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Abstract

Stability limits of non-premixed jet flames into a co-flowing oxidizing stream
have been studied both experimentally and analytically in this work.

The combined effect of jet velocity and co-flowing stream velocity on
flame stability were investigated experimentally for methane, propane, ethy-
lene and hydrogen as jet fuels. Four different types of flame stability limits
were observed: liftoff, reattachment, blowout of lifted lames and blowout of
attached flames. Depending on the value of the co-flowing stream velocity,
three different regions were recognized. At low co-flowing stream velocities,
blowout of lifted flames was observed while at higher co-flowing stream ve-
locities, blowout of attached flames took place. For mid values of stream
velocities, both 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 effects
on the flame stabilization mechanism. Furthermore, the optimum ignition
conditions for achieving higher blowout limits were explored experimentally
and an ignition limit for attached flames was recognized.

Experiments indicated that the addition of diluents to a jet fuel or sur-
rounding air stream could decrease the blowout limits of methane jet flames.
Nitrogen, carbon dioxide and heliumn 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
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used as auxiliary fuels. The effect of nozzle configuration on the stability
limits of jet flames 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 co-flowing stream. The need for two different models arises from
the fact that the nozzle far-field conditions are responsible for blowout of lifted
flames, while the nozzle near-field conditions affect the blowout of attached
flames, liftoff and reattachment.

In the present study, a model for blowout of lifted lames was proposed
based on a well-recognized criterion. According to this criterion, blowout oc-
curs when the ratio of the mixing time scale to characteristic chemical time
scale falls below a critical value. The advantage of this model stem from
utilization of a different expression for the mixing time. The predictions 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 also proposed to predict liftoff, reattach-
ment and blowout of attached flames in a co-flowing air stream. It was
shown that these phenomena take place as the value of this criterion be-
comes equal to its critical value. The predicted stability limits using this
criterion 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

1.1 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 practical applications such as gas turbine combustors, rocket motors, ram
jets, industrial furnaces, 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 flame zone through molecular and turbulent
diffusion. The combustion processes are controlled by the entrainment of
surrounding oxidizer into the mixture of jet fuel and hot products of com-
bustion until a lammable mixture is reached. A jet flame discharging into
an effectively “infinite” quiescent atmosphere is called a free jet flame, while

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

An increase in the fuel jet velocity results in detachment - liftoff - of the
flame from the burner rim. With further increase of the jet velocity, the lifted
flame blows out, while a decrease in the jet velocity can lead to reattachment
of lifted 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 particularly 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 chemical processes affecting flame 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 co-flowing oxidizing stream. Adding a co-flowing oxidizing
stream increases the efficiency of the combustion process, shortens the flame
length and reduces the residence time for NO, formation [1], 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 flames in co-flowing streams.
These models are incapable of predicting accurately all the experimental
observations. At the present time, there is no model available to predict liftoft
and blowout of attached flames in confined co-flowing streams as well as an
observed hysteresis phenomenon in reattachment of lifted flames. Moreover,

the model available for predicting blowout of lifted flames [2] cannot predict
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accurately enough the experimental trends over a wide range of operating
conditions. Relatively limited experimental information is available on the
stability limits of jet flames in a co-flowing air stream to validate a model.
In spite of several experimental studies on the effect of confined co-flowing
stream velocity on the stability limits of jet flames, there is no firm report of
a thorough measurement of various phenomena 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 potential sources of fuel. Due to
insufficient data on the stability limits of these mixtures experimental and
analytical studies are required to identify 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
limits of jet flames. One effective technique to improve these limits is the
introduction of a secondary fuel into a surrounding air stream [3-5]. Accurate
modeling is required to explain this phenomenon.

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 co-flowing air contains a small concentration of a dilu-
ent or a fuel. For example in gas turbines and internal 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 lower
stability limit for jet flarnes. Only limited information is available about the

flame stability limits in such conditions at the present time.

1.2 Objectives

The above section reveals that more measurements and modeling are needed
to describe the stability of jet flames. The goal of the current research is to
develop a simple yet comprehensive model predicting the blowout limits of
lifted jet flames in a wide range of jet fuel compositions, fuel nozzle geometries
and co-flowing stream velocities and compositions. The other purpose of this
research is to obtain a dimensionless criterion for predicting the effect of fuel
type and co-flowing stream velocities on the liftoff, reattachment 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-flowing stream
on the flame stability characteristics as well as to validate the developed
models. The proposed models should be validated against the available ex-

perimental data in the literature as well.



Chapter 2

Literature Survey

The stability limits of non-premixed jet flames - liftoff, reattachment, blowout
of lifted or attached flames - have been subjects of numerous research efforts
and have been studied through experiments [1-39] and semi-empirical mod-

eling or computation [2,40-62]. A review of these efforts is summarized in

this chapter.

2.1 Experimental Studies of Flame Stability

Simple Free 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) [7-12,40~43,63]. 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 lifted flames showed
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that fuel concentration at the stabilization point is close to stoichiometric
composition.

Similar measurements were conducted 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 burning 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 structure and hysteresis char-
acteristic of lifting and reattaching for propane jet flames. They stated that
the dynamics of organized structures control the reattachment process. In
addition, the effect 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 experimental
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. Savas and Gollahalli [11] reported that jet flame
liftoff and reattachment velocities depend on the shape of the velocity profile

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

Unconfined Co-flowing Jet Flames. The effect of an unconfined,
co-flowing air stream on stability limits of non-premixed jet flames was stud-
ied experimentally by many researchers [1, 6, 13-19,44-46]. 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
limits of lifted flames significantly, while it had a minor effect on reattach-
ment limits. In comparison, 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 [17,18] and Varnos et al [13]. Their
measurements on a variety of nozzle diameters and lip-thicknesses show that
these velocities increase with a decrease in the nozzle diameter and an in-
crease in the nozzle lip-thickness.

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 argon. In the case when



2.1 Experimental Studies of Flame Stability

a diluent was added to both jet fuel and co-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-flowing Jet Flames. The stability limits of non-
premixed jet flames in a confined co-flowing oxidizing stream were investi-
gated experimentally over many years (2,3,5,20-30,38,39,64]. Most of these
studies were limited to a relatively narrow or low range of stream velocities
(up to 0.6 m/s) [21-26]. Very few studies were conducted 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 [27] for methane, propane,
ethylene and hydrogen and for small jet diameters (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 flame before blowout (lifted or
attached) depends on the value of the co-flowing stream velocity. An increase
in co-flowing stream velocity decreased blowout limits to a larger degree for
lifted flames than for attached flarmes. In spite of several 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 auxiliary fuel 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 lip-thickness on blowout limits was
reported by Yoon et al [28] for a hydrogen jet of 7 mm diameter and by
Papanikolaou 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 lip-thickness.

2.2 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 lames
issuing into a quiescent medium [40,41, 43,44, 47-53] and only a few theo-
retical studies have been conducted for jet flames into a co-flowing oxidizing
atmosphere, either confined or unconfined [2,46]. The available predictive
models for liftoff and blowout are based on concepts of premixed combus-
tion, laminar flamelets quenching, velocity gradient, small-scale structures
and large scale mixing structures.

Premized 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. Furthermore,
they have shown that with further increase in gas velocity, the location of
flame stabilization was forced toward a downstream position where the sto-
ichiometry contour reaches its maximum width. In this condition, flame
blowout will occur since the intensity of turbulence and therefore turbulent
burning velocity no longer increases sufficiently in order to balance the local
gas velocity.

Utilizing the same stabilization mechanism, Gunther et al [41,42] studied
the lifting phenomenon for jets of natural gas and hydrogen. Also, Kalghatgi
[7,8] used this flame stability model 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 {10] and Schefer et al [35,36] supported the premixed concept by
measurement of concentration, temperature and velocity around the flame
stabilization region for lifted flames.

Recently, Kaplan et al [47] used numerical simulations of an axisymmet-
ric co-flowing methane jet lame to study the flame liftoff phenomenon. 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 reasonable agreement with the
experimental data of Kalghatgi [8]. They concluded that the results verify
the premixed theory of Vanquickenborne and Van Tiggelen [40].

Laminar Flamelets and Partially Premized 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 flame. These authors proposed instead, the laminar 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 sufficiently low, so a reasonable fraction of the laminar
diffusion flamelets remains unextinguished.

Based on this model, laminar diffusion flamelets cannot exist when the
rate of dissipation of the (scalar) mixture fraction (defined to have a value of
zero in the ambient atmosphere and unity at the nozzle exit) at its stoichio-
metric value exceeds a critical value. However, they chose an arbitrary func-
tional form 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 [50] used the theory of partially premixed
flamelets to predict the experimental flame liftoff height reported by Kalghatgi

[8] and Miake-Lye and Hammer [43] for a simple methane jet flame. Peters



2.2 Theoretical Studies of Flame Stability

12

et al [49,50] concluded that both stabilization models of partially premixed
flame propagation and laminar flamelets quenching can remain relevant.

Sanders and Lamers [51] used the laminar diffusion flamelets concept of
Peters and William [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 velocity
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 model predicted accurately the
experimental trend existing between flame liftoff height and jet exit velocity.
In this model the coefficient for the strain rate was chosen by comparing and
fitting calculated results to experimental ones.

Velocity Gradient Model. The concept of velocity-gradient proposed
by Lewis and von Elbe [65] was employed by different researchers to predict
the blowout limits of premixed and non-premixed flames. According to 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, co-flowing jet flames by Kremer et al [44].
Their experimental results showed that there is an optimum value 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 their 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 flame stabilization of unconfined
turbulent diffusion flames with swirl.

Small-Scale Structure Based Models. Byggstoyl and Magnussen
[48,56] proposed a model for local extinction of a simple free jet flame based
on the Eddy Dissipation Concept (EDC) in turbulent flow. Extinction is
assumed to take place in fine (small-scale) structures which are responsible for
the dissipation of turbulence into heat. According to this extinction model,
a lifted diffusion flame will be stabilized at the stoichiometric contour and at
the position where the turbulent fine structure time scale equals the chemical
time scale. The quenching time scale used in this model was obtained from
the experimental data which was then used to predict the flame liftoff heights
versus jet exit velocity.

Large-Scale Structure Based Models. A different physical mecha-
nism based on the nature of large scale motions in turbulent jets was proposed
by Broadwell et al [52] to explain the flame blowout phenomenon of simple jet
diffusion flames. In this model, large scale flow structures brings ambient air
in contact with a mixture of fuel and hot reaction products and after a cer-
tain time this mixture reaches the Kolmogorov scale in turbulence cascade.
Blowout is expected when the local air and the hot mixture of products and
fuel homogenize very rapidly and as a result there will be insufficient time
for ignition before the temperature and concentration of radical species drops
below a critical value. In this condition, the ratio of the local mixing time,
Tm, to a characteristic chemical time, 7., becomes less than a critical value
at a distance proportional to flame length. Based on this proposed flame
blowout criterion, an expression for jet blowout velocity was derived which

accurately predicted the experimental findings of Kalghatgi [7] for a free jet
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flame. An expression was also derived for liftoff height as a function of jet
exit velocity, but the validity of this expression was not verified by them.

Miake-Lye and Hammer [43] argued that due to the one dimensionality
of the model of Broadwell et al [52], it is not directly applicable to the liftoff
height. Accordingly, they developed a model based on the strain rate of
large-scale coherent motions in a lifted turbulent jet flame 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 flow 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 [1] to predict the flame
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
measurements.

All the above models were developed for free jet flames which do not
include the effect of confined co-flowing 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 models for a simple jet flame and showed that none of the available
models is completely satisfactory in correlating the existing experimental

results.
Dahm and Dibble [2] applied Broadwell et al [52] concept for the flame
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stabilization to develop a predictive procedure for evaluating the blowout
limits of lifted flames in a confined, co-flowing stream of air. By using veloc-
ity and concentration profiles for a jet in a co-flowing stream measured by
Biringen [68], they calculated the position where the local flame stabilization
mechanism 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 mixing
time to chemical time is less than a critical value for flame blowout conditions.
Comparison of the predicted blowout limits obtained from their analysis with
the experimentally-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 velocity.

It can be seen from this literature survey that:
® majority of the available models are related to the free jet flames.

e all the models are semi-empirical and include coefficients determined
from the experiments. Therefore, their applications are limited only to

specific types of operating conditions.

¢ 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.

e none of these models describe the hysteresis phenomenon of flame liftoff

and reattachment.
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Experimental Apparatus and

Procedure

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

gate for non-premixed jet flames in a co-lowing stream:

e the stability curves and ignition characteristics for single and multi-

component gaseous fuels,

o the effect of diluent addition to the jet fuel on the stability limits,

o 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 fuel-diluent mixtures as the jet fuel

and control their composition.
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2. produce and control co-flowing stream velocity,

3. mix homogeneously the auxiliary fuel or diluent with air and control

its concentration in the surrounding stream,
4. conduct flame visualization studies.

Detailed descriptions of the experimental apparatus and the procedure em-
ployed for evaluating the stability of a confined, co-flowing non-premixed

flame are presented in the following sections.

3.1 Experimental Apparatus

An existing experimental well developed facility was employed (27, 29, 69].
The schematic diagram of the experimental apparatus is presented in Fig-
ure 3.1. The experimental apparatus consists of a vertical combustor, fuel
and air supply systems and different flow control and metering systems.

