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SUMMARY

In current afterburners combustion is stabilized by the high temperature, recirculating

region behind bluff body flame holders, such as V-gutters. Blocking the high speed flow

with bluff bodies causes a significant pressure drop, and heating the flame holder by the hot

combustion product causes a thermal signature, which is a critical problem in a military jet.

To reduce these problems, ignition methods using a high frequency (HF) spark discharge,

or a radical jet generator (RJG) were developed. The HF discharge ignited and stabilized

a flame successfully in a premixed methane-air flow. The electrical power consumption

was very small compared to the combustion heat release, as long as the operating velocity

was relatively low. However, a theoretical study showed that the ratio of the electrical power

consumption to the heat generation by the stabilized flame increases rapidly with increasing

flow velocity. For flame stabilization in a high velocity flow, the developed RJG showed

much better performance than direct exposure to a plasma. The present study investigated

the characteristics of a radical jet produced in a RJG and injected into a main combustor.

The limits of flame stabilization by this jet was measured experimentally, and compared

to those of bluff body flame holders. The flame holding performance of the radical jet

was also experimentally compared to that of a thermal jet. The effect of radicals on flame

stabilization was examined using CHEMKIN, and the limit of flame stabilization by the

radical jet was estimated for a simple flow configuration using an approximate solution.

The results suggest that the reduction of local spontaneous ignition delay time by active

species in the radical jet and the longer length of a typical radical jet compared to the

dimension of the recirculation zone behind a bluff body increases the maximum velocity at

which a flame can be stabilized.
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CHAPTER I

INTRODUCTION

1.1 Background

Generally in an aircraft afterburner the flow speed is much higher than the turbulent flame

speed. Thus ignition and flame stabilization are achieved by the creating a recirculation

zone. Because the residence time of the flow in the recirculation zone is much longer than

the chemical time of typical hydrocarbon fuel air mixtures, chemical reactions in that region

are almost completed. Therefore, the temperature there is very high. These recirculation

zones provide heat to an incoming combustible flow, and generate a continuous ignition

source

Recirculation zones are produced by blocking a part of inlet fuel-air mixture streams

with bluff bodies, using wall cavities, or injecting secondary jets in different directions to

the flow [36, 41, 82, 138]. Among those, bluff body flame holders like V-gutters may be

the most widely used flame stabilization systems in the aircraft engines because of their

simplicity.

Typically the performance of the flame stabilizer is represented by the maximum veloc-

ity at which a flame can be stabilized in a combustor. In a flame stabilized by a bluff bodies,

operating flow velocity, i.e., a flame holding performance, can be improved by increasing

wake area behind the holder. This results in a longer residence time of unburned fuel-air

mixture in a mixing region [47, 138]. Increasing the wake area is achieved by increasing

size of the flame holders. However, this also increases a pressure loss across the flame

holder, which reduces the efficiency of the combustor [64, 82]. Another practical problem

in military jets, is thermal signature that is generated by the hot flame holder.
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Since running an afterburner is typically required only for a very short time, the exis-

tence of these non removable flame holders reduces the overall engine performance. Re-

ducing this pressure loss and, at the same time, the increasing flame stabilization limits

are required in advanced flame holding systems. Recently, flame stabilization by plasma

have been studied since these technics are expected to broaden flammability limits without

unnecessary total pressure and heat loss. The present study investigates the use of a flame

stabilization system based on a plasma and a plasma driven radical jet. Its mechanism of

operation and the limitations are discussed.

1.2 Literature reveiw
1.2.1 Flame stabilization by bluff bodies

The mechanism by which a bluff body stabilizes a flame in a high velocity flow have been

investigated by many researchers. The flammability limit curves for various fuels, and for

various fuel to air ratios, have been measured [34, 37, 77, 130, 132, 136], see Fig. 1. The

effects of the recirculation zone lengths [93] and blockage of the stabilizer in a combus-

tor [131] on the flammability limits have been also investigated. Early studies suggested

criteria which limit the operating range of the combustor from parametric studies. In the

following, several results and suggested theories are introduced.

The study of the chemiluminescence near bluff body flame holder showed that the

chemical reaction in a recirculation zone behind the flame holder is completed, and the

flame is stabilized in a mixing zone between the recirculating flow. Incoming combustible

flow is then ignited by heat transfer from the recirculation zone [41, 136]. Early theories

are all essentially based on this physical concepts [76, 106, 136].

Spalding [106] supposed that the flame can be stabilized only when the amount of com-

bustible flowing through the jet per unit time is less than the amount of combustible mixture
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Figure 1: Flammability limit curve of pre-heated gasoline-air flow for cylindrical rod flame
holders with various size. Picture reproduced from Zukoski [136].

that can react per unit time. He suggested that the blow off velocity, UBO, is determined by

UBO

d pSu
2 = const. (1)

where d, p, and Su are a dimension of the stabilizer, pressure, and the laminar flame speed,

respectively.

Similarly, Longwell et al. [76] assumed that a homogeneous chemical reactions occurs
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in the recirculation zone behind the bluff bodies, i.e., the region was assumed to be a per-

fectly stirred reactor. They suggested a functional dependency between the parameters, as

ṁ
V P2 ∼

UDc

p
(2)

where ṁ is the mass flow rate of air entering the reactor with volume V , U is the stream

velocity, D is a characteristic dimension of the bluff bodies, c is an empirical exponent, and

p is a static pressure.

Zukoski and Marble [136, 137] suggested that the flame is only stabilized when the

characteristic flow time of the combustible mixture become comparable to a characteristic

time period required for ignition. According to this theory, the flame blow off criterion was

represented by (
Ucτc

L

)
BO

= 1. (3)

where Uc are flow speed at the edge of the mixing zone, τc is a characteristic ignition time

and L is the maximum length of the recirculation zone. This criterion represented the flame

stabilization limits very simply with two independent parameters, the characteristic chem-

ical time and the recirculation zone length. However, in this case the value of τc must be

known. Furthermore, because τc is a characteristic value, which depends on many chemical

parameters, it must be measured experimentally.

All these parametric studies resulted in a correlation among the blow off velocity, di-

mension of bluff bodies, and chemical reaction rate, which is usually represented by the

laminar flame speed. A valuable analytical study was performed by Marble and Adamson

[80]. They modeled the flame stabilization by the bluff body flame holders as an ignition

occurring in a mixing layer between a hot non-reactive gas jet and a combustible outer flow,

and found a ignition distance from start of a mixing layer. Temperature of the inner jet was

assumed as slightly lower than the flame temperature of the outer gas mixture, and the ig-

nition distance was determined as the distance from the inner jet nozzle to a location where

the first local temperature peak appeared. They found the location of the ignition distance
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in a laminar flow. Cheng and Kovitz [24] solved the same problem with different boundary

conditions where the velocity profiles was a Blasius profiles at the end of a flat plate of finite

length while Marble and Adamson idealized the velocity profiles as a step function. The

results are very sensitive to the methods of calculation. Indeed, ignition distances obtained

in the latter were smaller than the values reported by the former by a factor of 15. Although

the obtained values are highly dependent on the solution used, the underlying physics is

very simple. Williams [129] hypothesized that the ignition distance is equal to the product

of chemical reaction time and the mean convective velocity, and roughly determined it by

Lig = (u1 +u2)ρ1YF,1/[2WF(v′F − v′′F)ω]. (4)

where u1 and u2 are cold and hot stream velocities, respectively. This equation is further

simplfied by assuming, a reaction rate, ω , using a single step, unimolecular reaction from

reactant to product. Then Eqn. (4) becomes

Lig =
(

u1 +u2

2

)(
T2

T1

)
A−1eE1/RuT2. (5)

From the equation above, it appears that the blow off velocity is determined by limiting

Lig to the recirculation zone length. Williams showed that this approximate criterion can be

reduced to the same correlation as given in Eqn. (1).

1.2.2 Flame stabilization by electrical discharges

Spark discharges have also been used as an effective ignition source in many combustors

because of their simplicity and reliability. During ignition by a spark discharge, a spark

kernel is initially created. It then expands to a critical size where the rate of heat generation

by the combustion reaction is greater than the rate of heat loss. Researchers have focused

on the measurement of minimum spark energies and ignition kernel sizes required for suc-

cessful ignition in various mixture conditions consisting of different fuel types, fuel-air ra-

tios, and flow velocities [8, 63, 70]. They have also developed simple theories to estimate

5



(a) (b)

Figure 2: a) voltage / current properties of corona, glow, and arc discharge in [18], b)
schematic diagram of voltage and current variations with time in a spark discharge in [79]

these values [8, 95, 108]. In such theories, a spark kernel is modeled as a pocket of high

temperature (>10,000K), homogeneous, non-reacting gas, corresponding to the very high

temperatures observed in electrical discharges.

Another important issue concerning spark ignition is the ignition delay time. With ig-

nition by a spark discharge, ignition delays can be reduced by faster ignition kernel growth

caused by, for example, high breakdown energy [79] or long discharge duration [8, 99]. The

former effect was discovered by Maly and Vogel (1978). They compared the effectiveness

of energy transfer from the plasma to the surroundings by measuring ignition delay times

for different discharge phases in a spark discharge.

Electrical discharges are commonly divided into three different discharge types accord-

ing to their voltage-current characteristics: corona (high voltage, low current), arc (low volt-

age, high current), and glow [19](see Fig. 2(a)). According to Maly and Vogel a spark can

be divided into four consecutive phases, the corona phase, the breakdown, the arc phase,
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and, finally, the glow phase (see Fig. 2(b)). Among the four discharge phases, it was shown

that the phase consisting of the corona and the breakdown resulted in the fastest ignition

of a combustible mixture and caused the highest flame kernel propagating velocity when

compared to the arc and glow phases [79].

Recently various methods to generate pure corona or breakdown phase discharges were

developed. Such discharges were used as igniters to reduce ignition delay time and in-

crease the flammability limit. For example, the performance of corona discharge [73, 74],

nanosecond pulsed barrier discharge [6, 14, 15, 16, 84, 85], and RF plasma [26] were in-

vestigated relative to the ignition in internal combustion engines and flame stabilization in

a combustible channel flow. It was shown that the ignition delay times using corona and the

barrier discharges, in which arc formation is prevented by a dielectric cover, was shorter

than for flames ignited by a conventional spark discharge with the same energy. It was

explained that shorter delay times in the corona ignition are attributed to the wider special

distribution caused by their characteristic multi-site discharges and their higher electron en-

ergy. However, for the same reason (i.e., multi-channel discharges) their electrical energy

is more dispersed and thus, the minimum ignition energy of a corona discharge is higher

than that of a spark [73].

1.2.3 Flame stabilization by active radical jets

More recently, plasmas have been used as flame holders under difficult operating condi-

tions, such as combustion in high velocity flows or for mixtures near or beyond the flamma-

bility limit [26, 27, 60, 69, 124]. However, if a direct spark is used for ignition, the effect

of the plasma is extremely localized and the electrical power required to hold a flame in-

creases with increasing flow velocity. Therefore, a form of plasma jet called a plasma torch

or active radical jet was developed. Here the plasma itself is shielded from the main flow

and the resulting turbulent mixing between the hot, radical laden, injected plasma jet and
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the unburnt main gas flow can increase the volume of ignition and, therefore, the efficiency

of the process.

Depending on the role that the discharge plays in the radical generating system, these

devices can be further classified. In one, an inert gas carries the radicals produced by a

strong discharge such as an arc. In the other, radicals initially generated by a relatively

weak discharge are later multiplied by chemical reactions of a combustible feedstock gas.

Clearly, the former case requires more electrical energy than the latter.

For several decades, it has been known that combustion generated by spark ignition of

rich mixtures in a pre-chamber and then injected into a main chamber, ignites the fuel-air

mixture in the latter more effectively than a conventional, direct spark ignition system. Such

a “pre-chamber torch” decreases the ignition delay and the combustion duration in a fixed

volume chamber by factors of 5-7 and 3-4 respectively [46]. Weinberg (1978) developed a

plasma jet igniter that can be installed in an internal combustion engine instead of a conven-

tional spark plug. However, this plasma jet igniter uses relatively strong DC arc discharges

to form plasma jets. The same plasma jet system was also tested to support a flame in a

combustible gas stream for various feedstock gases ranging from rich hydrocarbon fuel/air

mixtures to inert gases. He found that N2 and H2 based plasma jets effectively increases

the burning rate in the main stream since N atoms produced by arc discharges have a rel-

atively long lifetime in a jet and hydrogen atoms have a high diffusivity [49, 126, 127]. A

mechanism by which N or H atoms increase burning velocity was suggested by Shebeko

(1982). He suggested that the electric field associated with the discharge could affect the

kinetics of combustion and that flame velocity can be changed by accelerating a reaction

such as H + O2→OH + O. He suggested that N2, vibrationally excited by the electric field,

collides with O2 molecules and transfers its energy to vibrationally excite the latter. Vibra-

tionally excited O2 is more likely to dissociate, which favor the forward reaction. However,

Mintoussov et. al.(2004) suggested that discharge induced electronic excitation rather than
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vibrational excitation causes the increase in propagating velocity since the rate of the vibra-

tional relaxation process is high compared to the vibrational excitation process of N2 and

O2 in a typical hydrocarbon fuel-air mixture [85]. Zhang et al. suggested that the radical ef-

fect on the combustion process is more significant in much leaner mixtures than under sto-

ichiometric condition since sufficient radicals already existed in the latter [62, 135]. These

results suggest that although the detailed mechanism by which the radicals from plasma

jets affect the combustion process is not yet fully understood, it appears that the radicals

initiate chain reactions that increase the propagating velocity [85].

Besides the effect of active radicals, it has been suggested that turbulence and UV ra-

diation generated by the plasma or the plasma jet affect the combustion process. It is well

known that an increase of turbulence intensity can increase burning velocity [2, 3, 90]. Cete-

gen et al. (1980) showed that a dominant effect of the plasma jet on the enhancement of a

combustion process is plasma jet induced turbulence [22]. Turbulent velocity and mixing

patterns produced by plasma jets in the ambient gas were studied by Schlieren and shadow

method [55, 117]. On the other hand, Orrin et al. (1980) demonstrated that UV radiation,

at the energy levels of interest in internal combustion engines, has little effect on flame

initiation. They demonstrated this by separating the plasma jet igniter from a methane-air

or ethylene-air mixtures by a lithium fluoride window, which transmits ultraviolet radiation

more efficiently than any other solid substance [88].

Recently, plasma jet igniters have also been used to stabilize supersonic combustion.

It was shown that plasma torch ignition reduced ignition delay times through the effect of

additional radicals like O and H. Furthermore, the dependence of the ignition limit on fuel

types and plasma jet properties in supersonic flows were investigated [109, 110].
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1.3 Overview of present work

The present study deals with flame ignition and stabilization in a high speed combustible

mixture flow by a radical jet. Plasma in the form of a high frequency spark discharge gener-

ates it by igniting a premixed methane-air mixture with relatively low flowrate and holding

its flame. Chapter 2 introduces high frequency spark discharge and the radical jet generator

(RJG). This chapter also describes measurement tools used in this study. In chapter 3, the

methodology by which the plasma generates a radical rich flame and its operating limits

are discussed. Major focus of this research is the role that radicals produced in the plasma

supported flame, play in the ignition and flame stabilization of a large combustible flow.

This is difficult because effect of radicals and heat are rarely separable. However, in this

study these effects were investigated experimentally by comparing flammability and the lo-

cal level of radicals for a radical jet and hot product jet. Chapter 4 also reports the limits of

the flame stabilization by a radical jet, and the characteristic chemical times as calculated

using similar techniques as the early studies. Ignition distances are also measured experi-

mentally. In Chapter 5, CHEMKIN is used to understand the role of radicals on the flame

stabilization limits, and to approximate the level of radicals in a radical jet. A simple the-

oretical approach is used to predict the limit of flame stabilization by a radical jet. Finally

Chapter 6 focuses on the conclusions and recommendations.
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CHAPTER II

FACILITIES AND MEASUREMENT TOOLS

2.1 High frequency spark discharge

A spark discharge between two electrodes occurs when the electric field in the gap is so

large that a breakdown can occur. In general, breakdown is defined as the fast formation of

a strongly ionized conductive channel between two electrodes caused by an applied electric

or electromagnetic field. Thus when a breakdown occurs, a large current can pass through

a normally insulating material [11]. The minimum applied voltage at which breakdown

occurs is called the “breakdown voltage,” VB. Paschen’s Law [89] predicts the breakdown

voltage as VB = f (p ·d), where p is the gas pressure and d is the electrode gap distance: I.e.,

the breakdown voltage between two electrodes of given shapes and material in a given gas

is proportional to the gap distance times gas pressure. The breakdown voltages also vary

with the type of voltage source [19, 94]. For sparks caused by a DC source in a uniform

field, the breakdown voltage in volt is given by the following equation [31, 94]

VB = 1.36×10−8
(√

Nd
)

+9.96×10−20Nd (6)

where N is the number density of molecules per m3, and d is the electrode gap distance in

m. For a breakdown caused by an AC source the following empirical reationship is provided

[94]:

VB = 25+4.55d for rod-plane gap (7)

VB = 10+5.25d for rod-rod gap (8)

where VB is in kV and d, the gap distance, is in cm.

The present study uses 5 to 10 mm electrode gap distances, and, therefore, requires an

AC power supply of about 15kV . A low voltage (5 V) square wave output from a function
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Figure 3: Schematic of the high frequency spark discharge generator set-up

generator (B&K Precision Corporation, Model 4040A) is amplified by a power amplifier

(Crown, Macro-Tech 1200) by a factor of 20. This output, in turn, is amplified by a power

transformer, an automotive ignition coil with a ratio of secondary to primary winding of

about 100, which generates a high voltage that is sufficient in breaking down the gas be-

tween two electrodes. The frequency of the driving square wave used in this study was

typically 5kHz. Since a pair of sparks with opposite polarities is produced in each cycle,

the frequency of the resulting spark discharge is 10 kHz. Discharge voltage and current are

measured using a high voltage probe (Tektronix P6015A) and a shunt resistor, respectively.

Both values are monitored and recorded by a digital oscilloscope (Tektronix TDS 3012B).

These instantaneous values are then multiplied and integrated over the duration of the dis-

charge to determine the nominal power of each spark.

2.2 Radical jet generator (RJG)

A Radical Jet Generator (RJG) was developed to act as a flame holder instead of the con-

ventional bluff body. It is a simple, small pipe combustor, in which a high frequency spark

discharge ignites and stabilizes a premixed flame. Figure 4 shows different designs of the

RJG. Generally it has an inlet and an outlet for the gas stream. The electrical discharge

inside the RJG is generated by one or two thin tungsten or steel electrodes installed in the
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combustor. If a single electrode is used, the discharge occurs between the cathode and a

random point on the wall of the RJG. The electrode is mounted so that one end is located

at the center of the flow, while the other end is connected to the high voltage spark source.

The electrode is electrically insulated by a ceramic tube shield to prevent shorting it to the

combustor, which is electrically grounded. The ceramic tube thus maintains the location

of spark discharge downstream, where the electrode is exposed. A thick plastic tube also

can be used for the insulation. In this case, a ceramic honeycomb separates the tube from

the combustion zone, see Fig. 4(c). The spark channel, which is continuously re-generated

at the rate of 10kHz, between the electrodes or between the center electrode and the com-

bustor wall ignites the premixed combustible gas, and anchors the flame. The interaction

between the spark channel in the RJG and the flow will be described in the next chapter.

Each RJG shown in Fig. 4 was designed for specific experimental purposes. The sim-

plest one is the quartz tube RJG in Fig. 4(a). The shape of plasma assisted flame inside

the RJG can be observed through the quartz tube, and the results are discussed in Chap-

ter 3. The electrode configuration in the quartz tube RJG was pin-to-pin, so that the spark

channel, which supports the flame, was centered in the tube. As a result the structure of the

flame was simpler than that in center-to-wall configurations in other RJGs, where the flame

location is biased towards one side.

Type (b) was designed to increase flow residence time while keeping the high exhaust

jet velocity in the main flow, using a larger diameter combustion chamber and a smaller

diameter nozzle. This type of RJG has a step in the wall near the electrode tip. This step

could also act as a flame holder for low speed flows. Therefore, the premixed inlet flowrate

and fuel-air ratio determine whether the flame is attached at the discharge channel or at the

step. If the flame anchors at the step and combustion is completed whthin the RJG, then the

number of radicals ejected out of the RJG significantly decreases; in other words, a jet of

only hot products is produced. To differentiate it from the radical jet, this hot gas jet will be
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Figure 4: Three types of the radical jet generators, (a) quartz tube RJG with pin to pin
electrodes, (b) RJG with a area reduced combustion chamber, (c) RJG with a constant area
combustion chamber

referred to as a thermal jet. Ignition by such thermal jets have been investigated in previ-

ous studies, which investigated to understand the ignition mechanism in a laminar mixing

zone [80], and the mechanism of the flame stabilization by hot recirculating flow [129].

