section 7. 



2 BLUFF BODY FLAME STABILIZATION: A BRIEF REVIEW 

Flame stabilization is of fundamental importance in the design, efficient 
performance and reliable operation of high speed propulsion systems. In gas 
turbines and other combustion equipment, the velocities at which the gases 
flow are much higher than the maximum flame speeds of practical fuels. There- 
fore, an ignition energy source and regions of low velocity must be provided 
within the combustor to stabilize or anchor the flame. There are several 
techniques for stabilizing turbulent flames; we shall restrict our discussion 
to the use of bluff bodies. Longwell (14, 15) , Penner and Williams (16), 
Williams (17) and Ozawa (18) discuss this and other techniques of flame sta- 
bilization in high speed combustion systems. 

The technique of stabilizing flames by means of bluff bodies (such as 
vee gutters and disks) placed in the main flow is not new. As early as 1943, 
Wolfhard (19) observed flame stabilization on a cylindrical obstacle. He 
showed that the blowoff velocity -- defined as the approach velocity above 
which a flame cannot be stabilized by the flameholder -- was dependent on the 
cylinder diameter and pressure for a given combustible mixture. Since then, 
several investigators have measured the variation of blowoff velocity with 
flameholder shape and size, inlet temperature, inlet pressure, etc., (20 - 39). 

Most flame stabilizing techniques exploit a recirculating type of flow 
for anchoring the flame. Flame stabilization phenomena represent a complex 
interaction between fluid mechanic and chemical reaction processes; however, 
this aerodynamic flow structure is common to all forms of wake stabilized 
flames. 

2.1 Aerodynamics of Bluff Body Flame Stabilization 

Figure 1 shows a schematic of the wake flow immediately downstream of a 
typical bluff body flame stabilizer. This wake consists of a backflow (i.e. 
recirculating) region bounded by free shear layers. In practical combustion 
systems, the main stream flowing over the flameholder and the free shear layer 
are turbulent. Mass, momentum and energy are exchanged across the turbulent 
mixing layer; however, a boundary of zero net mass exchange exists within the 
shear layer. 

The presence of the recirculation zone is essential for bluff body flame 
stabilization. The recirculation zone serves as a continuous source of energy 
and active species for igniting the fresh combustible mixture. Toong (40) lists 
the essential features for bluff body flame stabilization. 

Several different techniques have been used for observation of the re- 
circulation zone, both with and without combustion; for details of these tech- 
niques see references 18, 19, 22, 25, 32-34, 41. These studies confirmed the 
existence of the backflow region immediately downstream of the stabilizer. 
Although there was some evidence of vortex shedding (Karman vortex street) 
before ignition (i.e. in cold flow), no vortex shedding was observed during 
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Figure 1 Schematic of a Bluff Body Stabilized Flame. 

combustion. The presence of the flame inhibits vortex shedding. The upstream 
motion was observed to occur randomly throughout the wake flow. 

Several investigators (e.g. 24, 25, 33, 34, 38, 39, 41) have measured the 
length (L) of the recirculation zone, both in cold and in hot flow. The pres- 
ence of the flame causes an increase in the volume and length of the recircu- 
lation zone. These investigations showed that the ratio L/d is constant (with 
and without combustion) for sufficiently high Reynolds numbers (U, d/v). More- 
over, L was found to be practically constant over a wide range of equivalence 
ratios. Although the ratio L/d was found to increase with combustion, the max- 
imum diameter of the recirculation zone boundary was unchanged. This diameter 
was found to be constant over a wide range of equivalence ratios, inlet velo- 
cities and blockage due to the flameholder. 

Winterfield (38) and Bovina (41) measured the residence t&mes behind 
flameholders. The residence time is the average time a fluid particle stays 
in the recirculation zone. These studies showed that the residence times (for 
both cold and hot flows) varied directly with the characteristic size (d) of 
the flameholder and inversely with the velocity (U,). Increasing flameholder 
blockage resulted in a decrease in the residence time. With combustion, the 
residence time increases. The residence time rr can therefore be expressed in 
terms of d and U, as follows: 
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T r = Kd/Uo 

where K is a constant that depends on the flameholder blockage and whether the 
flow is isothermal or cornbusting. Assuming sufficiently high Reynolds numbers 
so that L = d, the above equation can be rewritten as 

T = c 
r ~ L/U 

0 

where cr has absorbed the ratio d/L. 

2.2 Blowoff Experiments 

Blowoff experiments are of direct practical interest beacuse they deter- 
mine the maximum flow rates at which a flame can be stabilized. Observations 
of the sequence of events which occur during blow off (22, 23, 25) show that 
the flame is first extinguished downstream and that the point of extinction 
then moves upstream to the flameholder. For approach velocities close to the 
blowoff limit, the main flame region disappears, leaving only a small region 
of burning immediately downstream of the flameholder. A small increase in the 
velocity causes complete extinguishment of the flame. 

We conclude this section with a summary of the qualitative effects of 
various parameters on the blowoff limit; a quantitative discussion of these 
effects follows in Section 3.4. Exclusive of the mixture stoichiometry and 
velocity, these parameters are: (a) Fuel type: Stability is favored by a 
decrease in the minimum spark ignition energy and an increase in the normal 
burning velocity of the combustion mixture (28). (b) Mixture temperature: 
Increases in inlet temperature lead to faster burning rates and hence an in- 
crease in stability (24, 27, 30). (c) Combustor pressure: The work of Scurlock 
(22) and DeZubay (26) showed that decreasing pressure has a detrimental effect 
on stability. However, enclosed flames are prone to pressure fluctuations which 
can cause a large reduction in the stability (14) (see (h) below). However, 
Longwell et al (24) and, more recently, Roffe and Venkatramani (42, 43) found 
little or no pressure dependence up to 30 atmospheres. The exact effect of 
pressure is therefore unclear. (d) Stabilizer type: In general, a two-dimen- 
sional stabilizer (cylinder across a rectangular duct) has better stability 
characteristics than a three-dimensional flameholder (disk or sphere in a duct) 
of the same characteristic dimension (28). (e) Flameholder shape: Very little 
effect of baffle shape is reported. Scurlock (22) and Longwell et al (24) 
showed that changes in the baffle shape had little or no effect on the blowoff 
velocity. However, Longwell et al (24) found that streamlining the trailing 
edge of the baffle (thereby reducing its 'bluffness') had a detrimental effect 
on the stability. (f) Flameholder size: In general, an increase in the charac- 
teristic size of the flameholder leads to an increase in the range of stable 
operation (e.g. (26)). But, as the dimensions of the combustion chamber and of 
the stabilizer become of comparable magnitude, the stability decreases with 
increasing characteristic dimension of the stabilizer (28,44). Thus, an optimum 
flameholder size exists for a given combustion chamber. Friedman et al (44) 

6 



found the optimum value of blockage for an annular V-gutter in a circular 
duct to be in the vicinity of 30 to 40 percent. (g) Flameholder temperature: 
Increases in flameholder temperature increase the stability (28, 29). However, 
the magnitude of the variation depends on the inlet velocity (29) and the 
characteristic dimension (45), being insignificant in some cases. (h) Acoustic 
effects: The general conclusion is that increasing noise intensity decreases 
the stability (14, 15, 28, 35). (i) Combustor length: Decreasing the distance 
downstream of the flameholder over which the flame is confined decreases the 
noise intensity and hence improves stability (15, 28). But, Scurlock (22) 
found that decreasing the length beyond a certain limit had a detrimental 
effect on stability. (j) Turbulence of the entering stream: Increasing the 
incoming stream turbulence decreases the stability. However, for large stabili- 
zers, the effect of approach stream turbulence is not significant (14, 22, 23, 
28). 



3 BLOWOFF VELOCITY CORRELATION BASED ON COHERENT TURBULENT STRUCTURES 

In this section, a correlation for the blowoff velocity of premixed 
turbulent flames stabilized by bluff bodies is derived using the concept of 
coherent turbulent structures*. Before a model for the combustion process can 
be developed, it is necessary to assume that a specific turbulence structure 
exists in the combustion zone. The major parameters of interest are the tur- 
bulent intensity and the integral length scale. In this analysis, the turbu- 
lence structure is assumed to be coherent, and the isotropic relationships 
for defining the various length scales are assumed to be valid. 

3.1 Coherent Turbulent Structures 

In recent years there has been a growing interest in studying the large- 
scale coherent structures that are found in shear-flow turbulence. For ex- 
ample, Brown and Roshko (46,47,48) have demonstrated experimentally the ex- 
istance of organized vortex structures in a turbulent mixing layer. Other 
examples where orderly eddy structures have been clearly identified are dis- 
cussed by Davies and Yule (49)(and others (50-52))in their review on coherent 
structures in turbulence. 

The existence of these large-scale well-defined (i.e. coherent) structures 
or eddies has prompted several researchers to propose turbulent combustion 
models based on the existence of these structures. For example, Chomiak (53), 
Tabaczynski et al (54), and Spalding (55) have presented combustion models 
based on these coherent large-scale eddies. Tabaczynski et al (54) used the 
concept of coherent structures to construct an entrainment model for turbulent 
combustion in spark-ignition engines. Hires et al (56) found good agreement 
between the predictions made by this model of the ignition delay and combustion 
duration in spark ignition engines and experimental data, for three different 
engine geometries. The models developed by Chomiak (53) and Tabaczynski et al 
(54) emphasize the importance of the internal structure of the large-scale 
eddy to the combustion process. 