The stability limits of circular 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 mm?, 1300 mm tall 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 uniform velocity of the air stream.

The surrounding air stream was generated using a centrifugal 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 co-flowing
stream velocities were “the mean stream velocity at the entry to the combus-

tor”. The apparatus permits the homogeneous mixing of an auxiliary fuel or
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a diluent gas with the air stream at a point far upstream of the entry to the
combustor.

Various fuels and diluents were supplied from high pressure cylinders and
were carried to the jet and surrounding stream through seven independent
feed lines. For simplicity, only two feed lines have been shown in Figure 3.1.
All 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 brass 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 nozzle up to 40 mm downstream.

The jet nozzles employed were of 2.00 and 2.82 mm inside diameter, d,,
with a lip-thickness, A, of 1.82 mm and 1.33 mm, respectively. Also a sharp-
edged circular nozzle of 2.00 mm inside diameter with a lip-thickness 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 fuels employed in the experiments were commercially pure metane,
ethylene, propane and hydrogen, while nitrogen, carbon dioxide and helium
were used as diluents. All experiments were conducted at ambient tempera-

ture and pressure conditions (approximately T = 296 K and P & 89 kPa).
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Figure 3.2: A schematic diagram of jet nozzles employed.

3.2 Experimental Procedure

The stability limits - liftoff, reattachment and blowout - of single and multi-
component jet fuels were determined at different stream velocities and differ-
ent fuel or diluent concentrations in the surrounding air stream by employing
the following procedures.

Liftoff Limit of Attached Flames. The liftoff limits of single and
multi-component fuels were determined visually as follows. The co-flowing
stream velocity was first set at the desired level and the jet was electrically
ignited at a low jet flow rate. Then, the jet flow rate was gradually increased
until the flame lifted and stabilized at a distance downstream from the burner
rim. The jet flow rate associated with sudden flame liftoff from the burner
rim was recorded as the liftoff limit.

Reattachment Limit of Lifted 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 returned to the

burner rim.
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Blowout Limit of Lifted Flames. Generally, two procedures can

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 experimental
uncertainty of approximately 5%. The blowout limits of lifted flames for
single component fuel jets were determined visually using the first procedure.
For the sake of simplicity, in tests with fuel miztures as the jet fuel, the
blowout of lifted flames was achieved by gradually increasing the air flow
rate while keeping the jet flow rate and composition constant (the second
procedure).

Blowout Limit of Attached Flames. 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 fuel flow rate
was increased gradually until the flame blowout was observed.

Fuel or Diluent in Surrounding Stream. The stability limits of
the non-premixed jet lames within a co-flowing stream of air containing an
auxiliary fuel or a diluent were established by first setting the flow rate of air
as desired and then introducing the required quantity of the auxiliary fuel
or the diluent into the air stream. After ignition of the jet fuel, the liftoff
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 Results 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 different
jet fuels. Also, the effect of nozzle geometry on methane stability limits is
investigated in 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 phenomena. Introducing a secondary fuel, commonly
known as auxiliary fuel, into the surrounding air stream can be an effective
technique for improving the stability limits of jet flames. The results for a
methane jet flame and different auxiliary 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 helium were used as the diluent gas.
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4.1 Flame Stability Curves for Pure Fuel Jets

Generally, two different types of non-premixed jet flames can be observed
depending on the values of jet and co-flowing stream velocities. At sufficiently
low jet velocities, regardless of stream velocity, the flame is stabilized at the
burner rim. This is an attached flame. A photograph of an attached
non-premixed ethylene flame is shown in Figure 4.1.

At sufficiently high jet velocities and relatively low streamn velocities, the
flame is lifted from the rim 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 fiame base)
increases. An example of a lifted ethylene flame is shown in the photograph
in Figure 4.2.

The stability limits of lifted and attached flames for different fuels in a
co-flowing air stream were determined experimentally. The experiments were
conducted with a nozzle of 2 mm diameter and 1.82 mm lip-thickness. The

configuration of this nozzle is shown in Figure 3.2a.

4.1.1 Stability Curves for Methane Jet

The stability limits 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 limits very significantly. Three different regions named
I, IT and III can be recognized depending on the value of the co-flowing
air stream velocity. The Reynolds numbers for the co-flowing stream, Reg,
shown in the figure are calculated based on the combustor hydraulic diameter

of 0.127 m and the air kinematic viscosity of 15 mm?/s.
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Figure 4.1: Photograph of an attached ethylene nonpremixed flame in a
co-flowing stream of air. The jet and stream velocities are 17.7
m/s and 0.94 m/s, respectively. The jet nozzle diameter is 4.5
mm. .
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Figure 4.2: Photograph of a lifted ethylene nonpremixed flame in a co-
flowing stream of air. Jet and stream velocities are 19.65 m/s
and 1.52 m/s, respectively. Jet nozzle diameter is 4.5 mm.
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Figure 4.3: Stability limits of a methane non-premixed flame as a function
of co-flowing air stream velocity. Jet diameter = 2.00 mm.
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Region I. At co-flowing stream velocities less than ~0.34 m/s (Reg ~
2800), both lifted and attached stable flames can be observed. The jet can
be ignited at all possible stream-jet velocity combinations, but the type of a
flame resulting from the spark ignition depended on the co-flowing 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
resulted 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 less 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 limit 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 flame 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 line KB. Line KB is generally accepted as the liftoff
limit of jet flames. It can be seen that the liftoff limit decreases slightly with
an increase in the surrounding stream velocity.

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

blowout limit. The blowout limits 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 line 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 phenomenon 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 has 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 I, for co-flowing stream velocities of 0.34 m/s <
us < 0.66 m/s, both lifted and attached flames can be observed. The type of a
flame resulting from 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 MNB, 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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Generally, in region II, if ignition resulted in an attached flame, this flame
would 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 limit of attached flames, can be con-
sidered as a continuation of line KB, the liftoff limit of attached flames. The
blowout limits of the aftached 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 co-flowing stream velocities than the blowout limits of
lifted flames. Consequently, the lifted 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 flames.

The value of the stream velocity at point B, which separates region I from
II, will be called as limiting co-flowing stream velocity (Figure 4.3). The
importance of this velocity stems from 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 from 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 flame could not exist at
all.

It was not possible to ignite a jet when its velocity exceeded the values
shown by line PR. Moreover, at stream velocities higher than ~ 1.3 m/s,
the ignition of the jet was achieved with difficulty even at very small jet

velocities.

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

in the different regions of I, IT and III are listed in Table 4.1.

4.1.1.1 Effect of Nozzle Geometry

Effect of Nozzle Shape. In the present study, the effect of nozzle shape
on stability limits was investigated employing relatively small nozzles of 2
mm diameter. The results of stability limits for two nozzles of the same
diameter but of a different shape and lip-thickness (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 smaller effect
on the blowout limit of lifted flames than on those of attached flames. This
was rather expected, since the position of the lame stabilization region for
lifted lames 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 co-flowing air and fuel jet provides a



Table 4.1: A summary of ignition conditions and flame types at the moment
of ignition and blowout at different co-flowing stream velocities
for a methane non-premixed flame. For the definition of lines
and regions refer to Figure 4.3.

Ignition Conditions

Flame Type at

. Ignitor Blowout
Coflowing Stream . e . .
No. ) Jet Velocity Position from | Ignition | Blowout | Limit
Velocity, (m/s) .
rim (mm) (line)
1 below line EF up to 40 attached | lifted AB
2 Region I within region LMFE | at the rim attached | lifted AB
3 (us £0.34) within region ABFE | 40 lifted lifted AB
4 within region ABML | up to 40 lifted lifted AB
5 below line FG up to 40 attached { attached BC
6 Region 11 below line MNP at the rim attached | attached BC
7 (0.34 < u, <0.66) within region BGF | 40 lifted lifted BG
8 within region up to 40 no ignition was _
BCPN possible
9 Region III below line PR up to 40 attached | attached CD
10 (ua 2 0.66) within region up to 40 no ignition was

CDRP

possible
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Figure 4.4: Stability limits 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 stabilizing effect on attached flames [18]. Consequently, the liftoff
and blowout limits of attached flames 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 only
10 percent change in blowout limits of lifted flames. Variations in the nozzle
configuration did not affect the value of limiting co-flowing stream velocity.

Effect of Nozzle Stze. 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 limits of lifted flames can be
very significant especially for small co-flowing stream velocities. The blowout
limits for these two jet flames are close to each other at higher co-flowing
stream velocities.

In comparison, the liftoff and blowout limits of attached flames showed
a reverse trend with an increase in the nozzle size. The liftoff and blowout
limits of attached flames were smaller for the larger nozzle over the entire
range of co-flowing stream velocities considered. A similar trend was observed
by other researchers as well [27,30]. The limiting co-flowing stream velocity

increased somewhat with an increase in the nozzle diameter.

4.1.2 Stability Curves for Other Common Fuels

Stability curves similar to those described for methane jet flame were also
obtained for propane, ethylene and hydrogen. They are shown in Figures 4.6,
4.7 and 4.8. Regions I, II and III can be identified for all these fuels,
however, their relative size depends on the type of a fuel. These regions were

also observed for an unconfined, co-flowing hydrogen jet flame in air [14].
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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 and ethylene, respectively. For the
same jet diameter, these values are approximately consistent with the values
reported in [7] as ~35.5 m/s, ~57 m/s and ~124 m/s, respectively.

The blowout limits of lifted flames were the highest for hydrogen followed
by ethylene, propane and 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 limits of attached flames were the
highest for hydrogen jet foliowed by ethylene, methane and propane as shown
in Figures 4.10 and 4.11.

4.1.3 Limiting Co-flowing Stream Velocity

As defined previously, the limiting co-flowing stream velocity is the minimum
co-flowing stream velocity at which blowout of attached flames can 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 experimentally obtained values of the limiting co-
flowing stream velocities, Usy,, and corresponding jet velocities at liftoff,
UL ., and reattachment, Ug r, for different fuels and nozzle diameters.
Stream Velocity. The limiting co-flowing stream velocities, Us,r,, were
correlated in terms of jet diameter, d,, the square root of jet fuel to co-flowing
air density ratio, (po/pe)'/? and the square of the maximum laminar burning

velocity, (SL,maez)?- This can be expressed as:

Uss = 016 X 10 do( ) (S )
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Figure 4.6: Stability limits of a propane non-premixed flame as a function
of co-flowing air stream velocity. Jet diameter = 2.00 mm.
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Jet fuel: Ethylene; Stream: Air; d =2 mm
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Figure 4.7: Stability limits of an ethylene non-premixed flame as a function
of co-flowing air stream velocity. Jet diameter = 2.00 mm.
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Figure 4.8: Stability limits of a hydrogen non-premixed flame as a function
of co-flowing air stream velocity. Jet diameter = 2.00 mm.



4.1 Flame Stability Curves for Pure Fuel Jets 39

Stream velocity (m/s)
6 7 8 9
Ty ¥ T ] T 14
140 OH, ‘ﬁo 4 1200

o - ogﬁ, %o ]

o S AGH, X -
> - NN acCH, \ 1000 &'
E 100 F N o0 ) o
z %, J800
8 S - g
2 o8 g
5 & 1% g
= -— & & 4 =
..Q g
Q ~~
- {400 §
5] % A @
— o OQ d Suwe”

%’ °3\° - 200
o 4
L ] 3 ] 0

0
0.0 04 08 1.2 16 20
Stream velocity (m/s)

Figure 4.9: The blowout limits of lifted flames for different fuels as a func-
tion of co-flowing air stream velocity. Jet diameter = 2.00 mm.



4.1 Flame Stability Curves for Pure Fuel Jets

40

Stream velocity (m/s)
5 6 7 8 9
T T T Tl T L
- ©OH, < - 300
H *
i OC2H4 o %\__% -
- DCH4 OO?O\ o0 200
L ACH,
s | 1 £
E | P
> J o
= 8
8 ; &
) —_
o @.0o_ . =4
2 0 CH, | <
A-A- )
Bova CH, |
[ N 1 2 §

0
0.0 04 0.8 1.2 1.6 2.0
Stream velocity (m/s)

Figure 4.10: The reattachment limits of lifted flames for different fuels as
a function of co-flowing air stream velocity. Jet diameter =
2.00 mm.



4.1 Flame Stability Curves for Pure Fuel Jets

41

Stream velocity (m/s)
5 6 7 8 9
| S B B s R S 600
L Liftoff Blowout Fuel j
- 9 ¢ H H, 000- 0%Mepesnse
. o e CH, ° 4 500
A [ CH, J
L A A
_ CH, {400 &
E 50 -
' . <
2 ol 2
‘§ 400--\_* 1 Q.
< - <
¥ T00-000-gfe-e-eee -0 CH, 1 8
3 30 2
— % - ‘ n o ~
k--\"‘ CH4 b
T T OAMA-A—AA—&- i
10 CH,
0 | 1 j___ [ 3 ] g ] 2 | }
0.0 04 0.8 1.2 1.6 2.0 24
Stream velocity (m/s)

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.