Flame stabilizations in the main flow with both thermal and radical jets was investigated

using this RJG and the results are reported in Chapter 4.

The RJG shown in Fig. 4(c) was designed to maximize the generation of radicals. The

RJG was generally operated with the plasma in a sufficiently high speed flow, so that a

flame could anchor only at the spark channel. Unlike in type (b) there are no steps in the

flow stream, either at the inlet or outlet, where a flame could be stabilized without the

plasma, This RJG was tested for the ability to stabilize combustion in a main flow in both a

cross flow and a coaxial flow configuration. Thus, the majorities of measurements reported

here were performed with this type of RJG.
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2.3 Main combustor

The ability of the RJG to stabilize a flame was compared to that of a conventional flame

holders by measuring the blow off velocity as a function of the fuel-air ratio in the main

combustor. For these tests, a simple straight pipe without bluff body flame holders was used

as a main combustor. The cross sectional areas of the main combustors are significantly

larger than those of RJGs. Two different main combustor configurations were used, see

Fig. 5. In one, the radical jet was injected into a main flow perpendicular to, and the other,

the jet was injected coaxially with a main flow.

In the cross flow configuration(see Fig. 5, LHS), the RJG was mounted through one side

wall of the main combustor, which is a rectangular tube. In order to see inside combustion

zone, a quartz window was installed in the wall. The distance between the exit of the RJG

and the opposite wall of the main combustor has to be large enough so that the radical jet

cannot reach the opposite wall. Otherwise considerable energy of the radical jet may be

wasted by heating the main combustor wall. The cross section of the left combustor in Fig.

5 is 3.81 by 3.81 cm (1.5 × 1.5 inches), which is large enough to prevent wall heating for

reasonable main flow velocities. For the coaxial configuration, the RJG was mounted inside

the main combustor (see Fig. 5, RHS), which is a circular tube. This required a large di-

ameter that can enclose the RJG. It was connected to the relatively smaller diameter quartz

tube via a diameter reduced coupling to achieve the high speed flow where the flame is to

be stabilized. Optical access was provided to observe the mixing region between the radical

jet and the cold, main flow, and to measure the level of radical through the quartz tube.

2.4 Chemiluminescence measurements

During the combustion processes, chemical reactions generate electronically excited species

[39]. Chemiluminescence is the emission of light when such excited molecules return to
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Figure 5: Configuration of main combustors

their ground state. In flames, CH (methylidyne) radicals and OH (hydroxyl) radicals pro-

duce strong chemiluminescence intensities. It is well known that the electronically excited

species are formed by the reactions [33, 44, 51, 56, 92],

O+H+M → OH∗+M (R1)

CH+O2 → CO+OH∗ (R2)

C2H+O → CO+CH∗ (R3)

C+H+M → CH∗+M (R4)

C2H+O2 → CO2 +CH∗ (R5)

C2 +OH → CO+CH∗ (R6)

where the asterisk (*) denotes the electrically exited state. Then CH* and OH* may be

quenched by collision with third bodies,

A∗+M → A+M (9)
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or emit chemiluminescent light when returning to the ground state,

A∗ → A+hν (10)

where h is the Plank’s constant, 6.626 068 96 ×1034 J · s [87] and ν is the frequency of

light emitted.

The level of radicals in the exhaust of the RJG may be evaluated by the intensities of

the chemiluminescence. The wavelengths corresponding to the OH (A2Σ+−X2Π) and CH

(A2∆−X2Π) transition are 309 nm and 431nm, respectively [39, 68].

A photomultiplier and narrow bandpass interference filters were used to measure the

relative chemiluminescent intensities. Center wavelengths of the filters are 430 nm and 310

nm with a full width-half maximum of 10nm for both CH(A-X) and OH(A-X) transitions.

The field of view of the photomultiplier was wide enough to observe the entire radical jet

and the main flame.

Figure 6: Optical detector set up

For cases with different measurement conditions, such as distance between the radiation

source and the PMT or for different cathode voltages, the the resulting data can be related

to each other using the relationship,

V2

V1
=
(

d1

d2

)2

exp
(
k(Vc1−Vc2)

)
. (11)

where V and Vc are the PMT output and cathode voltage bias, respectively, and d is a dis-

tance from the source to the PMT window. A calibration constant k is obtained by measur-

ing a variation of PMT output voltage against the cathode voltage.
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2.5 Measurement of the flammability limits of the main flow stabilized
by a radical jet

The flammability limits using a conventional bluff body flame holder are readily deter-

mined by experiment, and are typically represented by the blow off velocity as a function

of the equivalence ratio for a given size flame holder, inlet temperature, and pressure. Al-

though combustion tends to become unstable when operating close to the limits, this regime

is usually very narrow. Therefore, these limits are often referred to as “sudden blow off.”

This is quite different when the flame is stabilized by a RJG. In that case, the limits can

not be clearly determined by simple observation because the main flame disappears very

gradually as the flow conditions approach the limit. In some cases, combustion becomes

unstable over a very wide range of main and radical jet operating conditions because in-

stant flame blow off is followed by a re-ignition of the flow. Therefore, an objective way

of sensing the flame and determining blow off had to be developed. The following sections

introduce a simple device for detecting the flame, and suggest a method to determine the

flammability limits using the device.

2.5.1 Flame detector

One simple way to detect a flame in a combustor, is to demonstrate the existence of ions. It

is well known that ions exist in a flame front [29, 38, 120]. These ions are generated by a

process called chemi-ionization, where charged particles are produced from neutral species

during a chemical reaction, such as the reaction [20, 38],

CH+O→ CHO∗→ CHO+ + e−. (R7)

It is widely accepted that the dominant mechanism of ion generation in a flame is not

thermally based because the maximum ion concentration occurs upstream of the region
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of maximum temperature, and its magnitude is several order of magnitude above that pre-

dicted by thermal equilibrium calculation [20, 25, 38, 67]. Therefore, a flame can be distin-

guished from hot product and unburned gases by its different ion concentration. It is thus

possible for the ion detector to sense a main flame independently of the radical jet, unless

it contacts the latter directly.

Well known ion detecting tools are the Langmuir probe [65] and the flame ionization

detector (FID) [83]. The former is a device used to measure the current variation versus an

applied electric field at the flame, and has been widely used to determine the ion and elec-

tron temperatures in plasmas. The latter was developed to measure a degree of ionization

in a flame. Although complicated theoretical analyses are required for their original appli-

cations, they are not necessary for this study because the probe is only used to determine

the presence of ions and, therefore, the existence of a flame in the main combustor.

A schematics of the detector is shown in FIg. 7. The probe consists of two electrodes

that are mounted parallel to each other with a 4 mm separation. One is connected in series

with a resistor, R1. The other and R1 are connected to a DC power supply that provides

a constant voltage, Vo. In the unburned gas stream, no current passes through the resistor

since the entire circuit is broken by the air gap between two electrodes. If the flame contacts

both electrodes, current flows because of the ions and electrons in the flame. The current

increases with ion concentration in the flame for a given applied voltage. Its value is readily

obtained from the measured potential difference, V1 across R1 using Ohm’s Law. If we

replace the flame in the gap by the resistance Rg, the voltage V1 and Rg are related as,

V1 =
R1

Rg +R1
Vo. (12)

The gap resistance, Rg, consists of the flame resistance and the contact resistance caused

by flame quenching near the electrode. The flame resistance depends on the electrical con-

ductivity of a flame, σ , in mhos/m, the flame contact area on the electrode, A, and the gap

distance, dg, in m. If we neglect the contact resistance, the flame resistance can be written

as,
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Figure 7: The schematic of a flame detector

Rg =
dg

σA
. (13)

From Eqn. (12) and (13), it is clear that V1 is proportional to the conductivity and the contact

area,

V1 ∼ σA. (14)

The electrical conductivity of a flame1 σ is proportional to the ion concentration, which is

linearly dependent on the hydrocarbon concentration [13, 25]. The contact area A increases

with the bulk size of the flame connecting the electrodes, and may be influenced by the

degree of turbulence of the flow. The main role of the device used in this study, is to detect

flames to determine the flammability limits, thus, more detail than that described above

may not be necessary. However, it should be noted that V1 increases with the bulk size of

the flame, and it may thus be used to represent flame strength. In the rest of this study, V1

is used as the parameter to determine the flammability limit of a main flame stabilized by

the radical jet generator.

2.5.2 Determining the existence of a flame in the main combustor

Main flames stabilized by the RJG show fluctuations near their flammability limit, as men-

tioned in the introduction to this section. Therefore, fluctuations in the output of the de-

tector must be considered. The frequencies of these fluctuations, which originate from the

1Electrical conductivity of inner cone in flame is 7.2×10−6 mhos/cm [42].
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Figure 8: Time average of detector outputs and calculated flammabilities of a main flame
determined by Eqn. (16). Main flow velocity is 85 m/s. The fuel-air ratio and the flow rate
of the radical jet are given by the stoichiometry and 1.52 liters/sec, respectively.

pulsating radical jet, are typically very low (of the order of 10 Hz for lean and of the order

of 100 Hz for rich operation in the RJG).

The detector described here can monitor the instant that the flame blows off of a rela-

tively stable flame, as well as that of a periodically fluctuating flame. Figure 8 shows the

typical flame strengths represented by a voltage output of the flame detector. Output val-

ues were time averaged. It is, therefore, difficult to distinguish whether the values drop be-

cause of the flame fluctuations or because the main flame becomes weaker as one moves

away from stoichiometric conditions. In order to solve this problem, an expression for the

“flammability” that can distinguish between these two cases is suggested:

ξ =
1
t

∫ t

0
H
(
V (τ)−Vcr

)
dτ (15)

or for discrete voltage samples,

ξ =
1
N

N

∑
i=0

H (Vi−Vcr) (16)

where H is the Heaviside step function, V1 is the output voltage from the flame detector,

and Vcr is a critical voltage that distinguishes the presence from the absence of a flame.

In practice the signal is positive and somewhat larger than the noise from the HF sparks.
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According to Eqn. (16), flammability may be determined by the fraction of time that the

detector senses the flame in the main combustor during a given time period. An example is

plotted in Fig. 8, in which the detector output voltages are converted to the defined flamma-

bility ξ . The reduction in probe output signal due to reduced flame intensity can now be

differentiated from the drop in mean signal due to fluctuations in the flame, because ξ re-

mains close to 1 until the onset of the latter.

2.6 Data acquisition system

A computerized data acquisition system monitors and records all output values from the dif-

ferent measurement devices, such as the photomultiplier, the flame detector, and the pres-

sure transducer. Measured data are collected via a National Instruments PCI-6014 board.

Labview v7.1 is used for data processing. For all cases scan rate are given at 5kHz, which

is high enough to detect any fluctuations of the radical jets and the resulting main flame

fluctuation. Measurement devices and the combustors are electrically well grounded, but

interference from the strong spark discharge occasionally occurs. In these cases, the noise

is removed during post processing of the data.
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CHAPTER III

GENERATION OF RADICAL JET BY HIGH FRQUENCY SPARK

DISCHARGE

Spark ignition of a combustible gas has been widely studied experimentally and theoreti-

cally. Important parameters, such as minimum ignition energy, are well understood for both

a quiescent and a flowing gas. However, most early studies dealt with a single discharge

as an ignition source. For flame stabilization as well as some ignition applications, a con-

tinuous, or very high frequency electrical discharge is required. This chapter describes the

characteristics of the high frequency spark discharge in a flowing gas, and how a radical jet

can be produced by the HF sparks in a combustible flow.

3.1 Characteristics of high frequency spark discharges in a flowing gas

Swett (1956) observed that discharge voltage and current varies when the length of dis-

charge channel increases by a flow in a DC spark discharging for a long time [108]. Sim-

ilar voltage and current variations were also observed in the present HF sparks. Because

the breakdown voltage strongly depends on the temperature and composition of the gas

between electrodes and because those conditions are continuously changing due to a flow,

high frequency sparks discharging in a flow field show quite different behavior from those

in a quiescent gas. Based on the spark frequency used in this study, the time interval be-

tween discharges is less than 100 microsecond. Therefore, each discharge can affect the

next one by changing the gas conditions in the discharge path, such as, increasing ioniza-

tion and temperature. On the other hand, the gas in the path is convected downstream by

the flow. While the former reduces the voltage required for breakdown, the latter increases
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it. The process that causes this breakdown voltage change is briefly summarized below.

When breakdown occurs, the gas molecules between the electrodes are ionized, which

creates a thin plasma channel. Shortly after breakdown, current passing through the chan-

nel increases, which increases the temperature of the channel by ohmic heating. The high

temperature zone remains in the gap after the source voltage drops to zero. Due to the high

electrical conductivity of this region, the next spark prefers to follow the path of the previ-

ous discharge, and the breakdown voltage along that path is much lower than that in air un-

der normal conditions. On the other hand, this high temperature “preionized” region moves

downstream with the flow, which results in the spark channel being curved (A slightly

curved spark channel can be observed, even under quiescent conditions due to buoyancy).

As the region moves further downstream, the spark channel length and the corresponding

electrical resistance of the channel increase, which leads to a higher required spark power

for breakdown. Eventually the resistance along the preconditioned channel becomes greater

than that in pure gas along the shortest path between the electrodes. The spark then returns

to the shortest path and the process repeats itself, see Fig. 9. This behavior will be referred

to simply as spark convection.

Figure 9 shows the variation of the breakdown voltages of the HF sparks for various flow

velocities. Three different shapes of sparks were observed over a wide range of flow ve-

locities. A stationary spark channel appears at relatively low flow velocities ( U < 2 m/s),

including under quiescent condition. At higher flow velocities, a stationary spark channel

cannot exist. For a velocity range of 2 <U<10 m/s, a sawtooth shaped voltage variation

with time is observed due to repeated spark convection downstream (see Fig. 9 d-f). For

much higher velocity flows (U >10 m/s), the plasma region created by the previous dis-

charge does not seem to affect the following discharge since any ionization that has been

created is washed too far downstream by the flow. In this velocity range, only short length

sparks within the gap are observed, and the measured breakdown voltage is matched ac-

cording to the estimates calculated using Eqn. (8). The color of the spark channel is also
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different for the different cases. Bright white sparks are observed in the fast flow whereas

thick pink and brown colored spark channels are seen in the low velocity case. The sparks

in the rapid flow are also very noisy.

3.2 Role of high frequency spark discharges in a combustible flow
3.2.1 Flame stabilization and radical production

Among the three different flow conditions, the second one is suitable to generate a radical

jet. If the flow velocity is very low, the spark discharge is not required to stabilize a flame;

the flame can anchor at the step inside the RJG. At very high flow rates, a flame can be

observed, but its strength is so weak that the resulting radical jet does not generally hold

flame in the main combustor.

To understand the process that generates a radical jet inside the RJG more high speed

images were taken in the quartz tube RJG (see Fig. 4-a) using a high speed camera(Kodak

Ektapro with image intensifier). To determine the mechanism by which the HF spark dis-

charges stabilize the flame in the RJG the inlet was replaced by a duct carrying an atmo-

spheric premixed methane and air mixture. The HF spark discharge was then turned on

and a series of images were recorded with a high speed camera at a rate of 2000 frames

per second. Because of the weak light intensity of a flame and the limited intensity gain

and resolution provided by the camera, the frame speed was not sufficient to freeze the

individual discharges. However, it was fast enough to show the instant flame shape and its

variation with time.

As in the pure air flow, the discharge channels convect downstream until a short dis-

charge is recreated. In Fig. 10, the short discharge is shown in red in contrast to the other-

wise gray scale images. This may be due to the limited dynamic range of the image process-

ing device. Interestingly, the discharge never occurred in a totally straight path between the

two electrodes. This may have been because a flame was anchored at the end of electrodes.
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Because of the very short spark intervals and the high electrode temperature, the flame did

not extinguish between sparks.

The images in Fig. 10 show a periodic sequence of dark regions. When the discharge

channel lengthened by the flow suddenly breaks and reforms along the shorter path it gen-

erates a new flame kernel, and a small amount of unburned mixture is trapped between

the surrounding flame zones. The unburned gas mixture then moves downstream with the

overall flow velocity and gradually disappears as the surrounding flame propagates through

the mixture. As a result, the combustible mixture is fully burnt some distance downstream

of the discharge. At the bottom of Fig. 10, false colors were added to the original gray scale

images in order to highlight changes in light intensity. It is clearly seen that the majority

of fuel burns downstream, where the unburned gas pockets have disappeared. Thus, this

process provides a plentiful source of radicals at the location where the main flame is sta-

bilized. The generation of the unburned gas pockets surrounded by the propagating flame

is a unique feature of a flame stabilized by a HF spark discharge. This distinguishes it from

a thermal jet, which can be generated by a flame anchored at a flame holder.

Ignition and flame stabilization performance by both kinds of jets were compared and

the results are presented in Chapter 4. Before this comparison, the dependence of the

flammability limits in the radical jet generator on the HF spark discharge will be discussed.

3.2.2 Flammability limits

The radical jet is generated by the partial combustion process, which is initiated by a high

frequency spark discharge. In the last section, it was shown that an unburned combustible

mixture was transported by the flow while being enclosed by a surrounding flame. The

ignition and flame propagation in the RJG, including the depletion of the unburned gas

pocket, depends on the flow velocity, the fuel-air ratio, and the spark power. Section 3.1

briefly described the dependence of the operational limits of the RJG on the inlet velocity
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for a given discharge power. In this section, the results of the experimental investigation

of the dependence of the operating limits of the RJG on flow velocity, fuel air ratio and

discharge power are separated.

The lean flammability limit of premixed propane-air mixture in the RJG was measured

over a range of relatively low flow velocities in the straight quartz tube RJG shown in Fig.

4-(a). The lean limits are presented in Fig. 11, and compared to the limits observed when

the flame was stabilized on the step inside the RJG without the assistance of the spark dis-

charge. Figure 12 shows results obtained when measurements were repeated using methane

as a fuel. Here the measurements were extended to include the rich limit and carried out at

higher flow velocities. According to the plot in Fig. 11, a lean premixed propane-air flame

could be stabilized by the high frequency spark discharge at an equivalence ratio as low

as 0.44 when the cold inlet flow velocity was about 0.75 m/s. The lean flammability limit

gradually increased with increasing flow velocity. Similarly, the flammable range of equiv-

alence ratios for premixed methane-air combustion became narrower as the flow velocity

was increased, see Fig. 12. The reduction of the range of equivalence ratio over which
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Figure 11: Lean flammability limit by a HF spark discharge in a quartz tube RJG for
premixed propane and air flow

the flow is flammable with increasing inlet velocity may result from the limited discharge
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Figure 12: Fammability limit by a HF spark discharge in a quartz tube RJG for premixed
methane and air flow

energy available. When the HF sparks ignite a combustible flow, the discharge energies of

a series of sparks are added to the same flame kernel, until a new “short channel” is formed.

The minimum discharge energy sufficient to ignite a flowing methane-air mixture in a RJG

was estimated by measuring the minimum number of discharges necessary to form a single

kernel. In this test, a pulse generator was used to control the number of HF discharges pro-

vided to the flow by varying the generator’s pulse width. In each test the number of pulses

was gradually decreased until the mixture failed to ignite. Because there is some inherent

variability in the spark even for a given input power and pulse width, tests were repeated.

The minimum pulse width was determined when the 80 (±10)% of ignition attempts failed.

Successfully ignition was determined using a PMT mounted far downstream and fitted with

an OH* emission bandpass filter. The minimum discharge energy for ignition was deter-

mined from the measured minimum pulse width (i.e., minimum number of sparks) using a

previously obtained calibration curve.

The minimum discharge energies for ignition for two different inlet velocities are pre-

sented as a function of the equivalence ratio in Fig. 13. In the figure, although each series of

data is represented by a single velocity, flow velocities varied slightly with inlet equivalence
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Figure 13: Minimum discharge energy to ignite a flame by high frequency sparks in a
quartz tube RJG

ratios for each of the two cases because the equivalence ratio was changed by changing the

fuel flow rate while keeping the air flow rate fixed. The deviations of inlet flow velocities

over the range of equivalence ratios, based on that of the stoichoimetric mixture, were less

than 6%. This is negligible compared to the difference in velocities between two cases, 4

and 8.1 m/s at stoichiometric conditions.

The results show that the required minimum ignition energy Emin sharply increased for

very lean and rich mixtures. No data are reported near stoichiometric conditions because

the number of spark for ignition in those cases was too small to produce by the system used

in this study and, thus, repeatable data were not obtained. In those cases, the first strong

discharge in a series was often sufficient to ignite flame. Emin also increased with increasing

flow velocity. This effect in mainly due to changes in turbulence intensity [8, 9, 70, 79, 114].

