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Abstract 

Stability Iimits of non-premixed jet flames into a c~flowing oxidizing stream 

have been studied both experimentally and analytically in this work. 

The combined &ed of jet velocity and cc~flowing stream velocity on 

flame st ability were investigated experimentally for methane, propane, ethy- 

lene and hydrogen as jet fuels. Four different types of flame stability limits 

were observecl: MoE, reattachment, blowout of Zafed flames and blowout of 

attached flames. Dependhg on the value of the CO-flowing stream velocity, 

three Merent regions were recognized. At low CO-flowing stream velocities, 

blowout of Zafted flames was observed while at higher ceflowing stream ve- 

locities, blowout of attached flames took place. For mid values of stream 

velocities, bo th  types of blowout were experienced. 

It was found that the conditions prior to ignition, such as CO-flowing 

stream and jet velocities and position of the ignitor, have significant efiects 

on the ffame stabilization mechanism. Furthemore, the optimum ignition 

conditions for achieving higher blowout limits were explored experimentdy 

and an ignition lirnit for attached flames was recognized. 

Experiments indicated that the addition of diluents to a jet fuel or sur- 

rounding air stream could demase the blowout Limits of methane jet flames. 

Nitrogen, carbon dioxide and heliurn were employed as the diluents. Intro- 

duction of hydrogen into a methane jet flame increased the blowout limits 

of both lifted and attached flames. The effect of premixing a fuel with the 

surrounding air stream was also studied. Addition of an auxiliary fuel into 
a CO-flowing air stream increased the blowout limits of lifted and attached 

flames for a methane jet. Methane, propane, ethylene and hydrogen were 



used as audiary fuels. The dect of nozzle configuration on the stability 

limits of jet fla,mes was investigated for a range of co-flowing air stream ve- 

locities. 

Two different models were proposed to predict the stability limits of jet 

flames in a cdowing stream. The need for two different models arises h m  

the fact that the nozzle fa-field conditions are responsible for blowout of iifted 
flames, whïle the nozzle near-field conditions affect the blowout of attached 
flames, Liftoff and reattachment. 

ln the present study, a model for blowout of lifted flames was proposed 

based on a wd-recognized criterion. According to this criterion, blowout oc- 

curs when the ratio of the mixing time scale to characteristic chernical t h e  

scale fails below a critical value. The advantage of this model stem from 

utiiization of a Werent expression for the mkïng tirne. The predictioas of 

this model was fairly accurate over different operational conditions estab- 

lished by variations in surrounding stream velocity and composition, jet fuel 

composition, nozzle diameter and combustor size. 

A dimensionless criterion was &O proposed to predict liftoff, reattach- 

ment and blowout of attached flames in a ccdowing air stream. It was 

shown that these phenornena take place as the value of this criterion be- 

cornes equal to its critical value. The predicted stability Limits using this 

a i t  erion agreed fairly accurately with experimental data for (the fuels tried) 

methane, propane, ethylene and hydrogen jet flames over a range of co- 

flowing air stream velocities and jet diameters. 
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Chapter 1 

Introduction 

Scope of the Present Work 

Turbulent non-premixed jet flames (also known as diffusion flames) constitute 

an important class of flames in theoretical and experimental studies as well 

as practicai appIications such as gas turbine cornbustors, rocket motors, ram 

jets, industrial fumaces, diesel engines, petrochemical flares, etc. For the 

efficient and safe operation of these combustion devices, the jet flames should 

be stable over the whole range of operating conditions. A sudden blowout of 

flame can have serious implications. 

In non-premixed jet flames the fuel and oxidizer are initially separated 

and then are mixed within the dame zone through molecular and turbuIent 

diffusion. The combustion processes are controlled by the entrninment of 

surrounding oxidizer into the mixture of jet fuel and hot products of com- 

bustion until a flammable mixture is reached. A jet flame discharging into 

an effectively "infiniten quiescent atmosphere is called a free jet flame, while 

a jet flame discharging into an endosed atmosphere of oxidizing stream is a 
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confined jet flame. 

An increase in the fuel jet velocity results in detachment - Moff - of the 

flame fiom the bumer rim. With fkther increase of the jet velocity, the lifted 

flame blows out, while a decrease in the jet velocity can lead to reattachment 

of Med flames. When the air stream velocity exceeds a certain value with 

increasing the jet velocity, the flame attached to the rim blows out suddenly 

with no liftoff, i.e., blowout of attached flames occurs. The stability limits 

of jet flames particulady liftoff and blowout are of fundamental importance, 

since they define the operating limitation of combustion systems for an ef- 

ficient usage of fuels. Research on the stability of jet flames has attracted 

much attention in the past with a renewed and vigorous attention recently. 

However, the actual physical and chernical processes affecting fiame stability 

are very complex and many fundamental questions about their nature remain 

unanswered. 

In many industrial applications, combustion of a jet fuel occurs in the 

presence of a cdowing oxidizing stream. Adding a CO-flowing oxidizing 

stream increases the efficiency of the combustion process, shortens the flame 

length and reduces the msidence time for NOx formation [l], but it increases 

the local gas velocity and destabilizes the flame. Although various models 

have been proposed for flame stability in the literature, they tend to have 

serious limitations, especially in dealing with jet James in CO-floving streams. 

These models are incapable of predicting accurately al l  the experiment al 

observations. At the present tirne, there is no model avdable to predict liftoff 

and blowout of attached flames in confined CO-flowing streams as well as an 

observed hysteresis phenornenon in reattachment of lifted flames. Moreover, 

the model a d a b l e  for predicting blowout of lifted flames [2] cannot predict 
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accurately enough the experhental trends over a wide range of operating 

conditions. ReIatively Iimited experimental information is available on the 

stability limits of jet flames in a cdowing air stream to vaLidate a model. 

In spite of several experirnental studies on the effect of confined CO-flowing 

stream velocity on the stabZty Iimits of jet flames, there is no firm report of 

a thorough measurement of various phenornena such as liftoff, blowout and 

reattachment over a range of jet and stream velocity combinations for which 

a jet fuel can be ignited and sustained. 

Due to pollution legislations, new alternatives such as mixtures of methane- 

hydrogen are of practical importance as potentid sources of fuel. Due to 

insdicient data on the stability limits of these mixtures experimental and 

analytical studies are required to ident* these limits for various composi- 

tions and to predict the improving effect of hydrogen addition to a methane 

jet on the flame stability limits. 

In combustion systems, it is always desirable to enhance the stability 

b i t s  of jet flames. One effective technique to improve these limits is the 

introduction of a secondary fuel into a surrounding air stream [3-51. Accurate 

modeling is required to explain this phenornenon. 

With the increasing availability and utilization of fuel mixtures as well as 

low heating value gaseous fuels containing a substantial amount of diluent 

(e.g. biogas), there is a need to estimate reliably the effect of the fuel com- 

position on the blowout limits of non-premixed jet flames. There are also 

situations where the cwflowhg air contains a s m d  concentration of a dilu- 

ent or a fuel. For example in gas turbines and internai combustion engines, 

some exhaust gas recirculation can be utilized to control NO, emissions. The 

exhaust gas which contains a significant amount of carbon dioxide, nitrogen 
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and water vapor vitiates the CO-flowing combustion air resulting in a Iower 

stability limit for jet flames. Only limited information is available about the 

&me stability limits in such conditions at the present t h e .  

1.2 Objectives 

The above section reveah that more measurements and modeling are needed 

to describe the stabïlity of jet flames. The goal of the current research is to 

develop a simple yet comprehensive mode1 predicthg the blowout limits of 

Iàfted jet flames in a wide range of jet fuel compositions, hel nozzle geometries 

and CO-flowing strearn velocities and compositions, The other purpose of this 

research is to obtain a dimensionless criterion for predicting the effect of fuel 

type and cdowing stream vdocities on the liftoff, mattachnient and blowout 

of attached flames. 

Experimental investigation of stability limits of jet flames in a co-flowing 

stream is required to gain more insight about the effect of a CO-flciwing stream 

on the 0ame stability characteristics as weU as to validate the developed 

models. The proposed models should be validated against the available ex- 

perimental data in the literatwe as weil. 



Chapter 2 

Literature Survey 

The stability limits of non-premixed jet ilames - Iiftoff, reattachment, blowout 

of lifted or attached flames - have been subjects of numerous research efforts 

and have been studied through experiments [l-391 and semi-empiricd mod- 

eling or computation [2,40-621. A review of these efforts is siimmarized in 

this chapter. 

2.1 Experimental St udies of Flame Stability 

Simple &e Jet Flames. Various experimental investigations have been 

carried out to assess the stability limits of jet flames in different operational 

conditions. However, most of these investigations have been related to the 

combustion of fuel jets in an unconfined quiescent medium (simple free jet 

flames) [7-12,4043,631. Vanquickenborne and Van Tiggelen [40] have re- 

ported extensive experimental results for unignited and ignited methane jet 

flames for a range of jet velocities and jet diameters. Jet blowout limits and 

liftoff heights were reported as well. Their results for Med flames showed 
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that fuel concentration at the stabilization point is close to stoichiometric 

composition. 

Similar measurements were conduded by Gunther et al [41,42], and the 

liftoff, blowout and reattachment data for natural gas and mixtures of hy- 

drogen and natural gas were reported. The liftoff heights for methane and 

ethylene jets diluted with air were measured by Mike-Lye and Hammer [43] 

and it was shown that liftoff heights increase with an increase in either jet 

velocity or amount of dilution. 

The most extensive experimental investigation for liftoff and blowout lim- 

its of jet flames is reported by Kalghatgi [7,8] for a variety of gaseous fuels 

and jet diameters. His results show that liftoff height is independent of jet 

diameter, increases linearly with an increase in jet velocity and decreases 

with an increase in buming velocity of a jet fuel, while jet blowout velocity 

increases with an increase with jet diameter and the burning velocity of a 

gaseous jet fuel. 

Gollahalli et al [9] have studied the flame stmcture and hysteresis char- 

acteristic of lifting and reattaching for propane jet flames. They stated that 

the dynamics of organized structures control the reattachment process. Zn 

addition, the eEect of fuel type and nozzle size on liftoff and reattachment 

velocity was investigated using propane and methane as a jet fuel and three 

different nozzle diameters of 5.53, 8.74 and 12.36 mm. Their experimentd 

results revealed that liftoff and reattachment velocities for a methane jet 

are larger than those for a propane jet and these velocities decrease with 

an increase in nozzle size. S a m  and Gollahalli [Il] reported that jet flame 

liftoff and reattachment velocities depend on the shape of the velocity profile 

at the bumer exit and on the ratio of the length to diameter of the nozzle 
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tubes. Both Iiftoff and reattachment velocities increased with an increase in 

the length- 

Unwnfined Co-flowing Jet Flames. The effect of an unconfined, 

CO-flowing air Stream on stability limits of non-premixed jet flames was stud- 

ied experimentdy by many researchers [l, 6,13-19,44-461. Among these 

studies, only Varnos et al [13] and Yuasa [14] investigated thoroughly the 

flame stability limit curves of liftoff, blowout of lifted flames, blowout of 

attached flames and reattachment over a considerable range of CO-flowing 

stream velocity for hydrogen and methane as a jet fuel. Their findings show 

that an increase in the velocity of CO-flowing air stream decreased the blowout 

bits of lifted flames significantly, while it had a minor effect on reattach- 

ment limits- In cornparison, liftoff and blowout of attached flames are almost 

insensitive to stream velocities. 

The effect of burner configurations on liftoff and blowout velocities of at- 

tached flames for hydrogen/air and methane/air CO-flowing jet flames have 

been investigated by Takahashi et al 117,181 and Varnos et al [13]. Th& 

measurements on a variety of nozzle diameters and lipthicknesses show that 

these velocities increase with a decrease in the nozzle diameter and an in- 

crease in the nozzle l ipt  hickness. 

Addition of diluents to a hydrogen jet or to an external air flow was 

investigated by Takahashi et al [15,16]. Nitrogen, argon and helium were used 

as diluents. When a diluent was added to a hydrogen jet flame, the most 

detrimental effect on the stability limits of attached flames were observed 

for argon and nitrogen and then for helium as diluents; on the other hand, 

the presence of a diluent in unconfined CO-flowing air stream decreased these 

limits more with nitrogen followed by helium and asgon. In the case when 
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a diluent was added to both jet fuel and cc~flowing air stream, the most 

detrimental effect on these limits was observed with nitrogen followed by 

argon and helium. However, they did not offer an explanation to the different 

trends observed with these diluents in each case. 

Confined Co-fiouring Jet Flanaes. The stability limits of non- 

premixed jet flames in a confined CO-flowi~g oxidizing stream were investi- 

gated experimentally over many years [2? 3,5,2û-30,38,39,64]. Most of these 

studies were limited to a relatively narrow or low range of stream velocities 

(up to 0.6 m/s) (21-263. Very few studies were conduded over a wider range 

of stream velocities [5,27,28,30]. 

The blowout limits of jet flames for a wide range of CO-flowing stream 

velocities were reported by Wierzba and Oladipo (271 for methane, propane, 

ethylene and hydrogen and for s m d  jet diasneters (ranged from 1 mm to 

2 mm) and by Yoon et al [28] for hydrogen and for a large jet diameter 

(7 mm). Their results show that the type of f l m e  before blowout (lifted or 

attached) depends on the value of the CO-flowing stream velocity. An increase 

in ceflowing stream velocity decreased blowout limits to a larger degree for 

lifted flames than for attached flames. In spite of severd flame stability 

measurements [5,27,28,30], no plot of flame stability regions was provided 

to compare the effect of CO-flowing stream velocity on liftoff, reattachment 

and blowout Limits of lifted and attached flames all on the same diagram. 

The effects of jet fuel composition and surrounding air stream composition 

on the jet flame stability have been the subject of many investigations [3-5, 

22,26,29,30,61,64]. The effect of addition of an auxiliary fuel to a CO-flowing 

air stream on blowout limits was studied by Karim et al [3,4] for relatively 

small stream velocities. Wierzba et al [5] showed that at higher CO-flowing 
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stream velocities and a d a r y  Pd concentrations, the blowout limit can 

either increase or decrease depending on the type of blowout (blowout of 

attached or lifted flames). 

The effect of variations in burner iip-thickness on blowout limits was 

reported by Yoon et al [28] for a hydrogen jet of 7 mm diameter and by 

P a p d o l a o u  and Wierzba et al [30] for a methane jet of 3.18 mm diameter. 

Both concluded that for burners with larger lip-thicknesses, the blowout lim- 

its of attached flames could be extended into higher air velocity regime, while 

the blowout limits of lifted flames were not affected by burner lipthickness. 

Theoretical Studies of Flame Stability 

Over decades, many attempts were made to identify the underlying physical 

mechanisms responsible for the stability of non-premixed jet flames, and to 

develop predictive models for them. However, much of the attention has 

been directed toward the modeling of the stability limits of simple jet flames 

issuing into a quiescent medium [40,41,43,44,47-531 and only a few t h e  

retical studies have been conducted for jet flames into a co-flowing oxidizing 

atmosphere, eit her confined or unconfined [2,46]. The available predictive 

models for liftoff and blowout are based on concepts of premixed combus- 

tion, 1am.ina.r flamelets quenching, velocity gradient, small-scale structures 

and large scale mUMg structures. 

Premixed Combustion Models. The early work of Vanquickenborne 

and Van Tiggelen [40] used the concept of premixed combustion to explain 

the stability mechanism of turbulent lifted diffusion flames. A Lifted flame 

stabilizes at a downstream position where the fuel-air mixture is in a stoi- 
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chiometric proportion and the turbulent flame speed for the premixed fuel-air 

mixture is equal to the local jet velocity. To implement this concept, a vast 

knowledge of gas composition, gas velocity and turbulence parameters (such 

as intensity and scale) is required. They verified the proposed hypothetical 

stabilization mechanism with conducting extensive experimental measure- 

ments for a methane jet issued into a quiescent environment. Furthemore, 

they have shown that with further increase in gas velocity, the location of 

flame stabilization was forced toward a downçtream position where the stw 

ichiometry contour reaches its maximum width. In this condition, flame 

blowout wilI occur since the intensity of turbulence and therefore turbulent 

burning velocity no longer increases sufEciently in order to balance the tocal 

gas velocity. 

Utilizing the same stabilization mechanism, Günther et al [4l, 421 studied 

the lifting phenornenon for jets of natural gas and hydrogen. Also, Kalghatgi 

[7,S] used this flame stability mode1 as well as dimensional analysis to derive 

an empirical formula for correlating his experimental data on blowout limits 

and liftoff heights of different fuels over a range of jet nozzle diameters. 

Eickoff et al [IO] and Schefer et al [35,36] supported the premixed concept by 

measurement of concentration, temperature and velocity around the flame 

stabilization region for lifted flarnes. 

Recently, Kaplan et al [47] used numerical simulations of an axisymmet- 

ric CO-flowing methane jet flame to study the flame liftoff phenornenon. The 

effect of jet velocity on liftoff height was simulated numerically at a constant 

CO-flowing stream velocity. Their computations showed that the base of a 

lifted flame was located on the stoichiometric surface at a height where the 

local axial velocity was approximately equal to the turbulent burning ve- 
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locity. The computed liftoff heights were in reasonabIe agreement with the 

experimental data of Kdghatgi [SI. They concluded that the results verify 

the premixed theory of Vanquickenborne and Van Tiggelen [40]. 

Laminar Flamelets and Partially Pmmixed Flamelets Models. 

Peters and Williams [55] questioned the validity of the concept of premixed 

combustion and argued that the degree of mixing in turbulent jets was insuf- 

ficient to approach a uniform mixture of reactants upstream to the base of 

lifted flarne, These authors proposed instead, the 1n.mina.r flamelets model, 

In this model, a turbulent diffusion flame is considered to be an ensemble 

of laminar diffusion flamelets which can be quenched at strain rates above a 

critical value. As the jet exit velocity increases, the flamelets are stretched 

more and more. This may result in the extinction of a large fraction of lam- 

inar diffusion flamelets at the rim of an attached flame and lead to liftoff. 

The flame will be stabilized somewhere downstream of the nozzle exit where 

the strain rates are sficiently low, so a reasonable fraction of the laminar 

diffusion flamelet s remains unext inguished. 

Based on this model, lamina difiusion flamelets cannot exist when the 

rate of dissipation of the (scalar) mixture fraction (defined to have a value of 

zero in the arnbient atmosphere and unity at the nozzle exit) at its stoichi* 

metric value exceeds a criticd value. However, they chose an arbitrary func- 

tional fonn for the critical scalar dissipation rate to produce a better agree- 

ment of theoretical predictions with the data on liftoff heights for methane 

jet flames in a still air. 

Muller, Breitbach and Peters [501 used the theory of partially premixed 

flamelets to predict the experiment al flarne liftoff height reported by Kalghatgi 

[8] and Miake-Lye and Hammer [43] for a simple methane jet flame. Peters 
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et al [49,50f concluded that both stabilization models of parti* premixed 

flame propagation and laminar flarnelets quenching can rem& relevant. 

Sanders and Lamers [51] used the laminar diffusion flamelets concept of 

Peters and W i a m  [55] to model the liftoff height of jet flames. They showed 

that the calculated results of Peters and Williams [55] do not predict accu- 

rately the slope of experimental liftoff height as a function of jet vdocity 

curve. Therefore, they proposed the usage of the strain rate of the smallest 

eddies as a criterion for the flamelets quenching instead of the scalar dissipa- 

tion rate. They reported that the modified mode1 predicted accurately the 

experimental trend existing between flame Liftoff height and jet exit vdocity. 

In this model the coacient for the strain rate was chosen by comparing and 

fit ting calculated results to experimental ones. 