4.1 Flame Stability Curves for Pure Fuel Jets

The term d,(po/poc)'/? represents the rate of decay of the jet flow. A lower
value for this term results in a faster decay of the jet flow [71-73], as can be

easily seen for a jet discharged into a quiescent medium [71],

Um , doPo i
it pm) (4.2)

where u,, is the maximum axial velocity (at the jet axis) at any downstream
distance z from the nozzle and u, is the jet velocity at the nozzle exit.
A faster decay of jet flow results in a smaller mixing time scale {the time
required to mix reactants and hot products). Also, the reciprocal of (S maz)?
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 time. A smaller
value of this ratio results in a smaller 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 literature
[27,30] are also included. In calculations, the maximum burning velocity of
methane, propane, ethylene and hydrogen were taken as 0.41, 0.46, 0.79 and
3.0 m/s, respectively [74-76].

Jet Velocities of Liftoff 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

correlated using the following dimensionless parameter:

. U * Oy
SL.maz('ro ° roo)lﬂ

k (4.3)

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

jet flow width, d,, is linearly increasing with downstream distance, z, (for
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Figure 4.12: The limiting co-flowing air stream velocity for different fuels
and jet diameters. Open symbols: from Ref. [27] for jet diame-
ter of 1.00, 1.50 and 2.00 mm; Cross symbols: from 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 [2]:

8y ~z (4.4)

The centerline velocity, u, is also linearly decaying with distance, z (equation
4.2). Combining Equation (4.2) and (4.4),

U - 8 ~ U - d - (;”’i)ll2 (4.5)

Substituting the above relation into equation (4.3) and rearranging results
in:

o = - (Stmae)(C= Pyt (4.6)
The density ratio can be expressed in terms of molecular weight and tem-

perature ratios as:

U, =k- (St

T2 T A (4.7)
where To, = 300 K and % is a constant which is calculated as follows. By
replacing u, = Up r for the liftoff jet velocity (UL, extracted from the ex-
perimental data) and T, = 2000 K, £ = 2.2 can be obtained. Since before
liftoff the jet flow near the nozzle is hot, T, = 2000 K is used in this case.
In the same way, constant k£ can be calculated to be equal to 2.2 for the
reattachment jet velocity by replacing u, = Ugr,t (Ur extracted from the
experimental data) and T, = 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 fuel type and nozzle
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diameters reveals that this parameter is equal to 2.2 as long as the noz-
zles have the same configurations. Therefore, the above correlation can be

written for the reattachment jet velocity as follows:

Urt =22(SL )1/2(1'00 )1/ (4.8)
and for the liftoff jet velocity as:
Ups = 2.2(5L,,m) )1/2(’“’ )L/ (4.9)
or
s = Una (720 (4.10)

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 laminar burning velocities are the same as the values

given in Section 6.3.

4.2 Stability Curves for Methane-Hydrogen

Jets

It was shown that the stability limits 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
compared to methane. For example, the maximum blowout velocity of the

attached flame was ~ 550 m/s for hydrogen, 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 fuels 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 flame was also
very high (~7.70 m/s compared to ~0.34 m/s for methane). An addition
of hydrogen to methane can improve its stability limits. In addition, since
hydrogen is a “clean” fuel, it is always desirable to burn fuels with higher
content of hydrogen.

To investigate the effect of hydrogen addition to methane on its stability
limits, tests were conducted for different methane-hydrogen mixtures. The
blowout limits of a mixture containing 15 percent of hydrogen 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 comparison. The presence of larger
amount of hydrogen in the jet fuel provided higher blowout limits of the
flame at all co-flowing 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 containing 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 from 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 containing 85% of methane and 15% of

hydrogen. Jet diameter = 2.00 mm.
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Jet fuel: 75% CH, +25% H,, Stream: Air, d =2 mm
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Figure 4.16: Flame blowout limits as a function of co-flowing stream veloc-
ity for a fuel mixture containing 75% of methane and 25% of
hydrogen. Jet diameter = 2.00 mm.
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Jet fuel: 50% CH, + 50% H,, Stream: Air, d =2 mm
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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.



4.2 Stability Curves for Methane-Hydrogen Jets

52

Jet fuel: 25% CH, + 75% H,, Stream: Air, d =2 mm
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Figure 4.18: Stability limits as a function of co-flowing stream velocity for a

fuel mixture containing 25% of methane and 75% of hydrogen.
Jet diameter = 2.00 mm.
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containing 33 and 55 percent of hydrogen using a nozzle of 2.2 mm diameter.

As in the case of pure fuel jets, the blowout limits of attached flames for
different methane-hydrogen mixtures in region II were higher than those of
lifted flames especially at higher co-flowing stream velocities. In addition,
the blowout limits of the attached flames were much less sensitive to the
changes in the co-flowing air stream velocity than those of the lifted flames.
This makes them attractive to the operation in practical combustion devices.
Lifted flames are usually avoided and considered unstable in practice. How-
ever, there is a need to estimate the limits for their existance in combustion
devices.

The effect of hydrogen addition to the methane jet on limiting co-flowing
stream velocity, Ug,z, is shown in Figure 4.20. It was unexpected that hydro-
gen addition up to 50 percent would not result in an increase in the limiting
co-flowing stream velocity.

Effect of Nozzle Diameter. Similar trends for the stability limits
were also observed for a jet diameter 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 co-flowing stream velocity. However,
the limiting stream velocities for both fuels (methane and methane-hydrogen
mixture) were higher than the corresponding limiting stream velocities for a
smaller jet of 2 mm diameter (Figure 4.19).

Furthermore for a jet diameter of 2.82 mm, stability region I 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 I was recognized

for a methane-hydrogen jet containing only 15 percent of hydrogen.
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Figure 4.20: The limiting co-flowing stream velocity as a function of the
mole fraction of hydrogen in methane-hydrogen mixture for
different methane-hydrogen jet flames in air stream. Jet di-
ameter = 2.00 mm.
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Figure 4.21: The jet flame blowout velocity as a function of co-flowing
stream velocity for two different fuel mixtures.
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4.3 Effect of Fuel in the Surrounding Stream

It is known that the addition of a fuel (auxiliary fuel or surrounding fuel)
into a surrounding air stream can substantially enhance the stability of non-
premixed flames [3,5,25,29]. This eflect was also investigated experimentally
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 flame in a co-flowing stream
containing an auxiliary 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 significantly 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 from 0.34 m/s to 0.7 m/s.

An addition of an auxiliary fuel into the co-flowing air stream enhanced
the blowout limits of the lifted flames more significantly than those of the
attached flames. This enhancement is more significant at smaller co-flowing
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 surrounding
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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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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Figure 4.23: The blowout limits of a methane jet flame as a function of
co-flowing stream velocity for different concentrations of hy-
drogen in the co-flowing stream.
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Figure 4.24: The blowout limits of a methane jet flame as a function of co-
flowing stream velocity for different concentrations of ethylene
in the co-flowing stream.
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Figure 4.25: 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.
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Figure 4.26: The blowout limits of methane jet flames as a function of
co-flowing stream velocity for different fuels in the co-flowing
stream.
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Figure 4.27: The blowout limits of methane jet flames as a function of
co-flowing stream velocity for different fuels in the co-flowing
stream.
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the blowout limits varies with the type of auxiliary fuel involved. The most
improvement on blowout limits of lifted flames (open symbols) was observed
with propane followed by ethylene, hydrogen and methane as auxiliary 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 co-flowing
stream on the blowout limits of the methane jet flames are approximately
the same. 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 limits 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 methane-diluent 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
drop in the blowout limits over the entire range of co-flowing stream velocities
considered. Jet blowout velocity decreases almost linearly with an increase

in the mole fraction of diluent (Figure 4.31). The slope of graphs (lines)
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represent the rate of this decrease which remains approximately constant for
different co-flowing stream velocities (the lines are approximately parallel for
each diluent). The most detrimental effect was observed with carbon dioxide
as the diluent followed by nitrogen and then by helium (Figure 4.32). This
trend is consistent with the variation in the transport and thermochemical
properties of such fuel-diluent mixtures.

Diluent in Methane-Hydrogen Jet. The effect of addition of carbon
dioxide to a methane-hydrogen fuel mixture on its blowout limits is shown
in Figure 4.33. It can be seen that the addition of carbon dioxide to the jet
fuel has a stronger effect on the blowout limits of methane-hydrogen flames
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 carbon dioxide 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 Surrounding 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 small quantities can be very detrimental to
the flame stability. As can be observed from Figure 4.36, jet blowout velocity
decreases almost linearly 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 limits of methane-nitrogen lifted flames 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 limits of methane-carbon dioxide lifted flames as

a function of co-flowing stream velocity for different carbon
dioxide concentrations in the fuel mixture. Jet diameter =

2.00 mm.
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Jet fuel: CH +He, Stream: Air, d =2 mm
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Figure 4.30: The blowout limits of methane-helium lifted flames as a func-

tion of co-flowing stream velocity for different helium concen-
trations in the fuel mixture. Jet diameter = 2.00 mm.
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Jet fuel: CH +Diluent, Stream: Air, d =2 mm
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Figure 4.31: The blowout limits of methane-diluent lifted flames as a func-
tion of the mole fraction of diluent in methane-diluent mixture
for different co-flowing stream velocities. Jet diameter = 2.00

mm.
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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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Jet fuel: CH +H,+CO,, Stream: Air, d =2 mm
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Figure 4.33: The blowout limits of lifted flames as a function of co-flowing
stream velocity for different methane-hydrogen-carbon dioxide
mixtures. Jet diameter = 2.00 mm.
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remains approximately constant for different co-flowing 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 nitrogen. At co-flowing stream velocity
of 0.3 m/s, the blowout velocity of methane flame 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 velocity decreased from 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 also 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 affects 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

flame stabilization before blowout.



4.4 Effect of Diluents

73

Jet fuel: CH,, Stream: Air+N,, d =2 mm
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Figure 4.34: The blowout limits of methane lifted flames as a function of
co-flowing stream velocity for different nitrogen concentrations
in the co-flowing stream of air. Jet diameter = 2.00 mm.
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Jet fuel: CH,, Stream: Air+CO,, d =2 mm
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Figure 4.35: The blowout limits of methane lifted 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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Figure 4.36: The blowout limits of methane lifted flares as a function of
the mole fraction 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, well downstream of the nozzle, are responsible for stabilization of lifted
flames, while near-field conditions i.e., in the vicinity of the nozzle rim are
responsible for stabilization of attached flames. 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 lifted 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 lifted flames
stems from a model described by Dahm and Dibble (2]. The author modified
this model significantly to achieve a more accurate prediction of experimen-
tally determined blowout limits over a wide range of operating conditions.
This model is based on the ratio of two well-recognized parameters in flame
stabilization processes, i.e., the mixing time of reactants and the chemical
time (combustion time).

Mizing Time. In a turbulent flow, there is a co-existence of large and
small eddies. These eddies are mutually interconnected and their influence
on flame propagation can not be separated. Due to fluid viscosity, the large
eddies transfer their energy to smaller eddies, in turn these smaller eddies
transfer energy to even smaller eddies, etc. This energy cascade driven by
vortex stretching leads to viscous dissipation of energy by the smallest eddies
[77]. Many different length scales have been defined in turbulent 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 time, can be defined as a function of the kinematic viscosity, v, and the
energy dissipation rate per unit mass, €, as {77]:

n=(4)" (5.1)

€

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/¢,

le.,

€~ — (5.2)
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Figure 5.1: Length and velocity scales of large eddies in a turbulent flow
[77].

where u and ¢ are characteristic velocity and size of turbulent large eddies,
respectively (Figure 5.1). Then, the Kolmogorov microscale of time for tur-

bulent flows can be proportional to:
¢-v\?

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 small regions (a smail
volume fraction of the total volume of flow) [81]. The measurement of chemi-
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 microscopic 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

¢-v 1/2
T ™~ Tk ™~ (_uh—) (5.4)

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

microscale of time,

normal to the flow field [77] (Figure 5.1). For a turbulent jet flow, the jet
velocity-half radius, 8., at which u — e = 1/2(m — o) does also represent
the width of the jet at any distance downstream of the jet exit. Therefore ¢,

can be proportional to ¢:
Oy~ ¢ (5.5)

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

axial velocity on the jet axis, upm:
U~ Umnm (5.6)

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

radius, &,, are shown in Figure 5.2. Then, from equation (5.4) the mixing

Tin (5" : ”)m (5.7)

time:

A
Chemical Time. The characteristic chemical time (reaction time) is

directly proportional to thermal diffusivity, e, and inversely proportional to
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Figure 5.2: A schematic representation of a jet spreading into a moving
stream of air.

the square of the laminar burning velocity, S? [76]; hence,

&4

~ 5 (5.8)

Te

Blowout Criterton. The ratio of mixing time to chemical time is
generally accepted as a criterion for the blowout of jet non-premixed flames
[2,19,43,48, 52,53,56,57,84-87]. In the present study, a different expression
for the mixing time was used to model the blowout limits of lifted flames.
Using Equations (5.7) and (5.8), the above ratio can be written as:

. 6., . /2 52
(@) e

m
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or

. (&-v\'? (S}
55" (%) e

Flame blowout occurs when this ratio, i.e. kp, falls below a specific value

called critical value kj ¢, i.e.,
kp < kpcr (5.11)

This means that the mixing time becomes small 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 k5 should be calculated at a location where
the flame is stabilized before blowout and this value of k3 should be com-
pared with critical value kj (., 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 flammability limit. A procedure to calculate
the blowout location and its corresponding blowout parameter for lifted jet

flames is described in Section 5.2.