In an ignition process of turbulent flow, turbulence increases both the burning velocity and

the rate of heat loss to the surrounding gas. Emin tends to increase because of the former

while it tends to decrease because of the latter. Results by Ballel and Lefebvre [9] suggest

that the net effect is an increase of Emin with turbulent intensity. The same authors suggest
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that the minimum ignition energy Emin in a flowing gas is given by the equation,

Emin = cpρ∆T
[

10α

(SL−0.16u′)

]3

(17)

where α is thermal diffusivity and u′ is a turbulence intensity. The minimum ignition en-

ergies in premixed methane/air flow at atmospheric pressure evaluated using Eqn. (17) are

compared with experimentally obtained results in Fig. 13. The calculation of Emin using

Eqn. (17) requires the laminar flame speed SL and the turbulent intensity u′ be known. For

laminar flame speeds in methane-air, experimental data in Ref. [5] were used and the tur-

bulent intensity was approximated by,

u′

U
= 0.168Re−0.119 for 3×104 < Re < 7×105 (18)

where U is the mean center line axial velocity. This relation provides the radial turbulent

velocity at the half radius of a pipe [1]. The calculated values are somewhat lower than

the measured results. This difference may arise because the Emin data, which were used to

derive Eqn. (17), were obtained by adjusting the voltage and current of a single discharge

until the onset of ignition. In that case, the discharge duration was typically very short, and

thus, the electrical discharge could be assumed to be an instantaneous energy source. How-

ever, for high frequency spark discharges used in this study, energy is deposited into the

flame kernel over a relatively long period of time. Therefore, heat losses to the surrounding

mixture may be larger than in the case of ignition by a single, strong spark. Furthermore,

Emin in Eqn. (17), is inversely proportional to (SL−0.16u′)3, and thus, is very sensitive to

small discrepancies in the value of SL, or of u′. Indeed, the laminar flame speed data used

in Eqn. (17) are slightly higher than those reported by other authors, especially under very

lean and very rich conditions.

The minimum electrical power required to stabilize a flame in a flow of given velocity

is of practical importance for the RJG. That value may be obtained from the method fol-

lowing. The successful ignition in the RJG occurs only when the total spark energy deposit

is larger than the minimum ignition energy in the flow condition, and the total spark energy
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Figure 14: Simplified high frequency spark discharge energy versus time.

deposit into a single flame kernel is limited by the flow speed due to spark convection. The

maximum velocity, Uin,max, at which the flow can be ignited by the HF sparks, is deter-

mined from the these relations, and the electrical power that provides the amount of energy

enough to ignite a single flame kernel is also calculated. Based on this concept, a simple

model was developed. Here the discharge was assumed to consist of a single, strong spark

followed by a series of sparks with linearly increasing power (see Fig. 14). The electri-

cal power of the first discharge P1 was obtained by measuring the average power during a

single discharge duration τs. The power of the following discharges cannot exceed that of

the first one. If it is assumed that the maximum spark convection distance, Ds, is constant

and is obtained from pictures in Fig. 9, and that the spark convection duration was limited

to Ds/Uin, then the maximum total energy accumulated in the single flame kernel can be

expressed by,

Es,max. = P1

(
Ds

2 Uin

)
. (19)

Furthermore, since Es,max ≥ Emin must be satisfied for a successful ignition, the maximum

velocity for ignition is given by,

Uin ≤
P1Ds

2Emin
. (20)

The calculated maximum values of Uin were plotted in Fig. 15. Although the model is

relatively simple, the result obtained were quite close to the experimental values.
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Figure 15: Flammability limit in the RJG estimated using a minimum energy model; ex-
periment data are reproduced from Fig. 12
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In conclusion, the high frequency spark discharge is able to stabilize combustion in

a flow, at least as well as a backward facing step type flame holder. However, the spark

energy required to ignite and stabilize a flame increases with increasing flow velocity. This

resulted in an increasing ratio of required discharge power to the the rate of combustion

heat release, γ , for a given RJG, see Fig. 16. The above restricts the direct use of HF sparks

for flame stabilization to stabilize low velocity flow. The next chapter, therefore, focuses

on techniques in which the radical jet produced by a HF sparks can be used to ignite and

stabilize a flame in a high velocity combustor. Of particular interest is the role that radicals

in the jet play in flame stabilization.
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CHAPTER IV

RADICAL JET FOR FLAME STABILIZATION

The previous chapter showed that high frequency spark discharges can ignite and stabilize

a flame in a RJG, using a relatively small amount of electrical energy compared to the heat

release from the combustion process, in a low velocity flow. It also described how the peri-

odic, unburned gas pockets created by the spark convection process produce a radical rich

product downstream. This chapter describes flame ignition and stabilization by the prod-

uct of a RJG injected into a main combustor carrying a combustible flow. The experiment

consisted of a jet carrying both radicals and thermal energy produced by the combustion

process and ejected from the RJG. To characterize these jets, the temperatures and lev-

els of radicals were measured, and their variations with equivalence ratio in the RJG and

main flow velocity were studied. Ignition and flame stabilization capability were measured

for jets with different radical and thermal energy contents. This chapter also discusses the

flammability limit of a main flame which is ignited and stabilized by a radical jets in a

coaxial configuration. The length of radical jets were measured, and then used to calculate

the characteristic residence time of the main flow in a mixing region for different radical

jets and main flow conditions. The characteristic ignition delay time of the main flame was

experimentally determined using the characteristic residence time at flame blow off. The

blow off conditions, and, therefore, the maximum flame holding velocities, in the main

combustor for various equivalence ratios were determined using a flame detector.
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4.1 Characteristics of a radical jet
4.1.1 CH chemiluminescenct intensities

CH* chemiluminescence was used to measure the level of radicals because CH* radicals

are formed only in a thin region of the flame front where most other radicals are also pro-

duced. To observe the interaction between the jet and the main flow the chemiluminescent

levels were measured in this region. When the radical jet was injected normally into, and

mixed with the main flow, its shape changed. In such a cross flow configuration, the main

flow deflects the injected jet. The mixing between the jet and the main flow is influenced

by four different characteristic features: a jet shear layer, a horseshoe vortex, wake vortices,

and a counter-rotating vortex pair [81, 103]. The deflection of and mixing with the jet and

the main flow at the junction of the RJG and the main combustor is a very complicated pro-

cess. Characterizing chemiluminescent light emitted in the resulting flow is also difficult,

because the mixing of the radicals with a cold, inert main flow promotes quenching of the

excited species. If, the other hand, the radical jet is injected coaxially into the main com-

bustor, mixing is dominated by the shear layer since the flow direction of both the radical

jet and the main flow are parallel. This process is a lot better understood. For simplicity,

the dependence of CH* chemiluminescent level on the RJG and the main flow conditions

were measured using this configuration.

The combustor and associated diagnostic equipment were introduced in Ch 2. Because

Table 1: Cold flow conditions in a RJG and a main tube for the measurement of CH chemi-
luminescence

low high

RJG equivalence ratio, φ 0.61 1.33

RJG flow rate, l/s 1.19 1.28

RJG inlet velocity, m/s 11.6 12.4

Main air velocity, m/s 16.7 75.2
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Figure 17: CH* radiation intensities as a function of equivalence ratio in the coaxial RJG
for different main flow velocities

the level of PMT output varies linearly with the chemiluminescent radiation incident on the

photocathode, and the radiation intensity is proportional to the number of CH* radicals,

the total amount of CH* in the various radical jets relative to a reference condition can

be evaluated without measuring the absolute intensity and converting it to a CH* number

density, which is complex [68]. The flow conditions for the RJG and the main combustor

used in these tests are given in Table 1. A premixed methane-air mixture was used to pro-

duce the radical jet. In this case, the air flow rate in the RJG was kept constant, and the

fuel flow rate was varied to adjust the equivalence ratio. This changed the total flow rate in

the RJG and the corresponding flow velocities slightly. Pure air was used for the main flow

in order to clearly see the radical jet. This would have been difficult if a flame had been

stabilized in the main tube. For each main flow velocity, the PMT outputs measured for the

various RJG inlet equivalence ratios were normalized by the value that was obtained un-

der stoichiometric conditions. The results, which represent the relative levels of CH*, were

plotted in Fig. 17. Clearly, the values obtained for different main flow conditions collapse

into a single curve. The PMT outputs monotonically increase with inlet equivalence ratio
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of the RJG because the CH* concentration in a flame is proportional to the hydrocarbon

concentration. Furthermore, for rich mixtures the length of the jet increases due to addi-

tional burning of excess fuel when it is mixed with main air downstream. For example, the

latter effect can be seen in a series of pictures in Fig. 18, which shows the growth of flame

length with the equivalence ratio for two different RJG inlet flow rates but constant main

flow velocity. The flame lengths changed linearly except for very lean and rich conditions

where the radical jet becomes unstable, which results in the flame lengths fluctuating. In

this case, since the lengths recorded in low speed photography were time averaged values,

they were not comparable to the lengths of the stable radical jet.

In Fig. 17, both the lean and rich regions beyond the points plotted represent the RJG

equivalence ratios at which the radical jet becomes unstable. The frequencies of the flame

fluctuation were about 7 and 110 Hz on the lean and rich sides, respectively. Since the main

flow velocity did not significantly change during these tests, it cannot be responsible for

the different frequencies. When the radical jet pulsated, the PMT output oscillated corre-

spondingly. The lower values of the PMT signal were close to zero, which means that there

was no part of the flame protruding from a RJG at that instant in the cycle. The peaks were

slightly higher than the level corresponding to the stable flame just prior to the onset of pul-

sations. This suggests relatively intense combustion inside the RJG, which can produce a

strong, pulsating jet. However, when the fuel-air ratio deviated further from stoichiometric,

the peaks declined, and intervals between the pulsating flames became longer and irregular.

Therefore, the measured mean values decreased.

The radiation measured by the PMT was strongly influenced by the size of the radical

jet protruding beyond the nozzle. Assuming a conical jet, its sizes, both by volume and by

surface area is only a function of the jet length. In coaxial flows, the length of the inner

potential corn is inversely proportional to the ratio of the outer to the inner flow velocities,

which here correspond to the main and radical jet velocities, respectively [96]. The poten-

tial core lengths were not measured in this study. However, the overall length of the jet is
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Figure 18: The radical jet length variation with RJG equivalence ratio in a coaxial RJG
(right hand side is rich). In upper, RJG inlet flow rate was 1.21 l/s and the corresponding
inlet velocity was 11.75 m/s at stoichiometry, and in lower, they are 1.73 l/s and 16.9 m/s,
respectively. Main air flow velocity was maintained at 120.3 m/s.
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Figure 19: Variation of CH* chemiluminescence in a radical jet with increasing main flow
velocity and fixed RJG flow rate.
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observable because it is visible. The length of the jet and the corresponding radiation of

CH* from the radical jet decreased with increasing main flow velocity, see, Fig. 19. This

is probably caused because by the high velocity main flow sweeping away the edge of the

radical jet, or because mixing with the higher flow rate of cold main air, under conditions

of high strain in the mixing zone, promoting quenching of the reaction in the radical jet.

Dependence of the radical jet length on the flow conditions will be discussed in the next

section.

4.1.2 The length of radical jet

When the combustible main flow mixes with the radical jet, the residence time of the main

flow in the mixing region strongly depends on the length of the radical jet. Thus, the blow

off velocity is also affected by the length of the latter. In section 4.1.1, it was briefly men-

tioned that the jet length decreases with a main flow velocity, and increases with a equiva-

lence ratio in the RJG.

The length of radical jet or, for that matter, those of a premixed turbulent flame injected

into a coaxial flow or a cross flow with much larger flow rate have not been widely studied

experimentally or theoretically because such conditions are not common in practical appli-

cations. Most studies carried out so far were usually related to the length of turbulent diffu-

sion flames which are frequently used in industrial combustors [97, 116]. For a co-flowing

jet, related theoretical studies have been carried out in cold flows [53, 96]. Furthermore,

many of the dimensional analyses developed can be applied only far down stream, when

the distance from the nozzle is many times the nozzle diameter. However, because the rad-

ical jet does not extend far into the main flow, see Fig. 18, the near field structure of the jet

and its interaction with the outer flow is of importance.

Cold flow studies have shown that the velocity and the composition of the inner flow

changes through entrainment of surrounding fluid into a free jet. Furthermore, the rate of
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entrainment increases with axial distance [97]. Because the entrainment is attributed to

the large vortex structure developed in the mixing layer [71], mixing between the inner

and outer jet is proportional to the local turbulent intensities in a mixing layer [96]. This

dependency on turbulence makes it difficult to estimate the inner jet length. The variations

of the radial distribution of the axial jet velocity and of the mass fraction with axial distance

have been studied [30, 122]. One useful characteristic length scale obtained from these

studies is the length of an inner potential cone, Li, in coaxial flow configurations. The main

parameter that affects the length of inner core is the momentum flux ratio between two flow

streams, M = ρoU2
o /ρiU2

i . When inner and outer flow have the same density, the velocity

ratio, ru is used. In that case, the length of the inner cone related to the velocity ratio as

[96],
Li

Di
∼ C

ru
(21)

where Di is the diameter of the inner jet and C is a experimentally determined constant,

whose value depends slightly on the configuration of inner and outer flows. For flow with

different densities, ru is replaced by
√

M [53, 96]. Eqn. (21) states that the inner core length

decreases with the outer flow velocity. This type of cold flow study may provide some

insight into the functional dependencies of the flow properties on the length of the radical

jet. However, since the combustion process inside a radical jet should be considered when

estimating the proper jet length, in the present study the radical jet lengths were obtained

experimentally.

The length of the radical jet can be measured by many different methods. In this study

they were determined optically by taking pictures of the coaxial radical jet operating under

the various RJG and main flow conditions. Because the length of radical jet fluctuated for

very lean and rich conditions at frequencies up to 110Hz, sufficiently long exposure times

(1 sec) were used. Thus, the obtained images correspond to the maximum length of radical

jet for given operating conditions. During post image processing, color pictures of radical

jets were converted to gray scale images. The edges of the jet were then examined to obtain
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Figure 20: Variation of the length of the near stoichiometric radical jets with the main flow
velocity; �, RJG φ = 0.96; N, φ = 1.04; −, L j/Dr = 8/M1/2, Rehab et al. (1997)

the jet length. The ratio of the main air velocity surrounding the radical jet to the RJG cold

flow velocity ranged 2.8 < Um/URJG,cold < 16.8.

The effect of the main flow velocity

Similarly the length of potential core of a premixed flame in the coaxial configuration,

the length of the radical jet is influenced by the main flow velocity, and thus, the ratio of

the momentum flux between main and radical jet streams.

Figure 20 shows that the length of the near stoichiometric, radical, inner jet in a coaxial

flow decreases with momentum flux ratio when the outer flow is a cold air stream. The

jet length, L j was normalized by the diameter of the RJG nozzle, Dr. Unlike the length of

potential core, the jet length varied linearly while the former was inversely proportional to
√

M according to Eqn. (21). Also, the radical jet is much longer than the inner core, be-

cause the chemical reaction in the radical jet can be sustained as long as the local mixture
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is flammable downstream of the potential cone, even though an outer cold main flow im-

pinges on the axis of the radical jet.

The effect of equivalence ratio

The measurement of the length of radical jet was repeated for various equivalence ratios

in a RJG. Figure 21(a) shows that the jet length increases with increasing equivalence ratio

at the RJG inlet. In Fig. 21(a) the jet lengths are normalized by their value at stoichiometric.

The results shows that the rates increase with equivalence ratio are nearly independent of

velocity ratios. This suggests that the effect of the equivalence ratio of the RJG inlet on the

jet length is independent on the main flow velocity, or the velocity ratio.

Variations in equivalence ratio can change the properties of the jet, such as, the fuel

mass fraction, the mass burning rate, and the burnt gas temperature. Without considering the

interaction with the outer flow, the length of radical jet may be approximately determined

by the distance from the ignition point of the radical jet, at which fuel start to be burnt.

From a mass conservation, the differential change of the mass of fuel can be represented

by

ṁ
dYF

dx
= ωFA, (22)

where YF is the mass fraction of fuel, ωF is average fuel mass burning rate and A is nozzle

cross section area. For turbulent combustion, ωF is independent of the molecular level

reaction rate and can be expressed by the well known eddy-breakup-model [107, 129], i.e.,

ωF =−ρCF
ε

q

√
Y ′F

2
, (23)

where CF is a constant, Y
′
F is fuel mass fraction fluctuation, ε is turbulent dissipation rate,

and q is a turbulent intensity. Y ′F
2 is simply modeled by Y F

(
1−Y F

)
[121]. Applying the

model and integrating Eqn. (23) results in

L j,o ∼Uavg
{

sin−1(2Y F,i−1)− sin−1(2Y F,L−1)
}

. (24)
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Figure 21: Variation of the length of the radical jets for various radical jet inlet equivalence
ratio; (a) lengths normalized by the RJG diameter, (b) lengths normalized by the value at
stoichiometric condition; M, Umc = 67.7 m/s, Urc = 13.8 m/s; ×, Umc = 109 m/s, Urc = 16.8
m/s; �, Umc = 109 m/s, Urc = 13.8 m/s; �, Umc = 109 m/s, Urc = 9.7 m/s.
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Here, velocity changes in the x direction are not considered to make integration simpler,

Thus, Uavg(≈ Uin(1 + TRJG/Tin)/2) is used. Parameters related to the turbulent flow are

assumed to be constant because their variations with equivalence ratio are negligible when

the flow rates of RJG and main flow are not changed. Equation (24) shows the simple

functional dependence of the radical jet length on the inlet equivalence ratio when the

effect of the outer flow is neglected.

In actual radical jets, the rate of fuel consumption may be affected by the chemical

kinetics for cases with relatively low turbulent intensities. In those cases, the reaction rate

peaks near stoichiometric because of the maximum flame temperature. This, in turn, causes

shorter jet length. On the other hand, the high flame temperatures of such a mixture in-

creases exit momentum flux of the radical jet, which increases L j. This effect is taken into

account by changes in Uavg in Eqn. (24). If one of these effects were to exceed the other, L j

would have a local minimum or maximum at stoichiometric. However, the measurement

results show a linear increase with increasing equivalence ratio. Therefore, these two ef-

fects appear to each other.

4.1.3 Temperature of a radical jet

In addition to the quantities of active radicals, the jet temperature is also a very important

parameter in the flame stabilization process. Experiments have shown that the strength of

the radical jet, which results in different chemiluminescent light intensity, or jet length, etc.,

could be changed by varying many input conditions, such as spark power, equivalence ratio

and flow rate in a RJG, as well as by RJG geometry. The temperature of the radical jet varied

to some extent by changing any of those conditions. Since a radical jet contains significant

quantities of unburned mixture, as described in the last chapter, the gas temperature is

much lower than the equivalent adiabatic flame temperature. It should be noted that the low

temperature obtained here was mostly not caused by heat loss to the surrounding. Except
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Figure 22: Variation of centerline temperature of radical jet with axial distance from the
RJG nozzle exit; RJG inlet flow rate at stoichiometry, 1.21 l/s, and applied main air veloc-
ity, 48.5 m/s.

for low inlet flow rates and near stoichiometric, the RJG wall remained quite cool.

In these experiments, the flow temperature was measured using a shielded K-type ther-

mocouples, which was located at the center of the jet. The position where the temperature

is measured, is adjustable. Because the upper temperature measurement limit of K-type

thermocouples is around 1300◦C, temperature data beyond this limit may not be reliable.

In addition, an electrical measurement device like a thermocouple and its read-out may be

influenced by the strong electric field associated with high frequency electrical discharges

although it is shielded. Therefore, it should be noted that the temperature data presented

here may subject to a larger error than usual for thermocouples, although positive and neg-

ative electric field noise was averaged. Although the absolute temperatures reported was

not be totally reliable, the tendencies shown in the results are physically reasonable. Figure

22 shows the temperature variations with changing equivalence ratio of the inlet mixture

at different jet axis locations downstream. The centerline temperatures on the lean and rich
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sides are relatively low because of the lower flame temperature of those mixture. Interest-

ingly, the exit temperatures do not drop significantly up to 22 mm downstream of the noz-

zle; i.e., up to about twice the nozzle diameter. This may be because of continued burning

of fuel in the unburnt pockets throughout the jet.

Figure 23 shows the variation of radical jet exit temperature with inlet mixture equiva-

lence ratio for three different inlet flow rates. The tube length of the RJG used in these mea-

surement was slightly longer than that used to measure the temperatures reported in Fig. 22.

The increase of residence time due to extended RJG length allows that the larger amount

of fuel burned inside the RJG. Thus the temperatures reported here are relatively higher. In

all three cases, the peak temperatures are not significantly different although case (c) has a

70% higher inlet velocity than case (a). However, in general, the maximum jet temperature

decreases with increasing flow rate in the RJG, see Fig. 24.