Townsend (57), Corrsin (58) and Tennekes (59) have suggested models for 
the geometry of the small-scale (or fine) structure of turbulence. Townsend 
(57) suggested that the smallest scale components (smaller than the Kolmogorov 
microscale) can be modelled as sheets or lines of vorticity passively super- 
imposed on the main turbulence field. In Corrsin's model, the energy dissipation 
was localized in randomly distributed thin sheets (or slabs). He assumed a 
slab thickness of the order of the Kolmogorov scale and spacing of the order 
of the integral scale. Tennekes modified this idea by suggesting a model of 
randomly distributed vortex tubes with diameter on the order of the Kolmogorov 
scale and average spacing of the Taylor microscale, Figure 2. Kuo and Corrsin 
(60, 61) investigated experimentally the geometry of the small regions in which 

* 
The velocity referred to here is the maximum velocity for which the flame 
continues to propagate into the main stream -- see section 2.2 for a 
description of the sequence of events which occurs during blowoff. 
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Figure 2 

Figure 3 

Schematic of Small-Scale Structure Proposed by 
Tennekes (59). 

Schematic of Large-Scale Structure Proposed by 
Tabaczynski et al (54). 9 



the fine-scale structure is active. Their conclusion was that the small-scale 
structures are typically ribbons or tubes of vorticity. The model (for the 
geometry of the small-scale structure) that comes closest to their data was 
that proposed by Tennekes (59). 

This view of the internal structure of the large-scale eddy has been adop- 
ted by Chomiak and Tabaczynski et al. The basic structure proposed by 
Tabaczynski et al is shown in Figure 3. This figure shows the internal structure 
of a single turbulent eddy of integral scale R. This length scale defines the 
characteristic size of the large-scale structure. The Kolmogorov or dissipation 
scale n is assumed to be the scale of the vortex tubes. This model gives a 
physical meaning to the Taylor microscale X. It is defined as the average spac- 
ing of the randomly distributed vortex tubes (see Tennekes (59) and Figure 2). 

The idealized eddy structure proposed by Tabaczynski et al (54) is used 
next to derive a correlation for the blowoff velocity of premixed turbulent 
flames stabilized by bluff bodies. 

3.2 Correlation for the Blowoff Velocity 

The idealized eddy structure shown in Figure 3 defines characteristic 
length and velocity scales used in this model of turbulent combustion. The 
structure is characterized by the size of the structure R generally called the 
integral scale, the dissipation or Kolmogorov scale, n, and the spacing of the 
vortex tubes, A. The microscale X plays a major role; it is the scale over 
which laminar burning takes place. The Kolmogorov scale n is significant in 
this model in that it is the scale over which combustion proceeds very rapidly 
once the flame has been initiated; ignition sites are assumed to be carried 
along the vortex tubes at a rate u'+ SL, where u' is the turbulent intensity 
and SL the laminar flame speed of the fuel-air mixture. The turbulent intensity 
is therefore being interpreted as the local velocity of a vortex tube along 
its axis (see Figure 2). 

These concepts can be used to define characteristic chemical and flow 
times. The chemical time is defined to be the time characteristic of burning 
on the microscale h, and is given by 

T 
C 

= A/SL (1) 

Using the definition for isotropic turbulence, X can be written in terms of R 
(see Tennekes and Lumley (62)). 

x = (15/A)l'2 II (u'E/~)-l'~ 

where A is a constant of order unity. 

(2) 

This analysis assumes that the isotropic relationships for defining the 
length scales are valid within a single eddy. The tendency towards isotropy in 
the small scales is well known (47). But the large-scale turbulence behind 
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flameholders is thought to be non-homogeneous (18). However, the assumption of 
homogeneous, isotropic turbulence is adequate here in view of the relative 
simplicity of the combustion model and also in view of the meagre information 
avaiiable on the turbulence characteristics of bluff bodies. 

For the flow (or mixing) time, the characteristic eddy time T, is used: 

T e = !z/u' (3) 

These characteristic chemical and flow times can be used to develop a 
correlation for the blowoff velocity of premixed turbulent flames stabilized 
by bluff bodies. A ratio R 

T 

is defined which determines the limiting value at which a flame will continue 
to propagate. Using equations (1) - (3), equation (4) can be rewritten as 

15 lj2 Rr = ---A I I w"laP'2 

sL 
(5) 

where A is a constant of order unity. 

If we further make the assumptions that u' = C1U2 where U2 is the velocity 
at blowoff, in the plane of maximum flameholder blockage, and R = C2L, where 
L is the length of the recirculation zone (see Figure 1) and Cl and C2 are con- 
stants, equation (5) can be rewritten as 

R = (U2v/L)l'2 / SL 
T 

or 

u2 T 
2 2 =R S 

L L'v (6) 

where R has absorbed all the unknown constants. 
T 

For given flameholder and combustor geometries, the approach velocity 
Ub (Figure l), can be related to the velocity U2 in the plane of the flameholder 
by means of the continuity equation. For incompressible, isothermal flow of 
the fuel-air mixture, this relation takes the form* 

'b = u2 (Ao/Ac) = U2(1 - RR> (7) 

* We are neglecting the slight preheating of the fuel-air mixture as it flows 
past the flameholder. For very high blockage ratios and velocities, compres- 
sibility effects must also be included. 
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where A, is the open area of the flameholder, A, is the cross-sectional area 
upstream of the flameholder and RB is the flameholder blockage ratio 
( = 1 - A,/A,). 

The substitution of equation (7) into equation (6) yields 

'b = R12 SL2 L/V 

where R12 has absorbed the ratio Ao/A,. We note here that although Rl can vary 
from one flameholder-combustor combination to another, it is constant for fixed 
flameholder and combustor geometries. 

This theory indicates that the blowoff velocity of a bluff body stabilized 
flame is proportional to the square of the laminar flame speed of the fuel- 
air mixture times the length of the recirculation zone (which, for large enough 
Reynolds numbers based on the free stream velocity, characacteristic size of 
the flameholder and state of the combustible stream, is known to be directly 
proportional to the size (d) of the flameholder -- see Section 2.1). Equation 
(8) can be interpreted as a flame stability requirement as follows: the char- 
acteristic time for burning on the micro-scale must be shorter than the eddy 
time. The model, therefore, identifies laminar burning of the fuel-air mixture 
over the microscale X as being the critical process. 

This laminar flame speed dependence has been proposed by others (63-66). 
To prove this dependence on the laminar flame speed, Loblich (66) performed 
experiments at constant pressure, constant unburnt temperature and approxi- 
mately equal values of the Reynolds number Ubd/v on cylindrical flameholders. 
From these results it was shown that the term ub/LSL2 is constant. 

3.3 Laminar Flame Speed Correlation 

The blowoff velocity of premixed turbulent flames stabilized by bluff 
bodies was shown to be proportional to the square of the laminar flame speed 
(equations (6) and (8)). In order to study the variation of the blowoff veloc- 
ity (for a given fuel) with the fuel-air equivalence ratio (9), inlet tempera- 
ture (TU) and pressure (pu), it is necessary to know the variation of the flame 
speed with these parameters. However, there is a general lack of flame speed 
data for high temperatures and pressures. 

There is a wide scatter in the published values of the burning velocity. 
In their review on the measurement techniques of the laminar flame speed, 
Andrews and Bradley (67) report that, even for a relatively simple fuel, 
methane, there is considerable scatter in the published values of the maximum 
burning velocity. For a pressure and unburnt temperature of 1 atmosphere and 
298 K respectively they found a data scatter of over 25 percent in the maximum 
burning velocity of methane-air mixtures. They concluded that these discrepan- 
cies were dependent to some extent on the experimental technique. This data 
scatter tends to widen for equivalence ratios away from unity. Andrews and 
Bradley(68) attribute this increase to the rapid increase in both the 
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quenching distance and the flame thickness as the flammability limits are 
approached. In a recent survey of existing data on laminar flame speeds, Lavoie 
(69) concludes that existing data at high pressures are restricted to near 
stoichiometric fuel-air mixtures. 

Since there are considerable discrepancies in the literature on the mea- 
sured laminar flame speeds, we have used the correlation formula given by 
Ferguson and Keck (70). They developed a correlation formula for the flame 
speed using Van Tiggelen's model for the flame speed (71). Ferguson and Keck 
estimated the model parameters (for propane and &so-octane) by fitting the 
model with experimental data in the literature. They emphasize that these 
parameters are estimates since they were obtained from conflicting experi- 
mental data. However, it is not clear from their discussion, over what range 
of 9, TU and pu the parameters were fitted. In view of this uncertainty and 
in view of the lack of reliable data for non-stoichiometric mixtures at high 
pressures and temperatures, we have used the correlation formula only for 
stoichiometric mixtures in our studies on the effect of pu and T, on the 
blowoff velocity. 

3.4 COWariSOn of Blowoff Velocity Correlation with Published Data 

In this section, the blowoff velocity predicted by equations (6) and (8) 
is compared with experimental data for a range of fuel-air equivalence ratios 
($), inlet pressure (pu), inlet temperature (T,), flameholder characteristic 
dimension (d), and Reynolds number (Re) based on the free stream velocity, 
flameholder size and the state of the combustible gas stream. 

Equivalence Ratio 

The effect of varying the fuel-air ratio upon the relative blowoff 
velocity U, (defined aS Ur = Ub/Ub,ref, where Ub,ref is the blowoff velocity 
of the stoichiometric fuel-air mixture), was compared using equation (8) and 
the correlation for the laminar flame speed given in reference (70). Note 
that for purely relative calculations no specific value need be assigned to 
the parameter Rl; it is merely assumed to be constant for a given flameholder- 
combustor combination. In Figure 4, a plot of Ur versus the fuel-air equiva- 
lence ratio $I and experimental data taken from various sources are presented. 
The model correlation and experimental data are for a propane-air mixture at 
an inlet pressure and temperature of 1 atmosphere and 300 K respectively. 
Excellent agreement between the correlation and experimental data is obtained 
for fuel-lean equivalence ratios. For rich mixtures, there is considerable 
scatter in the experimental data which appear to be dependent on the experi- 
mental apparatus as well as the characteristics of the bluff body stabilizing 
the flame. This scatter also appears for correlations of rich laminar flame 
speeds and appears to be characteristic of fuel-rich combustion. The data 
scatter in Figure 4 implies that possibly the diffusion of active species in 
fuel-rich flames are being affected by the characteristic flows of each 
device. 
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Inlet Pressure 

The pressure dependence in the blowoff velocity is a result of the density 
term in the kinematic viscosity, and the laminar flame speed pressure depen- 
dence. The density varies directly with pressure (p,) so that (see equation 
(8)), the blowoff velocity varies as the (2a + 1) power of the pressure where 
SL = PuQ. 