5.2 Calculation Procedure

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

the blowout location. The distance of this location from the nozzle, z, and the
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corresponding ¢, and u,, can be calculated from the following considerations.
Assuming a two dimensional jet (or uniform circumferential velocity and
concentration values), the fuel mass flow rate balance at any axial location

from the jet exit can be expressed by:
m, = /:wp -u(r)-c(r) - 2nrdr (5.12)

where o, is the radius of the confined co-flowing oxidizing stream; wu(r) is
the velocity at radius r; ¢(r) is the mass fraction of jet fluid at radius r; p

is the density; and m, is the fuel mass flow rate at the jet exit,
Mo = TTo2 Polio (5.13)

where 7, 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 mass fraction
profile ¢(r) for a non-isothermal confined jet can be calculated using correla-
tions obtained experimentally by Steward and Guruz [72] for flow conditions

close to those in this study,

U — Uy r\ 1.82
and
c—c r\ 182
_— = —0.693 (—) ] 5.15
pPp—— exp[ 5 (5.15)

where u,, and ¢, are the jet velocity and mass concentration at the jet
centerline, respectively; subscript co stands for the co-flowing surrounding

stream; dy is the jet velocity-half radius; &, is the jet concentration-half
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radius at which c—co = 1/2(cn — ) and 4. is related to 6, by 4, /3. = 0.825.
Substituting m,, u{r) and ¢(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 ~ po) results in:

ropotie = 20e0 /0 o [(um — ug) ¢—0.693(r/8)1 %2 um] [Cm . e-o.sga(o.szsrjsu)l-"]_r dr
(5.16)

Rearranging Equation (5.16) yields:

2 o0 *
To Pollc = (Um —Ugo) [[)r 6_1_31(1'-/5..)"527-({1- + L/r 8_0,433(,-/5“)!-&21_‘17_]
0

2pot:nclm Um — Ugo
(5.17)
By introducing n = /4., Equation (5.17) can be rewritten as:
ro2pouo 2 Uoo
Crar =6, - (Um — Uss) |1 + I2—u 2 ] (5.18)
where
Too/éu —1.181 152
L= fo e~118LT g 0.4 (5.19)
and
fm/&; 0.488 1.82
I = fo e~04887 82 i 115 (5.20)

The above integrals were calculated numerically (see Appendix A). Therefore

Equation (5.18) can be written as:

To2Polt u
ToPols _ g2 (4 [,44 L1 _°°_] _
Lo = 5 ) (0.4 + 115 2 (5.21)

The terms (um —U) and &, can be expressed from the following experimental



5.2 Calculation Procedure

84

correlations {72, 89]:

5/
8y = 0.084X - 1o [I + (i) J]

and

Xr

U

Um — U =

where

Ct
Uk
ug

p ave

0.0725X - Ct [1 + (

X

Too

4.07 exp (3.54C1)

5.95 exp (3.54Ct)

Uk
/2
2 __ 1.2
(w3 - 3ui)

Mo + Mo
T2, Pave

1
M1, Pave

Mo + Moo

Qo + Qoo

Xu

)]

(5.22)

(5.23)

(5.24)
(5.25)
(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

where Moo = (12, — r2)pootice; Qo and Qo are the volumetric flow rate of

the jet and co-flowing surrounding stream, respectively. Substituting &, and

(¥m — Uoo) from Equations (5.22) and (5.23) into Equation (5.21) results in:
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2 5/3712

oo _ 008X 2|14 (3) | - e

2P00Crm X, X \%
0.0725X - Ct |1 + (F)

u

5/3
[0.44 +1.15 x 0.0725X - Ct - (“;”) [1 + (if_) ”
Uk Xu

(5.31)
Simplifying equation (5.31) leads to:
rgpouo 2 X 5/3 2
o = 0.043X [1 + (3(”) ] :
gy 4019
X -Ct-uy [l-i- (X—u) ]
(5.32)

For given velocities of jet, u,, and co-flowing stream, uo,, 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, ¢, is equal to the lean flammability
limit of jet fuel in air. The mass fraction of the jet fuel on the jet centerline
can be expressed as:

_ LF' ¢ Mo
= Ir-M,+ (100 — Lr) M

Cm (5.33)

where L is the lean flammability limit of the fuel in air (% by volume). M,

and M, are the molecular weights of the jet fuel and surrounding air stream,

respectively.
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At the present time, there is no method available to estimate the cnitical
value of parameter kj ¢, from a purely theoretical approach. However, this
value can be estimated on the basis of known experimental blowout limits.
For a known kj ¢, the jet blowout velocity, u,, for different co-flowing stream
velocities, U, can be calculated 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 assuming a value for u,, the remaining unknown,
X (nondimensional blowout location), can be calculated. Then the values of
8. 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 RHS of this equation is equal to
kg cr» the assumed value of u, is the actual jet blowout velocity under these
conditions. Qtherwise, a new value for u, is assumed and another iteration
performed.

To estimate critical parameter kp ¢, typical u, = f(uc) curves are cal-
culated for different values of k§ parameter. These curves for a methane
jet flame of 2 mm diameter and its corresponding experimental data are
shown in Figure 5.3. By comparing the calculated blowout curves versus
the experimental data, it can be seen that blowout limits correspond nearly
to a constant value of kp parameter. This value represented by kp 5, is ap-
proximately equal to 0.24. Similar curves obtained for a 2 mm and 2.5 mm
methane jet discharged into a slightly different combustor size are shown in
Figures 5.4 and 5.5, respectively. The experimental data reported in {25] are
also shown in these figures. As can be seen, the blowout is expected at &k .,
parameter approximately equal to 0.24 and 0.18, respectively. = Therefore,

the blowout parameter, kj, given by Equation (5.10), was modified to ac-
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm

60 T T Y | Lf I L 1 ¥ 1 ¥ 1 v
! ﬁ;\.

Jet velocity (m/s)

[
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
Stream velocity (m/s)

Figure 5.3: Calculated jet velocity as a function of co-flowing stream veloc-
ity for different values of blowout parameter k3. Experimental
data: O - present study.
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=150 mm
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Figure 5.4: Calculated jet velocity as a function of co-flowing stream veloc-
ity for different values of blowout parameter k. Experimental
data: < [25].
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2.5 mm; Duct dia.=150 mm
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Jet velocity (m/s)
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Figure 5.5: Calculated jet velocity as a function of co-flowing stream veloc-
ity for different values of blowout parameter k3. Experimental
data: < [25].
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count for the effect of nozzle radius as:

Oy - v v S%,S: To
W= () () () 639

where 7,5 represents a radius equal to 1 mm. It can be seen that the same

critical value of this modified blowout parameter (kg ~ 0.24) provides a good
agreement between calculated and experimental data (Figures 5.13 and 5.14).

The flowchart 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 clarify 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 values of p,, ¢, and St ;.
Jet Density. The density of the jet fluid can be calculated as:

po=Yr -pr + (1 —YR) pg (5.35)

where pr, and pr, are the density of the first and the second jet fuels, re-
spectively; Yg is the mole fraction of the first fuel in the jet fuel mixture.
Mass Fraction. The mass fraction of the jet fluid on the jet centerline,
¢m, can be expressed in terms of lean flammability limit of the jet fuel mixture
in air, Lg, f,, and molecular weights of the air stream, M, and the jet fluid,

M,, as:
Ler - M,

= Tnm M, +(100— Lnp) - Ma (5.36)

Cm
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Known Variables
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Figure 5.6: The flowchart of the procedure to calculate the blowout limits
of lifted jet flames.




5.2 Calculation Procedure

92

where M, = Yp, - Mg, + (1 — YR, ) - Mg, and the flammability limits of fuel

mixtures can be calculated using the Le Chatelier mixing rule:

Lplle = ?; + U L:F‘) (5.37)
where Ly, and Lp, are the lean flammability limits of the first fuel in air and
the second fuel in air (% by volume), respectively.

Laminar Burning Velocity. Laminar burning velocities, (Sz,s:)miz,
for some fuel mixtures in air are available in the literature. Whenever data
was not available for any particular fuel mixture, the burning velocity was

estimated using a simple mixing rule expressed as:

(St.5)miz = YR - (Sese)r + (L —=YR) - (Si.s5e)m (5.38)

5.2.2 Fuel in the Surrounding stream

Addition of an auxiliary fuel in the surrounding stream of air will affect the

values of peo, ¢m and S, g:-

Surrounding Stream Density. The density of a surrounding oxidiz-

ing stream can be calculated as:
Poo = Yrsa - prs + (1 — Yrsa) - pa (5.39)

where pr, and p,4 are the density of auxiliary fuel (surrounding fuel) and air,
respectively; and Yg.a is the mole fraction of the surrounding fuel in the

surrounding fuel-air mixture.
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Mass Fraction. At the blowout location or at any distance from the

jet exit, the total fluid mixture consists of jet fuel, surrounding fuel and air,
ie.,

Yrr+Yrsr +Yar =1 (5.40)

where Yr,r, Yrgr and Yar, 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 flammability limit of the fuel mixture
in alr, 1.e.

LF_]Fs = 100(YFJT + YFST) (5.41)

Using Le Chatelier mixing rule, the lean flammability limits of fuel mixtures

in air can be calculated as:

= (i) () * ) ()
= . + . 5.42
Lr,Fs (YF,T + Yror L, Ye,r+ Yegr Lr, (5.42)

where Lp, and Lp, are the lean flammability limits of the jet fuel and the

surrounding fuel on their own in air (% by volume), respectively. Also from

(5.40) and Yrga = Yrer/(YrsT + Yar):
Yrer = Yra(l — Yr,T) (5.43)

Substituting Lg,r, and Yz, from Equations (5.41) and (5.43) into Equation
(5.42) results in:

= () () + Cees) ()
100(Ys, T + YrsT) Ye,r + Yrsr Lg, Yo, r + Yror L,

(5.44)
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or
LFJ(LFS - IOOYFSA)

5.45
100(Zr, — L, - Yroa) (5.45)

Yr,r =

Yr,r can be considered to be the jet fuel lean flammability limit in the
mixture of air and auxiliary fuel. The corresponding mass fraction of the jet

fuel is:
on = Yr,r - M,
Ye,r-M,+ (1 —Yp,7) - My

(5.46)

where Mo, = Yroa ~Mpg + (1 — Yiga) ~-My.

Laminar Burning Velocity. The laminar burning velocities of fuel
mixtures in air are usually reported as functions of the mole fraction of
each fuel in the fuel mixture. To utilize these data and to find the effect
of presence of an auxiliary fuel in a co-flowing air stream on the laminar
burning velocity, the mole fraction of the auxiliary fuel in the fuel mixture
(jet fuel - surrounding fuel mixture), Yr.r, should be expressed in terms of

the mole fraction of the surrounding fuel in air, Yz 4, i.e,

v Yroa - (A/F)st,s
o ™ Yeoa (A F)sis — (A[ F)ses — 1] +1

(5.47)

where (A/F)g:, s is the stoichiometric molar air to jet fuel ratio and (A/F)s:, s
is the stoichiometric molar air to surrounding fuel ratio (e.g. for methane
(A/F)g:.; = 9.524). For derivation of Equation (5.47) see Appendix C.

The laminar burning velocities, (St s¢)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 rule as:

(Sr.5t)miz = Yrsr - (St,st)rs + (1 — YrgF) - (SL,st)F, (5.48)
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where (S st)rs and (Si.s¢)F, are the stoichiometric laminar 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 affect the values of p,, ¢, and

Si.5¢-
Jet Density. The density of a jet fluid can be calculated using:

po =Ypr-pp + (1 —Ybr) - pr (5.49)

where pp and pp are the densities of the diluent and fuel, respectively; Ypr
is the mole fraction of the diluent in the fuel-diluent mixture.

Mass Fraction. The centerline mass fraction of the jet fuel-diluent
mixture at the blowout location, c,, can be expressed in terms of the lean
flammability limit of the jet fluid in air, L pr, molecular weights of air stream,

M., and the jet fluid, M,, as:

_ Lpr - M,
= Ior- M, + (100 — Lor) - M

(5.50)

where M, = Ypr - Mp + (1 — YpF) - Mp, and the flammability limit of fuel-
diluent mixture can be calculated using the following formula proposed by
Wierzba et al., [90):

1 1-Ypr

Yor- .
Ior Ir 4+ Ypr-ar (5 51)

In the above equation, Lr is the lean flammability limit of the fuel on its

own in air {(%by volume); and aj, 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, az, is equal to zero for nitrogen, 0.00033 for helium and -0.01 for
carbon dioxide.