Velocity Gmdient Mdel .  The concept of velocity-gradient proposed 

by Lewis and von Elbe [65] was employed by different researchers to predict 

the blowout timits of premixed and non-premixed flames. According ta this 

concept, flame extinction will occur when the jet velocity gradient at the 

boundary of the nozzle wall exceeds a characteristic value. This model was 

later extended by Putman and Jensen [66] to yield a dimensionless parame- 

ter consisting of two Peclet numbers; one based on jet velocity and the other 

based on burning velocity. This dimensionless group as a blowout criterion 

was later applied to unconfined, cdowing jet flames by Kremer et al [44. 

Their experimental results showed that there is an optimum d u e  of coaxial 

air velocity with respect to blowout limits for each employed nozzle. Since 

only this optimum blowout velocity was predicted for difFerent nozzle geome 

tries, it is not clear whether th& developed procedure is also able to predict 

the effect of CO-flowing stream velocity on blowout limits. A similar method 
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was employed by Rawe and Kremer [45] for % m e  stabilization of uncohed 

turbulent diffusion flames with swirl. 

SmalGScule Structuv~ Baged Mdels.  Byggstoyl and Magnussen 

[48,56] proposed a model for Iocal extinction of a simple fiee jet flarne based 

on the Eddy Dissipation Concept (EDC) in turbulent flow- Extinction is 

assunied to take place inhe  (srnall-scde) structures which are responsible for 

the dissipation of turbulence into heat. According to this extinction model, 

a lifted diffusion fiame will be stabilized at the stoichiometric contour and at 

the position where the turbulent fine structure time scde equds the chernical 

time scale. The quenching tirne scale used in this mode1 was obtained fiom 

the experimentd data which was then used to predict the flame liftoff heights 

versus jet exit velocity. 

Large-Scale Structum Based Models. A difierent physical mecha- 

nism based on the nature of large scale motions in turbulent jets was proposed 

by BroadwelI et al [52] to explain the flame blowout phenornenon of simple jet 

diffusion %ames. In this model, large scaIe flow structures brings ambient air 

in contact with a mixture of fuel and hot reaction products and after a cer- 

tain t h e  this mixture reaches the Kolmogorov scale in turbulence cascade. 

Blowout is expected when the local air and the hot mixture of products and 

fuel hornogenize very rapidly and as a result there wil l  be insufIicient time 

for ignition before the temperatwe and concentration of radical species drops 

below a critical value. In this condition, the ratio of the local mixing tirne, 

Tm 1 to a characteristic chernical t h e ,  T,, becomes less than a criticd value 

at a distance proportional to 0ame length. Based on this proposed fiame 

blowout criterion, an expression for jet blowout velocity was derived which 

accurately predicted the experimental hdings of Kalghatgi [7] for a free jet 
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flame. An expression was also derived for liftoff height as a fimction of jet 

exit velocity, but the validity of this expression was not verified by them. 

Miake-Lye and Hanmer 1431 argued that due to the one dimensionality 

of the mode1 of Broadwell et al [SZ], it is not directly applicable to the liftoff 

height. Accordingly, they devdoped a model based on the strain rate of 

largescde coherent motions in a lifted turbulent jet 0ame to predict a linear 

relationship between the liftoff height and the jet exit velocity for a simple 

free axisymmetric jet flame. The results of this model were reported to be in 

agreement with previously measured liftoff heights for a variety of pure fuels. 

Dahm and Mayman [46] modified the model of Broadwell et al [52] to 

include the effect of an unconfined, coaxial air fiow on flame blowout limits. 

The experimental blowout limits for a range of geometries, fuels and diluents 

showed a fairly good agreement with their predicted data. The Dahm and 

Mayman [46] analysis was also used by Feikema et al [l] to predict the flasie 

blowout limits for pure fuels as well as methane-hydrogen mixtures. For 

pure fuels, the blowout curves were properly predicted but for methane- 

hydrogen mixtures, the predicted curves did not agree with experimental 

rneasurements. 

A.ll the above models were developed for free jet fiâmes which do not 

include the effect of confined ceflowing stream. However, many industrial 

applications involve jet flames in a confined, CO-flowing air stream. A review 

by Pitts [67] also summarized the published experimental results and theo- 

retical rnodels for a simple jet fiame and showed that none of the a d a b l e  

models is completely satisfactory in correlating the exis ting experimental 

results. 

Dahm and Dibble [2] applied Broadwell et al [52] concept for the flame 
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s t abilizat ion to develop a predictive procedure for evaluating the blowout 

limits of Liftecl flames in a codned, c d o w h g  stream of air. By using veloc- 

ity and concentration profles for a jet in a cdowing stream measured by 

Biringen [68], they cdcdated the position where the local flame stabilization 

rnechanism fails and leads to blowout, This position was assumed to be at 

the last large coherent structure within the jet at which the concentration of 

jet fuel reaches its stoichiometric value. At this position, the ratio of mking 

tirne to chernical time is less than a critical value for flame blowout conditions. 

Cornparison of the predicted b l m u t  limits obtained from their analysis wi th  

the experiment ally-measured ones showed that this critical value is approx- 

imately constant for propane and methane jets discharged from nozzles of 

3.3 and 5.2 mm diameters. The proposed blowout mechanism could predict 

the experimentally-obtained reduction in the blowout limits with increasing 

CO-flowing stream vdocity. 

It can be seen from this literature survey that: 

majority of the available models are related to the free jet flames. 

O all the modeIs are serni-empirical and include coefficients determined 

fiom the experiments. Therefore, their applications are limited only to 

specific types of operating conditions. 

O majority of the proposed models predict the liftoff height as a function 

of the jet exit velocity, but they do not predict the jet liftoff velocity. 

O none of these models describe the hysteresis phenornenon of flame liftoff 

and reattachment. 



Chapter 3 

Experimental Apparatus and 

Procedure 

The objectives of the experimental part of the present study were to investi- 

gate for non-premixed jet flarnes in a CO-flowing stream: 

the stability curves and ignition characteristics for single and multi- 

component gaseous fuels, 

0 the effect of diluent addition to the jet fuel on the stability limits: 

a the effect of diluent or fuel addition to the surrounding stream on the 

stability limits, 

the effect of nozzle geometry on the stability limits. 

To meet these objectives, a laboratory combustion set-up was employed with 

capabilities to: 

1. produce various fuel mixtures and fud-diluent mixtures a s  the jet fuel 

and control their composition. 



2. produce and control CO-flowing stream velocity, 

3. mix homogeneously the a d a r y  fuel or diluent with air and control 

its concentration in the sunounding stream, 

4, conduct %ame visualization studies. 

Detailed descriptions of the experimental apparatus and the procedure em- 

ployed for evaluating the stability of a c o h e d ,  cdowing non-premixed 

flame are presented in the followi~g sections. 

3.1 Experimental Apparat us 

An existing experimental weU developed facility was employed [27,29,69]. 

The schematic diagram of the experimental apparatus is presented in Fig- 

ure 3.1. The experirnental apparatus consists of a vertical combustor, fiel 

and air supply systems and different flow control and metering systems. 

The stability limits of ciicular non-premixed jet flames in a CO-flowing 

oxidizing stream were determined in a vertical stainless steel combustor of 

a square cross section of 127 x 127 mmz, 1300 mm t a l l  and open to the 

atmosphere. The combustor was fitted with long quartz windows for flame 

visualization. At the base of the combustor a honeycomb straightener was 

installed to ensure irniform velocity of the air stream. 

The stmounding air stream was generated using a centrifuga1 blower 

driven by an induction motor. The air flow rate was measured using a sharp 

edged orifice plate. Througout the thesis, all cited values of the cdiowing 

stream velocities were "the mean stream velocity at the entry to the combus- 

torn. The apparatus permits the homogeneous mixing of an awriliary fuel or 
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a diluent gas with the air strearn at a point far upstream of the entry to the 

combustor. 

Various bels and diluents were supplied fiom hi& pressure cylinders and 

were carried to the jet and surrounding stream through seven independent 

feed lines. For simplicity, o d y  two feed lines have been shown in Figure 3.1. 

AL1 feed lines contained pressure regulars, flow control valves, temperature 

sensors, pressure gauges and choked nozzles. The flow rates of fuels and dilu- 

ents were monitored using the calibrated choked nozzles. Altogether eleven 

choked nozzles were installed in these feed lines to provide measurements over 

a wide range of flow rates of different gases. The benefit of employing choked 

nozzles is that variations in the back pressure will not affect the accuracy of 

the flow rate measurement. 

The jet was discharged vertically upward along the center line of the 

combustor from a circular b r a s  nozzle. The jet was ignited by an electric 

spark. The location of the ignitor could be varied during tests from a point 

at the outer rim of the fuel nazzle up to 40 mm domstream. 

The jet nozzles employed were of 2.00 and 2.82 mm inside diameter, da, 

with a lip-thidmess, A, of 1.52 mm and 1.33 mm, respectively. Also a sharp- 

edged circular nozzle of 2.00 mm inside diameter with a lipthickness of 0.20 

mm was used to investigate the effect of nozzle geometry on the stability 

limits of a non-premixed flame. The schematic diagram of these two types 

of nozzles are shown in Figure 3.2. 

Gaseous fu& employed in the expehents were commercially pure metane, 

ethylene, propane and hydrogen, while nitrogen, carbon dioxide and helium 

were used as diluents. AU. experiments were cmducted at arnbient tempera- 

ture and pressure conditions (approximately T S 296 K and P = 89 kPa). 



3.2 Ex~erimental Procedure 20 

Figure 3.2: A schernatic diagram of jet nozzles employed. 

The stability iimits - liftoff, reattadunent and blowout - of single and multi- 

component jet fuels were determined at different stream velocities and differ- 

ent fuel or diluent concentrations in the suwunding air stream by employùig 

the following procedures. 

Liftoff Limit of Attached Flames. The liftoff limits of single and 

multi-component hels were determined visually os follows. The CO-flowing 

stream velocity was first set at the desired level and the jet was electricdy 

ignited at a low jet flow rate. Then, the jet flow rate was gradudy increased 

until the flarne lifted and stabilized at a distance downstream from the burner 

rim. The jet flow rate associated with sudden flame liftoff fiom the burner 

rim was recorded as the liftoff Iimit. 

Reattachment Limit of Lified Flames. The reattachment limit 

of a lifted flame at the desired stream velocity was measured visually by 

gradually decreasing the jet flow rate until the flame was retunied to  the 

burner rim. 
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Blowout Limit of L i ' e d  Phmes. Generally, two procedures c m  

be followed to measure the blowout limits of lifted flames: 

1. by gradually increasing the jet flow rate and keeping the stream flow 

rate constant, 

2. by gradually increasing the stream flow rate and keeping the jet flow 

rate constant. 

The results obtained with these two procedures were within an experimentd 

uncertainty of approximately 5%. The blowout limits of lifted flarnes for 

single component fiel jets were determined visually using the first procedure. 

For the sake of simplicity, in tests with fuel m.iztures as the jet fuel, the 

blowout of lifted flames was achieved by gradudy increasing the air flow 

rate while keeping the jet flow rate and composition constant (the second 

procedure). 

Blowout Limit of Atdached Flarnes. To measure the blowout limits 

of attached flames, the jet flames were ignited at a reduced jet flow rate and 

at the desired level of CO-flowing stream velocity. Then, the jet h e l  flow rate 

was increased gradudy until the flame blowout was observed. 

Fuel or Diluent in Sumunding Stmam. The stability limits of 

the non-premixed jet flames within a CO-flowing stream of air containing an 

awullary fuel or a diluent were established by f i s t  setting the flow rate of air 

as  desired and then introducing the required quantity of the auxiliaq fuel 

or the diluent into the air streasi. After ignition of the jet fuel, the LiftoE 

and/or blowout limits were determined by increasing the jet flow rate, while 

the reattachment limit was determined by decreasing the jet flow rate. 



Chapter 4 

Experimental Result s and 

Discussions 

The effects of different parameters such as CO-flowing stream velocity and 

composition, jet fuel composition and nozzle geometry on the stability limits 

of a non-premixed jet flame were investigated. The effect of the CO-flowing 

stream velocity on these limits is discussed in Section 4.1 for four clifFerat 

jet fuels. Also, the efIect of nozzle geometry on methane stability limits is 

investigated ia this section. Section 4.2 focuses on the effect of hydrogen 

addition to a methane jet on the stability limits together with discussions 

about some observed phenornena. htroducing a secondary fuel, comrnonly 

known as auxiliary fuel, into the surrounding air stream can be an effective 

technique for improving the stability lirnits of jet flames. The results for a 

methane jet flame and different aiuriliary fuels are presented and discussed in 

Section 4.3. The effect of addition of different inert gases to either jet fuel or 

surrounding air stream on the jet flame characteristics is discussed in Section 

4.4. Nitrogen, carbon dioxide and hehm were used as the diluent gas. 
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Flame Stability Curves for Pure Fuel Jets 

Generdy, two different types of non-premixed jet flames can be observed 

depending on the d u e s  of jet and CO-flowing stream velocities. At sufliciently 

low jet velocities, regardIess of stream velocity, the flame is stabilized at the 

bunier rim. This is an attached flame. A photograph of an attached 

non-premixed ethylene flame is shown in Figure 4.1. 

At sufEiciently high jet velocities and relatively low stream velocities, the 

flame is lifted fiom the Nn and stabilized at a certain distance downstream 

of the nozzle exit. This is a lifted flame. With an increase in jet flow 

rate, liftoff distance (the distance from the burner rim to the flame base) 

increases. An example of a Iifted ethylene flame is shown in the photograph 

in Figure 4.2. 

The stability limits of lifted and attached flames for different hels in a 

CO-flowing air s trearn were detenained e~perimentaiiy~ The experiments were 

conducted with a nozzle of 2 mm diameter and 1.82 mm lip-thichess. The 

configuration of this nozzle is shown in Figure 3.2a. 

4.1.1 Stability Cunres for Methane Jet 

The stability Iimits of a methane jet flame in a CO-flowing air stream are 

shown in Figure 4.3. It can be seen that the CO-flowing air stream velocity 

affects the stability Iimits very significantly. Three dXerent regions named 

1, II and III can be recognized depending on the value of the CO-flowing 

air stream velocity. The Reynolds numbers for the CO-flowing stream, Res, 

shown in the figure are calculated based on the combustor hydraulic diameter 

of 0.127 m and the air kinematic viscosity of 15 mm2/s. 
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Figure 4.1: Photograph of an attacheci ethylene nonpremùced flame 
co-flowing stream of air. The jet and stream velocities are 
m/s and 0.94 m/s, respectively. The jet nozzle diameter i 
mm. 
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Figure Photograph of a lifteci ethylene nonpremixed flame in a 
flowing stream of air. Jet and stream velocities are 19.65 
and 1.52 m/s, respectively. Jet nozzle diameter is 4.5 mm. 
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Jet fuel: Methane; Stream: Air; d,=2 mm 
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Figure 4.3: Stability lirnits of a methane non-premixed flame as a function 
of cu-flowing air stream velocity. Jet diameter = 2.00 mm. 
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Region 1. At cc~fzowing stream velocities Iess than -0.34mfs (Res - 
2800), both lifted and attached stable flames can be observed. The jet can 

be ignited at aU possible stream-jet velocity combinations, but the type of a 

fiame resulting from the spark ignition depended on the cdiowing air stream 

and jet velocities at the moment of ignition and the ignitor location as well. 

At jet velocity values below those shown by line EF, ignition of the jet 

resdted in only attached flames irrespective of the ignitor position (up to 

40 mm downstream of the jet exit). At jet velocities above those shown by 

line LM but l e s  than line AB, ignition of the jet resulted in lifted flames only 

for ignitor positions up to 40 mm downstream of jet exit. Line LM is called 

the ignition E t  of attached flames since no attached flames could be 

produced by ignition at jet velocities higher than the values represented by 

this line (Figure 4.3). 

Ignition of a jet within the region of LMFE could result in an attached or 

lifted flame depending on the distance of the ignitor from the nozzle exit. A 

lifted flame was produced by ignition of the jet at a certain distance down- 

stream of the burner rim. This distance which depends on the jet velocity is 

a maximum (at 40 mm downstream of burner rim) for jet velocities shown 

by line EF and is a minimum (at burner rim) for jet velocities shown by line 

LM. An attached ff ame was produced by ignition of the jet at the burner rim. 

The attached flames always suddenly lifted off when the jet velocity exceeded 

the values shown by Iine KB. Line KB is generdy accepted as the liftoff 

limit of jet flames. It can be seen that the liftoff limit decreases slightly with 

an increase in the surroundhg stream velocity. 

The jet velocity beyond which a stable flame can not exist is known as the 

blowout limit. The blowout Iimits of lifted flames are indicated by line AB 
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(square symbols) in Figure 4.3. The blowout limits of lifted flames improve 

up to a certain value at very low stream velocities. A further increase in 

the air stream velocity causes a large reduction in the blowout limit of lifted 

flames. Similar trends in variations of these limits with a CO-flowing stream 

velocity were also reported [2,25,27,30]. 

With decreasing jet velocity , lifted flame can reattach to the nozzle rim. 

The reattachment limits are shown as Iine EF (circle symbols) in Fig- 

ure 4.3. The same difference between the liftoff (line KB) and reattachment 

(line EF) limits was also observed by other researchers for non-premixed 

flames in quiescent medium [9,10,21,23,42,63] as well as for premixed 

flames [70]. This hysteresis phenornenon can be explained in terms of sig- 

nificant differences in the distance between the nozzle rim and the point of 

transition from the laminar-to-turbulent conditions for flames and nonignited 

jets having the same jet velocity [63]. It bas been reported that the distance 

from the nozzle rim to the point of transition for a flame is larger than that 

for a corresponding unignited jet [20,63]. 

Region II. Like in region 1, for cc+flowing stream velocities of 0.34 m/s 5 

us 5 0.66 m/s, both lifted and attached flames can be observed. The type of a 

flame resulting Tom the ignition is dependent on the values of the CO-flowing 

air stream and fuel jet velocities at the moment of ignition and the location 

of the ignitor. It should be noted that no ignition was possible within region 

BNPC. At the conditions within triangle NPG, ignition of the jet resulted 

in attached flames only. These attached flames could not be lifted from the 

burner rim at all. Within region M m ,  the ignition of the jet resulted in 

lifted flames only. In region MNGF, both lifted and attached flames can be 

produced. 
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Generdy, in region II, if ignition resulted in an attached flame, this flame 

wodd blow out with increasing jet velocity as an attached flame (line BC). If 

ignition resulted in a lifted flame, this flame would blow out as a lifted flame 

(line BG). Line BC, the blowout lïmit of attached flames, can be con- 

sidered as a continuation of line KB, the liftoff limit of attached flarnes. The 

blowout limits of the attached flames in this region are considerably higher 

than those of the lifted flames. This fact has obvious serious implications 

in situations where the flame stability limits control the operational limits 

of combustion devices and in the case of sudden flame blowout and reigni- 

tion processes. The blowout limits of attached flames are much less sensitive 

to the changes in the cdowing stream velocities than the blowout limits of 

lifled £lames. Consequently, the l@ed flames should be avoided in this region, 

i.e., it is advantageous to ignite jets at as low jet velocities as possible or to 

locate the ignitor at the burner rim, since both of these cases always resulted 

in attached flarnes. 

The value of the stream velocity at point B, which separates region 1 from 

II, will be cded as limiting CO-fiowing stream velocity (Figure 4.3). The 

importance of this velocity stems fiom the fact that it is the minimum co- 

flowing stream velocity at which the blowout of attached flames can occur. 

It was reported that the limiting stream velocity depends on the nozzle size 

and the type of the fuel [27,30]. The value of the stream velocity at point 

G (separating region II Tom region III) represents the maximum stream 

velocity beyond which lifted flames do not exist. 