There are considerable discrepancies in the literature on the value of a. 
According to Lavoie (69), a has a value -0.2 for stoichiometric propane-air 
mixtures. Metghalchi and Keck (72) experimentally determined values of -0.26 
and -0.12 for stoichiometric mixtures of methane-air and isooctane-air respec- 
tively. But, Andrews and Bradley (68) recommend -0.5 for stoichiometric methane 
air mixtures. It is also believed that many hydrocarbon fuels have little or 
no pressure dependence (73). Also, both the quenching distance and the flame 
thickness increase rapidly as the pressure is reduced which leads to larger 
errors in the measurements of the flame speed (68). 

The above discussion implies that the pressure exponent of the blowoff 
velocity ranges from zero (a = -0.5) to one (a = 0) for hydrocarbon-air mix- 
tures. The laminar flame speed correlation used here has a small pressure de- 
pendence (a = -0.06, see reference (70)) and so the agreement between the cor- 
relation given by equation (8) and the curve Db = pu is good (see Figure 5). 

In addition to the data points shown in Figure 5, DeZubay (26) concluded 
that the blowoff velocity varied as the 0.95 power of the pressure for disk 
flameholders. Surlock (22) found a linear pressure dependence for transverse 
cylindrical flameholders. Blowoff data on ramjet flameholders also indicate 
that the blowoff velocity varies directly with the pressure (18). However, most 
of this work was done at subatmospheric pressures in closed systems which are 
prone to pressure fluctuations. Pressure (and flow) fluctuations can cause the 
flame to go unstable thereby resulting in much lower blowout velocities (14, 
15, 35). 

The meagre high pressure experimental data that is available shows little 
or no pressure dependence. Longwell et al (24) found that for baffle stabil- 
ized flames , pressure changes between 1 and 3 atmospheres had little effect 
on the lean stability limit. In a more recent study on flames stabilized behind 
perforated plates, Roffe and Venkatramani (42,43) report that, increasing pres- 
sure from 5 to 30 atmospheres did not affect the lean stability limit for a 
reference velocity of 25 m/s. 

Inlet Temperature 

The dependence of the blowoff velocity on the inlet temperature (T,) of 
the fuel-air mixture is a result of the temperature dependence of the kinematic 
viscosity and the laminar flame speed. The temperature dependence of the kine- 
matic viscosity can be reasonably approximated by a power law (74). Also, for 
a limited range of T,, the laminar flame speed dependence can be expressed 
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Figure 4 
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locally by a power law so that the conventional representation of the stability 
criterion (Ub/T,8) can be obtained from equation (8). A curve of the relative 
blowoff velocity U, (= Ub/Ub @ 300 K) for $I = 1.0 and pu = 1 atm. versus TU 
derived from equation (8), is shown in Figure 6. 
well with the power law (T,/300 K).k*5 

This curve corresponds quite 
up to 700 K. Detailed investigations of 

the temperature effect on the blowoff velocity are limited to those of Haddock 
(27) and Mestre (31). Their investigations showed that the blowoff velocity 
varies as the approach stream temperature raised to the 1.2 to 1.5 power. Ram- 
jet blowoff data correlate with the inlet air total temperature raised to the 
1.5 power (18). The behavoir of the curve for T, > 800 K indicates that the 
temperature dependence may be exponential rather than a power of TU. In other 
words, the temperature dependence due to the kinematic viscosity may be less 
important than that of the laminar flame speed. Lack of blowoff data for Tu > 
800 K prevents quantitative comparisons in this regime. 

Flameholder Characteristic Dimension - 

The expression for the blowoff velocity given in equation (8) shows the 
blowoff velocity to be linearly related to the length L of the recirculation 
zone. However, L has to be related to the characteristic dimension d of the 
flameholder before the effect of d on the blowoff velocity can be gauged. A 
number of investigators have studied experimentally the effect of flameholder 
size, approach stream.velocity and equivalence ratio of the approach stream on 
the length of the recirculation zone (33, 34, 38, 39). These investigations 
showed that the ratio L/d is constant for sufficiently high Reynolds numbers. 
Moreover, L was found to be practically constant over a wide range of equi- 
valence ratios. The introduction of L = d into equation (8) implies that the 

100 5c!o 1000 
Unburned Charge Temperature, TU (K) 

Figure 6 
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blowoff velocity is related to the characteristic size of the flameholder by 

'b = 'L 2 d(1 - RB)/V (9) 

where, RR is the blockage ratio of the flameholder (see equation (7)). If 
4, TU and pu are held constant for a given fuel, then equations (9) reduces to 

'b 
oc d(l - RR) (10) 

For flameholders whose characteristic sizes are much smaller than the 
duct dimensions (i.e. RR CC 1) equation (10) suggests that the blowoff velocity 
is linearly related to the characteristic size of the flameholder. Longwell 
(75) and others (see Ozawa (18)) have demonstrated this dependence. Furthermore, 
for RR CC 1, if T,, pu and fuel type are held constant, SL = SL($) only so that 
equation (9) reduces to 

'b = df($) or Ub/d = f($) (11) 

for flameholders whose characteristic sizes are much smaller than the duct 
dimensions. 

Equation (11) suggests that a stability loop is formed for a flameholder 
of a given shape but different characteristic sizes (with the constraint 
RB << 11, by plotting the equivalence ratio at blowoff against the blowoff 
velocity divided by the flameholder characteristic dimension. This fact has 
been demonstrated for various flameholder shapes (disk, cylinder, 90" cone, 
half-round channel and 90" V-gutter) by Mestre (31). Also, Ozawa (18) presents 
composites of results from various investigations plotted as Ub/d versus $I 
for flameholders of various shapes and sizes. These composites clearly show 
that the blowoff velocity varies directly with the flameholder size. 

Notice also that equation (9) predicts an optimum size for the flameholder. 
For example, consider a disk of diameter d located in a circular duct of dia- 
meter D (so that R have from equation~(;O;12/D2). Then for constant 4, T,, pu, and fuel type, we 

'b a: d(1 - d2/D2) 

which has a maximum for d = D/G corresponding to a blockage ratio of 33 
percent. Thus, increasing the characteristic size of the flameholder leads to 
an increase in Ub; however, when the size of the stabilizer exceeds D/6 a 
further increase in d results in a decrease in Ub. This effect of the flame- 
holder dimension on the blowoff velocity has been reported by Williams and 
Shipman (28) and by Friedman et al (44). In fact, for an annular V-gutter 
in a ramjet engine, Friedman et al found that the value of the blockage 
needed to optimize the stability characteristic of the burner was in the range 
30 to 40 percent. 
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It would seem from the above discussion that the velocity at the edge of 
the flameholder (U2, see Figure 1) is a better measure of the velocity which 
determines stability. For constant 4, T,, pu and fuel type,for L 0: d, equation 
(6) reduces to U2 = d; at blowoff, the velocity in the plane of the flame- 
holder is linearly related to the size of the flameholder. This .fact has been 
experimentally demonstrated by Longwell et al (24). 

Reynolds Number 

The functional dependence of the blowoff velocity on the Reynolds number 
is deduced by rearranging equations (6) and (8) to yield 

u2 = RrSL (U2L'v)l'2 

and 

'b 
= RISL (ubd’2 

(12) 

(13) 

These equations state that the blowoff velocity varies as the square root of 
the Reynolds number for a given $, Tu: p and fuel type. Zukoski and Marble 
(32) have shown that Ub varies approximapely as the square root of the Reynolds 
number (Ub d/v). Their results are shown in Figure 7 along with the dependence 
for Ub given in equation (13) (with the assumption L a d). The agreement be- 
tween the correlation and the experimental data is exceptionally good. 

Figure 8 shows curves of Ub'SL against Ubd/v taken from various sources. 
We notice that all the data fall on straight lines of slope l/2, but they 
have different multiplying constants Rl. This figure justifies the assertion 
that although Rl can vary from one flameholder-combustor configuration to 
another, it is constant for fixed flameholder and combustor geometries. Notice, 
however, that Rl is always of order unity, 

Although the value of Rl is not a universal constant, the value of R, 
should not change significantly from one flameholder-combustor combination to 
another. A real test of the model is therefore a plot of U2/S against U2L/v 
(from equation (12)). Ideally, all the data points should fol k ow a single 
straight line of slope l/2. Furthermore, the constant Ii, evaluated from this 
line should be of order unitv. This has been done with most of the data* in 
Figure 8 and is presented in Figure 9. Estimates of L/d were made from values 
in the literature and U2 was calculated using equation (7). The estimates made 
for L/d and the sources are given in Table 1. Yotice that, after Yinterfeld 
(381, values of L/d for cvlindrical flameholders increase with the stoichio- 
metric blow-off velocity '(see Figure 6 in reference (18)). 

* 
Some of the data had to be rejected as insufficient information has been 
given about the geometry of the flameholder or the combustor; U2 could 
not, therefore, be calculated. 
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Figure 7 

Figure 8 
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Solid line is the correlation given by equation 13 and 
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For Key See Table I 

Figure 9 Plots of Velocity, at Blowoff, in Plane of Maximum 
Flameholder Blockage (U2)/Laminar Flame Speed Versus 
Reynolds Number Based on U2, the Recirculation Zone 
Length and the State of the Unburned Charge. 