Laminar Burning Velocity. The values of laminar burning velocities
(for stoichiometric mixtures) for different methane-diluent mixtures obtained
from different sources are plotted as a function 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.,

(Sc,st)miz = (Sc,se)r — H - Ypr (5.52)

where (SL,st)miz is the laminar burning velocity of fuel-diluent mixture in air;
(SL.st)F is the laminar burning velocity of fuel in air; and H is a constant.
This relationship 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 from these experimental data varies noticeably

(especially for nitrogen), as can be seern 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,, ¢y, and Sz s can be calculated as follows.
Jet Density. The density of jet fluid can be calculated as:

pe=YrRT pr +YRT PR, +YpT PD (5.53)
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Table 5.1: Values of constant H for methane-diluent mixtures.

| Diluent | H Reference
Nitrogen | 0.35 Haniff et al., 1989 [91]
0.25 Reed et al., 1971 [92]
0.14 | Fells and Rutherford, 1969 [93]
0.44 | Gerry and Walter, 1952 [94]
Carbon | 0.48 Haniff et al., 1989 [91]
dioxide | 0.44 Reed et al.,1971 [92]
0.42 | Fells and Rutherford, 1969 [93]
Helium | 0.20 | Gerry and Walter, 1952 [94]
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0.40 O Reed, 1971
o035 o Fells, 1969
g A Gerry, 1952
> 030 F 4
8
S 025 -
o0
=
g 020 F B
fom
£
2ost .
g
3 0.0 F -
0.05 .
0.00 2 ] ] 1 2 ] 9 [ 1 M [l
0 10 20 30 40 50 60 70
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Figure 5.7: Stoichiometric laminar burning velocities of methane-nitrogen
mixtures in air as a function of nitrogen concentration in a
methane-nitrogen mixture. Data are from [91-94].
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Figure 5.8: Stoichiometric laminar burning velocities of methane-diluent
mixtures in air as a function of diluent concentration in a
methane-diluent mixture. Data are from [91-94].
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where Y5, 1, Yir and Ypr are the mole fractions of first fuel, second fuel and
diluent in the total fuel mixture, respectively.

Mass Fraction. The mass fraction of the jet fluid on the jet centerline,
¢m can be expressed as:

Lrmp M,

Cn = 5.54
LF}F:D‘Mo"'(lOO"LFngD)'Mm ( )

where Lf, p is the lean flammability limit of the jet fluid (mixture of the
first fuel, the second fuel and diluent) in air, M, is the molecular weight of
air stream and M, is the molecular weight of jet fluid, i.e., M, = Yg7- Mg +
Yar - Mg, + Yor - Mp.

The lean flammability limit, Lr i,p, 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, L p, can be
calculated using,

1 1-Ypg
Lrp Lr,

+Ypr -aL (5.55)

where Lp, is the lean flammability limit of the first fuel on its own in

air (%by volume); and Ypg, = Ypr/(YaT + YD71)-

2. The above mixture (mixture of the first fuel and diluent) and the sec-
ond fuel can be combined to form a mixture with lean flammability of

Lg r,p which can be calculated using:

1  (1-Ygr) + Yor

= 5.56
Lrmp Lgp Lg, (5-56)
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where L, is the lean flammability limit of the second fuel on its own

in air (%by volume).

Laminar Burning Veloctty. The laminar burning velocities for some

of such mixtures are available in the literature.

5.2.5 Diluent in the Surrounding stream

An addition of a diluent to a co-flowing stream of air affects the values of

Pocs Cm and Sg, s:.

Surrounding Stream Density. The density of surrounding oxidizing

stream can be calculated using expression,

P = Ypa-pp+(1—Ypa) pa (5.57)

where Yp, is the mole fraction of diluent in the diluent-air mixture.
Mass Fraction. The total mixture within the jet consists of jet fuel,

diluent and air. Assuming that their mole fractions in the mixture are Yrr,

Ypr and Yy, respectively:

Yer +Ypr+Yar=1 (5.58)

Also at the blowout location, the sum of concentrations of the diluent and
the fuel represents the lean flammability limit of the fuel-diluent mixture in
air,

Lpr = 100(Yrr + YbT) (5.59)



5.2 Calculation Procedure 101

The lean flammability limits of fuel-diluent mixtures in air can also be cal-

culated using Equation (5.51):

1 ( Yrr ) 1 Ypr )
= 4+ | —————] -a 5.60
Lpr Yer +Ypr/ Lr Yrr + Yor £ (5.60)

Substituting Lpr from Equations (5.59) into Equation (5.60) results in:

1 — ( Yrr ) _l_. + (——YDT ) -a (5.61)
100(Yer +Ypr) \Yer+Yor/ Ly  \Yer+Ypr/ = ’
Simplifying this equation yields:
1 Yrr
ﬁﬁ = ﬂ +Ypr-ap (5.62)

The mole fraction of the diluent in the total mixture, Ypr, can be expressed
in terms of the mole fraction of the diluent in the diluent-air mixture, Yp,,

by using Equations (5.58) and Ypa = Ypr/(YpT + Yar), as:
Yor = YDA(]- - YFT) (5.63)
Substituting Ypr from this equation into Equation (5.62) and some rear-

rangement result in:

Lr(1 —100Yp4 - ar)

100(1 — Lr-Ypa-ar) (5.64)

Yer =

The mole fraction of the jet fuel Yzr 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:

B Yer - M,
= Yer- M, + (1 — Yir) - Mo,

Cm (5.65)

where My, = Ypa - Mp + (1 —Ypa) - Ma.

Laminar Burning Velocity.  Available experimental data in the
literature on laminar burning velocities of fuel-diluent mixtures in air are
reported as a function of the mole fraction of diluent in fuel-diluent mixture.
The mole fraction of diluent in fuel-diluent mixture can be determined from
the following considerations. In the total fuel-air-diluent mixture, fuel and
diluent can be combined to form a so-called diluted fuel. The mole fraction
of diluent in such fuel, ¥pr, can be expressed in terms of the mole fraction
of diluent in air, Yp4.

Using Equation (5.64), the stoichiometric mole fraction of a jet fuel in an

ambient of air and diluent can be written as:

100
-(1 —-100Yp, -
Vor — (1 + (A/F)St,.]) ( DA aL)

- (5.66)
100 [1 B (1 + (}1(}(}"')&.1) “Yoa- GL]

where the term 100/(1 + (A/F)s:,s) represents the stoichiometric concentra-
tion of jet fuel in air (% by volume). Using Equation (5.63), the concentration
Ypr can be expressed as:

Ypa-(1—Yrr)

Yrr =
PF = Ypa - (1 —-Yrr)+Yrr

(5.67)

Substituting Yrr from Equation (5.66) and simplifying this equation results



5.3 Results and Discussion 103

Ypa - (A/F)ses
Yor = - 5.68
br YDA - (A/F)St'J + (1 - IOOYDA . a,-;,) ( )

Therefore the laminar burning velocity of a jet fuel in a surrounding stream

of air-diluent mixture can be calculated using Equations (5.52) and (5.68):

_ Ypa - (A/F)ses

5.3 Results and Discussion

Using the described model and following the calculation procedure presented,
calculations of jet blowout velocity 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 values of parameter kg. The
critical value of kg is equal 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 auxiliary 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 discussed in Section 5.3.5.

5.3.1 Pure Fuels

The combustion properties of the fuels used in the calculations are listed in
Table 5.2 [74-76,95]. 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.
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Table 5.2: Properties of gaseous fuels used in calculations of blowout limits

of lifted flames.
Gaseous | Stoich. laminar | Lean flammability
fuel | burning velocity limit
St.se (m/s) | Lr (% by vol.) [76]
CH, 0.385 5
C3;Hg 0.45 2.1
C.H, 0.78 2.7
H, 1.7 4
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 5.9: 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 kg. Experimental data: A - [27],
- the present study; — Calculated.
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Jet fuel: C,H,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 5.10: The calculated jet blowout velocity of a propane jet flame as
a function of co-flowing air stream velocity for different values
of the blowout parameter kg. Experimental data: A - [27], O
- the present study; — Calculated.
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Jet fuel: C,H,; Stream: Air; Nozzle 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 stream velocity for different values
of the blowout parameter kp. Experimental data: A - [27], O
- the present study; — Calculated.
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Jet fuel: H,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 5.12: The calculated jet blowout velocity of hydrogen jet flame as a
function of co-flowing air stream velocity for different values
of the blowout parameter kg. Experimental data: O - the
present study; — Calculated.
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The results of calculations in the form of u, = f(us) curves are presented
in Figures 5.9, 5.10, 5.11 and 5.12 for methane, propane, ethylene and hydro-
gen jet flames, respectively. In each case, a jet of 2 mm diameter issued into
a combustor (duct) with hydraulic diameter of 127 mm. The corresponding
experimental values obtained in the current research as well as the available
data in the literature [27] are also shown in these figures. It can be seen that
the experimental data are aligned with a curve of constant kp. This supports
the validity of the assumption stating that flame blowout is associated with
a constant value of kg parameter. The blowout of lifted flames occurs at an
average value of kg ~ 0.24 for different experimental data measured by the
author as well as those given in [27].

It appears that agreement between experimental and calculated data
is good except for co-flowing stream velocities larger than the limiting co-
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 calculations of blowout limits. These correlations
were obtained for a range of 0.22 < Ct < 1.2 [72]. For co-flowing 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 lifted 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-flowing air stream available in

the literature. For example, the blowout limits of methane lifted flames for
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Ductdia.=150 mm
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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 kg. Experimental data: < - [25].
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2.5 mm; Duct dia.=150 mm
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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 kg. Experimental data: < - [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 compared with the experimental
data reported in [25] (Figures 5.13 and 5.14). It appears that the critical
value of kg 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
three experimental points associated with higher co-flowing stream velocities
are deviating from the predicted curve for blowout limits. However, for the
experiment performed by the author under the same conditions (but with
a slight difference 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 calculated 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 {2]. The critical values of
parameter kp is almost constant for different nozzle and combustor diame-
ters, co-flowing stream velocities and fuels. An exception was observed for
methane jets of 3.3 and 5.2 mm diameters employed in [2] for which kg ¢,
oscillates around 0.24.

It can be seen that the model reproduces fairly accurately the existing

trend between the blowout limits of lifted lames and the co-flowing stream

velocity.
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Jet fuel: C;H,; Stream: Air; Nozzle dia.=3.3 mm; Duct dia.=300 mm
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Figure 5.15: The calculated jet blowout velocity of a propane jet flame as

a function of co-flowing air stream velocity for different values
of the blowout parameter kg. Experimental data: V - [2]; —
Calculated.
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Jet fuel: CH,; Stream: Air; Nozzle dia.=3.3 mm; Duct dia.=300 mm

70 T T T

&
o

w
o

Jet velocity (m/s)

Vo]
(=]

10

0.0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 09
Stream velocity (m/s)

Figure 5.16: 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 kg. Experimental data: V - [2]; —
Calculated.
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Jet fuel: CH,; Stream: Air; Nozzle dia.=5.2 mm; Duct dia.=300 mm

T T T T T T Y T T T

100

141_
] g

90

80 -

44

70

60

50

Jet velocity (m/s)

40

30

20

10

Stream velocity (m/s)

Figure 5.17: 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 kg. 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 velocity as observed experimentally (Chapter 4).
This behavior can be explained with the help of the proposed model.

Consider a methane jet flame 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 curve can be chosen arbitrarily as a
starting point. Assume that the actual trend of variation of blowout limit
with the co-flowing stream velocity is unknown. Starting at point 1, with
an increase in the co-flowing stream velocity, the corresponding jet blowout
velocity might 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, only one of them can fulfill the
flame stability requirement. To find the right trend, parameters é, and uy,,
were calculated using Equations (5.22) and (5.23) for points 1, 2,3 and 4 at a
position downstream of the jet exit, z, where the jet centerline concentration
is equal to the lean flammability limit of methane in air. The position = was

calculated using Equation (5.32). The values of proposed blowout criterion

k _ Oy - v 12 SQL,St Ta
BT\ "\ a ) \Tees

were also calculated for all these points. The results of these calculations are

for lifted flames,

shown in Table 5.3. It can be seen that increasing the stream velocity (from
Uoo = 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 corresponding to points 1, 2, 3 and 4 shown in
Figure 5.18 at the blowout position. Jet Fuel: CHy;

Air; Nozzle dia.=2.00 mm; Duct dia.=127 mm

Point | ue Uo T &y Um kg
(mfs) | (m/s) | (m) | (mm) | (m/s)
1 0.3 28.7 | 0.1997 | 16.823 | 1.765 | 0.240
2 0.5 | 43.74 [ 0.1955 | 16.446 | 2.781 { 0.120
3 0.5 28.7 |1 0.1739 | 14.613 | 2.171 | 0.164
4 0.5 15.15 | 0.1415 | 11.888 | 1.572 | 0.240

Stream:
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 5.18: Calculated jet velocities of methane jet as a function of co-
flowing air stream velocity. Dashed line represents the jet
blowout velocity curve.
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m/s to u, = 2.171 m/s) and a decrease in the jet velocity half radius (from
8y = 16.823 mm to 4, = 14.613 mm) both resulting in a smaller value of
blowout parameter (from kg = 0.240 to kg = 0.164). In this case, due to
smaller blowout parameter than its critical value, the mixing process of cold
air and fuel with hot products occurs in a time shorter than the chemical
time and the mixture cools quickly and ignition becomes impossible. As a
result, with increasing the stream velocity, the jet blowout cannot remain
constant and it should either increase or decrease.