Region III. At CO-flowing stream velocities higher than - 0.66 m/s, 

only attached stable flames were observed and these flames remained at- 

tached to the rim at blowout. The blowout limits of these flames are shown 
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as line CD (Figure 4.3). As can be seen the flame blowout limit was decreas- 

ing with an increase in the CO-flowing stream velocity and beyond a certain 

value of the CO-flowing stream velocity, the stable ftame could not exist at 

all. 

It was not possible to ignite a jet when its velocity exceeded the d u e s  

shown by line PR. Moreover, at stream velocities higher than - 1.3 m/s, 

the ignition of the jet was achieved with difEdty even at very small jet 

velocities. 

Ignition conditions and flame types at the moment of ignition and blowout 

in the different regions of 1, II and III are listed in Table 4.1. 

4.1.1.1 Effect of Nozzle Geometry 

Eflect of N o d e  Shape, In the present study, the effed of nozzle shape 

on stability limits was investigated employing relatively small nozzles of 2 

mm diameter. The results of stability limits for two nozdes of the same 

diameter but of a different shape and lipthickness (Figure 3.2a and 3.2b) 

are shown in Figure 4.4. As can be seen, the stability behavior trends for 

these nozzles are similar. The shape of a nozzle had much s a d e r  effect 

on the blowout limit of lifted flames than on those of attached ffames. This 

was rather expected, since the position of the flarne stabilization region for 

lifted flames was located far downstream of the nozzle rim. In contrast, the 

nozzle near-field conditions are responsible for stabilization of attached flames 

and the effect of variation in nozzle configuration on the liftoff and blowout 

limits of attached flames could be very significant. For thick-walled nozzles, 

the recirculation zone formed between ceflowing air and fuel jet provides a 



Table 4.1: A sunirnary of ignition conditions and flame types at the moment 

No. 

- - 
1 

of ignition and blowout at different CO-flowing Stream velocities 
for a methane non-premixed flanie. For the definition of lines 
and regions refer to Figure 4.3. 

Ignition Conditions 1 Flame Type at 1 

1 Lielow line EF 1 up to 40 1 attached 1 lifted - 1 AB 

Coflowing Stream 
Velocity, (m/s) 

Region 1 1 within region LMFE 1 at the rirn 1 attached 1 lifted 1 AB 

(u, 5 0.34) 1 within region ABFE ( 40 1 lifted ( lifted 1 AB 

Jet Velocity 

1 within region ABML ( up to 40 Ilifted Ilifted 1 AB 

Ignitor 
Position from 

rim (mm) 

Region II 1 below line MNP 1 at the rim 1 attached 1 attached 1 BC 

1 1 1 1 

(0.34 < u, < 0.66) 1 within region BGF 1 40 1 lifted 1 lifted 1 BG 

Ignition 

below line FG 

-1 Blowou t 
Blowout Limit 

(line) 

uy to 40 1 attached 1 attached 1 BC 

no ignition was 
possible 

within region 1 BCPN 
Region III 

(u, > 0.66) wi t hin region iip to 40 

up to 40 

1 attached 1 attached 1 CD 

1 noignitionwas 1 - 
1 nossible 1 
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Jek Methane, Stream: Air, d,=2 mm 
42 I I I 1 rn I t I rn I rn I rn I - Type of noele . 

Stream Velocity (mls) 

Figure 4.4: Stabilify b i t s  of a methane non-premixed flame as a function 
of CO-flowing stream velocity for two different nozzle shapes. Jet 
diameter = 2.00 mm. Symbols: open - Nozzle A (Figure 3.2a), 
solid - Nozzle B (Figure 3.2b). 
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significant stabilixing &ed on attached flarnes [181. Consequently, the Mtoff 

and blowout limits of attached ffarnes were higher for nozzle A than those 

for nozzle B. 

As can be seen in Figure 4.4, variation in nozzle shape resulted in about 

20 percent change in blowout limits of attached flames while it led to o d y  

10 percent change in blowout limits of lifted flames. Variations in the nozde 

configuration did not affect the value of limiting CO-flowing stream velocity. 

Eflect of NotzZe Size. The blowout limits of lifted flames increased 

with increasing the nozzle A (Figure 3.2a) diameter from 2 mm to 2.82 mm 

(Figure 4.5). The rate of increase in the blowout lirnits of lifted flames can be 

very significant especially for s m d  CO-flowing stream velocities- The blowout 

limits for these two jet flames are close to each other at higher cdowing 

stream velocities. 

In cornparison, the liftoE and blowout limits of attached flames showed 

a reverse trend with an increase in the nozzle size. The liftoff and blowout 

lirnits of attached flames were srnaller for the larger nozzle over the entire 

range of CO-flowing stream velocities considered. A similar trend was observed 

by ot her tesearchers as weil [27,30]. The limiting CO-flowing s tream veloci ty 

increased somewhat 6 t h  an increase in the nozzle diameter. 

4.1.2 Stability Curves for Other Common fiels 

Stability curves similar to those described for methane jet dame were dso 

obtained for propane, ethylene and hydrogen. They are shown in Figures 4.6, 

4.7 and 4.8. Regions 1, II and III can be ident5ed for all these fuels, 

however, their relative size depends on the type of a fuel. These regions were 

&O observed for an unconfined, CO-flowing hydrogen jet flame in air [14]. 
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Jet: Methane, Stream: Air 
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Figure 4.5: Stability lunits of a methane non-premixed flame as a function 
of CO-flowing stream velocity for two different sizes of nozzle A 
(Figure 3.2a). 
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The blowout Limits of flames at zero stream velocity were -36 m/s, -51 m/s 

and - 119 m/s, for methane, propane asd ethylene, respectively. For the 

same jet diameter, these values are approximately consistent wîth the values 

reported in [7] as -35.5 m/s, -57 m/s and -124 m/s, respectively. 

The blowout limits of Iifted flaznes were the highest for hydrogen followed 

by ethylene, propane asid methane (Figure 4.9). These hydrogen flames were 

also sustained at much higher CO-flowing stream velocities. The reattachment 

limits, the liftoff limits and the blowout Iimits of attached flames were the 

highest for hydrogen jet followed by ethylene, methane and propane as shown 

in Figures 4.10 and 4.11. 

4.1.3 Limiting Co-fiowing Stream Velocity 

As defined previously, the limiting ceflowing stream velocity is the minimum 

ceflowing stream vdocity at which blowout of attached flames c m  occur. 

This velocity which is associated with the stream velocity of point B or F is 

shown for four different fuels in Figures 4.3, 4.6, 4.7 and 4.8. An attempt 

was made to correlate the experimentdy obtained values of the Iimiting CO- 

flowing stream velocities, US,~, aad corresponding jet velocities at liftoff, 

UL,~,  and reattachment, UR&, for different fuels and nozzle diameters. 

Stream Velocity. The limiting CO-flowing stream velocities, UsJ , were 

correlated in tenns of jet diameter, do, the square root of jet fuel to CO-flowing 

air density ratio, (po/p,)L/2 and the square of the maximumln.minar burning 

velocity, (SL,,,,)*. This c m  be expressed as: 
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Jet fuel: Propane; Stream: Air, d0=2 mm 
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Figure 4.6: Stability limits of a propane non-premlued flame as a fundion 
of ceflowing air stream velocity. Jet diameter = 2.00 mm. 
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Figure 4.7: Stability limits of an ethylene non-premked flame as a function 
of CO-3owing air stream velocity. Jet diameter = 2.00 mm. 
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Figure 4.8: S tability limits of a hydrogen non-premixed fiame as a function 
of CO-flowing air stream velocity. Jet diameter = 2.00 mm. 

Jet fuel: Hydrogen; Stream: Air, d,=2 mm 
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Figure 4.9: The blowout Iimits of lifted ffames for different fuels as a func- 
tion of ceflowing air stream velocity. Jet diameter = 2.00 mm. 
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Figure 4.10: The reattachment limits of lifted flames for different hels as 
a m i o n  of CO-flowing air stream velocity. Jet diameter = 
2.00 mm. 
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Figure 4.11: The liftoff and blowout limits of attached flames for differ- 
ent fuels as a function of CO-flowing air stream velocity. Jet 
diameter = 2.00 mm. 
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The term d,(p,/p,)'/2 represents the rate of decay of the jet flow. A Iowa 

value for this term results in a faster decay of the jet flow [71-731, as can be 

easily seen for a jet discharged into a quiescent medium 1711, 

where u, is the maximum axial velocity (at the jet axis) at my downstream 

distance x from the nozzle and uo is the jet velocity at the nozzle exit- 

A faster decay of jet flow results in a smaller rnixing time scale (the t h e  

required to mix reactants and hot products) . Also, the reciprocal of (SL,,,)2 

is proportional to the chemical time scale for a given fuel burning in air (see 

the following chapter). Therefore, the limiting CO-flowing stream velocity 

can be related to the ratio of mixing time to chemical tirne. A smder  

value of this ratio results in a smder limiting CO-flowing stream velocity. 

The developed correlation is shown in Figure 4.12. The experimental data 

obtained in the present study as well as the data available in the Iiterature 

[27,30] are dso included. In calculations, the maximum burning veIocity of 

methane, propane, ethylene and hydrogen were taken as 0.41, 0.46, 0.79 and 

3.0 m/s, respectively [74-761. 

Jet Velocities of Liftofl and Reattachment. Experimental jet 

flame liftoff and reattachment velocities corresponding to the limiting CO- 

flowing stream velocity (point B and F in the stability diagrams) can be 

conelated using the following dimensionless parameter: 

where r, and r ,  are the nozzle and combustor radius, respectively. The local 

jet flow width, Ju, is linearly increasing with downstream distance, x, (for 
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Figure 4.12: The limiting CO-flowing air stream velocity for different t e l s  
and jet diameters. Open symbols: fiom Ref. [27] for jet diame- 
ter of 1.00, 1.50 and 2.00 mm; Cross symbols: £rom Ref. [30] for 
jet diameter of 3.18 and 4.57 mm; Solid symbols: the present 
study for jet diameter of 2.00 and 2.82 mm. 
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simplicity, a jet into a quiescent medium was considered) as [Z]:  

The centerline velocity, u, is also Iinearly decaying with distance, x (equation 

4.2). Combining Equation (4.2) and (4.4), 

Substituting the above relation into equation (4.3) and remanguig results 

in: 

The density ratio can be expressed in terms of moledill~ weight and tem- 

perature ratios as: 

where T, = 300 K and k is a constant which is cddated  as follows. By 

replacing u, = U'J for the liftoff jet velocity (ULL extracted fkom the ex- 

perimentd data) and To = 2000 K, k = 2.2 can be obtained. Since before 

Iiftoff the jet flow near the nozzle is hot, T. = 2000 K is used in this case. 

In the same way, constant k can be c d d a t e d  to be equal to 2.2 for the 

reattachment jet velocity by replacing u, = UR,L (UR& extracted fiom the 

experimental data) and To = 300 K. Due to the fact that before reattach- 

ment the jet flow near the nozzle is cold, T, = 300 K is used in this case. 

Calculating parameter k for various combinations of the fiel type and nozzle 
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diameters reveals that this parameter is equd to 2.2 as  long as the noz- 

des have the same configurations. Therefore, the above correlation can be 

written for the reattachment jet vdocity as foiIows: 

and for the liftoff jet velocity as: 

To 
ULJ =  UR^ - (-)Il2 (4.10) 

Too 

where T, = 2000 K. The liftoff and reattachment jet velocities calculated 

using Equations (4.9) and (4.8) are plotted in Figures 4.14 and 4.13. The 

corresponding experimentally obtained values are also shown for comparison. 

The values of maximum 1;i;minar burning velocities are the same as the values 

given in Section 6.3. 

4.2 Stability Curves for Met hane-Hydrogen 

Jets 

It was shown that the stability Iimits for hydrogen are much higher than the 

stability limits for methane (Figures 4.3 and 4.8). Moreover, stable flames can 

also be sustained at much higher CO-flowing air stream velocities for hydrogen 

corn~ared to methane. For example, the maximum blowout velocity of the 

attached flame was - 550 m/s for hydtogen, while it was about - 26 m/s 
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Figure 4.13: The liftoff limits of attached flames at the limiting CO-flowing 
air stream velocity for different fueh and jet diameters. Jet 
diameters are 2.00 and 2.82 mm. 
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Figure 4.14: The reattachment b i t s  of lifted flames at the limiting c e  
flowing air stream velocity for different M s  and jet diameters. 
Jet diameters are 2.00 and 2.82 mm, 
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for methane. The limiting stream velocity for the hydrogen 3ame was also 

very high (- 7.70 m/s cornpared to - 0.34 m/s for methane). An addition 

of hydrogen to methane can improve its stabiliw limits. In addition, since 

hydrogen is a <%lead' fuel, it is always desirable to burn heIs with higher 

content of hydrogen. 

To investigate the d e &  of hydrogen addition to methane on its stability 

limits, tests were conducted for different methane-hydrogen mixtures. The 

blowout limits of a mixture containhg 15 percent of hydtogen obtained using 

a 2.00 mm nozzle B (Figure 3.2b) are shown in Figure 4.15. The blowout 

limits for methane-hydrogen mixtures containing 25, 50 and 75 percent of 

hydrogen obtained using a 2 mm nozzle A (Figure 3.2a) are shown in Figures 

4.16, 4.17 and 4.18, respectively. 

The blowout limits of lifted flames and attached flames for different 

methane-hydrogen mixtures are also shown in Figure 4.19 together with those 

for pure methane and pure hydrogen for cornparison. The presence of larger 

amount of hydrogen in the jet fuel provided higher blowout limits of the 

flame at all ceflowing stream velocities. For example, at a stream velocity of 

1.00 m/s, an addition of 25 and 50 percent of hydrogen to methane increased 

the blowout limit of attached flames from - 25 m/s (for pure methane) to 

-67 m/s and -125 m/s, respectively. 

As can be seen in Figures 4.15, 4.16, 4.17, for mixtures containhg 50 

percent or less hydrogen only regions II and III were observed. For these 

mixtures, it was not possible to liftoff the attached flames by simply in- 

creasing the jet velocity. The lifted flames could only result fxom ignition at 

relatively high jet velocities with the ignitor located away from the nozzle 

rim. Similar observations were also reported in [6] for methane-hydrogen jets 
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Figure 4.15: Flame blowout limits as a function of CO-flowing stream veloc- 
ity for a fuel mixture contajning 85% of methane and 15% of 
hydrogen. Jet diameter = 2.00 mm. 
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Jet fuel: 75% CH, + 25% 3, Stream: Air, d,=2 mm 
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Figure 4.16: Flame blowout limits as a function of CU-%owing stream veloc- 
ity for a fuel mixture containhg 75% of methane and 25% of 
hydrogen. Jet diameter = 2.00 mm. 
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Stream velocity (mls) 

Jet fuel: 50% CH, + 50% &, Stream: Air, d,=2 mm 

Figure 4.17: Flame blowout limits as a function of CO-flowing stream veloc- 
ity for a fuel mixture containing 50% of methane and 50% of 
hydrogen. Jet diameter = 2.00 mm. 
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Jet fuel: 2596 CH, + 75% q, Stream: Air, d,=2 mm 
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Figure 4.18: Stabilitylimits as afunctionof CO-flowing stream velocityfor a 
fuel mixture containing 25% of methane and 75% of hydrogen. 
Jet diameter = 2.00 mm. 



4.2 Stability Cumes for Met hane-Hydrogen Jets 53 

Jet fuel: CH4+%, Stream: Air, d,=2 mm 
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Figure 4.19: Flame blowout velocities as a function of CO-flowing stream ve- 
loci& for difFerent methanehydrogen mixtures. Jet diameter 
= 2.00 mm. 



4.2 Stability Curves for MethaneHydrogen Jets 54 

containhg 33 and 55 percent of hydrogen using a nozzle of 2.2 mm diarneter. 

As in the case of pure fuel jets, the blowout limits of attached fiames for 

different methanehydrogen mixtures in region II were higher than those of 

lifted flames especially at higher CO-flowing stream velocities. In addition, 

the blowout b i t s  of the attached flames were much less sensitive to the 

changes in the CO-hwing air stream velocity than those of the lifted flanes. 

This makes them attractive to the operation in practical combustion devices. 

Lifted flames are usudy avoided and considered unstable in practice. How- 

ever, there is a need to estimate the Limits for th& existance in combustion 

devices. 

The effect of hydrogen addition to the methane jet on limiting cwflowing 

stream velocity, UsVL is shown in Figure 4.20. It was unexpected that hydr* 

gen addition up to 50 percent would not result in an increase in the limiting 

CO-flowing stream velocity. 

Eflect of Noxzle Diameter. Similar trends for the stabiiity Limits 

were also observed for a jet diarneter of 2.82 mm (Figure 4.21). Addition of 

25 percent hydrogen to a methane jet flame increased the stability limits of 

jet flame and also decreased the limiting cdowing stream velocity. However , 

the limiting stream velocities for both bels (methane and methanehydrogen 

mixture) were higher than the correspondhg limiting stream velocities for a 

smailer jet of 2 mm diameter (Figure 4.19). 

Furthermore for a jet diameter of 2.82 mm, stability region 1 was recog- 

nized even for fuel mixtures with 25 percent of hydrogen (Figure 4.21). It was 

reported in [30] that for a larger diameter of 4.57 mm, region 1 was recognized 

for a rnethanehydrogen jet containing only 15 percent of hydrogen. 
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Jet fuel: CH,+&; Stream: Air; d,=2 mm 

w 

- 
O : - I I  I 

1 

0.0 0.1 0-2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Mole fraction of H, in CH& mixture 

Figure 4.20: The limiting CO-flowing stream velocity as a function of the 
mole fraction of hydrogen in methane-hydrogen d u r e  for 
different methane-hydrogen jet flames in air stream. Jet di- 
ameter = 2.00 mm. 
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Jet fuel: CH4+%, Stream: Air, d,=2.82 mm 
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Figure 4.21: The jet fiame blowout velocity as a function of c d o w i n g  
stream velocity for two clifferent fuel mixtures. 
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4.3 Effect of Fuel in the Surrounding Stream 

It is known that the addition of a fuel ( a d a r y  fuel or surrounding fuel) 

into a surrounding air strearn can substantially enhance the stabiliw of non- 

premixed flames [3,5,25,29]. This efFect was also investigated experimentaUy 

in the present study to obtain consistent data for validation of the developed 

model for predicting the blowout limits of non-premixed jet flames. The 

experiments were conducted with a methane jet fiame in a CO-flowing stream 

containing an a d a r y  fuel homogeneously mixed with the air. Methane, 

hydrogen, ethylene and propane were used as the auxiliary fuels. The results 

are presented in Figures 4.22, 4.23, 4.24 and 4.25. 

It can be seen that the flame blowout limits increased sigdicantly with a 

small increase in the concentration of the fuel in the surrounding stream. The 

limiting CO-flowing stream velocity was also increased with an increase in the 

concentration of the fuel added to the surrounding stream. For example, an 

addition of 3 percent of methane to co-flowing stream increased the limiting 

CO-flowing stream velocity fiom 0.34 m/s to 0.7 m/s. 

An addition of an a d a r y  fuel into the c-flowing air stream enhanced 

the blowout limits of the 12fted flames more significantly than those of the 

attached flames. This enhancement is more significant at smder  cdowing 

stream velocities. For example, at a stream velocity of 0.4 m/s, the ratio 

of the blowout limit of methane lifted flame in the presence of sursounding 

fuel (2% of methane) to the blowout limit of methane lifted flame without 

surrounding fuel is about 2.5, while this ratio at the stream velocity of 0.6 

m/s is only 1.75 (Figure 4.22). 