We notice (Figure 9) that although a single straight line does not collapse 
all the data, the scatter in the value of R, is small. This scatter could be 
attributed to uncertainties in the value of L/d. This figure provides justi- 
fication for the use of U2 (and not Ub) as the measure of the velocity which 
determines stability. Figure 9 also shows that the length of the recirculation 
zone is a more fundamental indicator of the stability characteristics of a 
flameholder than its characteristic size. 
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4b 
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. 
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Source 
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26 
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30 

36 

37 

this 
study 

Table 1 

Estimates for Lengths of Recirculation 
Zones behind Flame Stabilizers used for 
Figure 9. 

Flameholder 

Shape Size (mm> 

disk 12.7 

disk 6.35 

disk 25.4 

disk 5.0 

cylinder 5.0 

cylinder 5.0 

cylinder 5.0 

perforated g 7* 
plate 

. 

Stoichiometric L/d Source 
Blowoff Velocity 

b/s> 

154 

64 

- - 

41 

35 

53 

98 

1.7 24 

1.7 24 

1.7 24 

1.7 24 

1.5 18,38 

2.0 18,38 

3.0 18,38 

- - 4.7 86 

* equivalent characteristic size 
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4 A STOCHASTIC MIXING MODEL FOR MODELLING FLAME IGNITION AND BLOWOUT 

In this section, the model developed for studying the effects of mixture 
nonuniformity on the lean ignition and blowout limits of turbulent flames is 
described. In a typical combustor, the fuel and air enter the primary zone 
separately. As the fuel and air mix, they form turbulent "eddies" or pockets 
of combustible mixture with a distribution in fuel-air ratio about the mean 
primary value. This distribution will change with time as these eddies mix 
with each other, through the action of turbulence and molecular diffusion. 

The primary zone unmixedness (or nonuniformity) can be quantified as 
follows. Since the fuel and air are not uniformly mixed, different gas eddies 
will have different fuel fractions during their residence time in the com- 
bustor primary zone. The use of fuel fraction F (fuel mass divided by total 
mass) in a mass-based distribution function simplifies the mathematics, com- 
pared to using fuel-air ratio or equivalence ratio. Assuming a Gaussian 
distribution function for the fuel fraction about the mean fuel fraction F, 

f(F) = (l/2n02) 
l/2 

exp[ -(F - F>2 / 202] (14) 

where o is the standard deviation of the distribution, then the fraction by 
mass of the burned gas with fuel fraction between F and F + dF is f(F)dF. An 
unmixedness parameter 

s=a/F (15) 

can be used as a measure of the mixture nonuniformity. A value of s = 0 
corresponds to complete premixing of the fuel and air. 

To investigate the effects of a primary zone nonuniformity on the lean 
ignition limit, a statistical mixing model has been developed. This model is 
described in section 4.1 and the calculation procedures for determining the 
lean ignition and blowout limits are detailed in section 4.2. The effects of 
inlet pressure, temperature and mixture velocity on the lean ignition and 
blowout limits of a premixed fuel-air system (i.e. s = 0) are explored in 
section 4.3. We conclude section 4.3 with a study on the effects of mixture 
nonuniformity (by varying s) on the lean ignition limit. 

4.1 A Statistical Model with Monte Carlo Mixing 

A statistical model of following a chemical reaction through a mixing pro- 
cess was described by Corrsin (76) and adapted by Flagan and Appleton (13) who 
applied a plug flow Monte Carlo coalescence/dispersion model to a practical 
combustor. The agreement between their model predictions of NO, and experi- 
mental values was excellent. Mikus et al (11) have used this model to study 
the effects of mixture nonuniformity on NO, formation rates in gas turbine 
combustors.The ease with which mixture nonuniformities can be incorporated into 
the computational scheme makes the stochastic Monte Carlo coalescencefdis- 
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persion model particularly attractive for this study. A brief description of the 
model is given below: Pratt (77,78) gives a good review of this and other Monte 
Carlo coalescence/dispersion models. 

In this model, the region immediately downstream of the flameholder - where 
the flow field must include recirculation zones for flame stability - is character- 
ized as a partially stirred (or macromixed) reactor. In this study the flame- 
holder was a perforated plate. The composition of the reactor at any time is 
described by a statistical ensemble of (N) equal mass fluid elements which have 
a distribution of thermodynamic states. Each element is assumed sufficiently 
small that its state may be assumed uniform throughout its volume. At any point 
in time, each element has its own local fuel fraction. The number of elements 
(N) should be large enough to characterize the distribution of fuel fractions 
and thermodynamic states. This number was between 100 and 1000 for the calcula- 
tions presented here. 

The ensemble of fluid elem&ts experiences mixing interactions which re- 
present the mixing process. 
given by 

These interactions occur at time intervals At, 

Atm = l/@N 

where, 8 is the mixing frequency. Each mixing interaction is computed as follows: 
(a) A pseudorandom number generator is used to identify two different fluid 
elements, (b) The properties of these two elements are evaluated at the time of 
mixing, (c) The two elements are allowed to mix completely and reach a mean com- 
position and temperature depending on their state of bumedness. Both elements 
are assigned a new fuel fraction equal to the average of the two prior to mix- 
ing and (d) The elements then separate, and the chemical reactions proceed with- 
in each element (in accordance with the appropriate rate equations) depending 
on the new composition and temperature. 

The mixing frequency f3 is empirically determined. From experimental studies 
on air-assist atomizers with gaseous fuels, Komiyama (79) has shown that the 
mixing frequency in the primary combustion region is given by 

f3 = c (P /ML2)1'3 
B j 

where P. is the input flow power, M is the mass of the fluid in which this 
power iA dissipated, L is the length over which the mixing takes place and 
C is a constant of order unity. The value of CB 
tgansfer of kinetic energy to turbulent flow. 

represents the efficiency of 
In this study, 6 was assumed to be 

constant within the reactor and the length L was assumed equal to the' length of 
the recirculation zone downstream of the flameholder. 

In a continuous flow combustor, unburnt fuel-air mixture flows into the 
primary zone and a mixture of unburnt, burning and burnt gases flows out of this 
zone. This transport of mass into and out of the reactor is simulated by 
element additions and removals. These "flux eventsll occur at time intervals 
Atr given by 
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where ~~ is the average residence time for the reactor 

T r = v / (ril V) 

where V is the volume of the reactor, I% is the mass flow rate through the 
reactor, and v is the mean specific volume within the reactor. Equation (19) 
can be rewritten in terms of the length L of the reactor, and the approach 
flow velocity U as 

T r = CTL/U (20) 

where cT is a constant which depends on the flameholder. By definition, c = 1 
for isothermal flow; however, it has to be estimated for hot flow. T 

To simulate the random nature of the flow within the reactor, .at time 
intervals of Atr, an element is randomly chosen to be removed from the reactor. 
This element is then replaced by an unburnt element at the inlet conditions. 

The choice of which event, a mixing interaction or the removal and addi- 
tion of elements is determined by a time check. If the time for the next mix 
is less than the time for the next flux, a mixing interaction occurs; otherwise 
a flux event occurs. The mix (or flux) time is then updated for the next event. 
At any time, the mean composition and other mean properties of the ensemble 
may be evaluated by integrating the appropriate chemical rate equation up to 
that time and by taking an average over the N fluid elements. 

The following kinetic model was used. The combustion of hydrocarbon fuels 
with air is known to be a complex process. Uncertainties exist in both the 
mechanisms and rates for high temperature oxidation of these fuels and the 
resulting intermediate species. Any detailed mechantsm describing the oxida- 
tion of higher hydrocarbons results in a large nw.ber of species and reaction 
steps. The complexity involved in the use of detailed reaction mechanisms leads 
to excessive computer costs. An overall rate equation was used to describe the 
chemical kinetics of the fuel; this is adequate for the applications presented 
here since we are primarily interested in the rate of disappearance of the fuel 
due to combustion. 

Significant discrepancies exist in the reaction rates for higher hydro- 
carbons. For example, Schefer and Sawyer (80), report a difference of two 
orders of magnitude between predicted propane disappearance rates (calculated 
using an overall approximation for propane oxidation) and those obtained ex- 
perimentally. In view of these uncertainties it was decided to study the trends 
(in the lean ignition and blowout limits) predicted by the stochastic mixing 
model using a relatively simple fuel, methane, whose oxidation process has 
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been extensively studied. An overall rate expression due to Dryer and Glassman 
(81, 82) was used for the methane oxidation: 

& [CH4] = -1013.2 exp(-48400/RT) [cH410a7 ro210-8 3 
mole/cm s (21) 

The model assumes that the products of combustion are solely carbon dioxide, 
water, nitrogen which acts as a diluent and (possibly) oxygen. 

4.2 Computational Procedures 

The computational procedures used for predicting the lean ignition and 
blowout limits were essentailly the same. The sequence for determining these 
limits is as follows: 
1) For given values of the mean equivalence ratio (s) and unmixedness 

parameter (s) in the primary zone the fuel fraction distribution is 
calculated via equations (14) and (15). For the perfectly mixed case 
(s = 0) all elements have the same fuel fraction. 

2) For the given inlet conditions (T,, P) the unburned gas state is computed 
according to equation given by Hires et al (83) together with appropriate 
polynomials to describe the fuel's enthalpy (84). These calculations are 
done for a wide range of fuel fradtions and the results stored in a table. 
Each element is assigned unburnt properties depending on its fuel fraction; 
these properties are obtained by interpolation from the table of values. 

3) Burnt properties are assigned to the elements in the same way. Assuming 
an adiabatic constant pressure combustion process, the burnt mixture pro- 
perties are calculated using the model described by Martin and Heywood (85). 