Since increasing stream velocity at a constant jet velocity (from point 1 to
3) resulted in a larger value of u,,, obviously increasing both jet and stream
velocities (from 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 can 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 kg.

Additionally, based on flame stabilization mechanism, a stable flame can
be sustained when the local jet velocity is equal to the burning velocity. It is
assumed that for the same type of fuel, the burning velocity at the blowout
location does not change significantly from point 1 to 2, 3 or 4. Since the
values of jet velocity (um) 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

with 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 limit
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of jet fluid on the flame blowout limit were investigated analytically. The
effect of variations in each property on the blowout limit was studied one at
a time and by assuming the same value of blowout parameter kg, = 0.24 in
all 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 co-flowing stream as well as with a decrease in the lean
flammability limit of jet fuel and the jet fuel demnsity. The following is an
explanation of the above effects based on the proposed model that suggests
flame blowout occurs whenever kg becomes equal to its critical value at the
blowout location.

Laminar Burning Velocity. An increase in the laminar burning
velocity decreases the chemical time. To keep kg 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
of kp as:

St ~ 5;3;—5; (5.70)
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 u,,, and decreases d,, at
the blowout location.

Lean Flammability 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
from the nozzle. Moving downstream of the jet exit, the jet velocity decays

and becomes smaller and the jet width becomes larger. Both of these result
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in a larger mixing time at this position. To keep kg parameter constant, this
effect should be canceled by increasing the jet velocity.
Density of Jet Fluid. Variation in the density of jet affects the jet

blowout velocity in two ways:

e 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 closer 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 kp
parameter constant, the mixing time should increase. This is possible

if the jet blowout velocity decreases.

e Since the mass fraction of jet fluid on the jet axis, ¢, at the blowout
location is proportional to the jet density, a decrease in density results
in a decrease in ¢, value. As discussed above (see discussion related
to the lean flammability limit), this results in an increase in the jet

blowout velocity.

Although a faster decay of jet fluid velocity due to its smaller density de-
creases the jet blowout velocity, this velocity increases due to smaller ¢, at
the blowout location, i.e., the overall effect is an increase in the jet blowout
velocity.

Density of Co-flowing Stream Flusd. An increase in the density
of surrounding stream results in both a faster decay of jet flow [72,73] and a
smaller ¢,, 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 shown in Figure 5.19 for a range of combustor diameters and two
different jet diameters. As can 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 sufficiently large compared to the nozzle size, any
further increase in the combustor size does not affect the blowout limits of
lifted flames. For example, for a nozzle of 2 mm diameter, the blowout limit

curve remains the same for combustors of 600 mm diameter and larger.

Validation of Flame Stabilization Location before Blowout

Earlier an assumption was made that the blowout location is a position where
the jet fuel concentration on the jet axis is close to its lean lammability limit.
To investigate the validity of this assumption, the following calculations and
experiments were conducted.

For a methane jet issuing into a co-lowing air stream, the calculated jet
blowout velocities (at kg = 0.24) are shown in Figure 5.20. The calculated
blowout location where the concentration of jet fuel on the jet axis, cm, is
equal to lean flammability limit (¢m = Ly = 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 uncertainty of at least £2.5 cm, due to the

brushy and flickering flame tip. The jet velocities associated with these flame



5.3 Results and Discussion 123

Jet fuel: CH,, Stream: Air

90 Y T T T ~r T T T r
i Duct dia. i
7N
80 |\ (i)
\\ — 127 .
—=—= 150
= 70 Lemm——. -—== 300 =1
N TR — 60
2601 R —-— 1000 -
Q s i
2 -—--‘-q..\
> 50 s i -
= L/ \\ e
)
2 40 |f,o==s S
3 4
) / 2
2 30 - -
e o -
! $2 2 ]
0y
20 .
10 M 1 1 1 A Fl 1 2
0.0 0.2 04 0.6 0.8 1.0
Stream velocity (m/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
velocities.
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lengths are also shown in this figure.

Comparison of measured flame lengths (triangle symbols) 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, kg, used in
these calculations is equal to 0.24 as for all 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 0.41, 0.46,
0.56 and 0.91 m/s, respectively [96]. The burning velocities of methane-
ethylene and methane-propane mixtures were calculated using the simple
rule of mixing.

Methane- Hydrogen Miztures. Calculated blowout limits for 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 current 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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Jet fuel: 85% CH, + 15% H,, Stream: Air, d =2 mm
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Figure 5.21: The blowout limits of lifted flames as a function of the co-
flowing air stream velocity for a fuel mixture containing 85%

of methane and 15% of hydrogen.
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Jet fuel: 75% CH, + 25% H,, Stream: Air, d =2 mm
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Figure 5.22: The blowout limits 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% H,, Stream: Air, d =2 mm
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Figure 5.23: The blowout limits of lifted flames as a function of co-flowing
air stream velocity for a fuel mixture containing 50% of
methane and 50% of hydrogen.
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Jet fuel: 25% CH, +75% H,, Stream: Air, d =2 mm
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Figure 5.24: The blowout limits of lifted 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 effect 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).

Methane-Ethylene Mixtures. The calculated blowout limits for
methane-ethylene mixtures containing 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 experimentally measured data points are also shown for comparison. As
can be seen, the addition of ethylene to a methane jet flame substantially
increases its blowout limits. Agreement between calculated blowout limits
and the limits obtained experimentally is fairly good. Although the larger
density of ethylene has a diminishing effect on these limits, its larger burning
velocity and smaller lean flammability limit have enhancing effects. As a
result, the overall effect is an increase in the blowout limits.

Methane-Propane Miztures. The calculated blowout velocities for
different methane-propane mixtures containing 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 co-flowing stream velocities considered. This is due to the larger burning

velocity and the smaller lean flammability of propane compared to methane.

Comparison of Various Fuel Miztures. 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-fuel 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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Figure 5.25: The blowout limits of lifted flames as a function of co-flowing

air stream velocity for different methane-ethylene mixtures.
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Jet fuel: CH,+C,H,, Stream: Air, d =2 mm
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Figure 5.26: The blowout limits of lifted flames as a function of co-flowing
air stream velocity for different methane-propane mixtures.
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Jet fuel: CH,+Fuel, Stream: Air, d =2 mm
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Figure 5.27: The blowout limits of lifted flames as a function of the co-
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 effect 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 can 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 Surrounding Stream

In this section, the effect of the introduction of an auxiliary fuel into a sur-
rounding air stream on blowout limits is investigated analytically. The calcu-~
lations were conducted for a methane jet discharged from a 2 mm diameter
nozzle into a co-flowing stream of air-fuel mixture in a combustor with a 127
mm hydraulic diameter. The critical value of kg is equal to 0.24 exactly as
for the case of pure fuels and fuel mixtures. Methane, propane, ethylene and
hydrogen were used as auxiliary fuels. The laminar burning velocities were
calculated using the simple mixing rule except for the methane-hydrogen-air
mixtures that were taken from [96].

The results of calculation are presented in Figures 5.28-5.31. To avoid
the occurrance of flashback in the co-flowing stream, auxiliary fuels were
used at relatively small concentrations. The calculated blowout limits are

in good agreement with those obtained experimentally except for hydrogen
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Figure 5.28: The blowout limits of methane lifted flames as a function of co-
flowing stream velocity for different concentrations of methane
in the co-flowing stream of air.
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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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Figure 5.30: The blowout limits of methane lifted flames as a function of co-
flowing stream velocity for different concentrations of ethylene
in the co-flowing stream of air.



5.3 Results and Discussion

138

130

110

D
(=]

70

50

Jet blowout velocity (m/s)

Jet fuel: CH,, Stream: Air+H,, d =2 mm

T LmAWE ' o~ T
L Cal. Exp. (% by volume) ~ .
o 0 AN
Y | ™ i
> - - o 2 \\‘ -
..... o 3 \\
- LN -
LY
LY
- . ‘\ -
\.\‘ ° 8 \\
- \!\ °° \\\ -
N N
- ‘\‘ O \*
™ — \\
AA\\ o N D J
LN
N

Stream velocity (m/s)
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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 improvement on the
blowout limits was observed for propane followed by ethylene and hydrogen

(variation in the lean flammability limit is a dominent parameter).

5.3.4 A Second Fuel in Jet and/or Co-flowing Stream

A Second 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
flame increases its blowout limits as much as when 1 percent of ethylene is
added to the air stream. The following is a comparison of the flow rate of
consumed fuels 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 m*/h for
ethylene and 0.386 m3/h for methane. However, at the same stream velocity,
when a methane jet issued into a co-lowing stream of 1 percent ethylene
and 99 percent of air, the fuel flow rates were 0.644 m?/h for methane and
0.182 m®/h for ethylene. However, not of all this ethylene was entrained
in the jet flame. The total fuel flow rate in the first 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 efficient 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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Figure 5.33: The blowout limits of methane or methane-ethylene lifted
flames as a function of co-flowing air or air-ethylene stream
velocity for different concentrations of ethylene.
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Figure 5.34: The blowout limits of methane-fuel lifted flames as a function

of co-flowing air-fuel stream velocity. Concentration of the
second fuel is 25% in the methane jet and 1% in the co-flowing

air stream.
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Figure 5.35: The blowout limits 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 1 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 from 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 5.32), it lead to the least
improvement when fuel was added to both jet and co-flowing stream. This
is due to a smaller lean flammability limit of propane compared to the other
fuels in the former case and due to a smaller 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 lames. Calculations
were for a jet of 2 mm diameter issuing into a combustor of 127 mm hydraulic
diameter. The same critical value of kg 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].
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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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Figure 5.37: The blowout limits of methane-carbon dioxide lifted flames as

a function of co-flowing air stream velocity for different carbon
dioxide concentrations in the fuel mixture.
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Jet fuel: CH,+He, Stream: Air, d =2 mm
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Figure 5.38: The blowout limits of methane-helium lifted flames as a func-

tion of co-flowing air stream velocity for different helium con-
centrations in the fuel mixture.
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Diluent in Jet Fuel. 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 model predicts satisfacto-
rily the blowout limits at higher co-flowing stream velocities while there is a
deviation at smaller co-flowing stream velocities and higher diluent concen-
trations. The deviation could be due to the large uncertainty in the value of
laminar 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 limit 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 Mizture. 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 methane-hydrogen
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 methane-hydrogen 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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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 fuel: CH+H,+CO,, Stream: Air, d =2 mm

170 L] L] L] L] L] L L L | ]
' ' ' ' ' " "Fuel Composition
1 CH+H+CO, 1
150 Cal. Exp.(% by volume)
| —=—== 0 50.0+50.0+0.0-
130 | —-—-- A 47.5+47.5+5.0)
Q i _--8.8_5 === 71.3+23.7+5.0
g - B O  100.0+0.0+0.0
z 1O ORI © 95040450
8 - e .
A a>~ .
E P ity Gud T \ﬂ
=) - ”~° A \°\_ a \\ '
f 5 A'\-\ (=] \\
= A SR a

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09
Stream velocity (m/s)

Figure 5.40: The blowout limits of lifted flames as a function of the co-
flowing air stream velocity for different methane-hydrogen-
carbon dioxide mixtures.
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Figure 5.41: The blowout limits of methane lifted flames as a function of co-
flowing stream velocity for different concentrations of nitrogen
in the co-flowing stream of air.
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Figure 5.42: The blowout limits of methane lifted flames as a function of co-

flowing stream velocity for different concentrations of carbon
dioxide in the co-flowing stream of air.
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Figure 5.43: The blowout limits of methane lifted flames as a function of co-
flowing stream velocity for different concentrations of helium
in the co-flowing stream of air.
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Figure 5.44:

The calcualted blowout limits of methane lifted flames as a
function of co-flowing air-diluent stream velocity for different
diluents.



5.3 Results and Discussion 157

the jet flames. For example, the addition of 15 percent carbon dioxide to
methane jet decreases its blowout limit 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 oxidizing stream to the jet fuel at the
blowout location.

The addition of a diluent to both jet fuel and co-flowing stream affects
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
co-flowing 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 helium.
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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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Figure 5.46: The blowout limits of methane or methane-carbon dioxide

lifted flames 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 co-flowing air or air-helium stream velocity for
different concentrations of helium.
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Figure 5.48: The blowout limits of methane-diluent lifted flames 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 limits for attached flames: liftoff limit and blowout
limit. The liftoff limit corresponds to co-lowing stream velocities less than
limiting co-flowing stream velocity, 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 phenomenon of lifted
flames. Therefore in this chapter a single criterion is proposed to calculate
the liftoff, the blowout of attached flames and the reattachment limits for
a non-premixed jet flame into a co-flowing 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. Finally, the results are presented and discussed in Section 6.3.

6.1 Modeling of Stability Limits

An attempt was made to correlate experimentally established values of liftoff
and reattachment limits as well as the blowout limits 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:

um’Ju

SLmaz(Ts - oo )1/2 (6.1)

krar =

The flame liftoff and blowout occur when this parameter, kzpr, becomes

larger than a certain critical value, i.e.,

krgr > (kLBR)cr (6.2)

and the flame reattachment occur when,

krpr < (krBr)cr (6.3)

1t is known that flame extinction takes place when the flame stretch exceeds
a certain critical value. Also, it is reasonable to assume that the flame
stretch is proportional to the flame 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 flames the larger this distance, the

larger is the stretch. Therefore, the product of 4, - u, was evaluated at this
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distance.