As it can be seen in Figures 4.26 and 4.27, the extent of improvement in 
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Jet fuel: CH,, Stream: Air+CH,, d0=2 mm 
75 1 I m 

H fn 1 Lifted Attachecl:% bv l 

Stream velocity (rn/s) 

Figure 4.22: The blowout limits of a methane jet flame as a function of CO- 

flowing stream velocity for different concentrations of methane 
in the CO-flowing stream. 
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let fuel: CH,, Stream: Air+&, d,=2 mm 

Stream velocity (m/s) 

Figure 4.23: The blowout limits of a methane je t  flame as a function of 
CO-flowing stream velocity for different concentrations of hy- 
drogen in the CO-flowing stream. 
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Jet fuel: CW,, Stream: d,=2 mm 
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Figure 4.24: The blowout limits of a methane jet flame as a function of co- 
flowing stream velocity for clifFesent concentrations of ethylene 
in the ceflowing stream. 
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Stream veIocity ( d s )  

Jet fuel: CH,, Stream: AirSI&, d,=S mm 

Figure 4.25: The blowout limits of methane lifted £lames a .  a function of CO- 

flowing stream velocity for difFerent concentrations of propane 
in the CO-flowing stream. 
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Jet fuel: CH,, Stream: Air+Fuel, d,=2 mm 
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Figure 4.26: The blowout limits of methane jet flames as a function of 
CO-flowing stream velocity for Merent fuels in the CO-flowing 
stream. 
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Figure 4.27: The blowout b i t s  of methane jet flames as a function of 
ceflowing stream velocity for different fuels in the ceflowing 
stream. 
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the blowout limits varies with the type of auxiliary fuel involved. The most 

improvement on blowout lirnits of lifted flames (open symbols) was observed 

with propane followed by ethylene, hydrogen and methane as a d a r y  fuels. 

However, the blowout limits of methane attached flames (solid symbols) were 

enhanced the most with propane followed by ethylene, methane and hydrogen 

as auxiliary fuels. The effects of methane and hydrogen in the ccdowing 

stream on the blowout limits of the methane jet flames are approximately 

the sarne. This is also valid for other concentrations (2% and 3%) of these 

fuels in the surrounding stream of air (Figure 4.27). 

4.4 Effect of Diluents 

Introduction of diluents either to a jet fuel or to a co-flowing air stream would 

affect the stability limits of non-premixed flames. This efFect is discussed in 

Sections 4.4.1 and 4.4.2. 

4.4.1 Diluent in the Jet Fuel 

Diluent in Methane Jet. The effect of diluent addition to a jet fuel 

on the blowout b i t s  of lifted flames was investigated with nitrogen, carbon 

dioxide and helium as diluents in a methane jet. The blowout limits of 

lifted flames for different methandiluent mixtures are shown in Figures 4.28, 

4.29 and 4.30. As expected, addition of diluents to methane jet decreased 

significantly its blowout limit. A higher degree of dilution leads to a higher 

&op in the blowout limits over the entire range of co-flowing strearn velocities 

considered. Jet blowout velocity decreases almost linearly with an increase 

in the mole fraction of diluent (Figure 4.31). The slope of graphs (liaes) 
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represent the rate of this decrease which remains approxirnately constant for 

different CO-flowing stream vdocities (the lines are approximately pardel for 

each diluent). The most detrimental efFect was observed with carbon dioxide 

as the diluent foIlowed by nitrogen and then by helium (Figure 4.32). This 

trend is consistent with the variation in the transport and thermochernical 

properties of such fuel-diluent mixtures. 

Diluent in Methane-Egdmgen Jet, The dec t  of addition of carbon 

dioxide to a methane-hydrogen fiel mixture on its blowout limits is shown 

in Figure 4.33. It cm be seen that the addition of carbon dioxide to the jet 

fuel has a stronger dect  on the biowout limits of methane-hydrogen tlames 

than on those of pure methane flames. For example, at stream velocity of 

0.25 m/s, an addition of 5 percent by volume of carboa dioide to a methane 

jet decreased the jet blowout velocity from 30 m/s to 24 m/s (-20 percent 

reduction). However at the same stream velocity, a 5 percent addition of 

carbon dioxide to a methane-hydrogen mixture containing 50 percent hydro- 

gen decreased the jet blowout velocity from 125 m/s to 75 m/s (-40 percent 

reduction) . 

4.4.2 Diluent in the Surroundhg Air Stream 

The effect of the presence of diluents - nitrogen or carbon dioxide - in the 

surrounding air stream on the stability limits of methane jet flames can 

be seen in Figures 4.34 and 4.35. The presence of these diluents in the 

surrounding air stream even in s m d  quantities can be very detrimental to 

the flame stability. As can be observed from Figure 4.36, jet blowout velocity 

decreases almost lineady with an increase in the mole fraction of diluent, 

similar to the case of diluent addition to the jet fuel. The rate of decrease 
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Figure 4.28: The blowout limïts of methane-nitrogen lifted flarnes as a func- 
tion of CO-flowing stream velocity for different nitrogen concen- 
trations in the fuel mixture. Jet diameter = 2.00 mm. 
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Figure 4.29: The blowout Exnits of methane-carbon dioxide lifted flames as 
a function of CO-flowing stream velocity for difTerent carbon 
cliox..de concentrations in the fuel mixture. Jet diameter = 
2.00 mm. 
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let fuel: CH4+He, Stream: Au, d,=2 mm 
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Figure 4.30: The blowout limits of methanehelium lifked flames as a func- 
tion of CO-flowing stream velocity for different helium concen- 
trations in the fuel mixture. Jet diameter = 2.00 mm. 

1 I I I I I I 1 I I 1 I - 0 . -a-- He in CH4+He - 0 (96 by volume) - 
O =a - 9 O O - 

- - -$i A 20 

- &-A "'% O 25 . 
- %\. h - 

- - k L  
- 9b‘.'+$ 8, - .J? 

m d\ . 
'Q 

. 
- 0 '=il. 

\ - 
- \ - 

y - '. - 
- ' . - 

'. - 
'% - b- -,j 

I I I I I I I I I I I I 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 



4.4 Effed of Diluents 69 

Jet fuel: CH,+Diiuent, Stream: Air, d,r2 mm 
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Figure 4.31: The blowout limits of methane-diluent lifted fiames as a func- 
tion of the mole fraction of diluent in methanediluent mixture 
for different cdowing stream velocities. Jet diameter = 2.00 
mm. 
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Stream velocity ( d s )  

Figure 4.32: The blowout limits of methane-diluent lifted flames as a func- 
tion of CO-flowing stream velocity. Jet diameter = 2.00 mm. 
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Figure 4.33: The blowout limits of iifted flames as a function of CO-flowing 
s tream velocity for different met hane-hydrogen-carbon dioxide 
mixtures. Jet diameter = 2.00 mm. 
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remains approximately constant for diiferent ceflowing stream velocities for 

both of these diluents. 

As expected, carbon dioxide as a diluent has a more detrimental effect 

on the jet flame blowout limits than nitmgen. At a.+flowing stream velocity 

of 0.3 m/s, the blowout velocity of methane flanie decreased from 27 m/s to 

18.5 m/s with a 4 percent addition of nitrogen to air stream (Figure 4.34). 

Under the same circumstances, the blowout velociS decreased fiom 27 m/s 

to 10 m/s with a 4 percent addition of carbon dioxide to the air stream 

(55% reduction) (Figure 4.35). The same trend was &O observed for a jet 

diameter of 1.5 mm [69]. 

At the same diluent volume concentration, the presence of the diluent in 

the air stream aEects the blowout limits more strongly than when it is present 

in the jet fuel. For example, at a CO-flowing stream velocity of 0.2 m/s, an 

addition of 5 percent by volume of carbon dioxide to the jet fuel caused about 

22 percent reduction in methane flame blowout limit (Figure 4.29); while the 

reduction was about 58 percent when the same diluent volume concentration 

was added to the surrounding air stream (Figure 4.35). This is due to the 

large entrainment of the air-diluent mixture by the jet at the location of 

0ame stabilization before blowout. 
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Jet fuel: CH,, Stteani: Air+N,, d,=2 mm 

Stream velocity ( d s )  

Figure 4.34: The blowout limits of m e t h e  Iifted flames as a function of 
co-flowing stream velocit y for different nitrogen concent rations 
in the cdowing stream of air. Jet diameter = 2.00 mm. 
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Stream velocity ( d s )  

Figure 4.35: The blowout limits of methane Mted flames as a function of 
CO-flowing stream velocity for different carbon dioxide concen- 
trations in the CO-flowing stream of air. Jet diameter = 2.00 
mm. 
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Jet fuel: CH,, Stream: Air+Diluent, d,=2 mm 
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Figure 4.36: The blowout limits of methane lifted %ames as a function of 
the mole fiaction of diluent in air-diluent mixture for different 
CO-flowing stream velocities. Jet diameter = 2.00 mm. 



Chapter 5 

Theoretical Study of the 

Blowout of Lifted Flames 

As discussed in Chapter 4, two types of flames - lifted flames and attached 

flames - were observed experimentally before blowout. The far-field condi- 

tions, weil downstream of the nozzle, are responsible for st abilization of lifted 

flames, while ne=-field conditions i.e., in the vicinity of the nozzle rim are 

responsible for stabilization of attached flarnes. Therefore, different stabiliza- 

tion mechanisms are responsible for the blowout limits of these flames. Hence 

lifted and attached flames should be modeled separately. In this chapter, the 

blowout limits of lified flames are studied theoretically. In Section 5.1, the 

proposed model for prediction of these limits is described. The procedure of 

calculations are discussed in Section 5.2. The results of this theoretical study 

are presented and discussed in Section 5.3. 
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5.1 Modeling of the Blowout of Lifted Flames 

The model proposed in the present study for the blowout of iifted flames 

stems fiom a model described by Dahm and Dibble [2]. The author modiiied 

this model significantly to achieve a more accurate prediction of experimen- 

taUy determined blowout limits over a wide range of operating conditions. 

This model is based on the ratio of h o  wd-recognized parameters in flame 

stabilization processes, Le., the &g t h e  of reactants and the chernical 

time (combustion time). 

M i x i n g  Time. In a turbulent flow, there is a cc+existence of large and 

s m d  eddies. These eddies are mutudy intercomeded and their influence 

on flame propagation can not be separated. Due to fluid viscosiSr, the large 

eddies transfer their energy to smaller eddies, in turn these srnalier eddies 

transfer energy to even smaiier eddies, etc. This energy cascade driven by 

vortex stretching le& to viscous dissipation of energy by the smallest eddies 

[77]. Many different length scales have b e n  defined in turbdent flows. The 

Kolmogorov microscale is the smallest length scale in turbulent motion [78]. 

The time scale associated with this length scale, the Kolmogorov microscale 

of tirne, cm be d&ed as a fimction of the kinematic viscosity, u, and the 

energy dissipation rate per unit mas, E, as 1771: 

The rate of energy dissipation by the small eddies is proportional to the rate 

of energy supplied to them by the large eddies, and is of the order of u3/.f, 
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Figure 5.1: Length and velocity ~cales of large eddies in a turbulent 0ow 

P l  * 

where u and 4 are characteristic velorjty and size of turbulent large eddies, 

respectively (Figure 5.1). Then, the Kolmogorov microscale of t h e  for tur- 

bulent flows can be proportional to: 

It was reported that the turbulent fine structures (small eddies) are of fun- 

damental importance for the molecular mixing processes and flame propa- 

gation [79,80] and fine structures are concentrated in srnaIl regions (a s m d  

volume fraction of the total volume of flow) [81]. The measmement of cherni- 

luminescence showed that the smallest highly luminous objects inside the 

combustion region have a size of about 1.5 mm which corresponds approxi- 

mately to the Kolmogorov microscale in the region [82]. Microscopic struc- 

tures in coaxial turbulent non-premixed flames were also studied in [83] and 

this study showed that although the surrounding air was entrained into the 
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jet fuel by large eddy motions, combustion of fuel and air took place in a 

region consisting of microscopie structures. 

Based on the above discussion, it can be assumed that the mixing time 

scale in a turbulent non-premixed flame is proportional to the Kolmogorov 

microscale of time, 
1/2 

The large eddies size, e, is comparable to the width of the flow in a direction 

normal to the flow field [77] (Figure 5.1). For a turbulent jet flow, the jet 

velocity-half radius, 6,, at which u - u, = 1/2(u, - u,) does also represent 

the width of the jet at any distance downstream of the jet exit. Therefore 6, 

can be proportional to î: 

6, - e (5-5) 

Also the velocity of large eddies can be proportional to the locd maximum 

axial velocity on the jet axis, um: 

The local maximum axial velocity at the jet axis, u,, and the jet velocity-half 

radius, &,, are shown in Figure 5.2. Then, hom equation (5.4) the rnixing 

Chemical Time. The charaderistic chexnical t h e  (reaction tirne) is 

directly proportional to thermal diffusivity, a, and inversely proportional to 



5.1 Modelinn of the Blowout of Lifted FIames 80 

Figure 5.2: A schernatic representation of a jet spreading into a moving 
stream of air. 

the square of the lamina burning velocity, Si [76]; hence, 

Blowout Criterion. The ratio of mixing time to chernical time is 

generdy accepted as a criterion for the blowout of jet non-premixed flames 

[2,19,43,48,52,53,56,57,84-871. In the present study, a different expression 

for the mWng time was used to mode1 the blowout limits of lifted flames. 

Using Equations (5.7) and (5.8), the ab& ratio can be written as: 
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Flame blowout occurs when this ratio, i.e. kg, falls below a specific value 

cded critical value kB Cr, Le., 

This means t hat the mUMg tirne becomes mal1 enough for the mixtures 

of fuel, air and hot reaction products to cool rapidly with quenching of chem- 

ical reactions as a result. To examine whether at certain conditions flame 

blowout occurs, the value of kij should be calculated at a location where 

the flame is stabilized before blowout and this value of k;j, should be com- 

pared with critical value Li lc , ,  estimated from the experimental data. It is 

reasonable to assume that before blowout, the flame is stabilized at  a loca- 

tion (blowout location) where the jet fuel concentration on the jet axis is 

close to its lean flammability limit (this is the last possible location for the 

lifted flame existence). The experimental observations reported in [88] for 

a hydrogen jet flame also showed that the concentration of jet fuel at the 

flame tip was close to its lean flammabiliw limit. A procedure to calculate 

the blowout location and its corresponding blowout parameter for Lifted jet 

flames is described in Section 5.2. 

Calculat ion Procedure 

As mentioned above the value of blowout parameter should be evaluated at 

the blowout location. The distance of this location from the nozzle, x, and the 
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corresponding 6, and u, can be caldated fkom the following considerations. 

Assuming a two dimensional jet (or d o m  circumferential velocity and 

concentration dues), the fuel mass flow rate balance at any axial location 

fiom the jet exit can be expressed by: 

m0 = lmp - u ( r )  - c (r)  - 2mdr 

where r, is the radius of the contined CO-flowing oxidizing stream; u(r)  is 

the velocity at radius r; c(r) is the mass fiaction of jet fluid at radius r; p 

is the density; and m. is the fuel mass flow rate at the jet exit, 

where ro is the nozzle radius; and p, and u, are the jet density and the ve- 

locity at the nozzle exit, respectively. Velocity profile u (r ) and m a s  fraction 

profile c(r )  for a non-isothermal confined jet can be calculated using correla- 

tions obtained experimentally by Steward and Guniz [72] for fiow conditions 

close to those in this study, 

and 
c - c ,  = exp [-0.693 (6) la*] 

% - G o  

where u, and c, are the jet velocity and mass concentration at the jet 

centerline, respectively; subscript cx, stands for the CO-flowing surrounding 

stream; 6. is the jet velocity-half radius; 6, is the jet concentration-haJf 
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radius at which c-c,  = 1/2(c,  -&) and 6, is related to 6, by 6,/6, = 0.825. 

Substituting m0, u( r )  and c(r )  from Equations (5.13)-(5.15) into Equation 

(5.12) and assuming that the jet density at the jet far-field is close to the 

density of the surrounding stream ( p  !x p,) results in: 

rcu 

r2p0u0 = 2p- J o [(um - um)e -0.693(r/6,)'.'~ +u,] [ h - e  -0.693(0.825r/6u)L~m] *rd,. 

(5.16) 

Rearranging Equation (5.16) yields: 

By introducing q = r/&, Equation (5.17) can be rewritten as: 

The above integrals were calculated numericaUy (see Appendix A). Therefore 

Equation (5.18) c m  be written as: 

The terrns (u, -u,) and 6, c m  be expressed from the following experimental 
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correlations [72,89] : 

and 

where 

2 where rn, = ~ ( r ,  - r;)p,u,; Q, and Q, are the volumetric fiow rate of 

the jet and ceffowing surrounding stream, respectively. Substituting 6, and 

(u, - u,) from Equations (5.22) and (5.23) into Equation (5.21) results in: 
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Simpli*g equation (5.31) leads to: 

For given velocities of jet, IL,, and c*flowing stream, uO0, Equation (5.32) can 

be used to calculate the normalized distance from the jet exit, X, where the 

mass fraction of jet fuel at the jet axis, c, is equal to the lean flammability 

lirnit of jet fuel in air. The mass fraction of the jet fuel on the jet centerhe 

can be expressed as: 

where LF is the lean flammability limit of the fuel in air (% by volume). Mo 

and M, are the molecdar weights of the jet fuel and surrounding air stream, 

respectively. 
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At the present t h e ,  there is no method a d a b b  to estimate the critical 

value of parameter k&,Cr fiom a purely theoretical approach. However, this 

value can be estimated on the basis of known experhentd blowout limits. 

For a kuovm the jet blowout vdocity, u,, for difFerent CO-fiowing stream 

velocities, u,, can be cdcdated using the following procedure. Equations 

(5.10) and (5.32), with two unknown variables u, and X can be solved by trial 

and error as follows. By assirming a value for u,, the remnining h o w n ,  

,Y (nondimensionai blowout location), can be calculated, Then the values of 

6, and u, corresponding to this position can be calculated using Equations 

(5.22) and (5.23), respectively. These values are then substituted into the 

right hand side of Equation (5.10). If the RES of this equation is equal to 

k;,,, the assumed d u e  of u. is the actud jet blowout vdocity under these 

conditions. Otherwise, a new value for u, is assumed and another iteration 

performed. 

To estimate critical parameter kg typical uo = f(u,) curves are cal- 

culated for different dues of ki parameter. These cuves for a methane 

jet flame of 2 mm diameter and its corresponding experimental data are 

shown in Figure 5.3. By cornparhg the calcdated blowout curves versus 

the experimentai data, it can be seen that blowout limits correspond nearly 

to a constant value of k; parameter. This d u e  represented by khc, is a p  

proximately equal to 0.24. Similar curves obtained for a 2 mm and 2.5 mm 

methane jet discharged into a slightly diffixent combustor size are shown in 

Figures 5.4 and 5.5, respectively. The experimental data reported in [251 are 

also shown in these figures. As can be seen, the blowout is expected at kh 

parameter approximately equal to 0.24 and 0.18, respectively. Therefore, 

the blowout parameter, kg, given by Equation (5.10), was modified to ac- 
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Jet fuel: CH,; Stream: Ait; Nozde dia.=2 mm; Duct dia=127 mm 

Stream velocity (mls) 

Figure 5.3: Calcdated jet velocity as a function of CO-fiowing stream veloc- 
ity for different values of blowout parameter k;. Experimental 
data: 0 - present study. 
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=I50 mm 

5 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 

Stream velocity (mis) 

Figure 5.4: Calculated jet velocity as a function of cdowing strearn veloc- 
ity for different values of blowout parameter kg. Experimental 
data: O [25]. 
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Jet W: CH,; Stream: Aü; Nozzle dia.=2.5 mm; Duct dia.=150 mm 

. 