4) To model flame ignition, the ensemble of elements is initialized at time 
t = 0 by stating that all the elements are unburnt. Their properties are 
B (= burnt fraction) = 0, T = T,, cp = cp u corresponding to the element's 
fuel fraction, etc. The sparking process 1s replaced by stipulating that 
at time t = 0, a few (n, n/N << 1) of these elements are fully burnt so 
that their properties become B = 1, T = Tad corresponding to the element's 
fuel fraction, etc. The burnt fraction of the ensemble at t = 0 is there- 
fore n/N (<< 1). To model blowout, the ensemble of fluid elements is in- 
itialized at time t = 0 by assuming that most, or all, nb of the elements 
(1 - rib/N << 1) are fully burnt at this time. 

5) The mixing process and material flow through the primary zone are simula- 
ted in the manner described in section 4.1. 

6) Elements which are partially burnt (0 < B < 1) are assumed to comprise a 
mixture of gases. From an overall viewpoint, an average specific heat and 
a (uniform) temperature are therefore easily specified. 

7) At any time t, the mean properties of the ensemble are evaluated by 
numerically integrating the chemical rate equation for each element 
(provided its burnt fraction > 0) up to that time and by taking an average 
over the N fluid elements. 

In the manner described above, the properties of the ensemble are allowed to 
evolve with time. 
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The 'ignition limit' was determined as follows. For a given set of initial 
conditions (T,,P,U,s) the computer program is run for various equivalence ratios 
(I$). Figure 10 presents a series of ensemble burnt fraction versus nondimen- 
sional time (t* = t/-c,) for inlet conditions of T, = 500 K, P = 1 atm, U = 
25 m/s and s = 0. We note that the rate of burning increases with the equi- 
valence ratio. This is due to an increase in the temperature of the burned pro- 
ducts as there is more fuel per unit mass of mixture. This increase in tempera- 
ture results in an increase in the rate of burn up because the chemical kinetics 
are very temperature sensitive. Also, notice that for #I = 0.75 and 0.76 the 
ensemble burned fraction after one residence time is little changed from its 
initial value: for $I = 0.76, it is higher. The lean ignition limit therefore 
lies between these two values. We have designated the higher value as the lean 
ignition limit: it may therefore be thought of as the leanest mixture for 
which ignition is possible. Notice that this definition is consistent with the 
experimental procedure for determining the lean ignition limit (see section 
5.5.1). For this example (T, = 500 K, P = 1 atm., U = 25 m/s, s = 0) the model 
has predicted a lean ignition limit of 0.76. We have restricted the computation 
time to one residence time because a requirement for flame stabilization is 
that the residence time be longer than the characteristic ignition time (10). 
Moreover, computations carried out for much longer times showed essentially no 
change in the lean ignition limit. 

To determine the lean blowout ,limit, the ensemble of fluid elements was 
initialized as described previously, and the ensemble properties were allowed 
to evolve with time. Blowout is characterized by the burnt fraction continu- 
ously decreasing with time to approach zero. Figure 11 presents a series of 
ensemble burnt fraction versus nondimensional time (t* = t/T,) for inlet con- 
ditions of T, = 500 K, P = 1 atm., U = 25 m/s and s = 0. We notice that for 
$I 2 0.65, the ensemble burnt fraction continuously decreases with time to 
approach zero thereby indicating flame blowout. The fluctuations in the curve 
are a result of the random feature of the stochastic model. Figure 12 shows a 
plot of the ensemble burnt fraction at steady state as a function of equiva- 
lence ratio for T, = 500 K, P = 1 atm., U = 25 m/s and s = 0. The burnt frac- 
tion shows little change with $I until at some value of I$, B drops rapidly. This 
is precisely the behavior observed near blowotit (see section 5.5.2 and Figure 
21). The model has predicted a blowout equivalence ratio limit of 0.65 for the 
inlet conditions given above. 

4.3 Results and Discussion 

The statistical model predictions are presented in this subsection. We 
first study the predicted trends for the lean ignition and blowout limits of 
uniform mixtures, and compare them with experimental observations and data. 
Then, the effect of mixture nonumiformity on the lean ignition limit is ex- 
amined. 

4.3.1 Parametric Studies for Uniform Mixtures 

The procedures outlined in section 4.2 were used to determine the lean 
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Figure 10 
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Ensemble Burnt Fraction Versus t+: for Various Equivalence 
Ratios for Tu = 500 K, P = 1 atm., U = 25 m/s, s = 0. 

Figure 11 Ensemble Burnt Fraction Versus t* for Various 
Equivalence Ratios for T, = 500 K, P = 1 atm., 
U = 25 m/s, s = 0. 
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Figure 12 Ensemble Burnt Fraction, at Steady State, Versus 
Equivalence Ratio for T, = 500 K, P = 1 atm., 
U = 25 m/s, s = 0. 

ignition and blowout limits of a premixed methane/air mixture under various 
inlet conditions. This problem was chosen SC that trends of the model predic- 
tions could be assessed by comparisons with experimental observations. The 
combustor and flameholder modelled in this study are described in Section 5.1. 
The lengths L of the recirculation zone (and hence, the reactor) in both iso- 
thermal and hot flows were obtained by visualization techniques as described 
by Radhakrishnan (86). The mixing frequency was calculated using equation (17) 
with cH = 1. The constant, c , 
flameholder and combustor mo elled a 

for hot flow was estimated as follows. For the 
in this study, Anderson (6) showed that a 

residence time of 2 ms (for U = 25 m/s) gave good agreement between measured 
and calculated (using a well-stirred-reactor model) nitric oxide levels. Using 
these values of -tr and U and the value of L of 46 mm (86), one obtains from 
equation (20) cT = 1.09. For convenience a value of C~ = 1.0 was used to com- 
pute Tr. 

The parameters chosen for this study and their effects on the lean igni- 
tion and blowout limits are discussed below: 

(i) Inlet Temperature: Increases in inlet temperature lead to higher temperature 
burned products and hence increased burning rates. These faster burning rates 
imply that, at constant inlet velocity, the lean ignition and blowout limits 
should decrease with increasing inlet temperature. This behavior is displayed 
by the curves presented in Figure 13. Figure 14 shows a series of lean ignition 
and blowout curves against reference velocity for different inlet temperatures. 
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Figure 13 Variations of Predicted Lean Ignition and Blowout 
Limits of Uniform Mixtures with Inlet Temperature 
for Different Pressures. 
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Figure 14 Variations of Predicted Lean Ignition and Blowout 
Limits of Uniform Mixtures with Reference Velocity 
for Different Inlet Temperatures. 
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It is apparent that for a given fuel-air equivalence ratio, increases in inlet 
temperature lead to higher ignition and blowout velocities. The fact that blow- 
out velocities increase with inlet temperature has been experimentally estab- 
lished for laboratory scale burners and full scale engine combustors (18). Also 
shown on Figure 13 are some data points taken from the literature; these exper- 
imental values were obtained for apparatus very similar to the one modelled 
here. The agreement between the predicted and measured blowout limits is good. 

(ii) Inlet Pressure: The dependence of the lean ignition and blowout limits on 
the inlet pressure is also shown in Figure 13. We notice that neither the lean 
ignition limit nor the lean blowout limit has a strong dependence on the inlet 
pressure. This is consistent with the known fact that increasing the inlet 
pressure above 1 atmosphere has a small effect on the lean flammability limit 
of a methane/air mixture (89). From experiments carried out with propane/air 
mixtures in a constant volume bomb, Bolt and Harrington (90) concluded that 
inlet pressures between 1.7 and 12.2 atmospheres had no noticeable effect on the 
lean ignition limit for either stagnant or moving mixtures. Longwell et al (24) 
have experimentally demonstrated that for pressures between 1 and 3 atmospheres, 
the pressure has a weak influence on the lean blowout limit. In a more recent 
study on an apparatus similar to the one modelled here, Roffe and Venkatramani 
(42, 43) found no pressure dependence of the blowoff velocity, for pressures 
between 5 and 30 atmospheres. 

(iii) Reference Velocity: The variations of the lean ignition and blowout 
limits with mixture velocity are shown in Figure 14. We see that with increased 
velocity, the lean limits are richer. This requirement of richer mixtures for 
successful ignition at higher velocities has been experimentally demonstrated 
by Bolt snd Harrington (90) and by Ballal and Lefebvre (91). The fact that the 
blowoff velocities increase with the richness of the (lean) mixture has been 
observed by several workers in the field (see reference 18 for details). 

4.3.2 Effect of Mixture Nonuniformity on the Lean Ignition Limit 

The effect of mixture nonuniformity on the lean ignition limit was studied 
using the computational procedure outlined in section 4.2. To account for the 
nonunformities in the fuel-air ratio in the incoming unburnt fuel-air mixture, 
the distribution given by equation 14 was used together with the definition of 
the unmixedness parameter (s) given by equation 15. Figure 15 shows the effect 
of increasing s (i.e. increasing mixture nonuniformity) on the lean ignition 
limit for T, = 500 K, P = 1 atm., and U = 10 m/s. We see that with increasing 
mixture nonuniformity, the lean ignition limit becomes leaner. The value of s 
in a typical conventional combustor primary zone is about 0.5 (11). For this 
value of s, the lean ignition limit is 4 = 0.50 compared to 0.69 for the uni- 
form case. In other words, the fuel flow rate required for successful ignition 
in a typical combustor is about 28 percent less than that for a premixed burner. 
Lack of experimental data prevents quantitative comparisons with these pre- 
dictions; however, we notice that the behavior of the lean ignition limit with 
s is as expected. It asymptotically approaches the value of the uniform case 
as s + 0. Also, notice the change in the curvature at about s = 0.2; this sug- 
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gests that as s is increased further ( the mixture becomes less uniform ) the 
lean ignition limit will reach an asymptotic value. 
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5 EXPERIMFNTAL APPARATUS AND PROCEDURES 

5.1 Experimental Hardware 

The experimental work was carried out on a constant cross-sectional area 
tubular combustor. The experimental facility was designed to generate data on 
lean ignition and blowout limits and NO, formation in fully and partially pre- 
mixed fuel-air mixtures. Figure 16 shows a schematic layout of the complete 
assembly. Air from the main laboratory compressor flows into the electrically 
operated pre-heater. The air heater is an 85 kW open wire duct heater that 
can heat the air to a temperature of about 750 K. 