Above results shows that the jet temperature depends on the inlet velocity, mixture

equivalence ratio, and geometry of RJG. Because the exit temperature depends on the

amount of burnt gas in the exhaust of the RJG, it increases with increasing the residence

time of the flow in the RJG by lowering inlet velocity, or increasing RJG length. The exit

temperature calculated using an one dimensional flame propagation in the RJG showed a

similar trend with those obtained from experiment. A schematics and the derivation of the

model are described in Appendix B.

4.2 Flame stabilization by radical jets
4.2.1 Overveiw

One of the goals in this study was to determine the ability and limitations of a radical jet

to stabilize a flame in an afterburner. The method by which the radical jet is generated

and limitations were discussed in the previous chapter. Both the results of measurements

and of a simplified model showed that a radical jet can be generated when the electrical
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(a) Uin = 10m/s

(b) Uin = 13m/s

(c) Uin = 17m/s

Figure 23: Variation of exit temperature of radical jets with inlet equivalence ratio
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(a)

(b)

Figure 24: Variation of exit temperature of radical jets with inlet flow rate; (a) all Data, (b)
maximum value for each flow rate
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energy added to the flow is higher than its minimum ignition energy. However, this ignition

model cannot explain the ability of the radical jet to stabilize a flame further downstream

in a main burner. Indeed that is more closely related to the post-ignition processes, such as

flame propagation in the downstream part of the jet, which multiply the level of radicals.

The following sections describe the experimental results related to the capability of flame

stabilization by the radical jet.

For a combustible gas mixture with homogeneous equivalence ratio and uniform flow

conditions, ignition is followed by the flame propagation because the former is typically

more difficult to achieve than the latter. For flame stabilization by a radical jet both the RJG

and the main combustor operates with a combustible flow. The flow inside a RJG is then

ignited. The flame propagates in the RJG, but it may or may not propagate into the main

combustor. The flow conditions in the mixing region between the radical jet and the main

flow can be complex, and the temperature and the equivalence ratio of the jet also vary

because of mixing with the main flow. Therefore, the combustion process in the radical jet

may or may not continue in the main flame. In the latter case, the flame stabilization by

the radical jet, which is shown in Fig. 25, is not achieved although the radical jet on its

own appears to operate normally. In fact, when the RJG was operated near its flammability

limit, the resulting radical jet seemed to be weaker (i.e., operating at lower temperature)

than when it was operated closed to stoichiometric conditions. Such a weak radical jet was

not able to stabilize a main flame. Therefore, flame stabilization by a radical jet appears to

be an ignition problem rather than a case of flame propagation. It was, therefore, necessary

to study within which limitations the radical jet can ignite and stabilize a flame in the main

combustor, independently of the ignition limit within the RJG. The former limitations were

measured for given main flow equivalence ratio and flow rates because these main flow

properties are factors in determining the flammability limit. In addition, the dependence of

flame stabilization by the radical jet on spark input power was measured.

For these test, a quartz tube RJG was installed normal to the main combustor, see Fig.
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5. Premixed methane-air mixtures at atmospheric pressure with different equivalence ratios

and flow rates were supplied to the RJG. The HF spark discharge was used to initiate a

radical jet, which penetrated perpendicularly into the main flow. The RJG inlet equivalence

ratio was adjusted and recorded until the main flame was no longer ignited and stabilized

by the radical jet. This test was repeated over a wide range of RJG inlet conditions. The

entire set of tests was then repeated out using a 50% higher spark power.

4.2.2 Results

Figure 26 shows the limits of RJG inlet conditions within which the radical jet was able

to successfully ignite and stabilize the given main flame. In other words, only points un-

der the measured curves represent flow rate-equivalence ratio pairs in the RJG for which

combustion is stabilized in the main flow. These results were compared with the limits of

operation of the RJG itself reported in Fig. 12. Clearly those in Fig. 26 were comparatively

narrower; i.e., radical jet resulting from RJG operated near the limits cannot ignite a flame

in the main combustor. This suggested that certain jet conditions are required to ignite a

flame in a given main flow, and that weak radical jets do not satisfy these requirements.

According to Eqn. (3), flammability limits are determined by balancing the characteris-

tic ignition time and the characteristic residence time. Because the main flow velocity was

kept constant in these tests, the limits in Fig. 26 were determined only by the characteristic

ignition time, τc and the maximum jet length, L j, which are dependent of the inlet flow rate,

equivalence ratio and the applied spark power in the RJG. Fig. 26 shows that an increase

in spark power broadens the operating velocity and fuel-air ratio of RJG, which can ignite

and stabilize a flame in the main combustor. It also increases the maximum RJG inlet ve-

locity. As the applied spark power is increased by increasing the current, the spark channel

thickens while its temperature is unchanged. This leads to faster growth of the flame kernel,

which allows a larger amount of gas to be burnt and more heat and radicals to be generated
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(a)

(b)

Figure 25: Flame stabilization by a radical jet in a cross flow; main mixture flows from left
to right and a radical jet is injected from bottom; (a) main flow velocity, 8m/s; (b) main flow
velocity, 10m/s; RJG inlet volume flow rate, 1.0 liters/s; radical jet is near stoichiometric,
but equivalence ratio of the cross flow are not specified.
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Figure 26: Limits of flame stabilization by the RJG with two different plasma powers in a
premixed CH4-Air main flow; flowrate and equivalence ratio 3.1 liters/s and 1.28 respec-
tively. Points represented by × corresponding to 50 % higher electrical power than square
points.
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per unit time [99]. It was observed that the length of the jet injected into the main flow

is proportional to the spark power. Furthermore, the stronger radical jet produced by the

higher spark power may reduce the characteristic ignition delay time in the mixing region

within the main flow. Because flame stabilization in the main combustor depends on the

radical jet properties, which are affected by the spark power and the RJG inlet conditions,

accurate measurement of these properties is necessary in order to understand the mech-

anism by which a radical jet ignites and stabilizes the main flame. The level of radicals

and temperature distribution in the radical jet were measured, and their effect on the flame

holding process in the main flow is discussed in the following sections.

4.3 Comparison of flame stabilization by both a radical jet and a thermal
jet

4.3.1 Overview

The previous sections demonstrated the feasibility of flame stabilization by a radical jet.

CH chemiluminescent intensity and temperature distribution were measured.

In this section, the effects of radicals and heat in a jet produced by the RJG on the

flame stabilization performance in a main combustor were compared experimentally. Total

separation of the effect of radicals from that of heat is impossible. However, difference

in the amount of radicals and temperature can be produced by using two different types of

jets, a radical jet and a thermal jet. When the combustion is completed inside the combustor

tube, the exhaust gas contains fewer active radicals compared to a reacting jet, such as the

radical jet. A method of generation for the thermal jet is described below.

To complete the combustion process inside a small RJG tube, a well stabilized flame

is required. For this purpose a small step was incorporated as a flame holder in a “elbow

type” RJG, see Fig. 4(b). (The small blunt structure that holds the electrodes, could also

have been used as a flame holder but a flame could only be stabilized if the flow rate was

relatively low and the fuel-air ratio was near stoichiometric.) In practice, the flame was

54



initially ignited and maintained by the spark discharge until the RJG warmed up. Once

a stable flame was anchored behind the step, the discharge turned off. The resulting jet

generated by the RJG operating with a stable flame was comprised of almost completely

burnt products. On the other hand, a radical jet could be produced by increasing the flow

rate, or using a lean or rich mixture.

A circular pipe with a much larger diameter than that of a RJG, and set below and

perpendicular to the RJG was used to represent the main burner, see Fig. 27. The main

burner tube was not extended downstream, beyond the RJG, in order to avoid recirculation

in the main flow behind the jet ejected from the RJG. Because a recirculation zone can

stabilize a flame by itself, and because the ability to hold a flame depends on the size of

recirculation zone, it would have been difficult to study the difference between the thermal

and the radical effect exclusively in the presence of such a zone. This recirculation problem

also could have been reduced by using a coaxial configuration. However, in that case, the

”step stabilization” inside RJG required to generate a thermal jet could not be achieved,

because the RJG wall would have been cooled too much by the outer, main flow.

An air flow rate in the RJG was chosen for which it was possible to create a radical jet

when the inlet mixture was lean or rich, and a thermal jet when it was near stoichiometric.

Temperature profiles along the axis and the level of radicals in the RJG jet were measured

for the range of equivalence ratios used. The effects of different jet types on the ignition

and stabilization process were compared by measuring the ability of the jet to ignite and

stabilize a flame in a main burner and the strengths of the resulting flame. For this measure-

ment, the flame detector introduced in chapter 2.5.1 was used. It was set far downstream of

main flow such that the radial jet or thermal jet could not contact detector probes and thus

produce a false positive. For each main flow of given velocity and equivalence ratio, the

output from the detector was proportional to the amount of fuel burnt in a flame stabilized

by a given augmentation jet configuration. The value of this flame detector output repre-

sents the “strength” of the main flame.
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Figure 27: Test of flame stabilization by a “elbow type” RJG; from left, lean radical jet,
attached thermal jet, and rich radical jet

4.3.2 Results

Figure 28 shows the radiation intensities from the OH(A-X) and CH(A-X) transitions for a

wide range of RJG inlet equivalence ratios, and two main air flow velocities; i.e., 33.3 m/s

and 16.3 m/s. In both cases, intensities were rather weak for RJG inlet equivalence ratios

between 0.9 to 1.2. When comparing these results to those in Fig. 17, the difference is clear.

The jets in this regime can thus be treated as thermal.

Temperature variations with equivalence ratio for both thermal and radical jet regimes

are shown in Fig. 29. The exit temperatures for different equivalence ratios are similar to

those obtained for the coaxial RJG in Fig. 22, which does not have a thermal jet regime.

However, comparison of Fig. 22 and 29 shows that for the thermal jet, the temperature

along the jet axis decreases faster than for a radical jet. This occurs because in the thermal

jet the combustion process is essentially completed inside the RJG, while for the radical

jet radical recombination causes heat to be generated in the flow ejected beyond the RJG

nozzle. A rapid drop of the jet temperature along the jet axis can be interpreted as a decrease

in the length of the jet that can act as a flame holder, and thus in the characteristic residence

56



!"# !"$ % %"& %"'

!

(!!

%!!!

%(!!

&!!!

!

&

'

#

$

%!

%&

%')*+,*-.)/-*01221345
6780122"21345
97801%#"21345
:;.+*1<*)*9)6-16/),/)01%$"(1345013=>?1!@%"2(

-AB1*C/DE.;*F9*1-.)D6

! "
#
$ %
&!
&'&
! "
#
$%
()*
+%&
&&:
;.
+
*1
<*
)*
9)
6
-1
6
/)
,/
)1
GE
H

-A
B
1*
ID
)1
)*
+
,*
-.
)/
-*
11G
JH

Figure 28: Variations of temperature measured in the exit of an elbow type RJG and OH*
chemiluminescence normalized by the value at stoichiometric; for measurement of OH*,
main flow is only air and main flow velocity is 33.3 m/s; for measurement of CH*, main
flow is only air and main velocity is 16.3 m/s; for flame detection, main flow is combustible
and main velocity is 18.5 m/s

time available to ignite a main flame.

Figure 28 also shows that the flame detector outputs were higher in a radical jet regime

than in a thermal jet regime (0.9 < φ < 1.1), where the values were negligible. Clearly the

radical concentration follows a similar trend. Since a zero value in the flame detector output

implies the absence of a flame in the main tube, it can be seen that a stoichiometric thermal

jet, which has the highest temperature but negligible amounts of radicals, cannot ignite

a flame, while much leaner and richer jets with relatively lower temperatures and lots of

radicals, can, see Fig. 27. These results suggested that radicals generated by the plasma and

multiplied by a cascade effect in the flame zone of the RJG dominate the ignition process

of the main flow.

When using a conventional bluff body flame holders, the flame is stabilized by a near

stationary pool of hot gases igniting an incoming combustible mixture. Therefore, flame

holding by a thermal jet in this study is very similar to that by a bluff body. In fact, some

researchers used a heated inert gas flow parallel to the main flow to study the mechanism

by which a bluff body flame holder stabilizes a flame in an afterburner [80, 129].
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Figure 29: Variations of temperature with an equivalence ratio for various distance from
the nozzle of an elbow type RJG

4.4 Limits of flame stabilization by a radical jet generator in a main
combustor

4.4.1 Overview

Previous sections dealt with the ability of radical jets to stabilize combustion. It was also

demonstrated that this process depends on the properties of the radical jet, such as the spark

discharge power and flow rate and equivalence ratio. This section discusses the flammabil-

ity limits in terms of equivalence ratio and velocity of the main flow when combustion there

is stabilized by radical jet with given equivalence ratio and flow rate. In order to compare

the ignition and flame stabilization limits by the radical jet with those of a conventional

bluff body, similar flame detection technique must be used. This study uses a criterion

described in Eqn. (3); i.e., the flame is considered extinguished when Dakohler number

reaches a critical value of one.
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The characteristic ignition delay time, τc is determined by the criterion using the con-

tact duration between the fluid element in the main combustible flow and the source of ig-

nition, the recirculation wake behind the bluff body when the flame blows off. For a given

bluff body flame holder, τc depend primarily on the characteristics of the reactant mixture

because the temperature and the composition of the hot gas in the recirculation zone, which

is used as the ignition source, are determined by the reactant itself. However, when a flame

is stabilized by a radical jet, the temperature and species composition of the radical jet are

independent of the main flow. Therefore, τc of the main flow can be changed by varying the

properties of the radical jet. This implies that τc in this case is a function of the properties

of the radical jet as well as of the main reactant mixture. Therefore, τc calculated using

Eqn. (3) can be used to compare the flame holding performance of a bluff bodies with that

of a radical jet.

In order to estimate τc for a flame stabilization by a radical jet, the length of radical

jet and the main flow velocity at which the main flame is blown off must be determined

accurately. Blow off conditions are not very obvious when a flame is stabilized by a radical

jet. Therefore, a flame detector is used to quantify the instantaneous strength of the main

flame, which is then represented by the predefined “flammability,” ξ in Eqn. (16). Since

ξ drops below one when the main flame is unstable1, the main flow velocity under this

condition may be a limit of practical operating range for the combustor. However, using a

main velocity, at which the pulsation just begins, may result in overestimating τc because

the former is determined by the fluctuations of the radical jet, i.e., by a purely fluid dynamic

effects, and it may be independent of the level of radicals. Therefore, present study uses the

conditions, at which ξ becomes close to zero, as a flammability limit of the main flame.

1Rehab et al. reported that, in a coaxial jet configuration, inner flow oscillations appears when the mo-
mentum flux ratio between the outer flow and the inner flow increases above a certain value. In this case,
the frequency of the oscillation is lower and the amplitude is higher than those of Kelvin-Helmholtz mode
[50, 96, 115, 123]. For a case including combustion Kim et al. showed that the very low frequency com-
bustion instability of a spark driven, confined jet flame is caused by the interference between the periodic
formation of flame kernel and the rest of combustion process [59]
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4.4.2 Characteristic ignition delay time

These tests were carried out using two coaxial flows. The inner is a radical jet with lim-

ited range of inlet conditions, while the outer is a main flow for which the characteristic

chemical times of combustion evaluated. The characteristic chemical time, which is also

referred to as the characteristic ignition delay time, is obtained by dividing the length of

radical jet by the main flow velocity. The measurement of the radical jet length was already

described in Sec. 4.1.2. Because the length of radical jet was measured when the main flow

was air only, it may differ from the length which is measured when the main mixture is

combustible. However, such problems were neglected because no noticeable changes in

radical jet length due to variations in equivalence ratio of the main flow were observed

near blow off conditions. The velocity of the main flow bypassing the radical jet, Umc, was

calculated by Qm/(Am−ARJG) where Qm is a volume flow rate of a main flow, and Am and

ARJG are the cross section area of the main tube and RJG, respectively. This method was

also used to estimate τc in many bluff body flame holder studies, except here the length of

the recirculation wake was replaced with that of a radical jet [138].

Figure 30 (left) shows the maximum main flow velocity for which ignition occurs as a

function of equivalence ratio of the main flow. Three radical jets with equivalence ratios,

0.88, 1.0, and 1.22, were used to stabilize the main flame. The limiting main flow equiva-

lence ratios are also shown in the figure. The flammability limits significantly vary with ξ ,

which ranged from 0.99 to 0.1. According to a definition of ξ , 0.99 is at the threshold of an

unstable flame, and 0.1 is almost of the limit where the radical jet can barely stabilize the

main flame. For all cases, the dependence of the flame holding velocity on the main mix-

ture equivalence ratio are very large. Usually the peak velocities appeared when the main

flow was stoichiometric. Comparing Fig. 30-(a), (b), and (c) left hand side, the maximum

flame holding velocities increase with increasing the equivalence ratio of RJG. However,
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(a)

(b)

(c)

Figure 30: Flame stabilization velocities in a main combustor with various equivalence
ratios for different radical jet equivalence ratios; (a) RJG φ = 1.22, (b)RJG φ = 1, (c) RJG
φ = 0.88; Legend represents the flame strength expressed by the pre-defined flammability,
ξ .
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this variation is small. Using these main flow velocities, the characteristic residence times

were calculated using L j/Umc and plotted on the right hand side in the figure. Because the

flammability limits were defined as the conditions at which ξ is equal to 0.1, the residence

time under those conditions is equal to the characteristic ignition delay time. These results

show that the characteristic ignition time increases by factor of 2 when the equivalence

ratio of the radical jet is increased from 0.88 to 1.22. This is expected because the length

of radical jet increases with equivalence ratio of the radical jet significantly while Umc does

so only very slightly. Although the detailed reasons are not yet understood, the experimen-

tal results suggest that a rich radical jet can stabilize a flame in the higher velocity flow,

because the longer τc is compensated by the longer jet length. Since a small amount of

unburned mixture is included in the radical jet, local equivalence ratio in the mixing layer

between radical jet and main flow, where the main flame is ignited and attached, may differ

from that of the initial main flow. Figure 30 shows that the main mixture equivalence ratio

corresponding to the peak flame holding velocity shifts slightly toward lean side when the

equivalence ratio of the radical jet increases. This is more clearly seen when ξ is taken as

0.99. As the amount of unburned gas increases, this effect can become important. However,

under typical radical jet conditions, this effect is not significant compared to other changes

caused by varying the radical jet equivalence ratio, such as, the level of radicals, the tem-

perature, and the jet length.

4.4.3 Ignition distance

Another method to characterize the ignition performance of a radical jet and compare it

to that of the conventional bluff body flame holder is to measure the axial distance from

the radical jet nozzle exit to the point of ignition of the main flame. Similar studies have

been carried out for the ignition of a laminar flame by a hot, inert gas stream parallel to the

laminar flow [24, 80]. In the case of a radical jet with flow direction parallel to the main
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Figure 31: Variations of chemiluminescent intensities along the center line of the radical
jet / main flame for different main flow velocities (marked in m/s); radical jet flow rate is
1.4 l/s; equivalence ratio of the radical jet and main mixture are stoichiometric.

flow, the chemiluminescent intensity from the reaction zone of the radical jet drops along

the axis because the amount of reactant continuously decreases. If the intensity downstream

increases or, at least, shows sudden slowing in its rate of decrease, then another source must

produce radicals at that location. That new source must be beginning of the main flame. The

ignition distance can be, therefore, measured by tracking the axial variation of the radiation

intensity along the radical jet and the main flame.

Figure 31 shows that the typical change in intensity along the jet / main flame centerline.

This figure was generated from a digital image of the radical jet / a main flame combination.

The light intensity of the flame zone is represented by 256 gray scales.

Figure 31 shows two different trends for the change of chemiluminescence intensity

along the axis at different main flow velocities. When the main flow velocity is relatively
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Figure 32: Ignition distances of main flames and the distance of the center of the recircu-
lation zone from the radical jet nozzle for various main flow velocities; the length of radi-
cal jet in an air flow with same velocity; the corresponding main flame strength and flame
detector voltages.

low (Umc < 127 m/s), the intensity first decreases and then increases again shortly there-

after. These local minimum intensities indicate the location where the main flame is stabi-

lized. The distance from the nozzle exit to that point is referred to as the ignition distance,

Lig. The ignition distance becomes longer as the main flow velocity is increased. Intensities

of the main flames are usually stronger than those of the radical jet but are independent of

main flow velocities over the range. When the main flow velocities are higher (Umc > 135

m/s), the variations of the intensities exhibit a local maximum close to the nozzle exit, that

is higher than the level of radiation from the radical jet in the lower velocity regime.The dis-

tance from the nozzle exit to the locations where this local maximum intensity appears de-

crease with increasing main flow velocity. This locally bright region is easily distinguished

in the images, even without post processing. This is a recirculation region, which is caused
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by the high momentum flux ratio between the outer and inner jet. The combustion intensity

in this recirculation region is very intense. However, the appearance of this recirculation

region is accompanied by the fluctuation of the main flame. Thus, the mean intensities gen-

erated by the main flames are relatively weak compared to those measured when the main

flow velocities are low. Furthermore, the intensity decreases with increasing main flow ve-

locity. Figure. 32 clearly shows that the value of ξ starts to drop as soon as the recirculation

zone appears. In this fluctuating regime, it is difficult to obtain the ignition distance. Thus

Lig can be obtained only when the main flame is stable. Ignition distance were extrapolated

to higher main flow velocities beyond the stable condition. This extended curve and the

line representing the radical jet length intersect at the main flow velocity at which blow off

is first observed. Using the ignition distances and the main flow velocity, a characteristic

ignition delay can be calculated. The values thus determined agree well with those obtained

from Fig. 30(b).