0.0 O. 1 0.2 0.3 0.4 0.5 
Stream velocity (mis) 

Figure 5.5: Cdculated jet velocity as a function of ccdowing stream veloc- 
ity for difEerent values of blowout parameter k;l. Experimental 
data: O [25]. 
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count for the &ect of nozzle radius as: 

where r,,f represents a radius equal to 1 mm. It can be seen that the same 

critical value of this modified blowout parameter (kB 0.24) provides a good 

agreement between calculated and experimental data (Figures 5.13 and 5.14) - 
The ffowchart of the procedure used to calculate the blowout limits of 

lifted jet flames in a CO-flowing stream is shown in Figure 5.6. The corre- 

sponding simulation program is given in Appendix A. To cl* the details 

of this procedure, a numerical example is also given in Appendix B. 

5.2.1 Fuel Mixtures 

Addition of a second fuel to jet fuel (e.g. hydrogen to methane jet) affects 

the dues  of p,, ç, and SLtst. 

Jet Density .  The density of the jet fluid can be calculated as: 

where pq and PF, are the density of the h s t  and the second jet fuels, re- 

spectively; YF, is the mole fiaction of the first fuel in the jet fuel mixture. 

Muss h c t i o n .  The mas  fraction of the jet fluid on the jet centerline, 

c,,., , c m  be expressed in terms of lean flammability limit of the jet fuel mixture 

in air, Lq F,, and molecular weights of the air stream, Mm, and the jet fluid, 

Mo, as: 
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Calculate 

L% 
Eqs. (5.22) & (5.23) 

Figure 5.6: The flowcbart of the procedure to calculate the blowout limits 
of lifted jet flames. 
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where Mo = YFl - MF, + (1 - Y&) - MF* , and the flammability Iimits of he l  

mixtures can be calculated using the Le Chatelier miscing d e :  

where LF, and Lq ase the lean flammability limits of the first fuel in air and 

the second fuel in air (% by volume), respectively. 

Lamintir Burning Velocity. Laminar burning velocities, (SL,St)mil, 

for some fiel mixtures in air are available in the literature. Whenever data 

was not available for aay particular fuel mixture, the burning velocity was 

estimated using a simple mixing rule expressed as: 

5.2.2 Fuel in the Surrounding stream 

Addition of an auxiliary fuel in the surrounding stream of air will affect the 

values of p,, c, and S L , ~ ~ .  

Sumufoding Stream Denss'ty. The density of a surrounding oxidiz- 

ing stream can be calculated as: 

where p ~ ,  and PA are the density of auxiliary fuel (surrounding fuel) and air, 

respectively; and YFsA is the mole fraction of the surrounding fueI in the 

surrounding fuel-air mixture. 
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M u s  h c t i o n .  At the blowout location or at any distance fiom the 

jet exit, the total fluid mixture consists of jet fuel, surrounding fuel and air, 

1-e., 

YF~T + YF~T + YAT = 1 (5.40) 

where YFJT, YFsT and YAT, are the mole fraction of the jet fuel, surrounding 

fuel and air in the total mixture. Also at this position, the sum of concentra- 

tions of both fuels represents the lean fiammability limit of the fuel mixture 

in air, i-e. 

L F ~ F ,  = ~OO(YF~T + YF~T)  (5.41) 

Using Le Chatelier mixing d e ,  the lean flammability limits of fuel mixtures 

in air can be calculated as: 

where Lf i  and CF, are the lean ffammability limits of the jet fuel and the 

surrounding fuel on their own in air (% by volume), respectively. Also from 

(5.40) and Y F ~ A  = Y F ~ T / ( ~ F , T  + YAT): 

Substituting LFJFs and YFsT from Equations (5.41) and (5.43) into Equation 

(5.42) results in: 
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YFJT can be considered to be the jet fuel lean flarnmability lirnit in the 

mixture of air and atucillaqy fuel. The corresponding mass fraction of the jet 

fuel is: 

where M, = YFs* + (1 - YF~A) MA. 

hrninar Burning Velocity. The 1;tmina.r burning velocities of fuel 

mixtures in air are usuaUy reported as functions of the mole fraction of 

each fuel in the fuel mixture. To utilize these data and to h d  the efEect 

of presence of an atuciliary fuel in a co-flowing air stream on the laminar 

burning velocity, the mole fraction of the auxillary fuel in the fuel mixture 

(jet fuel - surrounding fuel mixture), YFsF, should be expressed in terms of 

the mole fiaction of the surrounding fuel in air, YF~A, i.e, 

where (A/  F)st, J is the stoichiometric molar air to jet fuel ratio and ( A / F ) S ~ , ~  

is the stoichiometric molar air to surrounding fuel ratio (e.g. for methane 

( A /  F) st, J = 9.524). For derivation of Equation (5.47) see Appendix C. 

The iaminar burning velocities, (SL,St)miz, for some fuel mixtures in air 

are available in the literature. When the data was not available, the burning 

velocities of fuel mixtures were estimated using a simple mixing d e  as: 
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where (SL,St)Fs and (SL,St)F, are the stoichiornetric Iaminar burning veloci- 

ties of the surrounding fuel in air and that of the jet fuel in air, respectively. 

5-2.3 Diluent in the Jet Fuel 

The addition of a diluent to a jet fuel will d e c t  the values of po, c, and 

SL,S~ - 
Jet Density, The density of a jet ftuid c m  be calculated using: 

where PD and p~ are the densities of the diluent and fuel, respectively; YDF 

is the mole fiaction of the diluent in the fuel-diluent mixture. 

Mass h c t i o n .  The centerline mass fiaction of the jet fuel-diluent 

mixture at the blowout location, ç,,, can be expressed in terms of the lean 

flammability limit of the jet fluid in air, LDF, molecular weights of air stream, 

LM,, and the jet fluid, Mo, as: 

where Mo = YDF MD + ( 1  - YDF) MF, and the flammability limit of fuel- 

diluent mixture can be calculated using the following formula proposed by 

Wierzba et al,, [go]: 

In the above equation, LF is the lean flammabiiity limit of the fuel on its 

own in air (%by volume); and ar; is a constant that depends on the types 
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of fuel and diluent involved. For example, for methane-diluent mixture, this 

constant, UL, is equal to zero for nitrogen, 0.00033 for helium and -0.01 for 

carbon dioxide. 

Laminar Buming Velocity. The dues of 1a.minar burning velocities 

(for s toichiometric mixtures) for different methanediluent mixtures ob tained 

fiom merent sources are plotted as a hc t ion  of the diluent concentration 

(in the fuel mixture) in Figures 5 -7 and 5.8. It can be seen that the burning 

velocity decreases almost linearly with increasing diluent concentration, i-e., 

where (SLDst),, is the laminar burning velocity of fuel-diluent mixture in air; 

(SL,St)F is the 1amina.r burning velocity of fuel in air; and H is a constant. 

This rdationship is applicable within the range of diluent concentration in 

the fuel-diluent mixture indicated in Figures 5.7 and 5.8, i.e., up to 60% 

for nitrogen, 30% for carbon dioxide and 45% for helium. However, the 

value of constant H derived fiom these experimental data varies noticeably 

(especially for nitrogen), as cm be seen in Table 5.1. 

5.2.4 Diluent in the Jet Fuel Mixture 

In this case a jet fluid is a mixture of two different fuels and a diluent and 

the values of p,, c, and SLst cm be calculated as follows. 

Jet Density. The density of jet fluid can be calculated as: 
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Table 5.1: Values of constacnt H for methmediluent mixtures. 

f Diluent I Ii I Reference 
Nitrogen 

Carbon 

0 Haniff, 1989 - 
O Reed, 1971 
O Feus, 1969 - 
A Gerry, 1952 

- 
- 
$ 0.25 - - 
3 
.3 

E 0.20 - I 

1 a 

2 0.1s - d 

- 
0.05 - 
0.00 I 1 1 * I 1 1 I I I 1 I 1 1 

O 10 20 30 40 50 60 70 80 

1 

dioxide 

Helium 

Nitrogen in methane-nitmgen mixture, 8 by vol. 

0.35 
0.25 
0.14 
0.44 
0.48 

Figure 5.7: S toichiometric laminar burning velocities of methane-nitrogen 
mixtures in air as a function of nitrogen concentration in a 
methane-nitrogen mixture. Data are from [91-941. 

Haniffet al., 1989 p l ]  
Reed et al., 1971 [92] 

Fe& and Rutherford, 1969 [93] 
Gary and Wdter, 1952 [94] - 

EanifF et al., 1989 [91] 
0.44 
0.42 
0.20 

R.eed et al.,1971 [92] * 
Fells and Rutherford, 1969 [93] 

Gerry and WaIter, 1952 [94] 
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1 I 1 I t I I 1 I 

Author Diluent 

0 Haniff, 1989 CO, - 
O Reed, 1971 CO, 
O Feiis, 1%9 CO, 
A Gerry, 1952 He 

- 
-i 

- 

- 

10 20 30 40 50 
Diluent in methane-diluent mixture, % by vol. 

Figure 5.8: Stoichiometric 1a.mina.r burning velocities of methane-diluent 
mixtures in air a s  a fuaction of diluent concentration in a 
met hane-diluent mixture. Data are £rom [91-941. 
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where YfiT, YFzT and YDT are the mole fractions of first fuel, second fuel and 

diluent in the total fuel mixture, respectively. 

lMam h c t i o n .  The mass fraction of the jet fluid on the jet centerline, 

can be expressed as: 

where L4  fi^ is the lean flammability limit of the jet fluid (mixture of the 

first fuel, the second fuel and diluent) in air, Mm is the molecular weight of 

air stream and Mo is the molecular weight of jet fluid, Le., Mo = YRTm MF, + 
YGT - M F ~  + YDT MD- 

The lean flammability b i t ,  L4 F2D, can be calculated as follows: 

1. The first fuel and the diluent can be combined to form a fuel-diluent 

mixture. The lean flammability limit of this mixture, LF, D ,  can be 

caldated using, 

where LF, is the lean flammability limit of the first fuel on its own in 

air (%by volume); and YDF, = YDT/(YF~ T + YDT) - 

2. The above mixture (mixture of the first fuel and diluent) and the sec- 

ond fuel can be combined to fonn a mixture with lean flammability of 

L which can be calculated using: 
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where LF, is the lean flaamabilîty limit of the second fuel on its own 

in air (%by volume). 

Laminar Buming Velocity. The la-minar buniing velocities for some 

of such mixtures are available in the literature. 

5.2.5 Diluent in the Surroundhg stream 

An addition of a diluent to a co-flowing stream of air aEects the values of 

Pm r C, and SL,S~-  

Sumunding Stmam Density. The density of surrounding oxidizing 

stream can be calculated using expression, 

where YDA is the mole fraction of diluent in the diluent-air mixture. 

Mms h c t i o n .  The total mixture within the jet consists of jet fuel, 

diluent and air. Assuming that their mole fractions in the mixture are kkFT, 

YDT and YAT, respectively: 

Also at the blowout location, the sum of concentrations of the diluent and 

the fuel represents the lem flwnmability limit of the fuel-diluent mixture in 

air, 

LDF = 100(YFT + YDT) 
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The lean flatmmability limits of fuel-diluent mixtures in air can also be cal- 

culated using Equation (5.51): 

Substituting LDF fiorn Equations (5.59) into Equation (5.60) results in: 

Simplifying this equation yields: 

The mole fraction of the diluent in the total murtuse, YDT, can be expressed 

in terms of the mole fraction of the diluent in the diluent-air mixture, YDA, 

by using Equations (5.58) and YDA = YDT/(YD~ + YAT),  as: 

Substituting YDT from this equation into Equation (5.62) and some rear- 

rangement result in: 

The mole fraction of the jet fuel YFT can be considered as its lean flamma- 

bility limit in a surrounding of air-diluent mixture. The mass fraction of the 

jet fuel corresponding to this concentration at the blowout location on the 
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jet centerline can be evaluated from: 

where M, = YDA . MD + (1 - YDA) - MA. 

Lominar Burning Velocity. Available experimental data in the 

fiterature on 1;i.minar burning velocities of fuel-diluent mixtures in air are 

reported a s  a function of the mole fraction of diluent in fuel-diluent mixture. 

The mole fraction of diluent in fuel-diluent mixture can be determined fiom 

the following considerations. In the total fuel-air-diluent mixture, fuel and 

diluent can be combined to form a scxalled diluted fuel. The mole fraction 

of diluent in such fuel, YDF, can be expressed in tenns of the mole fraction 

of diluent in air, YDA. 

Using Equation (5.64), the stoichiometric mole fraction of a jet fuel in an 

arnbient of air and diluent can be written as: 

where the term 100/(1+ (A/F)sr,J)  represents the stoichiometric concentra- 

tion of jet fuel in air (% by volume). Using Equation (5.63), the concentration 

YDF can be expressed as: 

Subst ituting Yn fkom Equation (5.66) and simpl+g this equation results 
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in: 

Therefore the laminar burning velocity of a jet fuel in a smund ing  stream 

of air-diluent mixture can be calculated using Equations (5.52) and (5.68): 

5.3 Resdts and Discussion 

Using the described mode1 and following the caldation procedure presented, 

calculations of jet blowout velwity of lifted flames were conducted for differ- 

ent CO-flowing stream velocities, jet fluid and stream compositions as well as 

different combustor and nozzle sizes for various d u e s  of parameter kB. The 

critical value of kB is equai to 0.24 for all these cases. 

The results of calculations for pure fuels and fuel mixtures in a stream 

of air are presented in Sections 5.3.1 and 5.3.2, respectively. The effect of 

an auxi1ia.q fuel in air stream on blowout limits is investigated in Section 

5.3.3. Addition of a second fuel to jet fuel and/or surrounding air stream is 

the subject of Section 5.3.4. The effect of diluent in either the jet fuel or the 

CO-flowing stream is discrissed in Section 5.3.5. 

5.3.1 Pure Fuels 

The combustion properties of the fiels used in the calculations are listed in 

Table 5.2 [74-76,951. The kinematic viscosity, v, and the thermal diffusivity, 

a, were taken for pure air at 2000 K, since the properties of fuel-air mixture 

at the lean limit are approximately the same as those of air. 



5.3 R e d t s  and Discussion 104 

Table 5.2: Properties of gaseous fuels used in calculations of blowout limits 
of lifted flames. 

1 ri- 

s,,; (+) 1 LF (% by VOL) 1761 1 
i 

Lean flammability 
limit 

Gaseous 
fuel 

Stoich. laminar 
burning velocity 



5.3 Resdts and Discussion 105 

Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.= 127 mm 
m 1 m 1 1 1 8 1 1 I 1 I 

1 - 
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0.3 0.4 
Stream velocity ( d s )  

Figure 5.9: The calculated jet blowout velocity of a methane jet flame as 
a function of CO-flowing air stream velocity for different dues 
of the blowout paxameter kB. Experimentd data: A - [27], 
- the present study; - Calculated. 
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Jet fuel: C;&; Stream: Air; Nozzle diâ=2 mm; Duct dia.=127 mai 
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Figure 5.10: The calculated jet blowout velocity of a propane jet flarne as 
a function of ceflowing air strearn velocity for different values 
of the blowout parameter kB. Experimental data: A - [27], 0 
- the present study; - Calculated. 
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let fuel: q4; Stream: AV; NozzIe dia=2 mm; Duct dia.=127 mm 
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Figure 5.11: The calculated jet blowout velocity of an ethylene jet flame as 
a function of CO-flowing air strearn velocity for different values 
of the blowout parameter kB. Experimental data: A - [27], 0 
- the present study; - Calculated. 
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Jet fuel: %; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm 

Stream vehcity ( d s )  

Figure 5.12: The calculated jet blowout velocity of hydrogea jet flame as a 
function of CO-flowing air stream velocity for different values 
of the blowout parameter kB. Experimentd data: 0 - the 
present study; - Calculated. 



5.3 Results and Discussion 109 

The results of caldations in the form of u, = f (u,) mmes are presented 

in Figures 5.9, 5.10, 5.11 and 5.12 for methane, propane, ethylene and hydre 

gen jet flames, respedively. In each case, a jet of 2 mm diameter issued into 

a combustor (duct) with hydraulic diameter of 127 mm. The correspondhg 

experimental d u e s  obtained in the m e n t  research as weU a .  the available 

data in the literature [27] are &O shown in these figures. It can be seen that 

the experirnental data are aligned with a curve of constant ks. This supports 

the validity of the assumption stating that iame blowout is associated with 

a constant value of kB parameter. The blowout of lifted flames occurs at an 

average value of kB cz 0.24 for different experimental data measured by the 

author as well as those given in [27]. 

It appears that agreement between experimental and caldated data 

is good except for CO-flowing stream velocities laxger than the limiting c e  

flowing stream velocity (region II). This could be due to the limited range 

of applicability of the experimental correlations for jet velocity and concen- 

tration profiles used in the caldations of blowout limits. These correlations 

were obtained for a range of 0.22 < Ct < 1.2 [72]. For cc~flowi~g stream 

velocities larger than limiting stream velocity, the value of Ct is larger than 

1.2 and this could result in an additional uncertainty in the value of blowout 

velocities. It should be noted that Iifted flames in region II have no practical 

importance, since attached flames with higher blowout limits were preferred 

in this region. As a result, any discrepancy between the model predictions 

and the actual experimental data in this region can be overlooked. 

The proposed model was also verified using some additional experimental 

data on blowout limits of jet flames in a CO-00wing air stream available in 

the literature. For example, the blowout limits of methane lifted flames for 
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Jet fuel: CEI,; Siream: Air; Nozzle dia.=2 mm; Duct diarl50 mm 

Stream velocity (mis) 

Figure 5.13: The calculated jet blowout velocity of a methane jet flame as 
a function of CO-flowing air stream velocity for different values 
of the blowout parameter kB. Experimentd data: O - [25]. 
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Figure 5.14: The calculated jet blowout velocity of a methane jet flame as 
a function of CO-flowing stream velocity for different values of 
the blowout parameter kB. Experimental data: O - [25]. 
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two different jet diameters of 2 mm and 2.5 mm issued into a combustor with 

150 mm diameter were also calculated and compazed with the experimental 

data reported in [25] (Figures 5.13 and 5.14). It appears that the critical 

value of kB is approximately 0.24 for a jet of 2 mm diameter, while it is 

approximately 0.23 for a jet of 2.5 mm diameter. In Figure 5.13, the last 

t hree experimental points associated with higher CO-owing stream velocities 

are deviating from the predicted curve for blowout limits. However, for the 

experiment pedomed by the author under the same conditions (but with 

a slight clifference in the combustor size), a good agreement was observed 

between experiment and calculation even at these stream velocities (Figure 

5.9). 

Moreover, the blowout limits of a larger jet of 3.3 mm issuing into a larger 

combustor of 300 mm hydraulic diameter were caIculated and compared with 

the available experimental data [2]. The results for a propane and a methane 

jet are shown in Figures 5.15 and 5.16, respectively. In addition, Figure 

5.17 shows the results of calculation for a methane jet of 5.2 mm, as well 

as  the available experimental data obtained from 121. The critical values of 

parameter kB is almost constant for different nozzle and combustor diame- 

ters, CO-flowing stream velocities and fuds. A n  exception was observed for 

methane jets of 3.3 and 5.2 mm diameters employed in [2] for which kBVc, 

oscillates around 0.24. 

It can be seen that the mode1 reproduces fairly accurately the existing 

trend between the blowout Iimits of lifted flames and the CO-flowing stream 

velocity. 
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Jet fuel: C.&; Stream: Air; N o d e  di&=3.3 mm; Duct dia.=300 mm 

Stream velocity ( d s )  

Figure 5.15: The calcdated jet bIowout velocity of a propane jet flame as  
a function of CO-flowing air stream velocity for different values 
of the blowout parameter kB. Experimental data: V - [2]; - 
Cdculated. 
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Figure 5.16: The calculated jet blowout velocity of a methane jet flame as 
a fundion of ceflowhg air stream velocity for difE'erent d u e s  
of the blowout parameter kB. Experimental data: V - [2]; - 
Calculated. 