The preheated air flows into the fuel-air premixing section, details of 
which are shown in Figure 17. The premixing section consisted of modules of 
0.1 m diameter stainless steel pipes of different lengths. This arrangement 
enabled the premixing length -- defined as the distance from the fuel injector 
location to the flameholder -- to be varied from a minimum of 0.33 m to a max- 
imum of 2.50 m. This variation (of the premixing length) was achieved by re- 
location of the fuel injector. The whole premixing section was insulated to 
minimize heat loss. 

Located at the upstream end of the premixing section were a fine stain- 
less steel mesh (pore size - 150 urn), and a ceramic honeycomb (square cells 
of side 1 mm) about 0.1 m long and having an open area of 54 percent of the 
duct cross-sectional area. The mesh and the honeycomb served three purposes: 
(i) they reduced the nonuniformities in the velocity profile generated in the 
elbows downstream of the pre-heater; hot wire anemometer measurements taken 
immediately upstream of the flameholder location (with the fpameholder removed) 
showed the velocity profile to be uniform to within about 10 percent; (ii) they 
helped damp out the pressure fluctuations present in the air supply line; and 
(iii) the me4h and the honeycomb were calibrated against a standard square 
edged ASMEl orifice to serve as air flow rate metering devices downstream of the 
preheater, to correct for preheater leakage. 

Although the facility had been designed to handle both liquid and gaseous 
fuels,' all'tthe experimental work was done with commercial grade gaseous propane. 
The use ofia gaseous fuel avoids the problem of prevaporization (especially for 
operation at room temperature). The fuel injector used in this study is shown 
in Figure 18. The injector was made by welding two 6.35 mm diameter stainless 
steel tubes to form a crucifix. Holes of diameter 0.63 mm spaced 3.1 mm apart 
were then drilled on the tubes. The fuel injector could be mounted to provide 
either streamwise or contrastream injection. However, all the experimental work 
was done with streamwise injection. The fuel injector design was chosen for 
two reasons: (i) to disperse the fuel across the duct cross-section to avoid 
large scale fuel distribution nonuniformities ; and (ii) to minimize flow block- 
age due to the injector, and hence the disturbance caused by it to the air 
stream. 

The water cooled flameholder (Figure 19) was made by locating 64 stainless 
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steel tubes between two 6.35 mm thick stainless steel plates. The tubes were 
manually expanded to an inside diameter of 6.4 mm. This arrangement resulted 
in an open area of 24 percent of the inlet duct cross-sectional area. The 
pressure drop across the flameholder ranged from 0.2 to 2 percent of the up- 
stream pressure depending on inlet conditions. 

The burner section (Figure 20) was 0.1 m in diameter (the same as the 
inlet duct) and 0.53 m long. The burner was lined with refractory material 
(to an outside diameter of 0.2 m) to minimize heat loss. A pair of standard 
oil burner electrodes were located in a stainless steel flange 25 mm thick 
immediately downstream of the flameholder. The spark gap, the size of the elec- 
trode wires and the location of the spark with respect to the flameholder could 
be independently varied. The combustion products were cooled in the exhaust 
chamber by water sprays. The mixture of combustion products and water exhausted 
into the building exhaust trench. 

A water-cooled stainless steel probe (Figure 20) was used to sample the 
exhaust gases. The single point probe was 6 mm outside diameter for the first 
0.23 m; it then tapered gradually to an outside diameter of 14 mm. The center 
sampling tube was 5 mm in diameter. The probe could be traversed in all 3 
directions. It is well known that metal probes can cause a catalytic reduction 
of the nitric oxide by carbon monoxide. However, Halstead and Munro (92) found 
that for equivalence ratios less than unity, there was virtually no reduction 
in NO concentration by this mechanism. 

5.2 Gas Analysis Equipment 

The gas samples drawn through the probe were pulled through a length of 
unheated plastic tubing, then through a heated line into a diaphragm pump, then 
through an ice-bath moisture trap followed by desiccant tubes (except for total 
hydrocarbons sample) and into the continuous reading instruments. These instru- 
ments were: a Scott Model 215 Heated Total Hydrocarbon Analyzer for total hydro- 
carbons, standardized with methane gas; a Scott Model 150 paramagnetic analyzer 
for oxygen; a Beckman Model 315A NDIR analyzer for carbon dioxide; Beckman Models 
315A NDIR and 864 NDIR analyzers for carbon monoxide; and a Thermo-Electron Model 
10A chemiluminescent analyzer for oxides of nitrogen. 

5.3 Instrumentation 

The air flow rate was measured by means of a standard square-edged ASME 
orifice and the calibrated mesh and honeycomb. The pressure upstream of the 
orifice and the pressure drop across it were measured with mercury manometers; 
the pressures upstream of the mesh and honeycomb and the pressure drops across 
them were measured with water manometers. The fuel pressure and temperature 
downstream of the rotometers were measured by pressure test gauges and chromel- 
alumel thermocouples respectively. Fine metering valves were used to regulate 
the fuel flow rate. 

The fuel-air mixture temperature immediately upstream of the flameholder 
was measured with a single chromel-alumel thermocouple inserted to a depth of 
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about 20 mm from the duct vail. The pressures immediately upstream and down- 
stream of the flameholder were measured by vater manometers, as was the pres- 
sure at the downstream end of the burner. 

The burner wall temperatures were measured with chromel-alumel thermo- 
couples as were the vater temperatures into and out of the flameholder. The 
flameholder and gas analysis probe cooling water flow rates were measured 
with rotometers. When the water temperature at the probe exit was needed, it 
was measured with a mercury-in-glass thermometer. 

5.4 Safety Features 

Although the technique of premixing and prevaporizing shows potential 
for low NO,, experiments with premixed flames present significant practical 
problems. One is the possibility of flame propogation upstream of the flame- 
holder to the fuel injector (flashback). Another is the possibility of chemical 
reactions in the premixing region leading to spontaneous ignition. To shut down 
the rig quickly should these problems arise, a potentiometric temperature con- 
troller was connected to the thermocouple just upstream of the flameholder. In 
the event of flashback or preignition (and consequent increase in the pre- 
mixing region temperature) the temperature controller was designed to shut off 
the fuel solenoid valve. 

5.5 Experimental Procedures 

5.5.1 Fuel and Equivalence Ratio Determination 

The use of a gaseous fuel avoids the problem of vaporizing a conventional 
liquid fuel and simulates a prevaporized system. Propane has a heating value 
near that of jet aircraft fuels so that combustion characteristics, especially 
NO production, are similar. Marek and Papathakos (9) showed that emission 
levels from burning Jet A fuel agree well with results from gaseous propane 
fuel. 

It was important to determine if the emissions measured from the gas 
sample probe on the center line were representative of the average concen- 
trations in the exhaust. For this purpose an equivalence ratio based on the 
measured exhaust gas species concentrations was compared with that from fuel 
and air flow rate measurements. The comparison is shown in Figure 21 for vari- 
ous inlet conditions. Agreement between the two equivalence ratios was gener- 
ally within 5 percent showing that the single centerline probing was able to 
provide a good sample for analysis. 

The experimental procedures for determining the lean ignition and blow- 
out limits of the fuel-air mixture for various inlet conditions (the test 
matrix is given in Table 2) are given below. 

5.5.2 Lean Ignition Limit 

To determine the lean ignition limit, the premixing length, the air 
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velocity and inlet temperature were set at the desired values*. The igniters 
were switched on and the fuel flow rate was gradually increased until a flame 
was visible in the apparatus, its presence made apparent as a bluish hue around 
the spark. A further increase in the fuel flow rate resulted in propagation of 
the flame into the main stream. In most cases this development occurred over a 
small increase in the fuel flow rate. In all cases, successful ignition was 
taken to occur when the flame was self-sustaining with the igniters switched 
off. The ignition limit as defined above is, therefore, the minimum fuel flow 
rate required for a self-sustaining flame. 

This operating procedure for observing ignition has been used by others in 
the field (93-95). It is recognized that this technique may yield somewhat sub- 
jective ignition limits. This procedure was, however, satisfactory in that the 
data scatter, both from run to run on the same day and from day to day, was 
smaller than the estimated accuracy of the (air and fuel flow rate) metering 
devices. In order to make the measurement as objective as possible, the appa- 
ratus was designed such that the operator could not see the fuel-metering 
device and the flame at the same time. Also, independent judgements by a sec- 
ondary observer did not produce consistently different ignition limits. 

5.5.3 Lean Blowout Limit 

The usual practice in determining the lean blowout limit is to decrease 
the fuel flow rate (with the igniters switched off) until the flame blows off 
(e.g. (26)). However, in order to make the sequence for obtaining this limit 
less subjective, we adopted a precedure based on the observed behavior near 
blowout. Marek and Papathakos (9) report that the combustion efficiency of a 
premixed Jet-A fueled combustor remained at over 99 percent as the fuel-air 
mixture was made leaner until very close to the blowout limit, when it dropped 
rapidly. The blowout limit was, therefore, determined by continuously monitor- 
ing the concentration of unburned hydrocarbons (HC) as the fuel flow rate was 
gradually decreased. After each decrease, a delay of 1 to 2 minutes was allowed 
before a further decrease. 

Figure 22 shows plots of HC concentration versus fuel-air equivalence 
ratio ($I). We notice that the HC levels show practically no change with #I until 
at some value of Cp they increase rapidly. The equivalence ratio at which this 
steep increase occurs is defined as the lean blowoff limit. This large in- 
crease in HC values always coincided with the flame blowing off. The blowoff 
point was almost always abrupt and well defined. For some operating conditions 
the flame tended to lengthen and would move downstream, attach itself to the 
exhaust, and bum inside the exhaust chamber downstream of the burner. 