Table 2: Characteristic ignition delay time of methane-air mixture measured by different
methods and those reported in literatures

Source Fuel φRJG φmain τc [ms]

RJG : Fig. 30 Methane 1 1 0.33

RJG : Fig. 32 (ignition distance) Methane 1 1 0.24

Cylinder in 3×3” tunnel, [93] Propane 1 0.35

Cylinder in 1×3” tunnel, [93] Propane 1 0.28

Bluff body [139] Paint thinner 1 0.29

4.4.4 Comparison with a bluff body flame holder

The flame stabilization performance of flame holders is typically represented using the

flammability limit curves . For flame stabilization by radical jets with various equivalence

ratios, two main velocity limits (ξ =0.99 and 0.1) are plotted again in Fig. 33, where they are
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compared to those obtained for bluff body flame stabilization. Because flammability limit

data for methane-air flame stabilized by bluff bodies are not available in the literature, blow

off velocities were measured using a circular disk flame holder with about 30% blockage.

For other types of flame holders and fuels, data in references [4, 37, 132, 133] were used.

Since, in those references, the limit velocities are represented by the average velocities

upstream of the flame holder instead of by velocities next to the flame holder, all velocity

limits taken from Fig. 30 were adjusted the corresponding inlet velocities.

Figure 33 shows that the radical jet can stabilize a flame at a much higher flow velocity,

even if the value of ξ =0.99 is used to determine the limits, compared to the maximum

flame holding velocities obtained when other types of flame holders, such as a cylindrical

rod, a V-gutter, or a reverse flow jet, are used. According to Eqn. (3) this result means that

the radical jet can reduce the characteristic chemical time significantly, or that the radical

jet has a much longer effective length than other ignition sources.

For flame stabilized on a radical jet, τc ranged from 0.21 to 0.41 ms depending on the

radical jet equivalence ratio, as shown in Fig. 30. Unfortunately, these values cannot be

directly compared to those for bluff body flame holders because there are no data avail-

able for methane-air flames. One possible alternative would be to compare with data ob-

tained using other fuels. Zukoski reported that the average value of τc for a paint thinner

is 0.29 [139]. Potter and Wong measured τc for stoichiometric propane-air flames at pres-

sures lower than atmospheric pressure in ducts with two different cross section areas. They

extrapolated the results to τc at atmospheric pressure and reported that the values were 0.28

and 0.35 ms for smaller and larger ducts respectively2 [93]. They also suggested that τc

is probably related to the laminar flame speed since the laminar flame speeds are similar

for many hydrocarbon fuels [93]. Based on this assumption, it can be expected that τc for

a stoichiometric methane-air flame stabilized by a bluff body should have a similar value

2Potter and Wong assumed that these variation of τc for a given fuel with the tunnel size was caused by
different heat losses from the recirculation zone to the flame holder, which changes the temperature in the
recirculation zone [93]
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Figure 33: Maximum flame holding velocity in a main combustor for radical jet with vari-
ous conditions and for various flame holders and fuel types; A. disk, methane, 30% block-
age, measured by author; B. cylindrical rod, 40% blockage, propane [132]; C. cylindrical
rod, propane, 10% blockage [37]; D. V gutter, LPG [133] ; E. reverse air jet, natural gas [4]
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to that of a propane-air mixture because the laminar flame speeds for those two fuels are

similar; for instance, 45.6 and 43.4 cm/s at stoichiometric conditions, respectively [41].

It thus seems reasonable to assume that the value of τc for a stoichiometric methane-air

flame is about the same as that for a stoichiometric propane-air flame. At the same time the

value of τc obtained for flames stabilized by stoichiometric radical jets is close to that for

bluff body flame holders. Since the temperature of the stoichiometric radical jet is typically

much lower than that in the recirculation zone of a bluff body, which is typically within

5 to 10% of the adiabatic flame temperature [138], this result strongly suggests that there

must be a radical effect on τc, which compensates for the lower temperature in radical jet

and thus maintains τc at the same order of magnitude as for traditional recirculation zones.

On the other hand, the observed increase of the flammability limits can be attributed to

the difference between the length of radical jet and that of the recirculation zone. In order

to compare lengths, data in the literature are examined. Potter and Wong [93] demonstrated

the length of recirculation zone varies with the flow velocity for various size flame holders

and ducts. Among these results the cases with half inches diameter flame holders were

selected for comparison in this study, because the radical jet exit diameter is 0.45 inch.

Figure 34 shows that the recirculation zone length increased with the flow velocity when

the velocity is low, and remains unchanged when the velocity is relatively high. These flat

regions are observed for all sizes of flame holders [93]. For a RJG, it was already shown

in Fig. 20 that the length of radical jet decreases with increasing main flow velocity. Thus,

over a certain range of main flow velocities, the length of radical jet must be shorter than

the recirculation zone length. However, this does not usually happened when the RJG is

operated at an appropriate flow rate, and is, therefore, able to stabilize the main flame.

Because of the differences in Umax, Figs. 32 and 34 show that the length of the recirculation

zone at blow off is notably shorter than the length of the radical jets for a given main flow

velocity.

In summary, flame stabilization limits by radical jet and by conventional bluff body
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(a) 1/2 inch flame holder in 1 by 3 inch duct.

(b) 1/2 inch flame holder in 3 by 3 inch duct.

Figure 34: Recirculation zone length as function of gas velocity for propane-air flame sta-
bilized by different cylindrical flame holders; graph reproduced from Potter and Wong [93].

flame holders were compared using experimental results and data from the literature. The

results showed a significant improvement in maximum flame holding velocity when the

radical jets were used. The results suggested that further this improvement was achieved

because of the longer ignition source provided by the radical jet. Experimental result also

showed that the characteristic chemical time is affected by different radical jets. Rough

comparison with those obtained from the conventional method of flame stabilization did

not reveal big differences. However, the effect of radicals on τc is still important to explain

the excellent flame holding performance of the RJG as well as effects of the length of the

radical jet. In the next chapter, the results of CHEMKIN based numerical studies will be

reported, which will shed further light on the mechanism by which the radical jet stabilizes

combustion.
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CHAPTER V

NUMERICAL SIMULATION

The experimental results in Chapter 4 were analyzed using the computational chemical ki-

netics code, CHEMKIN [58]. Throughout this chapter a radical jet was characterized by a

high temperature flow which includes a certain amount of active species. Using different

cases with two extreme levels of radicals, the difference of ignition delay was investigated

when such gases are mixed with cold unburned methane-air mixture. The calculation of ig-

nition delays for both types of gas condition is carried out using a series of reactor models,

PREMIX and plug flow reactor (PFR) supported by CHEMKIN (see Fig. 37). PREMIX is

a fortran program for modeling steady laminar one-dimensional premixed flame [57]. Re-

sulting change of ignition delay of fresh CH4−air mixture by different gaseous conditions

are further refined to apply the case of a radical jet. For the purpose species composition of

radical jet was characterized by the mean values of entire jet volume. The limit velocity at

which the main flame can be stabilized by a radical jet is estimated.

5.1 Overview
5.1.1 Reaction mechanisms

GRI-Mech 3.0 is widely used reaction mechanism for natural gas combustion. This mech-

anism contains 325 elementary reactions for 53 species and is optimized for an extensive

range of combustion conditions, which includes all conditions covered by this study. More

details of this mechanism are available in the release note and descriptions on the web

[101]. Because electronically excited species are not included in this set of reaction mech-

anism, reactions related to the electronically excited species, which give rise to chemilumi-

nescence, are added. Table 5.1.1 shows the reactions involving excited species, CH* and
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OH* [68]. Reactions No. 1-5 describe chemi-excitation processes that produce the elec-

tronically excited CH* and OH* in methane and air flames. Reactions No. 6 to 19 repre-

sent collisional quenching processes, which de-excite electronically excited species and re-

turn them to their ground states without light emission. Reaction rate coefficients for these

reactions are chosen as recommendation in Ref. [68]. The author compared CH* and OH*

emission with values computed using different rate of coefficients with those measured ex-

perimentally. The thermochemical and transport parameters of ground state species were

also used for the excited species, except for the enthalpies. These were calculated by adding

excitation energies to the ground state enthalpies. The excitation energies per mole were es-

timated from the radiation energy, NAV hν , where ν was calculated using the average wave-

lengths of the A-X transitions, 309 nm for OH and 431nm for CH.

5.1.2 CH* mole concentration in a premixed laminar flame

Due to the lack of simple computer models for a turbulent combustion, as takes place

in a radical jet, the turbulent combustion is often replaced by a wrinkled laminar flame.

Similarly in this work, the combustion properties calculated assuming a laminar flame are

used to characterize combustion in the radical jets. The variations of species concentrations

in premixed laminar flames were calculated using PREMIX for inlet equivalence ratios

ranging from 0.7 to 1.3 in 0.1 interval. For simplicity, the reaction was assumed to be

adiabatic.

Figure 35 shows the change in mole fractions of several active species and local tem-

perature along the axis normal to the flame. The concentrations of active species increase

rapidly in the flame front and decrease to their equilibrium concentration in the product

region. The mole fractions of the electronically excited species are much lower than those

of the ground state species. However, their distributions along the axis are quite similar.
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Table 3: OH* and CH* excitation and quenching reactionsa

No. Reaction A b E Source

Excitation

1 O+H+M→ OH*+M 3.63×1013 0 0 [56, 102, 32]

2 CH+O2 → CO+OH* 3.72×1010 0 167.2 [21]

3 C2H+O→ CO+CH* 2.50×1012 0 0 [44]

4 C+H+M→ CH*+M 3.63×1013 0 0 [102]

5 C2H+O2 → CO2+CH* 3.20×1011 0 805 [44]

Quenching

6 OH*+N2 → OH+N2 1.08×1011 0.5 -1238 [102, 111]

7 OH*+O2 → OH+O2 2.10×1012 0.5 -482 [102, 111]

8 OH*+H2O→ OH+H2O 5.92×1012 0.5 -861 [102, 111]

9 OH*+H2 → OH+H2 2.95×1012 0.5 -444 [102, 111]

10 OH*+CO2 → OH+CO2 2.75×1012 0.5 -968 [102, 111]

11 OH*+CO→ OH+CO 3.23×1012 0.5 -787 [102, 111]

12 OH*+CH4 → OH+CH4 3.36×1012 0.5 -635 [102, 111]

13 CH*+N2 → CH+N2 3.03×102 3.4 -381 [102, 111]

14 CH*+O2 → CH+O2 2.48×106 2.14 -1720 [102, 111]

15 CH*+H2O→ CH+H2O 5.30×1013 0 0 [102, 111]

16 CH*+H2 → CH+H2 1.47×1014 0 1361 [102, 111]

17 CH*+CO2 → CH+CO2 0.241 4.3 -1694 [102, 111]

18 CH*+CO→ CH+CO 2.44×1012 0.5 0 [102, 111]

19 CH*+CH4 → CH+CH4 1.73×1013 0 167 [102, 111]

Relaxation

20 OH*→ OH 1.45×106 0 0 [102, 35]

21 CH*→ CH 1.86×106 0 0 [102, 12]

a Reaction rate coefficient k = AT bexp(−E/RT ). R is the universal gas constant, T is the temperature in K.
Units are mol cm cal s.
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Figure 35: Species mole fraction and temperature profiles for stoichiometric CH4-air pre-
mixed flame; (a) T , χH, χOH, and χOH∗; (b) T , χCH, and χCH∗

The variations of mole concentrations for OH∗ and CH∗ with equivalence ratio were plot-

ted in Fig. 36. Here mole fractions, χi obtained from CHEMKIN were converted to molar

concentrations [Xi] by

[Xi] = χi
ρ

MWmix
(25)

= χi
P

RuT
, (26)

where ρ and MWmix are density and molecular weight of the mixture at a given distance

along the axis, respectively. P is the local pressure, T is the local temperature of the mixture,

and Ru is the universal gas constant.

For CH∗, the molar concentration was integrated along the entire axis and normalized
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Figure 36: Variation of temperature and normalized molar concentrations of excited OH
and CH radicals with equivalence ratio, calculated using PREMIX

by dividing by its stoichiometric value. Since CH appears only in a very thin flame zone, its

integration is almost identical to the value estimated by integrating in the flame zone only.

On the other hand, the relative peak values were used for OH∗ mole concentrations because

its integrated value depends strongly on the length of the axis included in the calculation

(see Fig. 35(a)).

Figure 36 shows that the CH∗ mole concentration increases with the equivalence ratio.

This tendency was also observed experimentally (see Fig. 17). Due to the extensive pres-

ence of OH∗ in the combustion products, OH∗ mole concentration obtained by this method

could not be compared to the chemiluminescent intensities obtained experimentally.

5.1.3 Ignition delay in a plug flow reactor

Experimental results in Fig. 28 suggested that a radical laden jet stabilizes a flame at least as

well as, if not better than a purely thermal jet. This ability of radicals to stabilize a flame is
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Figure 37: Schematics of premixed flame to plug flow reactor model

analyzed by calculating the ignition delay of a cold combustible mixture, when it is mixed

with gas stream containing large quantities of active radicals. This ignition delay is then

related to the flame stabilization limit according to the a criteria expressed in Eqn. (3); i.e.,

Da = τc/τ f = 1, (27)

where Da, the Damkohler number, is defined by the ratio of the characteristic ignition time,

τc to the characteristic flow time, τ f . In order to differentiate between the effect of the radi-

cals and that of thermal energy on the ignition delay, first of all, two different gas conditions

were modeled. One included a jet full of radicals while the other consisted of a completely

burnt combustion product. One simple way to model a radical jet is to represent it as a

premixed flame containing significant amount of active radicals. The species compositions

and temperature vary along the axis normal to the flame as shown in Fig. 35. The two dif-

ferent types of jets can, therefore, be modeled by taking advantage of the species compo-

sitions at different locations along the axis. For example, the species compositions and gas

temperature in the flame front, where there is an abundance of active radicals, while the gas

temperature is still lower than the adiabatic flame temperature, was used to represent the

radical jet. On the other hand, far downstream of the flame, where the combustion process

was completed, was used for the thermal jet.

In the model one of these mixtures (INLET I) is then mixed with a cold stoichiometric

methane-air mixture (INLET II) in a PFR, see Fig. 37. There the ignition delay time of the
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cold mixture (INLET II) was calculated. This simple model assumes the following mecha-

nism for flame ignition and stabilization by a radical jet: RJG produces a turbulent reacting

jet containing many active radicals. The radicals are then rapidly, partially quenched when

they mix with the cold combustible flow. The mixture then re-ignites after an ignition delay.

The abscissa in Fig. 38(a) represents the position on the axis across the premixed flame

that corresponds to the local species compositions and temperature of the gas introduced

through INLET I. The temperature shows the relative position of the flame. The ordinate

represents the ignition delay in the PFR. Fig. 38(a) shows that the minimum ignition delay

occurs when the species composition and temperature corresponding to the flame front is

introduced as INLET I. Referring back to Fig. 35, it is apparent that the radical concentra-

tion at the flame front is much higher, while the temperature is lower than in the product.

Similar calculations were repeated for various equivalence ratios at INLET I. The min-

imum and the maximum ignition delays for these cases are plotted in Fig. 38(b). For all

equivalence ratios ignition delays are significantly lower when the input to INLET I cor-

responds to conditions near the flame, compared to those using the fully burnt products.

Since the products of rich mixtures contain more radicals than those of lean mixtures, the

ignition delay decreases with equivalence ratio.

For the calculation leading to the above results, the ratio of the volumetric flow rate of

INLET I to those of INLET II were 10. Because this is an arbitrarily chosen value, absolute

values of ignition delay in Fig. 38 cannot be compared to experimental results. The mixing

ratio will be discussed later when the maximum flame stabilization velocity by the radical

jet is discussed.

This section briefly demonstrated the reduction of ignition delay by active species com-

pared to heat. The following section develops this model further to allow it to predict the

differences in ignition delays observed for the actual radical jets used in this study.
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Figure 38: (a) Temperature distribution of a premixed flame of stoichiometric methane-air
mixture and resulting ignition delays in a PFR (b) Difference of ignition delays between
cold methane-air mixture mixed with partially and fully burnt gas, which composition is
picked up at different location of premixed flame
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5.2 Estimation of mean molar concentration in a radical jet

Computation of ignition delays using CHEMKIN in a previous section showed that the

small amount of active radicals contained in a hot gas jet reduces the ignition delay of a

cold combustible mixture significantly. Thus, the different performance on the flame sta-

bilization by the radical jet and by the thermal jet, shown in Fig. 28, can probably be ex-

plained by the effect of active radicals contained in the radical jet. However, to confirm

this explanation we must quantify the level of active radicals in the radical jet. This section

introduces a method to characterize the species mole concentrations in a radical jet. These

values will then be used to estimate the ignition delay in the main flow quantitatively. Fur-

thermore, these results were then used to predict the maximum flame stabilization velocity

in a main flow.

5.2.1 CH chemiluminescent intensity in a premixed laminar flame

In section 4.1, relative CH chemiluminescent levels from radical jets with various equiva-

lence ratios were measured. The first step in characterizing the species compositions in a

radical jet is to convert these relative CH chemiluminescent levels into absolute values1. A

PMT output for CH* emission at stoichiometric in a Bunsen burner flame was obtained,

and at the same time, a digital camera took a picture of the shape of the flame to calculate

a flame surface area. CH* mole concentration in a flame at stoichiometric condition was

then computed using CHEMKIN with extended mechanism for the excited species. The

relationship between the level of PMT output and CH* concentration in a flame was esti-

mated from these results. To avoid errors due to the geometry of the optics, all measure-

ment of the chemiluminescent levels was carried out in the same set up.

The PMT output level is proportional to the rate of decay of the CH* to its ground state.

1Leo et al. reported a method to measure the CH* concentration in a flame using optical devices, and also
reported that the CH* concentration estimated using CHEMKIN was well agreed with those obtained from
experiments [68].
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The rates of destruction computed with CHEMKIN show that the order of magnitude of

the spontaneous decay rate of CH* to CH with emission of a photon is much smaller than

those of decay rates due to other reactions such as excitations or collisional quenching.

Thus the change of the mole concentration by the photon emitting reaction is negligible.

Table 5.1.1 shows that the reaction rate coefficient of the reaction No. 21 is independent

of the temperature of system. This implies that the rate of decay is proportional to the

mole concentration only. Therefore, it can be assumed that the concentration of CH* is

proportional to the level of the PMT output. The PMT output voltage per mole of CH*, κ ,

is given by,

κ =
ICH∗,L

AL

(∫
δ

[CH∗]c dx
)−1

, (28)

where AL is the flame surface area, δ is the flame thickness, ICH∗,L is the PMT output for the

laminar Bunsen burner flame, and [CH∗]c is the CH* molar concentration along the normal

axis to the flame, which was calculated using CHEMKIN. For stoichiometric condition the

resulting value of κ was 1.17873×1016[Volt/mol] for a PMT cathode voltage of −550 V

and a distance from the flame to the PMT of 27.94 cm. Here the absolute value of the PMT

output is used to calculate κ .

5.2.2 Laminar flame model for radical jet

Using κ , the PMT outputs for the radical jets with the arbitrary inlet conditions can then be

related to the total number of moles of CH* contained in a radical jet by,

ICH∗,φ = κ

∫
jet

[CH∗]φ dV. (29)

where [CH∗]φ is a local mole concentration of CH* in the radical jet. The next step is to

estimate the number of mole or mole fractions of the other species contained in the radical

jet. Because direct measurement of these values is impossible, they were calculated based

on some experimental data in combination with a CHEMKIN simulation.
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Figure 39: Schematic for estimating species mean molar concentrations in a radical jet
using the laminar premixed flame result calculated by the PREMIX code; here the flame
thickness is determined by CH∗ distribution; Lu and Lb, are the relative width of unburned
and burnt gas region, respectively, based on δ .

It was assumed that the turbulent flame in the radical jet can be represented by a laminar

flame. Because the mixing region between a radical jet and a main flow is a highly turbulent,

it is further assumed that the species mole fraction of the radical jet for the calculation of

the ignition delay can be represented by their mean values over the entire jet volume. Using

these simplifications, the mean molar concentration of CH* in a radical jet is given by,

[CH∗]φ =
ICH∗,φ

κVjet
. (30)

where Vjet is a volume of a radical jet.