5.3 Results and Discussion 115 

Jet fuel: CH,; Stream: Air; Nozzle dia.=5.2 mm; Duce dia.=300 mm 

Figure 5.17: The calculated jet blowout velocity of a methane jet flame as 
a fuoction of CO-flowing air stream velocity for different values 
of the blowout parameter kB. Experimental data: V - [2]; - 
Calculated. 
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Effect of Co-flowing Stream Velocity on Jet Blowout Velocity 

Generally, the jet blowout velocity of lifted flames decreases with an increase 

in the co-flowing stream vdocity as observed experirnentally (Chapter 4). 

This behavior can be explained with the help of the proposed model. 

Consider a methane jet h e  issuing into a co-flowing stream of air. The 

calculated jet blowout velocities for such a flame are shown by a dash line 

curve in Figure 5.18. Point 1 on this m e  cas be chosen arbitrarily as a 

starting point. Assume that the actuaI trend of variation of blowout limit 

with the co-flowing stream velocity is unknown. Starting at point 1, with 

an increase in the cdowing stream velociw, the corresponding jet blowout 

velocity mi& increase, remain constant or decrease. 

These three possible scenarios are shown in Figure 5.18 by three arrows 

1-2, 1-3 and 1-4. Among these three trends, oniy one of them can fulfill the 

flame stability requirement. To find the right trend, parameters 6, and u, 

were calculated using Equations (5.22) and (5.23) for points 1,2,3 and 4 at a 

position downstream of the jet exit, x, where the jet centerline concentration 

is equal to the lean flammability limit of methane in air. The position x was 

calculated using Equation (5.32). The values of proposed blowout criterion 

for lifted flames, 

were also calculated for all these points. The results of these calculations are 

shown in Table 5.3. It can be seen that increasing the stream velocity (from 

u, = 0.3 m/s to u, = 0.5 m/s) at the same jet velocity (u, = 28.7 m/s) 

causes an increase in the jet velocity on the jet centerline (from u, = 1.765 
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Table 5.3: Jet parameters correspondhg to points 1, 2, 3 and 4 shown in 
Figure 5.18 at the blowout position. Jet Fuel: Cl&; Stream: 
Air; Nozzle dia.=2.00 mm; Duct dia.=127 mm 

43-74 0.1955 16.446 2.781 0.120 
28.7 0.1739 14.613 2.171 0.164 

4 0.5 15.15 0.1415 11.888 1.572 0.240 

2 

(4 
uo 

Im/4 
Point 21, 

( 4 s )  
su 

(mm) 
%n 

(m/4 
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Jet fuel: CH,; Stream: Air; Nozzie dia.=;? mm; Duct dia=127 mm 

Stream velocity (mis) 

Figure 5.18: Calculated jet velocities of methane jet as a function of co- 
flowing air stream velocity. Dashed Zine represents the jet 
blowout velocity cuve. 



5.3 Results and Discussion 119 

m/s to u, = 2.171 m/s) and a decrease in the jet velocity halfradius (from 

6, = 16.823 mm to 6, = 14.613 mm) both resulting in a smder value of 

blowout parameter (fiom kg = 0.240 to kg = 0.164). In this case, due to 

smaller blowout parameter than its criticd value, the rnixing process of cold 

air and hd with hot products occurs in a t h e  shorter than the chernical 

time and the mixture cools quickIy and ignition becomes impossible. As a 

result, with increasing the stream velocity, the jet blowout cannot remain 

constant and it shodd either increase or decrease. 

Since increasing stream velocity at a constant jet velocity (bom point 1 to 

3) resulted in a larger value of u,, obviously increasing both jet and stream 

velocities (frorn point 1 to 2) would result in a larger value of u,. Based on 

the same reasoning, point 2 cannot be the jet blowout velocity at u, = 0.5 

m/s either. Therefore, the only possible scenario c m  be decreasing of the jet 

blowout velocity with an increase in the stream velocity (from point 1 to 4). 

This decrease should insure a constant blowout parameter kB. 

Additiondy, based on flame stabilization mechanism, a stable flame can 

be sustained when the locd jet velocity is equal to the burning velocity. It is 

assumed that for the same type of fuel, the burning veloci ty at the blowout 

location does not change sigdicantly fiom point 1 to 2, 3 or 4. Since the 

values of jet velociiy (u,) at the blowout location only for points 1 and 4 are 

almost the same, line 1-4 shows the actual trend of blowout velocity variation 

mith the stream velocity. 

Effect of Fluid Properties on Jet Blowout Velocity 

The effect of variations in fluid properties such as  density of jet fluid, density 

of surrounding stream, laminar burning velocity and lean flammability b i t  
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of jet fluid on the fiame blowout limit were investigated analytically. The 

&ect of variations in each property on the blowout limit was studied one at 

a time and by assuming the same value of blowout parameter kB,Cr = 0.24 in 

al1 calculations. Calculations showed that the blowout limit of lifted flames 

increases with an increase in the laminar burning velocity of jet fuel and 

the density of the CU-flowing stream as w d  as with a decrease in the Iean 

flammability limit of jet fUel and the jet fuel density. The following is an 

exphnation of the above effects based on the proposed mode1 that suggests 

flarne blowout occurs whenever kB becomes equal to its critical value at the 

blowout location. 

Laminar Burning Velocity. An increase in the laminar burning 

velocity decreases the chernical tirne. To keep kB parameter constant, the 

mixing time should be decreased by increasing the jet blowout velocity. 

This trend can be seen by simplifying Equation (5.34) for a constant value 

With increasing the laminar burning velocity, the RHS of the above relation 

should increase as well. The latter increases by increasing the jet blowout 

velocity, since increasing the jet velocity increases um, and decreases du, at 

the blowout location. 

Lean Flananabiliby Limit. Any decrease in the lean flammability 

limit of a jet fuel means that the blowout location (at which the jet centerline 

fuel concentration is equal to the lean flammability limit) will be farther away 

frorn the nozzle. Moving downstream of the jet exit, the jet velocity decays 

and becomes smder and the jet width becomes larger. Both of these result 
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in a Iarger mixing time at this position. To keep kB parameter constant, this 

effect should be canceled by increasing the jet velocity. 

Demity of Jet Fluid. Variation in the density of jet affects the jet 

blowout velocity in two ways: 

a A decrease in the density of jet results in a faster decay of jet flow 

concentration [72,73]. In other words, blowout location is moving closer 

to the jet exit. By moving doser to the jet exit, velocity on the jet 

centerline is larger and the jet width is smaller. This results in a larger 

mixing time at this position. To cancel this effect and keep the kB 

parameter constant, the mixing time should increase. This is possible 

if the jet blowout velocity demeases. 

Since the mass fraction of jet fluid on the jet axis, k, at the blowout 

location is proportional to the jet density, a decrease in density results 

in a decrease in c, value. As discussed above (see discussion related 

to the lean flammability limit), this resdts in an increase in the jet 

blowout velocity. 

Although a faster decay of jet fluid velocity due to its smder density de- 

creases the jet blowout velocity, this velocity increases due to smaller c, at 

the blowout location, i-e., the overd effect is art increase in the jet blowout 

velocity. 

Density of Co-flowing Stmarn Fluid. An increase in the density 

of surrounding stream results in both a faster decay of jet flow [72,73] and a 

smaller c, at the blowout location. As discussed above, the overall effect is 

an improvement in the flame blowout limits. 
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Effect of Combustor Size 

The effect of combustor (duct) size on the blowout limits of methane lifted 

flames is shom in Figure 5.19 for a range of combustor diameters and two 

difierent jet diameters, As c a n  be seen, an increase in the duct diameter 

increases the blowout limits only at  lower CO-flowing stream velocities and 

these limits do not change at higher CO-flowing stream velocities. When the 

combustor size becomes sufEciently large compared to the nozzle size, any 

further increase in the combustor size does not affect the blowout limits of 

lifted flarnes. For example, for a nozzle of 2 mm diameter, the blowout limit 

m e  remains the same for cornbustors of 600 mm diameter and larger. 

Validation of Flame Stabilization Location before Blowout 

Earlier an assumption was made that the blowout Iocation is a position where 

the jet fuel concentration on the jet axis is close to its lean flammability E t .  

To investigate the validity of this assumption, the foLIowing calculations and 

experiments were conducted. 

For a methane jet issuing into a cc~flowi~g air stream, the calculated jet 

blowout velocities (at kB = 0.24) are shown in Figure 5.20. The calculated 

blowout location where the concentration of jet fuel on the jet axis, ç,,, is 

equal to lean flammability limit (c, = LI = 5 ) ,  is also shown in this figure. 

As can be seen, both the jet blowout velocity and the blowout location are 

decreasing with an increase in the stream velocity. 

The flame length which was measured visually at jet velocities close to 

95 percent of the jet blowout velocities is also shown in Figure 5.20. The 

measured flame lengths have an uncertaiaty of at least k2.5 cm, due to the 

brushy and ficlcering flame tip. The jet velocities associated with these flame 
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Jet fuel: CH,, Stream: Air 

10 - 
0.0 0.2 0.4 0.6 0.8 1 .O 

Stream velocity ( d s )  

Figure 5.19: The blowout velocities of methane lifted flames as a function 
of co-flowing air stream velocities for difFerent combustor and 
nozzle diameters. 
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Figure 5 -20: The variation of lifted flame length with the co-flowing stream 
velocity at jet velocities of about 95 percent of the jet blowout 
veloci t ies . 
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lengths are also shown in this figure. 

Cornparison of measured flame lengths (triangle s ymboIs) with calculated 

blowout locations (solid line) shows that both have the same trend with 

an increase in the stream velocity. However, the values of measured flame 

lengths and calculated blowout locations cannot be compared quantitively, 

since relatively crude measurements of the flame lengths were conducted. 

Taking this into consideration, the trends of calculated and experimental 

data are in good agreement. 

5.3.2 Fuel Mixtures 

In this section, the blowout Limit calculations for different fuel mixtures issued 

from a jet of 2 mm diameter into a combustor with hydraulic diameter of 

127 mm are conducted. The value of the blowout parameter, kB, used in 

these caldations is equal to 0.24 as for ail the other cases. The values of 

the stoichiometric laminar burning velocity for methane-hydrogen mixtures 

containing 15, 25,50 and 75 percent of hydrogen are considered as O.4l,O.46, 

0.56 and 0.91 m/s, respectively [96]. The burning velocities of methane- 

ethylene and methanepropane mixtures were calculated using the simple 

d e  of mixing. 

Methane-Hydmgen Mixtums. Calculated blowout limitsfor methane 

hydrogen mixtures containing 15, 25, 50 and 75 percent of hydrogen are pre- 

sented in Figures 5.21, 5.22, 5.23 and 5.24, respectively. The corresponding 

experimental data obtained in the m e n t  research are also shown in the 

same figures for comparison. The agreement can be seen to be satisfactory. 

This shows that the proposed model can be used to calculate the improving 

effect of the addition of hydrogen to a methane jet on its blowout limits. 
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Figure 5.21: The blowout limits of lifted flames as a fimction of the c e  
flowing air stream velocity for a fuel mixture containing 85% 
of methane and 15% of hydrogen. 
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Figure 5.22: The blowout lùoits of lifted flames as a function of CO-flowing 
air stream velocity for a fuel mixture containing 75% of 
methane and 25% of hydrogen. 
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Jet fuel: 50% CH, + 50% %, Stream: Air, d,=2 mm 
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Stream velocity ( d s )  

Figure 5.23: The blowout limits of lifted flames as a function of CO-flowhg 
air stream velocity for a fuel mixture containing 50% of 
methane and 50% of hydrogen. 
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Stream velocity ( d s )  

Figure 5.24: The blowout limits of iifted flames as a function of CO-flowing 
air stream velocity for a fuel mixture containing 25% of 
methane and 75% of hydrogen. 
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This d e c t  is due to not only the small density and lean flammability limit of 

hydrogen but also its large burning velocity both having an enhancing effect 

on the blowout limits (see Section 5.3.1). 

Methune-Ethylene Mixtums. The calculated blowout limits for 

methane-ethylene mixtures containhg 7.5, 11.7, 29.5 and 31.6 percent of 

ethylene as well as those for pure methane are shown in Figure 5.25. A 

few experimentdy measured data points are also shown for cornparison. As 

can be seen, the addition of ethylene to a methane jet flame substantially 

increases its blowout limit S. Agreement between calculated blowout limits 

and the limits obtained experimentdy is fairly good. Although the larger 

densi ty of et hylene ha. a diminishing efTect on t hese limi t s, its larger buming 

velocity and smaller lean flammability b i t  have enhancing dects. As a 

result, the overall eft'ect is an increase in the blowout limits. 

Methane-Pmpune Miktums. The calculated blowout velocities for 

difFerent methanepropane mixtures containkg 12, 30, 50 and 75 percent 

of propane as well as those for pure methane are shown in Figure 5.26. 

As expected, an addition of propane to a methane jet flame increases its 

blowout limit (like an addition of hydrogen or ethylene) over the whole range 

of ceflowing stream velocities considered. This is due to the larger burning 

velocity and the smaller lean flammability of propane compared to methane. 

Cornparison of Various fiel Mktures. The effect of the type 

of a second fuel added to the methane jet on its blowout limit is shown in 

Figure 5.27. For each methane-fiel mixture, concentration of the second fuel 

in the jet fuel mixtures is 25 percent by volume. The biggest improvement 

on the blowout limits was observed for hydrogen followed by ethylene and 
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Jet fuel: CH4+C2Hd, Stream: Air, d,=2 mm 

Figure 5.25: The blowout limits of lifted flames as  a h c t i o n  of CO-flowing 
air stream velocity for different methane-ethylene mixtures. 
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Jet fuel: CH4+C&, Stream: Air, d0=2 mm 
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Figure 5.26: The blowout limits of lifted flames as a function of ceflowing 
air stream velocity for different methanepropane mixtures. 
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Figure 5.27: The blowout limits of lifted flames as a function of the c e  
flowing air stream velocity for different fuel mixtures. 
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propane. As discussed in Section 5.2.1, the addition of a second fuel to a jet 

fuel affects the value of jet density, burning velocity and lean flammability 

limit. The &ect of these parameters on the jet blowout velocity was also 

discussed in Section 5.3.1. Based on these discussions, the obtained trend 

for different fuel mixtures wi be explained as follows- Although propane 

has the smallest lean flammability limit, hydrogen has the most improving 

effect on the blowout limits of methane jet due to its higher burning velocity 

and smaller density compared to the other fuelS. The obtained trend for 

various fuel mixtures show that variations in the value of burning velocity 

is a dominant factor, since the burning velocity of hydrogen is the highest 

followed by ethylene and propane. 

5.3.3 Fuel in the Surroundhg Stream 

In this section, the &ect of the introduction of an auxiiiary fuel into a sur- 

rounding air stream on blowout Iimits is investigated aaalytically. The calcu- 

lations were conducted for a methane jet discharged from a 2 mm diameter 

nozzle into a cdiowing stream of air-fuel mixture in a combustor with a 127 

mm hydraulic diameter. The criticd value of k~ is equd to 0.24 exactly as 

for the case of pure fueh and fuel mixtures. Methane, propane, ethylene and 

hydrogen were used as auxiliary fuels. The laminar burning velocities were 

calculated using the simple mixing rule excep t for the methane-hydrogen-air 

mixtures that were taken fiom [96]. 

The results of cdculation are presented in Figures 5.28-5.31. To avoid 

the occurrance of flashback in the mflowing stream, auxiliary fuels were 

used at relatively s m d  concentrations. The calcuiated blowout limits are 

in good agreement with those obtained experirnentally except for hydrogen 
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Jet fuel: CH,, Stream: Air+CH,, d0=2 mm 
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Figure 5.28: The blowout limits of methane liftai flames as a function of co- 
flowing s tream velocity for different concentrations of methane 
in the ceflowing stream of air. 
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Jet fuel: CH,, Stream: Air+ÇH8, d,=2 mm 
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Figure 5.29: The blowout limits of methane Lifted flames as a function of co- 
flowing stream velocity for different concentrations of propane 
in the CO-flowing stream of air. 
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Jet fuel: CH,, Stream: d0=2 mm 

Figure 5.30: The blowout limits of methane lifted flames as a function of co- 
flowing stream velocity for different concent rations of ethylene 
in the CO-flowing stream of air. 
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Jet fuel: CH,, Stream: Air+&, d,=2 mm 
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Figure 5.31: The blowout limits of methane lifted 0ames as a function of 
CO-flowing strearn velocity for different concentrations of hy- 
drogen in the c~flowing stream of air. 
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Jet fuel: CH,, Stream: A..+Fuel. d0=2 mm 
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Figure 5.32: The blowout M t s  of methane lifted flames as a fundion of 
CO-flowing stream velocity for different auxiliary fuels in the - 

CO-ffowing stream of air. 
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followed by ethylene and propane (variation in the burning velocity is a 

dominent parameter) while in the second case, the most irnprovement on the 

blowout limits was observed for propane followed by ethylene and hydrogen 

(variation in the Iean flammability limit is a dominent parameter). 

5.3.4 A Second Fuel in Jet and/or Co-flowing Stream 

A Sewnd Fuel in Jet or Co-flowing Stream. The effects of ethylene 

addition to a methane jet and to a surrounding stream are compared in Figure 

5.33. As can be seen, an addition of 40 percent ethylene to the methane jet 

ffame increases its blowout Iimits as much as when 1 percent of ethylene is 

added to the air stream. The following is a cornparison of the flow rate of 

consumed fueis in each case to achieve an economically efficient choice. At 

a stream velocity of 0.4 m/s, when a mixture of 40 percent ethylene and 60 

percent methane was used as a jet fuel, the fuel flow rates were 0.258 m3/h for 

ethyIene and 0.386 m3/h for methane. However, at the same stream velocity, 

when a methane jet issued into a CO-flowing stream of 1 percent ethylene 

and 99 percent of air, the fuel flow rates were 0.644 m3/h for methane and 

0.182 m3/h for ethylene. However, not of aU this ethylene was entrained 

in the jet flame. The total fuel flow rate in the k s t  case is less than the 

total fuel flow rate in the second one. As a result, the first case is more 

efficient if the reduction of total flow rate is the objective. On the other 

hand, since ethylene is a relatively expensive fuel the second choice would be 

economically dc ient  if cost reduction is the goal. 

A Second Fuel in both Jet and Co-flowing Stream. The effect 

of a second fuel addition to both methane jet flame and CO-flowing air stream 

on blowout limits is shown in Figures 5.34 and 5.35. As can be seen, when 25 
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d,=S mm, Duct dia=127 mm 
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Figure 5.33: The blowout limits of methane or methme-ethylene lifted 
flames as a function of co-flowing air or air-ethylene stream 
velocity for clifFerat concentrations of ethylene. 