The use of the opposite procedure for determining the lean blowout limit, 
namely, increasing the airflow rate for constant fuel flow rate, was explored, 

k 
Since the fuel was not pre-heated, the inlet air temperature was always set 
a few degrees above the desired value. For all operating conditions, the 
mixture temperature and velocity were within f 7 K and f 5% respectively 
of the desired values. 39 
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but had to be abandoned, since fine metering of the air flow rate was difficult. 
Although not we11 quantified (this procedure was attempted at only two operating 
points) this procedure gave the same results as decreasing the fuel flow rate. 
This agrees with the findings of DeZubay (26), Fetting et al (36) and Fillipi 
and Fabbrovich-Mazza (37) who showed that both procedures give equivalent blow- 
out results. 

5.6 Operating Parameters 

Primary Variables: The primary parameters that were varied in this study 
are: (i) air flow rate (velocity TJ,); (ii) mixture unburned temperature (T,); 
and (iii) premixing length (PML) - defined as the distance between the fuel in- 
jector and the flameholder. The pressure was fixed at one atmosphere. 

Secondary Variables: In the course of the experimental work, several sec- 
ondary variables were identified. Experimental work was carried out to determine 
the effect, if anv, of these variables on the lean ignition and blowout limits. 
This was done to determine which variables could be discarded as having little 
or no effect on the limits and which had to carefully controlled. These vari- 
ables are identified and a summary of the observations is given below; details 
of the investigations are presented in reference 86. 

The parameters studied were: combustor wall temperature, igniter electrode 
size, spark gap and location with respect to the flameholder, and flameholder 
water cooling. The results showed that the igniter electrode size, flameholder 
water cooling and location of the spark in relation to the flameholder have 
little or no effect on the ignition limit. However, for the ignition limits to 
represent the true ignition limit, the spark gap has to be greater than a crit- 
ical value, and the temperature of the burner wall cannot be very high. Flame- 
holder water cooling and the combustor wall temperature had little or no effect 
on the lean blowout limit. To prevent the igniter electrodes from significantly 
disturbing the flow field and from serving as secondary flameholders, thin wires 
were used. With thin electrodes, blowout limits generated with the igniter wires 
in the flame, and with the wires removed from the combustor, were identical. 
During facility development it was found that with increased noise intensity, 
the lean limits are significantly richer. A Helmholtz resonator was connected 
to the exhaust system for all the tests reported here to reduce acoustic 
effects to a mimimum. 

Data Matrix: A base onerating condition (U = 10 m/s, T = 500K and PML = 
2.50 m) was established. The effects of each ofathe operating parameters on 
the lean ipnition and blowout limites were studied bv varvinn each onerating 
parameter ahout the base onerating condition. The data matrix is given in 
Table 2. 
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Air Velocity 
Ua (m/s> 

5.5 

*10.0 

16.0 

10.0 

10.0 

10.0 

10.0 

10.0 

Table 2 

Data Matrix 

Inlet Temperature 
T (K) 

U 

500 

500 

500 

300 

635 

500 

500 

500 

Premixing Length 
Pm Cm> 

* base operating condition 

For all cases: P - 1 atm. Fuel - commercial grade propane 
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6 RESULTS AND DISCUSSION 

The lean ignition and blowout limits for a gaseous propane-air mixture 
were obtained for different inlet temperatures, reference velocities and pre- 
mixing lengths. For these inlet conditions, emission levels of unburned hydro- 
carbons (HC) carbon monoxide (CO) and nitrogen oxides (NO,) and concentrations 
of oxygen (02) and carbon dioxide (CO2) were also measured. The variation of 
these species was measured by axially traversing the combustor with the exhaust 
gas sampling probe. All gas sampling was done along the burner centerline as it 
best approximates the results from an adiabatic burner (the total heat loss 
through the combustor walls and to the flameholder cooling water was estimated 
to be less than 5 percent.) 

6.1 Measured Species Concentrations 

In this section, we present the variation of the measured species con- 
centrations with axial distance from the flameholder. The measurements of HC 
were made on a wet basis and those of 02, NO,, CO and CO2 were made on a dry 
basis. From the raw data obtained from these measurements, the equivalence 
ratio (4.) was calculated using the procedure described by Bigio (96). 

The data obtained from these measurements and calculations are presented 
as fo&lows. Plotted in Figure 23 are the concentrations of HC, 02, C02, CO and 
NO, and $c against z/D, for the base operating condition (see Table 2); z is 
the axial location of the probe and D is the combustor diameter. We then pre- 
sent only those species for the other operating conditions that showed a sig- 
nificantly different behavior from this base data. The only operating parameter 
that had a significant effect on the shapes of the species concentration versus 
z/D curves was the premixing length, PML. The nature of these curves for the 
base operating condition, end the reasons for significant deviations from this 
behavior, are discussed below. 

Unburned Hydrocarbons (HC): This plot shows the characteristic decay of HC 
concentration with distance from the flameholder as the propane fuel continues 
to react to form lower hydrocarbons which in turn are oxidized. The point shown 
z/D = 0 is the calculated HC concentration for the mean equivalence ratio (I$,) 
assuming an unreacted fuel-air mixture. For most of the operating conditions, 
the HC concetration levels reach a few ppm (from between 70,000 and 80,000 ppm) 
within one burner diameter downstream of the flameholder. The measurements of 
HC concentrations of a few ppm were marked by a good deal of data scatter. This 
plot also illustrates the difficulty of probing in and close to the recircula- 
tion zone; it is unclear exactly where the gas sample originates. 

Carbon Monoxide (CO): The plot of CO against z/D shows the characteristic 
decay of CO concentration with distance from the flamholder, as a result of 
oxidation of CO to C02. The effect - of decreasing PML - on the CO concentration 
is shown on Figure 24. Also shown for all operating conditions (except PML = 
0.33) are the equilibrium levels of CO for the average calculated equivalence 
ratio <SC> and the appropriate inlet temperature (T,). 
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Decreasing the premixing length results in higher values of the CO emis- 
sion levels. We notice that, for PML = 2.50 m, the CO values tend towards the 
equilibrium value of about 110 ppm. However, for premixing lengths less than 
this, the values remain above equilibrium. In order to account for the differ- 
ent values of Tc, a plot of CO divided by the equilibrium value is shown in 
Figure 25. No plot is shown for the case PML = 0.33 m because no value for $, 
(and hence CO equilibrium value) could be assigned. As shown later, large-scale 
nonuniformities are present for this condition. We see from FTgure 25 that for 
PML = 2.5 m, within experimental errors, the CO has reached the eq.uilibrium 
level by z/D of about 4. 

Bigio (96) has shown that, for lean mixtures, nonuniformities signifi- 
cantly increase the CO concentration levels. This fact, coupled with the dis- 
cussion above on the variation of CO with PML, implies that increasing PML in- 
creases the fuel-air mixture uniformity. 

Oxygen (02) and Carbon Dioxide (C02): These species are the major combustion 
products measured directly. The point on the 02 concentration versus z/D curve 
at z/D = 0 is the calculated 02 concentration for the mean calculated equiva- 
lence ratio (SC), assuming an unreacted fuel-air mixture (Figure 23). These 
plots show that the O2 and CO2 concentrations reach their steady state values 
within one diameter downstream of the flameholder. 

Shown on Figure 24 are the effects - of decreasing PML - on the 02 con- 
centration versus z/D curves. 
centration for SC 

The points at z/D = 0 are calculated 02 con- 
assuming an unreacted fuel-air mixture; for PML = 0.33 m, 

this was calculated for the measured equivalence raticr ($I~). The curve 02 
versus z/D for the premixing length of 0.33 m displays a radically different 
behavior. The 02 level decreases up to z/D of about 1 and then continues to 
increase with increasing distance from the flameholder. This behavior can be 
explained by referring to the plots of HC (Figure 23) and Gc against z/D 
(Figure 26). Notice that the HC has virtually disappeared by z/D of about 1. 
This explains the 02 decrease up to z/D of 1. The calculated equivalence ratio 
(#c) for this case is not uniform indicating the presence of large scale non- 
uniformities. As these large scale nonuniformities mix out, $c decreases to- 
wards its average measured value. This decrease in the value of $J~ is respon- 
sible for the increase in oxygen concentration. 

Calculated Equivalence Ratio (I$,): These plots (Figures 23 and 26) show that, 
within the data scatter, the equivalence ratio is uniform along the axis of the 
combustor for all cases except PKL =0.33 m. We concluded from the behavior of 
the CO levels with premixing length that increasing PML increases the mixture 
uniformity. This conclusion coupled with the uniformity of $c with z/D implies 
that the nonuniformities introduced by shortening the premixing length are on 
the small turbulence scales. Shortening the premixing length to 0.33 m, how- 
ever, introduces large-scale nonuniformities. For this premixing length, the 
centerline is richer than the average equivalence ratio (measured value: 0.64). 
Because of mixing downstream of the flameholder, these large scale nonunifonn- 
ities mix out, leading to a decrease in the calculated equivalence ratio. 

Nitrogen Oxides @Ox): The plot of NO, concentration versus z/D shows the char- 
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acteristic increase in NO, concentration with distance from the flameholder. 
This increase in NO, is a result of chemical reactions between free radicals 
and the oxygen and nitrogen in the combustion air. These reactions are rela- 
tively slow. exnlaining observed values very much lower than the equilibrium 
value indicated acrainst the curve (Figure 23). The equilihrium value was cal- 
culated for 6, and T,. This nlot also indicates, by the large data scatter. the 
exnerimental difficulty in measuring such low levels of NO,. 