A radical jet is a mixture of unburned, partially burnt, and fully burnt gas. Because it is

represented here by laminar flamelets at different locations in the radical jet, species mole

concentrations should correspond to the values at corresponding locations in the premixed,

laminar flame. Since species mole concentrations across the premixed laminar flame are

already known, if the axial positions, xa and xb are determined in the flame such that,

[CH∗]φ =
1

xb− xa

∫
δ

[CH∗]c,φ dx, (31)

mole concentrations for other species at that location can be approximately estimated (see

Fig. 39).

Since the distance from xa to xb is equal to the sum of the thicknesses of the unburned
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mixture, Lu, the burnt mixture, Lb, and the flame, δ , Eqn. (31) is rewritten as

[CH∗]φ =
1

Lu +Lb +δ

∫
δ

[CH∗]c,φ dx. (32)

From the 1-D energy equation, the ratio between the length of the burnt gas to the unburned

gas mixture in the model, γ is given by,

γ = Lb/Lu (33)

=
Tmix−Tm

Tf−Tmix

(
ρu

ρb

)
, (34)

where Tmix is the mixture temperature obtained experimentally. From Eqn. (32) and (34),

Lu is written as,

Lu =
1

1+ γ

(
1

[CH∗]φ

∫
δ

[CH∗]c,φ dx−δ

)
, (35)

or by using Eqn. (30) as,

Lu =
1

1+ γ

(
κVjet

ICH∗

∫
δ

[CH∗]c,φ dx−δ

)
. (36)

In Eqn. (36), Vjet and ICH∗ are measured experimentally and the integral of [CH∗]c,φ is cal-

culated from the CHEMKIN result. The volume of a radical jet can be approximated as

L jA jet from a simple measurement by assuming that the shape of radical jet is cylindrical

where A jet is the cross section area of the RJG. Using these data, Lu and Lb can be calcu-

lated.

The first term inside parentheses in Eqn. (36) is obtained from Eqn. (29), which can

also be written as

ICH∗,φ = κAs, jet

∫
δ

[CH∗]c,φ dx (37)

from the laminar flame concept where As, jet is a total flame surface area in the radical jet.

Then, the flame surface area per unit volume in a radical jet, ψ , is determined by

ψ =
As, jet

Vjet
(38)

=
ICH∗,φ

κVjet

(∫
δ

[CH∗]c,φ dx
)−1

(39)
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Therefore, Eqn. (36) can be expressed simply as

Lu =
1

1+ γ

(
1
ψ
−δ

)
. (40)

With values of γ and ψ obtained from Eqn, (34) and (39), respectively, Lu and Lb are

determined. Using these thicknesses, mean molar concentrations for species contained in a

radical jet are estimated by equations similar to Eqn. (32),

[Xi]φ =
1

Lu +Lb +δ

∫ xb

xa

[Xi]c,φ dx. (41)

Results from Eqn. (41) give the mean mole concentrations for all other species in the radi-

cal jet. Resulting mole concentrations or mole fractions replace the input conditions for the

INLET I in a PREMIX-PFR model. This inlet condition characterizes a radical jet which is

distinguished from the corresponding thermal jet.

5.2.3 CH* concentration in a stretched flame

The flame inside a radical jet is modeled as a laminar flame and the species mole fractions

are calculated based on those in a laminar flame. Since a flame is stretched during a turbu-

lent combustion, species composition calculated using PREMIX for an unstretched laminar

flame, do not properly represent those of the flame in a radical jet. Therefore, [Xi]c,φ was

calculated using CHEMKIN Opposed-flow Flame Model [78]. In this model, flame stretch

rate is determined by the flow velocity and a distance from nozzle to a stagnation point.

For infinitesimal fraction of the flame surface, A, flame stretch is expressed in terms of

local flow field and flame geometry as,

1
A

dA
dt

= aT +Sd∇ ·n, (42)

where aT is a tangential strain rate, ∇ ·n is a flame curvature, and n is a unit vector normal

to the flame surface [10, 17, 23]. The displacement speed of the flame surface, Sd is the

sum of the flame speed and the flow velocity in that direction. For a flat flame in counter

82



flow injected from circular pipes, where there is no curvature, the flame stretch rate of cold

material surface in front of the flame is expressed in cylindrical coordinates as

1
A

dA
dt

=
∂vr

∂ r
+

vr

r
+

∂vθ

r∂θ
. (43)

The continuity equation results in that the stretch rate being equal to −∂vx/∂x where x
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Figure 40: Variation of CH* mole concentration integrated along the axis with the rate of
strain; (a) φ=0.7, (b) φ=1.0, (c) φ=1.3, (d) rate of change of CH* with equivalence ratio, s
is a rate of stretch

is in the direction perpendicular to the flame surface. In a simulation with CHEMKIN, the

normal strain rate, −∂vx/∂x shows a local maximum just in front of the flame where the
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flow velocity is not yet affected by the temperature increase. These values were used for

the stretch rate of the flame. The CH* mole concentration was integrated along the axis in

a opposed flow flat flame for a given equivalence ratio for conditions with different nor-

mal strain rates. When the strain rate is very high, flame was extinguished in a symmetric

counter flow with cold fuel-air mixture. In this cases, asymmetric conditions with a product

flow for one side was used. Because of the presence of product in any region with turbu-

lent combustion, the use of results based on the asymmetric condition is more appropriate

[17]. Figure 40 shows how the number of moles of CH* per unit flame area varies with

the stretch rate and how this dependence varies when the equivalence ratio is changed. In

a lean mixture, the number of mols of CH* increases with the stretch rate, but it decrease

with the stretch rate in stoichiometric and rich mixtures. For all cases, these variations are

linear.

To characterize the turbulent combustion in a radical jet the r.m.s flame stretch is deter-

mined by assuming homogeneous, isotropic turbulence for simplicity. In turbulent combus-

tion with high turbulent velocities, flame propagation and curvature effect to flame stretch

become less important than the flame stretch caused by the stretch of the flow field in front

of the flame. As a result the mean Lagrangian stretch rate is proportional to the Eulerian

mean strain rate, u′/λ for isotropic turbulence [10, 17]. Yeung et al. reported the result of

direct numerical simulation for the distribution of the stretch rate about the mean in con-

stant density, homogeneous, isotropic turbulence. On the basis of this results, Bradley et al.

reported that r.m.s stretch rate, σs, of a premixed flame is determined by,

σs = 1.32 u′/λ (44)

for a material surface, and

σs = u′/λ . (45)

for a randomly orientated surface where λ is the Taylor microscale [17, 134]. Eqn. (44) is

appropriate when the laminar flame speed is not much larger than the Kolmogorov velocity
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Figure 41: Borghi diagram, turbulent regime

scale, so the flame surface is close to the initially coincident material surface. This limit

condition is expressed by Ka> 1 where Ka is a Karlovitz number. On the other hand, Eqn.

(45) is used if the laminar flame speed is much larger than to the Kolmogorov velocity

scale since, in that case, the flame surface element is randomly oriented and similar to the

Eulerian stretch rate [17, 134]. The flow conditions of a radical jets are examined using

proper length and velocity scales obtained from the empirical correlations reported in Refs.

[1] and [17]. For a given RJG geometry and inlet flow conditions, turbulent intensity, u′ and

the integral length scale, ` are calculated using Eqn. (18) and

R` = 13.45×10−3Re0.902 for 70 < R` < 3000, (46)

where R` is the turbulent Reynolds number(= u′`/ν), respectively. For isotropic turbu-

lence, λ is obtained from integral length scale by,

λ

`
=
(

A
R`

)1/2

(47)

with the value of A equal to 40.4 [17]. The resulting values of the turbulent intensities and
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the integral length scale yields the regime of the turbulent combustion in the radical jet

approximately.

Figure 41 shows the regimes of turbulent combustion based on the the length and ve-

locity scales related to the flow and chemical reaction. Turbulent combustion created by the

conditions, which were typically used for the radical jet in this study falls into the flamelet

regime. This implies that the r.m.s stretch rate for turbulent combustion in a radical jet can

be determined by Eqn. (44).

The number of moles of CH* per unit flame area in a laminar flame with stretch corre-

sponding to the inlet conditions used in the experiments was calculated using the method

described above. These values and the measurement results for CH chemiluminescent lev-

els as well as the volume of the radical jets were used in Eqn. (39) and (40) to yield the

flame surface area per unit volume and the unburned gas thickness in the model, respec-

tively.

5.2.4 Results

Figure 42 shows γ for different radical jet equivalence ratios. Since the fraction of burnt gas

in a mixture increases with the flame speed for a given geometry of the RJG, γ , the volume

ratio of burnt to unburned gas increases when the equivalence ratio of the mixture becomes

closed to stoichiometric. Values of γ plotted in Fig. 42 correspond to the temperature data

measured in the coaxial flow RJG with an inlet velocity of about 13.7 m/s. Since the tem-

perature of the radical jet is influenced by the type and size of the RJG, by the operating

flow velocity, and, especially for a coaxial RJG, by the main flow velocity, γ depends also

on these parameters. For example, the jet temperature data obtained from the test using an

elbow type RJG are slightly higher than those obtained from co-flow RJG, because lower

inlet flow velocities were used and there was no heat loss to the outer flow (see Fig. 29). In

that case, the values of γ are slightly larger than those shown in Fig. 42.
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Figure 42: Ratio of Lb to Lu in a mean mole concentration model; Tb, burnt gas temper-
atures are obtained from CHEMKIN; Tmix, radical jet temperatures are curve fitted with
average values measured at the centerline of RJG exit.
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Figure 44: Calculated thickness of Lu, Lb, and δ in a mean mole concentration model

Figure 43 shows the flame surface area per unit volume of radical jet, ψ as calculated

using Eqn. (39). The figure shows that lean and rich radical jets contain larger flame surface

areas per volume of jet than the stoichiometric jet. The flame surface area can be increased

by increased wrinkling of the flame. However, for a given flow velocities, which means a

given turbulent intensity, the wrinkling of the flame does not vary significantly with change

in equivalence ratios [48]. Therefore, a decrease in flame surface area may be caused by

smaller amounts of unburned gas remaining in the mixture and the resulting higher flame

temperature in the stoichiometric or slightly rich radical jet (see Fig. 42).

When CH* chemiluminescent levels were measured for radical jets with fuel rich mix-

tures in a high velocity outer air flow, the chemiluminescence from the rich flame was

mixed with that from the partially premixed or diffusion flame. Since the latter is leaner

than the initial pre-mixture the light intensity was reduced. Thus the value of the PMT out-

put divided by the number of moles of CH* calculated for premixed flame of given rich

equivalence ratio can be under estimated, and, consequently, ψ can be under estimated.

This may be the reason that Fig. 43 shows relatively low values of ψ under rich conditions

compared to those under the lean conditions. In addition, there exists an uncertainty in the
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measurement of the volume of the jet, which also affects the values of ψ . The effect of these

uncertainty on the final results, i.e., on the ignition delay and maximum flame stabilization

velocity, will be discussed later.

Species mole fractions in a given radical jet were estimated using Eqn. (41) and com-

pared to those in the flame zone and products of a stoichiometric methane-air premixed

flame. Figure 45(a) shows that the mole fractions of active species in the radical jet (gray)

are higher than those in the products gas (white), although the radical jet contains some

unburned fuel. Figure 45(b) shows that the mole fractions of radicals changes with the RJG

inlet velocity. Since high inlet velocities in the radical jet increase the turbulent intensity

causing the flame in the jet to become more wrinkled, the flame surface area per unit vol-

ume increases. This, in turn, reduces the total thickness of a laminar flame, Lu +Lb +δ in

the model. Therefore, according to Eqn. (40), the relative ratio of unburned and product

gas to reacting gas in the flame decreases. This results in high radical mole fraction in the

radical jet with high inlet velocity, unless the temperature drop that can increase the amount

of the unburned gas is not significant.
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5.3 Reduction of ignition delay by active radicals

The previous section describes method by which the average molar concentration of species

in a radical jet were determined. This section focuses on the effect of active radicals added

into an otherwise thermal ignition regime, and the change of ignition delay caused by these

radical jet. Based on these results, a relationship between the ignition delay for a given

mixture condition and the to be expected maximum flame stabilization velocity will be de-

veloped in the next section.

5.3.1 Role of radicals on ignition delay

Ignition delay is determined by the rate of accumulation of active radicals during pre-

ignition chemistry [66]. Figure 45 shows that H, O, and OH are major radicals in flame

and product gases. Thus, these radicals may be expected to play an important role in the

process of ignition by radical jets. During the initial stage of methane-air combustion, H

radicals are produced by the reactions CH4 + M→ H + CH3, and CH3O + M→ H + CH2O

+ M. Third body collision and the reaction N2 + O2 → N2O + O are main mechanisms to

produce O. OH radicals are produced by the reaction CH3 + O2 → OH + CH2O. These

reactions promote radical accumulation, while radicals are terminated, for example, by the

reaction with CH4 from which CH3 is produced.

{H, O, OH}+CH4→{H2, OH, H2O}+CH3. (48)

When a radical jet is injected into a high speed combustible flow, the two flows mix

with each other in a highly turbulent mixing layer. Most active radicals contained in a

flame in the hot product region of the radical jet are terminated by reactions, such as those

in Eqn. (48), shortly after mixing. However, small amount of radicals remain. The molar

concentrations of the remaining radicals are still much higher than those in the early stage

of pre-ignition chemistry of a combustible mixture ignited by a purely thermal ignition
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Figure 46: Variation of OH mole concentration with time for stoichiometric CH4-air mix-
ture with additional radicals

source. Therefore, the ignition delay time is reduced by the time it would have taken the

ignition chemistry to generate the additional radicals supplied by the radical jet.

Figure 46 shows the variations of OH molar concentrations with time during an induc-

tion period calculated in a plug flow reactor for a stoichiometric CH4-air mixture. The cases

without radicals augmented with inlet temperature of 1000◦K and 1012◦K are represented

by the dotted and solid lines, respectively. For the latter case, the time axis is shifted to

match the steep increase in [OH] at ignition with the former. Other cases represented by

various symbols show accumulations of [OH] when small amount of H, O, or OH radicals

were added at the time indicated. When H radicals, which normally amount to 0.01% of

the CH4-air mixture, are augmented, the total mixture temperature increases from 1000◦K

to 1012◦K. Augmentations of O and OH radicals cause similar temperature increase. For

the cases with radicals augmentation, the time axes were shifted such that the OH mole

concentrations after recombination or termination are equal to those of the pure mixture

with initial temperature, 1012◦K. Figure shows that the rate of radical accumulation is not

changed significantly by the small augmentation of radicals. However, it changes the initial
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concentrations of radicals instantaneously and can reduce ignition delay significantly.

5.3.2 Simple expression for ignition delay

Any prediction of the ignition and the flame stabilization by a radical jet requires an esti-

mate of the ignition delay of the high speed combustible flow ignited by the jet. When the

igniting gas properties are given, the ignition delays are readily evaluated by computational

codes as was shown in Sec 5.1. However, the use of these codes depends on the assump-

tion of idealized reactors, such as, a perfectly stirred reactor or a plug flow reactor. Exten-

sive computations are required to model more precisely the ignition distance for radical jet

ignition that can be compared with the characteristic chemical time data reported for the

cases of many bluff body flame holders. This is because the full chemical mechanism for

the combustion process mush be solved together with the flow model. This must be solved

repeatedly for the ignition delay depending on the local mixture conditions. To avoid this

problem, this study uses a relatively simple experimental correlation to determine the local

ignition delay.

The ignition delay times have been measured from shock tube experiments by many

researchers for homogeneous methane-oxygen-diluent gas mixtures for various tempera-

tures, pressures, and mixing ratios. It has been found that the ignition delays of such mix-

tures are correlated in the following empirical form (see Ref. in Table 4),

τig = A exp(E/RuT ) [CH4]α [O2]β , (49)

where ignition delay, τig is in sec, and [CH4] and [O2] are the molar concentrations (mol/cm3)

of the reactants. A is an empirically determined constant and E is an apparent energy of the

induction period, which is equivalent to a global activation energy [105]. Exponents, α and

β represent the power dependencies of the ignition delay on the mole concentrations of

CH4 and O2. The exponents of the mole concentration of diluting gases, such as Ar or N2,
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Table 4: Coefficients for an empirical correlation representing τig in a homogeneous
methane-air mixture

A α β Ea Temperature Source
(kJ/mol) (◦K)

- - - 159−264 1200 − 1800 Skinner [100]

- - - 88−117 850 < Terao [112]

- - - 138 Kistiakowsky [61]

- −1.0 −1.0 86 900 − 1400 Asaba [7]a

- −1.0 −1.0 221 1300 − 2000 Asaba [7]b

2.77 × 10−12 0 1.0 83.7 Walker [125]

- - - 133.8 1800 − 2500 Higgin [52]

- - - 144 800 − 2500 Soloukhin [104]

- - - 207 1420 − 2010 Miyama [86]

- - - 234 2000 − 2600 Glass [40]

7.65 × 10−18 0.4 −1.6 215 1150 − 1880 Seery [98]

3.62 × 10−14 0.33 −1.03 194.5 1500 − 2150 Lifshitz [72]

1.00 × 10−13.1 0 −1 213.4 White [128, 119]

2.50 × 10−15 0.32 −1.02 222 1200 − 2100 Tsuboi [119]

4.40 × 10−15 0.33 −1.03 218.8 1640 − 2150 Grillo [45]

a For cases with CH4/O2650/50.
b For cases with CH4/O2>50/50.

are typically equal to zero [72, 119]. Researchers have determined the values of these pa-

rameters by plotting log τig against 1/T or log [Xi] and finding slopes, while other variables

remained unchanged. Table 4 summarized some results suggested by these researchers.

Equation (49) is applicable only for the thermal ignitions. However, the effect of the

presence of radicals may be accounted for by adjusting the apparent energy of ignition in

the same equation. The apparent energy of ignition for use with the radical jet is obtained

by adjusting its value until the ignition delay of a methane-air mixture ignited by an inert

gas with the same temperature as that of a radical jet is equal to that of the same mixture

ignited by the radical jet. In this case, the latter is calculated using CHEMKIN and the

species compositions of the radical jet are modeled by the method described in the previous

94



section.

When thermal ignition delays are calculated using Eqn. (49), the temperature, and fuel

and oxygen concentrations in the mixture of hot N2 and cold reactants are determined by the

mixing ratio of the volume flow rates and initial gas temperatures before mixing. Assuming

constant pressure, adiabatic, and non-reacting conditions, the mixture temperature can be

calculated using from the energy conservation,

Qre

Q j

Th

Tc

(
∑

i
χi,re MWi

∫ T

Tc

cp,i dT

)
= MWj

∫ Th

T
cp, j dT, (50)

where χi,re is the mole fraction of the species i in the cold reactants, and Qre/Q j and Th/Tc

are the ratios of the initial volume flow rate, and temperature of the cold reactant to hot

gas, respectively. The subscript j represents the hot gas species. Typically N2 is used as

the diluent. Mole concentrations of the fuel and the oxygen in the mixture were calculated

using initial flow conditions and the temperature obtained from Eqn. (50). Species mole

fractions in the mixture were determined from their definition as,

χi,mix = χi,re
Nre

Nre +N j
(51)

where Nre and N j are the molar flow rates of the reactant and the hot gas before mixing,

respectively. Mole fractions of the reactants in a final mixture are rewritten in terms of the

initial volume flow rates and temperature as

χi,mix = χi,re

(
1+

Q̇ j

Q̇re

Tc

Th

)−1

. (52)

and thus, the mole concentrations are obtained from Eqn. (26) and (52),

[Xi] = χi,re

(
P

RuT

)(
1+

Q̇ j

Q̇re

Tc

Th

)−1

. (53)

Figure 47 shows the ignition delays obtained when a 300◦K methane-air mixture was

ignited by N2 gas at various temperatures (solid lines). The ratio of the volume flow rate of

the hot gas to that of the cold reactant is assumed to be 10. Values of parameters in Eqn.

(49) refer to those recommended by Grillo et al. [45]. Figure 47 also shows the ignition
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Figure 47: Thermal ignition delays calculated with empirical correlation and ignition de-
lays by RJG calculated by CHEMKIN

delays calculated using CHEMKIN when the hot gas is replaced by a mixture with the

compositions of the radical jet, as calculated in Sec. 5.2. For a stoichiometric reaction,

the ignition delay by the radical jet, whose temperature is about 1500◦K, is equivalent to

that of an equivalent thermal (N2 only) jet at 2000◦K. In these cases, the gas temperatures

after mixing are about 1110◦K and 1340◦K, respectively. This means that the effect of the

radicals is equivalent to raising the temperature of the mixture by 230◦K or decreasing the

activation energy from 218.8 to 181.2 kJ. Similarly, when the radical mole fractions and

the temperature in the flame front where H radical has a peak value is used to characterize

the radical jet, ignition delay became much shorter. The equivalent energy of ignition in

this case is about 170 kJ.