5.3 ResuIts and Discussion 143 

Jet fuel: CH,+Fuel, Stream: Air+Fuel, d,=2 mm 

Figure 5.34: The blowout limits of methane-fuel lifted flames as a fundion 
of CO-flowing air-fuel stream velocity. Concentration of the 
second fuel is 25% in the methane jet and 1% in the cdowing 
air stream. 
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Jet fuel: CH,+FueI, Stream: Air+Fuel, d0=2 mm 

Stream velocity (m/s) 

Figure 5.35: The blowout Iimits of methane-fuel lifted flames as a function 
of co-flowing air-fuel stream velocity. Concentration of the 
second fuel is 40% in the methane jet and 1% in the CO-flowing 
air stream. 
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percent of a second fuel is added to the methane jet and I percent to the CO- 

flowing air stream, the most improvement in blowout limits was observed with 

ethylene followed by hydrogen and then propane (Figure 5.34). However, 

with increasing the percentage of a second fuel in the methane jet fiom 25 

percent to 40 percent, the most improvement in blowout limits was observed 

with hydrogen followed by ethylene and then propane (Figure 5.35). These 

trends show that at higher concentrations of a second fuel in the methane 

jet, hydrogen leads to the most improvement in blowout limits while at lower 

concentrations ethyelne improves blowout limits the most. This is due to the 

higher burning velocity of methane-hydrogen mixtures than that of methane 

ethylene mixtures at larger concentrations of a second fuel. Although in the 

case when a fuel is added only to the CO-flowing air stream, propane resulted 

in the most improvement in blowout limits (Figure 5.321, it  lead to the least 

improvement when fuel was added to both jet and ceflowing stream. This 

is due to a smaller lean flamrnability lirait of propane compared to the other 

fuels in the former case and due to a smder burning velocity of propane 

compared to the other fuels in the latter. 

5.3.5 Effect of Diluent 

Calculations were conducted to predict the effect of diluent addition to the jet 

fuel or surrounding stream on the blowout limits of lifted ff ames. Calculations 

were for a jet of 2 mm diameter issuing into a combustor of 127 mm hydraulic 

diameter. The same critical value of kB parameter equal to 0.24 was used 

in these calculations. The values of laminar burning velocities for methane- 

diluent mixtures were calculated using Equations (5.52) and (5.69) in which 

H is 0.25 for nitrogen, 0.44 for carbon dioxide and 0.20 for helium [92,94]. 



5.3 Results and Discussion 146 

Jet fuel: CH&, Stream: Air, d,=2 mm 
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Figure 5.36: The blowout limits of methane-nitrogen lifted flames as a func- 
tion of CO-flowing air stream velocity for difFerent nitrogen con- 
centrations in the fuel mixture. 
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Jet fuel: CH4+C02, Stream: Air, d,=2 mm 

S trearn velocity ( d s )  

Figure 5 -37: The blowout limits of methane-carbon dioxide lifted flarnes as 
a fundion of cc~flowing air stream velocity for différent carbon 
dioxide concentrations in the fuel mixture. 
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Stream veiocity ( d s )  

Figure 5.38: The blowout limits of methane-helium lifted flames as a func- 
tion of cdowing air stream velocity for different h e h  con- 
centrations in the fuel mixture. 
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Diluent in Jet fiel. The calculated results for nitrogen, carbon 

dioxide and helium as a diluent in a methane-diluent jet are presented in 

Figure 5.36, 5.37 and 5.38, respectively. The experimental results are also 

shown for comparison. It can be seen that the modd predids satisfacto- 

rily the blowout limits at higher CO-flowing stream velouties while there is a 

deviation at smalIer CO-flowing stream velocities and higher diluent concen- 

trations. The deviation could be due to the large uncertainty in the value of 

Lminar burning velocities for fuel-diluent mixtures. 

The effect of diluent type on the blowout limits of methane-diluent jet 

flames in a CO-flowing air stream is shown in Figure 5.39. Concentration of 

all diluents in the jet fuel is 15 percent by volume. The most detrimental 

effect on the blowout limits is associated with carbon dioxide as a diluent, 

followed by nitrogen and then helium. This is due to the small laminar 

burning velocity and large lean flammability M t  and density of methane- 

carbon dioxide mixtures in comparison with other methane-diluent mixtures. 

For the same reason, the efFect of nitrogen on the blowout limits is less 

significant than the effect of carbon dioxide and more significant than the 

effect of helium. 

Diluent in Fuel Mixtum. The results of calculations for different 

methane-hydrogen-carbon dioxide mixtures are shown in Figure 5.40. It can 

be seen that an addition of 5 percent carbon dioxide to methanehydrogen 

mixture containing 50 percent of hydrogen has more detrimental effect on the 

blowout limits than when the same amount (percent by volume) of this dilu- 

ent is added to pure methane jet. For a methanehydrogen jet, a replacement 

of 5 percent of fuel mixture with carbon dioxide results in about 19.4 percent 

increase in the density of jet fluid, while for a methane jet, a replacement of 
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Jet fuel: CH,+Diluent, Stream: Air, d,=2 mm 
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Figure 5.39: Calcualted blowout limits of methane-diluent lifted flames as a 
function of CO-flowing air stream velocity for different diluents. 
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Jet fiel: CH4+\+C02, Stream: Air, d0=2 mm 

Stream velocity (m/s) 

Figure 5.40: The blowout limits of lifted flames as a function of the c* 
flowing air stream velocity for different methane-hydrogen- 
carbon dioxide mixtures. 
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Jet fuel: CH,, Stream: Air+N,, d0=2 mm 
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Stream velocity ( d s )  

Figure 5 Al: The blowout limits of methane lifted flames as a function of c* 

flowing stream velocity for different concentrations of nitrogen 
in the co-flowing stream of air. 
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Stream velocity ( d s )  

Figure 5.42: The blowout limits of methane Wted 0ames as a function of c e  
flowing stream velocity for ditferent concentrations of carbon 
dioxide in the ceflowing stream of air. 
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let fuel: CH,, Stream: &+He, d,=2 mm 

Figure 5.43: The blowout iimits of methane lifted flames as a function of CO- 

flowing stream vdocity for different concentrations of helium 
in the CO-flowing stream of air. 
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Jet fuel: CH,, Stream: Air+Diluent, d,=2 mm 
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Figure 5.44: The calcualted blowout b i t s  of methane Wed flames as a 
function of c d o w i ~ g  air-diluent stream velocity for different 
diluent S. 
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the jet flarnes. For example, the addition of 15 percent carbon dioxide to 

methane jet decreases its blowout Iimit as much as when 4.5 percent of car- 

bon dioxide is added to the air stream. As a result, the presence of a diluent 

in the air stream affects the blowout limits more strongly than when it is 

present in the jet fuel at the same volume concentrations. This is due to the 

large entrainment of diluents in the ûxidizing stream to the jet fuel at the 

blowout location. 

The addition of a diluent to both jet fuel and co-flowing stream aBects 

significantly the blowout limits of methane jet flame. This effect is shown 

in Figure 5.48. Concentration of the diluent in both the jet fuel and the 

ceflowing stream is 5 percent by volume for each diluent. Similar to the 

cases when a diluent is added to the jet fuel or to the co-flowing stream, the 

most detrimental effect on blowout limits was observed with carbon dioxide 

followed by nitrogen and then heiium. 



5.3 Results and Discussion 158 

Nozzle dia=2 mm, Duct dia= 127 mm 
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Figure 5.45: The blowout limits of methane or methane-nitrogen lifted 
flames as a function of CO-flowing air or air-nitrogen stream 
velocity for different concentrations of nitrogen. 
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Nozzle dia=2 mm, Duct dia=127 mm 

Stream velocity (mls) 

Figure 5.46: The blowout limits of methane or methane-carbon dioxide 
lifted flarnes as a function of co-flowing air or air-carbon diox- 
ide stream velocity for different concentrations of carbon diox- 
ide. 
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Figure 5.47: The blowout limits of methane or methane-helium lifted flames 
as  a function of ceflowing air or air-helium Stream velocity for 
Merent concentrations of helium. 
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Jet fuel: CH,+Diluent, Stream: Air+Diluent, d,=2 mm 
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Figure 5.48: The blowout limits of methane-diluent lifted flarnes as a func- 
tion of co-flowing air-diluent stream velocity for different dilu- 
ents. 



Chapter 6 

Theoretical Study of Liftoff, 

Reattachment and the Blowout 

of Attached Flames 

There are two stability lirnits for attached flames: liftoff limit and blowout 

limit. The liftoff limit corresponds to co-flowing stream velocities less than 

limiting CO-fiouing stream uelocity, while the blowout limit corresponds to 

stream velocities larger than the limiting co-flowing stream velocity. The 

blowout of attached flames can be considered as a continuation of the liftoff 

curve. As mentioned before, the near-field conditions, i.e., in the vicinity 

of the nozzle rim, are responsible for stabilization of attached flames. ALso 

these conditions are responsible for the reattachment phenornenon of lifted 

flames. Therefore in this chapter a single criterion is proposed to c a l d a t e  

the liftoff, the blowout of attached 0ames and the reattachment limits for 

a non-premixed jet flame into a cdowing stream of air. This criterion is 

described in Section 6.1. The associated procedure of calculations is discussed 
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in Section 6.2. Findy, the results are presented and discussed in Section 6.3. 

6.1 Modeling of Stability Limits 

An attempt was made to correlate experimentaily established values of liftoff 

and reattachment Limits as well as the blowout Lim;ts of attached flames. Us 

ing the velocity-gradient concept described in [44,45,66], in the present re- 

search, a dimensionless group was proposed to predict these limits at different 

operating conditions. This dimensionless group can be expressed as: 

The &me liftoff and blowout occur when this parameter, kLsR, becomes 

larger than a certain critical value, Le., 

and the f l a e  reattachment occur when, 

It is known that flame extinction takes place when the flame stretch exceeds 

a certain criticd value. Also, it is reasonable to assume that the flame 

stretch is proportional to the ffame length which itself is proportional to the 

distance (from the nozzle exit) where the concentration of jet fuel is close 

to its stoichiometric value. For attached fiames the larger this distance, the 

larger is the stretch. Therefore, the product of 6, u, was evaluated at this 
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distance. 

6.2 Calculation Procedure 

As mentioned before, the value of the proposed dirnensionless criterion should 

be evaluated at a position where the concentration of jet fuel on the jet axis 

is equal to its stoichiometric value. This position can be calculated from 

Equation ( M S ) ,  Le., 

where 

where Lst is the stoichiometric lirnit of the fuel in air (% by volume). 

Presently, there is no method available to estimate the critical value of 

(kLBR)Cr parameter from a purely theoretical approach. However, this d u e  

can be estimated on the basis of known experimental stability limits of jet 

flames. With this d u e ,  (kLBR)Cr, known, the jet velocity at the stability 

limits, uo, for difEerent CO-flowing stream velocities, u,, can be calculated 

using the above equations and Equation (6.1) with two iinknown variables of 

u, and X. The procedure and flowchart of calculations are similar to those 

described for the blowout of 12fted flames in Section 5.2. The simulation 
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program is given in Appendix A. 

For attached flames, the jet flow in the nozzle near-field region is hot 

before the liftoff or the blowout but it is cold before the reattachment of 

lifted flames. Due to this fact the jet density was calculated at 2000 K to 

determine the liftoff and blowout limits while the jet density was calculated at 

300 K to obtain the reattachment limits. To estimate the criticd parameter 

(kLB&, typicai uo = f (um) cuves were calculated for dXerent d u e s  of 

kLsR parameter and were compared with fiame stability cuves obtained 

experimentdy. As a typical example, Figure 6.1 shows that for a methane 

jet discharged fiom a nozzie of type A, the value of (kLBR)Cr is about 2.8. 

The same method was used to determine the value of (kLBR)Cr for other 

conditions as well. 

6.3 Results and Discussion 

Calculations of liftoff, reatt achrnent and blowout velocities of attached flames 

were conducted for difTerent fuels, nozzIe configurations, combustor sizes 

and ceflowing stream velocities. The resdts of calculations for methane, 

propane, ethylene and hydrogen jets are shown in Figures. 6.2, 6.3, 6.4 and 

6.5 for a jet of 2 mm diameter issued into a duct of 127 mm hydraulic di- 

ameter. In these calculations, the maximum lamina burning velocities were 

assumed to be 0.41 m/s for methane, 0.46 m/s for propane, 0.79 m/s for 

ethylene and 2.8 m/s for hydrogen [75,95,97,98]. The corresponding ex- 

perimental data measured by the author are also shown in these figures for 

the sake of comparison. The nozzle A (Figure 3.2a) with a lipthickness of 

1.82 mm was used in these measurements. 
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia=127 mm 

Nozzk type: A 

Stream velocity (mls) 

Figure 6.1: Calculated stabiity limits of methane jet flame as a fundion 
of cdowing air stream velocity for different values of kLBR 
parameter. 
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Stream velocity (mis) 

Jet fuel: CH,; Stream: Air; Nozzle &=2 mm; Duct dia=127 mm 

Figure 6.2: Calculated and experimental stability limits of methane jet 
flame as a function of CO-flowing air stream velocity. 
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Figure 6.3: Calculatecl and experimental stability limits of propane jet 
flame as a fundion of cmflowing air stream velocity. 
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Figure 6.4: Calculated and experimental stability limits of ethylene jet 
flame as a fundion of cdowing air stream velocity. 
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Jet fuel: H$ Stream: Air; Nozzle dias2 mm; Duct &427 mm 
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Figure 6.5: Calculateci and experimental stability Iimits of hydrogen jet 
flame as a function of mflowing air stream veIoci@. 
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It can be seen that for the range of CO-flowing stream velocities shown in 

these figures, the calculated values of flame liftoff, blowout and reattachment 

velocities by assuming (kLBR)Cr = 2.8 are in faidy good agreement with 

the experirnentai data. However, for methane and hydrûgen jet flames, the 

calculated blowout velocities deviate somewhat [up to 12%) h m  those ob- 

tained experimentally. The precise measusement of these limits especially for 

hydrogen was extremely diflicult. The hydrogen flame appeared in light blue 

and was hardly visible and its liftoff, blowout and reattachment phenornena 

took place suddenly. 

As a result of the above discussion, the &ed of CO-flowing strearn velocity 

and the fuel type on the liftoff, reattachment and blowout b i t s  of attached 

flarnes can be estimated using the described method at a critical value of 

kLBR = 2.8 for nozzle A. 

6.3.1 Effect of Nozzle Shape and size 

An attempt was made to verify the proposed method by the experimental 

data available in the literature for nozzles of different shapes and sizes [25,27, 

301. The experimental data for a nozzle B with 2 mm diameter and 0.2 mm 

lip-thickness (Figure 3.2b) and a combustor of 127 mm hydraufic diameter 

were reported in [27]. These data for methane, propane and ethylene jet 

flames are shown in Figures 6.7,6.8 and 6.9, respectively. The liftoff data [25] 

for methane jet discharged from nozzle C (Figure 6.6a) are shown in Figure 

6.10 for different nozzle diameters. The blowout limits of attached flames [30] 

for a methane jet discharged from nozzle D (Figure 6.6b) are also show in 

Figure 6.11 for different nozzle diameters and lip-t hicknesses. 

Using the procedure described in Section 6.2 for detenninipg the critical 
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Figure 6.6: 

(a) - 5 p e  c 

Configuration 

(b) - 5 p e  D 

used in: (a) - [25], (b) - [30]. 



Jet fuek CEI; Stream: Air, Nozzlt dia=2 mm; Ductdia.=127 mm 

Figure 6 .7  Calculatecl and experimental stability limita of methane jet 
flame as a fundion of CO-flowing au stream velocity. Exper- 
imental data are fiom [27]. 
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Stream velocity ( d s )  

Figure 6.8: Cddated and experimental stability limits of propane jet 
&me as a function of cc~flowing air stream velocily. Exper- 
imental data are from [27l. 
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Figure 6.9: Calculated and experimental stability limits of ethylene jet 
flame as a function of CO-flowing air stream velocity. Exper- 
imental data are from [27]. 
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Jet fuel: CH,; Stream: Air; h c t  dia.=150 mm 

Stream velocity (mls) 

Figure 6.10: Cddated and experimental liftoff l i t s  of methane jet 
flames as a function of CO-flowing air streasn velocity for dif- 
fetent nozzle sizes. Expezhentd data are h m  [%]. 
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Jet fuel: CII,; Stream: AV; Duct dia.=l27 mm 
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figure 6.11: Calculated and experimental blowout limits of attached 
methane jet flames as a function of co-flowing air stream ve- 
locity for ninzles with dX"rent sizea and lipthicknesses. Ex- 
perimental data are h m  [30]. 



6.3 Results and Discussion 178 

value of kLBR parameter, it was found that (kLBR)Cr values are different for 

different nozzle shapes. It was found that (kLB&, is approximately equal to 

1.8 for nozzle B and 1.6 for nozzle C. Two different lipthicknesses of nozzle 

D leads to two distinct values of 2.4 and 2 for (kBR)Cr- 

The calculated blowout Limits of attached flames are slightly higher than 

the experimental limits for methane jet flame as  shown in Figure 6.7, but 

the agreement is good for ethylene and propane. Also, as can be seen in 

Figure 6.10, the dect of nozzle size on liftoff limit caa be predicted fairly 

accurately using the same value of (kLBR)Cr (at CO-flowing stream velocities 

larger than 0.15 m/s). 

One of the applications of the proposed criterion, kLBR, is in prediction of 

certain limits which were not investigated experimentally. For example, the 

experimental reat tachment b i t s  associateci with the operating conditions of 

Figures 6.7, 6.8 and 6.9 are aot reported. The value of kLBR = 1.8 obtained 

for these conditions can be used to predict the reattachment limits. The 

calculation results for methane, propane and ethylene are shown in these 

figures. 

The experimental stability limits of methane attached flames obtained 

by the author for nozzle A with two diameters of 2 and 2.82 mm and two 

respective lip-thicknesses of 1.82 and 1-33 mm are shown in Figure 6.12. 

In the same figure, the calculated stability limits for these two nozzles are 

shown ushg (kLBR)Cr = 2.8 for the 2 mm nozzle and (kLBR)Cr = 2-6 for the 

2.82 mm nozzle. The effect of the size of nozzle A on the stability limits of 

attached flames was investigated by calculating these limits for different jet 

diameters and with the same value of (kLBRICr = 2.8- The calculated results 

are shown in Figure 6.12. It can be seen that with an increase in the nozzle 
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let fuel: CH,; S m  Air, hctdia=127 mm 

Figure 6.12: Cdculated and experimental stability limits of attachecl 
methane jet flames as a functiun of eflowing air stteam ve- 
locity for nozzles with different aizes  and lipthicknesses. Solid 
symbols: liftoff limits; Open symbols: blowout limits. 
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size, the liftoff aad the blowout limits of attached flames decrease. 

For each nozzle shape used in the experïmental measurernents one unique 

value for (kLBR)Cr was obtained. These values are presented in Table 6.1. As 

can be seen nozzle A has the largest value of kLBR followed by nozzle D, nozzle 

B and nozzle C. A larger value of (kLBR)Cr corresponded to a nozzle with a 

larger ratio of lip-thickness to diameter (Aldo). Also, if the lipthickness of 

a nozzle reduces over a lazger length of the nozzle tube, the corresponding 

(kLBR)Cr is srnder (type C). Calculations showed that with an increase in 

the value of kLBR, the stability limit of attached flames inmeases. Then the 

nozzle A results in the lagest stabiliw limits of attached flames followed by 

nozzle D, nozzle B and nozzle C. This can be due to the recirculation zone 

formed between CO-flowing air and fuel jet in the case of thick-wded nozzles. 

This zone provides a significant stabilizing &ed on the attached flame [18]. 

As a result, the same value of TCLBR c m  be used in the prediction of 

the stability Limits of attached flames as a function of the CO-flowing stream 

velocity for different fuels and nozzle diameters provided that the employed 

nozzles have the same shape. 