Decreasing the premixing length (and hence increasing the mixture non- 
uniformity) has a significant effect on the NO, levels (Figure 26). Shown 
against each curve is the equilibrium value of NO, concentration calculated for 
appropriate values of qc and T,: for PML = 0.33 m. +m was used. For these values 
of PML, the calculated Emission Indices of the NO, (EINO) are aiven in Table 3. 
We notice that (EINo) jumps from a value of 0.19 to 1.71 gNO/kg fuel. A direct 
comnarison of these numbers is complicated by the fact that Tc (or 4,) is dif- 
ferent for the shorter nremixing leneths from the longer ones. However, Mikus 
et al (11) have demonstrated that, for lean mixtures , nonuniformities signif- 
icantly increase NOx emission levels. 
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--O-- 1.27 0.6 I 0.602 
--A-- 0.65 0.64 0.644 
--o-. 0.33 0.64 - 

Figure 26 Variations of NO, Concentration and @c with z/D for 
Different Premixing Lengths. 
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Table 3 
Effect of Premixing Length on NOx Emission Levels 

Average Calculated 4 
Premixing Length From Exhaust Gas 

NO, Emission Level 
At Combustor Exit EINOX 

PML Cm> Measurements, Oc ' PPM Dry gNo /kg Fuel 

2.50 0.607 7.5 0.19 
1.27 0.602 8.5 0.22 
0.65 0.644 36.0 1.03 
0.33 0..640* 75.0 1.71 

* Measured equivalence ratio, 4, 

for all cases: (i) TU = 500 K, P = 1 atm., U = 10 m/s 
a 

(ii) fuel: commercial grade propane 

6.2 Lean Ignition and Blowout Limits: Parameteric Study and Comparison with 
Model Predictions 

In this section, the experimental lean ignition and blowout limits obtained 
for the conditions listed in the data matrix are presented and, where possible, 
quantitiative comparisons are made with the stochastic mixing model predictions. 
For each operating condition, the lean ignition and blowout limits were ob- 
tained following the procedures given in section 5.5. The effects on the lean 
limits of the parameters varied for this study are discussed below. 

Velocity: Shown on Figure 27 are the model predictions and the experimental 
data for the variation of the lean limits with velocity for Tu = 500 K, PML = 
2.5 m. Increases in mixture velocity lead to faster mixing rates and smaller 
residence times; hence the requirement for richer mixtures. We notice that the 
model predictions of the blowoff limits compare very favorably with the experi- 
mental values; however, the predicted lean ignition limits are richer than the 
experimental values. This is consistent with the findings of Wear and Jones (97) 
who showed that the ignition data for propane were markedly superior to (i.e. 
lower than) that of natural gas fuel. They attribute this difficulty in igniting 
methane to its stability. Karpov and Sokolik (98) have also experimentally dem- 
onstrated that the lean ignition limits for methane/air mixtures are richer than 
those for propane/air mixtures. Although the predicted ignition limits are rich- 
er than the experimental limits, the slopes of the two lines with respect to 
the velocity are about the same. 

Inlet Temperature: The effect of varying the inlet temperature (T,) was studied 
for a velocity of 10 m/s and a premixing length of 2.5 m. With increased T,, 
both ignition and blowout limits are leaner (see Figure 28) because of in- 
creased burning rates. The agreement between the model predictions and the blow- 
out data is again satisfactory; for reasons given above, the predicted ignition 
limits are richer. 
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Figure 27 Variations of Measured and Predicted Lean Ignition 
and Blowout Limits of Uniform Mixtures with Inlet 
Velocity. 
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Premixing length: The effect of changing the premixing length is shown in 
Figure 29. Notice that decreasing PML has a very strong effect on the limits; 
they are significantly reduced. The lines connecting the experimental values 
are not extended to include the values for PML = 0.33 m. The reason for this is 
as follows. The aim of this thesis was to study the effect of small&scale turbu- 
lent concentration nonuniformities on the lean ignition and blowout limits. 
However, as shown in section 6.1, for PML = 0.33 m, large-scale concentration 
nonuniformities were present in the burner. The data points for this premixing 
length are not, therefore, completely consistent with the rest of the data 
where no large-scale nonuniformities were present. 

We showed in section 6.1 that decreasing premixing length increases the 
(small-scale) concentration nonuniformity of the mixture. We can therefore con- 
clude that concentration nonuniformities significantly reduce the lean ignition 
and blowout limits. Decreasing PML from 2.5 m to 0.65 m results in about a 15 
percent decrease in the fuel flow rate required for a stable flame. 

Bigio (96) quantified small-scale nonuniformities by assuming the Gaussian 
distribution given by Equation 14 for fuel fraction. He then calculated the 
value of the unmixedness parameter s by matching the measured time-average C02, 
CO and 02 concentrations with those calculated from the Gaussian distribution 
together with the equilibrium concentrations of these species as a function 
of equivalence ratio. He found that, for lean mixtures, the 02 and CO2 values 
were insensitive to values of s. The only specie that can therefore be used 
for such a calculation, with the data reported here, is CO. But, as we saw in 
section 6.1, for T, = 500 K, U, = 10 m/s, PML = 2.5 m, the CO level reached 
near equilibrium values only at z/D = 4. The calculation of s, was therefore 
carried out with the data at z/D = 4. The s values from these calculations 
were found to be 0.06 and 0.10 respectively for PML = 1.27 and 0.65 m. Because 
of mixing downstream of the flameholder, the mixture is expected to become 
better mixed as it moves downstream. We can conclude therefore that for PML 
values of 0.65 and 1.27 m, values of s in the recirculation zone are greater 
than 0.1 and 0.06 respectively. 

From Figure 15, which shows the dependence of the lean ignition limit on 
s, we see that for a 15 percent reduction in the lean ignition limit, s has 
to have a value of about 0.2 in the incoming unburnt fuel-air mixture. Compare 
this figure to 0.1 at an axial location 4 burner diameters downstream of the 
flameholder. Because of mixing within and downstream of the recirculation zone, 
s may well decrease to a value of 0.1 at an axial location 4 diameters down- 
stream of the flameholder. 
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7 CONCLUSIONS 

Models for predicting ignition aud blowout limits in a combustor recircu- 
lation zone have been developed. One of these, a correlation for the blowoff 
velocity of premixed turbulent flames stabilized by bluff bodies, has been 
derived using the basic quantities of turbulent flov, and the laminar flame 
speed. 

The predicted variations of the blowoff velocity with equivalence ratio, 
mixture temperature and pressure, flameholder characteristic dimension, and 
turbulent Reynolds number were compared with experimental data in the liter- 
ature and good agreement was obtained. Using the velocity in the plane of the 
flame holder and the recirculation zone length as the characteristic flow velo- 
city and the length scale, data on the blowoff velocity divided by the flame 
speed for different flameholder and combustor geometries could be correlated 
over two orders of magnitude in Revnolds number. 

A second model, a statistical model employing 2 Monte Carlo calculation 
procedure to follow the mixing process, was developed to account for fuel-air 
ratio nonuniformities in the combustor primary zone. An overall kinetic rate 
expression was used to describe the fuel oxidation process. The model was used 
to predict the lean ignition and blowout limits of premixed turbulent flames. 
The predicted trends with reference velocity, mixture pressure and temperature 
were in good agreement with experimental observations. The model was also used 
to study the effects of mixture nonuniformity on the lean ignition limit, using 
a Gaussian distribution to describe the fuel fraction distribution in the re- 
circulation zone. The model predictions showed a significant reduction in the 
lean ignition limit with increased mixture nonuniformity. 

In order to verify the trends predicted by the statistical mixing model, 
experimental work was carried out on a constant cross-sectional area tubular 
combustor. The primary variables varied were the reference velocity, mixture 
temperature and the length over which the fuel and air were allowed to mix. The 
aim of varying the premixing length was to study the effects of small-scale 
concentration nonuniformities on the lean ignition and blowout limits. The 
statistical mixing model predictions were coqared with these experimental re- 
sults. The predicted trends with velocity and temperature of the lean ignition 
and blowout limits of uniform mxitures were shown to be in good agreement with 
the experimental observations. The agreement between the predicted and measured 
blowout limits was good; however, the model predicted higher lean ignition 
limits than were obtained experimentally. This difference was attributed to the 
different fuels used in the modelling studies and the expertiental work. Al- 
though quantitative comparisons between the model predictions and experimental 
findings on the effect of mixture nonuniformity on the lean ignition limit could 
not be made, the trends were similar; both show a significant reduction in the 
lean ignition limit with increased mixture nonuniformity. 

The following specific conclusions can be drawn from this study: 
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(a) 

(b) 

Blowoff Velocity Correlation: 
(1) Although the u~~hauism of flame stabilization in a recirculation 

zone is a complex process involving both aerodynamic and chemical 
reaction processes, at blowout vith premixed fuel-air mixtures, 
these .effects can be separated into characteristic mixing and 
chemical times. 

(ii) The velocity in the plane of xaximum flameholder blockage is a 
better measure of the blowoff velocity than the approach flow 
velocity. 

(iii} The length of the recirculation zone downstream of a flameholder 
is a more appropriate length scale for defining the flameholder 
stability characteristics than its geometric size, although the 
latter is a more easily measurable quantity. 

Statistical Model Calculations: 
(11 This model can be used as an interpolative and extrapolative tool 

for studying the lean ignition and blowout limits of uniEorm mix- 
tures. 

(ii) The model provides a means of accounting for fuel-air ratio non- 
uniformities in the unburned mixture. 

(iii) Increasing mixture nonuniforraity leads to a significant reduction 
in the lean ignition limit. 

(c) Experimental Work: 
(0 Increasing the distance over which the fuel and air mix (i.e. for 

constant velocity, increasing the residence time in the mixing zone) 
leads to a more uniform mixture. 

(ii) Increasing mixture nonuniformity leads to a substantial reduction in 
the lean ignition and blowout limits. 

(iii) Mixture nonuniformities cause a substantial increase in the emission 
levels of nitrogen oxides for lean mixtures. Low 'NO, emissions, 
therefore, require the combustion zone to be lean and well mixed. 
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