Interestingly, ignition delays for the radical jets show larger variations with reactant

equivalence ratio than those by the pure N2 gas. Because the variation of the final mixture
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temperature between lean and rich cases is not significant, this result suggests that the re-

actions involving active species added by the radical jet are sensitive to the reactant equiva-

lence ratio. As described in Sec. 5.3.1, ignition delays are strongly affected by the minimum

concentrations of radicals such as, O, H, and OH available to the ignition process shortly

after mixing. The reactions in Eqn. (48) are responsible for the initial decrease of those

radicals. Among these reactions, the reaction between OH and CH4 has been known to be

fastest [41]. Time variations in the rate of production of CH3 simulated using CHEMKIN

also showed that the reaction between OH and CH4 is a major source of CH3. This reaction

is followed by reaction:

OH+CH3→ CH2(S)+H2O, (54)

where CH2(S) is a singlet state of the methylene radical. This represents a mechanism for

reducing OH just ahead of the ignition process. Once the excessive OH are terminated, nor-

mal ignition process starts and, in this period, the total rate of production of OH increases

due to reactions like,

H+O2→ O+OH. (55)

Comparison between lean and rich cases showed no big differences in reactions responsible

for determining the minimum concentrations of the active species except for their rate of

reaction. Resulting monotonic variations of ignition delay also suggests that no different

reaction mechanisms exist that governs the delay time for different equivalence ratio of

the reactants. Therefore, high mole concentrations of CH4 in rich mixture, and, thus high

reaction rate of Eqn. (48) and (54) may be the primary reason for the lower minimum

concentration of active species after mixing, which results in the observed longer ignition

delays through. The relatively low reaction rate of Eqn. (55) also appears to contribute.

This large variation of the ignition delay with reactant equivalence ratio does not allow

the use of a single value of the apparent activation energy, E to characterize ignition delay

using Eqn. (48) for a given radical jet. Another obstacle to the development of a correla-

tion between an adjusted value of E and the ignition delay is the dependency of the mole
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concentrations on the mixing ratio between hot and cold reactants. However, the deviation

of ∆E due to the change of the mixing ratio is relatively small. Thus, a given value of E,

adjusted for a radical jet, may be used if the reactant equivalence ratio is given.

Another farther that has to be considered in determining the maximum flame holding

velocity is the presence of a recirculation zone. Rehab et al. observed that, for concentric

flows, the outer flow causes a reverse flow downstream of the potential core of inner jet.

Furthermore, the potential core is truncated by the outer flow when the the velocity ratio,

ru, or momentum flux ratio, M, of the outer flow to the inner one increases beyond a critical

value, which is about 8 [96]. Such a recirculation zone was readily observed in this ex-

periment, for example, as brightness changes along the centerline of the radical jet images

when the outer main flow velocity is very high, see Fig. 31 and 32. When such a recircula-

tion zone is created, the properties of the radical jet downstream are changed. First of all,

a temperature change is expected because of a certain amount of the main flow enters into

a radical jet and may be burnt there. This can change the temperatures of radical jet down-

stream of the recirculation zone, from those shown in Fig. 22. In this case, the radial jet

temperature depends also on the main flow equivalence ratio, and degree of entrainment of

the recirculating gas. Another effect is the change in the average composition of the radical

jet, which requires that the activation energy to be adjusted.

Because of these change of jet properties, maximum flame holding velocity cannot be

estimated and cannot be compared to the experimental results without considering recircu-

lation. The results in Fig. 47 and the experimental results in Fig. 30 can there be explained:

In Fig. 30 the maximum flame holding velocities are observed when the main flow equiv-

alence ratio is near stoichiometric. However, ignition delay study showed that the leaner

mixture always has a shorter ignition delay, which means that such a mixture should be

able to stabilize combustion at the higher velocity when the temperature of the ignition

source is fixed. SInce the above mentioned entrainment changes the properties in the rad-

ical jet, the activation energy and radical jet temperature need to be adjusted to take into
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account the effect of recirculating flow.

5.4 Approximation solution for flame stabilization limit
5.4.1 Ignition distance model

In the flame stabilization by a coaxial radical jet, the main flame is ignited and anchored

in a mixing layer between the inner, high temperature jet and the annular, combustible

main flow. If it is assumed that the radical jet, which may include a recirculation zone

downstream, is a non-reacitive gas jet, this configuration is modeled by a compressible

turbulent mixing layer theory with different stream velocities, different densities, multi

species, and a chemical source term. Since the turbulent mixing layer is very thin compared

to the RJG nozzle radius, the effect of curvature can be assumed to be negligible, and

thus, the mixing layer can be treated as a plane mixing layer. Some references further

demonstrated experimentally that a plane mixing layer approximates the axisymmetric case

very well, certainly with precision sufficient for engineering applications [113].

In bluff body flame stabilization, similar problems have been solved using various meth-

ods to determine the ignition distance [80, 24, 129]. Those studies used the same configu-

ration to solve the ignition location at which the first temperature peak appears. However,

the results were very sensitive to the method used to solve the problem, as well as to initial

conditions, as pointed out by Williams [129]. The main difficulties in solving this problem

analytically arise from the presence of the chemical reaction term, which causes no similar-

ity solution to be available. In this study the chemical source term is neglected because the

heat production in a pre-ignition chemistry is negligible, i.e, it is assumed that the chem-

ical reaction starts suddenly when ignition delay time has passed, and the ignition delay

time varied with the local mixture conditions. Then, the ignition distance is determined by

the location, at which the flow time of combustible mixture element equals the local igni-

tion delay time. A radical jet is assumed by a non-reactive gas. Then the effect of radicals
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is applied through modifying the apparent energy of ignition which was developed in the

previous section. Using this method, ignition distances and maximum flame stabilization

velocities in the main combustor can be estimated for various operating conditions.

Without the chemical source term, the mixing layer between the radical jet and the

main flow is represented by much simpler forms of the compressible flow equations. These

equations can be further simplified by transforming them into an incompressible form using

proper coordinate transformations, such as the Howarth transformation [54] which assumed

that ρµ is constant [24, 54, 80]. According to that, the coordinate system is transformed

using

y =
∫ yo

0

ρ

ρ∞

dyo (56)

x = xo. (57)

Additionally, a constant pressure field is assumed in the momentum equation and the vis-

cous dissipation is neglected in the energy equation. It should be noted that the longitudinal

dimension is not affected by the above transformation. Because the axial ignition distance

from the origin is only interesting quantity, and the scale of axial distance is not changed

by the above transformation, an inverse transformation is not required [24]. Applying the

transformation and the assumptions leads to a set of incompressible conservation equations

for mass, momentum in the x direction, energy, and species. Then, the resulting velocity,

temperature, and the reactant mass fractions are self-similar in the transformed coordinate

system.

In a self-similar plane mixing layer, the cross-stream coordinate scale, η , is defined by

η =
y

δ (x)
(58)

where δ (x) is the mixing layer thickness determined in the transformed coordinate. Then,

two characteristic velocities which are not functions of x, are defined to represent a scaled

velocity, i.e., the average velocity,

Uc =
1
2

(Uh +Ul) , (59)
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and the velocity difference,

Us = Uh−Ul. (60)

Uh and Ul represent a high and low stream velocities, respectively. In this study the main

flow velocity is usually higher than that of radical jet. The main flow velocity, Um, and the

radical jet velocity, URJG,hot , correspond to Uh and Ul in Eqns. (59) and (60), respectively.

The scaled velocity which is independent of the axial distance is defined as

f (η) =
U−Uc

Us
. (61)

Provided that the Prandtl number and Schmidt number are constant and equal to one for

simplicity, and since the energy and species equations have the same mathematical form as

the momentum equation, other scaled variables can be similarly defined using the velocity

profile as,

F−Fc

Fs
= f , (62)

O−Oc

Os
= f , (63)

T −Tc

Ts
= − f (64)

where F and O are the fuel and air mass fraction, respectively. Then local variables are then

expressed in terms of the scaled velocity, f ,

U = Us f +Uc, (65)

F = Fs f +Fc = Fs( f +
1
2
), (66)

O = Os f +Oc = Os( f +
1
2
), (67)

T = Tc−Ts f , (68)

ρ =
pMWmix

Ru(Tc−Ts f )
. (69)

For example, when the turbulent viscosity is uniform, the similarity solution has the form

of an error function. These results agrees well with experimental data [91]. Because a simi-

larity solution for plain mixing layer has been known, the resulting profiles can be used for

f , or more simple profiles may be assumed to simplify further calculations.
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Figure 48: Transformed coordinate to describe a mixing layer between a hot gas jet (lower)
and a cold main flow (upper)

Figure 48 shows the simplified mixing layer between the hot gas and cold main flow in

a transformed coordinate system. Here, the virtual origin is assumed to be located at x = 0.

Outside of the mixing layer, the ignition delay is infinite, because there is no combustible

mixture on the hot gas side, and on a cold mixture side, the temperature is too low to ignite

the flow. A finite ignition delay time is available only inside the mixing layer. Another

longitudinal dimension, X is therefore defined to represent the distance measured from the

edge of a mixing layer. Since the local temperature, and fuel and oxidizer concentrations

vary with X , the ignition delay of the mixture traveling in a mixing layer between a non-

reacting hot gas and a cold combustible mixture is expressed using Eqn. (49) as,

τig = Aexp
(

B
T (X)

)(
F(X)
MWF

)α( O(X)
MWOx

)β

ρ(X)α+β (70)

Because we are only interested in the axial distance, it is assumed that mean flow stream

lines are parallel to x-axis throughout the mixing layer. The flow, therefore, experiences

change in local velocity, temperature, and reactant concentrations along X .

Figure. 49 shows the cross stream variation of ignition delay in a mixing layer calcu-

lated using Eqn. (70). Approximate profiles are used for f (η) to represent the mass fraction

of reactants. Consequently, the temperature distribution is expressed by − f . The values of

f show that the hot gas exists in a left side where η < 0, and the main combustible mixture
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Figure 49: Variation of ignition delay in the cross stream direction in a mixing layer, cal-
culated using Eqn. (49) with local temperature and reactant concentration; self similar tem-
perature and mass fractions of reactant are distributed by (a) error function and (b) a straight
line; negative η represent the hot gas side.

is in the other side. Since the ignition delay is strongly influenced by the mixture temper-

ature, which decreases with decreasing η . However, the ignition delay increases again at

the vicinity of a mixing layer edge in a radical jet side because of the very low reactant

concentrations in that region.

The travel time to reach to an arbitrary location X from the mixing layer edge is ex-

pressed simply as

τ f =
∫ X

0

dX
U

(71)

By definition of the ignition distance, ignition occurs at the location where

τ f = τig. (72)

Because any point, at which X > 0, falls inside the mixing layer, the properties at the igni-

tion point can also be represented by those at a certain value of η . Therefore, substituting

Eqn. (66) to (69) into Eqn. (71) allows that the ignition delay at a certain point in mixing

layer to be represented by the similarity variable. Then, Eqn. (72) can be written as

∫ X

0

dX
U

= Aexp
(

B
Tc−Ts f

)(
Fs

MWF

)α( Os

MWOx

)β ( pMWmix

Ru

f +1/2
Tc−Ts f

)α+β

. (73)
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In a plane self-similar mixing layer, the spreading rate, dδ/dx is independent of axial

distance, and is determined using a non-dimensional parameter,

S =
Uc

Us

dδ

dx
(74)

The value of S measured experimentally ranges from 0.06 to 0.11[91]. Using this linear

spreading rate of a mixing layer, the axial distance from the nozzle exit to the ignition

point, x is simply related to X and η by

X = x− xy = x− 2x|y|
δ

= x(1−2|η |). (75)

As seen in Fig. 49, τig is much shorter in a hot gas side than in a main flow side. This means

that typically η < 0.

In the following, Eqn. (73) is solved for a simple case, in which the velocity profile is

linear in the mixing layer. A linear velocity profile was used because the flow time had to

be started inside the edge of layer, where the ignition delay time is finite. It is, therefore,

difficult to use an error function type of profile, in which the edge is not defined clearly.

The same functions were used for profiles of temperature, and reactant mass fractions. By

assuming linear profiles, f becomes equal to η and τ f (X) becomes,∫ X

0

dX
U(X)

=
∫ X

0

[
Us

2

(
X

X + xy
−1
)

+Uc
]−1

dX (76)

= xG(η). (77)

where

G(η) =
{(

1+2η

Uc

)
−Usη

U2
c

ln
[

Uc +Usη

η(Us−2Uc)

]}
. (78)

Here,

Substituting Eqn. (77) into Eqn. (73) gives

x =
H(η)
G(η)

, (79)

where

H(η) = A1 exp
(

B
Tc−Tsη

)(
η +1/2
Tc−Tsη

)α+β

, (80)
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Figure 50: Example solution of Eqn. (70) and (71) for different ys; solid, τig, dashed, τ f ;
Uh=150 m/s, Ul=50 m/s, Th=1800 K, Tl=300 K; (a) y=−0.03 cm, (b) y=−0.07 cm

and

A1 = A
(

Fs

MWF

)α( Os

MWOx

)β ( pMWmix

Ru

)α+β

. (81)

Equation (79) represents the ignition distance for certain value of y, i.e., the location of

ignition for fluid element moving parallel to the x-axis at a distance y from it. Because the

relation between X and η is known, the variation of τig and τ f can be calculated using these

equations, as long as the specific value of spreading rate, S is known.

Figure 50 shows the variations of τig and τ f along the X-axis for two different y lo-

cations. In a case (a), the increase of the ignition delay along X is faster than that of the

flow time. Therefore, no ignition occurred. On the other hand, for a case (b), there exists

a region over which the flow time is long enough for ignition to occur. Thus, the ignition

distance clearly depends on the choice of transverse distance y in a mixing layer. The value

of interest is only the minimum distance x where ignition can occur. This can be found by
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differentiating Eqn. (79) with respect to y and solving the resulting equation for dx/dy = 0.

Because the derivative is equal to (1/δ )(dx/dη), we can differentiate Eqn. (79) with η

directly, provided that δ (x) > 0. The resulting η then corresponds to the minimum value

of x.

Differentiating Eqn. (79) with respect to η and setting dx/dη=0 results in

H ′G−HG′ = 0 (82)

and

G2 6= 0. (83)

where

G′(η) =
2

Uc
− Us

U2
c

{
ln
(

Uc +Usη

−2Ulη

)
− Uc

Usη +Uc

}
(84)

and

H ′(η) = A1exp
(

B
Tc−Tsη

)
(η +1/2)α+β

(Tc−Tsη)α+β+2

×
{

BTs +(α +β )
(

Tc +
Ts

2

)(
Tc−Tsη

η +1/2

)}
. (85)

Equation (83) is usually not solved explicitly for η even for a very simple profile for

f . However, it can be solved by an iteratively. For given flow velocities, temperatures,

and mixture equivalence ratio, the ignition distance is then calculated by substituting the

resulting value of η into Eqn. (79).

The maximum flame stabilization velocity is also calculated using Eqn. (79) and (83).

For this purpose, the length of the radical jet is required as an input. As described in Chapter

4.1.2, the length of radical jet depends on the type of RJG, on the main flow velocity, and on

the flow rate and the equivalence ratio in the RJG. The following experimental relation may

be used to approximate the radical jet length which is required to solve for the maximum

flame stabilization velocity later,

L jet = (C1Umc +C2)C3
{

Cφ (φ −1)+1
}

Urc, (86)
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where

C1 =−0.007

C2 = 1.66

C3 = 0.0055

Cφ = 2.2.

L jet is in meter, and Urc is the cold RJG inlet flow velocity (m/s). Equation (86) can be used

when the equivalence ratio ranges from 0.6 to 1.4 and the main flow velocity is less than

237 m/s. Constants, C1, C2, C3, and Cφ were obtained from the experimental data in Fig. 20

and 21. To obtain these value, it was assumed that the jet length changes linearly with the

RJG inlet velocity, equivalence ratio, and main flow velocity.

Replacing x in Eqn. (79) with L jet , and solving for η and Umc iteratively gives the max-

imum flame stabilization velocity. In the calculation, it must be remembered that the ap-

parent energy of ignition and inner jet temperature need to be modified to take into account

the effect of recirculation of the main flow. Simply, a fraction factor, m is used, and E and

Th are modified to yield

E = mEm +(1−m)ERJG (87)

Th = mTm +(1−m)TRJG, (88)

where Em and Tm are an equivalent energy of ignition for spontaneous ignition and the adi-

abatic flame temperature of a given the main mixture, respectively. ERJG and TRJG were

obtained from Chapter 5.3.2 and the measured data, respectively.
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5.4.2 Result

The flammability limit curves in a main combustor were calculated for various values of m,

i.e., different amount of recirculating main flow. Two different RJG conditions were inves-

tigated. In one, experimentally measured exit temperatures, and the mean molar concentra-

tions in a radical jet, which were obtained by the method in Chapter 5.2, were used. In the

other, radical concentrations and temperatures at the location where the H radical is maxi-

mum in the premixed flame, which was modeled using CHEMKIN, were used to describe

the inner jet. In both cases, the cold, inlet flow velocity in the RJG was taken to be 13.8

m/s and the mixture to be stoichiometric. The apparent energies of ignition to calculate the

ignition delay time was estimated by the method described in Sec. 5.3.2.

The ignition delay strongly depends on the value of E/T according to Eqn. (49), and the

value of E/T varies with the value of m. Therefore, the increasing or decreasing tendency

of the ignition delay with increasing value of m is determined by the apparent energies of

ignition and the temperatures used in the model for the radical jet and the main flow. With-

out plotting figures, it can be then predicted by checking the inequality between (E/T )RJG

and (E/T )m. This results in that the value of the former is larger than the latter when the

radical jet was characterized using the average mole fractions of radicals and temperature,

while the former is smaller than the latter when the mole fractions of the radicals and the

temperature in a flame were used. This results in that the maximum flame holding velocity,

Umax, decreases with decreasing m in Fig. 51(a), while Fig. 51(b) shows the opposite ten-

dency.

For low values of m, which means that the main flame is stabilized mainly by the radical

jet, the calculated maximum flame holding velocities depend strongly on the gas properties

used to model the radial jet. For the case shown in Fig. 51(a), which used an averaged level

of radicals and temperature to model the radical jet the maximum flame holding velocity

is underpredicted. This may be because the average level of radicals and mean temperature

are too low to characterize those in an actual radical jet. Alternatively, the experimental

108



!"# !"$ % %"& %"' %"#
!

&!

'!

#!

$!

%!!

%&!

%'!

%#!

()*+,-./0,123*4).1+51,6)7*/

(
)8
*(
3(

,-
.)
(
1,
97
):
*.
*;
)7
*/
+,
41
./
5*
7<
=,>
?@

>A%

>A!"$

>A!"#

>A!"'

>A!

18B16*(1+7=,!A!"%

(a) Average radical composition, TRJG = 1547 ◦K (measured)

!"# !"$ % %"& %"' %"#
!

(!

%!!

%(!

&!!

)*+,-./01-234+5*/2,62-7*8+0

)
*9
+)
4)

-.
/*
)
2-
:8
*;
+/
+<
*8
+0
,-
52
/0
6+
8=
>-?
@A

?B%

?B!"$

?B!"#

?B!"'

?B!

29C27+)2,8>-!B!"%

?B!"&

(b) Maximum radical composition, TRJG = 1903 ◦K (CHEMKIN)

Figure 51: Maximum flame stabilization velocity estimated by ignition distance method;
RJG conditions used : URJG,cold=13.8 m/s, φ=1

109



values are underestimated because of measurement errors. The results of the case when the

value of m is equal to one in case (a) will be discussed later, together with those obtained

for case (b).

Based on the condition in the radical jet, the ignition process in case (b) can be in-

terpreted as through a local flamelet that exists in the radical jet plays a dominant role in

the ignition of the main flow instead of a radical jet modeled by its average properties. As

shown in Fig. 45(a), because the molar concentrations of active species are much higher

in the jet for case (b), the ignition delay time is much shorter than that calculated from

the averaged properties. This high radical concentration results in very low value of the

energy of ignition, ERJG. Therefore, increasing the fraction of recirculating flow reduces

the maximum flame stabilization velocity due to reduction of the effect of radicals on the

ignition delay. Because the apparent energy of ignition and the radical jet temperature are

all theoretical values, cases where m =0 or 1 represent the results of this model for two

extreme conditions. In other words, the former corresponds to the maximum number of

radicals and, therefore, the maximum flow velocity, at which the flame can be stabilized by

the radical jet. The latter, on the other hand, corresponds to the Umax, at which the flame is

stabilized by an inert gas mixture at the same temperature as the flame temperature of the

main flow. Thus the conditions of the actual radical jet should exist in between these two

extreme conditions.