6.2 Calculation Procedure

As mentioned before, the value of the proposed dimensionless 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 (5.32), i.e.,

2
rgpouo . 2 (X)5/3
RN = 0.043X [1+ X,
2 oy +0.19
xo it ()
where
Ls: - o

e se - M. (6.4)

" Ls: - M, + (100 — Ls:) Moo
where Lsg, is the stoichiometric limit 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 value
can be estimated on the basis of known experimental stability limits of jet
flames. With this value, (kzggr)cr, known, the jet velocity at the stability
limits, u,, for different co-flowing stream velocities, uo, can be calculated
using the above equations and Equation (6.1) with two unknown variables of
uo, and X. The procedure and flowchart of calculations are similar to those

described for the blowout of lifted 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 critical parameter
(kLBr)cr, typical u, = f(ug) curves were calculated for different values of
krpr parameter and were compared with flame stability curves obtained
experimentally. As a typical example, Figure 6.1 shows that for a methane
jet discharged from a nozzle of type A, the value of (kLgr)cr is about 2.8.
The same method was used to determine the value of (krgr)cr for other

conditions as well.

6.3 Results and Discussion

Calculations of liftoff, reattachment and blowout velocities of attached flames
were conducted for different fuels, nozzle configurations, combustor sizes
and co-flowing stream velocities. The results 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 laminar 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 lip-thickness of

1.82 mm was used in these measurements.



6.3 Results and Discussion 166

Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 6.1: Calculated stability limits of methane jet flame as a function
of co-flowing air stream velocity for different values of ke
parameter.
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Jet fuel: CH,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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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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Jet fuel: C;H,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 6.3: Calculated and experimental stability limits of propane jet
flame as a function of co-flowing air stream velocity.
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Jet fuel: C,H,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 6.4: Calculated and experimental stability limits of ethylene jet
flame as a function of co-flowing air stream velocity.
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Jet fuel: H,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 6.5: Calculated and experimental stability limits of hydrogen jet
flame as a function of co-flowing air stream velocity.
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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 (kLpr)cr = 2.8 are in fairly good agreement with
the experimental data. However, for methane and hydrogen jet flames, the
calculated blowout velocities deviate somewhat (up to 12%) from those ob-
tained experimentally. The precise measurement of these limits especially for
hydrogen was extremely difficult. The hydrogen flame appeared in light blue
and was hardly visible and its liftoff, blowout and reattachment phenomena
took place suddenly.

As a result of the above discussion, the effect of co-flowing stream velocity
and the fuel type on the liftoff, reattachment and blowout limits of attached

flames can be estimated using the described method at a critical value of

krsr = 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,
30]. 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 hydraulic 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 shown in
Figure 6.11 for different nozzle diameters and lip-thicknesses.

Using the procedure described in Section 6.2 for determining the critical
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Jet fuel: CH,; Stream: Air; Nozzle dia.~=2 mm; Duct dia.=127 mm
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Figure 6.7: Calculated and experimental stability limits of methane jet
flame as a function of co-flowing air stream velocity. Exper-
imental data are from [27].
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Jet fuel: C,;H,; Stream: Air; Nozzle dia.=2 mm; Duct dia.=127 mm
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Figure 6.8: Calculated and experimental stability limits of propane 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; Nozzle dia.=2 mm; Duct dia.=127 mm
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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; Duct dia.=150 mm
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Figure 6.10: Calculated and experimental liftoff limits of methane jet
flames as a function of co-flowing air stream velocity for dif-
ferent nozzle sizes. Experimental data ate from [25).
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Jet fuel: CH,; Stream: Air; Ductdia.=127 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 nozzles with different sizes and lip-thicknesses. Ex-
perimental data are from [30].
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value of kzpr parameter, it was found that (krgg)c- values are different for
different nozzle shapes. It was found that (krgr)c, is approximately equal to
1.8 for nozzle B and 1.6 for nozzle C. Two different lip-thicknesses of nozzle
D leads to two distinct values of 2.4 and 2 for (kzsr)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 effect of nozzle size on liftoff limit can be predicted fairly
accurately using the same value of (k;pr)c, (at co-flowing stream velocities
larger than 0.15 m/s).

One of the applications of the proposed criterion, krgg, is in prediction of
certain limits which were not investigated experimentally. For exarple, the
experimental reattachment limits associated with the operating conditions of
Figures 6.7, 6.8 and 6.9 are not reported. The value of k,gp = 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 using (krsr)cr = 2.8 for the 2 mm nozzle and (kzgr)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 (kgr)cr = 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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Jet fuel: CH,; Stream: Air; Duct dia.=127 mm
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Figure 6.12: Calculated and experimental stability limits of attached

methane jet flames as a function of co-flowing air stream ve-
locity for nozzles with different sizes and lip-thicknesses. Solid
symbols: liftoff limits; Open symbols: blowout limits.
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size, the liftoff and the blowout limits of attached flames decrease.

For each nozzle shape used in the experimental measurements one unique
value for (krgr)c- was obtained. These values are presented in Table 6.1. As
can be seen nozzle A has the largest value of k. gr followed by nozzle D, nozzle
B and nozzle C. A larger value of (krgg)cr corresponded to a nozzle with a
larger ratio of lip-thickness to diameter (A/d,). Also, if the lip-thickness of
a nozzle reduces over a larger length of the nozzle tube, the corresponding
(kLsr)cr is smaller (type C). Calculations showed that with an increase in
the value of kzgr, the stability limit of attached flames increases. Then the
nozzle A results in the largest stability 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-walled nozzles.
This zone provides a significant stabilizing effect on the attached flame [18].

As a result, the same value of krgr can 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.

Effect of Combustor Size. The experimental liftoff limits [25] ob-
tained for nozzle C and a combustor size of 150 mm in diameter 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 comparison. As can be seen at a stream velocity of ~ 0.6 m/s,
these limits are the same, 1.e., the blowout curve 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 (krpr)or obtained for different nozzle configura-

tions.
e of Shape of | J,(mm) | A(mm) | ANd, | Fuede, | deo(mm)
2 1.82 091 2.8 127
N &
282 | 133 047 2.6 127
B 1} 2 02 0.1 1.8 127
o @ 2 %02 | 01| 16 150
318 | 082 0.26 2.4 127
D
457 | 089 0195 | 2 127

different combustor sizes. Calculations showed that for the same krpp 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 has lead to a better stability limit

compared to the case utilizing nozzle B with a smaller combustor size. Since

the difference between the stability limits for different nozzle shapes and

combustor sizes are very small and comparable to experimental uncertanity,

the above argument is not conclusive and further investigation is required.
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Jet fuel: CH,; Stream: Air; d =2 mm
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Figure 6.13: Calculated and experimental stability limits of attached
methane jet flames as a function of co-flowing air stream ve-
locity for different combustor sizes. A - the liftoff data [25],
O - the blowout of attached flames [27].
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In summary, obtaining a constant krgg for each nozzle shape provides
an opportunity to predict the stability limits of attached flames and reat-
tachment limits as a function of co-flowing stream velocity for different fuels,

combustor sizes and nozzle diameters.



Chapter 7

Conclusions

7.1 Summary and General Conclusions

Based on the results obtained from both analytical modeling and experi-
mental investigations in the present study, a number of conclusions can be

made:

¢ For non-premixed jet flames in a co-flowing stream, four different types
of flame stability limits were observed: liftoff, reattachment, the blowout
of lifted flames and the blowout of attached flames. The co-flowing
stream velocity has a significant effect on the stability behavior of a
non-premixed jet lame. Depending on the magnitude of this velocity,
three different regions were recognized. At low co-flowing stream ve-
locities (region I), the blowout of lifted flames was observed while at
higher co-flowing stream velocities (region III), the blowout of attached
flames occurred. For mid values of stream velocities (region II), both
types of blowout were experienced. The lifted flames were much less

stable than the attached flames and should be avoided (in region II).
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e Depending on the ignition conditions (i.e., 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 lames are a small jet velocity and placing
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.

o Generally the blowout limits of a jet flame decrease with an increase
in the stream velocity. The rate of decrease depends on whether the
flame is lifted or attached before blowout. The blowout limits of lifted
flames deteriorated very significantly with a small 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 limits were decreased slightly due to increasing the co-

flowing stream velocity.

e The minimum stream velocity for occurrence of the blowout of attached
flames (the limiting co-flowing 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 limiting stream
velocity was higher for fuels with higher burning 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 auxiliary fuel into surrounding air resulted in an
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increase in the limiting stream velocity.

e No significant effect of the nozzle shape was observed on the blowout
of lifted flames; while the liftoff and blowout limits of atteched flames
were significantly 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

flarnes showed a reverse trend.

e The stability limits depends on the type of jet fuel. The blowout limits
of lifted flames 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.

e An addition of an auxiliary fuel to the co-flowing air stream enhanced
the blowout limits of the lifted flames more significantly than those of
the attached flames. Individual additions of propane and ethylene with
the same percentage to the co-flowing streamn improved the methane jet
flame blowout limits approximately by the same amount. Furthermore,
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 auxiliary fuels were
higher than that with hydrogen and methane.

e The diluent addition to the jet fuel and /or to the surrounding air stream
decreased substantially the blowout limits of lifted flames. A higher de-
gree of dilution leads to a higher drop in these limits. The most detri-
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mental effect was observed with carbon dioxide as the diluent followed
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.

e A model of lifted 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 time 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 correlations (avail-
able in the literature) for jet velocity and concentration profiles at any
distance from nozzle. The model indicated that the jet fluid and the
surrounding stream fluid properties such as laminar burning velocity,
lean flammability limit and density have significant effects on the value
of blowout limits. The effect of variations in the jet fuel composition
and surrounding stream composition on the blowout limits was reflected
on the value of blowout limits through these properties.

The proposed model allowed calculation of the blowout limits of lifted
flames for a wide range of operating conditions. This model was able
to predict fairly accurately the effect on the blowout limits of lified
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 fuel and/or to the surrounding air
stream. The advantages of the proposed model are its simplicity and

short calculation time.

¢ A dimensionless criterion was also proposed to predict the liftoff, the
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blowout of atteched flames and the reattachment limits of jet lames in
a co-flowing air stream. To the knowledge of the author to date, no
model has been reported for predicting these limits for non-premixed
jet flames in a co-flowing air stream. The critical value of this criterion

was only affected by the nozzle shape.

® Good agreement between calculated and experimental values of jet
flame stability 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 co-flowing 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 profiles along the jet have been obtained from experimental results for a

relatively narrow range of jet to stream velocities, nozzle and combustor sizes

and demnsity of jet and surrounding stream. Also, the effects of preferential
diffusion on these profiles 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 profiles using the FLUENT code. The
results were encouraging, however, further investigation is required in order
to achieve more accurate results.

Further investigations are also required to develop a correlation which
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describes the effect of nozzle shape on the stability limits of non-premixed

attached jet lames and reattachment limits.
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Appendix A

Simulation Programs

A.1 Simulation Program for the Blowout of
Lifted Flames

# include <stdio.h>
# include <math.h>
main ()
{
FILE =fptrl ;
int i,n ;
double ua, ub, ee, cr, ubmin, ubmax, k=0.24,
uamin=0.05, uamax=0.6, step=0.01, fun() ;
fptri = fopen ("curve-ub”, "w") ;
n = (int)((uamax-uamin)/step) ;
ua = uamin ;
for ( i=1; i<=n+2 ; i++ )

{
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ubmin =1 ;

ubmax = 4000 ;

ub = (ubmin+ubmax)/2 ;
cr = fun(ua,ub) ;
ee = fabs(cr-k) ;

while ( ee>=.0000001 )

{
if ( cx<k )

ubmax = ub ;

ub = (ubmin+ubmax)/2 ;

fun(ua,ub) ;

]

cr

}
else if ( cr>k )

fabs(cr-k) ;

ubmin = ub ;

ub

(ubmin+ubmax)/2 ;

cr = fun(ua,ub) ;

fabs(cr-k) ;

}
else { break ; }
}

fprintf (fptri, "%f\t %f\n", ua , ub) ;

if (ub<2.) {break ;}

ua = ua + step ;
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}

}

double fun(ua,uj)

double ua,uj;

{

double rj=0.001 , ra=0.064 , Mf=16 , Ma=29 , rhoj=0.584 ,
rhoa=1.06, 5=0.385 , Lf=5. , Xmin=.001 , Xmax=80 ,
Qj , Qa , mj , ma , rhol , uk , ud , ct1 , ct , y,

e,g(),X,un, a,delta, cm, Tm, kb ;

Qj = rj*rj*uj ;
Qa = (ra*ra-rj*rj)*ua ;
mj = Qj * rhoj ;
ma = Qa * rhoa ;

rhol = (mj + ma) / (Qj + Qa) ;

uk = (mj + ma) / (ra*rasrhol) ;

ud = (mj*uj + 0.5%*ma*ua) / (ra*ra*rhol) ;

ctl = ud-0.5*uk*uk ;

ct = uk/(pow(ctl, (double)0.5)) ;