Eflect of Combvstor Size. The experimental liftoff limits [25] ob- 

tained for nozzle C and a combustor size of 150 mm in diarneter as well as 

the experimental blowout limits of attached flames [27] obtained for nozzle 

B and a combustor size of 127 mm in hydraulic diameter are shown in Fig- 

ure 6.13 for cornparison. As can be seen at a stream velocity of - 0.6 m/s, 

these limits are the same, Le., the blowout c m  is a continuation of the 

liftoff curve. This may conflict with the previous conclusion that nozzle B 

could result in slightly larger stability limit than nozzle C. But it should be 

noted that the measured stability limits with nozzle B and C correspond to 
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Table 6.1: The values of (kLBR)cr obtained for different nozzle configura- 
tions. 

different combustor sizes. CaIcuIations showed that for the same kLsR the 

stability limits increase with an increase in combustor size (Figure 6.13). In 

spite of larger stability limits for nozzle B compared to nozzle C, utilization 

of a larger combustor size with nozzle C bas lead to a better stability limit 

compared to the case utilizing nozzle B with a srnalier combustor size. Since 

the difference between the stability limits for different nozzle shapes and 

combustor sizes are very srnail and comparable to experimental uncertanity, 

the above argument is not conclusive and further investigation is required. 
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In ~ ~ ~ l l ~ ~ l a r y ,  obtaining a constant kLBR for each nozzle shape provides 

an opportunity to predict the stability limits of attached flames and reat- 

tachment LUnits as  a fundion of ccdowing stream veIocity for different fuels, 

combustor &es and nozzle diametm. 



Chapter 7 

Conclusions 

7.1 Summary and General Conclusions 

Based on the results obtained Tom both analytical modeling and experi- 

mental investigations in the present study, a number of conclusions can be 

made: 

a For non-premixed jet flames in a c*flowing stream, four different types 

of flame stability limits were observed: liftoff, reattachment, the blowout 

of lijled flames and the blowout of attached fiames. The cdiowing 

stream velocity bas a signifiant effect on the stability behavior of a 

non-premixed jet flame. Depending on the magnitude of this velocity, 

three different regions were recognized. At low co-flowing stream ve- 

locities (region 1), the blowout of IZfted flames was observed while at 

higher ceflowing stream velocities (region III), the blowout of attached 

flames occurred. For mid d u e s  of stream velocities (region II), both 

types of blowout were experienced. The lifted flames were much less 

stable than the attached flarnes and should be avoided (in region II). 
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Depending on the ignition conditions (Le., the jet and stream velocities 

and ignitor position), the ignition of a jet fuel can result in either a 

lifted flame or an attached flame. The optimum ignition conditions for 

increased blowout limits of jet flames are a smaU jet vdocity and pIacing 

the ignitor close to the nozzle rim- An ignition limit was recognized for 

attached flames. At jet velocities larger than this limit, no attached 

flames could be produced. 

GeneraUy the blowout b i t s  of a jet flame decrease with an increase 

in the stream velocity. The rate of decrease depends on whether the 

flame is lifled or attached before blowout. The blowout limits of lifted 

flames deteriorated very significantly with a s m d  increase in the co- 

flowing stream velocity, while those for attached flames were much less 

sensitive to changes in the CO-flowing stream velocities. The liftoff and 

reattachment iimits were decreased siightly due to increasing the c e  

flowing strearn velocity. 

The minimum stream velociw for occurrence of the blowout of attached 

dames (the limiting c d  owing stream velocity ) was found to be depen- 

dent or  the type of jet fuel, surrounding stream composition, nozzle 

diameter, but independent of the nozzle shape. The E t h g  stream 

velocity was higher for fuels with higher buming velocity and density 

and for nozzles with larger sizes. A correlation was proposed in this 

research to estimate the limiting stream velocity for different opera- 

tional conditions. The limiting stream velocity was decreased to some 

extent with an addition of hydrogen (less than 50% addition) and then 

was increased with further addition of hydrogen (more than 50% addi- 

tion). An addition of awriliary fuel into surrounding air resulted in an 
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increase in the limiting strearn velocity. 

No si@cant effect of the nozzle shape was observed on the blowout 

of Zified flames; while the liftoff and blowout limits of attached flames 

were signiificantly afFected by the nozzle shape especially by nozzle lip 

thickness. An increase in nozzle lip-thickness enhanced flame stability 

limits. With increasing the nozzle diameter, the blowout velocities of 

lifted flames increased while the liftoff and blowout velocities of attached 

flames showed a reverse trend. 

The stability limits depends on the type of jet fuel. The blowout limits 

of 1@ed 0ames were the highest for hydrogen followed by ethylene, 

propane and methane. The liftoff, the reattachment and the blowout 

limits of attached flames were the highest for hydrogen followed by 

ethylene, methane and propane. 

a An addition of an auxiliary fuel to the CO-fiowhg air stream enhanced 

the blowout limits of the I@ed flames more significantly than those of 

the attached flames. Individual additions of propane and ethylene with 

the same percentage to the CO-flowing stream improved the met hane jet 

flame blowout limits approximately by the same amount. Furthemore, 

hydrogen and methane when used as auxiliary fuels look alike for their 

improving effects on these limits. However, the enhancing effects on 

the blowout limit with propane and ethylene as a d a r y  fitels were 

higher than that with hydrogen and methane. 

The diluent addition to the jet fuel and/or to the surrounding air stream 

decreased substantially the blowout limits of ltfted flames. A higher de- 

gree of dilution leads to a higher &op in these limits. The most detri- 
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mental effect was observed with carbon dioxide as the diluent foIlowed 

by nitrogen and then by helium. The presence of a diluent in the air 

stream affects the blowout limit more strongly than when it  is present 

in the jet fuel at the same volume concentration. 

A model of Zifted flames extinction was developed on the base of a 

well-recognized criterion. This criterion states that the ratio of the 

mixing time scale to characteristic combustion t h e  scale is equal to its 

critical value at the blowout. Moreover, an original expression for the 

mixing time scale was proposed. The mixing time was calculated at 

the blowout location using experimentally derived cordations (avail- 

able in the literature) for jet velocity and concentration profiles at any 

distance fiom nozzle. The model indicated that the jet fluid and the 

surrounding Stream fluid properties such as l d a r  burning velocity, 

lean flammability limit and density have significant ef£ects on the value 

of blowout Limits. The effect of variations in the jet fuel composition 

and surrounding stream composition on the bIowout limits was reflected 

on the value of blowout limits through these properties. 

The proposed model dowed calculation of the blowout Iimits of Zijled 

flames for a wide range of operating conditions. This mode1 was able 

to predict fairly accurately the effect on the blowout limits of Zifted 

flames of many parameters such as CO-flowing stream velocity, jet fuel 

type, nozzle diameter and combustor size as well as addition of a sec- 

ond fuel and/or diluent to the jet hel and/or to the surrounding air 

stream. The advantages of the proposed model are its simplicity and 

short calculation time. 

a A dimensionless criterion was also proposed to predict the liftoff, the 
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blowout of attached flames and the reattachment limits of jet flames in 

a cdowing a i r  stream. To the knowledge of the author to date, no 

model has been reported for predicting these b i t s  for non-premixed 

jet flames in a ceflowing air stream. The critical value of this criterion 

was only affected by the nozzle shape. 

Good agreement between caldated and experimental values of jet 

flame stabiliw limits was obtained throughout. 

7.2 Future Work 

It was shown that the proposed models have the potential to predict the 

stability limits of non-premixed flames in a cdowing stream. Further im- 

provements in the accuracy of these models and their validities over a wider 

range of operating conditions are required. 

In this research, the correlations used to calculate velocity and concentra- 

tion proaes along the jet have been obtained from experimental results for a 

relatively narrow range of jet to stream velocities, nozzle and combustor sizes 

and density of jet and surrounding stream. Also, the effects of preferential 

diffusion on these profiIes when hydrogen exists in air stream or in jet fuel 

were not investigated. Therefore, more precise and thorough correlations of 

these profiles are needed to minimize uncertainties in the estimation of flame 

stability limits. An effort has been made by the author to achieve more 

accurate velocity and concentration profles using the FLUENT code. The 

results were encouraging, however, further investigation is required in order 

to achieve more accurate results. 

Further investigations are ais0 required to develop a correlation which 
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describes the effed of nozzle shape on the stability limits of non-premixed 

attached jet flames aad reattachment l imits.  
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Appendix A 

Simulation Programs 

A.1 Simulation Program for the Blowout of 

Lif'ted Flames 

FILE *fptrl ; 

int i,n ; 

double ua, ub, ee, cr, ubmin, ubmax, kz0.24, 

uamin=0.05, uamax=0.6, step=O.O1, fun() ; 

fptri  = fopen (l'curve-ub", "un) ; 

n = (int ) ( (uamax-uamin) /st ep) ; 

ua = uamin ; 

for ( i=i; iC=n+2 ; i++ ) 

C 
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ubmin =l ; 

uhmu = 4000 ; 

ub = (ubmin+ubu~) /2 ; 

cr = fun(ua,ub) ; 

ee = fabs (cr-k) ; 

w h i l e  ( ee>=.0000001 ) 

€ 

if ( a c k  ) 

= ub ; 

ub = ( u ~ + u b ~ ) / 2  ; 

cr = fun(ua,ub) ; 

ee = fabs(cr-k) ; 

1 

else < break ; 3 

1 

fprintf (fptrl.  I I X f \ t  %f\nl', ua , ub) ; 

if (ub<2 .) {break ; 

ua = ua + step ; 
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1 

double fun(ua,uj) 

double ua,uj ; 

€ 

double rj=O.OOl , ra=0.064 , ?Er16 , Ha=29 , rhoj=0.584 , 

rhoa=1.06, ~0.385 , Lf=S. , Xmin=.OOl , Xnrar=80 , 

Qj , Qa , mj , ma , rhoi . uk , ud , ctl , ct , y , 

e , g 0  . X , um , a , delta , cm , Tm , kb ; 

Qj = rj*rj*uj ; 

Qa = (ra*ra-rj *r j ) *ua ; 

mj = Qj * rhoj ; 
ma = Qa * rhoa ; 
rhoi = (mj + ma) / (Qj + Qd ; 

uir = (mj + ma) / (ra*ra*rhoi) ; 

ud = (mj*uj + 0.5*ma-a) / (ra*ra*rhol) ; 

ct 1 = ud-0.5-*ult ; 

ct = uk /  (pou(cti, (double) 0 . 5 )  ; 

cm = (Lf *?If) / (Lf*Hf + (100-Lf) *Ha) ; 

y = (O. 5-j) / (cni*rhoa*ua*ra+ra) ; 

e = fabs(Xmax-Xmh) ; 

x = (Xmax+Xmin)/Z. ; 

if ( y>=g(Xmin,ct,uk,ua) && y<=g(m,ct,uh,ua) ) 

< 
vhile (a>= 0.0000001) 

€ 
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if Cy>g(X,ct,uk,ua)) 

C 

X m i n = X  ; 

x = (Xmax+x)/a. ; 

e = fabs (1-ltniinl ; 

1 

else if (y< g(X,ct,uk,ua)) 

i 

X m a r = X  ; 

x = (Xinin+X)/2. ; 

e = fabs (X-Xmax) ; 

1 

e l s e  { break ; ) 

1 

> 
e l s e  C printf ("out of range") ; 1 

a = i +  pou( (X/(5.95*exp(3.54*ct))), (double) 1.67 ) ; 

um = ( uk/ (ct* .O725*X*a) ) + ua ; 

delta  = 0.084*ra*X* (l+pow( (X/ (4.07*- (3.54*ct) ) ) , (double) 1.67) ) ; 

Tm = (4.2/10000. )* delta  / (um*um*um) ; 

kb = (pov(Tm,(double) .5)) * (s*s*10000./7.) * (rj/O.O~i) ; 

return ( kb ) ; 

1 

double g (us ct  ,uk,ua) 

double u, ct,ult,ua ; 

I 
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double Xul, Xu, Xri, k, gl ; 

XUI = u/(5.95*exp(3.54~tct)) ; 

Xu = 1 + pow(Xu1, (double) 1.67) ; 

xri = u/ (4.07*exp (3.54*ct) 1 ; 

Xr = l+pou(Xrl, (double) 1-67) ; 

gi = O ,  043*rx*ac*xr*nr* ( (Uk/ (u*ctlrua*Xu) ) +o. 19 ; 

retusn (g1) ; 

1 

A.2 Simulation Program for Liftoff, Reattach- 

ment and the Blowout of Attached Flames 

# include <stdio.h> 

# include Cmath.h> 

main 0 

C 

FILE *fptrl ; 

int i,n ; 

double ua, ub, ee, cr, ubmin, ubmax, k=2.8 , 

uamin=.05, uamax=1.3, step=.OI, fun0 ; 

fptrl = fopen ("curve-ulbr", "v") ; 

n = (int) ( (unmax-uamin) /step) ; 

ua = unmin ; 

for ( i=l; i<=n+2 ; i++ ) 

I 

ubmin =l ; 
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ubmin = ub ; 

ub = (ubmin+ubmax)/2 ; 

cr = fun(ua,ub) ; 

ee = fabs(cr-k) ; 

1 

else C break ; 3 

3 

fprintf ( fptr i ,  I1Xf\t %f\n", ua , ub) ; 

if (ubc2.) (break ;) 

ua = ua + step ; 

> 
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1 

double fudua, uj ) 

double ua , uj ; 

i 

/* For Reattachment : rhoj=O. 584 */ 
double rj=0.001 , ra=0,064 , W=16 , !4a=29 , rhoj=0.088 , 

rhoa=1.06, s=0.41 , L s I ~ 9 . 5 3  , Xmin=.OOl , Xmax=300 , 

Qj , Q a , m j  , m a ,  r h o 1 ,  u J c ,  u d ,  d l ,  c t ,  y ,  

e , g 0  , X , um , a , delta  . cm , Tm , klbr ; 

Qj = rjWj*uj ; 

Qa = (ra*ra-rj*rj) a ; 

m j  = Q j  * rhoj ; 

m a  = Cja * rhoa ; 

rhol = (mj + ma) / (Qj + Qa) ; 

uk = (mj + ma) 1 (ra*ra*rhoi) ; 

ud = (mj*uj + 0.5*ma-a) / (ra*ra*rhol) ; 

ctl = ud-O.S*utr& ; 

ct = ult/ (pow (ct 1, (double) 0 .6)  ) ; 

cm = (~st*Hf) /(Lst*Mf + (100-Lst)*Aa) ; 

y = (0 .5*mj ) / (cmwhoa*ua*ra*ra) ; 

e = fabs(Xmax-Xmin) ; 

X = ()tmax+lmin)/2. ; 

if ( y>=g(Xmin,ct ,uk,ua) && y<=g(Xmax, ct ,uk,ua) ) 

i 

while (e>= 0.0000001) 

C 
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if (g>g(X,ct,uh,ual) 

I 

X m i n = X  ; 

x = (Xmax+x>/z. ; 

e = fabs (X-Xmin) ; 

3 

else if (y< gCX,ct ,uk,ua~) 

C 

X n i a r = X  ; 

X = (lmin+X)/2* ; 

e = fabs(X-Xmax) ; 

> 
else < break ; 1 

3 

1 

else I printf (llout of range") ;) 

a = 1+ pou ( (X/ (5.95*exp(3.54*ct) ) 1 , (double) 1.67 1 ; 

um = ( uk/(ct* .O726*X*a) ) + ua ; 

delta = 0.084*ra*X* (l+pow ( (x/ (4.07*exp (3.54*ct) ) ) , (double) 1.67) ) ; 

k l b r  = (delta-) / (@pou( (ra*rj ) , (double) O. 5)) ; 

return ( klbii I ; 

J 

double g(u,ct,uk,ua) 

double xx, ct,uk,ua ; 

double Xui, Xu, fil, Xr, gi ; 
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A.3 Calculation of Constants Il and Iz 

/* SIEIPSO13S RULE */ 
# include <stdio .h> 

# include -th. h> 

main 0 

C 

int i; 

double h=0.0001, x l ,  x2=0., s=O., fun(), 1 ; 

for (i-1; i<=40000 ; i++) 

C 

xl=x2 ; 

x2=xl+h ; 

s+=(h/6) *(fun(xl) +4.fun( (xl+x2) /2)+fun(fi) ; 

1 

I = s ;  

printf ("xi=Xf\t 1=%f \nt!, x i ,  1) ; 
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double fun(x) 

double x ; 

C 

double pover ; 

pover = -1 . l 8 l  ; 

/* For 12: power = -0 -488 */ 
return(x*exp(power*pow(x, (double) 1-82) ) ) ; 

3 



Appendix B 

Numerical Example for the 

Blowout of Lifted Flames 

Determination of the blowout limit of a methane jet into a cdowing stream 

of air for the following conditions: 

u,=0.3 m/s SLlst=0.385 m/s 

d0=2 mm LF=5% by volume 

d,=127 mm v = 4.2 x m2/s 

p0=0.584 kg/m3 a = 7 x 10-4 m2/s 

p,=1.06 kg/m3 kBlc,=0.24 

Solution: 

The jet blowout velocity can be calculated using a trial and error method. 

Assiiming a value for this velocity, uo=28.7 m/s, the foliowing variables can 

be calculated using Equations (5.25 - 5.27) and (5.33), as: 
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m, + rn, 5.268 x + 4.08 x 
Pave = - - 

Qo + Q, 9.016 x + 3.85 x 10-3 = 1.049 kg/m3 

X,, = 5.95 exp (3.54Ct) = 5.95 exp (3.54 x 0.925) = 157 

The normalized distance from jet exit, X, where the jet fuel concentration 

at the jet axis is equal to its lean flammability limit can be calculated using 

Equation (5.32), 
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Substituthg the values of calculated parameters into this equation results 

in: 

This equation cas  be solved for X by trial and error method. The results of 

calculation for normalized axial distance is: 

and the corresponding axial distance is: 

The values of 6. and u, corresponding to this position can be caldated 

from Equations (5.22) and (5.23) as: 
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Substituting 6,, u, and kB into Equation (5.34) results in: 

Since the value of both sides of the above equation (blowout criterion) are 

the same, the assumed u, is the jet blowout velocity at these conditions. 



Appendix C 

Derivation of YFsF 

The combustion reaction of a general hydrocarbon (C,H,) J as the jet fuel in 

an ambient of air premked with a hydrocarbon (CnH,& can be expressed 

as: 

where # J is the equivalence ratio of the jet fuel (the molar fuel to air ratio 

to the molar stoichiometric fuel to air ratio); YFsA is the mole fraction of 

surrounding fuel in surrounding fuel-air mixture. x should be evaluated in 

such a way that both the jet fuel and the surrounding fuel burn in their 

equivalence ratio, #J and &, respectively. The combustion reaction of the 

jet fuel in air on its own at equivalence ratio of +J can be expressed as: 
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where [A/FISt, J is the stoichiometric molar air to jet fuel ratio (e-g. for 

methane, [A/F]st,J = 9.524). Also, the combustion reaction of the sur- 

rouading fuel in air on its own at equivalence ratio of ds can be expressed 

as: 

The sum of the air coacient in the left hand side of chernical equations of 

(C.2) and ((2.3) should be equal to that of chernical equation of (Cl), Le., 

Rearrangernent of this equation yields to: 

Substituting the value of x into equation (C.1) results in: 

In the total jet fuel, air and surrounding fuel mixture, jet fuel and sur- 

rounding fuel can be combined to form a fuel mixture. The mole fiaction of 
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surrounding fixe1 in such fuel mixture, YFsF, can be expressed as: 

YFs and YFJ c m  be found fiom Equation (C.6), and replaced into Equation 

(C.7). As a result, 

SimpLFying this equation results in: 

and for stochiometric condition: 

This expression for YFsF as a function of YFsA can be used in calculations 

of the larninar burxting velocity of a jet fuel in a surrounding stream of air 

premixed with fuel. 



TEST TARGET (QA-3) 

APPLIED 1 IWGE . lnc 
1653 East Main Street - -. , Rodiester. NY 14609 USA -- - Phone: 7161482-0û00 -- -- - - Fm Tl 6/ZB&5989 