The situation in the latter is also similar to that during bluff body flame stabilization.

The only difference is that the length of radical jet was used in the model instead of the

length of the recirculation zone. Although measurements of the recirculation zone length

were not carried out in this study, experimental data reported in [93] showed that they are

typically shorter than the length of radical jet when the dimensions of the bluff body is

similar to the diameter of RJG. Therefore, all other conditions being the same, the bluff

body flame holder cannot stabilize the main flame at as high a velocity as the radical jet.

The maximum flame stabilization velocity predicted using this model and plotted in
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Figure 52: Comparison of ignition distance between model and experiments, m=0.35 for
more stable condition, m=0.45 for stronger fluctuating condition.

Fig. 51 increases continuously as the equivalence ratio in the main mixture become leaner

for m=0. This occurs because the theoretical ignition delay decreases with decreasing fuel-

air ratio. However, the mechanism by which the flame may be quenched in a turbulent flow

was not included in this model. This quenching mechanism can decrease the maximum

flame stabilization velocities when the main flow mixture is either lean or rich. In addition,

the flammability limit of the methane-air mixture (0.5 < φ < 1.7 [41]) also restricts the

main flow equivalence ratio that can be addressed by this model.

The ignition distances for various RJG and main flow conditions were calculated us-

ing this model, and the results were compared to those obtained from experiments. The

species compositions and gas temperature in the flame front, such as those shown in Fig.

51(b), were used to determine E of the radical jet in this calculation. As shown in Fig.

51, the solutions of the model were significantly influenced by the value of m as well as

the properties of the main flow and the radical jet. The comparison also showed a lack of

correlation between the experimentally measured ignition distances and those calculated

using a model, when a single value was used for m. Unfortunately, the degree of recircu-

lation, m is difficult to be obtained experimentally. Therefore, the experimental data were
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Figure 53: Variation of the maximum flame stabilization velocity and ignition distance
with the RJG inlet velocity; m is assumed to be 0.5 and main flow is stoichiometric

Figure 54: Variation of the maximum flame stabilization velocity measured in a cross flow
combustor using various RJGs; the volume and the nozzle diameter in the RJGs: a, b, c -
13.6 cm3, 1.27 cm, d - 6.3 cm3, 0.64 cm; discharge frequency: a - 11kHz, b, c, d - 8kHz;
relative spark power: a, b < c, d
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Figure 55: Variation of the maximum flame stabilization velocity with the RJG equivalence
ratio; m is assumed to be 0.5 and main flow is stoichiometric

roughly divided into two sets based on the resulting degree of fluctuation of the main flame.

Because recirculation increases with fluctuations, higher value of m must be used for the

cases with stronger fluctuation. Because the precise amount of recirculating flow cannot

be specified, two arbitrary values of m were assumed. Figure. 52 shows measured ignition

distances compared with Lig calculated using higher m for the cases in which the relatively

strong fluctuation occurred in the main flame. This figure shows that the values estimated

using the model are only slightly correlated with those obtained from the experiments. This

large deviation may have been caused by using only two values of m, measurement errors

due to the flame fluctuation, and the simplicity of this model, such as the use of a zero

virtual origin. Provided that accurate ignition distance data are available, the value of m for

various flow conditions can be estimated inversely using the data.

The solution of Eqn. (83) results in a value of η which corresponds to the ignition

distance for given main and the radical jet velocities. A typical value of η is −0.35. This

means that ignition occurs at very close to the radical jet as expected from Fig. 49. This,
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in turn, means that the ignition distance is more dependent of the radical jet exit velocity

than that of the main flow. However, increasing the radical jet velocity also increases the

length of radical jet, so the net effect of the radical jet velocity on Umax is not large, see Fig.

53. In this calculation, the properties in the radical jet was assumed not to be changed by

the inlet velocity of the RJG. In actual situation, radical jet strength, such as temperature,

becomes weaker beyond a certain flow rate because of the limited spark power as described

in Chapter 3. Thus Umax decreases again with increasing inlet velocity in a RJG, see Fig.

54 .

Figure 55 shows the variation of Umax with the equivalence ratio in the RJG. In these cal-

culations the radical compositions and temperature are modeled by CHEMKIN in a flame,

and the energies of ignition for the RJG at various equivalence ratios were calculated using

those results. Because the temperature and the radical concentrations are relatively high

in a rich jet, the maximum stabilization velocity is also higher in that case. The longer jet

length in a rich radical jet also has a positive effect on Umax. This better performance on the

flame stabilization by the rich radical jet agrees with the obtained experimental results, see

Fig. 28.
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CHAPTER VI

CONCLUSIONS AND RECOMENDATIONS

This chapter summarizes the major findings and conclusions presented in this thesis and

provides recommendations for future studies.

It was demonstrated how a high frequency spark discharge successfully ignites and

stabilizes a flame in a relatively low velocity flow. A spark convection process consisting of

a series of low power sparks provides sufficient energy to ignite a flame kernel, which then

propagates through a turbulent flow. The electrical energy consumption is much lower than

the heat generated from the combustion process maintained by the plasma. A theoretical

model was developed to predict the limits of flame ignition and stabilization. The results

agree well with those obtained from experiments. The developed model also showed that

the required discharge power increases rapidly with the flow velocity in the vicinity of the

plasma. This restricts flame stabilization using an electrical discharge directly exposed to a

combustible flow to applications with low flow rates.

High speed images obtained in a radical jet generator (RJG) showed unburnt mix-

ture pocket between the flame kernels produced by the spark. The combustible mixture

in these pockets burns as the flow convects downstream. The RJG, therefore, generates rad-

icals throughout the jet, first by periodic ignition of flame kernels by the spark convection

and then, during convection by the spread of the combustion process throughout the com-

bustible mixture. The measurement of CH chemiluminescent light intensities confirmed

that large quantities of active species exists in the jet even beyond the exit nozzle of RJG.

It was further shows that the radical jet, which is generated by the initialization process

by the electrical discharge and then by the cascade process inside the RJG, can stabilize

a flame in a main tube carrying a combustible gas at much higher flow rates. The CH*
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chemiluminescence, temperatures, and the jet lengths were reported. Experiments showed

that the ignition performance of the radical jet is much better than that of a high tempera-

ture, fully burnt product jet or of a the bluff body flame holder. The limits of equivalence

ratio and flow velocity in the main flow, for which the flame can be stabilized by the rad-

ical jet were measured experimentally using a flame detector that was developed to quan-

tify the “flammability.” This flammability is defined as the fraction of time during which a

fluctuating flame is ignited. This allows one that establishes flammability limits even in the

presence of fluctuating combustion.

Finally, a simple ignition distance model was developed to predict the limits of flame

stabilization by the radical jet. The results of this model suggested several reasons that

could explain the better flame stabilization performance of the radical jet compared to that

of bluff bodies. One possibility is that the RJG reduces the ignition delay time by providing

additional active radicals in the ignition zone. Another is that it provides a longer ignition

source; i.e., the radical jet is longer than the length of the recirculation zone produced by

a bluff body. It was further demonstrated that the recirculation of products of combustion

from the main flame affects the radical jet temperature. This, in turn, shortens the ignition

delay time in the region where radical jet and main flow interact. Thus, recirculation can be

an important parameter in flame stabilization, not only by bluff bodies, but also by radical

jets.

In this study some interesting phenomena remain to be resolved. To better understand

flame stabilization by the radical jet, and more accurate predict its limitation the following

issues need to be resolved.

The electrical energy required to ignite the flame in the RJG was determined by mea-

suring the output power of the spark generation system. However, those values may be sig-

nificantly different from the actual energy deposited into the flow. The actual, transferred

energy may vary with the current/voltage history and, therefore, the method used to gener-

ate the discharge, and the resulting discharge type. The predicted operating limits of flame
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stabilization inside the RJG are then changed, which, in turn, affects the flame stabilization

of the RJG. A more accurate prediction of the energy deposited into the flow would, there-

fore, results in a better prediction of the RJG’s flame holding capabilities.

When the radical jet stabilizes a high velocity flame in a main combustor, combustion

fluctuations were observed near the operating limits. In this work the mechanism respon-

sible for those fluctuations were not addressed. Instead, a methodology was developed to

define an upper flow velocity limit depending on one’s tolerance to combustion unsteadi-

ness based on the “flammability.” Future work should address how these instabilities can

be suppressed, and thus how the stable operating range can be broadened.

In an actual afterburner, the inlet mixture is vitiated and the temperature is very high.

Therefore, this study needs to be repeated using a vitiated main flow at high temperature,

and the variation of flame stabilization performance by the radical jet with temperature

should be studied.

This study introduced a method to estimate average values for radical concentrations

and jet temperature. The resulting values were not high enough to change the apparent en-

ergy of ignition significantly, and, therefore, underestimated the maximum flame stabiliza-

tion velocity. The use of the ignition distance model to predict the maximum flame holding

velocity in the radical jet flame stabilization may be improved by a more accurate determi-

nation of the temporal and spatial variations of the jet temperature and the level of radicals.

In addition, the degree of the recirculation of the main flow needs to be studied to obtain a

more clear understanding of its contribution to the flame stabilization process.

Finally, the heat transfer from the RJG wall to the main flow, especially for the coaxial

RJG, may result in a more accurate prediction of the ignition delay time.
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APPENDIX A

ELECTRICAL DISCHARGES

Electrical discharge was used to generate radical jet in this study. The detail knowledges

about the plasma in the form of electrical discharge was not required for this study. How-

ever, a brief study about them may be very helpful for understanding the discharges in a

RJG. Therefore,, terms and theories about the electrical discharges are briefly described

and summarized below. For extensive explanation of this subject, see Refs [11, 18, 28, 75,

94, 118].

A.1 Townsend discharge

When the electric field is applied between two electrodes, cathode and anode, electrons

emitted photoelectrically from the cathode moves towards the anode. As the voltage applied

increases, this current increases. Over a certain value of voltage, current is not changed by

increasing voltage. This situation is called saturation, in which all electrons emitted from

cathode reaches to the anode. If the voltage increases further, electrons moving toward the

anode gain sufficient energy to ionize a neutral gas particle, than the current increases again.

The discharges in this region are called Townsend discharge named after J. S. Townsend.

Mechanism of discharges in this region can be divided by two depending on the slope of

increase of current with voltage.

Collision between electron and neutral gas

Relatively sight increase of current with voltage shown after saturation occurs when elec-

trons emitted from the cathode traveling toward the anode gain energy sufficient to ionize

the neutral particle by collision, current increase by additional produced electrons. In this
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case current density is represented by

j = jo eαd, (89)

and this exponential growth of electrons is called electron avalanche. In equation above,

jo is a saturation current density, i.e., initial negative charge emitted from the cathode of

unit area per second, and d is a distance between the cathode and the anode. α is the first

Townsend coefficient which represents the number of ionizing collision per unit distance

in the direction of the electric field, and is a function of electric field and mean free path.

Because the mean free path is inversely proportional to the pressure, coefficient α has a

relation with these parameter as [28],

α

p
= f

(
E
p

)
(90)

If initial electrons are produced by ionizing radiation throughout the volume of gas, not

by photoelectric process, then the current density becomes,

j(x) = jo
(eαx−1)

αd
. (91)

Collision between positive ion and neutral gas

When the voltage applied between the electrodes increase further, increase of current with

voltage becomes larger, Townsend assumed that this is occurred when the positive ion

which is produced by electron collision gains energy enough to produce electrons by col-

liding with neutral gas. In this case, current density at the arbitrary distance from the cath-

ode is represented by

j = jo
(α−β )e(α−β )x

α−βe(α−β )x , (92)

where β is the second Townsend coefficient and a function of electric field and pressure.

β

p
= f

(
E
p

)
(93)
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Positive ion bombardment

More probable mechanism than positive ion collision to produce additional electron, which

corresponds the large change of current with voltage in a relatively high voltage range,

is the positive ion bombardment at the surface of cathode. In this case current density is

represented by

j = jo
eαd

1− γeαd , (94)

where γ is the number of electron emitted from the surface of cathode by a positive ion

collision.

In addition to the mechanisms described above, electrons may be produced by the pho-

toemission; i.e., electron emission at the surface of the cathode by photon emitted from

ionizing process [28].

A.2 Spark breakdown

In Eqn. (92) or (94), when a denominator becomes zero, current increases rapidly and the

spark breakdown occurs. After spark breakdown, discharge turns into different form of

discharge, such as, arc discharge. The type of discharge formed after breakdown depends

on the shape of the electrode, pressure, and the configuration of the discharge generating

system, etc [28].

A.3 Corona discharge

Corona discharge appears in a non-uniform field, such as in the gap between wires, or

sphere when the electrode curvature is relatively small to the gap distance. This is in

the form of glow discharge, and is called corona at atmospheric pressure. Compared to

theTownsend discharge, which is invisible and, thus, is called dark discharge, corona is a
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visible and self-sustained discharge. This discharge is not treated as a breakdown in a typ-

ical engineering sense because the breakdown does not occurs through the entire gap be-

tween the electrode, but only near the surface of the electrode. Corona discharge precedes

the spark breakdown, and thus, the surface breaks down at the lower voltage relative to the

spark breakdown. Figure 2(a) showed the voltage-current range of the corona discharge.

The increase of current in the corona discharge is not significant because of incomplete

failure of the gap does [28].

A.4 Glow discharge

As voltage increases between electrodes beyond breakdown voltage, the transition from

Townsend discharge to the glow discharge occurs. In this transition, the voltage drops while

the current increases. The glow discharge is divided by two region. In one the current

increase independent to the voltage drop. The discharge in this region is called normal

glow discharge. In the other, the discharge voltage increases with increasing current, in

which the discharge is called abnormal glow discharge. Glow discharge consists of a series

of dark and light regions in the gap, which are called from the cathode to the anode, Aston

dark space, cathode glow, cathode dark space, negative glow, Faraday dark space, positive

column, anode glow, and anode dark space, respectively. Details about these region can

be found in Ref [28]. The lengths of these regions depends on the gas pressure. Because

most of the current is carried by the positive ions near the cathode, while there the electron

density is very low. This produces the large voltage drop in a cathode dark space, which is

called cathode drop. The net charge density is zero in plasma. Regions of the negative glow

and the positive column are such regions in the glow discharge [28].

A.5 Arc discharge

A further increase in current from the glow discharge results in the transition to the arc

discharge, which can be sustained in a very low electric field. Very large current can flow
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through the arc discharge. The arc discharge can also be produced by separating contact.

The temperature is very high in the core of arc discharge. For high pressure arc discharge,

the gas temperature is of order of 6000◦K. In this case, the gas in the discharge is in ther-

mal equilibrium. On the other hand, for the low pressure arc discharge, the gas temper-

ature is much lower than the electron temperature. In this case the latter increases up to

40000◦K [28].
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APPENDIX B

MODELING THE RJG EXIT TEMPERATURE

This chapter describes a model which is used to predict the variation of temperature at

the RJG exit referred to in Section 4.1.3. The RJG is modeled as a straight pipe. It is also

assumed that combustion is initiated by an electrical discharge in the inlet and propagates

downstream as a one dimensional planar flame. The pressure is assumed to be constant

throughout the RJG. The flame sheet propagates through the unburned mixture with the

turbulent flame speed in both directions. At the same time the product gas between the

two flame sheets convects downstream with the flow velocity. When the distance between

the flame propagating upstream and the inlet becomes Ds, a new flame kernel is created at

the inlet by the next short spark. Therefore, the period, τp in which a new flame kernel is

created is Ds/(Uin−St). Figure 56 shows the overall schematics of this model.

The velocity change of the flame sheets of the n-th kernel, k and l with respect to the

inlet velocity can be represented as

Vk,n = Un +St

(
2

Tb

Tu
−1
)

, (95)

Vl,n = Un−St , (96)

Figure 56: Schematics of a model for the gas temperature in the RJG exit
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where the velocity of n is

Un = Uin +2St

⌊
t

τp

⌋(
Tb

Tu
−1
)

. (97)

Here b c is a floor function; i.e., floor(x) is the largest integer not greater than x [43].

The location of the flame sheet of the n-th kernel, xk,n which propagates downstream,

at time t is calculated as

xk,n =
∫ t

0
Vk,n dt (98)

Integrating the floor function in Eqn. (97) results in

∫ t

0

⌊
t

τp

⌋
dt = (n−1)t∗+ τp

(n−2)(n−1)
2

, (99)

where t∗ = t − (n− 1)τp, 0 6 t∗ < τp, and bt/τpc = n− 1. Using Eqn. (99), xk,n can be

solved in terms of t∗ as,

xk,n = 2St(r−1)
{

(n−1)t∗+ τp
(n−2)(n−1)

2

}
+{Uin +St(2r−1)}

{
t∗+(n−1)τp

}
, (100)

where r = Tb/Tu. Similarly the location of the upstream side flame sheet, xl,n is represented

as

xl,n = 2St(r−1)
{

(n−1)t∗+ τp
(n−2)(n−1)

2

}
+(Uin−St)

{
t∗+(n−1)τp

}
, (101)

Without using a floor function, xk,n and xl,n can be obtained from total thickness of n

unburned pockets

n

∑
i=1

ui = (Uin−St)t∗+Ds−2Stt∗+Ds−2St(t∗+ τp)+ · · ·

+Ds−2St{t∗+(n−3)}+Ds−2St{t∗+(n−2)}, (102)
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and total thickness ofn burnt regions at time t∗

n

∑
i=1

bi = 2Strt∗+2Str(r + τp)+2Str(r +2τp)+ · · ·

+2Str{r +(n−2)τp}+2Str{r +(n−1)τp}. (103)

The sum of Eqns. (102) and (103) results in the axial locations of the flame sheets of the

n-th product zone, xk,n as

xk,n =
n

∑
i=1

(bi +ui)

= 2Str
{

nt∗+ τp
n(n−1)

2

}
+(Uin−St)t∗+(n−1)Ds−2St

{
(n−1)t∗+ τp

(n−2)(n−1)
2

}
, (104)

and xl,n as

xl,n = xk,n−bn

= 2Str
{

(n−1)t∗+ τp
(n−2)(n−1)

2

}
+(Uin−St)t∗+(n−1)Ds−2St

{
(n−1)t∗+ τp

(n−2)(n−1)
2

}
. (105)

Since τp = Ds/(Uin−St), the result is the same as that obtained from Eqns. (100) and (101).

Because t∗ is measured just after b1 is created, the residence time of the flame at xk,n inside

the RJG are calculated by replacing xk,n by LRJG and by solving Eqn. (104) for t∗. The

residence time of the flame at xl,n is also solved similarly, and the results are represented as

t∗k,n =
LRJG− τp(n−1){St [(r−1)n+1]+Uin}

Uin +St {2n(r−1)+1}
, (106)

t∗l,n =
LRJG− τp(n−1){St [(r−1)(n−2)−1]+Uin}

Uin +St {2(n−1)(r−1)−1}
, (107)

where LRJG is a distance from the electrode to the nozzle exit of the RJG.

If the RJG contains n burnt regions as t∗→ 0, the closest flame from the exit is located

at xk,n. Let t∗=0, and xk,n = LRJG in Eqn. (104). This results in a quadratic equation in terms
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Figure 57: Variations of the temperature in the RJG exit with the length of RJG and the
inlet velocity in the RJG.

of n. The desired value of n is then the integer that is obtained from truncating the decimal

in the positive solution of the quadratic equation.

If the response time of the temperature measurement is assumed to be infinitely fast

than that the average temperature of the gas at the exit can be simply calculated using the

ratio of time difference, t∗l,n− t∗k,n, to τp, the time period of each flame sheet generation as

T RJG,exit = θTb +(1−θ)Tu (108)

where

θ =
t∗l,n− t∗k,n

τp
. (109)

Here, it should be noted that the values of t∗k,n and t∗l,n can be evaluated only when the cor-

responding flames are leaving the RJG in t∗ < τp. The above described method to calcu-

late n guarantees that xk,n is larger than LRJG at t∗ = τp. However, xl,n may or may not be

larger than LRJG. Therefore, when xl,n(τp) < LRJG, the time difference in Eqn. (109) must

be calculated by t∗l,n+1 +(τp− t∗k,n). This is because there are n + 1 burnt gas zones in the

RJG when the flame at xl,n+1 is just exhausting.

Figure. 57 shows that the average temperature predicted using the above described

126



model decreases with increasing inlet flow velocity and decreasing length of the RJG. The

growth of the burnt gas region depends on the burning velocity of the mixture. Therefore,

the temperature drops faster when a laminar rather than a turbulent flame speed was used.

Interestingly, the figure shows regions in which the gas temperature increase with increas-

ing inlet velocity. This occurs over a velocity range over which the number of flame kernel

inside RJG increases. However, this is not usually observed in the actual RJGs.
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