(L£*M£) / (LE*Mf + (100-Lf)=Ma) ;

t

y = (0.5*mj)/(cm*rhoa*ua*rasra) ;

fabs (Xmax-Xmin) ;

e

X

(Xmax+Xmin) /2. ;
if ( y>=g(XImin,ct,uk,ua) && y<=g(Xmax,ct,uk,ua) )
{

while (e>= 0.0000001)

{
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if (y>g(X,ct,uk,na))
{
Xmin = X ;
X = (Xmax+X)/2. ;
e = fabs(X-Xmin) ;

}
else if (y< g(X,ct,uk,ua))
{

Xmax = X ;

X = (Xmin+X)/2. ;
e = fabs(X-Xmax) ;
}

else { break ; }

}
else { printf (“out of range") ;}
a = 1+ pow( (X/(5.95%exp(3.54%ct))),(double)1.67 ) ;
um = ( uk/(ct*.0725%X*a) ) + ua ;
delta = 0.084*ra*X*(1+pow((X/(4.07*exp(3.54%ct))), (double)1.67)) ;
Tm = (4.2/10000.)* delta / (um*um*um) ;
kb = (pow(Tm, (double).5)) * (8*s%10000./7.) * (rj/0.001) ;
return ( kb ) ;
}
double g(xx,ct,uk,ua)
double xx, ct,uk,ua ;

{
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double Xul, Xu, Xri, Xr, gl ;
Xul = xx/(5.95%exp(3.54*ct)) ;
Xu = 1 + povw(Xul, (double)1.67) ;

Xr1 = xx/(4.07*exp(3.54*ct)) ;

Xr = 1+pow(Xri,(double)1.67) ;

gl = 0.043*xx*xx*Xr*Xr*( (uk/(xx*ct*ua*Xu)) +0.19 ) ;
return (gl) ;

1

A.2 Simulation Program for Liftoff, Reattach-

ment and the Blowout of Attached Flames

# include <stdio.h>
# include <math.h>
main ()
{
FILE =fptril ;
int i1,n ;
double ua, ub, ee, cr, ubmin, ubmax, k=2.8 ,
uamin=.05, uamax=1.3, step=.01, fun() ;
fptrl = fopen ("curve-ulbr", "w") ;
n = (int) ((uamax-uamin)/step) ;
ua = uamin ;
for ( i=1; i<=n+2 ; i++ )
{
ubmin =1 ;



A.2 Liftoff, Reattachment and the Blowout of Attached Flames 209

ubmax = 4000 ;

ub = (ubmin+ubmax)/2 ;
cr = fun(ua,udb) ;

ee = fabs(cr-k) ;

while ( ee>=.0000001 )

{
if ( er>k )

ubmax = ub ;

ub = (ubmin+ubmax)/2 ;

cr = fun(ua,ub) ;

ee = fabs(cr-k) ;

}

else if ( cr<k )

ubmin = ub ;

ub = (ubmin+ubmax)/2 ;

cr = fun(ua,ub) ;
ee = fabs(cr-k) ;
}

else { break ; }

}
fprintf (fptri, "¥%f\t %f\n", ua , ub) ;
if (ub<2.) {break ;}

ua = ua + step ;
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}
double fun(ua,uj)
double ua,uj;
{
/* For Reattachment: rhoj=0.584 */

double rj=0.001 , ra=0.064 , Mf=16 , Ma=29 , rhoj=0.088 ,

rhoa=1.06, s=0.41 , Lst=9.53 , Xmin~=.001 , Xmax=300 ,

Qj ,Qa , mj , ma , thol , uk , ud , ctl , ct , y,

e ,g() ,X,un, a, delta , cma , Tm , klbr ;

Qi = ri*Eeg ;
Qa = (ra*ra-rj*rj)*ua ;
mj = Qj * rhoj ;

ma = (Ja * rhoa ;

rhol = (mj + ma) / (Qj + Qa) ;

uk = (mj + ma) / (ra*ra*rhol) ;

ud = (mj*uj + 0.5+ma*ua) / (ra*ra*rhol) ;
ctl = ud-0.5*uk*uk ;

ct = uk/(pow(ctl, (double)0.5)) ;

cm = (Lst*Mf)/(Lst*Mf + (100-Lst)*Ma) ;

y = (0.5*mj)/(cm*rhoa*ua*ra*ra) ;
e = fabs(Xmax-Xmin) ;
X = (Xmax+Xmin)/2. ;

if ( y>=g(Xmin,ct,uk,ua) && y<=g(Xmax,ct,uk,ua) )
{

while (e>= 0.0000001)

{
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if (y>g(X,ct,uk,ua))

{
Imin = X ;
X = (Xmax+X)/2. ;
e = fabs(X-Xmin) ;
}
else if (y< g(X,ct,uk,ua))
{
XImax = X ;
X = (Imin+X)/2. ;
e = fabs(X-Imax) ;
}

else { break ; }

}
else { printf ("out of range") ;}
a = 1+ pow( (X/(5.95%exp(3.54%ct))), (double)1.67 ) ;
um = ( uk/(ct*.07256%X*%a) ) + ua ;
delta = 0.084*rasX*(1+pow((X/(4.07+exp(3.54%ct))), (double)1.67)) ;
klbr = (delta*um) / (s*pow((ra*rj),(double)0.5)) ;
return ( klbr ) ;
}
double g(xx,ct,uk,ua)

double xx, ct,uk,ua ;

{

double Xul, Xu, Xri, Xr, gl ;
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Xul = xx/(5.95%exp(3.54%ct)) ;

Xu = 1 + pow(Xul, (double)1.67) ;

Irl = xx/(4.07*exp(3.54*ct)) ;

Ir = 1+pow(Xri,(double)1.67) ;

gl = 0.043*xx*xx*Xr*Xr*( (uk/(xx*ct*ua*Xu)) +0.19 ) ;
return (gl) ;

}

A.3 Calculation of Constants I; and I,

/* SIMPSON’S RULE =*/
# include <stdio.h>
# include <math.h>
main ()
{
int i;
double h=0.0001, x1, x2=0., s=0., fun(), I ;
for (i=1; i<=40000 ; i++)
{
x1=x2 ;
x2=x1+h ;
s+=(h/6)*(fun(x1) +4*fun((x1+x2)/2) +fun(x2)) ;
}
I =18 ;

printf ("x1=Yf£\t I=4f\n", x1, I) ;
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double fun(x)
double x ;
{
double power ;
pover = -1.181 ;
/* For I2: power = -0.488 =/
return(x*exp(pover*pow(x, (double)1.82))) ;
}



Appendix B

Numerical Example for the

Blowout of Lifted Flames

Determination of the blowout limit of a methane jet into a co-flowing stream

of air for the following conditions:

Uoo=0.3 m/s Sr.5:=0.385 m/s
d,=2 mm Lr=5% by volume
deo=127 mm v=4.2x 10~* m?/s
po=0.584 kg/m?3 a=7x10"* m?/s
Poo=1.06 kg/m3> kg cr=0.24
Solution:

The jet blowout velocity can be calculated using a trial and error method.
Assuming a value for this velocity, u,=28.7 m/s, the following variables can

be calculated using Equations (5.25 - 5.27) and (5.33), as:

Q, = mriu, == x 0.001% x 28.7 = 9.016 x 10~° m3/s
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Qo = m(r% —r¥)uc =7 x (0.064% — 0.001%) x 0.3 = 3.85 x 1073 m?/s

m, = Qo-po=9.016 x 107 x 0.584 = 5.268 x 1075 kg/s

Moo = Qoo Poo=3.85x 1073 x 1.06 = 4.08 x 1072 kg/s

Mo+ Mo  5.268 x 1075 4-4.08 x 1073 3
Pave = B Q. ~ 9016 x 105 +3.85 x 103 — 049 ke/m

M, + Mo _ 5.268 x 1075 + 4.08 x 10-3

Y S e | mx 0064 x1.049 0.307 m/s
2 Mol + %mmuoo
Uy = . 2
rmpavc
_ 5.268 x 1075 x 28.7 + 0.5 x 4.08 x 103 x 0.3
- 7 % 0.0642 x 1.049
= 0.157 m?/s®
U 0.307
Ct = 7 = = 0.925
/2 — 1/2
(u3 _ %u,zc) (0.157 — 0.5 x 0.3072)

X, = 4.07exp(3.54Ct) = 4.07exp (3.54 x 0.925) = 107.4

X, = 5.95exp(3.54Ct) = 5.95exp (3.54 x 0.925) = 157
Ly M,
“m = TL M, + (100 — Lz)My

= 5 x 16 =0.028

5x 16 + (100 — 5) x 29

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),

2 pots X\%3 2
__ToPolUo  _ 0 043X? (_.) :
5 ptionton 0.043X [1 + X
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Uk

+0.19
X 5/3

-Ct - U —

X-Ct-u [1+(Xu) ]

Substituting the values of calculated parameters into this equation results

in:

0.0012 x 0.584 x 28.7 X \5/3)2
~ 0.043X° (_) :
3% 0.064% x 1.06 x 03 x 0028 ~ 08X [1 + \To74 ]

0.307

+0.19
X x 0.925 x 0.3 [1 + (1%‘7)5’ 3]

This equation can be solved for X by trial and error method. The results of

calculation for normalized axial distance is:
X = 312
and the corresponding axial distance is:

T = X reo

z = 3.12x0064=02m

The values of é, and u,, corresponding to this position can be calculated
from Equations (5.22) and (5.23) as:

5/3
0.084X - roy [1+ ())f) ]

du

3.12
107.4

5/3
= 0.084 x 3.12 x 0.064 [1 + ( ) ] =1682x%x10"2m
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Uk

X 5/3]
0.0725X - Ct [1 + (X_) ]
0.307
- > =77 +0.3=1.765 m/s
0.0725 x 3.12 x 0.925 [1 + (339 ]

Substituting dy, ¥m and kg into Equation (5.34) results in:

kg = du-v 112. 5% s¢ T
B = ud, a Tref

1.682 x 102 x 4.2 x 10~4\ ' [ 0.3852 (0.001)
1.765% 7% 104 ) " \0.001

0.24

0.24 = 0.24

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 Yp p

The combustion reaction of a general hydrocarbon (C,Hy,)s as the jet fuel in
an ambient of air premixed with a hydrocarbon (C,Hp,)s can be expressed

as:

$7(CaHm)s + x[(1 — Yr4)(0.2102 + 0.79N3) + Yo 4(CoHm)s] =
A1(CO2) + Ag(H20) + Ag(Na) + ... (C.1)

where ¢ is the equivalence ratio of the jet fuel (the molar fuel to air ratio
to the molar stoichiometric fuel to air ratio); Yg.4 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, ¢; and ¢g, respectively. The combustion reaction of the

jet fuel in air on its own at equivalence ratio of ¢ can be expressed as:

$5(CaHum)s + [A/Fl5t.5(0.2105 + 0.79N,) —
B1(COs) + By(H20) + Ba(N2) + ... (C.2)
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where [A/F]s.; is the stoichiometric molar air to jet fuel ratio {e.g. for
methane, [A/F)g,; = 9.524). Also, the combustion reaction of the sur-
rounding fuel in air on its own at equivalence ratio of ¢s can be expressed

as:

[x . YFSA] (CnHm)s + [x - YFSA - (M—/‘;;—v]f&g)] (0.2102 + 0.79N2) —
CL(CO3) + CaHo0) + Cy(Na) + .. (C.3)

The sum of the air coefficient in the left hand side of chemical equations of
(C.2) and (C.3) should be equal to that of chemical equation of (C.1), i.e.,

AlF
[A/Flst,s +%- YFsa- (L/TS]S@‘) =x(1 — Yrsa) (C.4)
Rearrangement of this equation yields to:
[A/Flst.t
T T Vi (1 L) (€-5)
Foa \L+ =055

Substituting the value of x into equation (C.1) results in:

[A/Fls:s(1 — Yrsa)

¢J(C“Hm)" " 1-— YFSA (1 -+ .[_A/F;lSt,S)

F - Y}
[A/Flse,s - Yrsa (CaHm)s = A1(CO3) + A2(H20) + A3(N2) + ...

1—-Yra (1 + I——QF'L'*A/FS& S)

(0.210; + 0.79N,)+

(C.6)

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 fraction of
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surrounding fuel in such fuel mixture, Yz, r, can be expressed as:

Yr

—_— C.7
Yo + YE, (C.7)

Yer =

Yr, and Yz, can be found from Equation (C.6), and replaced into Equation

(C.7). As a result,

[ [A/F)se.s - Yrea ]
1= Yroa (L + [A/Fls5e5/%s)

Yer = C.s8
FsF [ [A/F]Sg,.f - YFSA ] s ( )
1 = Yroa (1 +[A/ Flse,s/0s)
Simplifying this equation results in:
YF F= Y}s.ﬁ i [A/F]SC,J (C.g)
s Yeoa - [A/Flst, s+ (1 — Yrsa (1 4+ [A/ Flse.s/#s)] - b4
and for stochiometric condition:
Yrsa - [A/Flses
Yeor= S : C.10
o = Gooa (AT Flses — [ Flses — 1} 1 (C-10)

This expression for Yp r as a function of Yz 4 can be used in calculations
of the laminar burning velocity of a jet fuel in a surrounding stream of air

premixed with fuel.
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